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Abstract 

Gram-negative bacteria have two lipid bilayers, the inner membrane and the outer 

membrane as part of their cell envelope structure.1 A special feature of the outer layer is its 

asymmetric membrane structure, comprised of phospholipids in the inner leaflet and 

lipopolysaccharide (LPS) in the outer leaflet.  The presence of LPS in the outer leaflet of the outer 

membrane provides a robust physical barrier, protecting Gram-negative bacteria from external 

toxins, making them especially difficult to kill with e. g. antibiotics.2-3 LPS is a large amphipathic 

molecule comprised of fatty acyl chains attached to polysaccharides, whose biosynthesis is 

completed in the inner membrane, and which then needs to be transported from its synthesis site 

to the cell surface.4 LPS must be extracted from the inner membrane, moved across the aqueous 

periplasm that separates the two membranes, then translocate through the outer membrane and 

assembled on the cell surface.5 LPS transport and assembly requires seven conserved 

lipopolysaccharide transport components (LptA-G), which are proposed to form a continuous 

protein bridge spanning the periplasm that provides a path for LPS to reach the cell surface.6-7 

However, this model has not been validated in living cells. It is also unknown how stable the 

proposed bridges are, what influences their formation and breakage and what is their order of 

assembly and disassembly. This thesis presents live cell single molecule tracking results to address 
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these questions. In chapter 2 we show that Lpt protein dynamics are consistent with the bridge 

model and that half of the inner membrane Lpt proteins exist in a bridge state. In chapter 3 we 

describe the life time measurement of the bridge in cells. We found that bridges persist for 5-10 

seconds, showing that their organization is highly dynamic. In chapter 4 we present evidence that 

Lpt-bridge formation is facilitated by LPS, providing a mechanism by which the production of 

LPS can be directly coupled to its transport. Finally, bridge decay kinetics suggest that two 

different kinds of bridges may exist, whose stability differs according to the presence (long lived) 

or absence (short lived) of LPS. Taken together, the data of this thesis support a model in which 

LPS is both a substrate and structural component of highly dynamic Lpt bridges that promote outer 

membrane assembly. 
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1. Chapter 1: Introduction to Lipopolysaccharide transport and functionality 

in Escherichia coli 

1.1. The gram negative bacterial cell envelope and the role of LPS 

In 1884 the Danish scientist Hans Christian Gram first was able to distinguish two large 

groups of bacteria from each other using a staining procedure, which he originally developed to 

visualize bacteria in stained lung tissues.8 He was able to distinguish between cells, which are 

retaining the stain, gram positive bacteria, and cells which are not retaining the stain, gram negative 

bacteria. Responsible for the differential staining behavior is the fundamental difference in the cell 

envelope structure of gram negative and gram positive bacteria. While the cell envelope of gram 

positive bacteria only consists of one lipid membrane and a thick peptidoglycan cell wall, gram 

negative bacteria have two lipid bilayers the inner membrane (IM) and the outer membrane (OM) 

and only a thin peptidoglycan cell wall.  (Figure 1) The purple Gram stain is retained in the thick 

peptidoglycan layer of gram positive bacteria, but not in the thin cell wall of gram negative 

bacteria. 
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Figure 1: Gram negative bacteria cell envelope contains two lipid membranes. Scheme depicting the 

cell envelope of gram negative bacteria. The cell envelope of gram negative bacteria consists of four 

components: the inner membrane, the periplasm, the cell wall and the outer membrane. 

Lipopolysaccharides are found in the outer leaflet of the outer membrane and give it its unique features. 

(LPS = Lipopolysaccharide, PL = Phospholipids) 

  

The inner membrane separates the cytoplasm from the periplasm in gram negative bacteria 

and is built of a phospholipid bilayer. The inner membrane contains alpha-helical transmembrane 

proteins and lipid proteins serving various different functions in the cell, such as lipid biosynthesis, 

energy production, cell wall synthesis and transport.9-10 The periplasm is the aqueous cell 

compartment between the inner membrane and the outer membrane. It is densely packed with 

proteins11, important, for example, for nutrient transport or cell envelope biosynthesis. 

Interestingly, no ATP is present in the periplasm, which means that processes in this compartment 

either need to be coupled to an energy source at the inner membrane or must proceed without 
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chemical energy. The space between the inner membrane and the outer membrane also contains 

the peptidoglycan cell wall, which holds the major part of the turgor pressure and is responsible 

for the shape of the cell.12  

The outer membrane surrounds the periplasm and serves as first protective layer between 

the cell and the external environment. Unlike most other biological membranes the outer 

membrane is an asymmetric lipid bilayer with phospholipids in the inner leaflet and 

Lipopolysaccharides (LPS) in the outer leaflet.1-3 The outer membrane contains lipid proteins 

which are anchored to the inner leaflet of the outer membrane with a lipid tail13 and beta barrel 

proteins, which are able to span both membrane leaflets and often serve as porins.14-15 One of the 

main roles of the outer membrane is it’s unusual permeability barrier function.9 Unlike a 

phospholipid bilayer the outer membrane does not only prevent large, hydrophilic molecules to 

enter the cell, but also blocks the diffusion of small hydrophobic molecules to pass the outer 

membrane. This characteristic makes gram negative bacteria uniquely resistant to antibiotics and 

host defense mechanisms.16-18 Further, it has been shown that the outer membrane contributes, due 

to its stiffness and strength, to the mechanics of the cell envelope and also holds parts of the turgor 

pressure.19  

  Responsible for these unique characteristics of the outer membrane is lipopolysaccharide, 

LPS. LPS is a large glycolipid, which is a major structural component of the outer membrane and 

occupies roughly three third of the outer membrane outer leaflet. 1-3, 20 It is an essential component 

of the outer membrane in most gram negative bacteria.16 The structural and chemical properties of 

LPS allow LPS to form strong lateral interactions between itself, which transform the outer 

membrane into a stiff barrier.21-23 Further, LPS has been shown to be important for virulence and 

it gets recognized by the host immune system.4, 24   
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1.2. LPS structure and functionality 

 

 

Figure 2: Strong lateral interactions between LPS molecules are responsible for the unique 

characteristics of the outer membrane. An example structure of a lipopolysaccharide from E. coli is 

shown. Lipid A is the conserved lipid anchor, which is comprised of the hexa-acylated di-glucosamine 

diphosphate. The core oligosaccharides are connected to lipid A via the conserved Kdo (3-deoxy-D-manno-

oct-2-ulosonic acid) sugars. Lipid A plus the core oligosaccharides form the so called Ra-LPS, which lacks 

the O-antigen unit. The common E coli K12 laboratory strain lacks the oligosaccharide. Kdo: 3-deoxy-D-

manno-oct-2-ulosonic acid, Hep: L-glycerol-D-manno-heptose, Glu: D-Glucose, Gal: D-Galactose, PEtN: 

Phosphoethanolamine, P: Phosphate.  
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Lipopolysaccharide, LPS, is a complex glycolipid, whose structure can be divided into 

three regions: lipid A, the core sugars and the O-Antigen.4, 25-26 (Figure 2) Lipid A is the conserved 

lipid anchor of LPS based on a biphosphorylated di-glucosamin disaccharide which is typically 

found with four to seven acyl chains. Lipid A is also known as endotoxin. As conserved portion 

of the LPS molecule, Lipid A is able to activate the mammalian innate immune system, including 

that of humans.27-29 Even though Lipid A is highly conserved, it has been shown that it can undergo 

modifications dependent on the environmental conditions.24, 29-32   

 The second structural unit of LPS are the core sugars. The core sugars are polysaccharides, 

which are connected to the base Lipid A structure through the unique Kdo (3-deoxy-D-manno-oct-

2-ulosonic acid) sugar unit. The direct linkage between Lipid A and the sugar moiety Kdo is highly 

conserved in all gram negative bacteria. The other core sugars are usually conserved within species 

but can vary among different gram negative species.33-34  

 The LipidA-core sugar structure can be further glycosylated with the addition of the third 

structural unit of LPS, the O-antigen. The O-antigen is a large polysaccharide, which is highly 

variable in its chemical structure, but usually consists of linear and branched chains of repeating 

polysaccharide subunits.35-38 The O-antigen is often responsible for the interaction with the 

environment, such as the host defense mechanism. The O-antigen is not essential, for example, the 

most common E. coli lab strain K12 lacks the O-antigen portion of LPS. LPS missing the O-

antigen is also called, Ra-LPS.  

Even though the overall structure of LPS is conserved, structural variations in each region 

can occur depending on the species or the environmental condition.  
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As discussed above the outer membrane of gram negative bacteria has unique barrier and 

stability functionality. Responsible for the special characteristics of the outer membrane are the 

chemical properties of the LPS structure. Analogous to phospholipids, the acyl chains of Lipid A 

provide the hydrophobic portion of LPS, which prevents the passage of hydrophilic molecules 

through the outer membrane. Further, the high number of fatty acyl chains of LPS allow the 

molecules to pack very tightly at the outer leaflet of the outer membrane. This dense packing is 

further elaborated by metal cations, which connect the negative phosphate groups of Lipid As with 

each other. Together with the strong hydrogen bonds between the core sugars of neighboring LPS 

molecules, all these lateral interactions result in a stiff outer membrane with especially low 

permeability.21-23  

 

1.3. LPS synthesis  

The biosynthesis of LPS takes place in the cytoplasm and at the cytoplasmic leaflet of the 

inner membrane. It begins with the biosynthesis of Kdo2-Lipid A, which involves a series of nine 

conserved enzymatic steps catalyzed by the so called LpX proteins. These first conserved 

enzymatic steps to produce the Kdo2-Lipid A are also known as the Raetz pathway.4, 24 The Raetz 

pathway starts with the precursor UDP-N-acetylglucosamine (UDP-GlcNAc), which is also a 

precursor for the peptidoglycan biosynthesis. The first three enzymes, the acyltransferase LpxA, 

the deacetylase LpxC and the acyltransferase LpxD, convert UDP-GlcNAc into UDP-2,3-

diacylglucosamine by the addition of two acyl chains.39-43 The first step, the acylation of UDP-

GlcNAc by LpxA is unfavorable. Therefore, the first committed step in the Lipid A synthesis is 

the deacetylation of UDP-monoacyl-N-acetylglucosamine by LpxC leading to UDP-monoacyl-

glucosamine.41, 43 This characteristic makes LpxC an attractive antibiotic target and extensive 
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efforts have produced LpxC inhibitors, which indeed prevent LPS synthesis and lead in most gram 

negative strains to cell death.44-49  

Following the action of LpxC, UDP-monoacyl-glucosamine is acylated a second time, this 

time by the enzyme LpxD, to produce UDP-2,3-diacylglucosamine.42, 50 The next two steps are 

catalyzed by the membrane associated enzymes LpxH and LpxB. LpxH removes the sugar 

nucleotide carrier from UDP-2,3-diacylglucosamine resulting in 2,3-diacylglucosamin-1-

phosphate, also known as Lipid X. LpxB then catalyzes the condensation between Lipid X and 

UDP-2,3-diacylglucosamine, the product of the LpxD step. The resulting tetraacylated 

glucosamine disaccharide is inserted into the inner leaflet of the inner membrane and is also known 

as Lipid A disaccharide.51-52  

The following four enzymes are responsible for finishing Kdo2-Lipid A synthesis; LpxK, 

WaaA, LpxL, and LpxM. They are all integral membrane proteins. The kinase LpxK 

phosphorylates Lipid A disaccharide at the 4’ position producing the biphosphorylated lipid IVa.
53-

54 In the next step WaaA adds sequentially two Kdo sugar groups to lipid IVa. Finally, two 

acylchains are added to Kdo2-Lipid IVa by the acyltransferases LpxL and LpxM producing Kdo2-

LipidA. LpxL transfers a lauryol group and LpxM adds a myristol group.55-57 

Following the Kdo2-lipid A biosynthesis, the core oligosaccharides are extended from the Kdo 

moiety by the successive addition of sugars by glycosyltransferases generating Ra-LPS at the 

cytoplasmic leaflet of the inner membrane.4, 34, 58  

Parallel to the Ra-LPS biosynthesis the O-antigen is prepared. The O-antigen is a large 

polysaccharide consisting of linear and branched chains of repeating polysaccharide subunit. Its 

precursors are synthesized separately from Ra-LPS by the sequential action of glucosyltranferases, 
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at the inner leaflet of the outer membrane and are attached to the lipid carrier undecaprenyl 

pyrophosphate.38 

Both the Ra-LPS and the O-antigen precursors are synthesized at the cytoplasmic leaflet of the 

inner membrane and then need to be switched to the periplasmic leaflet of the inner membrane. 

Responsible for this process are the two flippases, MsbA, Wzx.38, 59-62 MsbA is an ABC 

transporter, which flips LPS in an ATP dependent fashion. Wzx, is responsible for flipping the O-

antigen precursor. The O-antigen precursors are polymerized by the two proteins Wzy and Wzz 

and the completed O-antigen is ligated to the Ra-LPS by the O-antigen ligase WaaL at the 

periplasmic site of the inner membrane.50, 63-66 In the E coli K12 lab strain no O-antigen is added 

to Ra-LPS and Ra-LPS is the final synthesized LPS product, which needs to be transported from 

the periplasmic leaflet of the inner membrane to the outer leaflet of the outer membrane.  

 

1.4. LPS transport 

1.4.1. LPS transport challenges 

As discussed above LPS is completely synthesized at the inner membrane and then needs 

to be transported from its synthesis side to the outer leaflet of the outer membrane. There are a 

number of challenges, which the transport system needs to overcome. First, the unique structure 

of LPS poses difficulties for the transport. LPS is a really large molecule, with a large hydrophobic 

portion, the fatty acyl chains, and a large hydrophilic portion, the core sugars and the O-antigen. 

In the aqueous periplasm the hydrophobic lipids need to be shielded from the water, and to pass 

the outer membrane the hydrophilic portion needs to be shielded. Second, LPS has to be 

transported against a concentration gradient. However, there is no ATP in the periplasm. 

Therefore, the energy source for LPS transport can only be in the cytoplasm and somehow needs 



9 

 

to be connected to the whole transport process. Third, a lot of LPS molecules have to be transported 

in order to fill the whole outer membrane in a short amount of time. Insufficient LPS transport to 

the outer membrane leads to membrane leakiness and cell death. In addition, also LPS spilling into 

the periplasm creates toxicity by activating the σE response. Therefore, LPS transport needs to be 

carefully regulated with LPS biosynthesis and cell growth.67  

 

1.4.2. Identification of the seven essential LPS transport proteins 

Seven essential proteins have been identified over the years to be responsible for 

transporting LPS from the inner membrane to the outer membrane. The first LPS transport protein, 

which was identified was LptD. LptD mutants showed up 1998 in a genetic selection designed to 

select for mutants, which allow maltodextrin to pass the outer membrane without its specific 

channel, LamB, being present.68 The LptD mutants increased the permeability of the outer 

membrane suggesting that LptD is important for outer membrane integrity. Further interest in LptD 

was sparked in 2002, when it was found that LptD is located upstream of the gene encoding SurA. 

SurA has been identified as periplasmic chaperon protein, which transports outer membrane 

proteins.69 It was found that LptD and SurA are co-transcribed from the same operon and 

controlled by the σE stress response. σE monitors the cell envelope and increases cell envelope 

biogenesis upon stress.70,71 Motivated by this observation, Braun et al. proofed that LptD is 

essential for outer membrane biogenesis.72 Shortly after, it was shown that LptD is essential for 

LPS transport. In an N.meningitis mutant strain, lacking LptD, LPS was not able to reach the 

surface. LPS neither got cleaved by the extracellular neuraminidase nor did it get modified by the 

outer membrane enzyme PagL.73  
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 The second Lpt-protein, LptE, was discovered by Wu, T. et al. using a biochemical 

approach.74 Affinity tag purification of LptD pulled down LptE, and analogously, affinity tag 

purification of LptE co-purified LptD, suggesting that these two proteins form a complex in the 

outer membrane. It further was shown that LptE is essential in E. coli and that depletion of LptE 

lead to the same phenotypes in cells as depletion of LptD; leaky membranes and a buildup of 

phospholipids in the outer membrane. Finally, it was shown that depletion of either LptD or LptE 

prevented the modification of newly synthesized LPS at the outer membrane by the 

palmitoyltransferase, PagP, which proofed that LptD and LptE are required for LPS transport to 

the outer membrane. 

 The genes encoding the proteins LptA and LptB were first found in a genetic screen for 

essential genes in E. coli.75 Based on the fact that the genes encoding LptA and LptB are part of a 

conserved locus encoding LPS biosynthesis enzymes it was hypothesized that they are involved in 

LPS transport.76 Sucrose gradient centrifugation showed that cells with either depleted LptA or 

LptB lead to the accumulation of LPS in the inner membrane, demonstrating their importance for 

LPS transport.77 The same experiment also proofed that LptC is required for LPS transport. LptC 

was found to be in the same operon as LptA and LptB and is also essential in E. coli.5 Based on 

protein sequencing it was predicted that LptB is a cytoplasmic protein with a nucleotide binding 

domain, which can associate to an ATP binding cassette in the inner membrane. LptA was 

predicted to be a soluble periplasmic protein and LptC was predicted to be an integral 

transmembrane protein.78  

ABC transporter usually require an inner membrane protein with 12 transmembrane 

domains or two inner membrane proteins with 6 transmembrane domains each. Since the identified 

inner membrane protein LptC only contains one trans membrane domain, it was likely that one or 
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two more inner membrane proteins are involved in LPS transport.79 To find the missing inner 

membrane proteins a reductionist bioinformatics approach was used by searching the small 

genome of Blochmannia floridanus for an envelope protein which is conserved and essential in E. 

coli.. This way the two transmembrane proteins LptF and LptG were identified.80 Their 

involvement in LPS transport was proven by the accumulation of LPS in the inner membrane upon 

depletion of these two proteins. Depletion strains also showed the same phenotype that was 

observed for depletion strains of the other Lpt-proteins; a leaky and unstable outer membrane.  

With the discovery of LptF and LptG all seven essential Lpt-proteins required for LPS transport 

have been identified. The cytoplasmic protein LptB forms an ABC transporter at the inner 

membrane with the transmembrane proteins LptF, LptG and LptC. LptA was shown to be located 

in the periplasm and LptD and LptE were observed to form a complex in the outer membrane. In 

the following section the structure and functionality of the inner membrane complex and the outer 

membrane complex will first be discussed separately. Afterwards, it will be discussed how the 

inner membrane complex works together with the periplasmic protein LptA and the outer 

membrane complex to transport LPS from the inner membrane to the outer membrane.  

 

1.4.3. The inner membrane complex LptB2FGC extracts LPS from the inner membrane 

At the inner membrane LptB2FGC build a 2:1:1:1 complex. LptB2FG is a heteromeric ATP 

binding cassette (ABC) transporter, which associates with the transmembrane protein LptC.81 The 

exact role of LptC in the inner membrane complex is still unclear. Even though LptC is essential, 

a single mutation in LptF can suppress a LptC deletion.82 Further, a soluble LptC lacking the 

transmembrane domain is able to support LPS transport and cell viability.83 In the current model 

LptC is thought to play a crucial role in interacting with the periplasmic Lpt-protein LptA to hand 
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LPS over to LptA.6, 84-87 A mutation in LptC, LptC(G153R), which prevents the interactions 

between LptC and LptA, fails to transport LPS and cannot support cell viability.83 In addition it 

recently has been show that the transmembrane domain of LptC plays a role in regulating the 

ATPase activity of the inner membrane complex and might be important for the coupling of the 

ATPase activity with the extraction of LPS from the inner membrane.88-89  

LptC co-purifies with LptB2FG, and the purified complexes LptB2FG and LptB2FGC 

exhibit ATPase activity.81, 90 The dimer of LptB forms the nucleotide binding domain of the ABC 

transporter, which is able to bind and hydrolyze ATP. Based on its location in the inner membrane, 

it has been predicted that the inner membrane complex, LptB2FGC, is responsible for pulling out 

LPS from the inner membrane and passing it to the periplasmic protein LptA in an ATP dependent 

fashion. A combination of in vivo and in vitro photo crosslinking experiments and the resolution 

of crystal structures of the inner membrane complex support the predicted model. p-

benzoylphenylalanine (pBPA) photo crosslinks to nearby residues upon UV-irradiation.91 With the 

help of an orthogonal aminoacyl tRNA synthetase developed by Schultz et al. p-BPA was 

incorporated into different sites in the periplasmic domains of LptC and LptA.92 This way a number 

of interaction sites between LPS and the periplasmic domains of LptC and LptA were identified.93 

The identified binding sides were then used to study the release of LPS to the periplasmic domains 

in LptC and LptA in right side out vesicles.94-96 Preparation of vesicles containing photo cross 

linkable LptC and LptA with and without ATP, showed that LPS crosslinks to these binding sides 

are dependent on ATP hydrolysis and suggest that multiple rounds of ATP hydrolysis are needed 

to extract LPS from the inner membrane to move it further towards the outer membrane.93 

 Crystal structures of the inner membrane complex LptB2FG showed that LptB interacts 

with LptFG through a conserved groove. Hydrolysis of ATP leads to the collapse of the groove 
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inducing conformational change in LptFG, which extracts LPS from the inside cavity of the inner 

membrane complex to the periplasmic domain of LptC.88-89, 97-99 As already mentioned above the 

transmembrane domain of LptC is thought to coordinate ATPase activity with the extraction of 

LPS. Further, crystal structures of the LptB2FGC complex identified a gate in the β-jelly roll 

domain of LptF, which can prevent the backflow of LPS into the membrane once it was extracted.88 

Crosslinking experiments in vivo with a catalytic dead LptB, LptB(E163Q),97-98 and crosslinking 

experiments in vitro with and without ATP showed that, while ATPase hydrolysis is needed to 

extract LPS from the inner membrane, LPS is able to enter the cavity of the inner membrane 

complex without ATP hydrolysis.89 A number of strong interaction sites between the inner cavity 

of LptB2FGC and LPS have been identified.100 For example the Lysine residue in LptG, K34, 

possesses a strong electrostatic interaction with the phosphate groups of LPS. Mutation of this 

residue to LptG(K34D), results in transport defects and cell death. LptG(K34D) is suppressed by 

the activation of the BasSR two component system,101 which modifies the phosphates of the LPS 

to restore the interaction in the inner cavity between LptG and LPS.100  

Summing up all the observations about the inner membrane complex, it is believed that 

LptB2FGC extracts LPS out of the inner membrane in an ATP dependent fashion and gives it to 

the periplasmic protein LptA.   

 

1.4.4. The outer membrane complex LptDE inserts LPS into the outer leaflet 

At the outer membrane LptD and LptE build a stable 1:1 complex.72-74, 102 LptD is a large 

β-barrel outer membrane protein containing a C-terminal β-barrel and an N-terminal periplasmic 

domain.103-104 LptD is transported to the outer membrane by SurA and gets folded by the Bam 

complex.105-106 It contains two sulfide bonds, which connect the C–terminal β-barrel with the N-
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terminal periplasmic domain.107 LptE is a lipoprotein, which gets transported to the outer 

membrane via the Lol pathway.108-109 Strong interactions between LptD and LptE have first been 

observed by overexpressing and co-purifying both proteins.102 In vivo photo crosslinking between 

LptE and LptD showed a number of crosslinks between LptE and the inside of the C-terminal β-

barrel domain of LptD. This suggested that LptE resided inside the barrel of LptD.110 Crystal 

structures supported this suggestion, showing that LptE and LptD form a plug-and-barrel 

conformation, in which LptE resides in a cone like structure within the barrel of LptD.103-104, 111 

On the other side of the LptD barrel the N-terminal periplasmic domain of LptD extends from the 

β-barrel and forms a β-jelly-roll structure.  

The solved crystal structures of the outer membrane complex allowed to hypothesize a 

potential model on how the outer membrane complex integrates LPS into the outer membrane. 

Weak hydrogen bonds and distorting prolines on the first and last β-strands, β-1 and β-26, suggest 

a lateral gate through which the lipid A portion of LPS could pass through the outer membrane to 

the outer leaflet. The O-antigen and core-sugars could pass through the inside of the barrel of LptD.  

This hypothesis was supported by in vivo photo-crosslinks between LPS and LptD at the 

periplasmic domain, at the connection between the periplasmic domain and the β-barrel and at the 

proposed lateral gate.112 

It is unknown what the exact role of LptE is. In some organisms LptE is not directly 

involved in LPS transport but acts more as a chaperon for LptD assembly.113-114 LptE’s 

involvement in proper LptD assembly is supported by the observation that LptD cannot be 

overexpressed without LptE,102 and that the presence of LptE is necessary for the folding of LptD 

by the Bam complex.107, 115 Further, it has been shown that LptE is required for the proper 

rearrangement of the disulfide bonds in LptD, whose proper alignment have been shown to be 
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necessary for LPS transport. It also was proposed that the rearrangement of the disulfide bonds 

might play a regulatory role for building the LPS transport machine, which ensures that the outer 

membrane complex is completely assembled before LPS transport begins.116 

 

1.4.5. Hypothesized LPS transport models 

As mentioned above one of the most intriguing questions about LPS is, how the large 

amphipathic LPS molecule is able to pass through the aqueous periplasm from its synthesis site to 

the outer leaflet of the outer membrane. The large hydrophobic lipid portion of Lipid A needs to 

be shielded from the aqueous periplasm. Since the discovery of the seven LPS transport proteins, 

people have been working on figuring out how these seven Lpt-proteins work together to transport 

LPS from the inner membrane to the outer membrane. Two main models have been postulated on 

how LPS transport could occur: The chaperon model, in which LptA serves as soluble periplasmic 

chaperon that shuttles LPS to the outer membrane. And the bridge model, in which all seven Lpt-

proteins come together to form a continued bridge spanning from the inner membrane to the outer 

membrane along which LPS can move.69, 86, 117 (Figure 3) 
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Figure 3: A chaperon and a bridge model are proposed for LPS transport. Scheme depicting proposed 

LPS transport models. The left hand side shows the chaperon model: LptA serves as soluble chaperon, 

which transports LPS from the inner membrane to the outer membrane by diffusing through the periplasm. 

The right hand side shows the bridge model: All Lpt-proteins come together to form a trans-envelope bridge 

connecting the inner membrane with the outer membrane along which LPS can move from its synthesis site 

to the cell surface. 

 

The chaperon model is thought to function analogous to the transport of lipoproteins to the 

outer membrane by the Lol pathway, similar to the Lpt-proteins, also the Lol pathway consists of 

an inner membrane ABC transporter a soluble periplasmic component and an outer membrane 

complex.108-109, 118-119 In the chaperon model LptA is thought to function analogous to LolA as 

soluble periplasmic chaperon, which transports LPS from the inner membrane to the outer 

membrane.120 LptA would come to the inner membrane to collect LPS from the inner membrane 
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complex. It would shield the fatty acyl chains of LPS from the periplasm and diffuse to the outer 

membrane complex LptDE, where LPS would be released to the outer membrane. 

In contrast to the chaperon model, the bridge model proposes that LptA forms stable 

interactions with the outer membrane complex and the inner membrane complex at the same time. 

The resulting trans-envelope bridge would connect the inner membrane and the outer membrane 

so that LPS would be able to cross the periplasm by moving along the bridge.87 The bridge model 

has the advantage that the energy source, the ATPase activity of the ABC transporter is directly 

connected to all Lpt proteins and to every step of the LPS transport process. This might be able to 

explain how LPS can be transported against a concentration gradient even though no ATP is 

present in the periplasm. 

 

1.4.6. Previous approaches and results to elucidate the LPS transport model 

Since the postulation of the two LPS transport models a number of studies have tried to 

shed light onto the mechanism of LPS transport. A first hint for LPS transport at the site of inner 

and outer membrane adhesion points provided a pulse chase labeling electron microscopy 

experiment, which showed that newly transported LPS showed up at the sites of membrane 

adhesions.121  Membrane adhesion sites were first observed by electron microscopy in 1968 and 

were called Bayer bridges.122 However the existence of these so called Bayer bridges and their 

involvement in LPS transport has been questioned, when improved electron microscopy methods 

identified that adhesion sites can be an artifact of the method in which the cells were plasmolyzed 

and fixated.123-124  
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A more convincing observation, which questioned the chaperon model was that LPS is not 

released from the inner membrane of spheroplasts upon the addition of a concentrated periplasmic 

portion.125 While LPS remains in the inner membrane, lipoproteins are released from the inner 

membrane, identifying LolA as soluble chaperon.108, 119 In contrast to that, a pulse chase 

experiment showed that LPS can be transported even after removal of the soluble periplasmic 

portion.125  

The first biochemical observation suggesting a strong interaction between all Lpt-proteins 

was, that outer membrane proteins LptDE and the periplasmic proteins LptA co-purify with the 

inner membrane complex LptB2FGC.6 Further, fractionation of cells on a sucrose gradient 

identified a fraction, slightly lighter than the outer membrane fraction, called OML, which 

contained all Lpt proteins from the inner membrane, the periplasm and the outer membrane.6 Pulse 

chase experiments previously demonstrated that newly transported LPS transiently accumulates in 

the OML fraction, suggesting that Lpt-proteins in this fraction might be involved in active LPS 

transport.126 

Structural work and sequence analysis revealed that LptA, the periplasmic C-terminal 

domain of LptC, LptF and LptG, and the periplasmic N-terminal domain of LptD are structural 

homologous to each other.69, 85, 103, 127-128 The homologous periplasmic domains are composed of 

about 15 antiparallel β-sheets, which build a slightly-twisted β –jellyroll. This observation suggests 

a model in which the β–jellyrolls could interact with each other and form a continuous hydrophobic 

groove, which binds lipid A and shields the lipid tail from the periplasm. This model was supported 

by in vivo photo crosslinking experiments, which showed that the N-terminal edge of LptA’s β –

jellyroll crosslinks with the C-terminal edge of LptC, and that the C-terminal edge of LptA 

crosslinks to the edge of LptD’s β –jellyroll.85 
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The first attempt to visualize a Lpt-bridge, was the in vitro reconstitution of LPS transport 

machinery in proteoliposomes.7, 129 Purified inner membrane Lpt-complexes and outer membrane 

Lpt-complexes were integrated into separate liposomes labeled with two distinct fluorescent dyes. 

Fluorescent-activated Cell Sorting (FACS) and confocal microscopy showed that the presence of 

the soluble periplasmic LptA induces a stable long lived association between the inner membrane 

and outer membrane proteoliposomes. Crosslinking of LPS to LptD showed that LPS is 

transported from one liposome to the other liposome.7 A more quantitative observation of LPS 

transport along the reconstituted Lpt-bridges in proteoliposomes was achieved by monitoring the 

amount of LPS transported from the inner membrane proteoliposome to the outer membrane 

proteoliposme using a Dansyl-PMB probe, which changes florescent intensity upon binding to 

transported LPS.129 

 

1.4.7. Perspective: Unanswered questions about LPS transport that will be addressed in this 

thesis 

All of the portrayed studies above support the bridge model for LPS transport. However, 

none of the above studies is able to give a definite proof for the existence of an Lpt-bridge in cells 

or gives information about how the hypothesized bridges are forming and breaking. 

The spheroplast experiment was able to point out that LPS transport does not follow the 

classic chaperon model as observed for the Lol pathway. However, it does not provide evidence 

that LPS transport instead occurs over Lpt-bridges. The fractionation and pulldown experiments 

suggest a strong interaction between the Lpt-proteins, which is supported by the structural 

homology of the periplasmic domains and the observed crosslinks between the β–jellyroll 

interfaces. However, even though the crosslinks support the proposed architecture of a potential 
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bridge, the same interface crosslinks might also be observed, if LptA does not simultaneously 

interact with the inner membrane and outer membrane complex at the same time, but rather acts 

as a shuttle. The in vitro reconstitution of LPS transport in proteoliposomes was the first direct 

proof that Lpt-proteins are able to form bridges outside of the cell and transport LPS. However, 

even though the reconstitution is a great tool to study mechanistic details of the LPS transport 

machinery, it unfortunately still does not give us direct information about the behavior and 

existence of Lpt-protein bridges in cells. Up to this point the bridge model has not been validated 

in living cells. We do not know if these proposed bridges really exist in cells and how they would 

form and break.   

 Therefore, I set out during my PhD to answer the following questions: 

 Is there evidences for Lpt-bridges in living cells? 

 How stable are these bridges? 

 What influences bridge formation and bridge breakage? 

 How do bridges form and break? 

Chapter 2 will describe the development of a single molecule tracking experiment with 

TRIF-M, which allowed to determine the dynamic profiles of LptA, B, C, D and E in cells. The 

identified dynamic profiles of the Lpt proteins support a bridge model and are therefore the first 

direct evidence for a LPS transport bridge in live cells. It will be described that all imaged Lpt-

proteins have an immobile state, which was able to be identified as the bridge state. 

In chapter 3, the development of an experimental set up will be explained to measure the 

lifetime of Lpt-bridges in cells using single molecule tracking. It was found that Lpt-bridges are 
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transient in cells with an average lifetime <10s and that bridge decay kinetics show a biexponential 

behavior.  

In chapter 4 evidence will be presented that LPS facilitates Lpt-bridge formation, a 

mechanism by which LPS levels are coordinated with LPS transport. It further will be shown that 

bridge decay kinetics suggest that two different kind of bridge states may exist. In one state 

structural LPS is present stabilizing the bridge and therefore leading to longer lifetimes. In the 

other state likely no structural LPS is present resulting in faster breakage. 

In the discussion of chapter 4 a model for LPS transport in cells will be postulated based 

on the data of this thesis. 

 

2. Chapter 2: Single molecule tracking of Lpt-proteins provides evidence for 

LPS transport bridges in live cells. 

2.1. Introduction 

As discussed in chapter one LPS comprises the outer leaflet of the outer membrane in gram 

negative bacteria. (1.1.) The tight packing of the fatty acyl chains of LPS and the strong hydrogen 

bonds and lateral electrostatic interactions between the oligosaccharides of LPS are responsible 

for the distinct permeability barrier of the outer membrane and its unique stiffness and strength. 

(1.2.) The large amphipathic LPS molecule is completely synthesized at the inner membrane and 

then needs to be transported from the inner membrane through the periplasm to the outer leaflet of 

the outer membrane. Chapter one explained the discovery of the seven essential Lpt-proteins, 

found in the cytoplasm, inner membrane, periplasm and the outer membrane, which are 
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responsible for the transport of LPS from its synthesis site to its location of function. (1.4.2.) These 

lipopolysaccharide transport proteins, LptA-E are proposed to form a continuous trans-envelope 

protein bridge, along which LPS could move (1.4.6.) (Figure 4).  

 

Figure 4: If Lpt-proteins form a trans envelope bridge, then all Lpt-proteins will have an immobile 

state. Scheme depicting proposed Lpt-bridge along which LPS is transported. Since outer membrane 

proteins are usually immobile, we predict that also the movement of LptA, B and C will be restricted, if 

Lpt-bridges are formed in cells. 

 

While a number of studies support the proposed bridge model for LPS transport, up to now 

it has not been possible to observe Lpt-bridges in cells. In this chapter, we will look at the dynamic 

profiles of the Lpt-proteins using single molecule tracking. We will show that the Lpt-protein 

dynamics support the model of LPS transport bridges in cells. Our initial hypothesis was that, if 

the Lpt-proteins form indeed a bridge, then all Lpt-proteins should have a dynamic state in which 

they all move in tandem. It is known that the mobility of proteins in the inner membrane and outer 
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membrane is usually quite different. Outer membrane proteins show greatly restricted diffusion 

within the membrane bilayer due to the strong intermolecular interactions of LPS and the 

formation of outer membrane protein islands.19, 121, 130-131 (This is discussed in more details below.) 

In contrast, inner membrane proteins are usually able to diffuse freely within the inner membrane 

throughout the cell.132-133  Our hypothesis was, if the outer membrane Lpt-proteins, LptD, E form 

indeed bridges with LptB, F, G, C, and A, it could affect their mobility by restricting their diffusive 

behavior. 

 

2.1.1. Outer membrane mobility 

Already shortly after the discovery that gram negative bacteria have an additional outer 

membrane, studies suggested that the outer membrane is largely immobile. Mühlradt et al. showed, 

using pulse chase labeling of freshly synthesized LPS with ferritin, that newly incorporated LPS 

in the outer membrane does not move more than 300 nm. LPS molecules first appear in clusters, 

which over time distribute further than the 300 nm limit. However, since the outer membrane area 

doubles in that time scale, Mühlradt et al. concluded that the motion of these clusters is dominated 

by patterns of outer membrane incorporation rather than diffusion.121, 130  

Analogous to the immobility of LPS, also the outer membrane proteins were found to be 

immobile.131, 134-137 In 1978 electron microscopy of ferritin labeled porins in Salmonella 

typhimurium identified that newly inserted porins appear in patches, which increase in number 

over time but not in size. Therefore, it was concluded that outer membrane proteins are immobile 

within their patches.135 This early observation was supported by more recent studies, in which the 

insertion of outer membrane proteins LamB or BtuB was observed with pulse chase single 
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molecule tracking. These studies identified that outer membrane proteins are inserted into the outer 

membrane in discrete insertion events.131, 136 Outer membrane proteins form cluster islands of ~500 

μm in size, which contain the Bam complex responsible for folding the outer membrane 

proteins.137 The insertion of the outer membrane proteins is highest at the mid cell region and does 

not appear to happen at cell poles. The mobility of the outer membrane proteins is then restricted 

by the tight interaction with the other outer membrane proteins and by the restricted area of the 

island.138 The only movement of outer membrane proteins observed occurs over longer time scales, 

when newly inserted outer membrane proteins at the mid-cell push older outer membrane protein 

islands towards the poles. 

 

2.1.2. Inter membrane crosstalk 

While as discussed above outer membrane proteins are largely immobile, inner membrane 

proteins are usually able to diffuse around relatively freely throughout the cell.132-133 However, 

analogous to our hypothesis that the interaction of LptA, B, and C with immobile LptD and LptE 

could restrict their mobility, previous studies have indeed shown that trans-envelope protein 

interactions can dictate the motion and location of inner membrane proteins. For example single 

particle tracking suggested that the diffusion of inner membrane protein, TonB, is more confined 

during stronger interactions with the outer membrane protein ferric enterobactin transporter, FepA, 

an outer membrane β-barrel protein, important for nutrient uptake.139 Bergman et al. observed that 

the inner membrane ABC transporter, AcrB, accumulates at old poles of cells dependent on the 

location of the outer membrane efflux channel TolC.140 More recently, Rassam et al. showed that 

the inner membrane proteins of the Tol-Pal system, important for virulence in most gram negative 

bacteria,141 mimic the dynamics of the outer membrane proteins, which are bound to ColE9, when 
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it establishes a translocon complex. They observed using single molecule tracking, FRAP and 

colocalization microscopy that the usually free diffusing inner membrane protein TolA becomes 

nearly immobile in the presence of ColE9. In this immobile state TolA localizes into islands 

mirroring the outer membrane proteins. Rassam et al. conclude that the change in mobility is due 

to the trans-envelope bridge induced by the bacteriocin, formed between the inner membrane Tol-

Pal complex and the outer membrane proteins.142 This study gave very clear evidence that inter 

membrane crosstalk via trans-envelope bridges can define inner membrane protein organization in 

E. coli and directly influence inner membrane protein dynamics. 

 

2.1.3. Approach for single molecule tracking of Lpt-proteins 

2.1.3.1. TIRF-M 

In order to resolve the dynamics of single Lpt-proteins, Total internal reflection microscopy 

(TIRF-M) was used.143-147 In TIRF-M the illumination laser beam hits the sample in an angle 

greater than the angle required for total internal reflection of the beam at the interface between the 

solid coverslip and the liquid media of the sample. The laser beam is completely reflected back 

into the microscope slide, producing an evanescent wave, which excites fluorophores closest to 

the interface. The evanescent wave starts at the solid-liquid interface and decays exponentially 

over approximately 100-200 nm. This way TIRF-M is able to specifically excite fluorophores 

closest to the glass surface, which reduces background fluorescence148 and with this constitutes 

the perfect microcopy technique to image bacterial cell envelope proteins.149-154 
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2.1.3.2. Labeling strategy 

With roughly a minimum of  ~500 molecules/cell for each Lpt-protein, the copy number 

of Lpt-proteins is pretty high in E. coli cells.155 Therefore, expressing fluorescent protein Lpt-

protein fusions from the chromosomal side would not allow the detection of single molecules. 

Instead, it was decided to use self-labeling enzymes to tag Lpt-proteins. This allowed to label only 

a small subset of Lpt-proteins per cell using a low concentration of the labeling dye to resolve 

single Lpt-molecules.149, 152 Halo-Tag was chosen as self-labeling enzyme, since it has been shown 

that Halo-Tag-fusion proteins can be expressed in the cytoplasm and periplasm of E. coli cells and 

that Halo-Tag-substrates are able to pass the E. coli cell envelope.156 Halo-Tag-JF-549 dye157 was 

used to label the Lpt-Halo-tag fusion proteins, since it is extremely stable and bright and has been 

successfully used in previous single molecule tracking experiments in bacteria.149, 152 

 

2.1.3.3. Strategy for the construction of Halo-Tag-Lpt fusion strains 

The main challenge for designing Lpt-Halo-Tag fusion proteins is that the Halo-Tag should 

not impact the functionality of the Lpt-protein. To ensure that their functionality is not affected, 

fusion proteins were constructed with a 15-amino acids or 30-amino acids linker between the 

protein and the Halo-Tag. In addition, the labeling site (N-terminus or C-terminus) was chosen 

based on previous experimental experiences with the respective Lpt-protein from in vitro studies. 

For LptB it has been known that labeling the N-terminus is less distracting than labeling the C-

terminus. For LptC we decided to also label the N-terminus, since the tag then might reach into 

the cytoplasm and would not interfere with the connection site between LptC and LptA. For LptA 

both terminal sides are interaction sites. For in vitro studies LptA is usually labeled at the C–

terminus. Therefore, also in this study it was decided to label LptA at the C-terminus and a long 
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linker of 30-amino acids was chosen to ensure that Halo-Tag does not prevent the interaction 

between LptA and LptD. For LptD the tag was added at the C-terminus, because LptD interacts at 

the N-terminus with LptA. Further, LptD is usually His-tagged at the C-terminus for in vitro or 

crosslinking studies with a long linker between the His-tag and LptD. Therefore, it was decided to 

tag the C-terminus of LptD using the long linker used in previous studies in addition to the 30-

amino acid linker attached to the Halo-Tag. LptE was labeled at the N-terminus, since previous 

experience showed that labeling the C-terminus might give complications. The designed constructs 

are shown in figure 5. 

 

 

Figure 5: Halo-Tag fusions were expressed of Lpt proteins to label and detect single molecules.  

Scheme depicting the construct created for labeling Lpt-proteins with Halo-tag. LptA, B ,C and E Halo-

Tag fusion proteins were expressed from a phage attachment site, while the endogenous copy of the 

respective Lpt-protein was knocked out. LptD Halo-Tag fusion protein was expressed from the native 

chromosomal site. 

 

Besides ensuring that the structure and functionality of the Lpt-proteins is not compromised 

by fusing it with the Halo-Tag, another challenge is to ensure that the expression levels of the Lpt-
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proteins remain the same with the tagged fusion. Therefore, Lpt-Halo-Tag fusion proteins were 

expressed from a phage attachment site under the control of an inducible Ptac promoter, while the 

wild type chromosomal copy of the respective Lpt-protein was knocked out. The expression from 

a phage attachment side rather than a plasmid allows to have homogenous expression levels of the 

Lpt-proteins in all cells. Further, no antibiotic is needed to retain a plasmid. The Ptac promoter 

allows to express the Lpt-Halo-Tag protein at wild type levels by adjusting the inducer 

concentration. Knocking out the endogenous copy of the respective Lpt-protein ensures that the 

protein dynamics are not disrupted by overexpression of the Lpt-protein. LptD was labeled by 

introducing the Halo-Tag at the native chromosomal side of LptD. 
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2.2. Results 

2.2.1. Production of Lpt-Halo-Tag fusion proteins in E. coli 

 

Figure 6: Lpt-Halo-tag fusions are expressed and support cell growth. a, α-LptB immuno blot of LT17 

(left lane, ht), and TB28 (right lane, wt). The two lanes are from the same blot, but are not next to each 

other. b, α-LptC immuno blot of LT16 (left lane, ht) and TB28 (right lane, wt). The two lanes are in the 

same blot but were not next to each other. c, α-LptE immuno blot of LT19 (left lane, ht), and TB28 (right 

lane, wt). The two lanes are in the same blot but were not next to each other. d, α-LptD immuno blot of 

LT18 without (left lane, ht), and with βme treatment. e, α-LptA immuno blot of LT23 (left lane, ht), and 

TB28 (right lane, wt).The α-LptA antibody is not strong enough to detect wild type levels of LptA. The 

two lanes are in the same blot but were not next to each other.  f, Growth curves of LT16 (Halo-LptC), 

LT17 (Halo-LptB), LT18 (LptD-Halo), LT23 (LptA-Halo), LT63 (Halo-LptE) and TB28 (WT).  

 

The production of Halo-Lpt fusion proteins was confirmed by immuno blots. (Figure 6. a-

e) The fusion of 35 kDa Halo-Tag introduced a shift of the corresponding Lpt-protein band to 
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higher molecular weight. Wild type LptB, 26.8 kDa, LptC, 21.7 kDa, and LptE, 21.4 kDa, usually 

run around 25 kDa. For the corresponding Lpt-Halo-Tag fusion protein it was possible to observe 

a band slightly above 50 kDa, confirming that the full length Halo-LptB, Halo-LptC or Halo-LptE 

fusion protein is expressed. (Figure 6. a-c) No bands at lower molecular weights were visible, 

which shows that the endogenous Lpt-protein was successfully knocked out and that the Halo-tag 

fusion did not get cleaved. The antibody of LptA is unfortunately too weak to show wild type 

levels of LptA on an immune blot. (Figure 6 e) Only at higher concentrations of IPTG to induce 

the Halo-LptA fusion protein a band corresponding to Halo-LptA was visible at around 50 kDa. 

Upon overexpression of the Halo-LptA fusion also a band at around 25 kDa showed up, which 

likely corresponds to LptA with cleaved off Halo-Tag. Also for LptD it was possible to observe a 

band for the LptD-Halo fusion protein at higher molecular weights than untagged LptD. (Figure 6 

d) While wild type LptD usually runs ~120 kDa without reduction by βme and below 100 kDa 

with reduction, the bands corresponding to LptD-Halo run at ~150 kDa and ~140 kDa.  

To ensure that the Halo-Lpt fusion proteins are still able to transport LPS and to support 

cell viability growth curves of the strains expressing Halo-Lpt fusion proteins were measured in 

comparison to the wild type strain. Figure 6 f shows that cells expressing the Lpt-Halo-tag fusion 

proteins as the sole source of the respective Lpt-protein were viable and displayed similar growth 

rates as wild type cells. Since no substantial cleavage of the Halo-Tag Lpt proteins were observed 

in immune blots, it can be concluded that Lpt-Halo-Tag fusion proteins are able to transport LPS 

to sustain cell viability and that their behavior in cells closely resembles wild type Lpt-protein 

behavior.  
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2.2.2. Single molecule tracking of Lpt-Halo-Tag fusion proteins 

To observe the motion of single Lpt-proteins, we labeled the Lpt-Halo-Tag fusion proteins 

with low concentrations of Halo-Tag-ligand-JF549. Total internal reflection fluorescence 

microscopy (TIRF-M) was used to resolve single molecule tracks which describe the positions of 

the protein in Cartesian coordinates. As discussed in the introduction, TIRF-M allows to 

specifically resolve the dynamics of single molecules at the inner membrane and outer membrane. 

Soluble proteins in the periplasm or cytoplasm cannot be detected. 

 

 

Figure 7: LptD and LptE trajectories show confined dynamics. Representative trajectories of LptD and 

E are shown. Trajectories were overlaid over the corresponding phase image. Each trajectory is represented 

in a different color. The color was chosen randomly. 

 

In figure 7 representative trajectories of LptD and LptE are shown, which were collected 

using 100 ms exposure time. The trajectories are overlaid over the corresponding phase image, 

which display the outline of the cell. Most of the LptD and LptE trajectories presented a confined 
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behavior of the proteins, suggesting that LptD and LptE are mostly immobile. In contrast to that 

the observed trajectories for LptA, B and C showed a more complex dynamic profile for the 

corresponding protein. Figure 8 highlights representative trajectories of LptA, B and C overlaid 

over the corresponding phase image. For LptA, B and C trajectories were visible, which behaved 

like LptD and E and mainly stayed at the same location. However, also trajectories could be 

observed that span a larger area, suggesting that the corresponding proteins diffuse around more 

freely. 

 

Figure 8: LptA, B and C trajectories show a complex dynamic profile. Representative trajectories of 

LptA, B and C are shown. Trajectories were overlaid over the corresponding phase image. Each trajectory 

is represented in a different color. The color was chosen randomly. 
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2.2.2.1. Mean squared displacement analysis reveals switching behavior of Lpt-proteins 

To get a better quantitative picture of the Lpt-protein dynamics the mean squared 

displacement (MSD) was calculated for the measured trajectories and plotted against the time 

delay τ. (Figure 9) The MSD versus τ plots were very flat for LptD and LptE, indicating that their 

movement is extremely restricted. In contrast to that, the MSD plots for LptA, B and C were more 

diverse, some trajectories displayed very confined dynamics, while other trajectories showed 

unrestricted diffusive behavior. Interestingly, the MSD plots revealed that some of the LptA, B 

and C trajectories switched between the diffusive and restricted state. MSD analysis is best suited 

for trajectories, which display the same dynamic behavior over the monitored time scale. 

Therefore, it was decided to use confinement radius, and cumulative distribution function analysis 

to analyze the dynamic profiles of the Lpt-proteins going forward. These methods allow to also 

include switching trajectories in the analysis. 
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Figure 9: Mean square displacement versus τ curves show inhomogeneous dynamics for LptA, B, 

and C. 20 random sampled msd versus τ plots are shown for trajectories collected from LptA, B, C, E and 

D. MSD plots for LptA, B and C trajectories showed immobile, mobile and also switching trajectories. 

LptD and E showed mostly immobile trajectories.  

 

2.2.2.2. Confinement radius analysis identifies that all Lpt-proteins have an immobile state 

To characterize the type of motions each of these labeled proteins displayed, the area was 

monitored that the proteins sample in a given amount of time, i.e., the confinement radius.  For 

that we calculated the average x, y position (the centroid, blue point), from the x, y position (black 

dots) of each time point within a track (Figure 10 a). The average of the distances between the blue 

point and the black points is defined as the confinement radius. For each labeled protein, we binned 

the confinement radii and plotted the frequency of the binned radii to understand their dynamics. 

(Figure 10 b) 
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Figure 10: Confinement radius analysis reveals an immobile state for all Lpt-proteins.  a, Scheme 

depicting the confinement radius measurement. (blue dot = centroid of the track, black dots = Cartesian 

coordinates of the track) b, Confinement radius histograms for the different imaged Lpt-protein tracks in 

comparison to the confinement radius measured for the trapped dye tracks (fixed). c, The confinement 

radius was measured for tracks consisting of five frames. Trajectories with less than 5 frames were excluded 

and trajectories with more frames were cut to the length of 5 frames. Results are representative of at least 

two independent experiments. 

 

To determine the localization precision of our experimental set up, we collected tracks of 

a dye trapped within an agar pad. The confinement radius distribution of the trapped dye served as 

example on how a completely immobile spot would look like under the microscope. For all imaged 

Lpt-proteins the confinement radius histogram overlapped to a large extent with the fixed dye 

distribution, indicating that all five Lpt-proteins have an immobile state. Confinement radii plots 

of Lpt proteins D and E looked very similar to each other and closely resembled the trapped dye 
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distribution. The small shift to larger confinement radii for LptD and E compared to trapped dye 

is presumed to reflect experimental errors related to the difference between the random motion of 

the dye and the bacterium within the agar pad. These outer membrane proteins were clearly less 

mobile than any of the inner membrane proteins, as judged by the maxima and distribution of the 

histogram.  Our results for LptD and E are consistent with previous studies that have shown that 

proteins in the outer membrane have highly restricted dynamics as discussed in the introduction 

(2.1.1.).   

The histograms of LptB and LptC displayed a shift in their maxima to larger confinement 

radii and had longer distribution tails than LptD and LptE, indicating that they have greater 

mobility.  The histogram of the confinement radii of LptA was also shifted to the right compared 

to LptD and E, but the frequency of trajectories dropped sharply as the confinement radius 

increases. Therefore, LptA is more mobile than LptD and E but less mobile than LptB and LptC. 

For all imaged Lpt-proteins the confinement radius histogram overlapped to a large extent with 

the trapped dye distribution, indicating that all five Lpt-proteins have an immobile state.  

 

2.2.2.3. CDF analysis confirms the immobile state of LptA, B and C and predicts two 

dynamic states 

To better understand the dynamic profiles for LptA, B, and C we carried out a cumulative 

distribution function (CDF) analysis for the respective protein’s tracking data. Fitting the 

cumulative distribution of squared displacements allows to determine for multi component 

diffusion systems the number of dynamic states, the diffusion constants for the different dynamic 

states and the fraction of tracks in the different states.158-159 We first calculated for each trajectory 

the displacement r between the positions of the protein separated by the lag time Δt. The 
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cumulative probability P(r2, Δt) was constructed of the pool of displacements across multiple 

tracks for each protein by counting the number of squared displacements ≤ r2 normalized by the 

sample size. The resulting cumulative probability describes the probability to find the protein 

starting at the origin within a circle of radius r after the lag time Δt. Figure 11 shows the CDF plots 

for LptA, B, C and D.  

 

 

Figure 11: Cumulative distribution function of displacements shows larger mobility for LptA, B and 

C than LptD. Cumulative distribution function of displacements with Δt=200 ms for single molecule tracks 

of LptA, B, C and D is plotted. The CDF curve of LptA, B and C were clearly shifted towards lager 

displacement compared to LptD, indicating that they are more mobile. 

 

As expected from the confinement radius plots, the CDF curve for the immobile LptD 

protein was shifted furthest to the left, small displacements, indicating no imaged LptD molecule 

moved further than 100 nm within Δt. In contrast to that, the CDF curves of LptA, B, and C were 

clearly shifted to larger displacements, again confirming their mobile behavior. While the CDF 

curves for LptA and LptB looked very similar to each other, the CDF curve for LptC was shifted 

to larger displacements, indicating that LptC is the most mobile. 
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To determine the number of different dynamic states for LptA, B, and C we fitted the respective 

CDF curves with a one component dynamic model (ES1, red line), and a two component dynamic 

model (ES2, black line). (Figure 12)  

(ES1) 𝑃(𝑟2, ∆𝑡) = 1 − 𝑒
−

𝑟2

4𝐷∆𝑡+4𝜎2 

(ES2) 𝑃(𝑟2, ∆𝑡) = 1 − (𝛼 ∗ 𝑒
−

𝑟2

4𝐷𝑠𝑙𝑜𝑤∆𝑡+4𝜎2 + (1 − 𝛼) ∗ 𝑒
−

𝑟2

4𝐷𝑓𝑎𝑠𝑡∆𝑡+4𝜎
2
) 
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Figure 12: Cumulative distribution function analysis reveals a two component dynamic profile for 

LptA, B and C a, Cumulative distribution function of displacements with Δt=200 ms for single molecule 

tracks of LptA, B, C and D is plotted. One state (red line) and two state (black line) dynamic models were 

fitted to the CDF plots of LptA, B, and C. The corresponding residue plots are shown below. (b, residue 

plots for the one component dynamic model fit. c, residue for the two component dynamic model fit.) 

Equations ES1 and ES2 were used for the fit. For all three proteins the two component model resulted in 

the best fit without over fitting the curve. 

 

For all three proteins the two component model fitted the data significantly better than the one 

component model as judged by the residual plots shown in figure 12 b and c. Therefore, it is 
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possible to conclude that LptA, B, and C exist in two different dynamic states, a slow diffusive 

and a fast diffusive state. The fit gives us diffusion constants for the two different dynamic states 

Dslow and Dfast as well as the fraction of proteins in the slow state, α. For LptA, B, and C, Dslow 

described movement smaller than the average confinement radius of the trapped dye, the precision 

limitation of our experimental set up, which means that the “slow diffusing state” is actually an 

immobile state. This is consistent with the observation we made with the mean squared 

displacement analysis and the confinement radius plots and confirms again that all Lpt-proteins 

have an immobile state. 
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Figure 13: Immobile state of the Lpt-proteins is hypothesized to correspond to Lpt-proteins involved 

in bridge formation. a, The average Diffusion constant, Dfast and alpha values (immobile fraction) with 

standard deviations for LptA, B and C are reported. These values resulted from the two state dynamic model 

fit to the CDF plots. CDF plots, fits and residual plots are shown in figure 12. b, Scheme depicting the 

hypothesized model: Lpt-proteins involved in a trans envelope bridge or attached to the outer membrane 

are predicted to be immobile, while proteins at the inner membrane are mobile. LptA and LptB have a third 

undetectable soluble state. 

 

We hypothesize that the immobile state of LptA, B, and C corresponds to proteins involved in 

bridge formation or to proteins, which are in other ways connected to the outer membrane. (Figure 

13 b, left) The latter one is especially expected for LptA. LptA would be able to bind to LptDE by 
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itself independent from the other Lpt-proteins. Therefore we might expect that LptA has an 

additional immobile state, independent from the full bridge.  

Dfast describes the mobile state of LptA, B, and C. (Figure 13 a) They are in the same order 

of magnitude and similar to previously reported diffusion constants of inner membrane proteins in 

E. coli.160 We hypothesize that Lpt-proteins connected to the inner membrane without any 

connection to the stiff outer membrane are in the mobile state. (Figure 13, b, middle) Interestingly, 

the diffusion constant for LptA was the smallest of the three, while the one for LptC was the 

highest. Since we are expecting smaller diffusion constants for particles with a higher molecular 

weight, this could indicate that LptA mainly is connected to the inner membrane Lpt-proteins when 

the whole complex LptB2FGC is present.  

As mentioned above, besides the two diffusion constants, the CDF analysis also allows to 

determine the fraction of tracks in the immobile state, the value, α. (Figure 13 a) The immobile 

fraction, α, was very similar for LptA and B. For both proteins about 60 percent of the monitored 

tracks were in the immobile state, while 40 percent were mobile. For the inner membrane protein 

LptC the fraction of tracks in the immobile state was lowest with only around 45 percent of LptC 

tracks being immobile. This observation could be explained by the fact that LptC is a 

transmembrane protein and we are able to observe all its immobile and mobile states with our 

experimental set up. In contrast to that, the periplasmic protein LptA, and the cytoplasmic protein 

LptB have another mobile, soluble state, which we cannot detect. (Figure 13 b) The higher 

immobile fraction for LptA and LptB suggest that both proteins are mainly involved in bridge 

formation once they are associated with membrane proteins. 
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2.2.3. Testing the requirements for immobile Lpt-proteins with the overexpression of 

LptC(G153R) mutant 

We identified that LptA, B and C have two dynamic states, one mobile state, in which the 

proteins diffuse relatively freely, and one immobile state, in which their movement is restricted. 

As described above we hypothesized that the immobile state corresponds to proteins involved in a 

trans-envelope bridge or connected to the outer membrane. (Figure 13 b) We wanted to test, if the 

immobile states observed for LptA, B and C indeed reflect a bridge involving all seven proteins. 

To address this question, we decided to disrupted bridge formation to observe the effect on the 

mobility of the Lpt-proteins. For this we used the LptC mutant, LptC(G153R) (LptC*, Figure 14).  

 

 

Figure 14: Overexpression of LptC(G153R) leads to the formation of broken bridges in cells. Scheme 

depicting the effect of LptC(G153R) (LptC*). LptC* is able to connect to the inner membrane complex 

LptB2FG, but is not able to interact with LptA. This leads to the formation of broken bridges in the cell. 
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Sperandeo et al. showed that the mutant LptC(G153R) is able to form an inner membrane 

complex with LptB2FG but is unable to interact with LptA.83 (Figure 14) Therefore, 

overexpression of the mutant LptC* leads to the formation of inner membrane complexes that 

cannot connect to the outer membrane complex LptDE through LptA. The concentration of broken 

Lpt-bridges in the cell will be high. If the immobile fraction of LptA, B and C indeed corresponds 

to proteins being involved in a bridge, then we would expect under this condition the immobile 

fractions that correspond to bridges to decrease.  

 

 

Figure 15: Overexpression of LptC(G153R) (LptC*) leads to the complete mobilization of Halo-

LptC. Confinement radius plots of Halo-LptC tracks measured in the presence of different levels of 

LptC(G153R). The confinement radius distribution with circles as marker corresponds to no induction of 

LptC*, while the triangle corresponds to the highest level of induction of LptC* (0.04 μM). Each 

confinement radius distribution corresponds to tracks measure of wild type Halo-LptC. 
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We monitored the dynamics of Halo-LptC while we increased the production of LptC* to 

different levels by changing the inducer concentration. Confinement radius plots of Halo-LptC in 

cells with different levels of LptC* overexpression showed that small levels of LptC* lead to the 

complete mobilization of LptC. (Figure 15) All wild type LptC was replaced in the Lpt-complexes 

by LptC* and became mobile. This evidences that the confinement radius plot maxima for wild 

type LptC (circle marker, no inducer was added) consisted of two states and that the immobile 

state of LptC indeed depends on the connection of LptC to the outer membrane Lpt-proteins 

through LptA. 

 

Figure 16: Overexpression of LptC(G153R) (LptC*) also increases mobility of LptA and LptB. 

Confinement radius plots of Halo-LptA (a) and Halo-LptB (b) tracks measured with (green) and without 

(black) induction of LptC* (LptC(G153R)) expression. The confinement radius distribution of LptA and 

LptB were shifted to larger radii upon overexpression of lptC*. 

 

Similar to Halo-LptC, also the confinement radius plots of LptA and LptB showed a shift 

to larger confinement radii upon overproduction of LptC*. (Figure 16) This indicates that also 

LptA and LptB became more mobile. To get a better quantitative understanding of the dynamic 

change, we analyzed the monitored tracks using the cumulative distribution function analysis and 
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compared the resulting α values, the fraction of tracks in the immobile state with an without 

induction of LptC* expression. Figure 17 displays the fitted fraction of tracks in the immobile state 

for LptA, B and C measured when LptC* production is not induced (low) and when LptC* is 

overexpressed (high). 

 

Figure 17: LptA has an additional immobile state, it associates with LptDE in broken bridges. 

Average alpha values with standard deviations (error bars), which indicated the immobile state, gained from 

the CDF analysis of single molecule LptA, B, and C tracks, imaged with (high) or without (low) inducing 

LptC(G153R) production are shown. P-values were obtained from a t-test, *P <0.05, **P<0.005.  

 

For both Halo-LptC and Halo-LptB the immobile fraction dropped below 10 percent when 

LptC* was overproduced. Therefore, we can conclude that the immobile state for LptC and LptB 

is dependent on their connection to the outer membrane proteins LptDE through LptA. In contrast 

to Halo-LptB and Halo-LptC, the immobile fraction of Halo-LptA behaved differently. The 

immobile fraction remained higher under low LptC*and dropped less at high LptC* (Figure 17, 

green)  A simple interpretation for the higher amount of immobile Halo-LptA is that it can still 

associate with the outer membrane proteins LptDE even when bridges are broken (see Figure 13). 
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This interpretation is consistent with previous studies, which showed that LptA largely co-

fractionates with the outer membrane fraction containing LptD and LptE when cells are 

fractionated on a sucrose gradient.6 To ensure that the fused Halo-Tag does not influence the 

preferred binding side of LptA, we fractionated cells expressing the LptA Halo-Tag fusion protein 

and confirmed via immuno blot that Halo-LptA still fractionates analogous to wild type LptA to 

90 percent with the outer membrane proteins LptD and E. (Figure 18)  

 

 

Figure 18: Halo-LptA fractionates analogous to wild type LptA with the outer membrane proteins 

LptD and E.  Immuno blot analysis of sucrose gradient fractions of cells expressing Halo-LptA are shown. 

(upper blot) α-LptA blot, the arrow indicates the band corresponding to Halo-LptA. (middle blot) α-BamA 

blot was run as reference for an Lpt independent outer membrane protein. (lower blot) α -LptF, was run as 

control for an inner membrane protein.  

 

The α-LptF blot serves as control for an inner membrane protein and α-BamA serves as 

control for an Lpt independent outer membrane protein. The top blot is the α-LptA blot and shows 

the fractionation results for Halo-LptA. Halo-LptA runs as discussed in (2.2.1) at around 50 kDa. 
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Nearly no Halo-LptA is detected in the inner membrane fraction. A large amount of Halo-LptA 

fractionated in the OML fractions (fractions 18-22), which as discussed in (1.4.6) was identified as 

fraction containing proteins most likely involved in a trans-envelope bridge. Almost all detectable 

Halo-LptA, which was not in the OML fraction, co-fractionated with the outer membrane proteins 

LptDE. This shows that Halo-LptA behaves analogous to wild type LptA and also preferentially 

binds to the outer membrane proteins LptD and E. This is consistent with our observation that 

Halo-LptA stays partially immobile even when bridges are broken by the overexpression of LptC*. 

(Figure 17) Nevertheless, our experiments also showed that the fraction of immobile LptA did 

decrease when bridges were broken due to production of LptC*, implying that some LptA must 

be bound at the inner membrane, too. 

To ensure that the changes in the dynamic behavior of LptA, B and C are not artifacts of 

changed expression levels of the proteins upon overexpression of LptC*, LptC(G153R), we 

confirmed via immuno blot that the levels of LptB and LptA remained unchanged when LptC* is 

overexpressed. (Figure 19) 

 

Figure 19: LptA and LptB expression levels remain constant upon overexpression of LptC(G153R). 

α-LptA and α-LptB immuno blot analysis for the LT16 strain containing pBAD33LptC(G153R) treated 

with different arabinose concentrations to induce LptC(G153R) expression. 
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2.2.4. Testing the requirements and source of mobile Lpt-proteins with the overexpression 

of wild type LptC 

We observed that the immobile fraction of LptB and LptC depends on their connection to 

the outer membrane proteins LptD and E through the periplasmic protein LptA. While LptB and 

LptC became highly mobile when bridges are broken upon overexpression of LptC(G153R), LptA 

remained partially immobile bound to LptDE. However, nevertheless also for LptA we observed 

a drop in the immobile fraction, suggesting that some LptA is mobile. Based on our hypothesis 

shown in figure 14, we proposed that Lpt-proteins which are mobile are proteins which are 

connected to the inner membrane, but do not have any connection to the outer membrane. The 

observation of mobile LptA is inconsistent with the model that LptA is bound to LptD when it is 

not in a bridge. Therefore, we wanted to characterize the nature of this mobile LptA, which 

probably is bound to inner membrane proteins. We wondered how the dynamic behavior might be 

influenced, if we increase potential binding partners at the inner membrane. Therefore we decided 

to overexpress wild type LptC, while we monitored the dynamics of Halo-LptA, B and C. (Figure 

20) 
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Figure 20: Overproduction of wild type LptC leads to the formation of more inner membrane 

complexes. Scheme depicting the overexpression of wild type LptC. Untagged wild type LptC is depicted 

in yellow. Halo-LptC is depicted in orange. 

 

Figure 21 shows confinement radius distributions for Halo-LptA, B and C without induction of 

wild type LptC (black) and with overproduction of wild type LptC (green). For all three proteins 

the confinement radius distribution broadened and shifted to the right, to larger confinement radii, 

suggesting that LptA, B and C became more mobile upon overproduction of wild type LptC.   
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Figure 21: Overeproduction of wild type LptC results in more mobile LptA, B and C. Confinement 

radius plots for LptA, B, and C under wild type conditions (black line) and under overexpression of 

LptC(G153R) (green line). 

 

To quantify the change in the dynamic states we did a cumulative distribution function analysis of 

the monitored tracks and determined the fraction of proteins in the immobile state, with (high) and 

without (low) the induction of wild type LptC. (Figure 22) 
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Figure 22: More mobile inner membrane complexes are formed upon overproduction of wild type 

LptC. Average alpha values with standard deviations (error bars), which indicated the immobile state, 

gained from the CDF analysis of single molecule LptA, B, and C tracks, imaged with (high) or without 

(low) inducing wild type LptC expression are shown. P-values were obtained from a t-test, *P <0.05, 

**P<0.005.  

 

We observed a drop of the immobile fraction for all three Lpt-proteins to about 20 percent, 

implying that a lot of more mobile complexes were present in the inner membrane under this 

condition. One possible explanation for this observation is that wild type LptC is able to attract 

LptA and LptB out of solution to the inner membrane to build more mobile inner membrane 

complexes, which led to an increase in the mobile fraction and therefore to a decrease in the 

immobile fraction of tracks. As discussed in Figure 14, LptA and LptB have a third soluble state 

in which they are soluble in the periplasm or cytoplasm. Soluble proteins are undetectable with 

our experimental set up due to their fast movement. However, LptA and LptB from the cytoplasm 

and periplasm can become detectable once they connect to the inner membrane, which slows down 

their movement. If overexpression indeed led to the attraction of soluble LptA and LptB to the 

inner membrane, then we would expect to see an increase in detectable tracks per cell. Therefore, 
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we measured the total number of protein tracks per cell surface for Halo-LptA, Halo-LptB, and 

LptC when wild type LptC was overproduced, and normalized them to the number of tracks found 

under endogenous levels of LptC. (Figure 23)   

 

 

Figure 23: LptA has an immobile state outside of the bridge, LptB does not. a, The quotient of LptA, 

B and C tracks per cell surface under wild type condition and LptA, B and C tracks per cell surface under 

LptC overexpression is plotted. b, The quotient of immobile LptA, B and C tracks per cell surface under 

wild type condition and immobile LptA, B and C tracks per cell surface under LptC overexpression is 

plotted on the left side. a, b, The median of at least two independent experiments is plotted with minimum 

and maximum as whiskers. A median quotient higher than 1 indicates an increase in (immobile-) tracks per 

cell and smaller than 1 indicates a decrease upon overexpression of LptC. 

 

As expected, the number of tracks per cell for Halo-LptC did not change because as inner 

membrane protein all of its states are observable. However, for LptA and LptB, the normalized 

number of tracks per cell increased, implying that LptA and LptB are indeed recruited to the inner 

membrane when LptC is overexpressed. Interestingly, this increase was more pronounced for LptA 
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than LptB, which would occur, if LptA can bind to both the inner membrane complex and excess 

LptC in the membrane while LptB can only bind to the inner membrane complex. (Figure 20)  

To test if the number of bridges in the cell changed, we also determined the normalized 

number of immobile tracks for LptA, B and C. The number of immobile tracks for LptC slightly 

decreased. This is expected due to the exchange of Halo-LptC in bridges with unlabeled 

overexpressed wild type LptC. For Halo-LptB we found that the number of immobile tracks per 

cell remained unchanged while for Halo-LptA the immobile tracks per cell increased upon 

overexpression of wild type LptC. The fact that for both proteins, Halo-LptA and Halo-LptB, no 

decrease in the immobile tracks per cell is observed, shows that the decrease in the immobile 

fraction observed in figure 23 was indeed due to the increase in new mobile complexes at the inner 

membrane rather than a decrease in the number of bridges in the cell. The increase in the immobile 

tracks for Halo-LptA suggests that LptA has an additional immobile state, which is dependent on 

the overexpression of LptC. We hypothesize that LptA might be able to connect with LptC to 

LptDE without the inner membrane complex LptB2FG when high LptC levels are present.  

This is not observed for LptB. We hypothesized that binding of LptB to LptC at the inner 

membrane might be limited by the levels of LptFG. To test this we overexpressed LptFG while 

we monitored the dynamics of Halo-LptB. (Figure 24) 
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Figure 24: LptFG is required to attract LptB to the inner membrane. a, Average alpha values with 

standard deviations (error bars), which indicated the immobile state, gained from the CDF analysis of single 

molecule Halo-LptB tracks, imaged with (FG↑↑) or without (WT) inducing wild type LptFG expression 

are shown. P-values were obtained from a t-test, *P <0.05, **P<0.005. b, The quotient of Halo-LptB tracks 

per cell surface under wild type condition and Halo-LptB tracks per cell surface under LptFG 

overexpression is plotted. c, The quotient of immobile Halo-LptB tracks per cell surface under wild type 

condition and immobile Halo-LptB tracks per cell surface under LptFG overexpression is plotted. b,c, The 

median of at least two independent experiments is plotted with minimum and maximum as whiskers. A 

median quotient higher than 1 indicates an increase in (immobile-) tracks per cell and smaller than 1 

indicates a decrease upon overexpression of LptC. More immobile LptB is present when LptFG is 

overexpressed. More Lpt-bridges are formed. 

 

The immobile fraction of Halo-LptB decreased upon overexpression of wild type LptFG, 

indicating that the mobile fraction increased. The number of detectable fluorescent tracks per cell 

increased drastically. In fact, the dye concentration had to be adjusted to lower concentration in 

order to sill detect single molecules. In addition, also the relative number of immobile tracks per 

cell of Halo-LptB increased. This shows that LptB is able to build more bridges, if LptFG is 

present. LptB is not able to bind to LptC without LptFG. Therefore, we can conclude that, in 
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contrast to LptA, the sole source of immobile LptB is the full bridge state with all seven Lpt-

proteins present, with the absolute amount of the bridge remaining unchanged upon LptC 

overexpression. Thus, the immobile state of LptB reports on Lpt-bridges in cells. 

 

By immuno blot analysis we confirmed that the levels of LptA and LptB remained 

unchanged when wild type LptC is overexpressed. This ensured that the observed changes in the 

dynamic behavior of LptA, B and C are not artifacts of changed expression levels of the proteins.  

 

 

Figure 25: LptA and LptB expression levels remained constant upon overproduction of LptC. α-LptA 

and α-LptB immuno blot analysis for LT16 strain containing pBAD33LptC treated with different arabinose 

concentrations to express LptC. 

 

2.3. Discussion 

Here we tested the bridge model for LPS transport. Using TIRF-M microscopy we tracked 

single Lpt-proteins and determined their dynamic profile in live cells. This technique allowed us 

for the first time to get evidence for an Lpt-bridge in live cells. Our single molecule data support 

the model in which a protein bridge responsible for LPS transport is formed between the inner 
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membrane and outer membrane consisting of the cytoplasmic LptB, the inner membrane LptC, 

and the soluble periplasmic LptA proteins, all connected to the outer membrane LptDE translocon.  

Single molecule tracking revealed that the mobility of outer membrane Lpt-proteins LptD 

and LptE is extremely confined. Any movement that might occur is below the localization 

precision (< 35 nm) of our experimental setup suggesting that LptD and LptE are immobile. This 

finding is consistent with previous studies, which showed that outer membrane proteins are largely 

immobile. The mobility of outer membrane proteins is confined by tight interactions with other 

outer membrane proteins and by the restricted area of the outer membrane protein islands.131, 138, 

142 One of the main reason for the stiffness and immobility of the outer membrane are the strong 

lateral interactions between LPS molecules. Newly inserted LPS molecules do not move further 

than 300 nm.21, 130 LptD is the largest and slowest outer membrane β-barrel to be folded by the 

Bam complex.105 Further it has been shown that LPS transport only occurs, if the LptDE translocon 

is completely assembled.116 One hypothesis might be, that protein islands containing the Bam 

complex form by the insertion of newly synthesized outer membrane proteins. In order to allow 

protein insertion the outer leaflet might contain phospholipids at that time. Then as last complex, 

LptDE might be formed. Once it is formed, it could transport LPS into the outer leaflet, filling the 

surrounding of the outer membrane proteins island. The newly inserted LPS would fix the outer 

membrane protein island and immobilize it. 

While LptDE were immobile, we found a more complex dynamic behavior for LptA, B 

and C. These Lpt-proteins had two detectable dynamic states: an immobile state and a mobile state. 

The mobile state is expected for inner membrane proteins or inner membrane associated proteins. 

Transmembrane proteins in the inner membrane are usually able to diffuse around relatively 

freely.132-133 However, the strongly confined state, the immobile state, is unusual for inner 
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membrane proteins. We showed that the immobile state depends on the connection of LptA, B and 

C to the outer membrane complex LptDE. This indicates that the dynamics of the proteins in the 

cytoplasm, inner membrane and periplasm can be dictated by the localization and movement of 

the outer membrane proteins. As discussed in the introduction this kind of inter membrane 

crosstalk has also been observed for other trans-envelope protein complexes such as, the Tol-Pal 

system and the ArcB TolC interaction.140, 142  

A common feature of these trans-envelope protein bridges is that they are energized by an 

energy source located at the inner membrane.142 The Tol-Pal system exploits the proton motor 

force at the inner membrane,161 while ArcB acts as ABC transporter. Analogous, in the LPS 

transport system the ABC transporter LptB2FGC is located at the inner membrane. By forming a 

trans envelope bridge the Lpt-proteins are able to power LPS transport from the inner membrane 

to the outer membrane through the periplasm by using the energy from ATP hydrolysis in the 

cytoplasm.7, 98 This way the cell is able to transport LPS against a concentration gradient even 

though no ATP is present in the periplasm. In contrast, this energy dependency does not seem to 

be required for outer membrane components, transported from the inner membrane via a chaperon 

mechanism, such as lipoprotein and beta-barrel proteins.105, 109, 162 

We found that LptB has only one immobile state. The sole source of immobile LptB is the 

full bridge state with all seven Lpt-proteins present. Therefore the immobile state of LptB can be 

used to report on Lpt-bridges in cells. In contrast, we found that LptA and maybe also LptC might 

be able to be immobile outside of a complete bridge. Upon overexpression of wild type lptC our 

data suggested that LptCA can form a bridge with the outer membrane complex LptDE without 

the presence of LptB2FG. This observation suggests that unbridged LptDE must be present under 

wild type conditions and that LptFG might be a limiting component for bridge formation. 
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However, it is unclear, whether these LptDEAC bridges also exist in wild type cells or, if they are 

just an artifact of the LptC overproduction condition. In contrast, it is clearer that LptA has an 

additional immobile state in which LptA is connected to LptDE without the other Lpt proteins 

being present. We observed that LptA prefers to bind to the outer membrane complex LptDE when 

bridges are broken, which is consistent with previous studies showing that LptA fractionates with 

LptDE.6 This suggests that the LptA-D bond might be thermodynamically more stable than the 

LptC-A bond and might give a hint on how bridges form or break.  

Next to the immobile and the mobile detectable dynamic states, LptA an LptB also have a 

third soluble state in the cytoplasm and the periplasm. We found that overexpression of LptC was 

able to attract LptB and LptA out of solution. Interestingly even though LptC increased the 

recruitment of LptB to the inner membrane. LptBs recruitment was limited by the presence of 

LptFG, indicating that even though LptB might bind better to LptFGC than LptFG alone, LptB is 

not able to connect to LptC without LptFG. This observation is consistent with crystal structures 

of the inner membrane complex.88 In contrast to LptB, LptA was attracted to the inner membrane 

by LptC alone. This is not only surprising, because it is counter intuitive to the observation that 

LptA preferably connects to LptDE in broken bridges, but this observation is also contrary to the 

common believe that soluble LptA in the periplasm does not exist.83 This believe was based on the 

fact that overexpression of LptA is toxic. Our results however suggest that soluble LptA exists in 

the periplasm and is not toxic under wild type conditions. Instead, probably the level of soluble 

LptA in the periplasm might be important to determine its toxicity. 

Taken together in chapter 2 we answered the question whether there is evidence for Lpt-

bridges in cells. We gained insights into the dynamic profiles of the Lpt-proteins and developed 

with this, a method to test Lpt-bridge formation. We now have a reporter, the immobile state of 
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LptB, for Lpt-bridges in live cells. The next chapter will use this tool to answer the other questions 

about Lpt-transport stated in 1.4.7:  

 How stable are these bridges? 

 What influences bridge formation and bridge breakage? 

 How do bridges form and break? 

 

2.4.  Materials and Methods 

2.4.1. Strain construction 

Halo-Lpt strains were constructed by integrating Halo-Lpt fusion proteins at a phage 

attachment site, while the wild type chromosomal copy of the respective Lpt protein was knocked 

out.  

Strains used in this chapter are listed in Table 1.   

  

LT16 (expressing Halo-LptC) 

To create LT16, pHC94C was electroporated into TB28 cells containing the temperature 

sensitive helper plasmid pTB102. Colonies were selected on media containing tetracycline. To 

confirm a single copy integration of Ptac::Halo-Tag::15aa-linker::LptC at the phage attachment 

site attHK022 Sanger sequencing by Eton Bioscience was utilized. To delete the wild type copy 

of LptC from the chromosome, the ΔLptC::frt::kan::frt allele6 was transduced into the Halo-LptC 

strain using P1 transduction. Kanamycin containing media was used to select for transduction and 

the successful deletion of the chromosomal LptC copy was confirmed with Sanger sequencing by 
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Eton Bioscience. Following, the kan allele was switched out using the pCP20 plasmid resulting in 

the strain LT16. 

 

LT17 (expressing Halo-LptB) 

LT17 was created analogues to LT16. In this case pHC94B was electroporated into TB28 

cells containing the temperature sensitive pTB102. The wild type copy of LptB in the chromosome 

was deleted by P1 transducing ΔLptB::frt::kan::frt cassette from strain NR2339.98 The kan cassette 

was switched out with pCP20 to yield LT17. 

 

LT23 (expressing LptA-Halo) 

LT23 was made analogues to LT16. Plasmid pHC94A was used to integrate 

Ptac::LptA::30aa-linker::Halo-Tag at the phage attachment site. To delete the wild type 

chromosomal LptA, the ΔLptA::frt::kan::frt cassette was transduced from strain NR1849.85 The 

antibiotic kan marker was switched out with pCP20. 

 

LT63 (expressing Halo-LptE) 

LT63 was created analogues to LT16. In this case pHC94E was used to integrate Ptac::ss-

Halo-Tag::15aa-linker::LptE at the phage attachment side. And the ΔLptE::frt::frt cassette from 

strain MG1029113 was P1 transduced to delete the wild type copy of LptE. The kan allele was 

switched out using pCP20. 

 

LT18 (expressing LptD-Halo) 
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LT18 was constructed using lambda red recombineering. The frt::kan::frt cassette was PCR 

amplified from pKD4 with primers LT185, LT183, resulting in a PCR product that has a 50 base 

pair overlap on its 3’-end to the genome downstream of LptD. The DNA fragment 28aa-

linker::30aa-linker::Halo-Tag was PCR amplified from plasmid pBAD18LptD-Halo with primers 

LT186, LT178. The primers were chosen so that a 75 base pair overlap to LptD was created at the 

5’-end. The two PCR products were Gibson assembled® to one fragment, overlap-LptD::28aa-

linker::30aa-linker::Halo-Tag::frt::kan::frt::overlap-genome.163 The Gibson product was PCR 

amplified with primers LT178, LT184 and electroporated into MG1655 containing temperature 

sensitive pKD46. Recombineering products were selected with medium containing kanamycin and 

successful integration of a single 28aa-linker::30aa-linker::Halo-Tag::frt::kan::frt cassette into the 

correct chromosomal site was confirmed by Sanger sequencing. Following, the kan allele was 

flipped out using pCP20. 

 

Table 1: List of strains in Chapter 2 

strain 

name genotype  source 

DH5α(ʎpir) 

 F- hsdR17 deoR recA1 endA1 phoA supE44 thi-1 gyrA96 relA1 

Δ(lacZYA-argF)U169 ∅80dlacZΔM15 lpir   

E. coli 

NovaBlue 

 endA1 hsdR17 (rK – , mK + ) supE44 thi-1 recA1 gyrA96 relA1 

lac F′[proA+ B+ lacI q ZΔM15::Tn10]  Novagen 

MG1655 rph ilvG rfb-50 ATCC 

TB28 MG1655 ΔlacIZYA::frt 164 

LT16  TB28 attHK022 Plac::Halo-15aa-LptC, ΔLptC::frt this study 

LT17  TB28 attHK022 Plac::Halo-15-aa-LptB, ΔLptB::frt this study 

LT18  MG1655 frt::LptD-30aa-Halo::frt this study 

LT63 TB28 attHK022 Plac::Halo-15-aa-LptE, ΔLptE::frt this study 

LT23 TB28 attHK022 Plac::LptA-15aa-Halo, ΔLptA::frt this study 
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NR1849 MC4100 ara+ ∆lptA::kan pET23/42lptA-His 85 

NR2339 MC4100 ΔLptB::kan 98 

ΔC MC4100 ΔLptC::kan 6 

MG1029 MC4100 ΔLptE::kan 113 

 

2.4.2. Plasmid construction 

pHC94A 

gLptA was PCR amplified from the genome using primers LT41 and LT42. 30aa-

linker::Halo-Tag fragment was PCR amplified using primers LT44 and LT9. The two fragments 

were assembled using Gibson Assembly® Master mix. The resulting LptA::30aa-linker-Halo-Tag 

fragment was PCR amplified with primers LT214 and LT215 and digested with Xbal/HindIII. 

Plasmid pHC943 was digested with Xbal/HindIII and the two digested products were ligated to 

form pHC94A. The ligated product was transformed into DH5α cells. 

 

pHC94B 

A Halo-Tag::15aa-linker::LptB fragments was generated by PCR amplifying genomic 

DNA of LptB with LT78 , LT93, amplifying Halo-Tag::15aa with LT2 ,LT81 and Gibson 

assembling® both fragments. Halo-Tag::15aa-linker::LptB was PCR amplified with LT208, 

LT209 digested with Xbal/HindIII and ligated into Xbal/HindIII digested pHC943. The ligated 

product was transformed into DH5α cells. 
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pHC94C 

Halo-Tag::15aa-linker::LptC was generated by PCR amplifying genomic LptC with LT11, 

LT26 and Halo-Tag::15aa-linker with LT27, LT67 and assembling these two fragments using 

Gibson assembly® master mix. The resulting DNA fragment was PCR amplified with LT211, 

LT210, digested with Xbal/HindIII and ligated into digested pHC943 to form pHC94C. The ligated 

product was transformed into DH5α cells. 

 

pHC94E 

Three DNA segments were PCR amplified: ssLptE (genomic signal sequence from LptE) 

with LT204, LT202, Halo-Tag::15aa-linker with LT203, LT206, and genomic LptE with LT205, 

LT207. The three fragments were assembled using Gibson assembly® method to ssLptE:: Halo-

Tag::15aa-linker::LptE. The resulting fragment was PCR amplified with LT212 and LT213, 

digested with Xbal/HindIII and ligated into Xbal/HindIII digested pHC943. The ligated product 

was transformed into DH5α cells. 

 

pBAD33LptC 

gLptC was PCR amplified from the genome with LT247,LT26 and pBAD33 was PCR 

amplified with LT273, LT274. To generate pBAD33LptC the two fragments were assembled using 

Gibson assembly®. The assembled product was transformed into NovaBlue cells. 
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pBAD33LptC(G153R) 

pBAD33LptC(G153R) was generated using site-directed mutagenesis. For this 

pBAD33LptC was PCR amplified with primer LT271, LT272. The product was DPNI digested 

and transformed into NovaBlue cells.  

 

pBAD33LptFG 

To generate pBAD33LptFG gLptFG was PCR amplified from the genome with primers 

LT299, LT301 and pBAD33 was amplified with primers LT300, LT302. The two PCR fragments 

were assembled using Gibson assembly® master mix and transformed into NovaBlue cells. 

 

pBAD18LptDHalo 

To create pBAD18-LptD-Halo, LptD plus the 28 amino acid linker were PCR amplified from -

LptD plasmid with primers LT37, LT188. 30-aa-linker::Halo-Tag was PCR amplified with LT187, 

LT9 and pBAD18 was amplified with primers LT46, LT40. All three PCR products were Gibson 

assembled® and the resulting product transformed. pBAD18LptDHalo expresses LptD-Halo-Tag 

fusion in which the Halo-Tag is fused to LptD with two linkers.  

 

Table 2: Plasmid list for Chapter 2 

Name Description Source 

pBAD33    165 

pBAD18    165 

pKD4 

source of kanamycin-resistance cassette used for 

recombineering 166 

pKD46     
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pTB102  helper plasmid [repA(ts) cI857(ts) λPR::intHK022]  167-168 

pHC943 attHK022 tetAR lacIq Plac::msfgfp-pbpA 149 

pHC94A 

Crim plasmid to integrate attHK022 tetAR lacIq 

Plac::LptA-Halo this study 

pHC94B 

Crim plasmid to integrate attHK022 tetAR lacIq 

Plac::Halo-LptB this study 

pHC94C 

Crim plasmid to integrate attHK022 tetAR lacIq 

Plac::Halo-LptC this study 

pHC94E 

Crim plasmid to integrate attHK022 tetAR lacIq 

Plac::Halo-LptE this study 

pBAD33LptC cmAR encodes wild type LptC this study 

pBAD33LptC(G153R

) cmAR encodes LptC(G153R) this study 

pBAD33LptFG cmAR encodes LptFG this study 

pET23/42LptD encodes wild type LptD 102 

pET23/42LptD-Halo encodes LptD-30aa linker-Halo this study 

pCP20 cat bla cI857 PR::FLP 166 

 

 

Table 3: Primer list for Chapter 2 

Primer

rer Sequence (5‘-3‘) 

LT41 ATGAAATTCAAAACAAACAAACTCAGCCTTAATCTTGTG 

LT42 GGACCTTGTCCGCTACCCTCAAGATTACCCTTCTTCTGTGCCGGGG 

LT44 TTAGCCGCTGATTTCTAAGGTAGAAAGCC 

LT9 TTAGCCGCTGATTTCTAAGGTAGAAAGC 

LT214 

CATGTTTCTAGATTTAAGAAGGAGATATACATATGAAATTCAAAACAAACAAA

CTCAGCCTTAATCTTGTG 

LT215 

CATGTTAAGCTTTTTATTCGGATTATCCGTCATGATTAGCCGCTGATTTCTAAGG

TAGAAAGCC 

LT93 TCAGAGTCTGAAGTCTTCCCCAAGG 

LT2 ATGGCAGAAATCGGTACTGGC 
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LT81 

TATAGGCTTTTGCAAGGTTCTTTGCAGTTAATGTTGCCATGCCGCTTCCTTGGCC

TGAG 

LT78 

CAGGGACCGGGCTCAGGCCAAGGAAGCGGCATGGCAACATTAACTGCAAAGAA

CCTTGC 

LT93 TCAGAGTCTGAAGTCTTCCCCAAGG 

LT208 

CATGTTTCTAGATTTAAGAAGGAGATATACATATGGCAGAAATCGGTACTGGCT

TTC 

LT209 

CATGTTAAGCTTTTTATTCGGATTATCCGTCATGATCAGAGTCTGAAGTCTTCCC

CAAGG 

LT26 TTAAGGCTGAGTTTGTTTGTTTTGAATTTCATAGG 

LT27 ATGGCAGAAATCGGTACTGGCTTTC 

LT11 GGGCTCAGGCCAAGGAAGCGGCATGAGTAAAGCCAGACGTTGGGTTATCATTG 

LT67 

CAGTGATAGCACAATGATAACCCAACGTCTGGCTTTACTCATGCCGCTTCCTTG

GCCTGA 

LT210 

CATGTTTCTAGATTTAAGAAGGAGATATACATATGGCAGAAATCGGTACTGGCT

TTC 

LT211 

CATGTTAAGCTTTTTATTCGGATTATCCGTCATGATTAAGGCTGAGTTTGTTTGT

TTTGAATTTCATAGG 

LT212 

CATGTTTCTAGATTTAAGAAGGAGATATACATATGCGATATCTGGCAACATTGT

TGTTATCT 

LT213 CATGTTAAGCTTTTTATTCGGATTATCCGTCATGATCAGTTACCCAGCGTGGTGG 

LT202 

TACCGATTTCTGCCATCCCGGCGGTGATTAACACCGCCAGAGATAACAACAATG

TTGCCAGATATCGCAT 

LT203 CGGTGTTAATCACCGCCGGGATGGCAGAAATCGGTACTGGCTTTCCATTC 

LT204 ATGCGATATCTGGCAACATTGTTGTTATCT 

LT205 TCAGGCCAAGGAAGCGGCTGTGGCTGGCATCTGCGTG 

LT206 CACGCAGATGCCAGCCACAGCCGCTTCCTTGGCCTGA 

LT207 TCAGTTACCCAGCGTGGTGG 

LT271 CTGGAGTTAAATGTTGTTCTGTATAACGTGACGAGGTCT 

LT272 AGACCTCGTCACGTTATACAGAACAACATTTAACTCCAG 

LT247 ATGAGTAAAGCCAGACGTTGGGTTATCA 

LT183 

TTTCCATTTCAATTAACCGCACTGCGGATTACGTGGTAAATCAACAAATCAATAT

GAATATCCTCCTTAG 

LT185 GGCTTTCTACCTTAGAAATCAGCGGCTAATGTGTAGGCTGGAGCTGCTTC 

LT178 GCGGCCTGAGCTCCAACTAC 

LT186 GAAGCAGCTCCAGCCTACACATTAGCCGCTGATTTCTAAGGTAGAAAGCC 

LT184 TTTCCATTTCAATTAACCGCACTGCGG 
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LT37 ATGAAAAAACGTATCCCCACTCTCCTGG 

LT188 GACCTTGTCCGCTACCCTCAAGCTCGAGTGCGGCCGCAAG 

LT187 CTTGCGGCCGCACTCGAGCTTGAGGGTAGCGGACAAGGTC 

LT40 CCAGGAGAGTGGGGATACGTTTTTTCATGGATCCCCGGGTACCGAGC 

LT46 GGCTTTCTACCTTAGAAATCAGCGGCTAATCTAGAGTCGACCTGCAGGCATG 

LT273 

CCAACGTCTGGCTTTACTCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTA

TTTC 

LT274 CAAAACAAACAAACTCAGCCTTAATTGATTAATACCTAGGCTGCATGC 

LT314 TTAATTACCCTTCTTCTGTGCCGG 

LT319 

CCAACGTCTGGCTTTACTCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTA

TTTC 

LT316 CCGGCACAGAAGAAGGGTAATTAATTGATTAATACCTAGGCTGCATGC 

LT299 ATGATAATCATAAGATATCTGGTGCGGG 

LT300 

CCCGCACCAGATATCTTATGATTATCATATGTATATCTCCTTCTTAAAGTTAAAC

AAAATTATTTC 

LT301 TTACGATTTTCTCATTAACAGCCACAGG 

LT302 CCTGTGGCTGTTAATGAGAAAATCGTAATTGATTAATACCTAGGCTGCATGC 

 

2.4.3. Immuno blots to observe Lpt-Halo-Tag fusion proteins 

For immuno-blots cultures were grown as described above to OD600~0.4 and normalized to 

OD600~0.3. The cells were pelleted with centrifugation at 8000 rpm for 2 min. The pellets were 

resuspended in SDS-PAGE sample buffer supplemented with 5% β-mercaptoethanol. Samples 

were boiled for 10 min and run on home-made Tris-HCl 14% polyacrylamide gels with Tris-

glycine running buffer. Proteins were transferred onto Immuno-Blot® PVDF membranes (Bio-

Rad). The membrane was blocked with Casein blocking buffer and then incubated with the primary 

antibody. The sources of rabbit anti-LptC, LptA, LptB, LptE and LptD antisera have been 

previously reported.6, 85, 98 Lpt proteins were detected by a donkey anti-rabbit HRP conjugate 

secondary antibody (GE Amersham). Bands were visualized using ECL™ Prime Western Blotting 

Detection Reagent (GE Amersham) and Azure c600 imaging system (Azure Biosystems). 
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2.4.4. Growth curves 

Single colonies of the strains were inoculated from streaked plates in M9 media containing 

0.2% CAA and 0.4% Maltose. For LT17/LT63/LT23 20 μM IPTG, and for LT16 70 μM was added 

to the media to induce expression of the Lpt-Halo-Tag proteins. For LT18 and TB28 no inducer 

was added. The cultures were grown over night at 37°C and then diluted 1:100 into fresh media 

the next morning. The diluted cultures were grown at 37°C while shaking and OD600 was 

monitored until they reached the stationary phase. 

 

2.4.5. Culture growth for imaging  

Unless otherwise indicated, all cultures in this study were grown as described in the 

following procedure: Cells were streaked from frozen stocks on LB agar plates and incubated over 

night at 37°C. Single colonies from the plates were inoculated in M9 media*, supplemented with 

0.2% casamino acid (CAA) and 0.4% Maltose as carbon source, serial diluted and grown over 

night at 37°C. The next day a culture at its mid exponential phase (OD600 = 0.3-0.6) was used as 

starter culture to produce another round of serial dilutions. These were grown on the shaker at 

37°C until they reached OD600 ~0.3. At this point the strains were either stained and imaged, or 

harvested for western blot. 

*To grow LT16, LT17, LT63 and LT23 expression of the respective Lpt-Halo fusion protein was 

induced by adding 20μM IPTG for LT17/LT63/LT23 and 70μM IPTG for LT16 to the media. 
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2.4.6. Imaging sample preparation 

Cultures of the strains were grown as described above. At OD600~0.3 1mL of the culture 

was stained with ~5nM Halo-Tag-JF549 and incubated for 10-15 min at 37°C while shaking. The 

culture was concentrated by spinning it down at 8000rpm for 2min and removing part of the 

supernatant. 1 μL of the concentrated culture was pipetted onto a 20x60 mm coverslip and covered 

with a 1.5 mm thick 2% agar pad. The agar pad was made with the media in which the strain was 

grown in. After ~30 min of imaging a new slide was prepared. 

 

2.4.7. Slide preparation 

To reduce background fluorescence the coverslips were cleaned before their use for TIRF 

microscopy. The coverslips were sonicated for 30 min in 2% Hellmanex™ III, washed with 

deionized water and sub sequentially sonicated in NaOH for 30 min. The NaOH was washed away 

with deionized water and the coverslips were washed with EtOH and sonicated in EtOH for another 

30 min. Coverslips were washed with EtOH again and stored in EtOH until its usage. 

 

2.4.8. Microscope set up for particle tracking 

Total internal reflection fluorescence microscopy (TIRF-M) and phase-contrast 

microscopy was performed on a Nikon TI microscope equipped with a 100X NA 1.45 TIRF 

objective and an Andor Ixon EMCCD camera resulting in 160 nm pixels. With an exposure time 

of 100 ms, 400 – 500 frames (streaming acquisition) were taken at an illumination of 561 nm. A 

phase-contrast image was taken before and after the fluorescent movie was acquired to segment 
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the outside of the cells. Movies that displayed drifts were discarded. The imaging was performed 

in a chamber equilibrated at 37°C. 

 

2.4.9. Fixed dye measurement 

Imaging slides were prepared as described above. Instead of applying cell solution to the 

slide, 12.5 μM Halo-JF549 dye solution was applied. An agarose pad was added above and the 

sample was imaged as described above. 

 

2.4.10. Imaging of LptC(G153R) mutant samples 

pBAD33-LptC(G153R) was transformed into LT16, LT17 and LT23. The strains containing 

the plasmid were grown as described above with the addition of chloramphenicol to the media to 

ensure the retention of the plasmid. Imaging samples were prepared analogous to the description 

above. However, 10 min before staining 0.04 μM arabinose was added to the culture to induce the 

expression of LptC(G153R). Also the agarose pads were prepared with media containing 

chloramphenicol and arabinose.  For the negative condition no arabinose was added. The movies 

for particle tracking were taken ~35 min after inducing the expression of LptC(G153R with the 

same setup as defined above . For the concentration gradient (Figure 15) arabinose concentrations 

of 0.001 μM, 0.007 μM, 0.02 μM and 0.04 μM were used. 

 

2.4.11. Imaging of wild type LptC overexpression sample 

pBAD33-LptC was transformed into LT16, LT17 and LT18. To retain the plasmid 

chloramphenicol was added to the media and the strains were grown as described above in, Culture 
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growth. 10 min before staining with JF549-Halo-liganf 0.04 μM arabinose was added to the culture 

to induce the overexpression of wild type LptC. Imaging samples were prepared as explained 

above. However, the agarose pad was made with media containing chloramphenicol and arabinose. 

For the negative control no arabinose was added to the culture or the agarose pad. Single molecule 

tracking movies were collected ~35 min after the expression of LptC was induced.  

 

2.4.12. Imaging of LptFG overexpression sample 

To get high expression levels of LptFG while imaging Halo-LptB we transformed 

pBAD33LptFG into LT17. The LT17 strain containing the pBAD33LptFG plasmid was grown as 

described above with the addition of chloramphenicol to the media to retain the plasmid. 10 min 

before staining, overexpression of LptFG was induced by the addition of 0.04 μM arabinose. 

Imaging samples were prepared as described above, However, the JF-549-Halo-ligand 

concentration was reduced to ~2nM, because overexpression of LptFG attracts so much Halo-LptB 

to the inner membrane that the dye concentration needed to be reduced to detect single molecules. 

The agar pads were prepared containing chloramphenicol and 0.04 μM arabinose. For the wild 

type control no arabinose was added and the JF549-Halo-ligand concentration was kept at 5 nM. 

About 40 min after the induction of LptFG overexpression, Halo-LptB particles were tracked using 

the imaging set up described above. 

 

2.4.13. Fractionation of Halo-LptA strain 

The fractionation of LT23 was done following the protocol used in Chng et al..6 1.5L cells 

were grown of LT23 in LB at 37C to OD600~ 1.2. Cells were pelleted by centrifugation at 4251 x 

g for 20 min and then resuspended in 15 mL of 10 mM Tris-HCl, pH=8.0 containing 20% (w/w) 
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sucrose, 1 mM PMSF and 50 μg/mL DNase I. The cells were lysed by a single passage through 

the cell disrupter. Unbroken cells were removed by centrifugation at 300 x g for 20 min. 1.6 mL 

of cell lysate was layered on top of the sucrose gradient: bottom 65% (0.5 mL), 55% (1.0 mL), 

50% (2.4 mL), 45% (2.4mL), 40% (2.4 mL), 35% (1.4 mL), 30% (0.5 mL). All sucrose (w/w) 

solutions contained 10 M Tris-HCl, pH=8.0. Samples were centrifuged at 39,000 rpm for 15 h and 

0.5 mL fractions were collected manually from the top of each tube. Fractions were diluted with 

950 μL of 20 mM Tris-HCl, pH 8.0 and 110 μL 100% (w/w) trichloroacetic acid (TCA, Sigma). 

Precipitated proteins were collected by centrifugation at 21,000 x g for 30 min, resuspended and 

analyzed by SDS-page and immuno-blots. α-LptF blot was run as reference for inner membrane 

proteins and α-BamA blot was run as reference for the outer membrane. 

 

2.4.14. Image analysis 

Collected images were not modified for analysis. Images were analyzed with Fiji.169  For 

displaying purposes images were cropped for the figures and movies. 

2.4.14.1. Particle tracking 

Tracks were generated using the software Fiji and the plugin TrackMate.169-170  Particles 

were detected with the DoG (difference of Gaussian) detector and tracks were generated with the 

Simple LAP Tracker with a 200 nm search radius and no frame gaps allowed. Tracks shorter than 

4 frames were discarded and the remaining tracks exported for further processing. 
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2.4.14.2. Data analysis 

If not other indicated, further data analysis was done in python using custom-written code. 

Plots were generated using python Matplotlib or Graphpad PRISM. 

 

2.4.14.2.1. Filtering tracks ins cells 

To ensure only tracks inside cells are used for analysis, the phase contrast images to the 

corresponding movie were converted into binary images using the threshold tool in Fiji. The 

exported binary images were used as mask to filter out tracks from the exported TrackMate file, 

which are not in cells. A custom-written python code was used for this. 

 

2.4.14.2.2. Mean squared displacement analysis 

Mean squared displacements versus time delay (Msd vs Δt) plots were generated for all 

tracked proteins. Msd vs Δt plots are shown for 20 representative tracks for each imaged protein 

in Figure 9. Since tracks indicated switching behavior between different dynamic states we decided 

to use confinement radius calculation and cumulative distribution function analysis for further 

analysis. 

 

2.4.14.2.3. Confinement radius analysis 

For the confinement radius analysis tracks were filtered to a minimum length of 5 frames. 

Tracks larger than 5 frames were cut down to 5 consecutive frames. The confinement radius were 

calculated by determining the average x, y position (centroid) of the trajectory by taking the 

average of the trajectory coordinates. The average of the distances between the trajectories 
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coordinates to the centroid gives the confinement radius. Confinement radii histograms were 

generated using NumPy.histogram function with a given bin size of 0.01.171 The histogram values 

were normalized by dividing the incident number per bin by the total number of incidences. The 

plots were generated using Matplotlib. 

 

2.4.14.2.4. Cumulative distribution analysis 

The r2-displacement was calculated for trajectories by measuring the frame to frame vector 

displacement along the trajectory by the lag time Δt=200 ms and taking its magnitude. The 

cumulative probability P(r2, Δt) was constructed from the pool of displacements across multiple 

tracks for each protein by counting the number of squared displacements ≤ r2 normalized by the 

sample size. The CDF of the r2-displacements were fitted to analytical functions describing 

diffusive processes with one or two dynamic states. P(r2, Δt) is the cumulative probability of 

displacement r in the observation period Δt, D1, D2 are diffusion constants for the different states, 

and α describes the relative fraction between the states.158-159 4 sigma square is the error term with 

σ = 0.034 μM. Sigma was identified as the average of the confinement radii of fixed dye tracks 

with a frame length = 3, and given as fixed parameter. CDF fit results with smaller error term and 

without an error term are reported in Supplementary table 1. 
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The CDF for LptA, B, and C under wild type conditions were fitted with both different diffusion 

models using the lmfit package in python.172  Residuals of model fits were calculated and used to 

identify the best model. The two component diffusive model resulted in the best fit for all three 

proteins. To identify the diffusion constant and the fraction of proteins in the immobile state for 

the proteins under non wild type conditions, only the two state diffusive model was used. CDF fit 

results are reported in Supplementary table 1. 

 

2.4.14.2.5. (Immobile-) tracks per cell surface analysis 

Cell masks were constructed as binary images as explained above. The cell surface area 

was calculated by taking the sum of the binary image. Tracks were filtered to have a minimum 

length of 4 frames and to be inside cells. The number of tracks measured for one 400 frame time-

lapse movie was calculated and divided by the corresponding cell surface area. At least three time-

lapse movies with their corresponding phase images were used to determine the tracks per cell 

surface. 

To determine the immobile tracks per cell surface, tracks are additionally filtered for a 

confinement radius < 0.07 μm before the number of tracks is calculated.  
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3. Chapter 3: Lifetime of Lpt-bridges in cells  

3.1.   Introduction 

The large amphipathic molecule LPS, comprises the outer leaflet of the outer membrane in 

gram negative bacteria and is responsible for the unique barrier function of this membrane.10, 16 

LPS gets completely synthesized in the cytoplasm and at the inner membrane and then needs to be 

transported from its synthesis site to the cell surface. In chapter 1, it was discussed that seven 

essential Lpt-proteins have been identified to be responsible for the LPS transport process.86 

Previous studies suggested a model in which the Lpt-proteins come together to form a trans 

envelope bridge spanning from the inner membrane through the periplasm to the outer membrane.7, 

173 It is thought that LPS moves along this bridge to the outer membrane while its hydrophobic 

chains are shielded from the aqueous periplasm. The transport process is energized by the ABC 

transporter LptB2FGC located at the inner membrane. This way ATP from the cytoplasm can be 

utilized to power LPS transport against its concentration gradient. The hypothesized Lpt-protein 

bridge was able to be reconstituted in vitro.7  

However, it has not been possible to find evidence for the existence of the bridge in live cells 

previously. Further a number of important features about this proposed Lpt-bridge are unknown. 

(1.4.7.) One important open question is for example how stable are Lpt-bridges in cells. For 

example, a long lived trans-envelope bridge might be an advantage for the cell, because multiple 

thousand LPS molecules need to be transported during one cell division. However, a long Lpt-

bridge lifetime would raise the question, how a stiff bridge connection between the inner 

membrane and outer membrane might impact the architecture of the bacterial cell envelope and 

the distribution of LPS molecules in the outer leaflet of the outer membrane. In contrast, short 
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lived Lpt-bridges would allow the cell to dynamically transport LPS to different locations around 

the outer membrane and could spontaneously respond to different stimuli. Chapter 3 aims to 

answer the question, how stable are Lpt-bridges in live cells.  

 Previous in vitro studies showed that the interaction between the different Lpt-proteins is 

strong and therefore suggested that Lpt-bridges are stable and might have long lifetimes. The fact 

that Lpt-proteins co-purify with each other supports the existence of strong interactions between 

these proteins.6 In addition, the in vitro reconstituted Lpt-protein bridge between proteoliposomes 

containing the inner membrane Lpt-complex and proteoliposomes containing the outer membrane 

Lpt-complex exists long enough to sort the proteoliposomes with Fluorescent Flow Cytometry 

Spectroscopy (FACS).7 Furthermore, the connection between the two proteoliposomes is stable 

enough to be observed under the microscope after FACS sorting. These in vitro experiments 

propose that Lpt-protein bridges can be stable for multiple minutes to hours. 

In chapter 2, a method is described, which we developed in order to observe Lpt-proteins in 

live cells. We were able to determine the dynamic profiles of the different Lpt-proteins. We found 

that analogous to most outer membrane proteins, the outer membrane Lpt-proteins LptD and LptE 

are immobile. The cytoplasmic protein LptB, the inner membrane protein LptC and the periplasmic 

protein LptA displayed two types of motion. LptA, B and C had a mobile diffusive state, and an 

immobile state. Experiments with the mutant LptC, LptC(G153R), and overexpression 

experiments with wild type LptC elucidated that the immobile state of LptA, B and C depends on 

their connection to the outer membrane proteins LptDE and their involvement in Lpt-bridge 

formation. Furthermore, we were able to show that the sole source of immobile LptB is the full 

bridge state with all seven Lpt-proteins present. Thus, the immobile state of LptB directly reports 

on Lpt-bridges in cells. Therefore, the approach for measuring the lifetime of Lpt-bridges in cells 
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was, to measure the lifetime of the immobile state of LptB. We also measured the lifetime of the 

immobile state for LptA and LptC to get information about their involvement in Lpt-bridges.  

 

3.2. Results 

3.2.1. Development of bridge lifetime measurement and bleaching control 

Since the immobile state was shown to represent a connection to the outer membrane, the 

mobile state is evidence of broken bridges with a connection to the inner membrane, but no 

connection to the outer membrane. When Lpt-bridges break the connection between the inner 

membrane and the outer membrane is disrupted and immobile Lpt-proteins become mobile. 

Therefore, in order to determine the lifetime of the bridge we wanted to measure the amount of 

time LptA, B and C stay in the immobile state. Measuring the dwell time of stationary single 

molecules with TIRF-M harbors multiple challenges. One of the main challenges is to ensure that 

the lifetime of the immobile state is not artificially shortened due to incorrect tracking of spots. 

The most straightforward approach to measure lifetimes of immobile Lpt-proteins is to measure 

the length of the immobile tracks. To determine the dynamics of the Lpt-proteins in chapter 2, the 

particle tracking data were analyzed with the TrackMate plugin in Fiji to identify spots and 

construct tracks. (2.4.14.1.) In order to get information about the dynamic profile of the Lpt-

proteins the length of the tracks is not critical. However, to determine the lifetime of immobile 

spots it is important to not artificially shorten the tracks. Fluorescent spots tend to show a blinking 

behavior under the TIRF-M, which might lead to a low signal to noise ratio in some frames. If the 

signal to noise ratio of a spot is too low in one or two frames, TrackMate stops the track in the 

frame of low signal to noise ratio and starts a new track once the signal intensity is higher. This 
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tracking approach would measure shorter lifetimes than the real lifetimes. To circumvent this 

problem Squyres et al. developed a lifetime measurement approach of single immobile molecules, 

in which they measured the dwell time of a spot based on the corresponding intensity trace rather 

than the length of a track.151 This analysis approach was also used to determine the lifetime of 

LptA, B and C in the immobile state in this chapter. As illustrated in figure 26, the location of an 

immobile single molecule spot was identified with TrackMate. Using the code developed in 174 the 

intensity trace for this spot was measured. The intensity trace was fitted to a Hidden Marcov 

Model.175 A single molecule event with a certain lifetime is expected to fit a two state model with 

an “on” and an “off” state. The lifetime of the immobile spot can then be determined by the dwell 

time of the spot in the “on” state. 

  

 

Figure 26: Hidden Markov Model was fitted to spot intensity traces to determine the lifetime of 

immobile proteins. The location of single molecule spots was identified using the TrackMate plug in in 

Fiji. Intensity traces of the identified spots were constructed and fit to a Hidden Markov Model. The dwell 
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time of the spot in the on state (high intensity) was measured as the lifetime of the spot in the immobile 

state. 

 

Another main challenge of the lifetime measurement is bleaching of the fluorescent dye. 

Bleaching of the dye before the observed protein leaves the immobile state and starts moving again 

would result in falsely short lifetimes. Therefore, it is important to determine the right exposure 

time and laser intensity, which are able to give a good signal to noise ratio of single molecules 

without bleaching the dye before the protein starts moving again. Troubleshooting indicated that 

TRIF-M time-lapses of single Halo-Tag-Lpt-proteins with a laser intensity of 50% and an exposure 

time of 500 ms give a good signal to noise ratio. To test that bleaching of the dye does not dictate 

the lifetime measurement under these experimental condition, we collected time lapses of Halo-

Tag-LptC with 500 ms exposure in 500 ms intervals (Figure  27, green dots) and compared it to 

lifetimes measured with 500 ms exposure in 1 s intervals (Figure 27, blue dots). This way, 

fluorescent dyes are exposed to half the amount of light in the measurement with 1 s intervals. 

Survival probability plots of the measured lifetimes were very similar for the 500 ms interval and 

the 1 s interval, suggesting that the influence of bleaching to the lifetime of the immobile Halo-

Tag-LptC is negligible.    
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Figure 27: The effect of bleaching to the lifetime measurement is negligible with an exposure time of 

500 ms. Bleaching control measurement; Halo-Tag-LptC (LT16) lifetime plots measured with 500 ms 

exposure in 500 ms intervals (green) compared to 500 ms exposure in 1 s intervals (blue). Results shown 

are representatives of two independent experiments. 

 

3.2.2. Lifetime of the immobile state of LptA, B and C 

To get insights about the stability and breakage of Lpt-bridges in cells, we measured the 

lifetime of the immobile states for LptA, B and C following the approach described above in 3.2.1. 

Lifetime distribution plots for immobile LptA, B, and C are shown in Figure 28.  
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Figure 28: Lpt-bridges are transient. Measured lifetimes for LptA, B, and C in the immobile state are 

shown in survival probability plots. Lifetimes were measured by fitting intensity traces of immobile spots 

to a Hidden Markov Model.  

 

The lifetime distribution plots were remarkably similar for LptA, B and C and displayed 

an average lifetime of ca. 10 s. (Figure 28) This is a relative short lifetime compared to the Lpt-

bridge lifetime expected from in vitro experiments. This showed that Lpt-bridges are transient in 

E. coli cells. Further, the fact that the lifetime distributions looked nearly identical for LptA, B and 

C implies that all three Lpt-proteins become mobile at the same time. Thus, all three proteins can 

report on the lifetime of the bridging state.  This is inconsistent with the observation that LptA has 

an additional immobile state bound to LptDE without being in a complete bridge. We showed 

above in section (2.2.3.) that LptA is preferably bound to LptDE after the Lpt-bridge breaks (Figure 

17 and Figure 18). Therefore, it must be the case that LptDE-bound LptA can exchange rapidly 

with LptA from the pool of soluble Halo-LptA protein in the periplasm. Because the vast majority 

of LptA does not contain a fluorophore, the signal from the LptDE-bound state rapidly washes out 
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under these conditions. The lifetime of LptA bound to LptDE alone is far shorter than the lifetime 

of the Lpt-bridge.  

 

3.2.3. Fitting of the lifetime distribution reveals two distinct bridge states 

To get insights about the mechanism of bridge breaking we tested if the lifetime plots for 

LptA, B, and C follow a single or a biexponential decay. (Figure 29)  
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Figure 29: Decay kinetics of the Lpt-bridge is biexponential. a, Single exponential curves (red) and 

biexponential curves (black) are fitted to the lifetime plots of LptA, B, and C. (line = fit, dots = lifetime 

data). Fitted values can be found in figure 30 and figure 31. b, Residue plots for the single exponential fits 

are shown (red). c, Residue plots for the biexponential fits are shown (black). For all three proteins the 

biexponential fit resulted in the best fit of the lifetime distribution. 

 

A single exponential fit (red line) did not fit the data for any of the proteins well. In contrast a 

biexponential function (black line) fitted the lifetime data for LptA, B, and C beautifully, showing 
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that the bridge breaking mechanism is more complex and involves two processes. The 

biexponential fit describes the bridge breaking with two rate constants. One quick event with a 

half-life time of ~4s and a slightly slower event with a half-life time of ~12s. The biexponential 

behavior implies that two different states of the bridge can break. A plausible scenario is that in 

one state, the bridge contains LPS; in the other state, no LPS is present.  

 

 

Figure 30: The lifetime distributions of LptA, B and C do not fit a single exponential decay. Fitted 

values of the single exponential fit to the lifetime distribution of LptA, B and C are shown.  
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Figure 31: The lifetime distributions of LptA, B and C fit a biexponential decay well. Fitted values for 

the biexponential fit to the lifetime distribution of LptA, B and C are shown. For all three proteins, the 

lifetime data fit a biexponential decay reflecting two processes with half-lives of ~4s and ~12s.  

 

 

3.3. Discussion 

In this chapter we showed for the first time kinetic information about the Lpt-bridge in cells. 

Using the live cell microscopy approach introduced in chapter 2, we were able to determine the 

lifetime of Lpt-bridges in cells by measuring the dwell time of immobile LptB. Chapter 2 

established that the only immobile state of LptB is the full bridge state involving all seven Lpt-

proteins. We found that individual bridges are transient, existing for less 10 seconds. Further, we 

found that also the lifetime distributions of immobile LptC and LptA are almost identically to the 

lifetime distribution of LptB. This suggests that all Lpt proteins become mobile at once and that 

also LptA and LptC can report of the lifetime of the bridge. In chapter 2 we discussed that LptA 

preferentially binds to immobile LptDE when bridges are broken, leading to a second immobile 

state of LptA. Since the lifetime distribution of immobile LptA is very similar to the lifetime 
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distribution of LptB and LptC it must be the case that LptDE bound LptA exchanges rapidly with 

soluble Halo-LptA from the periplasm. Since Halo-LptA is only sparsely labeled the signal from 

the LptDE bound LptA quickly disappears. It is possible to conclude that the lifetime of LptA 

bound to LptDE alone without the full bridge is way shorter than the lifetime of LptA in the full 

bridge state. 

The stability of the Lpt bridges in cells is way less than predicted by in vitro experiments 

using purified components.  As discussed in the introduction of chapter 3 (3.1.), reconstitution of 

a functional seven protein complex in vitro produces bridges between proteoliposomes that last 

for more than an hour. It is likely that the stability of these bridges is due to multiple bridges 

existing simultaneously; polyvalent interactions increase the stability of the associated 

proteoliposomes.  Polyvalent interactions likely also occur in cells, but other processes may disrupt 

the bridges.  In a cell, the inner membrane is fluid while the outer membrane is largely fixed by 

lateral interactions of the LPS in the outer leaflet.  Connecting the two membrane bilayers by a 

continuous bridge in a cellular context may create additional sheer forces adding stress on the 

protein-protein interfaces that form the bridge. A plausible scenario might even be that moving of 

LPS along a newly formed bridge makes the outer membrane around the LptDE complex stiffer, 

leading to breakage of the bridge when the LPS transport is completed.  In addition, a layer of 

peptidoglycan exists in cells in between the inner and outer membranes, and the immobility of this 

“solid membrane” relative to the two membrane bilayers, may also facilitate breakage. 

The measured lifetime distribution of LptA, B and LptC are also able to give us information 

about the bridge breakage mechanism. We found that the lifetime distributions of all three proteins 

follow a biexponential decay reflecting two processes with half-lives of ~4s and ~12s. The 

biexponential behavior implies that there must be two different states of the Lpt-bridge that can 
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break. One state breaks with a faster rate constant and the other one with a slower. One possible 

hypothesis is that in the one state, the bridge contains LPS and in the other state, no LPS is present. 

The influence of LPS to bridge stability might be a potential answer for how the cell is able to 

coordinate LPS transport with transient bridge formation. This question will be further discussed 

and tested in chapter 4. 

Concluding, chapter 3 answered the question how stable Lpt-bridges are in cells. We found 

that bridges are highly dynamic and only exist transiently. Further, the biexponential decay 

behavior of the lifetime distribution suggested that there are two different kind of bridges that are 

breaking. In the following chapter, chapter 4, we will try to gain insights into the two remaining 

questions. 

 What influences bridge formation and bridge breakage? 

 How do bridges form and break? 

 

3.4. Materials and Methods 

3.4.1. Strains used in this Chapter 

Table 4 contains a list of the strains used in this chapter. The construction of these strains is 

described in chapter 2 in 2.4.1.. 

Table 4: List of strains for chapter 3 

strain 

name genotype  source 

LT16  TB28 attHK022 Plac::Halo-15aa-LptC, ΔLptC::frt this study 

LT17  TB28 attHK022 Plac::Halo-15-aa-LptB, ΔLptB::frt this study 

LT23 TB28 attHK022 Plac::LptA-15aa-Halo, ΔLptA::frt this study 
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3.4.2. Sample preparation 

Cells of LT16, LT17 and LT23 were streaked from frozen stocks onto LB agar plates 

containing 20 μM IPTG for LT17 and LT23 and 70 μM IPTG for LT16. The agar plates were 

incubated at 37°C overnight. Single colonies from the plates were inoculated in M9 media, 

supplemented with 0.2% casamino acid (CAA) and 0.4% Maltose as carbon source. The inoculated 

culture was serial diluted and grown over night at 37°C. The next day, a culture at its mid 

exponential phase (OD600 = 0.3-0.6) was used as starter culture to produce another round of serial 

dilutions in the supplemented M9 media with the addition of 20 μM IPTG for LT17 and LT23 and 

70 μM IPTG for LT16. The serial dilutions were grown on the shaker at 37°C until they reached 

OD600 ~0.3. At this point 1mL of the respective culture was stained with ~5nM Halo-Tag-JF549 

and incubated for 10-15 min at 37°C while shaking. The culture was concentrated by spinning it 

down at 8000 rpm for 2 min and removing part of the supernatant. 1 μL of the concentrated culture 

was pipetted onto a 20x60 mm coverslip. The coverslip was cleaned in advance, following the 

procedure explained in 2.4.7.. The concentrated culture on top of the coverslip was covered with 

a 1.5 mm thick 2% agar pad. The agar pad was made with the media in which the strain was grown 

in. After ~30/45 min of imaging a new slide was prepared. 

 

3.4.3. Microscope set up for lifetime measurement 

Total internal reflection fluorescence microscopy (TIRF-M) and phase-contrast 

microscopy was performed on a Nikon TI microscope equipped with a 100X NA 1.45 TIRF 

objective and an Andor Ixon EMCCD camera resulting in 160 nm pixels. With an exposure time 

of 500 ms, TIRF-M time-lapses were taken with streaming acquisition for 4 min at an illumination 
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of 561 nm at a 50% laser intensity. A phase-contrast image was taken before and after the 

fluorescent movie was acquired to segment the outside of the cells. Movies that displayed drifts 

were discarded. The imaging was performed in a chamber equilibrated at 37°C. 

 

3.4.4. Life time measurement 

The phase-contrast images taken before and after each time-lapse were used to generate a 

cell mask using the threshold tool in Fiji.169 The analysis approach used for determining single-

molecule lifetimes of stationary spots was described and developed by G. Squyres et al.151 The 

TIRF-M time-lapses were preliminary analyzed using TrackMate.170 Spots were detected with the 

DoG detector and linked with a 2-pixel linking distance and a maximum gap of 10 frames. The 

Trackmate data were exported to Matlab. 

To determine lifetimes from the TrackMate data, the Matlab code published and developed by G. 

Squyers was used.174 The tracks from TrackMate were filtered for tracks inside cells using the 

generated cell masks, and the filtered tracks were converted into spot intensity traces. A 5 x 5-

pixel window around the mean spot position was used to calculate the average intensity, and the 

local background was averaged in a 2-pixel frame around the window. The resulting intensity 

traces were filtered; only traces with a maximum background-subtracted intensity above 300 

counts were included for further analysis. Intensity traces were fitted to a hidden Markov model 

using the vbFRET package175 to measure single-molecule lifetimes. Only traces that were best 

fitted with a two-state model were included. Further, a minimum difference between state 1 (no 

fluorescence) and state 2 (single-molecule fluorescence) of 40 counts was set. The lifetime is given 

by the duration of each state 2 event: dwell times less than 2s (four frames) were excluded, as well 
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as events that overlapped with the start or the end of the trace. Traces with more than 4 events 

were also discarded.  

The resulting lifetimes were exported as NumPy files171 and further analyzed with custom 

written python code. Single-molecule lifetimes were plotted as survival probability by dividing the 

number of lifetimes > i by the total number of measured lifetimes, whereby i is equal to the 

minimum to maximum measured lifetimes in 500 ms steps. The single and the biexponential fits 

to the lifetime plots were done using the lmfit package in python.172 

 

3.4.5. Bleaching control set up 

To measure the contribution of photo bleaching to the lifetime measurement, we repeated 

the lifetime measurement for Halo-LptC with 1s imaging intervals rather than 500 ms intervals 

without changing the laser intensity or exposure time. There was no significant difference between 

the 1s imaging intervals measurements compared to the 500 ms intervals, indicating that photo 

bleaching contribution was negligible. (Figure 27)  
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4. Chapter 4: The role of LPS in bridge formation and bridge breakage 

4.1. Introduction 

In chapter 2, we showed that the dynamics of Lpt-proteins in cells support a bridge model 

in which the Lpt-proteins come together to span a trans-envelope bridge connecting the inner 

membrane with the outer membrane. LPS is then able to be transported along this bridge from its 

synthesis site, the inner membrane, to the outer leaflet of the outer membrane. We showed that the 

cytoplasmic protein LptB, the inner membrane protein LptC and the periplasmic protein LptA 

have an immobile state, analogous to the immobile state of the outer membrane proteins LptD and 

LptE. The immobile state of LptA, B and C was identified to correspond to their involvement in 

the formation of a trans-envelope bridge. In chapter 3, we tested the stability of the Lpt-bridge in 

cells by measuring the dwell time of LptA, B and C in the immobile state. We found that Lpt-

bridges are transient with an average lifetime of ~10 s. Further, the lifetime distribution of LptA, 

B and C followed a biexponential decay indicating that there are two different states of the bridge 

that can break.  

The transient nature of the bridge raises the question how LPS transport is coordinated with 

bridge formation. Calculations show that ~70, 000 LPS molecules are transported to the outer 

membrane per minute.67 The short lifetime of the bridge in cells means that LPS must be 

transported rapidly when the bridge is intact. However, if LPS transport starts before the complete 

bridge is assembled, it is possible for LPS to spill into the periplasm, creating toxicity by activating 

the σE response.67 Further, the finding of the biexponential lifetime distribution behavior suggested 

the existence of two different bridge states, which break. We hypothesized that one state might 

contain LPS, while the other state might not. If the presence of LPS in the bridge affects the bridge 
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properties, one prediction is that altering LPS levels could change either the number of bridges or 

their dynamics. Therefore, we tested in the first part of this chapter the effect of an LpxC inhibitor 

to the dynamics of the Lpt-proteins. As discussed in 1.3 LpxC catalyzes the first committed step 

in the LPS synthesis. Thus treatment of cells with the LpxC inhibitor leads to a decrease in cellular 

LPS concentration. (Figure 32) 

 

 

Figure 32: Inhibition of LpxC leads to decreased LPS levels in the cell. The deacetylation of UDP-

monoacyl-N-acetylglucosamine by LpxC leading to UDP-monoacyl-glucosamine is the first committed 

step in the Lipid A synthesis. Inhibition of LpxC leads to a decreased concentration of LPS in the cell. 

 

There are two main interactions, which, when ruptured, would lead to Lpt-bridge breakage: 

The interaction between LptC and LptA, and the interaction between LptA and LptD. (Figure 33) 

The biexponential behavior of the bridge lifetime distribution suggests that there are two different 

states of the bridge that break. We wanted to test if one of these states breaks by the dissociation 

of the CA-interaction. Therefore we fused the C-A bond and tested its effect on Lpt-bridge 

dynamics. These experiments are described in the second part of chapter 4. 
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Figure 33: Rupture of the CA-interaction or the DA-interaction would lead to bridge breakage. Model 

scheme depicting potential bridge breakage mechanisms. 

 

 

4.2. Results 

4.2.1. Bridge lifetimes remain unchanged at lower LPS levels  

To test if the presence of LPS affects the dynamics of the bridge, we altered the level of 

LPS in the cell with the help of an LpxC inhibitor while measuring the lifetime of the bridge. We, 

therefore, treated cells containing Halo-LptB with an LpxC inhibitor,49 which decreases 

intracellular LPS concentration by inhibiting the first committed step of LPS synthesis. The 

lifetime distribution plot was identical in the presence and absence of LpxC inhibitor, meaning 

that lowering the cellular concentration of LPS did not affect bridge breakage decay kinetics. 
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(Figure 34) The lifetime distribution of bridges in cells treated with an LpxC inhibitor still best 

fitted a biexponential decay. 

 

 

Figure 34: Bridge breakage decay kinetic are unaffected by lowered cellular LPS concentration. 

Lifetime distribution plots of immobile Halo-LptB tracks with (blue) and without (green) treatment of LpxC 

inhibitor. Results are representatives of at least two independent experiments. 

 

4.2.2. Rate of Lpt-bridge formation is decreased when LPS synthesis is inhibited 

To test if the number of bridges is affected by a decreased cellular LPS concentration we 

tracked the mobility of Halo-LptB in cells treated with an LpxC inhibitor. While the lifetime 

distribution plot was identical in the presence and absence of LpxC inhibitor, we found that the 

immobile fraction for Halo-LptB, which reports on the relative number of bridges, decreased 

substantially in the presence of the LpxC inhibitor. (Figure 35 a) Also the confinement radius 
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distribution was shifted to larger conferment radii, indicating more mobility, upon LpxC inhibitor 

treatment. (Figure 35 b) 

 

 

Figure 35: Bridge formation is facilitated by LPS. a, Average alpha values with standard deviations 

(error bars), which indicated the immobile state, gained from the CDF analysis of single-molecule Halo-

LptB tracks, measured under wild type (wt) and with 0.5 MIC LpxC inhibitor treatment. P-value was 

obtained from a t-test, *P <0.05. b, The corresponding confinement radius plots for the tracks are shown. 

Halo-LptB becomes more mobile when cells are treated with LpxC inhibitor. The number of Lpt-bridges 

in the cell decreases at lower cellular LPS concentration.  

 

Since the rate of breaking bridges stayed the same, but the number of Lpt-bridges in cells 

is decreased, the rate of forming Lpt-bridges must be slowed down when the LPS concentration 

decreases. Although stable Lpt-bridges can form in vitro without LPS,7 in cells, this data indicates 

the rate of bridge formation is promoted by LPS. Therefore, LPS is not only a substrate for bridge 

transport but is a structural component that facilitates the process of connecting the inner 

membrane and outer membrane complexes. Because we do not observe an LPS concentration 
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dependence on bridge decay kinetics, the rate of dissociation of the structural LPS bound to the 

machine must be slow relative to transport. This model suggests that LPS binding to LptB2FGC in 

the IM, i.e., containing a preloaded structural LPS, lowers the barrier to connect to LptADE.  

 

4.2.3. Lifetime of LptCA-fusion bridges 

If a structural LPS in the inner membrane complex indeed facilitates the CA-interaction 

for bridge formation, we wondered if this increased stability contributes to the two observed rates 

for bridge breakage. Given that we observe two rates for bridge breakage, we wondered what 

would happen to bridge lifetimes, if we artificially stabilize the CA-interface by fusing LptC to 

LptA. In this artificial system the bridge is forced to break and form between the DA-interface. 

(Figure 36) 

 

 

Figure 36: CA-fusion protein forces the bridge to break and form through the DA-interface. Scheme 

depicting the breakage of a bridge containing the CA-fusion protein. Since the CA-interface is fixed, the 

bridge has to break though the DA-interface.  
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Previous studies in the lab have shown that the CA-fusion protein supports outer membrane 

assembly in cells lacking both individual proteins.176 We overexpressed the CA-fusion protein 

while we monitored the immobile state of LptB to obtain bridge lifetimes. Figure 37 shows the 

lifetime distribution for bridges containing the CA-fusion protein (blue) compared to the lifetime 

distribution of wild type bridges (green). The lifetime distribution for cells producing the CA-

fusion protein was clearly shifted towards longer lifetimes, indicating that fusing the CA-interface 

stabilized the Lpt-bridge.  

 

 

Figure 37: CA-fusion bridges showed longer lifetimes than wild type bridges. Lifetime distribution 

plots of immobile Halo-LptB tracks with (blue) and without (green) treatment of LpxC inhibitor. Results 

are representatives of at least two independent experiments.  
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4.2.3.1. Fitting of LptCA fusion bridge lifetimes 

To get insights into the breakage mechanism of CA-fusion bridges we fitted a single 

exponential and a biexponential decay to the lifetime data. Interestingly, in contrast to the wild 

type lifetime data, the lifetimes obtained for the CA-fusion were best fit by a single exponential 

decay (red line). The corresponding half-life of the single exponential fit was ~8 s. (Figure 38 a, 

b) 

 

Figure 38: The lifetime distribution of CA-fusion bridges followed a single exponential decay. a,  

Single exponential curve (red) and biexponential curve (black) are fitted to the lifetime plot of LptB in the 

presence of LptC-A-fusion. (line = fit, dots = lifetime data). b, Fitted values of the single exponential decay 
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to the lifetime distribution of CA-fusion bridges. c, d, Residuals of the exponential (red, c) and 

biexponential (black, d) fit to the LptCA-fusion lifetime distribution (a) are shown. 

 

 

 

Since the lifetime distribution of wild type bridges showed a biexponential behavior, the 

observation that the CA-fusion showed a single exponential decay implies that fragmentation at 

the CA-interface is one of the two bridge breakage processes observed for the wild-type bridge. 

Preventing breakage at this interface by fusing the CA-bond lead to a single exponential lifetime 

decay. Following this logic the other wild type bridge breakage process must involve 

fragmentation at the DA-interface. Because fixing the bond between LptC and LptA resulted in a 

longer bridge lifetimes (Figure 37), the faster cleavage process captured by the 4 s half-life for the 

wild-type bridge likely corresponds to dissociation at the CA-interface. Following the slower 

process captured by the 12 s half-life likely corresponds to the rupture of the DA-interface.  

 

4.2.4. Bridges preferably form through the CA-interface  

To test if fusing LptC to LptA affects the number of bridges in the cell, we monitored the 

change in mobility of Halo-LptB upon overproduction of the CA-fusion protein. We found that 

the relative number of bridges for the CA-fusion slightly decreased compared to the wild-type 

bridge under comparable conditions. (Figure 39) The immobile fraction of Halo-LptB determined 

by the CDF analysis slightly decreased and also the confinement radius distribution showed a small 

shift to higher mobility. If the number of CA-fusion bridges in the cell remained unchanged or 

slightly decreased, while the rate of breaking CA-fusion bridges was slower than for wild type 
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bridges, this observation implies that the rate of LptB2FGCA-fusion bridge formation was slower 

than in the wild type case.  

 

 

Figure 39: CA-fusion decreases the rate of formation. a, Average alpha values with standard 

deviations (error bars), which indicated the immobile state, gained from the CDF analysis of single-

molecule LptB tracks,  measured without (low) or with (high) induction of LptCA-fusion protein 

expression. b, The corresponding confinement radius plots for the Halo-LptB tracks measured with 

(green) and without (black) overproduction of LptCA-fusion are shown. 

 

4.3. Discussion 

In this chapter we tried to gain insights into the two remaining questions about LPS 

transport stated in 1.4.7.: 

 What influences bridge formation and bridge breakage? 

 How do bridges form and break? 
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We tested the effect of lowered cellular LPS concentration on bridge dynamics using an 

LpxC inhibitor. We found that the lifetime of bridges remained unaffected. A mechanism by which 

the cell measures the amount of LPS in either the outer leaflet of the inner membrane or the outer 

leaflet of the outer membrane could allow coordination of LPS transport with bridge lifetime. In 

chapter 2.3. we discussed that filling of the outer membrane by newly inserted LPS could increase 

the stiffness of the membrane at the site of transport and therefore lead to bridge breakage due to 

increased sheer forces between the two membranes. An example for how the bridge could monitor 

LPS levels in the inner membrane was that the bridge transports LPS until it is depleted from the 

inner membrane. But our data suggests this is not the case. In fact we find that lowering the 

concentration of LPS in the inner membrane did not affect the lifetime of the bridge. 

However, while the lifetime of the bridge remained unaffected, we found that the number 

of bridges in the cell decreased at lower cellular LPS levels. It follows that higher LPS levels 

promote bridge formation and we conclude that LPS is not only a substrate of the bridge but also 

acts as a structural component that facilitates the interaction between the inner membrane and the 

outer membrane complexes. A preloaded LptB2FGC with LPS could lower the barrier to connect 

to LptADE. Also, Martorana et al. suggested recently that LPS might act as structural component 

of the bridge, based on the observation that components of the bridge, LptA and LptD are degraded 

upon treatment with an LpxC inhibitor.177  As discussed in the introduction, the short lifetime of 

the bridge in cells means that LPS must be transported rapidly when the bridge is intact. 

Calculations show that ~70, 000 LPS molecules are transported to the outer membrane per 

minute.67  If LPS transport starts before the complete bridge is assembled, it is possible for LPS to 

spill into the periplasm creating toxicity by activating the σE response. The fact that LPS is not 
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only a substrate of the bridge but also acts as structural component, that facilitates bridge 

formation, might be a way for the cell to coordinate LPS transport with bridge assembly.  

Further, we showed in this chapter that fixing the interaction between LptA and LptC 

results in bridges with longer lifetimes, which break following a single exponential decay. Since 

the lifetime distribution of wild type bridges follows a biexponential decay describing two different 

processes we conclude that one of the two wild type bridge breaking processes is the dissociation 

of the CA-interaction. Because the lifetime of the bridge containing the CA-fusion protein is longer 

than the lifetime of wild type bridges, we concluded that the dissociation of the CA-interaction 

likely corresponds to the faster rate constant described by the biexponential decay, while the slower 

rate constant describes the rupture of the DA-interface. Based on the observation that LPS 

stabilized the interaction between LptC-A, we hypothesized that bridges break at the DA-interfaces 

when LPS is present in the bridge. In contrast, based on the fact that LptA fractionated with LptDE, 

we hypothesized that bridges without LPS might break at the CA-interface.   

Furthermore, we were able to observe that bridges containing the CA-fusion protein form 

slower than wild type bridges, suggesting that fixing LptA and LptC might prevent the preferred 

order of bridge formation. We therefore concluded that under wild type condition LptA might first 

interact with the outer membrane complex LptDE and then connects to the inner membrane 

complex LptB2FGC. This together with the observation that LptD sequesters LptA away from 

LptC when not in a bridge (chapter 2) may be a cellular feature designed to prevent release of LPS 

from the inner membrane to the periplasmic LptA when it is not connected in a bridge.  In addition 

the levels of LptA are carefully regulated.83, 177 Depletion of bridge components or other 

disruptions to the bridge cause degradation of LptA. 
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Taken together, our data suggest the following model for how bridges form and break in 

cells. (Figure 40) In the unbridged state, LptB2FGC forms at the inner membrane, and soluble 

LptA preferentially associates at the outer membrane to form LptADE. When cells require more 

outer membrane, LPS biosynthesis produces an accumulation of LPS in the inner membrane, 

leading to an interaction with LptB2FGC to form LptB2FGC·LPS. The LPS preloaded inner 

membrane complex facilitates bridge formation with LptDEA. Transport occurs rapidly, locally 

depleting LPS from the inner membrane. There are then two different rates for the breakage of 

wild type bridges, which describe the breakage of two different states of the bridge in two distinct 

path ways. In the faster breakage process no structural LPS is bound to the bridge components 

anymore. In this case, rupture of the bridge occurs at the CA-interface. However, the dissociation 

of structural LPS from LptB2FGC·LPS to the LptB2FGC complex is slow. Therefore, is also occurs 

that bridges break while the structural LPS is bound. We showed that the presence of LPS promotes 

the formation of bridges, and we have proposed that it does so by accelerating the formation of the 

CA-interface. Thus we hypothesize that the presence of LPS leads to the second slower bridge 

breakage process in which breakage occurs through rupture of the DA-interface.  
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Figure 40: LPS promotes bridge formation by favoring the CA-interaction; bridges containing LPS 

break slower than empty bridges. Scheme depicting the hypothesized model for Lpt-bridge formation 

and breakage. High levels of LPS at the inner membrane interact with the inner membrane complex 

LptB2FGC and facilitate the interaction between LptC and LptA bound to the outer membrane complex 

LptDE. LPS is transported over the formed trans-envelope bridge. Bridges bound to the structural LPS are 

breaking slowly by dissociation of the DA-interface. Bridges without the structural LPS break quicker at 

the CA-interface.  

 

In conclusion, we have provided direct evidence that Lpt-bridges exist in cells. Although 

sparse labeling cannot resolve the absolute number of bridges per cell, we found that at any given 
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time, approximately half of the Lpt membrane proteins exist in a bridge state. We have also shown 

that Lpt-bridges are highly dynamic and only exist for ~10 s in cells. Further, there are two types 

of bridges that break, likely one with and one without structural bound LPS. The lifetimes of both 

bridge types are very short, but the presence of LPS correlates with higher stability. Previous 

calculations have predicted that during cell growth ~70 000 molecules of LPS must be transported 

to the cell surface per minute.67 Based on protein synthesis rates it was predicted that the copy 

umber of the least abundant Lpt-protein, LptC, is around 250 molecules per generation.155 With 

our observation that the lifetime of the bridge is <10 s and that roughly half of the Lpt proteins 

exist in the bridge state, we can estimate that one Lpt-bridge transports ~10 LPS molecules per 

second and ~50 LPS molecules during its lifetime. This means that LPS is transported rapidly 

when an Lpt bridge is formed. The fact that LPS promotes bridge formation and its presence 

correlates with bridge stability provides a strategy to link LPS abundance to cell growth. 177 

 

4.4. Materials and Methods 

4.4.1. Strains used in this chapter 

Table 5 contains a list of the strains used in this chapter. The construction of these strains is 

described in chapter 2 in 2.4.1.. 

Table 5: List of strains for chapter 4 

strain 

name genotype  source 

LT17  TB28 attHK022 Plac::Halo-15-aa-LptB, ΔLptB::frt this study 
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4.4.2. Plasmids used in this chapter 

The CA-fusion protein was amplified using primers LT247,(5‘-ATGAGTAAAGCCAGA 

CGTTGGGTTATCA-3’), and LT314, (5’-TTAATTACCCTTCTTCTGTGCCGG-3’), from 

plasmid pETCA-fusion.176 pBAD33 was amplified using primers LT316,( 5’-

CCGGCACAGAAGAA GGGTAATTAATTGATTAATACCTAGGCTGCATGC-3’), and 

LT319,(5’-CCAACGTCTGGCTTTACTCATATGTATATCTCCTTCTTAAAGTTAAACAAA 

ATTATTTC-3’). The two fragments were Gibson assembled® and transformed into NovoBlue 

cells. 

Table 6: List of plasmids for chapter 4 

strain name genotype  source 

pBAD33   [21] 

pETCA-fusion Encodes LptC-LptA-fusion protein 176 

pBAD33CA-

fusion encodes LptC-LptA-fusion protein this study 

 

4.4.3. Sample preparation for imaging with LpxC inhibitor  

A frozen stock of LT17 was streaked out on an LB agar plate, containing 20 μM IPTG. 

The agar plate was incubated at 37°C overnight. The next day a single colony from the plate was 

incubated in M9 media, supplemented with 0.2% CAA and 0.4% Maltose as carbon source and 20 

μM IPTG to induce Halo-LptB expression. The inoculated culture was serial diluted and the 

dilutions were grown over night at 37°C while shaking. The next day a culture at its mid 

exponential phase (OD600 = 0.3-0.6) was used as starter culture to produce another round of serial 

dilutions in the supplemented M9 media with the addition of 20 μM IPTG. 90 min before staining 

the cells, when the culture was around (OD600 = 0.3) cells were treated with 0.024 μM LpxC 
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inhibitor (PF 5081090)49  (about 0.5 x MIC). Also, the agarose pad to fix the cells to the microscope 

slides was prepared with 0.024 μM LpxC inhibitor. Since the outer membrane of cells treated with 

LpxC inhibitor becomes leaky, the labeling dye Halo-Tag-JF549 concentration was reduced to 

~12.5 pM.  1 mL of LpxC inhibitor treated culture was stained for 10-15 min. The culture was 

concentrated by spinning for 2 min at 8000 rpm and removing parts of the supernatant. 1 μL of the 

concentrated culture was pipetted onto a microscope slide. The slide was previously prepared as 

described in (2.4.7.). Movies for particle tracking and lifetime measurement were collected as 

described below. For the negative control, LT17 was imaged without the addition of an LpxC 

inhibitor and with the usual dye concentration of ~5 nM. 

 

4.4.4. Sample preparation for imaging CA-fusion   

pBAD33CA-fusion was transformed into LT17. A single colony of the strain containing 

the CA-fusion plasmids was inoculated into M9 media, supplemented with 0.2% CAA and 0.4% 

Maltose as carbon source, 20μM IPTG to induce Halo-LptB expression and chloramphenicol to 

retain the pBAD33CA-fusion plasmid. The inoculated culture was serial diluted and grown over 

night at 37°C while shaking. The next day a culture at mid exponential growth (OD=0.3-0.6) was 

used as starter culture to produce another round of serial dilutions in fresh media. 10 min before 

staining the cultures, when the culture is at OD600 ~0.3, 0.04 μM arabinose was added to induce 

the production of LptCA-fusion protein. After 10 minutes of induction the cells were stained with 

~5 nM Halo-Tag-JF549 dye for 10 -15 min. The stained culture was concentrated and 1μL of the 

concentrated culture was pipetted onto prepared microscope slides and covered with an agar pad, 

prepped from the growth media with the addition of arabinose. For the negative wild-type control, 
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no arabinose was added to the culture or the pad. Particle tracking and lifetime measurements were 

conducted as described below. 

 

4.4.5. Microscope set up for lifetime measurements 

Total internal reflection fluorescence microscopy (TIRF-M) and phase-contrast 

microscopy was performed on a Nikon TI microscope equipped with a 100X NA 1.45 TIRF 

objective and an Andor Ixon EMCCD camera resulting in 160 nm pixels. With an exposure time 

of 500 ms, TIRF-M time-lapses were taken with streaming acquisition for 4 min at an illumination 

of 561 nm at a 50% laser intensity. A phase-contrast image was taken before and after the 

fluorescent movie was acquired to segment the outside of the cells. Movies that displayed drifts 

were discarded. The imaging was performed in a chamber equilibrated at 37°C. 

 

4.4.6. Microscope set up for particle tracking 

The same microscope settings as described in 4.4.5. were used with a changed exposure 

time and laser intensity. With an exposure time of 100 ms, TIRF-M time-lapses were taken with 

streaming acquisition for 400 frames min at an illumination of 561 nm at a 70% laser intensity. 

Again, phase-contrast images was taken before and after the fluorescent movie was acquired to 

segment the outside of the cells.  

 

4.4.7. Lifetime analysis 

The lifetime analysis of immobile Halo-LptB under the treatment of LpxC inhibitor and 

under the overproduction of LptCA-fusion protein was conducted analogous as described in 3.4.4.. 
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Cell masks were generated from the phase contrast images using the threshold tool in Fiji.169 The 

TIRF-M time-lapses were preliminary analyzed using TrackMate170 and the data were exported to 

Matlab. Tracks were filtered to be inside cells using the generated cell masks, and the filtered 

tracks were converted into spot intensity traces. The intensity traces were filtered and fitted to a 

hidden Markov model using the vbFRET package to measure single molecule lifetimes.151, 174-175 

Traces that were best fitted with a two-state model were included for further analysis. Further 

filtering of the traces to determine the lifetime was done analogous as described in 3.4.4.. However, 

treatment of cells with LpxC inhibitor resulted in higher background images. Therefore, more 

stringent lifetime analysis parameters were used for these data and the corresponding control. 

Instead of a 40 counts difference between state 1 and state 2 for LpxC inhibitor data and its control 

a 50 count difference was set. Further only traces with 3 events were allowed instead of the 4 

events. The lifetime data were exported and further analyzed with custom written python code as 

described in 3.4.4.. 

 

4.4.8. Single molecule tracking analysis 

Tracks were constructed from the collected TIRF-M time lapses with TrackMate as 

described in 2.4.14.1.. Tracks were filtered to be inside cells using the phase contrast images 

collected before and after each TIRF-M movie as described in 2.4.14.2.1.. The confinement radius 

analysis and plots was conducted as described in 2.4.14.2.3.. The cumulative distribution analysis 

and fits was done as described in 2.4.14.2.4.. 
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