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Introduction 

One of the most essential structures a bacterium possesses is its cell wall. It forms a suit of 

armor allowing the bacterium to withstand high differences in osmotic pressures between its 

cytoplasm and the environment. It also helps the cell maintaining its shape and provides an 

anchor for proteins [1] and other cell envelope constituents such as Braun’s lipoprotein [2] and 

polysaccharides [3, 4]. The cell wall plays a role in all segments of the bacterial growth cycle 

and its construction requires a complex and elaborate ensemble of biochemical and assembly 

processes. The past decades, a lot of research has been done on the bacterial cell wall. This 

has led to new insights in bacterial life. However, the knowledge of the processes involved in 

the synthesis of the bacterial cell wall is still incomplete.  

Filling in the blanks in knowledge of bacterial cell wall synthesis will not only serve scientific 

interest, it also accommodates a rising problem in healthcare. The rise of bacterial strains 

resistant towards antibiotics has been causing a growing concern for decades now. However, 

in the past ten years concern for the growing amount of bacteria manifesting diverse 

mechanisms of antimicrobial resistance has been escalating.  Penicillin-resistant 

pneumococci, quinolone resistant enterobacteriaceae and meticillin resistant staphylococci are 

becoming more and more widespread around the world. Resistant strains have even been 

reported against vancomycin, which used to be the antibiotic of last resort [5, 6]. Hence, the 

demand for new antibiotics nowadays is bigger than ever. In the search for these antibiotics, 

the bacterial cell wall and its whole synthesis pathway provide perfect leads because humans 

do not possess a cell wall. This is reinforced by the fact that a lot of the known antibiotics, 

such as penicillin [7], vancomycin [8], bacitracin [9, 10] etc., attack the bacteria on the level of its 

cell wall synthesis. Because bacterial cell wall synthesis still provides a lot of uncharacterized 

areas, these may serve as targets for antibiotic agents. 

For this purpose, more knowledge about cell wall synthesis is necessary and new targets for 

antibiotics that may eventually lead to development of new antibiotics that have to be 

discovered. This thesis focuses on a mechanism in the bacterial cell wall synthesis that has 

been elusive so far. 

 

The bacterial cell wall 

Almost all bacterial species posses a cell wall, except bacteria from the class of the Mollicutes 

(also referred to as mycoplasmas) which totally lack a cell wall [11]. Generally, two classes of 

cells can be found among the Eubacteria, this classification is based on a difference of 

retention of crystal-violet dye from the cells; a method developed in 1884 by Hans Christian 

Gram, called the Gram-staining. This method differentiates bacterial species into Gram-

positive bacteria that stain purple and Gram-negative bacteria that stain pink. The basis of this 
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method lies in the difference in chemical and physical properties of the peptidoglycan layer of 

the two bacterial classes, which will be discussed in the next paragraph. 

Cell walls of Gram-negative bacteria are composed of a thin peptidoglycan layer located on 

the outside of the cytoplasmic membrane of approximately 1-10 nm thick (Fig. 1A) [12-14]. The 

peptidoglycan layer lies within a periplasmic space that is enveloped by an outer membrane. 

This outer membrane consists of an inner face of phospholipids and an outer face of 

lipopolysaccharide (LPS) and is linked to the peptidoglycan layer by lipoproteins [2, 15, 16] or 

peptidoglycan associated outer membrane proteins, such as TolB, OmpA, Pal and the porin 

proteins[17-20]. Just like the peptidoglycan, also the outer membrane is important for cell shape 

and survival [21]. 

The Gram-positive cell wall displays several differences when compared to its Gram-negative 

counterpart (Fig. 1B). First, the cell walls of Gram-positive bacteria are much thicker, 

between 20 and 80 nm in thickness. It was also believed that Gram-positives did not have a 

periplasmic space, however recent studies suggested a periplasmic space between the 

plasmamembrane and the thick cell wall of some Gram-positive bacteria [22-25] . The other 

difference is that these bacteria do not posses an outer membrane. Instead, the cell walls of 

Gram-positive bacteria contain teichoic acids and lipotechoic acids which may be regarded as 

Gram-positive analogs of the lipopolysaccharides and lipoproteins respectively [26]. 

Despite the differences in composition of the cell periphery, the cell walls of both Gram-

positive and -negative bacteria are mainly composed of peptidoglycan, which is the only cell 

wall polymer that is common to both classes. In both cases, the peptidoglycan forms a bag-

shaped exoskeleton, often referred to as sacculus [27, 28]. Among Gram-negatives, the 

peptidoglycan composition is reasonably constant while on the other side, its composition in 

Gram- positives can vary greatly among the different species [29-31]. 

 

Peptidoglycan 

Peptidoglycan (also referred to as murein) is a huge macromolecule consisting of a 

multilayered network of linear glycan chains interlinked with each other by short peptide 

moieties. The glycan chain is composed of alternating β-1,4-linked N-acetylglucosamine 

(GlcNAc) and N-acetylmuramic acid (MurNAc) residues (Fig. 2A). The carboxyl group of 

each MurNAc unit is substituted by a small peptide that contains amino acids in the D 

configuration, which is a typical characteristic of peptidoglycan. By crosslinking to each 

other, the peptide moieties on the MurNAc residue can form peptide bridges interlinking the 

glycan strand [27, 29, 32]. Since the peptides are arranged helically along the glycan strand, it is 

possible to form crosslinks in all directions [27, 33]. This way a multilayered, three-dimensional 

network is formed. 
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Fig. 1. Schematic representation of the cell envelope of a Gram-negative (A) and a Gram-positive (B) 

bacterium. 

 

During the process of peptidoglycan crosslinking and maturation some adjustments to the 

peptide moiety take place. Initially this peptide most often consists of L-alanyl (position 1), γ-

D-glutamyl (position 2), meso-diaminopimelyl (DAP) or L-lysyl (position 3), D-alanyl 

(position 4) and D-alanyl (position 5) residues (Fig. 2A). Usually during peptide crosslinking, 

the terminal D-Ala residue at position 5 of one of the crosslinking peptides is cleaved off. 

This reaction provides the energy needed for transpeptidation. The interpeptide bridge and the 

mode of crosslinking display a lot of variation among the diverse bacterial species and can 

roughly be divided in four types [30]. The type I, II and III bridges have all identical locations, 

extending from the L-lysine or DAP from a peptidoglycan subunit to the D-alanine at position 
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4 of the other subunit (Fig. 2A, B). In type I crosslinking bridges (Fig. 2B), mainly occurring 

in DAP containing peptidoglycans such as from Escherichia coli [34], the bridging results from 

direct peptide bonds between peptide subunits. In type II crosslinking bridges (Fig. 2B), 

occurring in for instance some Staphylococci, Micrococci and Streptococci [35], bridges 

consist of several glycines and/or L-amino acid residues, but can also consist of just one 

isoaparagine residue in the case of some lactic acid bacteria [36, 37]. In type III crosslink 

bridges, which are only found in some Micrococcal species [38] the bridges are formed by 

head-to-tail linkage of several peptides, each having the same amino acid sequence as the 

peptide sub-unit. In type IV, also occurring in only a few bacteria [39, 40], the bridges extend 

from the D-glutamic acid from one peptidoglycan residue to the terminal D-alanine of the 

other. 

Although peptidoglycan always consists of glycan strands interlinked to each other by peptide 

bridges, its composition shows great variation among the various bacterial species. The 

glycan chain only displays minor variations in few bacteria such as O- or N- acetylation, 

which probably occur at late stages of cell wall maturation [29]. A higher grade of variety 

occurs in the peptides of the peptidoglycan. The peptide moiety is usually synthesized as a 

pentapeptide, but due to peptidoglycan maturation, sometimes MurNAc-tri, tetra, or hexa 

peptides are found [31, 41-44].  

Not only the number of peptides can vary, but also variations occur on all peptide positions. 

Especially the amino acid at position 3 is variable (Fig. 2A). Usually at this position a 

diamino acid is found and the most common are DAP and L-lysine. DAP is virtually present 

in all E.  coli and other gram-negative bacteria but can also be found in other species like 

some lactobacilli, clostridia, bacilli, corynebacteria and propionibacteria [29]. By contrast, L-

lysine has so far not been reported in Gram-negative species, although a D-lysine has been 

found in Thermotoga maritima [45]. Less frequent variants on position 3 also occur among the 

bacterial kingdom. The amino acids at the other positions can also show variations, however, 

these are not common [29].   

 

Synthesis of peptidoglycan 

The synthesis of peptidoglycan occurs in different stages. It starts in the cytoplasm where the 

aminosugar sub-units uridine-5’-diphosphate-GlcNAc (UDP-GlcNAc) and UDP-MurNAc-

pentapeptide are synthesized. In E. coli, UDP-MurNAc-pentapeptide is synthesized in six 

steps, starting with the transfer of an enolpyruvate (PEP) to UDP-GlcNAc by MurA. 

Subsequently, MurB catalyses the reduction of the PEP moiety to D-lactate; this yields UDP-

N-acetylmuramate. After this, four ATP-dependent aminoligases MurC, MurD, MurE and 
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MurF stepwise catalyze the addition of the pentapeptide chain to the D-lactate. This results in 

the complete UDP-MurNAc-pentapeptide [46-50]. 

 

A 

 
B 
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Fig. 2. Schematic representation of peptidoglycan. A., A general schematic representation of two 

peptidoglycan sub-units. Aminoacid positions of the pentapeptide are numbered 1 to 5. Except for the 

composition of the pentapeptide also the length (n) and composition of the interpeptide bridge varies 

among the bacterial species (for a review see[30]). Fig. 1A is adapted from [156] B., Schematic 

representation of the two major types of peptidoglycan crossbridges, type I and type II. GlcNAc and 

MurNAc residues are designated as G and M, respectively. Numbers 1-5 refer to the amino acid positions 

as described in A. 

 

The following steps still occur on the cytoplasmic side but the location is now on the 

membrane surface (for a review see[51]). This amounts to the transfer of the phospho-

MurNAc-pentapeptide of UDP-MurNAc-pentapeptide to a special membrane bound lipid 

acceptor, undecaprenyl phosphate. This step is catalyzed by the integral membrane protein 

MraY (Fig. 3, step A). This protein is essential and present throughout all sequenced species 

of the bacterial kingdom. MraY is essential for bacterial viability and a conditional MraY 

knockout accumulated UDP-MurNAc-pentapeptide when grown at non-permissive 

temperatures [52, 53]. The protein contains ten transmembrane segments, five cytoplasmic 

domains and six periplasmic domains under which the N- and C- termini. The protein is 

somewhat larger in Gram-negative species (360 amino acids) when compared to Gram-

postitive bacteria (324 amino acids) [54]. The reason for this extension that is located on the N-

terminus remains unclear. The reaction MraY catalyzes is reversible, but in effect it is 

unidirectional in vivo because it is coupled to the next irreversible membrane bound step in 

peptidoglycan synthesis [55-57].  

In this second membrane bound step UDP-GlcNAc is coupled to Lipid I by the 

glysosyltransferase MurG [58], resulting in Lipid II (Fig. 3, step B). Thus, Lipid II contains a 

complete monomer unit of the peptidoglycan layer of E. coli, GlcNAc-MurNAc-pentapeptide. 

MurG is a 38 kDa protein of known structure [59, 60]. It was shown that lipids copurified with 

MurG and modulated its activity in the absence of detergent. This indicated that MurG 

interacts with membranes [61]. Also cell fractionation experiments pointed to an interaction of 

MurG with membranes. Crystallization studies indicated that the protein was associated to the 

inner side of the cytoplasmic membrane by a hydrophobic patch that is surrounded by 

positively charged amino acid residues [60]. These studies also showed evidence that MurG 

was able to form homo-dimers [59, 60] Moreover, SDS-PAGE revealed that besides monomeric 

MurG, also a oligomeric form of the protein was found to migrate at a ~140 kDa position, 

markedly higher that the expected molecular weight of a homo-dimer [62]. The composition of 

this oligomer and the biological ground for this oligomerization remains unclear. MurG is an 

essential protein and a thermosensitive murG mutant grown at non-permissive temperature 
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lost its typical rod-shape and shifted to a more ovoid shape before it lysed [58]. In E. coli, 

MurG is the last protein known to be in contact with Lipid II on the inside of the bacterial 

cytoplasmic membrane, so the next step in the cycle involves the transfer of Lipid II across 

the cytoplasmic membrane to the exterior in order to get the headgroup incorporated into the 

growing peptidoglycan chain (Fig. 3, step C). The following steps are also membrane bound 

but take place on the exterior side of the cytoplasmic membrane and involve the activity of 

glycosyltransferases and transpeptidases. The glycosyltransferases catalyze the formation of 

the linear glycan chains that contain repeats of the alternating aminosugars. Transpeptidases 

catalyze the formation of peptide cross-links between the glycan strands and the incorporation 

of the glycan strands into the existing peptidoglycan (Fig. 3, step D). Although 

monofunctional transglycosylases and transpeptidases exist, the main peptidoglycan 

synthesizing activity stems from bi-functional proteins. These are often referred to as 

penicillin binding proteins (PBPs) because antibiotics of the β-lactam class specifically inhibit 

them (for a review see [63]. The number, size and total amount of PBPs vary considerably 

among bacterial species. Although all PBPs bind penicillin, of some PBPs the exact function 

in the cell remains unknown. PBPs can roughly be divided into two classes: the high 

molecular mass (HMM) and low molecular mass (LMM) PBPs. The HMM PBPs on their turn 

are divided in to bifunctional (class A) enzymes that catalyze the polymerization of the glycan 

chains as well as the cross-linking of the adjacent peptides and monofunctional (class B) that 

only catalyze transpeptidase reactions [64]. LMM PBPs are involved in cell separation, 

peptidoglycan maturation or recycling. 

After the GlcNAc-MurNAc-pentapeptide moiety is released by action of PBP1B, a free 

undecaprenyl pyrophosphate molecule is generated. The membrane bound undecaprenyl 

carrier is transported back to the cytoplasmic side of the membrane by an unknown 

mechanism (Fig. 3, step E). After removal of one phosphate group from the undecaprenyl 

pyrophosphate (Fig. 3, step F), the molecule can be re-used in a new cycle of peptidoglycan 

synthesis [65-67]. 
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Fig. 3. Membrane bound cycle of peptidoglycan synthesis. Starting from the cytoplasmic side with the 

attachment of UDP-MurNAc to undecaprenyl phosphate by MraY, forming Lipid I.(A). After this, MurG 

catalyzes the addition of UDP-GlcNAc, this results in Lipid II (B), carrying one complete peptidoglycan 

sub-unit. Subsequently, Lipid II is transported across the membrane via an unknown mechanism (C). 

Thereafter, the peptidoglycan sub-unit is cleaved of the undecaprenyl carrier and incorporated into the 

growing peptidoglycan chain (D). Finally the undecaprenyl pyrophospate is transported back to the 

cytoplasmic side (E), a mechanism that is also unknown. After this undecaprenyl pyrophosphate is 

dephosphorylated (F), allowing the beginning of a new cycle. For a review see [51]. 

 

Peptidoglycan growth and recycling 

It is proposed that peptidoglycan subunits are incorporated into the existing cell wall by a 

two-step, inside-to-outside mechanism, the so-called three-for one model [27]. According to 

this model, first a package of three crosslinked peptidoglycan strands is covalently attached 

underneath a peptidoglycan strand in the peptidoglycan layer (Fig. 4, step 1). Subsequently, 

the old strand is removed and the peptidoglycan triplet is pulled into the pre-existing 

peptidoglycan (Fig. 4, step 2), allowing growth of the cell wall (Fig. 4, step 3).  
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Fig. 4. Enlargement of the peptidoglycan layer according to the three-for-one model [27]. Three strands of 

peptidoglycan are depicted with the growing direction indicated with solid arrows (1). According to the 

three-for-one model three new peptidoglycan strands (grey) are positioned underneath a docking strand 

(white) in the growing peptidoglycan layer (2). After the docking strand is specifically removed, the three 

new strands are inserted in between the two old strands of peptidoglycan (black) (3). By replacement of 

one old peptidoglycan strain by three new ones, the peptidoglycan layer has now expanded with two 

strands (4). 

 

This model implies that a substantial part of the peptidoglycan is released during growth and 

indeed 30-40 % of the material is released in one generation [68]. Also, this model ensures 

structural integrity of the peptidoglycan sacculus during release and incorporation of 

peptidoglycan units. 

 In E. coli, a large part of the released peptidoglycan strands is recycled (for a review see [69]). 

This recycling pathway includes the breakdown of the cell wall by the action of lytic 

transglycosylases and endopeptidases (Fig. 5A). These enzymes release monomeric 

anhydroMurNAc-L-Ala-D-Glu-m-DAP-D-Ala from the peptidoglycan in the periplasm. Most 

often these muropeptides are degraded to tripeptide derivatives by the action of L,D-

carboxypeptidases. The muropeptides can enter two different recycling pathways. The first 

possibility involves periplasmic amidases such as AmiA which cleave the muropeptide in a 

disaccharide and a tripeptide [70]. Subsequently, the tripeptide can be transported across the 

cytoplasmic membrane by the general oligopeptide transport system Opp [71] or the specific 
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murein peptide permease Mpp [72]. The other possibility is that the intact muropeptides are 

taken up by AmpG [73, 74] and subsequently degraded by the specific amidase activity of 

AmpD [75, 76]. This yields anhydroMurNAc (anhMurNac), GlcNAc and free tripeptides. The 

latter are coupled to UDP-MurNAc by the specific tripeptide ligase Mpl, resulting in UDP-

MurNAc-tripeptide [77]. This molecule is the normal substrate of MurF and the peptide has 

now reentered the cell wall synthesis pathway. 

The aminosugars of peptidoglycan are also recycled (Fig. 5B). NagZ cleaves the GlcNAc-

anhMurNAc to release GlcNAc and anhMurNAc [78]. GlcNAc is phosphorylated by specific 

kinase activity of NagK, thereby returning in the pathway for UDP-GlcNAC synthesis [79]. 

The anhMurNAc molecule is first phosporylated by AnmK [80]. Subsequently, MurNAc-6P is 

converted to GlcNAc-P by the action of the MurQ etherase [81]. AnhMurNac is also directly 

taken up in the cell by the action of MurP [81]. Likewise GlcNAc can be imported by NagE 
[82]. Although peptidoglycan recycling also occurs in Gram-negative species other than E. coli, 

Gram-positive bacteria lose about 50 percent of their peptidoglycan every cell cycle, and no 

mechanism of cell wall recycling is known in Gram-positive bacteria [68]. 

 

Peptidoglycan and cell division 

Because bacteria are constantly dividing, peptidoglycan synthesis requires strong regulation. 

Therefore, the diverse cell division proteins and cell wall synthesizing proteins act in close 

concert. In rod-shaped bacteria such as E. coli and Bacillus subtilis, two phases of growth can 

be distinguished. In E. coli, first there is the elongation phase in which the bacteria expand 

laterally while the cell width remains unchanged. In this phase, peptidoglycan is inserted into 

the pre-existing network via the sidewalls. Peptidoglycan insertion during elongation seems to 

be dispersed and helical-wise influenced by the actin homologs MreB and Mbl proteins that 

each form a distinct helical structure [83-86]. The elongation phase is followed by the division 

phase, in which peptidoglycan synthesis is located at the site of division. The proteins 

involved in this process are known but not much is known about their specific role. One of the 

elucidated key activities is the formation of a ring like structure (the Z ring) at the division site 

by FtsZ, a tubulin homologue. This ring plays a central role in constricting the membranes of 

the dividing cell [87].  After recruitment of FtsZ to the mid-cell, it is followed by other proteins 

as ZipA, FtsA, FtsW, FtsQ, FtsL, FtsK, and FtsI [88-92]. The other protein of which the 

biochemical function is know is FtsI, a protein often referred to as PBP3, one of the penicillin 

binding transpeptidases that is required for peptidoglycan synthesis [93]. The fact that the 

elongation protein MreB functions as a negative regulator of FtsI [94] illustrates the elegant 

arrangement of peptidoglycan synthesis in space and time. Recent findings also show that 

MurG is directed to the mid-cell by the Z ring [83], indicating a close connection between 
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proteins directly involved in peptidoglycan synthesis and proteins involved in cell division. 

After division, the peptidoglycan machinery is believed to be shut down at the poles. 

However, a few rod-shaped bacterial species use different modes of elongation. 

Corynebacterium elongates by polar growth [95], and Caulobacter crescentus shows both FtsZ 

dependent and independent elongation from the septum [83]. 
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Fig. 5. Recycling of peptidoglycan in E. coli. Enzymes involved in this process are surrounded by a solid 

line. A., Recycling of peptidoglycan peptides. After degradation of the cell wall by lytic transglycoslases 

and endopeptidases the resulting muropeptides are recycled via several pathways that eventually result in 

UDP-MurNAc-pentapeptide which can be used by the peptidoglycan synthesis machinery. B., Recycling 

of peptidoglycan aminosugars. GlcNAc and GlcNAc-anhMurNAc can be imported into the cell to be 

processed to UDP-GlcNAc. See text for more details. 

 

One of the key processes in cell wall synthesis that has to keep up with the fast pace of cell 

division is the transport of the lipid-linked peptidoglycan precursors from the cytoplasmic 

side across the membrane. In E. coli, peptidoglycan synthesis progresses at a rate of roughly 

1000 units per second and since one E. coli cell possesses approximately 1000 copies of Lipid 

II [96], the rate of transbilayer transport must be less than one second per molecule. 

Additionally, it was calculated that in an exponentially growing culture of the Gram-positive 

Micrococcus lysodeikticus the transbilayer passage frequency of peptidoglycan subunits is 

circa 1-3 s-1 [97]. The nature of this transport mechanism remains unknown yet and forms the 

main topic in this thesis. The next paragraphs will elaborate on the diverse transbilayer lipid 

transport mechanisms that occur in nature, and how they can be studied. This may lead to 

possible methods to study the transmembrane transport of Lipid II. 
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Measurement of phospholipid transbilayer transport 

Measurement of transmembrane transport of lipids requires that the lipid of interest can be 

distinguished from the rest of the lipid pool in a membrane. In some studies the specific 

degradation properties of externally added phospholipases were used to determine 

phospholipids distibution in erythrocyte membranes [98, 99]. The use of phospholipases for lipid 

topology studies appeared not applicable in prokaryotic systems because either they induced 

lysis of protoplasts [100] or influenced the transport of the membrane phospholipids [101].  

In some prokaryotic systems chemicals were applied that specifically modify amino groups of 

aminophospholipids such as phosphatidylethanolamine (PE) and phosphatidylserine (PS). For 

instance, the aminoreactive trinitrobenzenesulfonic acid (TNBS) was used to determine the 

distribution of PE in the cytoplasmic membrane of Bacillus megatherium [102]. Also periodate, 

which specifically oxidizes α-diol groups has been used to determine distribution and 

transmembrane movement of phosphatidylglycerol (PG) in Micrococcus luteus [103].  

The abovementioned methods make use of unique properties of certain phospholipids and can 

thus not be applied in a more general way. More widely used methods to enable specific 

detection of transbilayer lipid translocation include the use of labeled lipid analogues. The 

incorporation of a spin-label into the acyl chain of phospholipids enabled the determination of 

the distribution of phospholipids in erythrocytes or platelets [104, 105]. The spin-label in the 

outer leaflet of a membrane could be specifically reduced by ascorbate, followed by 

quantification of the amount of spin-label by electron spin resonance [104]. Spin-labeled 

analogues could also be used in combination with back extraction of phospholipids from the 

outer leaflet by bovine serum albumin (BSA) [105]. This method makes use of the affinity of 

BSA for lipids that are slightly less hydrophobic than the rest of the lipid pool. When a small 

specifically detectable label, which can be a spin-label but also a fluorescent label, is 

incorporated in one of the acyl chains of the lipid of interest (making it less hydrophobic as 

well as detectable), this lipid can be extracted with BSA if it is positioned in the outer leaflet 

of the membrane [105-107]. After separation of the membranes and the BSA attached lipid, the 

quantities of the labeled lipid in both pools can be determined and used to determine the 

topology of the lipid of interest. Depending on the type of label, properties change upon BSA 

binding. This enables to directly monitor the extraction of labeled lipid analogues from the 

outer leaflet of membranes by BSA [108]. This method has been used in studies investigating 

flip-flop of phospholipids in endoplasmic reticulum membranes [108] or red blood cells [109]. 

The BSA extraction method has been used in combination with spin-labeled phospholipids 

but also with phospholipids bearing the fluorescent label 7-nitro-2,1,3-benzoxadiazol-4-yl 

(NBD). Although successful in eukaryotic systems, the BSA method of determining 
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phospholipid distribution using NBD labeled phospholipid derivatives was less applicable in 

prokaryotic systems [110]. 

In spite of this, the use of an NBD label attached to phospholipids provides a valuable tool in 

the measurement of phospholipid transbilayer distribution and transport in bacterial 

membrane. First, this fluorophore is easily incorporated in membrane systems and its high 

fluorescence allows the use of small amounts, thereby mimicking the natural system as close 

as possible. Moreover, the unique property of the NBD label is that it can be irreversibly 

quenched by the reducing agent dithionite, yielding the non-fluorescent 7-amino-2,1,3-

benzoxadiol-4-yl (ABD) group [111]. Using this approach the topology of the lipid of interest 

in various studies transmembrane transport of phospholipids in bacterial membranes and 

model systems could be monitored [110, 112-114]. These features make the NBD label an 

attractive label to use in studies for transbilayer transport of the molecule of our interest, Lipid 

II. 

 

Transbilayer transport of phospholipids in bacteria 

The mechanism of phospholipid flip-flop in bacteria has been studied intensely. Phospholipid 

flip-flop could not be established in vesicles composed of only bacterial phospholipids [110]. 

Also other studies showed that in protein-free model membrane systems half-times of 

phospholipids translocation were even in the order of days [115]. In contrast, transmembrane 

transport of phospholipids in bacteria is a very fast process. Here it is also the high division 

rate of bacteria that requires newly synthesized phospholipids to be distributed over the 

membrane in a very fast manner. In vivo experiments with Bacillus megaterium showed that 

the PE translocated with a halftime of approximately 3 minutes [116], independent of protein 

and lipid synthesis or metabolic energy [117]. In vitro experiments with B. megaterium 

cytoplasmic membrane vesicles showed even shorter halftimes of flip-flop. This halftime was 

about 30 s irrespective of the phosphoholipid headgroup [118]. Flip-flop appeared to be 

sensitive to proteolysis in B. subtilis, suggesting protein involvement [118].  

In inverted inner membrane preparations of E. coli similar results were found, however, the 

flip-flop process could not be slowed down by proteolytic treatment of the vesicles [112]. Flip-

flop in these vesicles also appeared not to be affected by the presence of ATP or proton 

motive force (pmf). 

Experiments with model membranes containing transmembrane model peptides that 

mimicked the transmembrane α-helices of proteins showed that flip-flop of phospholipids 

could occur in such a system [113, 119]. That phospholipid transport across the membrane might 

not be restricted to a dedicated transporter protein was supported by the observation that 

several integral membrane proteins were able to induce flip-flop of phospholipids [114]. Other 
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studies point to involvement of specific proteins or protein properties in transbilayer 

movement of phospholipids. For example, experiments with B. subtilis and E. coli membranes 
[120, 121] showed flippase activity when extracts derived by detergent fractionation of proteins 

were reconstituted.  

In bacteria, flippases remain elusive. In Lactococcus lactis, the ABC transporter LmrA was 

purified and reconstituted into proteoliposomes [122]. It seemed able to transport, besides a lot 

of different drugs across the membrane, also fluorescent analogues of PE [122].  This process 

was dependent on the availability of ATP and showed specificity, since PC analogues could 

not be transported [122]. 

In E. coli, the essential ABC transporter MsbA was identified and a large amount of evidence 

points to the involvement of MsbA in inner membrane transport of the LPS hydrophobic 

anchor Lipid A (consisting of four acyl chains with two glucosamines as headgroup) and 

possibly phospholipids [123-125]. However, when purified and reconstituted into 

proteoliposomes, a lipid stimulated ATPase activity but no phopholipid or Lipid A flip-flop 

activity could be detected [126]. Additional studies proved that reconstituted MsbA was not 

capable to induce phospolipid flip-flop, while in a similar liposome system, membrane 

spanning helices did [114], leaving the true role of MsbA in lipid transbilayer movement under 

debate. 

 

Flippases, floppases and scramblases 

Not much is known about the specific proteins displaying flippase activity and the available 

information is mainly derived from studies in eukaryotic systems. The term flippase was 

introduced 35 years ago to refer to lipid transporters that mediate the equilibration of newly 

synthesized phospholipids across membranes [127]. In the decades after this more evidence for 

the presence of several dedicated flippases has been reported, but the identity of these proteins 

remains elusive. They all have in common that they play a role in maintenance of membrane 

lipid asymmetry, but differ in direction of transport, lipid specificity and energy requirement 
[128].   

Usually referred to as flippases, these proteins can be divided in three classes (Fig. 6), based 

on the direction of transport. First, scramblases facilitate bi-directional movement of lipids 

across the membrane (Fig. 6A), thereby functioning to distribute the phospholipids equally 

between both leaflets of the phospholipid bilayer [129, 130]. Scrambling does not require ATP 

hydrolysis but needs the presence of Ca2+. Bidirectional transbilayer movement of 

phospholipids by scramblases occurs irrespective of the phospholipids headgroup. Scramblase 

activity has been found in all eukaryotic organisms but as of yet not in prokaryotes. 
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Another class of phosphoplipid transporters is that of the flippases (Fig. 6B), which facilitate 

cytofacially directed inward transbilayer transport. The activity of such a flippase was first 

reported to translocate PS and PE in human erythrocytes, explaining that these lipids are 

exclusively located at the inner leaflet [104]. Flippase activity was detected in a variety of 

eukaryotic cell membranes as well as internal organelles [128]. Their activities require ATP 
[131], are sensitive towards cystein modification [128, 132, 133] and Ca2+ [134], thereby often acting 

in concert with the abovementioned Ca2+ dependent scramblases. For instance, the 

asymmetric distribution of phospholipids across the mammalian plasma membrane is 

maintained by the action of a translocase by transporting PS and PE from the exoplasmic to 

the cytoplasmic leaflet of the plasmamembrane [135]. The molecular identity of the protein 

remains unclear but it is proposed to be a member of the P-type ATPase family [136], which is 

a class of ATPases that are characterized by the covalently phosporylated enzyme 

intermediate that is formed when the γ-phosphate group of ATP reacts with a single aspartyl 

residue.  

Contrary to the flippases, which catalyze inward movement of phospholipids, floppases 

enable the ATP-dependent efflux of phospholipids from the inner leaflet to the outer leaflet 

(Fig. 6C). Floppase activity was initially discovered as alternative activity of multidrug 

resistance proteins (MDR) and their catalytic activity is very similar to that of the flippases 

and it was suggested that mechanisms of transport might be similar [137] and will be discussed 

in more detail.  

 

 
 
Fig. 6. Phospholipid transporters. A., Scramblases are energy independent and are Ca2+ activated; they 

catalyze transport in both in- and outward directions. B., Flippases are ATP dependent and induce inward 

directed transport. C., Floppase activity is also ATP dependent and transport is outward directed. 
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Multidrug resistance proteins and lipid transport 

MDR proteins can be found in all organisms and display a variety of actions. On basis of their 

amino acid sequence and secondary structure MDR efflux pumps can be divided into five 

classes. Four of them, the MATE (multi antimicrobial and toxic compound extrusion) family, 

the MFS (major facilitator superfamily), SMR (small multidrug resistance) family and the 

RND (resistance nodulation division) family use a drug/H+ or Na+ antiport mechanism to 

energize transport. The fifth class, the ABC (ATP binding cassette) transporters couple 

hydrolysis of ATP to the outward transport of a substrate. 

Some of the MDR proteins from the subfamily of the ABC transporters were suggested to be 

involved with transbilayer lipid transport. ABC transporters are ubiquitous in eukaryotes and 

prokaryotes and their involvement in phospholipid translocation has been studied most 

extensively in human cells. ABC transporters are a class of proteins that use energy from ATP 

to pump a diverse set of compounds across biological membranes. In human cells around 50 

ABC proteins are known of which a small number has been suggested to be involved in direct 

transport of lipids. One of the best characterized ABC proteins, the P-glycoprotein multidrug 

transporter protein (Pgp, MDR1 or ABCB1) was suggested to carry out ATP-driven flipping 

of a variety of phospholipids [138]. Other studies indicate that the P-glycoprotein multidrug 

transporter is involved in transmembrane transport of sphingomyelin and some 

glycosphingolipids [139].  

Other ABC transporters are believed to be involved in secretion of phosphatidylcholine (PC) 

into the bile [140, 141], and cholesterol transport across the plasma membrane [142, 143]. More 

ABC proteins are assumed to be involved in lipid transbilayer transport but their exact 

function is still under investigation. 

 

Transbilayer transport of lipid-linked oligosugars 

Oligosaccharides are also transported across the bilayer and are often linked to a special lipid 

carrier. These carriers belong to the class of polyisoprenoid molecules, which consist of 

repetitions of the branched C5 carbon skeleton of isoprene. It is a group of molecules that are 

present in all living organisms and it includes essential metabolites. Especially, dolichols from 

eukaryotes and undecaprenols from prokaryotes play a role as carriers of complex 

carbohydrates. 

In eukaryotes, the biosynthesis of N-linked glycoproteins in the ER involves a Man5GlcNAc2 

oligosaccharide unit assembled at the ER membrane as a dolichyl pyrophosphate (Dol-PP)-

linked intermediate. In order to be transferred to polypeptide chains in the ER lumen, it has to 

be translocated from the cytoplasmic side of the membrane to the lumen side [144]. Via a 

genetic approach, strong indications were found that the evolutionary conserved protein Rft1 
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from Saccharomyces cerevisiae is involved in membrane translocation of Man5GlcNAc2 

across the ER membrane (Fig. 7A) [145, 146]. The exact role of Rft1 in translocation of 

Man5GlcNAc2 remains however a matter of debate since recent studies indicated that Rft1 has 

a role in flipping Man5GlcNAc2 but does not function as a flippase itself [147-149]. In contrast to 

the bacterial MsbA, that is also believed to translocate a multi-sugar headgroup across the 

membrane, the amino acid sequence of Rft1 does not reveal any ATP binding domains [145]. 

This also holds true for the E. coli transmembrane protein WzxE, which is thought to be 

responsible for transmembrane movement of undecaprenyl-linked oligosaccharide subunits of 

the enterobacterial common antigen (ECA) (Fig. 7B) [150, 151]. Although the translocation 

mechanisms are not clear, no energy input seems to be needed, pointing a facilitated 

diffusion-like translocation mechanism [151-153]. This mechanism was also proposed for 

translocation of dolichol linked sugars across the ER membrane [152, 153]. 

Other systems involved in transport of undecaprenyl-linked oligosugars require the input of 

energy. In the synthesis of wall teichoic acid and the structurally related lipoteichoic acid in B. 

subtilis, sugar polymers are assembled on a undecaprenyl carrier on the cytoplasmic side of 

the membrane, before they are thought to be transported to the exterior by the ABC 

transporter TagGH (Fig. 7C)[154]. 

 The requirement of energy input is also observed for translocation of undecaprenyl-linked 

oligosaccharide involved in the bacterial N-linked protein glycosylation in Campylobacter 

jejuni [155]. This is believed to be mediated by the ABC transporter protein PglK (also referred 

to as WlaB) (Fig. 7D)[155]. Even more remarkable is that PglK could complement a wzx 

deficiency [155], implicating that energy independent and energy dependent lipid-linked 

oligosugar translocation mechanisms are interchangeable. 

The flexibility of the translocation mechanisms is also exemplified by the relaxed substrate 

specificity in both N-linked glycosylation in the ER and translocation of the ECA sub-units 
[145, 151]. 
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Fig. 7. Transporter proteins of polyisoprenoid-linked oligosugars in eukaryotes and prokaryotes.  A., in a 

eukaryotic system such as the S. cerevisiae ER, dolichyl pyrophospate linked Man5GlcNAc2, which is 

used for N-linked protein glycosylation is thought to be transported into the ER lumen by Rft1. B., In E. 

coli, undecaprenyl pyrophosphate linked oligosaccharides of the enterococcal common antigen are 

believed to be transported from the cytoplasmic side of the membrane to the periplasm by Wzx. C., In B. 

subtilis, saccharide polymers attached to an undecaprenyl pyrophosphate carrier are thought to be 

transported across the membrane by the ABC transporter protein TagGH. D., The ABC transporter PglK 

is thought to mediate transport of undecaprenoid-linked oligosaccharides needed for N-linked protein 

glycosylation in C. jejuni. E., Transport of Lipid II in bacteria takes place via an unknown mechanism. 

 

Transmembrane transport of Lipid II 

Lipid II, the molecule of interest in this thesis, also consists of an undecaprenyl-linked 

oligosaccharide. Compared to the undecaprenyl-linked oligosaccharides discussed above, 

Lipid II is a unique molecule, since apart from sugar residues it also contains a peptide 

moiety. Its headgroup is large and consists of two phosphate residues, two amino sugars and 

five aminoacids (Fig. 8). Hardly anything is known about the transport mechanism of this 

molecule. The unique feature of bearing a peptide moiety might as well cause unique 

requirements for transbilayer transport. Moreover, the diversity in the mechanisms of lipid 

transport but also in transport of polyisoprenoid-linked oligosugars as described above show 
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that, for finding and characterizing the elusive Lipid II transport mechanism, an open mind is 

necessary and none of the described transport mechanisms can be excluded. 

 

 
 
Fig. 8. Schematic representation of a Lipid II molecule. Its headgroup consists of a MurNAc (M) and a 

GlcNAc (G), with a pentapeptide attached to the MurNAc moiety (AEKAA). The head group is attached 

to an undecaprenyl (C55) chain via a pyrophosphate linker (PiPi). 

 

Scope of this thesis 

The aim of this thesis is to obtain more insight in the process by which peptidoglycan sub-

units are transported across the bacterial cytoplasmic membrane. In Chapter 2 an assay is set 

up using an NBD analogue of Lipid II in a model membrane system. Here it is shown that 

transbilayer transport of Lipid II does not occur spontaneously and that membrane-spanning 

helices known to induce flip-flop of some phospholipids are not able to induce flip-flop of 

Lipid II. Additionally, it is shown that the last protein known to be in contact with Lipid II on 

the cytoplasmic side of the membrane of E. coli, MurG is not able to translocate Lipid II and 

that synthesis and transport of Lipid II are not obligatory coupled. In this chapter it is also 

found that translocation of Lipid II in bacterial membrane preparations needs protein action. 

Translocation of Lipid II is not energy dependent and is very likely to be directly coupled to 

ongoing processing by the penicillin binding proteins. 

In Chapter 3, a biochemical approach is described using an UDP-MurNAc-pentapeptide 

derivative with a photoactivatable crosslinker to gain insight on the identity of the Lipid II 

translocator protein. In this study a specific set of proteins is found to be crosslinked. After 

separation by two-dimensional gel electrophoresis, several candidate proteins are identified 

via mass spectrometry analysis. Moreover, subjecting membrane vesicles derived from cells 
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overexpressing proteins involved in cell wall synthesis or related to cell division to the 

crosslink assay indicates a relation between Lipid II and these proteins 

In the Addendum to Chapter 3 it is shown that the affinity of the antibiotic vancomycin for the 

two terminal D-Ala residues of the pentapeptide can be used to reduce the amount of 

crosslinked proteins. Moreover, it is shown that this feature of vancomycin can be used to pull 

down proteins crosslinked to a peptidoglycan derivative from a complex mixture of proteins. 

In Chapter 4 some of the candidates identified in Chapter 3 and the complete Lipid II 

synthesis machinery are reconstituted into proteoliposomes. It is tested whether one or more 

of these protein(s) are able to induce Lipid II transport. 

A different approach was taken in Chapter 5, in which a closer look is taken at the protein that 

is probably most close to the translocation machinery, MurG. This protein forms SDS stable 

oligomers. It is shown that these oligomers are strongly attached to the membrane and can be 

reconstituted from monomeric MurG. It is also shown that MurG oligomerization is a protein-

regulated process. 

In Chapter 6 the results are summarized and discussed.  
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Chapter 2: 
Transmembrane transport of 
peptidoglycan precursors across 
model and bacterial membranes 
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Transmembrane transport of peptidoglycan precursors across model and bacterial membranes. 
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Abstract 

Translocation of the peptidoglycan precursor Lipid II across the cytoplasmic membrane 

is a key step in bacterial cell wall synthesis, but hardly understood. Using NBD-labeled 

Lipid II, we showed by fluorescence and TLC assays that Lipid II transport does not 

occur spontaneously and is not induced by the presence of single spanning helical 

transmembrane peptides that facilitate transbilayer movement of membrane 

phospholipids. MurG catalyzed synthesis of Lipid II from Lipid I in lipid vesicles also 

did not result in membrane translocation of Lipid II. These findings demonstrate that a 

specialized protein machinery is needed for transmembrane movement of Lipid II. In 

line with this, we could demonstrate Lipid II translocation in isolated Escherichia coli 

inner membrane vesicles and this transport could be uncoupled from the synthesis of 

Lipid II at low temperatures. The transport process appeared to be independent from 

an energy source (ATP or proton motive force). Additionally, our studies indicate that 

translocation of Lipid II is coupled to transglycosylation activity on the periplasmic side 

of the inner membrane. 

 

Introduction 

Almost all bacteria are surrounded by a cell wall. Being essential for cell survival, the cell 

wall provides maintenance of shape and prevents the cell from lysis because of a high osmotic 

pressure inside the cell. The main compound of the bacterial cell wall is the peptidoglycan 

layer, which is a macromolecular structure consisting of a 3-dimensional network of repeating 

subunits composed of the amino sugars N-acetylglucosamine (GlcNAc) and N-acetylmuramic 

acid (MurNAc). A pentapeptide consisting most often of L-alanyl-γ-D-glutamyl-

diaminopimelyl (or L-lysyl)-D-alanyl-D-alanine is attached to the carboxyl group of MurNAc 

subunits. These peptides are necessary for interlinking adjacent glycan chains, resulting in a 

rigid structure [156]. 

The first membrane-located step in the biosynthesis of peptidoglycan starts at the cytoplasmic 

side of the plasma membrane with the transfer of UDP activated MurNAc-pentapeptide from 

the cytoplasm to a lipid carrier, undecaprenyl phosphate, which serves as an anchor for the 

peptidoglycan subunits in the membrane. This transfer is catalyzed by the transmembrane 

protein MraY and results in Lipid I. The addition of GlcNAc to Lipid I results in Lipid II and 

is catalyzed by the MurG enzyme [58]. MurG is peripherally associated with the inner surface 

of the cytoplasmic membrane [61, 157]. In order to get the peptidoglycan subunits incorporated 

into the growing cell wall, Lipid II has to be efficiently transferred through the cytoplasmic 

membrane. After translocation, the subunits are polymerized and inserted into the growing 

peptidoglycan chain by transglycosylation and transpeptidation. These steps are catalyzed by 
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penicillin binding proteins (PBPs) [32, 158]. After transglycosylation, the undecaprenyl carrier 

moves back to the cytoplasmic side of the membrane, via a yet unknown mechanism, where it 

becomes available again for synthesis of Lipid II. 

Despite decades of research on cell wall synthesis, the mechanism by which membrane 

transport of Lipid II occurs remains unknown. This transport is a key step in the synthesis of 

the bacterial cell wall. Peptidoglycan synthesis occurs at a rate of 1000 units per second in E. 

coli [96] and the rate of Lipid II transport has to match this rate. An E. coli cell possesses 

approximately 1000 copies of Lipid II so the rate of Lipid II transport across the cytoplasmic 

membrane must be very fast [96]. This is supported by the observation that in Microccocus 

lysodeikticus a frequency of transbilayer passage of the undecaprenyl carrier per molecule 

was calculated to be ca. 1-3 s-1 [97]. The transport of newly synthesized membrane 

phospholipids across the cytoplasmic membrane of E. coli is a process that also occurs 

rapidly, with rates of transport with halftimes in the order of minutes [159]. It was proposed that 

the membrane spanning parts of proteins are responsible for fast phospholipids transport [160, 

161]. This hypothesis was supported by the observation that incorporation of transmembrane 

peptides into the bilayer induced translocation of some phospholipids [113]. This raises the 

possibility that the transmembrane parts of proteins are also responsible for rapid 

translocation of Lipid II. We tested this possibility by analyzing the influence of 

transmembrane peptides on translocation of Lipid II across a bilayer composed of synthetic 

phospholipids. 

Alternatively, translocation of Lipid II might be coupled to synthesis. This is an attractive 

possibility because of its efficiency and because the Lipid II synthesizing enzyme MurG 

possesses a hydrophobic patch which enables the protein to penetrate the membrane [58, 60]. 

Moreover, MurG is the last enzyme known to be in contact with Lipid II on the cytoplasmic 

side of the inner membrane of E. coli. We therefore investigated transmembrane transport of 

newly synthesized Lipid II using a MurG-membrane system.  

The transbilayer movement of Lipid II was analysed via a well described fluorescence assay 
[110, 111, 113] for determination of phospholipid membrane asymmetry using the fluorescent 

label 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD) attached to the lysine residue of the MurNAc 

pentapeptide moiety of Lipid II. Its accessibility for dithionite, that leads to reduction from 

NBD to the nonfluorescent 7-amino-2,1,3-benzoxadiol-4-yl (ABD) (Fig. 1), was determined 

by both fluorimetry and TLC and used as a tool to determine Lipid II topology. 
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Fig. 1.  Reduction of fluorescent NBD labeled compounds to non- fluorescent ABD labeled compounds 

with dithionite. Figure based on [111]. 

 

Material and methods 

Materials  

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-

phosphoglycerol (DOPG) and 1-oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)amino]hexanoyl]-sn-glycero-3-phosphoglycerol C6NBD-PG were purchased from Avanti 

Polar Lipids Inc. UDP-N-acetylglucosamine (UDP-GlcNAc) was purchased from Sigma. 

WALP23 (AcGWWLALALALALALAL-d4-Ala-LALWWANH2) was synthesized and 

purified as described [162]. Phospholipids and WALP23 stock solutions were prepared in 

chloroform/ methanol 1:1 (v/v) and stored at –20 ºC under nitrogen. MurG was purified as 

described [61] and stored at – 20 ˚C in a concentration of 0.142 mg/ ml in 20 mM Tris-HCl, pH 

8 in the presence of 20 % v/v glycerol. Anti-dinitrophenyl (DNP) polyclonal rabbit antibodies 

were purchased from Molecular Probes. Tunicamycin was obtained from Sigma. 

 

Isolation, purification and labeling of UDP-MurNac pentapeptide 

The lysine form of UDP-MurNAc pentapeptide was purified from Staphylococcus simulans as 

described [163]. It was essentially labeled with NBD-chloride at the lysine of the pentapeptide 

moiety residue in an identical way as described for the labeling of UDP-MurNAc 

pentapeptide with pyrenesulfonylchloride [164]. 

R-NBD R-ABD 
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Synthesis and purification of cell wall precursors 

Lipid II, NBD labeled Lipid II and NBD labeled Lipid I were synthesized and purified (with 

yields > 80 %) as described before [164], with slight adaptations for NBD labeled lipid I. In this 

case Micrococcus flavus membrane vesicles (16-32 μmol lipid Pi) were incubated with 3 

μmol NBD labeled MurNAc pentapeptide, 6 μmol undecaprenylphosphate in 60 ml of buffer 

containing 100 mM Tris-HCl, pH 8, 5 mM MgCl and 1 % v/v Triton X-100. The mix was 

incubated at room temperature for 1 hour followed by extraction of the lipids with 1.5-volume 

butanol/ 6 M pyridine-acetate, pH 4.2. After brief centrifugation, the butanol phase containing 

NBD-Lipid I was recovered and washed with 60 ml water. Purification of NBD-Lipid I was 

performed using a DEAE-cellulose column as described [164] and monitored by high 

performance thin layer chromatography (HPTLC) on silica 60 plates using 

chloroform/methanol/water/ammonia, 88: 48: 10: 1 (v/v/v/v) as eluent. NBD labeled Lipid I/II 

spots could be visualized by both UV and staining with iodine vapor.  

 

Preparation of large unilamellar vesicles (LUVs) containing Lipid I/II 

LUVs with NBD labeled compounds incorporated, were prepared by mixing 75 mol % 

DOPE, 25 mol % DOPG and 0.2 mol % of either NBD-Lipid I, NBD-Lipid II or NBD-PG 

from stock solutions. The percentages of DOPG and DOPE were chosen, because they 

roughly mimic the membrane phospholipid composition of the Escherichia coli inner 

membrane [165]. When indicated, WALP23 was incorporated into the LUVs by adding it to the 

lipid solution from a stock solution to a concentration of 0.4 mol % prior to making the lipid 

film. The concentrations of phospholipids in the experiments, expressed as lipid-Pi, were 

determined by quantification of the phosphorus concentration as described by Rouser et al 
[166]. 

Lipids were dried under a N2 flow and subsequently under vacuum for 2 hours. The lipid films 

were hydrated with a buffer composed of 10 mM Tris-HCl, pH 8, 100 mM NaCl (buffer A) 

supplemented with 20 mM K3Fe(CN)6  to a lipid-Pi concentration of approximately 10 mM. 

K3Fe(CN)6 was incorporated to protect the NBD-labeled Lipid II situated on the inside of the 

LUVs against possible dithionite leakage into the vesicles [113]. The vesicle suspension was 

freeze-thawed 10 times. Subsequently, unilamellar vesicles were formed by manually 

extruding the suspension 10 times through 200 nm membrane filters (Anotop 10, Whatman, 

Maidstone, UK). Excess K3Fe(CN)6 was removed by gel filtration on a Sephadex G 50 

medium spin column in buffer A.  
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Flop of NBD-Lipid II 

All measurements were performed in 1.25 ml buffer A in a quartz cuvette at 20 ˚C on an SLM 

Aminco SPF 500C fluorimeter. The excitation wavelength was set on 478 nm while emission 

was recorded at 534 nm or between 495 and 595 in case of recording the emission spectra.  

Flop of Lipid NBD-Lipid II was measured by determining the percentage of fluorescence not 

accessible for dithionite reduction after different times of incubation in LUVs with an 

asymmetrical distribution of fluorescent Lipid II. 

First, vesicles with fluorescent label only on the protected inside of the membrane were 

prepared by adding dithionite to a suspension of LUVs containing 0.2 mol % NBD-Lipid II 

(10 mM lipid-Pi) in a final concentration of 8 mM, always from a 1 M stock solution in 1 M 

Tris pH 11, after which the suspension was incubated for 10 minutes at room temperature. 

This treatment quantitatively converted all the NBD-labeled Lipid II located in the outer 

leaflet of the membranes to the non-fluorescent ABD form. Subsequently, the excess of 

dithionite was inactivated by adding K3Fe(CN)6 from a 1 M stock solution to a final 

concentration of 20 mM, after which the vesicles were stored on ice until use.  

Appearance of fluorescent NBD-Lipid II in the outer monolayer (flop) during an incubation at 

30 ˚C was tested by taking aliquots at different time points corresponding to 125 nmol lipid-

Pi. These aliquots were diluted 100-fold in a fluorescence cuvette with buffer A followed by 

the addition of dithionite (8 mM final concentration). The amount of fluorescent Lipid II that 

remained on the protected inside of the LUVs in these samples was determined by calculating 

the percentage of fluorescence remaining 100 seconds after addition of dithionite. 

The effect of MurG-catalyzed synthesis of Lipid II from Lipid I and UDP-GlcNAc on the 

transmembrane movement of Lipid II was measured as follows. Vesicles containing 0.2 mol 

% NBD-Lipid I were incubated with UDP-GlcNAc (in 20-fold molar excess over NBD-Lipid 

I) in Buffer A containing 1 mM MgCl2, in the presence of 0.001 % v/v Triton X-100. MurG 

was added in a molar ratio of 1: 150, MurG to Lipid I, in a total volume of 1 ml, from which 

at several time points samples were taken for both determination of the amount of protection 

of NBD-labeled lipids as described above and for TLC analysis. Each sample for TLC 

analysis was divided into two pools. The first pool was subjected to lipid extraction without 

further treatment where the other half was treated with dithionite to quench the outer NBD 

pool as described above, prior to lipid extraction. Lipids were extracted with butanol/ 6 M 

pyridine-acetate, pH 4.2. The butanol phase was washed once with water, and subsequently 

evaporated. The lipid film was dissolved in 10 μl chloroform/ methanol (1: 1) and applied on 

the HPTLC silica 60 plates and developed in chloroform/methanol/water/ammonia, 88: 48: 

10: 1 (v/v/v/v). 
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The amount of newly synthesized NBD-Lipid II as percentage of the total NBD-Lipid I and II 

pool was quantified by scratching the fluorescent spots from TLC plates. The silica powder 

samples containing NBD-Lipid I or NBD-Lipid II were extracted from the silica with 

chloroform/ methanol (1: 1). After evaporation of chloroform/ methanol, samples were 

hydrated with 80 μl buffer A containing 1 vol % Triton X-100. Fluorescence spectra were 

taken from these samples and the fluorescence intensity at 535 nm (bandwidth 5 nm) was 

determined and assumed to be representative of the amount of NBD-Lipid I/II in the spot. 

 

Determination of the quenching efficiency of anti-DNP-antibodies on the fluorescence of 

NBD-labeled Lipid II 

 The influence of increasing amounts of anti-DNP antibodies on the fluorescence of 15 pmol 

NBD-Lipid II was assayed in 50 mM potassium phosphate buffer (pH 7.5) containing 10 mM 

NaCl, 1 mM MgSO4 and 0.2 % v/v Triton X-100. The fluorescence was recorded as 

described above.  

 

NBD-Lipid II translocation in isolated E. coli membrane vesicles  

Quenching of NBD-labeled Lipid II by anti-DNP antibody was used as a means of measuring 

Lipid II translocation across the cytoplasmic membrane. Right side-out (RSO) vesicles were 

isolated from E. coli strain W3899 [167] and prepared in 50 mM potassium phosphate buffer 

(pH 7.5) containing 10 mM NaCl and 1 mM MgSO4 as described [168]. NBD-UDP-MurNAc-

pentapeptide (250 pmol) and UDP-GlcNAc (10 nmol) were brought into the membrane 

vesicles (125 nmol lipid Pi) by freezing and thawing on ice twice in a volume of 45 μl of 50 

mM potassium phosphate buffer (pH 7.5) containing 10 mM NaCl and 1 mM MgSO4. This 

procedure resulted in the incorporation of 4 % of the NBD-UDP-MurNAc-pentapeptide and 

UDP-GlcNAc in the vesicles, as determined using radiolabeled versions of the precursors. 

NBD-Lipid II synthesis occurred while the samples were standing on ice. After washing, the 

membrane pellet was resuspended into 1.25 ml of the same buffer and fluorescence spectra 

were recorded in the presence or absence of 40 μg anti-DNP antibody at 14 °C and 24 °C at 

different time intervals for a total of 30 minutes. A control reaction was carried out (now 

using 4 nmol NBD-UDP-MurNAc-pentapeptide) where 2 μg tunicamycin was added during 

the freeze-thaw procedure to prevent synthesis of NBD-Lipid I/II. During the recording of the 

fluorescence spectra, 40 μg anti-DNP antibody was added 2 minutes after the first 

measurement and 0.2 % Triton X-100 was added after 32 minutes to disrupt the membranes. 

Direct evidence of PBP activity was obtained by quantification of the NBD-Lipid II pool in 

the RSO vesicles after incubation at room temperature for up to 40 min in the absence of anti-

DNP antibody. For good visualization and quantification, triple volumes of all components 
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were used. At the times indicated, samples (25 %) were taken and lipids were extracted with 

1.5-volume butanol/ 6 M pyridine-acetate, pH 4.2 as described above. Samples were analysed 

by TLC as described above and NBD-Lipid II spots were quantified using a BioRad Gel Doc 

2000 imager with the Quantity One software. 

 

Results 

Characterization of NBD labeled compounds 

First, the fluorescence characteristics of the NBD-labeled compounds were investigated. 

NBD-Lipid II that was incorporated in vesicles composed of DOPE/DOPG (75:25 mol %) at 

0.2 mol % gave a fluorescence spectrum with a maximum located at 540 nm (Fig. 2A, solid 

line). When the NBD-labeled phospholipid phosphatidyl glycerol (NBD-PG) was 

incorporated in an identical way the fluorescence spectrum also gave a maximum at the same 

wavelength but the intensity was increased almost threefold (Fig. 2A, striped line). In 

contrast, NBD-labeled UDP-MurNAc pentapeptide in buffer A gave a fluorescence spectrum 

with a maximum at 548 nm with an intensity of about threefold lower than the NBD-Lipid II 

emission (Fig. 2A, speckled line). This demonstrates that the NBD-labels of Lipid II and PG 

are located in a more hydrophobic environment when incorporated in the membrane. 

Moreover, the threefold increased intensity of the NBD-PG emission indicates that its NBD 

label is more deeply incorporated into the membrane as compared to the NBD-label of NBD-

Lipid II.  

When NBD labeled Lipid II is treated with dithionite, the nitroxide of the NBD moiety is 

reduced to an amine resulting in the loss of fluorescence [111]. The fluorescence experiment 

shown in Fig. 2B demonstrates that when dithionite was added to a suspension of large 

unilamellar vesicles (LUVs) with NBD-Lipid II homogeneously incorporated (Fig. 2B, I), the 

fluorescence signal decreased to 47 ± 1.5 % of the initial level in approximately 10 seconds 

(Fig. 2B, II). This is in marked contrast to the behavior of NBD-PG, of which the 

fluorescence took about 300 seconds to quench to the same level in a similar experiment (data 

not shown). This supports the more accessible location of the NBD label of NBD-Lipid II 

versus that of NBD-PG as suggested above. The fact that the fluorescence remained at a 

stable level for several minutes after addition of dithionite demonstrates that NBD-Lipid II 

was distributed symmetrically over the two leaflets of the bilayer and that no rapid 

redistribution occurred.  When Triton X-100 was added to a final concentration of 0.2 % to 

disintegrate the LUVs, the fluorescence was quenched almost directly to zero levels (Fig. 2B, 

III). This demonstrates that the amount of dithionite added to the vesicles was enough to 

quench all fluorescence.  
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Fig. 2. A., emission spectra of 0.2 mol % NBD-Lipid II at an excitation wavelength of 478 nm 

incorporated in LUVs composed of 75 mol  % DOPE and 25 mol % DOPG (solid black line), 0.2 mol % 

NBD-PG incorporated in LUVs in buffer A (striped line) and NBD labeled UDP-MurNAc pentapeptide 

directly in buffer A (speckled line). Equal amounts of the different NBD labeled compounds were used. 

B., the online tracing of NBD-Lipid II quenching upon dithionite addition. LUVs with 0.2 mol % NBD-

Lipid II incorporated in 75 mol % DOPE, 25 mol % DOPG LUVs were used. I represents LUVs with 

NBD-Lipid II symmetrically incorporated not treated with dithionite, II represents NBD-Lipid II from 

dithionite treated LUVs and in III LUVs were dissipated by 0.2 % Triton X-100 in the presence of 

dithionite. C., TLC analysis of the online tracing of NBD-Lipid II quenching as shown in B. In lane I 

LUVs consisting of 75 mol % DOPE, 25 mol % DOPG and 0.2 mol % NBD-Lipid II were subjected to 

phospholipids extraction without addition of dithionite. Lane II represents NBD-Lipid II from dithionite 

treated LUVs and in lane III LUVs were treated with 0.2 % Triton X-100 in the presence of dithionite. 

Dithionite quenching was stopped by addition of a 2.5 fold excess of K3Fe(CN)6 prior to phospholipids 

extraction. For all TLCs depicted in this study, the point of origin is at the bottom. 

 

Fig. 2C shows the TLC analysis of the experiments shown in Fig. 2B.  Both UV light (Fig. 

2C, upper panel) and iodine (Fig. 2C, lower panel) were used to visualize the spots. TLC 

analysis of the untreated vesicles showed that a spot could be visualized with UV light, 

representing fluorescent NBD-Lipid II (Fig. 2C, upper panel, I). Treatment with dithionite 

resulted in a spot at similar Rf-value that was approximately half as intense when visually 

inspected (Fig. 2C, upper panel, II). In presence of Triton X-100 no spot could be visualized 

with UV light (Fig. 2C, upper panel, III). Staining with iodine revealed the non-fluorescent 

pools on the TLC. One spot was visible when no dithionite was added (Fig. 2C, lower panel, 

I), but after addition of dithionite two spots were visible (Fig. 2C, lower panel II). The other 

spot corresponded to NBD-Lipid II that was reduced by dithionite (ABD-Lipid II), and thus 

lost its fluorescence properties. This observation corresponds to the decrease in intensity of 

the fluorescence signal of approximately 47 ± 1.5 % (Fig. 2B). ABD-Lipid II typically had a 

lower Rf-value compared to its unquenched variant (Fig. 2C, lower panel I). In Fig. 2C, lower 

panel, III only a spot at the position of ABD-Lipid II could be seen, which corresponds to the 

A B C 
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decrease of fluorescence to zero levels in Fig. 2B. Thus, by combining the results of online 

fluorescence measurements with TLC analysis information, the location of all the Lipid II 

molecules can be retrieved. 

 

Lipid II flop does not occur spontaneously or in the presence of transmembrane helices 

To examine the occurrence of spontaneous transport of Lipid II across the membrane, 

asymmetrically labeled vesicles consisting of DOPE/DOPG/ NBD-Lipid II were prepared. 

For this purpose, vesicles were treated with dithionite to quench all fluorescent NBD-groups 

located in the outer leaflet of the membrane. Subsequently, vesicles were treated with excess 

K3Fe(CN)6 to remove dithionite and incubated  at 30 ˚C. At several time points, the vesicles 

were subjected to another dithionite treatment to examine whether fluorescent NBD-Lipid II 

had moved from the inner to the outer leaflet of the membrane. After 0, 1, 2 and 3 hours of 

incubation almost all NBD-Lipid II in the LUVs was protected against dithionite (Fig. 3, I) 

demonstrating that all NBD-Lipid II remained on the inside of the LUVs and thus is unable to 

spontaneously move across the bilayer at an appreciable rate. In membranes composed of an 

E. coli phospholipid extract, flip-flop of the major phospholipids PE and PG was shown to be 

dependent on the presence of transmembrane helices [113]. Therefore, we also considered the 

possible transmembrane helix induced flop of Lipid II. For this, the transmembrane peptide 

WALP 23 was used, as it was shown to facilitate transmembrane movement of some 

phospholipids and especially of the negatively charged PG [113, 169]. However, the presence of 

WALP23 is not enough to facilitate transport of NBD-Lipid II across the lipid bilayer. The 

protection remained almost complete after 3 hours of incubation (Fig. 3, II). Even after 20 hrs 

of incubation the protection was only decreased to approximately 82 % (not shown), which 

implicates a halftime for translocation of about 60 hours in this system. In contrast, while 

NBD-PG did not flop spontaneously in pure lipid bilayers (Fig. 3, III), its transmembrane 

transport was significantly enhanced in the presence of WALP23 (Fig. 3, IV) confirming the 

observation of Kol et al. [113]. Additionally, our results show that the presence of Lipid II did 

not affect peptide induced transbilayer movement of NBD-PG. For all measurements addition 

of Triton X-100 to the vesicles suspension typically led to a total loss of fluorescence, 

demonstrating that the amount of dithionite added was enough to reduce all NBD groups 

present in the system. Our findings demonstrate that Lipid II does not flip-flop spontaneously 

or in the presence of the membrane spanning helices. 
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Fig. 3. NBD-Lipid II does not flip-flop spontaneously or in presence of transmembrane helix WALP23. I, 

NBD-Lipid II, II, NBD-Lipid II, WALP23, III, NBD-PG, Lipid II, IV, NBD-PG, WALP23, Lipid II. Flip-

flop was measured at 0, 60, 120 and 180 minutes of incubation at 30 ˚C. 0.2 mol % of NBD- labeled 

compounds and 0.4 mol % of WALP23 were incorporated symmetrically in 75 mol % DOPE, 25 mol % 

DOPG LUVs. 

 

Synthesis of Lipid II from Lipid I by MurG is not coupled to translocation of Lipid II across 

the membrane 

Next we tested whether synthesis of Lipid II from Lipid I by MurG is coupled to transport. 

For this purpose LUVs were prepared with NBD-Lipid I incorporated symmetrically. These 

LUVs were incubated with UDP-GlcNAc and MurG. Thus, if MurG transfers NBD-Lipid II 

across the bilayer during its synthesis, an increased protection towards dithionite should be 

the result.  

Fig. 4A, lane 1 shows that in the absence of MurG and UDP-GlcNAc no synthesis occurs and 

only NBD-Lipid I can be seen on the TLC. When MurG and UDP-GlcNAc were added to 

these LUVs, immediately after addition of MurG (t = 0 minutes, with the dead time of the 

experiment being ~20 s) already more than 25 % of the NBD-Lipid I was converted to NBD-

Lipid II (Fig. 4A, lane 2). After 1, 2 and 3 hours of incubation the amount of NBD-Lipid I 

converted into NBD-Lipid II remained around 50 % (Fig. 4A, lane 3, 4, 5). This observation 

indicates that only the outer NBD-Lipid I pool is accessible for NBD-Lipid II synthesis and 

confirms the symmetric distribution of NBD-Lipid I over the two leaflets of the bilayer. To 

check if the stable levels of conversion between one and three hours of incubation were not 
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due to inactivation of MurG in time, Triton X- 100 was added to an overnight-incubated 

sample to make the protected NBD-Lipid I pool also accessible for MurG. After another hour 

of incubation the enzymatic activity after overnight incubation was sufficient to convert the 

reminiscent NBD-Lipid I pool completely into NBD-Lipid II (Fig. 4, lane 6). For both the 

vesicles incubated with MurG and UDP-GlcNAc as well as the vesicles incubated without 

these compounds, the fluorescence level after dithionite treatment was approximately 50 % of 

the initial fluorescence level for all incubation times. This implicates that the NBD labeled 

compounds were distributed equally over both sides of the membrane, suggesting that MurG 

did not translocate Lipid II across the bilayer. 

 

 
 
Fig. 4 A., Quantification of newly synthesized NBD-Lipid II. The amount of Lipid II in a sample is 

quantified as a percentage of the total NBD-compounds in the sample. Percentages are an average of 12 

values derived from 4 different incubations. The UV visualized spots of a typical corresponding TLC are 

shown. Lanes 1 and 2 represent the sample at t = 0 minutes, without and with addition of UDP-GlcNAc 

and MurG respectively. Lanes 3, 4, 5 represent samples after respectively 1, 2 and 3 hours of incubation. 

After 20 hours Triton X-100 was added to the sample followed by lipid extraction one hour later (lane 6). 

B., TLC analysis of MurG catalyzed NBD-Lipid II synthesis after 3 hours of incubation at 30 ˚C. Spots 

were visualized by iodine vapor. Lanes I and II show NBD-Lipid I extracted from LUVs incubated in the 

absence of MurG and UDP-GlcNAc. Lanes III and IV show NBD-Lipid I and II extracted from LUVs 

incubated in the presence of MurG and UDP-GlcNAc. The samples used for lane II and IV were 

subjected to dithionite quenching, followed after 5 minutes by addition of K3Fe(CN)6 in a 2.5 fold excess 

before extraction to quench the outer NBD pool.  
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To exactly localize the position of NBD labeled compounds we used the TLC method as 

described in Fig 2C. Fig. 4B shows the analysis on TLC of vesicles with NBD-Lipid I 

incubated for 3 hours with or without MurG and UDP-GlcNAc visualized with iodine. The 

vesicles incubated without UDP-GlcNAc and without MurG show only an NBD-Lipid I spot 

as expected (Fig. 4B, lane I). When the outer NBD pool of these vesicles was treated with 

dithionite before phospholipid extraction, two spots became visible: NBD-Lipid I and ABD-

Lipid I. (Fig. 4B, lane II). Addition of UDP-GlcNAc and MurG resulted in synthesis of NBD-

Lipid II. Fig. 4B, lane III shows one spot at a typical NBD-Lipid I position and one spot at a 

typical NBD-Lipid II position. Addition of dithionite after MurG catalyzed synthesis of NBD-

Lipid II resulted in a faint spot of ABD-Lipid I, where a more intense spot appeared for the 

ABD-Lipid II (Fig. 4B, lane IV). This demonstrates that almost all NBD-Lipid I on the 

outside of the membranes was converted into NBD-Lipid II. More importantly, even after 

three hours, no newly synthesized NBD-Lipid II appeared in the inner pool of the LUVs that 

was protected from dithionite (Fig. 4B, lane IV), indicating that no NBD-Lipid II was 

transported across the membrane. 

Since MurG appeared to synthesize Lipid II more efficiently when associated with membrane 

vesicles containing cardiolipin [61], the effect of cardiolipin was tested in a similar experiment. 

For this purpose the experiment was done on vesicles containing 80 % DOPE/ 15 % DOPG/ 5 

% cardiolipin/ 0.2 % NBD-Lipid I, mimicking the E. coli inner membrane phospholipids 

composition [165]. Similar to the experiment above, also no translocation of NBD-Lipid II 

could be measured under these conditions (not shown). 

 

Lipid II translocation across E. coli membrane vesicles  

Next, we tried to measure the translocation of Lipid II across biological membranes using the 

same approach. Unfortunately, the dithionite protection assay could not be used because of 

the permeability of the membrane for dithionite (data not shown). Instead, we made use of the 

intrinsic property of antibodies against dinitrophenyl groups to quench fluorescence of NBD 

amines [170], and it is not to be expected that these antibodies are membrane permeable. As 

shown in Fig. 5A, the anti-DNP antibody is indeed capable of quenching the fluorescence of 

NBD-Lipid II in a concentration-dependent manner and thus it was used to determine the 

topology of Lipid II in bacterial membranes.  
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Fig. 5. NBD-quenching demonstrates Lipid II translocation in E. coli membrane vesicles. A., addition of 

anti-DNP antibody to NBD-labeled Lipid II in Triton X-100 containing buffer quenches the NBD-

fluorescence in a linear fashion. B., translocation of NBD-Lipid II across the cytoplasmic membrane is 

shown by NBD-quenching using external anti-DNP antibody. NBD-labeled UDP-MurNAc-pentapeptide 

was brought into membrane vesicles and Lipid II was synthesized as described in Experimental 

procedures. Fluorescence spectra were recorded in the presence of 40 μg anti-DNP antibody at 14 °C for 

30 minutes as indicated in the figure. C., UDP-MurNAc-pentapeptide is not translocated or leaking across 

the membrane. NBD-labeled UDP-MurNAc-pentapeptide was brought into membrane vesicles of which 

MraY was inhibited by tunicamycin, thus blocking the synthesis of Lipid I/II. Fluorescence spectra were 

recorded at 14 °C for 35 minutes as indicated in the figure. After 2 minutes, 40 μg anti-DNP antibody was 

added to the reaction. After 32 minutes, 0.2 % Triton X-100 was added to the reaction. D., Temperature-

dependent fluorescence decrease in the absence of NBD-quenching antibody indicates polymerization of 

translocated NBD-Lipid II. Reactions were incubated at 14 or 24 °C in the presence or absence of anti-

DNP antibody as indicated. The relative fluorescence at 534 nm was measured at 0, 10, 20 and 30 min. 

E., A decrease in the NBD-Lipid II pool indicates polymerization by PBPs after translocation. Reactions 

were incubated at room temperature and samples were taken at the times indicated and analysed by TLC 

and UV detection. The relative amounts of NBD-Lipid II were quantified and indicated above each lane. 

NBD-Lipid II: control NBD-Lipid II.  

 

D 

E 
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Inner membrane vesicles of E. coli strain W3899 with a right side-out orientation were 

isolated to measure the membrane-translocation of NBD-Lipid II. Using a freeze-thaw 

procedure, the substrates NBD-UDP-MurNAc-pentapeptide and UDP-GlcNAc were brought 

into the lumen of the vesicles. We found that Lipid II synthesis, but not translocation, already 

occurs while the samples are standing on ice. Subsequently, the temperature of the NBD-

Lipid II containing membrane vesicles was raised to 14 °C and fluorescence spectra were 

recorded in the presence of anti-DNP antibody. A gradual decrease in the NBD-fluorescence 

was observed (Fig. 5B), indicating translocation of the NBD-Lipid II from the inside of the 

vesicles to the outside, followed by quenching of the NBD-label by the antibody. To ascertain 

that the fluorescence quenching is not caused by leakage or desintegration of the vesicles, a 

control reaction was carried out. Tunicamycin, a specific inhibitor of MraY function, was 

added to the reaction during the freeze-thaw procedure. This prevented the synthesis of Lipid 

I/II. We argued that the UDP-MurNAc-pentapeptide would not be a substrate for translocation 

and should remain in the lumen of the membrane vesicles. Upon recording of the spectra it 

was observed that the fluorescence emission maximum was red shifted almost 20 nm 

(Compare Fig. 5B and 5C). This indicates that indeed no NBD-Lipid II is synthesized and 

only NBD-UDP-MurNAc-pentapeptide is present (see also Fig. 2) as also is indicated by TLC 

analysis (not shown). When fluorescence spectra of this reaction were recorded, only a small 

decrease in NBD-fluorescence was observed after addition of the anti-DNP antibody (Fig. 5C, 

antibody added at t = 2 minutes). After this small initial decrease, the signal remained stable, 

indicating that the initial quenching was probably caused by some NBD-UDP-MurNAc-

pentapeptide sticking to the outside of the membranes. Only after addition of 0.2 % Triton X-

100, which dissolves the vesicles, the liberated NBD-UDP-MurNAc-pentapeptide was 

quenched by the antibody. This shows that NBD-Lipid II is specifically translocated across 

the membrane and the bacterial membrane vesicles are not permeable for either UDP-

MurNAc-pentapeptide or the anti-DNP antibody.  

Subsequently, we incubated bacterial vesicles in the absence of anti-DNP antibody. Under 

these conditions it appeared that, upon incubation of the vesicles at elevated temperatures 

after synthesis of NBD-Lipid II on ice, we could detect a decrease of the fluorescence in time 

(Fig. 5D). The rate of this decrease was dependent on the temperature, as increasing the 

temperature from 14 to 24 ºC resulted in a faster decrease of the fluorescence. In a parallel 

experiment we analysed the bacterial membrane vesicles for the presence of NBD-Lipid II by 

TLC analysis after extraction of the lipids with butanol-pyridine pH 4.2 (Fig. 5E). The results 

show that in time the NBD-Lipid II pool decreases concomitant with this decrease in 

fluorescence, indicating that NBD-Lipid II is processed presumably by transglycosylase 

activities. Addition of α-DNP antibody resulted at both temperatures in an even faster 
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decrease in fluorescence (Fig. 5D). These observations indicate that the translocation of NBD-

Lipid II may be directly linked to its polymerization by the transglycosylases, as discussed 

further below.  

 

Discussion 

In this study we demonstrated by fluorimetry and TLC that Lipid II does not translocate 

spontaneously across a DOPE/DOPG membrane. The long undecaprenyl chain has been 

proposed to enable spontaneous diffusion of Lipid II across the bacterial membrane [169], but 

even after three hours of incubation we did not observe Lipid II flop (Fig. 3). The presence of 

transmembrane helices in a bilayer system enables several phospholipids to flip-flop across 

the membrane [113, 171]. However, we showed that in contrast to phospholipids, Lipid II does 

not flop through the bilayer in the presence of the transmembrane peptide WALP23. This can 

be understood by the observations of Kol et al., who showed that transmembrane peptide 

induced phospholipids translocation was strongly dependent on the charge of the lipid 

headgroup [172]. A high number of total charges in the headgroup resulted in a lower rate of 

flip-flop in these experiments. The negatively charged phosphatidyl glycerol and phosphatidic 

acid were translocated quickly, while the zwitterionic phosphatidyl choline (two opposing 

charges) and phosphatidyl serine (zwitterionic plus an extra negative charge) showed a much 

slower flop [172]. More charges on a phospholipid headgroup would require a higher energy to 

bring the headgroup into the hydrophobic interior of the bilayer. Apparently, the presence of 4 

charges in the NBD-labeled Lipid II head group blocks this transmembrane helix mediated 

translocation. This charge effect would be even larger for unlabeled Lipid II that carries an 

additional positive charge. It can be estimated that the halftime of translocation of Lipid II 

across the peptide containing bilayer was about 60 hours (Fig. 3), which is several orders of 

magnitude slower than the halftime of translocation of Lipid II in biological membranes 

which has to be in the order of seconds [96, 97]. This difference in behavior between 

phospholipids and Lipid II can be rationalized from the difference in function of the 

phospholipids and Lipid II. The phospholipids need to form a bilayer and therefore will 

require a fast and relatively aspecific translocation mechanism. In contrast, a unique and 

highly dynamic molecule as Lipid II needs to undergo a very fast and unidirectional transport 

to allow the peptidoglycan layer to grow. This most likely will require a more specific 

translocation mechanism. Such a specific mechanism has been proposed for instance for the 

analogous transport of LPS precursors across the inner membrane of E. coli [123]. 

Using the NBD-quenching property of the anti-DNP antibody, we directly demonstrated NBD 

labeled Lipid II translocation in biological membranes (Fig. 5B). This shows that an intact 

translocation machinery is still present in isolated E. coli inner membrane vesicles. Although 
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we have used a labeled lysine-version of the peptidoglycan precursor, we expect that neither 

labeling, nor the use of a lysine version as opposed to a diaminopimelic acid version that is 

common to E. coli affect the translocation to a large extent. In several publications the 

peptidoglycan synthesizing machinery was observed to exhibit a high tolerance towards 

variants of the peptide moiety of Lipid II and even towards chemically modification of the 

pentapeptide. Sadamoto et al. [173, 174] for example, showed that when using a fluorescein 

labeled UDP-MurNAc-pentapeptide derivative, E. coli was able to incorporate the fluorescent 

precursor into its cell wall. Likewise, incubation of E. coli cells with NBD-labeled substrates 

for the cell wall recycling machinery resulted in incorporation of the fluorescent label into the 

cell wall [175]. Therefore we conclude that our results obtained with the NBD-labeled Lipid II 

can be extrapolated to unlabeled, wild type Lipid II.  

Thus, the translocation machinery is likely composed of one or more integral membrane 

proteins or membrane associated proteins. What would then be this specific machinery? Our 

experiments exclude the possibility that the Lipid II synthesis enzyme MurG is responsible for 

membrane translocation. Despite the fact that the enzyme is inserted into the membrane [61], 

the conversion of Lipid I to Lipid II does not result in translocation across model membrane 

vesicles. In addition to this, while MurG catalyzed the synthesis of Lipid II in the isolated E. 

coli membrane vesicles on ice, no transmembrane movement of Lipid II could be observed 

yet. This demonstrates that synthesis and translocation of Lipid II are not obligatory coupled, 

and suggests that translocation is carried out by a specific protein. Moreover, since we have 

shown Lipid II transport in E. coli membrane systems lacking ATP or a proton motive force 

(pmf), we can reason that no ABC-like transporter or any other energy source is needed for 

the translocation to occur. 

The translocated Lipid II should in principle become a substrate for the transglycosylase 

activities of the high molecular weight PBPs or the monofunctional transglycosylases that are 

present in the bacterial membrane. This process should lead to a reduction in fluorescence. 

Assays for measuring transglycosylase activity exploit this phenomenon using dansylated 

versions of Lipid II [176]. As shown in Fig. 2A, also the fluorescence intensity of the NBD 

label is influenced by the environment, thereby allowing us to test if the NBD-labeled Lipid II 

that appears on the outside of the vesicles is a substrate of the transglycosylases. Any 

transglycosylase activity would polymerize Lipid II. This polymerized Lipid II is then likely 

to be degraded by the lysozyme activity remaining in our vesicle preparation. During these 

processes the NBD-label is transferred from a membranous environment, the Lipid II head 

group, to an aqueous environment. The temperature and time dependent decrease of 

fluorescence in combination with the diminishing NBD-Lipid II pool in Fig. 5D and 5E show 

indeed that the NBD label is transferred to a more polar environment. These observations 
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clearly indicate that there is a link between Lipid II transport and transglycosylation activity. 

Considering our results, we hypothesize that the translocation of Lipid II is coupled to 

ongoing transglycosylation by the PBPs, which is an important novel insight in the process of 

Lipid II transport. 
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Abstract 

The bacterial cell wall is essential for cell survival and consists mainly of peptidoglycan. 

One of the key steps in bacterial cell wall synthesis is the translocation of peptidoglycan 

subunits via the precursor molecule Lipid II from the cytoplasmic side of the plasma 

membrane to the exterior side. Not much is known about the mechanism by which this 

occurs, but it is highly likely mediated by one or more proteins. Therefore we attempted 

to identify protein components involved with peptidoglycan synthesis and in special 

transbilayer movement of Lipid II. For this purpose, a photocrosslinking study was 

performed using the Lipid II precursor UDP-MurNAc-pentapeptide labeled with N-

hydroxysuccinimidyl-4-azidosalicyclic acid (NHS-ASA). For specific detection, the 

crosslinker moiety was labeled with 125I resulting in UDP-MurNAc-pentapeptide-

[125I]ASA. This precursor derivative was used as a substrate for Lipid II synthesis in 

isolated inner membrane vesicles of Escherichia coli. Crosslinking under conditions by 

which Lipid II transport occurs resulted in a set of labeled proteins. Applying two-

dimensional gel analysis in combination with mass spectrometry resulted in the 

identification of a number of interesting proteins possibly interacting with Lipid II. 

Among these proteins, several components of the sec protein translocon were found as 

well as components of the AcrAB-TolC drug efflux system. Applying our crosslink assay 

to inner membrane vesicles derived from a strain overexpressing the essential cell 

division protein FtsW resulted in a drastically changed pattern of crosslinked proteins, 

indicating a direct relation of FtsW with cell wall synthesis, possibly by transporting 

Lipid II across the plasma membrane. 

 

Introduction 

Bacterial cell walls are mainly composed of peptidoglycan. This large macromolecule 

consists of a three-dimensional network composed of polymers of alternating aminosugar 

subunits N-acetylglucosamine (GlcNAc) and N- acetylmuramic acid (MurNAc), which are 

interlinked to each other by a peptide moiety. Synthesis of peptidoglycan starts in the 

cytoplasm with the synthesis of MurNAc, which is synthesized from GlcNAc in a cascade of 

events involving the enzymes MurA and MurB. After this, a pentapeptide moiety is attached 

to MurNAc by the enzymes MurC, MurD, MurE and MurF resulting in a complete UDP 

activated MurNAc-pentapeptide molecule [156, 177]. Peptidoglycan synthesis proceeds at the 

membrane level where the transmembrane enzyme MraY catalyses the addition of MurNAc-

pentapeptide to undecaprenyl phosphate, a special lipid carrier that is used for peptidoglycan 

subunits. The enzymatic coupling of MurNAc-pentapeptide results in Lipid I, which is then a 

substrate for MurG. This enzyme is peripherically associated to the cytoplasmic side of the 
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membrane [157] and catalyses the transfer of UDP-activated GlcNAc to Lipid I, which results 

in Lipid II [58]. 

In order to get incorporated into the growing peptidoglycan chain, Lipid II has to be 

transported across the bilayer. The mechanism by which this occurs largely remains a black 

box in bacterial cell wall synthesis. A recent study describes that Lipid II does not flip-flop 

spontaneously across the bilayer of model membranes [178]. Additionally, when membrane-

spanning peptides, known to induce flip-flop of some phospholipids [113], were incorporated in 

model membranes, no significant transmembrane movement of the precursor could be 

detected [178]. However, Lipid II translocation could be demonstrated in E. coli inner 

membrane vesicles by using NBD labeled precursors [178]. These observations provided strong 

evidence that protein activity is needed for translocation of Lipid II across the bilayer.  The 

identity and nature of the protein(s) responsible for translocation of Lipid II remain elusive 

but it is very likely that this transport system consists of one or more proteins that are 

transmembrane or membrane associated. 

For these reasons we applied a photocrosslinking approach in an attempt to identify the 

enigmatic transporter. The incorporation of a photocrosslinker on peptidoglycan subunits is 

likely to be accepted by the bacterial cell wall synthesis machinery. The high allowance of the 

bacterium for modified cell wall precursors is demonstrated by the observation that NBD-

labeled derivatives of Lipid II are translocated in bacterial membranes [178]. This showed that 

chemical modification of precursors with a large fluorescent group does not prevent the 

molecules from translocation. It is also described that the cell wall synthesis machinery 

exhibits a high tolerance towards chemical modifications of the pentapeptide [173, 174]. The 

lysine residue of MurNAc-pentapeptide can be easily labeled and provides a suitable anchor 

for attachment of a photoactivatible crosslinker to the MurNAc-pentapeptide. Photoactivatible 

crosslinkers can be activated by UV light, thereby forming highly reactive intermediates that 

can form covalent bonds with molecules in their vicinity. Photolabeling techniques have been 

successfully applied in various studies to investigate protein-protein interactions or protein-

lipid interactions.  Various important protein-protein interactions in the Sec translocon were 

demonstrated using photolabeling [179-184]. Also interactions between proteins and lipids were 

studied using photocrosslinking [185-187]. A photocrosslinking approach appeared also 

successful in the search for mitochondrial proteins interacting with the membrane 

phospholipids [188, 189].  

In the present study, UDP-MurNAc-pentapeptide was labeled with N-hydroxysuccinimidyl-4-

azidosalicyclic acid (NHS-ASA). The resulting UDP-MurNAc-pentapeptide-ASA was 

labeled with 125I to enable specific detection of crosslinked proteins. This radiolabeled ASA 

precursor was used as a substrate for Lipid II synthesis in right side out vesicle preparations 
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(RSOs) of Escherichia coli. Crosslinking was then performed in this system under conditions 

that allow for transport of Lipid II. Subsequently, a combination of two-dimensional gel 

analysis and mass spectrometry was used to identify proteins that were in contact with Lipid 

II under these conditions. Also vesicles derived from strains overexpressing proteins that are 

possibly involved in Lipid II transport were used for crosslinking experiments. The 

combination of these approaches resulted in a list of possible Lipid II transporter protein 

candidates.  

 

Material and methods 

Materials 

Na125I (100 mCi/mL, >1900 Ci/mmol) in 10-5 M NaOH (pH 8-11) and uridine diphosphate N-

acetyl-D-glucosamine, [glucosamine-1-14C] (UDP-[14C]-GlcNAc), 0.01 mCi/ml, 288 

mCi/mmol in ethanol: water solution (7: 3) were purchased from Perkin Elmer (MA, USA). 

High range [14C]-Methylated protein marker, Amplify® and sephadex G-10 were purchased 

from Amersham Biosciences (Buckinghamshire, UK). NHS-ASA and IODO-GEN® pre-

coated iodination tubes were from Pierce Biotechnology (IL, USA). Autoradiography was 

performed using Kodak BioMax MS film from Sigma (the Netherlands). Vancomycin was 

from ICN (Irvine, Canada). Tunicamycin and trybutylphosphine were from Sigma (the 

Netherlands). Trypsin was from Merck (NJ, USA). 4-octyl 

denzoamidoproyldimethylammonio-propoane-sulphate (C8Ф) was purchased from 

Calbiochem (Darmstadt, Germany). ReadyStrip IPG strips (pH 5-8 and pH 3-10) and Biolyte 

3-10 were from Bio-Rad (the Netherlands). All other chemicals were analytical grade or 

better.  

 

Bacterial strains and plasmids 

In this study, wild-type strains E. coli W3899, [167] a kind gift of Prof. Dr. W. Dowhan 

(Department of Biochemistry and Molecular Biology, University of Texas-Houston Medical 

School) and Bl21(DE3) were used to isolate inner membrane vesicles. The W3899 strain was 

used for most of the crosslink studies because it was also used as a model system to study 

transport of NBD labeled Lipid II [178]. Membranes of the Bl21(DE3) wild-type were isolated 

to enable proper comparison with membranes derived from overexpression systems in a 

Bl21(DE3) background in our crosslink study. For overexpression of histagged MurG, the 

IPTG inducible plasmid pET21b-MurGhis was transformed into chemically competent 

Bl21(DE3) pLysS cells (Invitrogen). Plasmid pET21b-MurGhis was a kind gift of Dr. 

Suzanne Walker (Microbiology and Molecular Genetics, Harvard Medical School). For 

overexpression of HA-tagged FtsW, plasmid pDML2423 [190] was transformed into 
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chemically competent Bl21(DE3) cells. Plasmid pDML2423 was a kind gift from Dr. Martine 

Nguyen-Disteche (Université de Liège).  

 

Isolation of right side out vesicles 

RSOs were isolated and suspended in 50 mM potassium phosphate buffer (pH 7.5) containing 

10 mM NaCl and 1 mM MgSO4 (Buffer A) as described [112, 168]. In the case of cells 

overexpressing MurG or FtsW, overexpression was induced at an OD of 0.7 for two hours 

with 1 mM IPTG before RSOs were isolated. Overexpression of MurG and FtsW was 

confirmed by immunoblotting (not shown). The concentration of the membrane vesicles was 

determined by their phospholipids content and referred to as Lipid Pi (Lpi). For this purpose, 

lipids were extracted from the membranes as reported [191], by quantification of phosphorus as 

described [192]. 

 

Synthesis and labeling of UDP-MurNAc-pentapeptide with NHS-ASA 

The lysine form of UDP-MurNAc was isolated from Staphylococcus aureus and purified as 

described [163]. During all experiments involved in the chemical cross-linking of UDP-

MurNAc-pentapeptide, solutions and suspensions containing a photoactivatable crosslinker 

were kept away from direct sunlight. First, 20 mg NHS-ASA was dissolved in 200 μl 

dimethylformamide (DMF) and added slowly whilst stirring to 70 mg UDP-MurNAc-

pentapeptide dissolved in 3.2 ml Acetonitril/ 100 mM NaHCO3 (pH 9) (1:1 v/v). The reaction 

mixture was incubated for 3 hours at room temperature before it was applied on a C18 HPLC 

column and subsequently purified using a linear gradient from 50 mM ammonium 

bicarbonate to 100 % methanol. After removal of the solvent, purified UDP-MurNAc-

pentapeptide-ASA was taken up in milliQ and its identity was confirmed by MALDI-TOF 

analysis (not shown). The concentration of UDP-MurNAc-pentapeptide-ASA was determined 

by quantification of the phosphorus concentration as described [192]. 

 

Radiolabeling of UDP-MurNAc-pentapeptide-ASA 

For each separate cross-link experiment UDP-MurNAc-pentapeptide was radiolabeled freshly 

in order to guarantee optimal detection of crosslinked proteins. Per experiment, 40 nmol 

UDP-MurNAc-pentapeptide-ASA from an 8 mM stock solution was added to 40 μl Buffer B 

containing 25 μM KI and 125 μCi Na125I in an IODO-GEN pre-coated iodination tube 

yielding a total volume of 45 μl. After 15 minutes incubation at room temperature, unreacted 
125I was removed by gelfiltration using a Sephadex G-10 spin-column. Radiolabeled UDP-

MurNAc-pentapeptide was stored on ice until further use. 
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Photolabeling of right side out vesicles 

For photolabeling of RSOs, we added 5 μl of a 10 mM UDP-GlcNAc solution and 40 μl of 

Buffer B containing 40 nmol UDP-MurNAc-pentapeptide-[125I]ASA to 125  nmol Lpi RSOs 

of E. coli W3899 in a total volume of approximately 55 μl. Peptidoglycan precursors were 

incorporated in the vesicles by freezing and thawing on ice twice. This procedure results in 

the incorporation of ~4 % of the UDP activated sugars inside of the inner membrane vesicles 

as reported before [178]. Vesicles were incubated under various conditions, after which samples 

were exposed to UV light of 366 nm (Mineralight UVGL-58, UVP Inc., San Gabriel, CA) for 

30 s at room temperature or longer when indicated. Crosslinking was typically followed by 

centrifugation for 30 minutes at room temperature at 14.000 rpm in an eppendorff centrifuge 

to remove excess UDP-MurNAc-pentapeptide-[125I]ASA. The pellet was resuspended in 

Buffer B and analysed by 12 % SDS-PAGE after which gels were dried and exposed to 

Kodak BioMax MS films. Samples for SDS-PAGE were not boiled, unless indicated. 

When indicated, RSO suspensions were treated with tunicamycin. For this purpose, 

tunicamycin (2 μg) was incorporated together with peptidoglycan precursors into the RSOs by 

freeze-thawing as described above and incubated for 30 minutes at 14 °C before crosslinking. 

When UDP-[14C]-GlcNAc was used to specifically detect crosslinked proteins, the same 

protocol was followed with the exception that non-iodinated UDP-MurNAc-pentapeptide and 

2 μCi UDP-[14C]-GlcNAc were incorporated into the vesicles. Additionally, due to the 

relative low specific radioactivity of UDP-[14C]-GlcNAc, SDS-PAGE gels were impregnated 

with Amplify® before drying to shorten the exposure time needed for protein bands to appear. 

 

Affinity purification of MurG-histag 

His tagged MurG (both crosslinked to radiolabeled peptidoglycan precursors and not 

crosslinked) was purified essentially as described [61]. Briefly, RSOs (10 nmol Lpi) were 

solubilized in 200 μl Buffer A supplemented with 0.4 % v/v Triton X-100 and added to 750 μl 

20 mM Tris-HCl pH 8. The mixture was added to 100 mg Ni2+-NTA and left shaking for two 

hours at room temperature. Subsequently the column material was washed with 750 μl 20 mM 

Tris-HCl pH 8, 5 mM imidazol. Histagged MurG was eluted first with 750 μl 20 mM Tris-

HCl pH 8, 50 mM imidazol followed by elution with 750 μl 20 mM Tris-HCl pH 8, 100 mM 

imidazol. The purification was monitored either by Western Blot analysis using antiMurG 

(kindly provided by Dr. Tanneke den Blaauwen, University of Amsterdam) in the case of 

non-radioactive samples or by autoradiography in the case of radiolabeled samples. 



55 
 

 

Two-dimensional gel electrophoresis 

Samples for two-dimensional gel electrophoresis were typically prepared as follows. After 

crosslinking, a membrane pellet of 125 nmol Lpi was taken up in 50 μl of Buffer B with 0.4 

% Triton X-100. The resulting suspension was solubilized essentially as described but with 

some adjustments [193]. Briefly, 450 μl of a rehydration buffer consisting of 7 M urea, 2 M 

thiourea, 2 mM trybutylphosphine, 0.5 % (v/v) Biolyte 3-10, 40 mM Tris base, 2 % (w/v) 

C8Ф and 1 % (w/v) Triton X-100 was added to the crosslink sample. After incubation of 30 

minutes at room temperature, 450 μl of this mixture was applied to an 11 cm ReadyStrip IPG 

strip (pH 5-8 or pH 3-10) and actively rehydrated at 50 V for 20 hours at 20 °C using a 

BioRad PROTEAN® IEF cell.  

After rehydration, isoelectric focusing (IEF) was carried out for 80000 Vh at a maximum of 

8000 V. Subsequently, strips were immediately used for second dimension analysis or stored 

at –80 °C until further use. 

Before second dimension analysis, IPG strips were incubated for 15 minutes in equilibration 

buffer (6 M urea, 2 % (w/v) SDS, 20 % (v/v) glycerol, 0.375 M Tris-HCl pH 8.8) 

supplemented with 1 % (w/v) dithiotreitol (DTT) followed by another incubation of 15 

minutes in equilibration buffer supplemented with 3 % (w/v) iodoacetamide. After 

equilibration IPG strips were embedded in a gel consisting of 0.375 M Tris-HCl pH 8.8, 0.1 

% (w/v) SDS, 0.001 % (w/v) bromophenol blue and 1 % agarose on top of a 12 % SDS-

PAGE gel. 

After running the second dimension, the gel was coomassie stained, using a protocol for 

highly sensitive colloidal coomassie staining [194]. After drying the gel, it was exposed to a 

Kodak BioMax MS film.  

The position of radiolabeled proteins on the coomassie stained gel was determined by overlay 

of the autoradiogram using an autoradiograph pen (Sigma) to mark the position and 

orientation of the gel.  

 

In gel digestion 

For mass spectrometry analysis we determined the position of the crosslinked proteins on a 12 

% SDS 2D gel, prepared analogous to the gels described above, but using UDP-MurNAc-

pentapeptide-ASA instead of UDP-MurNAc-pentapeptide-[125I]ASA. Protein bands of 

interest were excised, cut into slices and in gel digested with trypsin essentially as described 
[189], with the exception that after digestion, the peptides were extracted using 5 % (v/v) 

formic acid.  
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NanoLC-MS/MS 

After digestion gel bands were analysed by nanoLC-LTQ-Orbitrap-MS (Thermo, San Jose, 

CA). An Agilent 1200 series LC system was equipped with a 20 mm Aqua C18 

(Phenomenex, Torrance, CA) trapping column (packed inhouse, i.d., 100 μm; resin, 5 μm) 

and a 200 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) analytical 

column (packed in-house, i.d., 50 μm; resin, 3 μm). Mobile-phase buffers were (A) 0.1 M 

acetic acid and (B) 80 % v/v acetonitril, 0.1 M acetic acid.Trapping was performed at 5 

μL/min for 10 min, and elution was achieved with a gradient of 10–38 % B in 35 min, 38–100 

% B in 3 min, 100 % B for 2 min. The flow rate was passively split from 0.45 mL/min to 100 

nL/min as described previously [195]. Nanospray was achieved using a distally coated fused 

silica emitter (New Objective, Cambridge, MA) (o.d., 360 μm; i.d., 20 μm, tip i.d. 10 μm) 

biased to 1.7 kV. In the case of the LTQ-FTICR, the mass spectrometer was operated in the 

data dependent mode to automatically switch between MS and MS/MS. Survey full scan MS 

spectra were acquired from m/z 350 to m/z 1500 in the FT analyzer with a resolution of R = 

100000 at m/z 400 after accumulation to a target value of 1000000 in the linear ion trap. The 

two most intense ions at a threshold of above 500 were fragmented in the linear ion trap using 

collisionally induced dissociation at a target value of 10000. 

 

Database searching 

Tandem mass spectra were extracted and charge state deconvoluted by BioWorks version 3.3. 

Deisotoping was not performed. All MS/MS samples were analysed using Mascot (Matrix 

Science, London, UK; version 2.2.04). Mascot was set up to search the SwissProt_53.2 

database (selected for E. coli, 8976 entries) assuming the digestion enzyme trypsin. Mascot 

was searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 

PPM. Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification. 

Oxidation of methionine was specified in Mascot as a variable modification.  

 

Criteria for protein identification 

Scaffold (version Scaffold-01_07_00, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 80.0 % probability as specified by the 

Peptide Prophet algorithm [196]. Protein identifications were accepted if they could be 

established at greater than 99.0 % probability and contained at least 2 identified peptides.  

Protein probabilities were assigned by the Protein Prophet algorithm [197]. Proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis alone, 

were grouped to satisfy the principles of parsimony. 
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Results 

A crosslinking approach using UDP-MurNAc-pentapeptide-[125I]ASA results in a specific set 

of labeled proteins 

Our crosslinking approach was based on a UDP-MurNAc-pentapeptide derivative labeled 

with a photoactivatable ASA moiety attached to the L-lysine at position 3 of the pentapeptide 

(Fig. 1A). For specific detection of crosslinked proteins, the precursor was labeled with 
125Iodine on the ASA-group (Fig. 1A). The ability of the Lipid II synthesis machinery to use 

the ASA modified UDP-MurNAc-pentapeptide as a substrate, was tested by incorporating 

UDP-MurNAc-pentapeptide-ASA labeled with non-radioactive iodine (obtained via the same 

protocol as for radioactive iodination) and UDP-GlcNAc into E. coli W3899 right side out 

vesicles, followed by incubation of 30 minutes at 30 °C as described. After incubation Lipid 

II was extracted and subjected to TLC analysis [178]. The TLC clearly shows a spot at the 

position of Lipid II [178] (Fig. 1B, right lane) while a similar sample derived from RSOs 

without precursors incorporated does not show a spot at this position (Fig. 1B, left lane). We 

therefore conclude that this spot represents Lipid II and that consequently, iodinated UDP-

MurNAc-pentapeptide-ASA is a substrate for the Lipid II synthesis machinery.  

When a vesicle suspension with UDP-MurNAc-pentapeptide-[125I]ASA and UDP-GlcNAc 

incorporated and incubated for 30 minutes at 30 °C was exposed to 366 nm UV light for 

different times, a set of proteins was labeled (Fig. 1B, lane 2 to 6). This was clearly the result 

of UV activated crosslinking because without UV exposure no radioactive labeling of proteins 

occurred (Fig. 1C, lane 1). UV exposure of 30 seconds was sufficient for optimal 

crosslinking, which is demonstrated by the fact that increase in UV exposure time does not 

result in a more intense pattern of labeled proteins (Fig. 1C, lane 2-6). Upon longer UV 

exposure times, the protein pattern hardly changes, implying that the crosslinked proteins are 

stably labeled and that crosslinking is a very fast process.  

When samples were boiled prior to electrophoresis, the pattern of labeled proteins was 

drastically altered. Only a small amount of labeled proteins had migrated on SDS-PAGE (Fig. 

1D, lane 2) compared to the samples that were not boiled (Fig. 1D, lane 1). This was due to 

aggregation of proteins as a result of boiling, which is clearly shown by the intense 

radioactive signal on top of the autoradiogram (Fig. 1D, lane 2). This indicates that a 

substantial amount of membrane proteins is labeled, since a lot of membrane proteins have the 

tendency to aggregate upon boiling [198, 199]. 
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Fig. 1. Radiolabeled UDP-MurNAc-pentapeptide-ASA can be used as a tool for crosslink studies. A., 

Schematic representation of iodinated UDP-MurNAc-pentapeptide-ASA. The first alanine (L-A) attached 

to the sugar moiety and the lysine (L-K) are in the L configuration, glutamic acid (D-E) the two ultimate 

alanines (D-A) are in D configuration, with the iodinated ASA crosslinker chemically coupled to the ε-

NH2 of the L-lysine residue at position 3. B., The ability of the Lipid II synthesis machinery to use UDP-

MurNAc-pentapeptide-ASA as a substrate was monitored on TLC and visualized by iodine staining. 

Lipid II was extracted from vesicles without (left) or with UDP-MurNAc-pentapeptide-ASA and UDP-

GlcNAc enclosed (right).  Vesicles were incubated for 30 minutes at 30 °C before BuOH/pyridine 

A B 

C 

D E 



59 
 

extraction. C., Autoradiogram showing the influence of illumination time on the pattern of crosslinked 

proteins. In the experiment shown here, after incorporation of UDP-MurNAc-pentapeptide-[125I]ASA and 

UDP-GlcNAc vesicles were incubated for 30 minutes at 30 °C. Vesicle suspensions were UV irradiated 

for 0 (lane 1), 30 (lane 2), 60 (lane 3), 120 (lane 4), 300 (lane 5) and 600 seconds (lane 6) before SDS-

PAGE and autoradiography. D., Autoradiogram showing the influence of boiling on the pattern of labeled 

proteins. Vesicles were incubated as in C and irradiated with UV light for 30 s. Vesicles were either 

directly subjected to gel-electrophoresis or boiled for 10 minutes before gel-electrophoresis. E., Using 

UDP-MurNAc-pentapeptide-[125I]ASA in a crosslink experiment results in a specific set of crosslinked 

proteins. After incorporation of UDP-MurNAc-pentapeptide-[125I]ASA and UDP-GlcNAc, vesicles were 

incubated for 30 minutes at 14 °C. The left panel represents the autoradiogram of the 12 % SDS-PAGE 

gel loaded with vesicles that were not irradiated (lane 1) or irradiated for 30 s with UV light (lane 2). The 

right panel shows the coomassie stained protein pattern of the same gel (lane 3 and 4). 

 

The effects of UV exposure were examined in more detail by comparison of the coomassie 

stained pattern from samples not exposed to UV light (Fig. 1E, lane 3) and samples exposed 

to UV light (Fig. 1E, lane 4). No differences were detected, showing that the behavior of the 

proteins on SDS PAGE was not influenced by UV activation. Contrary to this, comparison of 

the protein pattern of the autoradiogram (Fig. 1E, lane 2) with that of the corresponding 

coomassie stained gel (Fig. 1E, lane 4) clearly shows large differences in protein pattern. This 

confirms that the radioactive signal on the autoradiogram is the result of labeling of proteins 

that apparently have a specific interaction with Lipid II or related components. 
 

Time- and temperature dependency of the crosslinked protein pattern 

When incubated at different temperatures, a change in the pattern of crosslinked proteins can 

be seen. At 0 °C, a condition under which Lipid II is synthesized but not transported across 

the membrane [178], one protein band was detected at ~25 kDa, two protein bands were 

detected at approximately 44 kDa and a faint protein band was detected at ~175 kDa (Fig. 2. 

lane 1). When the temperature was elevated to 14 °C, a temperature at which transmembrane 

transport of Lipid II occurs [178], and incubated for 30 minutes before UV irradiation, the 

protein pattern gained complexity. Except for an additional clear band at ~40 kDa, also a set 

of low- and high molecular weight appeared on the autoradiogram (Fig. 2. lane 2). At 30 °C, 

also processing of the transported proteins by the penicillin binding proteins occurs [178]. 

Increase of the temperature to 30 °C for 30 minutes before UV activation did not result in 

significantly more changes in the intensity and the complexity of the protein pattern (Fig. 2 

lane 3-6). A clear increase of complexity and intensity of the pattern of radioactively labeled 

proteins due to temperature change was observed for all batches of W3899 right side out 

vesicles we tested, albeit that the intensity and number of radioactive spots showed slight 

variations between experiments with different isolates (not shown). 
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Fig. 2. Autoradiogram of proteins crosslinked at different incubation temperatures and times. After 

incorporation of UDP-MurNAc-pentapeptide-[125I]ASA and UDP-GlcNAc, vesicles were incubated for 

30 minutes on ice (lane 1),  30 minutes at 14 °C (lane 2) and 5, 10 , 20 and 30 minutes at 30°C (lanes 3-6) 

before UV activation and subsequent gel electrophoresis and autoradiography. 

 

The majority of labeled proteins is crosslinked to lipid linked peptidoglycan precursors 

Because the peptidoglycan synthesis route was entered via UDP-MurNAc-pentapeptide-

[125I]ASA it was possible that proteins were crosslinked to UDP-MurNAc-pentapeptide, Lipid 

I, Lipid II or even further processed peptidoglycan units. From the pattern of crosslinked 

proteins it could thus not be immediately deduced to which particular peptidoglycan molecule 

the proteins were crosslinked. To determine which proteins were solely linked to an UDP-

MurNAc-pentapeptide molecule, the antibiotic tunicamycin was added during incorporation 

into the RSOs. Tunicamycin inhibits catalytic activity of the MraY enzyme, probably by 

binding to the polyprenyl phosphate binding site of the protein [200]. This antibiotic has been 

shown to prevent synthesis of lipid linked peptidoglycan precursors in a W3899 inner 

membrane set up [178]. Indeed, the presence of tunicamycin results in a strong reduction in the 

amount of crosslinked proteins (Fig. 3A, lane 2) when compared to the autoradiogram of the 

labeled proteins in the absence of tunicamycin (Fig. 3A, lane 1). Only two proteins running at 

a molecular weight of ~44 kDa and ~68 kDa were labeled in a strongly reduced way 

compared to the corresponding proteins on the autoradiogram of the proteins crosslinked in 

the absence of tunicamycin. These results indicate that all labeled proteins are crosslinked to 
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Lipid I, Lipid II or down-stream peptidoglycan products, rather than to UDP-MurNAc-

pentapeptide. 

 

 
 
Fig. 3. Autoradiogram of proteins crosslinked after incubation of 30 minutes at 30°C A., incubation in the 

absence (lane 1) and presence of tunicamycin (lane 2). B., Specific detection by using MurNAc-

pentapeptide-[125I]ASA (lane1) or UDP-[14C]-GlcNAc. 

 

Next, UDP-[14C]-GlcNAc precursor was used instead of UDP-MurNAc-pentapeptide-

[125I]ASA to distinguish between Lipid I crosslinked proteins and proteins crosslinked to 

Lipid II or further processed molecules. Comparison of the iodinated crosslinker 

autoradiogram (Fig. 3B, lane 1) and the 14C autoradiogram revealed that one clear protein 

band did disappear (Fig. 3B, lane 2 arrow). This indicates that only one protein is linked to 

Lipid I. This protein is most likely MraY, which catalyzes the coupling of UDP-MurNAc-

pentapeptide to undecaprenyl phospate resulting in Lipid I.  

 

Two dimensional electrophoresis and identification of the crosslinked proteins 

To identify the crosslinked proteins we used two-dimensional gel electrophoresis. Either 

narrow-range immobilized pH gradient (IPG) strips (pH 5-8) or broad-range IPG strips (pH 3-

10) were used. Because pH 3–10 strips gave a better separation of the radiolabeled proteins 

than the pH 5-8 (not shown) we used these for our two-dimensional gel electrophoresis 

experiments in this study. For this purpose a sample was prepared from a RSO preparation 

with UDP-MurNAc-pentapeptide-[125I]ASA and UDP-GlcNAc incorporated, which was 

A B
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incubated for 30 minutes on ice before UV exposure. These conditions were used because the 

0 °C incubation showed the simplest protein pattern when compared to other incubations (Fig. 

2). The preparation used for two-dimensional gel electrophoresis (Fig. 4A) showed a less 

simple protein pattern compared to the pattern shown in Fig. 2. This variation is probably due 

to differences among different right side out vesicle preparations, as mentioned before. More 

important, the autoradiogram showed the most intense labeled proteins that are usually found 

in our set-up in a one dimensional gel system, also at higher temperatures (compare Fig. 1-3). 

This particular sample used thus rendered a representative sample for 2-D gel analysis. The 

autoradiogram of the two-dimensional gel showed a protein pattern more complex than the 

one-dimensional pattern although the intensity along the second dimension (vertical) of the 

radioactive signal on the two-dimensional gel (Fig. 4B) largely corresponded with that of the 

one-dimensional gel (Fig. 4B). An intense spot that was visible just above the 66 kDa marker 

position on the one-dimensional gel could be traced back on a comparable position on the 2-D 

gel. Also the two intense bands migrating at ~44 kDa on the one-dimensional gel were found 

at a comparable position on the two-dimensional gel.  However, the intense band at 25 kDa on 

the one-dimensional gel was not retrieved on the two-dimensional gel. Most proteins have 

been migrated in the first dimension to a pH of 7-8 as can be deduced from the intense 

radioactive signal appearing in the corresponding area on the autoradiogram shown in Fig. 

4B. This does apply to spot 8 (Fig. 4B) which seems be a protein with a pI of ~6, and spots 9 

and 10 (Fig. 4B) which represent proteins with a very high pI (~pH 10).   

Strikingly, on the two-dimensional gel a large smearing of radioactive signal was detected at 

high molecular weight. This smearing occurred mainly in the areas of pH~7-8 and pH10 and 

is also visible on the coomassie pattern, although less clear and is probably due to poor 

transfer of proteins to the SDS-PAGE gel. Finally, it must be noted that the autoradiogram of 

the two-dimensional gel was obtained by an approximately ten times longer exposure to the 

film when compared to the autoradiogram of the one-dimensional gel. This is reciprocal to the 

quantity of sample (12.5 nmol Lpi- one dimensional: 125 nmol Lpi – two-dimensional) 

loaded on the respective gels. This indicates that a considerable part of the radiolabeled 

proteins was lost during the two-dimensional gel electrophoresis procedure. 
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Fig. 4. Two-dimensional gel electrophoresis of crosslinked W3899 right side out vesicles. Samples for 

these gels were obtained by incubation for 30 minutes on ice after incorporation of Lipid II precursors 

before crosslinking. Iso electric focusing was done with pH 3-10 IPG strips, gel electrophoresis was 

performed with 12% SDS-PAGE gels. A., autoradiogram of the one-dimensional 12% SDS-PAGE gel, 

loaded with 12.5 nmol (Lpi) vesicles. B., autoradiogram of two-dimensional gel, loaded with 125 nmol 

(Lpi) vesicles, arrows indicate the positions of radioactive spots of interest. C., coomassie stained protein 

pattern of the gel corresponding to B, stars 1-10 indicate the positions of the labeled proteins on the 

coomassie stained gel as determined by overlay of B and C. D., Coomassie stained two-dimensional gel 

obtained from a vesicles suspension with non-radioactive precursors incorporated. Positions to be excised 

for MS analysis (stars 1-10) were determined by detailed comparison with C. 

A B C 

D 
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The autoradiogram of the two-dimensional gel was used to localize the positions of the 

labeled proteins displaying the most intense signal (Fig. 4B, arrows 1-10) on the 

corresponding coomassie stained gel (Fig. 4C). When determining the positions it became 

clear that the positions of the labeled proteins did not all correspond to coomassie stained 

spots (Fig. 4C, stars 1-10). However, due to the good reproducibility of the two-dimensional 

coomassie pattern we were able to use the positions localized on the radioactive coomassie 

stained two-dimensional gel to localize the spots to be excised for MS analysis on a two- 

dimensional gel by detailed comparison (Fig. 4D, stars 1-10). This gel was loaded with a 

sample derived via the same approach as the abovementioned sample, although for 

preparation of this sample a non-iodinated UDP-MurNAc-pentapeptide-ASA was used 

After spots 1-10 (Fig. 4D, stars) were excised and in-gel digested with trypsin, the resulting 

peptides were analysed by MS. A large set of proteins was identified (appendix table). Only 

the proteins present in the spots excised from the two-dimensional gel (Fig. 4D) that comply 

with the criteria described in the material and methods section are listed in this table.  

 

Overexpression of FtsW or MurG leads to altered cross-link patterns 

Another approach that might lead to the identification of the protein(s) involved in Lipid II 

transport is to vary the amount of candidate transporter proteins in our crosslink setup. One of 

the favorite candidates for the Lipid II transporter protein in literature is the essential cell 

division protein FtsW. We used vesicles derived from Bl21(DE3) pDML2423 cells 

overexpressing HA-tagged FtsW to increase the level of this protein. Compared to the 

Bl21(DE3) wild-type situation (Fig. 5A, lane 1), the pattern of labeled protein derived from 

vesicles overexpressing FtsW (Fig. 5A, lane 2) lane showed some remarkable differences. 

First, one protein band at ~44 kDa (Fig. 5A, triangle) is more intense than the band at the 

same position in the wild-type situation. This molecular weight is in line with the estimated 

molecular weight of FtsW, however it is reported that FtsW usually migrates at lower 

molecular weights on SDS-PAGE [198]. Secondly, some bands seem to disappear at the 

positions of ~25 kDa, ~38 kDa and ~50 kDa (Fig. 5, hexagon, pentagon and diamond 

respectively) in the FtsW overexpression situation.  
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Fig. 5. Crosslinking in vesicles derived from cells overexpressing HA-tagged FtsW and His-tagged 

MurG. Vesicle suspensions were incubated for 30 minutes at 14 °C before UV irradiation. A., Vesicles 

derived from E. coli Bl21(DE3) wild-type (lane1), Bl21(DE3) pDML2423 overexpressing HA-tagged 

FtsW (lane2) and Bl21(DE3) pLysS pET21bMurGhis overexpressing histagged MurG (lane3) are shown. 

B., Histagged MurG purification by Ni2+-NTA affinity chromatography. The upper panel shows an 

antiMurG developed western blot monitoring Ni2+-NTA affinity chromatography using Right Side Out 

vesicles of Bl21(DE3) pLysS pET21bMurGhis overexpressing histagged MurG. The lower panel shows 

an autoradiogram monitoring Ni2+-NTA affinity chromatography using equimolar amounts of Right Side 

Out vesicles of Bl21(DE3) pLysS pET21bMurGhis overexpressing histagged MurG in relation with the 

samples used for the upper panel, however the sample in the lower panel was derived from the sample 

depicted in A, lane 3 and thus contained radiolabeled proteins. 

 

The second protein we tested in an overexpression system was MurG. MurG is involved in 

the synthesis of Lipid II and it is thus highly likely that the protein is crosslinked in our set up. 
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Strikingly, when vesicles derived from cells overexpressing MurG were used in our crosslink 

set up the overall pattern of radiolabeled proteins was very intense (Fig. 5A, lane 3). In 

particular, a very intense band at ~38 KDa appeared (Fig. 5A, lane 3) and also the ~44 kDa 

band that was found to be intensely labeled in the FtsW overexpression system was more 

intensely labeled in the MurG overexpression situation. The radioactive signal at ~38 kDa is 

in line with the estimated molecular weight and the migration behavior of MurG found in 

literature [61]. The presence of a polyhistidine tag on the overexpressed MurG protein allowed 

for Ni2+-NTA affinity chromatography. Indeed, radiolabeled MurG was purified using this 

approach (Fig. 5B, lower panel). However, comparison with a purification using a comparable 

amount of vesicles from Bl21(DE3) pLysS pET21bMurGhis overexpressing histagged MurG 

not subjected to photocrosslinking revealed that the yield of purified radiolabeled MurG was 

significantly lower than that of non-radiolabeled MurG (Fig. 5B, upper panel). Apparently, 

the presence of peptidoglycan precursors crosslinked to MurG somehow shields the 

polyhistidine tag, resulting in poor affinity for the Ni2+-NTA column. 

Summarizing, the intense labeling of the protein at ~44 kDa may indicate that there is a 

relation between FtsW and Lipid II or related peptidoglycan compounds although it the nature 

of the 44 kDa protein remains unclear. The absence of some radiolabeled bands at ~25 kDa,  

~38 kDa and ~50 kDa in a FtsW overexpression system indicates a relation of FtsW with 

other proteins that crosslink to peptidoglycan molecules. In particular, the absence of the 38 

kDa band, that probably represents MurG, in the FtsW overexpression system in combination 

with the intense ~44 kDa signal in both the FtsW and MurG overexpression systems may 

point to a physical relation between FtsW and MurG. 

 

Discussion 

In this study we used a photocrosslinking approach to specifically crosslink proteins involved 

in peptidoglycan synthesis and in particular the protein(s) that take part in Lipid II 

transmembrane transport. From the large difference between the autoradiogram of the 

crosslinked proteins and the corresponding coomassie stained pattern it could be concluded 

that proteins were specifically labeled with molecules derived from UDP-MurNAc-

pentapeptide-[125I]ASA. Moreover, blocking the downstream processing of UDP-MurNAc-

pentapeptide-[125I]ASA by inhibiting the catalytic action of MraY by the antibiotic 

tunicamycin resulted in a loss of the major part of radiolabeled proteins. This indicated that 

radiolabeled proteins were exclusively crosslinked to lipid-linked peptidoglycan precursors 

and downstream peptidoglycan products. The autoradiography pattern showed a clear 

development upon increasing temperatures and incubation times. This is in line with the 

observation that at 0 °C Lipid II synthesis can be observed in E. coli W3899 membrane 
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preparations, but no translocation [178]. The set of proteins crosslinked at this temperature 

therefore only contains a limited set of proteins since this process most likely only involves 

MraY and MurG. Upon elevation of the temperatures to 14 °C, Lipid II transport does occur 
[178] and consequently more proteins are crosslinked (Fig. 2). At higher temperatures also 

further processing of the peptidoglycan sub-units occurs due to transglycosylation and 

transpeptidation [178], however this did not result in a significant furter increase in complexity 

of the crosslink pattern (Fig. 2). This is probably due to loss of proteins involved with 

periplasmic steps of peptidoglycan synthesis during preparation of these vesicles. 

Nevertheless, our crosslink approach seems to provide a good tool to monitor the growing 

complexity of the protein network involved in peptidoglycan synthesis at increasing 

temperatures. Moreover, it indicates that different threshold temperatures for the various steps 

in peptidoglycan synthesis exist. 

 

Identification of the crosslinked proteins 

Comparison of the pattern of crosslinked proteins obtained from using the radiolabel at the 

GlcNAc -using UDP-[14C]-GlcNAc- and the MurNAc-pentapeptide moiety - using UDP-

MurNAc-pentapeptide-[125I]ASA- allowed us to discriminate between proteins labeled with 

Lipid I, Lipid II and downstream peptidoglycan products and proteins labeled with Lipid II 

and downstream peptidoglycan products. Examination of the autoradiogrammes revealed that 

one protein at ~25 kDa present in the first situation was not present in the latter, suggesting 

that it was crosslinked to Lipid I. Therefore it is likely that this protein band represents either 

MraY or MurG. E. coli MurG runs on SDS-PAGE at a molecular mass of approximately 38 

kDa, which closely correlates to its molecular weight [61]. Experiments with MraY from 

Bacillus subtilis show however, that MraY runs lower on SDS-PAGE than its theoretical 

molecular weight [201]. Since this difference in behavior on SDS-PAGE is a common 

observation for integral membrane proteins [55, 202, 203], it is likely that MraY from E. coli 

displays the same behavior. This makes it likely that the protein band disappearing upon 

detection using 14C labeled GlcNAc represents MraY. 

The identity of possible protein candidates that may be involved with Lipid II transbilayer 

transport was more directly determined by a combination of 2D analysis with Mass 

Spectrometry. This resulted in an extensive list of proteins identified from the excised spots. 

Because a protein involved in transbilayer transport most likely has to be localized in the 

inner membrane, a selection was made based on predicted inner membrane localization of the 

proteins (Table 1). 
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Table 1. Proteins from spots 1-10 selected for their predicted transmembrane localization. 

Spot 

1 

Acc Noa Mass 

[Da] 

#peptides
b 

Predicted locationc Protein 

 gi|75209855 66486 6 inner membrane Succinate dehydrogenase/fumarate 

reductase, flavoprotein subunit  

 gi|75176881 65184 9 inner membrane Preprotein translocase subunit SecD 

 gi|15804763 45517 5 inner membrane Protease specific for phage lambda cII 

repressor   

 gi|15799799 66200 6 inner membrane Dihydrolipoamide acetyltransferase 

 gi|15804299 61557 3 inner membrane Inner membrane protein translocase 

component YidC 

 gi|461749 36292 3 inner membrane Chain length determinant protein 

(Polysaccharide antigen chain regulator) 

 gi|15804764 37626 3 inner membrane Protease specific for phage lambda cII 

repressor  

 gi|15800381 68667 2 inner membrane PTS system, N-acetylglucosamine-

specific enzyme IIABC 

Spot 

2 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|43268 67053 4 inner membrane Unnamed protein product 

Spot 

3 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|15804299 61557 6 inner membrane Inner membrane protein translocase 

component YidC   

 gi|41627 54891 9 inner membrane Unnamed protein product  

 gi|26246972 62700 9 inner membrane Paraquat-inducible protein B 

 gi|15800135 66648 7 inner membrane Protein export protein SecD 

 gi|15804763 45517 5 inner membrane Protease specific for phage lambda cII 

repressor  

 gi|15800161 74546 4 inner membrane Cytochrome o ubiquinol oxidase subunit 

I  

 gi|15800775 64534 2 inner membrane ATP-binding transport protein; 

multicopy suppressor of htrB  

  gi|15804764 37626 3 inner membrane Protease specific for phage lambda cII 

repressor   

Spot 

4 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|7243712 106899 10 inner membrane Antigen 43 precursor 
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 gi|15800427 64990 11 inner membrane Succinate dehydrogenase catalytic 

subunit 

 gi|15804299 61557 6 inner membrane Inner membrane protein translocase 

component YidC  

 gi|15804763 45517 4 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|15800161 74546 5 inner membrane Cytochrome o ubiquinol oxidase subunit 

I  

 gi|497637 58304 3 inner membrane Cytochrome oxidase d subunit I 

 gi|49116 114504 3 inner membrane Ams ribonuclease E domain 

 gi|15804764 37626 2 inner membrane Protease specific for phage lambda cII 

repressor 

Spot 

5 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|15800192 42228 13 inner membrane/ 

periplasm 

Acridine efflux pump  

 gi|15800135 66648 3 inner membrane  Protein export protein SecD 

 gi|1805222 107088 4 inner membrane Antigen 43 precursor 

 gi|15804763 45517 3 inner membrane Protease specific for phage lambda cII 

repressor        

 gi|1359438 77438 2 inner membrane Phosphoacetyltransferase  

 gi|42925 64990 4 inner membrane Unnamed protein product  

  gi|497637 58304 2 inner membrane Cytochrome oxidase d subunit I 

Spot 

6 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|15800192 42228 5 inner membrane/ 

periplasm 

Acridine efflux pump  

 gi|15804763 45517 4 inner membrane  Protease specific for phage lambda cII 

repressor      

 gi|15804391 43454 3 inner membrane Uroporphyrinogen III methylase  

 gi|42837 61065 2 inner membrane Unnamed protein product  

 gi|3136080 35151 2 inner membrane Chain length determinant protein  

 gi|442878 46478 2 inner membrane Chain, 5-Enol-Pyruvyl-3-Phosphate 

Synthase        

Spot 

7 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|15800192 42228 23 inner 

membrane/periplasm

Acridine efflux pump 
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 gi|15800135 66648 3 inner membrane  Protein export protein SecD 

 gi|15804763 45517 2 inner membrane Protease specific for phage lambda cII 

repressor        

 gi|145220 96406 2 inner membrane Alanyl-tRNA synthetase 

Spot 

8 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|30064920 39521 6 inner membrane Putative transport protein  

Spot 

9 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|15800775 64534 3 inner membrane ATP-binding transport protein; 

multicopy suppressor of htrB        

 gi|15800349 70812 2 inner membrane Cell elongation, e phase; peptidoglycan 

synthetase; penicillin-binding protein 2  

  gi|497637 58304 2 inner membrane Cytochrome oxidase d subunit I 

Spot 

10 

Acc No Mass 

[Da] 

#peptides Predicted location Protein 

 gi|145835 42728 15 inner membrane Multidrug resistance; putative 

 gi|15800192 42228 9 inner 

membrane/periplasm

Acridine efflux pump  

 gi|459401 52822 3 inner membrane Enzyme II-tre 

 gi|15802232 31454 2 inner membrane PTS enzyme IID, mannose-specific  

  gi|15803827 48594 2 inner membrane Preprotein translocase SecY  

(a), Accession number in NCBI protein database (http://www.ncbi.nlm.nih.gov), (b) number of peptides 

used for protein identification, (c) protein localization site in the cell as predicted by PSORTb v.2.0 [213]. 

 

Table 1 reveals some interesting proteins. The first protein that stands out is an acridine efflux 

pump protein AcrA, which is present in spot 5,6,7 and 10. The estimated pI of this proteins is 

7.69 (predicted using www.expasy.ch/tools/pi_tool.html [204]. This is partially in line with the 

position on the gel for samples 5, 6 and 7 although position 10 is found at a very high pI. 

Although AcrA is largely a periplasmic protein, is it part of a larger three-component 

multidrug resistance (MDR) protein complex consisting of AcrA, inner membrane component 

AcrB, and outer membrane component TolC. The AcrAB-TolC is thought to be a 

protonmotive force-dependent drug efflux transporter. Strikingly, also TolC was found in the 

list of proteins identified from the two-dimensional gel (appendix table spot 4, gi|15803582). 

MDR proteins with efflux activity are thought to also mediate efflux of phospholipids from 

the inner to the outer leaflet of the membrane [137]. However, Lipid II translocation was shown 

to be independent of an ATP or the proton motive force [178], this make it highly unlikely that 

the AcrAB-TolC system is involved in the transport of Lipid II across the bilayer. 
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A second striking observation was that a several components of the protein translocon were 

found, including SecY (table 1, spot 10, SecA (table 1, spot 8) and SecD (table 1, spot 1, 3, 5, 

7).  Also YidC, which is suggested to bind to the sec translocon in the membrane [205], was 

found among the identified proteins (table 1, spot 1, 3, 4). Based on the architecture of the 

translocon it was hypothesized that it could account for phospholipids flippase activity in the 

bacterial inner membrane. This was found not to be the case [120]. When the SecYEG complex 

was reconstituted into proteoliposomes no indications were found for the sec machinery being 

involved in transbilayer transport of Lipid II (chapter 4, this thesis). It is therefore unlikely 

that the protein translocation machinery is directly involved in transmembrane transport of 

Lipid II similar to the AcrAB-TolC system. Nevertheless, the observation that these proteins 

are identified via our crosslink approach may indicate that these protein systems are in close 

proximity of the Lipid II transport machinery. 

Among the identified proteins also peptidoglycan associated (lipo)proteins were found 

(appendix table , spot 8, gi|751900245). Surprisingly, of the proteins known to be directly 

involved in cell wall synthesis, only penicillin binding protein 2 (PBP2) could be identified 

from one of the excised spots. This spot isoelectrically focused at a very high pH (>9) (Table 

1, spot 9).  This pI differs from the theoretical pI, which is 8.31 (Table 2). When using 

bioinformatics to predict the pI of proteins, it appeared that a large set of the proteins involved 

with cell wall synthesis are very alkaline (Table 2). Although the pI of these proteins fit the 

range (pH 3-10) of the IPG strip used in this study, the use of these strips for very alkaline 

proteins can be troublesome [206]. This can explain why alkaline proteins involved with 

peptidoglycan synthesis such as MraY, MurG or other PBPs were not identified from the 2D 

gel. 

The alkaline nature holds also true for many membrane proteins [207] and since proteins 

involved with Lipid II transport are very likely to be membrane proteins, it is possible that the 

pI of the transporter protein is too high for successful two-dimensional gel electrophoresis. In 

our studies, for two-dimensional gel-electrophoresis samples were used typically containing 

about 10 times more proteins than for one-dimensional gel electrophoresis. However, the 

exposure time for autoradiography was always approximately 10 times longer for two-

dimensional gel electrophoresis. This indicates that a major portion of the radiolabeled 

proteins is lost during two-dimensional gel electrophoresis. Despite the use of very potent 

detergent (C8Φ), which is often used for solubilization of membrane proteins [193], it is 

possible that a large part of radiolabeled membrane proteins is lost because of poor 

solubilization.  
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Table 2, predicted pI of cell wall synthesis/ cell division related proteins 

Protein Acc Noa Predicted pIb 

MurG gi|127540 9.74 

MraY gi|61228257 9.65 

FtsI (PBP3) gi|83287821 9.64 

PBP2 gi|83287775 8.10 

PBP1B gi|33112644 9.10 

FtsW gi|78100132 9.79 

RodA gi|61676799 8.87 

(a) Accession number in NCBI protein database (http://www.ncbi.nlm.nih.gov), (b) pI predicted using 

www.expasy.ch/tools/pi_tool.html [204]. 

 

Applying our crosslink assay to vesicles derived from cells overexpressing candidate proteins 

was used to shine light on the crosslinked proteins that were not detected by the 2D analysis 

and Mass Spectrometry. Via this approach we observed that one ~44 kDa protein band was 

stronger labeled in vesicles derived from cells overexpressing FtsW (Fig. 5 A, lane 2) when 

compared to the wildtype situation (Fig. 5A, lane 1). Although this is not the molecular 

weight at which FtsW typically migrates on SDS-PAGE, which is closer to 35 kDa [190, 198], 

this observation points to a relation between FtsW and the Lipid II molecule. Moreover, the 

fact that a protein band that is likely to represent MurG disappears from its monomeric 

position at ~38 kDa in this FtsW overexpression system (Fig. 5A, lane 3), may point to a 

relation between FtsW and MurG. This is enforced by the observation that in a MurG 

overexpression system, also a very intense band was detected at ~44 kDa. Since this was also 

the case in the FtsW overexpressing vesicles, it is possible that MurG and FtsW form a SDS 

stable protein complex migrating at ~44 kDa. Although this molecular weight does not 

correspond to the combined molecular weight of MurG and FtW, changes in hydrophobic 

properties because of the formation of such a complex, might result in different migration 

properties on SDS-PAGE compared to the monomeric proteins. 

A protein complex of MurG with FtsW would form an ideal tandem enabling Lipid II 

translocation. Although MurG was shown not to be directly responsible for Lipid II transport 
[178] it is possible that MurG synthesizes Lipid II and delivers it to FtW, which translocates the 

molecule across the membrane where it can be used as a substrate for the PBPs. This is a 

plausible suggestion because FtsW is an essential protein possessing 10 transmembrane 
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helices [208] and homologues can be found in virtually all cell wall bearing bacteria. Strikingly, 

in E. coli FtsW was found to be essential for the recruitment of PBP3, one of the first proteins 

that are in contact with Lipid II on the periplasmic side of the membrane, to the cell division 

site [209]. Moreover, the ftsW gene is located in the mra gene cluster, which also contains genes 

for biosynthesis of peptidoglycan subunits (mur genes, mraY and ddl) and the gene encoding 

PBP3 [210-212]. These observations make it an attractive possibility that FtsW acts as 

translocator of Lipid II, connecting the Lipid II synthesis machinery on the inner side of the 

membrane to the penicillin binding proteins on the outside by shuttling the Lipid II molecule 

across the bacterial cytoplasmic membrane.  
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Appendix table. List of proteins identified from spots 1-10, excised from two-dimensional gel (Fig. 3D) 

Spot 

1 

Acc Noa Mass 

[Da] 

#peptidesb Predicted 

locationc 

Protein description 

 gi|15830002 65008 31 periplasm Succinate dehydrogenase catalytic subunit 

 gi|434010 99894 11 cytoplasm Unnamed protein product 

 gi|75209855 66486 6 inner membrane Succinate dehydrogenase/fumarate reductase, 

flavoprotein subunit 

 gi|15802830 101453 8 cytoplasm NADH dehydrogenase gamma subunit 

 gi|6573338 65600 12 cytoplasm Chain A, Crystal Structure Of The E. Coli 

Aspartyl-tRNA  Synthetase 

 gi|75176881 65184 9 inner membrane Preprotein translocase subunit SecD 

 gi|145698291 68421 7 cytoplasm NADH:ubiquinone oxidoreductase, chain 

C,D 

 gi|15804763 45517 5 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|1431712 22666 2 cytoplasm Quinol Oxidase (Periplasmic Fragment Of 

Subunit Ii) 

 gi|15799799 66200 6 inner membrane dihydrolipoamide acetyltransferase 

 gi|42283 55464 5 cytoplasm Unnamed protein product 

 gi|15804299 61557 3 inner membrane Inner membrane protein translocase 

component YidC 

 gi|461749 36292 3 inner membrane Chain length determinant protein 

(Polysaccharide antigen chain regulator) 

 gi|7188818 37279 3 outer membrane/ 

periplasm 

Outer membrane protein A 

 gi|15804764 37626 3 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|15800381 68667 2 inner membrane PTS system, N-acetylglucosamine-specific 

enzyme IIABC 

 gi|229955 63877 2 cytoplasm Chain P, Glutaminyl-TRNA Synthetase 

(GlnRS) Complex with tRNAGln And ATP 

      

Spot 

2 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|15800427 64990 32 periplasm Succinate dehydrogenase catalytic subunit 

 gi|43268 67053 4 inner membrane Unnamed protein product 

 gi|229955 63877 3 cytoplasm Chain P, Glutaminyl-TRNA Synthetase  
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 gi|7188818 37279 2 outer membrane/ 

periplasm 

Outer membrane protein A 

      

Spot 

3 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|290599 55161 34 cytoplasm High affinity ribose transport protein 

 gi|606361 56926 18 unknown Sn-glycerol-3-phosphate dehydrogenase 

 gi|15800427 64990 10 periplasm Succinate dehydrogenase catalytic subunit 

 gi|15804299 61557 6 inner membrane Inner membrane protein translocase 

component YidC 

 gi|41627 54891 9 inner membrane Unnamed protein product 

 gi|110642490 68451 8 cytoplasm NADH dehydrogenase I chain C/D 

 gi|26246972 62700 9 inner membrane Paraquat-inducible protein B 

 gi|15800135 66648 7 inner membrane Protein export protein SecD 

 gi|41030 55593 7 cytoplasm Unnamed protein product 

 gi|16128417 34946 3 unknown Cytochrome o ubiquinol oxidase subunit II 

 gi|15804763 45517 5 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|3659927 16376 4 cytoplasm Chain A, Crystal Structure Of Iia Mannitol 

 gi|15800161 74546 4 inner membrane Cytochrome o ubiquinol oxidase subunit I 

 gi|15800775 64534 2 inner membrane ATP-binding transport protein; multicopy 

suppressor of htrB 

 gi|15804764 37626 3 inner membrane Protease specific for phage lambda cII 

repressor 

      

Spot 

4 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|15799800 50942 20 periplasm Dihydrolipoamide dehydrogenase 

 gi|42283 55464 19 cytoplasm Unnamed protein product 

 gi|7243712 106899 10 inner membrane Antigen 43 precursor 

 gi|15800427 64990 11 inner membrane Succinate dehydrogenase catalytic subunit 

 gi|34811277 46711 8 cytoplasm Chain A, X-Ray Crystal Structure Of The 

Rho Transcription 

 gi|15804299 61557 6 inner membrane Inner membrane protein translocase 

component YidC 

 gi|1431712 22666 3 cytoplasm Chain, Quinol Oxidase (Periplasmic 

Fragment Of Subunit Ii) (Cyoa) 
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 gi|15803582 53953 4 outer membrane/ 

periplasm 

Outer membrane channel precursor protein 

 gi|15804763 45517 4 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|15800161 74546 5 inner membrane Cytochrome o ubiquinol oxidase subunit I 

 gi|497637 58304 3 inner membrane Cytochrome oxidase d subunit I 

 gi|15803317 51281 5 cytoplasm Hypothetical protein Z4112 

 gi|41761 51304 6 outer membrane/ 

periplasm 

Unnamed protein product 

 gi|110642490 68451 4 cytoplasm NADH dehydrogenase I chain C/D 

 gi|15803938 52960 2 cytoplasm Glycogen synthase 

 gi|15800561 26784 2 cytoplasm Glutamine ABC transporter ATP-binding 

component 

 gi|49116 114504 3 inner membrane Ams, ribonuclease E domain 

 gi|15804764 37626 2 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|41936 53098 2 cytoplasm Tryptophanase 

 gi|15802830 101453 5 cytoplasm NADH dehydrogenase gamma subunit 

 gi|396309 49879 7 cytoplasm ORF_f444 

 gi|15800431 43984 2 cytoplasm Dihydrolipoamide acetyltransferase 

      

Spot 

5 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|194272 42321 16 unknown Chain A, Elongation Factor Complex Ef-

TuEF-Ts From  Escherichia coli 

 gi|15800192 42228 13 inner membrane/ 

periplasm 

Acridine efflux pump 

 gi|42283 55464 10 cytoplasm Unnamed protein product 

 gi|290599 55161 6 cytoplasm High affinity ribose transport protein 

 gi|41936 53098 7 cytoplasm Tryptophanase 

 gi|15800135 66648 3 inner membrane Protein export protein SecD 

 gi|1805222 107088 4 inner membrane Antigen 43 precursor 

 gi|397903 49987 2 cytoplasm NADH dehydrogenase I, subunit nuoF 

 gi|15804763 45517 3 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|1359438 77438 2 inner membrane Phosphoacetyltransferase 

 gi|42925 64990 4 inner membrane Unnamed protein product 
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 gi|1431712 22666 2 cytoplasm Chain, Quinol Oxidase (Periplasmic 

Fragment Of Subunit Ii) (Cyoa) 

 gi|431018 46399 3 cytoplasm NADH dehydrogenase 

 gi|10120890 42745 2 periplasm Chain A, Crystal Structure Of The E. Coli 

Tolb     Protein 

 gi|146701 41112 3 cytoplasm MalK 

 gi|15803057 46203 2 cytoplasm Cysteine desulfurase 

 gi|497637 58304 2 inner membrane Cytochrome oxidase d subunit I 

      

Spot 

6 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|15803300 45631 21 cytoplasm Phosphopyruvate hydratase 

 gi|16128740 46225 9 outer membrane/ 

periplasm 

Predicted pectinesterase 

 gi|1310928 47469 12 cytoplasm Chain, Mol_id: 1; Molecule: Maltoporin 

 gi|15801301 43172 8 cytoplasm Putrescine/spermidine ABC transporter 

ATPase 

 gi|50513683 46700 8 cytoplasm Chain A, Crystal Structure Of The Bacterial 

Fatty Acid Transporter Fadl From 

Escherichia Coli 

 gi|1942721 42321 9 unknown Chain A, Elongation Factor Complex Ef-

TuEF-Ts From Escherichia Coli 

 gi|15803582 53953 5 outer membrane/ 

periplasm 

Outer membrane channel precursor protein 

 gi|42818 150921 6 cytoplasm RpoB 

 gi|1421289 41842 5 cytoplasm Chain, S-Adenosylmethionine Synthetase 

 gi|15800192 42228 5 inner membrane/ 

periplasm 

Acridine efflux pump 

 gi|15804763 45517 4 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|15804391 43454 3 inner membrane Uroporphyrinogen III methylase 

 gi|15804295 40789 5 cytoplasm DNA polymerase III subunit beta 

 gi|15799859 90611 4 outer membrane Hypothetical protein Z0188 

 gi|231037 45809 8 cytoplasm Chain, Phosphorylated Isocitrate 

Dehydrogenase 

 gi|1431712 22666 2 cytoplasm Chain, Quinol Oxidase (Periplasmic 

Fragment Of Subunit Ii)(Cyoa) 

 gi|42837 61065 2 inner membrane Unnamed protein product 
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 gi|147406 47601 2 cytoplasm Adenylosuccinate synthetase 

 gi|146936 51504 3 unknown 6-phosphogluconate dehydrogenase 

 gi|3136080 35151 2 inner membrane Chain length determinant protein 

 gi|442878 46478 2 inner membrane Chain, 5-Enol-Pyruvyl-3-Phosphate Synthase 

 gi|40885 48193 2 cytoplasm Unnamed protein product 

 gi|41030 55593 3 cytoplasm Unnamed protein product 

 gi|3805904 42988 2 unknown Beta-ketoacyl-ACP synthase I 

 gi|15801226 47575 2 unknown Respiratory NADH dehydrogenase 

Spot 

7 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|15800192 42228 23 inner membrane/ 

periplasm 

Acridine efflux pump 

 gi|4699821 43326 26 cytoplasm Chain A, Intact Elongation Factor From 

E.Coli 

 gi|145440 68493 10 outer membrane B12 receptor protein BtuB 

 gi|15802051 48382 7 cytoplasm Tyrosyl-tRNA synthetase 

 gi|41627 54891 4 cytoplasm Unnamed protein product 

 gi|1438114 46038 6 cytoplasm Peptidase B 

 gi|41936 53098 5 cytoplasm Tryptophanase 

 gi|16128740 46225 6 unknown Predicted pectinesterase 

 gi|10120890 42745 5 periplasm Chain A, Crystal Structure Of The E. Coli 

Tolb Protein 

 gi|1310928 47469 7 outer membrane Chain, Mol_id: 1; Molecule: Maltoporin 

 gi|15800135 66648 3 inner membrane Protein export protein SecD 

 gi|1431712 22666 3 cytoplasm Chain, Quinol Oxidase (Periplasmic 

Fragment Of Subunit Ii) (Cyoa) 

 gi|15803197 44191 6 cytoplasm ATP-binding component of transport system 

for glycine, betaine and proline 

 gi|15800923 45953 2 periplasm/ outer 

membrane 

Periplasmic glucose-1-phosphatase 

 gi|15804763 45517 2 inner membrane Protease specific for phage lambda cII 

repressor 

 gi|3805904 42988 4 unknown Beta-ketoacyl-ACP synthase I 

 gi|290599 55161 2 cytoplasm High affinity ribose transport protein 

 gi|41030 55593 2 cytoplasm Unnamed protein product 

 gi|145220 96406 2 inner membrane Alanyl-tRNA synthetase 

 gi|41008 52920 3 cytoplasm Unnamed protein product 
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Spot 

8 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|75190025 37528 12 outer membrane/ 

periplasm 

Outer membrane protein and related 

peptidoglycan-associated (lipo)proteins 

 gi|15804332 50351 9 unknown ATP synthase subunit B 

 gi|50513683 46700 7 cytoplasm Chain A, Crystal Structure Of The Bacterial 

Fatty Acid Transporter Fadl From 

Escherichia Coli 

 gi|30064920 39521 6 inner membrane Putative transport protein 

 gi|223399 22802 4 cytoplasm Elongation factor Tu 59-263 

 gi|15800140 33568 2 outer membrane/ 

periplasm 

Nucleoside channel; receptor of phage T6 

and colicin K 

 gi|42505 25074 2 cytoplasm Unnamed protein product 

      

Spot 

9 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|606361 56926 14 unknown Sn-glycerol-3-phosphate dehydrogenase 

 gi|15800775 64534 3 inner membrane ATP-binding transport protein; multicopy 

suppressor of htrB 

 gi|15800349 70812 2 inner membrane Cell elongation, e phase; peptidoglycan 

synthetase; penicillin-binding protein 2 

 gi|497637 58304 2 inner membrane Cytochrome oxidase d subunit I 

      

Spot 

10 

Acc No Mass 

[Da] 

#peptides Predicted 

location 

Protein description 

 gi|145835 42728 15 inner membrane Multidrug resistance; putative 

 gi|15800192 42228 9 inner membrane/ 

periplasm 

Acridine efflux pump 

 gi|1942721 42321 9 unknown Chain A, Elongation Factor Complex Ef-

TuEF-Ts From  Escherichia Coli 

 gi|459401 52822 3 inner membrane Enzyme II-tre 

 gi|16129072 47557 4 unknown Respiratory NADH dehydrogenase 2/cupric 

reductase 

 gi|16128009 41645 5 cytoplasm Chaperone Hsp40, co-chaperone with DnaK 

 gi|15802232 31454 2 inner membrane PTS enzyme IID, mannose-specific 

 gi|26247776 49771 3 outer membrane/ 

periplasm 

Hypothetical lipoprotein yddW precursor 
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 gi|15804390 45274 3 outer membrane/ 

periplasm 

Protein involved with a late step of 

protoheme IX synthesis 

 gi|1431712 22666 2 cytoplasm Chain, Quinol Oxidase (Periplasmic 

Fragment Of Subunit Ii) (Cyoa) 

 gi|15803827 48594 2 inner membrane preprotein translocase SecY 

 

(a) Accession number in NCBI protein database (http://www.ncbi.nlm.nih.gov), (b) number of peptides 

used for protein identification, (c)  protein localization site in the cell as predicted by PSORTb v.2.0 [213]. 
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Addendum to Chapter 3: 
Vancomycin as a tool in  

Lipid II-protein 
crosslinking studies 
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Abstract 

In the search for the protein(s) involved in the transport of the peptidoglycan precursor 

Lipid II, the crosslink study described in Chapter 3 shows that several proteins are 

crosslinked to this molecule. In the present study we use the specific affinity of the 

antibiotic glycopeptide vancomycin for Lipid II via the terminal D-Ala residues of the 

pentapeptide to overcome problems encountered in the crosslink study of Chapter 3.  

Two major challenges were encountered during that study. First, from the pattern of 

proteins it was not clear which of the proteins was directly involved with Lipid II 

transport. For this purpose, in the present study Lipid II was crosslinked in the presence 

of vancomycin on the outside of the plasma membrane to trap Lipid II in its transport 

machinery. Via this approach, one protein migrating on SDS-PAGE at a molecular 

weight of approximately 44 kDa was labeled intensely. This protein may be involved in 

transporting Lipid II across the bacterial cytoplasmic membrane.  

In addition, the identification of the crosslinked proteins was an obstacle.  Two major 

factors complicating the identification were the radioactivity of the 125I label on the 

crosslinker and additionally, the presence of non-crosslinked proteins in the samples 

that were used for SDS-PAGE and autoradiography analysis. To overcome these 

problems, vancomycin was bound to sepharose beads and used to specifically purify 

proteins crosslinked to Lipid II.  

 

Introduction 

The mechanism by which Lipid II is translocated across the bacterial inner membrane is one 

of the last great mysteries in bacterial cell wall synthesis. It was shown that the process 

involves one or more proteins [178]. Therefore it was attempted to identify the protein(s) 

involved in this process by a photocrosslinking approach (Chapter 3). For this purpose, a 

UDP-MurNAc-pentapeptide derivative labeled with a radiolabeled photocrosslinker (UDP-

MurNAc-pentapeptide-[125I]ASA) was used.  The photocrosslinking study described in 

chapter 3 resulted in a set of several crosslinked proteins. From this protein pattern it was not 

clear which of the crosslinked proteins could be involved in the transbilayer transport of Lipid 

II. Second, mass spectrometry analysis does not allow to use radiolabeled proteins and in 

order to provide confident identification, good separation of labeled proteins from non-labeled 

ones was required. For this purpose two-dimensional gel electrophoresis was applied to 

ensure optimal separation of proteins (see Fig. 4, Ch.3). This approach resulted in a promising 

list of candidates. However, 2D gel electrophoresis in combination with membrane proteins 

often results in problems. This was demonstrated by the fact that a large part of the 
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radioactive signal was lost, indicating that a large amount of the labeled proteins was not 

present on the 2D gel.  

In order to overcome these difficulties, the special properties of the antibiotic vancomycin 

were considered. This antibiotic specifically attacks the bacterium at the level of Lipid II by 

interacting with the D-Ala-D-Ala moiety of the pentapeptide [8, 214]. Vancomycin possibly can 

be used to gain more information on which of the crosslinked proteins is involved with Lipid 

II transbilayer transport. This is because upon transbilayer transport of Lipid II in a right side 

out inner membrane vesicle system, the pentapeptide moiety is exposed to the outside. 

Because membranes are impermeable to large glycopeptides such as vancomycin, the Lipid II 

molecule thus becomes accessible for externally added vancomycin. We hypothesize that this 

results in accumulation of Lipid II in the vicinity of the translocation machinery or trapping it 

in the translocator itself and thus in stronger crosslinking of the protein (s) involved with 

Lipid II translocation.  Alternatively, the high affinity of vancomycin for the D-Ala-D-Ala 

residues of Lipid II may be applicable for the purification of proteins crosslinked to Lipid II 

or other peptidoglycan compounds since it already has shown to enable purification of 

peptidoglycan precursors by using sepharose immobilized vancomycin [215].  

In the present study the affinity of vancomycin for Lipid II is used to shine a light on the 

nature and identity of the crosslinked proteins in Chapter 3. First, it is investigated whether 

vancomycin could trap the Lipid II molecule in the translocation machinery and thus 

influence the crosslink pattern. Secondly, the antibiotic is applied for affinity chromatography 

of the crosslinked proteins.  

  

Materials and methods 

Materials 

Vancomycin-HCl was from ICN (Irvine,Canada). Activated CH Sepharose 4B and Na125I 

(100 mCi/mL, >1900 Ci/mmol) in 10 μM NaOH (pH 8-11) were from Amersham. 

Autoradiography was performed using Kodak BioMax MS film from Sigma (the 

Netherlands).  

The lysine form of UDP-MurNAc-pentapeptide was isolated from Staphylococcus aureus and 

purified as described [163]. Labeling of UDP-MurNAc-pentapeptide with NHS-ASA was 

performed as described in Chapter 3. The concentration of UDP-MurNAc-pentapeptide-ASA 

was determined by quantification of phosphorus as described [192]. Radiolabeling of UDP-

MurNAc-pentapeptide-ASA was performed freshly before each experiment as described in 

Chapter 3. 

Vancomycin-4-[p-azidosalicylamido]butylamine (vancomycin-ASBA) was synthesized via 

the following procedure. Ten ml of dimethylformamide (DMF) was added to 222 mg 
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vancomycin-HCl, 29 mg N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC) and 20 mg 1-Hydroxy-7-azabenzotriazole (HOAt).  Next, the mixture was added to 25 

mg ASBA probe in 3 ml DMF and the reaction was stirred at room temperature for 2 hours.  

Subsequently, 10 μl triethanolamine (TEA) was added and the mixture was stirred overnight 

at room temperature. The DMF was removed in vacuo and the residue was purified with 

preparative HPLC, which was performed using a preparative reversed-phase column (Alltech 

Adsorbosphere C18, 10 μm, 250 x 22 mm) and a UV detector operating at 220 nm and 254 

nm.  Elution was effected using a gradient from 0.1 % v/v TFA in CH3CN/H2O (5/95, v/v) to 

0.1 % v/v TFA in CH3CN/H2O (95/5, v/v) using a flow rate of 11.5 ml per minute. Pure 

fractions were combined and lyophilized for 52.4 mg of a white power, which was stored at –

20 ºC until use. Mass spectrometry analysis confirmed the identity of the vancomycin-ASBA 

conjugate.  

 

Photolabeling of right side out vesicles 

Right side out vesicles of E. coli W3899 [167] were isolated and quantified, using the 

concentration of membrane phospholipids (Lpi) as a standard, as described in Chapter 3. 

Photolabeling of proteins in a right side out vesicle preparation was basically performed as 

described in Chapter 3, with the exception that vancomycin was added to the suspension. 

Briefly, 50 nmol of UDP-GlcNAc and 40 μl of Buffer A containing 40 nmol UDP-MurNAc-

pentapeptide-[125I]ASA were incorporated into 125 nmol Lpi RSOs of E. coli W3899 by 

freezing and thawing on ice twice. In case of vancomycin addition, RSOs were allowed to 

synthesize Lipid II on ice for 30 minutes before 500 μg vancomycin was added from a 100 

mg/ml stock solution. Subsequently, the vesicles were incubated for 30 minutes at 0 °C, 14 °C 

or 30 °C before exposure to UV light and removal of excess UDP-MurNAc-pentapeptide-

[125I]ASA, followed by gel electrophoresis and autoradiography. 

Samples used for vancomycin-sepharose affinity chromatography were obtained slightly 

different. In this case, 40 nmol UDP-MurNAc-pentapeptide-ASA from a 8 mM stock solution 

was added to 200 μl Buffer Z (50 mM TEA-HAc (pH 7.5), 100 mM KCl, 1 mM EDTA, 2 

mM MgSO4 containing 25 μM KI and 125 μCi Na125I in an IODO-GEN pre-coated iodination 

tube yielding a total volume of 210 μl. After 15 minutes incubation at room temperature, 

unreacted 125I was removed by gelfiltration using a Sephadex G-10 spin-column. Buffer Z 

containing radiolabeled UDP-MurNAc-pentapeptide was added to 250 nmol E. coli W3899 

vesicles and 100 nmol UDP-GlcNAc, mixed thoroughly and incubated at room temperature 

for 30 minutes before UV exposure. Preparation of crosslinked samples resulted in a pattern 

of labeled proteins that was similar to the pattern obtained via the freeze-thawing approach. 
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Subsequently, Triton X-100 was added from a 20 % v/v stock solution in a 0.4 % v/v final 

concentration, resulting in a total volume of ~ 250 μl. 

For photolabeling studies using iodinated vancomycin-ASBA conjugate, 500 μg vancomycin-

ASBA from 100 mg/ml stock solution was added to 100 μl Buffer A containing 25 μM KI 

and 125 μCi Na125I in an IODO-GEN pre-coated iodination tube. After incubation of 15 

minutes at room temperature, solutions were removed to an eppendorff tube and place on ice 

until further use. Subsequently, 25 μl of this vancomycin-[125I]ASBA solution was added to 

50 μl of a vesicle suspension containing 125 nmol Lpi E. coli W3899 right side out vesicles, 

50 nmol UDP-GlcNAc (and 15 nmol UDP-MurNAc-pentapeptide when indicated) in Buffer 

A. After incubation of 30 minutes at 30 °C, samples were exposed to UV light as described in 

Chapter 3. Subsequently, vesicles were centrifuged to remove unbound or uncrosslinked 

vancomycin-[125I]ASBA and resuspended in Buffer A supplemented with Triton X-100 in a 

final concentration of 0.4 % v/v. This was followed by gel electrophoresis and 

autoradiography as described in Chapter 3. 

  

Preparation of vancomycin-sepharose  

To immobilize vancomycin on sepharose beads via it vancosamine group, first 1 gram of 

activated CH sepharose 4B was pretreated for 15 minutes in 50 ml 1 mM HCl and washed 

over a glass-sintered filter in 4 subsequent steps of each 50 ml 1 mM HCl. In the meanwhile, 

53 mg vancomycin-HCl was dissolved in 6.7 ml coupling buffer (0.1 M NaHCO3 (pH 8), 0.5 

M NaCl). Subsequently, the vancomycin solution was mixed with the sepharose beads in a 

volume ratio of approximately 2:1. After 2 hours of gentle rotation at room temperature, 

excess vancomycin was washed away with 5 column volumes coupling buffer. To block any 

remaining active groups 10 ml 0.1 M Tris-HCL (pH 8) was added to the beads. The 

suspension was incubated for one hour at room temperature under gentle rotation. 

Subsequently the beads were washed in three cycles of alternating pH. Each cycle consisted 

of 5 column volumes 0.1 M acetic acid/sodium acetate (pH 4), 0.5 M NaCl and 5 column 

volumes 0.1 M Tris-HCl (pH 8), 0.5 M NaCl. Finally, the beads were washed with 5 column 

volumes coupling buffer and stored at 4 °C in ~10 ml coupling buffer containing 0.02 % (w/v) 

sodiumazide. 

 

Purification of crosslink products by vancomycin-sepharose affinity chromatography 

For a vancomycin-sepharose affinity chromatography experiment typically 333 μl of column 

slurry was used to obtain a dry column volume of ~100 μl. Columns were washed with 10 

column volumes of Buffer Z supplemented with 0.4 % v/v Triton X-100. Subsequently, 200 

μl of a suspension of crosslinked membrane vesicles in Buffer Z supplemented with 0.4 % v/v 
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Triton-X-100 was passed 5 times over the column. The column was washed 10 times with 

200 μl Buffer Z supplemented with 0.4 % v/v Triton X-100. Bound material was eluted from 

the column with 0.1 M Tris base (pH 11) supplemented with 0.4 % v/v Triton X-100 in 10 

subsequent steps of 200 μl. To strip the column from any bound material, it was washed 3 

times with 200 μl 0.1 M acetic acid/sodium acetate (pH 4), 0.5 M NaCl followed by washing 

3 times with 200 μl 0.1 M Tris-HCl (pH 8), 0.5 M NaCl. From every step, fractions of 20 μl 

were taken for scintillation analysis and SDS-PAGE. 

 

Results and discussion 

Which of the crosslinked proteins is crosslinked to Lipid II? 

To shine more light on which of the identified proteins obtained via the crosslink study 

described in Chapter 3 (Chapter 3, table 1) could be involved in the transbilayer transport of 

Lipid II, the unique affinity of the antibiotic vancomycin for the D-Ala-D-Ala moiety of the 

pentapeptide moiety of Lipid II was used to block the precursor in the transport machinery. 

For this purpose, vancomycin was added to vesicles that had been allowed to synthesize Lipid 

II during an incubation of 30 minutes on ice in the presence of UDP-MurNAc-pentapeptide-

[125I]ASA and UDP-GlcNAc. After a subsequent incubation of 30 minutes in the presence of 

vancomycin at 0 °C, 14 °C and 30 °C before crosslinking, a strong reduction in the number of 

labeled protein was observed in the presence of vancomycin, especially at higher incubation 

temperatures (Fig. 1 lanes, 2, 4, and 6). This indicates that Lipid II processing is seriously 

hindered by the presence of vancomycin, thereby preventing crosslinking of proteins involved 

in periplasmic steps of peptidoglycan synthesis. Moreover, especially after incubation at 14°C 

and 30°C in the presence of vancomycin before crosslinking two proteins showed an 

increased signal on the autoradiogram (Fig. 1). These strongly crosslinked two proteins 

separated on SDS-PAGE close to each other at a molecular weight of ~44 kDa (Fig. 1, lane 2, 

4 and 6) and were also crosslinked in absence of vancomycin albeit to a lesser extent (Fig. 1, 

lane, 1, 3 and 5). We therefore hypothesized that vancomycin prevented Lipid II from further 

processing by trapping the molecule in the Lipid II transport machinery. This may indicate 

that vancomycin traps the Lipid II molecule in the Lipid II transporter machinery, running on 

SDS PAGE at a molecular weight of approximately 44 kDa. These results are in line with the 

observation that when vancomycin was added to right side out vesicles after Lipid II synthesis 

on ice, upon elevation of the temperature no processing of the peptidoglycan subunits by the 

PBPs occurred (Sijbrandi et al., unpublished results).  This could imply that the crosslinked 

proteins visible in the samples without vancomycin but not in the samples with vancomycin 

are involved with processes that occur in peptidoglycan synthesis after Lipid II has been 

transported.  
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Parallel to this, a similar experiment was carried out using a vancomycin derivative carrying a 

photoactivatible crosslinker, vancomycin-ASBA (Fig. 2A). To enable specific detection of 

crosslink products, the ASBA moiety was radiolabeled with 125I to form a vancomycin-

[125I]ASBA conjugate. For this purpose vesicles were incubated on ice in the presence of 

UDP-MurNAc-pentapeptide and UDP-GlcNAc to synthesize Lipid II. Upon addition of 

vancomycin-[125I]ASBA the temperature was elevated before UV activation to block newly 

transported Lipid II in the transport machinery. 

 

 
Fig. 1. The presence of vancomycin influences the pattern of crosslinked proteins. Autoradiogram of 

proteins crosslinked in the presence and absence of vancomycin at 0 °C, 14 °C and 30 °C. 

 

This also resulted in a pattern of crosslinked proteins (Fig. 2B, left lane). Interestingly also the 

~44 kDa protein that was observed to be intensively labeled in Fig. 1 was crosslinked to 

vancomycin-[125I]ASBA in a high extent. These results suggest that the high affinity of 

vancomycin for Lipid II can also result in crosslinking of proteins that are in close proximity 

of Lipid II. When no peptidoglycan precursors were incorporated into the vesicles a similar 

but less intense pattern of labeled proteins could be observed (Fig. 2B, right lane), which is 

highly likely due to residual amounts of peptidoglycan derivatives in the right side out 

vesicles. In addition, the pattern of crosslinked proteins labeled via vancomycin-[125I]ASBA 

differs from the pattern of crosslinked proteins obtained using UDP-MurNAc-pentapeptide-

[125I]ASA. Possibly, these are cell wall associated proteins in close proximity of vancomycin 
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molecules. Another possibility is that vancomycin has an affinity for some proteins not 

directly involved with Lipid II. It has been shown that vancomycin derivatives can show 

specific affinity, among which several penicillin binding proteins and the multidrug efflux 

pump component AcrA [216]. Strikingly, the latter was also detected in the crosslink study 

described in chapter 3. The use of vancomycin-[125I]ASBA as crosslinking agent instead of 

UDP-MurNAc-pentapeptide-[125I]ASA enforces the  idea of the 44 kDa protein to be involved 

with Lipid II transport. 

 

 
 

Fig. 2. A., Chemical structure of vancomycin-ASBA. B., Crosslinking with vancomycin-ASBA. The left 

lane represents a pattern of proteins labeled with vancomycin-[125I]ASBA in the presence (left lane) and 

the absence of UDP-MurNAc-pentapeptide. 

 

One sample that showed clear crosslinking of the 44 kDa protein was analysed using two 

dimensional gel electrophoresis. Inspection of the autoradiogram of the 2-D gel revealed that 

one spot migrating just below the 46 kDa marker was intensely labeled (Fig. 3). This spot 

highly likely corresponds to the intensely labeled 44 kDa protein in Fig. 1. When the area of 

this spot was cut out from gel and analysed with mass spectrometry several proteins were 

identified (table 1). When these proteins were closer examined for predicted transmembrane 

localization and predicted molecular mass of proteins from it appeared that none of the 

proteins was predicted to be an inner membrane protein.  The only protein that was possibly 

involved with peptidoglycan was a minor lipoprotein RlpA, which appeared to locate in the 

same gene cluster as the FtsW homologue RodA and penicillin binding protein DacA. 

However, when the crosslink assay was performed on vesicles derived from an RlpA 

knockout E. coli strain [217] the intense 44 kDa band was still visible and its intensity did not 

differ from the wildtype strain situation (not shown). Apparently, the intense spot at 44 kDa 

A B 
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did not correspond to RlpA and is most probably not identified by mass spectrometry. This 

raises questions about the identity of this protein. In Chapter 3 it was observed that in a E. coli 

BL21(DE3) strains overexpressing FtsW or MurG also a protein band at ~44 kDa was 

radiolabeled more intensely compared to the wild-type situation (Chapter 3, Fig. 5). However, 

FtsW and MurG have a high pI (9.79 and 9.74 respectively), while the intensely labeled spot 

had been isoelectrically focused at a pH of ~6. Since a large part of radioactivity was lost 

during electrophoresis it is possible that the intense labeled protein observed with one-

dimensional gel electrophoresis is not detected on the 2D gel at all and that the spot observed 

on the 2D gel does not correspond to this band. These results show that the identification of 

these proteins remains troublesome. Nevertheless, vancomycin provides a potent tool in 

simplifying the pattern of crosslinked proteins. 

 

 
 
Fig. 3. Autoradiogram of two dimensional gel analysis of a sample containing proteins crosslinked using  

UDP-MurNAc-pentapeptide-[125I]ASA  in the presence of vancomycin (see also Fig.1 lane 4). 
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Table 1, proteins identified from the radiolabeled spot in Fig. 3 (arrow) selected for predicted 

transmembrane localization and molecular mass. 

 

Acc Noa Mass (Da) # Peptidesb Predicted 

locationc 

Protein Name 

gi|50513686 46700 3 outer 

membrane 

Chain B, crystal structure of the long-chain fatty 

acid transporter Fadl 

gi|1942723 42321 9 cytoplasm Chain C, elongation factor complex Ef-TuEF-Ts 

from Escherichia coli 

gi|3114505 47469 5 outer  

membrane 

Chain C, Maltoporin Trehalose Complex 

gi|15803300 45631 11 cytoplasm Phosphopyruvate hydratase [Escherichia coli 

O157:H7  EDL933] 

gi|15800347 37758 3 unknown A minor lipoprotein [Escherichia coli O157:H7 

EDL933] 

gi|15800481 46124 2 unknown Putative pectinesterase [Escherichia coli O157:H7 

EDL933] 

gi|146232 51622 5 unknown 6-phosphogluconate dehydrogenase (EC1.1.1.44) 

gi|147406 47601 5 cytoplasm Adenylosuccinate synthetase (EC 6.3.4.4) 

gi|15826061 44221 2 cytoplasm Chain B, Crystal Structure Of Molybdopterin 

Biosynthesis Moea Protein 

gi|24051421 43172 2 cytoplasm ATP-binding component of spermidine/putrescine 

transport   

gi|26109771 42625 4 cytoplasm S-adenosylmethionine synthetase [Escherichia 

coli CFT073] 

gi|68304090 20308 2 cytoplasm Icd [Escherichia coli] 

gi|43107 53981 3 outer 

membrane 

Unnamed protein product [Escherichia coli] 

 
(a), Accession number in NCBI protein database (http://www.ncbi.nlm.nih.gov), (b) number of peptides 

used for protein identification, (c) protein localization site in the cell as predicted by PSORTb v.2.0 [213]. 

 

Vancomycin as a tool in purification of crosslinked proteins 

To overcome the problems encountered in the identification of the crosslinked proteins the 

specific affinity of vancomycin for the D-Ala-D-Ala was used to pull down proteins 

crosslinked to Lipid II or other peptidoglycan components. For this purpose vancomycin was 

covalently attached with its N-terminus to sepharose beads. A large portion of radioactivity 

was not bound or washed away from the column (Fig. 4A, samples 2 –12). Elution with 0.1 M 
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Tris base (pH 11) supplemented with 0.4 % v/v Triton X-100 showed that approximately 40 

% of the radioactivity that was applied to the column had actually bound to it (Fig. 4A, 

samples 13-22).  

 
 
Fig. 4. Pull down of proteins crosslinked to Lipid II or other peptidoglycan units using vancomycin-

sepharose. A., the diagram bars show counts per minute. Bar 1 represents 10 μl of the total suspension 

applied to the columns. Bar 2 represents 10 μl of the flow through fraction. Bars 3-12 represent each 10 μl 

of washing fractions. Bars 13-22 represent each 10 μl of the elution fractions. B., the autoradiogram 

shows the labeled proteins from the fractions above. 
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SDS-PAGE and autoradiographic analysis of the corresponding samples revealed that indeed 

the major part of the radiolabeled proteins had not bound to the column, but that a substantial 

amount that had bound was eluted from the column (Fig. 4B, lanes 2-12). Almost all (99.3 %) 

of the radioactivity applied to the column was either washed or eluted from the column, 

showing that after elution hardly any labeled proteins were left on the column.  

Comparison of the pattern of radiolabeled proteins on the autoradiogram of sample 14 to the 

corresponding silverstain showed especially similarities in the area below 50 kDa (Fig. 5), 

indicating successful purification of crosslinked proteins. However, the silver stain pattern in 

the higher molecular weight regions revealed that especially in the higher molecular weight 

areas unlabeled proteins were eluted from the column. This was most likely the result of 

aspecific binding of proteins to the column since a similar experiment using sepharose beads 

not coupled to vancomycin showed a similar pattern of eluted high molecular weight proteins 

(not shown).  

 

 
 
Fig. 5. Comparison of the autoradiogram (lane 1) and the silverstained protein pattern (lane 2) of elution 

fraction 14. 

 

Affinity chromatography using vancomycin sepharose has proven successful in the 

purification of soluble peptidoglycan precursors [215]. In our study we tried to purify complete 

proteins crosslinked to Lipid II. The presence of such a big protein probably hinders binding 
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of the crosslinked D-Ala-D-Ala containing group to the vancomycin-sepharose. Indeed, when 

applying a similar sample not exposed to UV light to the column more than twice the amount 

of radioactivity was bound to the column (not shown), indicating that uncrosslinked Lipid II 

exhibits higher affinity for the vancomycin-sepharose column.  

It was also tried to purify proteins crosslinked to peptidoglycan molecules using wheat germ 

agglutinin (WGA) immobilized on agarose beads (Calbiochem). WGA is known for binding 

GlcNAc residues but in our setup no radiolabeled protein bound to the column (not shown). 

Therefore, the approach using vancomycin-sepharose to pull down proteins crosslinked to 

Lipid II or other peptidogycan molecules seems as of yet the most valuable method for partial 

purification of crosslinked proteins. Increasing the binding of the labeled proteins could 

further optimize this approach. This could be done by partial proteolytic digestion of the 

proteins after crosslinking, resulting in smaller particles that are more likely to bind the 

column.  

 

Concluding remarks 

The unique affinity of vancomycin for the D-Ala-D-Ala part of the pentapeptide of Lipid II 

allows the use of the antibiotic for Lipid II studies. In this study we showed using UDP-

MurNAc-pentapeptide-[125I]ASA or vancomycin-[125I]ASBA that vancomycin could be used 

to trap Lipid II on the exterior side of the membrane in the transport machinery. By 

immobilizing vancomycin on sepharose beads the antibiotic could be used to partially purify 

proteins that were crosslinked to Lipid II. This approach requires further optimalization. This 

can be done for instance by applying proteolytic digestion to the crosslinked proteins resulting 

in smaller protein particles that possibly display higher affinity for the vancomycin-sepharose 

column.  Taken this into account, vancomycin provides a promising tool in the search for the 

proteins involved in Lipid II translocation across the membrane. 
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Chapter 4: 
Reconstitution of Lipid II 
transporter protein candidates 

into model membranes 
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Abstract 

One of the key processes in bacterial cell wall synthesis is the mechanism by which the 

cell wall sub-unit Lipid II is translocated across the cytoplasmic membrane in order to 

get peptidoglycan sub-units incorporated into the growing peptidoglycan layer. Little is 

known about this process, but it is highly likely dependent on the action of a flippase 

protein and not dependent on an energy source or the proton motive force. In the 

present study, candidate Lipid II flippase proteins were reconstituted into model 

membrane vesicles. Their ability to induce Lipid II translocation was tested by using the 

fluorescent label NBD attached to Lipid II.  Membrane topology of Lipid II was 

fluorescently probed using the irreversible quenching of NBD groups by dithionite. This 

way we first show that the complete Lipid II synthesis machinery reconstituted in model 

membranes is able to synthesize but not translocate Lipid II. Secondly, the protein 

translocation machinery of which several compounds were identified in the 

photocrosslink assay described in Chapter 3 was also not able to cause translocation of 

Lipid II in model membranes containing SecYEG. The last protein that was tested in 

this study was FtsW. Interestingly, proteoliposomes containing this protein showed 

markedly lower protection of NBD-Lipid II compared to the control situation. This 

could indicate that FtsW is able to induce Lipid II transbilayer movement, although 

leakage of dithionite cannot totally be excluded. Our results give first direct indications 

that FtsW plays a role in transbilayer transport of Lipid II. 

 

Introduction 

Allowing bacteria to withstand high osmotic pressures and giving shape, the bacterial cell 

wall is one of the most essential structures in the bacterial life cycle. This cell wall consists 

mainly of peptidoglycan, a large macromolecule consisting of long strands of alternating 

aminosugar subunits, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc). 

These strands are interlinked between the MurNAc subunits by short peptide bridges, thereby 

forming a three-dimensional network. 

Peptidoglycan subunits are assembled on the cytoplasmic side of the plasmamembrane on a 

special lipid carrier, undecaprenyl phosphate. The first step involves the addition of UDP 

activated MurNAc-pentapeptide by the membrane spanning enzyme MraY, resulting in Lipid 

I. Subsequently, the peripherically membrane associated protein MurG couples UDP-GlcNAc 

to Lipid I, resulting in one complete lipid-linked peptidoglycan subunit, called Lipid II. This 

molecule is transported across the cytoplasmic membrane, after which the GlcNAc-MurNAc-

pentapeptide is released and incorporated into the growing peptidoglycan layer by the 

penicillin binding proteins. After release of the subunit, the undecaprenyl carrier is flipped 
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back to the cytoplasmic side of the membrane, after which a new Lipid II molecule can be 

synthesized. 

The mechanism by which Lipid II is transported across the inner membrane is still unknown, 

although a recent study showed that the process is protein mediated and independent of an 

energy source [178].  However, the identity of the protein(s) responsible for Lipid II 

transbilayer movement remains elusive. Recently it was shown that the last protein known to 

be in contact with Lipid II on the cytoplasmic side of the membrane could not be solely 

responsible for Lipid II transbilayer movement in a model membrane system [178]. It is 

possible that a combination of MurG and MraY complex can both synthesize and translocate 

Lipid II. Not only does MraY possess transmembrane helices [55], making it an attractive 

transporter protein candidate, recent studies also suggested that MurG associated with MraY 

in a multienzyme complex [218]. Thus, a combination of Lipid II synthesis and translocation 

would be a likely and efficient possibility. 

Secondly, in a photolabeling study using an UDP-MurNAc-pentapeptide derivative with a 

photoactivatible crosslinker attached to it, some interesting proteins were identified (Chapter 

3, this thesis). Strikingly, among these proteins were various components involved in protein 

translocation, such as SecY, SecD, SecA and YidC. Because of its structure, the protein 

translocon was suggested to account for flippase activity of phospholipids in the bacterial 

inner membrane [219], but later it was shown not to be the case [120]. Any involvement of the 

protein translocation machinery in transport of peptidoglycan subunits has not been 

considered so far. 

When the photocrosslinking study described above was performed on inner membrane 

vesicles derived from E. coli cells overexpressing the essential cell division protein FtsW, a 

significant change in the pattern of labeled proteins could be detected, indicating a relation 

between Lipid II and FtsW. The protein possesses 10 transmembrane helices [208] and 

homologues can be found in virtually all cell wall bearing bacteria. Its exact role is not 

understood, but in E. coli FtsW was shown to be essential for the recruitment of PBP3 to the 

cell division site [209]. It was even proposed that FtsW channels the Lipid II molecule across 

the membrane to PBP3 [220], but this was never tested by anyone since.  

In the present study we investigated the involvement of the SecYEG translocon, MraY and 

FtsW in the transbilayer movement of Lipid II. For this purpose the purified proteins were 

reconstituted in proteoliposomes. Lipid II transport was measured fluorimetrically by 

determining the accessibility of NBD-labeled derivatives of peptidoglycan subunits for the 

specific quenching agent dithionite. 
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Materials and methods 

Materials 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleyl-sn-glycero-

phosphoglycerol (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1-oleoyl-2-

hexanoyl]-sn-glycero-3-phosphocholine (C6NBD-PC) were purchased from Avanti Polar 

Lipids (Alabaster, AL). All lipids were dissolved in chloroform/methanol in a 1:1 molar ratio 

and stored under nitrogen at –20 °C. UDP-N-acetylglucosamine (UDP-GlcNAc) was 

purchased from Sigma.  

 

Synthesis, labeling and purification of cell wall precursors 

The lysine form of UDP-MurNAc pentapeptide was purified from Staphylococcus simulans as 

described [163]. It was labeled with NBD-chloride at the lysine of the pentapeptide moiety as 

described [178]. Lipid II and NBD-labeled Lipid II were synthesized and purified as described 
[164].  Undecaprenyl phosphate was isolated from Laurus nobilis leaves [221] and 

phosphorylated as described [222]. For TLC analysis NBD-Lipid I and NBD-Lipid II were 

extracted and analysed on silica 60 plates as described [178].  

 

Isolation and purification proteins 

Histagged MurG from E. coli was purified as described [61] and stored in an 0.142 mg/ml 

solution in 20 mM Tris-HCl buffer pH 8 containing 20 % v/v glycerol at – 20 °C.  

Purified histagged MraY from Bacillus subtilis, was generously supplied by Dr. Ahmed 

Bouhss (Institut de Biochimie et de Biophysique Moléculaire et Cellulaire, Université Paris-

Sud) and stored as an 0.4 mg/ml solution in 30 mM Tris-HCl buffer pH 7.5 containing 150 

mM NaCl, 10 % v/v glycerol and 3.9 mM n-dodecyl-β-D-maltoside (DDM) at –80 °C as 

described [201]. 

Purified histagged SecYEG from E. coli [223], was generously supplied by Dr. Ilja Küsters and 

Prof. Dr. Arnold Driessen (Molecular Microbiology, University of Groningen) and stored as 

an 0.4 mg/ml solution in 10 mM Tris-HCl buffer pH 8 containing 20 % v/v glycerol, 2 w/v 

DDM and approximately 50 mM KCl at –80 °C. 

Wildtype SecA from E. coli was purified as described and stored as a 1 mg/ml stock in 50 

mM Tris-HCl pH 7.6, 10 % v/v glycerol and 1 mM dithiotreitol at - 20 °C [224]. 

For a typical purification of FtsW, BL21(DE3) cells were freshly transformed with 

pDML2400 [190] and cultured in 18 L of LB medium containing kanamycin at 37 °C. At an 

OD600 of 0.4, protein expression was induced with 1 mM IPTG for 90 min. The cells were 

harvested and subsequently washed with PBS. The cell pellet was resuspended in 80 ml 20 

mM Tris-HCl pH 8.0 and 100 mM NaCl containing phenylmethanesulphonylfluoride (PMSF) 
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and Complete EDTA free proteinase inhibitors (Roche). From here, the sample was 

constantly kept on ice or at 4 °C. The cells were passed twice through a pre-cooled cell 

disruptor (Constant Cell Disruption Systems) at 20.000 psi. Unbroken cells were removed by 

centrifugation for 10 min at 6.000 g and the membranes were pelleted by centrifugation for 45 

min at 200.000 g. The membrane proteins were solubilized in 100 ml 20 mM Tris-HCl pH 8.0 

and 100 mM NaCl containing 0.5 % LAPAO (Anatrace). After an overnight incubation whilst 

gently rotating, all insoluble material was removed by centrifugation for 45 min at 200.000 g. 

The solubilized sample was then incubated overnight with circa 5 ml of Ni2+-charged NTA 

agarose beads (Qiagen) in the presence of 10 mM Imidazole. Subsequently, the sample was 

poured into a column, which was washed with 10 column volumes 20 mM Tris-HCl pH 8.0 

and 100 mM NaCl, 0.5 % w/v LAPAO containing 10 mM Imidazole and followed by a 

similar washing procedure with the same buffer but now containing 20 mM Imidazole. 

Proteins were eluted using a linear gradient from 20 to 250 mM Imidazole in the same buffer. 

Fractions containing significant amounts of FtsW, as judged by SDS-PAGE, Coomassie 

staining analysis and western blot analysis using anti-his antibodies, were pooled and 

concentrated to less than 1 ml using a Centricon YM-30 centrifugal filter device (Amicon). 

Using the same device the Imidazole concentration of the sample was lowered to less than 20 

mM. This procedure was required for a second purification step by FPLC using a Ni2+-

charged HiTrap chelating column (GE Healthcare) of 1 ml. This column was washed with at 

least 10 column volumes of 20 mM Tris-HCl pH 8.0 and 100 mM NaCl, 0.5 % w/v LAPAO 

containing 20 mM Imidazole. Proteins were eluted using a linear gradient from 20 to 250 mM 

Imidazole in the same buffer. Fractions containing mostly pure FtsW, as judged by SDS-

PAGE and Western blot analysis, were pooled and the volume was decreased to less than 1 ml 

using a Centricon YM-30 centrifugal filter device. The resulting purified his-tagged FtsW was 

estimated to be > 90 % pure. This included besides the full-length protein one major 

breakdown product. After this, the purified FtsW was dialysed overnight against 1 litre of 20 

mM Tris-HCl buffer pH 8.0 containing 100 mM NaCl and 8 mM Triton X-100. For this, 

Tubing-Visking dialysis tubes (size 1-8/32”) with a 12-14 kDa cut-off were used according to 

the manufacturer’s instructions. The resulting purified FtsW was stored in a concentration of 

approximately 0.4 mg/ml at 4°C. 

 

Reconstitution of proteins into proteoliposomes 

In order to reconstitute the abovementioned proteins in proteoliposomes, first large 

unilamellar vesicles (LUVs) were prepared. The concentration of vesicles was determined 

with the phospholipids’ phosphate (Lpi) as a standard as described in chapter 2. Briefly, a 

mixture of 3500 nmol of DOPC, DOPE and DOPG in 60:25:15 molar ratios was supplied 
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with 0.1 or 0.2 mol % of either undecaprenyl phosphate, Lipid II, NBD-PC or NBD-Lipid II. 

After evaporation of the solvents and subsequent incubation under vacuum for 20 minutes, the 

lipid films were hydrated with 10 mM HEPES-KOH pH 8, 100 mM NaCl, 5 mM KCl (Buffer 

Z) to a final lipid-Pi (Lpi) concentration of approximately 5 mM. The vesicles suspension was 

freeze-thawed 10 times. Subsequently, unilamellar vesicles of 200 nm in diameter were 

formed by extruding the suspension through 200 nm membrane filters (Anotop 10, Whatman) 

as described [178]. 

All suspensions and solutions were kept on ice or at 4°C during the reconstitution procedure. 

For reconstitution of proteins, LUVs were first solubilized with 8 mM Triton X-100 

immediately followed by the addition of a purified protein solution in a 1:20.000 protein-

phospholipid molar ratio. This was followed by incubation for one hour while shaking. 

Subsequently, the micelle solution was incubated for two hours with 100 mg/ml Bio-Beads to 

remove detergents. Next, the incubation was prolonged for two hours with a fresh amount of 

100 mg/ml Bio-Beads. This was followed by a third incubation for 18 hours with fresh 100 

mg/ml Bio-Beads. Subsequently, vesicles were collected by ultracentrifugation at 435.000 g 

for 60 minutes and resuspended in 600 μl Buffer Z. 

 

Fluorescence measurements on symmetrically distributed fluorescent labeled lipids 

All measurements were performed in 1.25 ml of Buffer Z in a quartz cuvette at 20 ºC on an 

SLM Aminco SPF 500C fluorimeter. The excitation wavelength was set on 478 nm while 

emission was recorded at 534 nm.  

To investigate whether the symmetry of randomly incorporated Lipid II (or when appropriate, 

NBD-PC) was influenced by the reconstituted proteins tested, proteoliposomes were 

incubated for 30 minutes on ice or at 37 ºC when indicated. Before incubation, the vesicles 

were supplemented with MurG, SecA, ATP/Mg2+ or MgSO4 as indicated in the figure 

legends.  After incubation the suspensions were put back on ice and samples of 200 nmol 

phospholipids were injected in the cuvette containing 1.25 ml of Buffer Z. For each 

fluorescent measurement in this study, starting values of the spectra were normalized to 1 

arbitrary unit (a.u.). When fluorescence levels were stable dithionite was added from a 1 M 

stock solution to a final concentration of 8 mM. When stable levels of fluorescence were 

reached, 10 µl of a 20 % w/v Triton-X100 solution was added to dissipate the membranes 

exposing all fluorescent groups to dithionite. The amount of fluorescently labeled Lipid II 

residing on the protected inner leaflet of the membrane was determined by calculating the 

percentage of fluorescence remaining 10 seconds (Figs. 1 and 2) or 100 seconds (Fig. 3) after 

addition of dithionite. This calculation was made after subtraction of background values that 

were obtained by Triton X-100 addition that leads to quenching of all fluorescent groups. 
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Asymmetric systems 

Outward movement of NBD-Lipid II- Outward movement of NBD-Lipid II was measured 

basically as described [178]. Briefly, proteoliposomes with NBD-Lipid II only on the protected 

inside of the membranes were obtained by exposing the vesicles (40 µl of a ~5 mM Lpi 

suspension) on ice for 5 minutes to dithionite at a 8 mM final concentration. Remaining 

dithionite was inactivated with an excess of K3Fe(CN)6 at a final concentration of 20 mM. 

Subsequently, the vesicles were incubated for 30 minutes at 37 °C. Thereafter, the vesicles 

were subjected to a renewed dithionite incubation in an online fluorescence measurement as 

described above to probe the appearance of NBD-Lipid II.  

Inward movement of NBD-Lipid II- In order to obtain vesicles with NBD-Lipid II only on the 

outer leaflet of the membranes, NBD-Lipid II was added to the proteoliposomes from ethanol. 

For a typical experiment, 3.5 nmol NBD-Lipid II in 4 µl ethanol was added to a 600 µl of a ~5 

mM Lpi proteoliposome suspension while mixing thoroughly. Subsequently, vesicles were 

stored on ice for at least 30 minutes. This was followed by an incubation of 30 minutes at 37 

ºC. After this incubation the percentage of NBD-Lipid II was measured as described above. 

Inward movement of newly synthesized Lipid II. To determine whether MraY and MurG 

catalyzed Lipid II synthesis was coupled to Lipid II translocation, 320 µl of a ~5 mM 

proteoliposomes suspension containing MraY as well as 0.2 mol % undecaprenyl phosphate 

was kept on ice and supplemented with 2.6 nmol NBD-UDP-MurNAc-pentapeptide, 50 nmol 

UDP-GlcNAc, 4.5 µg MurG and 1 mM MgSO4. Subsequently, these vesicles were incubated 

for 60 minutes on ice. These conditions allow Lipid II synthesis to occur while minimizing 

the transport of Lipid II [178]. Thereafter, the proteoliposomes were subjected to 

ultracentrifugation at 435.000 g for 60 minutes at 4 ºC. The membrane pellet was taken up in 

320 µl Buffer Z supplemented with MgSO4 in a final concentration of 1 mM and stored on 

ice. Ultracentrifugation did not result in loss of proteoliposome attached MurG (see also 

Chapter 5). At this point, the vesicles suspension was divided in two pools. The first was 

incubated for 30 minutes on ice (0 ºC) and the second was incubated for 30 minutes at 37 ºC, 

after which they were put on ice. Then, two samples of 80 µl were taken. One was used to 

extract the NBD-labeled lipids as described above in order to perform TLC analysis and the 

other 80 μl was used to determine the accessibility of NBD-Lipid II for dithionite as described 

above.  
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Results 

The role of MraY in Lipid II transport 

In a recent study we showed using NBD- labeled Lipid I in a model membrane system that 

Lipid II transbilayer transport was not coupled to its synthesis from Lipid I by the membrane 

associated glycosyltransferase MurG [178]. This excluded MurG from being solely responsible 

for Lipid II transport. However, Lipid II synthesis also involves the action of the 

transmembrane protein MraY, the Lipid I synthesizing enzyme. This 10-12 membrane 

spanning helices containing protein [55] may also be involved in the transbilayer transport of 

Lipid II. 

 

 
 
Fig. 1. Involvement of MraY in Lipid II transbilayer transport. A., MraY alone or in combination with 

MurG has no effect on NBD-Lipid II topology. Vesicles containing 0.2 mol % NBD-Lipid II with or 

without MraY were stored on ice in a concentration of ~5 mM. When appropriate, 320 µl of a vesicle 

suspension was supplemented with 4.5 µg MurG and MgSO4 in a final concentration of 1 mM. After 
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incubation of 30 minutes at 37 ºC with or without MurG, the suspensions were put back on ice and 

samples of 200nmol phospholipids were subjected to fluorescence measurements. After ~15 s dithionite 

was added (1). Approximately 60 seconds after this, Triton-X100 solution was added (2) to solubilize the 

membranes exposing all fluorescent groups to dithionite. B., Synthesis of Lipid II by MraY and MurG 

does not lead to NBD-Lipid II transport. Proteoliposomes containing 0.2 mol % undecaprenyl phosphate 

with MraY incorporated were stored on ice in a concentration of ~5 mM. Proteoliposomes were 

supplemented with MurG, NBD-MurNAc-pentapeptide, UDP-GlcNAc and MgSO4 as described in Fig. 

1A and incubated for one hour at 4 ºC. After removal of excess peptidoglycan precursors by 

ultracentrifugation, vesicles were resuspended in Buffer Z and incubated for 30 minutes on ice or at 37 

ºC. After incubation, samples of 400 nmol phospholipids were subjected to fluorescence measurements.  

Dithionite was added after 15 seconds of measuring (1).  To expose all present NBD groups to dithionite, 

Triton-X100 was added to the mix (2). C., Lipid II synthesis in proteoliposomes with MraY incorporated 

in the presence of MurG. Samples were taken from the same vesicle suspension as in B after 30 minutes 

of incubation at ice (0 ºC) or at 37 ºC after which lipids were extracted with BuOH/pyridine as described. 

Spots were visualized with UV light. 

 

To investigate this possibility, we first tested if MraY alone could support Lipid II 

translocation. Therefore we reconstituted MraY into proteoliposomes with 0.2 mol % NBD-

Lipid II symmetrically incorporated. Following an incubation at 37 °C for 30 min, the 

topology of NBD-Lipid II was determined by measuring its accessibility for dithionite, which 

irreversibly quenches the NBD-group of Lipid II. The fluorescent signal 10 s after addition of 

dithionite in both empty vesicles and vesicles containing MraY dropped for ~ 65 % (Fig. 1A), 

showing that approximately 35 % of the NBD-labeled Lipid II was protected against 

dithionite and thus residing on the inner leaflet of the membrane. This shows that the presence 

of MraY in the proteoliposomes did not significantly influence membrane permeability for 

dithionite. Because MraY most likely has a random membrane distribution in this 

proteoliposome system, possible MraY induced Lipid II transport would be bidirectional. 

Provided that MraY is active in Lipid II transport, this would eventually lead to quenching of 

all the NBD labels present in the experiment. If this bidirectional transport takes place under 

the conditions used in this experiment this is not a fast process, because even 60 s after 

addition of dithionite the amount of protected NBD-Lipid II is the same in vesicles with or 

without protein (Fig. 1A).  

Next, we tested whether the addition of MurG to these vesicles induced the translocation of 

Lipid II to the inner leaflet of the vesicles. No changes in the amount of protected NBD-

labeled Lipid II could be measured upon addition of MurG to the outside of the vesicles (Fig. 

1A), suggesting that a combination of MraY and MurG cannot transport Lipid II that is 

already present in the vesicles. This shows that also the complete Lipid II synthesis machinery 
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is not capable of inducing transbilayer movement of Lipid II that has been synthesized 

separately. 

In model membrane systems with MurG as only protein present, the enzymatic conversion of 

Lipid I to Lipid II by MurG did not result in transbilayer transport of Lipid II [178]. However, 

there is a possibility that for Lipid II transport coupled to synthesis also MraY is needed. To 

test this, MraY containing proteoliposomes were generated with 0.2 mol % undecaprenyl 

phosphate incorporated in order to enter the Lipid II synthesis machinery from its starting 

position. These proteoliposomes were kept on ice and supplemented with MurG protein, 

NBD-labeled MurNAc-pentapeptide and UDP-GlcNAc. Subsequently, the suspension was 

incubated for one hour at 4 ºC to allow Lipid II synthesis but minimize possible transport. 

After removal of unreacted precursors by ultracentrifugation the vesicles were resuspended 

and incubated for 30 minutes on ice. After this, the accessibility of the NBD-labeled 

molecules was assayed (Fig. 1 B, 0 ºC). This resulted in a protected pool of ~ 8 %. TLC 

analysis revealed that under these conditions mainly Lipid I had formed and only a small 

amount of Lipid II could be detected (Fig. 1C, 0 ºC).  The small amount of Lipid II may 

explain that we could hardly detect any protected pool. However, an incubation of 30 minutes 

at 37 ºC resulted in a higher amount of NBD-labeled Lipid II (Fig. 1C, 37 ºC). Nevertheless, 

this did not result in a higher protected pool (Fig. 1B, 37 ºC), showing that no NBD-labeled 

molecules were transported to the inner leaflet of the membranes. It must be noted that when 

the quenched samples measured were subjected to lipid extraction and subsequent TLC 

analysis, no fluorescent Lipid I or II could be detected. Therefore, the calculated ~8 % might 

be due to scattering due to the Triton-X100 addition in the cuvette rather than NBD-labeled 

compounds on the inner leaflet of the membranes. 

These experiments show that the fully reconstituted Lipid II synthesis machinery is not 

capable of transporting Lipid II in a model membrane system. This suggests that the transport 

process requires the activity of (an)other protein(s). 

 

Is the Sec protein translocation machinery involved in Lipid II transport? 

Several components of the Sec protein translocation machinery were identified in the 

crosslink study described in Chapter 3 and thus possibly crosslinked to Lipid II. This 

suggested that the Sec protein translocon may play a role in Lipid II transport. To test this, the 

SecYEG complex was reconstituted in liposomes containing 0.2 mol % NBD-Lipid II. As a 

control the transmembrane protein KcsA from Streptomyces lividans was used. This protein 

exists as a symmetric tetramer with in total 8 transmembrane spanning helices [225]. KcsA was 

reconstituted into proteoliposomes containing 0.2 mol % NBD-Lipid II. The incorporation of 
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SecYEG or KcsA led to protected fluorescent pools of ~31 and 34 % respectively (Fig. 2A), 

very similar to the situation in vesicles containing MraY (Fig. 1A). 

 

 

 
 
Fig. 2. Is SecYEG involved in Lipid II transport? A., Proteoliposomes containing 0.2 mol % NBD-Lipid 

II were prepared without protein, or with SecYEG or KcsA incorporated and stored at 4 ºC in a 

concentration of ~5 mM phospholipids Pi until further use. 200 nmol of vesicle suspensions were 

incubated for 30 minutes at 37 ºC with or without 0.8 µg SecA and 0.5 µl of a 0.25 M ATP/MgSO4 

solution. Subsequently, the suspensions were put back on ice and samples of 200nmol phospholipids were 

subjected to fluorescence measurements. After ~15 s dithionite was added (1). Approximately sixty 

seconds after this, Triton-X100 was added to solubilize the membranes exposing all fluorescent groups to 

dithionite (2).  B., Vesicles with NBD-Lipid II externally added to the vesicles suspensions from ethanol. 

NBD-Lipid II was added to proteoliposomes with no protein, KcsA or SecYEG incorporated and stored 

on ice for at least 30 minutes. Subsequently, vesicles were incubated for 30 minutes at 37 ºC in the 

presence or absence of SecA and ATP, as described above. After ~15 s dithionite was added (1).  When 

stable levels of fluorescence were reached, Triton-X100 solution was added to dissipate the membranes 

exposing all fluorescent groups to dithionite (2). 

A

B 
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 Only empty vesicles showed a higher protected pool of NBD-Lipid II (Fig. 2A). It must be 

noted that the percentage of NBD-Lipid II protected from dithionite varied in the range 

between 30 % and 50 % when vesicles were derived from independent isolations. This was 

probably due to differences in the quality of the vesicles.   

SecA and ATP are required for SecYEG functioning and if SecYEG would be able to 

translocate Lipid II across the membrane, this would result in a higher protected pool of 

NBD-Lipid II. However, when SecA and ATP were added to the vesicle suspension no 

change in the protected pool of NBD-Lipid II could be measured (Fig.2A). Additionally, it 

was tested whether asymmetrically incorporated NBD-Lipid II could be transported by the 

translocon. For this purpose, NBD-Lipid II was added from ethanol to vesicles to incorporate 

it in the outer leaflet of the membrane. Transport of NBD- Lipid II would then lead to a higher 

protected pool. However, after an incubation for 30 minutes at 37 ºC also hardly any 

protected pool could be measured and no significant differences were found between empty 

vesicles, vesicles with KcsA, and vesicles with SecYEG in the presence or absence of SecA 

and ATP (Fig. 2B). These results lead us to conclude that the protein translocon is not 

involved in transbilayer transport of Lipid II. 

 

FtsW: a possible role in Lipid II translocation? 

The third protein we tested for its possible involvement in Lipid II transport was FtsW. This 

protein has been suggested to be the Lipid II transporter protein because it is an essential 

transmembrane protein involved in cell division. This protein exists in all cell wall bearing 

bacteria and in the mra gene cluster its gene is always located next to the murG gene. 

Moreover, when vesicles derived from an FtsW overexpressing E. coli strain were subjected 

to the crosslinking assay described in Chapter 3, a dramatically altered pattern of crosslinked 

proteins was detected (Chapter 3). For these reasons FtsW was reconstituted into vesicles 

containing 0.2 mol % NBD-Lipid II. When treated with dithionite to probe the distribution of 

NBD-Lipid II between the two leaflets of the membrane, vesicles containing FtsW typically 

showed a relatively lower protected pool of NBD-Lipid II (~27 % in this experiment) 

compared to vesicles reconstituted with KcsA in equimolar amounts in all experiments (~46 

% in this experiment) (Fig. 3A). However, the absolute protected NBD-Lipid II percentages 

were different in independent vesicle preparations, probably because of differences in quality 

of the vesicles as mentioned before. 

This lower degree of protected NBD-Lipid II could be due to FtsW mediated transport of 

Lipid II but also an effect of FtsW on the quality of the vesicles resulting in leakage. To 

investigate the possibility of leakage, we also tested the behavior of fluorescently labeled 
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DOPC (NBD-PC) in these proteoliposomes. When the lower percentage of NBD-Lipid II 

observed in Fig. 3A is due to leakage, this would result in a similar difference between 

vesicles reconstituted with FtsW or KcsA. NBD-PC is not likely to flip-flop in membranes 

only containing FtsW because in contrast to NBD-PE or NBD-PG derivatives, NBD-PC did 

not show flip-flop mediated by model transmembrane helices in a model membrane system 
[172]. When the accessibility of NBD-PC for dithionite was tested in FtsW containing 

proteoliposomes the protection of NBD-PC was ~33 % while in vesicles containing KcsA ~ 

44 % of the NBD-PC was protected from dithionite (Fig. 3B). Strikingly, when NBD-Lipid II 

instead of NBD-PC was probed in this experiment, only 27 % of the NBD-Lipid II was 

protected from dithionite in FtsW containing vesicles. In KcsA containing vesicles this 

difference in accessibility for dithionite between NBD-PC and NBD-Lipid II could not be 

measured (Fig. 3B). In an additional experiment similar effects could be measured. In this 

case the level of NBD-PC groups protected for dithionite was ~36 % in FtsW containing 

vesicles (Fig. 3C) compared to a protected pool of NBD-Lipid II of ~25 % (Fig. 3C). 

Interestingly, the protected pool of NBD-PC dropped also to ~25 % when 0.2 mol % of 

unlabeled Lipid II was present in the membranes (Fig. 3C). This suggests that the presence of 

Lipid II in combination with FtsW induced higher accessibility of NBD groups for dithionite. 

These results can point to FtsW-mediated leakage of dithionite, but also to fast transport of 

Lipid II. In the first case the presence of Lipid II would then induce FtsW-mediated leakage, 

since NBD-PC is more accessible for dithionite in FtsW containing vesicles when unlabeled 

Lipid II is present (Fig. 3C).  Secondly, when fast transport of Lipid II mediated by FtsW is 

the case, the results in Fig. 3 B and C would point to an ability of FtsW to induce transbilayer 

transport of NBD-PC. In both scenarios however, our results point to a specific interaction of 

FtsW with Lipid II. 
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Fig. 3. Reconstitution of FtsW in proteoliposomes. Fluorescent probes were either NBD-Lipid II or NBD-

PC, symmetrically incorporated. Vesicles were incubated for 30 minutes at 37 °C before fluorescence 

measurements. Dithionite was added to the suspension after ~30 seconds of measuring (1). Triton X-100 

was added to expose all fluorescent groups to dithionite (2). A., Protection of NBD-Lipid II from 

dithionite in vesicles containing FtsW or KcsA. B., Protection of NBD-PC or NBD-Lipid II from 

dithionite in vesicles containing FtsW or KcsA. C., Influence of Lipid II on the accessibility of NBD-PC 

for dithionite in vesicles reconstituted with FtsW. Either NBD-Lipid II, NBD-PC or a combination of 

NBD-PC and unlabeled Lipid II were randomly incorporated. 

 

A 

B

C
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Discussion 

In this study, proteins were reconstituted into liposomes to test their involvement in 

transbilayer movement of Lipid II across the membrane. For this purpose NBD-labeled Lipid 

II was used because the irreversible quenching of NBD by the agent dithionite allows for the 

determination of its topology. The first protein that was tested was the membrane spanning 

glycosyltransferase MraY. For a bacterium it would be efficient to combine Lipid II synthesis 

with translocation. Using MraY derived from B. subtilis and MurG from E. coli, a 

combination of these proteins resulted in newly synthesized NBD-Lipid II from its building 

blocks undecaprenyl phosphate, NBD-UDP-MurNAc-pentapeptide and UDP-GlcNAc. 

Because the newly synthesized NBD-Lipid II did not appear on the inner leaflet of the 

membrane we conclude that the complete Lipid II synthesis machinery is mediating its 

transport.  

Also the sec protein translocon was considered as a candidate Lipid II transport system 

because several components of this machinery were identified in a photolabeling study 

involving Lipid II with a photoactivatible crosslinker attached to it (Chapter 3, this thesis). 

However, using SecYEG reconstituted into proteoliposomes (Fig. 2) no indications were 

found that the protein translocon is involved in transbilayer movement of NBD-Lipid II. This 

suggests that the various translocon components found in the abovementioned crosslink are 

merely in close proximity of the Lipid II translocation machinery, rather than being involved 

in Lipid II transport. It has been suggested that the cell wall synthesis machinery in E. coli 

involved with cell elongation is distributed along the bacterial cell in a MreB dependent 

helical manner [226]. A helical distribution pattern was suggested also to be the case for the Sec 

machinery although this helical array seemed to be distinct from that of MreB [227, 228], it is 

however conceivable that the distinct helices are in close proximity.  

The last protein that was tested was the essential membrane spanning cell division protein 

FtsW. This protein has often been considered one of the candidate proteins for being involved 

with Lipid II transport. Although direct proof for this has never been described, several 

observations point to FtsW being involved with Lipid II transbilayer transport. First, the ftsW 

gene is located in the mra gene cluster, which also contains genes for biosynthesis of 

peptidoglycan subunits (mur genes, mraY and ddl) and the gene encoding the transpeptidase 

FtsI (PBP3) [210-212]. The ftsW gene is always physically linked to the murG gene in gram-

negative bacteria [229]. This gene codes for MurG, the last protein known to witness Lipid II 

on the cytoplasmic side of the membrane in E. coli. Secondly, FtsW was essential for 

recruitment of PBP3 to the cell division site [209]. Moreover, when Lipid II with a 

photoactivatible crosslinker attached to it was crosslinked to a vesicle preparation derived 
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from E. coli cells overexpressing FtsW under conditions that allow Lipid II transport, a 

significant change in the pattern of crosslinked proteins was detected (chapter 3, this thesis).  

The abovementioned findings are in line with our results, because in the present study, a 

markedly lower percentage of NBD-Lipid II was protected from dithionite quenching in FtsW 

reconstituted proteoliposomes with NBD-Lipid II when compared to the situation with 

proteoliposomes reconstituted with KcsA as control.  Whether these effects are due to leakage 

for dithionite or FtsW mediated transport remains unclear but the results point in either case to 

a specific interaction of FtsW with Lipid II.  

Interestingly, this effect was also observed when the phospolipid derivative NBD-PC was 

used in FtsW containing vesicles but not in vesicles with KcsA. This could point to FtsW 

mediated leakage of dithionite. However, the lower percentage of dithionite protected NBD-

PC was even lower in the presence of Lipid II. This indicates that a combination of FtsW and 

Lipid II induces an effect on the accessibility of both NBD-labeled PC and Lipid II for 

dithionite. The observation that the accessibility of NBD-PC for dithionite is increased in 

FtsW containing proteoliposomes in a Lipid II mediated way, could indicate a local change in 

the membrane properties due to a specific interaction of Lipid II with FtsW that also allows 

NBD-PC transbilayer movement. Although PC does not occur in bacterial membranes, this 

observation may indicate that FtsW may also act as a phospholipids flippase. Although 

surprising, this certainly is a possibility because peptidoglycan synthesis in vivo has been 

shown to depend on ongoing phospolipid synthesis [230, 231]. The exact site where the 

peptidoglycan synthesis is affected by blocking phospholipid synthesis could not be 

determined yet but the present study indicates that this interference takes place on the level of 

transbilayer movement of Lipid II. This could implicate that FtsW in combination with Lipid 

II also acts as a flippase for phospholipids. However, these experiments should be repeated 

with NBD labeled derivatives of phospholipids naturally occurring in bacteria. 

Although more research is needed to fully understand the implications of our observations, 

our study provides first direct evidence for the involvement of FtsW in membrane 

translocation of Lipid II.  
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Chapter 5: 
MurG oligomerization is 
mediated by a membrane-
associated protein factor 
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Abstract 

The glycosyltransferase MurG plays a key role in the synthesis of peptidoglycan. It 

catalyses the formation of the membrane bound cell wall intermediate Lipid II. MurG is 

peripherically associated to the cytoplasmic side of the bacterial plasma membrane and 

has been observed to reside in various oligomeric complexes. One conspicuous complex 

is SDS stable and migrates on SDS-PAGE to a molecular weight of approximately 140 

kDa. Approximately 30 % of the total MurG pool resides in this oligomeric form. Using 

inverted inner membrane systems of Escherichia coli, we show that the complex is 

strongly associated with the cytoplasmic membrane and can only be removed by strong 

chaotropic agents such as guanidine-HCl. By adding purified radiolabeled MurG to 

membranes depleted from endogenous MurG we could reconstitute this oligomeric 

form. Reconstitution only worked after depletion of the endogenous MurG pool, 

showing that membranes contain only a limited number of binding sites for the 

oligomer. This indicates that a membrane-associated factor induces MurG 

oligomerization. Protease digestion experiments and studies using model membranes 

strongly suggested that a proteineous factor but not likely MraY or FtsW is responsible 

for oligomerization of MurG. 

 

Introduction 

The cell wall is indispensable for bacterial life because it protects the bacterium from high 

internal osmotic pressures. It consists mainly of peptidoglycan, a macromolecular structure 

consisting of a three-dimensional network of repeating aminosugar subunits. 

Synthesis of these subunits starts in the cytoplasm by synthesis of the UDP activated 

aminosugar N-acetylmuramic acid that bears a pentapeptide moiety (UDP-MurNAc-

pentapeptide). This molecule is transferred to the special lipid carrier undecaprenyl phosphate 

by the transmembrane protein MraY. The molecule formed by this enzymatic reaction is 

called Lipid I. The next enzyme in the cascade, MurG, is peripherically associated with the 

cytoplasmic side of the inner membrane and transfers the second aminosugar N-

acetylglucosamine, to Lipid I [58]. The resulting molecule is called Lipid II and contains one 

peptidoglycan subunit. After this, the subunit has to be transported across the cytoplasmic 

membrane. The mechanism by which this occurs remains largely unknown, although recently 

it has been shown that a specialized protein machinery is needed for transmembrane 

movement of Lipid II [178]. After translocation, subunits are incorporated into the 

peptidoglycan by the penicillin binding proteins (PBPs). 

In E. coli, the MurG catalyzed addition of UDP-GlcNAc to Lipid I is assumed to be the last 

step in peptidoglycan synthesis before the complete subunit is transported to the outside [157]. 
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Because MurG was proposed to penetrate the membrane by means of a hydrophic patch [58, 60, 

61], the protein was even considered to be the Lipid II translocator protein. The enzyme by 

itself, however, was not able to simultaneously synthesize and translocate Lipid II in a model 

membrane system [178]. A possible role for MurG in Lipid II transport cannot be excluded 

because cell wall synthesis is a highly regulated process that requires the action of a complex 

network of proteins. Moreover, the cell wall synthesis machinery is not a separate system but 

is closely interwoven with the cell division and elongation machineries [232]. This was also 

demonstrated for MurG, which exhibited a random distribution in the cell envelope albeit 

with a relatively higher intensity at the division site. This mid-cell localization was dependent 

on the presence of a mature cell division protein machinery and required the presence of the 

MreC and MreD cell division proteins [218].  

The complexity of the cell wall synthesis machinery is also demonstrated by the observation 

that many of the cell wall related proteins exist in oligomeric forms. For example, penicillin 

binding protein PBP1B exists as a dimer [233] and forms a complex with PBP3 [234] and other 

proteins [235, 236]. Also MurG was described to form complexes with MraY and MreB [218]. 

Recently, a new technology developed to detect stable oligomeric complexes in membranes 

showed that PBP1A and PBP1B form stable homodimers [237]. Reevaluation of this 

technology showed that also MurG exists in various stable oligomeric forms in both cell 

lysates and inner membrane preparations of E. coli [62]. The protein is found predominantly in 

the monomeric form, but except for some minor oligomers of intermediate molecular weight, 

approximately one-third can be found as a 140 kDa oligomer based on its position on a SDS-

PAGE gel. The composition of this oligomer could not be unambiguously determined. Mass 

spectrometry analysis and N-terminal sequencing of the purified oligomer could only identify 

the MurG protein [62], suggesting that either other components of the complex were difficult to 

detect by these techniques or that the complex consisted of a homooligomer. 

In the present study, we further examined the nature of the 140 kDa MurG oligomer. Using 

guanidine-HCl we have studied membrane association of the monomeric and oligomeric 

MurG form. In addition, we used stripped E. coli membrane vesicles to show that the 

oligomeric MurG could be induced using a monomeric radioactively labeled form of the 

protein. Removing cytoplasmatically exposed proteins by treating inverted membrane 

preparations with proteases dramatically reduced the amount of oligomeric MurG formed, 

indicating protein mediated MurG oligomerization. Furthermore, the cell wall synthesis 

protein MraY and the essential cell division protein FtsW were investigated for their role in 

MurG oligomerization, but a direct role of these proteins in oligomerization of MurG could 

not be observed.  
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Material and methods 

Materials 

NBD-labeled Lipid I and NBD-labeled Lipid II were synthesized as described [164, 178]. 

Purified MraY was a kind gift of Dr. Ahmed Bouhss [201]. In this study his-tagged purified 

MurG was used and obtained as described [61]. His-tagged FtsW was obtained as described in 

Chapter 4 of this thesis. αMurG antibodies were a kind gift from Dr. Tanneke den Blaauwen 

(Swammerdam Institute of Life Sciences, University of Amsterdam). [14C]-formaldehyde (58 

mCi/ mmol) was purchased from Perkin Elmer. Amplify® was obtained from Amersham. 

TGS buffer (192 mM Tris, 25 mM glycine, and 0.1 % SDS) was purchased as a 10 times 

concentrated solution at BioRad. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 

1,2-dioleyl-sn-glycero-phosphoglycerol (DOPG) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL). All lipids 

were dissolved in chloroform/methanol in a 1:1 molar ratio and stored under nitrogen at –20 

°C. 

 

Bacterial strains and plasmids 

E. coli strain Bl21 (DE3) was used as wildtype strain. IPTG inducible plasmids pET21b-

MurG and pET21b-MurGhistag were transformed into chemically competent Bl21 (DE3) 

pLysS cells (Invitrogen) to overexpress wildtype and his tagged MurG, respectively. The 

pET21b-MurGhistag plasmid was a gift from Dr. Suzanne Walker (Dept. of Microbiology 

and Molecular Genetics, Harvard Medical School) and the pET21b-MurG plasmid was cloned 

as described [61].  

 

Gel electrophoresis, western blotting and autoradiographic analysis 

For gel electrophoreses the Laemmli system was used [238]. Prior to electrophoresis, samples 

were taken up in SDS-PAGE sample buffer consisting of 125 mM Tris-HCl pH 6.8, 5 % v/v 

glycerol, 0.4 % w/v SDS, 14 mM dithiotreitol (DTT) and 0.02 % w/v bromophenol blue. The 

samples were not boiled unless specified. For western blotting analysis All Blue prestained 

protein markers (Biorad) and for autoradiography 14C-methylated high range protein markers 

(Amersham) were applied. 

Gels were stained with Coomassie Brilliant Blue G-250 or, when higher resolution was 

required, a more sensitive colloidal Coomassie G-250 staining method was used [194]. For 

specific detection of MurG, proteins were transferred onto a nitrocellulose membrane using 

TGS buffer with 20 % v/v methanol. MurG was detected using specific anti-MurG antibodies 

as described [62]. For autoradiography, gels were first fixed in 50 % v/v methanol, 10 % v/v 

acetic acid. Subsequently, gels were soaked for one hour in Amplify® after which the gels 
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were dried for 150 minutes at 60 °C. Radioactive gels were exposed for approximately 10 

days to Kodak BioMax MS films at – 80 °C. 

 

Radioactive labeling of MurG 

Radiolabeling of purified MurG was performed by reductive methylation with [14C]-

formaldehyde and sodium cyanoborohydride based on a described method [239]. First, 25 μg of 

purified MurG in 175 μl 20 mM Tris-HCl pH 8, 20 % v/v glycerol was dialyzed twice for 5 

hours and 18 hours respectively against one liter of 20 mM potassium phosphate buffer pH 

8.5, 20 % v/v glycerol. Dialysis was done to remove the amine containing Tris molecules, 

which interfere with the reductive methylation reaction. The resulting MurG solution (1.4 ml) 

was supplemented with 5 μCi [14C]-formaldehyde dissolved in 10 μl water and 20 μl of a 100 

mM sodium cyanoborohydride solution in 40 mM potassium phosphate buffer (pH 8.5). The 

mixture was incubated for two hours at 20 °C while shaking. Excess [14C]-formaldehyde and 

sodium cyanoborohydride were removed by gel filtration using a spin column with Sephadex 

G75 in 40 mM potassium phosphate buffer (pH 8.5). This resulted in a labeling efficiency of 

one methylated aminogroup per 8 proteins. Subsequently, glycerol was added to a final 

concentration of 20 % v/v and the radiolabeled protein was stored at –20 °C. 

 

Enzymatic activity of MurG 

Enzymatic activity of MurG was assayed by following the conversion of Lipid I to Lipid II. 

For this purpose 1.5 nmol NBD-Lipid I was hydrated with 50 μl Buffer A (50 mM 

triethanolamine-HAc pH 7.5, 100 mM KCl, 2 mM MgSO4, 1 % v/v Triton X-100) with or 

without 10 nmol UDP-GlcNAc.  To this suspension 0.1 μg MurG or [14C]-MurG were added. 

The mixture was kept on ice until use. To assay enzymatic activity, samples were transferred 

to 30 °C and incubated for 0, 1, 5, 10, 15 and 30 minutes after which NBD-Lipid I and newly 

formed Lipid II were extracted with butanol/6 M pyridine-acetate as described [164]. The 

amount of newly formed NBD-Lipid II was followed by TLC analysis as described [178]. The 

amounts of NBD-Lipid I and NDB-Lipid II that were formed were determined by quantifying 

iodine stained TLC spot intensities using BioRad Quantity One software. 

 

Isolation of membrane vesicles 

All strains were grown from a 1:40 dilution of an overnight culture in LB medium 

supplemented with 100 mg/l ampicillin or 25 mg/l chloramphenicol when appropriate. For 

overexpression, cells were induced at an OD600 of 0.6 with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and continued to grow for another 3 hours. Membrane vesicles 

were isolated from these cultures basically as described with slight adaptations [62]. Briefly, 
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cells were harvested by centrifugation for 30 minutes at 7.200 g at 4 °C and washed once with 

ice cold 0.9 % NaCl. All samples were kept on ice or centrifuged at 4 °C throughout the 

protocol. Cell pellets were resuspended in 30 ml ice-cold 20 mM Tris-HCl, pH 8 buffer per 

gram wet weight and passed twice at 20.000 psi through a precooled cell disruptor (Basic Z, 

Constant Cell Disruption Systems, UK). Debris and unbroken cells were removed in two 

centrifugation steps, for 5 minutes each at 3.000 g. Subsequently, the supernatant was 

subjected to ultracentrifugation at 200.000 g for 45 minutes to pellet the membrane vesicles. 

The resulting pellet was resuspended in 3.6 ml 20 mM Tris-HCl pH 8 per gram of wet weight 

and stored in small aliquots at –80 °C. 

 

Depletion of vesicles for MurG 

To get insight into the stability of membrane association of MurG, inverted membrane 

vesicles were washed with 2 M Guanidine-HCl (GdnHCl), 200 mM Na2CO3, 50 mM EDTA 

or 1 M NaCl. Briefly, 25 μl vesicles suspension was diluted in 500 μl Buffer A supplemented 

with the abovementioned compounds and incubated on ice for 60 minutes. Subsequently, the 

suspension was centrifuged at 200.000 g for 30 minutes at 4 °C. The same procedure was 

followed to test solutions for their capability to remove membrane attached MurG from inner 

membrane vesicles. 

 

Proteolytic digestion of inner membrane preparations 

For proteolytic digestion of outside exposed proteins, vesicles were incubated for 30 minutes 

at 30 °C with either trypsin or proteinase K in a 200 μg/ml final concentration. Hereafter, the 

proteases were inactivated by addition of a combination of 3 mM PMSF and 200 μg/ml 

aprotinin (final concentrations). The mixture was incubated for another 30 minutes at 30 °C 

after which the suspension was pelleted as described above 

 

Inner membrane induced oligomerization of MurG 

To test the ability of inner membrane vesicles to oligomerize MurG, GdnHCl treated 

membranes were incubated in 400 μl Buffer A and 0.1 μg [14C]-MurG was added to the 

suspension followed by incubation for 60 minutes on ice. Membranes were reisolated by 

ultracentrifugation at 200.000 g for 30 minutes at 4 °C and resuspended in Buffer A. 

Subsequently, the membrane and supernatant fractions were subjected to gel electrophoresis 

followed by autoradiography. 
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Effect of model membranes on the oligomeric state of MurG 

Proteoliposomes consisting DOPC, DOPE and DOPG in a 60:25:15 molar ratio, containing- 

when indicated- either reconstituted MraY or FtsW in a 1:20.000 protein-phospholipid molar 

ratio, were prepared as described in Chapter 4 of this thesis. After collection by 

ultracentrifugation at 435.000 g for 60 minutes at 4 ºC vesicles were resuspended in 800 μl 10 

mM HEPES-KOH, pH 8, 100 mM NaCl, 5 mM KCl and kept on ice. Subsequently, either 0.3 

µg MurG or 0.1 µg [14C]-MurG were added to 150 μl of vesicles after which the suspension 

was thoroughly mixed. After incubation of 60 minutes on ice the proteoliposomes were 

ultracentrifuged at 435.000 g for 60 minutes at 4 ºC. Subsequently, membrane and 

supernatant fractions were analysed by Western blotting or autoradiography as described 

above. 

  

Results 

MurG exists as a 140 kDa oligomer that is membrane associated 

The oligomeric state of MurG has recently been investigated by SDS-PAGE techniques [62]. In 

that study it was found that in E. coli the major part of MurG can be found in monomeric 

form but also resides in oligomeric complexes. One conspicuous complex was found to be the 

oligomeric complex migrating on SDS-PAGE at a molecular weight in the region of 100-150 

kDa, which bears approximately one–third of the total MurG population as determined on 

SDS-PAGE [62]. To facilitate the interpretation of the forthcoming results we represent some 

of these data in Fig. 1. This figure shows that the oligomer could be found at a position of 

approximately 140 kDa in wild-type Bl21(DE3), Bl21(DE3) pLysS overexpressing wild-type 

MurG and Bl21(DE3) pLysS overexpressing MurGhistag ( Fig. 1, lanes 1, 3 and 5, 

respectively).  In both overproduction systems also other oligomeric forms of MurG were 

visible but the 140 kDa complex was the most dominant one and therefore we focused on this 

complex. Upon boiling of the samples before electrophoresis, the 140 kDa oligomer 

disassociated while the monomeric form remained visible (Fig. 1, lanes 2, 4 and 6), showing 

that the 140 kDa complex contained one or more MurG molecules. The ratio monomeric to 

oligomeric MurG was comparable for both wild-type and MurG overexpressing systems. 

These observations show that formation of the 140 kDa MurG oligomer is not caused by 

overexpression or the incorporation of a histidine repeat in the protein. This oligomeric form 

was also found in cells overexpressing wild-type MurG and in wild-type E. coli Bl21(DE3) 

(not shown). In a purified enzymatically active his-tagged MurG extract [61], only the 

monomeric form is observed (Fig. 1, lane 7). 
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In order to gain more insight in the nature of the 140 kDa MurG oligomer, first it is 

investigated whether MurG is membrane localized. For this purpose vesicles derived from 

wild-type Bl21(DE3) were supplemented with buffer and ultracentrifuged. Western blot 

analysis revealed that neither monomeric nor oligomeric MurG were removed from the 

membranes via this procedure (Fig. 2A, lane 1 and 2). In the case of vesicles derived from 

cells overexpressing wild-type MurG (Fig. 2A, lane 5 and 6) or cells overexpressing 

MurGhistag (Fig. 2A, lane 9 and 10), only minor amounts of monomeric MurG were found in 

the supernatant, while almost all monomeric and oligomeric MurG was still attached to the 

membranes, showing that both forms of MurG are associated with the membrane. 

 

 

 
 
Fig. 1. Western blot developed with αMurG antibody containing membrane vesicle preparations, which 

were loaded directly or after boiling for 5 minutes as indicated. Lanes 1 and 2 contain Bl21(DE3) inner 

membrane vesicles, lanes 3 and 4 contain inner membrane vesicles from BL21(DE3) pLysS 

overexpressing wildtype MurG, lanes 5 and 6 contain inner membrane vesicles from BL21(DE3) pLysS 

overexpressing MurGhistag. Lane 7 contains 4 µg of a pure MurG extract, purified as described [61]. Fig.1 

is adapted from Spelbrink et al. [62]. 

 

To investigate the strength of the membrane interaction of MurG, membranes were exposed 

to various compounds known to be able to affect interactions between proteins and 

membranes. Exposure of BL21(DE3) wild-type vesicles to 2 M of the chaotropic agent 

GdnHCl caused the removal of a large part of both monomeric and oligomeric MurG from the 
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membranes (Fig. 2A, lane 3, 4). Inner membranes prepared from BL21(DE3)/pLysS 

overexpressing wild-type MurG (MurGwt) (Fig. 2A, lanes 7 and 8) and Bl21(DE3)/pLysS 

overexpressing MurGhistag (Fig. 2B, lanes 11 and 12) showed similar behavior. The majority 

of monomeric protein was removed from the membranes as well as a substantial amount of 

oligomeric MurG. Most of the oligomeric protein that was stripped from the membranes 

seemed to be still in oligomeric form, but runs approximately 40 kDa lower than the oligomer 

in the supernatant (Fig. 2A lanes 4, 8 and 12). Also an additional band at 25 kDa could be 

detected in the supernatant of GdnHCl exposed vesicles suspensions derived from MurG 

overexpressing strains (Fig. 2A, lanes 4, 8 and 12). Most probably this band represents a 

MurG degradation product. Addition of 200 mM Na2CO3, 50 mM EDTA or 1 M NaCl, 

causing conditions known to disassociate proteins that are bound to membranes via ionic 

interactions, did not result in a significant removal of MurG from the membranes derived 

from Bl21(DE3) pLysS MurGhistag (Fig. 2B). Only a small amount of monomeric MurG was 

found in the supernatant, comparable to the amount in the supernatant when vesicles were 

ultracentrifuged in the absence of these agents. 

Taken together, these results show that both monomeric and oligomeric MurG are strongly 

attached to the membrane and can only be removed by a strong chaotropic agent such as 

GdnHCl. 

 

 
 
Fig. 2. Effects of various agents on membrane affinity of MurG monomer and oligomer. A., Membrane 

vesicles of BL21(DE3) (lanes 1-4), BL21(DE3) pLysS MurGwt (lanes 5-8) and BL21(DE3) pLysS 

MurGhistag (lanes 9-12) were treated with 2M GdnHCl, After one hour incubation on ice, the 

suspensions were pelleted by ultracentrifugation. Pellet (P) and supernatant (S) fractions were loaded on a 

12 % SDS-PAGE and subjected to western blotting using αMurG antibodies. B., Vesicles of BL21(DE3) 

pLysS MurGhistag were treated with  0.2 M Na2CO3 (lanes 1 and 2), 50 mM EDTA (lanes 3 and 4) and 1 

M NaCl (lanes 5 and 6) following the same procedure as for GdnHCl treatment. 

 

A B 
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Inner membrane induced oligomerization of MurG 

To be able to get more insight into the formation of oligomeric MurG, we tested whether we 

could induce oligomerization by adding purified monomeric MurG to inverted membrane 

vesicles. For this purpose, it was necessary to discern between MurG already residing in the 

membrane preparation and newly added MurG. Attempts to use purified MurG in 

combination with antihistag antibodies in a wild-type MurG background failed, because the 

MurG oligomer appeared to be not detectable by the antihistag antibody (not shown). 

Therefore it was chosen to label purified MurG by reductive methylation of lysines according 

to Dottavio-Martin and Ravel [239]. This method does not affect the charge of the lysines. The 

resulting [14C]-MurG behaved similarly on SDS-PAGE when compared to the unlabeled form 

but was detectable by autoradiography (Fig. 3A). To investigate whether MurG enzymatic 

activity was influenced by the labelling procedure, the ability of MurG to synthesize Lipid II 

from Lipid I was tested by quantification of iodine stained TLC spots of these compounds. No 

significant difference in activity could be measured between the enzymatic activity of the 

unlabeled MurG and [14C]-MurG (Fig. 3B). In the light of these results we conclude that the 

radioactively labeled MurG is a suitable tool to discern between exogenous MurG and 

endogenous MurG. 

 

 
Fig. 3. Radioactive labeling of MurG does not affect its enzymatic activity. A., MurG (left lane) and [14C]- 

MurG (right lane). The upper panel shows the coomassie stained gel, whereas the lower panel shows the 

autoradiogram of the same gel. B., Comparison of enzymatic activity of [14C]-MurG (white bars) and 

MurG (grey bars) at 37 ºC. The amount of Lipid II formed from Lipid I by the action of MurG as a 

percentage of the total of both lipid-linked peptidoglycan precursors was calculated as an average of three 

independent experiments. The error bars represent the standard deviations. 

 

Next, we added [14C]-MurG to inverted membrane preparations of wildtype E. coli 

BL21(DE3). After incubation on ice and ultracentrifugation of the membranes, MurG could 

be detected in the pellet at the position of its monomeric form (Fig. 4, lane 1). Only a minor 

part of the [14C]-MurGhistag that was added, actually bound to the membranes because most 
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of the MurG was present in the supernatant (Fig. 4, lane 3). This suggested that most of the 

MurG binding sites on the membranes were already occupied by endogenous MurG. 

However, when [14C]-MurG was added to membranes that were depleted for MurG by 

treatment with GdnHCl, MurG could also be detected in the pellet fraction, but now most of 

the MurG was present in a spot at the position of approximately 140 kDa (Fig. 4, lane 2). This 

corresponds to the position of the oligomeric form of MurG shown in Figs. 1 and 2. 

Comparison of the amounts of MurG residing in the supernatant fractions revealed that more 

MurG was attached to the GdnHCl treated membranes (Fig. 4, lanes 3 and 4). These results 

suggest that membranes contain only a limited number of MurG binding sites and that 

membranes have the ability to induce MurG oligomerization. 

 

 
Fig. 4. Autoradiogram of 12 % SDS PAGE gel displaying reconstitution of membrane bound MurG by 

addition of [14C]-MurGhistag to inverted membrane vesicles. Lane 1 and 2: membrane fractions from 

wildtype E. coli BL21(DE3) not treated and treated with GdnHCl, respectively. Lane 3 and 4: supernatant 

fractions from wildtype E. coli BL21(DE3) not treated and treated with GdnHCl, respectively. Note: in all 

autoradiograms used in this study, different protein markers were used compared to non-radioactive gels 

and blots. 

 

The influence of proteins on MurG oligomerization 

The observation that inverted membranes are able to induce oligomerization of MurG raises 

the question which component(s) of these membranes confer this ability. Previous studies 

already suggested that the presence of membrane phospholipids or its substrate Lipid I was 

not causing oligomerization of MurG [62]. Therefore it was tested whether proteins were 

involved with MurG oligomerization. For this purpose, inverted membrane vesicles of wild 

type E. coli BL21(DE3) were treated with trypsin or proteinase K to digest outside exposed 

proteins. Both treatments resulted in digestion of both monomeric and oligomeric MurG as 

was visualized by Western blot analysis with anti-MurG antibodies demonstrating the ability 

of these enzymes to digest membrane bound proteins (not shown).  In vesicles treated with 
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proteinase K (Fig. 5, lanes 3 and 4) or trypsin (Fig. 5, lanes 5 and 6) addition of monomeric 

MurG did result in a decreased level of oligomerization compared to GdnHCl treated vesicles 

(Fig. 5, lane 1 and 2). Apparently, formation of the 140 kDa MurG oligomer is mediated by 

the presence of one or more protein components that are exposed to the cytoplasmic side of 

the inner membrane. We therefore conclude that MurG oligomerization is a process that is 

protein dependent. 

 

 
Fig. 5. Reconstitution of MurG oligomerization after proteolytic digestion of inverted membrane vesicles 

of wildtype BL21(DE3). Vesicles were treated with GdnHCl (lanes 1 and 2), proteinase K (lanes 3 and 4) 

or trypsin (lanes 5 and 6) before ultracentrifugation. After ultracentrifugation, pellets were resuspended 

and let incubate with [14C]-MurGhistag for one hour on ice. After this incubation, samples were subjected 

to ultracentrifugation. Supernatants (even lanes) and pellets (odd lanes) were analysed on a 12 % SDS-

PAGE gel and subjected to autoradiography. 

 

The role of MraY and FtsW in MurG oligomerization  

The results above suggest that the oligomerization of MurG is influenced by one or more 

proteins, which are likely to be transmembrane or membrane associated. Two obvious 

candidates that come into mind are MraY and FtsW. MraY is a transmembrane protein and it 

synthesizes Lipid I, the substrate of MurG. Moreover it was observed to reside in a stable 

complex with MurG [218]. The other candidates is the essential cell division protein FtsW, 

which is also a transmembrane protein, of which the gene is always found in the mra gene 

cluster located next to the murG gene [212]. For these reasons the influence of these two 

possible interactor candidates on MurG oligomerization was tested in model membranes with 

either purified MraY or FtsW reconstituted. When [14C]-MurG was added to liposomes not 

containing any proteins, autoradiography revealed that all MurG could be found in the pellet 

fraction (Fig. 6, lane 1), while nothing could be detected in the supernatant fraction (not 

shown). This was also true for the proteoliposomes containing MraY (Fig. 6, lane 2) or FtsW 
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(Fig. 6, lane 3) showing that all [14C]-MurG had bound to the membranes. For both vesicles 

reconstituted with MraY or FtsW the 140 kDa oligomer could not be detected (Fig. 6, lane 2 

and 3). This suggests that neither MraY nor FtsW can be solely responsible for inducing 

MurG oligomerization.  

 

 
 
Fig. 6. The role of MraY and FtsW in MurG oligomerization. Autoradiogram of pellet fractions of [14C]-

MurGhistag added to empty liposomes (lane 1), proteoliposomes containing MraY (lane 2) and 

proteoliposomes containing FtsW (lane 3). Samples were loaded on a 12 % SDS-PAGE gel before 

autoradiography. 

 

Discussion 

MurG exists in oligomeric forms of which a 140 kDa oligomer is predominant. This complex 

was first found in inverted membrane preparations of E. coli and appeared to be stable on 

SDS-PAGE [62]. Both monomeric and oligomeric forms of MurG are firmly attached to the 

membrane. It is not completely clear whether the 140 kDa oligomer represents a homo-

oligomer or a hetero-oligomer. Both mass spectrometry analysis and N-terminal sequencing 

of the oligomer led to identification of no other components than MurG supporting the idea of 

an homo-oligomer [62]. In our study, GdnHCl treatment of inverted membrane vesicles caused 

the MurG oligomer to shift to a ±40 kDa lower molecular weight. This indicates either a 

GdnHCl induced conformational change of the oligomer that influences the migration 

behavior of SDS-PAGE or that a part of the complex was still associated to the membrane. In 

the latter case it could be that this is residual membrane bound MurG, but it is also possible 

that components other than MurG were still attached to the membrane that were not detected 

by mass spectrometry analysis or N-terminal sequencing in the study of Spelbrink et al. [62]. 

This would then indicate a hetero-oligomer. Because the ratio monomeric to oligomeric MurG 

is the same for wildtype and MurG overexpression systems [62], in an overexpression system 
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such a component would also require an elevated gene expression. Another possibility would 

be that this tentative component was already abundantly present in the membranes. However, 

the latter possibility is unlikely because the amount of oligomer that can be formed from 

monomeric MurG only occurs when vesicles were treated with GdnHCl and thus appears to 

be limited. Therefore a possible protein component is probably also available in a limited 

amount and thus not abundant. 

The strength of the interaction of MurG with the membrane is demonstrated by the 

observation that treatment of inverted membrane vesicles with 0.2 M carbonate base, 1 M 

sodiumchloride or 50 mM EDTA did not result in significant removal of oligomeric MurG 

(Fig. 2B). In comparison, the use of carbonate or high salt concentrations resulted in the 

removal of substantial amounts of the SecA protein from E. coli inverted membrane vesicles 
[240]. In a similar inverted membrane system, the presence of EDTA caused disassociation of α 

and β sub-units of the F1-ATPase [241]. In line with our observations, a recent study focusing 

on monomeric MurG, showed that MurG interaction with the membrane was hardly affected 

by treatment with alkaline conditions, chelating agents or high salt concentrations [218]. MurG 

is highly likely associated to the cytoplasmic leaflet of the inner membrane by a N-terminal 

hydrophobic patch [60, 61, 157]. Our results support that idea and indicate that the interaction of 

both monomeric MurG and the 140 kDa oligomer with the membrane is strong compared to 

other proteins peripherically associated with the inner membrane. 

Using these agents also the 140 kDa oligomer remained intact.  This implies that this 

oligomer is not influenced by carbonate base, sodiumchloride or EDTA treatment, indicating 

that the oligomer is not formed by ionic interactions. Treatment of inverted membranes with 

GdnHCl resulted in removal of both monomeric and oligomeric MurG from the membranes. 

Interestingly, the oligomeric complex remained largely intact after removal from the 

membranes. Treatment of inverted membrane preparations of E. coli with GdnHCl apparently 

can break interactions of the MurG containing oligomer with the membrane but is not 

rigorous enough to break all protein–protein interactions in the oligomer. In a previous study, 

it was observed before that treatment with trifluoroethanol or heating a MurG oligomer-

containing sample led to disassociating of the 140 kDa oligomer indicating that hydrophobic 

interactions were involved in the formation of the 140 kDa oligomer [62]. The high ionic 

strength of GdnHCl was postulated to cause unfolding of proteins by breaking electrostatic 

interactions [242, 243]. Since the 140 kDa oligomer is only partially disassociated, the inability 

of GdnHCl to totally disassociate the 140 kDa MurG oligomer to a monomeric form indicates 

that MurG oligomerization is mediated predominantly via hydrophobic interactions instead of 

electrostatic interactions.  
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Interestingly, the 140 kDa oligomer could not be detected by anti-His antibodies, indicating 

that the C-terminus of MurG is shielded from the antibodies when the protein is in oligomeric 

form. The histag of MurG is also located at the C-terminus of the protein, which is thought to 

contain the catalytic site binding UDP-GlcNAc [59]. This observation suggests that the 

catalytic site is involved in the formation of the 140 kDa oligomer. If this is the case, a 

possible explanation for the presence of MurG in an 140 kDa oligomer would be that catalytic 

activity of MurG is enhanced when the protein is in oligomeric form. This would explain why 

catalytic activity of monomeric purified MurG appeared to be not sufficient to keep up with 

cell wall synthesis in a living bacterium [61].  

The oligomeric form of MurG could be formed from exogenously added monomeric MurG 

using [14C]-MurG in a membrane preparation depleted from endogenous MurG, while in a 

membrane suspension not treated with GdnHCl mainly the monomeric form could be 

detected. These results indicate that the amount of oligomeric MurG attached to the 

membrane is limited and suggest that MurG oligomerization is induced by a membrane 

associated factor. Pretreatment of inverted membrane vesicles with proteases resulted in 

significantly less reconstituted oligomeric MurG (Fig. 4), indicating that a protein factor 

inducing MurG oligomerization was affected by protease digestion. In addition, previous 

research showed that MurG olimomerization could not be induced by membrane 

phospholipids or its substrate Lipid I [62]. Therefore, MurG oligomerization must be a protein-

mediated process.  

It is likely that the protein mediating MurG oligomerization is a protein that is in close 

proximity of it. Moreover, the observation that MurG oligomerization is severely decreased 

after protease treatment of the membranes suggests that the proteins regulating MurG 

oligomerization are digested. Therefore, a protein regulating MurG oligomerization has to be 

a transmembrane or membrane associated protein. One of such proteins is MraY. Since the 

synthesis of Lipid I by MraY is directly followed by the enzymatic coupling of UDP-GlcNAc 

to Lipid I by MurG an interaction between the two proteins would be plausible. Secondly, the 

essential cell division protein FtsW is a likely candidate because the ftsW gene has always 

been found to located next to the murG gene in the mra gene cluster [212, 244]. However, 

membrane preparations of cells overexpressing MraY displayed the same amount of the 140 

kDa oligomer on western blot as the wildtype and reconstitution of the MurG tetramer with 

[14C]-MurG onto GdnHCl treated inverted membrane vesicles of cells overexpressing MraY 

or FtsW did also not differ from the wildtype results (not shown). Moreover, when [14C]-

MurG was added to proteoliposomes containing MraY or FtsW no detectable amounts of the 

140 kDa oligomer could be detected. These observations make it unlikely that one of these 

proteins is solely responsible for inducing MurG oligomerization.  
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It is a possibility that more protein components are required for MurG oligomerization. Many 

proteins involved with cell wall synthesis and cell division have been found to interact with 

other proteins or form oligomers. Except for MurG interacting with MreB and MraY [218], also 

other cell wall synthesis proteins such as PBP1B were found to dimerize [233] or oligomerize 

in complexes with other proteins [234, 236]. The observations in the present study in 

combination with the observations in the other studies mentioned indicate that either MurG 

takes part in different protein complexes in the bacterial cell or that it takes part in a large 

supercomplex containing several very stable subcomplexes such as the 140 kDa oligomer.  

 

 

  



127 
 

Chapter 6: 
Summarizing discussion 
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The work described in this thesis focuses on the mechanism by which lipid-linked 

peptidoglycan precursor subunits that are synthesized on the cytoplasmic side of the inner 

membrane of bacteria, are transported to the outer leaflet of the membrane. In this chapter the 

results are summarized and discussed. 

 

Protein dependency of Lipid II transport 

Transbilayer movement of lipids is mediated by various mechanisms dependent on the nature 

of the lipid to be transported. However, transbilayer movement of the peptidoglycan precursor 

Lipid II has always remained a black-box mechanism. The availability of milligram amounts 

of Lipid II enabled us to study this mechanism in model membranes. To enable Lipid II 

transport studies, we attached the fluorescent label 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD) to 

the lysine residue of the MurNAc pentapeptide moiety of Lipid II. Its accessibility for 

dithionite, that leads to reduction from NBD to the nonfluorescent 7-amino-2,1,3-

benzoxadiazol-4-yl (ABD), was used as a means to determine Lipid II membrane topology. 

This way it was found that Lipid II does not flip-flop spontaneously across the bilayer of 

model membranes (Chapter 2). Additionally, when membrane-spanning peptides, known to 

induce flip-flop of some phospholipids [113], were incorporated in model membranes, no 

significant transmembrane movement of the precursor could be detected [113, 178]. In contrast, 

Lipid II translocation could be demonstrated in E. coli inner membrane vesicles by using 

NBD labeled precursors and their specific quenching by antiDNP antibodies (Chapter 2). In 

addition, in absence of any antibodies, time- and temperature dependent decrease of the NBD-

Lipid II pool in these membrane vesicles suggested that translocation of Lipid II was coupled 

to ongoing transglycosylation by the penicillin binding proteins. Interestingly, Lipid II 

transport appeared to be independent of ATP or proton motive force. These observations 

provided strong evidence that a protein is needed for translocation of Lipid II across the 

bilayer.   

 

Photocrosslinking analysis of peptidoglycan sub-units 

The above-described studies provided the correct parameters that allow Lipid II translocation 

in isolated bacterial membrane systems. This paved the way for the identification of proteins 

involved in this process via the use of Lipid II carrying photoactivatable crosslinkers that are 

of similar size as compared to the NBD-label (Chapter 3). For this purpose, UDP-MurNAc-

pentapeptide was labeled with N-hydroxysuccinimidyl-4-azidosalicyclic acid (NHS-ASA). 

The resulting UDP-MurNAc-pentapeptide-ASA was labeled with 125Iodine to enable specific 

detection of crosslinked proteins. This radiolabeled ASA precursor was used as a substrate for 

Lipid II synthesis in right side out vesicle preparations (RSOs) of Escherichia coli and 
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resulted in a specific set of crosslinked proteins. To obtain more insight in which of the 

crosslinked proteins could be involved in transporting Lipid II across the membrane we used 

the specific affinity of the membrane impermeable antibiotic vancomycin for the terminal D-

Ala residues of the pentapeptide moiety. It was hypothesized that via this approach newly 

transported Lipid II would be trapped in the tentative transporter machinery and indeed one 

protein at ~44 kDa showed a dramatic increase in radioactive signal (Addendum to Chapter 

3). Also in the absence of vancomycin intense labeling at this position could be detected and it 

is therefore conceivable that this band at ~44 kDa corresponds to a protein or a protein 

complex that is involved with Lipid II transbilayer transport.  

The incorporation of a radioactive label in the crosslink assay complicated the identification 

of the proteins. To overcome this problem, a purification assay for the radiolabeled proteins 

was needed. After all, with a purified pool of crosslinked proteins the use of a radioactive 

label would not be required. Because all labeled proteins carried a peptidoglycan derivative, 

again the binding properties of vancomycin were used, but now to purify the crosslinked 

proteins via their Lipid II moiety. Using this approach a partial purification of crosslinked 

proteins could be established (addendum to chapter 3). However, this was not sufficient to 

allow identification of the labeled proteins by mass spectrometry. Therefore a combination of 

two-dimensional gel analysis and mass spectrometry was used to identify proteins that were in 

contact with Lipid II under these conditions and resulted in an interesting set of candidates 

(Chapter 3). This set involved components of the multidrug efflux pump AcrAB-TolC. 

Strikingly also many components of the protein translocon were found  (SecY, SecA and 

SecD) including YidC, which is suggested to bind to the sec translocon in the membrane [205].  

 

A directed search for the Lipid II translocator protein 

Except for penicillin binding protein 2 that was also found in the study described in chapter 3, 

no proteins could be found that could directly be linked to cell wall synthesis. Therefore we 

considered proteins that are regarded as candidate Lipid II transporter proteins. One protein 

that is one of the favorite Lipid II flippase candidates is FtsW. This is for numerous reasons. 

First the ftsW gene is located in the mra gene cluster. This gene cluster also contains genes for 

biosynthesis of peptidoglycan [210-212] (Fig. 1A). FtsW contains 10 transmembrane helices [208] 

and was also found to be essential for the recruitment of PBP3 (FtsI), which in its turn is 

essential for cell wall synthesis during cell division [209]. Using inner membrane vesicles 

derived from E. coli cells overexpressing FtsW, the pattern was dramatically changed. 

Interestingly, a labeled protein migrating at a position of ~44 kDa that was also visible in 

wildtype vesicles showed stronger labeling. In contrast, proteins at positions of ~25 kDa, ~38 

kDa and ~50 kDa were labeled in a markedly decreased manner compared to wildtype 
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vesicles. Apparently, overexpression of FtsW influences the pattern of crosslinked proteins. 

Although these observations indicate a relation between Lipid II and FtsW the drastically 

changed pattern raises questions about the nature of this relation.  

 

 
 
Fig. 1. Surroundings of the ftsW and mviN genes in E. coli CFT073 (from www.ncbi.nlm.nih.gov). A.The 

ftsW gene is surrounded by genes encoding for proteins involved in cell division (ftsQ, ftsA) and cell wall 

synthesis (ftsI, murE, murF, mraY, murD, murG, murC and ddl). B, the mviN genes is surrounded by 

genes encoding for hypothetical proteins (yceH, c1335, c1336, c1337) and for proteins involved with 

flagella (flgN and flgM). 

 

Overexpression of a protein that flips Lipid II across the membrane would likely lead to 

increased labeling of this protein. Note that trapping Lipid II with vancomycin as shown in 

the addendum to chapter 3 also resulted in increased signal of a protein band at ~44 kDa. This 

is in line with the intense labeling of the ~44 kDa protein in the case of FtsW overexpression, 

albeit that FtsW usually migrates on SDS-PAGE at a molecular weight of ~35 kDa [190, 198].  

It is possible that Lipid II crosslinked to FtsW influences migration on SDS-PAGE, although 

this was not the case for MurG crosslinked to Lipid II (Chapter 3). However, if FtsW is the 

Lipid II transporter protein, Lipid II might induce a conformational change of FtsW resulting 

in a change in migration behavior on SDS-PAGE.  

Another possibility is that FtsW resides at this ~44 kDa position in an oligomeric complex. 

Strikingly, when vesicles derived from E. coli cells overexpressing MurG were subjected to 

the above-described crosslinking assay, apart from a very intense band at monomeric MurG 

position (~38 kDa) also the ~44 kDa band showed intense labeling. This may indicate an 

interaction of MurG with FtsW. Although the sum of the molecular weights of MurG and 

FtsW exceeds 44 kDa, the hydrophobic nature of these proteins and the quaternary structure 

of the tentative complex might influence migrating behavior of these proteins on SDS-PAGE. 
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This was enforced by the observation that a sample of purified histagged FtsW showed 

protein bands at ~44 kDa, 60 kDa, 80 kDa and in the area of 150 – 250 kDa when developed 

with antiMurG antibody. The presence of MurG in the purified FtsW sample was confirmed 

by mass spectrometry analysis (unpublished results). 

For these reasons, it was speculated in Chapter 3 that the MurG protein may deliver Lipid II 

to FtsW, which channels the Lipid II molecule across the membrane. Therefore, FtsW was 

purified from E. coli and reconstituted into model membranes (Chapter 4). Using the 

dithionite assay described in Chapter 2, it was shown that NBD-Lipid II symmetrically 

incorporated in vesicles containing FtsW had a higher accessibility towards dithionite 

compared to the Lipid II derivative in negative control vesicles containing the transmembrane 

protein KcsA. The observation that the presence of FtsW renders most of the NBD-Lipid II 

accessible for dithionite may point to flippase activity of FtsW but it could also be due to 

leakage of dithionite. Interestingly, the membrane phospolipid derivative NBD-PC was more 

protected in a similar vesicle system without Lipid II. Moreover, in the presence of unlabeled 

Lipid II also higher dithionite accessibility of NBD-PC was measured. This could either mean 

that a combination of FtsW and Lipid II causes leakage of the membranes, or that FtsW is 

also able to mediate flip-flop of phospholipids such as NBD-PC. These results point again to a 

direct relation between FtsW and Lipid II, although it could not be unambiguously established 

that FtsW plays a role in transbilayer transport of Lipid II. 

 

Transporters of polyprenoid-linked oligosaccharides 

Other proteins that are that are suggested to be involved with transbilayer transport of 

polyprenoid carrier linked oligosaccharides vary and also the mechanism of mediating 

transbilayer transport is likely to be different among these proteins. Whether FtsW fits in the 

profile of these proteins will be discussed in the following paragraph. Some systems involved 

in transport of undecaprenyl-linked oligosugars in bacteria require the input of energy. For 

instance, TagGH in B. subtilis that is thought to transfer sugar polymers of the wall teichoic 

acid and the structurally related lipoteichoic acid bears an ATP-binding cassette [154]. This is 

also observed for the ABC transporter protein PglK, which is believed to act as a flippase of 

an undecaprenyl-linked oligosaccharide involved in the bacterial N-linked protein 

glycosylation in Campylobacter jejuni [155]. Since Lipid II transport was found to be 

independent of ATP (Chapter 2), it is not likely that a Lipid II translocator protein belongs to 

this class of proteins. The Wzx proteins, which are thought to be responsible for 

transmembrane movement of undecaprenyl-linked oligosaccharide subunits of the 

enterobacterial common antigen (ECA) seem to be independent of ATP[150, 151]. The Wzx 

proteins are considered to be members of the MATE (multi antimicrobial and toxic compound 
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extrusion) protein family. Some members of this family have been shown to act as 

drug/sodium antiporters [245]. 

FtsW is not considered to be a MATE protein but one member of this family that has very 

recently been suggested as a candidate protein for Lipid II transport is MviN. The mviN gene 

was initially identified in Salmonella enterica serovar Typhimurium in a chromosomal region 

required for a mouse model of typhoid like disease [246, 247]. Also in E. coli, no cell wall related 

genes are found in the area of the mviN gene (Fig. 1B). No direct evidence exists for MviN 

being involved in virulence. Instead, based on a bioinformatics study it was proposed that this 

protein would be the Lipid II flippase. Strikingly, FtsW was also found in this bioinformatics 

screen, but rejected as Lipid II flippase because FtsW was not present in the peptidoglycan 

producing bacterium Vesicomyosocius okutanii whereas the peptidoglycan-less Eubacterium 

dolichum possessed two FtsW homologs [248]. It must be noted, that V. okutanii does have 

RodA [248], which is a close homologue of FtsW involved with cell elongation [249, 250]. It is 

possible that in this bacterium, Lipid II transport is carried out by RodA. Interestingly, 

conditional mviN mutant cells accumulated peptidoglycan precursors under MviN depleting 

conditions, including Lipid I and Lipid II[248, 251]. Accumulation of peptidoglycan precursors 

can be caused by various factors. For example, the presence of chloramphenicol or 

tetracycline causes accumulation of UDP-MurNAc-pentapeptide and UDP-GlcNAc [252]. 

Furthermore, blocking of the undecaprenyl pyrophosphate recycling with the plant metabolite 

sesquiterpene farnesol caused accumulation of undecaprenyl pyrophosphate, Lipid I and Lipid 

II [253]. It is thus very well possible that the accumulation of peptidoglycan precursors after 

depletion of MviN is not due to impaired Lipid II transport but to a defect in the recycling of 

the undecaprenyl carrier. If MviN would be involved with Lipid II transport, the use of a 

vesicle system depleted for MviN would dramatically influence the pattern of crosslinked 

proteins. However, in such a system no differences could be detected via our crosslink assay 

(not shown), leaving the role of MviN in Lipid II translocation under debate.  

Taken together, based on our results FtsW is the most likely candidate for Lipid II transport, 

however it is not a MATE protein or an ABC transporter protein and thus fits less in the 

profile for the proteins suggested to mediate transbilayer movement of isoprenoid linked 

oligosaccharides than MviN. 

 

Formation of oligomeric protein complexes 

One common thread throughout this study is the appearance of protein complexes. The Lipid 

II synthesizing protein MurG plays a central role herein. Directly involved with Lipid II 

synthesis and being the last protein to witness Lipid II on the cytoplasmic side of the 

membrane in E. coli, MurG was even considered as the Lipid II transporter protein. This was 
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not the case because reconstitution of MurG in a model membrane system showed that MurG 

was able to synthesize but not translocate Lipid II [178]. Also a combined reconstitution of 

MraY and MurG resulted in a system capable to synthesize Lipid II in which no transbilayer 

movement of the molecule occurred (Chapter 4). Various oligomeric protein complexes were 

detected when inner membrane preparations of E. coli were subjected to western blotting and 

development with antiMurG antibody. MurG was found predominantly in the monomeric 

form but apart from some minor oligomeric complexes approximately 30 % of the total 

detected MurG oligomer migrated to a position of 140 kDa (Chapter 5).  

The identity of the components of the 140 kDa MurG oligomer remains elusive. MurG has 

been found to form 120 kDa and 250 kDa complexes with MraY and MreB [218]. However, the 

140 kDa oligomer was not formed in the presence of model membranes containing MraY, 

which makes it unlikely that MraY is a part of the 140 kDa oligomer. Both mass spectrometry 

analysis and N-terminal sequencing could only detect MurG in a preparation of the 140 kDa 

oligomer pointing to a homo-oligomer. The ability to self-associate is also supported by the 

observation that MurG is present in crystal structures as a homo-dimer [59, 60]. 

This 140 kDa oligomer could be formed from monomeric MurG onto inverted inner 

membrane vesicles. In vitro formation of the oligomer could be detected when vesicles were 

treated with guanidine-HCl to remove outside exposed proteins from the membrane prior to 

addition of purified MurG. In contrast, when inner membrane vesicles were treated with 

proteases, markedly less oligomer was formed. These observations indicate that the formation 

of the dominant 140 kDa oligomer is protein mediated.  

It is the question what function the 140 kDa oligomer plays in the bacterial cell. When right 

side out vesicles derived from BL21(DE3) pLysS MurGhistag overexpressing MurG were 

subjected to the crosslink assay described in Chapter 3 (Chapter 3, Fig. 5A), a protein 

migrating at 140 kDa was found to be intensely crosslinked to Lipid II compared to the 

wildtype situation. This is further illustrated by a comparison of  the pattern of these 

crosslinked proteins (Fig. 2, lane 1) with the  antiMurG pattern of a western blot of inverted 

inner membrane vesicles of cells overexpressing histagged MurG (Fig. 2, lane 2).This 

indicates that Lipid II has affinity for the 140 MurG oligomer and points to a function of this 

oligomeric form of MurG in cell wall synthesis.  

It is known that MurG in purified and thus monomeric form is able to catalyze the conversion 

of Lipid I to Lipid II [61, 178]. However, the enzymatic activity of purified MurG is not 

sufficient to keep up with cell wall synthesis in a dividing bacterial cell [61]. It may be possible 

that MurG needs to be in oligomeric state to enable optimal catalytic conversion of Lipid I to 

Lipid II. Our findings indicate that MurG self-associates, but we also mentioned that it was 

found to copurify with FtsW. Since MurG was also reported to associate with MreB and 
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MraY [218], the presence of a large supercomplex composed of various components of the cell 

wall synthesis and cell division machinery is likely.  This is supported by various studies that 

report the existence of cell wall and cell division related proteins residing in oligomeric 

complexes. In E. coli, both penicillin binding proteins PBP1A and PBP1B were found to 

homodimerize [237, 254] but were also found in complexes containing the lytic transglycosylase 

MltA and the scaffolding protein MipA [236]. Moreover, PBP1B was shown to interact with 

FtsN [255]. Additionally, physical interactions were found between PBP3 and the essential cell 

division protein FtsN [256]. Also different genetic approaches pointed to interactions of PBP3 

with FtsA [257], FtsQ [258], FtsN [259] and FtsW [190, 258]. In addition, it was postulated that in 

Haemophilus influenzae two penicillin-binding multienzyme complexes existed, one involved 

with cell division, the other with cell elongation [235]. 

 

 
 
Fig. 2. Lipid II is highly likely crosslinked to the 140 kDa MurG oligomer. Comparison of autoradiogram 

of crosslinked proteins in an inner membrane system derived from cells overexpressing histagged MurG 

(lane 1)(see also Chapter 3, Fig 5A) and western blot of inverted inner membrane vesicles of cells 

overexpressing histagged MurG (lane2)(see also Chapter 5, Fig 1). 

 

Protein complexes involved with cell wall synthesis are not randomly dispersed in bacterial 

but rather positioned in a helical way by the cell shape proteins MreB and MreC [226, 260]. Such 

cell wall synthesis and division complexes require the translocation of numerous periplasmic 

and transmembrane components. As a consequence it would be logical that the protein 

translocation machinery locates close to the cell wall synthesis and division machinery. 

Therefore it was proposed that protein secretion occurs at positions in the cell where the cell 
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wall has a less rigid composition distribution [228], which is the site of cell wall synthesis. This 

would explain the identification of many components of the Sec translocon our crosslink 

studies in chapter 3. Although it is unlikely that the protein translocation machinery follows 

an MreB mediated distribution [228], evidence has been found that a protein secretion 

dedicated microdomain of the gram-positive Streptococcus pyogenes is often associated with 

the cell division site [261]. This is in line with our findings, which might indicate that this is 

also the case in E. coli. 

 

 
 
Fig. 3. Hypothetic model for the mechanism of Lipid II transport. The transmembrane enzyme MraY 

catalyses the formation of Lipid I by the addition of an UDP-MurNAc-pentapeptide group to an 

undecaprenyl phosphate carrier (11-p). MurG, which is likely to be in an oligomeric form (chapter 5), 

then catalyses the addition of UDP-GlcNAc to Lipid I (LI), resulting in Lipid II (LII). Subsequently, 

FtsW transports Lipid II to the exterior side of the cytoplasmic membrane, where the peptidoglycan 

subunit is cleaved off from the undecaprenyl carrier and inserted into the peptidoglycan layer by the PBPs 

(eg. PBP3 and PBP1B). The undecaprenyl pyrophosphate (11-pp) molecule residing in the membrane is 

then recycled for a new cycle of Lipid II synthesis and transport. 

Concluding remarks 

Research for flippase protein has been shown to be complicated. Even after more than 35 

years of research, no flippase protein could be proven to be directly responsible for the 

transbilayer movement of a specific lipid. Although often a large amount of genetic data 

points to flippase function of a certain flippase protein, biochemical assays with reconstituted 
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proteins can appear to be inconclusive or indicate that such a protein is not directly 

responsible for flipping a lipid. These problems are illustrated by a very recent discussion on 

the protein Rft1, a protein that due to a large amount of genetic evidence was believed to flip 

the glycolipid Man5GlcNAc2-diphosphate dolichol [145]. Recent biochemical studies however, 

indicated that Man5GlcNAc2-diphosphate dolichol flippase activity requires one or more 

specific proteins but not Rft1 [147, 149].  

The research done in this thesis points to FtsW functioning as a flippase protein, transferring 

Lipid II synthesized on the inner leaflet of the cytoplasmic membrane by the enzymes MraY 

and MurG to the outer leaflet (Fig. 3). Here the peptidoglycan sub-units can be transferred 

into the growing peptidoglycan layer by the penicillin binding proteins (Fig. 3). Although 

genetic and biochemical data support this model, some reservation is appropriate. The 

complexity of flippase research requires that before FtsW can be unambiguously regarded as 

the Lipid II flippase protein, a convincing set of additional experimental evidence is needed.  
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Nederlandse samenvatting 
 
Omdat een bacterie een eencellig organisme is, heeft hij te maken met een sterk wisselende 

leefomgeving. Om te kunnen overleven onder deze wisselende omstandigheden is de bacterie 

omringd door een celwand. Deze celwand is voor de bacterie als een harnas en vormt een 

belangrijke vorm van bescherming. Zonder de celwand zou de bacterie niet kunnen overleven. 

In het geval van een bacteriële infectie is het dus aantrekkelijk om een bacterie te doden door 

zijn celwand aan te tasten of te verhinderen dat de celwand gemaakt wordt. De bacteriële 

celwand is daarom ook een belangrijk doelwit van veel gebruikte antibiotica. Een van de 

bekendste antibiotica, penicilline bijvoorbeeld, schakelt bacteriën uit door te verhinderen de 

vorming van de celwand te blokkeren. Bacteriën vinden echter allerlei mechanismen om zich 

te wapenen tegen antibiotica en het aantal bacteriën dat resistentie heeft ontwikkeld tegen 

antibiotica is de afgelopen decennia dramatisch gegroeid. Een voorbeeld hiervan is de 

beruchte MRSA bacterie (meticilline resistente Staphylococcus aureus), die resistent is tegen 

bijna alle algemeen gebruikte antibiotica.  

In dit proefschrift is geprobeerd onbekende mechanismen in de synthese van de bacteriële 

celwand te ontrafelen. Deze zouden op hun beurt nieuwe doelwitten voor nieuwe antibiotica 

kunnen vormen. In de komende paragrafen wordt uitgelegd hoe de celwand gemaakt wordt en 

welk specifiek mechanisme is geprobeerd op te helderen in deze studie. Hiervoor is het nodig 

om een tweede structuur die essentieel is voor het bestaan van de bacterie te introduceren; het 

membraan. Membranen spelen een cruciale rol in alle levensvormen. Een bacteriële cel is net 

als een menselijke cel omringd door een membraan. Dit membraan bestaat uit fosfolipiden. 

Deze fosfolipiden zijn moleculen die opgebouwd zijn uit twee delen. De kopgroep is 

hydrofiel, wat betekent dat dit deel van het fosfolipide molecuul water en/of andere hydrofiele 

groepen aantrekt. Het andere deel, de staartgroep is hydrofoob, waterafstotend; hydrofobe 

groepen trekken elkaar aan. Deze eigenschappen zorgen ervoor dat in een groep fosfolipiden, 

de kopgroepen bij voorkeur dicht bij elkaar en naar het water gericht zijn terwijl de staarten 

elkaar ook aantrekken en van het water af gericht zijn. Dit resulteert in een structuur van twee 

lagen fosfolipiden, een bilaag, waarbij de staarten naar binnen gericht zijn de koppen naar 

buiten. Het membraan vormt een barrière voor in water opgeloste stoffen waardoor deze niet 

zondermeer in en uit de cel kunnen en kan daarom gezien worden als de huid van de bacterie. 

Opname van essentiële stoffen de cel in en uitscheiding van andere stoffen naar buiten 

gebeurt wel, maar wordt doorgaans strikt gereguleerd door eiwitten die in of aan het 

membraan verankerd zijn.  

Ook in de synthese van de bacteriële celwand is een grote rol weggelegd voor het membraan 

aangezien een groot aantal stappen in dit proces zich afspelen op of aan het membraan. De 
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bacteriële celwand bestaat grotendeels uit één gigantisch molecule, het zogenaamde 

peptidoglycaan. Dit peptidoglycaan bestaat uit lange strengen van afwisselende bouwstenen, 

de aminosuikers N-acetylglucosamine (GlcNAc) en N-acetylmuramine zuur (MurNAc). Deze 

strengen zijn met elkaar verbonden door korte bruggen bestaand uit peptiden, die aan de 

MurNAc residuen bevestigd zijn. Op deze manier wordt een sterk driedimensionaal netwerk 

om de bacterie heen gecreëerd. De bacterie maakt zijn celwand zelf en de synthese van het 

peptidoglycaan begint binnen in de cel, in het cytoplasma. Hier worden de aminosuikers 

gemaakt en wordt ook het peptide aan het MurNAc molecule bevestigd. Dit peptide bestaat 

uit vijf aminozuren en wordt daarom pentapeptide genoemd. Het resulterende molecule wordt 

MurNAc-pentapeptide genoemd. De volgende stappen in de synthese van het peptidoglycaan 

vinden plaats op het membraan aan de cytoplasmatische kant van de cel. Hier zorgt MraY, 

een transmembraan eiwit, wat wil zeggen dat het eiwit in het membraan verankert is en 

contact heeft met zowel de binnen als de buitenkant van het membraan, ervoor dat MurNAc-

pentapeptide aan een speciaal fosfolipide molecule bevestigd wordt. Dit fosfolipide molecule 

draagt de naam undecaprenyl fosfaat en fungeert als een drager voor de peptidoglycaan 

bouwstenen. Het molecule dat ontstaat door deze koppeling noemen we Lipide I. Vervolgens 

wordt er door MurG, een eiwit dat gebonden is aan de cytoplasmatische kant van het 

membraan maar er niet doorheen gaat, een GlcNAc groep aan het Lipide I gezet. Dit resulteert 

in Lipide II. Dit molecule draagt nu een complete peptidoglycaan bouwsteen. Om in de 

groeiende peptidoglycaan laag te worden ingebouwd moet deze bouwsteen aan de buitenkant 

zijn. Met andere woorden, Lipide II moet over het membraan getransporteerd worden. Het 

bewegen van lipiden tussen de twee lagen van het membraan wordt flip-flop genoemd, 

waarbij flip refereert naar een inwaartse beweging en flop naar een naar buiten gerichte 

beweging van een lipide. Het is vooralsnog niet bekend hoe flop van Lipide II in zijn werk 

gaat. Als Lipide II zich in de buitenste laag van het membraan bevindt, wordt het GlcNAc-

MurNAc-pentapeptide molecule afgekoppeld van de undecaprenyl drager en door de 

Penicilline Bindende Eiwitten (PBPs) ingebouwd in de peptidoglycaan laag middels 

transglycosylatie en transpeptidatie reacties. Het undecaprenyl molecule wordt vervolgens 

terug naar de binnenkant van de membraan getransporteerd, waar het gebruikt wordt voor een 

nieuwe cyclus in de synthese van peptidoglycaan. Het onderzoek dat beschreven wordt in dit 

proefschrift is vooral gespitst op de manier waarop het Lipide II van de binnenkant van het 

membraan naar de buitenkant van het membraan getransporteerd wordt.  

Zoals gezegd is er weinig bekend over Lipide II flop. Het is bekend dat het een snel proces 

moet zijn. De veel in laboratoria gebruikte bacterie Escherichia coli deelt ongeveer elke 20 

minuten, en dus moet de celwand ook elke 20 minuten verdubbeld worden. Daardoor zou het 

best kunnen dat flop van Lipide II een spontaan proces is. In hoofdstuk 2 wordt deze 
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hypothese getest. Voor dit doeleinde werd het pentapeptide gedeelte van het  Lipide II 

gelabeld met de  fluorescente groep NBD. Als het NBD-gelabelde Lipide II nu wordt 

aangestraald (geëxciteerd) met licht van een bepaalde golflengte, zal het molecule licht 

uitstralen (emitteren) op een andere golflengte. Dit maakt het mogelijk om het Lipid II 

molecule specifiek te detecteren. Om te bepalen of er flip-flop van Lipide II optreedt, is NBD-

Lipide II ingebouwd in een model membraan. Op deze manier zijn de NBD-Lipid II 

moleculen symmetrisch geïncorporeerd in het membraan. Om flip-flop te kunnen meten moet 

er een verschil zijn tussen fluorescente eigenschappen van NBD-Lipide II moleculen aan de 

binnen- en buitenkant. Om dit te realiseren is er gebruik gemaakt van de dithioniet assay. 

Dithioniet reageert met het NDB label zodat de fluorescente eigenschappen onomkeerbaar 

verdwijnen, dit verschijnsel wordt ook wel quenching genoemd. Omdat de membranen 

ondoorlaatbaar zijn voor dithioniet, worden alleen de NBD-Lipide II moleculen in de 

buitenste laag gequenched. Op deze manieris het mogelijk om op een bepaald tijdstip het 

percentage fluorescente moleculen dat zich aan de binnenkant van het membraan bevindt te 

bepalen. Door middel van fluorescente technieken en thin layer chromatografie (TLC), een 

techniek waarbij lipiden gescheiden worden op basis van hun hydrofobe eigenschappen is er 

gevonden dat de eerdergenoemde hypothese geen stand houdt. Lipide II flip-flopt namelijk 

niet spontaan. Ook de aanwezigheid van transmembrane peptiden, die in eerdere studies lieten 

zien dat ze flip-flop van verschillende membraan fosfolipiden bewerkstelligden, resulteerde 

niet in flip-flop van Lipide II. Deze resultaten suggereren dat er een meer specifiek eiwit 

mechanisme verantwoordelijk is voor transport van Lipide II over het membraan. Daarom is 

er ook getest of MurG, het eiwit dat in E. coli als laatste in contact is met Lipide II aan de 

cytoplasmatische kant van het membraan, transport van Lipide II kon bewerkstelligen. Ook 

dit was niet het geval, MurG katalyseerde wel de vorming van Lipide II, maar geen flip-flop. 

In geïsoleerde binnenmembranen van E. coli werd wel transport van Lipide II over het 

membraan gemeten en werd ook gezien dat synthese en transport van Lipide II niet aan elkaar 

gekoppeld waren. In deze membranen werd gezien dat Lipide II al op lage temperaturen 

gevormd werd, terwijl transport pas bij hogere temperaturen plaats had. Transport van Lipide 

II over het membraan bleek geen input van energiebronnen te vereisen. Een bijkomende 

observatie dat Lipide II na transport direct afgebroken werd suggereerde dat transport van 

Lipide II naar de buitenste laag van het membraan gekoppeld was aan transglycosylatie door 

de PBPs.  

Omdat uit de resultaten van hoofdstuk 2 naar voren kwam dat Lipide II transport 

hoogstwaarschijnlijk een specifiek eiwit gemedieerd mechanisme vereist hebben we getracht 

te vinden welk eiwit of welke eiwitten hierbij betrokken zijn. In de aanpak die hiervoor in 

hoofdstuk 3 gekozen is, staat de techniek photocrosslinking centraal. Hiertoe hebben we het 
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MurNAc-pentapeptide gelabeld met het crosslink molecule NHS-ASA. Dit molecule heeft als 

eigenschap dat wanneer er ultraviolet licht op geschenen wordt, het zal reageren met 

moleculen in de directe omgeving. Als dit eiwitten zijn, worden deze eiwitten gecrosslinkt aan 

het MurNAc-pentapeptide of een van de producten die voorkomen uit dit molecule, zoals 

Lipide I, Lipide II of verdere peptidoglycaan producten. Omdat het zaak is om deze 

gecrosslinkte eiwitten specifiek te detecteren hebben we radioactief 125I ingebouwd in het 

MurNAc-pentapeptide molecule met de crosslinker. Op deze manier zijn alle eiwitten die na 

UV belichting radioactief zijn dus gecrosslinkt aan een MurNAc-pentapeptide bevattende 

verbinding. Wanneer dit gelabelde MurNAc-pentapeptide gebruikt werd als substraat voor 

Lipide II synthese in de eerder genoemde binnenmembranen van E. coli onder condities 

waarbij transport plaats heeft, resulteerde crosslinking in een set van radioactief gelabelde 

eiwitten. Om erachter te komen welke eiwitten dit waren hebben we technieken als 

tweedimensionale gel electroforese en massa spectrometrie gebruikt. Dit resulteerde in de 

identificatie van een groot aantal eiwitten die mogelijk betrokken zouden  kunnen zijn in 

transport van Lipide II over de membraan. Opvallend was dat er tussen deze eiwitten diverse 

componenten van de sec machinerie te vinden waren. Deze eiwitten spelen een rol in transport 

van eiwitten over het membraan. Ook in de lijst te vinden waren componenten van de AcrAB-

TolC pomp. Dit systeem staat er bekend om diverse stoffen over het membraan te 

transporteren. Zowel het sec systeem als het AcrAB-TolC zijn waarschijnlijk niet betrokken 

bij transport van Lipide II omdat beide systemen afhankelijk zijn van energiebronnen. 

Hiervan is Lipide II transport onafhankelijk zoals in hoofdstuk 2 al geobserveerd werd. De 

crosslink aanpak is ook gebruikt om direct naar kandidaat transporter eiwitten te kijken. Een 

van deze kandidaten is het essentiële celdeling eiwit FtsW; een eiwit dat om diverse redenen 

vaak geopperd wordt als het eiwit dat verantwoordelijk is voor Lipide II transport over het 

membraan. Ten eerste komt het eiwit in bijna alle peptidoglycaan bevattende bacteriën voor. 

Ten tweede bevindt het gen voor FtsW zich in het mra cluster; in dit cluster bevinden zich 

meerdere genen die coderen voor eiwitten die betrokken zijn bij de synthese van 

peptidoglycaan. Ten derde is FtsW betrokken bij het rekruteren van het PBP3 eiwit, een van 

de eerste eiwitten die in contact is met Lipide II aan de buitenkant van het membraan. Om 

meer inzicht te krijgen in de rol van FtsW in Lipide II transport is er gebruik gemaakt van 

binnenmembranen van een E. coli stam met een verhoogde expressie van FtsW. Wanneer 

deze membranen gebruikt werden in een crosslink experiment werd een drastisch veranderd 

patroon van gelabelde eiwitten waargenomen vergeleken met het reguliere patroon. Deze 

observatie suggereert een directe relatie tussen Lipide II en het eiwit FtsW. 

De photocrosslink assay beschreven in hoofdstuk 3 kende een aantal obstakels. Op deze 

obstakels wordt verder ingegaan in het addendum van hoofdstuk 3. In dit addendum worden 
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de eigenschappen van het antibioticum vancomycine aangewend om problemen die in 

hoofdstuk 3 naar voren komen het hoofd te bieden. Vancomycine bindt namelijk specifiek aan 

de twee laatste aminozuren van het pentapeptide. Het eerste obstakel waarbij van deze 

eigenschap van vancomycine gebruik werd gemaakt was dat de crosslink aanpak een patroon 

van radioactief gelabelde eiwitten opleverde, waaruit niet direct op te maken viel welk van de 

eiwitten betrokken was bij transport van Lipide II over het membraan. Om hier meer 

duidelijkheid over te verschaffen werd Lipide II gecrosslinkt in de aanwezigheid van 

vancomycine aan de buitenkant van het membraan. Op deze manier zou het zojuist naar 

buiten getransporteerde Lipide II direct opgevangen worden door vancomycine en zodoende 

in het transport systeem gevangen komen te zitten. Interessant genoeg leverde deze aanpak 

een eiwit van een grootte ongeveer 44 kDa op dat extra sterk gelabeld was. Een tweede 

interessante observatie is dat in hoofdstuk 3 op dezelfde positie op SDS-PAGE gel een sterk 

gelabeld eiwit gedetecteerd werd in membranen afkomstig van E. coli stammen met 

verhoogde expressie van in het bijzonder MurG maar ook van FtsW. Het zou kunnen dat dit 

gelabelde eiwit betrokken is bij transport van Lipide II over het membraan.  

Een tweede probleem dat ondervonden werd in hoofdstuk 3 was de identificatie van 

gecrosslinkte eiwitten. De twee factoren die identificatie het meest bemoeilijkten waren de 

radioactiviteit van het 125I label en de aanwezigheid van niet-gelabelde eiwitten in de monsters 

die gebruikt werden voor SDS-PAGE en massa spectrometrie. Ook hier kwamen de 

eigenschappen van vancomycine van pas. Wanneer vancomycine werd gebonden aan 

sepharose colom materiaal werd het mogelijk om Lipide II–gecrosslinkte eiwitten gedeeltelijk 

op te zuiveren. Hoewel veelbelovend, vereist deze aanpak nog wel optimalisatie voordat 

identificatie van alle gecrosslinkte eiwitten mogelijk is. 

In hoofdstuk 4 zijn er een aantal opgezuiverde kandidaat transporter eiwitten gereconstitueerd 

in model membranen waarna deze zogenaamde proteoliposomen onderworpen werden aan de 

eerder genoemde dithioniet assay om te bestuderen of deze eiwitten Lipide II transport 

konden bewerkstelligen. Als eerste werd de complete Lipide II synthese machinerie, dat wil 

zeggen MraY en MurG, gereconstitueerd; dit resulteerde in synthese van Lipide II maar niet 

in transport. Ook de in hoofdstuk 3 geïdentificeerde sec eiwit translocatie machinerie werd 

getest. Reconstitutie van het SecYEG eiwit complex in model membranen resulteerde echter 

niet in transport van Lipide II. Tot slot werd het eerdergenoemde eiwit FtsW in 

proteoliposomen gebracht. Interessant genoeg was NBD gelabeld Lipide II in membranen met 

FtsW aanmerkelijk minder beschermd tegen dithioniet dan in controle membranen. Dit kan 

twee dingen betekenen: òf er vindt lekkage van dithioniet plaats in de FtsW bevattende 

membranen, òf FtsW maakt Lipide II transport mogelijk. Deze resultaten geven eerste directe 
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aanwijzingen dat FtsW een rol zou kunnen spelen in het transport van Lipide II over het 

membraan. 

Een ander eiwit dat een centrale rol speelt in de synthese van peptidoglycaan is MurG. In 

hoofdstuk 5 wordt dit eiwit nader bestudeerd. Eerder onderzoek wees uit dat dit eiwit zich in 

allerlei eiwitcomplexen (oligomeren) kan bevinden. Omdat MurG het laatste eiwit is dat 

contact heeft met Lipide II aan de cytoplasmatische kant van het membraan in E. coli, staat dit 

wellicht in verband met het transport van Lipide II over het membraan en vormt MurG 

wellicht ook een complex met het Lipide II transporter eiwit. Een opvallend complex blijft 

stabiel in aanwezigheid van het detergent SDS en migreert op SDS-PAGE gelen tot een 

positie op een moleculegewicht van ongeveer 140 kDa, terwijl monomeer MurG ongeveer een 

molecuulgewicht van 38 kDa heeft. Ongeveer 30 procent van de totale hoeveelheid MurG 

eiwitten bestaat als onderdeel van deze oligomeer. Het lijkt er op dat deze oligomeer 

grotendeels bestaat uit MurG eiwitten maar helemaal duidelijk is dit niet. Als we binnenste 

buiten gekeerde binnenmembranen van E. coli gebruiken valt op dat het 140 kDa complex 

zeer stevig aan het membraan verankerd is want behandeling met diverse chemicaliën 

resulteert niet in verwijdering van de oligomeer van het membraan. In onze studie bleek het 

enkel mogelijk om de oligomeer te verwijderen met guanidine-HCl. Wanneer radioactief 

gelabeld monomeer MurG werd toegevoegd aan membranen die op deze manier gestript 

waren van de MurG oligomeer bleken nieuwe 140 kDa oligomeren te vormen. Omdat dit niet 

gebeurde in membranen waar geen oligomeer MurG verwijderd was, lijkt het er op dat er 

slechts een beperkt aantal plekken op het membraan zijn voor deze oligomeer. Dit suggereert 

dat een membraan geassocieerde factor oligomeervorming van MurG induceert. Wanneer de 

membranen behandeld werden met proteases om de aan de buitenkant van de membraan 

geëxposeerde eiwitten te verteren was er nauwelijks oligomeer vorming te detecteren. Ook als 

monomeer MurG werd toegevoegd aan proteolopisomen met MraY of FtsW gereconstitueerd  

vormde zich geen oligomeer. Het lijkt er dan ook sterk op dat een eiwit factor, maar 

waarschijnlijk niet FtsW of MraY, de vorming van de 140 kDa oligomeer induceert. 

Het is algemeen gebleken dat onderzoek naar lipide transporters zeer complex is. Na decennia 

van onderzoek is er nog weinig bekend over deze eiwitten en er is nog steeds geen specifiek 

eiwit onomstotelijk geïdentificeerd als lipide transporter. De resultaten beschreven in dit 

proefschrift verschaffen nieuwe inzichten in het transport mechanisme van Lipide II over het 

bacteriële membraan. Het blijkt dat een of meerdere specifieke eiwitten nodig zijn en dat 

Lipide II transport geen input van energie vergt. Wat de identiteit van dit eiwit betreft lijken 

diverse pijlen zich op het eiwit FtsW te richten. Aanvullende proeven zullen het bewijs nog 

moeten brengen of FtsW daadwerkelijk verantwoordelijk is voor transport van Lipide II over 
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het membraan; de in dit proefschrift beschreven methoden om Lipide II transport te meten en 

de photocrosslink assay zouden hierbij een doorslaggevende rol kunnen spelen. 
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Dankwoord 
Sinds 1 december 2003 heb ik kunnen nadenken over dit dankwoord en jongens, ik had niet 

kunnen bevroeden wat een doffe ellende het zou zijn om er nu ook daadwerkelijk aan te 

beginnen. Het schrijven van het proefschrift is voor mijn gevoel van een leien dakje gegaan 

vergeleken met dit dankwoord. Er zijn natuurlijk mensen zonder wie dit proefschrift er niet 

geweest zou zijn of in ieder geval niet zijn huidige vorm zou hebben. Er zijn mensen zonder 

wie het proefschrift zijn huidige vorm waarschijnlijk wel gehad zou hebben,  maar die het 

proces ernaartoe wel vergemakkelijkt hebben. Ook zijn er mensen die geen fluit met dit hele 

proefschrift te maken hebben, maar die ik toch graag in dit dankwoord wil omdat ik weet dat 

het altijd leuk is om je naam in een dankwoord terug te vinden. Waar het omgaat is dat ik een 

ieder genoemd in dit dankwoord een warm hart toedraag. Nou, daar gaan we dan. 

Laten we eens beginnen met de eerste hierboven genoemde categorie mensen. Allereerst de 

chef en het brein achter operatie Lipid II, Eefjan.  Hoewel ik eigenlijk behoorlijk vrij gelaten 

werd om proeven te doen en laten die ik wilde doen, zijn jouw tips, suggesties en leiding 

onmisbaar gebleken in de zoektocht naar de Lipid II transporter. Maar dat wist je natuurlijk al.  

Net zo belangrijk is eigenlijk dat ik me echt geen toffere baas kan voorstellen en dat ik ook 

ontzettend veel lol heb gehad met je. De diverse –overigens wetenschappelijk verantwoorde- 

tripjes naar onder meer Tübingen (Bierhaxe!), Parijs -en in het speciaal het 7de arrondissement 

daarvan- en de gave lui die ik middels jou heb ontmoet tijdens de congressen maakten het 

geheel tot een schitterende onderneming. Bedankt! 

Nog zo een: Ben. Keer op keer kon ik me verbazen hoe je met je messcherpe analyses in 30 

minuten mijn stemming van in mineur naar in de gloria kon brengen tijdens de halfuur 

besprekingen. Ik moet je stiekem bekennen dat ik heel af en toe wel eens achteraf dacht: daar 

ben ik weer mooi in getrapt. Ook bij het schrijven van manuscripten stond ik vaak verbaasd 

van je vermogen om met een paar kleine aanpassingen aan tekst een boodschap ongelooflijk 

veel duidelijker te maken. Het mag duidelijk zijn dat bovenstaande cruciaal is gebleken in het 

afronden van dit proefschrift. Bovendien vond ik je een toffe vent en ben ik blij en trots onder 

je gewerkt te mogen hebben. Bedankt! 

Ook een onmisbare spil in het Lipid II verhaal, Robert (R.). Ook al zat het niet heel erg vaak 

mee in ons onderzoek, we zijn toch een aardig stuk opgeschoten. Zonder jouw kennis, 

ervaring en medewerking had dit proefschrift absoluut niet zijn huidige vorm gehad. 

Natuurlijk hielp het ook wel mee dat ik me af en toe compleet scheef heb gelachen met je. Als 

verwoed medestander in het draaien van louter Bingo FM op het lab had ik een 

wapenbroeder. Ook jouw vlijmscherpe beoordelingen van met name de aan jou geserveerde 

gerechten (wel geinig…) waren onvergetelijk. Net als de popquiz trouwens, en het tripje naar 
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Luik en daarbij horende dertig gangen diner en zo kan ik nog wel een paginaatje of wat door 

gaan. Maar dat doen we niet. Bedankt! 

Zo, op naar categorie twee. Mijn naaste collega’s die op één of andere manier hebben 

bijgedragen aan de totstandkoming van dit verhaal. Als we dan toch met een hokjesgeest aan 

het werk gaan laat ik dan maar beginnen met de Lipid II clan en Yvonne. Mandy, ik heb 

onwijs met je gelachen maar ook en passant geleerd wat het verschil tussen een flesje en een 

epje is. Nooit zal ik vergeten dat de troubadour ons lab vereerde met een bezoek. Yvonne, de 

parel van het zuidlab, ons engeltje, en tegenwoordig ook Lipid II vriend, het is altijd goed om 

een vriendelijk gezicht te zien. Nick, je flegmatieke verschijning is een voorbeeld voor de 

wereld. Ik ben er van overtuigd dat er nergens oorlog zou zijn als iedereen zoals jij zou zijn. 

Bedankt voor het synthetiseren van allerhande goedjes en het medebegeleiden van studenten 

als er iets meer geduld vereist was dan ik in huis had. Diaantjeûh! Ik heb van jou menig 

interessant Duits woord en zinsnede geleerd, die ik hier voor het gemak maar niet zal 

vermelden. Marlies, koningin van de HPLC en ook een tof mens, bedankt voor het maken van 

allerlei onmisbare goedjes. Op de valreep mag ook Tami niet ontbreken, wiens speurend oog 

mij voor menig schrijffoutje wist te behoeden, bedankt! 

Niet alleen binnen de clan; ook daarbuiten waren er juwelen van collega’s te vinden. Neem 

nou Martijn, onze nestor, een goeie vent. Meermalen heb ik in tranen gelegen aan de 

koffietafel; en dat was niet in het minst door de ranzige verhalen die spontaan leken te 

ontstaan als jij, Mandy en ondergetekende niet ver genoeg bij elkaar vandaan zaten. Ofschoon 

we ons best hebben gedaan heeft ons collega-schap niet kunnen leiden tot de identificatie van 

de hippoman. Dan is er ook nog Jacob, de directeur, ik vind het knap dat je het zolang vol 

hebt gehouden aan de voet van de Mount Everest aan papier die ons van elkaar scheidde. Mijn 

enige metgezel in het hok des doods waar het leeuwendeel van onze proeven zich afspeelde. 

Bedankt jongen! Irene dan, een secretaresse uit één stuk. Bedankt voor alle toestanden die je 

voor me hebt opgeknapt en je aanwezigheid als moeder van het lab.  Dick, mijn grote vriend, 

behalve dat je altijd paraat stond om allerhande apparaten te fixen, heb ik ook genoten van 

onze oeverloze ouwehoer-sessies. Die sessies zijn een mooi bruggetje naar Pieter, die kon er 

ook wat van, altijd gezellig! Spelbrinkie, alias het Brein, stond ook aan de wieg van het MurG 

verhaal als beschreven in hoofdstuk 5, bedankt voor het voorwerk en de hulp hieraan. Ton 

bedankt voor de hulp bij het opstarten van mijn joderings experimenten. Eigenlijk verdien je 

een lintje voor het in toom houden van het radioactieve lab, maar misschien komt dat nog wel 

een keer.  Om de zelfde redenen verdient ook Toon een lintje, jij ook bedankt voor je hulp! 

Erica, ik zou een boek over je kunnen schrijven, zoveel heb je me verteld, liefst twaalf keer 

achterelkaar. Maar ik vond het wel gezellig! 
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Zo, even een nieuwe alinea, niet omdat er weer een nieuwe categorie van dankwaardigen 

komt, maar omdat het dankwoord het enige onderdeel van dit boek is dat iedereen leest. 

Vandaar geen lange lappen tekst want alles hangt toch een beetje als los zand aan elkaar en de 

AKO literatuurprijs ga ik er toch niet voor krijgen.  Behalve Yvonne waren er twee andere 

mensen die een beetje fungeerden als mijn plaatsvervangend geweten. Een gedeelde eerste 

plaats is hierbij weggelegd voor Tania, je afkeurende blikken sorteerden niet altijd effect maar 

wisten mij toch dikwijls er van te overtuigen dat het misschien toch wel ietsepietsie minder 

kon. De andere eerste plaats is voor surfdude Jan Westerman, ik vind het oprecht jammer dat 

we maar korte tijd hebben samengewerkt.  

Genoeg Bingo FM vrienden daar op de zesde, maar qua rock & roll was het zeer dun bezaaid 

bij Biochemie van Membranen. Gelukkig was daar dan Rutger. Ik dacht vroeger dat ik de 

enige Kiss fan in de wereld was maar Rutger bleek wat dat betreft een zielsverwant. Ik heb ze 

nu ook twee keer gezien. Ook wat betreft Mötley Crüe, Poison, en Alice Cooper dacht ik dat 

ik alleen op de wereld was, maar na het fluiten van Dr. Feelgood in het fluhok bleek dat ik in 

Lucie een wapenzuster had, veel succes met je moederschap! Over Fransen gesproken, Jacqie 

Dacqie, bedankt voor het mooiste sinterklaas gedicht dat ik ooit gekregen heb. En als we het 

dan toch over sinterklaas gedichten hebben, Andrea, ik heb toen dat gewraakte gedicht 

geschreven, het was niet Nick, sorry daarvoor. Je feest in de Simultaanstraat was geweldig en 

onvergetelijk. Ook de Canadese delegatie ben ik dank verschuldigd. Chris, thanks a lot for 

synthesizing all kinds of chemicals and inspiring stories about eating raw meat. Nathaniel, 

although time was too short to dig deep into click-chemistry I liked your cooperation a lot! 

Ook de mensen van Mass Spec en dan met name Maarten en Martina bedankt voor de 

medewerking. 

We raken zo aardig op dreef wat de danksessie betreft en ik heb nog een aantal namen op 

mijn lijstje staan. Antoinette natuurlijk, succes met het maken van CB & OC tot een 

succesvolle onderneming! Bijna vergeet ik ook een markant duo, dat de eerste paar jaar van 

mijn AIO-schap soms tot een soort film wist te maken, Edgar en Bianca. Edje, je zult 

Nederland ondertussen wel bijna vergeten zijn en volbloed all-american man geworden zijn, 

maar dat staat je wel. Ook de schitterende humor van Bianca zal me bijblijven, leuk dat ik 

jullie meegemaakt heb! Ook Inge moet ik bedanken, ik moet altijd aan je denken als ik 

Opsporing Verzocht kijk want ik vind je nog steeds niet op Anniko lijken. En dan hebben we 

de studenten nog niet eens gehad. Ik schakel daarom maar over op de Engelse taal anders 

komt de boodschap, vrees ik, slecht over. 

First of all there was Alessia, never in my life I saw such a hardworking, positive student. I 

heard you’re doing your PhD in London and I’m sure this will be a big success! Minna, you 

almost needed no supervision, which I liked a lot. I wish you lot of luck whatever you’re 
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doing now! Lakshmi, thanks for the little Buddha! I really enjoyed your presence on our lab, 

success with your PhD. Then there are students I did not directly supervise but that 

contributed a lot to the research and atmosphere; Emma and Irene del O. for instance, good 

luck with your jobs! Ook Hendrik, de schurk van Urk moet ik daarom nog bedanken voor zijn 

aanwezigheid op het lab, een pientere knaap met een hart van goud. Natuurlijk ook dank aan 

alle brave, oplettende, schrandere en hardwerkende studenten die in de diverse werkgroepen, 

projecten en ministages langskwamen. 

Aangezien ik stiekem al een jaar  bij Microbiologie werk, verdienen die collega’s ook het 

nodige krediet. Jan, te gek dat je me aangenomen hebt, bedankt! Ook mijn directe labgenoten 

bedankt voor de goeie tijd die ik met jullie heb. Virginie, tout de la plus! (and thanks for 

guiding me trough the first baby steps in bacterial cloning). Jan Grijpstra, een der laatste echte 

Friezen, het is fijn dat ik het zelfde verhaal driehonderd keer aan je vertellen kan zonder dat je 

je lijkt te vervelen. Dr. Arenas, viva el macho! (and thanks for helpful comments). Ook 

Michiel bedankt voor je hulp de eerste maanden. Martine en Ingrid mag ik ook niet vergeten, 

jullie kennis van zaken is me ook tot grote hulp. Jan F. de Jong en  Luis worden bedankt voor 

het leren van de kneepjes van het vak back in the days. Ria Kas bedankt voor het sneller dan 

je schaduw bestellen van m’n primers. Uiteraard wil ik natuurlijk het hele Microbiologie 

circus bedanken vanaf deze plaats!  

Zo, dat gezegd hebbende, komen we eindelijk aan bij het dankwoord voor mensen die niets 

met dit hele boek te maken hebben, maar die ik toch graag wil vermelden omdat hun 

aanwezigheid heeft bijgedragen aan mijn geestelijke en lichamelijke gezondheid; iets dat 

onontbeerlijk is voor het afronden van een uitputtingsslag zoals dit proefschrift soms kon 

wezen. Je moet het per slot van rekening iets dramatischer brengen dan het is. Laten we eens 

beginnen bij de vrienden van de Eurobar in Zegveld. Hier wil ik de enige echte 

plattelandsdandy Ries Verhoeff bedanken voor het bewaren van een van de beste 

uitspanningen van het land, ik kom er graag bijna iedere dinsdag. Ook andere stamgasten door 

de jaren heen en dan met name Perry, Ferry, Thomas, Bolus en allerhande andere mooie 

figuren die ik daar ben tegengekomen. Natuurlijk wil ik hierbij iedereen bedanken waar ik lol 

mee heb gehad als ik de weekenden in Zegveld doorbracht.  

Zonder mijn dierbare rock ’n roll plaatjes zou ik nergens wezen, maar minstens zo belangrijk 

waren de tripjes naar diverse optredens van bandjes in het land en daarbuiten. Een centrale rol 

is hier toch wel weggelegd voor mijn makker Bolus; legendarische optredens heb ik met die 

jongen gezien. Ook mijn Normaal-vriend Bunnik is goed voor zeker een paar roadtripjes 

richting Achterhoek per jaar die ik heel mijn leven niet zal vergeten. Dat bovenstaande goed 

is voor de geestelijke welstand moge duidelijk zijn, maar ook de vakanties en korte tripjes die 

ik met diverse mensen heb mogen ondernemen waren onvergetelijk. Marino, gabber, de trip 
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naar Kroatië ook de bezoekjes aan Gent waren onvergetelijk. Bovendien is het altijd effe 

gezellig om een pintje te drinken met je! Ook mijn makker Oor mag ik hier niet vergeten, de 

reis door Argentinië was een ongelooflijke ervaring en ook keuvelen met je over de mooiere 

zaken des levens is een verademing. 

Ook mijn familie mag niet ontbreken in dit bedanklijstje. Pa en ma, bedankt dat ik altijd 

welkom was in het weekend ook al moet dat ieders nachtrust flink verstoord hebben als ik 

weer eens aan het slaapwandelen ging. Maar goed,  je beleeft wel wat, zo moet je het ook 

zien. Mijn broeders Appie & Lennie, dat zijn mijn paranimfen, alvast bedankt daarvoor en 

ook voor de nieuwe waterleiding! Mijn zusters Miek en Ger, ik heb me vaak ongans gelachen 

tijdens de zaterdagavondjes uit! Ook mijn zwagers Hans en Loe en schoonzuster Annet 

moeten vermeld worden. Ik ben blij dat m’n zusters en broer jullie hebben, dat scheelt mij een 

hoop zorgen! Ook mijn schoonfamilie moet vermeld worden: Jan en Elly, Ties & Sharon, ik 

kan me geen toffere schoonfamilie voorstellen. Dit lezende besef ik me dat ik eigenlijk best 

wel mazzel heb in het leven. Maar dan hebben we het nog niet eens over de kers op de 

appelmoes gehad, Mariek. Blij dat ik jou heb. Samen tegen de rest! 

 

Zo is het wel goed! 

 

Vin
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Abbreviations 

PBP: Penicilline Binding Protein 

NBD: 7-nitro-2,1,3-benzoxadiazol-4-yl 

ABD: 7-amino-2,1,3-benzoxadiol-4-yl 

PE: Phosphatidylethanolamine 

PC: Phosphatidylcholine 

PS: Phosphatidylserine 

PG: Phosphatidylglycerol 

DNP: Dinitrophenyl 

TLC: Thin layer Chromatography 

LPS: Lipopolysaccharide 

NHS-ASA: N-hydroxysuccinimidyl-4-azidosalicyclic acid 

RSO: Right side out 

MS: Mass spectrometry 

SDS: sodium dodecyl sulfate 

PAGE: polyacrylamide gel electrophoresis 

DTT: dithiotreitol 

C8Φ: 4-octyl denzoamidoproyldimethylammonio-propoane-sulphate 

Vancomycin-ASBA: Vancomycin-4-[p-azidosalicylamido]butylamine 

GdnHCl: Guanidine Hydrochloride 

Tris: Trishydroxymethylaminomethane 

LUV: Large unilamellar vesicle 

IEF: Isoelectric focusing 

IPG: immobilized pH gradient 
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