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ABSTRACT

The cell wall of Bacillus subtilis is a rigid structure on the outside of the cell 
that forms the first barrier between the bacterium and the environment, and 
at the same time maintains cell shape and withstands the pressure gener-
ated by the cell’s turgor. In this chapter, the chemical composition of pep-
tidoglycan, teichoic and teichuronic acids, the polymers that comprise the 
cell wall, and the biosynthetic pathways involved in their synthesis will be 
discussed, as well as the architecture of the cell wall. B. subtilis has been the 
first bacterium for which the role of an actin-like cytoskeleton in cell shape 
determination and peptidoglycan synthesis was identified and for which the 
entire set of peptidoglycan synthesizing enzymes has been localised. The 
role of the cytoskeleton in shape generation and maintenance will be dis-
cussed and results from other model organisms will be compared to what is 
known for B. subtilis. Finally, outstanding questions in the field of cell wall 
synthesis will be discussed.

INTRODUCTION

The cell wall is a critical structural component of each bacterial cell, except 
for those few bacteria that lack a cell wall (Mollicutes). It determines bacte-
rial cell shape and bears the stress generated by the intracellular pressure, 
called turgor. The integrity of the cell wall is of critical importance to cell 
viability. In both Gram-positive and Gram-negative bacteria, the scaffold 
of the cell wall consists of the cross-linked polymer peptidoglycan (PG). In 
Gram-negative bacteria the cell wall lies in the periplasmic space, between 
the inner and the outer membrane of the cell, and consists of only 1 to 3 lay-
ers of PG. Gram-positive bacteria, like Bacillus subtilis, lack an outer mem-
brane and so the cell wall constitutes the contact area with the external mi-
lieu (Figure 1). The Gram-positive cell wall contains 10 to 30 layers of PG, 
as well as covalently linked teichoic and teichuronic acid polymers and at-
tached proteins. For a long time, Gram-positive bacteria were thought not to 
contain a region comparable to the periplasmic space in Gram-negative bac-
teria, because ultrastructural studies on the Gram-positive envelope showed 
the cell wall in close apposition to the cytoplasmic membrane. Matias and 
Beveridge have revealed the existence of a periplasmic space in both B. sub-
tilis and Staphylococcus aureus, using cryo-electron microscopy on frozen-hy-
drated bacteria (Figure 1A, 1,2). The existence of such a space would provide 
Gram-positives with the opportunity to move enzymes and solutes within a 
confined region, but without these having to be in direct contact with either 
the plasma membrane or the highly negatively charged polymers in the cell 
wall1. Fractionation studies also provide evidence for the existence of a func-
tional homologue of a periplasmic space in B. subtilis3. Similar techniques 
have also been used to identify novel bacterial structures, such as an outer 
membrane in the Gram-positive Mycobacteria4,5. 

The discovery of an actin-like cytoskeleton in B. subtilis8 and its role in 
synthesis of the cell wall9 have sparked a renewed effort to understand cell 
wall growth and shape determination in Bacillus as well as in other bacteria. 
Fluorescence microscopy techniques have made it possible to study the lo-
calisation of enzymes involved in cell wall synthesis in growing cells, as well 
as to look at localisation of newly incorporated PG in live cells (see 10). More 
recently, the development of fluorescent D-amino acid analogues (FDAAs) 
and click chemistry has made it possible to track cell wall synthesis11 and 
furthermore, to visualize cell walls in organisms such as Chlamydia and 
Planctomycetes that for a long time were thought to be lacking a cell wall12–15. 
Electron cryotomography (ECT), pioneered by Grant Jensen and co-workers, 
has enabled us, for the first time, to see bacterial cytoskeletal elements in 
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situ without any additional labelling technique (see 16), and Atomic Force 
Microscopy (AFM) has been succesfully used to study cell wall architecture 
in B. subtilis6 and several other organisms (below). 

In this chapter, the chemical composition, architecture and synthesis of 
the cell wall of B. subtilis will be discussed. We will address how new find-
ings have deepened our understanding of bacterial cell wall synthesis, but 
simultaneously have uncovered discrepancies in classical models of PG syn-
thesis and have raised many new questions about the way bacteria grow. 

Cell wall structure and composition

The two major structural components of the Gram-positive cell wall are pep-
tidoglycan and anionic polymers that are covalently attached to PG or that 
are linked to the cytoplasmic membrane via acyl chain membrane anchors. 
Fractionation studies have revealed that about 9.8% of the total protein con-
tent of B. subtilis cells consists of periplasmic/wall associated proteins3, and 
a further proteomic analysis identified 11 protein that are bound to the cell 
wall17, such as the wall associated protein A (WapA) that functions in in-
tercellular competition18, a wall associated protease (WprA) and several au-
tolysins that are involved in wall turnover (discussed below). Not much is 
known about the role of these proteins in B. subtilis, for a review on protein 
sorting to the cell wall of Gram-positives see19.

Peptidoglycan

Peptidoglycan (PG), also called murein, is a polymer that consists of long 
glycan chains that are cross-linked via flexible peptide bridges to form a 
strong but elastic structure that protects the underlying protoplast from 
lysing due to the high internal osmotic pressure. The basic PG architec-
ture is shared between all eubacteria that contain a cell wall (e.g. like all 
Mollicutes, Mycoplasma lack a cell wall). The glycan chains are built up of al-
ternating, β-1,4-linked, N-acetylglucosamine (GlcNAc) and N-acetylmuramic 
acid (MurNAc) subunits. An average glycan chain length for B. subtilis of 
54 to 96 disaccharide (DS) units as determined by Ward using differential 
sodium borohydride labeling has been cited as a textbook value for a long 
time20. Separation of radiolabelled B. subtilis glycan strands by size exclu-
sion chromatography revealed that glycan strands display a wide mass dis-
tribution with the largest strands having a mass of >250 kDA, correspond-
ing to at least 500 DS units6. Further inspection of the glycan strands by 
AFM revealed strand lengths of up to 5000 nm, corresponding to 5000 DS 

Figure 1. Cell wall architecture studied by various microscopy techniques (A) High magnifica-
tion images of cell walls from frozen hydrated cells of Bacillus subtilis. The bars below the im-
ages indicate the different structures observed: black: cytoplasmic membrane; white: the Inner 
Wall Zone (IWZ), the Gram positive equivalent of the periplasm; grey: the Outer Wall Zone 
containing the bacterial cell wall. Scale bar: 50 nm. Reprinted, with permission from ASM, 
from2. (B) PG architecture of B. subtilis. AFM height (H) and phase (P) images of purified PG 
sacculi from broken B. subtilis cells. In the enlarged portions a cabling pattern is visible on the 
inside (I) surface of the sacculi, not on the outside (O). Scale bar: 1 μm. Reprinted, with per-
mission, from 6. (C) PG studied by cryo-tomography reveals that is PG density and texture is 
homogenous in cross-sections of both intact cells and purified sacculi. (i) Tomographic slice 
through a B. subtilis ΔponA mutant (a mutant that is thinner than wild-type B. subtilis and thus 
amenable to ECT). Scale bar: 200 nm. (ii) Tomographic slice through an isolated wild-type B. sub-
tilis sacculus. Scale bar: 250 nm. (iii) Two representative tomographic cross-sections across the 
wall of isolated B. subtilis sacculi perpendicular to the viewing plane reveal a globally straight 
sacculus side-wall with local variations in thickness. In both tomographic slices the sacculus 
interior is to the left. (iv) Two representative top-down slices through tomograms parallel to 
the plane of the sacculus illustrating surface textures previously interpreted to be the surfaces 
of coiled cables composed of helical coils of peptidoglycan. In both tomography slices the long 
axis of the cell runs vertically. Scale bars: 50 nm. Reprinted, with permission, from7.
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units. Again, a wide length distribution was found with an average length 
of 1300nm (1300 DS units). Interestingly, when S. aureus glycan strands 
were analysed using similar methods, no such long strands were reported, 
suggesting that S. aureus PG strands are short as reported earlier21. So, it 
appears that B. subtilis contains glycan strands of extreme lengths, which 
may be the result of polymerization of shorter glycan strands into one long 
chain rather than of continuous synthesis of one such strand. Glycan strand 
length is controlled by various systems that were recently identified in S. au-
reus and E. coli. S. aureus uses extracellular N-acetylglucosaminidases, nota-
bly, SagA, to control glycan strand length and cell wall stifness22. In E. coli, a 
membrane bound endolytic transglycosylase MltG functions as a terminator 
of glycan strand elongation23. These results warrant a re-evaluation of the 
length of glycan strands, and their control, in several other organisms as it 
has fundamental implications for PG architecture.

Between different bacterial species, there is considerable variation in the 
composition of stem peptides that are linked to the carboxyl group of MurNAc 
(the landmark overview is 24). The stem peptides are synthesized as penta-pep-
tide chains, containing L- and D-amino acids, and one dibasic amino acid, 
usually meso-diamoinopimelic acid (m-A2pm). In B. subtilis, the stem pep-
tide composition is L-Ala(1)-D-Glu(2)-m-A2pm(3)-D-Ala(4)-D-Ala(5), with L-Ala(1) at-
tached to the MurNac25,26 (Figure 2A). The peptide cross-bridge is formed by 
the action of a transpeptidase (see below) that links D-Ala(4) from one stem 
peptide to the free amino group of m-A2pm(3) from another stem peptide.

After the incorporation of disaccharide subunits with stem peptides in 
glycan strands, the stem peptide can be modified in several ways to yield 
mature PG. Depending on the strain and growth conditions, the cross-link-
ing index of PG is between 29 to 33% of muramic acid residues27. The ter-
minal D-Ala residue on the peptide which had its D-Ala(4) cross-linked is re-
moved during the transpeptidation reaction (see below), whereas the two 
terminal D-Ala residues on the other stem peptide are removed by the ac-
tion of carboxypeptidase, either before or after the cross-linking reaction has 
taken place (see below).

Interestingly, the used of FDAAS showed that Bacillus division site is en-
riched in peptapeptide were the last D-Ala is not processed inmediately28. Stem 
peptides that have not been cross-linked are usually present as tri-peptides 
which are amidated on the free carboxylic group of the m-A2pm27. Depending 
on growth media, the stem peptides occasionally (max 2.7%) have a Glycine 
at position 527. De-N-acetylation of the glucosamine has been found to occur 
in ~ 17% of the muropeptides, which results in incomplete digestion of the 
cell wall by lysozyme and may play a role in the regulation of autolysis of the 

cell wall27. Some evidence that acetylation of PG is important for its regulation 
has been reported for Bacillus anthracis. Mutant cells carrying deletions of two 
peptidoglycan deacetylases, BA1961 and BA3979, grow as long twisted chains, 
with thickened PG at some spots at the division site and lateral wall29. 

Spore peptidoglycan

Upon nutrient starvation B. subtilis can switch from vegetative growth to the 
development of spores. The peptidoglycan of B. subtilis endospores is of a 
different composition than that of the vegetative cell. Spore PG consists of 
two layers, a thin inner layer that is closely apposed to the inner prespore 

Figure 2. Structures of B. subtilis cell wall components: A,B: The disaccharide subunits in 
peptidoglycan of the vegetative wall (A) and of the spore cortex with a muramic-δ-lactam 
(B); C: the major wall teichoic acid, with its linkage to peptidoglycan via the MurNAc resi-
due on the right hand side. R is either a D-alanine or glucose coupled to the C2 residues of 
poly(Gro-P).
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membrane, and a thick outer layer, the cortex, that is close to the outer pre-
spore membrane (for an extensive review, see 30).

The inner layer is known as the primordial cell wall, or germ cell wall. 
The PG composition of the primordial wall is the same as that of the vege-
tative wall, and the primordial wall is not degraded during germination but 
forms the initial cell wall of the germinating spore. The cortex on the other 
hand is much thicker, contains a unique structure and is degraded during 
spore germination26,27,31–33. The stem peptides are removed from around 50% 
of the muramic acid residues and subsequently the MurNAc residues are 
converted to muramic-δ-lactam (see below, Figure 2B). This results in a dra-
matically lower amount of possible crosslinks. Additionally, around 24% of 
muramic acid residues have their stem peptides cleaved to single L-Ala resi-
dues precluding crosslinking. Thus, the crosslinking index for cortex PG is 
only 3%. The δ-lactam in the cortex PG is part of the substrate recognition 
profile for lytic enzymes that are specific to germination, but does not play a 
role in dormancy and spore dehydration32.

Peptidoglycan architecture

Our understanding of the architecture of the cell wall is still far from perfect, 
but in the past few years significant advances using advanced microscopical 
techniques have been made (see34). In the absence of structural studies on 
discrete segments of bacterial PG, two models have been put forward in 
the literature for the architecture of PG. The first, also known as classical, 
model for PG architecture, states that the glycan strands run parallel to the 
plasma membrane and was first put forward by Weidel and Pelzer35. With 
the glycan strands parallel to the membrane and the stem peptides forming 
cross-bridges, PG is organised in several layers with the number of layers 
in the cell wall being different between Gram-negative and Gram-positive 
bacteria36,37. An alternative model for PG architecture, the so-called scaffold 
model, was proposed by Dmitriev, Ehlers and co-workers. In the scaffold 
model, the glycan chains are in a perpendicular orientation to the mem-
brane (with their ends pointing towards the membrane and to the outside) 
and form a sponge-like elastic matrix (see 38). Even though fundamentally 
different, the models are not mutually exclusive, nor do they exlude the pos-
sibility of other architectures39.

Meroueh et al. elucidated the 3D solution structure of a synthetic GlcNAc-
MurNAc(-pentapeptide)-GlcNac-MurNAc(-pentapeptide) with NMR, pro-
viding the first glimpse of organization within a PG strand40. The glycan 
backbone forms a right-handed helix with a periodicity of three disaccharide 

subunits, resulting in a threefold symmetry and a maximum of three neigh-
bouring glycan strands that can be engaged in crosslinks. It is not known 
whether these features can be extrapolated to model long glycan strands that 
are cross-linked, especially since PG is normally stretched by turgor pres-
sure, which puts constraints on the spatial organization of PG.

Cryo-TEM revealed that the B. subtilis cell wall consists of an inner wall 
zone (IWZ, Figure 1A), the Gram-positive equivalent of the periplasm, and 
an outer wall zone (OWZ), containing the bacterial cell wall, with a thick-
ness of about 33 nm1. The discovery that B. subtilis glycan strands are ex-
tremely long (on average 1300 nm) makes it unlikely that B. subtilis PG is 
organized according to the scaffold model. Solid state NMR experiments on 
fully hydrated cell walls showed that the glycan strands are more rigid than 
the stem peptides, but that cross-linking of stem-peptides increases over-
all rigidity — thus the S. aureus cell wall with short glycan strands but an 
extremely high degree of cross-linking is more rigid than that of B. subtilis 
which has long glycan strands but not such a high degree of cross-linking41.

AFM studies of gently broken cell walls revealed that the B. subtilis cell 
wall has a rough surface on the outside, but on the inside, where new PG is 
added to the wall, cables of about 50 nm in width were identified that run al-
most parallel to the short axis of the cell6. Apparently helical cross-striations 
were observed along the cables with a periodicity of ~25 nm and the authors 
presented a model where glycan strands are bundled into a ~25 nm wide 
sheet that is coiled into a ~50 nm wide helix (Figure 1B). Interestingly, the 
glycan strand length was notably reduced, and the regular cabling feature 
on the inside of the CW lost, when CW material was isolated from a MreC 
mutant6. A parallel organization for glycan strands was also found in E. coli, 
C. crescentus42, and Lactococcus lactis43. In S. aureus, nascent PG is laid down 
in concentric rings at the septum, again arguing for a parallel organization 
of glycan strands44. More recently, additional support for a parallel PG orga-
nization in Bacillus was provided by a combination of electron cryo-tomog-
raphy and molecular dynamics simulations (Figure 1C)7. Beeby et al. found 
that peptidoglycan strands are arranged as circumferential furrows and not 
as coiled cables. Moreover, peptide crosslinks are placed parallel to the long 
axis of the cell as denatured sacculi in which peptide crosslinks are broken 
increase in length but not in width7.

Anionic polymers

Wall teichoic acids (WTA) and lipoteichoic acid (LTA) constitute up to 60% 
of the dry weight of the cell wall in B. subtilis and provide an overall negative 
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charge to the cell wall (for an extensive review see 45). Both WTA and LTA 
are important as cells that cannot produce either LTA or WTA show mor-
phological aberrations and can only be grown under certain conditions, 
whereas the absence of both is lethal46. LTA and WTA have several func-
tions: (i) they can act as a reservoir for mono- and divalent cations, and cat-
ion binding in turn regulates porosity of the cell wall; (ii) their presence 
regulates the activity of autolysins; (iii) they can act as a scaffold for the 
anchoring of cell-surface proteins; (iv) WTAs function as the receptors for 
phage binding; and (v) their distribution is important for the regulation 
of cell division46,47. When grown under phosphate limiting conditions, te-
ichuronic instead of teichoic acids are used, as teichuronic acid is free of 
phosphate. However, not all teichoic acid is replaced by teichuronic acid48.
WTA is covalently attached to the C6 of a MurNAc residue in the cell wall 
via its ‘linkage unit’: 1,3-glycerol-phosphate (Gro-P)[2 or 3]-N-acetyl-mannose 
(ManNAc)-β1,4-GlcNac-phosphate. Coupled to the linkage unit is a chain of 
poly(Gro-P) that can have either D-Ala or glucose coupled to the C2, with 
chain lengths varying from 45 to 60 residues45. The composition of the chain 
varies between Bacillus species. A minor form of WTA comprises a polymer 
chain of N-acetylgalactosamine (GalNAc) and glucose-phosphate instead of 
poly-(Gro-P). Teichuronic acid consists of a chain of repeating glucuronic 
acid-N-GalNAc disaccharide residues 49, coupled to the cell wall via a phos-
pho-di-ester bond similar to teichoic acid. LTA consists of a chain of poly(-
Gro-P) which contains D-Ala, glucose, or N-acetylglucosamine coupled to 
C2 in 40 to 60% of the units. LTA is anchored to the cytoplasmic membrane 
via a lipid anchor composed of a gentibiosyl-diacylglycerol, which is linked 
to the poly(Gro-P) via a glucose disaccharide. Nothing is known about the 
architecture of the anionic polymers in Gram-positives: they could be ar-
ranged either parallel or perpendicular to the cytoplasmic membrane, al-
though the perpendicular orientation is favoured in discussions and figures 
on the topic. It has been established though that WTA and teichuronic acid 
are incorporated close to the membrane and move through the wall follow-
ing the “inside-to-outside” growth mechanism also proposed for PG (see,45).

Cell wall synthesis

All cell wall components are synthesized as precursors in the cytoplasm, 
which then need to be flipped across the cytoplasmic membrane to be incor-
porated into the cell wall. Interestingly, precursors for PG, WTA and teich-
uronic acid all use undecaprenyl-phosphate as carrier lipid. Synthesis of the 
cell wall can be subdivided in three stages: 1) synthesis of the cytoplasmic 

precursor and linkage to the carrier lipid; 2) flipping across the membrane 
and 3) incorporation of the precursor into the cell wall. These stages will be 
discussed individually for the different wall components. PG and anionic 
polymer biosynthesis has been described in several reviews and book chap-
ters 45,50–52, and specifically for B. subtilis by Foster and Popham25 and Bhavsar 
and Brown53. Therefore, in this chapter the chemical reactions involved in 
PG synthesis will only be discussed briefly.

PG synthesis stage 1 - synthesis of Lipid II

The first dedicated step in PG precursor synthesis is the conversion of UDP-
GlcNac to UDP-MurNac. A schematic outline of the steps in PG precursor 
synthesis and the proteins involved is shown in Figure 3. Many of the pro-
teins have been assigned based on sequence similarity to E. coli proteins, 
for which the function has been demonstrated (see 25). The genes for murE, 
mraY, murD, murG, and murB are all present in one operon, whereas murA 
(or murAA), murZ (or murAB) and murC lie on different places on the chro-
mosome. MurA and MurZ are highly similar, can catalyse the same reaction 
and are possibly redundant, as a second murA copy is only present in low 
G+C Gram-positive bacteria. MurB is essential and the genetic organisation 
of murB in the dcw gene-cluster is necessary for efficient growth and spor-
ulation54. MurC, D, E and F are all ATP-dependent amino acid ligases and 
have conserved ATP and amino acid binding motifs and common kinetic 
mechanisms (see 55). D-Ala is generated from L-Ala by the action of an ala-
nine racemase56, encoded by the dal (or alr) gene57. D-Ala can function as a 
precursor for D-Glu, which can be generated by the action of a D-Alanine 
aminotransferase (dat or yheM)58, but D-Glu can also be generated by a Glu 
racemase of which B. subtilis has two, RacE and YrpC59,60. The cytoplasmic 
part of the precursor synthesis pathway is reviewed in61,62.

Subsequently, at the cytoplasmic membrane, the monosaccharide-penta-
peptide is coupled to a lipid and the second sugar is added (see 63). MraY 
catalyzes the transfer of the phospho-MurNAc-pentapeptide moiety to 
the membrane acceptor undecaprenyl phosphate (bactoprenol), giving 
MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol (or lipid I). Then, 
UDP-GlcNAc is linked via a β-(1,4)-linkage to lipid I, yielding GlcNAc-β-(1,4)-
MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol (or lipid II). The 
coupling of the disaccharide precursor to a lipid molecule is required to fa-
cilitate the translocation of a hydrophilic substrate from one aqueous envi-
ronment to another through the hydrophobic membrane. MraY and MurG 
have been found to interact with each other and cytoskeletal proteins MreB, 
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MreD and FtsZ that are involved in positioning the PG synthesis machinery 
in E. coli and C. crescentus 64–66.

Teichoic/teichuronic acid synthesis stage 1

As with PG synthesis, the synthesis of the precursors of anionic polymers 
starts with UDP-linked N-acetylated sugars, glucosamine for teichoic acid 
and galactosamine for teichuronic acid (Figure 3). In B. subtilis 168, the 

genes involved in WTA synthesis are tagABDEFGHO and gtaBmnaA (re-
viewed in 45). In the case of teichoic acid synthesis, the lipid-linkage re-
action precedes the synthesis of the linkage unit and the elongation of 
the poly-(Gro-P) chain. This reaction is catalysed by TagO. Work from 
Eric Brown’s group has shown that, unlike previously thought, WTA syn-
thesis is not essential. However, the synthesis pathway can only be dis-
rupted when tagO is deleted, either because otherwise undecaprenol that 
is also required for PG syntheis is sequestered, or because the accumula-
tion of toxic WTA synthesis intermediates kills the cell67,68. UDP-ManNAc, 
the product of an epimerization reaction of UDP-GlcNac catalysed by 
MnaA, is linked to undecaprenol-PP-GlcNac by TagA69,70. TagD functions 
as a CTP-glycerol-3-phosphate cytidyltransferase to provide CDP-Gro and 
GtaB functions as a UTP-glucose-6-phosphate uridyltransferase to provide 
UDP-glucose. TagB functions as the ‘Tag primase’ that adds the first glyc-
erol-phosphate residues to undecaprenol-PP-GlcNAc-ManNAc, the disac-
charide linkage unit69. Elongation of the glycerol-phosphate chain is me-
diated by TagF71 and glucosylation by TagE, the only non-essential gene 
product in the tag operons72. Coupling of D-Ala to the C2 on poly-(Gro-P) 
is mediated by the genes in the dltABCDE operon. The lipid-linked precur-
sor is then ready to be translocated across the cytoplasmic membrane. The 
genetics of LTA biosynthesis are still enigmatic. The dltABCDE operon 
plays a role in D-alanylation of LTA and the ypfP gene functions to couple 
the gentiobiosyl to the lipid anchor.

Teichuronic acid synthesis is mediated by the products of the tuaABC-
DEFGH operon. This operon is transcribed upon phosphate limitation73. 
The reactions involved have been characterized for B. subtilis strain W23, 
and interestingly, synthesis of one repeating unit coupled to a lipid anchor 
takes place in the cytoplasm, after which the precursor is flipped and the 
repeating unit is added to a growing chain on a lipid anchor in the peri-
plasm, before coupling of the chain to PG. WTA in B. subtilis W23 con-
tains poly(ribitol-5-P)  instead of poly(glycerol-3-P)  and its is synthesized 
by a set of tar genes. TarO, -A, -B, and –F are homologous to their tag 
equivalents, although TarF acts only as a primase to add one glycerol-3-P 
to the linkage unit, after which TarK primes this product by adding one 
ribitol-5-P and TarL acts as the poly(ribitol-5-P) polymerase (see 46). In LTA 
synthesis, the poly(glycerol-3-P) chain is synthesized on the outside of the 
cell – but the glycolipid anchor diglucosyl-diacylglycerol is synthesized at 
the cytoplasmic side of the membane through coupling of UDP-Glc and 
diacylglycerol by UgtP74. 

Figure 3. Synthesis of precursors of peptidoglycan, teichoic acid and teichuronic acid. 
Proteins denoted in italics have been predicted to be involved in the synthesis steps indicated. 
(55)prenol is undecaprenol. For more information see the text. 
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Peptidoglycan synthesis stage 2 - translocation of Lipid II

Several candidate proteins have been proposed to function as specific trans-
locase or flippase for Lipid II, and various translocases have been identified 
over the last decade (reviewed in 75,76). Experimental evidence for transloca-
tion activity has now been provided for three different protein families: the 
FtsW/RodA family77,78, MurJ79,80 and Amj 81.

FtsW and RodA homologues were originally proposed as candidate trans-
locases. RodA and FtsW are members of the SEDS (Shape, Elongation, 
Division and Sporulation) family and homologues have been found in 
many bacteria that contain a cell wall, but not in the wall-less Mycoplasma 
genitalium or the archaeon Methanococcus janasschii82. RodA and FtsW are 
integral membrane proteins (generally predicted to have ten membrane 
spanning α-helices), which is in accordance with the suggestion that they 
may channel the lipid precursors to their cognate PBPs83–85. Depletion of 
RodA in B. subtilis leads to the conversion from rod-shaped to spherical cells, 
which implicates RodA in growth of the lateral cell wall82, and E. coli rodA 
(Ts) mutants have also been found to grow as spheres86. In various bacteria, 
rodA and ftsW are organised in operons with a cognate pbp, e.g. in E. coli 
rodA/pbpA and ftsW/ftsI 85,87. In B. subtilis, rodA and ftsW are not found in 
operons with pbp genes, but a third homologue, spoVE is part of the mur 
operon that also contains the upstream transpeptidase spoVD88,89. During 
sporulation spoVE and spoVD are transcribed from σE dependent promot-
ers, and both proteins function in PG synthesis during engulfment and 
the formation of the spore cortex88–90. SpoVD and SpoVE physically inter-
act and SpoVD localization is dependent on SpoVE, whereas SpoVE is pro-
tected from proteolysis by SpoVD91. The Breukink lab reconstituted FtsW/
RodA mediated Lipid II translocation in an in vitro assay. First, a fluores-
cently labelled Lipid II analogue was developed, by linking the fluorophore 
NBD (7-nitro-2,1,3-benzoxadiazol-4-yl) to a lysine residue on position 3 in 
the stem peptide92. NBD-Lipid II fluorescence can be quenched by dithion-
ite or by specific antibodies. This allows the detection of a flipping reac-
tion to the outside of a vesicle or liposome through reduction of total flu-
orescence in the presence of quencher. Using this assay, it was shown that 
NBD-Lipid II does not flip spontaneously across artificial membranes, but 
can flip across the membrane in E. coli membrane vesicles in an ATP-and 
pmf- (proton motive force) independent manner. This means that the flip-
ping reaction was protein mediated, but excluded ABC-type transporters or 
other energy-dependent transport mechanisms92. Breukink and co-authors 
continued by studying NBD-Lipid II flipping in membrane vesicles isolated 

from cells that over-expressed FtsW, or were depleted for FtsW, and found 
that the amount of NBD-Lipid II translocated depended on the amount of 
FtsW present in the vesicles78. This flippase activity could also be detected 
when purified FtsW was reconstituted into proteoliposomes and was spe-
cific for FtsW as several control proteins, including the other putative trans-
locase, MurJ (below), did not show flipping activity78. Recently, the same 
group showed that the FtsW transmembrane domain 4 (TM4) is important 
for translocation of Lipid II. The charged amino acids in TM4, Arg145 and 
Lys153, may be responsible for the interaction with Lipid II as mutation of 
these residues abolished FstW activity77. To test FtsW pore size, Lipid II ana-
logues attached to a rigid spherical molecule were used test FtsW pore size. 
An analogue of 2464.21 Da was unable to be translocated, while a smaller 
analogue of 2190.13 Da was sucesfully translocated suggesting the size of 
the analogue is a limiting factor and thus that FtsW translocates Lipid II via 
pore mechanism with limited size77.

A second class of candidate translocases is formed by the MurJ family 
of proteins. MurJ is a 14 TM member of the MOP (multidrug/oligosacca-
ridyl-lipid/polysaccharide) exporter super family93. Other MOP exporters 
transport other undecaprenol-linked precursors such as the O-antigen flip-
pase Wzx in Pseudomans aeruginosa94. MurJ was identified in a bioinformatics 
search for genes that are specific for bacteria that have a cell wall, is essen-
tial in E. coli, and when depleted leads to cell shape defects79,95. The Ruiz, 
Kahne and Bernhardt laboratories developed an assay to test the Lipid II flip-
ping ability of E. coli MurJ in vivo based on the activity of the toxin colicin 
M (ColM)80. ColM cleaves periplasmic Lipid II producing PP-disaccharide-
pentapeptide, which is further cleaved by carboxypeptidase to tetrapeptide, 
whereas Lipid II that has remained in the inner membrane leaflet will not 
be cleaved as ColM cannot cross the inner membrane. Thus, ColM mediated 
production of PP-disaccharide-tetrapeptide is a measure for Lipid II flippase 
activity, whereas Lipid II accumulation in the membrane is a measure for 
blocked flippase. Use of a single-Cys MurJ mutant (MurJA29C) that can be 
inactivated by the addition of MTSES (2-sulfonatoethyl methanethioulfonate) 
allowed the monitoring of Lipid II translocation in the presence and absence 
of active MurJ. Modification of MurJA29C also abolished PG synthesis in 
vivo, whereas unmodified MurJA29C allowed growth. Interestingly, whereas 
MurJ was not active in an in vitro assay (above), cells depleted for FtsW/RodA 
still displayed detectable flippase activity in the in vivo ColM assay80. 

B. subtilis homologues of MurJ are not essential for growth96, even more, 
a deletion of all 10 B. subtilis MOP homologues does not have important 
effects of growth and morphology81. This observation led to the suggestion 
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that an additional flippase may be present. A synthetic lethal screen in a 
strain in which four MOP members most homologous to E. coli MurJ (YtgP, 
YabM, SpoVD and YkvU) were deleted, identified Amj (Alternate to MurJ) 
as a putative flippase. The role of Amj as a flippase was confirmed in E. coli. 
Amj could compensate for the loss of MurJ and was functional in the in vivo 
ColM flippase assay81. Interestingly, it was impossible to make a double de-
letion of amj and ytgP, the closest homologue to E. coli MurJ, indicating that 
YtgP is the B. subtilis MurJ homologue81.

The identification of these three families of Lipid II flippases over the 
past years means tremendous progress. The question how Lipid II is pre-
cisely translocated by these various flippases remains to be resolved and 
may require crystal structures of the proteins with bound Lipid II.

The PG precursor that is translocated does not necessarily have to contain 
a penta-peptide side chain. MraY has been shown to accept substrates con-
taining di-, tri-, tetra- and modified pentapeptide side chains, which can be 
coupled to a undecaprenyl-phosphate97. Some bacteria are capable of trans-
locating incomplete PG precursors. In S. aureus a conditional murF mutant 
has been constructed by placing the murF gene under control of an induc-
ible promoter. Suboptimal concentrations of inducer block the addition of 
the final two D-Ala residues to the stem peptide, which leads to the accumu-
lation of UDP-linked muramyl tripeptides in the cytoplasm. However, these 
muramyl-tripeptides can still be incorporated into the cell wall98.

Anionic polymer synthesis stage 2 - translocation

Translocation of teichoic acid precurors is probably mediated by TagGH. 
Both tagG and tagH are essential genes encoding a two-component ABC 
transporter. Limited expression of these genes results in cells with aber-
rant cell walls containing reduced amounts of both the major and minor 
components of WTA99. Translocation of the repeating unit of teichuronic 
acid is thought to be mediated by TuaB, a protein with 11 or 12 predicted 
transmembrane helices that is homologous to the Wzx proteins described 
above73. The glycolipid anchor for LTA synthesis is flipped to the outside of 
the cell by LtaA100.

Peptidoglycan synthesis stage 3 - incorporation of precursors into 
peptidoglycan

The third and final stage of PG biosynthesis takes place at the outer side 
of the cytoplasmic membrane and involves the polymerization of the 

translocated disaccharide-peptide units and their incorporation into the 
growing PG. The periplasmic space poses a topological problem in PG syn-
thesis: the lipid-linked precursor and the majority of the proteins catalyzing 
PG synthesis are embedded in the membrane, whereas the PG to which 
the precursor has to be attached is at a distance of some 22 nm. There is 
quite some flexibility between the TGase and TPase domains in Class A 
PBPs that could account for this bridging, especially if one imagines that a 
new glycan strand is being assembled at the membrane, and the threaded 
into the cell wall at a slight distance from the membrane. Dmitriev and co-
workers have proposed that the membrane bulges to bring the cell wall and 
the sites of PG synthesis38. It still has to be resolved whether such mem-
brane bulging occurs.

Incorporation of PG-precursors into PG is mediated mainly through the 
action of the so-called penicillin-binding proteins (PBPs) and the SEDS pro-
teins RodA and FtsW. PBPs catalyze the transglycosylation and transpep-
tidation reactions responsible for the formation of the glycosidic and pep-
tide bonds of the PG. In the transglycosylation reaction, the glycan chain 
is elongated by the formation of a glycosidic bond between Lipid II and the 
lipid-linked PG strand. An elegant in vitro study from Nguyen-Distèche and 
co-workers, using E. coli PBP1b, showed that in this reaction the reducing 
end of MurNac on the growing glycan chain acts as a donor and the C-4 
carbon of GlcNac moiety of Lipid II acts as an acceptor101, as was previously 
concluded for cell wall growth in B. licheniformis20. As a result, undecapre-
nyl-phosphate will be released from the donor (and flipped across the mem-
brane to act again as a substrate for MraY), and the growing glycan chain 
will remain attached to the membrane through the lipid anchor at its new 
reducing end. Termination of elongation of peptidoglycan strands is per-
formed by LTs (lytic transglycosylases).  In E. coli, MltG has been identify 
recently as a terminase23. MltG is the first LT reported to localize at the inner 
membrane and interacts with PBP1b. In the absence of MltG, the amount 
of anhydromuropeptides, which are a characteristic feature of the caps of 
glycan strands, was reduced, a direct measure of glycan strand length con-
firmed that the overll length of glycan strands was increased 23. 

PG transglycosylation is not only performed by PBPS, but also by SEDS 
proteins as has been recently demonstrated. Cells lacking the four known 
aPBPs responsible for PG polymerization are still viable - which means 
there must be at least one additional enzyme that could perform transglyco-
sylation. RodA, a member of the SEDS proteins, has been identified as the 
novel glycosyltranferase102,103.  This has led to the suggestion that FtsW and 
other members of the SEDS family might also be glycosyltransferases.   
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In the transpeptidation reaction, the terminal D-Ala-D-Ala of one stem 
peptide is bound to the active site of the enzyme through binding of the 
penultimate D-Ala to the catalytic Serine in the protein, concomitant with 
the release of the terminal D-Ala. Subsequently, the stem-peptide is coupled 
to the dibasic A2pm that functions as an acceptor on another stem-peptide. 
The acceptor peptide does not have to be a penta-peptide: for example, tri- 
and tetra-peptide acceptors can also be used by E. coli PBP1b 104. However, 
the specificity for acceptor substrates may be more stringent for other tran-
speptidases (see below). Terminal D-Ala residues are removed from accep-
tor stem peptides by the D,D-carboxypeptidase activity of some PBPs. This 
reaction can also take place before the stem-peptide has been cross-linked 
to another peptide, thus presenting a level of control for acceptor substrate 
specificity. Finally, PBPs with D,D-endopeptidase activity can cleave cross-
links in order to allow the PG mesh-work to expand.

During spore PG synthesis, around 50% of the muramic acid residues 
are converted to muramic-δ-lactam by the concerted efforts of the CwlD and 
PdaA proteins. CwlD acts as an amidase and removes the stem peptide from 
muramic acid, after which PdaA acts as a de-acetylase and generates the lac-
tam ring105. This process must be tightly regulated as every second muramic 
acid in the PG strand is converted to muramic-δ-lactam and the reactions 
have to occur before the stem peptide in involved in a transpeptidation reac-
tion. Nothing is known about regulatory factors for CwlD or for PdaA. PdaA 
is expressed in the prespore only106 whereas CwlD is expressed both in the 
prespore and in the mother cell, and mother cell expression alone is enough 
to produce spores with normal muramic-δ-lactam levels105,107. Interestingly, 
both proteins have to cross the membrane from different compartments 
and act in the intermembrane space between the inner- and outer pre-
spore membrane where they generate a highly ordered muramic-δ-lactam 
distribution.

Anionic polymer synthesis stage 3

It is not known how teichoic and teichuronic acid are coupled to PG. Chain 
formation during teichuronic acid biosynthesis occurs in the periplasm and 
is thought to be mediated by TuaE, which is a membrane protein homolo-
gous to a polymerase involved in O-antigen synthesis73.

B. subtilis contains four paralogues of LtaS, the enzyme that can synthe-
size the poly(glycerol-3-P) backbone on the glycolipid anchor. Of these ho-
mologues only LtaSBS is capable of replacing the single LtaS of S. aureus108. 
Recent work, in which LTA synthesis activity was reconstituted in vitro, has 

shown that of the four LtaS paralogues, YvgJ acts as a primase adding the 
first glycerolphosphate onto the glycolipid anchor, with LtaSBS acting as the 
housekeeping LTA synthase and YqgS as a sporulation specific LTA syn-
thase and YfnI as the LTA synthase active during stress. YfnI can also act as 
a primase and its expression is controlled by σM, hence its suggested role as 
a LTA synthase active during stress109,110. 

Penicillin Binding Proteins in B. subtilis: activity and expression

Penicillin binding proteins (PBPs) belong to the family of acyl serine trans-
ferases, which comprises high molecular weight (HMW; > 60 kDa) PBPs 
(catalysing transglycosylation and transpeptidation reactions), low molecular 
weight (LMW; < 60 kDa) PBPs (catalysing carboxypeptidase and endopepti-
dase reactions) and β-lactamases (which cleave β-lactam rings and thereby 
mediate resistance to penicillin and analogous antibiotics)111. An overview 
of B. subtilis PBPs is given in Table 1. The functional redundancy between 
PBPs from all classes has made it difficult to assign specific functions to in-
dividual PBPs in B. subtilis and most of our current understanding of PBP 
functions in B. subtilis is the result of extensive genetic studies performed by 
Popham, Setlow and their co-workers.

HMW PBPs are further subdivided into two classes, A and B, on the ba-
sis of their primary structure and the catalytic activity of the N-terminal do-
main134. All HMW PBPs are anchored to the cytoplasmic membrane via a 
transmembrane helix.

Class A PBPs have an N-terminal domain with transglycosylase activity 
and a C-terminal domain with transpeptidase activity, which makes them 
capable of both glycan strand elongation and formation of cross-links be-
tween glycan strands. Therefore, these proteins are also known as bifunc-
tional PBPs. B. subtilis contains four genes encoding Class A PBPs, but the 
ponA gene gives rise to both PBP1a and PBP1b which are different due to 
C-terminal processing of the protein112. Class A PBPs are the only genes with 
an identified transglycosylation activity in B. subtilis, yet a mutant strain in 
which all four Class A pbp genes have been deleted is still capable of PG syn-
thesis, although the strain grows much slower and displays some abnormal-
ities in its cell wall135. B. subtilis lacks the so-called monofunctional glycosyl-
transferases (Mgt) that have been found in several other bacteria (e.g. 136), so 
it remains to be identified which other protein(s) are capable of performing 
the transglycosylation reaction. PBP1 performs a non-essential function in 
cell division, as mutants exhibit slower growth and form slightly elongated 
cells112. Recently, Claessen et al. showed that PBP1 also plays a role in pole 



CHAPTER 1: The cell wall of Bacillus subtilisCHAPTER 1: Introduction26 27

maturation and cell elongation, and shuttles between the division site and 
lateral wall113. PBPs -2c and -2d are involved in sporulation, as cells lacking 
both of these PBPs are incapable of forming viable spores118. Both PBPs are 
expressed in the prespore during sporulation, and in the double mutant, PG 
is synthesized that has an altered composition and does not completely sur-
round the prespore, suggesting that these PBPs play a role in the synthesis 
of the germ cell wall that serves as a template for synthesis of cortex PG118. 

PBP4 is probably involved in synthesis of the vegetative cell wall, but a pbp4 
deletion has no obvious phenotype116, although it recently was proposed as 
the main PBP involved in the incorporation of unnatural D-amino acids137.

B. subtilis contains six genes encoding Class B PBPs which, like class 
A PBPs, contain a C-terminal domain with transpeptidase activity. The 
N-terminal domain of Class B PBPs has an unknown, non-catalytic func-
tion. The best studied protein in this class is the essential E. coli PBP3, 
which functions in cell-division (see138). Here, the N-terminal domain is 
important for protein folding and stability139 and for the recruitment of 
other cell division proteins140. The crystal structure of the Class B PBP2x 
from Streptococcus pneumoniae showed that the N-terminal domain resem-
bles a sugar tong, but structural homologues have not been found in the 
databases141 so the function of this domain is still enigmatic. It has been 
proposed that this domain plays a role as a morphogenetic determinant, as 
some of the Class B PBPs have a specific role in cell wall synthesis during 
either division or elongation134. PBP2b, the homologue of E. coli PBP3, is the 
only essential PBP in B. subtilis, functions in cell division and is expressed 
during vegetative growth and sporulation124. Modelling of the interaction be-
tween DivIB and PBP2b suggests that it is not the N-terminal domain, but 
rather the TPase domain of PBP2b that contacts DivIB, the protein that re-
cruits PBP2b to the septum142. PBP2a and PbpH are expressed during veg-
etative growth and play redundant roles in cell wall growth during elonga-
tion: a double mutant of these PBPs is not viable and depletion of one in the 
absence of the other leads to swelling of the cells and eventually to lysis122. 
SpoVD is expressed during sporulation88 and is responsible for PG synthe-
sis during engulfment and synthesis of the spore cortex PG143. The remain-
ing two PBPs, PBP3 and PBP4b, are expressed during vegetative growth and 
sporulation, respectively, and have unknown functions126,144.

The Low MW PBPs can be subdivided in two classes: carboxypepti-
dases, of which B. subtilis has four, and endopeptidases, of which B. subtilis 
has two. PBP5 is the major D,D-carboxypeptidase, and in a PBP5 deletion 
strain, the terminal D-Ala residues are not removed from pentapeptide side 
chains that either were not crosslinked or functioned as acceptors during 
transpeptidation27, which is also true for the fluorescent D-amino acid an-
alogue HADA, which is incorporated in position 5 of the stem peptide and 
a substrate for PBP511 (Figure 5B). PBP5* has been shown to function as 
a D,D-carboxypeptidase during sporulation129,145. Together with DacF, PBP5* 
regulates the degree of crosslinking in spore cortex PG130. The final carboxy-
peptidase, PBP4a, is expressed during late stationary phase131 and is capa-
ble of catalyzing peptidation reactions on mDAP both with and without an 

Table 1. An overview of Penicillin Binding Proteins from B. subtilis

Class Gene Protein Function/expression Localisation (method)a

A

ponA112 PBP1a/b TG/TPaseb involved in cell division  
and diameter control in  
elongation 113, vegc 112

septal (IF, GFP) 114,115, distinct foci 
and bands at cell periphery113 

pbpD116 PBP4 not known, veg116 distributed along membrane with 
distinct spots at periphery (GFP)115 

pbpF 117 PBP2c synthesis of spore PG118, veg, late 
stages of spo117 

distributed along membrane, 
redistributed to prespore during 
sporulation (GFP)115,119

pbpG 120 PBP2d synthesis of spore PG118, spo 120 distributed along membrane 
(GFP)115, redistributed to prespore 
during sporulation119 

B

pbpA121 PBP2a synthesis of lateral wall 122, veg121 evenly distributed along the mem-
brane (GFP)115

depends on Lipid II123 

pbpH122 PbpH synthesis of lateral wall veg,122  evenly distributed along the mem-
brane (GFP)115

depends on Lipid II123

pbpB 124 PBP2b cell division specific TPase 125, veg, 
spo124 

septal (IF, GFP)115,125 

pbpC126 PBP3 not known, veg, low expression 
during spo126 

distinct foci and bands at cell 
periphery (GFP)115

spoVD88 SpoVD synthesis of spore PG, spo88 outer prespore membrane (GFP)91 

pbpI122 PBP4b not known, spo122 evenly distributed along the mem-
brane (GFP)115

Low MW 
CPase

dacA127 PBP5 major D,D-carboxypeptidase128 distributed along membrane with 
distinct spots at periphery 115(GFP) 

dacB129 PBP5* control of peptide crosslinking in 
spore PG130, spo129 

not known

dacC114 PBP4a not known, late stationary phase131 distinct foci and bands at cell 
periphery (GFP)115

dacF132 DacF control of peptide crosslinking in 
spore PG130, spo132

not known

Low MW 
EPase

PbpE133 PBP4* not known, spo133 distinct foci and bands at cell 
periphery (GFP)119

PbpX PbpX not known, veg119 septal, spiral outgrowth to 
both asymmetric septa during 
sporulation115,119

a IF: Immunofluorescence; GFP: fluorescence of a GFP-Fusion
b TGase: transglycosylase; TPase: transpeptidase; CPase: carboxypeptidase; EPase: endopeptidase
c For the expression or transcription factor dependency of most pbp genes has been determined and is 
indicated; veg: expression during vegetative growth; spo: expression during sporulation. Reprinted, with 
permission from ASM, from (Scheffers and Pinho, 2005).
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amidated N-carboxylic acid146. Classically, D,D-carboxypeptidases are thought 
to play a role in PG maturation, cleaving off terminal D-Ala residues from 
stem peptides after transpeptidation. However, it is also possible that these 

proteins control the length of the stem peptides that function as substrate for 
transpeptidation, thereby controlling substrate availability for Class B PBPs 
with different morphogenetic properties (see below). The endopeptidases in 
B. subtilis were assigned on the basis of their homology to the known E. coli 
endopeptidase PBP4147, but both PBP4*, which is expressed during sporu-
lation, and PbpX, which is expressed during vegetative growth, can be lost 
through deletion of the genes without any phenotypic effects117,119. 

Structure of PBPs

The transpeptidase domains of both Class A and B HMW PBPs contain 
conserved motifs that constitute the unique signature of all penicillin inter-
acting proteins: SXXK, with the active site serine, (S/Y)XN and (K/H)(T/S)
G. These motifs are always present in the same order with similar spacing 
in the primary protein structure, forming the active site in the tertiary struc-
ture of the domain111,134,148.

The crystal structures of several high and low molecular weight PBPs 
from various organisms have been determined in the last few years (for an 
overview see 149,150). TP domains show high similarity, with a central, mixed, 
β-sheet surrounded by α-helices.  The structure of E. coli PBP6 in complex 
with a MurNAc-pentapeptide substrate revealed that the D-Ala-D-Ala part of 
the peptide is positioned within the active side cleft with the rest of the sub-
strate accessible to the solvent, leaving the third stem peptide residue free 
to participate in a TP reaction151. The crystal structure of a soluble form of S. 
pneumoniae PBP1b revealed a conformational change upon ligand binding152. 
The active site of the transpeptidase domain of PBP1b was found to exist in 
an ‘open’ and ‘closed’ conformation, and the open conformation was depen-
dent on the presence of ligand, whereas the closed conformation showed 
blocked substrate accessibility. The difference between the structures sug-
gests that PBPs may be activated by the availability of transpeptidation sub-
strate, as the ‘open’ conformation could only be obtained by soaking crys-
tals containing the ‘closed’ form of PBP1b with a stem peptide analogue152. 
Similar local flexibility has been confirmed in a number of other structures, 
and is linked to the development of resistance to β-lactam antibiotics, see149. 
Insight into TG domain structure has come from the structures of 2 Class A 
PBPs and two isolated TG domains, which display a lysozyme-like fold153–156. 
Next to the TG and TP domains E. coli PBP1b contains an additional domain, 
UvrB domain 2 homolog (UB2H), which is required for the interaction of 
PBP1b with the lytic transglycosylase MltA and the lipoprotein LpoB that 
activates PBP1b155,157.
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Figure 4. Localisation of PG precursor insertion and PBPs in B. subtilis. (A) Van-FL staining of 
nascent PG during various stages in the cell cycle in a wild-type strain (adapted, with permis-
sion from Elsevier, from 9). (B) HADA staining of B. subtilis wild type (i) and B. subtilis ∆dacA 
(ii)(DMA, unpublished). (C) Representative patterns for PBP distribution: (i) disperse, shown 
is GFP-PBP2a; (ii) septal, shown is GFP-PBP1; (iii) spotty, shown is GFP-PBP3 (adapted, with 
permission from Blackwell Publishing, from 115). (D) Redistribution of GFP-PBP2d during 
sporulation: (i) disperse localisation of GFP-PBP2d during vegetative growth; (ii) GFP-PBP2d 
localisation to the prespore membrane, 2 hours after resuspension in sporulation medium 
(adapted, with permission from SGM, from 119). (E) Redistribution of GFP-PbpX during spor-
ulation. (i, ii) GFP-PbpX localisation changes from a septal to membrane localisation (i) and 
appears to spiral out (ii, note difference in magnification) to both asymmetric division sites 
(iii). Right hand panels in (i) and (ii) show the images after deconvolution (adapted, with per-
mission from SGM, from 119) (F) PP- nisin delocalizes Lipid II and specific PBPs. GFP-PbpH 
localisation in untreated cells (i) and after treatmeant with PP-nisin (ii) (adapted with permis-
sion from Blackwell Publishing, from 123). Scale bars: 5 μm (A-F) 2 μm (G)
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Cell wall turnover

The cell wall is subject to continuous turnover, with PG being hydrolyzed 
and synthesized at the same time. Autolysins, proteins that hydrolyse PG, 
play a role in various processes in B. subtilis, such as PG maturation, sep-
aration of the cell wall at the septum during division, motility, competence 
development, spore development, germination and protein secretion (for 
reviews see 52,158). Hydrolysis activity must be tightly controlled to allow in-
sertion of a PG strand in the meshwork without disrupting the structural 
integrity of the PG (especially in Gram-negative organisms because the PG 
is only 1 to 3 layers thick). Not much is known about the turnover of anionic 
polymers, but evidently, the PG linked WTA and teichuronic acid will be re-
leased from the cell wall when PG is hydrolysed.

Genome analysis revealed the presence of 35 definite or predicted autol-
ysins in B. subtilis that cluster in 11 different protein families158. These pro-
teins hydrolyse all the different bonds in PG: glucosaminidases LytD and 
LytG hydrolyse the bond between GlcNAc and MurNAc; muramidases (en-
terococcal muramidase family) and lytic transglycosylases (Slt70 family, ger-
mination specific lytic enzyme family) hydrolyse the bond between MurNAc 
and GlcNac; amidases (LytC family, XlyA family) cleave the bond between 
MurNac and L-Ala(1) on the stem-peptide and D,L-endopeptidases (families 
I and II) and L,D-endopeptidase cleave D,L and L,D peptide bonds in the 
stem peptides and crosslinks. Two additional protein families were iden-
tified. Firstly, proteins homologous to Lysostaphin, an endopeptidase that 
cleaves pentaglycine cross bridges occuring in Staphylococcus species but 
not in Bacillus, suggesting that these proteins may be secreted by Bacillus as 
antibiotics against staphylococci. Secondly, proteins homologous to LrgB, a 
putative autolysin from S. aureus with no identified function.

During vegetative growth, about 95% of the autolyic activity is mediated 
by the amidase LytC and the glucosaminidases LytD and LytG. Inactivation 
of these autolysins, in various combinations with the D,L-endopeptidases 
LytE and LytF, and YwbG (LrgB family) results in formation of chains of 
cells indicating a role in cell separation159–163. LytG functions as an exoglucos-
aminidase that removes GlcNAc residues from glycan strands, resulting in 
glycan strands with MurNac at their non-reducing termini27,164. Interestingly, 
overproduction of the predicted endopeptidase PBP4* also causes chain 
formation165. Expression of LytC, -D and –F as well as of genes for flagellar 
motility and chemotaxis are under control of the transcription factor σD166 
and inactivation of LytC and LytD causes dimished swarming motility159,167,168, 
suggesting that autolysins play an as yet unidentified role in motility. 

D,L-endopeptidases as LytF,  LytE, and CwlO have a similar C-terminal 
sequence, but different N-terminal domains which determine their localiza-
tion in the cell and function169. While LytF is the principal endopeptidase in-
volved in cell separation, LytE and CwlO are required during elongation. LytF 
localizes to the division site 170 and poles169 and is mainly expressed during 
mid-exponential phase169. LytE localizes to the septum and poles, but also 
at the lateral wall in a helix-like manner169,171. And finally, CwlO localizes to 
the sidewall and is expressed during early exponential phase169 (Hashimoto 
et al., 2012).  LytF localization is affected by the presence of WTA and LTA. 
LytF loses it septal localization when the teichoic acids are depleted172,173, but 
also the presence of LTA and WTA regulates the expression of the LytF tran-
scription factor σD. 

LytE and cwlO knockouts are viable, but a double deletion of lytE and 
of cwlO is lethal indicating that the have similar function174. Interestingly, 
LytE interacts with MreBH175, while CwlO interacts with Mbl176  two of the 
three actin homologues in B. subtilis. LytE and CwlO expression is regulated 
by the WalRK two component signal transduction pathway. LytE expres-
sion is upregulated under stress conditions like heat shock and high tem-
peratures177–179, and again the presence of LTA or WTA play a role as LytE 
transcription is enhanced in the absence of LTA and WTA171. CwlO is also 
controlled by WalRK but has highly instable transcript, so that the levels of 
CwlO will decrease quickly after WalRK deactivation, allowing a tight reg-
ulation of CwlO180. CwlO is also regulated at the protein level by the ABC 
transporter FstEX. FstEX has been related to cell division in E. coli181, how-
ever in B. subtilis it is involved in cell elongation. FtsE mutants with a defect 
in binding or hydrolysis of ATP are lethal in a lytE knockout background, 
strongly suggesting that FtsEX activity, probably through an ATP-mediated 
conformational change, is required to activate CwlO182.

Autolysins also play critical roles during spore formation and germina-
tion. The autolysins SpoIID and SpoIIP form a complex with the membrane 
protein SpoIIM that drives membrane migration during engulfment183,184. 
In addition SpoIID and SpoIIP degradation activity at the septum allows 
the recruitment of SpoIIIAH and SpoIIQ to the sporulation septum185. The 
amidase CwlD (see above, LytC family) is involved in the generation of mu-
ramic-δ-lactam, which is recognized by lytic enzymes that break down the 
spore cortex during germination 31,107,186. During maturation of the spore 
cortex, stem peptides of non crosslinked muramic acid residues are gener-
ally cleaved to single L-Ala residues by the action of LytH, a proposed L,D-
endopeptidase, which is homologous to lysostaphin164. Release of spores 
occurs through lysis of the mother cell, which involves LytC, CwlC and 
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CwlH187,188. Spore germination requires the action of the partially redundant 
autolysins SleB and CwlJ189.

Since autolysins can disrupt the integrity of the PG structure, and there-
fore are potentially lethal, their activity needs to be under tight control. 
Little is known about this aspect, but it has been suggested that the energy 
state of the cell, through the proton motive force (pmf ), controls autolysin 
activity. The cell wall of B. subtilis is protonated (and thus acidic) under 
respiring conditions190 and dissipation of the pmf renders cells more sen-
sitive to lysis191–193. This suggests that when the acidity of the cell wall de-
creases, the activity of autolysins increases, resulting in cell lysis. Exciting 
new work based has provided evidence for activation of cell wall hydro-
lases by other cell wall binding or degrading proteins: in E. coli, cell wall 
binding proteins EnvC and NlpD activate the amidases AmiA, -B, and -C 
at the cell division site and thus control cell separation194, whereas in B. 
subtilis SpoIIP cleaves stem peptides and activates the lytic transglysolyase 
SpoIID to remove PG during prespore engulfment195. The molecular de-
tails of these activation mechanisms are beginning to be elucidated with 
the help of crystal structures196.

Although turnover of cell wall material has been studied for some time 
in Gram-negatives, the observation of large amounts of PG fragments shed 
by Gram-positives combined with the notion that the thick cell wall is de-
graded on the outside and thus fragments are free to diffuse, has for a long 
time led people to think that Gram-positives do not recycle their cell wall 
fragments197,198. The Mayer group discovered a recycling pathway in B. sub-
tilis that contains several genes that are homologous to Gram-negative re-
cycling genes199. Muropeptides released by autolysins are further processed 
in the ‘cell wall compartment’ on the outside of the cell to GlcNAc and 
MurNAc by the activites of NagZ and AmiE, and transported into the cy-
toplasm by the phosphotransferase systems NagP and MurP. Then, in the 
cell, the recycling enzyme MurQ converst MurNAc-6P to GlcNAc-6P, which 
can be reused. The released peptide fragments are likely to be taken up 
by Oligopeptide transport systems197,198. Reusing peptidoglycan fragments 
makes sense, not only from an energetic point of view, but also in cases 
where e.g. pathogens or symbionts do not want to overstimulate the hosts’ 
immune system by the release of large amounts of peptidoglycan frag-
ments. In addition, peptidoglycan fragments are used by bacteria to sense 
damage to the cell walls and stimulate the expression of b-lactamases to 
counteract the activity of antibiotics197.

Organisation of cell wall synthesis in Bacillus subtilis.

The use of fluorescence microscopy, AFM and ECT has allowed new stud-
ies on the insertion of material into the cell wall, the architecture of the cell 
wall, the visualisation of cytoskeletal elements, as well as localisation studies 
on the proteins involved in cell wall synthesis. B. subtilis has played a lead-
ing role in these studies: it was the first bacterium for which Errington and 
co-workers (i) identified an actin-like cytoskeleton8 (ii) obtained high resolu-
tion images of localised PG precursor insertion along the lateral wall9 and 
(iii) generated a comprehensive data-set on PBP localisation115. Also, B. subti-
lis was one of the first bacteria for which the PG architecture was studied by 
AFM6 and cryotomography7.

Two modes of cell wall growth in rod shaped bacteria

Cell wall synthesis in rod-shaped bacteria like B. subtilis is thought to occur 
in two modes: one associated with elongation of the cell, and one associ-
ated with cell division. This is in contrast to cell wall synthesis in spherical 
cocci, which takes place only at the division site, or in ‘rugby-ball’ shaped 
Streptococci that synthesize the cell wall at the septum and the so-called 
‘equatorial rings’200. The concept of lateral wall growth vs. division wall 
growth originates from the observation that various mutations in genes as-
sociated with cell wall synthesis in B. subtilis and E. coli block either elonga-
tion of the cells (lateral growth) or cell division. An elongation block leads 
to cells that loose shape control and start to grow as spheres and eventually 
lyse. On the other hand, a division block leads to filamentation and eventu-
ally lysis. In a classic paper, Spratt described Class B transpeptidases from 
E. coli specific for elongation (PBP2) or for division (PBP3)201. Similarly, B. 
subtilis contains a division specific Class B PBP, PBP2b124, and two Class B 
PBPs, PBP2a and PbpH, involved in elongation122. PBP1 is a Class A shuttles 
between cell division and elongation113. Defects in growth of the lateral wall 
are also observed in mutants of the Lipid II translocase RodA in both E. coli 
and B. subtilis82,202, whereas mutations in the division-specific Lipid II trans-
locase FtsW result in filamentation203. Cells with a deficiency in WTA syn-
thesis grow as spheres, underscoring the role of the anionic cell wall poly-
mers in shape maintenance in Gram-positive cells67,204,205.

Cell wall synthesis and turnover involve biochemical reactions that are 
catalysed by different enzymes. The observation that labelled PG precursors 
are incorporated close to the membrane in Gram-positives and are gradually 
displaced within the wall to the outside led Koch and Doyle to propose the 
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‘inside-to-outside’ model for cell wall growth206. In this model, new material 
is inserted close to the membrane where the PBPs are, and are displaced 
outward as a result of the incorporation of new material. On moving out, 
the PG is stretched and becomes stress bearing, but also more susceptible 
to the activity of autolysins. Continuous synthesis of PG close to the mem-
brane prevents the cell wall from rupturing, according to what is called the 
‘make-before-break’ principle207. As an extension to this model the existence 
of multi-enzyme complexes involved in cell wall synthesis was proposed by 
Höltje, originally for E. coli36. The multi-enzyme complexes ensure the coor-
dinated activity of incorporating new material into the wall without compro-
mising cell wall integrity, which is extra critical in Gram-negative cells that 
contain only 1 to 3 layers of continuous PG36,200,208. These complexes would 
combine transglycosylase, transpeptidase and PG hydrolysis activities and 
could allow for controlled insertion of glycan strands into an existing PG 
meshwork while simultaneously removing old material. 

The discovery of bacterial cytoskeletal proteins and their influence of cell 
shape209 strongly suggested that positioning and activity of the multi-en-
zyme complexes that synthesize the cell wall is controlled by the cytoskel-
eton (Figure 4). FtsZ, the bacterial homologue of tubulin, positions all cell 
division proteins at midcell and is required for the correct synthesis of the 
division septum. The actin homologue MreB, of which B. subtilis contains 
three paralogues (MreB, Mbl and MreBH), is similarly responsible for posi-
tioning of the cell wall synthesis machinery during elongation. Localisation 
and interaction studies in various bacteria have provided strong evidence 
for this hypothesis, even though it is not resolved whether both models are 
completely separate and whether simultaneous cell wall synthesis at both 
sites can occur.

Cell wall synthesis during division.

Cell division starts with the assembly of the Z-ring, formed by polymers of 
the tubulin homologue FtsZ210–212. After assembly of the Z-ring, all other cell 
division proteins, including the division specific PBP2b localise to the divi-
sion site and synthesis of the septum follows. In both B. subtilis and E. coli, 
the rate of PG synthesis during cell division is notably increased compared to 
synthesis during cell growth along the lateral wall9,11,213–215. MurG, the last en-
zyme in the Lipid II synthesis pathway, localises to the division site depend-
ing on FtsZ in both E. coli and C. crescentus64,65. Several PBPs in B. subtilis 
show specific localisation to the division site: PBPs 1, 2b and PbpX115. More 
recently, it has been shown in Bacillus that FtsZ treadmilling determines the 

motion of septal PG enzymes. Furthermore, the PG rate synthesis and its 
distribution are also controlled by the rate of FtsZ treadmilling216.

PBP2b is the cell division specific transpeptidase and the only essential 
PBP in B. subtilis — pbpB mutants form long filaments, the characteristic 
cell division mutant phenotype. PBP2b interacts with cell division DivIB as 
determined by a 2 hybrid assay and a heterologous targeting assay142,217,218. 
Inactivation of the active site of PBP2B does not affect viability, nor have 
evident effects on the phenotype of cells28,219, however PBP3 becomes es-
sential in the absence of PBP2B. A PbpX deficient strain has no observable 
phenotype119. A role for PBP1 in cell division had been postulated on the 
basis of the phenotype of a PBP1 deficient strain, which grows at a reduced 
rate, has slightly elongated cells, less efficient spore formation186 as well as 
abnormal septal structures114. The sporulation deficiency in the PBP1 mu-
tant is the cause of a defect in the formation of the asymmetric sporula-
tion septum. Also, the localisation of GFP-PBP1 depends on the presence of 

Figure 5. Putative multi-enzyme complexes functioning in cell wall synthesis in Bacillus sub-
tilis. Depicted is a complex involved in growth of the lateral cell wall during elongation. The 
actin-like cytoskeletal protein MreB or Mbl (cyt) organises the localisation of MreC (C) and 
MreD (D, all light grey), possibly via the bridging protein RodZ (dark grey), and MurG (dark 
grey). MraY (also dark grey) interacts with MurG and together they are associated to a Lipid 
II translocase (TL, dark grey). PG synthesis requires at least a Class A HMW PBP, a Class B 
HMW PBP and a LMW carboxypeptidase (A, B, low, all in white). The Class B PBP (during B. 
subtilis elongation this could be either PBP2a or PbpH) is associated with MreC as has been 
reported for C. crescentus. Autolysins (lyt, grey) mediate cell wall turnover. During cell divi-
sion, the cytoskeletal protein would be FtsZ that organizes other cell division proteins and 
cell division associated PBPs, such as PBP1 and PBP2b. 
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other membrane-associated cell division proteins (all membrane bound cell 
division proteins in B. subtilis are interdependent in terms of localisation, 
see 138), more specifically EzrA113. Recently, it has become evident that PBP1 
is also involved in lateral wall growth and shuttles its localisation from the 
division site to the lateral wall, where it is bound by MreB220, through the 
interaction with GpsB113. GpsB is a ~10 kDa membrane associated protein, 
conserved in Gram-positives. Furthermore, there is evidence that phos-
phorylation might be involved in the regulation of PBP1, GpsB and cell wall 
synthesis. PrkC belongs to a family of serine/threonine-kinases that have 
been associated with regulation of cell wall synthesis and cell division221. In 
Bacillus, PrkC interacts with GpsB, DivIVA and Ezra, however only GpsB 
interacts with the active site of PrkC.  PrkC and GpsB interact to control 
each other: on the one hand, PrkC phosphorylates GpsB at Thr75, while on 
the other hand PkrC auto-phosphorylation is stimulated by unphosphry-
lated GpsB, and inhibited by phosphorylated GpsB222. The link between 
Gpsb phosphorylation and PBP1 is not clear - both proteins interact in vitro, 
but the in vitro glycosyltransferase and transpeptidase activity of PBP1 are 
not affected by either GpsB or a phosphomimetic GpsBT57D/E mutant223,224, 
suggesting that GpsB does not influence the enzymatic activity of PBP1. A 
possibility is that phosphorylation might be related with the shuttling of 
PBP1 from the division site to the lateral wall. Interestingly, another pro-
tein phosphorylated by PrkC has proven to have an effect in PBP1 locali-
sation. YvcK is a protein essential for growth under gluconeogenic condi-
tion225. PrkC phosphorylates YvcK at Thr304 and PrpC dephosphorylates 
YvcK. In the absence– of MreB, overproduction of YvcK restored PBP1 lo-
calization and the MreB phenotype. Furthermore, only the overproduction 
of a phosphomimetic version of Yvck (T304E) in the absence of MreB res-
cued the characteristic bulging phenotype, while the phosphoablative ver-
sion (T304A) did not226.

It could very well be that PBP1 and PBP2b function together to make 
the septal wall but evidence for a specific interaction between these PBPs is 
lacking. The equivalent PBPs in E. coli (PBP1b and 3) have been shown to 
interact in 2 hybrid and pull-down studies227, and FtsW, FtsN and the mono-
functionalglycosysltransferase MgtA are part of this complex as well228,229. A 
Native PAGE analysis of E. coli membranes also revealed a complex contain-
ing a number of cell division proteins including FtsZ, -Q, -L, -B, and -N, but 
no PBPs230. A recent pull down in B. subtilis with a Lipid II analogue con-
taining a photocrosslinker identified PBPs 1, 3, 4, 5 and X bound to Lipid II 
next to several other known cell wall synthesis and division proteins (EzrA, 
LytE, MurG, FtsX among others)231.

The housekeeping LTA synthase LtaSBS also localises to the division site 
and ltaS mutants have a reduced diameter and aberrantly formed septa, sug-
gesting that LTA may be specifically synthesized and localised at the cell 
division site232.

The material that is synthesized at the division septum will form one of 
the two cell poles of each daughter cell after separation. These poles are 
called the ‘new’ poles, as opposed to the ‘old’ poles that are the poles from 
the mother cell. In E. coli, the cell wall at the poles is ‘inert’, i.e. no new ma-
terial is inserted at these sites, and polar PG is not subject to degradation/
turnover, in contrast to material in the lateral wall214,233. Cell wall turnover 
at the poles in B. subtilis is very slow, but insertion of new material at the 
poles does occur234,235. Whether this difference between E. coli and B. subtilis 
with respect to the insertion of material at the poles is a true difference be-
tween these organisms or the result of different experimental approaches is 
unclear. The cause for the (virtual) absence of cell wall turnover at the cell 
poles is not known but may be caused by a difference in structural PG com-
position at the pole compared to the lateral wall or the presence/absence of 
enzymes involved in PG turnover at the poles. The poles of rod-shaped cells 
constitute an area of restricted mobility for periplasmic proteins236 and for 
outer membrane proteins237,238. Strikingly, an E. coli mutant for the major 
D,D-carboxypeptidase PBP5 displays a branching phenotype. The branches 
originate from areas of inert PG in the lateral wall that are thought to act as 
de novo poles from which the branches originate.

Cell wall synthesis during elongation

Initial studies on the incorporation and turnover of cell wall material at 
the lateral wall used labelled PG precursors (mostly GlcNAc). Old wall ma-
terial was found to co-segregate with DNA and new material was inserted 
in patches240–242. Cell wall material is turned over rapidly at the cell cylin-
der but is retained at the cell poles, so that polar material is conserved for 
several generations, although some insertion of new material does occur 
at the poles235. A study using phage SP50 as a marker for teichoic acid 
synthesis (SP50 binds specifically to TA containing bacteria) showed that 
TA becomes exposed at the lateral wall first and then migrates towards the 
poles, but that new material is incorporated along the entire wall, and thus 
also at the cell poles243. Teichoic acid is only accessible from the outside 
at discrete places along the cylinder, at division septa or at the junction 
between the cell pole and the cylinder, possibly indicating areas of high 
hydrolytic activity234. 
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Daniel and Errington developed a new method to visualise cell wall syn-
thesis in B. subtilis using a fluorescent derivative of vancomycin 9. The anti-
biotic vancomycin binds to the terminal D-Ala-D-Ala of PG precursors and 
thus blocks transpeptidation. In control experiments it was showed that 
Van-FL binds to externalized but unincorporated lipid-linked PG precursors 
and to the recently inserted lipid-linked subunit at the growing end of a gly-
can strand, and can therefore be used as a marker for nascent PG synthe-
sis. Removal of the terminal D-Ala by the action of transpeptidases or car-
boxypeptidases precludes Van-FL binding, therefore older PG will not be 
labelled9. Van-FL does not penetrate the outer membrane of Gram-negative 
cells and can therefore only be used to label Gram-positives. Van-FL staining 
of growing B. subtilis cells showed prominent staining at an area around the 
division site, corresponding to areas of high PG synthesis activity observed 
with radio-labelled PG precursors. No staining was observed at the cell poles, 
showing that cell wall turnover at the poles is absent or very low. Although 
less bright, the staining pattern at the lateral wall could be resolved to fol-
low a helical pattern. The helical pattern of PG insertion was confirmed in 
an independent study by the Walker and Rudner groups, who developed 
fluorescent derivatives of vancomycin and ramoplanin, which binds to the 
reducing end of a nascent glycan chain as well as to Lipid II244. The use of 
Van-FL in other Gram-positives revealed polar growth in hyphal growth of 
Streptomyces coelicolor. Corynebacterium glutamicum, which grows in a rod-
like shape but lacks a homologue of MreB, grows both at the division site 
and at the poles9. These results illustrate the different growth modes of rod-
shaped organisms that either contain or lack MreB-like proteins (see 175).

More recently, the ability of bacteria to incorporate D-amino acids dif-
ferent than D-Ala into the stem peptide, has been used by several groups 
to developed fluorescent (FDAAs) and clickable analogues of D-amino ac-
ids11,245–248  that can be visualised in real time by microscopy or further an-
alysed by HPLC and Mass spectrometry. In contrast to Van-FL labelling, 
FDAAs are incorporated into the stem peptide and can be used in gram neg-
atives without the need to permeabilize the outer membrane.

Interestingly, FDAAs are incorporated only at the 5th position in the 
stem peptide of Bacillus, while in other bacteria, such as E. coli they are in-
corporated at position 4th11. The difference of the position at which FDAAs 
are incorporated into the stem peptides reflects the mechanism of how 
D-amino acids are incorporated into the cell wall. It has been reported that 
E. coli and P. aeuruginosa incorporate D- amino acids in the 4th position via 
an amino acid exchange reaction by L,D-transpeptidases (Ldts). In contrast, 
B. subtilis, E. faecalis and S. aureus incorporate D-amino acids in position 5. 

Incorporation in 5th position is performed by D-alanyl-D-alanine ligase 
(Ddl) which is part of Lipid II synthesis. Interestingly, when Ddl was inhib-
ited with D-cycloserine in B. subtilis no effect was observed in the incorpo-
ration of some non-canonical D-amino acids suggesting a different mecha-
nism249 for amino acids that are normally not substrates for Ddl. 

B. subtilis has the D-carboxypeptidase PBP5 that removes the last D-Ala 
of the stem peptide27, and PBP5 also removes FDAAs that are incorporated 
at the 5th position reducing overall labelling11. Recently, Fura and collabo-
rators (2015)137 tested the ability of all Bacillus PBPs with transpeptidation 
activity to incorporate fluorescently labelled D-Lysine analogues into the 
cell wall. Most of the PBPs showed a minor effect in labelling, however a 
PBP4 knockout had a significant decrease in labelling. Interestingly, sig-
nal at the division site was observed in all strains, which could indicate that 
FDAAs at the septum are incorporated via the Lipid II pathway rather than 
transpeptidation.

The helical patterns for PG insertion closely matched the helices formed 
by the bacterial actin homolog MreB. B. subtilis contains three paralogues of 
MreB: mreB, which forms an operon with mreC and mreD, mbl and mreBH, 
and all three paralogs have a role in ensuring corect cell shape as mutants 
lose their rod shape8,250–253. The importance of mreB is underscored by the 
fact that it is essential in many bacteria, like B. subtilis254, E. coli255, C. cres-
centus256, or Rhodobacter sphaeroides257. Also, expression of B. subtilis mreB 
in E. coli leads to an altered cell morphology258. Similarly, both mreC and 
mreD are essential in B. subtilis and in E. coli, and depletion of each results 
in spherical cells255,259,260.

All MreB paralogs are part of a helical structures in B. subtilis, which 
undergo continuous assembly/disassembly, most likely through treadmill-
ing261–263. Recent observations suggest that MreB orientation depends on the 
difference between the membrane curvatures. MreB is able to able to align 
to the largest curvatures most likely because the energy is minimized264. 
Furthermore, Bacillus can regulate the speed of MreB patches depending 
on nutrient availavility and rate growth. The speed of MreB patches is faster 
when Bacillus is grown in a rich medium than in a poor medium265. 

 All three MreB paralogues interact as shown by bimolecular fluores-
cence complementation (biFC) and crosslinking although they are not al-
ways colocalized220,266. Single deletions of MreB paralogs are tolerated al-
though in the case of mreB the medium has to be supplemented with high 
Mg+2 254, and the insertion of PG precursors along the lateral wall is not af-
fected in single deletions220. Double mutants, except the mbl mreBH com-
bination, are not viable266, although a triple mutant can be constructed in 
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the absence of the anti-sigma factor of σI232. When mreB is depleted in a 
mbl knockout background, cells show a strong growth defect and lose PG 
precursor insertion along the lateral wall, indicating that mreB and mbl have 
redundant functions and that either one is required for correct cell wall syn-
thesis during elongation220. The role of MreBH in cell shape organization is 
slightly different. MreBH positions LytE, one of the cell wall hydrolases, in a 
helical pattern, which suggests that MreBH is involved in cell wall turnover 
rather than synthesis267.

The obvious relation between MreB/Mbl and cell wall synthesis sug-
gested that MreB/Mbl control cell wall synthesis during elongation by form-
ing multi-enzyme complexes with cell wall synthesis proteins. MreB is a 
cytoplasmic protein, whereas PBPs have at best very short cytoplasmic tails, 
so the question was how connections between these proteins are made. 
MreC and MreD are membrane proteins that also form helical patterns and 
that are responsible for cell shape and PG-precursor insertion along the lat-
eral wall, so they were obvious candidates to connect the MreB scaffold to 
cell wall synthesis proteins (Figure 4, e.g. 9,255,259). Other components of this 
multi-enzyme complex at the lateral wall would be a PG precursor trans-
locase and several PBPs (such as the elongation specific PBPs -2a and -H) 
required for incorporation of PG precursors into glycan strands, as well as 
proteins involved in (lipo)teichoic acid synthesis. Very few PBPs actually lo-
calised in a helical pattern, nor was localisation of PBPs affected in mreB 
or mbl mutants115, but increased resolution has shown that e.g. PBP1 does 
localise in a helical pattern113 in a MreB dependent fashion220 and the redun-
dancy of mreB and mbl explains why localisation paterns were no affected in 
the absence of either MreB or Mbl.

Evidence for the existence of multi-enzyme complexes came from 2 hy-
brid studies and pull-down experiments. MreC is a dimeric protein with a 
single TM and a large periplasmic domain268. 2 Hybrid studies revealed that 
MreC interacts with all Class A and B PBPs 268 and with proteins involved in 
WTA synthesis, that also localise in a helical pattern 269. Similarly, MreB was 
found to interact with several HMW PBPs in 2 hybrid studies220. In a pull 
down experiment using his-tagged MreB as bait, MreC and various fluores-
cently labelled PBPs (1, 2A, 2C and 4) could be copurified with MreB220, and 
labelled PBPs (1, 2a and 4) were also copurified with his-tagged Mbl220. This 
does not exclude the presence of other PBPs, as some PBPs are more abun-
dant and/or more efficiently labelled in cell extracts – therefore several PBPs 
present in the complex may be missed in these experiments. Also, the pull 
down experiments do not show that there is a direct interaction between 
PBPs and MreB/Mbl – there may be a bridging function for MreC. However, 

the 2 hybrid and localization data do suggest that at least PBP1 and MreB in-
teract directly220. Recently, another conserved protein that interacts directly 
with MreB was simultaneously discovered in B. subtilis, E. coli and C. cres-
centus270–272. RodZ is a bitopic membrane protein with a cytoplasmic domain 
that adopts a helix-turn-helix structure that interacts with MreB268. RodZ and 
MreB localisation is interdependent and inactivation of RodZ leads to shape 
defects. The bitopic structure of RodZ, with a cytoplasmic MreB binding 
domain and a large periplasmic/extracellular domain, make it another can-
didate for communicating structural information from MreB to a cell wall 
synthesis machinery, although the mislocalization of MreB in the absence 
of RodZ suggests that this communication is not a one-way process. More 
recently, it has been shown that MreB is important for RodZ stability and lo-
calization. Pull-down and Bacterial 2 hybrid studies revealed interactions of 
RodZ with MreB, MreBH and Mbl, and with MreD. Surprisingly, a strain ex-
pressing only the cytosolic part of RodZ is rod shaped only when grown in 
the absence of Mg+2 and not with Mg+2, which normally stabilizes rod-shape 
in cells with defective cell wall synthesis273.

More evidence for the possible existence of a complex comprising 
MreBCD and PBPs comes from studies in other organisms. E. coli MreC in-
teracts with both MreB and MreD255. Immunoprecipitation of MraY showed 
interactions with MurG and MreB65. Earlier affinity studies using E. coli 
proteins involved in cell wall synthesis identified protein-protein interac-
tions between bifunctional transpeptidase-transglycosylases PBPs, mono-
functional transpeptidases, lytic transglycosylases, DD-endopeptidases and 
structural proteins274–276. In C. crescentus, MreB localises in a helical pattern 
that condenses into a ring at the cell division site, potentially to aid PG syn-
thesis at midcell64,256,277. PBP2 as well as several other PBPs were retained 
by MreC coupled to sepharose, again suggesting a direct role for MreC in 
PBP localisation278. Recently, an extensive 2 hybrid analysis combined with 
localization studies showed that the cell wall synthetic complex contains 
MreB, MreD, MraY, MurB, MurC, MurE, MurF, MurG, RodA and RodZ66. 
MreB and MreD localise interdependently in C. crescentus66, whereas MreC 
and MreB localise independently278. Combined, these data make a strong 
case for a function of MreD in the localisation of (some) elongation-specific 
PBPs, and for MreB playing a scaffolding role. Also, MreB does not only 
play a role in cell shape determination, but also in other processes like chro-
mosome segregation (for an overview see 277), which complicates the inter-
pretation of mutant phenotypes.

Does MreB position PBPs directly? MreB dynamics require active PG 
synthesis in B. subtilis and E. coli279–281. In B. subtilis, PBP2A and PbpH, the 
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PBPs essential for elongation in B. subtilis are drivers for MreB dynam-
ics279,280. These observations led to the suggestion that MreB(-like) polymers 
function by restricting the diffusion of PG synthesis complexes within the 
membrane rather than by actively positioning PBPs along a scaffold279,280. 
The MreB scaffold model was recently tested by analysis of the localization 
of PBP2A and PbpH in cells were MreB was delocalized by membrane de-
polarization, or Lipid II was delocalized by addition of the Lipid II cluster-
ing peptide nisin. The outcome of this test was that both PBPs, that are es-
sential for MreB dynamics, localize to Lipid II, and do not delocalize when 
MreB is displaced 123, which supports the notion that MreB does not actively 
position PBPs. 

Cell wall synthesis during sporulation

At the onset of sporulation, the two copies of the chromosome are deposited 
in a DNA structure that stretches the length of the cell, called the axial fil-
ament, and two polar division sites are formed, one of which develops into 
the sporulation septum. Asymmetric division triggers a developmental pro-
gramme that is governed by mother cell and prespore specific transcription 
factors. 

At the start of sporulation, a PBP of unknown function, PbpX, spirals out 
from the medial division site to both asymmetric division sites during the 
switch from medial to asymmetric cell division at the start of sporulation 
(Figure 5E, 119). This spiralling resembles patterns described for FtsZ, FtsA 
and EzrA282, and PbpX localises to both asymmetric division sites, whereas 
the division specific PBPs 2B and 1 only localise to the one site that has com-
mitted to form the sporulation septum119. The function of PbpX is unclear, 
as a pbpX deletion strain does not show cell division or shape defects in veg-
etative growth or in sporulation119.

PBPs1 and 2b, which are both required for efficient formation of the 
asymmetric division septum once the polar division site has been selected, 
both localise to the polar division site115,125. Once the polar septum has been 
formed a process called engulfment starts, where the mother cell mem-
brane migrates around the prespore and fuses at the cell pole to enclose 
the prespore within the mother cell.  There is a special role for cell wall 
turnover and synthesis during this process. At the start of engulfment, the 
proteins SpoIIM, SpoIID and SpoIIP assemble into a complex, anchored in 
the mother cell membrane, at the middle of the septum183. After this local-
ization, degradation of cell wall material at the septum is initiated to allow 
membrane movement and engulfment. SpoIIM is a membrane protein of 

unknown (scaffolding) function183,184. SpoIIP is an amidase and endopepti-
dase that removes crosslinks and stempeptides from the septal PG. This 
allows SpoIID to become active. SpoIID is a lytic transglycosylase that acts 
on glycan strands without associated peptides. So SpoIID needs SpoIIP to 
become active, but in an unknown fashion, SpoIID also stimulates SpoIIP 
activity. The result of these combined activities, which were beautifully 
demonstrated by Rudner and colleagues195, is a PG-degrading complex that 
uses cel wall degradation to drive membrane migration around the prespore. 
However, not only PG degradation is required for membrane migration 
during engulfment. Ramoplanin-FL staining of sites of PG synthesis during 
engulfment showed that there is active PG synthesis at the leading edge of 
the engulfing membrane. Moreover, membrane migration is blocked when 
PG synthesis is blocked91. This PG synthesis required the activity of SpoVD, 
a TPase that is essential for cortex synthesis88 and that localises to the outer 
prespore membrane dependent on its putative cognate Lipid II translocase 
SpoVE91. This leads to a model where degradation of PG that surrounds the 
entire cell functions as a track for membrane migration, which in turn is 
aided by the synthesis of new PG (the primordial cell wall) between the en-
gulfing membrane (that will become the outer prespore membrane) and the 
inner prespore membrane90.

Once engulfment is complete, the spore cortex is synthesized between 
the outer and inner prespore membranes. This process requires SpoVD 
(above). Early studies on PBP profiles of sporulating B. subtilis indicated that 
PBPs 3, 4* and 5* are involved in sporulation283,284. Transcriptional profiling 
and studies on mutant strains have now identified several other PBPs in-
volved in sporulation. Two Class A PBPs, 2c and 2d play redundant roles in 
sporulation118. PBPs 2c and 2d are under control of forespore specific tran-
scription factors, with PBP2d being activated by both σF (early factor) and σG 
(late factor) and PBP2c being activated by σG. PBP2c is also present in the 
mother cell as it is also under the control of the vegetative transcription fac-
tor σA117,118. Interestingly, a GFP-fusion to PBP2c is stable in the mothercell, 
whereas a GFP-fusion to PBP2d is not119. Both GFP-PBP2c and 2d redis-
tribute from the peripheral wall to the sporulation septum when expressed 
under control of Pxyl (Figure 5D). From the septum, these proteins follow the 
mother cell membrane during engulfment and finally localise to the outer 
prespore membrane. This localisation pattern was also observed when ei-
ther GFP-PBP2c or 2d was expressed in the absence of PBP2d or 2c, respec-
tively, indicating that these proteins do not depend on each other for their 
localisation119. Even though PBP2c is not essential, it would be interesting to 
see whether it also aides in the membrane migration during engulfment, as 
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SpoVD can only catalyse TP reactions. Other PBPs that have been found to 
act during sporulation, such as PBP4b144,285, PBP3 and PBP4* (above) did not 
show a sporulation-associated change in their localisation patterns. The car-
boxypeptidases PBP5* and DacF, that regulate the degree of cross-linking of 
the spore PG130,286, have not been characterised in terms of their localisation.

Life without a wall – conundrums and open questions.

As we have seen, the shape of a Bacillus cell is tightly regulated and the cell 
wall is normally considered to be a semi-rigid structure. A striking example 
of adaptation of bacterial growth and division in the absence of a cell wall 
was given by Leaver et al. who were able to reproducible produce L-forms287. 
L-forms are bacteria that do not have a cell wall. L-forms are generated 
by prolonged growth of bacteria under conditions were PG synthesis is 
blocked — however resulting L-forms are very often unstable and whether or 
not they were completely devoid of PG has been a matter of discussion288,289. 
Leaver et al. isolated stable L-forms by growing a strain in which the murE  
operon was shut down on a osmotically protected, high Mg+2 medium that 
contained high concentrations of penicillin. Interestingly, the stable L-forms 
obtained contained a point mutation in the active site of ispA, a protein in-
volved in the isoprenoid synthesis pathway which leads to the formation of 
several essential lipids including bactoprenol that is required for Lipid II 
and TA precursor synthesis287. Next to ispA, mutations in walR or sepF also 
facilitate the transition from rod to L-forms290. L-forms are spherical and 
have a much larger diameter than normal rod-shaped cells and propagate 
without FtsZ287. Division of L-forms is dependent on membrane composi-
tion and fluidity, as L-forms deficient in branched-chain membrane synthe-
sis are not able to perform scission and separate291. Overproduction of fatty 
acids which generates an excess of membrane facilitates L-form division by 
increasing the cell surface to volume ratio, leading to cell shape deformation 
and division of the cell292. A similar proliferation mechanism, based on sim-
ple biophysical principles, has been reported in L-forms of S. aureus and E. 
coli, suggesting that this proliferation mechanism could also have been used 
by primitive cells 293. As expected, B. subtilis L-forms are resistant to antibiot-
ics that inhibit the bactoprenol cycle or peptidoglycan synthesis, but hyper-
sensitive to antibiotics that impact on membrane stability294,295.

CONCLUDING REMARKS

The study of cell wall synthesis has received a tremendous boost in the last 
few years because of the development of fluorescent microscopy techniques 
that are applicable to bacteria, and the discovery of an actin-like cytoskele-
ton that plays a role in cell shape determination. Bacillus subtilis has been at 
the forefront of these developments, and will probably continue to be since 
it is one of the most extensively characterised bacteria in terms of mutant 
studies, the availability of localisation data, and the ease with which new 
reporter strains and deletions can be generated. From the work in B. subti-
lis and other bacteria we now know that the cytoskeletal proteins FtsZ and 
MreB play a role the in organization of the cell wall by organizing PBPs and 
other proteins into multi-enzyme complexes to ensure correct PG synthesis. 
Few data exist on the exact composition of these complexes and elucidation 
of the architecture of these complexes, and in fact of the architecture of the 
cell wall itself is one of the main challenges for the future. 

THESIS OUTLINE

This thesis focuses on trying to understand bacterial cell wall synthesis us-
ing the Gram-Positive rod-shaped bacteria B. subtilis as a model organism. 
Through the chapters, three research lines are presented. The aim of the 
first research line was to find tools to study cell wall synthesis by explor-
ing the mode of action of nisin-derivatives (Chapter 2). The second research 
line investigates the chemical differences in Bacillus cell wall composition 
(Chapter 3). And finally, we try to decipher the enigmatic function of PBP2B 
PASTA domains (Chapter 4).

Chapter 1 gives a general overview of the cell wall synthesis in B. subti-
lis. The chapter starts with a description of the component of the cell wall. 
Then, a detailed review of how the building block is synthetized in the cy-
toplasm, flips across the membrane, incorporated into the peptidoglycan is 
presented. Furthermore, a description of the two cell wall machineries and 
its components is given, as well as a summary of the last findings in the 
organization of the machineries. Part of this chapter discusses cell wall syn-
thesis during sporulation. And finally, an overview of the implications of 
living without a cell wall is presented.

An introductory note is presented to explain how two observations result-
ing from previous work from our group in which I was involved led to the 
research presented in Chapter 2 and Chapter 3 of this thesis. 
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Chapter 2 explores the mechanism of action of the lantibiotic nisin in 
B. subtilis. The ability of pore formation, dissipation of membrane potential 
and delocalization of Lipid II were tested for PP-nisin, ∆∆-nisin and ni-
sin 1–22. Additionally, nisin mutants were tested in Bacillus L-forms which 
are bacteria that lack cell wall as they are not able to synthetized Lipid II. 
Our results suggest that formation of Lipid II/lantibiotic clusters and mem-
brane depolarization are linked. In addition, it seem that the membrane de-
polarization mechanism is more effective at killing cells compared to inhi-
bition of peptidoglycan synthesis as pore forming nisin variants were able 
to kill L-forms. 

It has been assumed that the peptidoglycan composition should vary 
across the cell wall in order to allow the different curvatures that the cell 
shape presents. In Chapter 3, we reported for the first time that the septum 
of B. subtilis has a different PG composition than the rest of the cell wall. 
Our results show that PG at the division site has a relatively high amount of 
uncross-linked pentapeptide, whereas this composition is not observed in 
the lateral wall and poles. 

In Chapter 4, the function of PASTA domains in the essential PBP, 
PBP2B, is studied. Cell expressing a version of PBP2B with a deletion of 
the PASTA domains present an elongated phenotype. Our analysis revealed 
that the PBP2B PASTA domains might be involved in interaction with 
DivIB. Furthermore, PBP2Bs PASTA domains become essential at high 
temperatures.

Chapter 5 provides a summary of all the chapters presented in this thesis 
and gives a view of the future work that can be developed. 
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The domain Bacteria contains single celled organisms that present a diverse 
spectrum of shapes. The structure responsible for these shapes is the cell 
wall.  The cell wall provides a physical protection against the environment 
and it also allows bacteria to resist osmotic changes. The main component 
of the cell wall is peptidoglycan (PG), a polymer built up from glycan strands 
that are crosslinked via short peptide side chains1. The glycan strands con-
sist of subunits formed by two sugars, N-acetylglucosamine (GlcNAc) and 
N-acetylmuramic acid (MurNAc), whereas the peptide side chains (stem 
peptides) have a species specific composition, are generally five amino-acids 
long, but may contain additional amino-acids that are branched off, and are 
partially composed of D-amino acids1. The amount of material, as well as 
the number of crosslinks between the glycan strands, are what determines 
the shape and strength of the cell wall. 

Peptidoglycan synthesis is a tightly regulated process in which several en-
zymes are involved. This process begins with the synthesis of PG subunits, 
attached to a membrane embedded lipid carrier molecule, in the cytoplasm. 
This building block, known as Lipid II, is then flipped over the membrane 
and incorporated into a PG strand by a group of enzymes known as penicil-
lin binding proteins (PBPs)1(Chapter 1).

The proper localization of PBPs is important as it determines where PG 
synthesis will take place - cells in which PBPs do not localize correctly often 
have shape defects. Two main theories of how PBPs localize have been pro-
posed. The first theory suggests that the interaction with cytoskeleton pro-
teins like FtsZ and MreB controls the localization of the cell wall machinery1. 
In contrast, the second theory proposes that the presence of PG precursor 
is the factor that determines the proper position of the PBPs2. This second 
theory is also known as the ‘substrate localization’ theory and was originally 
proposed for organisms that lack MreB-like cytoskeletal proteins2. Studies 
on Bacillus subtilis and Escherichia coli demonstrated that when cell wall syn-
thesis is depleted, MreB motility is decreased3–5 supporting the idea that 
Lipid II is the key factor that determine the localization of the cell wall ma-
chineries and not the cytoskeleton proteins. 

In Lages et al. 2013, we took a different approach to explore the substrate 
availability theory. Instead of depleting Lipid II, the precursor was delocal-
ized from its usual position using nisin. Then, the position of the PBPs 
would follow by fluorescent microscopy. However, nisin treatment has as 
secondary effect the collapse of the membrane potential which affects the 
localization membrane proteins6. Therefore, only two Bacillus PBPs import-
ant during cell elongation, PBP2a and PbpH, and which are not affected 
by membrane potential were tested. After nisin treatment, Lipid II was 
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localized in spots that were overlapping with the fluorescent version of PBP2A 
(Figure 1) and PbpH. This result supports the hypothesis that Lipid II avail-
ability is responsible for the position of PBP2A and PbpH and not MreB7. 

During the development of Lages et al. 2013 a series of control experi-
ments was performed. From those experiments two different observations 
led to the development of chapters 2 and 3 in this thesis. 

1. SEARCHING FOR A TOOL

As mentioned previously, the strategy to test the substrate availability theory 
was to change the original position of the PG precursor and then check the 

effects on the localization of the components of the PG synthesis machinery. 
To modify Lipid II localization we took advantage of one of the mechanisms 
of action of nisin. Nisin is a lantibiotic synthesized by Lactococcus lactis. It is 
composed of five lanthionine rings (A-E) connected by a flexible hinge be-
tween the 3rd and 4th ring8 (Chapter 2, Figure 1). Nisin binds to the pyrophos-
phate cage of Lipid II via its two amino-terminal rings (A and B)9, which 
blocks the addition of the Lipid II to PG via a glycosyl transferase reaction, 
and as a consequence the PG synthesis pathway is blocked (occlusion). After 
binding, the nisin C-terminal ring penetrates the membrane to form a pore 
that is composed of a stable complex of four Lipid II molecules and eight 
nisin molecules10. As a consequence of pore formation, the membrane po-
tential collapses, the cell loses nutrients, and the cell will die. In addition 
to pore formation and occlusion, nisin has an extra mode of action. Nisin 
sequesters Lipid II by removing it from its original localization and to form 
clusters11. It is this last mechanism of action that was used as a tool to study 
the substrate availability theory. 

It has been reported that some membranes proteins delocalize when 
there is a change in the membrane potential3. Therefore, using nisin has a 
major issue as it forms pores that collapse the membrane potential. Then, 
distinguishing between the change of localization of PBPs as an effect of 
membrane potential or as Lipid II clustering would not be possible. To try 
to avoid this issue, the experiments were performed with a nisin variant that 
has been reported to not form pores: PP-nisin [N20P/M21P]. 

PP-nisin has a replacement of two amino acids in the hinge region, aspar-
agine(20) and methionine (21) to two prolines. PP-nisin keeps its antimicro-
bial activity, but it has lost the ability to form pores in vitro4,5. As part of the 
control experiments, the effect of PP-nisin on the membrane potential of 
Bacillus was tested. For this purpose the fluorescent membrane sensitive dye 
DiSC3(5) was used. Disc3(5) accumulates in polarized membranes where 
the fluorescence is quenched. However, when the membrane potential is 
dissipated the dye is released and the fluorescence increases. Surprisingly, 
PP-nisin was able to depolarize Bacillus membranes 7 (Figure 2). 

As the membrane potential dissipation produced by PP-nisin was an ob-
stacle to study the substrate availability theory, we tested other nisin variants 
with the aim to find a nisin mutant which could delocalize Lipid II without 
affecting the membrane potential. We did not find any such variant, but this 
search let us get into the mechanism of action of nisin which resulted in 
chapter 2 of this thesis. In the end, we used PP-nisin to delocalize Lipid II, 
but restricted our study to the effects of Lipid II delocalization to proteins for 
which the localization is not changed upon membrane potential dissipation. 

Figure 1. Colocalization of Lipid II and PBP2A in B. subtilis. Taken from 5

A–H. Epi-fluorescence microscopy of B. subtilis strain 4042 imaged for RFP-PBP2A (A,E, red 
in overlay) and Van-FL (B,F, green in overlay), an overlay of the images (C,G) and a phase-con-
trast image of the cells (D,H) in untreated cells (A–D) or after treatment with PP-nisin (E–H). 
Scale bar same for all: 2 μm. Arrows indicate spots of clear colocalization, arrowheads indi-
cate spots of colocalization with a weaker signal for Van-FL, and the asterisk indicates PBP2A 
fluorescence without Van-FL staining. In total, 496 cells were analysed, out of which 223 had 
Van-FL patches and 228 had PBP2A patches. Two hundred one cells contained patches of 
both Van-FL and PBP2A, and in 188 cells, these patches overlapped (94%). I–L. Bacillus subti-
lis strain 4042 labelled with Van-FL was imaged by TIRF microscopy after PP-nisin treatment 
for RFP-PBP2A (I) and Van-FL (J). (K) Merged signals for RFP-PBP2A and Van-FL; (L) bright 
field image of the cells. Arrow heads indicate the delocalized spots. Scale bar: 2 μm.
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2. UNEXPECTED FLUORESCENCE AT THE DIVISION SITE

The story presented in chapter 3 is also a result from an observation 
made during the development of Lages et al. 2013. It has been suggested 
that Bacillus division site is enriched with the precursor of the cell wall, 
Lipid II, as it is necessary to synthesize the new septum. This conclusion 
was made with the introduction of a fluorescent analogue of vancomycin 
(Van-FL)11 which allows the detection of Lipid II by fluorescent microscopy. 
Vancomycin is an antibiotic that binds to the terminal D-Ala-D-Ala residues 
of the pentapeptide of the PG building block. Therefore, Van-FL allows to 
visualise Lipid II and building blocks which have been incorporated into the 
cell wall, but where the D-Ala-D-Ala has not been lost.  A normal profile of 
Bacillus stained with Van-FL will show fluorescence at the division site and 
lateral wall, while fluorescence is absent from the poles. The fluorescence at 
the division site is present as a thick band, which lead to the conclusion that 
the concentration of Lipid II at the division site is high.

The aim in Lages et al. 2013 was to demonstrate that delocalized Lipid II 
is responsible for the delocalization of the components of the cell wall ma-
chinery. As part of the controls, Lipid II was depleted using fosfomycin 

(Figure 3). Fosfomycin is an antibiotic that inhibits MurA, the first enzyme 
involved in the Lipid II synthesis pathway15. After Lipid II depletion, Bacillus 
was labelled with Van-FL in order to corroborate that Lipid II levels had been 
decreased. No Van-FL signal was detected at the lateral wall (data no shown), 
which indicated that the antibiotic treatment was effective. Intriguingly, 
Van-FL fluorescent signal was clearly visible at the division site. In order to 
try to reduce the signal at the septum, the incubation time with fosfosmy-
cin and its concentration were increased. However, neither of these changes 
blocked the presence of Van-FL at the division site. This phenomenon 
caught our attention for two reasons. First, increasing the fosfomycin con-
centration and time of incubation effectively killed Bacillus which strongly 
suggested that Lipid II synthesis was inhibited. Second, Lipid II has a high 
turnover rate8, which make it unlikely to stay at the division site for long 
time. This observation lead us to consider the possibility that Van-FL was 
not labeling Lipid II, but pre-existing unprocessed PG. Experiments that ex-
plore this hypothesis are presented on Chapter 3. 

Figure 2. Fluorimetric measurement of the collapse of membrane potential by nisin and PP-
nisin. Taken from 7.
The ΔΨ-sensitive fluorescent dye DiSC3(5) accumulates on polarized membranes of glucose 
energized B. subitilis cells, which results in fluorescence quenching. Dissipation of ΔΨ by ni-
sin or PP-nisin is measured as release of the dye to the medium resulting in an increase in 
fluorescence. Various concentrations of nisin and PP-nisin were tested; values represent the 
mean and standard deviation from three different experiments that were performed in du-
plicate. Addition of nisin or PP-nisin at concentrations used to delocalize Lipid II (1.5 μg/ml) 
resulted in a significant increase in DiSC3(5) fluorescence, indicative of a (partial) collapse of 
the membrane potential. 

Figure 3. Lipid II is required for PBP2A patch formation. Taken from 7

B. subtilis strain 4042 imaged for RFP-PBP2A (top) and phase-contrast image of the cells (bot-
tom). Control cells were either not treated (A) or treated with PP-nisin only (B). Fosfomycin 
was used to block Lipid II production, and cells were not treated (C) or treated with PP-nisin 
(D). Patch formation only occurred in cells treated with PP-nisin in which Lipid II production 
was not blocked. Scale bar, same for A–D: 4 μm. 
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ABSTRACT

Nisin and related lantibiotics kill bacteria by pore formation or by sequester-
ing Lipid II. Some lantibiotics sequester Lipid II into clusters, which were 
suggested to kill cells through delocalized peptidoglycan synthesis. Here, 
we show that cluster formation is always concomitant with (i) membrane 
pore formation and (ii) membrane depolarization. Nisin variants that cluster 
lipid II kill L-form bacteria with similar efficiency, suggesting that delocal-
ization of peptidoglycan synthesis is not the primary killing mechanism of 
these lantibiotics.

INTRODUCTION

Lantibiotics form a class of antimicrobial peptides that contain thioether 
rings formed by lanthionine residues. Nisin, the most studied lantibiotic, is 
a 34-residue peptide produced by Lactococcus species with antimicrobial ac-
tivity against a wide range of Gram-positive bacteria (Figure 1). Nisin targets 
Lipid II, the precursor molecule for peptidoglycan (PG) synthesis1, and kills 
via two modes of action: (i) formation of large membrane pores and (ii) in-
terference with PG synthesis.

Two lanthionine rings in nisin (A and B) form a pyrophosphate-binding 
cage that binds Lipid II and is highly conserved among Lipid II-binding lan-
tibiotics2. The C terminus of nisin is important for membrane integration3,4. 
Nisin-Lipid II complexes (8:4 stoichiometry) form pores in the membrane5–7 
that result in the efflux of small molecules and influx of sodium ions, which 
will lead to cell death. Mutations in the hinge region of nisin either block or se-
verely inhibit pore formation activity, presumably by preventing the hinge re-
gion (residues N20, M21, and K22) (Figure 1) from flipping the C-terminal tail 
into and across the membrane. Mutants PP-nisin (N20P M21P) and ΔΔ-nisin 
(ΔN20 ΔM21) fail to form pores in liposome efflux assays7,8. Nisin 1–22 (Δ23-34) 
cannot dissipate the membrane potential of sensitive Lactococcus species9in 
addition, (iv. Similar to nisin 1–22, mutacin 1140 and mersacidin bind Lipid 
II but are too short to span the membrane6,10. Mutants that do not efficiently 
form pores are thought to act by affecting cell wall synthesis only.

Two mechanisms for lantibiotic interference with PG synthesis are pro-
posed: “occlusion” and “clustering.” Occlusion is the binding to the pyrophos-
phate moiety of Lipid II, which blocks incorporation of Lipid II into glycan 
strands11. Clustering is the formation of nonphysiological domains containing 
Lipid II and nisin in the membrane, which results in delocalized PG synthesis12.

Figure 1. Wild-type nisin and hinge region mutants used in this study. PP-nisin is nisin 
(N20P, M21P); ΔΔ-nisin is nisin (ΔN20, ΔM21); nisin 1–22 is nisin (ΔT23-K34). Gray residues 
form thioether bridges (labeled A to E), other non-standard amino acid residues are shown 
dashed. Dha, 2,3-Didehydroalanine; Dhb, (Z)-2,3- didehydrobutyrine; Abu, D-aminobutyrine; 
Dal, D-alanine. Figure adapted from 1.



CHAPTER 2: In vivo cluster formation of nisin and Lipid II is correlated with membrane depolarizationCHAPTER 2: Results and discussion 76 77

Recently, we used PP-nisin as a tool to cluster Lipid II into domains to 
determine the effect of delocalized Lipid II on the localization of proteins in-
volved in PG synthesis13. PP-nisin was expected not to affect the membrane 
potential of live cells7; however, we found that PP-nisin induced membrane 
potential loss13. This compromised the localization of many membrane-as-
sociated proteins, including MreB14. Here, we further investigated the ef-
fects of various nisin mutants on Lipid II cluster formation and pore forma-
tion using live Bacillus subtilis cells.

RESULTS AND DISCUSSION 

The nisin, nisin variants, and other lantibiotics used in this study all dis-
played antibacterial activity against B. subtilis (Table 1), as determined using 
the resazurin microplate assay (REMA), which uses the resazurin-resorufin 
dye pair to assess the metabolic capacity of cells15. The MIC50s determined 
correspond well with MIC values reported in the literature for the various 
compounds8,16–18. The capacity of these compounds to cluster Lipid II was 
tested by microscopy. Lipid II was stained with a vancomycin- conjugated 
BODIPY (boron-dipyrromethene) fluorophore, and cells were imaged. 
Control cells show a large amount of Lipid II in the septum and additional 
Lipid II on the cell edges, whereas nisin and PP-nisin induce the formation 
of spotty clusters with the loss of defined fluorescent cell edges (Figure 2A 
and B), as reported previously12,13,19,20, although nisin was more potent at 
lower concentrations. ΔΔ-Nisin was less potent in cluster formation, with 
only 27% of cells showing clusters at 30 μg/ml and a minimum concentra-
tion at which cluster formation was observed of 20 μg/ml. This suggests 
that the presence of the two amino acids at positions 20 and 21 is important 
for clustering. Nisin 1–22 did not induce cluster formation even at a concen-
tration of 30 μg/ml, which is 3 times the measured MIC50 (Figure 2A and 
Table 1). Mersacidin and mutacin 1140 failed to cluster lipid II at concentra-
tions far above their MIC50 (Figure 2B and Table 1). This was surprising as 
all lantibiotics were expected to cluster Lipid II, as described for PP-nisin 
in giant unilamellar vesicles (GUVs) and live cells and for mutacin 1140 in 
GUVs only12. The hinge region mutants, nisin 1–22, and mutacin 1140 all 
have the ring A/B cage, yet mutacin 1140 and nisin 1–22 were not effective in 
clustering, suggesting that the cage itself is insufficient for clustering.
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As not all lantibiotics tested clustered Lipid II, we decided to further study 
the pore-forming activity of nisin (variants) in live cells, using fluorescent 
dyes to monitor membrane depolarization and pore formation in 96-well 
plate assays. Membrane depolarization was measured in hyperpolarized 
cells with the membrane potential dye DiSC3(5). Addition of nisin leads to 
depolarization with a concomitant fluorescence increase with a 50% effec-
tive concentration (EC50) of 96 nM (Table 1; Figure 3). PP-nisin and ΔΔ-nisin 
were clearly not as active as nisin but caused complete membrane depolar-
ization at higher concentrations (Figure 3A), which was unexpected as they 

Figure 2. In vivo clustering of nisin and Lipid II is concentration dependent. (A) Fluorescence 
microscopy of B. subtilis 168 after incubation with nisin and staining of Lipid II with fluores-
cent vancomycin (Van-FL). Concentration-dependent clustering of Lipid II can be observed 
by a change in phenotype from cells with defined edges and without spots (asterisk) to cells 
that lost their edges and have a spotted appearance (arrow). The percentages of cells with 
clusters are indicated in parentheses for each group: wild-type nisin, n = 367 for high con-
centration and 285 for low; PP-nisin, n = 288 for high and 428 for low; ∆∆-nisin, n = 297 
for high and 303 for low; and nisin 1–22, n = 281 for high and 270 for low (Table 1). (B) 
Untreated cells stained with fluorescent vancomycin or treated with mersacidin or mutacin 
1140. Percentages of cells with clusters are shown in parentheses: for mersacidin, n = 248, 
and for mutacin 1140, n = 215. Scale bar, 2 μm (same for all panels). Fluorescence images 
were inverted for clarity.

were reported to be deficient in pore formation8,12. Nisin 1–22 was inactive in 
our depolarization assay, as reported earlier9.

The membrane depolarization observed with PP-nisin and ΔΔ-nisin 
was surprising; therefore, the pore formation capacity of these nisin vari-
ants was determined. The quenching of the membrane- permeable DNA 
stain SYTO9 by membrane-impermeable propidium iodide (PI) influx was 
used as a proxy for pore formation in live B. subtilis cells by nisin (variants). 
Efficient influx of the propidium probe was detected with nisin, with an EC50 
of 9.0 nM (Table 1; Figure 3B). PP-nisin also allows the passage of the probe 
in vivo only slightly less efficiently than nisin (Table 1; Figure 3B). ΔΔ-Nisin 
and nisin 1–22 are much less efficient in this assay (Figure 3B). ΔΔ-Nisin 
does not quite plateau, resulting in very wide confidence intervals for the 
EC50 (Table 1). SYTO9 quenching by nisin 1–22 reaches a plateau at half the 
level of quenching caused by nisin, indicating that nisin 1–22 can induce 
pore formation but not to the extent that membrane potential is altered. 
This assay does not resolve whether or not a subfraction of cells is responsi-
ble for the observed probe influx. It is possible that live cells can counteract 
the depolarization effects of pore formation to a certain extent — e.g., by re-
sealing unstable pores. The protonophore carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP) did not cause propidium influx (not shown), indicating 
that depolarization of the membrane alone does not cause propidium influx. 
A potassium efflux assay using the potassium indicator PBFI confirmed that 
nisin, PP-nisin, and ΔΔ-nisin cause potassium efflux, whereas nisin 1–22 
did not, but EC50s could not be determined for all nisin variants (Figure 4).

Figure 3. In vivo membrane depolarization and pore formation by nisin variants. (A) 
Membrane depolarization of rod-shaped B. subtilis by nisin (variants) was measured using 
the potentiometric dye DiSC3(5). (B) Pore formation by nisin was measured using the DNA 
binding dyes SYTO9 and propidium iodide. Upon pore formation, propidium enters the cell 
and quenches SYTO9 fluorescence. Curves in (A) and (B) were fitted with a dose-response 
relationship (solid lines) to obtain EC50 values (Table 1)
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All nisin variants that cluster Lipid II induced membrane depolariza-
tion. ΔΔ-Nisin induced both clustering and pore formation at much higher 
concentrations than nisin and PP-nisin, suggesting that both events are 
linked. To establish whether pore formation is the main killing mecha-
nism for these nisin variants, we used L-forms that grow and proliferate 
in the absence of a cell wall21. L-forms will be killed by nisin variants that 
form pores, while nisin variants that kill by inhibition of PG synthesis 
alone will be ineffective. Although Lipid II synthesis is blocked or reduced 
in L-forms, nisin is still effective against L-forms due to the presence of 
other precursor lipids similar to Lipid II (Lipids III and IV22). MIC values 
for nisin, PP-nisin, and ΔΔ-nisin in L-forms were either lower than or sim-
ilar to the MIC values for PG-containing cells (Table 1), indicating that all 
of these variants kill with a similar efficiency irrespective of the presence 
of a cell wall. The MIC50 for nisin 1–22 increased 5-fold. Membrane de-
polarization of L-forms was also found to be similar to depolarization of 
cells containing PG (Table 1; Figure 5). Thus, by using L-forms as a way to 
discern whether nisin variants kill exclusively by inhibiting PG synthesis 
or also by pore formation, we conclude that only nisin 1–22 — which kills 

Figure 4. In vivo potassium efflux of B. subtilis 168 by nisin variants. Concentration dependent 
decrease in fluorescence of PBFI-AM was normalized between 0 (no response) and 1 (max-
imal response) and the data was fitted using a dose-response curve (solid line). The experi-
ment confirmed the activity of nisin, PP-nisin and ΔΔ- nisin, and the absence of activity of 
nisin 1–22, that was measured by the membrane depolarization assay in Figure 3A. The weak 
response of the potassium dye required the use of large amounts of cells required for this 
assay (about 10-fold more than for the pore forming and membrane depolarization assays) —
thus the effects were only observed at higher concentrations of nisin variants. Therefore, the 
fits were not used to generate EC50 values.

cells much more efficiently when PG synthesis is required — predomi-
nantly targets PG synthesis.

The results presented here suggest that lantibiotic-induced cluster for-
mation of Lipid II coincides with membrane depolarization. Surprisingly, 
mutacin 1140 clusters Lipid II in GUVs 12 but fails to do so in live cells 
(Figure 2), and PP-nisin and ΔΔ-nisin formed pores in live cells, although 
they are inactive in pore formation in Lipid II-doped 1,2-dioleoyl-sn-glycero- 
3-phosphocholine (DOPC) liposomes8. This suggests that lantibiotics have 
a stronger pore-forming activity on live cell membranes, which could be 
caused by either differences in lipid composition, the presence of protein 
in the membranes, or the presence of a membrane potential. Neither Lipid 
II binding (by nisin 1–22 or mersacidin) nor membrane depolarization 
(e.g., by CCCP13) alone is sufficient to form Lipid II clusters. This strongly 
suggests that nisin-Lipid II cluster formation results in depolarization, al-
though we cannot formally exclude that depolarization results in clustering.

These findings have implications for the proposed killing modes of ni-
sin-like lantibiotics: nisin variants capable of membrane depolarization may 
inhibit PG synthesis as well, but our results suggest that this is not import-
ant for killing as cell-wall-less L-forms are killed by these compounds with 
similar or higher efficiency. Nisin 1–22, the only nisin variant that exclu-
sively targets PG synthesis, should work through occlusion not clustering, 
as we never observed clusters formed by Lipid II and nisin 1–22. Similarly, 
occlusion is the mode of action of mersacidin and mutacin. An implication 

Figure 5. In vivo membrane depolarization of L-forms by nisin variants. Dissipation of ΔΨ of 
B. subtilis LR2 ΔsacB was measured using DiSC3(5). Data were fitted using a dose-response 
curve (solid line)

 

FIG S4. In vivo membrane depolarization of L-forms by nisin variants. Dissipation of 

ΔΨ of B. subtilis LR2 ΔsacB was measured using DiSC3(5). Data were fitted using a 

dose-response curve (solid line). 
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of our finding is that monitoring the effects of lantibiotic-mediated Lipid II 
delocalization on cell wall synthesis proteins is only possible for those pro-
teins that are not affected by the collapse of the membrane potential that is 
associated with Lipid II delocalization.

MATERIAL AND METHODS

Materials

Purified nisin, PP-nisin, ΔΔ-nisin, mersacidin and mutacin 1140 were 
gifts from Eefjan Breukink (University of Utrecht, the Netherlands), Oscar 
Kuipers (University of Groningen, the Netherlands) and Rick Rink (Lanthio 
Pharma, Groningen, the Netherlands). 3,3’-Dipropylthiadicarbocyanine io-
dide (DiSC3(5)), SYTO9, propidium iodide, Bodipy Fl-vancomycin (Van-FL) 
and potassium-binding benzofuran isophthalate acetoxy methyl ester 
(PBFI-AM) were obtained from Life Technologies. Resazurin was from BD 
Biosciences. Nutrient broth (NB) was from Oxoid. All other chemicals were 
from Sigma-Aldrich.

Strains 

The following bacterial strains were used in this study. Wild-type B. subtilis 
168 (trpC2) was obtained from lab stock and used for experiments on rod-
shaped cells, B. subtilis strain LR2 ΔsacB was used for experiments using 
L-forms. Strain LR2 ΔsacB was obtained after transformation of LR2 (trpC2 
ΩspoVD::cat Pxyl-murE ΩamyE::(tet xylR) xseB* (Frameshift 22T>-))23 to ka-
namycin resistance with chromosomal DNA from a strain were sacB was in-
activated by a mariner transposon containing a kanamycin cassette (B. sub-
tilis strain Bs168 sacB::TnKan). The phenotype of LR2 ΔsacB was checked 
by growing on sucrose containing plates, confirming that LR2 ΔsacB has 
lost the capability to create water-like droplets of levan. Strains LR2 and 
Bs168 sacB::TnKan were kind gifts of Patricia Dominguez Cuevas and Jeff 
Errington (University of Newcastle, United Kingdom).

Culture conditions

Unless stated otherwise B. subtilis rods were grown in lysogeny broth (LB) at 
37 °C. Bacterial L-forms of strain LR2 (and derivatives) were created accord-
ing to24. Rod-shaped cells capable of forming L-forms were collected from 

an overnight culture by centrifugation and resuspended into MSM-NB, a 1:1 
(v/v) mix of 2 × MSM (40 mM MgCl2, 1 M sucrose, and 40 mM maleic acid, 
pH 7) and 2 × nutrient broth (NB). Protoplasts were generated by addition of 
lysozyme (0.5 mg/ml) followed by a 30 min incubation at 30 °C. Protoplasts 
were spun down at 3000 × g for 10 min, resuspended in MSM-NB and di-
luted 1:1000 into MSM-NB containing 200 µg/ml Penicillin G. Proliferating 
L-forms were diluted twice per week 1:1000 into fresh MSM-NB containing 
PenG. L-form cultures used for assays were between 3 and 7 weeks old to 
ensure that a stable culture had been formed, and L-form formation was 
confirmed before use by visual inspection using a microscope.

Microscopy

B. subtilis 168 were diluted 1:100 from an overnight culture in LB into casein 
hydrolysate (CH) medium (25 and references therein) and incubated at 30 °C 
until growing exponentially. Cells were collected for microscopy by centrif-
ugation and resuspended in 1/10th of a volume in PBS. Nisin variants were 
added to this bacterial suspension at various concentrations and incubated 
for 5 min. Subsequently, Lipid II was stained with a 1:1 mixture of vancomy-
cin and Van-FL at a final concentration of 1 µg/ml19. A 3 µl sample of this 
suspension was immobilized on an agarose pad (1% in PBS) and mounted 
on a Nikon Ti-E inverted microscope equipped with a CFI Plan Apochromat 
DM 100× oil objective. Digital images were recorded using a Hamamatsu 
Orca Flash 4.0 camera, analyzed using ImageJ26 and prepared using Adobe 
Photoshop.

Resazurin microtiter assay

Cell viability was measured using the resazurin microtiter assay (REMA) as 
described15. For rod-shaped bacteria, nisin variants were serially diluted two-
fold in 100 µl LB in a flat-bottomed 96-well plate. 100 µl LB containing a 1:10 
dilution of bacteria from an overnight culture were added per well (final 
OD600 of 0.15-0.20). For L-forms, nisin variants were serially diluted two-fold 
in 50 µl deionized water in a 96- well plate. 125 µl 1.4× MSM-NB was added 
to each well, followed by 10 µl of an L-forms culture (final OD600 of 0.15-0.20). 
Subsequently, plates containing rod-shaped bacteria or L-forms were incu-
bated for up to 4 hours. Cell viability was measured by adding 15 µl 0.01% 
(w/v) resazurin, followed by an incubation of 30 min at 37 °C in the dark. 
Viable microorganisms reduce the blue dye resazurin to pink resorufin, 
which was quantified with a Synergy MX (Biotek) fluorescence plate reader 
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using 530 nm excitation and 590 nm emission wavelengths. The MIC-value 
was determined as the last concentration of the dilution series still capable 
of inhibiting 50% of resazurin reduction. 

Membrane potential assay

In vivo measurements of membrane potential dissipation by nisin variants 
using the membrane potential sensitive dye DiSC3(5) was adapted from9. 
A  two-fold dilution series of nisin (variants) was made in a flat-bottomed 
96-well plate. Then DiSC3(5) and valinomycin were added from a stock solu-
tions of EtOH to final concentrations 6 µM and 0.2 µM, respectively. Then 
medium was added, for rodshaped bacteria PIPES/NaOH pH 7 (final con-
centration 50 mM) was used, for L-forms MSM (1× final concentration). Last, 
bacteria (rods or L-forms) were added from an overnight culture to a final 
OD600 of 0.15–0.20. The contents of the wells were briefly mixed and fluo-
rescence was measured with a Synergy MX fluorescence plate reader us-
ing 630 nm emission and 670 nm excitation wavelengths. The potassium 
ionophore valinomycin was added to generate a ΔΨ, leading to a decrease 
in fluorescence of DiSC3(5) as ΔΨ-dependent DiSC3(5) accumulation in the 
membrane results in quenching. Dissipation of the ΔΨ by nisin results in a 
redistribution of DiSC3(5) in the membrane with a concomitant increase of 
fluorescence9. Fluorescence data was background corrected and fitted with a 
doseresponse relationship (EC50 = max × concn / (EC50n + concn)) in Matlab 
using a nonlinear least-squares algorithm. 

Pore formation assay

In vivo pore formation of nisin variants was measured using the DNA bind-
ing dyes SYTO9 and propidium iodide (adapted from the Live/Dead bac-
terial viability assay (Life Technologies)). A two-fold dilution series of ni-
sin variants was made in a flat-bottomed 96-well. Depending on whether 
rod-shaped or L-form bacteria were used the medium consisted of 50 mM 
PIPES/NaOH pH 7 or 1× MSM, respectively (final concentrations). SYTO9 
and propidium iodide were added to final concentrations of 4.2 and 25 µM, 
respectively. Bacteria (rods or L-forms) were added from an overnight cul-
ture to a final OD600 of 0.15–0.20. The contents of the wells were briefly 
mixed and fluorescence was measured with a Synergy MX fluorescence 
plate reader using 485 nm emission and 530 nm excitation wavelengths. 
Upon membrane permeabilization by variants of nisin, propidium enters 
the cell and effectively quenches SYTO9 fluorescence. Quenching values of 

SYTO9 were background corrected, normalized to wild-type nisin levels and 
fitted with a dose-response curve as described above. 

Potassium efflux assay

Nisin-induced efflux of potassium was measured using PBFI-AM as de-
scribed in27. Briefly, bacteria were grown until OD600 of 1.6 and washed 
5 times in buffer (5 mM HEPES pH 7.5, 5 mM glucose). The bacterial sus-
pension was added to a 96-well plate containing a 1:2 dilution series of ni-
sin variants and 2 µM of PBFI-AM and briefly vortexed to mix the contents. 
After 1 hour, fluorescence was measured using a Synergy MX plate reader 
with an excitation wavelength of 346 nm and emission wavelength of 508 
nm. Fluorescence values were corrected for background and normalized be-
tween 0 (no response) and 1 (maximal response) and fitted with a dose-re-
sponse curve as described above.
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ABSTRACT

Peptidoglycan (PG), the major component of the bacterial cell wall, is one 
large macromolecule. To allow for the different curvatures of PG at cell 
poles and division sites, there must be local differences in PG architecture 
and eventually also chemistry. Here we report such local differences in the 
Gram-positive rod-shaped model organism Bacillus subtilis. Single-cell anal-
ysis after antibiotic treatment and labeling of the cell wall with a fluorescent 
analogue of vancomycin or the fluorescent D-amino acid analogue (FDAA) 
HCC-amino-D-alanine revealed that PG at the septum contains muropep-
tides with unprocessed stem peptides (pentapeptides). Whereas these pen-
tapeptides are normally shortened after incorporation into PG, this activity 
is reduced at division sites indicating either a lower local degree of PG cross-
linking or a difference in PG composition, which could be a topological 
marker for other proteins. The pentapeptides remain partially unprocessed 
after division when they form the new pole of a cell. The accumulation of 
unprocessed PG at the division site is not caused by the activity of the cell 
division specific penicillin-binding protein 2B. To our knowledge, this is the 
first indication of local differences in the chemical composition of PG in 
Gram-positive bacteria.

INTRODUCTION

The bacterial cell wall is a structure unique to bacteria, providing shape and 
protection from environmental challenges to the cell. The main component 
of the cell wall is peptidoglycan (PG). PG is a large macromolecule com-
posed of glycan strands connected by peptide cross-bridges that form a net-
like structure1–4. Isolated PG molecules, so-called sacculi, retain the shape of 
the cell they surrounded5. PG is constantly remodeled to allow the bacterial 
cell to expand its volume, to divide, and to allow the attachment of other 
molecules such as teichoic acid, or to allow the incorporation of proteins 
that cross the PG layer (e.g., pili, flagella)5. PG grows by the incorporation 
of Lipid II precursor molecules, composed of a disaccharide with a penta-
peptide side chain, connected to a bactoprenol carrier molecule that anchors 
the building block to the membrane. The disaccharide moiety is coupled to 
a glycan strand by a glycosyl transferase and released from the carrier, and 
the pentapeptide moiety can be crosslinked to peptides on different strands 
by transpeptidases.

The pentapeptide composition differs between bacteria, for instance 
in  Bacillus subtilis  the pentapeptide is composed of L-Ala-D-Glu-L-meso-
diaminopimelic acid-D-Ala-D-Ala, but the method of the primary DD-
crosslink formation is very similar: the D-amino acid on the 4th position of 
one pentapeptide is covalently attached to the crosslinking protein (a tran-
speptidase), with concurrent release of the 5th D-amino acid on the penta-
peptide. The donor peptide is subsequently crosslinked to the 3rd amino 
acid on the acceptor pentapeptide, generally an amino acid containing a free 
amino group, such as meso-diaminopimelic acid or L-lysine. Additionally, 
L,D-crosslinks can be formed between two amino acids at position 3, al-
though these crosslinks are neither universal nor do they appear to be es-
sential6,7. Not all peptides are used in crosslinks, and unlinked pentapep-
tides are generally modified to tetra- or tripeptides, except in some bacteria 
such as Staphylococcus aureus that contains a very large amount of free pen-
tapeptides8. In S. aureus, the degree of PG crosslinking is a determinant for 
antibiotic resistance, with lower crosslinking resulting in higher antibiotic 
sensitivity9, through a yet unknown mechanism, which may have to do with 
easier access to the antibiotic target, or an overall weaker PG structure.

PG is one large molecule, and its synthesis and turnover are controlled 
by a large group of enzymes that coordinate these activities on various lo-
cations along the bacterial cell wall. In rod-shaped bacteria, two complexes 
for PG synthesis have been identified, the ‘elongasome’ and the ‘divisome’, 
responsible for PG synthesis along the lateral wall and at the cell division 
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site respectively1,4,10. These two machines are coordinated by the cytoskel-
etal proteins MreB and FtsZ and consist of Lipid II synthetases, flippases, 
membrane proteins with unknown coordinating functions such as MreC/D 
and RodZ, proteins from the Shape, Elongation, Division and Sporulation 
(SEDS) family and Penicillin Binding Proteins (PBPs). SEDS and PBPs 
are the proteins that incorporate Lipid II molecules into PG. SEDS pro-
teins, such as FtsW and RodA, have glycosyl transferase activity11,12. PBPs 
are divided into two groups: high-molecular-weight (HMW) and low-mo-
lecular-weight (LMW) PBPs. HMW PBPs are further classified into class A 
PBPs, whose members show glycosyl transferase and transpeptidation ac-
tivity, and class B PBPs, whose members only have transpeptidation activity. 
The LMW PBPs have various activities, such as DD-carboxypeptidase, tran-
speptidase or endopeptidase activity, but always one activity per enzyme13.

The different machineries involved in PG synthesis and the different 
structural requirements to PG on different locations in the cell, suggest that 
the composition of PG may vary along the sacculus. Atomic force micros-
copy showed that there are local differences in PG architecture between di-
vision sites and other places along the bacterial wall, which vary in thickness 
or in patterning2,14. However, this technique does not reveal the underlying 
chemistry or crosslinking degree. Fluorescent labeling methods have un-
covered different PG growth modes used by different bacteria1,15–17, yet what 
happens after the insertion of Lipid II is unclear. Currently, local modifica-
tions to PG and local changes to the crosslinking degree cannot be identi-
fied as the methods to analyze PG composition provide only information on 
population averages2.

In this study, we use a combination of antibiotics treatment and labeling 
of the cell wall with a fluorescent analogue of vancomycin (Van-FL) or the 
fluorescent D-amino acid analogue (FDAA) HCC-amino-D-alanine (HADA). 
Van-FL binds to the terminal D-Ala-D-Ala of the disaccharide pentapeptide 
subunit18, whereas HADA is incorporated at the 5th position in Bacillus sub-
tilis stem-peptides and rapidly processed after incorporation15, so both label-
ing methods only reveal unincorporated Lipid II and newly synthesized PG. 
We found that septal PG is rich in pentapeptides, and that these pentapep-
tides remain partially unprocessed after division when they form the new 
pole of a cell. Mature PG contains only a small number of pentapeptides, 
3.7% of total muropeptides of which 1.6% contains a terminal D-Ala and 
2.1% a glycine residue at position 519. This is the first indication of local dif-
ferences in the chemical composition of PG in Gram-positive bacteria. Our 
findings reveal that there are local differences in PG crosslinking and pro-
cessing throughout the cell wall.

RESULTS

PG at the division site contains high concentrations of 
pentapeptides

We used fosfomycin to block Lipid II synthesis, and then stained nascent PG 
with Van-FL. To our surprise, 20 min treatment with fosfomycin at a concen-
tration that blocks synthesis of new Lipid II and PG20,21, does not completely 
block Van-FL labeling of cells (Figure 1A), something that would be expected 
if Van-FL predominantly labels Lipid II. Daniel and Errington18 also observed 
continued Van-FL labeling of cells that were treated with various antibiotics 
that block Lipid II synthesis, and interpreted this as an incomplete block of 
Lipid II synthesis. Bacitracin treatment had a stronger effect on reduction 
of Van-FL staining than fosfomycin18. We decided to investigate this phe-
nomenon in more detail, using both Van-FL and the newly developed D-Ala 

Figure 1. Accumulation of unprocessed pentapeptides at the septum. Exponentially growing 
B. subtilis (168) was either labeled with Van-FL or HADA after growth for 20 min in the ab-
sence (control) or presence of fosfomycin (500 μg/ml) bacitracin (500 μg/ml) or D-cycloserine 
(500 μg/ml) to block Lipid II synthesis (A). In a reverse experiment, cells were labeled with 
HADA for 5 min and allowed to continue growth for 20 min in the presence of fosfomycin or 
bacitracin (B). Arrows indicate labeled septa. Scale bar (same for all): 5 μm.

https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0001
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analogue HADA, which in B. subtilis  is incorporated exclusively in the 5th 
position of the stem peptide15 (Supporting Information Figure S1). Van-FL 
and HADA labeling both report the presence of a pentapeptide, but Van-FL 
can label pentapeptides that are already present before the label is added, 
whereas HADA labeling depends on active Lipid II/PG synthesis.

B. subtilis  grown in the presence of either fosfomycin, bacitracin or 
D-cycloserine for 20 min prior to labeling with Van-FL, showed strong la-
beling at the division site (Figure 1A). None of these treatments killed the 
cells within the 20 min timeframe of the experiment as determined by 
both membrane permeability measurements as well as dilutions of treated 
cells, although prolonged exposure (60 min) did have an effect (Supporting 
Information Table S1, Figure S2). Quantification of the fluorescence signals 
at the septum revealed that fluorescence was increased when cells were 
treated with fosfomycin and bacitracin, but not when cells were treated with 
D-cycloserine (Supporting Information Figure S3). We cannot explain the 
increase in Van-FL signal but do note that also the background signal was 
higher in the fosfomycin and bacitracin stained samples. There are various 
possible explanations for the septal labeling pattern, which could also occur 
in combinations. First, if the antibiotic-induced block of Lipid II synthesis 
is incomplete, this could cause accumulation of Lipid II. Second, Lipid II at 
the division site may no longer be incorporated into PG and/or processed 
during the 20 min period in which PG synthesis is blocked. Third, bacitra-
cin and fosfomycin inhibit the activity of carboxypeptidases that cleave D-Ala 
at position 5. Fourth, Van-FL could label existing PG material, not Lipid II, 
of which the pentapeptide has not been processed as the donor in cross-
linking or through cleavage of the 5th D-Ala. To distinguish between these 
explanations, we repeated the experiment with HADA labeling. Fosfomycin 
treatment resulted in a near complete block of HADA incorporation, and 
bacitracin and D-cycloserine completely abolished HADA incorporation 
(Figure 1A), indicating that, in fact, the antibiotic treatments efficiently block 
Lipid II synthesis. This result strongly suggests that the Van-FL label ob-
served at the division site is not caused by the staining of residual Lipid II 
that was synthesized during the antibiotic treatment. Then, in a reverse ex-
periment, cells were labeled with HADA before resuspension in growth me-
dium for 20 min in the presence of fosfomycin, bacitracin or D-cycloserine. 
Cells treated in this manner showed strong division-site labeling, similar to 
the Van-FL labeling (Figure 1B), indicating that HADA is incorporated into 
the cell wall, but then fails to be processed at the division site. HADA label-
ing followed by 20 min of growth without antibiotics also resulted in septal 
labeling, indicating that the retention of label is not the result of blocked 

PG synthesis or processing (Figure 1B top panel). Comparison of the level 
of HADA fluorescence at the septa indicated that the levels of fluorescence 
were similar for all cells analyzed (Supporting Information Figure S3).

Kuru et al. (2012) used a B. subtilis dacA  (PBP5) knockout strain to vi-
sualize PG along the lateral wall. PBP5 is the major D,D-carboxypeptidase 
of B. subtilis which contributes to PG maturation by removing the majority 
of terminal D-Ala residues from stem peptides that were not used as do-
nors in crosslinking reactions19. We repeated the labeling experiments in 
a dacA knockout strain, to see if we could increase the labeling, especially 
at the lateral wall. As expected, both HADA and Van-FL labeling at the lat-
eral wall increased due to the increase of unprocessed pentapeptides in PG 
(Figure 2A and D). Van-FL labeled the entire cell circumference, which can 
be explained by the fact that Van-FL labels all D-Ala-D-Ala residues in the 
wall. HADA resulted in a patchy pattern on the lateral wall, as it is only la-
beling material synthesized during the 5 min labeling pulse. Blocking PG 
synthesis with bacitracin, again almost completely blocked HADA incorpo-
ration all over the cells (Figure 2B), whereas Van-FL still labeled the cell cir-
cumference (Figure 2E), indicating that this labeling pattern reflected pri-
marily PG, not Lipid II. Again, when cells were labeled with HADA before 
blocking PG synthesis, label was retained at the division site, indicative of 
absence of processing at the division site (Figure 2C).

Figure 2. Accumulation of pentapeptides at the septa of a dacA knockout strain. Exponentially 
growing B. subtilis 4056 was either labeled with HADA (A, B) or Van-FL (D, E) after growth 
for 20 min in the absence (A,D) or presence of bacitracin (500 μg/ml, B,E) to block Lipid II 
synthesis. In a reverse experiment, cells were labeled with HADA and allowed to continue 
growth for 20 min in the presence of bacitracin (C). Scale bar (same for all): 5 μm.

https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0001
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It has been reported that in some bacteria the incorporation of fluores-
cent D-amino acids occurs primarily through exchange reactions on the out-
side of the cell, and thus that the FDAA is not incorporated into Lipid II 
itself15,22. In B. subtilis, the major PBP responsible for such an exchange reac-
tion is PBP4, in the absence of which incorporation of various NBD-labeled 
D-amino acid analogues is reduced but not blocked23. We confirmed that 
this was the same for HADA-labeling: although overall labeling was some-
what reduced in a PBP4 knockout strain, septal labeling was still clearly 
detectable (Supporting Information Figure S4). Treatment of cells with 
D-cycloserine, which blocks incorporation of D-Ala into Lipid II, completely 
blocked HADA-labeling of cells (Figure 1A). Fosfomycin, which blocks Lipid 
II synthesis but not transpeptidase activity, causes a block of HADA labeling 
in B. subtilis (Figure 1A). In Escherichia coli, where all incorporation occurs 
via transpeptidation15,24, cells could still be labeled with HADA after a 20 min 
treatment with fosfomycin (Supporting Information Figure S5). Finally, our 
results in B. subtilis 168 were not strain-specific as HADA labeling of strain 
PY79 gave similar results (Supporting Information Figure S5). Combined, 
these controls suggest that at least part of the HADA-labeling in B. subtilis 
occurs via the Lipid II route.

Division-site labeling is caused by accumulated pentapeptides, not 
unincorporated Lipid II

Although the above results indicate that it is unlikely that the Van-FL/HADA 
fluorescence observed at the division site is produced by an accumulation of 
Lipid II, we wanted to confirm that the labeling pattern reflects material that 
has been incorporated into PG. To do so, we isolated sacculi from HADA-
labeled and non-labeled cells. The isolation of sacculi involves boiling the 
cells repeatedly in SDS and treatment with hydrofluoric acid, which should 
remove all membrane associated Lipid II and wall-associated polysaccha-
rides. Sacculi isolated from HADA-labeled cells displayed clear HADA la-
beling in rings at the division sites, indicative of PG with a high concentra-
tion of pentapeptides at the division site (Figure 3A). Sacculi isolated from 
non-labeled cells, which were subsequently labeled with Van-FL displayed a 
similar labeling pattern (Figure 3B), although in addition to division rings, 
polar fluorescence was also occasionally detected. Sacculi were also isolated 
from cells that were grown for 20 min in the presence of bacitracin, fosfo-
mycin or D-cycloserine. When these sacculi were labeled with Van-FL sim-
ilar patterns were observed as for the cells grown in the absence of anti-
biotics (Figure 3D, F, and H). Finally, sacculi isolated from cells that were 
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Figure 3. Pentapeptides are present at the septum in isolated sacculi. Exponentially growing 
B. subtilis were labeled with HADA and sacculi were isolated from labeled and non-labeled 
cells either immediately (A–B) or after 20 min of continued growth in the presence of bacitra-
cin (500 μg/ml C–D), fosfomycin (500 lg/ml E–F), D-cycloserine (500 μg/ml G-H) or without 
antibiotic (I). After isolation, sacculi were stained with Van-FL (B, D, F, H). HADA fluores-
cence (A, C, E, G, I) Van-FL fluorescence (B, D, F, H). Scale bar (same for all): 1 μm.
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HADA-labeled and then grown for an additional 20 min in the presence of 
bacitracin, fosfomycin or D-cycloserine also still showed rings (Figure 3C, E, 
G). This result shows that the accumulation of pentapeptide material at the 
septum is not caused by an accumulation of Lipid II or the result of antibi-
otic treatment. As a final control for HADA incorporation into PG, HADA-
labeled sacculi were incubated with lysozyme and the fluorescence was 
followed over time (Figure 4). Lysozyme digests the 1,4-β-glycosidic bond 
between MurNAc and GlcNAc, therefore if the fluorescence is caused by 
HADA that is incorporated into PG, the signal at the septum should de-
crease over time as PG fragments are released by lysozyme. Lysozyme di-
gestion was followed for 10 min, with an untreated sample as a control for 
bleaching. The fluorescence at the division site of the sacculi treated with 
lysozyme decreased over time, compared to the untreated control (Figure 4, 
compare signals at arrows between top and bottom rows). Combined, these 
results show that the HADA-label is incorporated into the PG and that there 
is an accumulation of unprocessed D-Ala-D-Ala at division sites.

3D structure of the pentapeptide rings

To visualize the 3D structure of the pentapeptide containing PG at the di-
vision site in live cells, Z-stack pictures of HADA-labeled B. subtilis in ex-
ponential phase were taken, followed by deconvolution and 3D reconstruc-
tion. Figure 5 shows that the labeled muropeptides at the division site form 
a structure similar to a ring, comparable to what was observed with sac-
culi (Figure 3). This kind of donut-shaped ring structure also looks like the 
structure of the B. subtilis septum obtained with atomic force microscopy14. 
In addition, Kuru et al. showed that E. coli, Agrobacterium tumefaciens and 
S. aureus also present a ring at the division site when labeled with a short 
HADA pulse (2012).

Figure 4. Lysozyme digestion of HADA-labeled PG. HADA-labeled sacculi were applied to 
agarose slides (control, top row) or to agarose slides impregnated with lysozyme (lysozyme, 
bottom row) and imaged every 10 min. Inserts at left bottom show phase contrast images 
taken simultaneous with the fluorescence image to confirm the presence and retention of 
sacculi on the agarose pads. Arrows indicate labeled septa, which clearly persist in the control 
sample, compared to the disappearance of label from the lysozyme treated samples.

Figure 5. 3D reconstruction of HADA-labeled septa. Cells were imaged along the Z-axis 
resulting in image stacks (A, C) from which 3D reconstructions (B, D) were made using 
Deltavision software. B and D show different angles of the reconstructions, which can be 
viewed in Supporting Information Movies S1 and S2. Scale bar: 2 μm.
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Pentapeptides at the division sites are retained at the poles and 
eventually processed

We used fluorescence time-lapse microscopy to determine if the pentapep-
tide-enriched PG at the septum is processed. Exponentially growing B. sub-
tilis cells were labeled with a short pulse of HADA, and B. subtilis growth 
was followed by fluorescence time-lapse microscopy (Figure 6). At the ini-
tial stage, HADA labeling is localized as a band at the septum and the sig-
nal stays strong in agreement with our previous results. As the size of the 
cells increases and the septum starts to become two new poles, the HADA 
signal decreases indicating that some HADA-labeled material is processed. 
Interestingly, after the cells have split, some HADA signal is retained in both 
new cells at the poles, suggesting that crosslinked muropeptides containing 
HADA are integrated to the cell wall at the poles. Fluorescence at the poles 
was also conserved in the next generation. These results are similar to those 
obtained with E. coli by 25, confirming that the material incorporated into 
the poles is highly stable, and to a recent study from the Winkler lab where 
retention of HADA at cell poles was observed26.

Next, we investigated whether it was possible to increase polar HADA la-
beling. Deletion of both ezrA and gpsB has been reported to lead to polar 
retention of PBP1 and ongoing polar PG synthesis as reported by Van-FL 
staining27. Van-FL labeling of ezrA gpsB double mutant cells indeed resulted 
in fluorescent labeling of the cell poles, as expected (Figure 7) and was not 
observed with the single deletions as reported (not shown). However, with 

Figure 6. Time-lapse of HADA labeled cells. Exponentially growing B. subtilis were labeled 
with HADA and applied to an agarose slide containing growth medium for time-lapse mi-
croscopy. The HADA signal (B) and growth of the cells (A, overlay of HADA fluorescence and 
phase contrast images) was imaged every 20 min for 100 min. Each arrow follows a HADA-
labeled septum over time. Fi
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HADA no polar labeling was observed (Figure 7). We confirmed this obser-
vation by analyzing the fluorescence distribution along the length of the 
cell which showed that cells labeled with Van-FL have increased labeling 
at the poles which is completely absent from HADA-labeled cells, whereas 
increased labeling at division septa and at 1/4 and 3/4 positions along the 
length of the cells was observed with both labeling methods (Figure 7). As 
HADA labeling requires active PG synthesis this result strongly suggests 
that it takes cells longer to process pentapeptides present in polar PG in the 
absence of ezrA and gpsB, but also that the polar Van-FL labeling is not the 
result of ongoing synthesis at the poles. In addition, this result (together 
with those from the dacA mutant, Figure 2) shows that in the absence of 
antibiotics, it is possible to obtain different labeling patterns for Van-FL 
and HADA. Again, this indicates that Van-FL labels existing pentapeptides 
whereas HADA only reports on newly synthesized pentapeptides.

Pentapeptides at the septum are not involved in PBP2B localization

Cell division requires the activity of a specific Class B transpeptidase, PBP2B 
in B. subtilis28. Presence of this protein is essential for division and in its ab-
sence other cell division proteins, collectively known as the divisome, also 
lose their localization at the division site28. PBP2x, the PBP2B homologue 
of Streptococcus pneumoniae, is required for labeling of the constricting septa 
with FDAAs22. In addition, the localization of PBP2x to midcell is dependent 
on its PASTA domains29. PASTA domains are capable of binding uncross-
linked muropeptides albeit with low (millimolar) affinity29–34. We wanted to 
investigate whether the cell-division-specific activity of PBP2B, which con-
tains two C-terminal PASTA domains, is responsible for generating the pen-
tapeptide-enriched PG at the septum, and/or whether the PASTA domains 
of PBP2B are responsible for the localization of PBP2B to the septum.

GFP-PBP2B localization was not affected by bacitracin treatment, show-
ing that a block in Lipid II synthesis does not affect the assembly of the divi-
some (Supporting Information Figure S6). We then generated a set of strains 
in which native PBP2B is produced in the presence of IPTG and GFP-PBP 
variants are produced in the presence of xylose (Figur 8A). This allowed us 
to simultaneously check the capacity of the GFP-PBP2B variants to comple-
ment the depletion of wild type PBP2B, as well as their localization. In ad-
dition to a truncation of the PASTA domains, we also created a transpepti-
dase-inactive mutant by changing the catalytic serine (Ser312) to alanine, and 
combined the catalytic site mutant with the PASTA truncation. As a control, 
we made a ‘supertruncate’ variant in which most of the PBP2B was removed.

As expected, depletion of PBP2B was lethal and expression of the GFP-
supertruncate construct did not rescue this phenotype. To our surprise, all 
other GFP-PBP2B variants allowed cells to grow with growth rates similar 
to wild type GFP-PBP2B (Supporting Information Figure S7). To make sure 
that the complementation was not an artifact of the GFP-fusion, a second 
set of strains with the pbpB alleles alone was created. Again, all constructs 
except the supertruncate complemented the depletion of pbpB (Supporting 
Information Figure S7). The expression level of the GFP-PBP2B constructs 
was similar in all strains, as evidenced by the levels of in-gel GFP fluores-
cence. Mutation of the catalytic Ser312 was confirmed, since the active-site 

Figure 8. Localization of PBP2B does not depend on PASTA domains. (A) Schematic repre-
sentation of the GFP-PBP2B proteins used in this experiment. GFP — Green Fluorescent 
Protein; TM — transmembrane segment; no PB — non-Penicillin Binding module; TPase —
transpeptidase domain; PASTA — PASTA domain. (B) Localization of GFP-PBP2B construct 
(top row) and cell wall synthesis imaged with HADA (bottom row) in cells depleted for wild 
type PBP2B, expressing (left to right) GFP-PBP2B, GFPPBP2B S312A, GFP-PBP2B ∆PASTA 
and GFP-PBP2BS312A ∆PASTA. Scale bar (same for all): 5 μm.

https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0007
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mutants no longer bound Bocillin-FL, which requires the catalytic serine 
for covalent attachment (Supporting Information Figure S8). When we ana-
lyzed the mutant strains for localization of the GFP-PBP2B variants, we no-
ticed that none of the strains showed strong cell-division defects, and that all 
the GFP-PBP2B variants still preferentially localized to the septum, mean-
ing that neither the PASTA domains, nor the catalytic serine are required for 
PBP2B localization (Figure 8B). Labeling of the cells with HADA revealed 
strong septal labeling in all cases, showing that the transpeptidase activity of 
PBP2B is not required for the accumulation of pentapeptide-containing PG 
at the septum (Figure 8B).

DISCUSSION

Although PG is one large macromolecule, it has long been known that there 
are local differences in PG architecture and possibly chemistry. The archi-
tecture of PG needs to be different to allow for the different curvatures of 
the sacculus at poles and division sites. Early electron microscopy studies of 
the B. subtilis cell wall have already shown wall bands at the division site35, 
and different PG growth modes at the poles36. Atomic force microscopy re-
vealed cable-like structures on the B. subtilis lateral wall and thick, defined 
septa14. It has been well documented that next to regions of high PG turn-
over, there are regions of so-called inert PG (iPG) in E. coli, which play an 
important role in keeping the shape of the cells as improperly located iPG 
can be found at branching points in shape mutants37,38. Determining the 
underlying chemistry of local differences in PG synthesis, e.g., the level of 
crosslinking and processing of muropeptides at different sites in the saccu-
lus, has so far been difficult as methods addressing these matters rely on 
bulk analysis of digested PG molecules by HPLC and LC/MS2. The exciting 
development of FDAAs to label PG synthesis15 has made it possible to start 
addressing such local differences at the single-cell level.

Using the unique properties of HADA, namely its incorporation into the 
5th position of the stem peptide in B. subtilis PG and rapid processing at 
the lateral wall by PBP515 (Figure 2, Supporting Information Figure S1), we 
show that there is a population of stable, pentapeptide-containing PG at the 
division site in B. subtilis. The labeling patterns observed with HADA are 
very similar to patterns observed with Van-FL after labeling unmodified PG, 
and thus these patterns are truly reflective of the presence of D-Ala-D-Ala 
moieties at the division septum. This also explains why Van-FL labeling 
still reveals the division site when cell-wall synthesis is blocked with various 

antibiotics as shown here and by Daniel and Errington18, or when cell-wall 
synthesis is blocked by the addition of CCCP39, which delocalizes various 
proteins involved in PG synthesis such as MreB and PBP140,41. Importantly, 
the presence of pentapeptide-containing septal PG was confirmed by the 
observation that Van-FL labeled sacculi isolated from untreated cells at the 
septa. This indicates that the presence of pentapeptides at the septum is 
not the result of an accumulation of pentapeptides at the septum caused by 
HADA or Van-FL labeling of live, growing cells. Also, HADA-label was re-
tained upon isolation of sacculi and was released by lysozyme treatment, in-
dicating that the observed HADA-label is incorporated into PG. Some of the 
unprocessed PG observed at the division site is retained at the cell poles and 
probably part of iPG in B. subtilis, as was recently also noted in time-lapse 
experiments with B. subtilis PY79 where the focus was on PG turnover at the 
lateral wall26. However, there must be some processing of the septal material 
upon splitting of the cells as the label observed at the poles is never as strong 
as at the septum, and we also do not see consistent labeling of all poles with 
Van-FL. Our results suggest that PG at the poles is slowly converted into 
‘true’ polar, inert PG, and that this processing is affected in a ezrA gpsB dou-
ble deletion strain. This implies that PG chemistry at the pole depends on 
the age of the pole. Accumulation of pentapeptides at the septum has pre-
viously been proposed for S. pneumoniae, as its main DD-carboxypeptidase 
was found to be absent from the septum42, but to our knowledge, our re-
port is the first to convincingly show the presence and persistence of penta-
peptides at the septum. This does not mean that this septal material is not 
crosslinked, as the D-Ala-D-Ala moiety can remain attached to an acceptor 
stem peptide. This is also evidenced by the finding of the HADA label in the 
two major pentapeptide containing muropeptide peaks during HPLC analy-
sis of a dacA mutant (Supporting Information Figure S1).

PG that is incorporated at the lateral wall is processed rapidly, primarily 
by the major DD-carboxypeptidase PBP5. Retention of D-Ala-D-Ala contain-
ing PG at the septum thus suggests that PBP5 is absent from, or not active 
at the division site. A GFP-fusion to PBP5 is localized both at the septum 
and at the lateral wall43, indicating that the activity of PBP5 may somehow 
be blocked at the division site. In E. coli, PBP5 and FtsZ act together44 and it 
seems to be the absence of PBP5 at midcell, and thus the presence of penta-
peptides, that allows for a correct placement of the FtsZ-ring ensuring cor-
rect cell division and cell shape in the following generations38. B. subtilis does 
not show dramatic shape defects in the absence of DD-carboxypeptidases, 
but this may be because the septal PG is thick, splits rather than invaginates, 
and because septum shape is coordinated by other proteins that are absent 

https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0008
https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0008
https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-fig-0002


CHAPTER 3: Pentapeptide-rich peptidoglycan at the Bacillus subtilis cell-division siteCHAPTER 3: Discussion106 107

from E. coli such as SepF45. How the presence of pentapeptides at the divi-
sion site is communicated to FtsZ on the inside of the cell is unknown, but 
this may be through divisome components on either side of the membrane. 
A candidate protein that could connect unprocessed PG and FtsZ is PBP2B, 
a Class B transpeptidase that is essential for formation of the septum28,46, 
as this protein contains two PASTA domains that have been implicated in 
binding of uncrosslinked muropeptides29–34. Recently, the localization of the 
essential S. pneumoniae PBP2x (homologue of PBP2B) was reported to be 
dependent on either its own C-terminal PASTA domains, or the presence of 
PASTA domains on its interacting partner StkP29,47. Removal of the PASTA 
domains from PBP2B did not abolish localization of PBP2B nor did it af-
fect its function. To our surprise, replacement of the active-site serine also 
did not affect localization or function, and even a PBP2B construct lacking 
both the active site serine and the PASTA domains was functional in that 
it allowed cells to grow, localized to the division site and showed PG label-
ing similar to wild type cells. We cannot formally exclude the possibility 
that a minute amount of wild type PBP2B is produced in the depletion 
strain, which, in turn, only rescues this strain when other inactive forms 
of GFP-PBP2B are expressed. However, as growth rates and localization 
patterns of the catalytically inactive variants are indistinguishable from 
the wild type GFP fusion, and complementation was dependent on xylose, 
we deem this unlikely. Also, a construct in which most of the protein was 
deleted was not capable of complementing a PBP2B depletion strain. It 
seems that it is not the transpeptidase activity of PBP2B that is essential, 
but rather that the presence of the protein in the divisome is required and 
that its catalytic activity can be compensated by another, non-essential 
transpeptidase. In this respect, it is important to note that depletion of any 
component of the B. subtilis divisome results in destabilization and delo-
calization of the other components48.

The discovery of the accumulation of pentapeptide-containing PG may 
seem paradoxical as it was recently reported that proteins containing SPOR 
domains, that bind to ‘denuded’ PG, which is devoid of stem-peptides, lo-
calize to the septal site of sacculi isolated from both B. subtilis and E. coli49. 
However, it is easy to envisage that ‘denuded’, e.g., extremely processed, PG, 
and unprocessed PG coexist at the septum — while at the same time noting 
that we could not observe unprocessed PG in E. coli. In B. subtilis, D-Ala-D-Ala 
containing pentapeptides comprise only a small portion of the total PG, and 
even when all this material is concentrated at the septum, this would mean 
that a large fraction of the muropeptides at the septum are processed, for ex-
ample because the stem-peptide served as a donor in a crosslinking reaction.

It remains to be established what the specific function of the pentapep-
tides at the septum is and how the relative lack of stem-peptide processing 
at the septum is regulated. We are currently investigating this.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Strains used in this study are listed in Table 1. All Bacillus strains were 
grown in casein hydrolysate (CH)-medium at 30°C50,51. Strain 3122 was in-
duced by adding 0.5% (w/v) xylose and strain 4055 with 0.02 mM IPTG. 
Strain 4056 (dacA::kan) was constructed by transformation of B. subtilis 168 
with chromosomal DNA of B. subtilis DK654 (kind gift from Dan Kearns, 
Indiana University Bloomington). Deletion of dacA (PBP5) was confirmed 
by PCR and labeling with Bocillin-FL (Life-Technologies).

Construction of GFP-PBP2b mutants and strains

The coding sequences for full length pbpB and pbpB1-1991 were am-
plified from  B. subtilis 168 chromosomal DNA using primers djs501 
(5'-GTCGGATCCCTATGATTCAAATGCCAAAAAAG) and djs502 (5'-GAAC- 
TCGAGTTAATCAGGATTTTTAAACTTAACC) or djs503 (5'-GAACTCGA- 
GTTATTCTTCCTTATCTGAGTCAG) respectively (503 introduces a 
stop codon after position 1991) and subcloned into pGEM-T (Promega). 
After sequencing, the PCR fragments were cloned using BamHI/
XhoI into pSG172954, resulting in plasmids pDMA001 (gfp-pbpB) and 
pDMA002 (gfp-pbpBΔPASTA). pDMA001 and pDMA002 were used as 
template plasmids in a Quickchange PCR (Stratagene) to introduce 
mutation pbpBT934G changing the catalytic Ser312 to Ala using prim-
ers djs504 (5'-GTATGAACCCGGGGCCACGATGAAGATC) and djs505 
(5'-GATCTTCATCGTGGCCCCGGGTTCATAC) resulting in plasmids 
pDMA003 (gfp-pbpBSer312Ala) and pDMA004 (gfp-pbpBSer312Ala-ΔPASTA). 
All plasmids were sequence verified. Sequence verification of an initial PCR 
product generated using djs501/502 revealed the introduction of a G676A 
mutation resulting in a stop codon at position 222. This ‘pbpB-supertrun-
cate’ construct was subcloned into pSG1729, generating pDMA005, to serve 
as a negative control in complementation assays. All plasmids were cloned 
into B. subtilis 3295 and integration into the amyE locus was verified by 
growing the transformants on starch plates. To remove gfp from pDMA001, 
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pDMA002, pDMA003, pDMA004 and pDMA005, these plasmids were di-
gested using KpnI and BamHI. Plasmid and gfp DNA fragments were sep-
arated on agarose gels, plasmid DNA was isolated and the overhangs were 
filled using DNA Blunt enzyme (Thermo Scientific) and the linear plasmids 
were religated. All plasmids were sequenced and cloned into B. subtilis 3295 
as described above.

Synthesis of HCC-amino-D-alanine (HADA)

HADA synthesis was performed according to the protocol of 24, with details 
provided in the Supporting Information.

Inhibition of cell-wall synthesis and PG labeling

Fosfomycin and bacitracin were used to inhibit cell-wall synthesis. Cells 
were grown until exponential phase and then incubated in CH medium 
containing fosfomycin (final concentration 500 μg/ml) or bacitracin (final 
concentration 500 μg/ml) for 20 min at 30 °C. To check if cell-wall synthe-
sis was inhibited, cells were labeled with Van-FL or HADA and then im-
aged. Labeling with Van-FL was performed by incubating the cells with a 
mixture of 1:1 vancomycin (Sigma-Aldrich) and BODIPY® FL Vancomycin 
(Molecular Probes, Life Technologies) at a final concentration of 1 μg/ml, 
for 5 min at 30 °C. For HADA labeling, cells were incubated with HADA 
(final concentration 0.5 mM) for 5 min at 30°C. Excess label was removed 
by three washes with Phosphate-Buffered Saline (PBS, 58 mM Na2HPO4; 17 
mM NaH2PO4; 68 mM NaCl, pH 7.3). A reverse experiment was performed, 
in which cells were grown until exponential phase and labeled with HADA 
(final concentration 0.5 mM) for 5 min at 30 °C. Cells were then washed 
three times in PBS and incubated in CH medium (either with or without 
bacitracin at 500 μg/ml) for an additional 20 min.

Sacculi isolation

Sacculi were purified according to19 with some modifications. B. subtilis 168 
was grown until exponential phase, boiled for 7 min and collected by centrif-
ugation. Cells were resuspended in sodium dodecyl sulfate (SDS, 5% w/v) 
and boiled for 25 min. The insoluble material was recovered by centrifu-
gation and boiled in SDS (4% w/v) for 15 min. The insoluble material was 
washed five times in hot water to remove the SDS. Sacculi were digested 
with 100 μg/ml amylase (Bacillus licheniformis type XII-A in 10 mM Tris-HCl 

Table 1. Strains used in this study.

Strain/plasmid Genotype Source/construction Bacillus subtilis

Bacillus subtilis

168 trpC2 Laboratory collection

PY79 Prototrophic derivative of B. subtilis 168 Laboratory collection

3122 trpC2 pbpB::pSG5061 (cat Pxyl-gfp-pbpB1-825) 43

3295 trpC2 chr::Pspac-pbpB neo 52

4055 trpC2 amyE::spc Phyperspac-ftsZ-eyfp 53

DK654 dacA::kan, in B. subtilis 3610 gift from D. Kearns

4056 dacA::kan, in B. subtilis 168 this work
4132 (gfp-pbpB) trpC2 chr::Pspac-pbpB neo amyE::pDMA001(spc 

Pxyl-gfpmut-pbpB) pDMA001→3295

4133 (gfp-pbpBΔPASTA) trpC2 chr::Pspac-pbpB neo amyE::pDMA002(spc 
Pxyl-gfpmut-pbpB1-1991) pDMA002→3295

4134 (gfp-pbpBSer312Ala) trpC2 chr::Pspac-pbpB neo amyE::pDMA003(spc 
Pxyl-gfpmut-pbpB-T934G) pDMA003→3295

4135 
(gfp-pbpBSer312Ala-ΔPASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA004(spc 
Pxyl-gfpmut-pbpB1-1991- T934G) pDMA004→3295

4136 
(gfp-pbpB-supertruncated)

trpC2 chr::Pspac-pbpB neo amyE::pDMA005(spc 
Pxyl-gfpmut-pbpB- G676A) pDMA005→3295

4137 (pbpB) trpC2 chr::Pspac-pbpB neo amyE::pDMA006(spc 
Pxyl-pbpB) pDMA006→3295

4138 (pbpBΔPASTA) trpC2 chr::Pspac-pbpB neo amyE::pDMA007(spc 
Pxyl- pbpB1-1991) pDMA007→3295

4139 (pbpBSer312Ala) trpC2 chr::Pspac-pbpB neo amyE::pDMA008(spc 
Pxyl- pbpB- T934G) pDMA008→3295

4140 
(pbpBSer312Ala-ΔPASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA009(spc 
Pxyl- pbpB1-1991- T934G) pDMA009→3295

4141 (pbpB-supertruncate) trpC2 chr::Pspac-pbpB neo amyE::pDMA010(spc 
Pxyl- pbpBG676A) pDMA010→3295

4142 gpsB::kan 4221 27 →168
4143 ezrA::spec Dennis Claessen, 

unpublished.
4144 gpsB:: kan, ezrA::spec 4142 → 4143
4145 trpC2 pbpD::erm Dockerty et al., 

unpublished.
Escherichia coli

E. coli MG1655 F-, lambda-, rph-1 Laboratory collection
E. coli MC4100 F-, [araD139]B/r, Del(argF-lac)169, lambda-, e14-, 

flhD5301, Δ(fruK-yeiR)725(fruA25), relA1, rps-
L150(strR), rbsR22, Del(fimB-fimE)632(::IS1), 
deoC1

Laboratory collection

Plasmids
pSG1729 bla amyE3' spc Pxyl–gfpmut1' amyE5' 54(Lewis and 

Marston, 1999)
pGEM-T vector for subcloning PCR products Promega

pDMA001 bla amyE3' spc Pxyl– pbpB gfpmut1' amyE5' This work

pDMA002 bla amyE3' spc Pxyl– pbpB1991- gfpmut1' amyE5' This work

pDMA003 bla amyE3' spc Pxyl–pbpB- T934G- gfpmut1' amyE5' This work
pDMA004 bla amyE3' spc Pxyl– pbpB1-1991- T934G- gfpmut1' 

amyE5'
This work

pDMA005 bla amyE3' spc Pxyl– pbpB- G676A -gfpmut1' amyE5' This work

pDMA006 bla amyE3' spc Pxyl– pbpB- amyE5' This work

pDMA007 bla amyE3' spc Pxyl– pbpB1991 amyE5' This work

pDMA008 bla amyE3' spc Pxyl– pbpB- T934G amyE5' This work

pDMA009 bla amyE3' spc Pxyl– pbpB1-1991- T934G amyE5' This work

pDMA010 bla amyE3' spc Pxyl– pbpB- G676A amyE5' This work

https://onlinelibrary.wiley.com/doi/full/10.1111/mmi.13629#mmi13629-bib-0031
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[pH 7.0], 10 mM NaCl, 0.32 M imidazol) for 2 h at 37°C and further resus-
pended in sodium phosphate buffer (50 mM, pH 7.3) containing 100 μg/mL 
α-chymotrypsin and incubated overnight at 37°C. Sacculi were washed with 
water and resuspended in hydrofluoric acid (48% vol/vol) for 24 h at 4 °C. 
Finally, sacculi were washed with Tris-HCl (50 mM, pH7) and cold water 
until pH was 7.

For HPLC analysis, chymotrypsin treated sacculi were extensively washed 
with water, resuspended in buffer (50 mM MES, 1 mM MgCl2, pH 6.0) 
to 16.6 mg/ml and 200 µl of the sacculi were digested overnight at 37 °C 
with mutanolysin (50 µg/ml) under constantly shaking. Samples were cen-
trifuged for 10 min at 17,000 g and 50 µl of supernatant was analyzed by 
HPLC on a C18 column (HyperClone™ 5 µm ODS (C18) 120 Å, LC column 
250 × 4  mm, 00G-4361-D0 from Phenomenex). The following 290-min- 
gradient program at a flow rate of 0.5 ml/min was used. Five minutes of 
washing with 100% buffer A (40 mM sodium phosphate (pH 4.5)) was fol-
lowed by a linear gradient over 270 min from 0% to 100% buffer B (40 mM 
sodium phosphate (pH 4) containing 20% (vol/vol) methanol). A 5-min 
delay and 10 min of re-equilibration with buffer A completed the method. 
Elution profiles were monitored by detecting UV absorbance at 202 nm and 
fluorescence with excitation/emission at 405/450 nm. Chromatograms were 
presented in the GraphPad Prism 6 program.

Bacterial viability

Bacterial viability after antibiotic treatment was determined by two different 
assays: the live/dead bacterial viability assay and 10-fold dilution series.

Live/dead assay (Life technology) discriminates between cells with or 
without a compromised membrane using two DNA dyes: the membrane 
permeable SYTO9 dyes and membrane impermeable propidium iodide. 
Exponentially growing bacteria were mixed with SYTO 9 dye (0.877 μM), 
propidium iodide (7.5 μM) and the corresponding antibiotic to be tested 
(final concentration: fosfomycin 500 μg/ml, bacitracin 500 μg/ml and 
D-cycloserine 500 μg/ml). Cells were incubated at 30 °C or 37 °C (see above). 
Viability of cells was monitored by microscopy at 20 min and 1 h after antibi-
otic treatment. Pictures were taken using FITC and TRITC filters.

For the 10-fold dilution series, bacteria were grown as described above 
and diluted to OD600 0.4. The corresponding antibiotic (final concentration: 
fosfomycin 500 μg/ml, bacitracin 500 μg/ml and D-cycloserine 500 μg/ml) 
was added to the bacteria and cells were further grown for 20 min and 
1  h. After this time, the bacteria were rapidly diluted in growth medium 

in a ten-fold dilution series and 2 μl of each dilution was plated on LB agar. 
Plates were incubated at 37°C overnight.

Fluorescence microscopy

Cells or sacculi were spotted 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. Image analysis was performed 
using the software packages ImageJ (http://rsb.info.nih.gov/ij/), ObjectJ 
(https://sils.fnwi.uva.nl/bcb/objectj/index.html) and Adobe Photoshop 
(Adobe Systems Inc., San Jose, CA, USA).

Time-lapse and 3D reconstruction

Time-lapse microscopy was performed as described previously55 using a DV 
Elite, IX71 (Olympus, Japan) microscope with a sCMOS camera assembled 
by Applied Precision (GE Healthcare), with laser excitation at 405 nm (laser 
power 20%) and a CFP filter. Pictures were taken every 5 min.

Z-stacks were captured with steps of 0.08 μm on the same micro-
scope setup. Deconvolution and 3D reconstruction was performed using 
Deltavision’s Softworx software (Applied Precision).
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SUPPLEMENTAL METHODS 

HADA synthesis

General 

Starting materials and reagents were purchased from Sigma-Aldrich or 
Acros. Yields refer to analytically pure compounds and have not been opti-
mized. All solvents were reagent-grade. 1 H and 13C spectra were recorded at 
400 MHz on a Varian AMX400 spectrometer (400 MHz for 1H, 101 MHz for 
13C) at 25°C. Chemical shifts (δ) are reported relative to the residual solvent 
peak. Splitting patterns are indicated as (s) singlet, (d) doublet, (t) triplet, (q) 
quarted, (m) multiplet, (br) broad. 

Synthesis of 7-Hydroxycoumarin-3-carboxylic acid 

Preparation of 7-Hydroxycoumarin-3-carboxylic acid was based on a lit-
erature procedure [1, 2] A mixture of 2,4-dihydroxyl benzaldehyde (1 g, 
10 mmol), Meldrum’s acid (1.445 g, 10 mmol), piperidinium acetate (29 mg, 
0.2 mmol) and ethanol (25 mL) was stirred at room temperature for 20 mins, 
then refluxed for 2 hrs. It was cooled to room temperature and chilled in an 
ice bath for 1 hr. The crystallized product was filtered, washed with ethanol, 
and dried in vacuo to get the product (1.45 g, 71%) as an off-white powder. 
1H NMR (400 MHz, DMSO-d6) δ 8.68 (s, 1H), 7.75 (d, J = 8.6 Hz, 1H), 6.84 
(d, J = 8.6, 1H), 6.74 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ 164.2, 163.9, 
157.5, 157.0, 149.4, 132.0, 114.0, 112.5, 110.6, 101.8.

Synthesis of HADA

Preparation of HADA was based on a literature procedure[3]. A mixture of 
7-Hydroxycoumarin-3-carboxylic acid (100 mg, 0.485 mmol), carbonyldiim-
idazole (78.7 mg, 0.485 mmol) and anhydrous DMF (5 mL) was stirred at 
room temperature for 2 h under an atmosphere of nitrogen. Boc-D-2,3-
diaminopropionic acid (99 mg, 0.485 mmol) was added and the mixture 
was stirred at room temperature for 20 h under an atmosphere of nitrogen. 
The solvent was removed, the solid was diluted with EtOAc (30 mL) and 
washed with 1 N HCl (20 mL) and water (20 mL). The organic layer was 
dried over Na2SO4, filtered, and concentrated to dry. The crude product was 
treated with trifluoroacetic acid/DCM (50:50, 3.5 mL) for 30 mins at room 
temperature. Then the solvent was removed in vacuo. 47 mg of crude HADA 

was purified by reversed-phase HPLC (HPLC conditions: column, XTerra® 
Prep MS C18 10 µm, 7.8 mm × 150 mm; flow rate, 1 mL min−1; wavelength, 
254 nm; temperature, 23 °C; isocratic method, water/acetonitrile 30:70 (0.1% 
TFA) for 30 min). After lyophilization of the solvent, it was dissolved in 1 N 
HCl/ACN, and lyophilized to get the desired product (22 mg) as a pale yel-
low solid. 1H NMR (400 MHz, dmso) δ 8.93 (t, J = 5.8 Hz, 1H), 8.81 (s, 1H), 
7.83 (d, J = 9.6 Hz), 6.94 – 6.86 (dd, J = 2 Hz, 5.3 Hz, 1H), 6.84 (s, 1H), 3.93 
(d, J = 5.7 Hz, 1H), 3.89 – 3.78 (m, 1H), 3.74 – 3.63 (m, 1H). 13C NMR (101 
MHz, DMSO-d6) δ 169.2, 164.5, 162.9, 161.2, 156.7, 148.7, 132.5, 115.0, 113.5, 
111.2, 102.3, 52.2. 

Table S1. Viability of cells upon antibiotic treatments.

20 minutes 1 hr

Strain Antibiotic %Live %Dead Total of 
cells %Live %Dead Total of 

cells
Bacillus subtilis

168 control 90.4 9.6 301 81.9 18.1 359

bacitracin 93.8 6.2 371 67.7 32.3 474

fosfomycin 87.4 12.5 302 90.7 9.3 485

D-cycloserine 92.9 7.1 476 81 19 353

PY79 control 91.9 8.1 335 90.6 9.4 319

bacitracin 96 4 276 64.5 35.5 563

Escherichia coli

MC1061 control 99.9 0.1 864 99.6 0.4 446

fosfomycin 95.8 4.1 413 98 2 444

MG1655 control 99 0.9 330 98.2 1.8 337

fosfomycin 99.2 0.7 376 99.8 0.2 531
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Figure S1. HPLC detection of muropeptides from B. subtilis wild type (A, C) or ∆dacA (B, D). 
Samples were monitored using a UV detector (202 nm) and a fluorescence detector with ex-
citation/emission set at 405/450 nm respectively. PG was either non-labeled (black traces) or 
HADA labeled (orange traces). The UV traces of PG from labeled and non-labeled cells did 
not vary significantly. However, the UV trace of ∆dacA vs wild type was different, as expected, 
and revealed two new peaks representative of disaccharide pentapeptide and tetrasaccharide 
tetrapeptide-pentapeptide muropeptides (arrows), which are identified and in agreement 
with the previous analysis of Atrih et al. [4]. The fluorescence traces showed various back-
ground fluorescence peaks which were identical between labeled and unlabeled PG. However, 
the two pentapeptide peaks indicated showed a marked increase in fluorescence, indicative 
of the presence of HADA-labeled material. This is fully in agreement with the analysis of 
HADA-labeled ∆dacA PG described by Kuru et al. [3].

Figure S2. Plating assays of antibiotic treatments/killing. Exponential growing cells were in-
cubated in growth medium (CH) with antibiotics (500 μg/ml) for 20 mins or 60 mins at 30°C 
before making 10-fold dilution series in CH and spotting 2μl of each dilution on LB agar 
plates.
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Figure S3. Quantification of HADA and Van-FL fluorescence signals at septa. Signal inten-
sities at septa were determined using ImageJ for 100 cells for each condition and the distri-
bution of intensities was plotted as box plots. Cells from the experiment depicted in Figure 1 
were used for these calculations.

Figure S4. HADA labeling of a PBP4 deletion strain, with the fluorescence at septa compared 
to wild type. Signal intensities were determined as described for Figure S3.
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Figure S5. HADA labeling of B. subtilis PY19, and E. coli strains MG1655 and MC1061. 
Exponentially growing B. subtilis PY19 (A-D) were labeled with HADA after growth for 20 
mins in the absence (A) or presence of bacitracin (500 μg/ml, B) to block Lipid II synthe-
sis. In a reverse experiment, cells were labeled with HADA and allowed to continue growth 
for 20 mins in the absence (D) or presence of bacitracin (C). A similar experiment was per-
formed with E. coli strains MG1655 (E-H) and MC1061 (I-L), where fosfomycin (500 μg/ml) 
was used to block Lipid II synthesis instead of bacitracin. Arrows indicate labeled septa. Scale 
bar (same for all): 5 μm.

Figure S6. Localization of FtsZ-eYFP (strain 4055, A, C) and GFP-PBP2B (strain 3122 B, D) is 
not affected by incubation with bacitracin for 20 mins.

Figure S7. Growth of pbpB depletion strain 3295. In all experiments, strains were grown in LB 
in the presence of 0.05 mM IPTG to exponential phase, cells were washed and resuspended 
to OD600 0.05 in LB with either no additions or 0.05 mM IPTG or 0.2% xylose. Cells were 
grown at 30°C in 96-well plates for 400 mins with constant shaking and monitoring of OD600. 
A) PBP2B depletion blocks growth. B) The gfp-pbpB constructs do not support growth in the 
absence of xylose. C) Expression of gfp-pbpB constructs with 0.2% xylose restores growth to 
all strains except the strain that expresses gfp-pbpB truncated at amino acid 221. D, E identical 
to B, C but with pbpB alleles lacking gfp.
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Figure S8. Bocillin and GFP in-gel fluorescence of strains expressing GFP-PBP2B constructs. 
Strain 3295 (lane 5, grown with IPTG to induce pbpB) was transformed with the different 
GFP-PBP2b constructs which were expressed by the addition of xylose (0.2%) to the growth 
medium with simultaneous depletion of wild type PBP2B (lanes 1-4). Cells were equalized 
for OD, labeled with Bocillin FL650-660 (Life Technologies) at 7.5 μM for 15 mins at 23°C 
with shaking. Subsequently cells were harvested, lysed by sonication and cell-free extracts 
were prepared in SDS-PAGE buffer. Samples were analyzed on 10% SDS-PAGE. Fluorescent 
bands were visualized using a Typhoon Trio (GE Healthcare) scanner. A) Bocillin 650-660 flu-
orescence shows extra bands (arrows) in cells expressing GFP-PBP2b and GFP-PBP2B trun-
cated, but not in cells expressing the catalytic Serine mutants. B) In gel GFP-fluorescence 
confirms the presence and equal amounts of all GFP-PBP2B constructs. C) Overlay image 
shows that the Bocillin bands indicated with arrows in A) overlap with the GFP-PBP2B con-
structs in B).

Figure S9. Absence of fluorescence cross-bleeding in microscopy channels. Non-labeled con-
trol cells (A, E, I), or cells labeled with Van-FL (B, F, J), HADA (C, G, K) or both Van-FL and 
HADA (D, H, L) were imaged using similar microscopy settings as for all images in the paper 
and the images presented are all at similar background levels. It is evident that Van-FL im-
aged in the FITC channel does not give signal in the CFP channel used for HADA and vice 
versa.
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ABSTRACT

PBP2B, the only essential PBP of Bacillus subtilis, contains two PASTA do-
mains. These domains are present only in penicillin binding proteins 
(PBPs) and eukaryotic like serine-threonine kinases (eSTKs). Many func-
tions have been attributed to the PASTA domains, but the function of the 
PBP2B PASTA domains remains to be resolved. In this chapter, we inves-
tigated the function of the PBP2B PASTA domains. We observed that the 
deletion of the PBP2B PASTA domains causes an increase in cell length. 
In addition, the PASTA domains become essential during heat stress. Two-
hybrid analysis revealed that the deletion of the PBP2B PASTA domains has 
a negative effect on the interaction between PBP2B and DivIB. As deletion 
of divIB also produces heat-sensitive cells, we propose that the PASTA do-
mains of PBP2B function to keep PBP2B and DivIB together, and that this 
interaction is crucial only at elevated temperatures.

INTRODUCTION

The cell wall is a polymer network that surrounds the bacterial cell. The 
function of this network is to protect bacteria against osmotic and environ-
mental changes. Additionally, it is responsible for the determination of cell 
shape. The main component of the cell wall is peptidoglycan (PG), a poly-
mer composed of repeating units of a disaccharide, N-acetylglucosamine 
(GlcNAc) and N-acetyl-muramic acid (MurNAc), linked to a pentapeptide, 
L-Ala-γ D-Glu-m-DAP-D-Ala-D-Ala1. Crossbridges between the peptide side 
chains link the glycan chains together.

Cell wall synthesis is a complex process involving many steps and en-
zymes1. The last step in synthesis consists of the insertion of PG disac-
charide units into the cell wall. This reaction is performed by a group of 
enzymes known as Penicillin binding proteins (PBPs) and SEDS (shape, 
elongation, division and sporulation) proteins. PBPs main functions are to 
add subunits to the PG strand (transglycosylation) and to form crosslinks 
between the peptides  (transpeptidation). Additionally, some PBPs remove 
the the 4th or 5th amino acid of the peptide side chains (carboxypeptidase)1.

Bacillus subtilis has a total of 11 PBPs, which participate in different stages 
of peptidoglycan synthesis — synthesis of the lateral wall and division site 
during vegetative growth, and cell wall synthesis during asymmetric di-
vision and spore formation. It is believed that PBPs have a partial redun-
dant function, and therefore it is possible to delete them without produc-
ing lethal effects. Examples of this redundancy have been reported for PBP1, 
PBP2c and PBP42. Interestingly, B. subtilis has one PBP which is essential, 
the transpeptidase PBP2B3,4. 

The understanding of PBP2B function is not complete. However, it is 
known that PBP2B is expressed during vegetative growth and sporula-
tion5. During vegetative growth, PBP2B localizes at the division site6,7 and 
accumulates as the division site invaginates7. Similarly, during sporulation 
PBP2B localizes at the asymmetrical septum7. Depletion of PBP2B has an 
inhibitory effect on cell division and consequently cells elongate and eventu-
ally lyse7. Interestingly, it has been shown that B. subtilis expressing an inac-
tive version PBP2B is viable8,9. This suggests that the essentiality of PBP2B 
is linked to a structural function rather than that it has a specific, essential, 
enzymatic activity.

PBP2B is a transmembrane protein with a cytoplasmic domain (1–13 aa), 
a transmembrane domain (TM) (14–31 aa), a dimerization domain impli-
cated in PBP polymerisation (Pfam: PF03717)10, a transpeptidase domain 
(TP) and two PASTA (penicillin-binding protein and serine/threonine 
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kinase associated) domains (598–714 aa) at the C-terminus. PBP2B dif-
fers from its functional homologue in E. coli (PBP3) in the presence of the 
PASTA domains sequence at the C-terminus3. 

PASTA domains are short sequences of 60–70 amino acids. These do-
mains are only found in Gram-positives bacteria in two types of proteins, 
HMW (high-molecular-weight) PBPs and eukaryotic-like serine/threonine 
kinases (eSTKs)11. One of the features of the PASTA domains is that the se-
quence is not conserved (Figure 1). However, the PASTA domain has a char-
acteristic secondary structure which consists of three β strands and a α he-
lix; the first and the second β strands are connected by a loop11. In addition, 
PASTA domains can be present as a single or multiple copies in proteins11.

Despite the fact that the PASTA domains are present in many bacteria 
and multiple efforts to decipher their role, the function of these domains 
is not completely understood. Initially it was assumed that the role of all 
PASTA domains was to bind to PG. This ability was attributed to PASTA do-
mains when PBP2X, the PBP2B homologue from Streptococcus pneumoniae, 
was crystalized with a cefuroxime molecule (PDB 1QMF). The cefuroxime 
molecule was found to be non-covalently bound to one of PBP2X PASTA 
domains12. As cefuroxime is an analogue of the D-Ala-D-Ala moiety in the 
stem-peptide of the PG subunit, this led the authors to conclude that PASTA 
domains are able to bind to PG 11. Later on, this observation was supported 
by a study with B. subtilis dormant spores. Bacillus spores germinate in the 
presence of PG, which is sensed by the eSTK PrkC. Deletion of the PASTA 
domains of PrkC prevented PG-induced germination13. 

Until now, the ability of PASTA domains to bind PG has only been proven 
for some cases. Evidence exists for PG binding by various eSTKs, namely 
the PASTA3 domain of B. subtilis PrKC14, Mycobacterium tuberculosis PknB15, 
Staphylococcus aureus Stk116 and S. pneumoniae StkP17,18. On the other hand, 
the PASTA domain of PonA2 of M. tuberculosis do not bind to PG19, similarly 

to 2 of the 3 PASTA domains of B. subtilis PrkC. Recently, direct evidence 
for PG binding by the PASTA domains of PBP2X was obtained in a crystal-
lography and molecular dynamics study that showed that the two PASTA 
domains of PBP2x form an allosteric site that recognizes PG and promotes 
transpeptidation20. Bioinformatic analysis suggests that the binding ability 
depends on the residues composition of the PASTA domains which deter-
mine the flexibility of the “putative binding pocket”, a conserved region lo-
calized at the end of the β strand. Binder PASTA domains have an Arg or a 
Glu, while non-binders have a Pro21. An example of a Arg in a binder PASTA 
is Arg500 of B. subtilis PrkC, mutation of this residue harms PrkC ability 
to bind PG22. Both, PBP2B and PBP2X have a Pro in this position in both 
PASTA domains (Figure 13C).

Other functions in which PASTA domains have been implicated are pro-
tein localization and activation of kinases. Again, these functions do not rep-
resent universal features of PASTA domains. A function in protein localiza-
tion has only been observed for PASTA domains of S. pneumoniae PBP2X23 
and for the 4th PASTA domain of  S. pneumoniae StkP24. Interestingly, the 
number of PASTA domains in StkP seems to function as a ruler for sep-
tal cell wall thickness. Deletion of PASTA domains produced a thinner sep-
tal wall, depending on the number of domains deleted, while addition of 
PASTA domains produced a thicker septal wall - as long as the ultimate 
PASTA domain was PASTA 4, which is required for the localization of LytB24. 
In kinase activation, the importance of the presence of PASTA domains has 
been shown for StkP24, PrkC25 and IreK26.

Studies on PASTA domains have focused only on a few PBPs, such as 
PonA2 of M. tuberculosis19, SpoVD of B. subtilis27 and PBP2X of S. pneumo-
niae23. A study on PonA2 showed that its PASTA domain does not have 
the ability to bind muropeptides nor β-lactam antibiotics19. Deletion of the 
SpoVD PASTA domain did not affect SpoVD localization in the forespore, 
neither on the formation of endospores as such27. The best studied exam-
ple is S. pneumoniae PBP2X, from which the PASTA domains are required 
for the proper localization of PBP2X at the division site23. Deletion of the 
PBP2X PASTA domains affects binding to β-lactams, indicating a structural 
effect on the active site of PBP2X28. This was recently corroborated by crys-
tallographic data that showed that the PASTA domains serves as an allosteric 
site that recognizes PG and promotes transpeptidation20.

We previously reported that the deletion of the PASTA domains of B. 
subtilis PBP2B does not impact growth rate neither PBP2B localization8. 
However, we noticed that cells display an elongation defect which suggested 
that the PASTA domains do have a role during cell division. Therefore, in 
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Figure 1. Alignment of PASTA domain PBP2B, SpovD and PrkC. Conservation index are 
indicated in the first line. Amino acids in red and blue indicate α-helix and β-strand, respec-
tively. Consensus_aa: consensus amino acid sequence (aliphatic: l; hydrophobic: h; polar res-
idues: p; tiny: t; small: s; bulky residues: b). Consensus_ss: consensus predicted secondary 
structure.(alpha-helix: h; beta-strand: e ).
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this chapter, we further explore the effects of the deletion of the PASTA do-
mains of PBP2B and the possible function of these PASTA domains. We 
show that the PASTA domains become critical during growth at high tem-
peratures. In addition, our results show that the deletion of PBPB2B PASTA 
domains have a negative effect on the interaction between PBP2B and the 
late division protein DivIB. 

MATERIAL AND METHODS

Strains and media

Strains used in this study are listed in Table 1. All Bacillus strains were 
grown in casein hydrolysate (CH)-medium at 30 °C unless other conditions 
are specified. When necessary kanamycin (5 μg/ml) and spectinomycin 
(50  μg/ml) were added. To induce the expression of genes under control 
of the Pspac and Pxyl promotors, either isopropyl β-D-1-thiogalactopyranoside 
(IPTG) (0.5 mM) or xylose (0.2% w/v) were added to the medium. 

Construction of PBP2B chimeras 

Chimeras (Figure 2) were constructed using restriction free cloning31. 
Hybrid primers were used to amplify prkC and spoVD regions coding for 
PASTA domains from chromosomal DNA of B. subtilis. The hybrid prim-
ers were designed using http://www.rf-cloning.org/, primers (Table 2) con-
tain complementary sequences to prkC or spoVD and plasmids pDMA002 
or pDMA007. A first PCR was performed using the hybrid primers to create 
a mega-primer which contains prkC or spoVD PASTA domains flanked by 
complementary sequences of pDMA002 or pDMA007. The mega- primers 
were used in a second PCR to replace the pbpB PASTA domains from 
pDMA002 or pDMA007 with prkC or spoVD PASTA domains. DpnI was 
added to the products obtained in the second PCR in order to degrade the 
original plasmid. After digestion, the PCR products were used to transform 
E. coli DH5α cells. Resulting plasmids were sequenced and cloned into 
amyE locus of B. subtilis 3295. Integration into the amyE locus was verified 
by growing the transformants on starch plates. 

Growth curves 

Strains were grown overnight in the presence of kanamycin (5 μg/ml) and 
spectinomycin (50 μg/ml) when necessary. IPTG was added to the medium 
to express wild-type pbpB and to ensure the proper growth of all strains before 

Table 1. Strains used during this study.

Strains Genetic features Source
Bacillus strains
168 trpC2 Laboratory 

collection
3295 trpC2 chr::Pspac-pbpB neo 29

4132 
(gfp-pbpB)

trpC2 chr::Pspac-pbpB neo amyE::pDMA001(spc Pxyl-gfpmut-pbpB) 8

4133
(gfp-pbpB ∆PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA002(spc Pxyl-gfpmut-pbpB1-1991) 8

4137 
(pbpB)

trpC2 chr::Pspac-pbpB neo amyE::pDMA006(spc Pxyl-pbpB) 8

4138 
(pbpB ∆PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA007(spc Pxyl- pbpB1-1991) 8

4146 
(pbpB ∆PASTA – 
PrkC PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA011(spc Pxyl- pbpB1-1991 prkC 
1068-1677)

This work

4147
(gfp-pbpB ∆PASTA – 
PrkC PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA012(spc Pxyl- gfpmut-pbpB1-1991 

prkC (1068-1677)
This work

4148 
(pbpB ∆PASTA – 
SpoVD PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA013(spc Pxyl- pbpB1-1991 

spoVD1740-1890)
This work

4149 
(gfp-pbpB ∆PASTA – 
SpoVD PASTA)

trpC2 chr::Pspac-pbpB neo amyE::pDMA014(spc Pxyl- gfpmut-pbpB1-1991 

spoVD 1740-1890)
This work

E. coli strains
DH5α F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 φ80d-

lacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK–mK+), λ–
Laboratory 
collection

BTH101 F,cya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, mcrA1, mcrB1. 30

Table 2. List of primers used in this study

Primer Sequence Source
PrkC PASTA fw ACCAACTGAAAAATCTGACTCAGATAAGGAAGAAATGCCTAAGGA

TGTCAAAATACCT
This work

PrkC PASTA rv ATCGATACCGTCGACCCTCGAGTTAGAGAGAGAATGTCACTTCAACT This work
SpoVD PASTA fw ACCAACTGAAAAATCTGACTCAGATAAGGAAGAAGACACAAAAAC

AATAGAAGTTCCGA
This work

SpoVD PASTA rv ATCGATACCGTCGACCCTCGAGTTATTCAGTCAAATACACGCGTATC This work
b2h_divIBfw GGAGGATCTAGAGATGAACCCGGGTCAAGACC This work
b2h_divIBrev GGATTCGGTACCCCCTCAATTTTCATCTTCC This work
b2h_divICfw GGAGGATCTAGAGATGAATTTTTCCAGGGAACGA This work
b2h_divICrev GGATTCGGTACCGGCTACTTGCTCTTCTTCTCC This work
b2h_ftsLfw GGAGGATCTAGAGATGAGCAATTTAGCTTACCAACC This work
b2h_ftsLrev GGATTCGGTACCTCATTCCTGTATGTTTTTCAC This work
b2h_pbpBfw GGAGGATCTAGAGATGATTCAAATGCCAAAAAAG This work
b2h_pbpbBrev GGATTCGGTACCTTAATCAGGATTTTTAAACTTAACCTTG This work
b2h_pbpbBdPrev GGATTCGGTACCTTATTCTTCCTTATCTGAGTCAG This work
b2h_rgsIfw GGAGGATCTAGAGATGAGAAGAGGGATTATAGTAGAGAA This work
b2h_rgsIrv GGATTCGGTACCTCTTTATTCGCCGGGGGCACTC This work

* Bold letters correspond to the original plasmid sequence

http://www.rf-cloning.org/
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performing the growth curves. The following day, the strains were diluted to 
an OD600 0.05 and grown until early exponential phase. Next, cells were washed 
CH-medium to remove the IPTG. Cells were diluted to an OD600 0.001 in CH 
medium containing 0.2% (w/v) xylose to express PBP2B, PBP2B ∆PASTA or 
PBP2B chimeras. 200 μl of culture (in triplicate), of each condition to test, was 
loaded in a 96-well plate. The cultures were grown at 30 or 48 °C, OD600 was 
measured every 10 minutes and recorded using a Powerwave 340 (Biotek).

Microscopy

Cells were grown until exponential phase. Nile red (Sigma) (5μg/ml) and 
4’,6-diamidino-2-phenylindole (Sigma) (DAPI) (1 μg/ml) were used to stain 

membranes and DNA, respectively. Cells were spotted 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. 

Image analysis was performed using the software packages ImageJ 
(http://rsb.info.nih.gov/ij/), ObjectJ (https://sils.fnwi.uva.nl/bcb/objectj/in-
dex.html), ChainTracer31 and Adobe Photoshop (Adobe Systems Inc., San 
Jose, CA, USA). Box plots were generated using BoxPlotR (http://shiny.
chemgrid.org/boxplotr/).

Protein stability

Membranes from strains 4132 and 4133 grown at 30 °C on CH with 0.2% 
(w/v) xylose were isolated. Cells were grown until exponential phase and 
spun down (3 000 rpm, 7 min, 4 °C). Pellets were washed in PBS and then 
cells were lysed by sonication. Membranes were collected by centrifugation 
(45 000 rpm, 4 °C, 50 min) and resuspended in PBS. The protein concen-
tration was equalised for the two strain samples and aliquots of membrane 
material of the same volume were prepared. Aliquots were incubated at 
30 or 48 °C for 5 min, 20 min, 1 hr, 2 hr and 14 hr. Then, Bocillin 650/665 
(5 μg/ml) was added to each sample, and samples were further incubated at 
RT for 10 min. After incubation, sample buffer was added to each sample to 
stop further protein degradation, and samples were run in SDS (10 %) gel. 
GFP and Bocillin were detected using Typhoon FLA950 (GE Healthcare). 
For GFP, the 473 nm laser and the LPB (Long Pass Blue) filter were used, 
and for Bocillin the 635 nm laser and the LPR (Long Pass Red) were used. 

After imaging, the same gels were used for immunoblotting. Proteins 
were transferred to a PVDF membrane. Primary antibodies were anti-GFP 
(Thermofisher). Anti-Rabbit IgG alkaline phosphatase conjugated second-
ary antibodies (Sigma Aldrich) were used. Blots were developed using CDP-
Star (Roche) and chemiluminescence was detected using a Fujifilm LAS 
4000 imager (GE Healthcare). 

Bacterial two hybrids

Bacterial two hybrids were performed using the BACTH system compo-
nents (gift from Fabian Commichau, Göttingen University). Sequences 
from divIB, divIC, ftsL, pbpb and pbpb ∆PASTA were amplified from chro-
mosomal DNA of B. subtilis 168.  Primers contained XbaI and KpnI restric-
tion sites. Fragments were cloned into pKT25 and pUT18C using XbaI and 
KpnI. The resulting plasmids were sequence verified and cotransformed 

Table 3. Plasmids used during this study.

Plasmids Genentic features Sourse
pDMA002 bla amyE3' spc Pxyl– gfpmut1-pbpB1-1991-  ' amyE5' 8

pDMA007 bla amyE3' spc Pxyl– pbpB1-1991 amyE5' 8

pDMA011 bla amyE3' spc Pxyl- pbpB1-1991 prkC 1068-1677)' amyE5' This work
pDMA012 bla amyE3' spc Pxyl–gfpmut1 pbpB1-1991 prkC 1068-1677)' amyE5' This work
pDMA013 bla amyE3' spc Pxyl– pbpB1-1991 spoVD 1735-1916)’ amyE5' This work
pDMA014 bla amyE3' spc Pxyl–gfpmut1- pbpB1-1991 spoVD 1735-1916)' amyE5' This work
pKT25 Plasmid encoding T25 fragment of B. pertussis cyaA; KmR 30

pUT18C Modified version of pUT18 with the polylinker located on the C-terminal end 
of T18; AmpR

30

pKT25-zip Derivative of pKT25 with a the leucine zipper of GCN4 
fused to the T25 fragment, KmR

30

pUT18C-zip Derivative of pUT18C with leucine zipper of GCN4 fused to the T18 fragment, 
AmpR

30

C TM   Dim Transpeptidase P1 P2

C TM Dim Transpeptidase
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Figure 2. Structures of PBP2B variants used in this study. A)PBP2B B) PBP2B ∆PASTA C)
PBP2B SpoVD PASTA D)PBP2B PrkC PASTA. C: cytoplasmic domain, TM: transmembrane, 
Dim: dimerization domain, P: PASTA domain.

https://sils.fnwi.uva.nl/bcb/objectj/index.html
https://sils.fnwi.uva.nl/bcb/objectj/index.html
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into E. coli BTH101. To test for protein interactions, the transformants were 
plated on LB agar plates containing X-gal (40 μg/ml), IPTG (0.5 mM), kana-
mycin (50 μg/ml) and ampicillin (100 μg/ml). Plates were incubated at 30 °C 
for 36 hrs and scored for blue color development.

β-Galactosidase assay

The β-Galactosidase assay was performed as described33 with some modifi-
cation. E. coli BTH101 containing the plasmids to test were grown as over-
night cultures in LB containing IPTG (0.5 mM), kanamycin (50 μg/ml) and 
ampicillin (100 μg/ml) at 30 °C. The next day 200 μl of cells were transferred 
to a tube containing buffer Z. To permeabilize the cells 20 μl of 0.01% SDS 
(w/v) and 40 μl of chloroform were added to each tube. After mixing, the 
chloroform was allowed to settle down and 50 μl of permeabilized cells were 
transferred to a 96-well plate containing 150 μl of buffer Z. Then, 40 μl of 4% 
(w/v) o-nitrophenyl-β-D-galactopyranoside (ONPG) was added to start the 
enzymatic reaction. When the samples were yellow, the reaction time was 
recorded and reactions were stopped by adding 1M Na2CO3 (final concentra-
tion). The absorbance at 420 nm and 550 nm was measured in a Powerwave 
340 (Biotek) and β-Galactosidase activity was calculated as:

T= Time in minutes, 
V= Volume in millilitres

Cell surface protein zymograms

Zymograms were performed as decribed34. B. subtilis was grown in 100 ml of 
CH medium at 37 °C. Cells were harvested at 4500 × g for 10 min at 4 °C. Then, 
the pellets were washed twice with 10 mM Tris-HCl (pH 7.5). Pellets were 
resuspended in LiCl buffer  (10 mM Tris-HCl (pH 7.5), 3M LiCl) containing 
EDTA-free Protease Inhibitor Cocktail cOmplete™ (Roche) and incubated on 
ice for 15 min. After incubation, cells were removed (20 000 × g for 5 min at 
4 °C). Proteins were precipitated by adding 5% (w/v) trichloroacetic acid and 
centrifuged for 5 min at 4 °C for 5 min. Pellets were washed with 70% (v/v) 
ethanol and resuspend in sample buffer. After boiling for 5  min, proteins 
were loaded on a SDS-PAGE gel containing 5 mg/ml cell wall material. After 
running the gels, the gels were washed two times in water for 30 min at RT. 
Proteins were renatured by incubating the gel in renaturation buffer (25 mM 

Tris-HCl (pH 7.2), 1% Triton X-100) at 37 °C for 48 hrs. Gels were stained with 
staining solution (0.1% methylene blue, 0.01% KOH) for 2 hrs at room tem-
perature. The enzymatic activity was detected as clear bands. 

RESULTS

A PBP2B ∆PASTA strain has a length defect

PBP2B is the only essential PBP of B. subtilis, therefore it is not possible 
to create a pbpB deletion. For this study, experiments were performed us-
ing strains in which the expression of wild-type pbpB is under control of 
IPTG and an extra copy of pbpB or pbpB without PASTA domains (strain 
4137 and 4138, respectively) was inserted in the amyE locus under control 
of the Pxyl promotor8. This strategy allows cultivation of the strains while 
expressing wild-type pbpB followed by depletion of PBP2B and a switch to 
PBPB ∆PASTA production only when necessary, thus ensuring that the ob-
served phenotype is not a product of a suppressor. Previously, we showed 
that the PBPB ∆PASTA strain was able to complement PBP2B8 under stan-
dard conditions (CH medium, 30 °C), indicating that PASTA domains are 
not essential under standard conditions.  However, we noted that the cells 
were slightly elongated, which we have now quantified (Table 4, Figure 4). 
The strain producing PBP2B has an average length of 3.34 μm, while the 
strain producing PBP2B ∆PASTA has an average length of 4.85 μm, which 
is ~1.5 times longer. In addition, there is more variation in the length distri-
bution of the PBP2B ∆PASTA producing strain as can be observed in the 
boxplot. When the temperature was increased to 37 °C, the average length of 
the PBP2B ∆PASTA strain increased to 5.20 μm, whereas the strain express-
ing PBP2B was slightly shorter than at 30 °C (Table 4, Figure 4).

The increase in cell length is a characteristic phenotype indicative of a 
problem in cell division. To discard the possibility that the delay in cell divi-
sion was a consequence of problems with chromosome segregation, DAPI 
was used to stain DNA (Figure 3). The PBP2B and PBP2B ∆PASTA strains 
grown at 30°C (Figure 3O) and 37°C (Figure 3R) presented condensated nu-
cleoids in all cells similar to wild-type cells (Figure 3M and P), suggesting 
that chromosome segregation was not affected and that the observed elon-
gation might be the consequence of a problem with another process. 

In order to see if the phenotype of the PBP ∆PASTA strain was consistent 
in different types of growth medium, the strains were grown in a minimal 
(SM) medium, that only contains basic components necessary for growth. 
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The length of cells grown in SM medium is shorter than in CH, for instance 
wild-type cell length is ~ 1.6 times longer in CH medium (Table 4) compared 
to SM medium. However, cells grown in SM medium are shorter at 37 °C 
than at 30 °C. The PBP2B ∆PASTA strain grown in SM medium shows a 
length defect similar to the defect observed in CH-medium (Table 4), being 
1.2 and 1.4 (30 and 37 °C, respectively) times longer than the PBP2B strain. 
Growth on minimal medium had no other evident effects on the phenotype 
of the strains. 

The PBP2B ∆PASTA strain is heat sensitive

As we noticed that the elongation phenotype was more severe at 37 °C than 
at 30 °C, the temperature was increased to 48 °C. First, we checked if the 
doubling time of the PBP2B ∆PASTA strain was similar to that of the wild-
type at 48 °C (Figure 6A). Strain 3295 (the parental pbpB depletion strain) 
and the strain expressing PBP2B from amyE presented shorter lag phases 
than the wild-type control. Surprisingly, the PBP2B ∆PASTA strain did not 
grow at 48 °C (Figure 6A). This result suggests that the PBP2B ∆PASTA 
strain is heat sensitive.

To get more insight into the effects of high temperature on the phe-
notype, the strains were grown under normal conditions (30 °C, CH me-
dium) to make sure that the cells were growing healthy. Then, cultures were 
shifted to 48°C and pictures were taken every 20 minutes. The wild-type 
and PBP2B strains showed no drastic changes in the phenotype during the 
course of the experiment (Figure 6B). On the other hand, after 40 minutes 
the PBP2B ∆PASTA strain started to display cells with decreased contrast 
(Figure 6B), a characteristic of dying cells. After 1 hour at 48°C, we observed 
that the amount of dying cells in the PBP2B ∆PASTA strain culture in-
creased. These observations confirm that the PASTA domains of PBP2B are 
important during growth at high temperatures. 
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Figure 3. Phenotype of PBP2B ∆PASTA strain. Cultures of control strains and the PBP2B 
∆PASTA strain were grown on CH-medium at 30°C and 37°C until exponential phase. 
Membrane and DNA were labelled with Nile red (G-L) and DAPI (M-R), respectively. (A, G, 
M) wild-type 168 30 °C, (B, H, N) PBP2B (strain 4137) 30 °C; (C, I, O) PBP2B ∆PASTA (strain 
4138) 30 °C; (D, J, P) wild-type 37 °C; (E, K, Q) PBP2B 37 °C; (F, L, R) PBP2B ∆PASTA 37 °C. 
Scale bar: 5 μm, same for all.
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Figure 4. Length of PBP2B strains. Cells were grown in CH-medium until exponential phase. 
As B. subtilis forms chains, cells were labelled with Nile red in order to determine the bound-
aries of single cells. White circles show the medians; box limits indicate the 25th and 75th 
percentiles as determined by R software; whiskers extend 1.5 times the interquartile range 
from the 25th and 75th percentiles; polygons represent density estimates of data and extend 
to extreme values.

Table 4. Average of length (μm) of wild-type, PBP2B and PBP2B ∆PASTA strains under dif-
ferent conditions.

CH SM
30 °C 37 °C 30 °C 37 °C

wild-type 2.96 (±0.05) 3.14 (±0.06) 1.85(±0.03) 1.78 (±0.04)
PBP2B 3.34 (±0.06) 3.12 (±0.05) 3.78 (±0.09) 2.68 (±0.83)
PBP2B ∆PASTA 4.85 (±0.10) 5.20 (±0.13) 4.70 (±0.14) 3.79 (±0.10)

PBP2B SpoVD 3.57(±0.07)
PPB2B PrkC 4.55 (±0.12)
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PBPB2B SpoVD and PrkC PASTA chimeras

B. subtilis has two other proteins that contain PASTA domains, SpoVD and 
PrkC. SpoVD is a PBP paralogous of PBP2B. It is crucial for spore cortex 
synthesis35 and, unlike PBP2B, SpoVD only contains one PASTA domain. 
On the other hand, PrkC is a eukaryotic-like serine/threonine kinase36 that 
is involved in processes like sporulation and biofilm formation, but also 
in protein phosphorylation36–38. In order to test if the PASTA domains of 
SpoVD and PrkC were able to replace the function of the PASTA domains 
of PBP2B, the PBP2B PASTA domains were exchanged for PASTA domains 
from SpoVD or PrkC (Figure 2). Growth of the chimera strains was followed 
at 30 °C in CH medium (Figure 7A). The chimeras strains grew as wild-type, 

which indicates that the exchange of the PASTA domains did not interfere 
with the essential function of PBP2B.

The phenotype of the chimera strains was analysed by microscopy 
(Figure 8). Interestingly, the PBP2B-SpoVD strain average length is 3.57 μm, 
close to PBP2B strain average (3.34 μm). However, PBP2B-PrkC strain shows 
a length defect 4.55 μm, similar to the ∆PASTA strain (4.85 μm).

As the ∆PASTA strain showed a heat defect (Figure 6B), we decide to 
check if the insertion of the SpoVD or PrkC PASTA domains was enough 
to overcome ∆PASTA heat sensitivity. Therefore, cells were grown at 48 °C 
as previously described. The PBP2B-PrkC and PBP2B-SpoVD strains were 
both able to grow, however the lag phase was longer than that of the wild-
type strain (Figure 7). This result suggests that the PASTA domains of 

Figure 5. Strains grown in SM medium. A) Cells were grown at 30 or 37 °C until exponential 
phase. Membranes were stained using Nile red. Scale bar: 5 μm. B) Length of PBP2B strains 
grown on SM medium. As B. subtilis forms chains, cells were labelled with Nile red in order 
to determine the boundaries of single cells. White circles show the medians; box limits indi-
cate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the 
interquartile range from the 25th and 75th percentiles; polygons represent density estimates 
of data and extend to extreme values.
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SpoVD and PrkC partially complement the function of the PBP2B PASTA 
domains at high temperatures 

GFP versions of the chimeras were created in parallel to monitor the 
effect of the chimeric PASTA domains on localization. Similar to the 
non- fluorescent versions, the GFP chimera strains grew as wild-type at 
30 °C (Figure  7A), and display midcell localization similar to GFP-PBP2B 
(Figure 8B). Surprisingly, at 48 °C the GFP chimeras strains failed to grow 
(Figure 7B). We cannot explain this difference in phenotype caused by the 
addition of GFP, which is localized in the cytosol. 

Deletion of PASTA does not interfere with the stability of PBP2B

It has been shown that the PASTA domains of PBP2X, the PBP2B homo-
logue from Streptococcus pneumonia, are important for the stability of the 
protein and for the proper folding of its active site23,28. To check if the length 

defect and heat sensitivity of the PBP2B ∆PASTA strain were due to de-
creased PBP2B instability, the stability of PBP2B and PBP2B ∆PASTA were 
tested at 30 °C and 48 °C. PBP2B stability was followed using a PBP2B and 
PBP2B ∆PASTA version fused to GFP. Instability was analysed by two dif-
ferent ways. First, by the direct detection of GFP fluorescence in gel and 
then using GFP antibodies in blots. The analysis of the results of both meth-
ods follows the same principle, the drop in the intensity of the band in com-
parison to the control and the appearance of lower bands indicate degrada-
tion of PBP2B. To compare the stability of GFP-PBP2B (∆PASTA) with that 
of other PBPs, the samples were incubated with bocillin 650/665. Bocillin is 
a fluorescent penicillin derivative used routinely to detect PBPs on gel, and 
it only binds to the active site of correctly folded PBPs. Bocillin labelling 
together with total detection of PBP levels with antibodies or GFP has been 
used previously to detect PBP folding deficiencies34,37.

The B. subtilis strains expressing GFP-PBP2B and GFP-PBP2B ∆PASTA 
were grown at 30 °C, and membranes were isolated from exponentially 
growing cells. The membranes were incubated at either 30 °C or 48 °C for 
varying amounts of time, after which SDS-sample buffer was added to stop 
any protein aggregation or degradation. Following protein stability over time 
by in-gel fluorescence and anti-GFP antibodies revealed that GFP-PBP2B 
(~106 kDa ) was stable for over 2 hours at 30 °C, but after 14 hrs the band 
corresponding to GFP-PBP2B was less intense than the control, and a band 
below 40 kDa appeared, which could be indicative of protein cleavage (with 
the GFP moiety staying sufficiently intact to fluoresce). The results obtained 
with in-gel fluorescence and immunodetection of GFP were in agreement 
(as was the case for all experiments described in this section). The stability 
of GPF-∆PASTA (~87 kDa) was similar to that of the full-length protein, in-
dicating that the PASTA domains do not affect protein stability at 30 °C. As 
the strain expressing GFP-PBP2B-∆PASTA is temperature sensitive, protein 
stability was also monitored by incubating the membranes at 48 °C. This re-
vealed that both GFP-PBP2B and GFP-PBP2B ∆PASTA full length bands 
got progressively fainter with time, starting after 20 min of incubation, with 
the concomitant appearance of a fluorescent band around 40 kDa. Although 
this clearly shows that these proteins are less stable at higher temperature, 
there was no difference in stability between GFP-PBP2B and GFP-PBP2B 
∆PASTA. Bocillin labelling revealed that several other PBPs are instable 
when incubated at 48 °C (Figure 9C,D). For example, PBP1 (top band) is 
degraded similar to GFP-PBP2B and GFP-PBP2B ∆PASTA, whereas PBP5 
(lowest band) seems to be quite stable over the duration of the experiment.

0

5

10

15

SpoVD PrkC

Le
ng

th
 (μ

m
)

PBP2B-SpoVD PBP2B-PrkC

Ph
as

e 
co

nt
ra

st
N

ile
 R

ed

A B GFP-PBP2B-SpoVD GFP-PBP2B-PrkC

Ph
as

e 
co

nt
ra

st
G

FP

C
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PBP2B ∆PASTA interaction with late divisome proteins

PBP2B, together with FtsL, DivIB and DivIC, are known as the ‘late’ divi-
some proteins. These proteins arrive to the septum after the formation of 
the ‘early’ divisome by FtsZ, ZapA, EzrA and FtsA38. Interactions of PBP2B 
with DivIB and FtsL have been previously reported39. To test if the deletion 
of the PASTA domains has an effect on the interaction of PBP2B with the 
other late divisome proteins, a bacterial two hybrid assay (BACTH) was per-
formed. Because the PBP2B ∆PASTA strain showed a growth defect during 
heat stress, RsgI, a transmembrane anti-sigma protein important during 
heat stress and phosphate limitation40, was included in the analysis.

Interaction of PBP2B and PBP2B ∆PASTA with other proteins should 
result in the expression of β-galactosidase which can be tested by in-
specting the colour of colonies on plates containing X-gal (Figure 10) and 

by determining β-galactosidase activity using a colorimetric substrate 
(Figure  11). Blue colonies appeared for 5 combinations when PBP2B and 
PBP2B ∆PASTA were expressed from pKT25, indicating that both PBP2B 
and ∆PASTA might interact with DivIB and FtsL, whereas PBP2B ∆PASTA 
also potentially interacts with RsgI. Surprisingly, no interactions were de-
tected when PBP2B and PBP2B ∆PASTA were inserted into pUT18C as all 
the colonies remained white. Our results were partially similar to a previ-
ous report39 with the difference that PBP2B self-interaction was not detected 
in our study. This differents might be due to the fact that BATCH assay is 
more sensitive in minimal medium than LB33. 

To determine if there was a difference in the ‘strength’ of the interaction 
between DivIB or FtsL and PBP2B versus PBP2B ∆PASTA, we performed 
a β-galactosidase assay, which has the added benefit of providing a quan-
titative result. β-galactosidase assay results were compared against the 
negative control (pKT25 and pUT18C) and the positive control (pKT25-zip 
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cubated at 30 (A, C, E) or 48 °C (B, D, F) at different time points, and then incubated with 
bocillin. GFP was followed by fluorescence in gel (A, B) and western blot using anti-GFP 
antibodies (E, F). Effects on folding were followed by the ability of bocillin to bind to PBPs 
(C, D). The star indicates the position of GFP-PBP2B and the triangle the position of GFP-
PBP2B ∆PASTA .
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Figure 10. Bacterial two-hybrid interaction assay on plates containing X-Gal. PBP2B, PBP2B∆ 
PASTA, DivIB, DivIC, FtsL, and RsgI were cloned into plasmids pKT25 and pUT18C and 
co-transformed into E. coli BTH101. Co-transformants were grown on LB plates containing 
X-Gal and incubated at 30°C for 36 hrs. Blue colonies are considered indicative of protein-pro-
tein interaction. A) PBP2B and PBP2B ∆PASTA as bait in pUT18C, prey proteins in pKT25. 
B) PBP2B and PBP2B ∆PASTA as bait in pKT25, prey proteins in pUT18C. C) Transformants 
of pKT25-zip and pUT18C-zip were used as positive control. On the other hand, transfor-
mants of empty pKT25 and pUT18 were used as negative control. 
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and pUT18C-zip), which showed activity of 66 and 63278 Miller units, re-
spectively. In agreement with the X-Gal results, activity was detected only 
for the same 5 combinations: PBP2B (pKT25) with DivIB or FtsL (both 
on pUT18C), and PBP2B ∆PASTA(pKT25) with DivIB or FtsL or RsgI (in 
pUT18C). The interaction of FtsL with PBP2B and PBP2B ∆PASTA was 
similar, 5340 and 5144 Miller units, respectively. Interestingly, a strong in-
teraction between PBP2B (pKT25) and DivIB (pUT18C) was observed (11411 
Miller units) (Figure 11A), and this interaction was reduced in the absence 
of the PASTA domains as the combination of PBP2B ∆PASTA (pKT25) 
and DivIB (pUT18C) resulted in an approximate 2-fold reduction in activ-
ity (4965 Miller units). It has to be noted that a reduction in activity can be 
used an indication of a reduction in interaction, but that the ‘strength’ of 
an interaction does not scale 1:1 with β-galactosidase activity. Finally, the 
assay revealed a possible interaction between PBP2B ∆PASTA (pKT25) and 
RsgI (pUT18C) (166 Miller units), but not with PBP2B (pKT25). Although 

the β-galactosidase activity measured for the potential PBP2B ∆PASTA-RsgI 
activity is considerably lower than those measured for DivIB and FtsL, the 
signal was consistently higher than the negative control.

Effect of PBP2B PASTA on hydrolases

PG hydrolases are enzymes that digest PG and that are involved in the re-
modelling of the cell wall41. A decrease in the amount of PG hydrolases 
could reduce in the speed at which cells split and thus elongated cells. It has 
been reported that deletion of LytE, one of the mayor hydrolases, is lethal 
at high temperatures42, which is in agreement with the high temperature 
sensitivity phenotype of the PBP2B ∆PASTA strain.  For these reasons, we 
decide to examine the PG hydrolase activity profile of the PBP2B ∆PASTA 
strain (Figure 12) using zymogram analysis. 

This procedure involves the isolation of cell surface proteins, and sepa-
ration of these proteins on a SDS-gel containing B. subtilis PG as substrate. 
Following electrophoresis, the enzymes are reconstituted in-gel and incu-
bated for 48hrs to digest the PG. Staining of the residual PG in the gel al-
lows detection of hydrolytic activity in regions without staining.  The most 
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Figure 11. Bacterial two hybrids β-galactosidase assay. A) Interaction between the fusion of 
PBP2B and PBP2B ∆PASTA cloned into pUT18C in combination with the fusion of late di-
vision protein and RsgI cloned into pKT25 B) Interaction between the fusion of PBP2B and 
PBP2B ∆PASTA cloned into pKT25 in combination with the fusion of late division protein 
and RsgI cloned into pUT18C. Positive control showed an activity of 63278 Miller units and 
the negative control 66 (shown as dotted line).  
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Figure 12.  Zymograms analysis of B. subtilis hydrolases. Cell surface proteins were separated 
on a  SDS polyacrylamide gel containing B. subtilis 168 cell. After proteins were renaturalized, 
gels were stained with 0.1% methylene blue.  Areas of hydrolytic activity are visible as clear 
zones. Lane 1 marker, lane 2 168, lane 3 ∆LytE, lane 4 PBP2B and lane 5 PBP2B ∆PASTA.  
Triangle: unknown hydrolase , star: LytE.
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striking difference between the controls and PBP2B ∆PASTA strain in the 
zymogram was the appearance of two bands around ~60 kDa that were 
unique in the PBP2B ∆PASTA strain. Our initial hypothesis focused on the 
absence or reduced activity of LytE, but all strains except a lytE control strain 
revealed the presence of LytE. 

There are several hydrolyses reported for Bacillus. However, PhoD 
(62.66 kDa) is the one with closest molecular weight to the one observed in 
the zymogram. Further analysis of these bands by mass-spectrometry is re-
quired to identify the proteins corresponding to the bands.

DISCUSSION

PASTA domains and the interaction between PBP2B and DivIB

The function of the PASTA domains of PBP2B is unknown and in gen-
eral the role of PASTA domains is not well understood. The first evidence 
that the PASTA domains are important for PBP2B functioning is the elon-
gated phenotype that the PBP2B ∆PASTA strain displays. Earlier studies on 
PBP2B function showed that the deletion of part of the C-terminal (Val-632), 
which now we know corresponds to PASTA 2 and part of PASTA 1, produces 
longer cells and decreases spore formation3. 

We hypothesized that the elongation defect might be related to the loss 
of interaction between PBP2B ∆PASTA and a partner protein, as PBP2B 
belongs to a conserved group of proteins known as ‘late division proteins’. 
Together with FtsL, DivIB and DivIC, PBP2B forms a complex that is lo-
calized at the division site. This complex is conserved in other model or-
ganisms such as E. coli, S. pneumonia and S. aureus. However, it is im-
portant to remark that PASTA domains are only present in Gram-positive 
bacteria11. For B. subtilis, it has been reported that PBP2B interacts directly 
with DivIB39,43, FtsL and itself39. Our results show that the deletion of the 
PBP2B PASTA domains has a negative impact on the interaction between 
PBP2B and DivIB (Figure 11). In line with this results, a ∆divIB strain44 
has a similar elongation phenotype and is heat sensitive, like the PBP2B 
∆PASTA strain. 

One of the questions remaining is why the PBP2B ∆PASTA strain is 
sensitive to high temperatures? As a possible reason, we considered that 
PBP2B ∆PASTA might be naturally instable. However, our results show that 
PBP2B and PBP2B ∆PASTA have comparable stabilities at 48 °C (Figure 
9). Like some other PBPs, these proteins are degraded at 48 °C, but the 

rate of degradation is not affected by the presence or absence of the PASTA 
domains. 

The heat sensitivity of a ∆divIB strain has been associated with the insta-
bility of FtsL as the overexpression of FtsL rescues the strain45. As PBP2B, 
DivIB and FtsL are part of the same complex, we cannot exclude that the 
reduction of the interaction between PBP2B ∆PASTA and DivIB has effects 
on FtsL stability and/or the complex at high temperatures. Interestingly, 
suppressors of ΔdivIB, which are no longer heat sensitive, contain point 
mutations in PBP2B, and these mutations are sufficient to counteract the 
ΔdivIB phenotype. The point mutations result in a single aa change (V165E 
or D213N) in the N-terminal dimerization region39. These changes could 
produce similar effects on PBP2B structure as the normal interaction with 
DivIB does with PBP2B, allowing PBP2B and the complex to perform its 
proper function at high temperature. It will be interesting to obtain PBP2B 
∆PASTA suppressors to get more insight in how the late division proteins 
interact. 

PBP2B and the late division protein complex model 

A study on the interaction between PBP2B and DivIB by Rowland et al.46, 
showed that the C-terminus of DivIB interacts with the extracellular part 
of the PBP2B TP domain. In this study, a model was presented based on 
crystal structures of homologues of DivIB (E. coli FtsQ) and PBP2B (S. pneu-
moniae PBP2x) that shows that the region important for interaction in DivIB 
is at a similar distance from the membrane as the transpeptidase domain of 
PBP2B - however, this is also the distance from the membrane of the PASTA 
domains46. The authors proposed that DivIB interacts with the TP domain of 
PBP2B as the interaction between DivIB and PBP2B seems to be conserved 
across Gram-positive and Gram-negative bacteria, and PASTA domains are 
absent in Gram-negatives. If we assume this model is correct, our results 
might indicate that the deletion of the PASTA domains affects the confor-
mation of PBP2B TP domain and as a consequence the interaction between 
DivIB and PBP2B is less efficient. However, according to the same model 
that FtsL-DivIC heterodimer interacts with the TP and N-terminal domains 
of PBP2B46. If the deletion of PBP2B PASTA domains was affecting the 
conformation of the TP domain, then FtsL interaction should also be com-
promised which is not evident from our two-hybrid results. Furthermore, 
we have shown that Bocillin is able to bind to PBP2B ∆PASTA confirming 
that the TP domain is properly folded8. A second option is that the PBP2B 
PASTA domains interact directly with DivIB. This would agree with our 
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results but then the question would be how the interaction between the 
Gram-negative homologues FtsQ and a cognate PBP is mediated. We have 
focused our study on how the deletion of the PASTA domains affects the 
interaction with each member of the late division proteins, however it is im-
portant to verify how the deletion of the PASTA domains affects the stability 
of the complete complex. It is known that the depletion of PBP2B does not 
affect DivIB levels, but levels of FtsL and DivIC were reduced39. Therefore, it 
is important to assess if the deletion of the PASTA domains affects FtsL and 
DivIC levels. 

PBP2B vs PBP2X

B. subtilis and S. pneumonia are closely related organisms that share various 
components of the cell wall machinery. In the specific case of the late divi-
sion proteins, both organisms have the same members, DivIB, DivIC, FtsL 
and a transpeptidase PBP2B/PBP2X. The function of the PASTA domains 
of PBP2X has been studied in more detail than that of PBP2B’s PASTA do-
mains. Interestingly, some details on how the deletion of the PASTA do-
mains affects these proteins are different. For instance, the deletion of 
PBP2X PASTA domains has a clear effect on PBP2X localization23, and not 
on PBP2B localization8.

Another important difference is the binding ability of bocillin, a beta-lac-
tam which binds to the active site of properly folded PBPs. PBP2X ∆PASTA 
can not be detected using bocillin23,28. In contrast, bocillin is still able to la-
bel PBP2B ∆PASTA8. This difference indicates that the structure of the ac-
tive site of PBP2X is affected by the deletion of the PASTA domains, but not 
the active site of PBP2B. Interestingly, PBP2X is not the only PBP in which 
the PASTA domains affect the active site. M. tuberculosis PonA2 shows tight 
interaction between the TP domain and its single PASTA domain, which is 
important for the stability of the TP domain21. 

One of the latest studies on PBP2X shows that its PASTA domains rec-
ognize an uncrosslinked pentapeptide in an allosteric site, which will direct 
the next pentapeptide on the glycan strand into the active site. An arginine 
residue (Arg426) acts as a gatekeeper by allowing an open and closed con-
formation of the allosteric site20. Amino acids that are key for this model 
are not conserved in PBP2B (Figure 13). For instance, in the position of the 
gatekeeper Arg426, PBP2B has a glycine. Likewise, Glu651 and Asp648, res-
idues that interact with Arg426 are also different (Lys and Ala, repectively). 
Thus, it may be that the allosteric activation of the TP domain through the 
PASTA domains observed in PBP2x does not occur in PBP2B. Another 

Figure 13. Alignment of S. pneumonia PBP2X and B. subtilis PBP2B. Conservation index are 
indicated in the first line. Amino acids in red and blue indicate α-helix and β-strand, respec-
tively. Consensus_aa: consensus amino acid sequence (aliphatic: l; a:@; hydrophobic:h; al-
cohol:o; polar residues:p; tiny:t; small:s; bulky residues:b; positively charged: +; negatively 
charged:-; charged:c). Consensus ss: consencus predicted secondary structure.(alpha-helix: h; 
beta-strand:e ). PASTA domain are indicated in  purple (PASTA domain 1) and  in yellow 
(PASTA domain 2). Arrows indicate key aminoacids A: Serine - Active site B: Position of 
PBP2X “gatekeeper” C: Positions important for interaction with PG. PG binders have an Arg, 
non-binders have Pro. D: amino acids important for interaction with the “gatekeeper”.
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interesting detail is that the deletion of S. pneumoniae divIB does not result 
in high temperature sensitivity47 as in B. subtilis, which gives us another hint 
that the complex may not interact/function in exactly the same way in both 
organisms. 

Deletion of PASTA domains and hydrolases

The deletion of the PBP2B PASTA domains might have consequences for 
additional processes connected to cell wall synthesis such as the expression 
or localization of PG hydrolases. A relation between the localization of hy-
drolases and PASTA domains has been reported recently. The 4th PASTA do-
main of S. pneumoniae StkP is responsible for the localization of LytB24, a 
hydrolase necessary for cell separation48. Additionally, it has been proposed 
that the complex form by FtsL, DivIB, DivIC and PBP2B during the asym-
metric division might to be involved in the regulation of the hydrolysis of 
the asymmetric septum formed during B. subtilis sporulation49.

The two major hydrolytic enzymes in B. subtilis, CwlO and LytE, are un-
der the regulation of the two-component system WalRK40 which is known 
to interact with PBP2B50. Under normal conditions, the expression of CwlO 
is higher than LytE. However, during cell wall stress such as heat, the ex-
pression of LytE is higher than CwlO40 and LytE becomes essential42 simi-
lar to PBP2B PASTA domains. LytE expression was checked using zymo-
grams. The PBP2B ∆PASTA strain at 30 °C did not show a large difference 
compare with wild-type. Expression of LytE at high temperatures on PBP2B 
∆PASTA strain remains to be tested. Surprisingly, a unique band present in 
the PBP2B ∆PASTA strain was observed. According to the molecular weight, 
our closest candidate is PhoD, an alkaline phosphatase/phosphodiester-
ase which has pre-protein form with a weight of 62.7 kDa and protein of 
56.6 kDa51. Determining the identity of the hydrolase still needs to be done 
and then, define which regulation pathway is affected to allow the expres-
sion of this hydrolase in the absence of PBP2B PASTA domains.

There is still work to do to understand the precise function of PBP2B 
PASTA domains. However, the present chapter shows evidence that PBP2B 
PASTA domains might be involved in the interaction of PBP2B with DivIB. 
Possibly, the elongated phenotype and heat sensitivity that the PBP2B 
∆PASTA strain presents are a consequence of the reduction in the interac-
tion between PBP2B and DivIB. 
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SUMMARY 

The study of microorganisms started more than 300 years ago with the ob-
servations performed by Antoni van Leeuwenhoek with a microscope built 
by himself. Since then, our knowledge of bacteria has grown exponentially. 
However, there are still many puzzles in the bacterial domain that need to 
be solved. For instance, one of the major challenges of microbiology is to 
understand how bacteria acquire their shape. This research topic provides 
fundamental insights that help to develop strategies to combat microbial 
infections and to find alternatives to face the increase of antimicrobial resis-
tance. This thesis contributes to this knowledge by focusing on the study of 
the cell wall of the Gram-positive rod shaped bacterium Bacillus subtilis.

Bacterial shape is determined by a big polymer mesh know as cell wall. 
Besides determining cell shape, the cell wall is also important to counter 
osmotic changes and to serve as initial barrier against the environment. The 
cell wall is mainly composed of peptidoglycan (PG), a polymer composed 
of disaccharide units (N-acetylglucosamine (GlcNAc) and N-acetyl-muramic 
acid (MurNAc)) and a pentapeptide stem (L-Ala-γ D-Glu-m-DAP-D-Ala-D-
Ala)1. In chapter 1, we have a deeper look into each step of PG synthesis, but 
also to the synthesis of other cell wall polymers — teichoic and teichuronic 
acids- and the protein components that synthesize the cell wall.

B. subtilis cell wall synthesis is considered to be performed by two ma-
chineries, one at the division site and other at the lateral wall, the divisome 
and the elongasome, respectively. Two theories of how the components of 
these machineries positioned correctly have been proposed. One of the the-
ories proposes that the localization of components depends on the cytoskel-
etal proteins FtsZ (for the divisome) and MreB (for the elongasome)1. In 
contrast, a second theory called substrate localization, suggests that Lipid II, 
the PG building block which localizes in the membrane, is the main factor 
responsible for the localization of the machinery2. In order to explore the 
second theory, other groups have either inhibited Lipid II synthesis or mu-
tated the Lipid II binding site in cell wall synthesis proteins, and analyzed 
the effect of the components of the cell wall machinery. We followed a dif-
ferent approach by modifying the localization of Lipid II with the help of the 
lantibiotic nisin. Nisin has two main mechanisms of action that depend on 
the binding of nisin to Lipid II3 — pore formation and inhibition of PG syn-
thesis. Nisin forms pores by creating a complex with Lipid II4–6. On the other 
hand, nisin blocks PG synthesis in two different ways, by binding to Lipid II 
and consequently blocking the further steps on cell wall synthesis (occlu-
sion)7 or by delocalizing Lipid II from its original position by making cluster 
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(clustering)8. Forming pores collapses the membrane potential and conse-
quently the localization of many membrane proteins9 is affected. Previously, 
PP-nisin (N20P/M21P) was used to show that PBP2a and PBPH localiza-
tion is determined by Lipid II, in line with the substrate localization theory10. 
Unfortunately, the study was not extended to other PBPs as the localization 
of many PBPs was affected by the collapse of the membrane potential (see 
introductory note). Therefore in chapter 2, we focused on trying to find a 
nisin-derivative with the ability to delocalized Lipid II without affecting the 
membrane potential.

Studying nisin derivatives to study Bacillus cell wall

The nisin derivatives studied in chapter 2 have been reported as lantibiot-
ics that do not form pores in the membrane (PP-nisin (N20P/ M21P) and 
ΔΔ-nisin (ΔN20/ΔM21)6,11), or as a lantibiotic that  lacks the capacity to dis-
sipate membrane potential (nisin 1–22 (ΔT23-K34))12. These characteristics 
made PP-nisin, ΔΔ-nisin and nisin 1–22 candidate lantibiotics to make clus-
ters of Lipid II without affecting the membrane potential. 

Our results show that PP-nisin and ΔΔ-nisin are able to delocalize lipid 
II into clusters, depolarize the membrane and form pores in live cells, al-
though previous reports showed both derivatives cannot form pores in gi-
ant unilamellar vesicles (GUVs)8,11. These results are interesting as they 
are a clear example that the outcome of in vivo and in vitro experiments 
can be different. Apparently, in the live system there are other factors that 
influence membrane stability and which are essential to take into account 
to have a complete picture of biological processes. Nisin 1–22 is not able 
to cluster Lipid II and interestingly, it does not depolarize the membrane, 
but it is still able to form pores. This led us to test if nisin 1–22 was able to 
produce potassium efflux, which is closely related to membrane depolar-
ization and pore formation. Nisin 1–22 failed to produce potassium efflux, 
suggesting that nisin 1–22 can form pores but not to the point to affect 
membrane potential — indicating that the pores are probably transient 
and ‘repaired’ by the cell.

To get more insight into the mechanism of action of nisin, L-forms were 
used to determine if pore formation or inhibition of PG is the main mech-
anism of action of each nisin derivative. L-forms are bacteria which lack a 
cell wall13, therefore antibiotics that inhibit only PG synthesis should not 
affect them. Our results suggest that PP-nisin and ΔΔ-nisin kill mainly by 
pore formation as similar MIC (minimal inhibitory concentration) values 
for L-forms were obtained as for normal PG containing cells. In contrast, 

nisin 1–22 was less efficient in killing L-forms indicating that the antibiotic 
activity of nisin 1–22 is mainly the result of inhibition of PG synthesis by oc-
clusion. Our results suggest that the cluster formation of Lipid II and nisin 
(and its derivatives) is correlated with membrane depolarization. 

Bacillus cell wall composition

The recent development of fluorescent D-amino acid analogues (FDAAs) 
that can be incorporated into the pentapeptide stem of PG has revolution-
ized the study of bacterial cell wall synthesis14. FDAAs allow us to visualize 
PG synthesis and incorporation into the wall without affecting the process 
(whereas other probes generally inhibit synthesis). An example of the im-
pact of FDAAs is the discovery that Planctomycetes and Chlamydiae, bacteria 
that were thought to lack PG, possess a functional cell wall15,16.

The diversity of bacterial cell shapes is achieved by bacteria that all use 
the same building block, Lipid II. Thus, incorporation of this building block 
must be done in chemically different ways (crosslinking degree, length of 
glycan chains, types of crosslink) in order to allow the different structures 
of the poles, the division site and the lateral wall, which all differ in curva-
ture. In chapter 3, we looked into the differences in the PG composition on 
B. subtilis cell wall taking advantage of fluorescent D-amino acid analogue 
(FDAA) HCC-amino-D-alanine (HADA)14 in combination with microscopy. 
We used microscopy to analyze the effects of antibiotics that block different 
steps of PG synthesis. Then PG was labelled with a fluorescent analogue 
of vancomycin (Van-FL)17 or HADA14, that both label the 5th position in the 
stem peptide and thus label Lipid II as well as uncross-linked or unpro-
cessed PG. In order to distinguish between Lipid II and uncross-linked PG, 
we isolated the cell wall and checked if the fluorescence was retained. Our 
results show that the division site, in contrast to the rest of the cell, is en-
riched with PG where the last D-Ala has not been cleaved. This is the first 
time a clear difference in PG composition between the division site and the 
lateral wall was reported in B. subtilis.

We hypothesized that unprocessed material at the division septum might 
act as marker for PBP2B localization. PBP2B is an essential transpeptidase 
that localizes at the division site18. PBP2B contains two PASTA (Penicillin-
binding protein And Serine-Threonine kinase Associated) domains in the 
C-terminus which have been associated with PG binding19. Furthermore, 
the deletion of the PASTA domains of Streptococcus pneumoniae PBP2X 
(the S. pneumoniae PBP2B homologue) abolishes PBP2X septal localization. 
We created two GFP versions of PBP2B, an inactive version (S312A) and 
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a version with a deletion of the PASTA domains. Neither of the mutants 
showed effects on localization. Interestingly, we showed that the inactive 
version of PBP2B was viable, indicating that the essentiality of PBP2B is not 
due to its enzymatic activity. We also noticed that PBP2B ∆PASTA strain 
cell were elongated. This observation led us to study the function of PBP2B 
PASTA domains in more detail (chapter 4).

PBP2B PASTA domains

PASTA domains are short domains with a conserved secondary structure, 
but not a conserved sequence. They are present only in Gram-positive bacte-
ria in PBPs and in eukaryotic-like serine threonine kinases (eSTKs)19. Many 
functions have been attributed to the PASTA domains, but there is no con-
sensus on the function of the domains, as specific PASTA domains have 
been shown to have specific functions such as PG binding and allosteric pro-
tein activation, spacer functions, or interaction domains for other proteins. 
Specifically, the PBP2B PASTA domains have not been studied previously.

PBP2B has two PASTA domains at the C-terminus that under normal 
growth conditions are not essential, but do have an impact on cell length as 
we showed in chapter 4. After confirming the elongation defect of a PBP2B 
∆PASTA strain, we noticed that PBP2B PASTA domains become essential 
during heat stress. This is a specific feature of the PBP2B PASTA domains 
as exchanging the PASTA domains with PASTA domains from other B. 
subtilis proteins did not fully complement the function. We hypothesized 
that the defects presented in PBP2B ∆PASTA could be due to two different 
reasons: (1) PBP2B ∆PASTA is less stable than PBP2B and (2) deletion of 
the PASTA domains has an effect on the interactions of PBP2B with other 
proteins. Our results show that PBP2B and PBP2B ∆PASTA have similar 
stabilities eliminating the first hypothesis. Interestingly, two-hybrid anal-
ysis revealed that the interaction between PBP2B ∆PASTA and DivIB is 
hampered. This result is in agreement with the phenotype of ∆divIB strain 
which shares the elongated phenotype and sensitivity to high temperatures. 
Our results indicate that the function of the PBP2B PASTA domains is to 
mediate the interaction with DivIB. 

CONCLUSIONS AND FUTURE PERSPECTIVE

The work in this thesis contributes to the knowledge in three main top-
ics: (1) the mechanism of action of lantibiotics, (2) Bacillus subtilis cell wall 

composition and  (3) the function of the transpeptidase PBP2B. However, 
there is still a lot of work that needs to be performed to fully understand the 
complexity of the cell wall synthesis process.

In chapter 2, we tried to find a nisin derivative to use it as a tool for our 
research. This search led to a detailed exploration of the mechanism of ac-
tion of these nisin derivatives. Understanding the mechanism of action of 
lantibiotics and antibiotics is necessary in the fight against bacterial infec-
tions and to help the development of derivatives and new drugs. Importantly, 
the work in this chapter showed that testing membrane activity of peptides 
needs to be performed in the context of membranes or vesicles derived from 
live cells rather than synthetic vesicles, and this insight is currently used to 
test other antibacterial peptides.

Techniques such as microscopy and mass spectrometry have contributed 
to the study of the bacterial cell wall. Mass spectrometry has allowed the 
complete composition of Bacillus cell wall to be analyzed20, but it cannot 
determine which muropeptides comes from the division site, lateral wall 
or poles. In chapter 3, we used microscopy in combination with FDAAs to 
demonstrate that the Bacillus division site is enriched in unprocessed pen-
tapeptide. More studies are required to determine why the Bacillus division 
site has this particular composition. A possibility is that these pentapeptides 
are related to a structural-mechanical process important for division or that 
they might serve as a signal to regulate localization or activity of some pro-
teins. It is important to remark that our results only show the part of mur-
opeptide that keeps HADA in the stem peptide - it is highly likely that the 
division site is also composed of muropeptides with crosslinked peptide or 
where the last D-Ala has been removed. The use of fluorescent di-peptides 
and click chemistry in combination with microscopy and mass spectrome-
try will allow further exploration of the cell wall composition.

After studying septal cell wall composition, we focused on one of the 
main enzymes involved with PG synthesis, the essential transpeptidase 
PBP2B. PBP2Bs’ transpeptidase activity was been shown to be not crucial 
for Bacillus viability21,22. However, its PASTA domains seem to have a role 
during cell division. Bacterial two hybrid assays revealed that the PBP2B 
PASTA domains are likely to be involved in the interaction of PBP2B with 
DivIB. Future experiments could include further exploration of the inter-
action between PBP2B and DivIB by co-immunoprecipitation. In addition, 
mutations (V165E or D213N) on the dimerization domain of PBP2B have 
been reported to overcome the heat defect in the absence of DivIB23. These 
mutations could be introduced into PBP2B ∆PASTA to test if the heat de-
fect is still present. An alternative to get more insight into the function of 
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PBP2B PASTA domains is to try to isolate heat-resistant suppressors of 
PBP2B ∆PASTA. Another area that can be investigated is the effect of the 
deletion of the PASTA domains during sporulation.

Finally, it will be interesting to understand why the observations made for 
PBP2X, the S. pneumoniae homologue of PBP2B, are not in agreement with 
what we observed with PBP2B, and whether the PBP2B PASTA domains 
can also act as allosteric sites to promote transpeptidation activation. Also, 
it is not yet clear why the deletion of PBP2B PASTA domains produces heat 
sensitive cells. 

Summarizing, this thesis succeeded in increasing the general knowledge 
of B. subtilis cell wall synthesis, but also opens new interesting research 
lines on Bacillus and the bacterial cell wall. 
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NEDERLANDSE SAMENVATTING

Het bestuderen van micro-organismen begon al meer dan 300 jaar geleden 
met de observaties van Antoni van Leeuwenhoek met zijn eigengemaakte 
microscoop. Sindsdien is onze kennis over bacteriën exponentieel gegroeid. 
Echter, er zijn nog steeds veel puzzels te vinden in het bacteriële domein die 
moeten worden opgelost. Zo is het bijvoorbeeld één van de grootste uitdagin-
gen om te begrijpen hoe bacteriën aan hun vorm komen. Dit onderzoekson-
derwerp biedt fundamentele inzichten die bijdragen aan het ontwikkelen 
van strategieën tegen microbiële infecties en bij het vinden van alternatieven 
die gericht zijn tegen de toename van de antimicrobiële resistentie. 

Dit proefschrift draagt bij aan deze kennis door te focussen op het bestud-
eren van de celwand van de Grampositieve staafvormige bacterie Bacillus 
subtilis. De bacteriële vorm wordt bepaald door een groot polymeer raster-
werk, bekend als de celwand. Behalve het bepalen van de celvorm, is de cel-
wand ook belangrijk voor het opvangen van osmotische veranderingen en 
dient het als eerste barrière tegen de omgeving. De celwand bestaat voor-
namelijk uit peptidoglycaan (PG), een polymeer opgebouwd uit een disac-
charide gevormd door de suikers N-acetylglucosamine (GlcNAc) en N-acetyl-
muraminezuur (MurNAc), waaraan een pentapeptide “stam” is gekoppeld 
(L-Ala-γ D-Glu-m-DAP-D-Ala-D-Ala)1. De pentapeptide stam kan aan een an-
dere pentapeptide gekoppeld worden, waardoor de suikerketens aan elkaar 
worden gekoppeld.  In hoofdstuk 1, gaan we dieper in op elke stap van de 
PG synthese, maar ook op de synthese van de andere celwandpolymeren — 
zoals teichoïnezuren, en de eiwitcomponenten die de celwand maken.

Er wordt algemeen verondersteld dat de B. subtilis celwandsynthese wordt 
uitgevoerd door twee machineriën, één op de celdelingplaats en de andere 
aan de zijkant van de cel, respectievelijk het divisoom en het elongasoom. 
Er zijn twee theorieën over hoe de componenten van deze machineriën de 
juiste plaats in de cel vinden. De eerste theorie stelt dat de lokalisatie van 
de componenten afhangt van de ‘cytoskelet’eiwitten FtsZ (voor het divi-
soom) en MreB (voor het elongasoom)1. De tweede theorie, genaamd sub-
straat lokalisatie theorie, stelt dat lipide II, the PG bouwsteen gelegen in de 
membraan, de belangrijkste factor is die verantwoordelijk is voor de loka-
lisatie van de machinerie2. Om  de tweede theorie te onderzoeken hebben 
andere groepen de lipide II synthese geblokkeerd of de lipide II binding-
splaats van celwandsynthetiserende eiwitten gemuteerd om zo het effect 
van de celwandcomponenten te analyseren. Wij hadden een andere aanpak 
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door de lokalisatie van lipide II te veranderen door middel van het lantibi-
oticum nisine. Nisine heeft twee belangrijke werkingsmechanismen die af-
hankelijk zijn van de binding tussen nisine en lipide II3: porie vorming en 
het blokkeren van de PG synthese. Nisine vormt poriën door het vormen 
van een complex met lipide II4-6. Nisine kan ook de PG synthese blokkeren, 
op twee verschillende manieren. Nisine kan lipide II binden waardoor de 
reactive groep van lipide II voor verdere celwandsynthese stappen geblok-
keerd is (“blokkering”)7. Nisine kan ook clusters vormen van lipide II die 
zich niet bevinden op de normale plaats van PG synthese waardoor de cel 
geen complete wand maakt (“clustering”)8. Door het vormen van poriën 
verdwijnt de membraanpotentiaal met als gevolg dat de lokalisatie van veel 
membraaneiwitten9 wordt beïnvloed. Eerder werd PP-nisine (N20P/N21P) 
gebruikt om te laten zien dat de lokalisatie van PBPB2a en PBPH wordt 
bepaald door lipide II. Dit is in lijn met de substraat lokalisatie theorie10. 
Helaas kon deze studie niet worden uitgebreid met andere PBPs, of bi-
jvoorbeeld MreB, omdat de lokalisatie van veel eiwitten wordt beïnvloed 
door het verdwijnen van de membraanpotentiaal (zie ook de introductie). 
Daarom werd er in hoofdstuk 2 geprobeerd om een nisine-derivaat te vin-
den dat vermogen heeft om lipide II te delokaliseren zonder dat de mem-
braanpotentiaal wordt aangetast. 

Het bestuderen van nisine derivaten om de Bacillus celwand te 
onderzoeken

De nisine derivaten die onderzocht zijn in hoofdstuk 2 zijn eerder bes-
chreven als lantibiotica die geen poriën kunnen vormen in de membraan 
(PP-nisin (N20P/ M21P) en ΔΔ-nisin (ΔN20/ΔM21)6,11), of als lantibiotica die 
geen effect hebben op de membraan potentiaal (nisine 1–22 (ΔT23-K34))12. 
Deze eigenschappen maken PP-nisine, ΔΔ-nisine en nisine 1–22 kandidaat 
lantibiotica die clusters zouden kunnen maken van lipide II zonder dat de 
membraanpotentiaal wordt aangetast. Onze resultaten lieten echter zien dat 
PP-nisine en ΔΔ-nisine lipide II kunnen clusteren maar tegelijk de mem-
braanpotentiaal opheffen en poriën vormen in levende cellen. Dit was in 
tegenstelling tot eerdere resultaten die aangaven dat beide varianten geen 
poriën kunnen vormen in gigantische unilamellaire vesikels (GUVs)8,11. 
Deze resultaten zijn een duidelijk voorbeeld zijn van verschillende uitkom-
sten tussen in vitro en in vivo experimenten. Blijkbaar zijn er in het levende 
systeem andere factoren die invloed hebben op de membraanstabiliteit 
en waar rekening mee gehouden moeten worden omdat ze essentieel zijn 
voor het complete plaatje van biologische processen. Nisine 1–22 kan geen 

lipide  II clusters vormen. Interessant is dat het niet de membraan depola-
riseert, maar wel poriën vormt. Dit leidde tot het testen of nisine 1–22 een 
kalium uitstroom kon produceren. Dit is namelijk gerelateerd aan depolar-
isatie en porie formatie. Nisine kon geen kalium uitstroom produceren, dit 
veronderstelt dat nisine 1–22 wel poriën kan vormen, maar dat die niet de 
membraanpotentiaal verstoren. Dit duidt mogelijk op dat er wel kortstondige 
poriën worden gevormd die vervolgens ‘gerepareerd’ worden door de cel.

Om meer inzicht te krijgen in het werkingsmechanisme van nisine, worden 
er L-vormen gebruikt om zo te bepalen of porie formatie of  PG remming 
het belangrijkste werkingsmechanisme is van elk van de nisine-derivaten. 
L-vormen zijn bacteriën die geen celwand hebben13, daarom zullen antibiot-
ica die alleen de PG synthese remmen geen effect hebben op deze bacteriën. 
Onze resultaten suggereren dat PP-nisine en ΔΔ-nisine doden voornamelijk 
door porie formatie, omdat de MIC (minimale remmende concentratie) 
waarden voor zowel L-vormen als voor normale PG-bevattende cellen het-
zelfde zijn. Dit in tegenstelling tot nisine 1–22 dat minder efficiënt blijkt te 
zijn bij het doden van L-vormen. Dit duidt erop dat de antibiotica activiteit 
van nisine 1–22 voornamelijk het resultaat is van het blokkeren van PG syn-
these. Onze resultaten suggereren dat cluster vorming formatie van lipide II 
met nisine (varianten) is gecorreleerd met membraan depolarisatie.

De samenstelling van de Bacillus celwand

De recente ontwikkeling van fluorescente D-aminozuur analogen (FDAAs), 
die geïntegreerd kunnen worden in de pentapeptidestam van PG, heeft 
geleid tot baanbrekende studies naar de celwandsynthese. FDAAs maken 
het mogelijk om PG synthese te visualiseren, zonder dat het synthesepro-
ces wordt beïnvloed, zoals andere probes die meestal de synthese blokkeren. 
Een voorbeeld van de impact van FDAAs is de ontdekking dat — anders 
dan eerder gedacht — Planctomycetes en Chlamydiae wel een functionele cel-
wand hebben met PG15,16.

De diverse bacteriële celvormen komen allemaal tot stand door dezelfde 
bouwsteen: lipide II. Echter, omdat deze bouwsteen op verschillende manie-
ren ingebouwd kan worden (mate van crosslinken, lengte van glycaanketen, 
type van crosslinken) kunnen de verschillende structuren van de polen, del-
ingsplaatsen en laterale wand, met allemaal een andere kromming, gevormd 
worden. In hoofdstuk 3 kijken we naar de verschillen in de samenstelling 
van PG in de B. subtilis celwand door gebruik te maken van de fluorescente 
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D-aminozuuranaloog (FDAA) HCC-amino-D-alanine (HADA)14, in combi-
natie met microscopie. Eerst gebruiken we microscopie om de effecten van 
antibiotica die verschillende PG synthese stappen blokkeren te analyseren. 
Vervolgens werd PG gelabeld met de fluorescente analoog van vancomycine 
(Van-FL)17 of HADA14. Beide labellen de vijfde positie van de stampeptide en 
dus zowel lipide II als ook de ongecrosslinkte en ongemodificeerde PG. Om 
onderscheid te maken tussen lipide II en ongecrosslinkt PG isoleerden we 
de celwand en checkten we of de fluorescentie was behouden. Onze resul-
taten laten zien dat de delingsplaats in tegenstelling tot de rest van de cel 
verrijkt is met PG waarvan de laatste D-Ala niet is verwijderd. Dit is de eerste 
keer dat er een duidelijk onderscheid is waargenomen in de PG samen-
stelling tussen de delingsplaats en de laterale wand in B. subtilis. 

Wij veronderstelden dat het ongeknipte materiaal bij de delingsseptum wel-
licht dient als marker voor PBP2B lokalisatie. PBP2B is een essentiële trans-
peptidase die lokaliseert op de delingsplaats. PBP2B heeft twee PASTA (PBP 
en Serine-Threonine kinase geassocieerde) domeinen aan de C-terminus. 
Sommige PASTA domeinen kunnen PG-binden19, en de deletie van de 
PASTA domeinen van Streptococcus pneumoniae PBP2X (een homoloog van 
PBP2B) leidt tot het verdwijnen van PBP2x van de delingssite. Wij creëerden 
twee GFP versies van PBP2B, een inactieve versie (S312A) en een versie met 
een deletie van de PASTA domeinen. Geen van beide mutanten hadden ef-
fect op de lokalisatie. Interessant was wel dat we lieten zien dat de inactieve 
versie van PBP2B levensvatbaar was — dus dat PBP2B nodig is voor het 
overleven van de cel komt niet door de enzymatische activiteit. We stelden 
ook vast dat de PBP2B ∆PASTA cellen langer dan normale cellen waren. 
Deze interessante observatie leidde tot het verder bestuderen van de functie 
van PBP2B PASTA domeinen (hoofdstuk 4). 

PBP2B PASTA domeinen

PASTA domeinen zijn kleine (60–70 aminozuren) domeinen met een ge-
conserveerde secundaire structuur, maar zonder geconserveerde sequentie. 
Zij zijn alleen aanwezig in PBPs en in serine threonine kinases (eSTKs) van 
Grampositieve bacteriën19. Veel functies zijn toegeschreven aan de PASTA 
domeinen, maar er is geen consensus over de functie van de domeinen. 
Specifieke PASTA domeinen blijken verschillende specifieke functies te 
hebben, zoals PG binding, allosterische eiwitactivatie, spacer functies, of in-
teractie domeinen met andere eiwitten. De PBP2B PASTA domeinen zijn 
nog niet eerder bestudeerd.

PBP2B heeft twee PASTA domeinen aan de C-terminus die onder normale 
groeicondities niet essentieel zijn, maar ze hebben wel invloed op de cel-
lengte zoals we dat laten zien in hoofdstuk 4. Na de bevestiging dat cellen 
van de PBP2B ΔPASTA stam langer zijn dan wild type cellen, zagen we dat 
de PBP2B PASTA domeinen wel essentieel zijn tijdens hitte stress. Dit is 
een specifieke eigenschap van deze PBP2B PASTA domeinen, aangezien 
het vervangen van de PASTA domeinen voor andere PASTA domeinen 
van andere B. subtilis eiwitten deze functie niet volledig vervangen. We 
veronderstellen dat het defect zoals dat aanwezig is in de PBP2B ΔPASTA 
stam twee redenen kan hebben: (1) PBP2B ΔPASTA is minder stabiel dan 
de PBP2B en (2) de deletie van de PASTA domeinen kan een effect hebben 
op de PBP2B interactie met andere eiwitten. Onze resultaten laten zien dat 
PBP2B and PBP2B ΔPASTA dezelfde stabiliteit hebben, dus dat elimineert 
de eerste veronderstelling. Interessant is wel dat een two-hydrid analyse laat 
zien dat de interactie tussen PBP2B ΔPASTA en DivIB minder sterk is dan 
die tussen PBP2B en DivIB. Dit resultaat is in overeenkomst met het feno-
type van de ΔdivIB stam waarvan de cellen ook langer zijn en die gevoelig 
is voor hoge temperaturen. Onze resultaten duiden op een functie van de 
PBP2B PASTA domeinen door middel van een interactie met DivIB.

CONCLUSIES EN TOEKOMSTIG PERSPECTIEF

Het werk in dit proefschrift draagt bij aan de kennis over drie verschillende 
onderwerpen: (1) het werkingsmechanisme van lantibiotica, (2) de Bacillus 
subtilis celwand samenstelling en (3) de functie van transpeptidase PBP2B. 
Echter, er is nog wel veel werk dat gedaan moet worden om de complexiteit 
van de celwandsynthese volledig te kunnen begrijpen.

In hoofdstuk 2 hebben we geprobeerd om een nisine derivaat te gebruiken 
als middel voor ons onderzoek. Dit onderzoek leidde tot gedetailleerd speu-
rwerk naar de onderliggende mechanismen van nisine derivaten. Het begri-
jpen van de werking van lantibiotica en antibiotica is nodig om te vechten 
tegen bacteriële infecties en draagt bij aan de ontwikkeling van nieuwe 
derivaten en medicijnen. Belangrijk is dat dit werk laat zien dat het testen 
van de membraanactiviteit van peptiden moet worden uitgevoerd in de con-
text van membranen of vesikels van echte cellen in plaats van synthetische 
vesikels. Dit inzicht wordt momenteel gebruikt om andere antibacteriële 
peptiden te testen.  
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Technieken zoals microscopie en massa spectroscopie dragen bij aan het 
bestuderen van de bacteriële celwand. Massa spectroscopie maakt het mo-
gelijk om de gehele samenstelling van de Bacillus celwand te analyseren20, 
maar kan niet bepalen welke muropeptiden er precies op de delingsplaats, 
laterale wand of polen aanwezig zijn. In hoofdstuk drie, gebruiken we mi-
croscopie in combinatie met FDAAs om te laten zien dat de Bacillus deling-
splaats verrijkt is met pentapeptide. Verdere studies zijn nodig om te bep-
alen waarom de Bacillus delingsplaats deze specifieke samenstelling precies 
heeft. Een mogelijkheid is dat de pentapeptides gerelateerd zijn aan een 
structureel-mechanisch proces dat belangrijk is voor de deling of dat wel-
licht kan dienen als een signaal om lokalisatie en bepaalde eiwitactiviteit te 
reguleren. Het is belangrijk om op te merken dat onze resultaten alleen het 
deel van de muropeptide laten zien dat HADA heeft op de stampeptide. Het 
is zeer mogelijk dat de celdelingsplaats ook bestaat uit muropeptides die 
gecrosslinkte peptide of waarvan de laatste D-Ala is verwijderd. Het gebruik 
van fluorescente di-peptides en click chemie in combinatie met microsco-
pie en massa spectrometrie maakt het mogelijk om de celwand verder te 
onderzoeken.

Na het bestuderen van de septale celwand samenstelling, hebben we gefo-
cust op één belangrijk enzym dat betrokken is bij PG synthese; de essentiële 
transpeptidase PBP2B. Er is aangetoond dat PBP2B transpeptidase activiteit 
niet cruciaal is voor levensvatbaarheid van Bacillus21,22. Echter de PASTA do-
meinen lijken een rol te hebben tijdens de celdeling. Bacteriële two-hybrid 
analyse onthult dat de PBP2B PASTA domeinen waarschijnlijk betrokken 
zijn bij de interactie tussen PBP2B met DivIB. Toekomstige experimenten 
zullen deze interactie tussen PBP2B en DivIB verder moeten nagaan door 
middel van co-immunoprecipitatie. Daarnaast is er eerder aangetoond dat 
mutaties (V165E of D213N) in het dimerisatiedomein van PBP2B in staat 
zijn de hittegevoeligheid van een divIB mutant op te heffen23. Deze mu-
taties kunnen geïntroduceerd worden in PBP2B ΔPASTA om te testen of 
het hitte defect nog steeds aanwezig is. Een andere manier om meer inzicht 
te krijgen in de functie van PBP2B PASTA domeinen is om hitte-resistente 
remmers van PBP2B ΔPASTA te isoleren. Een andere mogelijke richting 
is om het effect van de deletie van PASTA domeinen tijdens sporulatie te 
onderzoeken. 

Ten slotte, het zal interessant zijn om te onderzoeken waarom de obser-
vaties van PBP2X, de PBP2B S. pneumoniae homoloog, niet in overeenstem-
ming zijn met wat we observeerden met PBP2B. En ook of de PBP2B PASTA 

domeinen ook als allosterische plaatsen kunnen dienen om transpeptidatie 
te bevorderen. Daarnaast is het nog niet duidelijk waarom de deletie van de 
PASTA domeinen zulke hittegevoelige cellen opleveren. 

Samenvattend, dit proefschrift is geslaagd in het uitbreiden van onze al-
gemene kennis over de B. subtilis celwand, maar opent ook nieuwe interes-
sante onderzoeksrichtingen in Bacillus en de bacteriële celwand. 

REFERENCES

1. Typas, A., Banzhaf, M., Gross, C. A. & Voll-
mer, W. From the regulation of peptidogly-
can synthesis to bacterial growth and mor-
phology. Nat. Rev. Microbiol. 10, 123–136 
(2012).

2. Scheffers, D.-J. & Pinho, M. G. Bacterial 
cell wall synthesis: new insights from lo-
calization studies. Microbiol. Mol. Biol. Rev. 

MMBR 69, 585–607 (2005).
3. Willey, J. M. & Donk, W. A. van der. Lan-

tibiotics: peptides of diverse structure 
and function. Annu. Rev. Microbiol.  61, 
477-501(2007). 

4. Brötz, H.,  Josten, M.,  Wiedemann, 
I.,  Schneider, U.,  Götz, F.,  Bierbaum, G. 
& Sahl, H. G.. Role of lipid-bound peptido-
glycan precursors in the formation of pores 
by nisin, epidermin and other lantibiotics. 
Mol. Microbiol. 30, 317–327 (1998).

5. Breukink, E., Wiedemann, I., van Kraaij, C., 
Kuipers, O. P., Sahl, H. G. & de Kruijff, B. 
Use of the cell wall precursor lipid II by a 
pore-forming peptide antibiotic. Science 
286, 2361–2364 (1999).

6. Hasper, H. E., de Kruijff, B. & Breukink, 
E. Assembly and stability of nisin-lipid II 
pores. Biochemistry (Mosc.) 43, 11567–11575 
(2004).

7. Bonev, B. B., Breukink, E., Swiezewska, E., 
De Kruijff, B. & Watts, A. Targeting extra-
cellular pyrophosphates underpins the high 
selectivity of nisin. FASEB J. Off. Publ. Fed. 

Am. Soc. Exp. Biol. 18, 1862–1869 (2004).
8. Hasper, H.E., Kramer, N. E., Smith, J. L., 

Hillman, J. D., Zachariah, C., Kuipers, O. 
P., de Kruijff, B. & Breukink, E. An alter-
native bactericidal mechanism of action for 
lantibiotic peptides that target lipid II. Sci-

ence 313, 1636–1637 (2006).

9. Strahl, H. & Hamoen, L. W. Membrane po-
tential is important for bacterial cell divi-
sion. Proc. Natl. Acad. Sci. 107, 12281–12286 
(2010).

10. Lages, M. C. A., Beilharz, K., Morales An-
geles, D., Veening, J.-W. & Scheffers, D.-J. 
The localization of key Bacillus subtilis pen-
icillin binding proteins during cell growth 
is determined by substrate availability. En-

viron. Microbiol. 15, 3272–3281 (2013).
11. Wiedemann, I., Breukink, E., van Kraaij, 

C., Kuipers, O. P., Bierbaum, G., de Krui-
jff, B. & Sahl H. G. specific binding of nisin 
to the peptidoglycan precursor lipid II com-
bines pore formation and inhibition of cell 
wall biosynthesis for potent antibiotic activ-
ity. J. Biol. Chem. 276, 1772–1779 (2001).

12. Rink, R., Wierenga, J., Kuipers, A., Klus-
kens, L. D., Driessen, A. J., Kuipers, O. P., 
& Moll, G. N. Dissection and modulation of 
the four distinct activities of nisin by mu-
tagenesis of rings A and B and by C-termi-
nal truncation. Appl. Environ. Microbiol. 73, 
5809–5816 (2007).

13. Leaver, M., Domínguez-Cuevas, P., Cox-
head, J. M., Daniel, R. A. & Errington, J. 
Life without a wall or division machine in 
Bacillus subtilis. Nature 457, 849–853 (2009).

14. Kuru, E., Hughes, H. V., Brown, P. J., Hall, 
E., Tekkam, S., Cava, F., de Pedro, M. A., 
Brun, Y. V. & VanNieuwenhze, M. S.In 
Situ Probing of Newly Synthesized pepti-
doglycan in live bacteria with fluorescent 
D-amino acids. Angew. Chem. Int. Ed. 51, 
12519–12523 (2012).

15. Liechti, G. W., Kuru, E., Hall,  E., Ka-
linda,  A., Brun,  Y. V., VanNieuwen-
hze, M. & Maurelli, A. T. A new meta-
bolic cell-wall labelling method reveals 



CHAPTER 5: ResumenCHAPTER 5: References174 175

peptidoglycan in Chlamydia trachomatis. 
Nature, 506, 507–510 (2013).

16. van Teeseling, M. C. F., Mesman, R. J., 
Kuru, E., Espaillat, A., Cava, F.,. Brun, Y. 
V, VanNieuwenhze, M. S., Kartal, B.& van 
Niftrik, L. Anammox Planctomycetes have 
a peptidoglycan cell wall. Nat. Commun. 6, 
6878 (2015).

17. Daniel, R. A. & Errington, J. Control of cell 
morphogenesis in bacteria: two distinct 
ways to make a rod-shaped cell. Cell 113, 
767–776 (2003).

18. Scheffers, D.-J., Jones, L. J. F. & Errington, 
J. Several distinct localization patterns for 
penicillin-binding proteins in Bacillus subti-

lis. Mol. Microbiol. 51, 749–764 (2004).
19. Yeats, C., Finn, R. D. & Bateman, A. The 

PASTA domain: a β-lactam-binding do-
main. Trends Biochem. Sci. 27, 438–440 
(2002).

20. Atrih, A., Bacher, G., Allmaier, G., William-
son, M. P. & Foster, S. J. Analysis of pep-
tidoglycan structure from vegetative cells 
of Bacillus subtilis 168 and role of PBP 5 in 
peptidoglycan maturation. J. Bacteriol. 181, 
3956–3966 (1999).

21.  Morales Angeles, D., Liu, Y., Hartman, A. 
M., Borisova, M., de Sousa Borges, A., de 
Kok, N., Beilharz, K., Veening J. W.,, Mayer, 
C., Hirsch, A. K. & Scheffers D.J.. Penta-
peptide-rich peptidoglycan at the Bacillus 

subtilis cell-division site. Mol. Microbiol. 104, 
319–333 (2017).

22. Sassine, J. Xu, M., Sidiq, K. R., Emmins, 
R., Errington, J. & Daniel, R. A. Functional 
redundancy of division specific penicil-
lin-binding proteins in Bacillus subtilis. Mol. 

Microbiol. 106, 304–318 (2017).
23. Daniel, R. A., Noirot-Gros, M.-F., Noirot, P. 

& Errington, J. Multiple interactions be-
tween the transmembrane division pro-
teins of Bacillus subtilis and the role of FtsL 
instability in divisome assembly. J. Bacte-

riol. 188, 7396–7404 (2006).

RESUMEN

El estudio de microorganismos comenzó hace más de 300 años con las ob-
servaciones realizadas por Antoni van Leeuwenhoek con un microscopio 
construido por él mismo. Desde entonces, el conocimiento sobre las bac-
terias ha crecido de manera exponencial. A pesar de lo anterior, el dominio 
bacteria aun tiene un abismo de misterios por resolver. Por ejemplo, uno 
de los mayores retos en microbiología es el entender como las bacterias ad-
quieren su forma. La investigación realizada en este tema brinda informa-
ción fundamental en el desarrollo de estrategias para combatir infecciones 
microbianas y para reducir el incremento de la resistencia a los antibióticos. 
Esta tesis contribuye al conocimiento sobre la forma de las bacterias enfo-
cándose en el estudio de la pared celular, tomando como organismo modelo 
a la bacteria Gram-positiva Bacillus subtilis.

La forma de las bacterias está determinada por un gran polímero conocido 
como pared celular, la cual es importante para enfrentar los cambios osmó-
ticos y sirve como barrera inicial contra el medio ambiente. La pared celular 
está compuesta principalmente por peptidoglucano (PG), un polímero com-
puesto de unidades de disacárido (N-acetil –glucosamina (GlcNAc) y ácido 
N-acetil-murámico (MurNAc)) y un pentapéptido (L-Ala-γ D-Glu-m-DAP-D-
Ala-D-Ala)1. En el capítulo 1, se describe a detalle cada paso de la síntesis de 
PG, así como la de otros polímeros de pared celular (ácidos teicoicos y áci-
dos teicurónicos) y los componentes proteicos de la pared celular. 

La pared celular de B. subtilis es sintetizada por dos maquinarias: el divi-
soma y elongasoma. El divisoma se posiciona en el sitio de división mien-
tras que el elongasoma en la pared lateral. Dos teorías han sido propues-
tas para explicar como dichas maquinarias se posicionan correctamente. La 
primera teoría propone que la posición de los miembros de la maquinaria 
depende de las proteína del citoesqueleto- FtsZ (para el divisoma) y MreB 
(para el elongasoma)1. Por otra parte, la segunda teoría conocida como “lo-
calización de sustrato” sugiere que Lípido II, la unidad de PG que se en-
cuentra en la membrana, es el factor responsable para la localización de la 
maquinaria2. Con el fin de explorar la segunda teoría, otros grupos de in-
vestigación han inhibido la síntesis de Lípido II o mutado el sitio de inte-
racción entre Lípido II y las proteínas involucradas en la síntesis de pared 
celular, para analizar los efectos en los componentes de la maquinaria de la 
pared celular. Siguiendo un enfoque diferente, nosotros modificamos la lo-
calización de Lípido II con la ayuda del lantibiótico nisina. Nisina tiene dos 
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principales mecanismos de acción y ambos dependen de la unión a Lípido 
II3: formación del poro e inhibición de la síntesis de PG. En primera ins-
tancia, nisina forma poros creando un complejo con Lípido II4–6. Por otra 
parte, nisina bloquea la síntesis de PG en dos formas diferentes, uniéndose 
a Lípido II y consecuentemente bloqueando los siguientes pasos en la sínte-
sis de la pared celular (oclusión)7 o deslocalizando a Lípido II de su posición 
original creando agregados (agrupación)8. La formación de poros colapsa 
el potencial de membrana y como consecuencia la localización de muchas 
proteínas de membrana se ve afectada9. Previamente, PP-nisina (N20P/
M21P) fue usada para demostrar que la ubicación de PBP2a y PBPH es de-
terminada por Lípido II como sugiere la teoría de localización de sustrato10. 
Desafortunadamente, el estudio no se pudo extender a otros PBPs, ya que la 
ubicación de varios PBPs es afectada por el colapso del potencial de mem-
brana (véase Introductory note). Por lo tanto, en el capítulo 2 nos enfocamos 
en encontrar un derivativo de nisina con la habilidad de deslocalizar Lípido 
II sin afectar el potencial de membrana.

Estudiando derivativos de nisina para estudiar la pared celular de 
Bacillus 

Los derivativos de nisina analizados en el capítulo 2 han sido reportados 
como lantibióticos incapaces de formar poros en las membranas (PP-
nisina (N20P/ M21P) y ΔΔ-nisina (ΔN20/ΔM21)6,11) o como lantibióticos que 
no tienen la capacidad de disipar el potencial de membrana (nisina 1–22 
(ΔT23-K34))12. Estas características hacen a PP-nisina, ΔΔ-nisina y nisina 
1–22 candidatos ideales a formar agregados de Lípido II sin comprometer 
el potencial de membrana.

Nosotros demostramos que PP-nisina y ΔΔ-nisina son capaces de deslocalizar 
Lípido II en agregados, despolarizar la membrana y formar poros en las célu-
las, a pesar de que previos reportes señalan que ambos derivativos no forman 
poros en vesículas unilamelares gigantes (GUVs, por sus siglas en inglés)8,11. 
Estos resultados son interesantes ya que muestran que los resultados de ex-
perimentos in vivo e in vitro pueden diferir. Aparentemente, en un sistema 
in vivo hay factores que influyen en la estabilidad de la membrana, los cuales 
son esenciales y se deben tomar en cuenta para tener una imagen completa 
de los procesos biológicos. Nisina 1–22 es incapaz de formar agregados de 
Lípido II e interesantemente, no despolariza la membrana, pero es capaz de 
formar poros. Estos resultados nos llevaron a verificar si nisina 1–22 es capaz 
de producir flujos de potasio, los cuales están cercanamente relacionados con 

la despolarización de la membrana y la formación de poros. Nisina 1–22 no 
fue capaz de producir flujos de potasio, lo que sugiere que nisina 1–22 puede 
formar poros, pero no al grado de afectar el potencial de membrana, indi-
cando que los poros son transitorios y reparados por la “célula”. 

Para conocer más a detalle el mecanismo de acción de nisina, las formas-L 
fueron usadas para determinar si la formación de poros o la inhibición 
de PG es el principal mecanismo de acción de cada derivativo de nisina. 
Formas-L son bacterias que carecen de pared celular13, por lo tanto los an-
tibióticos que inhiben únicamente la síntesis de pared celular no debe-
rían afectarlas. Nuestros resultados sugieren que PP-nisina y ΔΔ-nisina 
matan principalmente formando poros, ya que los valores obtenidos de 
MIC (concentración mínima inhibitoria) de las formas-L son similares a 
los de células con PG. En contraste, nisina 1–22 fue menos eficiente ma-
tando formas-L, lo que indica que la actividad antibiótica de nisina 1–22 
es mayoritariamente el resultado de la inhibición de la síntesis de PG por 
oclusión. Nuestros resultados sugieren que la formación de agregados de 
Lípido II y nisina (y sus derivativos) está correlacionada con la despolariza-
ción de membranas. 

Composición de la pared celular de Bacillus

El reciente desarrollo de análogos fluorescentes de D-amino ácidos (FDAAs, 
por sus siglas en inglés) que se incorporan en el pentapéptido de PG, ha 
revolucionado el estudio de la síntesis de la pared celular bacteriana14. Los 
FDAAs permiten visualizar la síntesis de PG y su incorporación a la pared 
sin afectar el proceso (mientras otros compuestos generalmente inhiben la 
síntesis). Un ejemplo del impacto de los FDAAs es el descubrimiento de 
la pared celular funcional en Planctomycetes y Chlamydiae, bacterias que se 
creía que carecían de PG. 15,16. 

La diversidad de formas bacterianas es lograda usando la misma unidad, 
Lípido II. Por lo tanto, la incorporación de la unidad debe ser químicamente 
diferente (grado de enlaces, largo de las cadenas de glucano, tipo de enla-
ces) para permitir las diferentes estructuras en los polos, el sitio de división 
y la pared lateral, los cuales tienen diferente curvaturas. En el capítulo 3, 
investigamos las diferencias en la composición de PG en la pared celular 
de B. subtilis utilizando el análogo fluorescente amino ácido HCC-amino-D-
alanine (HADA)14 en combinación con microscopia. Microscopia fue usada 
para analizar los efectos de antibióticos que bloquean diferentes pasos en 
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la síntesis de PG. Posteriormente, PG fue marcado con el análogo fluores-
cente de vancomicina (Van-FL)17 o con HADA14, ambos marcan la 5ta posi-
ción del pentapéptido así como Lípido II, pero no el PG enlazado. La pared 
celular fue aislada y se verificó si la fluorescencia era retenida. Nosotros de-
mostramos que el sitio de división, en contraste con el resto de la célula, 
está enriquecido con PG en donde la última D-Ala no ha sido procesada. 
Esta es la primera vez que se reporta una clara diferencia en la composición 
entre el sitio de división y la pared lateral en B. subtilis. 

Nuestra hipótesis inicial era que el material no procesado en el sitio de divi-
sión debería actuar como marcador para la localización de PBP2B. PBP2B es 
una transpeptidasa esencial que se localiza en el sitio de división18. PBP2B 
contienen dos dominios PASTA (Penicillin-binding protein And Serine-
Threonine kinase Associated, por sus siglas en inglés) en el C-terminal 
que interacciona con PG19. Además, la deleción de los dominios PASTA de 
PBP2X (homólogo de PBP2B en Strepcococcus pneumonia) en S. pneumoniae 
suprime la localización de PBP2X en el septo. Dos versiones GFP de PBP2B 
fueron creadas, una forma inactiva de PBP2B (S312A) y una versión con de-
leción de los dominios PASTA. Ninguna de las mutantes mostró efectos en 
la localización de PBP2B. Interesantemente, la versión inactiva de PBP2B es 
viable, indicando que el papel esencial de PBP2B no se debe a su actividad 
enzimática. Asimismo notamos que la cepa que expresa PBP2B ∆PASTA 
estaba elongada. Estas observaciones nos llevaron a estudiar la función de 
los dominios PASTA de PBP2B en más detalle (capítulo 4).

Los dominios PASTA DE PBP2B

Los dominios PASTA son pequeños dominios proteícos que tienen una 
estructura secundaria conservada, pero su secuencia no es conservada. Se 
encuentran presentes solamente en bacterias Gram-positivas en PBPs y en 
serina/treonina quinasa (eSTKs, por sus siglas en inglés)19. Muchas funcio-
nes han sido atribuidas a los dominios PASTA, pero no se ha llegado a un 
consenso sobre su función. En particular, se ha mostrado que los dominios 
PASTA tienen funciones como unión a PG, y como sitio de actividad alosté-
rica, función como espaciadores o como sitio de interacción con otras pro-
teínas. En específico, los dominios PASTA de PBP2B no han sido estudia-
dos previamente. 

PBP2B tiene dos dominios PASTA en el C-terminal que durante condi-
ciones normales de crecimiento no son esenciales, pero que afectan la 

longitud de las células como se muestra en el capítulo 4. Después de con-
firmar el defecto de elongación en la cepa que expresa PBP2B ∆PASTA, 
notamos que los dominios PASTA de PBP2B son esenciales durante estrés 
térmico. Esta es una característica específica de los dominios PASTA de 
PBP2B, ya que al intercambiar los dominios PASTA con dominios PASTA 
de otras proteínas de B. subtilis la función no fue complementada en su 
totalidad. Nuestra hipótesis es que los defectos presentados en PBP2B 
∆PASTA pueden ser debidos a dos razones: (1) PBP2B ∆PASTA es menos 
estable que PBP2B y (2) la deleción de los dominios PASTA tiene efectos 
en la interacciones de PBP2B con otras proteínas. Nuestros resultados 
muestran que PBP2B y PBP2B ∆PASTA tiene estabilidades similares, lo 
cuál elimina la primera hipótesis. Interesantemente, el análisis de doble 
híbrido reveló que la interacción entre PBP2B ∆PASTA y DivIB está afec-
tada. Este resultado esta en acuerdo con el fenotipo de la cepa ∆divIB, ya 
que que comparte el fenotipo elongado y la sensibilidad a altas temperatu-
ras. Nuestros resultados indican que la función de los dominios PASTA de 
PBP2B es mediar la interacción con DivIB.

CONCLUSIONES Y PERSPECTIVAS

Esta tesis contribuye al conocimiento en tres temas principalmente: (1) el 
mecanismo de acción de los lantibióticos, (2) composición de la pared celu-
lar de B. subtilis y (3) la función de la transpeptidasa PBP2B. Sin embargo, 
aún hay mucho trabajo que se requiere realizar para entender el complejo 
proceso de la síntesis de pared celular.

En el capítulo 2, tratamos de encontrar un derivado de nisina para utilizarlo 
en nuestra investigación. Esta búsqueda nos llevó a explorar a detalle el me-
canismo de acción de derivados de nisina. Entender el mecanismo de acción 
de lantibióticos y antibióticos en general, es necesario para luchar contra las 
infecciones bacterianas, así como para el desarrollo de derivados y nuevos 
fármacos. Interesantemente, el trabajo en este capítulo demuestra que para 
probar la actividad de los péptidos, esta debe ser realizada bajo un contexto 
de membranas o vesículas derivadas de células vivas más que en vesículas 
sintéticas, que es la visión actualmente usada para probar péptidos con acti-
vidad antibacterial.

Técnicas como la microscopia y la espectrometría de masas han contribuido 
al estudio de la pared celular bacteriana. La espectrometría de masas ha 
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permitido analizar la composición de la pared celular de Bacillus en su to-
talidad20, pero no determinar cuáles muropéptidos provienen del sitio de di-
visión, la pared lateral y los polos. En el capítulo 3, usamos microscopia en 
combinación con FDAAs para demostrar que el sitio de división de Bacillus 
está enriquecido en pentapétidos no procesados. Aun se requiere de más 
estudios para determinar por qué Bacillus tiene esta composición particu-
lar en el sitio de división. Una posibilidad es que estos pentapéptidos estan 
relacionados con un proceso estructural-mecánico importante para el pro-
cesos de división o que sirvan como una señal para regular la localización 
o actividad de ciertas proteínas. Es importante remarcar que nuestros re-
sultados sólo muestran la parte de muropéptidos que incorporaron HADA 
en el pentapéptido — por lo que es muy probable que el sitio de división 
este compuesto por muropéptidos con pentapéptidos enlazados o donde la 
última D-Ala ha sido removida. El uso de di-péptidos fluorescentes y “click 
chemistry” en combinación con microscopia y espectrometría de masa per-
mitirá ampliar la exploración de la composición de la pared celular.

Después de estudiar la composición de la pared celular del septo, nos enfo-
camos en una de las principales enzimas involucrada con la síntesis de PG, 
la transpeptidasa PBP2B. La actividad transpeptidasa de PBP2B ha sido de-
mostrada como esencial para la viabilidad de Bacillus21,22. Asimismo, parece 
que los dominios PASTA juegan un papel durante la división celular. El en-
sayo de doble híbrido en bacteria reveló que los dominios PASTA de PBP2B 
están involucrados posiblemente en la interacción de PBP2B con DivIB. 
Futuros experimentos podrían incluir la exploración de la interacción en-
tre PBP2B y DivIB por co-inmunoprecipitación. Por otra parte, se ha repor-
tado que las mutaciones (V165E o D213N) en el dominio de dimerización 
de PBP2B pueden superar la sensibilidad al calor en ausencia de DivIB23. 
Estas mutaciones podrían ser introducidas en PBP2B ∆PASTA para probar 
si la sensibilidad al calor aún está presente. Una alternativa para obtener 
más información sobre la función de los dominios PASTA de PBP2B. Otra 
área que podría ser investigada, es el efecto de la deleción de los dominios 
PASTA durante la esporulación. 

Finalmente, sería interesante entender por qué las observaciones hechas en 
PBP2X, homólogo de PBP2B en S. pneumoniae, no están en acuerdo con 
nuestras observaciones con PBP2B, así como comprobar si los dominios 
PASTA de PBP2B actúan como un sitio alostérico que promueve la activa-
ción de la traspeptidación. También, aun no está claro por qué la deleción de 
los dominos PASTA produce sensibilidad al calor. 
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