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1INtroduCtory Note

Conducting membrane protein studies can be quite laborious but the importance 

of such research is emphasized by the fact that 20 to 30% of genes in a bacterial 

genome encode membrane proteins (1). As the membrane forms the boundary 

between the cell and the environment, membrane proteins are involved in a wide 

range of cellular processes, from transport to energy generation. The membrane 

and membrane proteins are also prominent pharmaceutical targets (1, 2). To no 

surprise, the combined action of the membrane with its proteins plays a pivotal 

role throughout the bacterial life-cycle - and cell growth and cell division are no 

exception. The  work described in this thesis deals with the  impact of various 

aspects of membrane biology on bacterial cell division and cell wall synthesis.

two SIdeS of the BaCterIaL worLd

Gram-positive bacteria, like the model organism Bacillus subtilis, have a thick 

(~ 20-80 nm) cell wall (described in more detail later in this introduction), which 

is mainly composed of peptidoglycan and teichoic acids (3). Gram-negative 

bacteria, on the other hand, have a  thin peptidoglycan layer (~ 5-10 nm) and 

an additional lipid bilayer, called outer membrane (~ 7.5-10 nm thick) which, 

in most cases, contains lipopolysaccharides. The  best studied Gram-negative 

bacterium is the model organism Escherichia coli (3).

There is a surprising diversity and complexity in the lipids and the pathways for 

the synthesis that make up the cytoplasmic membrane of bacteria. Membranes are 

formed by amphiphilic lipids which are mainly glycerophospholipids, composed 

of two fatty acids, a  glycerol moiety, a  phosphate group and a  variable head 

group (4). The most common glycerophospholipids are phosphatidylethanolamine 

(PE), phosphatidylglycerol, cardiolipin (CL), lysyl-phosphatidylglycerol (LPG), 

phosphatidylinositol (PI), phosphatidic acid (PA) and phosphatidylserine (PS). 

Bacteria can also form phosphorus-free membrane lipids, using for example; 

sulfolipids, glycolipids (GLs) and hopanoids (HOPs) (4). Exponentially growing 

E. coli cells contain three major phospholipids in their membranes, PE (~ 75% 

of membrane lipids), PG (~ 20%) and CL (~ 5%) (4, 5). Exponentially growing 

B. subtilis cells accumulate basically the same type of lipids, although in a different 

proportion, PE (~ 50%), PG (~ 25%), LPG (~ 17%) and CL (~ 8%) (6). It is 
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important to notice that the  membrane composition varies not only between 

bacterial species but also within a species depending on the conditions in which 

the cells are growing (4, 6).

to BeCome a memBraNe proteIN

The biogenesis of every protein involves its synthesis at the  ribosome in 

the cytoplasm. However, membrane proteins or secretory (extracellular) proteins 

need to be inserted or translocated across the cytoplasmic membrane, respectively. 

In order to do so, bacteria have developed different secretory systems, although 

the  Sec pathway is by far the  most studied. The  Sec translocon machinery is 

involved in the  export or insertion of most of the  secretory and membrane 

proteins. The  Sec machinery is essential and ubiquitous: it is also present in 

the  cytoplasmic membrane of Archaea and the  thylakoids of chloroplasts (7). 

The overall aspects of the Sec pathway are very well conserved between bacteria. 

However, it is the E. coli Sec translocon that has been best characterized (Fig. 1). 

The Sec translocon is a  multi-protein complex located in the  cytoplasmic 

membrane that includes a peripheral motor domain SecA, the accessory proteins 

SecDF and YidC, and a  membrane-embedded protein conducting channel 

SecYEG, that accommodates the protein to be inserted or translocated (8, 9). For 

extensive reviews that describe the Sec pathway see (10, 11). In this chapter, only 

the aspects that are important for this thesis will be covered.     

Inserting proteins into and across the membrane –  
post- and co-translational routes

The co-translational and post-translational pathways are the two main routes 

followed by membrane or secretory proteins allowing them to be inserted or 

translocated across the  membrane (Fig. 1). Generally, most of the  secretory 

proteins follow the  post-translational pathway, while most of the  membrane 

proteins are inserted via the  co-translational route (8, 10). Some membrane 

proteins are also inserted into the  cytoplasmic membrane by the  accessory 

protein YidC alone (8, 10).

In the  post-translational route (Fig. 1), most of the  pre-proteins are fully 

synthesized at the  ribosome in the  cytoplasm before being targeted to 

the  membrane-embedded SecYEG via the  molecular chaperone SecB, which 
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stabilizes the  unfolded pre-protein (8, 12). At SecYEG, the  pre-protein is 

transferred from SecB to the  motor domain SecA and the  translocation of 

the  unfolded protein is driven by the  activity of the  ATPase SecA and proton 

motive force; additionally, some pre-proteins can be directly recognized by 

SecA (13-15). Protein translocation is enhanced by the  membrane-integrated 

chaperone SecDF (16). B. subtilis lacks a SecB homolog, but the CsaA chaperone 

has been associated with the translocation of a sub-group of pre-proteins in this 

Gram-positive bacterium (17-19).

figure 1. Schematic representation of the different Sec pathways. The Sec machinery 
includes a protein conducting channel SecYEG (blue), a motor protein SecA (red) and 
accessory proteins YidC (yellow) and SecDF (grey). 
(A) Post-translational pathway. Fully synthesized pre-proteins, at the ribosome (light 
yellow) are targeted to SecA bound to SecYEG via the molecular chaperone SecB (light 
blue) which stabilizes the unfolded pre-protein. The translocation, enhanced by SecDF, is 
driven by the activity of the ATPase SecA and proton motive force. (B) Co-translational 
pathway. Integral membrane proteins are targeted to SecYEG via a signal recognition 
particle (SRP, pink) and its receptor FtsY (purple). This interaction allows for the ribosomal 
exit to be located close to SecYEG, so that membrane insertion and polypeptide chain 
elongation at the ribosome happen in parallel. YidC, at the lateral gate of SecYEG, assists 
in the protein insertion by interacting with the releasing transmembrane domains from 
the SecYEG and allowing for a proper membrane folding. (C) YidC-only pathway. YidC 
is also capable of inserting small membrane proteins with short translocated regions. 
It has been proposed that YidC-only substrates can be targeted to YidC via SRP, by an 
electrostatic mechanism, or by direct interaction between YidC and the ribosome. Reused 
with permission from (11).
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In the co-translational route (Fig. 1), a signal recognition particle (SRP) binds 

to the  N-terminal sequence of the  nascent chain of the  protein that emerges 

from the  ribosome. The SRP binds directly to the hydrophobic transmembrane 

segment of the nascent membrane proteins, creating a ribosome nascent chain 

complex (10, 12). Following this association, the SRP interacts with its membrane-

associated signal–particle receptor FtsY forming a heterodimeric complex capable 

of GTP hydrolysis, which facilitates the targeting of the ribosome nascent chain 

complex to the channel SecYEG in such a way that the ribosomal exit tunnel is 

located close to the translocon channel (12, 20). 

YidC is an accessory protein that can assist the Sec translocon during the insertion 

of membrane proteins. In addition, YidC is also capable of inserting small membrane 

proteins on its own (Fig. 1), via the  so called YidC-only route. YidC is an inner 

membrane protein composed of 6 transmembrane (TM) segments and a  large 

periplasmic domain (21). From the YidC structure, only the 5 C-terminal TM segments 

seem to be required for its insertase activity (22). YidC was discovered in 2000 (23, 

24) but since then only a few YidC-only substrates have been identified, which have 

in common that they are membrane proteins with only short translocated regions. 

These substrates include the F1F0-ATPase subunit c (25-28), the M13 phage procoat 

protein (29), the mechano-sensing MscL protein (30), the Sci-1 type VI secretion 

system subunit TssL (31) and the Pf3 coat protein (24). YidC-only substrates can 

be targeted to YidC via SRP, by an electrostatic mechanism, or by direct interaction 

between YidC and the ribosome (32-34). The insertion of transmembrane segments 

via YidC does not require ATP but it has been proposed that YidC might use 

hydrophobic force just by binding nascent chains and promoting the insertion of 

proteins into the membrane (35). A recent determination of YidC’s crystal structure 

suggests that the  membrane insertion of proteins with a  single transmembrane 

α-helix may involve a positively charged hydrophilic groove of YidC (36).

functional membrane proteins – correct folding

After translocation and cleavage of the signal peptide, the mature protein can 

either be translocated through the outer membrane of Gram-negative bacteria 

by other secretion machineries or can become properly folded and assembled in 

the periplasm region via the aid of periplasmic chaperones (37, 38). Membrane 

proteins, on the other hand, in order to be functional need to be properly folded 

while inserted in the membrane. 
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In addition to its role as an insertase, YidC can also act as a foldase for some 

proteins, such as the sugar transporter LacY (39, 40) and the penicillin binding 

proteins (41); and mediate the proper assembly of membrane protein complexes 

such as the MalFGK2 maltose transporter (42) and the MscL homopentameric 

pore (43). It is thought that YidC plays an important role as a foldase probably 

due to its capacity to interact with the transmembrane domains of proteins that 

are released by the Sec translocon, whereupon YidC would facilitate the correct 

assembly and interaction of the  transmembrane helices, promoting a  proper 

membrane folding and assembly (44, 45). Although the large periplasmic domain 

of YidC is not required for its insertase activity, the  crystal structure suggests 

a possible role for the periplasmic domain in the chaperone activity of YidC (46).

mICrodomaINS wIthIN the memBraNe –  
meet the LIpId raftS

In the  eukaryotic membrane the  different lipids tend to come together 

according to their distinct physico-chemical properties, leading to a heterogeneous 

distribution in lipid domains. In fact, the  membrane can be separated into 

two co-existing different lipid phases, the  liquid-disordered and the  liquid-

ordered domains (47, 48). This evidence gained biological importance when 

it was proposed that the  liquid-ordered domain could play an important role 

in the sorting of lipids and proteins between internal organelle membranes. In 

1997, these domains were termed “lipid rafts” (49, 50). 

eukaryotic lipid rafts – the importance of microdomains

Since their discovery, eukaryotic lipid rafts have been extensively studied. It is 

broadly accepted that lipid rafts are small, liquid-ordered, tightly packed and yet 

dynamic domains, composed of sphingolipids and cholesterol, where proteins and 

lipids can interact and properly perform their natural functions (51-53). The specific 

lipid-lipid, protein-lipid and protein-protein interactions, within the  lipid raft, 

allow for multi-protein machineries to perform diverse cellular functions (51-53) 

like signal transduction, pathogen infection, membrane sorting and exo- and 

endocytosis (54). The  (mis)functioning of lipid rafts is associated with a host of 

human diseases, ranging from cardiovascular to neurological diseases, and thus 

lipid rafts have become a crucial target for the pharmaceutical industry (54, 55).
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Lipid rafts harbor lipids resistant to solubilisation with nonionic detergents and 

have thus been associated with DRM (detergent-resistant membrane) fractions 

that can be separated from soluble membrane fractions upon detergent addition 

and centrifugation (56). Although the isolation of DRM fractions is a useful tool 

to start an initial characterization of lipid rafts and their protein composition, it 

is important to notice that DRM fractions are not functionally equivalent to lipid 

rafts (57). DRM regions are rich in proteins belonging to the  SPFH (stomatin, 

prohibitin, flotillin and HflK/C) protein family, which contain the PBH (prohibitin) 

domain (58). Perhaps the most well-known SPFH domain proteins are flotillin 1 

and flotillin 2, two homologous membrane-associated cytoplasmic proteins that 

share about 50% of amino acid sequence identity (58). Membrane association 

of flotillins occurs via the SPFH domain, present at the N-terminus of the protein, 

while the  C-terminus is important for homo- and hetero-oligomerization (58, 

59). Although absent from yeast and Caenorhabditis elegans, flotillins are 

evolutionarily conserved and expressed in mammals, plants and prokaryotic cells 

(60). Despite the widespread distribution of flotillins, their precise biological role 

is still unclear and remains controversial, but some studies relate flotillins with 

the T-lymphocyte activation, insulin signaling, endocytosis or axon regeneration, 

among others (60). It is believed that flotillins can act as scaffold or recruiter 

proteins for other raft-associated proteins, favouring their clustering, interaction, 

oligomerization and activity (58, 60, 61). 

Bacterial “lipid rafts” – the search is on

Some lipids and proteins are not entirely homogeneously distributed in 

the prokaryotic membrane, such as the lipid CL that is enriched at the cell poles 

and DivIVA, which localizes accordingly to the  negative membrane curvature 

in the  model organism B. subtilis (62-64). In 2010, a  functional membrane 

microdomain, or raft, that is involved in the  coordination of cellular signaling 

pathways, was described for the first time in bacteria (65). This work revealed that 

the B. subtilis membrane-bound sensor kinase KinC, involved in biofilm formation, 

can be compartmentalized into functional membrane microdomains (FMM), that 

have an altered lipid composition compared to the surrounding membrane (65). 

Most of the (few) studies on bacterial membrane domains have been carried 

out with the soil bacterium B. subtilis. The B. subtilis DRM fraction contains two 

homologues of the eukaryotic flotillins, named FloT (YuaG) and FloA (YqfA) (66). 
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This strengthens the argument that bacterial membranes contain microdomains 

functionally similar to those of eukaryotic cells (65-67). Further analysis revealed 

that these DRM fractions contain polyisoprenoid lipids similar to cholesterol, and 

harbor several proteins involved in protein secretion, small molecule translocation 

and cell signaling (66, 67). Interestingly, biofilm formation can be inhibited by 

hindering the  production of polyisoprenoid lipids, which are believed to be 

the constituent lipids of the FMMs (65).

Bacterial flotillin homologues were first identified more than 15 years ago 

(68). Just like their eukaryotic counterparts, bacterial flotillins contain a  PHB 

domain, belong to the SPFH protein family, and associate with the membrane 

via a  hairpin loop (69). FloT is capable of oligomerizing via the  PHB domain, 

although in the  eukaryotic flotillins this domain is associated with membrane 

binding (48, 69). Both bacterial flotillins interact in vivo with each other and share 

a similar structure, however FloT is a 509 amino acids long protein with a larger 

C-terminus than FloA, a 331 amino acids protein (65, 70). Although FloT and 

FloA show distinct subcellular distribution patterns, both flotillins can colocalize 

in defined and dynamic foci along the  cell membrane (70). FloA and FloT are 

not essential but in B. subtilis overexpression or deletions (single or double) 

of floA and floT results in alterations in cell shape, motility, biofilm formation, 

sporulation, cell division and natural competence efficiency (66, 71-73). Flotillins 

also play an important role in the  regulation of membrane fluidity, as overall 

membrane fluidity decreases in the absence of flotillins (74).

Because some of the  phenotypes described above were only seen when 

both proteins were either absent or overexpressed and not in any of the single 

mutants, it has been proposed that flotillins might play redundant roles in some 

biological functions as, for example, biofilm formation and cell division (72, 73). 

Bacterial flotillins, like their eukaryotic counterparts, could act as scaffold proteins 

and recruit raft-associated proteins, facilitating the  interaction and functioning 

of these raft-associated proteins (48, 74). In fact, both FloT and FloA seem to 

be required for the  localization and proper activity of some FMMs-associated 

proteins (65, 75). However, a recent study suggests that FloT and FloA do not act 

as a scaffold for DRM proteins, as both flotillins move through the membrane at 

a different velocity than typical DRM proteins (76). 

Identifying the proteins that are located to the FMMs, also known as protein 

cargo, is important to understand the overall functionality of these domains and 
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to obtain clues as to which cellular processes are dependent on FMMs. The protein 

cargo of the rafts is considered to be transient and dependent on the life-cycle and/

or growth conditions of the bacterium (48). Analysis of the protein composition 

of the B. subtilis DRM fraction by mass spectrometry identified several proteins 

like the membrane sensor kinase KinC, the membrane-associated AAA-protease 

FtsH, the secretion protein SecY and the signal peptidase SppA (65, 66, 73, 74). 

Several more proteins associated with the  B. subtilis DRM fractions were 

identified by mass spectrometry. Since DRM fractions are functionally different 

from FMMs, not every protein in the DRM fraction necessarily belongs to the FMM 

(57). Therefore, more detailed experiments are required to determine whether 

a  protein is truly associated with a  FMM. A  direct protein-protein interaction 

between a  DRM protein and the  flotillins, for example, would argue that 

the protein is a ‘true’ FMM protein (57). Not all the proteins identified in the B. 

subtilis DRM fractions have been studied with regard to their direct interaction 

with the  flotillins. In other studies, either pull-down techniques using FloA/T 

as bait, or isolation of protein bands containing FloA/T from blue native PAGE 

gels, were used to identify proteins associated with FloA/T by subsequent mass 

spectrometry. This resulted in the identification of various proteins involved in cell 

division (FtsH, FtsX and EzrA) and cell wall synthesis (penicillin-binding proteins 

(PBP) 5 and 1, and cell-shape determining protein MreC) (65, 70, 73, 74). A role 

for FMMs in cell division and cell shape is supported by the  observation that 

B. subtilis cells with a double deletion of floA and floT can show irregular cell 

morphology (71). FloA colocalizes and interacts with the  sensor kinase PhoR, 

a signal transduction system involved in the cell wall turnover (70, 77). FloA was 

also found to interact directly with PBP1, while PBP5 and FtsX were found to 

interact directly with FloT (70, 74). The FtsEX complex, which also colocalizes with 

FloT, is involved in the regulation of the cell wall metabolism during division (74, 

78). FtsH is a membrane-embedded proteolytic protein that might provide a link 

between FMM and cell division. The  FtsH substrate protein EzrA is a negative 

regulator of FtsZ. When both floT and floA are overexpressed, EzrA levels are 

reduced and cells become shorter with more FtsZ division rings (57, 72, 74).

Interestingly, FloT and FloA are expressed during different growth phases 

and are therefore believed to be two functionally different proteins, capable 

to organize functionally different FMMs (70). Additionally, FloA and FloT were 

shown to move through the membrane at different velocities and are not always 
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present in the same microdomain indicating that FloT and FloA might be involved 

in spatially distinct processes (76).

Since FMMs or rafts are involved in such important and different cellular 

processes, these domains are now also being targeted by pharmaceutical research, 

either to develop new antimicrobial molecules that could target the formation of 

these domains, which could block, for example, biofilm formation, an important 

aspect of hospital-acquired infections (73, 79). 

CeLL dIvISIoN aNd CeLL waLL SyNtheSIS

Cell division and cell wall synthesis are two closely linked processes that 

are crucial for the  growth and multiplication of bacteria (Fig. 2). Although 

the  mechanisms involved are highly conserved between bacteria, studies on 

the  rod-shaped model organisms B. subtilis and E. coli have revealed some 

differences that are likely the result of the difference in peptidoglycan thickness 

and the absence or presence of an outer membrane. Below, the general principles 

of these mechanisms, and relevant differences, will be discussed.

main considerations on where to divide

When the  mother cell divides, it literally splits in two, giving rise to two 

daughter cells of similar size. This can only be possible if the division point is set 

in the middle of the cell, once this cell has reached the right size to divide. In 

bacteria, there are various regulatory systems that determine where and when 

the bacterium divides. The best studied ones are the Min system and nucleoid 

occlusion. 

In E. coli, the proteins MinC, MinD and MinE compose the Min system; while 

in B. subtilis, the Min system is composed of MinC and MinD, plus MinJ and 

DivIVA, making four proteins in total (80-85). In both bacteria, the ultimate goal 

of the Min system is to prevent the division at the poles, by positioning MinC 

so that FtsZ polymerization is inhibited. However, each bacterium uses different 

means to achieve the same end. While in E. coli the Min system oscillates from 

pole to pole in an ATP-dependent manner, in B. subtilis MinC and MinD form 

a non-oscillating membrane-associated complex anchored to the poles capable 

of inhibiting cell division (80-85). DivIVA, that localizes to the poles by sensing 

the  strong local negative membrane curvature, recruits MinJ which in turn 
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recruits membrane-associated protein MinD and MinC, which interacts with 

MinD (86-92). During the  final steps of cell division, DivIVA is also located at 

the division site which, after division, becomes the new cell pole (88). 

The nucleoid occlusion system, on the  other hand, consists of the  SlmA 

protein in E. coli and the Noc protein in B. subtilis (93, 94). These proteins bind to 

the DNA preventing cell division to take place over regions where the nucleoid or 

chromosome is present. Noc and SlmA both bind to specific DNA sequences that 

are dispersed along the chromosome but absent from the terminus region (93-95). 

During chromosomal replication, both chromosome copies start to segregate by 

moving towards the poles and away from the midcell where it forms a nucleoid-

free region, allowing cell division to take place (96). Nucleoid occlusion provides 

a  spatial and temporal clue to ensure that cell division happens, not only at 

the right place, but also at the proper time during chromosome segregation (96). 

Although SlmA and Noc are functional homologues, they function differently - 

SlmA prevents Z-ring formation by direct interaction with FtsZ (94) whereas Noc 

tethers DNA to the membrane which excludes FtsZ from forming a membrane 

associated polymer (97).

Interestingly, even in the absence of both the Min system and the nucleoid 

occlusion, rod-shaped bacteria tend to divide at midcell, indicating that there is 

figure 2. Schematic representation of the Escherichia coli cell division and cell wall 
synthesis machineries. E. coli cells have two multi-protein complexes, elongasome and 
divisome, that are involved in two related important cellular processes, cell wall synthesis 
(A) and cell division (B), respectively. (A) The elongasome contains proteins involved in the 
cell wall synthesis and maintenance, like RodA, a possible Lipid II flippase, and penicillin 
binding proteins (PBPs). The cytoskeletal protein MreB (orange spheres) requires ongoing 
peptidoglycan synthesis to move around the cell width while being involved in the spatial 
organization of the elongasome. RodZ is in control of the MreB activity and localization. 
MreC and MreD are structural elements capable of recruiting PBPs to the elongasome. 
LpoA is an outer-membrane lipoprotein that controls PBP1A. Peptidoglycan hydrolases 
(not shown) are also thought to be part of the elongasome. (B) The divisome formation 
starts with the polymerization of the cytoskeletal protein FtsZ into a Z-ring structure. 
The Z-ring is tethered to the membrane via FtsA and ZipA. The following and sequential 
recruitment of the other cell division proteins (FtsEX/K/QLB/W/I/N) ensure the formation 
of the divisome at the midcell. FtsW is proposed to be a Lipid II flippase, FtsI (PBP3) is an 
essential PBP with transpeptidase activity and the late cell division protein FtsN interacts 
directly with peptidoglycan strands. Peptidoglycan hydrolases Ami and EnvC arrive last at 
the divisome. The Tol–Pal complex is involved in the outer-membrane constriction during 
division. Reused with permission from (270).
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an additional mechanism that identifies and promotes cell division at the midcell 

plane in the bacterium (87, 98, 99). Alternatively to these systems that contribute 

to the accurate positioning of the division machinery, there are other proteins 

that can positively or negatively influence and regulate cell division, such as 

the UgtP/OpgH proteins that link nutritional status to cell division (100). Some 

of these proteins will be mentioned in the succeeding sections of this chapter.

the most studied division structure: the ring

The identification of the  first Fts proteins took place in the  1960s, during 

the  study of thermosensitive E. coli and B. subtilis mutants which could not 

divide at the non-permissive temperature (42°C), and thus produced filamentous 

cells. The  genes involved in this phenotype were named fts (for filamentous 

temperature sensitive) and were considered essential for cell division (101-103). 

In the years that followed, Fts genes and proteins were intensively studied and 

characterized, both in vivo and in vitro, which contributed to a quite complete 

understanding of the whole cell division process. Some cell division proteins are 

conserved among a broad range of bacteria and are considered key players in 

the cell division process (104). Cell division starts when the protein FtsZ localizes 

to the division site at midcell. FtsZ, a cytoplasmic protein with GTPase activity, 

is the major cytoskeletal protein involved in cell division. FtsZ polymerizes into 

protofilaments, in vitro, and can form a  variety of higher-order structures in 

a  GTP-dependent manner (105-107). However, in vivo, FtsZ assembles into 

a supramolecular ring-like structure (called the Z-ring) in the middle of the cell 

and perpendicular to the  long axis (108). The  detailed structure of the  Z-ring 

has been investigated using different superresolution imaging approaches. Two-

dimensional photoactivated localization microscopy showed that the  E.  coli 

Z-ring is composed of free bundles of FtsZ filaments that overlap with each 

other in different directions (109). For B. subtilis, three-dimensional-structured 

illumination microscopy showed that the Z-ring is composed of a heterogeneous 

and discontinuous distribution of FtsZ, and that the Z-ring is not fixed but rather 

a  highly dynamic unit that constantly changes its organization (110). After 

the polymerization of FtsZ into a ring-like structure on the cytoplasmic membrane, 

other cell division proteins are recruited to the  division site through direct or 

indirect interactions with FtsZ (111, 112). Some of these cell division proteins, 

known as the early cell division proteins, localize right after or during the Z-ring 



21

1
formation; while others, known as the  late cell division proteins, localize later 

on. There is a time interval between the localization of the early and late division 

proteins at midcell, indicative of a two-step assembly process (111, 112).

divisome assembly – e. coli vs B. subtilis
In E. coli, the division proteins localize to the division site in a sequential and 

interdependent mode: FtsZ > FtsA, ZapA, ZipA > (FtsE, FtsX) > FtsK > (FtsQ, FtsB, 

FtsL) > FtsW > FtsI > FtsN > AmiC > EnvC, with the proteins within parentheses 

assembling simultaneously and forming sub-complexes (113-115) (Fig. 2). All 

these division proteins, including the ten essential ones (FtsZ, FtsA, ZipA, FtsK, 

FtsQ, FtsB, FtsL, FtsW, FtsI and FtsN), are thought to assemble at the  nascent 

division site forming a multi-membrane complex machinery called the divisome 

(115). Recently, a large 1 MDa cell division protein complex in E. coli was described 

that contained at least 7 essential division proteins, providing the first biochemical 

evidence for the existence of the previously hypothesized divisome (116). 

FtsA and ZipA are both essential FtsZ-stabilizing proteins that tether the FtsZ 

filaments to the  membrane, and although a  deletion of either FtsA or ZipA 

arrests cell division, FtsZ can still assemble into a Z-ring (117, 118). However, in 

the absence of both FtsA and ZipA cells are unable to sustain a Z-ring (118). On 

the other hand, the midcell localization of FtsA, ZipA and the Z-ring associated 

protein (Zap) a  is dependent on FtsZ. These three early cell division proteins 

directly interact with FtsZ and arrive at the same time to the Z-ring in the initial 

step of protein recruitment (104, 119-121). ZapA is a  conserved protein, yet 

non-essential, that positively modulates Z-ring assembly, possibly participating in 

the spatio-temporal regulation of the Z-ring (121, 122). Soon after the localization 

of FtsZ, FtsA and ZipA to midcell, the remaining division proteins are recruited. 

These late cell division proteins are all membrane proteins, and so the division 

ring assembly moves outwards, from the cytoplasmic side to the periplasm and 

outer membrane, generating a complete divisome (123) (Fig. 2). 

Following FtsA and ZipA in the linear assembly order is FtsEX, an ATP-binding 

cassette transporter-like complex that regulates cell wall hydrolysis at the division 

site (124, 125). FtsK is a multi-domain protein involved in cell division, chromosome 

segregation and dimer resolution (126). FtsK is targeted to the division site by 

FtsZ, ZipA and FtsA and once there, helps in the recruitment of other downstream 

division proteins, like FtsQ, FtsL and FtsI (118, 126-128). FtsQ, FtsL and FtsB 
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form a sub-complex prior to midcell recruitment (129, 130). Even though FtsQ 

can normally localize in the  absence of FtsL and FtsB, both of these proteins 

require FtsQ for midcell localization, while FtsZ, FtsA, ZipA and FtsK are involved 

in the  recruitment of FtsQ to the  division site (113, 131, 132). In addition to 

the  recruitment of FtsL and FtsB to the  division site, FtsQ is also involved in 

the  septal localization of subsequent division proteins, like FtsW, FtsI and FtsN 

(133-135). FtsW is a  late recruit to the  division site and its septal localization 

requires FtsZ, FtsA, FtsQ and FtsL (134, 136, 137). It is believed that the main role 

of FtsW is to correctly recruit FtsI to the active dividing site at midcell. FtsI, or PBP3, 

is a cell division protein with transpeptidase activity important for the septal cell 

wall synthesis (138). Although still under debate, it has been suggested that FtsW 

might also act as a transporter for the cell wall precursor through the cytoplasmic 

membrane (139). Recently, it has been suggested that FtsW also possesses 

transglycosylation activity and thus mediates peptidoglycan polymerization (see 

below) (140). The  observations involving FtsW and FtsI in the  septal cell wall 

synthesis will be described in more detail in the following sections of this chapter. 

Importantly, FtsW belongs to the “shape, elongation, division, and sporulation” 

(SEDS) family of membrane proteins and its association with FtsI, a class B PBP, 

demonstrates the  important role of FtsW for connecting cell wall synthesis to 

the cell division process (141, 142). FtsN recruitment to the division sites depends 

not only on the presence of FtsZ and FtsA but also on the activity of FtsQ and FtsI 

(135). On the other hand, as the last known essential division protein to localize 

to the dividing septum, FtsN is also required for the subsequent recruitment of 

two nonessential periplasmic peptidoglycan hydrolases, AmiC an EnvC, that are 

involved in the cleavage of the septum (143, 144). FtsN also interacts with strands 

of peptidoglycan and other PBPs, namely FtsI and PBP1b, possibly indicative of 

a role in coordinating the peptidoglycan synthases during cell division (145, 146). 

FtsW and FtsK are polytopic membrane proteins with 10 and 4 predicted 

transmembrane segments, respectively (134, 137, 147, 148). FtsI, FtsL, FtsQ 

and FtsN are bitopic membrane proteins, with a  small N-terminus cytoplasmic 

domain, a  single transmembrane segment and a  larger C-terminus domain 

located in the  periplasm (149-152). By swapping or replacing the  domains of 

these proteins with equivalent or different domains, it was possible to conclude 

that the  cytoplasmic N-terminus domain of FtsQ is essential for cell division, 

while for FtsI and FtsL both the  transmembrane segment and the  cytoplasmic 
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domain are required for cell division (152, 153). In contrast, the cytoplasmic and 

transmembrane segments of FtsN are not required for its function but play a role 

in localizing the C-terminus to the periplasm (152, 153). Cell division in E. coli is 

thus mediated by a complex protein-protein interaction network. For instance, 

there are some direct interactions and a  certain level of dependency between 

early and late division proteins which points to a slightly more intertwined and 

dynamic process than just a plain linear assembly line (104, 116, 154, 155). 

In B. subtilis most division proteins are recruited simultaneously to the division 

site (115). Even though cells lacking FtsA are elongated and grow slowly, contrary 

to E. coli, FtsA is not essential in B. subtilis however, FtsA is required for an 

efficient Z-ring assembly (156, 157). Similarly to E. coli, ZapA in B. subtilis positively 

regulates the Z-ring assembly by promoting its stability and it was shown that ZapA 

promotes, in vitro, the bundling of FtsZ protofilaments (121). Although B. subtilis 

does not have ZipA, it possesses other regulatory proteins that also interact and 

modulate the Z-ring, like EzrA (extra Z-ring assembly) and SepF (septum forming). 

The protein EzrA, a negative regulator of the Z-ring with a similar topology to 

ZipA, interacts directly with FtsZ preventing its assembly in vitro (158-160). Cells 

lacking EzrA form Z-rings at the poles and midcell, thus EzrA seems to contribute 

to the correct positioning of the Z-ring in the cell (158-160). ZapA and EzrA are 

both non-essential for B. subtilis division, but a deletion of both proteins causes 

a severe block in cell division (121). SepF, a ring-forming protein, directly interacts 

with FtsZ and acts as a  membrane anchor for the  Z-ring, possibly organizing 

the FtsZ filaments in long and regular tubular structures (161-165). SepF is non-

essential but cells lacking this protein show defects in cell division and present 

septa with an abnormal morphology (161-165). 

In B. subtilis there is no obvious hierarchical pathway for divisome assembly. 

As a replacement for E. coli FtsK, B. subtilis has two proteins that are involved 

in chromosome segregation and dimer resolution, the soluble and membrane-

associated DNA translocases, SftA and SpoIIIE respectively (166, 167). It is 

thought that by acting together, these proteins can enhance the process of dimer 

resolution. While SftA moves the DNA during septation, SpoIIIE translocates DNA 

after completion of cell division (166, 167). The absence of both DNA translocases 

results in a more severe phenotype than either single mutant, which points to 

some role overlap of SftA and SpoIIIE (166, 167). The late division proteins FtsL, 

DivIB and DivIC (homologues of E. coli FtsL, FtsQ and FtsB, respectively) and 
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FtsW and PBP2B (homologues of E. coli FtsW and FtsI, respectively) probably 

show interdependency for assembly and recruitment at the division site (115). 

Although DivIC solely interacts with FtsL via a  strong interaction, all the other 

proteins (PBP2B, FtsL and DivIB) seem to interact with each other in a complex 

manner, possibly via weak interactions (168).

Another methodology was used to study the  interactions between these 

proteins using an E. coli artificial septal targeting approach, in which each of 

these B. subtilis proteins is fused either to the E. coli ZapA (that always localizes 

to midcell during division) or to the  green fluorescent protein (GFP) (169). By 

expressing both proteins inside E. coli cells, the  protein-protein interactions 

can be inferred from colocalization results. Although a  tetrameric complex 

between PBP2B, FtsL, DivIC and DivIB was not found, two small sub-complexes 

were detected, involving the  interactions between FtsL-DivIC and DivIB-PBP2B 

(169). PBP1, a major cell wall synthesis transglycosylase and transpeptidase, is 

also a core component of the B. subtilis divisome and is recruited to the division 

site by EzrA (170, 171). A  similar approach to the  one performed for E. coli 

bitopic proteins involving domain swapping was also performed for some of 

the B. subtilis bitopic proteins (172). It was found that the periplasmic domains 

of DivIB and DivIC are sufficient for both proper targeting to the division site and 

activity in the regulation of the septal wall synthesis (172). By the end of division, 

cell separation is accomplished through hydrolysis of the  shared cell wall. Cell 

wall cleavage is performed by several autolysins, although the  activity of LytF 

alone has been shown to be sufficient and required for cell separation (173).

polar division – sporulation

B. subtilis is also capable of asymmetric or polar division, which occurs during 

sporulation. This division does not generate two equally sized daughter cells, but 

rather divides the cell into two differently sized compartments, one large mother 

cell and a  small forespore. Ultimately, the  mother cell undergoes lysis while 

the forespore matures into a spore that is then released into the environment. 

Cells start the sporulation process, as a mode of survival, when the surrounding 

environment becomes hostile, e.g. because of a  lack in the  availability of 

nutrients (174, 175). 

After polar division, the  mother cell and the  forespore undergo different 

developmental gene expression programs. Sporulation gene expression is under 
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the control of a cascade of several RNA polymerase sigma (σ) factors. Upon entry 

of sporulation, the gene regulation depends mostly on the stationary-phase σH, 

and the transcriptional master regulator, Spo0A (176, 177). Then, there is a switch 

in the location of the Z-ring, from the midcell to both the cell poles, via a helical 

FtsZ filament that extends from the midcell to the poles (178). The  change in 

the localization of the Z-ring in sporulating cells is regulated by σH and Spo0A, 

as these factors activate the transcription of the genes encoding FtsZ, FtsA and 

SpoIIE (176-178). SpoIIE, an FtsZ-interacting protein, has two main functions 

during sporulation, one is to activate the forespore-specific transcription factor 

σF, and the other one is to contribute to the formation of the asymmetric septum 

that separates the  mother cell from the  forespore compartment (179-182). 

Interestingly, FtsEX plays a  role in the  precise spatiotemporal activation of 

sporulation, by activating Spo0A and it is also thought to be involved in the Z-ring 

switch from midcell to polar sites (183). 

During sporulation, the cell briefly has two polar Z-rings as a direct consequence 

of the redeployment of FtsZ from midcell to both polar sites. However, only one 

polar Z-ring is used for cytokinesis. B. subtilis uses a regulatory system that involves 

different sporulation genes to determine which polar Z-ring will be converted 

into a septum (176, 184). Subsequently, the mother cell swallows the forespore 

(usually referred to as “engulfment”). In this stage, the engulfed forespore stays 

inside the  mother cell compartment as a  roughly spherical body with a  thick 

cell wall and extra proteinaceous coat (185). Lastly, after the  maturation of 

the forespore into a metabolically inactive yet very resistant dormant cell type, 

also known as spore, it is release into the  surrounding environment when 

the mother cell lyses (185).

final stage of division – separating the two daughter-cells

Cell division culminates with the complete separation of the membrane and 

the cell wall layer. This is why most of the late cell division proteins that arrive 

to the division site are also involved in the synthesis and hydrolysis of the septal 

peptidoglycan, as new material needs to be formed and the connection between 

the  two cells needs to be severed. There are some fundamental differences 

between E. coli and B. subtilis during septum constriction. In B. subtilis, a new 

septal wall is synthesized in order to physically separate the two daughter-cells. 

This results in two cells that are still united via the  same cell wall layer that 
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needs to be hydrolysed prior to cell separation (115). In E. coli, there is a gradual 

constriction of the inner and outer membranes and the cell wall, until the physical 

separation of both daughter-cells is completed (115). It has been suggested that 

FtsZ polymers are the main driving force that generates constriction at midcell. 

FtsA may also play a role in generating the constrictive force and different models 

have been proposed but a  fully detailed understanding on how constriction 

works in vivo has not yet been achieved (186-189). Importantly, the synthesis of 

new cell wall material at the division septum is required to complete cell division. 

Cell wall synthesis – Lipid II production

The main component of the  cell wall is the  macromolecule peptidoglycan 

(PG), a  heteropolymer that is composed of linear glycan chains of alternating 

units of N-acetylglucosamine (GlcNAc) and N-acetyl muramic acid (MurNAc) 

that are cross-linked via a peptide bridge. The building block of peptidoglycan is 

Lipid II, or PG precursor, that is structurally conserved among bacteria (190, 191). 

The biosynthesis of PG, generally valid for all bacteria, is a linear multi-step process 

that can be divided in 3 different stages that occur at distinct sub-cellular locations. 

First there is the  synthesis of the nucleotide-bound precursor in the  cytoplasm, 

followed by the synthesis of Lipid II at the cytosolic side of the membrane. Finally, 

the  synthesized Lipid II is flipped across the  membrane and incorporated into 

the PG strand on the outside of the cytoplasmic membrane (190, 191). 

In the cytoplasm, the sequential action of the synthetases MurA to MurF catalyzes 

the formation of the soluble uridine diphosphate-MurNAc-L-ala-D-glu-L-lys-D-ala-

D-ala (UDP-MurNAc-pentapeptide) precursor from uridine diphosphate-GlcNAc 

(UDP-GlcNAc) (192, 193). At the inner side of the membrane, the intermediate 

UDP-MurNAc-pentapeptide is transferred from the  nucleotide UDP to 

the  phosphate of the  lipid carrier bactoprenol-phosphate (or undecaprenol-P) 

C55-P, via the translocase MraY, resulting in Lipid I (C55-PP-MurNAc-L-ala-D-glu-

mDAP-D-ala-D-ala) (193, 194). Lipid II is synthesized by adding UDP-GlcNAc to 

the MurNAc residue of Lipid I via the membrane-associated transferase MurG 

(193, 194). Thus, the basic structure of Lipid II consists of the lipid carrier C55-P, 

which is linked to the  disaccharide unit by a  pyrophosphate bridge (C55-PP-

MurNAc-GlcNAc-L-ala-D-glu-mDAP-D-ala-D-ala). Lastly, Lipid II is translocated 

across the cytoplasmic membrane into the periplasm before being incorporated 

into the PG (194).
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The protein responsible for the translocation of Lipid II across the membrane 

is still an enigma. In the  last years two main candidates have been considered 

as possible Lipid II translocases or flippases: MurJ and FtsW (139, 195). Strong 

evidence that MurJ is the  Lipid II flippase in E. coli derived from a  dedicated 

in vivo experiment using spheroplasts or whole cells (196). Additionally, the Lipid 

II translocation was still achieved after a  concomitant depletion of FtsW and 

deletion of RodA (FtsW paralog) (196). In agreement with these results, MurJ 

is an essential and conserved protein among bacteria that contain PG and 

the  absence of MurJ causes PG precursors to accumulate in the  cytoplasm 

and cells fail to synthesize new PG (195-197). FtsW and RodA are polytopic 

SEDS integral membrane proteins. At least one SEDS protein is present among 

the  PG-containing bacteria. RodA, FtsW and Bacillus subtilis SpoVE, all SEDS 

proteins, are thought to be involved in the  PG synthesis during elongation, 

division and sporulation, respectively (139, 141). Therefore, the assumption that 

FtsW acts as the Lipid II transporter can be extended to RodA and SpoVE during 

elongation and sporulation (139, 141). Evidence that SEDS proteins can flip Lipid 

II across the membrane came from in vitro studies performed in proteoliposomes 

using purified FtsW and E. coli membrane vesicles (139). FtsW, but not MurJ, 

was sufficient to translocate Lipid II across a model membrane (139). The list of 

putative candidates responsible for flipping Lipid II goes beyond FtsW and MurJ, 

with AmJ being recently reported (198). A  double deletion of MurJ and AmJ 

(alternate to MurJ) creates a  synthetic lethal mutation that impacts B.  subtilis 

PG synthesis, suggesting that these two genes have redundant functions. 

Furthermore, the  expression of B. subtilis AmJ rescues the  viability of E. coli 

cells lacking MurJ (198). However, the disagreement and the difficulty to merge 

the results obtained so far illustrate that more research is required to settle which 

protein(s) translocates Lipid II across the membrane (199, 200). 

Recent studies have indicated a new role for the SEDS proteins. It has been 

proposed, by two independent groups, that these proteins might play a central 

role during peptidoglycan polymerization by displaying transglycosylation activity, 

both in E. coli and B. subtilis (140, 201). Particularly, the  SEDS proteins RodA 

and FtsW are now depicted as the  new transglycosylases in the  elongasome 

and divisome complexes, respectively (201). Therefore, in addition to flipping 

Lipid II across the  membrane, SEDS proteins might also directly polymerize 

the peptidoglycan layer. 
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Cell wall construction – meet the workers

Lipid II is incorporated into the  growing PG after its translocation across 

the membrane into the periplasmic space. PG synthesis requires a set of different 

reactions such as transglycosylation, transpeptidation and carboxypeptidation. 

The assembly and elongation of the glycan chains involves transglycosylases that 

add the disaccharide onto a glycan strand and release the C55-PP (202, 203). C55-PP 

is then dephosphorylated and recycled as the membrane lipid carrier bactoprenol-

phosphate C55-P. During glycan chain elongation, the MurNAc of the nascent PG 

is transferred onto the C-4 carbon of the glucosamine residue of the PG precursor 

(202, 203). The stem pentapeptide is also cross-linked by transpeptidases, ensuring 

that PG strands are bound to each other (202, 203). This requires the formation of 

a peptide bond between the carbonyl group of the penultimate D-Ala (position 4) 

of the donor peptide and the amino group (position 3) of the acceptor peptide (202, 

203). During the reaction, the terminal D-Ala from the donor peptide is removed. 

However, not all Lipid II stem peptides are cross-linked. The  amount of cross-

linking is dependent on growth conditions and is different in E. coli and B. subtilis, 

representing a total of 44 to 60% and 56 to 63%, respectively (202, 203). During 

PG maturation, the  terminal D-Ala residues from other stem pentapeptides are 

cleaved by DD-carboxypeptidases, leaving only very low amounts of stem peptides 

containing 5 amino acid residues (202, 203). 

The PG synthesis reactions that involve the polymerization and cross-linking of 

Lipid II are accomplished by the combined action of different PBPs and SEDS proteins 

(140, 201, 204). PBPs are the target of Penicillin and other β-lactams, which are 

structurally similar to the D-ala–D-ala termini of the pentapeptide in Lipid II, and 

which can be covalently bound by the PBPs blocking their activity (204, 205). PBPs 

are traditionally classified into two groups according to their molecular weights, 

high molecular weight (HMW) and low molecular weight (LMW) PBPs (205). For 

a more detailed analysis of E. coli and B. subtilis PBPs the reader is referred to (206).

HMW PBPs are composed of a short cytoplasmic tail, a single transmembrane 

anchor and a C-terminal module with two domains located in the periplasmic 

region (205). The penicillin-binding domain at the C-terminus has transpeptidase 

activity and thus catalyzes the cross-linking of the PG peptides (205). HMW PBPs 

can be divided into class a or class B according to their primary structure and 

the catalytic activity of the N-terminal domain of the C-terminal module (205, 

207). The N-terminal domain of class a PBPs has transglycosylase activity and is 
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involved in the elongation of glycan strands (205, 207), whereas class B PBPs do 

not have transglycosylase activity. E. coli PBP1A and PBP1B belong to the HMW 

class a PBPs and a deletion of both proteins, but not a single deletion, eventually 

results in cell lysis (208). Additionally, there is a slight increase in the cell length 

and a  decrease in the  diameter of B. subtilis cells in the  absence of the  class 

a PBP1 (209). A simultaneous deletion of all four B. subtilis class a PBPs (PBP1, 

PBP2C, PBP2D and PBP4) results in a  reduction of the  growth rate (210). In 

class B PBPs, the non-penicillin-binding N-terminal domain might play a role in 

cell morphogenesis by interacting with other cell-cycle proteins (211). E. coli 

PBP2 and PBP3 (or FtsI) belong to the HMW class B PBPs. Deletion of PBP2 or 

depletion of PBP3 causes cells to convert into spheres or filaments, respectively, 

showing that PBP2 plays a  role in cell length and PBP3 in cell division (212). 

Interestingly, the N-terminus of E. coli PBP3 is required for folding and/or stability 

of the penicillin-binding module (213). Deletion of only two (PBP2A and PBPH) 

of all the HMW class B PBPs in B. subtilis (PBP2B, PBP3, SpoVD and PBP4b) also 

results in the appearance of cells with ovoid/round shape, leading to eventual 

cell lysis (211, 214), whereas depletion of PBP2B results in filamentation (215).

The LMW PBPs are involved in the modification of the PG by two different ways. 

The first one is the cleavage of the terminal D-ala residue from the pentapeptide 

chain, via DD-carboxypeptidase activity, thus preventing the  subsequent 

cross-linking of that peptide (203, 205). The  second one is the  cleavage of 

the existing peptide bridges or cross-links that stick the glycan chains together, 

via endopeptidase activity, to allow expansion of the  cell wall (203, 205). 

The amount of PG cross-linking is regulated via these two activities. E. coli cells 

lacking a combination of PBP5 and one or more other LMW PBPs (PBP4, PBP6 and 

PBP6b) show different cell shapes and cell diameters (216). On the other hand, 

overexpression of PBP5 causes a block in cell division resulting in round-shaped 

E. coli cells that lyse as a result (217). Interestingly, and unlike E. coli, B. subtilis 

cells lacking PBP5 do not show morphological changes in the vegetative cells or 

spores (218, 219). Ultimately, breaking down some of the PG material is necessary 

in order to add newly synthesized material to the growing PG strand. There are 

specific PG hydrolases for several covalent ligations of the  PG. In addition to 

endopeptidases and carboxypeptidases, there are also amidases, muramidases 

and glucosaminidases. An extensive review regarding PG hydrolysis highlights 

the variety of this subject (220). 
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Another important factor regarding PBPs is to know where they localize in 

the cell. To answer this question, several B. subtilis PBPs were fused to fluorescent 

proteins (GFP–PBP fusions) and imaged in live cells using fluorescence microscopy 

(171, 203, 221). The fluorescent localization could be divided into three distinct 

patterns: septal localization (PBP1B and PBP2B), both septal and peripheral 

localization (PBP2A, PBP4 and PBP5) and helical-like structure localization (PBP3 

and sporulating PBPs). These distinct localizations might support the existence 

of two different PG-synthesizing machineries, one for the  lateral and one for 

the septal PG synthesis (171, 203, 221). The E. coli PBP3 (or FtsI) that is involved 

in cell division and septal PG synthesis specifically localizes at the septa or division 

site, while PBP2 and PBP1B localize either to the  septa or cell periphery (171, 

203, 221). The fact that some molecules of PBP1B can localize from the lateral 

walls to the septa where they can directly interact with PBP3, points to a possible 

rearrangement of the  lateral PG synthesis machinery to the  septa in order to 

include the activity of dedicated septal-PBPs (133, 145, 207, 222).

peptidoglycan synthesis – organization within the cell

Cells elongate by inserting new membrane material and peptidoglycan along 

the longitudinal axis of the cell. When a particular length is achieved and after 

the Z-ring is assembled, the cell wall synthesis machinery moves to the midcell 

to establish the cell division septum. Cells in which the divisome functionality is 

affected become longer because cells continue to grow in length by synthesizing 

lateral cell wall, but fail to form septa and divide. Conversely, cells that cannot 

elongate or grow but can still divide, lose the  normal rod-shape and become 

spherical. It has been quite clear that these two systems of cell wall synthesis need 

to be coordinated and organized in order to ensure the multiplication of cells 

with proper cell length and width. Interestingly, even though PBP1 is a divisome 

component and is involved in septal cell wall synthesis, in non-dividing cells, PBP1 

localizes to the lateral wall moving back again to the midcell when cells start to 

divide (170, 171). The fact that cells lacking PBP1 are both longer and thinner, 

suggests a dual role of PBP1 in the two cell wall synthesis machineries. Recently, 

it was shown that the  membrane associated proteins EzrA and GpsB might 

be responsible for coordinating the  switch between the  lateral and septal cell 

wall synthesis by re-localization of PBP1 (170, 211). Although the details of this 

interaction are still unknown, a model has been proposed in which multiple PBP1 
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molecules can interact with a single GpsB hexamer, thus highlighting the role of 

GpsB in the spatial arrangement of PBP1 (223). The divisome and the elongasome, 

two multi-protein complexes that include PBPs and proteins involved in Lipid II 

synthesis and translocation, are responsible for PG synthesis during cell division, 

at the division septum and during cell elongation, at the lateral wall, respectively 

(224, 225) (Fig. 2). The divisome is discussed above, while membrane-associated 

filaments of the  cytoskeletal protein MreB guide the  elongasome (224, 225). 

The  elongasome is thought to contain several proteins such as MreC, MreD, 

RodA, RodZ, PBPs and PG hydrolases (224, 225) (Fig. 2).

Both E. coli and B. subtilis, like most rod-shaped bacteria, possess at least one 

mreB homologue. MreB, an actin homologue, is capable of polymerizing and 

forming protofilaments in vitro and in vivo (226, 227). MreB is strictly associated 

with the  cell shape and the  loss of MreB leads to the  loss of the  rod-shaped 

morphology resulting in spherical cells (228, 229). B. subtilis has three paralogues 

of MreB (MreB, Mbl and MreBH) with partially redundant roles although single 

mutations in these genes originate distinct effects on cell shape (85, 230). When 

the  MreB localization in B. subtilis cells was initially determined, it was shown 

that MreB could form helix-like structures along the  longitudinal axis, revealing 

a possible internal actin-like cytoskeleton capable of regulating the cell shape (231). 

Although there is no doubt that MreB plays a role in the cell wall synthesis dynamics, 

the fine details of MreB localization is still under debate, as further experiments 

with different imaging techniques and approaches have provided contradictory 

results to the  initial ones. Nowadays, the most accurate in vivo MreB structure 

consists of short membrane-associated filaments that independently rotate around 

the cell width on the inner surface of the cytoplasmic membrane (228, 231-236). 

The fact that bacterial cell shape is mainly determined by the PG layer, immediately 

triggered the question how MreB and cell wall synthesis are connected. Most of 

the studies regarding this topic were performed on B. subtilis and for reasons of 

clarity, B. subtilis MreB is the  focus of this chapter. There are different ways in 

which MreB determines and regulates the cell shape by influencing the cell wall 

synthesis dynamics. For instance, there have been reports of associations between 

MreB and PBPs, and with enzymes involved in the synthesis of the Lipid II and PG 

hydrolysis (237-243). The conserved membrane proteins MreC and MreD (encoded 

by the mreBCD operon) are also important for establishing the proper rod-shape 

cell morphology. Additionally, MreC and MreD also interact with PBPs and it has 
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been suggested that MreC and MreD couple the cytosolic MreB/MbI filaments to 

the PG synthesis machinery on the periplasm (244-246).

MreB naturally organizes the  membrane into regions of increased fluidity 

(RIFs) and in the absence of both MreB and its homologues, the RIFs disappear 

from the  membrane (247). Interestingly, RIFs can have an increased amount 

of Lipid II, which led to the hypothesis that MreB organizes the membrane in 

such a way that Lipid II recruitment is favoured in certain domains which would 

regulate normal PG synthesis (199). Additionally, inhibition of PG synthesis 

(using antibiotics or genetic mutations) halts the movement of MreB filaments, 

indicating that the  dynamics of MreB is driven by ongoing cell wall synthesis 

(233, 234, 236). More precisely, it was shown that MreB membrane association 

is dependent on the  presence of LipidII (248). The  absence of LipidII causes 

MreB filaments to dissociate from the membrane into the cytoplasm resulting in 

a disorganized PG synthesis (248). As both ongoing cell wall synthesis machinery 

and Lipid II are required for MreB localization and dynamics, the  localization 

of LipidII, not MreB, could be the determinant for where PG synthesis occurs. 

This theory, called substrate availability, supported in different studies that 

used different organisms, was employed in B. subtilis for the  first time using 

the lantibiotic PP-nisin to change the localization pattern of Lipid II (203, 249). 

By switching the Lipid II location from the septa into clustered patches on the cell 

periphery using PP-nisin, it was confirmed that the recruitment of PBPs involved in 

the lateral cell wall synthesis, like PBP2a and PBPH, was dependent on Lipid II but 

not on MreB (249). Since MreB filaments require PG synthesis in order to become 

dynamic, it can be assumed that MreB filaments might not be responsible for 

the localization of the cell wall synthesis machinery (236). Nonetheless, as MreB 

interacts with proteins involved in the lateral PG synthesis, and cells defective in 

MreB lose the typical rod-shape morphology, it is more than obvious that MreB 

plays a crucial role in the organization of the PG synthesis and maintenance of 

the cell shape, possibly by spatially organizing the membrane in domains that are 

favorable to PG synthesis.

the rISe of aNtIBIotIC reSIStaNt BaCterIa

In the last years there has been an increase in the number of bacteria resistant 

to nearly all antibiotics currently in use, making bacterial infections a  major 
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threat to public health (250, 251). Therefore, it is of outmost importance to fuel 

the research and development of new antimicrobial compounds.  

antimicrobial drugs – the search for new targets 

Antibiotics can either kill bacteria or reversibly inhibit their growth, and thus 

are considered bactericidal or bacteriostatic, respectively. However, the distinction 

between bacteriostatic and bactericidal is not always clear as the  criteria to 

distinguish depend on other factors, like for example the antibiotic concentration 

and the  growth phase of the  bacteria (252). To define the  concentration 

of antibiotic to use, there are different quantitative measures that can be 

determined for each compound, the  minimum inhibitory concentration (MIC) 

and the minimum bactericidal concentration (MBC) (253). The MIC is the lowest 

concentration capable of inhibiting visual culture growth, while MBC is the lowest 

concentration that kills almost the  entire population of bacteria in a  certain 

culture. There are different methods to establish the MIC and MBC values (253). 

The cell death induced by antimicrobial agents has been associated with 

different types of action as antibiotics can interfere with the normal synthesis of 

nucleic acids, proteins and cell wall (254-256). Antibiotics can also be involved in 

the inhibition of cell membrane function and other central metabolic processes, 

like folate metabolism (254-256). The mode of action of several antibiotics is 

well known, however, the need to find new antibiotics also redirects the search 

for new antimicrobial compounds or targets. Interestingly, all the main topics 

described above in this chapter have been considered as (new) antimicrobial 

targets. The  Sec translocon machinery is involved in the  insertion and 

translocation of several proteins that participate in different and essential roles, 

such as virulence, nutrient uptake, excretion and metabolism, making the Sec 

pathway a  very promising novel antimicrobial target (257). The  notion of 

a promising “anti-raft” drug has been supported by the fact that lipid rafts and/

or DRMs are involved in cellular processes related with pathogenicity, namely 

biofilm formation and secretion (65). Therefore, small molecules that inhibit raft 

formation leading to a  reduction in the virulence and antibiotic resistance are 

currently being tested (65). In the past years, inhibition of cell division has been 

on the spotlight, with special attention to the inhibition of the formation of FtsZ 

polymers which prevent cell division leading to cell death (258). Additionally, 

cell wall synthesis has been one of the most famous targets for antimicrobial 
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research as cell wall synthesis inhibitors affect the PG structure which ends up 

being fatal for the bacterium (259). 

Although the bacterial Sec translocon and bacterial FMMs have been included 

in the list of new targets for the ongoing antimicrobial search, it is cell division 

that got special attention during the  last years. The divisome has emerged as 

the preferred antimicrobial target for different reasons. Most of the bacterial cell 

division proteins are essential, conserved in bacteria but not present in eukaryotes, 

and participate in multiple protein-protein interactions forming the  divisome, 

which spans from the periplasm to the cytoplasm region (260). At the moment, 

the  most targeted cell division proteins are FtsZ and FtsA. High throughput 

screening assays had some success in finding some FtsZ and FtsA inhibitors, 

however, the lack of further supporting data poses a problem (261). Overall there 

are several in vivo and in vitro experimental tests that can be performed in order 

to study FtsZ and FtsA inhibition, which resulted in a  long list of potential cell 

division inhibitors – summarized in different reviews (260-267). The compound 

PC58538, one of the  most promising in vivo and in vitro FtsZ inhibitors, was 

identified using a whole cell-based screening assay in B. subtilis (268) and was 

used as a lead for the development of improved analogues, ultimately resulting 

in a  compound PC190723 that is a highly effective inhibitor of FtsZ in Gram-

positives (269). However, a quick development of resistance to this compound 

has precluded its use in the clinic. This shows that out of many potential drug 

candidates only a few might be developed and be approved for medical use, and 

so the search for new antibiotics continues.

theSIS outLINe

This thesis tries to explore different topics related to cell division and cell 

wall synthesis. With the main focus on the membrane and membrane proteins, 

this thesis attempts to study how distinct biological aspects, such as functional 

membrane microdomains, insertion and folding of membrane proteins, and 

the use of antibacterial agents, particularly affect essential processes like bacterial 

cell division and cell wall synthesis.

Chapter 1 presents a summarized overview of the various topics discussed 

throughout this thesis. 
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Chapter 2 identifies a new role for the E. coli membrane protein insertase 

YidC in assisting the  correct folding of the  penicillin binding proteins (PBPs). 

The results obtained in chapter 2 show that, in the absence of YidC, even though 

the  total amount of PBP3 in the  membrane is not affected, only half of this 

protein is properly folded. The amount of folded PBP2 was also reduced in vesicles 

depleted of YidC. In particular, folding of the large periplasmic domain of these 

PBPs, which is involved in the peptidoglycan synthesis, was monitored and found 

to be affected. The defects in folding of PBPs explain the altered shapes displayed 

by cells depleted for YidC. The findings suggest that the foldase activity of YidC 

extends beyond the  known foldase activity on membrane proteins with short 

extracytoplasmic loops, to the periplasmic domains of other membrane proteins.

Chapter 3 explores the  influence of B. subtilis membrane microdomains in 

dynamic cellular processes such as cell division and cell wall synthesis. Bacterial 

flotillins, FloA and FloT, are required for the  formation of these membrane 

domains. Deletion strains of floA and floT were used to create several B. subtilis 

strains in which the  in vivo protein localization of proteins involved in cell 

division and cell wall synthesis, and their dependency on flotillins, could be 

studied. The results presented in chapter 3 suggest that flotillins might influence 

the activity of PBP5 and therefore regulate the cell wall synthesis at the septa. 

Interestingly, a triple deletion of flotillins and PBP1 results in a disorganization of 

the cell wall synthesis. Chapter 3 provides a glimpse of the intricate influence of 

flotillins on cell division and cell wall synthesis.

Chapter 4 describes the mode of action, in B. subtilis, of the antimicrobial 

compounds alkyl gallates. In this chapter, both in vivo and in vitro studies 

were performed and it was determined that alkyl gallates act in a  combined 

mode, via membrane disruption and via direct anti-FtsZ activity. In chapter 4, 

different alkyl gallates were tested and heptyl gallate was found to be the most 

potent FtsZ  inhibitor, thus making it an interesting hit for further studies and 

the development of new antimicrobial compounds.

Chapter 5 concludes this thesis with a  global summary of the  results and 

main conclusions.
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aBStraCt 

Membrane proteins need to be properly inserted and folded in the membrane 

in order to perform a range of activities that are essential for the survival of 

bacteria. The Sec translocon and the YidC insertase are responsible for the 

insertion of the majority of proteins into the cytoplasmic membrane. YidC 

can act in combination with the Sec translocon in the insertion and folding of 

membrane proteins. However, YidC also functions as an insertase independently 

of the Sec translocon for so-called YidC-only substrates. In addition, YidC can act 

as a foldase and promote the proper assembly of membrane protein complexes. 

Here, we investigate the effect of Escherichia coli YidC depletion on the assembly 

of Penicillin Binding Proteins (PBPs), which are involved in cell wall synthesis. YidC 

depletion hardly affects the total amount of the specific cell division PBP3 (FtsI) in 

the membrane, but the amount of active PBP3, as assessed by substrate binding, 

is reduced 2-fold. A similar reduction in the amount of active PBP2 was observed, 

while the levels of active PBP1A/1B and PBP5 were essentially similar. PBP1B and 

PBP3 disappeared from higher Mw bands upon YidC depletion, indicating that 

YidC might play a role in PBP complex formation. Taken together, our results 

suggest that the foldase activity of YidC can extend to the periplasmic domains 

of membrane proteins. 
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INtroduCtIoN

Membrane proteins need to be properly inserted and folded in the membrane 

in order to be functional. The Escherichia coli Sec translocon and the YidC 

insertase are involved in the insertion of the majority of membrane proteins into 

the membrane. YidC can act in combination with the Sec translocon to facilitate 

the insertion and folding of membrane proteins, but can also function on its 

own as an insertase for so-called YidC-only substrates (1). Although YidC was 

discovered more than thirteen years ago (2, 3), only a few YidC-only substrates 

are known at present. YidC-only substrates have short translocated regions and 

include the F1F0-ATPase subunit c (4-7), the M13 phage procoat protein (8), 

the mechano-sensing MscL protein (9), the Sci-1 type VI secretion system subunit 

TssL (10) and the Pf3 coat protein (3). 

In addition to its role as an insertase, YidC can also act as a foldase for 

some proteins such as the sugar transporter LacY (11, 12) and mediate the 

proper assembly of membrane protein complexes such as the MalFGK2 maltose 

transporter (13) and the MscL homopentameric pore (14). This feature might 

be related to the capacity of YidC to interact with the transmembrane domains 

of proteins that are released by the Sec translocon, whereupon YidC would 

facilitate the correct assembly and interaction of the transmembrane helices (15, 

16). A major step in understanding the mode of action of YidC was accomplished 

with the elucidation of its crystal structure, providing insights on how single-

spanning proteins may be inserted in the membrane involving a positively charged 

hydrophilic groove of YidC (17).

To identify novel YidC substrates, and to assess the role of YidC in the assembly 

of membrane protein complexes, inner membrane proteomes of E. coli cells with 

and without YidC have been analyzed by various groups. Depletion of YidC 

results in an increased chaperone response, a reduction in the levels of protein 

complexes and a lower level of membrane proteins with polar domains smaller 

than 100 amino acids (18, 19). In addition, YidC depletion results in changes in 

overall gene expression and increased cell length (20). The latter, also known as 

filamentation, is often associated with defects in cell division or cell wall synthesis. 

Most proteins involved in cell division and cell wall synthesis are present in low 

amounts and are generally not identified in membrane proteomic studies, and 

yet many contain at least one transmembrane segment and are thought to be 

part of large protein complexes (21). Nevertheless, an earlier study on YidC-
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depleted cells revealed a decrease of the cell division associated ATP-binding 

cassette transporter-like proteins FtsEX that activates cell wall hydrolysis during 

division (18, 22). In contrast, the levels of penicillin binding protein 5 (PBP5) and 

PBP6 increased upon YidC depletion (18). The cell division protein FtsQ was not 

identified as a YidC substrate in proteomic studies but is often used as a substrate 

for in vitro protein translocation studies (18, 23). In vitro, the activities of SecYEG, 

the SecA translocation ATPase and the proton motive force are sufficient for the 

correct and complete membrane insertion of FtsQ (24). However, a kinetic effect of 

YidC cannot be excluded as YidC was found to interact with the transmembrane 

segment of FtsQ when the FtsQ nascent chain bound to ribosomes was used as 

a substrate in in vitro insertion experiments (25, 26). 

In the present study, we focused on PBPs involved in cell division and cell wall 

synthesis. PBPs play a crucial role in cell growth by adding new peptidoglycan 

(PG) to the cell wall and in cell division by synthetizing new PG between two 

daughter cells. PBPs can be divided into two main groups, the high molecular 

weight (Mw) and the low Mw PBPs. E. coli high Mw PBPs are subdivided into 

class A PBPs (1A/1B/1C) that have both transglycosylase and transpeptidase 

activity and class B PBPs (2/3) that only have transpeptidase activity. Class B PBPs 

define the directionality of peptidoglycan (PG) growth, with PBP2 being required 

for cell elongation and PBP3 (or FtsI) required for cell division (27). Low Mw PBPs 

include type 4 (PBP4) and type 5 (PBP5/6/6b) carboxypeptidases, that are involved 

in PG modification, recycling and separation (28). Several high Mw PBPs have 

been found to interact with either themselves or other PBPs, forming complexes 

involved in cell division or cell elongation (21). PBP1B is known to dimerize (29) 

and to interact with PBP3 (30). PBP3 also forms dimers (31, 32), and interacts 

with PBP2 (33). PBPs can collectively be labeled and visualized using Bocillin-

FL, a fluorescent derivative of penicillin that covalently binds to their active site 

(34). Importantly, binding of Bocillin-FL is also an indication for correct folding of 

the active site present in the (trans)peptidase domain of a PBP (34). It has to be 

noted that not all PBPs are detected by Bocillin-FL, since the affinity for Bocillin-

FL varies per PBP and per organism. In E. coli, PBP1A/B, 2, 3, 4 and 5 are readily 

labeled and detected. Therefore, these PBPs were the focus of our study. 

We show here that YidC depletion does not affect the total level of PBP3 in 

the membrane but that the amount of correctly folded PBP3 is reduced. A similar 

reduction in the level of folded PBP2 was observed, while the levels of other PBPs 
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remained essentially unaltered. Our results suggest that the foldase activity of 

YidC can extend to the periplasmic domains of membrane proteins.

methodS

Strains and media

E. coli strains FTL10 (MC4100-A, ΔyidC, attB::(araC PBAD yidC+ kanR) (35) and 

JOE417 (MC4100 araD+ftsQE14::kan/pBAD33-ftsQ) (36) were used for depletion 

experiments. E. coli DH5α was used for cloning. Strains were grown at 37ºC 

on solid medium (LB Lennox plus agar) and liquid medium (LB Lennox), with 

1% NaCl when required. When necessary, ampicillin (100 µg/ml), kanamycin 

(25 µg/ml) or chloramphenicol (25 µg/ml) were added. When appropriate, LB was 

supplemented with 0.2% (w/v) of glucose or arabinose.

Cloning

The coding sequence for ftsI was amplified from E. coli DH5α chromosomal 

DNA using the primer pair (5’ CGGCGGCATATGAAAGCAGCGGCGAAAAC 3’/5’ 

GCCGCCGGATCCTTACGATCTGCCACCTGTC 3’) and cloned into the pGEM-T vector 

(Promega). An internal NdeI restriction site was removed from ftsI by Quicksite site-

directed mutagenesis with the primer pair (5’ GCACCGTGGTGCACATGATGGAAAGCG 

3’/5’ CGCTTTCCATCATGTGCACCACGGTGC 3’) according to manufacturer’s 

protocol (Stratagene), resulting in a silent replacement of thymine 1406 for 

a cytosine (ftsI*). After NdeI/BamHI digestion, ftsI* was cloned into NdeI/BamHI 

digested pET-20b(+) (Novagen), resulting in plasmid pDJ125. The final construct 

was confirmed by sequencing. 

yidC and ftsQ depletion

To generate cells depleted of YidC or FtsQ, the E. coli bacterial strains FTL10 

(35) and JOE417 (36) were used, in which the expression of either yidC or ftsQ 

is under control of the arabinose promotor. YidC and FtsQ depletions were 

carried out as previously described (18, 37) with minor alterations. A single 

colony of FTL10 or JOE417 was pre-cultured in 5 ml LB with 0.2% arabinose and 

25 mg/ml of kanamycin, plus 25 mg/ml of chloramphenicol for JOE417, at 37°C 

during the day. Pre-culture was diluted 100-fold with fresh LB containing the 
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same supplements and growth was continued overnight at 37°C. The overnight 

culture was then diluted 100 times into warm LB with 0.2% arabinose and 

grown at 37°C until an A600 of 0.6-0.8 was reached. Cells were washed in warm 

LB, and concentrated 3.3 fold with warm LB. For control cells, the concentrated 

suspension was diluted 200 fold in warm LB containing 0.2% arabinose, grown 

to A600 of 0.8 and collected. For depleted cells, the concentrated suspension was 

diluted 25 fold in warm LB containing 0.2% glucose (depleted cells), grown until 

A600 of 0.6-0.8, at which point the depleted cells were diluted 2 times with warm 

LB containing 0.2% of glucose so that the culture remained in the exponential 

phase. This process was repeated until the depleted cells ceased to grow, at 

which moment the cells were collected. After collection (8,950 x g, 15 min., 4°C), 

cells were resuspended in 50 mM Tris/HCl pH 8.0 with 20% sucrose, flash frozen 

in liquid nitrogen and stored at -80°C. Three independent depletions were 

performed with each strain. 

Inner membrane vesicle isolation

Inner membrane vesicles (IMVs) were obtained as previously described 

(38), with some alterations. Frozen cells were thawed and passed through 

a  cell disruptor (Constant systems One Shot, LA Biosystems) twice at 13 kPsi. 

Centrifugation was used to remove unbroken cells (2,095 x g, 10 min., 4°C) and 

debris (7,649 x g, 5 min., 4°C). Membranes were collected from the supernatant 

at 186,010 x g for 60 min. at 4°C and were resuspended in 50  mM Tris/HCl 

pH 8.0. The membrane suspension was loaded on top of a sucrose gradient 

composed of 1 ml of 55% sucrose, 1.8 ml of 51% sucrose, 0.8 ml of 45% sucrose 

and 0.8 ml of 36% sucrose (w/v) in 50 mM Tris/HCl pH 8.0. After centrifugation 

(444,000 x g, 30 min., 4°C) the IMVs, visible as a brown band in the 45% sucrose 

fraction of the gradient, were collected and diluted into 50 mM Tris/HCl pH 8.0. 

The IMVs were harvested after centrifugation (186,010 x g, 60 min., 4°C) and 

resuspended in 50 mM Tris/HCl pH 8.0 with 20% glycerol. Purified IMVs were 

flash frozen and stored at -80°C. Total protein concentration was determined 

using the Bio-Rad DC protein assay kit with BSA as standard. 

Bocillin labeling

IMVs were equalized for protein concentration and incubated with 7.5 µM 

of Bocillin-FL (Life Technologies) for 15 min. at 23°C with shaking. To stop 
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the labeling reaction, SDS-PAGE loading buffer was added and samples were 

incubated for 5  min. at 95°C. Samples were analyzed on 10% SDS-PAGE. 

Fluorescent bands were visualized using a Typhoon Trio (GE Healthcare) scanner 

with 488 and 526  nm as excitation and emission wavelengths, respectively. 

The Pre-stained Protein ladder (Thermo Scientific) was visualized with 532 and 

670 nm as excitation and emission wavelengths, respectively. The experiment 

was performed for each set (3 in total) of depleted IMVs. Fluorescent bands were 

quantified with ImageQuant TL 2003.v3 (Amersham Biosciences) and the ratio 

between PBP band intensity in  nondepleted and depleted samples within 

the same gel was determined.

Immunoblotting

Equal amounts of protein were loaded and separated on 10% SDS-PAGE, 

and transferred to a PVDF membrane according to standard protocols. Primary 

antibodies for protein detection were α-YidC, α-FtsZ (lab collection), α-PBP3, 

α-FtsQ, α-LepB (gift from J.W. de Gier), α-PBP1a , α-PBP1B (gift from W. Vollmer) 

and α-PBP5 (gift from T. den Blaauwen). Alkaline-phosphatase-conjugated 

secondary antibodies were from Sigma Aldrich. Blots were developed using 

the chemiluminescent substrate CDP-Star (Roche) and chemiluminescence 

was detected using a Fujifilm LAS 4000 imager (GE Healthcare). Images were 

analyzed and band intensities were quantified using the software AIDA 4.22.034 

(Raytest). The ratios of band intensities between nondepleted and depleted 

sample were determined. The  experiment was performed for each set (3 in 

total) of depleted IMVs.

In vitro pBp3 insertion

PBP3 was expressed from plasmid pDJ125 and synthesized as described 

(39) using a S135 lysate prepared from the RNase I-deficient strain E. coli A19 

(40), T7 polymerase (Fermentas) and Easytag express 35S protein labeling mix 

(PerkinElmer Life Sciences). When indicated, reactions were supplemented 

with 50 μg/ml IMVs. After 30 min. a 10% synthesis control was collected 

and the remainder of the reaction mixture was treated with 6 M urea (final 

concentration) for 30 min. on ice to assay membrane integration (41). Vesicles 

were sedimented by ultra-centrifugation at 150.000 x g for 30 min. after which 

the supernatant was removed and the pellet resuspended in SDS-PAGE loading 
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buffer. Samples were analyzed by SDS-PAGE and 35S-labeled proteins were 

detected by phosphorimaging. The  experiment was performed twice using 

independent IMV preparations.

microscopy

Samples for microscopy analysis were collected during YidC depletion. 

Samples of 1 ml culture were taken from the control and YidC-depleted cells 

and fixed with 1 ml of 8% formaldehyde for 30 min. at RT. After incubation, 

cells were washed 2 times in Phosphate Buffered Saline (PBS, 58 mM Na2HPO4; 

17 mM NaH2PO4; 68 mM NaCl, pH 7.3) and resuspended in a final volume of 

100 µl of PBS. Fixed cells were mounted on an agarose pad (1% w/v in PBS) 

and were visualized using a Nikon Ti-E microscope (Nikon Instruments, Tokyo, 

Japan) equipped with a Hamamatsu Orca Flash4.0 camera. Image analysis was 

performed using the software ImageJ (http://rsb.info.nih.gov/ij/).

reSuLtS aNd dISCuSSIoN

yidC depletion influences cell morphology

The effects of YidC depletion on cell morphology were analyzed using bright-

field microscopy. YidC depletion resulted in cells that were both longer and wider 

compared to the control (Fig. 1. A, B), as previously described for a different YidC 

depletion strain (20). This aberrant shape is generally associated with defects in 

cell wall synthesis and impaired cell division. YidC depletion affects the levels of 

the ABC transporter FtsEX that is involved in cell wall hydrolysis during division 

figure 1. Cell morphology is altered upon YidC depletion. Bright-field microscopy images 
of fixed FTL10 cells after growth in LB with 0.2% arabinose to express yidC (A); fixed 
FTL10 cells after growth in LB with 0.2% glucose to repress the expression of yidC (B), and 
fixed FTL10 cells after growth in LB with 1% NaCl and 0.2% glucose (C). Scale bar: 5 µm.
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(18, 22). To test whether the observed phenotype can be attributed to FtsEX, 

YidC depletion was also carried out in medium containing 1% NaCl since a high 

salt concentration recovers the elongated cell phenotype of ftsEX  knockout cells 

(42). Since cells depleted in the presence of 1% NaCl remained both longer 

and wider, it is unlikely that the phenotype is caused by reduced levels of FtsEX 

(Fig. 1C). Therefore, we decided to analyze the effect of YidC depletion on 

the assembly of PBPs in the membrane. 

Class B pBps require yidC for proper folding

PBPs are a group of inner membrane proteins involved in cell wall synthesis 

during growth and cell division. In order to investigate the effect of YidC depletion 

on the PBPs, we labeled IMVs with and without YidC with the fluorescent penicillin 

analogue Bocillin-FL and detected the patterns of fluorescently labeled PBPs by 

SDS-PAGE (Fig. 2A). Efficient YidC depletion was assessed by immunoblotting 

figure 2. Bocillin-FL labeling and immunoblot 
analysis of IMVs with and without YidC. (A) 
SDS-PAGE showing PBP profiles of Bocillin-FL 
labeled IMVs. Molecular weights are indicated 
on the right. (B-C) Immunoblot analysis of IMVs 
with and without YidC with antibodies directed 
against YidC, LepB, FtsQ, PBP3, PBP1A, PBP1B 
and PBP5. Three independent IMV preparations 
essentially gave the same results (quantification 
in Table 1). 

A

C

B
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(Fig. 2B) and equal amounts of loaded protein were confirmed by comparison of 

the levels of the inner membrane protein leader peptidase (LepB) (Fig. 2B, Table 1), 

which remained constant upon YidC depletion (43). The absence of YidC resulted 

in the disappearance of some fluorescent bands running at a molecular mass 

higher than 100 kDa, which is indicative of complexes of PBPs (with themselves 

or other proteins) that have not been completely disintegrated upon treatment 

with heat and sample buffer (Fig. 2A). Quantification of the fluorescence 

associated with the bands revealed that Bocillin-FL labeled class B PBPs 2 and 3 

were over 2-fold reduced in the absence of YidC and that the difference between 

the samples from nondepleted and depleted cells was significant (Table 1). Also, 

PBP4 was nearly 2-fold reduced. Although the reduction was robust in the gels, 

this difference was not significant. The levels of PBP1 and PBP5 were essentially 

not affected by YidC depletion (Table 1). 

table 1. Ratios of bocillin-labeled or immunodetected proteins present in IMVs upon 
YidC or FtsQ depletiona

protein

avg ratio (nondepleted/depleted Imvs) ± Semb 

yidC+/yidC- ftsQ+/ftsQ-

Bocillin 
labelling Immunoblotting

Bocillin 
labelling Immunoblotting

YidC ND ND ND 1.02 ± 0.02

FtsQ ND 1.16 ± 0.18 ND ND

LepB ND 0.97 ± 0.03 ND 1.1 ± 0.1

PBP1A 1.13 ± 0.18 1.19 ± 0.18 0.94 ± 0.09 0.99 ± 0.17

PBP1B 1.07 ± 0.09 0.81 ± 0.13

PBP2 2.43 ± 0.21* ND 0.89 ± 0.14 ND

PBP3 2.06 ± 0.35* 1.17 ± 0.11 1.17 ± 0.19 1.2 ± 0.11

PBP4 1.86 ± 0.34 ND 1.12 ± 0.09 ND

PBP5 1.15 ± 0.23 0.88 ± 0.07 1.36 ± 0.34 1.00 ± 0.17

a YidC+/YidC- IMVs (three independent preparations, in duplicate) and FtsQ+/FtsQ- IMVs (three 
independent preparations) were tested, and the band intensities were quantified. The ratio 
of proteins in nondepleted IMVs to proteins in depleted IMVs was determined. The resulting 
average rations and standard error of the mean are shown.
b*, samples in which the levels of detected protein were significantly different; ND, not 
determined.
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The decrease in the levels of labeled PBP2 and PBP3 can be caused by either 

a  decrease of the total amounts of these proteins in the membrane or by 

a reduced folding of the protein, resulting in a misfolded transpeptidase domain 

that no longer binds Bocillin-FL. Therefore, we assessed the levels of various 

PBPs in the IMVs by immunoblotting. Levels of PBP1A, 1B and 3 were essentially 

similar (Fig. 1C and Table 1). PBP5 levels appeared to be slightly increased upon 

YidC depletion (Fig 1C), in agreement with an early study (18); however, this 

difference was not significant (Table 1). Both PBP3 and PBP1B antibodies cross-

reacted with two bands, one corresponding to a PBP3 or PBP1B monomer and 

one at a higher Mw that was reduced upon YidC depletion. The absence of 

specific antibodies prevented us from performing the similar experiments for 

PBP2 and PBP4.

PBP3 and PBP1B are known to interact (30). The presence of both PBP3 and 

PBP1B in higher Mw complexes and the disappearance of these bands upon YidC 

depletion suggested that YidC might facilitate this interaction. Careful analysis 

of the high Mw bands found with antibodies against PBP1B and PBP3 revealed 

that these bands do not overlap each other (although they overlap the bocillin-

labeled high Mw bands), suggesting that they do not correspond to a putative 

PBP3/PBP1B complex (see Fig S1 in the supplemental material). The absence of 

the PBP3/PBP1B complex is probably caused by complex disruption during sample 

preparation as the nondepleted sample also did not show overlapping bands of 

PBP3 and PBP1B (see Fig. S1 in the supplemental material).

The high Mw bands may correspond to PBP1B and PBP3 homodimers or to 

complexes of PBP1B and PBP3 involving other, as-yet-unknown proteins. PBP3 was 

shown to homodimerize in vivo (32) and the crystal structure of the periplasmic 

domain of PBP3 was recently determined, supporting the evidence of PBP3 

dimers  (31). PBP1B, a bifunctional transglycosylase enzyme, is known to form 

dimers in vivo (44) that are capable to synthetize glycan chains and cross-link 

the peptide bridges in vitro (29). As outlined above, we note that our findings 

do not exclude the possibility that the high Mw bands correspond to complexes 

containing PBP1B and PBP3 with other proteins. However, given that both 

proteins form dimers in vivo we think that the high Mw bands containing PBP3 

and PBP1B correspond to homodimers and that YidC is involved in formation or 

stabilization of PBP dimers. 
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Together, these results indicate that in the absence of YidC the total levels of 

PBPs in the membrane are hardly affected but that at least a considerable fraction 

of the class B PBPs PBP2 and PBP3 no longer bind a fluorescent substrate analog, 

an observation indicative of misfolding of the periplasmic peptidase domain. 

The absence of high Mw forms of PBP1B and PBP3 suggests that their capacity 

for complex formation is disturbed. This suggests that the YidC foldase activity 

(11-14) can extend to the periplasmic domains of membrane-anchored proteins. 

pBp3 insertion is not dependent on yidC

The presence of PBP3 in YidC-depleted IMVs (Fig. 2C) suggested that, 

similar to other monotopic membrane proteins with periplasmic domains (24), 

PBP3 does not require YidC for membrane insertion. We performed an in vitro 

synthesis and membrane insertion assay for PBP3 using YidC-depleted IMVs. 

In vitro-synthesized PBP3 inserted into the membrane of IMVs independent of 

the presence of YidC (Fig. 3). This experiment confirms that YidC is not required 

for membrane insertion of PBP3.

pBp2 and pBp3 folding does not depend on ftsQ

PBP3 is an essential cell division protein that requires FtsQ for localization 

to the cell division site (45). Since FtsQ has been reported to interact with YidC 

figure 3. PBP3 membrane insertion is independent of YidC. In vitro membrane insertion 
assay using YidC depleted and control IMVs. 35S-labeled PBP3 was synthetized in 
the absence of IMVs (lanes 1,4) or in the presence of IMVs with (lanes 3, 6) or without YidC 
(lanes 2,5). In vitro synthesis of 35S-labeled PBP3 was similar irrespective of the presence 
of IMVs (lane 1-3, 10% of total synthesis for each reaction). Subsequently, IMVs were 
incubated with 6M urea followed by recovery of the IMVs by ultracentrifugation. 
The presence of membrane inserted 35S-labeled PBP3 in the pellet fractions was analyzed 
(lane 4-6). The experiment was performed twice using independent IMV preparation, and 
a representative result is shown.
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(24-26), we considered the possibility that the effect on PBP3 folding upon YidC 

depletion is indirect, resulting from improper assembly of FtsQ. To exclude this 

possibility, we first determined the levels of FtsQ upon YidC depletion and observed 

similar levels of FtsQ in YidC-depleted cells (Fig. 2B, Table 1). This suggests that 

FtsQ does not require YidC for its assembly, in agreement with previous findings 

that showed that membrane insertion of FtsQ is not affected in the absence 

of YidC (23) and that FtsQ requires only SecYEG and the proton motive force 

for proper insertion  (24). Second, the effects of FtsQ depletion on PBPs were 

investigated by Bocillin-FL labeling and immunoblotting of IMVs isolated from 

cells depleted for FtsQ. Controls showed depletion of FtsQ, with similar levels for 

LepB and YidC, indicating equal loading (Fig. 4B, Table 1). Bocillin-FL labeling of 

IMVs of FtsQ-depleted cells did not show substantial differences in the levels of 

labeled PBPs. Fluorescent bands above 100 kDa were not absent but appeared 

to be reduced upon FtsQ depletion. Immunoblotting confirmed that the levels 

A

C

B

figure 4. Bocillin-FL labeling and immunoblot 
analysis of IMVs with and without FtsQ. (A) 
SDS-PAGE showing PBP profiles of Bocillin-FL 
labeled IMVs. Molecular weights are indicated 
on the right. (B-C) Immunoblot analysis of IMVs 
with and without FtsQ with antibodies directed 
against YidC, LepB, FtsQ, PBP3, PBP1A, PBP1B 
and PBP5. Three independent IMV preparations 
essentially gave the same results (quantification 
in Table 1). 
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of PBP1A and PBP5 were similar in these samples (Fig. 4C, Table 1). The slight 

disappearance of the high Mw bands, corresponding to complexes, in the 

absence of FtsQ could be due to a reduction of FtsQ-PBP3 complexes or other 

membrane protein complexes involved in cell division (46). Our results show that 

the folding defects in PBP3 (and other PBPs) upon YidC depletion are not an 

indirect effect of an FtsQ assembly defect. 

CoNCLuSIoN

Here, we report that the correct folding of the class B transpeptidases PBP2 

and PBP3 is dependent on the presence of the membrane protein insertase/

foldase YidC. Depletion of YidC leads to wider cells that have a division defect, 

which is in accordance with a reduction in function of the elongation and division 

specific class B transpeptidases PBP2 and PBP3. Importantly, whereas earlier 

reports already identified YidC as a foldase/chaperone for proteins with multiple 

transmembrane segments (11-14), we report here a role for YidC in the correct 

assembly of periplasmic domains of membrane proteins. We observed that 

the absence of YidC hardly affects the total amount of PBP3 in the membrane 

but more than halves the amount of correctly folded PBP3, as determined by 

substrate binding. The amount of correctly folded PBP5 is also slightly decreased 

even though the total amount of PBP5 increases upon YidC depletion, as noted 

earlier (18). Transcriptome analysis showed a 2.45-fold upregulation of dacA 

(which codes for PBP5) transcription upon YidC depletion (20) but it is not clear 

whether this is a direct effect of the diminished amount of correctly folded PBP5 

in the cells or caused by another regulatory mechanism. PBP6 levels have also 

been found to increase upon YidC depletion (18), but as PBP6 is not labeled with 

Bocillin-FL, we have not been able to determine whether YidC depletion affects 

PBP6 folding. 

We also noted that various PBPs are no longer present in higher Mw complexes 

in the absence of YidC. Bacillus subtilis class B PBPs also require a chaperone, 

the lipoprotein PrsA (47), for correct folding. PrsA is a peptidyl-prolyl cis-trans 

isomerase that is conserved in Gram-positive organisms. It may be that the effect 

of YidC on PBP folding in E. coli is indirect, with YidC required for folding of 

a factor that aids in PBP biogenesis. Nevertheless, such a factor would also 

(predominantly) be located in the periplasm, and thus this would still extend 
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the role of YidC to the assembly of periplasmic protein domains. It remains to be 

determined how exactly YidC exerts its function as a foldase.
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SuppLemeNtaL materIaL

Supplemental figure 1. Immunoblot analysis of PBP3 and PBP1B. IMVs with and without 
YidC or FtsQ were loaded in duplicate on a gel and blotted onto a single membrane. 
The membrane was divided in the middle (arrows) and the left part was developed with 
anti-PBP3 and the right part with anti-PBP1B. Both monomer and higher Mw forms are 
detectable for both proteins. The higher Mw bands run at different heights and might 
correspond to dimers or complexes with other proteins, but not to a PBP3/PBP1B complex.
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aBStraCt

Lipid rafts are small and tightly packed domains that can act as a  platform 

where proteins and lipids interact. Lipid rafts are associated with several cellular 

processes, such as signal transduction and protein secretion. In eukaryotic cells, 

lipid rafts are characterized by the presence of Flotillin proteins. Bacteria have 

two flotillins homologues (FloT and FloA) that are thought to be associated with 

functional membrane microdomains (FMM). However, contrary to the eukaryotic 

lipid-rafts, the knowledge regarding bacterial FMMs is still quite limited. Earlier 

work has identified several proteins that interact with flotillins in Bacillus subtilis. 

This included proteins involved in cell division and cell wall synthesis, like 

the  penicillin binding proteins (PBP) 1 and 5, suggesting that flotillins could 

participate, or regulate, these cellular activities. In this study, the central aim was 

to determine if flotillins can directly or indirectly regulate cell division and cell wall 

synthesis in B. subtilis. Several new strains were constructed in order to study, 

in vivo, the localization patterns and dependencies of multiple proteins involved 

in these cellular processes. In the absence of FloT and FloA, the  regulation of 

cell wall synthesis at the septa is affected, possibly via a reduction in the activity 

of PBP5. Interestingly, when PBP1 and flotillins are deleted at the  same time, 

the coordination of cell wall synthesis is lost completely. This loss of coordination 

might be caused by the  delocalization of PBP4 and/or an  affected septal 

recruitment of PBP2b. Additionally, also MreB localization was potentially affected 

under the same set of deletions. Combined, these results suggest that there is 

a specific and important link between PBP1 and flotillins, as severe disorganization 

of cell wall synthesis is only reported when both proteins are deleted. Further 

experiments are still required in order to fully explain these observations. 
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INtroduCtIoN

Eukaryotic membranes display a  heterogeneous distribution of both lipids 

and proteins resulting in the  formation of distinct membrane domains. These 

domains, named “lipid rafts”, are linked with the correct functionality of many 

cellular processes, such as signal transduction and protein secretion. Interestingly, 

lipid rafts have been associated with certain human diseases, thus making them 

an  important target for pharmacological studies (1-3). Lipid rafts have been 

studied for more than 15 years and it is widely accepted that lipid rafts may act 

as small, liquid-ordered and tightly packed domains, composed of sphingolipids 

and cholesterol, where proteins and lipids can interact and properly perform their 

natural functions (4, 5). For quite some time it was believed that prokaryotic 

membranes lacked similar complexity in membrane organization, however, it is 

known that some bacterial proteins and lipids are not entirely homogeneously 

distributed in the  membrane (6). For instance, the  presence of heterogeneity 

in the  phospholipid membrane seems to be important for the  cell division 

site selection in B. subtilis. The  MinCD system, one of the  major regulatory 

mechanisms for the cell division site selection at mid-cell, blocks polar divisions by 

concentrating at the poles. It has been proposed that MinD, a membrane-bound 

ATPase that is required for MinC membrane localization, has a preference for 

anionic phospholipids within the membrane (7-11). In 2010, the first evidence for 

a bacterial functional membrane microdomain (FMM), that can coordinate cellular 

signaling pathways, was provided (12). This work showed that membrane-bound 

sensor kinases are compartmentalized into a FMM, probably with an altered lipid 

composition from the rest of the membrane (12). Currently, the bacterial “lipid-

raft” terminology is not widely accepted, and thus in this study the term FMM 

will be used instead.  

Studies on eukaryotic cells revealed that membranes are not homogeneously 

solubilized by non-ionic detergents, resulting in detergent-resistant membrane 

(DRM) fractions which are considered to be enriched in lipid rafts, and detergent-

soluble membrane fractions (13). Some of the most common protein constituents 

of the DRMs are the proteins flotillin 1 and flotillin 2, which are believed to act as 

scaffold proteins in the lipid raft (14). Similarly to the eukaryotic membrane, a DRM 

fraction can also be isolated from the bacterial membrane and several bacteria 

encode flotillin-like proteins, which are also associated with DRM fractions, 
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indicating that bacterial flotillins can also be considered as a microdomain marker 

(15-18). Bacillus subtilis possesses two flotillin homologues, FloT, the  closest 

homologue to eukaryotic flotillin, and a  second flotillin homologue termed 

FloA (12, 16). Although FloT and FloA show distinct subcellular distribution 

patterns, both flotillins can colocalize, at least momentarily, in defined and 

dynamic foci, possibly enriched in polyisoprenoid lipids, along the  bacterial 

membrane (12, 19). FloT and FloA can also concentrate other proteins, some 

involved in signaling and transport. The inhibition of FMM formation, by deleting 

the flotillins, impairs certain cellular processes like sporulation, protease secretion 

and biofilm formation (12, 19, 20). It has been suggested that FloT and FloA 

might have overlapping functions in some membrane-associated processes and 

the absence of both flotillins results in irregularly shaped cells, a severe deficiency 

in sporulation, motility, natural competence and biofilm formation (20, 21).

Although structurally similar, flotillins do share some differences in the expression 

patterns and interacting partners. Whereas FloA is expressed throughout 

the whole life-cycle of the cell, FloT expression seems to be more active during 

stationary phase. This main difference seems to explain why FloT and FloA 

generate distinct FMMs that organize different signal transduction pathways, 

depending on the stage of the bacterial life-cycle (19). Several proteins, such as 

FtsH, interact with both FloT and FloA, but a pull-down technique and a blue 

native PAGE separation, both followed by mass spectrometry analysis, identified 

penicillin binding protein (PBP) 5 to interact solely with FloT while PBP1A/B, LytR 

and MreC interact exclusively with FloA (19, 22). The metalloprotease FtsH has 

been implicated in biofilm formation and sporulation (23), while PBP1, PBP5, 

LytR and MreC are involved in the  synthesis, remodeling and organization of 

the cell wall (19, 22). The cell wall, essential in most bacteria, provides not only 

a natural barrier and protection to the cells but also serves other different cellular 

processes such as ensuring a proper cell size and shape (24). Peptidoglycan (PG), 

the  main component of the  cell wall, is a  macromolecule composed of linear 

glycan chains cross-linked via peptide bridges. The  main proteins responsible 

for PG synthesis are the  PBPs, that with their glycosyltransferase (GT) and 

transpeptidase (TP) activities ensure the assembly of PG. GT activity is required 

to polymerize the  linear glycan chains that are cross-linked via TP activity, and 

these activities are required for lateral and septal cell wall synthesis during cell 

growth and division, respectively (25). PBP1 is a  high-molecular-weight class 
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A  PBP with both GT and TP activities and, even though not essential, is also 

part of the cell division machinery (26). PBP5 is a low-molecular-weight PBP with 

D,D-carboxypeptidase activity which controls the cross-linking degree of PG by 

cleaving non-crosslinked pentapeptides in the  cell wall (27). Although PBP5 is 

also distributed in concentrated spots along the lateral cell wall, both PBP5 and 

PBP1 localize to the division septum during division (28).

Another fundamental aspect about cell wall synthesis includes its spatial-

regulation within the cell. The activity of PBPs should be well-regulated in order to 

obtain a proper coordination of the new PG insertion into the cell wall. The bacterial 

actin homologue MreB is involved in the  spatial organization of the  cell wall 

synthesis and is the key component of the bacterial cytoskeleton. In B. subtilis, 

the mreB gene is located in the mreBCD operon, and the transmembrane proteins 

MreD and MreC are thought to link MreB to the extracellular cell wall synthetic 

machinery (29, 30). The cytoskeleton system is associated with the PG synthesis as 

several PBPs were shown to directly interact with MreB, MreC and MreD. In fact, 

PBP1 localizes to the MreB helix and is known to physically interact with MreB 

(31, 32). MreC and MreD, essential transmembrane proteins, are associated with 

MreB and thus are also involved in cell shape control. The  deletion of either 

mreC or mreD, similarly to an  mreB deletion, dramatically disturbs the  typical 

rod-shaped morphology, causing B. subtilis cells to assume an unnatural rounded 

shape (30, 31, 33). In eukaryotic cells, a direct interaction between membrane 

microdomains and the cytoskeleton has been proposed, and a possible role for 

the  lipid rafts in anchoring the  actin cytoskeleton structures has been shown 

(34-36). MreB forms dynamic polymeric structures just below the cell membrane, 

which have either been reported to be helical structures that run along the length 

of the  cell, or as short polymers that run perpendicular to the  long axis of 

the cell (37-40). Different microscopic methods and distinct fluorescent labeling 

techniques have resulted in the discrepancies in the reported results and the real 

in vivo localization pattern of MreB is yet to be resolved.

In contrast to the eukaryotic lipid rafts, bacterial FMM have not been studied 

in detail. Information regarding the  protein–protein interactions of flotillins 

can lead to valuable clues about their biological role. The direct association of 

flotillins with proteins involved in cell division and cell wall synthesis suggests 

that flotillins play a  role in, or regulate, these cellular processes, although 

the details of these associations are still largely unclear. In this work, the main 
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focus was to study whether flotillins can directly or indirectly regulate cell 

division and cell wall synthesis in B. subtilis. Several new strains were created 

so that the fluorescent patterns and dependencies of multiple proteins could 

be explored in vivo. Both FloT and FloA seem to be important for the proper 

activity of PBP5, and in the absence of flotillins, the regulation of PG synthesis 

at the septa is affected. Additionally, simultaneous deletions of PBP1 and both 

flotillins results in a strong disorganization of PG synthesis. We provide indications 

that this result is linked to the delocalization of PBP4 and possibly PBP2b. In 

addition, the  localization of MreB seemed to be affected to a certain extent. 

Although the detailed reasons for the evident delocalization of PG synthesis in 

these strains are still unclear, we will speculate on possible explanations and 

future work to resolve this question.

materIaL aNd methodS

Strain construction

The new strains, listed in Table 1, were constructed by transforming competent 

B. subtilis cells using the capacity of B. subtilis to become naturally competent 

(41). The strains were validated by microscopy to check for the expression and 

localization of the fluorescent proteins, and by PCR to confirm gene deletions 

and insertions.

media and growth conditions

B. subtilis cells were cultured in liquid medium (LB Lennox) or solid medium 

(LB  Lennox plus agar 1.5% w/v). For microscopy experiments cells from 

an  overnight culture were diluted into fresh medium and grown either until 

exponential (OD600 0.4-0.6) or early stationary phase (OD600 1.2-1.5) at 37°C 

(47). When necessary, cells were resuspended in small volumes of Phosphate 

Buffered Saline (PBS, 58 mM Na2HPO4; 17 mM NaH2PO4; 68 mM NaCl, pH 7.3). 

When required, spectinomycin (50 μg/ml), tetracycline (10 μg/ml), erythromycin 

(1 μg/ml), lincomycin (25 μg/ml), kanamycin (5 μg/ml), chloramphenicol (5 μg/ml) 

and magnesium sulphate (10 mM) were added. To induce expression of genes 

under the  control of Pspac or Pxyl, IPTG (0.02 mM) or xylose (0.2% or 0.25%), 

respectively were added to the growth medium.
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General microscopy 

Live or fixed cells were mounted on agarose (1% w/v in PBS) pads and imaged 

using a Nikon Ti-E microscope (Nikon Instruments, Tokyo, Japan) equipped with 

a Hamamatsu Orca Flash4.0 camera. The software packages ImageJ (http://rsb.

info.nih.gov/ij/) and Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA) 

were used for further image analysis. 

fluorescent fusion proteins imaging 

Cells expressing fluorescent fusion proteins were diluted, from an overnight 

culture, into fresh LB with inducer at 37°C and a 1 ml sample was collected when 

the  culture reached exponential or stationary phase. Cells were immediately 

resuspended in 20-40 µl of PBS before imaging on the  microscope. When 

required, cells were incubated with nisin (1.5 μg/ml) and with carbonyl cyanide 

m-chlorophenylhydrazone (CCCP, 0.2 mM) for 5 minutes at room temperature. 

Septum labeling 

Cells were diluted, from an  overnight culture, into fresh LB at 37°C and 

a  1 ml sample was collected when the  culture reached exponential phase. 

Cells were resuspended in 100 µl of LB and incubated with 0.5 mM HADA 

(7-hydroxycoumarin 3-carboxylic acid-amino-D-alanine) for 5 minutes at room 

temperature (for pattern visualization) or 10 minutes at 37°C (for statistical 

analysis). Cells were also incubated with 0.5 µg/ml Vancomycin-FL (equal parts 

of BodipyFL vancomycin [Molecular Probes] and unlabeled vancomycin [Sigma-

Aldrich]) and 2.5 µg/ml of N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) 

Phenyl) Hexatrienyl) Pyridinium Dibromide (FM4-64) for 5 minutes at room 

temperature. After incubation, HADA-labeled cells were immediately fixed with 

ice-cold methanol or 70% ethanol and incubated at -20°C for at least one hour. 

Later, cells were re-hydrated and washed 2 times with PBS and all cells were 

resuspended in 20-40 µl of PBS before imaging. 

Statistical analysis of septum labeling

Each strain was imaged using the same exposure time for each comparable 

set, i.e. cells labeled with FM4-64, HADA and Van-FL in a wild-type and mutant 

background. Random cells with visible septa were selected and analyzed using 
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the  ObjectJ macro tool PeakFinder by Norbert Vischer (https://sils.fnwi.uva.nl/

bcb/objectj/examples/PeakFinder/peakfinder.html). A straight line was drawn, as 

perpendicular as possible, to each septum and PeakFinder was used to retrieve 

the intensity peaks along the line. For each septum, the surrounding background 

intensity was removed and the maximum intensity of the peak was obtained, 

together with the width of the peak that was measured at the half maximum 

intensity of the peak (Fig. 5). The  intensity and the width were calculated for 

at least 97 cells. The Kolgomorov-Smirnov test was performed to determine if 

the distribution of the data was significantly different from a normal distribution. 

When the  data did not fit a  normal distribution, non-parametric tests were 

employed both for the intensity and width distributions. For the HADA-labeled 

septa, the Kruskal-Wallis test was used to determine if the medians of the samples 

are significantly different, and the Mann-Whitney U test was used to show which 

strain was significantly different from the control. In all cases, the null hypothesis 

was rejected when the p-value was equal to or below 0.05, and this significance 

is identified by an  asterisk on the  box-plot graph. In some strains, the  width 

distribution presented a  positive skewness and therefore a  valid logarithmic 

transformation was applied to all strains within the  set. This transformation 

resulted in a  more symmetrical distribution of the  data, allowing the  use of 

parametric tests, after validation by a Kolgomorov-Smirnov analysis. A one-way 

ANOVA was used to test if the means of the parameters analyzed for the different 

strains were significantly different. To determine which strain was different from 

the control, the post hoc Dunnett test was performed. These results (not shown) 

provided the same significance for the same strains to the results obtained with 

the non-parametric tests. For the FM4-64 and Van-FL –labeled septa, the Mann-

Whitney U non-parametric test was chosen to test if the medians of the  two 

analyzed samples were significantly different. In all cases, the null hypothesis was 

rejected when the p-value ≤ 0.05, and this significance is identified by an asterisk 

on the box-plot graph. Statistical analysis was done using the SPSS software (IBM 

SPSS Statistics, version 22).

reSuLtS 

In order to study the  relation between flotillins, cell wall synthesis and 

the MreB cytoskeleton, 63 new strains were generated (Table 1). These strains 
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enable the  visualization of the  localization of flotillins, MreB and key proteins 

in cell wall synthesis and cell division in the  absence of flotillins or other key 

proteins in these pathways. When relevant, the localization of cell wall synthesis 

in these strains, and the organization of the membrane, was probed using various 

fluorescent labeling methods.

table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

168 trpC2 Lab collection

4055 trpC2 amyE::spc Phyperspac ftsZ-
eyfp 

(42)

4056 trpC2 dacA::kan (43)

3105 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768

(28)

3725 trpC2 mreB::kan (29)

4111 trpC2 mreB::cat Pxyl-mkate2-
mreB

Lab collection, 
unpublished

PS832 Prototrophic revertant of strain 
168

(44)

PS2062 PS832 ponA::spc (44)

PS2022 PS832 pbpD::erm (45)

2082 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510

(28)

2083 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394

(28)

2085 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423

(28)

RWSB5 trpC2 amyE::spc Pxyl mrfpruby-
mreB

(38)

RWSB1 trpC2 amyE::spc Pxyl gfp-mreB (38)

3122 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825

(28)

4042 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804

(46)

4048 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm

Lab collection, 
unpublished

DB003 trpC2 yuaG::pMUTIN4 (16)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

BB003 trpC2 yuaG::pMUTIN4 yqfA::tet (22)

DB015 trpC2 yuaG-cfp cat (16)

DB001 trpC2 amyE::spc Pxyl-yuaG-
gfpmut1

(16)

3 trpC2 yuaG::yuaG-pamcherry 
cat

Lab collection, 
unpublished 

4 trpC2 yqfA::yqfA-mneongreen 
spc

Lab collection, 
unpublished

5 trpC2 yuaG::yuaG-dendra2 cat Lab collection, 
unpublished

BB001 trpC2 yqfA::tet (22)

10 trpC2 yuaG:: yuaG-mneongreen  
spc

Lab collection, 
unpublished

4057 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yuaG::pMUTIN4

This work 2085 -> DB003 (cat, 
erm)

4058 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yqfA::tet 

This work BB001 -> 2085 (tet, 
cat)

4059 trpC2 dacA::cat Pxyl–gfp–dacA 
1–423 yuaG::pMUTIN4 yqfA::tet

This work 2085 -> BB003 (cat, 
tet, erm)

4060 trpC2 dacA::kan yuaG::cat 
yuaG-cfp

This work 4056 -> DB015 
(kan, cat)

4061 trpC2 dacA::kan yqfA:: spc 
yqfA-mneongreen

This work 4 -> 4056 (spc, kan)

4062 trpC2 dacA::kan 
yuaG::pMUTIN4

This work DB003 -> 4056 
(erm, kan)

4063 trpC2 dacA::kan yqfA::tet This work BB001 -> 4056 (tet, 
kan)

4064 trpC2 dacA::kan 
yuaG::pMUTIN4 yqfA::tet

This work 4056 -> BB003 
(kan, erm, tet)

4065 trpC2 dacA::kan yuaG::spc 
yuaG-mneongreen

This work 4056 -> 10 (kan, 
spc)

4066 trpC2 mreB::kan yqfA::spc 
yqfA-mneongreen

This work 4 -> 3725 (spc, kan)

4067 trpC2 mreB::kan yuaG::spc 
yuaG-mneongreen

This work 3725 -> 10 (kan, 
spc)

4068 trpC2 mreB::kan yuaG:: cat 
yuaG-cfp

This work 3725 -> DB015 
(kan, cat)

4069 trpC2 amyE::spc Pxyl gfp-mreB This work 3725 -> RWSB1 
(kan, spc)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4070 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB

This work 3725 -> RWSB5 
(kan, spc)

4071 trpC2 yuaG::pMUTIN4 
mreB::kan

This work 3725 -> DB003 
(kan, erm)

4072 trpC2 yqfA::tet mreB::kan This work 3725 -> BB001 
(kan, tet)

4073 trpC2 yuaG::pMUTIN4 yqfA::tet 
mreB::kan

This work 3725 -> BB003 
(kan, tet, erm)

4074 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yuaG::pMUTIN4

This work 4070 -> DB003 
(kan, spc, erm)

4075 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yqfA::tet

This work 4070 -> BB001 
(kan, spc, tet)

4076 trpC2 mreB::kan amyE::spc Pxyl 
mrfpruby-mreB yuaG::pMUTIN4 
yqfA::tet

This work 4070 -> BB003
(kan, spc, erm, tet)

4077 trpC2 amyE::spc Pxyl mrfpruby-
mreB yuaG::pMUTIN4

This work DB003 -> RWSB5 
(erm, spc)

4078 trpC2 amyE::spc Pxyl mrfpruby-
mreB yqfA::tet

This work BB001 -> RWSB5
(tet, spc)

4079 trpC2 amyE::spc Pxyl mrfpruby-
mreB yuaG::pMUTIN4 yqfA::tet

This work BB003 -> RWSB5
(erm, tet, spc)

4080 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yuaG::pMUTIN4

This work DB003 -> 4055
(erm, kan)

4081 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yqfA::tet

This work BB001 -> 4055
(tet, kan)

4082 trpC2 amyE::spc Phyperspac 
ftsZ-eyfp yuaG::pMUTIN4 
yqfA::tet

This work 4055 -> BB003
(kan, erm, tet)

4083 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::spc yuaG-
mneongreen

This work 4111 -> 10
(cat, spc)

4084 trpC2 mreB::cat Pxyl-mkate2-
mreB yqfA:: spc yqfA-
mneongreen

This work 4 -> 4111
(spc, cat)

4085 trpC2 mreB::cat Pxyl-mkate2-
mreB amyE::spc Pxyl-yuaG-
gfpmut1

This work 4111 -> DB001
(cat, spc)

4086 trpC2 mreB::kan amyE::spc 
Pxyl mrfpruby-mreB yuaG::cat 
yuaG-cfp

This work 4070 -> DB015 
(kan, spc, cat)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4087 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::pMUTIN4

This work DB003 -> 4111
(erm, cat)

4089 trpC2 mreB::cat Pxyl-mkate2-
mreB yuaG::pMUTIN4 yqfA::tet

This work BB003 -> 4111
(erm, tet, cat)

4090 trpC2 ponA::spc 
yuaG::pMUTIN4

This work PS2061 -> DB003 
(spc, erm)

4091 PS832 ponA::spc yqfA::tet This work BB001 -> PS2062 
(tet, spc)

4092 trpC2 ponA::spc 
yuaG::pMUTIN4 yqfA::tet

This work PS2062 -> BB003 
(spc, tet, erm)

4093 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yuaG::pMUTIN4

This work 2083 -> DB003 (cat, 
erm)

4094 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yqfA::tet

This work BB001 -> 2083 (tet, 
cat)

4095 trpC2 ponA::cat Pxyl–gfp–ponA 
1–394 yuaG::pMUTIN4 yqfA::tet

This work 2083 -> BB003 (cat, 
erm, tet)

4096 trpC2 ponA::spc yuaG::cat 
yuaG-cfp

This work PS2062 -> DB015 
(spc, cat)

4097 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yuaG::pMUTIN4

This work DB003 -> 3122 
(erm, cat)

4098 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yqfA::tet

This work BB001 -> 3122 (tet, 
cat)

4099 trpC2 pbpB::cat Pxyl-gfp-pbpB 
1–825 yuaG::pMUTIN4 yqfA::tet

This work 3122 -> BB003 (cat, 
tet, erm)

4100 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yuaG::pMUTIN4

This work DB003 -> 4042 
(erm, cat)

4101 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yqfA::tet

This work 4042 -> BB001 (cat, 
tet)

4102 trpC2 pbpA::cat Pxyl-mkate2-
pbpA 1−804 yuaG::pMUTIN4 
yqfA::tet

This work 4042 -> BB003 (cat, 
tet, erm)

4103 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yuaG::pMUTIN4

This work 4048 -> DB003 (cat, 
erm)

4104 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yqfA::tet

This work 4048 -> BB001 (cat, 
tet)

4105 trpC2 pbpH::cat Pxyl-gfp-pbpH 
yocH::erm yuaG::pMUTIN4 
yqfA::tet

This work 4048 -> BB003 (cat, 
erm, tet)

table 1. (continued)
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table 1. List of B. subtilis strains used in this study

Strain Genetic features
Source or 
reference

donor -> recipient 
(resistance marker)

4106 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yuaG::pMUTIN4

This work DB003 -> 2082 
(erm, cat)

4107 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yqfA::tet

This work BB001 -> 2082 (tet, 
cat)

4108 trpC2 pbpD::cat Pxyl–gfp–pbpD 
1–510 yuaG::pMUTIN4 yqfA::tet

This work 2082 -> BB003 (cat, 
erm, tet)

4109 trpC2 dacA::kan ponA::spc This work PS2062 -> 4056 
(spc, kan)

4120 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yuaG::pMUTIN4

This work DB003 -> 3105 
(erm, cat)

4121 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yqfA::tet

This work BB001 -> 3105 (tet, 
cat)

4122 trpC2 pbpC::cat Pxyl–gfp–pbpC 
1–768 yuaG::pMUTIN4 yqfA::tet

This work 3105 -> BB003 (cat, 
erm, tet)

4123 trpC2 ponA::spc mreB::cat Pxyl-
mkate2-mreB 

This work PS2062 -> 4111 
(spc, cat)

4124 trpC2 ponA::spc 
yuaG::pMUTIN4 mreB::cat Pxyl-
mkate2-mreB

This work 4111 -> 4090 (cat, 
spc, erm)

4125 trpC2 ponA::spc 
yuaG::pMUTIN4 yqfA::tet 
mreB::cat Pxyl-mkate2-mreB

This work 4111 -> 4092 (cat, 
spc, tet, erm)

4126 trpC2 ponA::spc pbpB::cat Pxyl-
gfp-pbpB 1–825

This work PS2062 -> 3122 
(spc, cat)

4127 trpC2 ponA::spc 
yuaG::pMUTIN4 pbpB::cat Pxyl-
gfp-pbpB 1–825

This work 3122 -> 4090 (cat, 
spc, erm)

4128 trpC2 ponA::spc pbpD::cat Pxyl–
gfp–pbpD 1–510

This work PS2062 -> 2082 
(spc, cat)

4129 trpC2 ponA::spc 
yuaG::pMUTIN4 pbpD::cat Pxyl–
gfp–pbpD 1–510

This work 2082 -> 4090 (cat, 
spc, erm)

4130 trpC2 yqfA::tet pbpD::erm This work PS2022 -> BB001 
(erm, tet)

Abbreviations: erm, resistance to erythromycin and lincomycin; spc, resistance to spectinomycin; 
kan, resistance to kanamycin; cat, resistance to chloramphenicol; tet, resistance to tetracycline.

table 1. (continued)
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flotillins regulate the pBp5 activity at the cell division site

PBP5 localizes to sites of PG synthesis as it is involved in the PG maturation by 

removing the last D-Ala residue (in the 5th position) from the pentapeptide side chains 

(48). As PBP5 was previously shown to interact with FloT in a pull-down interaction 

assay (22), we wanted to determine if the fluorescent pattern of a GFP-PBP5 fusion 

protein is altered in the  absence of flotillins (Fig. 1). To this end, several strains 

were generated (Table 1). No striking difference was detected in the fluorescent 

pattern of the fusion protein GFP-PBP5 (strain 2085) in cells without FloA (strain 

4058) or in cells with a double FloT and FloA deletion (strain 4059). In a reverse 

experiment, the localization of FloT in cells without PBP5 was investigated (Fig. 2). 

The spotty fluorescent pattern of FloT (strain 1) remains unchanged in the absence 

of PBP5 (strain 4060), suggesting that the localization of flotillins does not depend 

on the presence or activity of PBP5. However, these strains were imaged during 

stationary phase in order to have the FloT expressed under the natural promoter, and 

since PBP5 is mainly active during intense cell wall synthesis, so during exponential 

phase, the  fluorescent pattern of FloA was also investigated in the  absence of 

PBP5, as FloA can be normally expressed in exponential and stationary phase (19). 

Similarly to FloT, the distribution pattern of FloA (strain 4) during exponential phase 

remains unchanged in the absence of PBP5 (strain 4061) (Fig. 2).

figure 1. Exponentially growing B. subtilis cells expressing the fluorescent fusion protein 
GFP-PBP5 were imaged. The PBP5 fluorescent pattern was determined in the control cells 
(strain 2085), in the absence of FloA (strain 4058) and in the absence of both FloT and 
FloA (strain 4059). The PBP5 localization pattern, in the mid-cell and some foci along 
the cell wall, remains similar in all strains. Scale bar: 2 µm.
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To further study the effect of flotillins on cell wall synthesis, HADA-labeling 

was used. HADA, a  fluorescent D-amino acid resulting from the  attachment 

of a  small fluorophore (7-hydroxycoumarin 3-carboxylic acid (HCC-OH)) to 

a D-amino acid backbone, is incorporated in the 5th position of the pentapeptide 

chain (49). The absence of PBP5 results in an increase of pentapeptides in the cell 

wall which accumulate both at the  lateral wall and the  division septum (27) 

(Fig. 3). Thus, in cells without PBP5 the fluorescent signal of the labeled peptides 

is considerably higher than in the  wild-type cells (49) (Fig. 3). The  HADA-

fluorescence pattern was obtained for wild-type and mutant cells lacking either 

PBP5, FloT, FloA or both flotillins at the  same time (Fig. 3). HADA-incubation 

times and subsequent treatment of the cells was exactly the same for all cultures 

before and during image acquisition so as not to introduce errors due to changes 

in labeling procedure or further treatment of the cells. As expected, cells lacking 

PBP5 show stronger overall fluorescence intensity than wild type cells, due to 

the  accumulation of labeled pentapeptides, whereas wild type cells showed 

increased activity and delayed processing of pentapeptides at the division site 

(Fig. 3). The flotillin mutants showed a similar fluorescence pattern compared to 

wild-type cells, indicating that there are no obvious changes to the localization 

figure 2. The localization patterns of both FloT and FloA were analyzed in cells with 
and without PBP5. The fusion protein FloT-CFP was naturally expressed by B. subtilis in 
early stationary phase (strain 1) while FloA-mNeonGreen was naturally expressed during 
exponential phase (strain 4). The fluorescent pattern of FloT and FloA is unaltered in the 
absence of PBP5 (strains 4060 and 4061, respectively). Scale bar: 2 µm.
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of peptidoglycan synthesis in these mutants. In addition to HADA, fluorescent 

vancomycin (Van-FL) can also be used to label active sites of PG synthesis. 

Vancomycin is an antibiotic that binds to the  terminal D-Ala-D-Ala residues of 

the  stem peptide, binding either to the  cell-wall precursor LipidII, but also to 

the non-cross-linked PG thus blocking further PG crosslinking and consequent 

cell wall synthesis (50). The Van-FL pattern revealed an  intense septal labeling 

in the double flotillin mutant and wild-type cells, similar to the HADA pattern 

(Fig. 4). This indicates that the topological organization of nascent PG synthesis 

is not changed in the absence of the flotillins. 

When the fluorescence intensities at the Van-FL and HADA-labeled division 

sites were analyzed, a statistically significant increase in the fluorescence intensity 

in cells lacking both FloT and FloA was detected (Fig. 5/6/7). The  increased 

figure 3. Exponentially growing B. subtilis cells were labeled with HADA for 5 minutes at 
room temperature. The fluorescent HADA pattern was obtained for the wild-type (strain 168), 
cells lacking PBP5 (strain 4056), cells without FloA (strain BB001), FloT (strain DB003) and both 
FloT and FloA (strain BB003). The fluorescent HADA intensity is higher in a PBP5 knockout 
strain and the fluorescent pattern remains similar in all strains analyzed. Scale bar: 2 µm.
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cells were labeled with Van-FL for 5 minutes 
at room temperature. The fluorescent 
vancomycin pattern was detected in both 
the wild-type (strain 168) and the double 
flotillins mutant (strain BB003). The resulting 
Van-FL fluorescent pattern is unaffected by 
the absence of flotillins. Scale bar: 2 µm.

figure 5. Schematic representation 
of septal analysis. Exponentially 
growing B. subtilis cells were 
labeled with dyes and imaged 
on the  microscope. Random cells 
with visible septa were selected 
and a  straight line was drawn to 
each septum using the ObjectJ 
macro tool PeakFinder by Norbert 
Vischer (panel A). For each septum, 
the surrounding intensity background 
was removed and the  maximum 
intensity of the peak was obtained, 
together with the width of the peak 
that was measured at the half 
maximum intensity of the peak 
(panel B).

fluorescence at the septa means that there is either a delay in PG synthesis at 

the septum, resulting in the accumulation of LipidII that has yet to be incorporated, 

or that there is a delay in the processing of peptidoglycan at the division septum 

resulting in the accumulation of pentapeptides at the division site. To validate 

the latter explanation, the intensity of the HADA fluorescence was determined 

a

B
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figure 6. Width and peak intensity distributions of HADA-labeled division site. Exponentially 
growing B. subtilis cells were labeled with HADA for 10 minutes at 37°C and several pictures 
were taken with same filter and exposure time. Per strain, 98 or more septa were measured 
as described in Fig. 5. The values obtained for the fluorescent peak intensity and width were 
analyzed with SPSS. The distribution of both the width (panel A) and the intensity (panel B) 
are shown in a box-plot graph with the corresponding values of the mean and standard 
error in parentheses χ (SE). Statistical significance, assumed when p-value < 0.05, is marked 
with an asterisk (*), representing the strains that are significantly different from the control.

for the PBP5 deletion strain and indeed the intensities were much higher in this 

background. In addition to the fluorescence intensity at the septum, the width at 

half maximum of the septal signal was determined as a measure for the correct 

coordination of septal peptidoglycan synthesis (as these experiments were 

performed using a wide-field microscope the exact width of the septa could not 

be determined because this is below the  resolution of the microscope). Here, 

the width of the HADA labeled septa was significantly increased in the flotillin 

double mutant and in the PBP5 deletion mutant, but this result was not found 

with Van-FL. This may be due to a slight difference in labeling between HADA 

and Van-FL (HADA can also be retained in cross-linked PG whereas Van-FL does 

not label cross-linked material, and Van-FL is bulkier than HADA). The increased 

presence of pentapeptides at the septum, and the apparent wider distribution 

of these pentapeptides, which is found in the absence of flotillins and in greater 

extent in the  absence of PBP5, suggests that there may be a  functional link 

between flotillins and the coordination of PBP5 activity at the septum.
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mid-cell ftsZ levels are reduced in the absence of flotillins 

Compared to wild-type cells, cells lacking both FloT and FloA have an irregular 

morphology and increased cell length (Fig. 8), indicative of some impairment in 

cell division. The average cell length for the wild-type (strain 168) was determined 

to be 5.2 µm (n= 107), while the  average cell length for the  double mutant 

(strain BB003) more than doubled with 11.5 µm (n= 107). This phenotype has 

been previously reported by others (20, 51, 52). The morphological disturbances 

occur when both flotillins are deleted, in agreement with the notion that flotillins 

might play redundant roles in certain biological functions (20, 22). 

To test whether the absence of both flotillins could affect the efficiency of 

the cell division site selection, the localization of the cell-division protein FtsZ was 

determined by fluorescence microscopy (Fig. 9). FtsZ, the first protein to localize 

at the division site, was detected in exponential growing cells by mild expression 

of ftsZ-eyfp in a  wild-type background (strain 4055, (42)) and in cells lacking 

figure 7. Width and peak intensity distributions of Van-FL-labeled division site. 
Exponentially growing B. subtilis cells were labeled with Van-FL for 5 minutes at room 
temperature and several pictures were taken with same filter and exposure time. Per 
strain, 97 or more septa were measured as described in Fig. 5. The values obtained for 
the fluorescent peak intensity and width were analyzed with SPSS. The distribution of 
both the width (panel A) and the intensity (panel B) are shown in a box-plot graph with 
the corresponding values of the mean and standard error in parentheses χ (SE). Statistical 
significance, assumed when p-value < 0.05, is marked with an asterisk (*), representing 
the strains that are significantly different from the control.

a B
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FloT (strain 4080), FloA (strain 4081) and both FloT and FloA (strain 4082). 

The presence of FtsZ at midcell in all strains shows that flotillins do not interfere 

with the  location of the  cell division starting point. However, when the  peak 

intensity was analyzed (Fig. 5) there was a significant decrease in the intensity of 

the fluorescence at the midcell in cells defective in both flotillins (Fig. 10). Strain 

4082 showed less intense fluorescent Z-rings when compared to the wild-type 

figure 8. Double deletion of the flotillins 
promotes changes in cell morphology. 
Compared to the wild-type and to a single 
FloT deletion (strain DB003), the deletion 
of FloA (strain 9) seems to result in slightly 
longer cells. However, when both flotillins 
are absent (strain  BB003) cells become 
elongated and show a curvy morphology. 
Scale bar: 2 µm.

figure 9. FtsZ-eYFP fusion protein was produced in exponentially growing B. subtilis cells 
induced with 0.02 mM IPTG. FtsZ-eYFP was visualized in the control (4055), in cells lacking 
FloT (strain 4080), in cells lacking FloA (strain 4081) and in cells without both flotillins 
(strain 4082). Mid-cell FtsZ-eYFP is present in all strains. Scale bar: 2 µm.
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background strain 4055. This result suggests that in the absence of flotillins it 

is either more difficult to construct a  stable Z-ring and, potentially, a  division 

septum, which could result in the observed increased cell length. 

flotillins are not required for the proper localization of 
several pBps

In addition to the identified FloT-PBP5 interaction (22), a potential interaction 

between PBP1 and FloA was reported as PBP1 migrates together with FloA 

in a membrane protein complex that can be isolated using Native PAGE (19). 

PBP1 is part of the B. subtilis divisome and is involved in septal wall synthesis, 

while it also localizes to the lateral wall during elongation of the cell (26, 53). 

Although PBP1 midcell localization is FtsZ-dependent, FtsZ is still capable to 

normally localize to the septum in most cells lacking PBP1 (28, 53). Since PBP1 

was identified as a FloA interacting protein, it was important to determine if 

PBP1 localization to the midcell and lateral wall is affected in cells with single 

or double deletions of flotillins. A  previously described fluorescent fusion 

figure 10. FtsZ-eYFP levels at mid-cell. FtsZ-eYFP fluorescence intensity levels, in 
the control (strain 4055) and in cells lacking both FloT and FloA (strain 4082), have been 
equalized in ImageJ (panel A) or measured in at least 99 septa and analyzed with SPSS 
(panel B). In panel B, the distribution of the intensity is shown in a box-plot graph with 
the corresponding values of the mean and standard error in parenthesis χ (SE). Statistical 
significance, assumed when p-value < 0.05, is marked with an asterisk (*), representing 
the strains that are significantly different from the control. Scale bar: 2 µm.

a B
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protein GFP-PBP1 (28) was used to visualize and compare the PBP1 localization 

in the  wild-type (strain 2083) and flotillin mutant backgrounds (strains 

4093/4094/4095) (Fig. 11). The  GFP-PBP1 localization pattern in the  control 

and in the mutant strains was indistinguishable, suggesting that flotillins do not 

interfere with the localization of PBP1. 

Due to overlapping resistant markers, we did not construct a FloA-mNeonGreen 

fusion in a PBP1 deletion strain. However, since both flotillins can colocalize in 

some foci on the membrane and it has been proposed that FloA and FloT might 

have overlapping biological roles (20, 22), it was decided to visualize FloT in 

a  PBP1 deletion strain. Therefore, a  FloT-CFP fusion protein under the  natural 

promoter (strain DB015) was used to determine if FloT localization pattern 

was altered in the absence of PBP1 (strain 4096) (Fig. 12). In stationary phase, 

when FloT is naturally expressed (19), the FloT fluorescent pattern is maintained 

regardless of the presence of PBP1.

The localization of PBP2b, another PBP known to localize to the  division 

septum (28, 54), was also determined using a fluorescent fusion protein (Fig. 13) 

in a wild-type (strain 3122) and mutant backgrounds (strains 4097/4098/4099). 

In line with the results above, the unaltered localization of PBP2b in all analyzed 

figure 11. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP1 fusion 
protein with 0.25% xylose were visualized. The mid-cell localization of PBP1 is present in 
the control cells (strain 2083), cells lacking either FloA (strain 4094) or FloT (strain 4093) 
and in cells lacking both flotillins (strain 4095). Scale bar: 2 µm.
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strains was expected as FtsZ and PBP1 were not delocalized from mid-cell. 

Since PBP1, PBP2b and PBP5, all involved in the  septal wall synthesis, still 

localize to the mid-cell in the absence of flotillins, other PBPs were examined 

to determine whether their delocalization could explain the observed change 

in septal PG synthesis. 

figure 12. Early stationary growing 
B.  subtilis cells expressing the fusion 
protein FloT-CFP were imaged. There are 
no changes in the fluorescent pattern of 
FloT in the control cells (DB015) and in 
the PBP1 mutant (4096). Scale bar: 2 µm.

figure 13. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP2b fusion 
protein with 0.25% xylose were visualized. The mid-cell localization of PBP2b is present in 
the control cells (strain 3122), cells lacking either FloA (strain 4098) or FloT (strain 4097) 
and in cells lacking both flotillins (strain 4099). Scale bar: 2 µm.
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Several other PBPs were imaged in both the wild-type and different flotillin 

mutant backgrounds (Fig. 14/15/16/17). None of the PBPs analyzed, including 

PBP4, PBP2a, PBP3 and PBPH, presented patterns that were different between 

the varying backgrounds. Therefore, a direct involvement of these PBPs that would 

explain the previous results can be dismissed. These results strongly suggest that 

flotillins do not have an effect on the selection of the cell division site. 

flotillins might influence the lipid composition at the septa 

FM4-64 is a  cationic fluorescent dye with a  double positive charge and 

preferentially stains negatively charged phospholipids (55). Previous work using 

confocal microscopy showed that FM4-64 staining of B. subtilis results in staining 

of septal membrane, but also the lateral wall in a helical pattern along the cell 

(11). The B. subtilis membrane has two major anionic lipids, phosphatidylglycerol 

and cardiolipin (CL). Since CL is mainly located at the  septa and poles, it is 

assumed that phosphatidylglycerol is the main component of the FM4-64 helical 

fluorescent pattern. However, the specificity of FM4-64 for phosphatidylglycerol 

is still debated (11, 56-58). The  detailed identity of the  constituent lipids of 

the  FMMs is largely unclear, although it is believed that they are enriched in 

figure 14. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP4 fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBP4 localization 
remains unchanged in the control cells (strain 2082), cells lacking either FloA (strain 4107) 
or FloT (strain 4106) and in cells lacking both flotillins (strain 4108). Scale bar: 2 µm.
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figure 15. Exponentially growing B. subtilis cells expressing fluorescent mKate-PBP2a 
fusion protein with 0.25% xylose were visualized. The fluorescent pattern of PBP2a 
localization remains unchanged in the control cells (strain 4042), cells lacking either FloA 
(strain 4101) or FloT (strain 4100) and in cells lacking both flotillins (strain 4102). Scale 
bar: 2 µm.

figure 16. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBP3 fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBP3 localization 
remains unchanged in the control cells (strain 3105), cells lacking either FloA (strain 4121) 
or FloT (strain 4120) and in cells lacking both flotillins (strain 4122). Scale bar: 2 µm.
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polyisoprenoids (12). FMMs are intrinsically associated with flotillins, which can 

show a  septal and focal distribution along the  cytoplasmic membrane. This 

localization pattern differs from the  phosphatidylglycerol and CL distribution 

patterns, and in fact, it was shown that FloT does not localize exclusively in 

the phosphatidylglycerol or CL domains (16, 21). 

FM4-64-labeled septa were also measured and analyzed (Fig. 18) and the labeling 

intensity of the septa dye is increased in the strain with a double deletion of flotillins. 

This could be explained by either an  accumulation of membrane material at 

the division site or by an altered composition of the septal membrane in the absence 

of flotillins. The difference in the localization patterns of FMMs and the dye FM4-64 

seems to indicate that the  FM4-64 dye does not stain the  constituent lipids of 

the  FMMs. Therefore, in cells lacking both flotillins (and thus FMMs), the  lipid 

composition at the septa might change, exhibiting a higher proportion of anionic 

lipids, thus resulting in an increased intensity of the fluorescent dye. 

mreB and flotillins do not depend on each other for localization 

MreB is involved in the  spatial regulation of the  cell wall synthesis along 

the lateral wall and the septum (40), and the delocalization of MreB could (partly) 

figure 17. Exponentially growing B. subtilis cells expressing fluorescent GFP-PBPH fusion 
protein with 0.25% xylose were visualized. The fluorescent pattern of PBPH localization 
remains unchanged in the control cells (strain 4048), cells lacking either FloA (strain 4104) 
or FloT (strain 4103) and in cells lacking both flotillins (strain 4105). Scale bar: 2 µm.
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explain the affected PG synthesis at the septa described above. For this reason, 

the in vivo localization of MreB in the absence of flotillins was determined. To test 

this, the fluorescent pattern of two distinct MreB fusion proteins was determined 

in three different backgrounds (strains 4111, RWSB05 and 4070) (Fig. 19/20/21). 

It has been shown that high concentrations of magnesium can restore 

the  normal growth of cells lacking the  protein MreB (29). Thus, for all cells 

producing MreB fusion proteins, a supplement of 10 mM magnesium was added 

to help stabilizing the  cell shape, even when the  fusion protein was known 

to be functional (29, 38). An mRFPruby-MreB fusion protein was produced in 

exponentially growing cells (RWSB05) and in cells with a deletion of FloT (4077), 

FloA (4078) and both FloT and FloA (4079), and the  MreB pattern seemed 

a B

figure 18. Width and peak intensity distributions of FM4-64-labeled division site. 
Exponentially growing B. subtilis cells were labeled with FM4-64 for 5 minutes at room 
temperature and several pictures were taken with same filter and exposure time. At least 
98 labeled-septa, per each strain, were measured as previously described (Fig. 5). The 
values obtained for the fluorescent peak intensity and width were analyzed with SPSS. The 
distribution of both the width (panel A) and the intensity (panel B) are shown in a box-plot 
graph with the corresponding values of the mean and standard error in parenthesis χ 
(SE). Statistical significance, assumed when p-value < 0.05, is marked with an asterisk (*), 
representing the strains that are significantly different from the control.



102

3

undisturbed in the  absence of the  flotillins (Fig. 20). As these cells were also 

producing wild-type MreB, new strains were created so that the only MreB copy 

present in the cell would be the fluorescent fusion protein. The fluorescent MreB 

pattern was determined in this new set of strains (Fig. 21) and the MreB pattern 

was unchanged in the absence of flotillins. Additionally, the fluorescent pattern 

of a different fusion protein, mKate-MreB, was visualized in a FloT and FloT/FloA 

mutant cells (Fig. 19). During exponential phase, the MreB fluorescent pattern 

remains comparable between the  strains analyzed. For unknown reasons, 

it was impossible to check this MreB fusion protein in a  FloA mutant due to 

the impossibility of generating such strain. Thus, two MreB fusions in different 

backgrounds have similar localization patterns irrespective of the  presence of 

flotillins. Flotillins and FMMs do not seem to play a role in the spatio-organization 

of the cytoskeleton protein MreB, which is in line with the unchanged pattern in 

the cell wall synthesis location in cells lacking flotillins observed with HADA and 

Van-FL staining.

figure 19. Exponentially growing 
B.  subtilis cells expressing fluorescent 
mKate-MreB fusion protein with 0.25% 
xylose were visualized. The fluorescent 
pattern of MreB remains unchanged in 
the control cells (strain 4111), cells lacking 
FloT (strain 4087) and in cells lacking both 
flotillins (strain 4089). Scale bar: 2 µm.
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figure 20. Exponentially growing B. subtilis cells expressing fluorescent mRFPruby-MreB 
fusion protein with 0.5% xylose were visualized. The fluorescent pattern of MreB remains 
unchanged in the control cells (strain RWSB05), cells lacking either FloA (strain 4078) or 
FloT (strain 4077) and in cells lacking both flotillins (strain 4079). Scale bar: 2 µm.

figure 21. Exponentially growing B. subtilis cells expressing fluorescent mRFPruby-MreB 
fusion protein as the only MreB copy present in the cell with 0.5% xylose were visualized. 
The fluorescent pattern of MreB remains unchanged in the control cells (strain 4070), cells 
lacking either FloA (strain 4075) or FloT (strain 4074) and in cells lacking both flotillins 
(strain 4076). Scale bar: 2 µm.
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To determine whether or not MreB is required for proper flotillin localization, 

flotillins were visualized in cells lacking MreB (Fig. 22) and both flotillins presented 

the characteristic spotty fluorescent distribution suggesting that the cytoskeleton 

protein MreB does not regulate the membrane localization of the flotillins.  

Additionally, FloT and FloA localization was also determined in conditions that 

result in MreB delocalization from the membrane (Fig. 23). The lantibiotic nisin is 

known to make holes in the membrane thus dissipating the membrane potential, 

which is required for the proper localization of several proteins, including MreB 

(58-60). The weak acid CCCP also causes membrane potential to dissipate albeit 

without physically disrupting the  membrane (61). After incubation with nisin 

or CCCP, and thus delocalization of MreB, the  spotty fluorescent patterns of 

both FloT and FloA, spread along the membrane, remained similar to the ones 

previously reported in the  literature (16, 19). Therefore, it is possible to 

conclude that the  localization of flotillins to the  membrane does not require 

the  cytoskeleton protein MreB, nor depends on the membrane potential and, 

in the end, might only be greatly affected by the presence of polyisoprenoids, 

the putative constituent lipids of the FMMs (12, 62). 

figure 22. The localization patterns of both FloT and FloA were analyzed in cells with 
and without MreB. The fusion protein FloT-CFP was naturally expressed by B. subtilis in 
early stationary phase in the presence (strain 1) or absence of MreB (strain 4068). FloA-
mNeonGreen was naturally expressed during exponential phase in the presence (strain 4) 
or absence of MreB (strain 4066). The fluorescent pattern of FloT and FloA is unaltered in 
the absence of MreB. Scale bar: 2 µm. 
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figure 23. Flotillins localization after incubation with nisin and CCCP. Exponentially growing 
B. subtilis cells expressing FloT-GFP (strain 2) with 0.25% xylose and FloA-mNeonGreen 
(strain 4) were incubated with nisin and CCCP for 5 minutes at room temperature to 
disrupt the membrane potential. The localization of flotillins was visualized under the 
microscope and compared to the untreated control cells. FloT and FloA show a normal 
distribution pattern in cells with a dissipated membrane potential. Scale bar: 2 µm.

Interestingly, MreB (but not MreC and MreD) has been shown to organize 

the  membrane by creating specific membrane regions with increased fluidity, 

termed RIFs (58). This MreB activity is in part related to that of its eukaryotic 

counterpart actin that also creates specific lipid domains. However, in 

the eukaryotic case, the cortical actin cytoskeleton is involved with the lipid rafts, 

known for their increased membrane rigidity (58, 62). If the B. subtilis membrane 

has regions with increased and decreased fluidity associated with MreB and 

flotillins respectively, this would mean that both proteins should not colocalize to 

the same membrane region. To test this hypothesis, a strain was created in which 

the mKate-MreB fusion protein was co-expressed with FloA-mNeonGreen and 

both fluorescent patterns were imaged in exponentially growing cells (Fig. 24). 

Indeed, FloA (in green) and MreB (in red) did not seem to localize to the same 

membrane regions. In the strain 4084, FloA is under the influence of the natural 
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promoter and FloA was chosen for localization studies as this protein is expressed 

during the  entire life-cycle of the  cell, including the  exponential phase where 

MreB protein is mostly active (19). Thus, MreB and flotillins seem to organize 

the membrane in distinct ways as the localization of both proteins seems to be 

independent and unrelated. 

disorganized cell wall synthesis in the absence of pBp1 and 
flotillins

PBP1, a non-essential cell division protein, is a class A PBP with both TG and 

TP activities. Cells lacking PBP1 are slightly thinner and longer than the wild-type 

(63), indicating some cell division disturbances. The shape and growth of cells 

lacking PBP1 is dependent on the presence of divalent cations and the sporulation 

efficiency is reduced (26, 64). Interestingly, deleting both the flotillins and PBP1 

caused a synthetic phenotype, with cells displaying strong filamentation (Fig. 25), 

indicative of severe problems in cell division. When these cells were labeled with 

HADA (Fig. 25) there was a significant change in the fluorescent HADA pattern, 

compared to the control cells with only a PBP1 deletion. This result indicates that 

the  spatial organization of cell wall synthesis is strongly affected. Remarkably, 

the disturbance in the HADA pattern is accomplished regardless of which flotillin 

is deleted, which indicates that in this case there is no complementation between 

FloT and FloA.

To confirm the  delocalization of cell wall synthesis, these strains were 

stained with two other dyes: Van-FL and FM4-64 (Fig. 26). In agreement with 

figure 24. Co-localization of MreB and FloA. Exponential growing B. subtilis cells expressing 
mKate-MreB (in red) with 0.25% xylose and FloA-mNeonGreen (in green) were imaged 
under the microscope and the absence of co-localization is shown in a  superimposed 
imaged of the two fluorescences. Scale bar: 2 µm.
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the HADA-labeling experiment, the fluorescent pattern of Van-FL and therefore 

the distribution of active sites of PG synthesis is strongly affected when PBP1 and 

FloT or FloA are absent. Although both Van-FL and HADA stain sites of active PG 

synthesis, the fluorescent pattern of both dyes is slightly different (Figs 25/26), 

with the HADA fluorescent pattern showing extended patches of fluorescence 

all over the cell, while the Van-FL pattern is more spotty. This difference might 

be explained based on the different mode of action of these two dyes. During 

transpeptidation, the  donor pentapeptide loses its terminal D-Ala amino acid 

which will then create a new peptide bond by binding to an  amino group of 

the  acceptor peptide, which can be a  tri-, tetra- or pentapeptide. HADA can 

be incorporate in the  last position of the  acceptor cross-linked pentapeptide 

while vancomycin only binds to the  terminal D-Ala-D-Ala amino acids of non-

cross-linked pentapeptide chains (49, 50). However, 9.8% (n= 307) of cells with 

a  single deletion of PBP1 (strain PS2062) showed a  spread Van-FL pattern all 

over the membrane. The FM4-64 labeling indicates that also the membrane is 

affected upon the same set of deletions as there seems to be less lateral labeling 

figure 25. Exponentially growing B. subtilis cells were labeled with HADA for 5 minutes 
at room temperature. The fluorescent HADA pattern was obtained for the control (strain 
PS2062), cells lacking PBP1 together with FloA (strain 4091), or FloT (strain 4090), and 
cells with a triple deletion of PBP1, FloA and FloT (strain 4092). The fluorescent HADA 
pattern is disturbed when one of the flotillins is deleted in combination with a PBP1 
deletion.  Scale bar: 2 µm.
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figure 26. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
for 5 minutes at room temperature. The fluorescent pattern for Van-FL and FM4-64 was 
obtained for the same visualized control cells lacking PBP1 (strain PS2062) and both 
flotillins (strain BB003). Cells lacking PBP1 together with FloA (strain 4091), or FloT (strain 
4090), and cells with a triple deletion of PBP1, FloA and FloT (strain 4092) were also 
imaged under the same conditions. Both fluorescent patterns are strongly affected when 
one of the flotillins is deleted in combination with a PBP1 deletion. Scale bar: 2 µm.
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when compared to wild-type cells. The overall organization of the PG synthesis at 

the membrane is disturbed although the precise reason for this result is unknown. 

Interestingly, when PBP5, the other PBP known to interact with FloT, was deleted 

in the flotillin knockout strains, there was no disturbance of the labeling patterns 

of Van-FL and FM4-64 (Fig. 27), and HADA (data not shown). This suggests that 

either the presence of flotillins or PBP1 is required for correct cell wall synthesis 

and cell division.

the absence of pBp1 and flotillins affects pBp4 localization

We hypothesized that MreB, as an organizer of the  cell wall synthesis and 

interacting partner of PBP1 (31), could be involved in the  observed cell wall 

synthesis defect in the absence of both flotillins and PBP1. Cells lacking MreB 

can have their viability restored when PBP1 is deleted (31). This happens because 

in an MreB mutant, PBP1 concentrates in the poles creating bulges, the typical 

phenotype of MreB mutants. Therefore, by eliminating PBP1, MreB mutant cells 

manage to suppress the bulge formation allowing cells to grow better (31). MreB 

figure 27. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
for 5 minutes at room temperature. The fluorescent pattern for Van-FL and FM4-64 was 
obtained for the control cells lacking PBP5 (strain 4056) and cells with a triple deletion of 
PBP5, FloA and FloT (strain 4064). The fluorescent patterns remain similar in both strains. 
Scale bar: 2 µm.
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localization is not affected in the absence of flotillins (above), so the effect of 

deleting PBP1 in combination with flotillins was investigated. In the  absence 

of PBP1 (strain 4124), the  fluorescent pattern of MreB seemed, occasionally, 

more clustered in some cells while in the majority of cells the fluorescent MreB 

is dispersed throughout the  cell, similar to wild type cells (Fig. 28). Cells with 

a double deletion of PBP1 and FloT showed an even more dispersed fluorescence 

throughout the whole cell. 

An alternative explanation for the  delocalized PG synthesis in the  absence 

of PBP1 and flotillins would be that the  localization of other PBPs is affected 

in these cells. To test this, we studied PBP4, which localizes at the  peripheral 

wall and division site, and PBP2b, the cell division-specific PBP (48). GFP-PBP2b 

and GFP-PBP4 fusion proteins were expressed in cells lacking PBP1 (strain 4126 

and 4128, respectively) and in cells lacking both PBP1 and FloT (strain 4127 

and 4129, respectively) (Fig. 29). PBP4 still localizes in the  absence of FloT 

and FloA (Fig. 14) and in the absence of PBP1 (Fig. 29), however, when both 

PBP1 and FloT are deleted there is a  complete delocalization of GFP-PBP4 as 

figure 28. Exponentially growing 
B.  subtilis cells expressing mKate-
MreB with 0.25% xylose were imaged. 
The fluorescent pattern for MreB 
was obtained for the control cells 
(strain 4111), cells with a PBP1 deletion 
(strain 4124) and cells with a double 
deletion of PBP1 and FloT (strain 4125). 
The fluorescent pattern of mKate-MreB 
seems more concentrated in patches in 
strain 4124 and in a generalized spread 
in strain 4125. Scale bar: 2 µm.
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the  fluorescence is spread all over the  cell without concentrating in foci at 

the periphery or at the septa (Fig. 29). PBP2b localizes to the division site in all 

backgrounds, however, we noticed that in cells lacking both PBP1 and FloT there 

were less PBP2b midcell foci when compared to a single PBP1 deletion. Most of 

the control cells expressing GFP-PBP2b (Fig. 13) show midcell fluorescent septa, 

however 51.6% (n= 339) of cells lacking only PBP1 showed GFP-PBP2b midcell 

localized foci, while 28.8% (n= 274) of cells without PBP1 and FloT showed 

the same PBP2b localization. It should be considered that these mutants might 

have a reduced number of division sites, as cells are elongated. However, the loss 

of PBP1 seems to affect PBP2b recruitment to the  midcell but the  combined 

absence of PBP1 and FloT greatly reduces the efficiency of PBP2b recruitment to 

the division site. These results might be explained by the fact that, in the absence 

of PBP1 and FloT, MreB is not properly localized in the membrane or that other 

PBPs are delocalized and thus cannot take part in protein-protein interactions, 

thus affecting the recruitment of, eg., PBP2b (48).

Since PBP4 loses its localization in the absence of FloT and PBP1, we decided 

to check the cell wall synthesis pattern in cells lacking PBP4 and flotillins. Due to 

the overlapping of the resistant marker, it was only possible to combine a deletion 

figure 29. Exponentially growing B. subtilis cells expressing GFP-PBP2b and GFP-PBP4 
with 0.25% xylose were imaged. Both fluorescent patterns were obtained for cells 
lacking PBP1 (strains 4126 and 4128) and cells with a double deletion of PBP1 and FloT 
(strains 4127 and 4129). In the absence of both PBP1 and FloT, the fluorescent pattern 
of GFP-PBP4 is delocalized and there are less septal foci of GFP-PBP2b. Scale bar: 2 µm.
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of PBP4 with a deletion of FloA (strain 4130). As a double deletion of FloA and 

PBP1 shows a delocalized PG synthesis (Fig. 25/26), we investigated if a double 

deletion of FloA and PBP4 would yield the same result (Fig. 30). However, cells 

lacking FloA and PBP4 do not show a disturbed fluorescent pattern when labeled 

with HADA, Van-FL and FM4-64. Even though we do not know if PBP4 delocalizes 

in cells lacking both PBP1 and FloA, this results suggests that, in the strain 4130, 

PBP1 is sufficient to ensure the  proper organization of PG synthesis, at least 

when FloA and PBP4 are deleted.

figure 30. Exponentially growing B. subtilis cells were labeled with Van-FL and FM4-64 
(panel A), and HADA (panel B), for 5 minutes at room temperature. The fluorescent 
patterns were obtained for cells lacking both PBP4 and FloA. Scale bar: 2 µm.

a

B

dISCuSSIoN

Flotillins are considered the scaffold proteins for bacterial FMMs and contribute 

to a  heterogeneous distribution of lipids in the  membrane organization. 

Reports on the  interaction of flotillins with proteins involved in peptidoglycan 

synthesis and/or cell division (16, 21) prompted the work in this chapter in which 

the possible role of FloT and FloA in these cellular processes was studied. 
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We decided to analyze in more detail the  synthesis of PG, at the  septa, in 

the absence of flotillins. To accomplish this, we used different fluorescent labeling 

approaches that indicate sites of active and/or recent in vivo PG synthesis. We 

noticed that, when both FloT and FloA are not present, the overall pattern of 

PG synthesis as detected by HADA-labeling is not altered when compared to 

the control, however, the intensity of HADA fluorescence significantly increases 

at the division site. HADA, a fluorescent D-amino acid analogue, is incorporated 

in the  last (5th) D-Ala position of the pentapeptide chain. A similar result was 

obtained when cells were labeled with fluorescent vancomycin. The  cell-wall 

precursor Lipid II and the non-cross-linked PG are the targets for vancomycin which 

requires D-Ala in position 5 for binding to the stem peptide (50). Higher levels of 

HADA/Van-FL at the division site in the double flotillin mutant suggest that there 

is more Lipid II or unprocessed PG at the septa. The presence of unprocessed PG 

at the septum could be explained by a reduction of PBP5 activity. PBP5 removes 

the  last D-Ala residue from pentapeptide side chains, reducing the number of 

donor peptides for transpeptidation and thus regulating the amount of cross-

linking in the  cell wall (22, 48). Cells lacking PBP5 showed higher increase in 

the  fluorescence intensity, indicating that reduced PBP5 is indeed a  potential 

cause of the  signal increase observed in the absence of flotillins. Interestingly, 

PBP5 interacts directly with FloT. It has to be noted that in order to observe 

the  signal increase both flotillins had to be deleted indicating that they are 

partially redundant. In addition, neither the  localization pattern of PBP5 was 

affected in the absence of flotillins, nor were flotillins affected in the absence 

of PBP5. Overall these results indicate a perceptible influence of the flotillins in 

the processing of the nascent cell wall, possibly through a  reduced activity of 

PBP5 or other PBPs. Whether this effect is due to a direct interaction of flotillins 

with PBP5 or caused by a secondary mechanism linking both processes remains 

to be established.

Additionally, we also detected higher levels of the  membrane dye FM4-64 

at the  septa in exponentially growing cells lacking both flotillins. This result is 

interesting as FM4-64 is a cationic fluorescent dye with a double positive charge 

and thus it preferentially stains anionic lipids (55), like CL and phosphatidylglycerol, 

which are believed to be the main FM4-64 targets (11). The FMMs distribution 

in the cells differs from the phosphatidylglycerol pattern and since it was shown 

that FloT localization is not exclusively found in the phosphatidylglycerol or CL 
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domains (16, 21), we can hypothesize that the dye FM4-64 does not seem to 

stain the  constituent lipids of the  FMMs. Thus, in cells lacking FloT and FloA, 

the  septa might undergo rearrangements in the  lipid composition, exhibiting 

a higher proportion of negatively charged lipids, thus resulting in an  increased 

intensity of the  fluorescent dye FM4-64. To further investigate any lipidic 

differences, cells with and without flotillins could be stained with other common 

membrane dyes, such as Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-

one) and Laurdan (6-Dodecanoyl-2-dimethylaminonaphthalene) (65). Nile Red is 

an uncharged fluorescent dye that stains lipid membranes based on its intrinsic 

hydrophobicity. Laurdan is a  fluorescent probe that has previously been used 

to study the membrane heterogeneity and fluidity, and has been used to show 

that stationary phase cells with single or double flotillin deletions show a higher 

degree of liquid ordering in the membrane, and therefore a reduced membrane 

fluidity, when compared to the  wild-type (22). Interestingly, cells lacking 

the squalene synthase YisP, required for FloT membrane localization, also show 

an  increase in the degree of liquid ordered membranes, similar to the flotillins 

related null mutants. However, using the same fluorescent dye Laurdan it was 

reported that a strain incapable of producing CL showed no membrane changes 

when compared to the wild-type (12, 22). Together, Nile Red and Laurdan have 

been used to detect highly fluid membrane regions (58) but a meticulous septal 

analysis after labeling still remains to be conducted. Such result could help 

validate or elucidate the differences detected in the fluorescence after septum 

labeling with FM4-64. 

The heterogeneous lipid organization is also important for the  selection of 

the cell division site in B. subtilis. To test whether or not flotillins can influence 

the proper cell division site position, we looked at the in vivo localization of FtsZ, 

the early cell division protein that localizes to the midcell prior to division. Although 

flotillins did not interfere with the  cell division site selection, we noticed that 

there were less fluorescent FtsZ copies at the midcell in the absence of flotillins. 

MinD, member of the MinCD system, has a preference for anionic phospholipids 

within the membrane (8, 9). FM4-64 stains anionic lipids and its fluorescence 

increase at the septum might indicate an increase in anionic phospholipids, which 

in turn could accumulate MinCD at the division site thus reducing the FtsZ levels 

at midcell. This suggests that flotillins can contribute for a smooth cell division 

process, reason why when both proteins are not present we see cell elongation, 
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indicative of impaired cell division. However, it is important to highlight that 

the  total FtsZ levels still require proper quantification in these strains as so to 

exclude a possible degradation in the absence of flotillins. An indirect association 

between cell division and flotillins, possibly via the  protein FtsH, has been 

proposed. Although not essential, FtsH is a membrane-associated AAA-protease 

and is known to directly interact with FloT and FloA (21). The  FtsH protease 

indirectly regulates the  phosphorylation of Spo0A by degrading its regulatory 

phosphatases, and the phosphorylated Spo0A is important to induce matrix gene 

expression which is required for biofilm formation. In the absence of both flotillins, 

the  levels of the  septa-localized FtsH are reduced. Additionally, the expression 

of flotillins seems to be important for the  proper activity of the  protein FtsH 

(21, 62, 66). The overexpression of both flotillins stimulates the activity of FtsH, 

which results in an  overproduction of biofilm formation (51). Moreover, cells 

that overproduce FloT and FloA show more Z-rings and more efficient septation 

resulting in shorter cells and minicells (51). This result is thought to be associated 

with a direct consequence of the FloA and FloT overproduction, which contributes 

to an  increment of the  FtsH protease activity, leading to a  negative effect on 

the stability of the protein EzrA (Extra Z-rings assembly). In fact, EzrA levels were 

dowregulated when flotillins were overproduced and FtsH overproduction led 

to a  reduction in the  EzrA levels. Therefore, FtsH activity might be associated 

with a  degradation effect on the  cell division-related protein EzrA, eventually 

indirectly regulating the cell division process (51). Interestingly, EzrA, a negative 

regulator of the FtsZ ring formation, has also been found to localize to the DRM 

fractions (62). Interestingly, twofold overproduction of EzrA caused a reduction 

in the number of Z-rings in B. subtilis cells encoding for a heat-sensitive allele 

of ftsZ, although this overproduction did not seem to produce any difference in 

the wild-type cells (67). Nevertheless, this interaction and relation is important as 

it can, at least, partially account for the lower intensity levels of the FtsZ fusion 

protein at midcell in the absence of flotillins. Even though the strains used in this 

study and the growth conditions vary from previous reports, it could be considered 

that the double deletion of FloT and FloA and possible reduced of the  septa-

localization and activity of FtsH, might be related with a  lower degradation of 

EzrA, when compared to the wild-type cells, thus resulting in a slight increase 

of the negative regulation of the Z-ring formation, which could be represented 

by the lower intensity levels at midcell of the FtsZ-eYFP in the mutant. FtsZ acts 
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as a  scaffold for various cell division proteins and a  reduced amount of FtsZ 

molecules at the division site might interfere with the efficiency of cell division 

and, later on, septal PG synthesis, as noticed in cells lacking both FloT and FloA.

Cell wall synthesis at the septa is mediated by PBPs, in particularly those PBPs 

that specifically localize to the cell division site. Several fluorescent tagged PBPs 

were tested for delocalization of the  fluorescent pattern in cells lacking both 

flotillins. No changes in the localization pattern of the PBPs that are involved in 

the septal PG synthesis, such as PBP5, PBP1 and PBP2b were found. Additionally, 

also PBP3, PBP4 and PBPH showed the same in vivo distribution pattern in cells 

lacking both flotillins when compared to the control. Two PBPs were identified 

as interacting partners of flotillins, PBP5 and PBP1 (19, 22). We have determined 

that PBP5 activity might be reduced at the septa in the absence of flotillins, but 

we wanted to get more insight about PBP1. PBP1 recruitment depends on other 

cell division proteins, like FtsZ, PBP2b, EzrA and GpsB (26, 28, 68). EzrA has 

been identified with the DRM fractions and its activity and relation with FtsH and 

flotillins seems to play a part in the regulation of the cell division process (51, 62). 

In this study, we noticed that a deletion of  PBP1 in combination with either FloA 

or FloT would result in elongated cells with an  altered topological pattern of 

PG synthesis as investigated with HADA and vancomycin labeling. Interestingly, 

in this case we did not find that FloT or FloA could complement each other, 

as it has been suggested before for other cellular processes like sporulation 

and biofilm formation (20, 21). Both the  HADA and vancomycin fluorescent 

patterns of cells without PBP1 and flotillins were considerably different than 

the fluorescent pattern obtained with HADA and vancomycin in cells lacking only 

PBP1 or flotillins. However, in cells lacking both PBP1 and flotillins, there was 

a slight difference between the fluorescent pattern of HADA and vancomycin, 

with vancomycin labeling being more spotty along the cell wall. Both HADA and 

vancomycin label sites of active PG synthesis, either by incorporation in the last 

position of the pentapeptide chain, or by binding to LipidII or non-cross-linked 

pentapeptides, respectively. The difference in the fluorescent pattern of HADA 

and vancomycin might also be related with sample processing as cells were fixed 

after HADA-labeling but not after vancomycin-labeling, however, this is unlikely 

as this fixing has been validated and is known not to influence the fluorescent 

pattern (69). In order to determine precisely which pentapeptide is being labeled 

via vancomycin, further experiments including sacculi labeling (70) will allow us to 
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determine if the loss of coordination of PG synthesis is associated with an altered 

pattern in LipidII distribution in the  membrane or a  different localization of 

the non-cross-linked pentapeptides during cell wall synthesis. 

Interestingly, the loss of PG synthesis coordination seemed to be specific for 

a  double deletion of PBP1 and flotillins, as we could not get the  same result 

when we deleted PBP5 or PBP4. Both PBP1 and PBP4 belong to the class A of 

PBPs meaning that they have both the  transglycosylase and transpeptidase 

activities. The fact that the loss in the cell wall synthesis organization only occurs 

when flotillins are mutated together with PBP1 but not with PBP4, suggests that 

the loss of PG synthesis coordination is specific to PBP1 in particular. Furthermore 

we also noticed that the septum recruitment of PBP2b in cells lacking PBP1 and 

both flotillins decreased more than 20% when compared to cells only lacking 

PBP1. This result, one more time, highlights the link between PBP1 and flotillins 

in regulating cell wall synthesis coordination. Equally interesting, PBP4 lost its 

capacity to properly localize to the septa and cell periphery when PBP1, FloT and 

FloA were deleted. The precise role of PBP4 is still unknown, but we think that 

an abnormal distribution of PBP4 in vivo might help explain the loss of the spatial 

organization of PG synthesis - as the HADA and the GFP-PBP4 pattern in the triple 

knockout are overlapping, and PBP4 has recently been shown to be the major 

PBP involved in the  incorporation of fluorescent D-amino acid analogues into 

the cell wall (71). 

Importantly, we decided to investigate MreB, as this protein is greatly associated 

not only with membrane organization but also with the spatial organization of 

cell wall synthesis (31, 40). Not surprisingly, we noticed that FloA and MreB do 

not colocalize in vivo and organize the membrane in a different way, as MreB has 

been shown to organize the membrane by creating specific membrane regions 

with increased fluidity, termed RIFs (58); unlike flotillins that are associated with 

FMMs of known membrane rigidity (22). We also shown that the localization of 

MreB and flotillins seems to be independent and unrelated, as MreB distribution 

pattern is unaffected in the absence of flotillins and flotillins normally localize 

in cells depleted of MreB. Additionally, we investigated the  pattern of MreB 

using distinct MreB fusion proteins which proved to be difficult, perhaps due to 

the growth conditions used in this study. Flotillins did not affect MreB localization 

and MreB did not affect flotillins localization, however, when we deleted flotillins 

and PBP1 at the same time, the fluorescent pattern of an MreB fusion protein 
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seemed to be affected, resulting in an  even spread throughout the  entire 

cell. The  loss of MreB proper spatial localization might be a  consequence of 

the  combined deletion of both flotillins and PBP1, as we hypothesize that 

in the  absence of flotillins, PBP1 is still capable of compensate and organize 

the membrane spatial localization of MreB; while in the absence of PBP1, flotillins 

might participate in the proper localization of MreB, as the majority of cells had 

a similar fluorescent pattern to that of the wild-type. 

Taken together, these results lead us to hypothesize that the  synthetic 

phenotype caused when PBP1 and flotillins are deleted is due to a combination 

of factors that include delocalization or impairment in recruitment of some PBPs 

and MreB. 
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Alkyl gallates are compounds with reported antibacterial activity. One of 

the modes of action is binding of the alkyl gallates to the bacterial membrane 

and interference with membrane integrity. However, alkyl gallates also cause 

cell elongation and disruption of cell division in the  important plant pathogen 

Xanthomonas citri subsp. citri, suggesting that cell division proteins may be 

targeted by alkyl gallates. Here, we use Bacillus subtilis and purified B. subtilis 

FtsZ to demonstrate that FtsZ is a direct target of alkyl gallates. Alkyl gallates 

disrupt the FtsZ-ring in vivo, and cause cell elongation. In vitro, alkyl gallates bind 

with high affinity to FtsZ, causing it to cluster and lose its capacity to polymerize. 

The activities of a homologous series of alkyl gallates with alkyl side chain lengths 

ranging from five to eight carbons (C5-C8) were compared and heptyl gallate 

was found to be the most potent FtsZ inhibitor. Next to the direct effect on FtsZ, 

alkyl gallates also target B. subtilis membrane integrity – however the observed 

anti-FtsZ activity is not a secondary effect of the disruption of membrane integrity. 

We propose that both modes of action, membrane disruption and anti-FtsZ 

activity, contribute to the antibacterial activity of the alkyl gallates. We propose 

that heptyl gallate is a promising hit for the further development of antibacterial 

compounds that specifically target FtsZ.
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INtroduCtIoN

The use of plants as sources of antimicrobial agents has a  long history (1). 

One group of plant compounds known for their antimicrobial activities are 

alkyl gallates, esters of gallic acid, a  main product of tannin hydrolysis. Alkyl 

gallates have been shown to exhibit a broad spectrum of antibacterial activities 

against both Gram-positive and Gram-negative bacteria, including foodborne 

Salmonella  (2), Methicillin Resistant Staphylococcus aureus (MRSA) (3, 4), 

Bacillus  subtilis (5), the plant pathogen Xanthomonas citri subsp. citri (6), and 

various others (2, 3, 5). Alkyl gallates with varying alkyl side chain lengths (C1-C14), 

have been studied as antibacterial agents alone or as modulators of the activities 

of β-lactams against MRSA (2-7), a  common cause of bloodstream infections 

in hospitals and healthcare facilities worldwide. The hydrolysis of alkyl gallates 

produces gallic acid and the corresponding alcohols (or alkanols), which both are 

common components in many plants. 

Although the alkyl gallates have a head-and-tail structure similar to alkanols, 

suggesting that their antibacterial mode of action may be as surface-active 

agents affecting membrane integrity (3, 8), Kubo et al. proposed that their 

antimicrobial activity is unlikely to be due to their surfactant property (2, 3, 

5, 7). Recently, we showed that alkyl gallates are active against X. citri subsp 

citri (Xac), an  important plant pathogen that is the  causative agent of citrus 

canker, one of the most damaging infections in citriculture. Pentyl, hexyl, heptyl 

and octyl gallate treatment resulted in elongated Xac cells and disruption of 

the cell division machinery in this bacterium (6). Octyl gallate has been reported 

to exhibit bactericidal activity only against dividing and exponentially growing 

cells of B. subtilis but did not affect the viability of cells in the stationary phase 

(5). Taken together, these results indicate that alkyl gallates may affect functions 

associated with cell division in Gram-positive and Gram-negative bacteria (5, 6). 

Cell division is a relatively novel target for antibacterial drugs (9-11). Division is 

an essential process, which starts with the polymerization of the highly conserved 

cytoplasmic protein FtsZ in the middle of the  cell leading to the  formation of 

the so-called Z-ring (12, 13). After assembly of the Z-ring, several other proteins 

are recruited to mid-cell, resulting in a complex called the divisome, which carries 

out cell division at the correct time and place in the cell. Formation of the divisome 

depends on the assembly of FtsZ. FtsZ belongs to the tubulin family of cytoskeletal 

GTPases. The binding of GTP to FtsZ promotes the assembly of FtsZ monomers 
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into long filaments in vitro (10). FtsZ is conserved among bacteria and is essential 

for cell viability, making it a  potential target for new antibiotic discovery (10, 

11).  Several natural, synthetic and semi-synthetic compounds were identified as 

inhibitors of FtsZ from Gram-positive and Gram-negative bacteria (11, 14-19).

To establish whether alkyl gallates indeed target bacterial cell division, we 

characterized the mode of action of alkyl gallates with a side chain length ranging 

from five to eight carbons (Table 1) in more detail, using B. subtilis as a model. 

We show that B. subtilis FtsZ is a target for these esters and that some of these 

compounds bind FtsZ with high affinity, resulting in protein cluster formation and 

disruption of FtsZ structures in vitro and in vivo. Additionally, the alkyl gallates interfere 

with the stability of the cell membrane. FtsZ binding and inhibition and membrane 

integrity are differently affected based on the alkyl chain length. Our results indicate 

that alkyl gallate with a C7 side chain is the best hit for the further development 

of a FtsZ specific antibacterial with minimal effects on overall membrane integrity.

materIaLS aNd methodS

General

DNA manipulations including molecular cloning in Escherichia coli DH5α, PCR, 

DNA sequencing, restriction, ligation, and transformation were performed using 

table 1. Structures of the alkyl gallates and their activity against B. subtilis 168

C7h5o5-r r
mIC90

a 
(µg/ml)

mIC50
a 

(µg/ml)
mIC24h

b 
(µg/ml)

Compound 8 pentyl gallate (CH2)4CH3 235 141 400

Compound 9 hexyl gallate (CH2)5CH3 90 65 100

Compound 10 heptyl gallate (CH2)6CH3 50 20 50

Compound 11 octyl gallate (CH2)7CH3 105 75 25

a Determined by the REMA assay
b Determined as minimum concentration that shows no growth after 24 hours in a 2-fold dilution series.



129

4

standard methods (20). Restriction enzymes, T4 DNA Ligase and Phusion DNA 

polymerase were used as specified by the supplier (Fermentas). Both E. coli and 

B. subtilis were grown at 37ºC on solid medium (LB Lennox plus agar 1.5% w/v) (21), 

and liquid medium (LB Lennox). When appropriate, ampicillin and spectinomycin 

were added to final concentrations of 100 and 50 µg/ml, respectively. Starch 

(Sigma Aldrich) was used at 0.1%. Primers are listed in Table 2. Plasmids and strains 

are listed in Table 3. B. subtilis 168 genomic DNA was isolated using the Wizard 

genomic DNA kit (Promega) according to the suppliers’ instructions. 

plasmid and strain construction 

To generate vector pDJ108, a PCR product containing the coding sequence 

of eyfp (enhanced Yellow Fluorescent Protein) was amplified from vector 

pMK13, using primer AB7/AB55 (Table 2). The PCR product was sequenced and 

subsequently digested with BamHI/NheI. ftsZ was amplified from the genomic 

DNA of B. subtilis 168 using primer AB10/AB56 (Table 2). The  PCR product 

was sequenced and subsequently digested with EcoRI/BamHI, and ligated with 

the  digested eyfp PCR product and EcoRI/NheI digested pDOW01 resulting in 

plasmid pDJ108, which was verified by sequencing. Subsequently, B. subtilis 168 

was transformed with pDJ108, and correct integration at the amyE locus was 

verified on starch plates (23). A  positive colony was selected, expression and 

localization of the fusion protein FtsZ-eYFP was verified by microscopy, resulting 

in strain 4055.

table 2. Primers used for cloning

Name Sequence (5’−3’) Location

AB7 GCAGCGCtaGCATTACTTGTACAGCTCGTC 
CATGCCGAG

reverse primer for eyfp 
with NheI site

AB10 GCCGCAGaattCATGTTGGAGTTCGAAAC forward primer for ftsZ 
with EcoRI site

AB55 TAGCATGGatCCGGCGGCGGCGGCTCCGGT 
GGTGGTGGTTCCGGCGGCGGCGGCATGGTG 
AGCAAGGGCGAGG

forward primer for 
eyfp with flexible linker 
sequence and BamHI site

AB56 TAGCATGGatCCGCCGCGTTTATTACGGTTTC reverse primer for ftsZ 
with BamHI site

Restriction sites used to clone are in bold. Initiation or termination codons are underlined.
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alkyl Gallates (Compounds 8−10)

Alkyl gallates with side chains varying from five to eight carbons [pentyl 

(compound 8), hexyl (compound 9), heptyl (compound 10) and octyl 

(compound 11) gallates] were synthetized as described (6). Compound numbers 

were chosen to keep in line with our previous report (6).

mIC assays

REMA - The antibacterial activity of alkyl gallates was tested by the standard 

resazurin microtiter assay (REMA) plate method with some modifications 

(6, 24). Briefly, an overnight culture of B. subtilis was grown in 5 ml LB medium. 

The overnight culture was diluted with LB medium and distributed into a 96-well 

microtiter plate to a  final volume per well of 100 μl (105 CFU/well). The  alkyl 

gallates were serially diluted with LB (1000 μg/ml to 15 μg/ml), and 100 μl 

dilutions were added to the  96-well microtiter plate. Kanamycin (50 μg/ml) 

was used as control antibiotic. The plate was subsequently incubated at 37°C 

for 4 hours. After 4 hours, 15 μl of a  0.01% (w/v) freshly prepared resazurin 

solution in H2O was added to each well and the plate was incubated for 1 hour. 

Subsequently, the  fluorescence in each well was measured in a  Synergy Mix 

table 3. Plasmids and strains

Name relevant characteristics Source

PLASMIDS

pMK13 ampR, bgaA’, tetR, PZn-MCS-linker-yfp, 
’bgaA

Kjos and Veening, 
unpublished

pDOW01 pDR111 derivative with pUC18 ori, 
amyE::spc Phyperspac

Ruud Detert Oude 
Weme, unpublished

pDJ108 amyE::spc Phyperspac-ftsZ-eyfp This work

pEK5 acZa, trc HisTag-enterokinase site-  
ezrA27-562

(22)

B. subtilis STRAINS

168 trpC2 Lab stock

4055 trpC2 amyE::spc Phyperspac-ftsZ-eyfp This work

E. coli STRAINS

DH5α Lab stock

Spc, Spectinomycin resistance
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Microplate Reader (BioTek), with excitation and emission wavelengths at 530 nm 

and 590 nm, respectively. All the experiments were done in triplicate and MIC50 

and MIC90 values were calculated using a nonlinear regression approach (6).

Dilution – Cells from an  exponentially growing B. subtilis culture were 

inoculated at OD600 of 0.2 in LB medium, at 37°C, with alkyl gallates in 2-fold 

dilution series. After 24 hours, the lowest alkyl gallate concentration at which no 

visible growth occurred was scored as MIC24H.

General microscopy analysis

Cells were resuspended in small volumes of CH medium (25) or Phosphate 

Buffered Saline (PBS, 58 mM Na2HPO4; 17 mM NaH2PO4; 68 mM NaCl, pH 7.3), 

and mounted on an  agarose pad (1% w/v in PBS). Cells were imaged using 

a  Nikon Ti-E microscope (Nikon Instruments, Tokyo, Japan) equipped with 

a  Hamamatsu Orca Flash4.0 camera. Image analysis was performed using 

the software packages ImageJ (http://rsb.info.nih.gov/ij/) and Adobe Photoshop 

(Adobe Systems Inc., San Jose, CA, USA).

In vivo Z-ring analysis

An overnight culture of B. subtilis 4055 grown in LB with spectinomycin at 

37°C was diluted 1:100 into fresh LB with 0.02 mM IPTG to express ftsZ-eyfp. 

When the culture reached an OD600 of 0.4, 1 ml culture was centrifuged (1 min, 

22,000 x g), resuspended in 100 µl LB, and incubated at 37°C in the presence 

of either dimethyl sulfoxide (DMSO, 2% v/v), nisin (1.5 µg/ml), carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP, 0.2 mM) or alkyl gallates at MIC50 

concentrations (see Table 3). After either 2 min or 15 min of incubation, the cells 

were collected collected (1 min., 22,000 x g), resuspended in 50 µl of PBS and 

mounted on agarose pads for microscopy analysis.

Brightfield microscopy

An overnight culture of B. subtilis 168 grown in LB at 37°C was 

diluted 1:100 into fresh LB until early exponential phase, OD600 of 0.3. 3 ml 

samples of the  culture were taken and incubated at 37°C in the  presence of 

2 µg/ml 3-((6-chlorothiazolo[5,4-b]pyridin-2-yl)methoxy)-2,6-difluorobenzamide 

(PC190723, Merck), and alkyl gallates at various concentrations. After 1h, 2h 

or 3h of continued growth in the presence of the compounds, a sample of 1 ml 
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was collected (1 min, 22,000 x g) and cells were fixed by the addition of 1 ml 

of 8% formaldehyde and incubation at 23°C for 1 hour. Subsequent to fixation, 

cells were washed twice in PBS and resuspended in 10 to 30 µl of PBS before 

mounting on agarose pads for microscopy analysis.

membrane permeability assay

An overnight culture of B. subtilis 168 grown in LB was diluted 1:100 into 

fresh LB and grown at 37°C until exponential phase, OD600 of 0.5. A  sample 

of 1 ml was collected and cells were resuspended in 50 µl of CH medium (25). 

Membrane integrity was assessed using the commercial assay Live/Dead BacLight 

bacterial viability kit (Invitrogen) for microscopy, according to the manufacturer’s 

instructions. The dyes propidium iodide (20 mM) and SYTO 9 (3.34 mM) were 

combined in equal amounts and 0.15 µl of the dye mixture was used to stain 

the  DNA of cells resuspended in 50 µl of CH medium. Cells were incubated 

for 15 min. at 23°C in the  presence of DMSO (2%), Nisin (2.5µg/ml), CCCP 

(0.2 mM) and alkyl gallates at MIC50 and MIC90 (see Table 3). After incubation, 

cells were mounted on agarose pads for microscopy analysis and the green and 

red fluorescence were imaged. In total, two independent experiments were 

performed. Per experiment, more than 250 cells for each condition were scored 

for green (intact membrane) or red (permeabilized membrane) fluorescence. 

The values were converted into percentages and the mean and standard deviation 

was plotted on a graph using Excel. 

protein expression and purification

B. subtilis FtsZ was expressed and purified using the  ammonium sulfate 

precipitation method as described before (26, 27). His-EzrAcyt was expressed 

as described (22). For purification, pellet from one liter of culture was 

resuspended in 20 ml of Buffer A (50 mM tris(hydroxymethyl)aminomethane 

[Tris]/HCl pH=7.5, 250 mM NaCl, 10 mM imidazole) supplemented with a EDTA 

(ethylenediaminetetraacetic acid)-free protease inhibitor tablet (Roche). The cells 

were disrupted at 18 kpsi (Constant systems OneShot disruptor, LA biosystems) 

and the  insoluble fraction was removed by centrifugation at 7,000 x g for 20 

minutes at 4°C. Supernatant was applied onto Ni-NTA Agarose resin (Qiagen). 

The resin was washed with Buffer A containing 25 mM imidazole and His-EzrAcyt 

protein was eluted with the same buffer containing 300 mM imidazole. Samples 
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were dialyzed and stored at -80°C in a buffer containing 20 mM Tris/HCl, pH=7.5, 

250 mM NaCl, 10% glycerol.

Gtpase assay

The FtsZ GTP hydrolysis rate was determined using the  malachite green 

phosphate assay described in (26) with the  following modifications. Two fold 

concentrated stocks of alkyl gallates with FtsZ were prepared in polymerization 

buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [Hepes]/NaOH, 

pH=7.5; 300 mM KCl; 0.02% Triton X-100) and incubated for 5 minutes at 30°C. 

After that, 2 mM GTP dissolved in 50 mM Hepes/NaOH, pH=7.5; 300 mM KCl 

was added. The final concentrations of GTP and Triton X-100 in the sample were 

1 mM and 0.01%, respectively.

Binding of alkyl gallates to ftsZ

Binding of alkyl gallates to FtsZ was assessed by monitoring the  increase 

of alkyl gallate fluorescence upon binding to protein, analogous to (8). Alkyl 

gallates at constant concentration were incubated with increasing amounts of 

FtsZ (0.6-14.4 µM). After addition of protein, the  solution was incubated for 

3 minutes at room temperature to allow equilibration of binding. Fluorescence 

was excited at 271 nm and emission spectra (320-450 nm) were acquired in 

a QuantaMasterTM spectrofluorometer controlled by the FelixGX program (Photon 

Technology International, Inc.). The fluorescence spectra of corresponding blanks 

resulting from titration of FtsZ into buffer alone were recorded and subtracted from 

the respective data sets. All measurements were done in polymerization buffer: 

50 mM Hepes/NaOH pH=7.5, 50 mM KCl in the absence of GTP. The  change 

in fluorescence of alkyl gallates upon binding to FtsZ was used to determine 

the dissociation constant (Kd) of the interaction between the compounds and FtsZ 

as described in (28). The dissociation constant was determined using MATLAB 

(The MathWorks, Inc., Massachusetts, U.S.A.).

ftsZ sedimentation assays

FtsZ (10 µM) was mixed with the alkyl gallates or an equal volume of DMSO 

as control at 50 or 100 µg/ml in the polymerization buffer (50 mM Hepes/ NaOH, 

pH=7.5, 50 mM KCl) supplemented with 10 mM MgCl2. After incubation for 

5 minutes at 30°C, an equal volume of GTP, GDP or polymerization buffer was 
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added (final concentration of nucleotides 2 mM). The samples were incubated 

for another 20 minutes and centrifuged at 186,000 x g or at 350,000 x g when 

indicated for 10 minutes at 25°C. Pellet and supernatant fractions were analyzed 

by sodium dodecyl sulfate - poly-acrylamide gel electrophoresis (SDS-PAGE) as 

described (26). FtsZ interacting protein His-EzrAcyt and bovine serum albumin 

(BSA) (both at 10 µM) were used as controls. 

electron microscopy

Electron microscopy samples were prepared essentially as described for 

the  sedimentation assays. FtsZ (10 µM) was mixed with alkyl gallates at 

50 µg/ml in polymerization buffer (50 mM Hepes/ NaOH, pH=7.5, 50 mM KCl, 

10 mM MgCl2), incubated for 5 minutes at 30°C with shaking (300 rpm), after 

which GTP was added to a  final concentration of 2 mM.  The  samples were 

incubated at 30°C for another 20 minutes and the polymerization mixture was 

applied to an  electron microscopy grid as described in (26). To test the  effect 

of alkyl gallates on pre-polymerized FtsZ, the protein was incubated at 30°C in 

polymerization buffer (25 mM piperazine-N,N′-bis(2-ethanesulfonic acid) [PIPES]/

NaOH pH=6.8, 300 mM KCl, 10 mM MgCl2) and polymerized for 2  minutes 

with 2 mM GTP – this results in maximal polymerization as determined by 

light scattering (26). After 2 minutes, alkyl gallates (50 µg/ml) were added and 

the  samples were incubated for another 6 minutes. Samples were collected at 

two times, immediately after alkyl gallates were added and after 6 minutes of 

incubation with alkyl gallates, and grids were prepared as described in (26). 

The grids were examined in a Philips CM120 electron microscope equipped with 

a LaB6 filament operating at 120 kV. Images were recorded with a Gatan 4000 SP 

4 K slow-scan CCD camera at 36,400× magnification. 

reSuLtS

alkyl gallates with carbon side chain length C5-C8 inhibit 
B. subtilis growth

Recently, we showed that pentyl (compound 8), hexyl (compound 9), 

heptyl (compound 10) and octyl (compound 11) gallates disrupt cell division 

in Xac. Delocalization of GFP-ZapA from the  cell division site suggested that 
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the FtsZ-ring is a target of these compounds (6). To further study the mode of 

action of these compounds we tried to overexpress and purify Xac FtsZ, but failed 

to do so (data not shown). Therefore, we chose to use B. subtilis FtsZ for a more 

detailed characterization of the mechanism of action of alkyl gallates. First, we 

tested the antibacterial activity of compounds 8-11 against B. subtilis 168, using 

the resazurin microtiter assay (REMA). This assay determines the concentrations 

at which compounds block bacterial metabolic activity over a period of 4 hours. 

Using this assay, these compounds were found to block cell activity with MIC90 

concentrations ranging from 50 µg/ml to 235 µg/ml (Table 1). In the REMA assay, 

compound 10 (C7) was the  most potent (Table 1). In an  earlier report, Kubo 

and co-authors found similar MIC values for compounds 9 and 10, and a lower 

MIC for compound 11 against B. subtilis strain ATCC 9372 (12,5 µg/ml) using 

the macrodilution method (5). Since compound 10 was the most potent against 

B. subtilis and alkyl gallates with longer and shorter side chains than compounds 

8-11 did not disrupt septum formation in Xac (6), we focused on compounds 

8-11 in our study. 

alkyl gallates disrupt Z-ring formation in vivo
To study whether FtsZ ring formation is the  target of the alkyl gallates, we 

used a B. subtilis strain (4055) that expresses an additional copy of ftsZ fused 

to the  fluorescent protein eYFP from the  ectopic amyE locus. In this strain, 

the  FtsZ-eYFP fusion protein localized to the  division site at mid-cell (Fig.  1) 

and mid-cell localization was not affected by DMSO, which was used as 

a solvent for the compounds. Incubation with alkyl-gallates at MIC50 interfered 

with the  formation or stability of the  Z-ring. After 2 minutess of incubation, 

the FtsZ-eYPF fluorescence pattern was mostly found spread throughout the cell, 

even though some Z-rings could still be detected (most noticeably after incubation 

with compound 9 and compound 11). After 15 minutes of incubation the effect 

was more pronounced, with fluorescence throughout the  cytosol, sometimes 

with occasional fluorescent spots, but hardly any Z-rings. The  disruption of 

the Z-ring seemed to be fast, although it became more evident with an increase 

of incubation time. The  occasional observance of rings was consistent with 

the fact that the cells were incubated with compounds at MIC50, meaning that it 

was expected that not every cell was affected. To confirm that the disappearance 

of the FtsZ rings is not caused by a generic loss of membrane integrity, the effect 
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of membrane potential dissipation and membrane pore formation on FtsZ rings 

was determined using carbonyl cyanide m-chlorophenylhydrazone (CCCP) and 

Nisin (29). After incubation of the  strain 4055 with CCCP and nisin, various 

Z-rings localized at the  mid-cell (Fig. S1), although rings are less bright after 

CCCP treatment as reported before (29). The  presence of Z-rings after CCCP 

figure 1. Alkyl gallates disrupt the Z-ring. B. subtilis cells expressing ftsZ-eyfp were 
incubated with DMSO (2%) or alkyl gallate compounds at MIC50 for 2 min. (left columns) 
or 15 min. (right columns). Brightfield and fluorescence microscopy images are shown. 
Incubation with alkyl gallates led to the disappearance of Z-rings and increase of 
fluorescence in the cytoplasm. Scale bar (same for all): 5 µm.
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and nisin treatments indicate that the disappearance of the FtsZ-rings caused by 

the alkyl gallates is not caused by a generic loss of membrane integrity.

alkyl gallates inhibit Gtpase activity of ftsZ

The disruption of the  Z-ring in cells treated with alkyl gallates suggested 

that FtsZ is a direct target for these compounds. To test this we made use of 

the  polymerization-associated GTP hydrolysis activity of FtsZ. GTP hydrolysis 

is often used to screen for FtsZ inhibitors from a  compound library (14). 

The  GTPase activity of FtsZ in the  presence of 50 µg/ml of the  alkyl gallates 

was reduced nearly 6-fold compared to the  control sample. However, residual 

GTPase activity was still detected in all of the samples, indicating that FtsZ was 

not completely inactive (Fig. 2). All of the compounds showed similar levels of 

inhibition of the GTPase activity of FtsZ. The GTP hydrolysis assay was performed 

in the presence of Triton X-100 as it has been reported that some compounds 

identified in high-throughput screens form small aggregates that inhibit FtsZ 

activity non-specifically. This aspecific inhibition is abolished by the inclusion of 

Triton X-100 in the assay (14). The experiment was also performed in the absence 

of Triton X-100 and similar results were obtained (not shown). Combined, this 

indicates that the effect of the alkyl gallates on FtsZ hydrolysis was specific and 

not caused by aggregation of the compounds.

ftsZ is a direct target for alkyl gallates

The binding of alkyl gallates to FtsZ was monitored using the  intrinsic 

fluorescence of the compounds. FtsZ was titrated into a quartz cuvette containing 

figure 2. Alkyl gallates 
inhibit FtsZ GTPase activity. 
FtsZ GTPase activity was 
determined as described 
in Materials and Methods. 
Compound concentrations 
were 50 µg/ml, 1.5% DMSO 
(compound vehicle) was 
used as a control. Three 
independent experiments 
were performed. Average and 
standard deviation are shown.
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a compound at fixed concentration (see Materials and Methods) and fluorescence 

emission spectra of the alkyl gallates were recorded with the excitation wavelength 

set at 271 nm as described in (8). Compounds 10 and 11 showed strong binding 

to FtsZ: the  fluorescence emission maximum shifted from 389 nm to 366 nm 

and the  maximum signal intensity increased upon FtsZ addition (Fig. 3A, B). 

The fluorescence of alkyl gallates was plotted as a function of FtsZ concentration 

and the  dissociation constant was determined using 1:1 binding formalism 

described in (28). The best fits (R2=0.99) were obtained for a fixed concentration 

of compounds at 3.3 µM. The estimated Kd values obtained were 0.08 ± 0.03 µM 

for compound 10 and 0.84 ± 0.22 µM for compound 11 (Fig. 3C, D).

Tryptophan and tyrosine fluorescence are also excited at 271 nm. However, 

FtsZ does not contain tryptophan and the emission maximum of tyrosine occurs 

at 303 nm and does not change according to solvent polarity. The  emission 

figure 3. Binding of compounds 10 and 11 to FtsZ monitored by fluorescence spectroscopy. 
Fluorescence emission spectra of compound 10 (a) and 11 (B) acquired in the presence of 
0, 1.2, 2.4, 3.6, 4.8 µM FtsZ (from bottom to top). (C, d) Binding curves of compounds 
10 (C) and 11 (d) to FtsZ. The change in fluorescence intensity at 366 nm was plotted 
against FtsZ concentration (from 0 to 9.6 µM for compound 10 and from 0 to 12 µM for 
compound 11). 

a B

C d
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maximum of alkyl gallates occurs at 389 nm. We observed that tyrosine emission 

does not change upon binding of FtsZ to compound 10 and 11. However, 

addition of compound 8 and 9 significantly quenched tyrosine fluorescence 

of FtsZ. During analysis, the fluorescence spectra obtained for the compounds 

in the presence of FtsZ were corrected for protein fluorescence by subtracting 

the  spectra of samples containing only FtsZ. The  change in the  FtsZ emission 

spectra due to tyrosine quenching made proper analysis of binding of compound 

8 and 9 to FtsZ very difficult (Fig. S2A, B). The resulting shift in emission maximum 

for compounds 8 and 9 was severely reduced compared to compounds 10 and 

11. For compound 8, an estimated Kd of 3.1±2.0 µM could be calculated, with 

a worse fit (R2=0.83) than was obtained for compounds 10 and 11 (Fig. S2C). For 

compound 9, an estimated Kd could not be calculated. Combined, these results 

show that compounds 10 and 11 specifically bind FtsZ, with compound 10 having 

the highest affinity. The quenching observed with compounds 8 and 9 indicates 

interaction of the compounds with FtsZ but the low shifts in emission maximum 

and the difficulties in Kd estimation indicate that the binding of compounds 8 

and 9 to FtsZ may be aspecific.

Sedimentation of ftsZ is enhanced in the presence of alkyl 
gallates

Additionally, we used a  sedimentation assay to study the  effect of alkyl 

gallates on the assembly of FtsZ in vitro. FtsZ was mixed with the alkyl gallates 

(at 50 µg/ml) or 1.5% DMSO and polymerization was started by addition of GTP 

or GDP (control) to the sample. We noticed that in the presence of compounds 

8, 10 and 11, FtsZ was recovered in the pellet fraction above background levels 

independent on the presence and type of nucleotide used (Fig. 4A). This result 

suggested that the compounds induce protein clustering or aggregation. As both 

the  FtsZ interacting protein His-EzrAcyt (Fig. 4A) and BSA (not shown) did not 

sediment in the presence of the compounds, the observed FtsZ sedimentation is 

not the result of aspecific protein aggregation. Compound 10 has the strongest 

effect on FtsZ sedimentation (all FtsZ protein was present in the pellet fraction), 

whereas approximately 50% of FtsZ protein was recovered in the pellet fraction 

after treatment with compounds 8 or 11. No sedimentation was detected when FtsZ 

was incubated with compound 9 (Fig. 4A). However, upon higher sedimentation 

speed (350 000 x g) or at higher compound concentration (100 µg/ml), FtsZ 
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figure 4. Sedimentation of FtsZ in the presence and absence of alkyl gallates and 
structures formed after treatment with alkyl gallates. (a) 10 µM FtsZ was incubated with 
alkyl gallates (50 µg/ml) before GTP/GDP was added. In the sample without nucleotide (no 
nucl), the same volume of polymerization buffer was added to the sample as for GTP/GDP. 
His-EzrAcyt was sedimented without nucleotide. (S) indicates supernatant and (P) pellet 
fractions from the experiment. As a control, 1.5% DMSO was used. All experiments were 
performed in triplicate. (B) The same experiment was performed, with GTP, and structures 
of FtsZ were visualized by EM. Scale bar: 100 nm.

was recovered above background levels also with compound 9 and 100% of 

FtsZ was present in the  pellet fraction after treatment with compounds 8, 10 

and 11 (Fig. S3). The strength of the effects of the various alkyl gallates on FtsZ 

sedimentation are in line with the estimated Kds for the different compounds.

a

B
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The structures formed by FtsZ treated with alkyl gallates were visualized by 

electron microscopy (EM). As expected, FtsZ formed clusters after incubation 

with all the alkyl gallates (Fig. 4B).

alkyl gallates promote clustering of ftsZ and bundling of ftsZ 
polymers 

Alkyl gallates caused the clustering of FtsZ and only a small amount of short 

polymers was detectable in the sample when GTP was added. When FtsZ was 

incubated with the respective compounds at MIC90 values, only big protein clusters 

and aggregates were observed (Fig. S4). We assume that FtsZ was not able to 

polymerize because the clustering of FtsZ prevents the correct association of FtsZ 

molecules required for polymerization. To establish whether the  alkyl gallates 

disrupt existing polymers, we performed an experiment in which polymerization 

of FtsZ was initiated before the  addition of compounds to the  sample. FtsZ 

was polymerized in a  PIPES/KCl buffer that ensures optimal polymerization as 

determined by light scattering (26), and the compounds or DMSO were added 

to polymerized FtsZ. Samples were collected immediately after the addition of 

compounds and after an additional 6 minutes of incubation. Compounds 8, 10 

and 11 bound to the polymers of FtsZ and induced the  formation of irregular 

bundles (Fig. 5). The amount of bundles that were observed in samples treated 

with compounds 10 and 11 was much higher than for compound 8 – although 

it has to be noted that this method is not quantitative. In the  samples with 

compound 9, bundles were almost not visible (Fig. 5). We could only detect a few 

small bundle-like structures under the conditions used. The presence of a high 

number of tubules in the  samples with compounds 10 and 11 suggests that 

the compounds can easily bind to the polymeric form of FtsZ, whereas binding of 

compound 8 and 9 to polymers of FtsZ is less strong – again, this is in line with 

the overall stronger FtsZ-binding of compounds 10 and 11. Although the alkyl 

gallates induce the formation of clusters of FtsZ monomers that as a result no 

longer form polymers, the compounds do not disrupt existing FtsZ polymers.

membrane integrity and cell viability are affected by alkyl 
gallates 

Cells in which the FtsZ activity is compromised, either through mutation or by 

the addition of FtsZ targeting compounds, display cell elongation and filamentation 
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caused by delayed or defective division (30). Even though the alkyl gallates had 

clear and immediate effects on FtsZ rings (Fig. 1), elongated cells could only 

occasionally be  observed upon longer incubation at MIC50, whereas cells grown 

in the  presence of the  known FtsZ-targeting compound PC190723  (31) were 

clearly filamentous (Fig. 6 A). After 1 hour of incubation with the compounds 

9, 10, and 11 at MIC50, we noticed that some cells had already lysed, and lysis 

was more noticeable when the  incubation time was extended to 2  hours. At 

figure 5. Structures of FtsZ formed in 
the presence and absence of alkyl gallates. 
10 µM FtsZ was polymerized with 2 mM 
GTP for 2 minutes. After polymers were 
formed, alkyl gallates or DMSO (1.5% w/v) 
were added and immediately sample 0 
was collected (0 min, a, C, e, G, I). After 6 
minutes of incubation, another sample was 
collected (6 min, B: DMSO, d: compound 8, 
f: compound 9, h: compound 10, 
J: compound 11). Scale bar: 100 nm. 
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MIC90, compounds 9, 10, and 11 caused cell death at an equivalent or higher 

proportion (data not shown). Incubation with compound 8 did not cause 

noticeable lysis – at least not to the extent as the other compounds - however, 

the large majority of the non-lysed cells did not appear elongated. These results 

indicate that the  alkyl gallates can cause cell death via another mechanism 

than FtsZ inhibition. These alternative mechanisms may correspond to the ones 

reported by the REMA assay for antibacterial activity, as elongation still requires 

metabolic activity. Therefore, we investigated the effects of the alkyl gallates at 

lower concentrations than the MIC50, determined in the REMA assay. Lowering 

the  concentrations of the  compounds revealed that compounds 9, 10 and 11 

are capable of causing cell elongation, as expected for FtsZ inhibitors, whereas 

compound 8 had no effect on cell length (Fig. 6B). The minimal inhibitory activity 

(MIC24H) of the compounds was established by a 2-fold dilution series in which 

prolonged incubation revealed that compound 11 can prevent cell growth at 

a  lower concentration than the one determined by the REMA assay (25 µg/ml 

Table 1). This is closer to the value reported in the literature for this compound (5). 

Compounds 8 and 9 and 10 show similar inhibition of growth after 24 hours as 

previously determined by the REMA assay. Taken together these results indicate 

that alkyl gallates with a high affinity for FtsZ in vitro can induce cell death by 

directly targeting FtsZ. Additionally it is observed that at higher concentrations of 

the alkyl gallates an alternative mechanism is responsible for the quick cell death 

that takes place without cell elongation (Fig. 6B).

As several described FtsZ inhibitors also affect cell membranes (32), we 

decided to study the effect of the alkyl gallates on cell membrane integrity in 

vivo. The Live/Dead BacLight kit, which combines the green membrane permeable 

fluorescent DNA dye, SYTO 9, and the red membrane impermeable fluorescent 

DNA dye, propidium iodide, was used to assess membrane integrity. Cells were 

incubated with both dyes and alkyl gallates. Subsequently, cells were imaged 

and red or orange cells were classified as cells with affected membrane integrity, 

whereas green cells were classified as cells with intact membranes. Nisin, which is 

known to make pores in the membrane, and CCCP, which disrupts the membrane 

potential but does not make pores (29), were used as controls. All alkyl gallates 

were found to be able to create membrane pores in vivo, to different extents 

(Fig. 7). Compound 8, at both MIC50 and MIC90 concentrations, permeabilized 

all cells, which is in line with the  observed cell death without elongation – 
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figure 6. Alkyl gallates cause cell elongation and lysis. (a) controls: B. subtilis cells were 
incubated with nothing (168) or with PC190723 at 2 µg/ml for 1h, 2h or 3h. (B) B. subtilis 
cells were incubated with alkyl gallates at MIC50 for 1h (1st column) or 2h (2nd column), or 

a

B
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although it has to be noted that cells incubated with compound 8 at MIC50 did 

not noticeably lyse (Fig. 6). Compounds 9, 10, and 11 showed a concentration-

dependent membrane permeabilization – but importantly, incubation at MIC50 

concentrations never resulted in more than 50% permeabilized cells, indicating 

that the alkyl gallates function by targeting membrane integrity, FtsZ function, 

and possibly other mechanisms.  

dISCuSSIoN

The use of alkyl gallates as anti-bacterial agents has been proposed in various 

studies in which the pharmacological activity of these compounds was described 

(2-5, 7). As semi-synthetic compounds that are derived from gallic acid, a plant 

metabolite, these compounds could be interesting and environmental-friendly 

figure 7. Membrane integrity is affected in the presence of alkyl gallates. B. subtilis cells 
were incubated with alkyl gallates, at MIC50 (light grey bars) and MIC90 (dark grey bars), 
and with CCCP (2 mM) or nisin (2.5 µg/ml) for 15 min., and membrane integrity was 
monitored using the Live/Dead assay (see text). The experiment was performed twice 
and more than 250 cells per incubation were counted per experiment. The values were 
converted to percentages, average percentage and standard deviation are shown. 

for 3h at 50% and 10% of MIC50 (3rd and 4th column, respectively). Brightfield microscopy 
images are shown. There is evident cell lysis after incubation at MIC50 with compounds 9, 
10, an 11, whereas cell elongation is seen at concentrations below MIC50. Scale bar (top 
left, same for all): 5 µm.
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alternatives for the control of bacterial infections of agricultural crops. To this end, 

we previously characterized the activity of alkyl gallates against the  important 

citrus pathogen Xanthomonas citri subsp citri (Xac) (6). Our initial studies 

indicated that the alkyl gallates disrupt cell division in Xac, possibly by targeting 

the  FtsZ-ring, which is different from the  observed mechanism of membrane 

binding that is also described for these compounds (8). Here, we investigated 

the mode of action of four alkyl gallates in more detail.

As we neither had access to a  Xac strain expressing fluorescent FtsZ, nor 

were able to purify Xac FtsZ, we turned to B. subtilis, which is also killed by 

alkyl gallates (5). Here, we provide both in vivo and in vitro evidence that FtsZ 

is a target for the alkyl gallates. The addition of alkyl gallates to cells expressing 

a fluorescent variant of FtsZ causes immediate disruption of Z-rings (Fig. 1), and 

cultures exposed to compounds 9, 10 and 11 display the  classical elongation 

phenotype of cells affected in cell division (Fig. 6). Purified FtsZ is blocked from 

polymerizing in the presence of alkyl gallates (Fig. 4 and Fig. S4), and some of 

the alkyl gallates bind FtsZ with high affinity, most notable heptyl gallate with 

an estimated Kd of 80 nM (Fig. 3). It should be noted that the effect of the alkyl 

gallates on B. subtilis indicated that FtsZ is not the  sole target– the  classical 

phenotype of cell elongation by division inhibition was observed for compounds 

9, 10 and 11 (Fig. 6), but all compounds also affected membrane integrity as 

observed with the permeability assay (Fig. 7). Therefore, alkyl gallates probably 

promote cell death by a combination of mechanisms: FtsZ inhibition, membrane 

permeabilization and, possibly, another activity.

Two recent studies pointed out some issues with antibacterials that have been 

identified as ‘FtsZ-inhibitors’. The first study, by Anderson et al. (14), showed that 

many compounds identified as FtsZ inhibitors in high-throughput screening assays 

based on FtsZ-mediated GTP hydrolysis, in fact form small aggregates that block 

GTP hydrolysis. The addition of Triton X-100 to these assays prevents aggregate 

formation and reveals normal GTP hydrolysis levels in the  presence of “false-

positive” compounds. The effect of alkyl gallates on GTP hydrolysis is the same, 

irrespective of whether Triton X-100 is present or not, indicating that alkyl-gallates 

are not false-positive GTP hydrolysis inhibitors (Fig. 2). Also, our other in vitro 

assays show that – at least some – of the alkyl gallates bind FtsZ with high affinity 

and that these compounds cluster FtsZ and prevent polymerization (Fig. 3, 4). 

Cluster formation is not caused by aspecific protein aggregation as shown by 
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control experiments with His-EzrAcyt and BSA. Combined, the in vitro work clearly 

shows that FtsZ is inhibited by the  alkyl gallates. The  second study, from Foss 

et al. (32) indicated that many compounds, identified as FtsZ inhibitors, target 

the membrane. Alkyl gallates have already been identified as membrane binding 

agents (8) – therefore we examined the effect of the alkyl gallates on membrane 

integrity. Intriguingly, compound 8, with the  shortest alkyl chain length, had 

the most disruptive effect on membranes as monitored by the influx of propidium 

iodide into cells (Fig. 7). The other compounds also affected membrane integrity 

albeit to different extents. We observed that compounds 9-11 permeabilize less 

than 50% of the cells at concentrations where 50% of the cells are metabolically 

inactive (MIC50) as determined by the  REMA assay. At MIC50, cell elongation 

cannot be observed and many cells in the culture lyse. At lower concentrations 

of the  compounds, elongation can clearly be observed, and it is evident, from 

the  dilution series (Table 1), that concentrations that cause elongation are 

sufficient to inhibit cell growth. We conclude that, especially for compounds 10 

and 11, FtsZ inhibition occurs at lower concentrations than MICs determined with 

the REMA assay. Increasing the concentration to MIC values leads to disruption 

of membrane integrity – this is particularly obvious for compound 8. The effect 

of alkyl gallates on membrane integrity is not the cause for FtsZ ring disruption 

as compounds that disrupt membrane integrity or that dissipate the membrane 

potential do not affect the Z-ring in vivo, whereas all alkyl gallates, at MIC50 and 

MIC90, quickly disrupt most of the Z-rings in cells. Combined, our experiments 

show that alkyl gallates, in addition to targeting membrane integrity (8, 31), can 

also directly target FtsZ. Given the antimicrobial activity of alkyl gallates against 

a variety of bacteria (2-6), the disruption of model membranes by alkyl gallates 

(8) and the disruption of cell division in both Gram-negative and Gram-positive 

bacteria (6, this work), we consider it very likely that both membrane disruption and 

FtsZ inhibition by alkyl gallates apply to many bacteria. Heptyl-gallate (compound 

10) was found to bind to FtsZ with very high affinity, resulting in blocked cell 

division at low concentrations and FtsZ cluster formation in vitro. The length of 

the alkyl chains affects both the  interaction with the membrane and with FtsZ. 

As the most promising anti-FtsZ agent, heptyl gallate can be used as a hit for 

the design of innovative compounds that have enhanced specificity towards FtsZ 

and less activity on the  membrane. Several modifications on the  structure of 

heptyl gallate are currently being made in our laboratories.
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SuppLemeNtaL materIaL

figure S1. B. subtilis cells expressing 
ftsZ-eyfp (strain 4055) without treatment 
or after incubation with CCCP (2 mM) 
or nisin (1.5 µg/ml) to disrupt membrane 
potential or integrity. Brightfield and 
fluorescence microscopy images are 
shown. Scale bar (same for all): 5 µm.

a B

C figure S2. Binding of compound 8 and 9 to 
FtsZ monitored by fluorescence spectroscopy. 
Fluorescence emission spectra of compound 8 (a) 
and 9 (B) acquired in the presence of 0, 1.2, 2.4, 3.6, 
4.8 µM FtsZ-compound 8 and 0, 2.4, 3.6, 4.8, 7.2 µM 
FtsZ-compound 9 (from bottom to top). Compound 9 
was used at 4x higher concentration than compound 
8. The change in fluorescence intensity of compound 
8 (C) at 366 nm plotted vs increasing concentrations 
of FtsZ (from 0 to 14.4 µM). The plot of fluorescence 
intensity vs FtsZ concentration for compound 9 
was impossible to obtain due to high instability of 
the fluorescence signal. 
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figure S3. Sedimentation of FtsZ in the presence of 100 µM alkyl gallates and at high 
sedimentation spin. (a) 10 µM FtsZ was incubated with alkyl gallates (100 µg/ml) before 
GTP/GDP was added. In the sample without nucleotide (no nucl), the same volume of 
polymerization buffer was added to the sample as for GTP/GDP. (S) indicates supernatant 
and (P) pellet fractions from the experiment. As a control, 1.5% DMSO was used. Samples 
were spun down at 186,000 x g for 10 min. All experiments were performed in duplicate. 
(B) The same experiment as in (a) with alkyl gallates at 50 µg/ml. Samples were spun 
down at 350 000 x g for 15 min.

a B

figure S4. Structures formed by FtsZ with alkyl gallates at MIC90 concentration. 10 µM 
FtsZ was incubated with alkyl gallates at MIC90 concentration for 5 minutes. After that, 
2 mM GTP was added and samples were incubated for another 20 minutes. As a control, 
1.5% DMSO was used. Scale bar: 100 nm. 
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aNNeX

The sporulation experiments included in this annex are part of the following 

paper: Król e., de Sousa Borges a., Kopacz m. and dJ Scheffers. 2017. Metal-

dependent SpoIIE oligomerization stabilizes FtsZ during asymmetric division in 

Bacillus subtilis. PLoS ONE 12: e0174713.

Improving the fusion construct ftsZ-eyfp
Strain 4055 (trpC2 amyE::spc Phyperspac ftsZ-eyfp) was constructed as described 

in the  M&Ms section of this chapter (1). In this strain, IPTG is used to express 

ftsZ-eyfp integrated in the amyE locus. This strain is the result of the testing of two 

ftsZ-eyfp fusions with different linker sequences between ftsZ and eyfp. In the first 

fusion construct tested, the coding sequence of FtsZ was attached to the coding 

sequence of eYFP via a linker that we hereby designate as linker 1. Linker 1 was 

previously used in the Veening laboratory with success for C-terminal eYFP fusions 

(2). Linker 1 consisted of 15 amino acids (SRGSGGEAAAKATGS) and contained 

a flexible (in bold) and a rigid (underlined) section. In order to see FtsZ-eYFP rings 

with this construct, relatively high amounts of IPTG were required (Fig. 1E). In 

order to analyze if the FtsZ-linker1-eYFP fusion protein was subject to proteolytic 

cleavage, cells were incubated with various concentrations of IPTG so that different 

amounts of this fusion protein would be produced. Cell lysate was obtained from 

these different samples and equalized amount of proteins were loaded on a gel 

and blotted against FtsZ (Fig. 1, panel A). In addition, the  same amount of cell 

lysate was also loaded on a gel in order to study the stability of the fluorescent 

fusion protein by detecting the eYFP fluorescence in-gel (Fig. 1, panel B). 

In panel A, the band corresponding to the  size of FtsZ wild-type (~40 kDa) 

increased together with the production of FtsZ-linker1-eYFP due to the increase in 

IPTG concentration. This result suggests that linker 1 was being cleaved resulting in 

an increase in full-length FtsZ and eYFP. This was corroborated by the presence of 

free fluorescent eYFP (~25 kDa, Fig. 1, panel B). The eYFP fluorescence intensity at 

~25 kDa was roughly equal to the fluorescence intensity displayed by the complete 

fusion protein (~65 kDa), indicative of a  cleavage rate of approximately 50%. 

Interestingly, in panel A we also noticed a higher band that was detected when 

blotting against FtsZ, and although we cannot determine what is the fusion protein 

associated with this band, we concluded it wouldn’t interfere with our results as 

there is no fluorescence associated with this band (Fig. 1, panel B and D).
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figure 1. Stability of fluorescent fusion proteins. Panels a and B, the cell lysates of cells 
producing FtsZ-linker1-eYFP in the presence of different IPTG concentrations were loaded 
on a gel and blotted against FtsZ (A), or imaged for in-gel GFP fluorescence (B). On the 
right, the kDa marker for protein size. Panels C and d, the cell lysates of cells producing 
FtsZ-linker1-eYFP and FtsZ-linker2-eYFP after the addition of 0.2 mM IPTG were loaded on 
a gel and blotted against FtsZ (C), or imaged for in-gel GFP fluorescence (D). As controls, 
cells grown without IPTG, to check for leaky expression, and wild-type cells (168) were 
loaded. Panel e, microscopy of exponential phase cells producing either FtsZ-linker1-eYFP 
in the presence of 0.2 mM IPTG (top) or FtsZ-linker2-eYFP in the presence of 0.2 mM or 
0.02 mM IPTG (bottom). Scale bar: 2 µm.

a

d
B

C

e

Given the  high rate of fusion protein cleavage, a  new linker, here named 

linker 2, was created. Linker 2 is a highly repetitive flexible linker with 15 amino 

acids (SGGGSGGGGSGGGG). To compare both linkers, cells producing FtsZ-

linker1-eYFP or FtsZ-linker2-eYFP fusion protein were incubated with the same 

amount of IPTG and the  respective cell lysates were equalized for protein 

concentration before loading on a gel. Both the  FtsZ (Fig. 1, panel C) protein 
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and eYFP fluorescence (Fig. 1, panel D) were detected. Panel C shows the same 

pattern previously obtained in panel A, but in panel D it is clear that cleavage 

of the  fusion protein with linker 2 is reduced. The  fact that the  cleavage of 

the fusion protein FtsZ-linker2-eYFP is reduced, thus resulting in a lower amount 

of fluorescent free eYFP, explains why 0.2 mM IPTG yields correct Z-rings, in vivo, 

in the case of FtsZ-linker1-eYFP but results in the clear overexpression phenotype 

of multiple Z-rings in the  case of FtsZ-linker2-eYFP. Even though the  fusion 

protein FtsZ-linker1-eYFP produced suitable Z-rings with 0.2 mM IPTG (Fig. 1, 

panel E); it was the  fusion protein FtsZ-linker2-eYFP that efficiently allowed 

the formation of adequate Z-rings under a very low expression, using 0.02 mM 

of IPTG (Fig. 1, panel E), due to the decreased levels of degradation. Therefore, 

the strain that had ftsZ-eyfp with linker 2 integrated at amyE was renamed strain 

4055 and this strain was used, with ftsZ-eyfp expression driven by 0.02 mM IPTG, 

for the experiments described in this annex and in chapter 3.

the construct ftsZ-eyfp upon sporulation

As described in chapter 1, B. subtilis is capable of asymmetric division, or 

sporulation. During sporulation, FtsZ is redeployed from midcell to both poles to 

form two polar Z-rings within the cell; however, only one polar Z-ring is converted 

into a septum that separates the mother cell from the forespore compartment 

(3, 4). SpoIIE is an  FtsZ-interacting protein that contributes to the  formation 

of the asymmetric septum by switching the FtsZ positioning to the poles, and 

after septation, SpoIIE activates the  forespore-specific transcription factor σF 

(5-8). In spoIIE null mutants, FtsZ still localizes to both poles but there is a delay 

on the switch from medial to polar rings, thus reducing the frequency of polar 

Z-ring formation (9, 10). Although the  phosphatase activity of SpoIIE has 

already been assumed to be manganese dependent (11), we were interested 

to see whether the  role of SpoIIE in polar septation, which precedes its role 

as a phosphatase, is also manganese dependent. To this end, the strain 4055 

was used to visualize FtsZ localization during sporulation, in the presence and 

absence of manganese. 

An overnight culture of B. subtilis strain 4055 (Phyperspac -ftsZ-eyfp) grown in 

CH medium (12) was diluted into fresh CH to an OD of 0.1. Cells were grown 

at 37°C until OD of 0.7. At this point, 2 samples of 5 ml were taken and cells 

were collected and washed 2 times with the  same volume of CH with (spo+) 
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or without (spo-) manganese. After the  washing steps, spo+ and spo- cells 

were resuspended in 100 µl of CH with and without manganese, respectively. 

Sporulation medium  (13) (with or without manganese) was added up to 

the  volume of 5 ml in the  presence of 0.02 mM of IPTG to allow low level 

expression of ftsZ-eyfp. Cells were allowed to sporulate at 37°C by continuing 

the incubation. Every hour, a 500 µl sample was taken and cells were harvested 

and resuspended in 20-50 µl of PBS before being mounted on an agarose pad 

prior to microscopy. FtsZ-eYFP was visualized as described in (1) and cells were 

scored according to their Z-ring localization, revealing that the  polar Z-ring 

formation is delayed in the absence of manganese (Fig. 2).

In the  absence of manganese, relocation of the  Z-ring from mid-cell to 

the cell poles is delayed (compared to samples supplemented with manganese). 

We noticed that in the  absence of manganese, cells contain more mid-cell 

rings and significantly less polar rings compared to cells in sporulation medium 

supplemented with manganese (Fig. 2).

figure 2. The absence of Mn2+ from the sporulation medium delays asymmetric Z-ring 
formation. Pie-chart representation of sporulating B. subtilis cells in the presence (+) and 
absence (-) of Mn2+. Four different types of cell (representative images in the legend) were 
scored: cells without any Z-ring in the cell (no ring), cells with a Z-ring in the middle of 
the rod (mid-cell ring), cells with two rings assembled at the cell poles (two polar rings) 
and cells with only one polar ring (polar ring). Non-sporulating cells are marked in blue 
shades, while sporulating cells are marked in orange shades. Each pie chart is the result of 
two independent classification experiments in which at least 200 cells were classified per 
condition. Actual percentages and standard deviations are included in Table 1.
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However, the  absence of manganese also contributes to a  delay in 

the  sporulation phosphorelay. To exclude that, in the  absence of manganese, 

the delay in the phosphorelay is the main cause for the delay in polar septation, 

the previous experiment was repeated in a strain that overproduces KinA. KinA 

overproduction artificially charges the  phosphorelay both in sporulating and 

exponentially growing cells (14). The  protocol used in this experiment was 

equal to the previous one, with a minor exception that in the new strain 4120 

(Phyperspac -ftsZ-eyfp, Pxyl-kinA) kinA was induced with 0.5% (w/v) Xylose after 

resuspension in sporulation medium. The  overproduction of KinA resulted in 

faster sporulation, and thus cells had to be analyzed after 60, 120 and 180 

minutes. A  similar result to the previous experiment was obtained, with more 

cells with midcell rings and less cells with polar rings in the absence of manganese 

(Table 2). As polar septation is also reduced in the absence of manganese when 

table 2. Averaged percentages and standard deviations (avg±stdv)

No-ring mid-cell ring two polar rings polar ring

+ - + - + - + -

1h 54.7 
±10.7

55.6  
± 1.5

8.6 
±0.3

15.2 
±3.4

13.7 
±0.0

14.3 
±1.5

23.0 
±10.4

15.0 
±3.4

2h 61.1 
±3.4

80.4 
±19.2

1.0 
±1.4

0.5 
±0.7

6.9 
±2.2

3.6 
±3.7

31.0 
±0.2

15.0 
±15.5

3h 84.5 
±17.7

83.7 
±10.2

0.9 
±1.2

0.2 
±0.3

4.4 
±6.2

4.3 
±2.4

10.3 
±10.3

11.8 
±7.5

The absence of Mn2+ from the sporulation medium delays asymmetric Z-ring formation in cells 
with a hypercharged phosphorelay. B. subtilis cells were scored in the presence (plus) and absence 
(minus) of Mn2+ as described for Fig. 2. The actual percentages and standard deviations from two 
independent classification experiments in which at least 200 cells were classified per experiment are 
depicted in table 2.

table 1. Averaged percentages and standard deviations (avg±stdv)

No-ring mid-cell ring two polar rings polar ring

+ - + - + - + -

2h 29.1 
±1.8

46.6 
±1.7

5.6 
±0.6

9.9 
±3.0

27.9 
±0.8

26.8 
±2.1

23.3 
±0.3

16.1 
±0.5

3h 61.1 
±2.2

80.4 
±1.3

1.0 
±0.3

0.5 
±1.3

6.9 
±1.4

3.6 
±6.3

31.0 
±1.9

15.0 
±3.5
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the phosphorelay is artificially charged, we can conclude that the role of SpoIIE 

in relocating FtsZ to the cell pole is affected in the absence of manganese, and 

that the formation of asymmetric septa is delayed, similar to the reported spoIIE 

null phenotype. Combined with biochemical experiments on SpoIIE manganese 

binding and its positive influence on FtsZ polymer stability (15, submitted), these 

experiments show that manganese facilitates the formation of polar septa during 

B. subtilis sporulation, most likely acting through SpoIIE. 

Importantly, these two sporulation experiments exemplify the  versatility of 

the fusion construct FtsZ-eYFP.
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INtroduCtIoN

The bacterial membrane forms the  boundary between the  cell and 

the  environment. Membrane proteins play a  crucial role in distinct and yet 

related cellular processes, such as cell division and cell wall synthesis. Bacteria 

need to grow and divide in order to prosper, making cell division and cell wall 

synthesis essential aspects in the  bacterial life-cycle. Using Escherichia coli and 

Bacillus subtilis as model organisms, this thesis makes an attempt at exploring how 

these essential processes are affected by the insertion and folding of membrane 

proteins, the  presence of functional membrane microdomains and the  use of 

antibacterial agents.

CeLL dIvISIoN aNd CeLL waLL SyNtheSIS

Cell division is initiated when FtsZ, a  cytoplasmic protein with GTPase 

activity, localizes to the  division site and assembles into a  ring-like structure 

(Z-ring) at midcell (1). After FtsZ polymerization at midcell, other cell division 

proteins are recruited to the division site through direct or indirect interactions 

with FtsZ, establishing the  divisome, a  multi-protein complex (2, 3). Recently, 

the  identification of a  large 1 MDa cell division protein complex in E. coli, that 

contained at least 7 essential division proteins, provided the  first biochemical 

evidence for the  existence of the  divisome (4). Divisome assembly in both E. 

coli and B. subtilis, with its differences and similarities, is described in more 

detail in chapter 1. In E. coli, the division proteins localize to the division site 

in a  sequential mode while in  B. subtilis  most division proteins are recruited 

simultaneously (5). Cell division culminates with the  complete separation 

of the  membrane and the  cell wall. In B. subtilis, the  two daughter-cells are 

physically separated due to the synthesis of a new septal wall, whereas in E. coli 

there is a gradual constriction of the inner and outer membranes and the cell wall 

(5). Ultimately, the synthesis of new cell wall material at the division septum is 

required to complete cell division. 

Cell wall synthesis is a multi-step dynamic process generally valid for all bacteria. 

The macromolecule peptidoglycan (PG) is the main component of the cell wall and 

is composed of linear glycan chains of alternating units of N-acetylglucosamine 

(GlcNAc) and N-acetyl muramic acid (MurNAc) that are cross-linked via a peptide 
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bridge (6, 7). The  building block of peptidoglycan is Lipid II, or PG precursor, 

which consists of a  lipid carrier C55-P that is linked to a  disaccharide unit by 

a  pyrophosphate bridge (C55-PP-MurNAc-GlcNAc-L-ala-D-glu-mDAP-D-ala-D-ala) 

(8). The biosynthesis of PG starts with the synthesis of the nucleotide-bound precursor, 

followed by the synthesis of Lipid II which is flipped across the cytoplasmic membrane 

into the  periplasm before being incorporated into the  PG (7, 8). PG synthesis 

requires a  set of different reactions such as transglycosylation, transpeptidation 

and carboxypeptidation. Transglycosylation is responsible for the  assembly and 

elongation of the  glycan chains which are bound to each other via the  activity 

of transpeptidases that ensure the cross-linking of the stem peptides. During PG 

maturation, the terminal amino acids from other stem pentapeptides are cleaved 

by DD-carboxypeptidases (9, 10). These distinct reactions are accomplished by 

the combined action of different Penicillin Binding Proteins (PBPs) and SEDS-family 

(Shape, Elongation, Division and Sporulation) proteins (11-13). PBPs are the target 

of penicillin and other β-lactams, which are structurally similar to the D-ala–D-ala 

termini of the  pentapeptide in Lipid II, and which block the  activity of PBPs by 

covalent binding to the active site (13). PBPs have been identified and classified 

according to their molecular weight and functional activity. Chapter 1 contains 

a general description of the classification of PBPs. The in vivo localization of several 

PBPs indicates three distinct patterns: septal localization (PBP1B and PBP2B), both 

septal and peripheral localization (PBP2A, PBP4 and PBP5) and helical-like structure 

localization (PBP3) (10, 14, 15). Such difference in the localization might support 

the existence of two different PG-synthesizing machineries, one for the lateral and 

one for the septal PG synthesis (10, 14, 15). 

The septal and lateral cell wall synthesis need to be coordinated and organized 

in order to ensure the multiplication of cells with proper cell length and width. 

The  elongasome, a  multi-protein complex responsible for PG synthesis at 

the lateral wall during cell elongation, is associated with the cytoskeleton protein 

MreB (16, 17). The in vivo MreB structure is thought to consist of short membrane-

associated filaments that independently rotate around the cell width on the inner 

surface of the cytoplasmic membrane (18, 19). Most rod-shaped bacteria possess 

at least one mreB homologue. MreB, an actin homologue, is strictly associated 

with the  cell shape and the  loss of MreB leads to the  loss of the  rod-shaped 

morphology resulting in spherical cells (18, 20). There are different ways in which 

MreB determines and regulates the cell shape by influencing the cell wall synthesis 



165

5

dynamics: 1) MreB can interact with PBPs and enzymes involved in the synthesis 

of Lipid II and PG hydrolysis (21-27); 2) MreB naturally organizes the membrane 

into regions of increased fluidity (RIFs) which can have an increased amount of 

Lipid II (28, 29); 3) MreB membrane association and dynamics are dependent on 

the ongoing cell wall synthesis and the presence of Lipid II (30-33). 

yIdC aIdS IN the CorreCt foLdING of pBps

Membrane proteins need to be inserted and properly folded in the membrane in 

order to become functional. The conserved Sec translocon is involved in the insertion 

of membrane proteins into the membrane. The Sec translocon is composed of 

different proteins; SecA, a peripheral motor; SecDF and YidC, accessory proteins; 

and SecYEG, a membrane-embedded channel that accommodates the protein to 

be inserted (34-36). Although most of the membrane proteins are inserted into 

the cytoplasmic membrane via the Sec co-translational route, some membrane 

proteins can be inserted via YidC alone (36, 37). In chapter 1 these insertion 

pathways are described in more detail. 

E. coli YidC is an inner membrane protein composed of 6 transmembrane 

segments and a large periplasmic domain (38). YidC can perform two different 

tasks; it is capable of inserting small membrane proteins by itself (36, 37) and 

is capable of assisting the  Sec-mediated membrane insertion by facilitating 

the  folding or assembly of inner membrane proteins (39, 40). The  MalFGK2 

maltose transporter and the MscL homopentameric pore are known membrane 

protein complexes whose proper assembly is mediated via YidC (41, 42). 

The  sugar transporter LacY is a  membrane protein of which the  folding is 

mediated via YidC (43-45). In chapter 2, the  previous observation that YidC 

depletion leads to cell filamentation (48) was further investigated to determine 

the role of YidC in the folding of PBPs which led to a concise approach exploring 

the YidC effect on cell division. Microscopic analysis revealed, and confirmed, 

that YidC depletion leads to wider cells with a  division defect. Such a  defect 

could be explained by a  reduced function of certain PBPs that are involved in 

cell division or elongation (growth). The PBPs are inner membrane proteins with 

one transmembrane segment responsible for different reactions that directly 

contribute for the synthesis and modification of the peptidoglycan (PG), the main 

constituent of the cell wall. 
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PBPs involved in cell division and cell wall synthesis were the focus of this study 

as PBPs can be easily and collectively labeled and visualized using a fluorescent 

derivative of penicillin, Bocillin-FL, that covalently binds to their active sites (49). 

E. coli inner membrane vesicles (IMVs) with and depleted of YidC were used for 

two different experiments. In one assay, the total levels of certain PBPs present 

in both IMVs were assessed by immunoblotting analysis. In the second approach, 

the  amount of correctly folded PBPs was determined by Bocillin-FL-labeling. 

Statistical analysis was used to detect and validate significant differences 

between the IMVs with and depleted of YidC. Depletion of YidC did not affect 

the  total membrane levels of PBP3, and an in vitro synthesis and membrane 

insertion assay for PBP3 using IMVs depleted of YidC confirmed that PBP3 does 

not required YidC for membrane insertion. However, the amount of Bocillin-FL 

labeled PBP2 and PBP3 identified in the IMVs was reduced in IMVs derived from 

YidC-depleted cells. PBP2 and PBP3 belong to the class B PBPs that possesses only 

transpeptidase activity (50). Additionally, the  disappearance of high molecular 

weight bands possibly corresponding to PBP1B and PBP3 homodimers suggests 

that YidC is involved in the formation or stabilization of these complexes. PBP2 is 

involved in cell elongation while PBP3 is involved in cell division, and these class 

B PBPs organize the directionality of PG growth (50). Therefore, the observed 

defects in folding of these PBPs are in agreement with the reported phenotype of 

elongated and wider cells upon YidC depletion.

PBP3 requires FtsQ for midcell localization and FtsQ is known to interact with 

YidC (51-53). Therefore, the  possibility that the  effect on PBP3 folding upon 

YidC depletion could be an indirect effect of defective FtsQ assembly had to be 

considered. It was established that FtsQ does not require YidC for membrane 

insertion (51, 54), but also that FtsQ depletion resulted in no substantial 

differences in the  levels of bocillin-labeled PBPs. Thus, the  folding defects in 

PBP3 (and other PBPs) upon YidC depletion are not an indirect effect of defective 

FtsQ assembly. 

As a  result, YidC was proposed to assist in the  biogenesis of some PBPs 

suggesting that the foldase activity of YidC can extend to the periplasmic domains 

of inner membrane proteins. The  lipoprotein PrsA is required for the  correct 

folding of B. subtilis class B PBPs (55). PrsA is a peptidyl-prolyl cis-trans isomerase 

that is conserved in Gram-positive organisms. The effect of YidC on PBP folding in 

E. coli could still be indirect, with YidC being required for the folding of a factor 
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that aids in PBP biogenesis. Even so, such a  factor would also (predominantly) 

be located in the periplasm, and thus this would still extend the role of YidC to 

the assembly of periplasmic protein domains. The precise mechanism by which 

YidC exerts this function is still unknown.

fLotILLINS aNd other pBps CoNtrIBute to 
a Smooth CeLLuLar Growth aNd dIvISIoN

Membranes have an uneven distribution of lipids and proteins resulting in 

the formation of distinct domains. Studies about the bacterial membrane domains 

have been primarily carried out in the bacterium B. subtilis. Similarly to eukaryotic 

membranes, B. subtilis possess DRM (detergent-resistant membrane) fractions 

which contain two homologues of the eukaryotic flotillins, named FloT (YuaG) 

and FloA (YqfA), which are thought to organize the membrane into lipid rafts (56). 

In the  last years, the existence of bacterial membrane microdomains has been 

analyzed and its importance for several biological functions has been considered. 

Although not essential, overexpression or deletions (single or double) of floA and 

floT results in alterations in cell shape, motility, biofilm formation, sporulation, cell 

division and natural competence efficiency (56-59). Various interacting partners 

of FloA and FloT have been identified, including several proteins involved in cell 

division (FtsH, FtsX and EzrA) and cell wall synthesis (penicillin-binding proteins 

(PBP) 5 and 1, cell-shape determining protein MreC) (59-62). The general principles 

of flotillins are discussed in more detail in chapter 1. 

In chapter 3 the possible effect of flotillins on cell division, cell wall synthesis 

and its spatial organization is investigated. In order to do so, several new strains 

were generated so that the  localization of flotillins and key wall synthesis and 

division proteins, either in the absence of flotillins or other key proteins, could 

be determined. Even though PBP5 has been shown to interact with FloT (62), 

the  localization pattern of PBP5 and FloT is independent of each other. To 

further study any possible interaction between PBP5 and FloT, other methods 

were used to study cell wall synthesis. HADA, a fluorescent D-amino acid that 

is incorporated in the  5th position of the  pentapeptide chain (63), indirectly 

indicates PBP5 activity as PBP5 localizes to sites of PG synthesis by removing 

the D-Ala residue in the 5th position of the stem peptide (10). Therefore, in cells 

without PBP5 the fluorescent signal of the HADA-labeled peptides is considerably 
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higher than in the  wild-type cells (63). Like HADA, fluorescent vancomycin 

(Van-FL) also labels active sites of PG synthesis. Vancomycin is an antibiotic that 

binds to the terminal D-Ala-D-Ala residues of the stem peptide, binding either 

to the cell-wall precursor LipidII, but also to the un-crosslinked PG thus blocking 

further PG crosslinking and consequent cell wall synthesis (64). Cells with and 

without flotillins were labeled with HADA and Van-FL, and the fluorescent signal 

was analyzed with an appropriate software and method. A statistically significant 

increase in the fluorescence intensity of the division septa was detected for cells 

lacking both flotillins. This increased fluorescence at the septa means that there 

is a delay in the processing of peptidoglycan at the division septum resulting in 

the accumulation of pentapeptides at the division site. More importantly, there 

seems to be a  functional link between flotillins and the  coordination of PBP5 

activity at the septum, although the precise mechanisms are still unclear. 

The notion that cells lacking both flotillins have some impairment in cell 

division, and thus an increased cell length, has previously been reported (57, 58, 

65), chapter 3). Interestingly, although FtsZ, the first division protein to localize 

to the septum, still localized at the division site in the absence of flotillins; the FtsZ 

fluorescence intensity was drastically reduced. However, this result requires further 

validation before any conclusion can be drawn as the total levels of the fusion 

protein FtsZ-eYFP need to be accounted to exclude possible degradation. FtsZ did 

not require the presence of flotillins to properly localize to the midcell, just like 

several other PBPs that were analyzed, such as PBP1, PBP2A, PBP2B, PBP3, PBP4, 

PBP5 and PBPH. Since all these PBPs properly localize in the absence of flotillins, 

they cannot explain the effect detected on PG synthesis at the septa. FM4-64, 

a dye that preferentially stains negatively charged phospholipids (66), was used in 

order to provide a glimpse of the lipid composition at the septa. In the absence of 

flotillins, there was an increase in the intensity of the fluorescent dye at the septa, 

probably indicating that there might be a higher proportion of anionic lipids at 

the septa. Flotillins might therefore influence the lipid composition at the division 

site. However, this result requires further validation with different lipidic dies in 

order to establish its biological importance. 

The affected PG synthesis at the septa in the absence of flotillins could partially 

be explained by a delocalization of MreB, which is involved in the spatial regulation 

of the cell wall synthesis (31). However, the localization of MreB and flotillins was 

independent on each other and MreB did not colocalize with FloA. These results are 
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in agreement with the fact that MreB has been shown to organize the membrane 

by creating specific membrane regions with increased fluidity, termed RIFs (29) 

while lipid rafts are known for the increased membrane rigidity (67).

Interestingly, the  concomitant absence of PBP1 and flotillins led to 

a  disorganized cell wall synthesis as detected via HADA and Van-FL labeling. 

The reason why PG synthesis is delocalized in the absence of PBP1 and flotillins is 

still unclear. In chapter 3 one possible explanation is given. Although MreB does 

not seem to be strongly affected in this mutant, PBP4 failed to proper localize 

in the absence of both PBP1 and flotillins, even though it normally localizes in 

the presence of either PBP1 or flotillins. The delocalization of PBP4, and possibly 

other PBPs not studied in chapter 3, might account for the disorganization of cell 

wall synthesis. Future experiments involving new strains need to be performed in 

order to test this hypothesis.

It now seems clear that flotillins play an active role in cell division and cell 

wall synthesis, either directly or via another protein. The details of these relations 

are largely unknown. Overall, our results point to a synthetic phenotype caused 

when PBP1 and flotillins are deleted via, but not excluded to, a delocalization or 

impairment in the recruitment of some PBPs and MreB. 

the aNtImICroBIaL CompouNdS aLKyL 
GaLLateS tarGet Both CeLL dIvISIoN aNd 
the memBraNe IN B. SuBtILIS

Due to an increase in the  number of antibiotic-resistant bacteria, bacterial 

infections are now a major threat to public health (250,251). Therefore, the search 

for new antimicrobial compounds is of extreme importance. Chapter 1 provides 

a short indication of the current targets for antimicrobial research. The divisome, 

with a particular focus on the protein FtsZ, has been extensively studied during 

the pursuit for new antimicrobial drugs (68, 69).

The bacterium Xanthomonas citri subsp citri is a plant pathogen that causes 

citrus canker which greatly damages the citrus trees and affects the citriculture 

(70). A previous study showed that alkyl gallates (namely pentyl, hexyl, heptyl, 

and octyl gallate) are active against this pathogenic bacterium resulting in 

elongated cells with disrupted cell division machinery (70). Taking into account 

that B. subtilis had already been considered as a  target of alkyl gallates (71), 
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and our access to purified FtsZ from this organism, the mode of action of alkyl 

gallates was studied using B. subtilis.  

In chapter 4, a complete study involving both in vivo and in vitro experiments 

to determine the mode of action of alkyl gallates with a  varying chain length 

(from 5 to 8 carbons) is described. First, the  inhibitory capacity of these 

compounds was determined using both REMA and macrodilution assays, and in 

both cases, heptyl gallate was found to be the most potent compound. The  in 

vitro experiments involved the characterization of FtsZ and were performed as 

previously described (72). All alkyl gallates were found to inhibit the GTPase activity 

of FtsZ which is a direct target of these compounds, with heptyl gallate showing 

the strongest binding/affinity to FtsZ. Alkyl gallates also promoted a strong FtsZ 

sedimentation, blocking its polymerization by inducing the formation of clusters 

of FtsZ monomers. Heptyl gallate had the strongest effect on FtsZ sedimentation. 

Although alkyl gallates can form clusters of FtsZ monomers that as a  result 

prevent FtsZ polymerization, the compounds promoted the bundling but failed 

to disrupt existing FtsZ polymers.

In chapter 4, a novel FtsZ-eYFP fusion was developed to study the effects 

of alkyl gallates on FtsZ in vivo. Z-rings were disrupted after incubation with 

the alkyl gallates. However, the Z-ring disruption, and eventual cell death, was 

rather quick and did not cause cells to form filaments, a  typical phenotype of 

a  cell division blockage. Filamentation was only obtained after more than 2 

hours of incubation with alkyl gallates at sub-MIC concentrations. These results 

indicate that alkyl gallates can cause a quick cell death via another mechanism 

than FtsZ inhibition. We found that this other mechanism was the disruption of 

the integrity of the cytoplasmic membrane, by studying the influx of a membrane 

impermeable DNA dye into cells after alkyl gallates incubation. Our results 

indicated that alkyl gallates act in a  combined mode by, at least, targeting 

membrane integrity and FtsZ function, and most likely this mode of action apply 

to a wide range of bacteria. Heptyl gallate was found to be the most potent FtsZ 

inhibitor, thus making it an interesting hit for further studies and development of 

new antimicrobial compounds.

The FtsZ-eYFP fusion developed in chapter 4 also proved helpful in other 

studies, such as the  effect of the  deletion of flotillins on the  level of FtsZ at 

the  septum (chapter 3) and the  formation of FtsZ rings during B. subtilis 

sporulation (chapter 4, annex).
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CoNCLudING remarKS

Nowadays it is accepted that a correct organization of lipids and proteins within 

the  biological membrane is important to ensure the  proper activity of several 

cellular processes. Mass spectrometry analysis of the proteins from the B. subtilis 

DRM fractions revealed different secretion proteins, such as the channel subunit 

SecY, the protease secretion chaperone PrsA and the signal peptidase SppA (59, 

60, 62, 67). PrsA, an essential periplasmic foldase, is thought to be required, 

directly or indirectly, in the correct folding of several B. subtilis high-molecular-

weight PBPs (PBP2a, PBP2b, PBP3 and PBP4) (55). In this thesis we determined that 

YidC is directly or indirectly involved in the correct folding of the high-molecular-

weight PBP2 and PBP3. The possibility that another protein is required for PBP2 

and PBP3 folding cannot be excluded. It is also possible that such unknown 

protein is associated with E. coli DRM fractions and flotillins, as other secretion 

proteins have already been identified in B. subtilis DRM fractions (67). Therefore, 

future work including a characterization of the E. coli DRM fraction, and flotillin 

interaction studies, could allow the detection of suitable candidates responsible 

for the E. coli PBP2 and PBP3 folding.  

The current increase in the search for new antimicrobial drugs has set new 

boundaries, with researchers looking for different compounds and/or aiming 

at different targets. All topics mentioned in this thesis have already been 

considered as potential targets for antimicrobial compounds, with some being 

more extensively analyzed than others. While cell wall synthesis has long been 

the classic target for antibiotics, the antimicrobial research is now focusing on 

cell division. In this thesis a new compound was evaluated for its antimicrobial 

capacity as it strongly affected cell division but also the cell membrane stability. 

Promising results suggested that heptyl gallate could be further developed. 

However, the  search for new antibiotics is a  continuous endeavor as out of 

the many potential leads that are discovered, only a  few turn out to be good 

candidates for clinical use. 

This thesis is an example of the complexity of protein dynamics and interactions 

associated with essential cellular processes like cell division and cell wall synthesis. 

More research into these processes is required to improve our knowledge on 

bacterial cell division and cell wall synthesis. 
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INLeIdING

Het bacteriële membraan vormt de  grens tussen de  cel en zijn omgeving. 

Membraaneiwitten spelen een cruciale rol in verschillende, maar toch gerelateerde 

cellulaire processen, zoals celdeling en celwandsynthese. Deze twee processen zijn 

essentieel voor de bacteriële levenscyclus om te kunnen groeien en delen. Door 

gebruik te maken van de  modelorganismen Escherichia coli en Bacillus subtilis 

wordt in dit proefschrift onderzocht hoe deze essentiële processen beïnvloed 

worden door de insertie en vouwing van membraaneiwitten, de aanwezigheid van 

functionele membraan microdomeinen en het gebruik van antibacteriële stoffen. 

CeLdeLING eN CeLwaNdSyNtheSe

Celdeling begint wanneer FtsZ, een  cytoplasmatisch eiwit met GTPase 

activiteit, lokaliseert op de celdelingsplek en zich polymeriseert in een ringachtige 

structuur (Z-ring) in het  midden van de  cel (1). Na FtsZ polymerisatie worden 

andere celdelingseiwitten gerekruteerd naar deze plek door directe of indirecte 

interacties aan te gaan met FtsZ. Daardoor wordt een groot eiwitcomplex gevormd, 

het  zogenaamde divisoom (2, 3). Recent is een  groot celdelingscomplex van 

1MDa geïdentificeerd in E. coli dat ten minste zeven essentiële celdelingseiwitten 

bevatte. Hiermee werd het eerste biochemische bewijs voor het bestaan van dit 

divisoom geleverd (4). het vormen van dit divisoom in zowel E. coli als B. subtilis 

wordt in hoofdstuk 1 in meer detail beschreven, waarbij ook de  verschillen 

en de  overeenkomsten tussen deze bacteriën worden besproken. In E. coli 

lokaliseren de  celdelingseiwitten op de  celdelingsplek op een  opeenvolgende 

wijze, terwijl dit in B. subtilis juist gelijktijdig gebeurd (5). de celdeling eindigt 

uiteindelijk wanneer het membraan en de celwand volledig gescheiden zijn. In B. 

subtilis worden de twee dochtercellen fysiek gescheiden door de aanmaak van 

een nieuwe scheidingswand, ook septum genoemd. In E. coli daarentegen, vindt 

er een geleidelijke vernauwing van binnen- en buitenmembraan en de celwand 

plaats. Ten slotte is de  aanmaak van nieuw celwandmateriaal bij het  septum 

nodig om de celdeling te vervolmaken. 

De aanmaak van de celwand is in het algemeen voor alle bacteriën een dynamisch 

proces bestaande uit meerdere stappen. het macromolecuul peptidoglycaan (PG) 

is de  belangrijkste component van de  celwand en is opgebouwd uit lineaire 
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glycaanketens bestaande uit afwisselend N-acetylglucosamine (GlcNAc) en 

N-acetylmuraminezuur (MurNAc) die via peptidebruggen met elkaar verbonden 

zijn (6,7). de precursor van peptidoglycaan is Lipid II. Deze bestaat uit een lipide 

carriermolecuul C55-P die gebonden is aan een disacharide door een pyrofosfaatbrug 

(C55-PP-MurNAc-GlcNAc-L-ala-D-glu-mDAP-D-ala-D-ala) (8). de aanmaak van PG 

begint met de  synthese van de  nucleotide-gebonden precursor, gevolgd door 

de synthese van Lipid II. Dit wordt dan van de binnenkant van de membraan naar 

het periplasma gekanteld en vervolgens wordt Lipid II geïntegreerd in het PG (7, 

8). Voor de aanmaak van PG zijn een aantal verschillende reacties nodig, onder 

andere transglycosylerings-, transpeptiderings- en carboxypeptidase-reacties. 

Transglycosylering is het samenstellen en verlengen van de glycaanketens. Tijdens 

transpeptidering worden de peptide bruggen gevormd die de glycaanketens met 

elkaar verbinden. Tijdens de maturatie van het PG worden de laatste aminozuren 

van de  pentapeptides geknipt door DD-carboxypeptidases (9, 10). Deze 

verschillende reacties worden verricht door de samenwerking van verschillende 

Penicilline-bindende eiwitten (PBPs) en eiwitten van de  SEDS-familie (vorm, 

verlenging, deling en sporulatie) (11-13). PBPs zijn het doelwit van penicilline en 

andere β-lactam antibiotica aangezien die dezelfde structuur hebben als de D-ala-

D-ala uiteinde van de pentapeptide in Lipid II. Door een covalente binding aan te 

gaan met het actieve centrum van PBPs, blokkeren ze hun activiteit (13). PBPs zijn 

geïdentificeerd en geclassificeerd volgens hun moleculair gewicht en functionele 

activiteit. hoofdstuk 1 bevat een algemene beschrijving van de classificatie van 

PBPs. de in vivo lokalisatie van verschillende PBPs laten drie verschillende patronen 

zien: lokalisatie op het  septum (PBP1B en PBP2B), zowel op het  septum als in 

de periferie (PBP2A, PBP4 en PBP5) en lokalisatie in de vorm van een helix (PBP3) 

(10, 14, 15). Zulke verschillen in lokalisatie ondersteunen wellicht het bestaan 

van twee verschillende PG-synthese apparaten; één voor laterale en de andere 

voor septale PG synthese (10, 14, 15). 

De aanmaak van de  septale en laterale celwand moet zo gecoördineerd 

en georganiseerd worden dat de  proliferatie van cellen met de  juiste lengte 

en breedte gewaarborgd blijft. het  elongasoom, een  groot eiwitcomplex voor 

de PG synthese van de laterale celwand tijdens de celgroei, is geassocieerd met 

het cytoskeleteiwit MreB (16, 17). Van de in vivo MreB structuur wordt gedacht 

dat die bestaat uit korte membraangeassocieerde filamenten die onafhankelijk 

roteren aan de  binnenkant van het  cytoplasmatisch membraan (18, 19). 
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de  meeste staafvormige bacteriën bevatten ten minste één mreB homoloog. 

MreB, een actine homoloog, is uitsluitend geassocieerd met de vorm van de cel 

en afwezigheid van MreB leidt tot het verlies van de staafvormige morfologie wat 

resulteert in bolvormige cellen (18, 20). MreB bepaalt en reguleert op verschillende 

manieren de  vorm van de  cel door invloed te hebben op de  dynamiek van 

de celwandsynthese: 1) MreB kan een  interactie aangaan met PBPs en andere 

enzymen die betrokken zijn bij de synthese van Lipid II en PG hydrolyse (21-27); 

2) MreB verdeelt het membraan in regio’s met een verhoogde vloeibaarheid (RIFs) 

die een verhoogde hoeveelheid Lipid II kunnen hebben (28, 29); 3) de associatie 

met het membraan en de dynamiek van MreB zijn afhankelijk van de continue  

celwandsynthese en de aanwezigheid van Lipid II (30-33). 

yIdC aSSISteert BIJ de CorreCte vouwING vaN 
pBpS

Membraaneiwitten moeten in het  membraan geïnserteerd worden en op 

correcte wijze gevouwen worden om functioneel te zijn. het geconserveerde Sec 

translocon is betrokken bij de insertie van membraaneiwitten in het membraan. 

het Sec translocon bestaat uit verschillende eiwitten; SecA, een  motoreiwit; SecDF 

en YidC, de hulpeiwitten; en SecYEG, een eiwitcomplex dat een kanaal vormt 

in het  membraan en zo de  insertie van het  membraaneiwit in het  membraan 

mogelijk maakt (34-36). Hoewel de meeste membraaneiwitten in het membraan 

worden geïnserteerd via de  Sec co-translationele route, kunnen sommige 

geïnserteerd worden door alleen YidC (36, 37). In hoofdstuk 1 worden deze 

insertieroutes in meer detail besproken. 

E. coli YidC is een binnenmembraaneiwit dat bestaat uit zes transmembraan 

segmenten en een  groot periplasmatisch domein (38). het  kan twee aparte 

taken uitvoeren; het  kan zelf kleine membraaneiwitten inserteren (36, 37) en 

het  kan Sec-gemedieerde membraaninsertie assisteren door het  faciliteren 

van de  vouwing en assemblage van binnenmembraaneiwitten (39, 40). 

het MalFGK2 maltose transport eiwit en MscL, een homopentameer porie-eiwit, 

zijn bekende membraaneiwitcomplexen die YidC nodig hebben om op correcte 

wijze geassembleerd worden (41, 42). een  voorbeeld van een membraaneiwit 

waarvan de vouwing door YidC wordt begeleid is het suikertransporteiwit LacY. 

In hoofdstuk 2 wordt de voorafgaande observatie dat depletie van YidC leidt tot 
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celfilamentatie (48) verder onderzocht om de rol van YidC bij de vouwing van PBPs 

te bepalen. Dit resulteerde in een onderzoek dat zich concentreerde op het effect 

van YidC op de  celdeling. Microscopische analyse bevestigde dat depletie van 

YidC resulteert in bredere cellen met een delingsdefect. een dergelijk defect kan 

verklaard worden door een verminderde functie van bepaalde PBPs die betrokken 

zijn bij celdeling en elongatie (groei). Deze PBPs zijn binnenmembraaneiwitten 

met een  transmembraansegment dat verantwoordelijk is voor verschillende 

reacties die bijdragen aan de  synthese en modificatie van de  peptidoglycaan 

(PG), het voornaamste onderdeel van de celwand. 

De focus van deze studie waren de PBPs die zijn betrokken bij de celdeling 

en de  celwandsynthese, want PBPs kunnen gemakkelijk gezamenlijk gelabeld 

en gevisualiseerd worden door middel van Bocillin-FL. Dit is een  fluorescente 

vorm van penicilline dat covalent bindt aan de  actieve site van PBPs (49). E. 

coli binnenmembraanvesikels (IMVs) met en zonder YidC werden gebruikt voor 

twee verschillende soorten experimenten. In het  eerste experiment werd door 

middel van immunoblot analyse de  totale hoeveelheid van een  aantal PBPs 

bepaald die aanwezig waren in beide IMVs. In het tweede soort experiment werd 

de  hoeveelheid correct gevouwen PBPs bepaald door middel van het  labellen 

met Bocillin-FL. Een statistische analyse werd gebruikt om significante verschillen 

tussen de  IMVs met en zonder YidC te detecteren en te valideren. Depletie 

van YidC had geen effect op de totale hoeveelheid van PBP3 in de membraan. 

Daarnaast bevestigde een in vitro synthese en membraaninsertie assay voor PBP3 

met IMVs zonder YidC dat YidC niet vereist is voor de  membraaninsertie van 

PBP3. Echter, de hoeveelheid Bocillin-FL gelabelde PBP2 en PBP3 geïdentificeerd 

in de  IMVs was verminderd in de  IMVs zonder YidC. PBP2 en PBP3 horen bij 

de  klasse B PBPs die alleen transpeptidase activiteit hebben (50). Bovendien 

suggereert de  verdwijning van banden met een  hoog moleculair gewicht, die 

mogelijk overeenkomen met de PBP1B en PBP3 homodimeren, dat YidC betrokken 

is bij de  vorming of stabilisatie van deze complexen. PBP2 is betrokken bij 

celgroei terwijl PBP3 betrokken is bij celdeling en deze klasse B PBPs organiseren 

de  richting van de  PG groei (50). De  geobserveerde defecten in de  vouwing 

van deze PBPs komen overeen met het fenotype van langere, bredere cellen als 

gevolg van de depletie van YidC.

PBPs vereisen FtsQ voor hun lokalisatie in het midden van de  cel en het  is 

bekend dat FtsQ een interactie heeft met YidC (51-53). Daarom is het mogelijk 
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dat het effect van PBP3 vouwing door YidC depletie mogelijk indirect komt door 

beschadigde FtsQ eiwitten. het  is vastgesteld dat FtsQ YidC niet nodig heeft 

voor membraaninsertie (51, 54). Door aan te tonen dat depletie van FtsQ niet 

resulteert in een duidelijk verschil in de hoeveelheid bocilline-gelabelde PBPs blijkt 

dat de vouwingsdefecten in PBP3 (en andere PBPs) als gevolg van een depletie 

van YidC niet een indirect gevolg zijn van een incorrecte FtsQ assemblage. 

De observatie dat YidC nodig is voor de  biogenese van sommige PBPs 

suggereert dat de vouwings/chaperone activiteit van YidC zich kan uitstrekken 

tot periplasmatische domeinen van binnenmembraaneiwitten. het lipoeiwit PrsA 

is nodig voor de  correcte vouwing van B. subtilis klasse B PBPs (55). PrsA is 

een  peptidyl-prolyl cis-trans isomerase dat geconserveerd is in Gram-positieve 

bacteriën. het effect van YidC op de vouwing van PBP in E. coli kan nog steeds 

indirect zijn, want YidC kan mogelijk nodig zijn voor een  ander eiwit dat 

assisteert in de PBP biogenese. Als dit zo zou zijn dan zou dat eiwit (voornamelijk) 

gelokaliseerd zijn in het  periplasma en dit zou de  vouwings rol van YidC in 

de  assemblage van periplasmatische eiwitdomeinen bevestigen. het  precieze 

mechanisme van hoe YidC hierin functioneert, is echter nog steeds onbekend. 

fLotILLINeS eN aNdere pBpS dIe BIJdraGeN aaN 
eeN vLotte GroeI eN deLING vaN de CeL

Membranen hebben een  ongelijke verdeling van lipiden en eiwitten wat 

resulteert in de  formatie van aparte domeinen. Studies naar de  bacteriële 

membraandomeinen zijn voornamelijk uitgevoerd in de bacterie B. subtilis. Net 

als eukaryote membranen heeft B. subtilis DRM fracties (detergent resistente 

membraan) die twee homologen van de  eukaryote flotillines bevatten, 

namelijk FloT (YuaG) en FloA (YqfA). Van beide wordt aangenomen dat deze 

het membraan organiseren in zogenaamde lipid rafts (56). In de afgelopen jaren 

zijn het bestaan van bacteriële membraanmicrodomeinen en het belang hiervan 

voor verschillende biologische processen verder onderzocht. Hoewel FloA en 

FloT niet essentieel zijn, resulteerden de overexpressie en deletie (zowel dubbele 

als enkele) van deze genen wel tot veranderingen in celvorm, bewegelijkheid, 

biofilmvorming, sporulatie, celdeling en natuurlijke competentie (56-59). 

Verschillende interactiepartners van FloA en FloT zijn geïdentificeerd, waaronder 

verschillende eiwitten die betrokken zijn bij de celdeling (FtsH, FtsX en EsrA) en 
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de aanmaak van de celwand (PBP5, PBP1 en MreC, een eiwit verantwoordelijk 

voor de celvorm) (59-62). Verdere details over deze flotillines worden besproken 

in hoofdstuk 1. 

In hoofdstuk 3 wordt het  mogelijk effect van flotillines op de  celdeling, 

de  celwandsynthese en de  ruimtelijke organisatie ervan onderzocht. Nieuwe 

stammen werden gegenereerd om de  lokalisatie van flotillines en belangrijke 

celwand- en celdelingeiwitten, in aan- of afwezigheid van flotillines en andere 

belangrijke eiwitten, te bepalen. Alhoewel eerder was aangetoond dat PBP5 

een interactie aangaat met FloT (62), lokaliseerden PBP5 en FloT onafhankelijk 

van elkaar. Om verder de mogelijke interactie van PBP5 en FloT te onderzoeken, 

werden er andere methodes gebruikt om de  celwandsynthese verder te 

bestuderen. HADA, een  fluorescerend D-aminozuur, dat wordt ingebouwd 

op de 5e positie van de pentapeptide keten (63), geeft indirect PBP5 activiteit 

weer omdat PBP5 lokaliseert op plekken van PG synthese door het  D-Ala 

residu op de  5e positie in de  pentapeptide keten te verwijderen. het  gevolg 

is dat in cellen zonder PBP5 het fluorescente signaal van de HADA-gelabelde 

peptiden behoorlijk hoger is dan in de wild-type cellen (63). Net als HADA labelt 

fluorescerend vancomycine (Van-FL) ook de  plaats waar PG gesynthetiseerd 

wordt. Vancomycine is een  antibioticum dat aan de  terminale D-Ala-D-Ala 

residuen bindt van het pentapeptide. Hierdoor kan het zowel binden aan Lipid 

II als aan het ongebonden PG met als gevolg dat het verdere crosslinken van 

PG en dus ook de  celwandsynthese worden geblokkeerd (64). Cellen met 

en zonder flotillines werden gelabeld met HADA en Van-FL en het fluorescente 

signaal hiervan werd verder geanalyseerd met geschikte software en methode. 

Cellen zonder beide flotillines vertoonden een statistisch relevante toename in 

fluorescentie intensiteit op de celdelingssepta. Deze toegenomen fluorescentie 

op de septa betekent dat er vertraging is in de verwerking van peptidoglycaan 

in de  delingssepta wat resulteert in de  opeenhoping van pentapeptides bij 

de  delingsplek. Echter nog belangrijker, dit wijst op een  functionele relatie 

tussen flotillines en de coördinatie van de PBP5 activiteit op het septum, al is 

het exacte mechanisme hiervan nog onbekend. 

Er is eerder geconstateerd dat cellen waarvan beide flotillines ontbreken 

problemen hebben bij de  celdeling wat resulteert in een  toename van 

de  cel lengte(57, 58, 65), hoofdstuk 3). Alhoewel dat FtsZ, het  eerste eiwit 

dat lokaliseert op het  septum, nog steeds lokaliseert op deze plek, is FtsZ 
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fluorescentie wel drastisch gereduceerd. Dit resultaat heeft echter verdere 

validatie nodig voordat er enige conclusies uit getrokken kunnen worden, omdat 

de  totale hoeveelheid van het  fusie-eiwit FtsZ-eYFP moet worden vastgesteld 

om mogelijke degradatie uit te sluiten. Net zoals FtsZ geen flotillines nodig 

had om te lokaliseren in het midden van de cel, hebben ook andere PBPs geen 

flotillines nodig, zoals PBP1, PBP2A, PBP2B, PBP3, PBP4, PBP5 en PBPH. Alhoewel 

al deze PBPs correct lokaliseren in afwezigheid van de  flotillines, verklaart dit 

niet het eerdere genoemde effect op de PG synthese. FM4-64, een stof dat bij 

voorkeur negatieve geladen fosfolipiden kleurt (66), werd gebruikt om een kijkje 

te nemen in de lipidensamenstelling rond de septa. In afwezigheid van flotillines 

was er een toename van de fluorescentie intensiteit van deze stof bij de septa. Dit 

wijst op een mogelijk hogere fractie anionische lipiden bij de septa. Dus wellicht 

kunnen flotillines de  lipiden samenstelling bij de  septa beïnvloeden, maar om 

dit met zekerheid te kunnen vaststellen is verdere toetsing met andere lipiden 

kleuringen nodig om de biologische relevantie te kunnen beoordelen. 

De veranderde PG synthese op de septa in de afwezigheid van flotillines kan 

deels verklaard worden door de delokalisatie van MreB. Dit eiwit is betrokken 

bij de ruimtelijke regulatie van de celwandsynthese (31). de lokalisatie van MreB 

en flotillines was echter onafhankelijk van elkaar en MreB co-lokaliseerde niet met 

FloA. Deze resultaten zijn in overeenkomst met het feit dat MreB het membraan 

organiseert door het  creëren van specifieke membraanregio’s met hogere 

vloeibaarheid, de  zogenaamde RIFs (29), terwijl de  lipid rafts juist een hogere 

membraan stugheid hebben (67).

Ook interessant is dat de  afwezigheid van PBP1 en flotillines leidt tot 

een  ongeorganiseerde aanmaak van de  celwand zoals vastgesteld met HADA 

en  Van-FL. Waarom PG synthese delokaliseert in de  afwezigheid van PBP1 

en  flotillines is nog steeds niet duidelijk. In hoofdstuk 3 is een  mogelijke 

verklaring gegeven. Hoewel MreB niet een  duidelijk effect lijkt te hebben op 

deze mutant werd PBP4 onjuist gelokaliseerd bij de afwezigheid van zowel PBP1 

als flotillines. Deze delokalisatie van PBP4 en eventueel andere PBPs die niet 

bestudeerd zijn in hoofdstuk 3 kunnen mogelijk bijdragen aan de desorganisatie 

van de aanmaak van de celwand. Toekomstige experimenten zoals het creëren 

van nieuwe stammen zijn nodig om deze hypothese verder te toetsen. 

Het lijkt nu duidelijk dat flotillines een  actieve rol spelen bij de  celdeling 

en celwandsynthese, zowel direct als via een  ander eiwit. de details van deze 
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relaties zijn grotendeels onbekend. In het algemeen wijzen onze resultaten op 

een synthetisch ziek/lethaal fenotype in de afwezigheid van PBP1 en flotillines 

door een delokalisatie of verzwakking van de werving van sommige PBPs en MreB. 

de aNtImICroBIëLe aCtIvIteIt vaN aLKyL-
GaLLateN rICht ZICh ZoweL op de CeLdeLING 
aLS op het memBraaN IN B. SuBtILIS

Door de  toename van het  aantal antibiotica-resistente bacteriën zijn 

bacteriële infecties een  groot gevaar voor de  volksgezondheid (250, 251). 

Daarom is de zoektocht naar nieuwe antimicrobiële stoffen extreem belangrijk. 

hoofdstuk 1 werpt een  blik op de  huidige doelwitten voor antimicrobieel 

onderzoek. het divisoom, in het bijzonder FtsZ, is uitgebreid bestudeerd tijdens 

deze zoektocht naar nieuwe antimicrobiële geneesmiddelen (68, 69). 

De bacterie Xanthomonas citri subsp citri, een plantenpathogeen, veroorzaakt 

citruskanker, wat grote schade teweegbrengt aan citrusbomen en een  enorme 

invloed heeft op het verbouwen van citrusvruchten, met name in Noord- en Latijns-

Amerika (70). In een  eerdere studie is aangetoond dat alkylgallaten (namelijk 

pentyl-, hexyl-, heptyl- en octyl-galaat) actief zijn tegen deze pathogene bacterie. 

Behandeling van Xanthomonas met alkylgallaten zorgde voor langere cellen wat 

wijst op een  verstoord celdelingsapparaat (70). Aangezien B. subtilis al eerder 

overwogen is als doelwit voor alkylgallaten (71) en FtsZ van dit organisme tot onze 

beschikking stond, werd de werking van alkyl-gallaten onderzocht in B. subtilis. 

In hoofdstuk 4 is een  complete studie beschreven, inclusief in vivo en 

in  vitro experimenten, over de  werking van alkyl-gallaten met verschillende 

ketenlengte (van vijf tot acht koolstoffen). Eerst werd de remmende capaciteit 

van deze stoffen bepaald door middel van REMA en macroverdunningsassays. 

In beide gevallen werd gevonden dat heptylgallaat de meest krachtige werking 

had. de  in vitro experimenten voor de  karakterisatie van FtsZ zijn uitgevoerd 

zoals eerder beschreven (72). Gevonden werd dat alle alkylgallaten GTPase 

activiteit remmen van FtsZ en dat heptylgallaat de  sterkste binding/affiniteit 

heeft met FtsZ. Alkylgallaten bevorderden ook een  sterke FtsZ sedimentatie, 

waardoor de polymerisatie geblokkeerd wordt wat leidt tot de vorming van FtsZ 

clusters. Heptylgallaat had het sterkste effect op deze FtsZ sedimentatie. Hoewel 

alkylgallaten deze clusters van FtsZ monomeren kunnen vormen wat resulteert 
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in het voorkomen van FtsZ polymerisatie, konden ze bestaande FtsZ polymeren 

niet verbreken. 

In hoofdstuk 4 werd een nieuwe FtsZ-eYFP fusie ontwikkeld om de effecten 

van alkyl-gallaten op FtsZ in vivo te bestuderen. Z-ringen werden verstoord na 

de incubatie met de alkyl-gallaten. Echter de Z-ring verstoring en de uiteindelijke 

celdood ging nogal snel en zorgde er niet voor dat cellen filamenten gingen vormen, 

een typisch fenotype van celdelingsblokkade. Filamentatie vond alleen plaats na 

twee uur incubatie met sub-MIC concentraties. Deze resultaten wijzen er op dat 

alkyl-gallaten een  snelle celdood veroorzaken via een  ander systeem dan FtsZ 

remming. Ze doen dit door verstoring van de integriteit van het cytoplasmatisch 

membraan. Dit werd duidelijk door de influx van een membraan-impermeabele 

DNA kleurstof  in cellen te bestuderen na incubatie met alkyl-gallaten. Onze 

resultaten laten zien dat alkyl-gallaten zich richten op zowel de  membraan 

integriteit als op de  functie van FtsZ. Waarschijnlijk geldt deze gecombineerde 

functie voor een groot aantal bacteriën. Aangezien heptylgallaat de sterkste FtsZ 

remmer was, is deze stof interessant voor verdere studies en de ontwikkeling van 

nieuwe antimicrobiële stoffen. 

Het FtsZ-eYFP fusie-eiwit ontwikkeld in hoofdstuk 4 was ook nuttig 

voor andere studies, zoals het  effect door het  verwijderen van flotillines op 

de hoeveelheden FtsZ op het septum (hoofdstuk 3) en FtsZ-ring vorming tijdens 

B. subtilis sporulatie (hoofdstuk 4, annex). 

CoNCLudereNde opmerKINGeN

Tegenwoordig is het  algemeen geaccepteerd dat een  correcte organisatie 

van lipiden en eiwitten in het biologisch membraan belangrijk is voor de juiste 

activiteit van diverse cellulaire processen. Massaspectrometrie analyses van 

eiwitten afkomstig van B. subtilis DRM fracties laten verschillende secretie-

eiwitten zien, zoals het  kanaaleiwit SecY, de  protease secretie chaperonne 

PrsA en de  signaalpeptidase SppA (59, 60, 62, 67). Van PrsA, een  essentieel 

periplasmatisch foldase, wordt vermoed dat die nodig is, direct of indirect, 

voor de  vouwing van een  aantal B. subtilis hoog moleculaire gewicht PBPs 

(PBP2a, PBP2b, PBP3 en PBP4) (55). In dit proefschrift hebben we gevonden dat 

YidC direct of indirect betrokken is bij de  juiste vouwing van PBP2 en PBP3. 

de mogelijkheid dat nog een ander eiwit nodig is voor PBP2 en PBP3 vouwing 
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kan echter niet uitgesloten worden. het  is ook mogelijk dat zo’n onbekend 

eiwit geassocieerd is met E.  coli DRM fracties en flotillines aangezien andere 

secretie-eiwitten eerder zijn geïdentificeerd in B. subtilis fracties (67). Daarom 

kunnen toekomstige studies inclusief een karakterisatie van E. coli DRM fracties, 

en studies naar flotilline interacties het mogelijk maken om geschikte kandidaten 

te detecteren die verantwoordelijk zijn voor E. coli PBP2 en PBP3 vouwing. 

De zoektocht naar nieuwe antibiotica leidt onderzoekers naar verschillende 

nieuwe stoffen en/of doelwitten om bacteriën te bestrijden. Alle onderwerpen 

die aanbod komen in dit proefschrift zijn al overwogen als mogelijk doelwit 

voor antimicrobiële stoffen, waarvan sommige beter onderzocht zijn dan 

andere. Lang was de  celwandsynthese het  klassieke doelwit voor antibiotica, 

nu richt het  antimicrobiële onderzoek zich juist meer op de  celdeling. In dit 

proefschrift werd een nieuwe stof geëvalueerd op zijn antimicrobiële capaciteit 

aangezien deze een grote invloed heeft op zowel de celdeling als de stabiliteit 

van het  celmembraan. Hoopgevende resultaten suggereren dat heptylgallaat 

zeker verder ontwikkeld moet worden. het  vinden van nieuwe antibiotica is 

een blijvende zoektocht aangezien van de vele mogelijke kandidaten, er slechts 

een paar geschikt zijn voor medisch gebruik.

Dit proefschrift is een  voorbeeld van de  complexiteit van de  dynamiek 

en interacties van eiwitten geassocieerd met essentiële cellulaire processen zoals 

celdeling en celwandsynthese. Meer onderzoek is nodig naar deze processen om 

onze kennis over bacteriële celdeling en celwandsynthese te verbrede
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