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Abstract 
The Gram-negative bacterium Escherichia coli is a model system to 
describe the biochemistry and cell biology of cell division in bacteria. 
This process can be divided into three major steps. The first step involves 
the replication of the DNA, followed by an elongation step in which the 
cells become twice as long. In the last step the elongated cell constricts in 
the middle and the two daughter cells are separated. The cell division 
process in E. coli has been extensively studied for at least 50 years and a 
lot is known, however many details are still vague. New proteins 
involved in the process continue to be identified and the number of these 
proteins as well as the interactions among them are not yet fully known. 
It is therefore not completely understood how the contraction proceeds to 
form two daughter cells. In this thesis, I have carried out experiments that 
contribute to our understanding of cell division in E. coli. Using 
fluorescence microscopy I show that the contraction of the inner 
membrane in dividing E. coli proceeds in a linear fashion and that the 
periplasm closes after the cytoplasm. I have also analyzed the oligomeric 
state of two proteins involved in the cell division and I show that the 
early cell division protein ZipA can dimerize. This could explain how 
this protein can bundle FtsZ protofilaments, as it could bridge two 
protofilaments. Penicillin-binding protein 5 (PBP5) has been found to 
localize to the septum and it has been suggested to be connected to cell 
division. I have found that PBP5 forms a homo-oligomeric complex, 
most likely a dimer. The dimer can be modeled in a back-to-back 
conformation with the catalytic domains being flexible. This allows 
PBP5 to reach for pentapeptides of the peptidoglycan at different 
distances from the membrane. An understanding of the mechanisms used 
by the cell division proteins and their protein: protein interactions can be 
a first step towards determining new antibiotic targets. 
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Escherichia coli 
Escherichia coli  is a bacterium that normally grows in the lower 
intestine of warm-blooded organisms and it is named after its finder, the 
German scientist, Theodor Escherich. E. coli is essential for producing 
vitamin K in its hosts, as infection of germ-free rats deficient in vitamin 
K with E. coli could restore the vitamin K-levels 2. It has been suggested 
that E. coli compete with more harmful bacteria in the gut and it has been 
shown that the presence of E. coli in the intestine can increase the 
survival rate during Salmonella infections in mice 3.  
 E. coli is one of the best-studied organisms. Due to its robustness, fast 
growth and relatively simple genetics it has been used as one of the key 
model systems to study and describe life. As a result several important 
discoveries made in E. coli have been awarded the Nobel Prize. 
Furthermore the discovery of cloning in E. coli was one of the 
foundations in establishing biotechnology, which has grown to an 
important industry field during the last 35 years 4. 
 The E. coli chromosome (the nucleoid) is a single circular DNA 
molecule that is located in the cytoplasm. The genome was one of the 
first to be completely sequenced and it is composed of 4.6 million bases 
that form 4288 protein-coding genes 5. In addition to the chromosome, E. 
coli cells also have extrachromosomal plasmids, which are circular 
double-stranded DNA molecules 6. Many plasmids do not give an 
obvious advantage to the cell, although some are beneficial as they 
encode antibiotic resistance. 
 An E. coli cell is rod-shaped and roughly 2 µm long and somewhat 
less than 1 µm wide (Figure 1). It is a Gram-negative bacteria and the 
cytoplasm is surrounded by the cell envelope composed of an inner 
membrane facing the cytoplasm and an outer membrane facing the 
extracellular milieu.  The compartment in between the two membranes, 
called the periplasm, contains the peptidoglycan layer (Figure 1). The cell 
envelope both protects the cell and facilitates fundamental contact with 
the surroundings. 
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Figure 1. The E. coli cell and its cell envelope. The left panel shows E. coli cells 
photographed using a light microscope. The scale bar represents 5 µm.  The right panel 
contains a cartoon of the E. coli cell envelope. It consists of an inner membrane an outer 
membrane and the peptidoglycan layer located in the periplasm. The different protein 
content between the membranes can also be observed in this illustration adapted from 7.  

The membranes 
Membranes act as barriers for the passage of polar molecules and ions. 
These are formed by lipids, which hinder the passage of polar and other 
compounds such as ions, water and nutrients. The membranes are semi-
permeable to uncharged, non-polar molecules such as CO2 and O2, which 
diffuse freely through the membrane. The transport of polar compounds 
is carried out by membrane proteins acting as transporters, pumps and 
channels.  
 Membrane lipids are characterized by a polar (hydrophilic) entity and 
a non-polar (hydrophobic) entity (Figure 2A). The most common lipids 
in membranes, glycerophospholipids, are composed of two acyl chains 
(fatty acids) connected by ester bonds to the first and second carbon of 
glycerol.  Furthermore, there is a polar or even charged group connected 
by a phosphodiester bond to the third carbon of glycerol 8. The properties 
of the lipids can be changed by varying the acyl chains, in length and the 
degree of unsaturation, and by varying the polar group.   
 As a result of the hydrophobic effect membrane lipids will form a 
bilayer in aqueous solutions. The bilayer is formed by two monolayers 
(leaflets) of lipids arranged in such a way that the hydrophobic acyl 
chains are in the middle of the bilayer and the polar groups are facing the 
aqueous surroundings. The thickness of the hydrophobic core has been 
estimated in an artificial membrane composed of the lipid 
dioleoylphosphatidylcholine (DOPC) to be 30 Å whereas each 
hydrophilic interface has been estimated to be 15 Å thick on each side 
(Figure 2B) 9. Membranes have for a long time been described by the 
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fluid mosaic model 10. This model describes the membranes as a ‘sea’ of 
lipids with a low concentration of monomeric membrane proteins that are 
dispersed throughout the lipid sea. With the increased amount of 
experimental data the fluid mosaic model has been refined and nowadays 
membranes are thought to be rather crowded with membrane proteins 11. 
 

 
 The lipid composition of the E. coli inner membrane varies from 70 to 
80% phosphatidylethanolamine (PE), 20 to 25% phosphatidylglycerol 
and 5 to 10% cardiolipin (CL) 12. The outer membrane, on the other hand, 
has a higher content of PE than the inner membrane and it is enriched in 
saturated acyl chains  13. Another feature of the outer membrane is that 
lipopolysaccharides (LPS) are present in the outer leaflet. Therefore, the 
outer membrane is asymmetric with an inner leaflet mainly containing 
glycerophospholipis and an outer leaflet mainly containing LPS 14. LPS 
are oligosaccharides attached to Lipid A (glucosamine disaccharide 
acylated with two fatty acids). There are strong lateral interactions 
between LPS molecules giving the layer a compact structure. The rigidity 
explains the low permeability through the outer membrane for small 
hydrophobic compounds such as antibiotics (reviewed in 15). 
 The protein content also differs between the two membranes of E. 
coli. Inner membrane proteins are of two types, integral membrane 
proteins with membrane spanning domains composed of α-helices 
(Figure 3) or lipoproteins that are anchored to the outer leaflet of the 
inner membrane 7. The functions of many inner membrane proteins are 
similar to proteins located in the organelles of eukaryotic cells, including 
the electron transport chain, oxidative phosphorylation and some protein 
translocation systems. Furthermore, many inner membrane proteins are 

hydrophilic headgroup

hydrophobic acyl chain

A. B. 

Figure 2. The biological membrane.  The membrane is built up from lipids that consist of 
a hydrophilic headgroup and  hydrophobic acyl chains (A.). The structure of the DOPC 
membrane (B.) 1. (B.) is reprinted with permission from Elsevier. 
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involved in the transport of small molecules in and out of the cell 7.  The 
integral outer membrane proteins are different. Their membrane spanning 
domains are composed of antiparallel β-strands forming a barrel and as 
a result many of the outer membrane proteins function as porins (Figure 
3) 7, 16, 17. Furthermore the outer membrane also contains the majority of 
the lipoproteins of the cell, which are anchored to the inner leaflet of the 
membrane 7, 17. 
 

        
Figure 3 There are two main classes of integral membrane protens. The α-helical 
membrane proteins (PDB: 2BRD) reside in the inner membrane (to the left) and the β-
barrel proteins (PDB: 1RPN) reside in the outer membrane (to the right).  

The peptidoglycan layer 
In the periplasm of Gram-negative bacteria there is a bag-shaped 
macromolecule called the peptidoglycan layer (or the murein sacculus). 
The main function of the peptidoglycan is to encase the cytoplasmic 
membrane and to protect the cell from rupture by its internal pressure 
(turgor pressure). As a result, inhibition of peptidoglycan biosynthesis 
(by antibiotics or protein mutations), or specific degradation (by 
lysozyme), will cause cell lysis 18-21. Other features of the peptidoglycan 
layer are to contribute to the maintenance of the cell shape 20, 22 and to 
anchor components of the cell envelope (reviewed in 23). 
 As inferred by its name, the peptidoglycan layer consists of a peptide 
moiety and a glycan moiety. The entire layer is formed by cross-linking 
linear glycan strands by short peptides 24. The glycan strands are formed 
by oligomerization of monomeric disaccharide peptide units. The 
disaccharide units are composed of N-acetylglucosamine (GlcNAc) and 
N-acetylmuramic acid (MurNAc) residues linked by β- 1→ 4 bonds 24. 
The chain length of the glycan strands varies with strains and growth 
conditions and newly synthesized peptidoglycan has an average chain 
length of 50 to 60 disaccharide units in E. coli 25. In cells grown into the 
stationary phase the average chain length decreases to 18 disaccharide 
units 26. In another study of the glycan strand chain length, 70% of the 
glycan strands consist of 1-30 disaccharide units with an average length 
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of 9 disaccharide units, whereas 30% of the glycan strands are longer 
than 30 units with an average chain length of 45 disaccharide units 27. 
 There are currently two models describing the architecture of the 
glycan strands in the petidoglycan layer. The layered model suggests that 
the glycan strands and the peptide cross-links run parallel to the inner 
membrane (reviewed in 28). More recently, the scaffold model was 
proposed 29-33, in which the glycan strands are suggested to run 
perpendicular to the membrane whereas the peptide cross-links run 
parallel to the membrane. There is no consensus in the field on which 
model to favor. However, since more than 50% of the glycan strands are 
longer than the width of the periplasm the layered model is more likely 
(Figure 4) 21. 

   
Figure 4. The peptidoglycan is most likely described by the layered model in which the 
glycan strands run parallel to the membrane. MurNAc and GlcNAc are illustrated by dark 
grey bars and light gray bars, respectively. The cross-linking peptides are illustrated by 
arrows 28. Reprinted with permission from American Society for Microbiology.  

 The peptide moiety is attached to the disaccharide units by amide 
linkage to MurNAc. The peptides in the peptidoglycan are unusual as 
they contain rare D-amino acids. Initially, the sequence of the peptide is 
L-Ala – D-Glu – m-A2pm – D-Ala – D-Ala (m-A2pm stands for the 
dibasic meso-diaminopimelic acid) 19, 20. However the fraction of 
pentapeptides in E. coli is low in the peptidoglycan, as they are rapidly 
converted into tetrapeptides (L-Ala – D-Glu – m-A2pm – D-Ala), 
tripeptides (L-Ala – D-Glu – m-A2pm) and dipeptides (L-Ala – D-Glu) 19, 

20.  
 The amount of disaccharide peptide units in the peptidoglycan layer of 
an average E. coli cell has been estimated to be 3.5 million units 34 and 
20-30% of these form a cross-link with another peptide 26. The majority 
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of all cross-links are formed by covalent bonds between the ω-amino 
group of the diamino acid (m-A2pm) in position 3 of the pentapeptide 
(acyl acceptor) and the carboxyl group of D-Ala in position 4 of the 
pentapeptide (acyl donor) 24. Furthermore, cross-links between m-A2pm 
in two different peptides also occur, but more rarely 26.  The glycan 
strands are twisted and a recent study performed on synthetic 
peptidoglycan fragments show that each disaccharide peptide unit is 
rotated with an estimated rotation angle of 120° 33. The twisted glycan 
strands also causes the peptide chains to rotate and it is therefore unlikely 
that adjacent peptidoglycan strands are cross-linked by consecutive 
disaccharide peptide units.  

Peptidoglycan biogenesis 
The biogenesis of the peptidoglycan layer can be divided into two steps. 
The first step, synthesis of the peptidoglycan precursor, occurs in the 
cytoplasm, whereas the second step, polymerization of peptidoglycan 
precursors to form the peptidoglycan layer, occurs in the periplasm 35.  
 The peptidoglycan precursor is called lipid II. It is a disaccharide 
pentapeptide linked to an undecaprenylphosphate lipid and it is formed 
by a number of events (Figure 5). First UDP-N-GlcNAc is formed from 
fructose-6-phosphate 36-39. In the second event UDP-MurNAc is formed 
from UDP-N-GlcNAc in two steps, catalyzed by the enzymes MurA and 
MurB 40-43. The peptide is then attached to UDP-MurNAc by stepwise 
addition of L-Ala, D-Glu, the diamino acid m2Apm, and a dipeptide D-
Ala – D-Ala. Each addition is catalyzed by a specific synthetase (MurC, 
MurD, MurE and MurF respectively) using ATP. All four proteins utilize 
a similar chemical mechanism to form an amide or peptide bond via an 
acylphosphate intermediate 44-50. After the formation of the UDP-
MurNAc-pentapeptide, the phospho-MurNAc-pentapeptide is transferred 
to an undecaprenylphosphate molecule and UMP is released. The product 
of this reaction is called lipid I and the reaction is catalyzed by MraY 51. 
Thereafter, the GlcNac moiety is attached to lipid I by MurG to form the 
complete peptidoglycan precursor lipid II containing the disaccharide-
pentapeptide moiety attached to the lipid 52.  
 The mechanism by which lipid II is flipped across the inner 
membrane has been unknown for a long time, but recently MurJ (also 
called MviN) was proposed be the putative lipid II flippase 53, 54. 
However there is a controversy in the field, as MurJ homologues in 
Bacillus subtilis are not essential for growth, indicating that they are not 
involved in the flipping of lipid II in all organisms 55.  Furthermore, the 
cell division protein FtsW has been proposed to be involved in the 
translocation of lipid II 56. Recently, a study using Förster resonance 
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energy transfer (FRET) could also show that FtsW can translocate lipid II 
across the membranes in lipid vesicles 57.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure 5. The biogenesis of the peptidoglycan precursor Lipid II. Lipid II is synthesized 
in the cytoplasm in a series of steps (see the text for details). The figure is adapted from 
35.  

Penicillin-binding proteins 
After being translocated across the inner membrane into the periplasm, 
lipid II has to be polymerized. This process is performed by a group of 
proteins called murein synthases. These proteins are monofunctional 
transglycosylases, bifunctional transglycosylases/transpeptidases or 
monofunctional transpeptidases. The copy number of the murein 
synthases has been estimated to 120-220 per cell 19, 58. The murein 
synthases that function on the peptide moiety belong to the group of 
penicillin-binding proteins (PBPs). Their ability to bind penicillin and 
other β-lactam antibiotics is due to the structural similarity of β-lactam 
antibiotics to the terminal D-Ala – D-Ala of the pentapeptide side chain 
19. The E. coli genome encodes at least 12 PBPs including endopeptidases 
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and D,D-carboxypeptidases 59, 60. PBPs can be divided into two subclasses 
based on their relative mobilities in SDS-PAGE 61, 62: The high molecular 
weight PBPs PBP1A, PBP1B and PBP1C, all contain transglycosylase 
and transpeptidase activities, whilst PBP2 and PBP3 contain 
transpeptidase activities. The low molecular weight PBPs are PBP4, 
PBP5, PBP6, PBP6B, PBP7 and PBP8. These are endopeptidases and 
D,D-carboxypeptidases processing the peptide chains holding the glycan 
strands together or cleaving off the final residue from the pentapeptide 63. 
Therefore the high molecular weight PBPs are involved in the 
peptidoglycan synthesis, whereas the low molecular weight PBPs have 
been suggested to regulate the peptidoglycan cross-linking 64.  

High molecular weight PBPs 
The high molecular weight PBPs can be further divided into class A and 
class B PBPs 19. The proteins in the two classes both have a short N-
terminal cytoplasmic region followed by a single transmembrane helix, 
but the periplasmic domains are different.  The properties of the non-
penicillin binding motif of the periplasmic domains determine which 
class the protein belongs to 19, 65. The class A PBPs contain a 
transglycosylase domain, whereas the class B PBPs are monofunctional 
transpeptidases 19.  
 It is considered that PBP1A (encoded by mrcA) and PBP1B (encoded 
by mrcB) are the enzymes with the highest murein synthesis activity. 
Although neither enzyme is not required for cell growth, it is essential to 
have at least one of them expressed 66, 67. PBP1A seems to have a higher 
affinity for β-lactams than PBP1B, as deletion of PBP1B leads to higher 
sensitivity to β-lactams than a deletion of PBP1A 67, 68. Both proteins are 
built up of the N-terminal transmembrane domain, followed by the 
transglycosylase domain and the C-terminal transpeptidase domain (both 
located in the periplasm) 69. Despite this, there is a major structural 
difference between the proteins, as PBP1B contains a 100 amino acid 
long linker between the transmembrane domain and the transglycosylase 
domain (the structure of PBP1B can be seen in Figure 6) 70. PBP1C 
(encoded by pbpC) is a non-essential protein, which cannot support cell 
growth in the absence of PBP1A and PBP1B 71. Recently LpoA and 
LpoB, two outer membrane lipoproteins, were found to be essential for 
the transpeptidase activities of PBP1A and PBP1B, respectively 72, 73. 
These two proteins are the first outer membrane proteins known to 
regulate the peptidoglycan  synthesis.  
 The monofunctional transpeptidases PBP2 and PBP3 (encoded by 
mrdA and ftsI respectively) are involved in the cell cycle of E. coli. PBP2 
is involved in the synthesis of peptidoglycan in the cylindrical part of the 
cell and is essential for the cell elongation that occurs prior to cell 
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division 74. When this protein is mutated or inactivated by the antibiotic 
mecillinam, rod shaped cells become spherical 74, 75. PBP3 is a cell 
division specific transpeptidase and it is a component of the protein 
complex (the divisome) that handles cell division in E. coli (a hybrid 
cartoon of PBP 3 can be seen in Figure 6) 76-78. When the ftsI gene is 
mutated, cells form filaments indicating that PBP3 is involved in cell 
division 79.  
 

 
Figure 6. Structural information of PBPs from different classes shown as hybrid cartoons. 
The crystal structure of PBP1B lacking the N-terminal 57 amino acids (the N-terminal is 
located in the cytoplasm) (PDB: 3FWL). The crystal structure of the periplasmic domains 
of the PBP3 homologue in Streptococcus pneumoniae, PBP2x (PDB: 1K25) is fused to a 
cartoon of the remaining protein. The crystal structure of the periplasmic domains of 
PBP5 (PDB: 1NZO) is fused to a cartoon representing the membrane anchor. 

Low molecular weight PBPs 
In contrast to the high molecular weight PBPs, the different roles of the 
low molecular weight PBPs are less clear.  
 PBP4 (endcoded by the dacB gene) has been assigned with both an 
endopeptidase and a D,D-carboxypeptidase activity in vitro, but the 
carboxypeptidase activity has been questioned 62, 80. Deletion of the dacB 
gene itself does not cause any morphological changes. Although, when 
dacB is deleted together with PBP5 and especially if PBP7 is also 
deleted, there are severe morphological defects 81, 82.  
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 PBP5 is the best studied low molecular weight PBP and the most 
abundant penicillin-binding protein within the cell 83. PBP5 has a D,D-
carboxypeptidase activity that removes the terminal amino acid (D-Ala) 
of the peptide chain in the disaccharide-pentapeptide unit 62. It has been 
shown to have an important role in maintaining the morphology of the 
cell 82, 84, 85 by preventing excessive or inappropriate transpeptidation and 
thereby regulating the number of pentapeptides available for cross-
linking 82, 86. Recently, PBP5 was suggested to be involved in maintaining 
resistance towards β-lactam based antibiotics, as E. coli cells deleted for 
PBP5 are more susceptible to these antibiotics 87. 
 The structure of PBP5 has been thoroughly studied and there are 11 
different crystal structures deposited in the protein data bank (as of 
August 2011). The structures indicate that PBP5 is composed of two 
periplasmic domains orientated in right angles to one another (the 
structure of PBP5 can be seen in Figure 6) 88, 89. The D,D-carboxypeptidase 
activity is mediated by the N-terminal domain whereas the C-terminal 
domain has not been assigned any function. However, it has been 
suggested that the C-terminal domain can be involved in interactions with 
other cell wall synthesizing proteins, or acting as a linker allowing the 
active site in the N-terminal domain to be closer to the peptidoglycan 88.  
PBP5 is attached to the outer leaflet of the inner membrane by an 
amphipatic anchor located at the C-terminus of the protein. The 
membrane anchor seems to be crucial for the function of PBP5 in vivo, as 
the truncated protein cannot rescue morphological phenotypes in PBP-
depletion strains 82. The structure of the membrane anchor was recently 
determined by NMR. It forms a helix-bend-helix-turn-helix motif and the 
structure reveals that the anchor enters the membrane as an amphiphilic 
structure within the interface of the hydrophobic and hydrophilic regions 
close to the lipid head groups 90. In this thesis I have studied the 
oligomeric state of PBP5. We suggest that it forms homo-oligomers and 
most likely a homo-dimer. By modeling our cross-linking data, we have 
been able to propose a back-to-back conformation in which the C-
terminal domains interact and the catalytic domain has the freedom to 
move from the position seen in the crystal structure (Paper III). 
 PBP6 (encoded by dacC) and PBP6B (encoded by dacD) share high 
amino acid identity with PBP5 62, 91, 92. Initial studies suggested that the 
functions of PBP6 an PBP6B were similar to PBP5 but both proteins 
exhibit weaker D,D-carboxypeptidase activity than PBP5 91, 93. The idea 
that PBP6 and PBP6B function with lower efficiency has been named the 
substitution hypothesis 82. However many reports would suggest that this 
is not the case 59, 82, 94, 95. It has further been suggested that each of the D,D-
carboxypeptidases acts on specific subsets of peptidoglycan 
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pentapeptides, but this has to be confirmed experimentally 62. PBP6 and 
PBP6B have been found to play different roles than PBP5 in maintaining 
resistance towards β-lactam based antibiotics in E. coli cells. Cells in 
which PBP5 has been deleted are more susceptible to antibiotics and this 
can be rescued by heterologous expression of PBP5 and partially rescued 
by PBP6B, but not by PBP6 96.  
 PBP7 (encoded by pbpG) is a periplasmic protein that is loosely 
attached to membranes 97. Isolation of membranes in the presence of 1M 
NaCl releases the protein from the membrane fraction 98. PBP7 is further 
shown to exhibit endopeptidase activity 98. PBP8 is a short form of PBP7 
that is processed by the protease OmpT 99. Little is today known about 
the physiological roles of these two proteins. 
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Cell division 
Cell division, or cytokinesis, is an essential event in the cell cycle of 
prokaryotes. In this event a mother cell is divided into two daughter cells 
by following a tailored pathway to ensure that the progenies are similar to 
the mother cell. For this to happen division has to be tightly regulated in 
time and space so that the cells divide at the correct position when the 
chromosome has been replicated.   
 Cell division in Escherichia coli is conducted by a large protein 
complex called the divisome 100, which is a dynamic hyperstructure 101. 
The divisome has been investigated during the past decades and initially 
this was mainly done by genetic approaches. Most of the genes involved 
were originally identified as temperature sensitive mutations. At non-
permissive temperatures cells continued to grow filamentous, as cell 
division was blocked. Hence, most genes involved in cell division are 
named fts, meaning filamentous temperature sensitive 102, 103. With the 
development of green fluorescent protein (GFP), fluorescence techniques 
could be dramatically improved. Today, the use of fluorescence 
techniques based on GFP has intensified studies of the components and 
the dynamics of the divisome. So far, at least 10 essential proteins are 
known to be incorporated into the divisome in E. coli 100, 104. In addition, 
there are approximately 15 non-essential proteins that localize to the 
midcell and play different roles in the division process 105-115. 

FtsZ 
The essential protein FtsZ is at the heart of the division process and is the 
first protein to localize to the site where the division is to take place 116-

118. FtsZ assembles to what is referred to as the Z-ring. The Z-ring 
functions as a scaffold for the recruitment of downstream proteins in the 
divisome and it persists until the division is completed, guiding the 
synthesis, location and shape of the division septum 119. FtsZ is highly 
conserved throughout most of the major groups of bacteria as in the 
Euryarchaeal branch of Archaea but is absent in the Crenarchaea and a 
few bacterial groups 120. As a result of their endosymbiotic origin, 
chloroplasts in most photosynthetic eukaryotes use a nuclear-encoded 
FtsZ for chloroplast division (reviewed in 121). FtsZ has also been found 
to be involved in mitochondrial division in several primitive eukaryotes 
122-124. However mitochondrial FtsZ appears to be lost in higher 
eukaryotes including fungi, animals and plants 121. In the search for new 
antibiotics one has attempted to inhibit cell division by developing 
compounds that target FtsZ, as FtsZ is widespread among prokaryotes, 
(reviewed in 125).  
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 FtsZ is a soluble protein with a structure similar to tubulin (Figure 7) 
126. The crystal structure of FtsZ revealed three domains: (i) a variable N-
terminal domain, (ii) the tubulin-like core domain and finally (iii) a C-
terminal peptide that is essential for interactions with other cell division 
proteins (i.e. FtsA and ZipA) 127. As for tubulin, the core domain of FtsZ 
binds and hydrolyzes GTP 126, 128-130 and binding of GTP induces self-
assembly of FtsZ into protofilaments similar to the tubulin protofilaments 
131-134. The protofilaments bundle and cross-link, which is promoted by 
ZapA in vitro 110, 135. Furthermore ZapB interacts with ZapA and it has 
been suggested that ZapB stimulates the bundling of FtsZ protofilaments 
by bridging ZapA molecules 108, 136. Recently ZapC was also identified to 
interact with FtsZ, to promote lateral interactions of FtsZ protofilaments 
and suppress the FtsZ GTPase activity 113, 114. 
 

   
 
Figure 7. The crystal structure of FtsZ (PDB: 1FSZ) from Methanocaldococcus 
jannaschii.  The GTP binding site and the C-terminus are indicated. The C-terminal 
peptide that interacts with FtsA and ZipA is disordered in the crystal and not shown. 

It has been estimated that E. coli contains 3000-20,000 copies of FtsZ per 
cell 137-139. For comparison 10,000 copies of FtsZ would generate a single 
protofilament of 40 µm, which is enough to encircle a bacterium of 0.6 
µm in diameter 20 times and even if 2-4 FtsZ protofilaments bundle into 
sheets, there will still be enough to encircle the cell 131. So far, the 
architechture and assembly of the Z-ring is not fully known. However 
cryo-electron microscopy studies of Caulobacter crescentus indicate that 
the Z-ring consists of a large number of short, overlapping protofilaments 
rather than a single continuous protofilament 140. 
 A fundamental aspect of the Z-ring assembly is the association of 
FtsZ to the cell membrane. FtsZ alone does not seem to have any affinity 
for the membrane, but all models of the formation of the Z-ring require 
attachment to the membrane to maintain its structural integrity during the 

N-terminus

C-terminus GTP binding site
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septation and most likely also to transmit a constrictive force on the cell 
membrane 102, 140-142. In E. coli, FtsZ is anchored to the inner membrane 
by two proteins, FtsA and ZipA 143. Both of these proteins are essential 
for cell division 142, 143. In this thesis I have studied the progression of the 
Z-ring contraction in dividing E. coli using a new approach based on 
fluorescence recovery after photobleaching (FRAP). This work suggests 
that the contraction is a linear process on a population average, however 
it is more complex when studying on the single-cell level (Paper I).  

ZipA 
ZipA (FtsZ interacting protein A) is a bitopic membrane protein 
composed of four domains: an N-terminal transmembrane anchor, a 
charged domain, a domain enriched in proline and glutamine and a C-
terminal globular domain (Figure 8) 142. The membrane topology of ZipA 
is rare in bacteria with the amino terminus located in the periplasm and 
the carboxy terminus located in the cytoplasm 142. 
 ZipA is dispersed throughout the inner membrane but upon cell 
division initiation, it is recruited to the division site by FtsZ to form the 
Z-ring 142, 144. Furthermore, the recruitment of ZipA to the emerging Z-
ring is independent of the other FtsZ-interacting protein FtsA (see below) 
144, 145. The C-terminal peptide of FtsZ interacts with the C-terminal 
globular domain of ZipA, named the FtsZ binding (FZB) domain 146. As 
the interaction between ZipA and FtsZ is only conducted via the FZB 
domain, this domain is both necessary and sufficient for the recruitment 
of ZipA to the Z-ring 146. In addition to the role of anchoring FtsZ to the 
inner membrane, in vitro studies of purified FtsZ and ZipA have showed 
that ZipA induces bundling of FtsZ protofilaments 146, 147. Furthermore, 
the ZipA-induced bundles of the FtsZ protofilaments have been estimated 
to contain 10-20 protofilaments per bundle 147 and the bundling of the 
protofilaments have been suggested to increase the stability of the Z-ring 
143. 
 ZipA is not widely conserved outside γ-proteobacteria 142, suggesting 
that it has either been replaced by other proteins or has become 
redundant. One interesting feature of FtsA, which is widely conserved 
throughout bacteria 148, is that a single amino acid substitution (R286W) 
is sufficient to bypass the requirement for ZipA in E. coli 149. This 
suggests that bacteria outside of the γ-proteobacteria family may have a 
version of FtsA with properties similar to the FtsA R286W, thereby 
bypassing the need for ZipA 149. In this thesis I have studied the 
oligomeric state of ZipA in vivo. Our data suggest that ZipA exists both 
as monomers and dimers. Furthermore the dimerization could be a 
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possible way for ZipA to bundle FtsZ protofilaments, as the dimer could 
bridge two FtsZ protofilaments (Paper IV).  
 

       
Figure 8. The known structural information of ZipA summarized in a hybrid cartoon. 
ZipA is a single-spanning transmembrane protein with an N-terminal transmembrane 
anchor and a C-terminal FtsZ-binding domain. These are linked by a long unstructured 
region containing the charged domain and a PQ-rich domain. Notably, the crystal 
structure has only been solved for the FtsZ-binding domain (PDB: 1F47). 

FtsA 
The crystal structure of FtsA from Thermotoga maritima has been 
solved, indicating a structural similarity to actin 150. The protein consists 
of two domains with a common core forming an interdomain nucleotide-
binding site (Figure 9). Furthermore, each domain can be further divided 
into two subdomains 150. One of the solved structures contained ATP in 
the nucleotide-binding site, supporting previous biochemical data and 
indicates that FtsA has the ability to bind ATP 151-153.  
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Figure 9. The crystal structure of FtsA from T. maritima (PDB: 1E4G). The two domains 
as well as the nucleotide-binding site are indicated. 
 
When the crystal structure of FtsA was solved the C-terminus was found 
to be disordered 150. Hovever, a later study showed that the extreme C-
terminus contains 15 amino acids that are conserved and present in all 
FtsA sequences and which form an amphipatic helix 154. This is the 
membrane targeting sequence of FtsA and it is important for cell 
division, since  FtsA lacking the amphipatic helix causes the protein to 
form deleterious cytoplasmic rods rather than interacting with the 
membrane 154.  A region on FtsA containing several charged residues is 
proposed to be involved in the interaction with FtsZ 155.  
 The levels of FtsA in the cell have been estimated to be approximately 
700 copies giving a 5:1 FtsZ:FtsA ratio 139,  whereas ZipA has been 
estimated to be present at 1000-1500 copies 139, 145. This indicates that a 
limited number of the FtsZ molecules will be interacting with either ZipA 
or FtsA. Furthermore, the balance of these proteins (i.e. the ratios) is 
crucial since overexpression of either of FtsA or FtsZ has been shown to 
be toxic. This toxicity can be counteracted by overproducing the other 
protein to restore the FtsZ:FtsA ratio 137.  
 Various studies have shown that FtsA self-interacts to form dimers or 
higher oligomeric states. In Bacillus subtilis, FtsA has been shown to be a 
dimer 151. Furthermore, several studies using bacterial two-hybrid assays 
have shown self-interaction of FtsA 152, 155-161. The E. coli FtsA dimer has 
been modeled suggesting residues important for protein: protein 
interactions within the dimer 302. Furthermore, dimerization of FtsA has 
been suggested to be important for Z-ring integrity, as substitutions 
destabilizing the FtsA dimer also destabilize the Z-ring 159. In 
Streptococcus pneumoniae, FtsA has been seen to polymerize into large 
complex helices with corkscrew-like structures formed by pairs of paired 
filaments 152. These polymers form in a nucleotide-dependent manner and 

nucleotide-binding site
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are more stable when formed in the presence of ATP than ADP 152. To 
further support the importance of nucleotide-binding in the self-
interactions of FtsA, mutations that prevent FtsA to bind ATP eliminates 
dimerization 155.  
 Once the Z-ring is assembled and tethered to the membrane at the 
midcell, the remaining essential division proteins are recruited. These 
proteins are either single-pass or multi-spanning inner membrane proteins 
162. These proteins (FtsK, FtsQ, FtsL, FtsB, FtsW, PBP3 (FtsI) and FtsN) 
are briefly described below. 

FtsK 
The segregation of the bacterial chromosomes into the daughter cells has 
been described as one of the most mysterious events during the bacterial 
cell cycle 163. A recent theory is that chromosome segregation is mainly 
driven by entropy and proteins found to be segregation factors function to 
create the right physical conditions for the entropy-driven chromosome 
segregation to occur 164. FtsK is a septum-located DNA translocase that is 
composed of three domains: an N-terminal integral membrane domain 
with four transmembrane helices, a proline- and glutamine-rich linker 
and a C-terminal domain, a DNA translocase involved in chromosome 
segregation (Figure 10) 165-167.  
 

         
Figure 10. Structural information on FtsK summarized in a hybrid cartoon. The protein 
consists of four N-terminal transmembrane helices followed by a PQ-rich domain and a 
DNA translocase domain located in the cytoplasm (PDB: 2IUS). 

The N-terminal domain of FtsK is essential for cell viability in wild-type 
E. coli whereas deletion of the other parts of FtsK is not lethal 168. Studies 
perfomed on the C-terminal DNA translocase domain have shown that it 
can form hexameric ring-structures and that DNA duplexes can pass 
through the ring 169, 170. As FtsK assembles at the midcell during a late 
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stage of the cell division, it seems likely that normal DNA replication, 
followed by decatenation and the segregation of the sister chromosomes 
will have been completed prior to its arrival 171, 172. On the other hand, if 
the final steps of replication or decatenation are delayed or if 
chromosome dimers have formed, DNA will remain in the septal region 
where FtsK becomes available to speed up the segregation of the two 
chromosomes 172.  

FtsQ, FtsL and FtsB  
The three bitopic membrane proteins FtsQ, FtsB and FtsL form a 
subcomplex within the divisome (described below), which appears to 
bridge the cytoplasmic cell division proteins and the periplasmic cell 
division proteins 173. A bioinformatic analysis of nearly 400 bacterial 
genomes showed conservation of homologues of FtsQ, FtsB and FtsL in 
the majority of the bacteria examined 174. It is interesting to note that 
these homologues were also present in bacteria that divide in a different 
manner from the binary fission in E. coli 174.  
 FtsQ has a central role in the formation of the divisome and it is 
present in approximately 20-25 copies per cell 175. FtsQ is a bitopic  
membrane protein consisting of a short cytoplasmic tail, a 
transmembrane region and a periplasmic domain (Figure 11) 175, 176. The 
crystal structure of the periplasmic domain of FtsQ from E. coli has been 
solved and it reveals two domains. One of them is strikingly similar to a 
POTRA (polypeptide transport-associated) domain 177. These domains 
are usually involved in chaperone-like functions but whether this is the 
case for FtsQ is however still to be proven 178.  
 Although it has become evident that FtsQ plays a key role in the 
interaction web between all proteins within the divisome, the exact role 
remains unknown. FtsQ has been shown by bacterial two-hybrid analyses 
to interact with FtsA, FtsK, FtsX, FtsL, FtsB, FtsW, PBP3, FtsN and 
YmgF 156, 157, 179. Some of these proposed interactions were further 
confirmed by co-immunoprecipitation, such as those between FtsQ, FtsB 
and FtsL 173 and between FtsQ and FtsW 179.  
 FtsL is composed of a small N-terminal cytoplasmic domain of 37 
amino acids followed by a transmembrane helix and a periplasmic C-
terminal domain of 64 amino acids (Figure 11) 180. The domains of FtsL 
have been studied to understand the interactions with other cell division 
proteins. The far C-terminal part of the periplasmic domain seems to be 
important for interactions with FtsQ but not with other cell division 
proteins. The N-terminal cytoplasmic domain is important for 
recruitment of the later cell division protein FtsW but not for the 
interaction with FtsQ and FtsB. The interactions between FtsL and FtsB 
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are suggested to take place mainly through the transmembrane helix and 
a part of the periplasmic domain containing coiled coils 174. 
 As for FtsQ and FtsL, FtsB has a short N-terminal cytoplasmic 
domain and a large periplasmic domain (Figure 11). The C-terminal 
domain of FtsB is important for its interactions with FtsQ. The amino 
terminus, the transmembrane domain and the membrane proximal portion 
of the periplasmic domain interact with FtsL, PBP3 and presumably 
FtsW 181. Beyond their interactions with the divisome, the functions of 
FtsB and FtsL are not clear 162. It has been suggested that they have no 
other function than being parts of a scaffold for the recruitment of other 
proteins to the divisome 181. Although, a recent study indicates that 
heterologous expression of FtsL confers a Zn2+ sensitive phenotype 
suggesting a possible role in Zn2+ transfer across the membrane 182.   
 

   
Figure 11. Structural information of FtsQ, FtsB and FtsL. All three proteins consist of a 
short N-terminal cytoplasmic sequence, a transmembrane helix and a larger periplasmic 
domain. The crystal structure has only been solved for the periplasmic domain of FtsQ 
(PDB: 2VH1). 
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FtsW  
When the divisome constricts to form a septum, new peptidoglycan has 
to be synthesized for the new cell poles. FtsW is a transmembrane protein 
with ten transmembrane segments (Figure 12) 183. It is involved in the 
recruitment of PBP3 to the midcell, which is the penicillin-binding 
protein that catalyzes the peptidoglycan cross-linking in the septal 
peptidoglycan synthesis 184, 185.  
 FtsW is present in virtually all bacteria that have a peptidoglycan and 
is an essential cell division protein 186. FtsW has been assigned to a 
protein family called SEDS (for shape, elongation, division and 
sporulation) 187. Proteins within the SEDS family appear to work in 
concert with a PBP catalyzing the peptidoglycan synthesis during the cell 
cycle, however their mechanisms of action are not known 188. As no 
function has been assigned to FtsW, it has been speculated that it can 
integrate signals between the cytoplasmic and periplasmic cell division 
proteins 189. Furthermore, it has been proposed that FtsW can be involved 
in the translocation of lipid-linked peptidoglycan precursors (lipid II) 
through the cytoplasmic membrane 56. This proposal has been further 
strengthened by a recent study using FRET to show the involvement of 
FtsW in the lipid II flipping 57. Although, MurJ (also called MviN) has 
also been proposed as a putative flippase for translocation of lipid II (see 
above).  

           
 
Figure 12. The topology map of FtsW according to 183. The protein has 10 transmembrane 
helices and a large loop between helix 7 and 8. 
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Septal penicillin-binding proteins  
Early studies of penicillin-binding proteins identified two proteins 
important for cell shape maintenance and cell division. When the gene 
mrdA (encoding penicillin-binding protein 2, PBP2) was mutated a 
round-shaped phenotype was observed. This indicates that the protein is 
involved in the synthesis of the peptidoglycan within the cylindrical part 
of the cell 74. When the gene ftsI (encoding penicillin-binding protein 3, 
PBP3) was mutated, peptidoglycan synthesis during division ceased and 
filamentous cells were observed 79. This indicates that PBP3 is involved 
in the synthesis of the septal peptidoglycan. PBP2 and PBP3 belong to 
the same class of penicillin-binding proteins (class B) sharing 
peptidoglycan transpeptidase activities, i.e. that cross-link the peptide 
moieties within the peptidoglycan layer 190.  
 PBP3 has been estimated to be present in the order of 100 copies per 
cell in fast-growing cells 58, 191, which is 30- to 200-fold less than the 
copy number of FtsZ (see above).  
 PBP3 and its homologues have a short intracellular N-terminus and a 
single-spanning transmembrane domain followed by a periplasmic 
domain of approximately 200 amino acids. This domain has a poorly 
understood function and is called the non-penicillin-binding domain. The 
C-terminal domain of approximately 300 amino acids contains the 
catalytic residues and is called the penicillin-binding domain (Figure 6) 
190, 192. The first 56 residues (including the transmembrane domain) are 
required to target PBP3 to the division site 193. Furthermore, when the 
first 41 amino acids are replaced by another single-spanning 
transmembrane domain, the interactions between PBP3 and FtsW are lost 
194. Additionally, point mutations in or near the transmembrane helix 
impair localization to the division site 195, showing the importance of the 
transmembrane helix in the localization of PBP3. Two of these 
substitutions (R23C and L39P) have been showed to decrease and impair 
interactions between PBP3 and FtsW 196.  
 The transpeptidase activity of PBP3 is limited to the division site and 
its catalytic activity depends on the division status of the cell 76-78. 
Notably, the transpeptidase activity of PBP3 is different compared to 
PBP2. When the active site of PBP3 is replaced by the active site of 
PBP2, the function of PBP3 is disrupted 162, 192.  It has been suggested 
that these two proteins differ in their substrate specificity with PBP3 
exhibiting a preference for peptidoglycan precursors with a tripeptide 
side chain and PBP2 for pentapeptide side chains 76, 197. 
 The interactions of PBP3 with other cell division proteins have been 
studied using bacterial two-hybrid 156, 157, genetic and biochemical assays 
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137, 185, 198, 199. These studies show that PBP3 interacts with FtsA, FtsN, 
FtsQ and FtsW. A recent publication shows that FtsW and PBP3 form a 
subcomplex within the divisome 196. Further, using FRET they showed 
that PBP3 forms homo-dimers, which have been suggested previously 156, 

157.  
 PBP3 is not the only penicillin-binding protein that localizes to the 
division site during septation. PBP1B (encoded by mrcB) is a class A 
penicillin-binding protein with the ability to both polymerize the glycan 
strands of the peptidoglycan by transglycosylation as well as cross-link 
the peptide moieties by transpeptidation (for protein structure see Figure 
6) 190. PBP3 interacts directly with PBP1B and it has been suggested that 
these two penicillin-binding proteins act in concert to enlarge the 
peptidoglycan during cell division. 107. Furthermore, PBP1B interacts 
with FtsN, which in turn interacts with PBP3 200. 
 The D,D-carboxypeptidase PBP5 that has a role in maintaining the cell 
morphology by regulating the number of available pentapeptides for 
transpeptidation (see above) was also recently found to localize to the 
septum. 201. Furthermore, a connection between PBP5 and the cell 
division machinery has previously been suggested. When the function of 
FtsZ is partially lost in cells deleted for PBP5, this causes a 
morphological phenotype including branching and abnormalities 202. 

FtsN 
FtsN is the last of the known essential cell division proteins to be 
recruited to the septum 203, 204 and is only found among the γ-
proteobacteria 189. FtsN is a membrane protein with a single-spanning 
transmembrane helix. The N-terminus is located in the cytoplasm 
whereas the C-terminus is located in the periplasm. In the periplasm, the 
protein consists of a long proline and glutamine-rich linker followed by a 
domain with peptidoglycan-binding activity, known as the SPOR domain 
(Figure 13) 205-207.  
 FtsN was originally found as a multi-copy suppressor for a 
thermosensitive mutation in ftsA 208. Several copies of FtsN were also 
found to compensate for loss of function in FtsQ and PBP3 208, and 
complete loss of FtsK 168.  
 It has been suggested that FtsN has a ‘triggering role’ in the 
constriction of the Z-ring and that the SPOR domain has an ability to 
specifically bind septal peptidoglycan, which is transiently available 
during the constriction process. The SPOR domain has been found in 
three additional proteins in E. coli (DamX, DedD, and RlpA) which also 
localize to the septal ring 209, 210. Furthermore, FtsN has been assigned a 
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role in maintaining the stability of the divisome, as depletion of FtsN 
causes disassembly of the divisome in an ordered way 211 
 FtsN interacts directly with the FtsA, FtsQ and PBP3 107, 156, 157, 179 and 
it has been found that FtsN fails to be recruited to the divisome if FtsA or 
FtsQ is missing 100, 212.  
 

            
Figure 13. The known structural information of FtsN illustrated in a hybrid cartoon. The 
protein has its N-terminal in the cytoplasm, followed by a transmembrane helix. In the 
periplasm, the transmembrane helix is connected to the SPOR-domain through a PQ-rich 
linker. The structure has only been solved for the SPOR-domain, using NMR (PDB: 
1UTA). 
 

The assembly of the divisome 
Early fluorescence microscopy studies on the assembly of the divisome 
indicated a specific pathway in which proteins are recruited in a linear 
fashion to form the complete divisome 213.  
 As previously described, FtsZ is thought to be the first protein to 
localize at the midcell upon initiation of cell division 116-118. Following 
FtsZ, FtsA and ZipA assemble into the ring and bind directly to FtsZ.  
These assemblies are solely dependent on the localization of FtsZ and not 
on any of the downstream proteins 145, 214.  The three proteins are 
important for the recruitment of other proteins to form the complete 
divisome.  
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 The recruitment of FtsK to the Z-ring depends on the prior 
localization of FtsZ, FtsA and ZipA but not on the downstream proteins 
PBP3 and FtsQ 143, 204, 215. Then follows FtsQ, which requires FtsK, but 
not FtsL, PBP3 and FtsN 204, 216. As previously described, FtsQ is thought 
to act as an interaction hub within the divisome. FtsQ is needed for the 
recruitment of FtsL and FtsB. Furthermore FtsL and FtsB require each 
other for their localization 217. After FtsL and FtsB follows FtsW, which 
requires both the preceding proteins to localize 185, 217 and PBP3 needs 
FtsW to localize 185. Finally, the last essential protein to be recruited to 
the divisome is FtsN and this is dependent on PBP3 203.  
 During the last years, the specific pathway has been further developed 
into a model in which the cell division proteins are thought to be 
recruited to the divisome in the form of sub-complexes. The model is 
based on the findings that FtsQ, FtsB and FtsL form a sub-complex in the 
absence of any other cell division protein 173, 212. This subcomplex has 
been modeled and it was suggested that the subcomplex is either present 
as a ternary complex (FtsQ:FtsB:FtsL: 1:1:1) or as a hexameric complex 
(FtsQ:FtsB:FtsL: 2:2:2) 218. Furthermore, FtsW and PBP3 form another 
sub-complex and can reciprocally recruit each other 212. From these 
studies it could not be detected if FtsN and FtsK are constituents of a sub-
complex forming the divisome. The assembly order and the 
subcomplexes are illustrated in Figure 14. 
 

 
 
Figure 14. The assembly order of the cell division proteins in E. coli. The specific 
pathway for the recruitment of the proteins is illustrated with arrows and the 
subcomplexes are illustrated with grey boxes. 
  
 The network of interactions between proteins forming the divisome 
has been studied mainly via bacterial two-hybrid assays 156, 157. The many 
interactions formed generate a complex network, which further support 
the model of sub-complexes. If the proteins were recruited in a linear 
fashion (one by one), mechanisms would be needed to prevent 
simultaneous assembly, which has not been found 219.  
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Invagination of the outer membrane 
In Gram-negative bacteria there is a need to invaginate the outer 
membrane and the inner membrane as well as the peptidoglycan layer 
during division. None of the known components of the divisome are 
outer membrane proteins. Therefore it has been suspected for a long time 
that the invagination of the outer membrane occurs passively via 
lipoprotein linkages between the peptidoglycan layer and the outer 
membrane 104, 220. Braun’s lipoprotein (Lpp) is one of the most abundant 
proteins in E. coli and plays an important role in maintaining connections 
between the outer membrane and the peptidoglycan layer, also at 
constriction sites 221-224. Lpp is covalently attached to the m-A2pm residue 
of a peptidoglycan peptide 225. Although Lpp contributes to proper outer 
membrane invagination, it is dispersed along the cell envelope 226, 227 and 
is therefore not considered as a component of the cell division machinery.  
 The Tol-Pal system is widely conserved among Gram-negative 
bacteria 228 and is required for maintaining the integrity of the outer 
membrane 229, 230.  It consists of at least five proteins: TolA, TolQ and 
TolR are inner membrane proteins that form a complex via interactions 
between their transmembrane helices 231-234. TolB, a periplasmic protein, 
and Pal (peptidoglycan-associated lipoprotein), an abundant outer 
membrane lipoprotein, form another complex associated with the outer 
membrane 235-237. The two complexes are connected via interactions 
mediated by the extended periplasmic C-terminus of TolA and Pal 238, 239 
as well as via interactions between TolA and TolB 240, 241. Furthermore, 
Pal interacts with the peptide moiety of the peptidoglycan layer via 
strong non-covalent interactions 235, 242-245.  
 Recently, the proteins in the Tol-Pal system were found to localize at 
the division site. This localization required FtsN to be present at the 
division site 109. As the Tol-Pal system connects the inner membrane with 
the outer membrane, it was suggested that the Tol-Pal system could pull 
the outer membrane onto the invaginating peptidoglycan layer and inner 
membrane during septum formation. 
 Since the deletion of components of the Tol-Pal system is not lethal, it 
was speculated that there must be other lipoproteins involved in tethering 
the outer membrane to the peptidoglycan during constriction 109. The 
lipoprotein LpoB has been reported to localize at the septum, to interact 
with PBP1B and with the peptidoglycan layer 72, 73. Furthermore, a 
double-knock out of LpoB and Pal cause cell lysis and therefore it was 
suggested that LpoB-PBP1B could be another system promoting the 
outer membrane constriction 72.  This ability could also explain why the 
Tol-Pal system is not essential. 
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 In this thesis I have studied the timing of the closure of the periplasm 
at the late stages of cell division in E. coli. Based on dual-colour FRAP 
experiments, we suggest that the cytoplasm closes before the periplasm 
(Paper II). 

Regulation of cell division 
To ensure that the progenies are identical copies of the mother cell, cell 
division has to be tightly regulated. It is especially important for rod-
shaped bacteria to ensure that the division occurs in the midcell in 
between the segregated chromosomes. This phenomenon was observed 
early in the studies of bacterial cell division 246, 247. Along with the 
increased knowledge of the division in rod-shaped bacteria, two systems 
involved in the spatial regulation of cell division were revealed. The Min 
system prevents cell division at the cell poles 248, 249 while nucleoid 
occlusion prevents cell division from occurring across the nucleoids 250, 

251.  

Min system 

The Min system in E. coli is known to consist of three proteins encoded 
by the min operon: MinC, MinD and MinE 249. MinC and MinD form a 
division inhibitory complex whereas MinE restricts the action of the 
MinCD complex to the cell poles.  
 MinC is the actual inhibitor in the Min system 252, 253. In vitro studies 
of MinC and FtsZ show that MinC antagonizes the polymerization of 
FtsZ without affecting the GTPase activity of FtsZ 254. The protein 
consists of two domains: an N-terminal domain and a C-terminal domain, 
both of which antagonize the assembly of the Z-ring 255-257. The N-
terminal domain is responsible for breaking FtsZ polymers whereas the 
C-terminal domain interacts with the extreme C-terminal tail of FtsZ to 
displace ZipA and FtsA 258, 259.  A mutation analysis of the C-terminal 
domain showed loss of interaction with MinD, indicating this domain to 
be responsible for the interaction with MinD 260. Furthermore, both 
genetic and biochemical analyses of MinC indicate that the protein most 
likely forms homo-dimers 256.  
 The inhibitory effect of MinC is actually relatively weak in the 
absence of MinD. MinC has to be present at levels 25 to 55 times higher 
than normal to cause inhibition in the absence of MinD 253. This implies 
that MinD has a role in triggering the activity of MinC. MinD is a 
membrane protein (see below) and the triggering effect can (at least 
partly) be induced by attaching MinC to the membrane. In addition, the 
triggering effect can also be obtained by fusing MinC to a 
transmembrane helix 261, 262. Two recent reports indicate that MinC 
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inhibits cell division by two mechanisms: (i) by displacing FtsA and 
probably also ZipA from the Z-ring 258 and (ii) by preventing interactions 
between FtsZ polymers 263.  
 MinD is an ATPase belonging to protein family called WACA 
(Walker A cytoskeletal ATPase) as it contains a Walker A motif and can 
polymerize into large coiled-coil structures in vivo 264-267. A recent crystal 
structure of MinD shows that it forms a dimer in the presence of ATP 268. 
This finding is supported by previous FRET experiments 269 and other 
proteins in the same family have also been found to dimerize when ATP 
is present 270, 271. Although, dimerization can be species-dependent, as 
two crystal structures of MinD from Archea only show monomers 272-274  
 MinD binds phospholipid vesicles in an ATP-dependent manner and 
upon binding it assembles into polymers 275. Furthermore, it has been 
shown that the C-terminal end of MinD is required for binding of MinD 
to the membrane 276, 277. This C-terminal is predicted to form an 
amphipatic helix and is therefore the membrane targeting sequence of 
MinD. A model for the binding of MinD to the membrane has been 
proposed in which it has to dimerize, in an ATP dependent manner, in 
order to bind the membrane 262, 276. This model is supported by the 
observation that a single membrane targeting sequence cannot bind the 
protein to the cytoplasmic membrane but a tandem repeat of the 
membrane targeting sequence associates MinD to the membrane 262. The 
crystal structure of MinD reveals the binding sites of MinC and MinE. 
The binding sites overlap and are located at the dimer interface so that 
the complete binding sites are only formed upon dimerization 268. This is 
supported by previous yeast two-hybrid experiments in which single 
amino acid substitutions in MinD hindered interactions with both MinC 
and MinE 278.  
 MinE is a protein of 88 amino acids that forms a dimer 279. The 
protein has two separable functional domains: the N-terminal 32 residues 
counteract the MinCD activity. The C-terminal part (residue 32-88) 
ensures that MinCD is only counteracted at the midcell 280, 281. The N-
terminal domain has also been found to form electrostatic interactions 
with the membrane and these interactions are necessary for the 
localization and oscillation of MinCD (further described below) 282. MinE 
stimulates the ATPase activity of MinD in the presence of phopholipids 
283, which causes MinD (and hence MinC) to be released from the 
membrane into the cytoplasm 283, 284. Furthermore, MinE can release 
MinC from the membrane-bound MinD in an ATP-independent manner 
285, 286. A recent NMR structure of the full-length MinE from Neisseria 
gonorrhoeae shows that the protein consists of a three-strand β-sheet 
packed against an α-helix, which is almost in a parallel orientation to the 
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β-sheet 287. This is further supported by an X-ray crystal structure of a 
truncated form of MinE from Helicobacter pylori 288. Most interestingly, 
both structures indicate that the N-terminal residues involved in 
counteracting MinCD activities are buried, indicating that a conformal 
change is needed in order to increase their accessibility 287. 
 So, how does the Min-system actually inhibit division at the cell poles 
and at the same time allow it in the midcell? In the early reports of the 
Min-system the models were static with MinCD localized at the cell 
poles whereas MinE was acting in the midcell 249, 281, 289. Over time, the 
model has been refined and the finding of the rapid oscillation of MinD 
between the cell poles was a break-through. During the oscillation, MinD 
forms a polar zone on the membrane that is extending towards the 
midcell. This polar zone will start to shrink towards the cell pole to 
establish a new polar zone at the other cell pole and the cycle is then to 
be repeated 284. It has also been shown that MinC oscillates in the same 
pattern as MinD, indicating it to be a cargo to MinD during oscillation 254, 

290. Later studies revealed that MinE also oscillates in a ring-shape in 
front of MinD 291-293. This suggests that MinE works by a stop-growth 
mechanism that prevents the MinCD polar zone to extend beyond the 
division site at the midcell. By using more refined fluorescence 
microscopy, the oscillation of the components of the Min-system has 
been shown to be organized into membrane-bound coiled structures 
rather than being randomly distributed throughout the polar zones 267.  
Although it has been shown that expression of MinCD (from a plasmid) 
in cells in which the min operon is deleted, the Δmin phenotype can be 
rescued 294. This indicates that MinCD can have different sensitivity for 
polar and non-polar Z-rings. The Min-system is described in Figure 15. 
Recently, the Min-system was studied in vitro and by simultaneously 
monitoring the Min-proteins with fluorescent probes using confocal and 
single-molecule microscopy 295. Their results indicate that the Min 
proteins propagate as waves over the membrane in vitro and that MinE is 
in close contact with MinD at the rear of the wave causing a 
displacement of MinC. 
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Figure 15. The Min-system inhibits cell division at the cell poles by an oscillating 
mechanism of MinCDE between the cell poles. MinE, illustrated by the blue elipse, binds 
MinD-ATP. This triggers ATP hydrolysis followed by a release of MinD-ADP and its 
passenger MinC from the membrane. The simple oscillation will generate a gradient of 
MinCD over time, which is lowest at the midcell 296. Reprinted with permission from 
Elsevier. 
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Nucleoid occlusion 

The model of nucleoid occlusion was proposed 20 years ago 251, but it 
was not until 2005 that the actual protein (SlmA) involved was identified 
250.  
 The protein SlmA was identified when searching for mutations 
synthetically lethal with a defective Min system (slm mutants) 250. It was 
found that cells lacking both the Min system and SlmA had a dramatic 
increase in FtsZ structures, compared to cells only lacking the Min 
system.  The majority of these structures were located across the 
nucleoids. Furthermore, this study showed that a significant number of 
cells lacking SlmA formed a midcell septum across the nucleoid, 
indicating that SlmA is involved in an anti-guillotine mechanism 250.  
 Recently, the crystal structure was solved for SlmA and it shows that 
the protein is divided into two domains: a small N-terminal domain 
(residues 1-53 and a C-terminal domain (residues 54-198) 297. Within the 
N-terminal domain there is a canonical helix-turn-helix motif that has 
been shown to bind DNA 250, 297. A hydrophobic region of the C-terminal 
domain mediates dimerization of SlmA 297. Furthermore, the crystal 
structure shows that SlmA dimerizes 297. 
 SlmA binds specifically to a palindromic DNA sequence that is found 
at 25-50 positions in the E. coli chromosome 297, 298. The SlmA-DNA-
binding sequences cluster within and around the origin of replication 
(ori), but are absent within and around the termination of replication 
(Ter) of the chromosome 297. Furthermore, it has been shown that SlmA 
can bind DNA and FtsZ simultaneously 297 and that DNA binding 
activates the anti-FtsZ activity of SlmA 298. Furthermore, DNA binding of 
SlmA increases the GTPase activity of FtsZ and once significant amounts 
of GTP is hydrolyzed, the FtsZ polymers disassemble 298, 299. 
Interestingly, SlmA does not interact with the C-terminal tail of FtsZ 297, 
in contrast to FtsA and ZipA 127. Electron microscopy studies indicate 
that SlmA causes FtsZ to form long helical-like structures with an anti-
parallel arrangement 297. These helical-like structures are significantly 
different from the normal bundling of FtsZ polymers. Thus, it seems that 
SlmA does not prevent FtsZ from polymerizing, rather it affects the 
higher order assembly of the FtsZ polymers 297. Although, a recent 
publication proposes another mechanism in which SlmA is monomeric 
and inactive in the cytoplasm. Upon binding of SlmA to its DNA binding 
sequence, it dimerizes and this disrupts the interactions between FtsZ 
molecules and GTP is hydrolyzed 298. 
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Concluding remarks and future perspectives 
The aim of this thesis is to better describe and understand the cell 
division event in Gram-negative bacteria. Although this process has been 
extensively studied for at least 50 years, several fundamental questions 
have not been fully addressed. These include how the contraction process 
occurs in dividing bacteria and how the cell division proteins interact to 
form a functional division complex. 
 In paper I and II, I have focused on describing the contraction process. 
First, the diffusion of GFP through the septum of dividing cells was 
studied using FRAP. This approach enabled us to determine the septal 
radii in each cell and a population average for the Z-ring contraction. The 
population average indicated a linear contraction process, however this 
process was more complex in individual cells  (Paper I). The timing of 
the contraction of the outer membrane in dividing E. coli has been 
discussed for a long time and studies have indicated that the inner 
membrane and outer membrane either constrict together or sequentially 
117, 300, 301. Both these models suggested that at the very late stage of cell 
division the cytoplasm closes before the periplasm, although this has 
never been addressed experimentally. We again used our FRAP approach 
on a large number of dividing cells and could conclude that the 
cytoplasm closes before the periplasm (Paper II). Both these findings 
have given new perspectives on the contraction process and opens up 
new questions. For instance, does the entire divisome assemble before the 
septum starts to contract? It would be interesting to determine if the 
proteins suggested to perform the contraction of the outer membrane 
assemble at a later stage, after the contraction of the inner membrane is 
initiated. Furthermore, it is not known how the cell division proteins 
assemble at the septum. Do they form discrete protein clusters or a large 
continuous biomass? Both these questions could be answered by 
modifying the FRAP assay used in this thesis. For instance, the 
localization of cell division proteins can be monitored simultaneously as 
the contraction process by combining our FRAP assays with fusions of 
these proteins with fluorescent proteins. Furthermore the diffusion in the 
inner membrane, which can be studied by fusing a membrane protein to 
GFP or by using a lipid dye, may give insights to if the cell division 
proteins form clusters or a continuous biomass.  
 In paper III and IV, I have focused on describing protein: protein 
interactions among the cell division proteins. These interactions have 
previously been studied using genetic approaches of modified proteins 
(see for instance 156, 157). In our lab we have developed methods to study 
protein oligomerization of membrane proteins, based on a combination of 
BN-PAGE and cysteine cross-linking. In these two studies I have 
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mapped the oligomeric state of PBP5 (Paper III) and ZipA (Paper IV). 
We concluded that PBP5 is a homo-oligomer, most likely a dimer. The 
cross-linking data can be used to map the dimer into a back-to-back 
conformation of the stem domains, while the catalytic domains have the 
freedom to move at the same time. ZipA was also found to homo-
dimerize. Its dimerization was independent of FtsZ and the dimerization 
of ZipA could be a possible way for ZipA to bundle the FtsZ 
protofilaments, as the dimer could bridge two FtsZ polymers. The BN-
PAGE and cross-linking approach that we used to determine that the 
homo-oligomeric state for both PBP5 and ZipA can also be used to 
further map the protein: protein interactions and oligomerization among 
other cell division proteins. Several of these important protein: protein 
interactions have not been fully identified and the responsible protein 
motifs are not known. Furthermore a future aim should be to isolate the 
entire division complex for instance by cross-linking, to determine all 
proteins involved in the division process.  
 All four studies presented in this thesis have contributed to the field of 
cell division. This research field has become more important as the 
problems with antibiotic resistance have become more severe. The 
components of the bacterial cell division machinery are new antibiotic 
targets as cell division is an essential cellular event and the proteins 
involved are unique to bacteria 125. To understand the mechanisms used 
by the cell division proteins and the protein: protein interactions among 
them can be a first step in determining new antibiotic targets. These new 
antibiotic compounds could be small molecules that stop the contraction 
process in dividing bacteria or inhibit protein: protein interactions at the 
division site.  
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Populärvetenskaplig sammanfattning på svenska 
Biokemi är läran om kemin i levande organismer. Den handlar om att 
förstå och beskriva det stora antal olika molekyler som en cell är 
uppbyggd av: hur de reagerar med varandra, hur de bildas och bryts ned.  
 Bakterien Escherichia coli återfinns normalt i tarmarna hos 
varmblodiga djur och är oftast ofarlig för värddjuret. E. coli är ett utmärkt 
modellsystem inom biokemin. E. colis DNA kodar för omkring 4600 
proteiner medan människans DNA kodar för 22 000 proteiner, trots detta 
har många proteiner i E. coli har likheter med proteiner i människor. 
Därmed kan man genom att studera enskilda proteiner och större 
mekanismer i E. coli öka förståelsen för biokemin i människor. E. coli 
används även som modellsystem för att förstå hur bakterier fungerar och 
vilka specifika mekanismer som sker i dessa celler.  
 En mekanism som studerats särskilt noggrant är hur bakterier förökar 
sig, vilket sker genom celldelning. Celldelningen är en för bakterien 
livsviktig process och om den stoppas kommer bakterien att dö. 
Processen har studerats i E. coli sedan mitten på 1900-talet, trots detta 
återstår det mycket forskning för att få full förståelse hur celldelningen 
sker. De proteiner som styr och utför celldelningen har på senare tid 
föreslagits som målproteiner för ny antibiotika. Problemet med 
antibiotikaresistens blir allt vanligare vilket gör det extra angeläget att 
hitta dessa nya målproteiner. 
  Jag har i min forskning undersökt de mekanismer som leder till att 
bakterien Escherichia coli delar sig och hur de proteiner som är 
involverade i celldelningen samarbetar. Förhoppningen är att den ökade 
förståelse för celldelningen som mina studier gett kan bli ett steg mot 
utvecklingen av ny antibiotika.  
  



 40 

Acknowledgements 
All good things come to an end. So does my Ph.D.-studies, so does this 
thesis. I would not have been able to complete all work behind this 
without the support and motivation from all the outstanding people at 
DBB. Especially I would like to thank those who contributed to the 
creation of this thesis: 
 
First of all I would like to thank my supervisor Dan Daley. Thanks for 
the never ending support, guidance and all the inspiration. You have 
successfully managed to transfer your huge interest and enthusiasm for 
science to me. I am grateful for all the knowledge you have shared with 
me, many times in a riddling idiom. It has been five unforgettable and 
fun years working with you. You rock! 
 
Gunnar von Heijne, it has been a pleasure to work with you in the 
microscopy studies and having you as a co-supervisor. I am very grateful 
for all the discussions and for you sharing all your knowledge and 
experience.  
 
Jan-Willem de Gier, IngMarie Nilsson, Joy Kim and Rob Daniels 
thanks for all the help throughout the years. Special thanks to Jan-Willem 
for sharing antibodies, plasmids and wisdom and to IngMarie for being 
the cloning-guru and for keeping things organized.  
 
Stefan Nordlund, thank you for taking good care of all the Ph.D.-
students, the Ph.D.-program and the department as a whole. Thanks to 
you I will never forget that chlorophyll is green! 
 
Elzbieta Glaser, Inger Carlberg, Birgitta Norling, Peter Brzezinski, 
Pia Ädelroth, Åke Wieslander and Astrid Gräslund for maintaining 
the atmosphere at the department and for keeping it as fantastic as it 
should be. Special thanks to Elzbieta for sending me to Perth and for 
keeping me updated on the mitochondria world and to Inger and Birgitta 
for the good times while teaching. 
 
Thanks to all the members of Dan’s group. Filippa, I have enjoyed 
working next to you from day one. Thanks for sharing all your 
experience and knowledge (and for letting me do the cloning). Thanks for 
all the interesting discussions on training, once upon a time we actually 
were the healthy group… Isolde for being so generous, friendly and 
energetic. Thanks for teaching me that the Italian cuisine has three main 
ingredients; broccoli, tinned tuna and cottage cheese and for trying to 



 41 

convince me that heavy metal is great. It was as successful as my attempt 
to convince you that Håkan Hellström is the best Swedish singer. Jörg 
for being relaxed and friendly. Special thanks for adding new 
perspectives on beer drinking. Stephen for being a very nice guy. It has 
been great having you around. Gianluca for bringing in the Italian 
temper to the lab, your enthusiasm for science and Italian politics.  
 
Bill Söderström, thanks for learning me how the world looks like 
through a microscope objective. It was great collaborating with you. A 
wise man once told me: successful scientists listen to P3. Stick to it, no 
matter what the others say. Johan Strömqvist, for the fruitful and 
interesting collaboration. 
 
I am very grateful to all the members of the GvH/de Gier/IMN/Rob-
clan for the nice working environment, interesting discussions, lunches 
and coffee breaks. I will mention a few (although I will remember you 
all): Marie for your positive attitude and sharp tongue, it is always fun 
having you around. Susanna, for your endless enthusiasm and interest in 
science that surely is transmittable. We were the dream team while 
teaching: good cop, bad cop. Carolina and Joanna for being such nice 
office mates and for all good discussions throughout the years. David V, 
I thought the 90´s were the ‘ironic era’ but thanks to you it is still alive! 
Special thanks for also finding solutions to the most annoying problems. 
Mirjam thanks for the support and for all the cakes and candy. Tara, 
Mikaela, David D, Salomé, Pilár, Johannes, Morten, Roger, Carmen, 
Patricia, Kalle E, Nina Rickard, Nurzian, Katrin, Florian, Susan and 
Anna. 
 
Elzbieta’s group, probably the best neighbors in the world. Anna-
Karin, Nyosha, Hans, Erika, Catarina, Pedro and Beata. 
 
All other past and present people at the department that have made these 
years fantastic! 
 
Till mina vänner för all stöd trots att det inte alltid varit så lätt att förstå 
vad jag håller på med.  
 
Familjen, tack för ert fantastiska stöd under alla år som tagit sig form i 
allt från matlådor och syltburkar till visdomsord och kärlek. Ni är mina 
hjältar! 
  



 42 

References 
 
1. Lee, A. G., Lipid-protein interactions in biological membranes: a structural 
perspective. Biochim Biophys acta 2003, 1612, (1), 1-40. 
2. Gustafsson, B. E.; Daft, F. S.; Mc, D. E.; Smith, J. C.; Fitzgerald, R. J., 
Effects of vitamin K-active compounds and intestinal microorganisms in vitamin 
K-deficient germfree rats. J Nutr 1962, 78, (62), 461-8. 
3. Hudault, S.; Guignot, J.; Servin, A. L., Escherichia coli strains colonising 
the gastrointestinal tract protect germfree mice against Salmonella typhimurium 
infection. Gut 2001, 49, (1), 47-55. 
4. Russo, E., The birth of biotechnology. Nature 2003, 421, (6921), 456-7. 
5. Blattner, F. R.; Plunkett, G., 3rd; Bloch, C. A.; Perna, N. T.; Burland, V.; 
Riley, M.; Collado-Vides, J.; Glasner, J. D.; Rode, C. K.; Mayhew, G. F.; 
Gregor, J.; Davis, N. W.; Kirkpatrick, H. A.; Goeden, M. A.; Rose, D. J.; Mau, 
B.; Shao, Y., The complete genome sequence of Escherichia coli K-12. Science 
1997, 277, (5331), 1453-62. 
6. Roth, T. F.; Helinski, D. R., Evidence for circular DNA forms of a bacterial 
plasmid. Proc Natl Acad Sci U S A 1967, 58, (2), 650-7. 
7. Ruiz, N.; Kahne, D.; Silhavy, T. J., Advances in understanding bacterial 
outer-membrane biogenesis. Nat Rev Microbiol 2006, 4, (1), 57-66. 
8. van Meer, G.; Voelker, D. R.; Feigenson, G. W., Membrane lipids: where 
they are and how they behave. Nat Rev Mol Cell Biol 2008, 9, (2), 112-24. 
9. Wiener, M. C.; White, S. H., Structure of a fluid 
dioleoylphosphatidylcholine bilayer determined by joint refinement of x-ray and 
neutron diffraction data. III. Complete structure. Biophys J 1992, 61, (2), 434-47. 
10. Singer, S. J.; Nicolson, G. L., The fluid mosaic model of the structure of 
cell membranes. Science 1972, 175, (23), 720-31. 
11. Engelman, D. M., Membranes are more mosaic than fluid. Nature 2005, 
438, (7068), 578-80. 
12. Bogdanov, M.; Xie, J.; Dowhan, W., Lipid-protein interactions drive 
membrane protein topogenesis in accordance with the positive inside rule. J Biol 
Chem 2009, 284, (15), 9637-41. 
13. Lugtenberg, E. J.; Peters, R., Distribution of lipids in cytoplasmic and outer 
membranes of Escherichia coli K12. Biochim Biophys Acta 1976, 441, (1), 38-
47. 
14. Kamio, Y.; Nikaido, H., Outer membrane of Salmonella typhimurium: 
accessibility of phospholipid head groups to phospholipase c and cyanogen 
bromide activated dextran in the external medium. Biochemistry 1976, 15, (12), 
2561-70. 
15. Nikaido, H., Molecular basis of bacterial outer membrane permeability 
revisited. Microbiol Mol Biol Rev 2003, 67, (4), 593-656. 
16. Schulz, G. E., The structure of bacterial outer membrane proteins. Biochim 
Biophy Acta 2002, 1565, (2), 308-17. 
17. Silhavy, T. J.; Kahne, D.; Walker, S., The bacterial cell envelope. Cold 
Spring Harb Perspect Biol 2010, 2, (5), a000414. 



 43 

18. Weidel, W.; Pelzer, H., Bagshaped Macromolecules--a New Outlook on 
Bacterial Cell Walls. Adv Enzymol Relat Areas Mol Biol 1964, 26, 193-232. 
19. Vollmer, W.; Bertsche, U., Murein (peptidoglycan) structure, architecture 
and biosynthesis in Escherichia coli. Biochim Biophys Acta 2008, 1778, (9), 
1714-34. 
20. Vollmer, W.; Blanot, D.; de Pedro, M. A., Peptidoglycan structure and 
architecture. FEMS Microbiol Rev 2008, 32, (2), 149-67. 
21. Vollmer, W.; Seligman, S. J., Architecture of peptidoglycan: more data and 
more models. Trends Microbiol 2010, 18, (2), 59-66. 
22. Young, K. D., Bacterial shape: two-dimensional questions and possibilities. 
Annu Rev Microbiol. 2010, 64, 223-40. 
23. Dramsi, S.; Magnet, S.; Davison, S.; Arthur, M., Covalent attachment of 
proteins to peptidoglycan. FEMS Microbiol Rev 2008, 32, (2), 307-20. 
24. Schleifer, K. H.; Kandler, O., Peptidoglycan types of bacterial cell walls 
and their taxonomic implications. Bacteriol Rev 1972, 36, (4), 407-77. 
25. Glauner, B.; Holtje, J. V., Growth pattern of the murein sacculus of 
Escherichia coli. J Biol Chem 1990, 265, (31), 18988-96. 
26. Glauner, B.; Holtje, J. V.; Schwarz, U., The composition of the murein of 
Escherichia coli. J Biol Chem 1988, 263, (21), 10088-95. 
27. Harz, H.; Burgdorf, K.; Holtje, J. V., Isolation and separation of the glycan 
strands from murein of Escherichia coli by reversed-phase high-performance 
liquid chromatography. Anal Biochem 1990, 190, (1), 120-8. 
28. Vollmer, W.; Holtje, J. V., The architecture of the murein (peptidoglycan) 
in gram-negative bacteria: vertical scaffold or horizontal layer(s)? J Bacteriol 
2004, 186, (18), 5978-87. 
29. Dmitriev, B.; Toukach, F.; Ehlers, S., Towards a comprehensive view of 
the bacterial cell wall. Trends Microbiol 2005, 13, (12), 569-74. 
30. Dmitriev, B. A.; Ehlers, S.; Rietschel, E. T., Layered murein revisited: a 
fundamentally new concept of bacterial cell wall structure, biogenesis and 
function. Med Microbiol Immunol 1999, 187, (3), 173-81. 
31. Dmitriev, B. A.; Toukach, F. V.; Holst, O.; Rietschel, E. T.; Ehlers, S., 
Tertiary structure of Staphylococcus aureus cell wall murein. J Bacteriol 2004, 
186, (21), 7141-8. 
32. Dmitriev, B. A.; Toukach, F. V.; Schaper, K. J.; Holst, O.; Rietschel, E. T.; 
Ehlers, S., Tertiary structure of bacterial murein: the scaffold model. J Bacteriol 
2003, 185, (11), 3458-68. 
33. Meroueh, S. O.; Bencze, K. Z.; Hesek, D.; Lee, M.; Fisher, J. F.; Stemmler, 
T. L.; Mobashery, S., Three-dimensional structure of the bacterial cell wall 
peptidoglycan. Proc Natl Acad Sci U S A 2006, 103, (12), 4404-9. 
34. Wientjes, F. B.; Woldringh, C. L.; Nanninga, N., Amount of peptidoglycan 
in cell walls of gram-negative bacteria. J Bacteriol 1991, 173, (23), 7684-91. 
35. van Heijenoort, J., Assembly of the monomer unit of bacterial 
peptidoglycan. Cell Mol Life Sci 1998, 54, (4), 300-4. 
36. Gehring, A. M.; Lees, W. J.; Mindiola, D. J.; Walsh, C. T.; Brown, E. D., 
Acetyltransfer precedes uridylyltransfer in the formation of UDP-N-
acetylglucosamine in separable active sites of the bifunctional GlmU protein of 
Escherichia coli. Biochemistry 1996, 35, (2), 579-85. 



 44 

37. Mengin-Lecreulx, D.; van Heijenoort, J., Identification of the glmU gene 
encoding N-acetylglucosamine-1-phosphate uridyltransferase in Escherichia 
coli. J Bacteriol 1993, 175, (19), 6150-7. 
38. Mengin-Lecreulx, D.; van Heijenoort, J., Copurification of glucosamine-1-
phosphate acetyltransferase and N-acetylglucosamine-1-phosphate 
uridyltransferase activities of Escherichia coli: characterization of the glmU gene 
product as a bifunctional enzyme catalyzing two subsequent steps in the pathway 
for UDP-N-acetylglucosamine synthesis. J Bacteriol 1994, 176, (18), 5788-95. 
39. Mengin-Lecreulx, D.; van Heijenoort, J., Characterization of the essential 
gene glmM encoding phosphoglucosamine mutase in Escherichia coli. J Biol 
Chem 1996, 271, (1), 32-9. 
40. Benson, T. E.; Walsh, C. T.; Hogle, J. M., The structure of the substrate-
free form of MurB, an essential enzyme for the synthesis of bacterial cell walls. 
Structure 1996, 4, (1), 47-54. 
41. Schonbrunn, E.; Sack, S.; Eschenburg, S.; Perrakis, A.; Krekel, F.; 
Amrhein, N.; Mandelkow, E., Crystal structure of UDP-N-acetylglucosamine 
enolpyruvyltransferase, the target of the antibiotic fosfomycin. Structure 1996, 
4, (9), 1065-75. 
42. Skarzynski, T.; Mistry, A.; Wonacott, A.; Hutchinson, S. E.; Kelly, V. A.; 
Duncan, K., Structure of UDP-N-acetylglucosamine enolpyruvyl transferase, an 
enzyme essential for the synthesis of bacterial peptidoglycan, complexed with 
substrate UDP-N-acetylglucosamine and the drug fosfomycin. Structure 1996, 4, 
(12), 1465-74. 
43. Constantine, K. L.; Mueller, L.; Goldfarb, V.; Wittekind, M.; Metzler, W. 
J.; Yanchunas, J., Jr.; Robertson, J. G.; Malley, M. F.; Friedrichs, M. S.; Farmer, 
B. T., 2nd, Characterization of NADP+ binding to perdeuterated MurB: 
backbone atom NMR assignments and chemical-shift changes. J Mol Biol 1997, 
267, (5), 1223-46. 
44. Anderson, M. S.; Eveland, S. S.; Onishi, H. R.; Pompliano, D. L., Kinetic 
mechanism of the Escherichia coli UDPMurNAc-tripeptide D-alanyl-D-alanine-
adding enzyme: use of a glutathione S-transferase fusion. Biochemistry 1996, 35, 
(50), 16264-9. 
45. Bertrand, J. A.; Auger, G.; Martin, L.; Fanchon, E.; Blanot, D.; Le Beller, 
D.; van Heijenoort, J.; Dideberg, O., Determination of the MurD mechanism 
through crystallographic analysis of enzyme complexes. J Mol Biol 1999, 289, 
(3), 579-90. 
46. Falk, P. J.; Ervin, K. M.; Volk, K. S.; Ho, H. T., Biochemical evidence for 
the formation of a covalent acyl-phosphate linkage between UDP-N-
acetylmuramate and ATP in the Escherichia coli UDP-N-acetylmuramate:L-
alanine ligase-catalyzed reaction. Biochemistry 1996, 35, (5), 1417-22. 
47. Liger, D.; Masson, A.; Blanot, D.; van Heijenoort, J.; Parquet, C., Study of 
the overproduced uridine-diphosphate-N-acetylmuramate:L-alanine ligase from 
Escherichia coli. Microb Drug Resist 1996, 2, (1), 25-7. 
48. Tanner, M. E.; Vaganay, S.; van Heijenoort, J.; Blanot, D., Phosphinate 
Inhibitors of the D-Glutamic Acid-Adding Enzyme of Peptidoglycan 
Biosynthesis. J Org Chem 1996, 61, (5), 1756-60. 



 45 

49. Vaganay, S.; Tanner, M. E.; van Heijenoort, J.; Blanot, D., Study of the 
reaction mechanism of the D-glutamic acid-adding enzyme from Escherichia 
coli. Microb Drug Resist 1996, 2, (1), 51-4. 
50. El Zoeiby, A.; Sanschagrin, F.; Levesque, R. C., Structure and function of 
the Mur enzymes: development of novel inhibitors. Mol Microbiol 2003, 47, (1), 
1-12. 
51. Ikeda, M.; Wachi, M.; Jung, H. K.; Ishino, F.; Matsuhashi, M., The 
Escherichia coli mraY gene encoding UDP-N-acetylmuramoyl-pentapeptide: 
undecaprenyl-phosphate phospho-N-acetylmuramoyl-pentapeptide transferase. J 
Bacteriol 1991, 173, (3), 1021-6. 
52. Mengin-Lecreulx, D.; Texier, L.; Rousseau, M.; van Heijenoort, J., The 
murG gene of Escherichia coli codes for the UDP-N-acetylglucosamine: N-
acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase involved in the membrane steps of peptidoglycan 
synthesis. J Bacteriol 1991, 173, (15), 4625-36. 
53. Inoue, A.; Murata, Y.; Takahashi, H.; Tsuji, N.; Fujisaki, S.; Kato, J., 
Involvement of an essential gene, mviN, in murein synthesis in Escherichia coli. 
J Bacteriol 2008, 190, (21), 7298-301. 
54. Ruiz, N., Bioinformatics identification of MurJ (MviN) as the 
peptidoglycan lipid II flippase in Escherichia coli. Proc Natl Acad Sci U S A 
2008, 105, (40), 15553-7. 
55. Fay, A.; Dworkin, J., Bacillus subtilis homologs of MviN (MurJ), the 
putative Escherichia coli lipid II flippase, are not essential for growth. J 
Bacteriol 2009, 191, (19), 6020-8. 
56. Holtje, J. V., Growth of the stress-bearing and shape-maintaining murein 
sacculus of Escherichia coli. Microbiol Mol Biol Rev 1998, 62, (1), 181-203. 
57. Mohammadi, T.; van Dam, V.; Sijbrandi, R.; Vernet, T.; Zapun, A.; 
Bouhss, A.; Diepeveen-de Bruin, M.; Nguyen-Disteche, M.; de Kruijff, B.; 
Breukink, E., Identification of FtsW as a transporter of lipid-linked cell wall 
precursors across the membrane. EMBO J 2011, 30, (8), 1425-32. 
58. Dougherty, T. J.; Kennedy, K.; Kessler, R. E.; Pucci, M. J., Direct 
quantitation of the number of individual penicillin-binding proteins per cell in 
Escherichia coli. J Bacteriol 1996, 178, (21), 6110-5. 
59. Denome, S. A.; Elf, P. K.; Henderson, T. A.; Nelson, D. E.; Young, K. D., 
Escherichia coli mutants lacking all possible combinations of eight penicillin 
binding proteins: viability, characteristics, and implications for peptidoglycan 
synthesis. J Bacteriol 1999, 181, (13), 3981-93. 
60. Sauvage, E.; Kerff, F.; Terrak, M.; Ayala, J. A.; Charlier, P., The penicillin-
binding proteins: structure and role in peptidoglycan biosynthesis. FEMS 
Microbiol Rev 2008, 32, (2), 234-58. 
61. Waxman, D. J.; Strominger, J. L., Penicillin-binding proteins and the 
mechanism of action of beta-lactam antibiotics. Annu Rev Biochem 1983, 52, 
825-69. 
62. Ghosh, A. S.; Chowdhury, C.; Nelson, D. E., Physiological functions of D-
alanine carboxypeptidases in Escherichia coli. Trends Microbiol 2008, 16, (7), 
309-17. 



 46 

63. Popham, D. L.; Young, K. D., Role of penicillin-binding proteins in 
bacterial cell morphogenesis. Curr Opin Microbiol 2003, 6, (6), 594-9. 
64. Morlot, C.; Zapun, A.; Dideberg, O.; Vernet, T., Growth and division of 
Streptococcus pneumoniae: localization of the high molecular weight penicillin-
binding proteins during the cell cycle. Mol Microbiol 2003, 50, (3), 845-55. 
65. Macheboeuf, P.; Contreras-Martel, C.; Job, V.; Dideberg, O.; Dessen, A., 
Penicillin binding proteins: key players in bacterial cell cycle and drug resistance 
processes. FEMS Microbiol Rev 2006, 30, (5), 673-91. 
66. Spratt, B. G.; Jobanputra, V., Mutants of Escherichia coli which lack a 
component of penicillin-binding protein 1 are viable. FEBS letters 1977, 79, (2), 
374-8. 
67. Suzuki, H.; Nishimura, Y.; Hirota, Y., On the process of cellular division in 
Escherichia coli: a series of mutants of E. coli altered in the penicillin-binding 
proteins. Proc Natl Acad Sci U S A 1978, 75, (2), 664-8. 
68. Tamaki, S.; Nakajima, S.; Matsuhashi, M., Thermosensitive mutation in 
Escherichia coli simultaneously causing defects in penicillin-binding protein-
1Bs and in enzyme activity for peptidoglycan synthesis in vitro. Proc Natl Acad 
Sci U S A 1977, 74, (12), 5472-6. 
69. Goffin, C.; Ghuysen, J. M., Biochemistry and comparative genomics of 
SxxK superfamily acyltransferases offer a clue to the mycobacterial paradox: 
presence of penicillin-susceptible target proteins versus lack of efficiency of 
penicillin as therapeutic agent. Microbiol Mol Biol Rev 2002, 66, (4), 702-38. 
70. Terrak, M.; Ghosh, T. K.; van Heijenoort, J.; Van Beeumen, J.; Lampilas, 
M.; Aszodi, J.; Ayala, J. A.; Ghuysen, J. M.; Nguyen-Disteche, M., The 
catalytic, glycosyl transferase and acyl transferase modules of the cell wall 
peptidoglycan-polymerizing penicillin-binding protein 1b of Escherichia coli. 
Mol Microbiol 1999, 34, (2), 350-64. 
71. Schiffer, G.; Holtje, J. V., Cloning and characterization of PBP 1C, a third 
member of the multimodular class A penicillin-binding proteins of Escherichia 
coli. J Biol Chem 1999, 274, (45), 32031-9. 
72. Typas, A.; Banzhaf, M.; van den Berg van Saparoea, B.; Verheul, J.; 
Biboy, J.; Nichols, R. J.; Zietek, M.; Beilharz, K.; Kannenberg, K.; von 
Rechenberg, M.; Breukink, E.; den Blaauwen, T.; Gross, C. A.; Vollmer, W., 
Regulation of peptidoglycan synthesis by outer-membrane proteins. Cell 2010, 
143, (7), 1097-109. 
73. Paradis-Bleau, C.; Markovski, M.; Uehara, T.; Lupoli, T. J.; Walker, S.; 
Kahne, D. E.; Bernhardt, T. G., Lipoprotein cofactors located in the outer 
membrane activate bacterial cell wall polymerases. Cell 2010, 143, (7), 1110-20. 
74. Spratt, B. G., Distinct penicillin binding proteins involved in the division, 
elongation, and shape of Escherichia coli K12. Proc Natl Acad Sci U S A 1975, 
72, (8), 2999-3003. 
75. Spratt, B. G.; Pardee, A. B., Penicillin-binding proteins and cell shape in E. 
coli. Nature 1975, 254, (5500), 516-7. 
76. Botta, G. A.; Park, J. T., Evidence for involvement of penicillin-binding 
protein 3 in murein synthesis during septation but not during cell elongation. J 
Bacteriol 1981, 145, (1), 333-40. 



 47 

77. Eberhardt, C.; Kuerschner, L.; Weiss, D. S., Probing the catalytic activity 
of a cell division-specific transpeptidase in vivo with beta-lactams. J Bacteriol 
2003, 185, (13), 3726-34. 
78. Wientjes, F. B.; Nanninga, N., On the role of the high molecular weight 
penicillin-binding proteins in the cell cycle of Escherichia coli. Res Microbiol 
1991, 142, (2-3), 333-44. 
79. Spratt, B. G., Temperature-sensitive cell division mutants of Escherichia 
coli with thermolabile penicillin-binding proteins. J Bacteriol 1977, 131, (1), 
293-305. 
80. Korat, B.; Mottl, H.; Keck, W., Penicillin-binding protein 4 of Escherichia 
coli: molecular cloning of the dacB gene, controlled overexpression, and 
alterations in murein composition. Mol Microbiol 1991, 5, (3), 675-84. 
81. Meberg, B. M.; Paulson, A. L.; Priyadarshini, R.; Young, K. D., 
Endopeptidase penicillin-binding proteins 4 and 7 play auxiliary roles in 
determining uniform morphology of Escherichia coli. J Bacteriol 2004, 186, 
(24), 8326-36. 
82. Nelson, D. E.; Young, K. D., Contributions of PBP 5 and DD-
carboxypeptidase penicillin binding proteins to maintenance of cell shape in 
Escherichia coli. J Bacteriol 2001, 183, (10), 3055-64. 
83. Spratt, B. G., Properties of the penicillin-binding proteins of Escherichia 
coli K12. Eur J Biochem 1977, 72, (2), 341-52. 
84. Nelson, D. E.; Young, K. D., Penicillin binding protein 5 affects cell 
diameter, contour, and morphology of Escherichia coli. J Bacteriol 2000, 182, 
(6), 1714-21. 
85. Santos, J. M.; Lobo, M.; Matos, A. P.; De Pedro, M. A.; Arraiano, C. M., 
The gene bolA regulates dacA (PBP5), dacC (PBP6) and ampC (AmpC), 
promoting normal morphology in Escherichia coli. Mol Microbiol 2002, 45, (6), 
1729-40. 
86. Young, K. D., Bacterial shape. Mol Microbiol 2003, 49, (3), 571-80. 
87. Sarkar, S. K.; Chowdhury, C.; Ghosh, A. S., Deletion of penicillin-binding 
protein 5 (PBP5) sensitises Escherichia coli cells to beta-lactam agents. Int J 
Antimicrob Agents 2010, 35, (3), 244-9. 
88. Davies, C.; White, S. W.; Nicholas, R. A., Crystal structure of a 
deacylation-defective mutant of penicillin-binding protein 5 at 2.3-Å resolution. 
J Biol Chem 2001, 276, (1), 616-23. 
89. Nicholas, R. A.; Krings, S.; Tomberg, J.; Nicola, G.; Davies, C., Crystal 
structure of wild-type penicillin-binding protein 5 from Escherichia coli: 
implications for deacylation of the acyl-enzyme complex. J Biol Chem 2003, 
278, (52), 52826-33. 
90. O'Daniel, P. I.; Zajicek, J.; Zhang, W.; Shi, Q.; Fisher, J. F.; Mobashery, S., 
Elucidation of the structure of the membrane anchor of penicillin-binding protein 
5 of Escherichia coli. J Am Chem Soc 2010, 132, (12), 4110-8. 
91. Baquero, M. R.; Bouzon, M.; Quintela, J. C.; Ayala, J. A.; Moreno, F., 
dacD, an Escherichia coli gene encoding a novel penicillin-binding protein 
(PBP6b) with DD-carboxypeptidase activity. J Bacteriol 1996, 178, (24), 7106-
11. 



 48 

92. Broome-Smith, J. K.; Ioannidis, I.; Edelman, A.; Spratt, B. G., Nucleotide 
sequences of the penicillin-binding protein 5 and 6 genes of Escherichia coli. 
Nucleic Acids Res 1988, 16, (4), 1617. 
93. Amanuma, H.; Strominger, J. L., Purification and properties of penicillin-
binding proteins 5 and 6 from Escherichia coli membranes. J Biol Chem 1980, 
255, (23), 11173-80. 
94. Nelson, D. E.; Ghosh, A. S.; Paulson, A. L.; Young, K. D., Contribution of 
membrane-binding and enzymatic domains of penicillin binding protein 5 to 
maintenance of uniform cellular morphology of Escherichia coli. J Bacteriol 
2002, 184, (13), 3630-9. 
95. van der Linden, M. P.; de Haan, L.; Hoyer, M. A.; Keck, W., Possible role 
of Escherichia coli penicillin-binding protein 6 in stabilization of stationary-
phase peptidoglycan. J Bacteriol 1992, 174, (23), 7572-8. 
96. Sarkar, S. K.; Dutta, M.; Chowdhury, C.; Kumar, A.; Ghosh, A. S., PBP5, 
PBP6 and DacD play different roles in intrinsic {beta}-lactam resistance of 
Escherichia coli. Microbiology 2011. (In press.). 
97. Henderson, T. A.; Templin, M.; Young, K. D., Identification and cloning of 
the gene encoding penicillin-binding protein 7 of Escherichia coli. J Bacteriol 
1995, 177, (8), 2074-9. 
98. Romeis, T.; Holtje, J. V., Penicillin-binding protein 7/8 of Escherichia coli 
is a DD-endopeptidase. Eur J Biochem 1994, 224, (2), 597-604. 
99. Henderson, T. A.; Dombrosky, P. M.; Young, K. D., Artifactual processing 
of penicillin-binding proteins 7 and 1b by the OmpT protease of Escherichia 
coli. J Bacteriol 1994, 176, (1), 256-9. 
100. Goehring, N. W.; Gueiros-Filho, F.; Beckwith, J., Premature targeting of a 
cell division protein to midcell allows dissection of divisome assembly in 
Escherichia coli. Genes Dev 2005, 19, (1), 127-37. 
101. Norris, V.; den Blaauwen, T.; Cabin-Flaman, A.; Doi, R. H.; Harshey, R.; 
Janniere, L.; Jimenez-Sanchez, A.; Jin, D. J.; Levin, P. A.; Mileykovskaya, E.; 
Minsky, A.; Saier, M., Jr.; Skarstad, K., Functional taxonomy of bacterial 
hyperstructures. Microbiol Mol Biol Rev 2007, 71, (1), 230-53. 
102. Erickson, H. P., The FtsZ protofilament and attachment of ZipA--structural 
constraints on the FtsZ power stroke. Curr Opin Cell Biol 2001, 13, (1), 55-60. 
103. Lutkenhaus, J.; Addinall, S. G., Bacterial cell division and the Z ring. Annu 
Rev Biochem 1997, 66, 93-116. 
104. Weiss, D. S., Bacterial cell division and the septal ring. Mol Microbiol 
2004, 54, (3), 588-97. 
105. Bernhardt, T. G.; de Boer, P. A., The Escherichia coli amidase AmiC is a 
periplasmic septal ring component exported via the twin-arginine transport 
pathway. Mol Microbiol 2003, 48, (5), 1171-82. 
106. Bernhardt, T. G.; de Boer, P. A., Screening for synthetic lethal mutants in 
Escherichia coli and identification of EnvC (YibP) as a periplasmic septal ring 
factor with murein hydrolase activity. Mol Microbiol 2004, 52, (5), 1255-69. 
107. Bertsche, U.; Kast, T.; Wolf, B.; Fraipont, C.; Aarsman, M. E.; 
Kannenberg, K.; von Rechenberg, M.; Nguyen-Disteche, M.; den Blaauwen, T.; 
Holtje, J. V.; Vollmer, W., Interaction between two murein (peptidoglycan) 



 49 

synthases, PBP3 and PBP1B, in Escherichia coli. Mol Microbiol 2006, 61, (3), 
675-90. 
108. Ebersbach, G.; Galli, E.; Moller-Jensen, J.; Lowe, J.; Gerdes, K., Novel 
coiled-coil cell division factor ZapB stimulates Z ring assembly and cell 
division. Mol Microbiol 2008, 68, (3), 720-35. 
109. Gerding, M. A.; Ogata, Y.; Pecora, N. D.; Niki, H.; de Boer, P. A., The 
trans-envelope Tol-Pal complex is part of the cell division machinery and 
required for proper outer-membrane invagination during cell constriction in E. 
coli. Mol Microbiol 2007, 63, (4), 1008-25. 
110. Gueiros-Filho, F. J.; Losick, R., A widely conserved bacterial cell division 
protein that promotes assembly of the tubulin-like protein FtsZ. Genes Dev 
2002, 16, (19), 2544-56. 
111. Samaluru, H.; SaiSree, L.; Reddy, M., Role of SufI (FtsP) in cell division 
of Escherichia coli: evidence for its involvement in stabilizing the assembly of 
the divisome. J Bacteriol 2007, 189, (22), 8044-52. 
112. Schmidt, K. L.; Peterson, N. D.; Kustusch, R. J.; Wissel, M. C.; Graham, 
B.; Phillips, G. J.; Weiss, D. S., A predicted ABC transporter, FtsEX, is needed 
for cell division in Escherichia coli. J Bacteriol 2004, 186, (3), 785-93. 
113. Durand-Heredia, J. M.; Yu, H. H.; De Carlo, S.; Lesser, C. F.; Janakiraman, 
A., Identification and characterization of ZapC, a stabilizer of the FtsZ ring in 
Escherichia coli. J Bacteriol 2011, 193, (6), 1405-13. 
114. Hale, C. A.; Shiomi, D.; Liu, B.; Bernhardt, T. G.; Margolin, W.; Niki, H.; 
de Boer, P. A., Identification of Escherichia coli ZapC (YcbW) as a component 
of the division apparatus that binds and bundles FtsZ polymers. J Bacteriol 
2011, 193, (6), 1393-404. 
115. Ogino, H.; Wachi, M.; Ishii, A.; Iwai, N.; Nishida, T.; Yamada, S.; Nagai, 
K.; Sugai, M., FtsZ-dependent localization of GroEL protein at possible division 
sites. Genes Cells 2004, 9, (9), 765-71. 
116. Begg, K. J.; Donachie, W. D., Cell shape and division in Escherichia coli: 
experiments with shape and division mutants. J Bacteriol 1985, 163, (2), 615-22. 
117. Bi, E. F.; Lutkenhaus, J., FtsZ ring structure associated with division in 
Escherichia coli. Nature 1991, 354, (6349), 161-4. 
118. Taschner, P. E.; Huls, P. G.; Pas, E.; Woldringh, C. L., Division behavior 
and shape changes in isogenic ftsZ, ftsQ, ftsA, pbpB, and ftsE cell division 
mutants of Escherichia coli during temperature shift experiments. J Bacteriol 
1988, 170, (4), 1533-40. 
119. Addinall, S. G.; Lutkenhaus, J., FtsZ-spirals and -arcs determine the shape 
of the invaginating septa in some mutants of Escherichia coli. Mol Microbiol 
1996, 22, (2), 231-7. 
120. Vaughan, S.; Wickstead, B.; Gull, K.; Addinall, S. G., Molecular evolution 
of FtsZ protein sequences encoded within the genomes of archaea, bacteria, and 
eukaryota. J Mol Evol 2004, 58, (1), 19-29. 
121. Osteryoung, K. W.; Nunnari, J., The division of endosymbiotic organelles. 
Science 2003, 302, (5651), 1698-704. 
122. Beech, P. L.; Nheu, T.; Schultz, T.; Herbert, S.; Lithgow, T.; Gilson, P. R.; 
McFadden, G. I., Mitochondrial FtsZ in a chromophyte alga. Science 2000, 287, 
(5456), 1276-9. 



 50 

123. Gilson, P. R.; Yu, X. C.; Hereld, D.; Barth, C.; Savage, A.; Kiefel, B. R.; 
Lay, S.; Fisher, P. R.; Margolin, W.; Beech, P. L., Two Dictyostelium orthologs 
of the prokaryotic cell division protein FtsZ localize to mitochondria and are 
required for the maintenance of normal mitochondrial morphology. Eukaryot 
Cell 2003, 2, (6), 1315-26. 
124. Takahara, M.; Takahashi, H.; Matsunaga, S.; Miyagishima, S.; Takano, H.; 
Sakai, A.; Kawano, S.; Kuroiwa, T., A putative mitochondrial ftsZ gene is 
present in the unicellular primitive red alga Cyanidioschyzon merolae. Mol Gen 
Genet 2000, 264, (4), 452-60. 
125. Lock, R. L.; Harry, E. J., Cell-division inhibitors: new insights for future 
antibiotics. Nat Rev Drug Discov 2008, 7, (4), 324-38. 
126. Lowe, J., Crystal structure determination of FtsZ from Methanococcus 
jannaschii. J Struct Biol 1998, 124, (2-3), 235-43. 
127. Ma, X.; Margolin, W., Genetic and functional analyses of the conserved C-
terminal core domain of Escherichia coli FtsZ. J Bacteriol 1999, 181, (24), 
7531-44. 
128. de Boer, P.; Crossley, R.; Rothfield, L., The essential bacterial cell-division 
protein FtsZ is a GTPase. Nature 1992, 359, (6392), 254-6. 
129. Mukherjee, A.; Dai, K.; Lutkenhaus, J., Escherichia coli cell division 
protein FtsZ is a guanine nucleotide binding protein. Proc Natl Acad Sci U S A 
1993, 90, (3), 1053-7. 
130. RayChaudhuri, D.; Park, J. T., Escherichia coli cell-division gene ftsZ 
encodes a novel GTP-binding protein. Nature 1992, 359, (6392), 251-4. 
131. Erickson, H. P.; Taylor, D. W.; Taylor, K. A.; Bramhill, D., Bacterial cell 
division protein FtsZ assembles into protofilament sheets and minirings, 
structural homologs of tubulin polymers. Proc Natl Acad Sci U S A 1996, 93, 
(1), 519-23. 
132. Lowe, J.; Amos, L. A., Tubulin-like protofilaments in Ca2+-induced FtsZ 
sheets. EMBO J 1999, 18, (9), 2364-71. 
133. Mukherjee, A.; Lutkenhaus, J., Guanine nucleotide-dependent assembly of 
FtsZ into filaments. J Bacteriol 1994, 176, (9), 2754-8. 
134. Oliva, M. A.; Cordell, S. C.; Lowe, J., Structural insights into FtsZ 
protofilament formation. Nat Struct Mol Biol 2004, 11, (12), 1243-50. 
135. Dajkovic, A.; Pichoff, S.; Lutkenhaus, J.; Wirtz, D., Cross-linking FtsZ 
polymers into coherent Z rings. Mol Microbiol 2010, 78, (3), 651-68. 
136. Galli, E.; Gerdes, K., Spatial resolution of two bacterial cell division 
proteins: ZapA recruits ZapB to the inner face of the Z-ring. Mol Microbiol 
2010, 76, (6), 1514-26. 
137. Dai, K.; Lutkenhaus, J., The proper ratio of FtsZ to FtsA is required for cell 
division to occur in Escherichia coli. J Bacteriol 1992, 174, (19), 6145-51. 
138. Pla, J.; Sanchez, M.; Palacios, P.; Vicente, M.; Aldea, M., Preferential 
cytoplasmic location of FtsZ, a protein essential for Escherichia coli septation. 
Mol Microbiol 1991, 5, (7), 1681-6. 
139. Rueda, S.; Vicente, M.; Mingorance, J., Concentration and assembly of the 
division ring proteins FtsZ, FtsA, and ZipA during the Escherichia coli cell 
cycle. J Bacteriol 2003, 185, (11), 3344-51. 



 51 

140. Li, Z.; Trimble, M. J.; Brun, Y. V.; Jensen, G. J., The structure of FtsZ 
filaments in vivo suggests a force-generating role in cell division. EMBO J 2007, 
26, (22), 4694-708. 
141. Errington, J.; Daniel, R. A.; Scheffers, D. J., Cytokinesis in bacteria. 
Microbiol Mol Biol Rev 2003, 67, (1), 52-65, table of contents. 
142. Hale, C. A.; de Boer, P. A., Direct binding of FtsZ to ZipA, an essential 
component of the septal ring structure that mediates cell division in E. coli. Cell 
1997, 88, (2), 175-85. 
143. Pichoff, S.; Lutkenhaus, J., Unique and overlapping roles for ZipA and 
FtsA in septal ring assembly in Escherichia coli. EMBO J 2002, 21, (4), 685-93. 
144. Liu, Z.; Mukherjee, A.; Lutkenhaus, J., Recruitment of ZipA to the division 
site by interaction with FtsZ. Mol Microbiol 1999, 31, (6), 1853-61. 
145. Hale, C. A.; de Boer, P. A., Recruitment of ZipA to the septal ring of 
Escherichia coli is dependent on FtsZ and independent of FtsA. J Bacteriol 
1999, 181, (1), 167-76. 
146. Hale, C. A.; Rhee, A. C.; de Boer, P. A., ZipA-induced bundling of FtsZ 
polymers mediated by an interaction between C-terminal domains. J Bacteriol 
2000, 182, (18), 5153-66. 
147. RayChaudhuri, D., ZipA is a MAP-Tau homolog and is essential for 
structural integrity of the cytokinetic FtsZ ring during bacterial cell division. 
Embo J 1999, 18, (9), 2372-83. 
148. Rothfield, L.; Justice, S.; Garcia-Lara, J., Bacterial cell division. Annu Rev 
Genet 1999, 33, 423-48. 
149. Geissler, B.; Elraheb, D.; Margolin, W., A gain-of-function mutation in 
ftsA bypasses the requirement for the essential cell division gene zipA in 
Escherichia coli. Proc Natl Acad Sci U S A 2003, 100, (7), 4197-202. 
150. van den Ent, F.; Lowe, J., Crystal structure of the cell division protein FtsA 
from Thermotoga maritima. EMBO J 2000, 19, (20), 5300-7. 
151. Feucht, A.; Lucet, I.; Yudkin, M. D.; Errington, J., Cytological and 
biochemical characterization of the FtsA cell division protein of Bacillus 
subtilis. Mol Microbiol 2001, 40, (1), 115-25. 
152. Lara, B.; Rico, A. I.; Petruzzelli, S.; Santona, A.; Dumas, J.; Biton, J.; 
Vicente, M.; Mingorance, J.; Massidda, O., Cell division in cocci: localization 
and properties of the Streptococcus pneumoniae FtsA protein. Mol Microbiol 
2005, 55, (3), 699-711. 
153. Sanchez, M.; Valencia, A.; Ferrandiz, M. J.; Sander, C.; Vicente, M., 
Correlation between the structure and biochemical activities of FtsA, an essential 
cell division protein of the actin family. EMBO J 1994, 13, (20), 4919-25. 
154. Pichoff, S.; Lutkenhaus, J., Tethering the Z ring to the membrane through a 
conserved membrane targeting sequence in FtsA. Mol Microbiol 2005, 55, (6), 
1722-34. 
155. Pichoff, S.; Lutkenhaus, J., Identification of a region of FtsA required for 
interaction with FtsZ. Mol Microbiol 2007, 64, (4), 1129-38. 
156. Di Lallo, G.; Fagioli, M.; Barionovi, D.; Ghelardini, P.; Paolozzi, L., Use 
of a two-hybrid assay to study the assembly of a complex multicomponent 
protein machinery: bacterial septosome differentiation. Microbiology 2003, 149, 
(Pt 12), 3353-9. 



 52 

157. Karimova, G.; Dautin, N.; Ladant, D., Interaction network among 
Escherichia coli membrane proteins involved in cell division as revealed by 
bacterial two-hybrid analysis. J Bacteriol 2005, 187, (7), 2233-43. 
158. Rico, A. I.; Garcia-Ovalle, M.; Mingorance, J.; Vicente, M., Role of two 
essential domains of Escherichia coli FtsA in localization and progression of the 
division ring. Mol Microbiol 2004, 53, (5), 1359-71. 
159. Shiomi, D.; Margolin, W., Dimerization or oligomerization of the actin-like 
FtsA protein enhances the integrity of the cytokinetic Z ring. Mol Microbiol 
2007, 66, (6), 1396-415. 
160. Yan, K.; Pearce, K. H.; Payne, D. J., A conserved residue at the extreme C-
terminus of FtsZ is critical for the FtsA-FtsZ interaction in Staphylococcus 
aureus. Biochem Biophys Res Commun 2000, 270, (2), 387-92. 
161. Yim, L.; Vandenbussche, G.; Mingorance, J.; Rueda, S.; Casanova, M.; 
Ruysschaert, J. M.; Vicente, M., Role of the carboxy terminus of Escherichia 
coli FtsA in self-interaction and cell division. J Bacteriol 2000, 182, (22), 6366-
73. 
162. Goehring, N. W.; Beckwith, J., Diverse paths to midcell: assembly of the 
bacterial cell division machinery. Curr Biol 2005, 15, (13), R514-26. 
163. Murray, A.; Hunt, T., The Cell Cycle: an introduction. Oxford University 
Press: New York, 1993. 
164. Jun, S.; Wright, A., Entropy as the driver of chromosome segregation. Nat 
Rev Microbiol 2010, 8, (8), 600-7. 
165. Begg, K. J.; Dewar, S. J.; Donachie, W. D., A new Escherichia coli cell 
division gene, ftsK. J Bacteriol 1995, 177, (21), 6211-22. 
166. Liu, G.; Draper, G. C.; Donachie, W. D., FtsK is a bifunctional protein 
involved in cell division and chromosome localization in Escherichia coli. Mol 
Microbiol 1998, 29, (3), 893-903. 
167. Yu, X. C.; Weihe, E. K.; Margolin, W., Role of the C terminus of FtsK in 
Escherichia coli chromosome segregation. J Bacteriol 1998, 180, (23), 6424-8. 
168. Draper, G. C.; McLennan, N.; Begg, K.; Masters, M.; Donachie, W. D., 
Only the N-terminal domain of FtsK functions in cell division. J Bacteriol 1998, 
180, (17), 4621-7. 
169. Aussel, L.; Barre, F. X.; Aroyo, M.; Stasiak, A.; Stasiak, A. Z.; Sherratt, D., 
FtsK Is a DNA motor protein that activates chromosome dimer resolution by 
switching the catalytic state of the XerC and XerD recombinases. Cell 2002, 
108, (2), 195-205. 
170. Massey, T. H.; Mercogliano, C. P.; Yates, J.; Sherratt, D. J.; Lowe, J., 
Double-stranded DNA translocation: structure and mechanism of hexameric 
FtsK. Mol Cell 2006, 23, (4), 457-69. 
171. Kennedy, S. P.; Chevalier, F.; Barre, F. X., Delayed activation of Xer 
recombination at dif by FtsK during septum assembly in Escherichia coli. Mol 
Microbiol 2008, 68, (4), 1018-28. 
172. Sherratt, D. J.; Arciszewska, L. K.; Crozat, E.; Graham, J. E.; Grainge, I., 
The Escherichia coli DNA translocase FtsK. Biochem Soc Trans 2010, 38, (2), 
395-8. 



 53 

173. Buddelmeijer, N.; Beckwith, J., A complex of the Escherichia coli cell 
division proteins FtsL, FtsB and FtsQ forms independently of its localization to 
the septal region. Mol Microbiol 2004, 52, (5), 1315-27. 
174. Gonzalez, M. D.; Akbay, E. A.; Boyd, D.; Beckwith, J., Multiple 
interaction domains in FtsL, a protein component of the widely conserved 
bacterial FtsLBQ cell division complex. J Bacteriol 2010, 192, (11), 2757-68. 
175. Carson, M. J.; Barondess, J.; Beckwith, J., The FtsQ protein of Escherichia 
coli: membrane topology, abundance, and cell division phenotypes due to 
overproduction and insertion mutations. J Bacteriol 1991, 173, (7), 2187-95. 
176. Guzman, L. M.; Weiss, D. S.; Beckwith, J., Domain-swapping analysis of 
FtsI, FtsL, and FtsQ, bitopic membrane proteins essential for cell division in 
Escherichia coli. J Bacteriol 1997, 179, (16), 5094-103. 
177. van den Ent, F.; Vinkenvleugel, T. M.; Ind, A.; West, P.; Veprintsev, D.; 
Nanninga, N.; den Blaauwen, T.; Lowe, J., Structural and mutational analysis of 
the cell division protein FtsQ. Mol Microbiol 2008, 68, (1), 110-23. 
178. Sanchez-Pulido, L.; Devos, D.; Genevrois, S.; Vicente, M.; Valencia, A., 
POTRA: a conserved domain in the FtsQ family and a class of beta-barrel outer 
membrane proteins. Trends Biochem Sci 2003, 28, (10), 523-6. 
179. D'Ulisse, V.; Fagioli, M.; Ghelardini, P.; Paolozzi, L., Three functional 
subdomains of the Escherichia coli FtsQ protein are involved in its interaction 
with the other division proteins. Microbiology 2007, 153, (Pt 1), 124-38. 
180. Guzman, L. M.; Barondess, J. J.; Beckwith, J., FtsL, an essential 
cytoplasmic membrane protein involved in cell division in Escherichia coli. J 
Bacteriol 1992, 174, (23), 7716-28. 
181. Gonzalez, M. D.; Beckwith, J., Divisome under construction: distinct 
domains of the small membrane protein FtsB are necessary for interaction with 
multiple cell division proteins. J Bacteriol 2009, 191, (8), 2815-25. 
182. Blencowe, D. K.; Al Jubori, S.; Morby, A. P., Identification of a novel 
function for the FtsL cell division protein from Escherichia coli K12. Biochem 
Biophys Res Commun 2011, 411, (1), 44-9. 
183. Lara, B.; Ayala, J. A., Topological characterization of the essential 
Escherichia coli cell division protein FtsW. FEMS Microbiol Lett 2002, 216, (1), 
23-32. 
184. Marrec-Fairley, M.; Piette, A.; Gallet, X.; Brasseur, R.; Hara, H.; Fraipont, 
C.; Ghuysen, J. M.; Nguyen-Disteche, M., Differential functionalities of 
amphiphilic peptide segments of the cell-septation penicillin-binding protein 3 of 
Escherichia coli. Mol Microbiol 2000, 37, (5), 1019-31. 
185. Mercer, K. L.; Weiss, D. S., The Escherichia coli cell division protein 
FtsW is required to recruit its cognate transpeptidase, FtsI (PBP3), to the 
division site. J Bacteriol 2002, 184, (4), 904-12. 
186. Boyle, D. S.; Khattar, M. M.; Addinall, S. G.; Lutkenhaus, J.; Donachie, 
W. D., ftsW is an essential cell-division gene in Escherichia coli. Mol Microbiol 
1997, 24, (6), 1263-73. 
187. Henriques, A. O.; Glaser, P.; Piggot, P. J.; Moran, C. P., Jr., Control of cell 
shape and elongation by the rodA gene in Bacillus subtilis. Mol Microbiol 1998, 
28, (2), 235-47. 



 54 

188. Pastoret, S.; Fraipont, C.; den Blaauwen, T.; Wolf, B.; Aarsman, M. E.; 
Piette, A.; Thomas, A.; Brasseur, R.; Nguyen-Disteche, M., Functional analysis 
of the cell division protein FtsW of Escherichia coli. J Bacteriol 2004, 186, (24), 
8370-9. 
189. Margolin, W., Themes and variations in prokaryotic cell division. FEMS 
Microbiol Rev 2000, 24, (4), 531-48. 
190. Goffin, C.; Ghuysen, J. M., Multimodular penicillin-binding proteins: an 
enigmatic family of orthologs and paralogs. Microbiol Mol Biol Rev 1998, 62, 
(4), 1079-93. 
191. Weiss, D. S.; Pogliano, K.; Carson, M.; Guzman, L. M.; Fraipont, C.; 
Nguyen-Disteche, M.; Losick, R.; Beckwith, J., Localization of the Escherichia 
coli cell division protein Ftsl (PBP3) to the division site and cell pole. Mol 
Microbiol 1997, 25, (4), 671-81. 
192. Nguyen-Disteche, M.; Fraipont, C.; Buddelmeijer, N.; Nanninga, N., The 
structure and function of Escherichia coli penicillin-binding protein 3. Cell Mol 
Life Sci 1998, 54, (4), 309-16. 
193. Piette, A.; Fraipont, C.; Den Blaauwen, T.; Aarsman, M. E.; Pastoret, S.; 
Nguyen-Disteche, M., Structural determinants required to target penicillin-
binding protein 3 to the septum of Escherichia coli. J Bacteriol 2004, 186, (18), 
6110-7. 
194. Derouaux, A.; Wolf, B.; Fraipont, C.; Breukink, E.; Nguyen-Disteche, M.; 
Terrak, M., The monofunctional glycosyltransferase of Escherichia coli localizes 
to the cell division site and interacts with penicillin-binding protein 3, FtsW, and 
FtsN. J Bacteriol 2008, 190, (5), 1831-4. 
195. Wissel, M. C.; Weiss, D. S., Genetic analysis of the cell division protein 
FtsI (PBP3): amino acid substitutions that impair septal localization of FtsI and 
recruitment of FtsN. J Bacteriol 2004, 186, (2), 490-502. 
196. Fraipont, C.; Alexeeva, S.; Wolf, B.; van der Ploeg, R.; Schloesser, M.; den 
Blaauwen, T.; Nguyen-Disteche, M., The integral membrane FtsW protein and 
peptidoglycan synthase PBP3 form a sub-complex in Escherichia coli. 
Microbiology 2010, 157, (1), 251-9. 
197. Pisabarro, A. G.; Prats, R.; Vaquez, D.; Rodriguez-Tebar, A., Activity of 
penicillin-binding protein 3 from Escherichia coli. J Bacteriol 1986, 168, (1), 
199-206. 
198. Dai, K.; Mukherjee, A.; Xu, Y.; Lutkenhaus, J., Mutations in ftsZ that 
confer resistance to SulA affect the interaction of FtsZ with GTP. J Bacteriol 
1994, 176, (1), 130-6. 
199. Tormo, A.; Ayala, J. A.; de Pedro, M. A.; Aldea, M.; Vicente, M., 
Interaction of FtsA and PBP3 proteins in the Escherichia coli septum. J 
Bacteriol 1986, 166, (3), 985-92. 
200. Muller, P.; Ewers, C.; Bertsche, U.; Anstett, M.; Kallis, T.; Breukink, E.; 
Fraipont, C.; Terrak, M.; Nguyen-Disteche, M.; Vollmer, W., The essential cell 
division protein FtsN interacts with the murein (peptidoglycan) synthase PBP1B 
in Escherichia coli. J Biol Chem 2007, 282, (50), 36394-402. 
201. Potluri, L.; Karczmarek, A.; Verheul, J.; Piette, A.; Wilkin, J. M.; Werth, 
N.; Banzhaf, M.; Vollmer, W.; Young, K. D.; Nguyen-Disteche, M.; den 
Blaauwen, T., Septal and lateral wall localization of PBP5, the major D,D-



 55 

carboxypeptidase of Escherichia coli, requires substrate recognition and 
membrane attachment. Mol Microbiol 2010, 77, (2), 300-23. 
202. Varma, A.; Young, K. D., FtsZ collaborates with penicillin binding proteins 
to generate bacterial cell shape in Escherichia coli. J Bacteriol 2004, 186, (20), 
6768-74. 
203. Addinall, S. G.; Cao, C.; Lutkenhaus, J., FtsN, a late recruit to the septum 
in Escherichia coli. Mol Microbiol 1997, 25, (2), 303-9. 
204. Chen, J. C.; Beckwith, J., FtsQ, FtsL and FtsI require FtsK, but not FtsN, 
for co-localization with FtsZ during Escherichia coli cell division. Mol 
Microbiol 2001, 42, (2), 395-413. 
205. Dai, K.; Xu, Y.; Lutkenhaus, J., Topological characterization of the 
essential Escherichia coli cell division protein FtsN. J Bacteriol 1996, 178, (5), 
1328-34. 
206. Ursinus, A.; van den Ent, F.; Brechtel, S.; de Pedro, M.; Holtje, J. V.; 
Lowe, J.; Vollmer, W., Murein (peptidoglycan) binding property of the essential 
cell division protein FtsN from Escherichia coli. J Bacteriol 2004, 186, (20), 
6728-37. 
207. Yang, J. C.; Van Den Ent, F.; Neuhaus, D.; Brevier, J.; Lowe, J., Solution 
structure and domain architecture of the divisome protein FtsN. Mol Microbiol 
2004, 52, (3), 651-60. 
208. Dai, K.; Xu, Y.; Lutkenhaus, J., Cloning and characterization of ftsN, an 
essential cell division gene in Escherichia coli isolated as a multicopy 
suppressor of ftsA12(Ts). J Bacteriol 1993, 175, (12), 3790-7. 
209. Arends, S. J.; Williams, K.; Scott, R. J.; Rolong, S.; Popham, D. L.; Weiss, 
D. S., Discovery and characterization of three new Escherichia coli septal ring 
proteins that contain a SPOR domain: DamX, DedD, and RlpA. J Bacteriol 
2010, 192, (1), 242-55. 
210. Gerding, M. A.; Liu, B.; Bendezu, F. O.; Hale, C. A.; Bernhardt, T. G.; de 
Boer, P. A., Self-enhanced accumulation of FtsN at Division Sites and Roles for 
Other Proteins with a SPOR domain (DamX, DedD, and RlpA) in Escherichia 
coli cell constriction. J Bacteriol 2009, 191, (24), 7383-401. 
211. Rico, A. I.; Garcia-Ovalle, M.; Palacios, P.; Casanova, M.; Vicente, M., 
Role of Escherichia coli FtsN protein in the assembly and stability of the cell 
division ring. Mol Microbiol 2010, 76, (3), 760-71. 
212. Goehring, N. W.; Gonzalez, M. D.; Beckwith, J., Premature targeting of 
cell division proteins to midcell reveals hierarchies of protein interactions 
involved in divisome assembly. Mol Microbiol 2006, 61, (1), 33-45. 
213. Buddelmeijer, N.; Beckwith, J., Assembly of cell division proteins at the E. 
coli cell center. Curr Opin Microbiol 2002, 5, (6), 553-7. 
214. Addinall, S. G.; Lutkenhaus, J., FtsA is localized to the septum in an FtsZ-
dependent manner. J Bacteriol 1996, 178, (24), 7167-72. 
215. Wang, L.; Lutkenhaus, J., FtsK is an essential cell division protein that is 
localized to the septum and induced as part of the SOS response. Mol Microbiol 
1998, 29, (3), 731-40. 
216. Chen, J. C.; Weiss, D. S.; Ghigo, J. M.; Beckwith, J., Septal localization of 
FtsQ, an essential cell division protein in Escherichia coli. J Bacteriol 1999, 
181, (2), 521-30. 



 56 

217. Buddelmeijer, N.; Judson, N.; Boyd, D.; Mekalanos, J. J.; Beckwith, J., 
YgbQ, a cell division protein in Escherichia coli and Vibrio cholerae, localizes 
in codependent fashion with FtsL to the division site. Proc Natl Acad Sci U S A 
2002, 99, (9), 6316-21. 
218. Villanelo, F.; Ordenes, A.; Brunet, J.; Lagos, R.; Monasterio, O., A model 
for the Escherichia coli FtsB/FtsL/FtsQ cell division complex. BMC Struct Biol 
2011, 11, 28. 
219. Vicente, M.; Rico, A. I., The order of the ring: assembly of Escherichia 
coli cell division components. Mol Microbiol 2006, 61, (1), 5-8. 
220. Rothfield, L. I.; Justice, S. S., Bacterial cell division: the cycle of the ring. 
Cell 1997, 88, (5), 581-4. 
221. Fung, J.; MacAlister, T. J.; Rothfield, L. I., Role of murein lipoprotein in 
morphogenesis of the bacterial division septum: phenotypic similarity of lkyD 
and lpo mutants. J Bacteriol 1978, 133, (3), 1467-71. 
222. Suzuki, H.; Nishimura, Y.; Yasuda, S.; Nishimura, A.; Yamada, M.; Hirota, 
Y., Murein-lipoprotein of Escherichia coli: a protein involved in the stabilization 
of bacterial cell envelope. Mol Gen Genet 1978, 167, (1), 1-9. 
223. Weigand, R. A.; Vinci, K. D.; Rothfield, L. I., Morphogenesis of the 
bacterial division septum: a new class of septation-defective mutants. Proc Natl 
Acad Sci U S A 1976, 73, (6), 1882-6. 
224. Yem, D. W.; Wu, H. C., Physiological characterization of an Escherichia 
coli mutant altered in the structure of murein lipoprotein. J Bacteriol 1978, 133, 
(3), 1419-26. 
225. Braun, V.; Wolff, H., The murein-lipoprotein linkage in the cell wall of 
Escherichia coli. Eur J Biochem 1970, 14, (2), 387-91. 
226. Hiemstra, H.; de Hoop, M. J.; Inouye, M.; Witholt, B., Induction kinetics 
and cell surface distribution of Escherichia coli lipoprotein under lac promoter 
control. J Bacteriol 1986, 168, (1), 140-51. 
227. Hiemstra, H.; Nanninga, N.; Woldringh, C. L.; Inouye, M.; Witholt, B., 
Distribution of newly synthesized lipoprotein over the outer membrane and the 
peptidoglycan sacculus of an Escherichia coli lac-lpp strain. J Bacteriol 1987, 
169, (12), 5434-44. 
228. Sturgis, J. N., Organisation and evolution of the tol-pal gene cluster. J Mol 
Microbiol Biotechnol 2001, 3, (1), 113-22. 
229. Bernadac, A.; Gavioli, M.; Lazzaroni, J. C.; Raina, S.; Lloubes, R., 
Escherichia coli tol-pal mutants form outer membrane vesicles. J Bacteriol 
1998, 180, (18), 4872-8. 
230. Lazzaroni, J. C.; Germon, P.; Ray, M. C.; Vianney, A., The Tol proteins of 
Escherichia coli and their involvement in the uptake of biomolecules and outer 
membrane stability. FEMS Microbiol Lett 1999, 177, (2), 191-7. 
231. Derouiche, R.; Benedetti, H.; Lazzaroni, J. C.; Lazdunski, C.; Lloubes, R., 
Protein complex within Escherichia coli inner membrane. TolA N-terminal 
domain interacts with TolQ and TolR proteins. J Biol Chem 1995, 270, (19), 
11078-84. 
232. Germon, P.; Clavel, T.; Vianney, A.; Portalier, R.; Lazzaroni, J. C., 
Mutational analysis of the Escherichia coli K-12 TolA N-terminal region and 



 57 

characterization of its TolQ-interacting domain by genetic suppression. J 
Bacteriol 1998, 180, (24), 6433-9. 
233. Journet, L.; Rigal, A.; Lazdunski, C.; Benedetti, H., Role of TolR N-
terminal, central, and C-terminal domains in dimerization and interaction with 
TolA and tolQ. J Bacteriol 1999, 181, (15), 4476-84. 
234. Lazzaroni, J. C.; Vianney, A.; Popot, J. L.; Benedetti, H.; Samatey, F.; 
Lazdunski, C.; Portalier, R.; Geli, V., Transmembrane alpha-helix interactions 
are required for the functional assembly of the Escherichia coli Tol complex. J 
Mol Biol 1995, 246, (1), 1-7. 
235. Bouveret, E.; Benedetti, H.; Rigal, A.; Loret, E.; Lazdunski, C., In vitro 
characterization of peptidoglycan-associated lipoprotein (PAL)-peptidoglycan 
and PAL-TolB interactions. J Bacteriol 1999, 181, (20), 6306-11. 
236. Bouveret, E.; Derouiche, R.; Rigal, A.; Lloubes, R.; Lazdunski, C.; 
Benedetti, H., Peptidoglycan-associated lipoprotein-TolB interaction. A possible 
key to explaining the formation of contact sites between the inner and outer 
membranes of Escherichia coli. J Biol Chem 1995, 270, (19), 11071-7. 
237. Ray, M. C.; Germon, P.; Vianney, A.; Portalier, R.; Lazzaroni, J. C., 
Identification by genetic suppression of Escherichia coli TolB residues 
important for TolB-Pal interaction. J Bacteriol 2000, 182, (3), 821-4. 
238. Cascales, E.; Gavioli, M.; Sturgis, J. N.; Lloubes, R., Proton motive force 
drives the interaction of the inner membrane TolA and outer membrane pal 
proteins in Escherichia coli. Mol Microbiol 2000, 38, (4), 904-15. 
239. Cascales, E.; Lloubes, R., Deletion analyses of the peptidoglycan-
associated lipoprotein Pal reveals three independent binding sequences including 
a TolA box. Mol Microbiol 2004, 51, (3), 873-85. 
240. Dubuisson, J. F.; Vianney, A.; Lazzaroni, J. C., Mutational analysis of the 
TolA C-terminal domain of Escherichia coli and genetic evidence for an 
interaction between TolA and TolB. J Bacteriol 2002, 184, (16), 4620-5. 
241. Walburger, A.; Lazdunski, C.; Corda, Y., The Tol/Pal system function 
requires an interaction between the C-terminal domain of TolA and the N-
terminal domain of TolB. Mol Microbiol 2002, 44, (3), 695-708. 
242. Clavel, T.; Germon, P.; Vianney, A.; Portalier, R.; Lazzaroni, J. C., TolB 
protein of Escherichia coli K-12 interacts with the outer membrane 
peptidoglycan-associated proteins Pal, Lpp and OmpA. Mol Microbiol 1998, 29, 
(1), 359-67. 
243. Lazzaroni, J. C.; Portalier, R., The excC gene of Escherichia coli K-12 
required for cell envelope integrity encodes the peptidoglycan-associated 
lipoprotein (PAL). Mol Microbiol 1992, 6, (6), 735-42. 
244. Mizuno, T., A novel peptidoglycan-associated lipoprotein (PAL) found in 
the outer membrane of Proteus mirabilis and other Gram-negative bacteria. J 
Biochem 1981, 89, (4), 1039-49. 
245. Parsons, L. M.; Lin, F.; Orban, J., Peptidoglycan recognition by Pal, an 
outer membrane lipoprotein. Biochemistry 2006, 45, (7), 2122-8. 
246. Adler, H. I.; Fisher, W. D.; Cohen, A.; Hardigree, A. A., Miniature 
Escherichia coli cells are deficient in DNA. Proc Natl Acad Sci U S A 1967, 57, 
(2), 321-6. 



 58 

247. Teather, R. M.; Collins, J. F.; Donachie, W. D., Quantal behavior of a 
diffusible factor which initiates septum formation at potential division sites in 
Escherichia coli. J Bacteriol 1974, 118, (2), 407-13. 
248. de Boer, P. A.; Crossley, R. E.; Rothfield, L. I., Isolation and properties of 
minB, a complex genetic locus involved in correct placement of the division site 
in Escherichia coli. J Bacteriol 1988, 170, (5), 2106-12. 
249. de Boer, P. A.; Crossley, R. E.; Rothfield, L. I., A division inhibitor and a 
topological specificity factor coded for by the minicell locus determine proper 
placement of the division septum in E. coli. Cell 1989, 56, (4), 641-9. 
250. Bernhardt, T. G.; de Boer, P. A., SlmA, a nucleoid-associated, FtsZ binding 
protein required for blocking septal ring assembly over Chromosomes in E. coli. 
Mol Cell 2005, 18, (5), 555-64. 
251. Woldringh, C. L.; Mulder, E.; Huls, P. G.; Vischer, N., Toporegulation of 
bacterial division according to the nucleoid occlusion model. Res Microbiol 
1991, 142, (2-3), 309-20. 
252. de Boer, P. A.; Crossley, R. E.; Rothfield, L. I., Central role for the 
Escherichia coli minC gene product in two different cell division-inhibition 
systems. Proc Natl Acad Sci U S A 1990, 87, (3), 1129-33. 
253. de Boer, P. A.; Crossley, R. E.; Rothfield, L. I., Roles of MinC and MinD 
in the site-specific septation block mediated by the MinCDE system of 
Escherichia coli. J Bacteriol 1992, 174, (1), 63-70. 
254. Hu, Z.; Mukherjee, A.; Pichoff, S.; Lutkenhaus, J., The MinC component 
of the division site selection system in Escherichia coli interacts with FtsZ to 
prevent polymerization. Proc Natl Acad Sci U S A 1999, 96, (26), 14819-24. 
255. Cordell, S. C.; Anderson, R. E.; Lowe, J., Crystal structure of the bacterial 
cell division inhibitor MinC. EMBO J 2001, 20, (10), 2454-61. 
256. Hu, Z.; Lutkenhaus, J., Analysis of MinC reveals two independent domains 
involved in interaction with MinD and FtsZ. J Bacteriol 2000, 182, (14), 3965-
71. 
257. Shiomi, D.; Margolin, W., The C-terminal domain of MinC inhibits 
assembly of the Z ring in Escherichia coli. J Bacteriol 2007, 189, (1), 236-43. 
258. Shen, B.; Lutkenhaus, J., The conserved C-terminal tail of FtsZ is required 
for the septal localization and division inhibitory activity of MinC(C)/MinD. 
Mol Microbiol 2009, 72, (2), 410-24. 
259. Shen, B.; Lutkenhaus, J., Examination of the interaction between FtsZ and 
MinCN in E. coli suggests how MinC disrupts Z rings. Mol Microbiol 2010, 75, 
(5), 1285-98. 
260. Zhou, H.; Schulze, R.; Cox, S.; Saez, C.; Hu, Z.; Lutkenhaus, J., Analysis 
of MinD mutations reveals residues required for MinE stimulation of the MinD 
ATPase and residues required for MinC interaction. J Bacteriol 2005, 187, (2), 
629-38. 
261. Johnson, J. E.; Lackner, L. L.; Hale, C. A.; de Boer, P. A., ZipA is required 
for targeting of DMinC/DicB, but not DMinC/MinD, complexes to septal ring 
assemblies in Escherichia coli. J Bacteriol 2004, 186, (8), 2418-29. 
262. Szeto, T. H.; Rowland, S. L.; Habrukowich, C. L.; King, G. F., The MinD 
membrane targeting sequence is a transplantable lipid-binding helix. J Biol 
Chem 2003, 278, (41), 40050-6. 



 59 

263. Dajkovic, A.; Lan, G.; Sun, S. X.; Wirtz, D.; Lutkenhaus, J., MinC spatially 
controls bacterial cytokinesis by antagonizing the scaffolding function of FtsZ. 
Curr Biol 2008, 18, (4), 235-44. 
264. de Boer, P. A.; Crossley, R. E.; Hand, A. R.; Rothfield, L. I., The MinD 
protein is a membrane ATPase required for the correct placement of the 
Escherichia coli division site. EMBO J 1991, 10, (13), 4371-80. 
265. Lutkenhaus, J.; Sundaramoorthy, M., MinD and role of the deviant Walker 
A motif, dimerization and membrane binding in oscillation. Mol Microbiol 2003, 
48, (2), 295-303. 
266. Michie, K. A.; Lowe, J., Dynamic filaments of the bacterial cytoskeleton. 
Annu Rev Biochem 2006, 75, 467-92. 
267. Shih, Y. L.; Le, T.; Rothfield, L., Division site selection in Escherichia coli 
involves dynamic redistribution of Min proteins within coiled structures that 
extend between the two cell poles. Proc Natl Acad Sci U S A 2003, 100, (13), 
7865-70. 
268. Wu, W.; Park, K. T.; Holyoak, T.; Lutkenhaus, J., Determination of the 
structure of the MinD-ATP complex reveals the orientation of MinD on the 
membrane and the relative location of the binding sites for MinE and MinC. Mol 
Microbiol 2011, 79, (6), 1515-28. 
269. Mileykovskaya, E.; Fishov, I.; Fu, X.; Corbin, B. D.; Margolin, W.; 
Dowhan, W., Effects of phospholipid composition on MinD-membrane 
interactions in vitro and in vivo. J Biol Chem 2003, 278, (25), 22193-8. 
270. Leonard, T. A.; Butler, P. J.; Lowe, J., Bacterial chromosome segregation: 
structure and DNA binding of the Soj dimer--a conserved biological switch. 
EMBO J 2005, 24, (2), 270-82. 
271. Schindelin, H.; Kisker, C.; Schlessman, J. L.; Howard, J. B.; Rees, D. C., 
Structure of ADP x AIF4(-)-stabilized nitrogenase complex and its implications 
for signal transduction. Nature 1997, 387, (6631), 370-6. 
272. Cordell, S. C.; Lowe, J., Crystal structure of the bacterial cell division 
regulator MinD. FEBS Lett 2001, 492, (1-2), 160-5. 
273. Hayashi, I.; Oyama, T.; Morikawa, K., Structural and functional studies of 
MinD ATPase: implications for the molecular recognition of the bacterial cell 
division apparatus. EMBO J 2001, 20, (8), 1819-28. 
274. Sakai, N.; Yao, M.; Itou, H.; Watanabe, N.; Yumoto, F.; Tanokura, M.; 
Tanaka, I., The three-dimensional structure of septum site-determining protein 
MinD from Pyrococcus horikoshii OT3 in complex with Mg-ADP. Structure 
2001, 9, (9), 817-26. 
275. Hu, Z.; Gogol, E. P.; Lutkenhaus, J., Dynamic assembly of MinD on 
phospholipid vesicles regulated by ATP and MinE. Proc Natl Acad Sci U S A 
2002, 99, (10), 6761-6. 
276. Hu, Z.; Lutkenhaus, J., A conserved sequence at the C-terminus of MinD is 
required for binding to the membrane and targeting MinC to the septum. Mol 
Microbiol 2003, 47, (2), 345-55. 
277. Szeto, T. H.; Rowland, S. L.; Rothfield, L. I.; King, G. F., Membrane 
localization of MinD is mediated by a C-terminal motif that is conserved across 
eubacteria, archaea, and chloroplasts. Proc Natl Acad Sci U S A 2002, 99, (24), 
15693-8. 



 60 

278. Ma, L.; King, G. F.; Rothfield, L., Positioning of the MinE binding site on 
the MinD surface suggests a plausible mechanism for activation of the 
Escherichia coli MinD ATPase during division site selection. Mol Microbiol 
2004, 54, (1), 99-108. 
279. King, G. F.; Shih, Y. L.; Maciejewski, M. W.; Bains, N. P.; Pan, B.; 
Rowland, S. L.; Mullen, G. P.; Rothfield, L. I., Structural basis for the 
topological specificity function of MinE. Nat Struct Biol 2000, 7, (11), 1013-7. 
280. King, G. F.; Rowland, S. L.; Pan, B.; Mackay, J. P.; Mullen, G. P.; 
Rothfield, L. I., The dimerization and topological specificity functions of MinE 
reside in a structurally autonomous C-terminal domain. Mol Microbiol 1999, 31, 
(4), 1161-9. 
281. Zhao, C. R.; de Boer, P. A.; Rothfield, L. I., Proper placement of the 
Escherichia coli division site requires two functions that are associated with 
different domains of the MinE protein. Proc Natl Acad Sci U S A 1995, 92, (10), 
4313-7. 
282. Hsieh, C. W.; Lin, T. Y.; Lai, H. M.; Lin, C. C.; Hsieh, T. S.; Shih, Y. L., 
Direct MinE-membrane interaction contributes to the proper localization of 
MinDE in E. coli. Mol Microbiol 2010, 75, (2), 499-512. 
283. Hu, Z.; Lutkenhaus, J., Topological regulation of cell division in E. coli. 
spatiotemporal oscillation of MinD requires stimulation of its ATPase by MinE 
and phospholipid. Mol Cell 2001, 7, (6), 1337-43. 
284. Raskin, D. M.; de Boer, P. A., Rapid pole-to-pole oscillation of a protein 
required for directing division to the middle of Escherichia coli. Proc Natl Acad 
Sci U S A 1999, 96, (9), 4971-6. 
285. Hu, Z.; Saez, C.; Lutkenhaus, J., Recruitment of MinC, an inhibitor of Z-
ring formation, to the membrane in Escherichia coli: role of MinD and MinE. J 
Bacteriol 2003, 185, (1), 196-203. 
286. Lackner, L. L.; Raskin, D. M.; de Boer, P. A., ATP-dependent interactions 
between Escherichia coli Min proteins and the phospholipid membrane in vitro. 
J Bacteriol 2003, 185, (3), 735-49. 
287. Ghasriani, H.; Ducat, T.; Hart, C. T.; Hafizi, F.; Chang, N.; Al-Baldawi, A.; 
Ayed, S. H.; Lundstrom, P.; Dillon, J. A.; Goto, N. K., Appropriation of the 
MinD protein-interaction motif by the dimeric interface of the bacterial cell 
division regulator MinE. Proc Natl Acad Sci U S A 2010, 107, (43), 18416-21. 
288. Kang, G. B.; Song, H. E.; Kim, M. K.; Youn, H. S.; Lee, J. G.; An, J. Y.; 
Chun, J. S.; Jeon, H.; Eom, S. H., Crystal structure of Helicobacter pylori MinE, 
a cell division topological specificity factor. Mol Microbiol 2010, 76, (5), 1222-
31. 
289. Huang, J.; Cao, C.; Lutkenhaus, J., Interaction between FtsZ and inhibitors 
of cell division. J Bacteriol 1996, 178, (17), 5080-5. 
290. Raskin, D. M.; de Boer, P. A., MinDE-dependent pole-to-pole oscillation 
of division inhibitor MinC in Escherichia coli. J Bacteriol 1999, 181, (20), 
6419-24. 
291. Fu, X.; Shih, Y. L.; Zhang, Y.; Rothfield, L. I., The MinE ring required for 
proper placement of the division site is a mobile structure that changes its 
cellular location during the Escherichia coli division cycle. Proc Natl Acad Sci 
U S A 2001, 98, (3), 980-5. 



 61 

292. Hale, C. A.; Meinhardt, H.; de Boer, P. A., Dynamic localization cycle of 
the cell division regulator MinE in Escherichia coli. EMBO J 2001, 20, (7), 
1563-72. 
293. Shih, Y. L.; Fu, X.; King, G. F.; Le, T.; Rothfield, L., Division site 
placement in E.coli: mutations that prevent formation of the MinE ring lead to 
loss of the normal midcell arrest of growth of polar MinD membrane domains. 
EMBO J 2002, 21, (13), 3347-57. 
294. Shen, B.; Lutkenhaus, J., Differences in MinC/MinD sensitivity between 
polar and internal Z rings in Escherichia coli. J Bacteriol 2011, 193, (2), 367-76. 
295. Loose, M.; Fischer-Friedrich, E.; Herold, C.; Kruse, K.; Schwille, P., Min 
protein patterns emerge from rapid rebinding and membrane interaction of 
MinE. Nat Struct Mol Biol 2011, 18, (5), 577-83. 
296. Bramkamp, M.; van Baarle, S., Division site selection in rod-shaped 
bacteria. Curr Opin Microbiol 2009, 12, (6), 683-8. 
297. Tonthat, N. K.; Arold, S. T.; Pickering, B. F.; Van Dyke, M. W.; Liang, S.; 
Lu, Y.; Beuria, T. K.; Margolin, W.; Schumacher, M. A., Molecular mechanism 
by which the nucleoid occlusion factor, SlmA, keeps cytokinesis in check. 
EMBO J 2010. 30(1):154-64. 
298. Cho, H.; McManus, H. R.; Dove, S. L.; Bernhardt, T. G., Nucleoid 
occlusion factor SlmA is a DNA-activated FtsZ polymerization antagonist. Proc 
Natl Acad Sci U S A 2011, 108, (9), 3773-8. 
299. Mukherjee, A.; Lutkenhaus, J., Dynamic assembly of FtsZ regulated by 
GTP hydrolysis. EMBO J 1998, 17, (2), 462-9. 
300. Burdett, I. D.; Murray, R. G., Electron microscope study of septum 
formation in Escherichia coli strains B and B-r during synchronous growth. J 
Bacteriol 1974, 119, (3), 1039-56. 
301. Judd, E. M.; Comolli, L. R.; Chen, J. C.; Downing, K. H.; Moerner, W. E.; 
McAdams, H. H., Distinct constrictive processes, separated in time and space, 
divide Caulobacter inner and outer membranes. J Bacteriol 2005, 187, (20), 
6874-82. 
302. Carettoni, D.; Gómez-Puertas, P.; Yim, L.; Mingorance, J.; Massidda, O.; 
Vicente, M.; Valencia, A.; Domenici, E.; Anderluzzi, D., Phage-display and 
correlated mutations identify an essential region of subdomain 1C involved in 
homodimerization of Escherichia coli FtsA. Proteins 2003, 50, 192-206. 
 
 
 


