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1. BASIC SCIENTIFIC BACKGROUND 

1.1. Cell envelope of Gram-negative bacteria 

All living organisms are composed of fundamental units called cells. The bacterial cell envelope 

is a complex multilayered biological structure and protects the organism from its external 

environment. It allows the cell to adapt and survive changes in the environment e.g. extremes 

in pH, temperature, salt concentration or pressure without losing stability or cellular shape. Based 

on the structural differences and composition of the cell envelope bacteria can be classified into 

Gram-positive and Gram-negative bacteria (Gram, 1884). Cell envelopes of Gram-negative 

bacteria like Escherichia coli (E. coli) are sectioned into three layers: the cytoplasmic or inner 

membrane (IM) surrounding the cytoplasm, the periplasm containing peptidoglycan and the 

outer membrane (OM, Glauert and Thornley, 1969; Fig. 1.1). The periplasm separates the IM 

and the OM and contains a wide range of different proteins that perform various functions, 

including synthesis of peptidoglycan, electron and nutrient transport or protein folding (Koch, 

1998). The OM is the distinguishing feature of Gram-negative bacteria, since Gram-positive 

bacteria lack this organelle but instead have a more extensive peptidoglycan polymer protecting 

their surface. The IM is composed of phospholipids, which are, in regard to their head groups, 

asymmetrically distributed between the inner and the outer leaflet. In contrast, the OM is 

asymmetric regarding the distribution of the phospholipids. Whereas lipopolysaccharides (LPS) 

are exclusively found in the outer leaflet, phospholipids mainly form the periplasmic, inner 

leaflet (Kamio and Nikaido, 1976). The OM is linked covalently to the peptidoglycan layer via 

the Braun's lipoprotein (Lpp), the most abundant protein in E. coli, and via outer membrane 

protein A (OmpA) (Braun, 1975; Koebnik, 1995; Pautsch and Schulz, 1998; 2000). Proteins 

constitute about 60 % of the cell membrane with numerous protein channels allowing selective 

passage of nutrients that are usually impermeable to the membrane (Cooper, 2000). In their 

transmembrane domains, all known integral membrane proteins either consist of β-pleated 

sheets forming a closed barrel, single α-helices or α-helical bundles. Besides integral membrane 

proteins, both cell membranes also contain peripheral proteins like lipoproteins, which are 

anchored to the IM or OM (Hayashi and Wu, 1990).  

The OM of Gram-negative bacteria acts as a highly selective barrier, separating the cell from 

extracellular cytotoxic substances. Since there are no available energy sources like ATP in the 

periplasm, nutrients usually pass the OM by passive diffusion via an abundant class of outer 

membrane proteins (OMPs). 
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Fig. 1.1 Structure of the bacterial cell envelope. The envelope is separated into the outer membrane (OM), the 
periplasm containing the peptidoglycan layer, and the cytoplasmic or inner membrane (IM). The asymmetric OM 
is composed of lipopolysaccharides (LPS) in the outer and phospholipids in the inner leaflet, respectively. Unique 
β-barrel outer membrane proteins (OMPs) are integrated into the OM. The IM is composed of a phospholipid 
bilayer containing α-helical integral membrane proteins (IMPs). Both membranes also contain lipoproteins which 
are attached to the membranes via lipids that are covalently-linked to the N-terminus or to the amino acid 
sidechains of the lipoproteins. The aqueous periplasm contains soluble proteins serving a variety of functions. 

 

1.2 Membrane lipids 

Biological membranes are composed of a continuous double layer of lipid molecules including 

inserted or associated proteins. The most abundant lipids of the IM and OM are glycerol-

phospholipids containing a polar head group and two fatty acid chains as hydrophobic tails. 

Based on their amphipathic nature and hydrophobic packing constraints, phospholipids with 

two fatty acid chains, each containing more than 10 carbon atoms, spontaneously form into 

lipid bilayers. The two hydrophobic fatty acid tails form the interior of the membrane, whereas 

the hydrophilic head groups are exposed to the aqueous environment. The fatty acid chains are 

linked to carbons 1 and 2 of a glycerol backbone and a phosphate group is attached to the third 

OH-group of glycerol. Different polar head groups are attached to the phosphate group  

(Fig. 1.2). Lipids can differ in the head group species, which may carry a net charge, or in the 

two fatty acids, which may vary in the hydrocarbon chain length or in the degree of saturation. 
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The lipid composition of membranes also depends on the cell type. The fluidity of the lipid 

bilayer is based on the phase transition temperature Tc, at which the lipid physical state of the 

bilayer changes from the ordered (solid) gel phase below Tc, with closely packed lipids, to the 

disordered liquid crystalline phase above Tc. Most biological membranes are organized with 

lipids in the fluid phase, with hydrocarbon chains randomly oriented and with conformational 

mobility around the carbon-carbon single-bonds, but some lipids are hindered in their mobility 

caused by direct interactions with integral membrane proteins (Mason, 1998; Jouhet, 2013). 

The fluidity and thickness of the membrane is crucial for protein mobility and influenced the 

structure, assembly and function of membrane proteins such as rhodopsin or mechanosensitive 

channels (Lenaz, 1987; Dowhan, 1997; Perozo et al., 2002; Soubias et al., 2008; Li et al., 2012). 

Phospholipids do not only have unique functions in maintaining cellular shape, they also 

interact specifically with membrane proteins and play an important role in supporting active 

transport (Dowhan, 1997). As the lipid membrane serves as a permeability barrier protecting 

cells from the external environment, bacteria have evolved multiple strategies to survive 

unfavorable conditions. Bacteria are able to alter the lipid composition of the membrane to 

rapidly adapt to changing environmental conditions (Alberts et al., 2002). A decrease in the 

surrounding temperature causes a decrease in membrane fluidity. To prevent the change of the 

physical state of the lipid bilayer, bacterial cells respond by increasing the amounts of 

phospholipids with unsaturated fatty acids that form bilayers of a lower Tc in comparison to 

phospholipids with saturated fatty acids (Marr and Ingraham, 1962).   

Predominant phospholipids found in prokaryotes and eukaryotes are phosphatidylglycerol 

(PG), diphosphatidylglycerol (DPG, cardiolipin (CL)), phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidic 

acid (PA). In E. coli, the lipid composition is composed of ∼ 75 % PE, ∼ 20 % PG, and ∼ 5 % 

CL with the lipids distributed among the inner and outer leaflet of the IM (Raetz and Dowhan, 

1990; Morein et al., 1996, Fig. 1.2). The overall composition is relatively constant even though 

the amount of CL increases in cells in the stationary phase (Hiraoka et al., 1993). As a major 

component of the OM, LPS cover more than 90 % of the cell surface and serve as physical 

barrier providing protection of the cell from antibacterial agents (Nikaido, 1989; Papo and Shai, 

2005). LPS is also known as endotoxin since it is recognized by the immune system (Raetz and 

Whitfiled, 2002).  
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Fig. 1.2 Examples of phosphoglycerides found in biological membranes. Phospholipids are structured into a 
hydrophobic tail, composed of two fatty acid chains, and a hydrophilic head group region consisting of a glycerol-
3-phosphate and a variable polar head group. Here, the lipids phosphatidylcholine (PC), phosphatidyl-
ethanolamine (PE) and phosphatidylglycerol (PG) are shown. 

 

1.3 Membrane proteins 

Nowadays the majority of therapeutics target membrane proteins upon their accessibility on the 

surface of the cell. It is presumed that membrane proteins constitute more than 60 % of current 

drug targets making them indispensable in treating diseases (Overington et al., 2006). Gram-

negative bacteria strains such as E. coli or Pseudomonas aeruginosa develop resistance against 

currently available agents by disposal of antibiotics through multidrug efflux pumps that are 

present in their membrane (Boucher et al., 2013). As a result, the development of new 

antibiotics with activity against membrane proteins of Gram-negative bacteria represents an 

urgent clinical need. In E. coli a broad spectrum of various membrane proteins is present and 

can be classified based on their location into peripheral-, integral- and lipid-anchored membrane 

proteins. Peripheral or extrinsic membrane proteins do not span the hydrophobic core of the 

membrane but rather interact with the polar head groups of phospholipids or with integral 

membrane proteins. Bacterial lipid-anchored membrane proteins (lipoproteins) contain a  

N-terminal cysteine consisting of a lipid modification allowing the protein to interact with the 

membrane. Integral or transmembrane proteins (TMPs) span the entire phospholipid bilayer by 

interacting upon their hydrophobic side chains with the fatty acyl groups of the membrane 
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whereas hydrophilic domains are extended into the aqueous medium on the cytoplasmic or 

periplasmatic side of the bilayer. To date all TMPs examined contain a membrane-spanning 

domain composed of α-helices or multiple β-strands. It has been predicted that approx.  

20 - 30 % of the entire genome encode TMPs (Cowan and Rosenbusch, 1994; Wallin and von 

Heijne, 1998; Liu and Rost, 2001). α-helical TMPs are more abundant and found in the IM 

whereas β-barrels are known from the OM of bacteria, a difference that assumedly originates 

from the biogenesis of OM proteins (Koebnik et al., 2000). The most prominent protein of  

α-helical TMPs is bacteriorhodopsin which spans the membrane with seven hydrophobic 

transmembrane helices (Lozier et al., 1975; Luecke et al., 1999; Fig. 1.3). In contrast, TMPs 

that are present in the OM of Gram-negative bacteria, mitochondria and chloroplasts use 

amphipathic β-strands to traverse the membrane. Those form a closed barrel of antiparallel  

β-strands in which the first β-strand is connected by hydrogen-bonds to the last. A common 

example is the outer membrane protein A (OmpA), an eight-stranded β-barrel in E. coli (Wang, 

2002, Fig. 1.3).  With one exception to date (the α-helical barrel Wza, involved in the secretion 

of capsular polysaccharide, Dong et al., 2006; Collins and Derrick, 2007), the OM of bacteria 

exclusively contains transmembrane β-barrel proteins (Koebnik et al., 2000; Schulz, 2002). 

Fig. 1.3 Examples of transmembrane proteins. Shown are the crystal structures of (A) the typical α-helical 
transmembrane protein bacteriorhodopsin from Halobacterium salinarum (PDB structure: 1c3w, Luecke et al., 
1999) and (B) the β-barrel protein OmpA from E. coli (PDB structure: 1bxw, Schulz and Pautsch, 1998).   

 

Based on their hydrophobic character TMPs are difficult to handle outside their membrane 

environment since they aggregate in aqueous solution and lose their function. Hence, the 

extraction of TMPs from the membrane requires the use of detergents, which allow their 

solubilization in aqueous buffer, but still often comprise their function and stability.  

  

 

B A 
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1.4 Outer membrane proteins - structure and function 

Outer membrane proteins (OMPs) are integrated into the lipid membrane of Gram-negative 

bacteria and cells of endosymbiotic origin such as mitochondria or chloroplasts and provide the 

means for communication across the membrane. It is predicted that 2 - 3 % of all bacterial genes 

in Gram-negative bacteria encode for proteins that are located in the OM and form β-barrels 

(Wimley, 2003). OMPs are composed of an even number of antiparallel β-strands ranging from 

8 to 26 with the strands tilted by 36° to 44° relative to the axis of the barrel (Schulz, 2002). To 

date, the human isoform 1 of the voltage dependent anion channel (hVDAC1) from 

mitochondria represents the only β-barrel with an uneven number containing 19 β-strands with 

the first and last strand being parallel to each other (Bayrhuber et al., 2008). The β-strands with 

their alternating hydrophobic and polar amino acids are connected to each other by β-turns 

facing the periplasm and longer loops exposed to the outside of the cell (Fig. 1.4). In all  

β-barrels the lipid-exposed surface is hydrophobic with a band of aromatic amino acids near 

the bilayer interface (Wimley, 2002). Some OMPs possess a soluble periplasmic domain that 

is sometimes required in substrate recognition e.g. it was suggested that the flexible periplasmic 

domain of BamA binds nascent OMPs in a process known as β-augmentation (Kim et al., 2007; 

Gatzeva-Topalova et al., 2008). OMPs vary in their oligomeric state and exist as monomers, 

dimers or trimers (for a review, see: Wimley, 2003; Tamm et al., 2004). Monomeric OMPs 

distinguished by the number of their β-strands are e.g. OmpA or PagP (8 β-strands, Pautsch and 

Schulz, 2000; Arora et al., 2001; Hwang et al., 2002), OmpT (10 β-strands, Vandeputte-Rutten 

et al., 2001), NalP or Tsx (12 β-strands, Oomen et al., 2004; Ye and van den Berg, 2004), FadL 

(14 β-strands, Van den Berg et al., 2004b), BamA (16 β-strands, Albrecht et al., 2014), ScrY 

(18 β-strands, Forst et al., 1998), FhuA or BtuB (22 β-strands, Ferguson et al., 1998; Chimento 

et al., 2003), FimD (24 β-strands, Phan et al., 2011) and LptD (26 β-strands, Qiao et al., 2014). 

Additionally, the phospholipase OmpLA exists as monomer but becomes active on 

dimerization (Dekker et al., 1997). Porins form homotrimers in the OM of Gram-negative 

bacteria e.g. the 16-stranded trimers OmpF and PhoE (Cowan et al., 1992, 1995). 

 



BASIC SCIENTIFIC BACKGROUND 
__________________________________________________________________________________________ 

 7 

Fig. 1.4. Some examples of integral proteins from outer membranes (OMs) of bacteria (OMPs). OMPs have 
a β-barrel structure characterized by the number of antiparallel β-strands. NalP is an OMP from Neisseria 
meningitidis (PDB structure: 1uyn, Oomen et al., 2004), TolC (PDB structure: 1ek9, Koronakis et al., 2000), 
OmpT (PDB structure 1i78, Vandeputte-Rutten et al., 2001), FhuA (PDB structure 1by3, Locher et al., 1998) and 
LamB (PDB structure: 1mpq, Dutzler and Schirmer, 1997) are all from E. coli. 

 

OMPs are involved in various biological processes with distinct function in the cell (Schulz, 

2002; Wimley, 2003; Tamm et al., 2004). They can act as non-specific porins allowing passive 

diffusion of small hydrophilic molecules < 600 Da (OmpF, PhoE) or serve as substrate specific 

channels allowing specific molecules to cross the membrane (Koebnik et al., 2000). The 

transport of substrate specific molecules can either occur through passive diffusion (ScrY or 

LamB) or active transport which depends on energy providing receptors like TonB (localized 

in the IM) e.g. FhuA is a transporter for iron uptake and BtuB for cobalamin (Nikaido, 1994). 

Some OMPs also serve as enzymes including the aspartyl protease OmpT or the lipid A 

palmitoyl transferase PagP (Bishop, 2005; 2008). OmpA acts as physical linkage between the 

peptidoglycan and the OM, FimD is a type 1 pilus assembly platform transporting pili subunits 

that are required for the mobility of the cell, LptD mediates the transport of LPS to the outer 

leaflet of the OM and BamA is the main subunit of the β-barrel assembly machinery complex 

responsible for the assembly and folding of OMPs into the OM (Braun and Silhavy, 2002; 

Voulhoux et al., 2003; Wu et al., 2005; Nishiyama et al., 2008; for a review, see Kleinschmidt, 

2015). TolC is a trimer forming channel allowing the efflux of proteins or drugs (antibiotics) 

thus serving as translocon with an important role in virulence and multidrug resistance 

extracellular space 

periplasmic space 

NalP OmpT FhuA TolC LamB 
N. meningitidis E. coli E. coli E. coli E. coli 

OM 
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(Koronakis et al., 2004). All these proteins demonstrate the structural importance of OMPs in 

the integrity of the OM and OMP assembly. OMPs also play a role as autotransporters 

representing an important group of secretory proteins in Gram-negative bacteria. They are 

composed of a β-barrel (transporter domain) localized in the OM with the N-terminal passenger 

domain secreted through the transporter domain allowing to transport themselves. An example 

is NalP functioning as virulence factor commonly found in pathogenic strains of Gram-negative 

bacteria (Desvaux et al., 2004). Consequently, OMPs regulate a plenty of processes and 

maintain the function of the OM as a highly selective barrier. They are the first line of contact 

of the bacterium to its external environment.  

Outer membrane protein A  

The outer membrane protein A (OmpA) is known as a ubiquitous component of the OM of  

E. coli with estimates of approx. 100,000 copies per cell (Koebnik et al., 2000). It possesses a 

N-terminal domain consisting of 171 amino acid residues forming an eight-stranded β-barrel 

embedded in the OM (Fig. 1.3). The antiparallel strands are connected through four hydrophilic 

loops at the outer surface of the membrane and three short periplasmic turns (Vogel and Jähnig, 

1986). The remaining sequence (amino acids 172 - 325) describes the C-terminal domain 

mostly containing α-helices. This soluble domain resides in the periplasm and is non-covalently 

anchored to the peptidoglycan layer thus connecting it to the OM (Koebnik, 1995; Pautsch and 

Schulz, 1998; 2000). A relatively large variation occurs in the extracellular loops between 

invasive and noninvasive E. coli strains whereas the N-terminus of OmpA is highly conserved 

highlighting the importance of a functional β-barrel (Pautsch and Schulz, 1998). Additionally, 

the deletion of the loops did not affect the assembly of the β-barrel structure (Koebnik, 1999a, 

1999b). OmpA plays a structural role in the maintenance of the integrity of the OM. Mutants 

lacking OmpA and Braun's lipoprotein (Lpp) demonstrated that the peptidoglycan was no 

longer associated with the OM (Sonntag et al., 1978). The monomeric OmpA forms small gated 

pores allowing the transport of ions and larger solutes defining the OMP as a weakly anion 

selective channel (Sugawara and Nikaido, 1992; Saint et al., 1993). It also functions as surface 

receptor for several bacteriophages and bacteriocins such as colicines through the hydrophilic 

loops of the protein (Foulds and Barrett, 1973; Morona et al., 1984) and is required for the 

conjugation of the bacterial cell (Schweizer and Henning, 1977; Ried and Henning, 1987). 

Homologs of OmpA with similar function are present in many Gram-negative and some Gram-

positive bacteria with important pathogenic roles e.g. OmpA serves as virulence factor causing 

adhesion and invasion that results in several diseases (Confer and Ayalew, 2013).  
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In the last decades OmpA has developed to a widely used model system for the analysis of 

membrane protein folding and insertion as it is monomeric and relatively small (Surrey and 

Jähnig, 1992, 1995; Kleinschmidt and Tamm, 1996; Kleinschmidt et al., 1999, for a review, 

see Kleinschmidt, 2015). The electrophoretic mobility of OmpA ranges from 28 kDa to 36 kDa 

depending on the conditions it is subjected prior to SDS-PAGE (Chai and Foulds, 1977). OmpA 

was purified in denatured form in the presence of 8 M urea and it was found that OmpA 

spontaneously refolds in the presence of detergent or lipid vesicles upon removal of urea, 

regaining its native β-barrel structure (Surrey and Jähnig, 1992).   

1.5 Outer membrane protein biogenesis 

To reach their destination in the OM and to fulfill their essential function in the cell, OMPs and 

lipid-anchored proteins (bacterial lipoproteins) must be translocated across the IM and the 

aqueous periplasmic space - a challenging process that is based on multiple stages (Fig. 1.5). 

Precursor OMPs and lipoproteins are synthesized in the cytoplasm and targeted to the Sec 

translocase. Targeting is mediated by an N-terminal signal peptide that is cleaved by signal 

peptidase I (SPase I) after translocation across the SecYEG complex to the periplasm (Pugsley, 

1993; Paetzel et al., 2002; Hegde and Bernstein, 2006). The Sec translocon is a stable complex 

in the IM composed of three integral membrane proteins, SecY, SecE and SecG (Brundage  

et al., 1990; Van den Berg et al., 2004a). Two targeting systems are known: Precursor proteins 

can either be transported cotranslational through the association of SecYEG with ribosomes 

(Prinz et al., 2000) or posttranslational upon interaction with SecA/SecB (Hartl et al., 1990; 

Economou and Wickner, 1994). Peripherally bound SecA functions as an ATP-dependent 

motor protein for the transport process. Before reaching SecA/SecYEG at the IM, precursors 

of OMPs are bound in the cytoplasm by the molecular chaperone SecB, which stabilizes the 

unfolded state of membrane proteins (Fekkes and Driessen, 1999). The Sec secretion system 

does not represent the only secretary pathway in the IM of bacteria. Some proteins are 

translocated across the IM by the twin arginine protein translocation (Tat) pathway. The Tat 

system transports folded proteins containing a conserved twin-arginine motif which is located 

at the N-terminus between a positively charged and hydrophobic α‐helical boundary (for a 

review see Berks et al., 2000). Generally, the Sec pathway is the predominant route of protein 

export. After the arrival in the periplasm, two distinct routes either for lipoproteins or for OMPs 

are taken to the OM. Lipoproteins either remain in the IM or are translocated to the inner leaflet 

of the OM by the localization of lipoproteins (Lol) pathway (Konovalova and Silhavy, 2015) 

whereas the precursor OMPs are transported to the β-barrel protein assembly machinery (BAM) 
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complex via the SurA or the Skp/DegP pathway (Rizzitello et al., 2001; Sklar et al., 2007b). 

 

  
Fig. 1.5 Biogenesis of outer membrane - and lipid-anchored proteins. Outer membrane proteins (OMPs) and 
lipid-anchored proteins (bacterial lipoproteins) are synthesized in the cytoplasm and translocated cross the inner 
membrane (IM) via the Sec translocon to the periplasm where they follow two distinct pathways. Lipoproteins 
either remain in the IM or are transported to the outer membrane (OM) by the Lol pathway which includes the 
transmembrane protein LolCDE, the soluble chaperone LolA and the receptor protein LolB anchored to the OM 
itself. OMPs traverse the periplasm bound to a variety of chaperones such as SurA, Skp, FkpA or DegP which 
deliver the precursor OMPs to the β-barrel assembly machinery (BAM) complex. Finally, the BAM complex 
composed of the β-barrel BamA and four lipoproteins termed BamB, BamC, BamD and BamE facilitates and 
inserts OMPs into the OM. For better illustration the peptidoglycan localized between the IM and OM is not 
shown. 
 

It has been shown for the localization of lipoproteins that the amino acid residue at the N-

terminal second position functions as sorting signal. Specific for IM lipoproteins is an aspartate 

residue at this position whereas other amino acids residues are found in lipoproteins that are 

translocated to the OM (Matsuyama et al., 1995). The substitution of Asp to Ser results in a 

change of the final localization of the lipoprotein from the IM to the OM (Yamaguchi et al., 

1988). Independent of the final location of the lipoprotein, its N-terminal cysteine is modified 

to anchor the protein in the hydrophobic membrane (Sankaran and Wu, 1994). The modification 
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occurs at the periplasmic surface of the IM. The so-called lipid anchor is attached to the protein 

in three steps, catalyzed by the enzyme Lgt that transfers a diacylglyceryl to the free SH-group 

of the cysteine, by the peptidase Lsp that cuts off the signal peptide and by the acyltransferase 

Lnt that catalyzes the final acylation leading to triacylated lipoproteins (Hayashi and Wu, 1990; 

Sankaran and Wu, 1994).   

The OM lipoprotein is further recognized by the ABC transporter LolCDE complex, which 

consists of two units of the ATPase subunit LolD on the cytosolic side of the IM that are bound 

to the IM TMPs LolC and LolE, respectively. The transmembrane domains of LolC and LolE 

form bundles of four transmembrane helices (Yasuda et al., 2009). These transmembrane 

domains and the periplasmic domains of LolC and LolE, which bind to LolA in the periplasm, 

tightly associate upon binding of ATP between the two LolD units on the cytosolic side (Kaplan 

et al., 2018). LolCDE releases the lipoprotein from the IM using the energy of ATP (Yakushi 

et al., 2000). Bound in a complex to the soluble chaperone LolA the lipoprotein is delivered to 

the OM receptor protein LolB which anchors the lipoprotein in the inner leaflet of the OM. 

LolB is essential for cell viability in E. coli (Matsuyama et al., 1997).   

After entering the periplasm, the precursor OMPs are exposed to an aqueous environment and 

are prone to aggregation. The σE stress response of the cell envelope is specifically activated by 

unfolded precursor OMPs and controls the activation of genes coding for periplasmic 

chaperones that prevent misfolding and assist in the folding of OMPs such as SurA, Skp, DegP 

or FkpA (Mescas et al., 1993; Raivio and Silhavy, 2001). The quality control of OMP 

biogenesis also involves the degradation of misfolded or damaged proteins by proteases to 

prevent aggregation in the periplasm. It is presumed that two different and partially redundant 

chaperone pathways exist that function in parallel. The released OMPs are either transported 

across the periplasmic space to the OM via the SurA pathway or the Skp/DegP pathway 

(Rizzitello et al., 2001; Sklar et al., 2007b). The relative importance of the primary function of 

each pathway is still in discussion. On the one hand, OMPs are predicted to be mainly 

transported by SurA whereas the Skp/DegP pathway is thought to function as rescue pathway 

binding to OMPs falling off the SurA route (Sklar et al., 2007b), but on the other hand, only a 

few OMPs were shown to depend on SurA for folding and insertion into the OM (Vertommen 

et al., 2009). At least one of the chaperone pathways was essential when E. coli cells were 

grown on rich media which was demonstrated by double-knockouts of skp/surA or degP/surA 

resulting in a lethal phenotype (Rizzitello et al., 2001).  

The periplasmic chaperones escort the precursor OMPs through the periplasm while preventing 

their aggregation and deliver them to a conserved multicomponent complex localized in the 
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OM. The so-called β-barrel assembly machinery (BAM) complex facilitates the folding and 

insertion of OMPs into the OM (Wu et al., 2005). The BAM complex is composed of the  

β-barrel OMP BamA and the lipoproteins BamB, BamC, BamD and BamE which will be 

described in detail in section 1.6. In contrast to their counterparts in the cytoplasm where e.g. 

the motor protein SecA uses ATP as energy source to transport unfolded precursor proteins 

through the SecYEG channel, the periplasmic chaperones and the BAM complex assist protein 

folding without any source of energy (for a review, see Rollauer et al., 2015).  

1.6 The β-barrel assembly machinery complex 

The insertion and assembly of OMPs into the OM is a complex process that requires several 

folding factors. Although some of the structures of these folding factors from E. coli or very 

similar bacteria are known, these were all solved in the absence of client OMPs. Therefore, 

their functions and their interactions with unfolded OMPs are poorly understood, although this 

knowledge would be important for the design of novel antibacterial drugs. The highly 

conserved β-barrel assembly machinery (BAM) complex catalyzes the assembly of OMPs into 

the OM. In E. coli, the BAM complex is comprised of one β-barrel protein, BamA (YaeT) and 

four OM lipoproteins BamB (YfgL), BamC (NlpB), BamD (YfiO) and BamE (SmpA) which 

are anchored to the inner leaflet of the OM (Wu et al., 2005; Sklar et al., 2007a, Fig. 1.7). The 

composition of the complex can vary within bacterial species e.g. BamB is not present in 

Neisseria meningitidis (Volokhina et al., 2009) and some bacteria contain additional subunits 

such as BamF in Caulobacter crescentus (Anwari et al., 2012).   

BamA was the first subunit that was discovered and described under its synonym Omp85. 

Omp85 is an essential transmembrane protein in N. meningitidis and required for the insertion 

of integral proteins into the OM (Voulhoux et al., 2003). Members of the Omp85 protein family 

are evolutionarily conserved in OMs of bacteria and in OMs of eukaryotic cell organelles like 

mitochondria (Sam50, Kozjak et al., 2003; Kutik et al., 2008) and chloroplasts (Toc75, 

Moslavac et al., 2005). The BAM complex can be separated into two main subcomplexes, 

BamAB and BamCDE, with BamA and BamD forming the core of the complex as they were 

essential for cell viability (Wu et al., 2005; Hagan et al., 2010). BamA is the most highly 

conserved subunit of the BAM complex. BamA is composed of a C-terminal 16-stranded β-

barrel domain embedded in the OM (Albrecht et al., 2014) and an N-terminal periplasmic 

domain that is soluble and consists of multiple polypeptide transport-associated (POTRA) 

motifs (Kim et al., 2007). The number of POTRA domains found in variants of BamA depends 

on the type of bacteria or eukaryotic cell organelle. One POTRA domain was observed for 



BASIC SCIENTIFIC BACKGROUND 
__________________________________________________________________________________________ 

 13 

Sam50 (mitochondria), three for Toc75 (chloroplast), five for BamA (E. coli) and seven for 

BamA (Myxococcus xanthus, Pfitzner et al., 2016). All POTRA domains show a low sequence 

similarity but display a highly conserved structure with each domain consisting a β-α-α-β-β 

topology comprising three-stranded β-sheets and two antiparallel α-helices (Kim et al., 2007). 

The deletion of individual domains in E. coli revealed that POTRA 3, 4 and 5 are essential for 

cell viability whereas POTRA 1 and 2 deletion mutants survived but grew poorly. The loss of 

POTRA 5 resulted in disassembly of the whole BAM complex (Kim et al., 2007). The POTRA 

domains serve as a scaffold for interactions with individual BAM subunits and play a role in 

the recognitions of substrates. POTRA5 is responsible for the association with BamD providing 

an interaction interface with the BamCDE subcomplex since BamC and BamE did not directly 

bind to BamA (Kim et al., 2007). BamB is associated through POTRA 2 - 5 to BamA (Kim  

et al., 2007; Chen et al., 2016). 

Fig. 1.7 Crystal structure of the β-barrel assembly machinery (BAM) complex. (A) The BAM complex is 
composed of the outer membrane protein (OMP) BamA forming a 16 stranded β-barrel domain in the outer 
membrane (OM) covalently linked to a N-terminal periplasmic domain comprising five polypeptide transport-
associated (POTRA) motifs (green). Bound to BamA are four lipoproteins BamB, BamC, BamD and BamE. The 
POTRA domains 2 - 5 of BamA are bound to BamB (blue) and POTRA domain 5 interacts with BamD (yellow). 
BamC (red) and BamE (orange) are indirectly bound to BamA through their interaction with BamD (PDB 
structure: 5ayw, Han et al., 2016). (B) The complex was rotated about 90° along the x-axis.  

Several crystal structure analyses of BamB revealed an eight-bladed β-propeller structure with 

a central cavity. The antiparallel β-blades are connected through interconnecting loops (IL) 

which are exposed to the surface of the protein (Albrecht and Zeth, 2011; Kim and Paetzel, 

2011; Noinaj et al., 2011; Heuck et al., 2011). BamC is composed of two structurally 

homologous helix grip domains which are connected by a predicted α-helical linker (Warner  

90° 

A B 
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et al., 2011). BamD is the most highly conserved lipoprotein of the BAM complex and 

comprises ten α-helices forming five tetratricopeptide (TPR) repeats (Albrecht et al., 2011; 

Sandoval et al., 2011; Dong et al., 2012a). Proteins that contain TPR-repeats are known to 

scaffold multiprotein complexes (Sandoval et al., 2011). The smallest component of the BAM 

complex is BamE, which is composed of two N-terminal antiparallel α-helices and three 

antiparallel β-sheets located at the C-terminus (Kim et al., 2011). Recently, independent groups 

were able to solve the complete crystal structure of the BAM complex including BamABCDE 

- a breakthrough in understanding the interaction and cooperation of the BAM subunits and 

their role in OMP folding and insertion (Han et al., 2016; Gu et al., 2016).   

In contrast to BamA or BamD, the individual loss of BamB, BamC or BamE was not lethal for 

the cell but caused defects in OMP assembly (Wu et al., 2005). The deletion of BamB resulted 

in a reduced folding rate of OMPs, making bacteria susceptible to antibiotics (Wu et al., 2005; 

Charlson et al., 2006). The simultaneous deletion of the bamB gene and the periplasmic 

chaperone surA resulted in a phenotype with defects in the assembly of the OMP LamB 

assuming a common function of both proteins (Ureta et al., 2007). Even though BamB and 

BamD are not in direct contact recent studies demonstrated that they assist in the biogenesis of 

BamA, hence coordinate the formation of the BAM complex (Hagan et al., 2013). In contrast, 

only minor to no defects were observed in the absence of BamC or BamE but the simultaneous 

deletion of BamB and BamE was lethal (Wu et al., 2005; Onufryk et al., 2005; Charlson et al., 

2006; Sklar et al., 2007a).  

1.7 Motivation and aim of study 

Folding and insertion of OMPs into the OM is a complex process that has been the subject of 

many investigations but to date there is still a lack in understanding the mechanisms behind the 

successful assembly of OMPs to allow their function in the cell. In E. coli, the biogenesis of 

OMPs is mediated by a multi-protein complex termed as BAM complex composed of one  

β-barrel protein and four accessory lipoproteins with their individual roles remaining unknown 

or speculative. A major aim of this study is to examine the significant role of the lipoprotein 

BamB in binding, transport and subsequent assembly of OMPs to obtain relevant information 

for the applied research of diseases and the development of potential drug targets. Getting new 

insights into the structural properties, binding behavior and function of BamB is especially of 

interest since the lipoprotein is nonessential for cell viability under laboratory conditions but 

crucial for the folding efficiency of OMPs representing an ideal target for new inhibiting 

compounds interfering in the OMP folding pathway of multi-resistant Gram-negative bacteria 
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strains.    

Detailed information about the folding properties and specific interaction sides of BamB to the 

OM are not available. Biochemical and biophysical properties of BamB will be characterized 

and the impact of the environment e.g. lipid bilayers composed of different lipid species on the 

protein structure and folding as well as the lipid binding behavior of BamB will be highlighted. 

Therefore, two versions of BamB will be constructed either containing or lacking the signal 

sequence to gain additional insights into the specific binding of BamB to the lipid membrane 

without lipid modification at the N-terminal cysteine residue monitoring the relevance of the 

lipid anchor in lipid binding. By using site-directed mutagenesis point-mutants of BamB will 

be created which can be spectroscopically labeled and examined by fluorescence spectroscopy 

to identify potential sites of binding to the lipid membrane. In a detailed study, surface binding 

between protein and lipid will be analyzed upon fluorescence quenching of the labeled BamB 

utilizing a spin-labeled lipid. 

Kinetic studies on the folding and insertion of OMPs into lipid bilayers will be examined by 

using the OM β-barrel protein OmpA as folding model. The influence and importance of 

charged phospholipid head groups on the folding process and adsorption to the membrane 

surface will be investigated. The effect of BamB and the interplay between BamB and the 

periplasmic domain of BamA (PD-BamA) on the folding kinetics of OmpA into model 

membranes composed of several lipid compositions will be studied to allow a better 

understanding on the individual role of the lipoprotein BamB and the relevance of a combined 

effect of BamB and PD-BamA in OMP assembly. 

The individual roles of the components of the BAM complex are not known in detail, hence the 

dynamic interaction between BamB and PD-BamA will be investigated by preparing point-

mutations in both proteins that can be labeled with fluorophores and studied by fluorescence 

resonance energy transfer to investigate structural and functional sites that are involved in the 

cooperation of both proteins. 

For the biochemical and biophysical in vitro investigations specific techniques will be used 

which basic principles are explained in the following sections.    

1.8 Basic principles of the methods used in this study 
1.8.1 Kinetics of tertiary structure formation by electrophoresis (KTSE) 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a useful tool to 

monitor folding and insertion of β-barrel membrane proteins into synthetic membranes. The 

method is based on the principle that charged molecules are transported through a gel matrix 
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by an electrical field and is generally used for the separation of proteins. The electrophoretic 

mobility depends on the size and charge of the molecules which is proportional to the molecular 

mass of a denatured protein, for which on average one SDS anion is bound per two amino acid 

residues. In order to prevent artefacts in the running behavior on the SDS-Gel protein, samples 

are usually treated with SDS and boiled for a few minutes, resulting in completely denatured, 

unfolded and negatively charged proteins. The molecular mass of the protein can then be 

estimated based on a set of marker proteins of known size.   

Folded β-barrel membrane proteins are typically very stable and more compact than unfolded 

forms. Therefore, they have a faster electrophoretic mobility through the gel matrix, migrating 

at an apparently smaller molecular mass if samples are not heat-denatured prior to 

electrophoresis (cold SDS-PAGE). This was first reported for OmpA, which migrates at 30 kDa 

when folded and at 35 kDa when denatured (Schweizer et al. 1978). This observation was later 

confirmed for several β-barrel proteins from bacteria, like OmpA (Kleinschmidt and Tamm, 

1996; 2002; Bulieris et al., 2003; Patel et al., 2009), OmpG (Conlan and Bayley, 2003), OmpX 

(Maurya et al., 2013), PagP (Huysmans et al., 2007) or FomA, a voltage-dependent diffusion 

porin from Fusobacterium nucleatum (Pocanschi et al., 2006). Taking advantage of different 

electrophoretic mobilities of folded vs. unfolded forms, protein folding of OMPs into lipid 

bilayers or detergent micelles may be examined by SDS-PAGE, provided that samples are not 

heat-denatured before loading them onto the gel. It has been shown that unfolded OMPs like 

OmpA or BamA fold spontaneously to their active forms in the presence of either lipid 

membranes (Surrey and Jähnig, 1992; Surrey and Jähnig, 1996; Kleinschmidt and Tamm, 1996; 

Pocanschi et al., 2006; Shanmugavadivu et al., 2007; Huysmans et al., 2007), detergent 

micelles (Dornmair et al., 1990) or amphipathic polymers (Pocanschi et al., 2013; Popot, 2014; 

Kleinschmidt and Popot, 2014) upon urea dilution.   

The kinetics of tertiary structure formation by electrophoresis (KTSE) method is an in vitro 

assay that is based on the different migration of the folded and unfolded form of an OMP and 

was established to determine the kinetics of membrane protein folding (Kleinschmidt and 

Tamm, 1996; 2002; for a review, see Schüßler et al., 2019). In the assay folding and membrane 

insertion of OmpA is initiated by dilution of the denaturant urea in buffer containing preformed 

lipid bilayers or detergent micelles. Small aliquots of the reaction mixture are taken at certain 

time intervals after starting the reaction. Folding of OmpA is stopped by addition of SDS, which 

binds to folded and unfolded OmpA and prevents further folding (Kleinschmidt and Tamm, 

1996; 2002). Once folded into lipid bilayers or micelles, SDS does not unfold OmpA at room 

temperature. The yields of folded and unfolded OmpA are estimated by densitometry of the 
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bands on the gel, thus monitoring the kinetics of tertiary structure formation. It should be noted 

that the assay demonstrates only the rate-limiting last step of a folding process, the formation 

of the stable β-barrel as a function of time. Since folding intermediates are too unstable to resist 

SDS at room temperature, the method can be used to identify parallel folding processes 

(Pocanschi et al., 2006; Patel et al., 2009).  

1.8.2 Site-directed mutagenesis   

A key component of any study on structure-function relationships of proteins is the generation 

and characterization of mutants. In the past it was very difficult and time consuming to select 

for mutants that contained desired mutations by analyzing thousands or millions of clones. Also, 

the design or elimination of cleavage sites for restriction endonucleases was laborious. Now it 

is possible to introduce specific targeted nucleotide substitutions, insert single or multiple 

nucleotides, or to perform deletions in a double stranded plasmid DNA by site-directed 

mutagenesis - an in vitro technique that has evolved to a basic tool of gene manipulation. It can 

be used e.g. for characterizing functions and dynamics of proteins by altering the genetic code 

of key amino acid residues, or for carrying out vector modifications like removing or inserting 

restriction endonuclease sites or tags (Kunkel, 1985; Primrose and Twyman, 2006). In the 

present work the technique is fundamental for studying complex interactions between proteins 

or the interaction between proteins with the lipid bilayer through the substitution of single 

tryptophan or single cysteine residues. Whereas tryptophan serves as an intrinsic fluorophore, 

the sulfhydryl (SH) groups of cysteine residues are a useful target for covalent protein labeling 

(see section 1.8.4 about fluorescence).  

In a simple PCR reaction desired point-mutations can be introduced to plasmids by using 

overlapping, complementary primer pairs containing the desired mutation in the middle of the 

primer sequence (Fig. 1.8). The primers should anneal to the remaining sequence except for the 

desired base changes on opposite strands of the plasmid. The oligonucleotide primers are 

extended during temperature cycling by PfuUltra DNA Polymerase without primer 

displacement. PfuUltra is a high-fidelity DNA polymerase with an average error rate of 0.9 % 

within a 1 kb PCR product making the polymerase the ideal enzyme for PCR cloning and 

mutagenesis reactions (Agilent Technologies, PfuUltra High-Fidelity DNA Polymerase). To 

select for newly synthesized DNA containing the desired mutation, the parental DNA template 

is digested with the endonuclease DpnI which is specific for methylated and hemimethylated 

DNA and cleaves at the adenosine of the GATC recognition site. The nuclease-resistant nicked 

plasmid DNA is then transformed into ultracompetent cells. Finally, the desired mutation in the 
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plasmid is confirmed by nucleotide sequencing. The new plasmid is then transformed into the 

cell strain of interest either for additional mutations or for protein expression of the mutant. 

 

 
Fig. 1.8 Overview of a current, well-established site-directed mutagenesis method 1.) During the PCR reaction 
the DNA template is denatured and the mutagenic primers containing the desired mutation X anneal to the double 
stranded DNA. 2.) The primers are extended with PfuUltra DNA polymerase resulting in a plasmid with the 
desired mutation coexisting with the parental plasmid DNA. 3.) The parental DNA is digested with DpnI while 
the nuclease-resistant nicked plasmid DNA remains unaffected. 4.) The final mutation-containing plasmid is 
transformed into XL10-Gold cells (graphic modified from Agilent Technologies, QuikChange Site-Directed 
Mutagenesis Kit). 

 

1.8.3 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is a method to analyze the secondary structure, folding 

and binding properties of expressed and purified proteins in solution or in lipid membranes. 

Structural studies under various conditions (e.g. changes in membrane properties, temperature 

or pH) are used to examine requirements for protein folding or changes in the structure. CD 

spectroscopy also provides the rate and extent of conformational changes within the protein, 

which are often essential for biological function in the cell. Therefore, CD spectroscopy has 

evolved into a valuable technique for the characterization of protein structures. Especially in 

this work it is indispensable to analyze the structure and stability of wild-type protein in 

comparison with designed mutant proteins to identify conformational changes or to confirm 

that the mutation does not affect the native structure of the protein.   

CD is a result of the differential absorption (ΔA) of right (R) and left (L) circularly polarized 

light passing through an optically active (chiral) molecule.  

ΔA = AL – AR              (Eq. 1.1) 
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Proteins possess an intrinsically chirality since the Cα atoms of the amino acids have four 

different substituents attached to them accept for the amino acid glycine which is symmetrical. 

The difference in absorbance is determined from the difference of the absorption coefficients 

(Δε) according to Beer-Lambert’s Law:  

       Δε = εL – εR = ΔA / (c ⋅ d)            (Eq. 1.2) 

with εL and εR being the molar extinction coefficients for left and right circularly polarized light 

respectively, c is the molar concentration of the protein and d the cell pathlength (Berova et al., 

2000). Thus, depending on various amino acid compositions and structures proteins absorb 

right and left circularly polarized light with different extends resulting in elliptically polarized 

light, also known as ellipticity. CD spectroscopy directly measures the ellipticity (Θobs) in 

degrees, which depends on the wavelength λ: 

Θobs (λ) = ln (10) · 180/(4π) · Δε (λ) ⋅ c ⋅ d       (Eq. 1.3) 

In order to be able to estimate the content of secondary structure of a specific protein, the 

calculation of the mean molar ellipticity [Θ](λ) per amino acid residue (in deg⋅cm2/dmol) is 

necessary (Abrahams and London, 1992): 

[Θ] (λ) = 100 · Θobs (λ) / (c ⋅ d ⋅ n)        (Eq. 1.4) 

 

It describes the molar ellipticity [Θ](λ) divided by the number of amino acid residues n in the 

protein and requires the pathlength of the cell d in cm and the protein concentration c in mol/L. 

The factor 100 emerges from to the conversion of mol into dmol and from the use of 1000 cm3 

instead of L (for the unit of [Θ] (λ), the c could also be converted from mol/L to dmol/cm3, 

instead of using the factor 100 in the formula above).   

To analyze the secondary structure of proteins, CD spectroscopy is used in the ultraviolet (UV) 

wavelength range. The peptide bonds of proteins are chromophores of interest since they absorb 

in the far UV region (240 nm - 180 nm) and undergo detectable electron transitions. The peptide 

bonds have weak but broad n → π* transitions around 210 nm and intense π → π* transitions 

around 190 nm (Kelly et al., 2005). Each protein structure studied in the far UV has a unique 

CD spectrum that can be used to estimate the composition of its secondary structure, the relative 

contents of α-helices, β-sheets and random coils (Fig. 1.9). For example, a typical CD spectrum 

of α-helical proteins possesses negative minima at 222 nm and 208 nm and a positive maximum 

at 193 nm (Holzwarth and Doty, 1965), while proteins with antiparallel β-pleated sheets have 
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one negative minimum at 218 nm and a positive maximum at 195 nm (Greenfield and Fasman, 

1969). CD spectra in the near UV region (320 nm - 260 nm) reflect the absorption of the 

aromatic side chains of tryptophan, phenylalanine or tyrosine and can be used to characterize 

their chiral environment and to determine tertiary structure formation of the protein. Also, 

disulfide bonds show weak broad absorption bands centered around 260 nm (Kelly and Price, 

2000). 

Fig. 1.9 Far UV CD spectra of secondary structure compositions of proteins. Different forms of structures 
found in peptides and proteins exhibit distinct CD spectra. Typical spectra of polypeptides are shown that form: 
α-helices (solid line), antiparallel β-sheets (long dashed line), type I β-turns (dotted line) or disordered, irregular 
structures or random coil (short dashed line, modified from Kelly et al., 2005). 

 

It has to be considered that the recorded CD spectrum always reflects an average of the entire 

molecular population. Hence, the purification of the protein and determination of the protein 

concentration should be performed accurately. To estimate secondary structure compositions 

of proteins a number of analysis methods have emerged. Algorithms use the data from far UV 

CD spectra and compare them to datasets comprising the CD spectra of proteins of various 

structures that have been solved by X-ray crystallography (Kelly et al., 2005). So far five 

algorithms are predominately used, named CDSSTR (Sreerama and Woody, 2000), CONTIN 

(Provencher and Glockner, 1981), SELCON3 (Sreerama et al., 1999), K2d (Andrade et al., 

1993) and VARSLC (Manavalan and Johnson, 1987). DICHROWEB allows for the calculation 

and analysis of CD data by the previously mentioned algorithms with a choice of datasets. It is 
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hosted at the university of London (http://dichroweb.cryst.bbk.ac.uk, Birkbeck-College, 

Wallace-Laboratory; Lobley et al., 2002; Whitmore and Wallace, 2004; 2008). 

 

1.8.4 Fluorescence spectroscopy  
 

Molecular luminescence is described as a process in which susceptible molecules 

(fluorophores) emit light from electronically excited states. For differences in the spin-

multiplicity of electrons in the exited state, fluorescence and phosphorescence are 

distinguished. Under normal conditions electrons of a fluorophore are at the lowest energy state 

- the ground state (S0), for which the sum of all spins of the electrons is zero. Upon the 

absorption of light, the fluorophore is excited from its singlet ground state S0 to higher singlet 

electronic energy states, S1 and S2. The fluorophores exist in a number of vibrational energy 

levels (0, 1, 2, etc.). Fluorescence describes the emission of light that is taking place from singlet 

excited states as illustrated by the Jablonski diagram (Fig. 1.10). In this process the electron in 

the excited orbital has the opposite spin to the second electron in the ground state orbital. The 

electrons might return to the lower energy orbital by emission of a photon of a frequency 

corresponding to the energy difference of the two states of the molecule (ΔE = h·ν). Typically, 

the emitted light is of lower energy and longer wavelength than the absorbed light as some 

energy of the excited fluorophore is lost because of relaxation of its vibrational modes while 

the electron is in the excited state. This difference in energy or wavelength is called Stoke shift. 

Additionally, important characteristics of fluorophores are the fluorescence lifetime and the 

quantum yield. The fluorescence lifetime (τ) describes the average time between the excitation 

of the molecule and the return to the ground state which is typically near 10 ns. Hence, internal 

conversion is generally complete prior to emission (10-12 s or less). The fluorescence quantum 

yield (Φ) is defined as the ratio of photons emitted through fluorescence to the absorbed 

photons. Consequently, it is giving the probability of the excited state being deactivated by 

fluorescence rather than by other, non-radiative mechanisms like collisional quenching or 

fluorescence resonance energy transfer (FRET).   

Not all molecules initially excited by absorption return to S0 by fluorescence emission. In 

contrast, as part of luminescence, the emission of light from triplet excited states (T) is termed 

phosphorescence. Here, molecules in the S1 state can undergo a spin conversion to the first 

triplet state T1 (intersystem crossing) in which the electron in the excited orbital has the same 

spin orientation as the ground state electron, leading to a total spin S = 1 and a spin-multiplicity 

of 2·S + 1 = 3 (called triplett). Based on the Pauli exclusion principle, the return to the lower 

energy orbital S0 is forbidden and radiation is not observed until a spin-reversal of the excited 
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electron occurs. This results in a longer lifetime of the excited state typically lasting 

milliseconds to seconds.  
 

 
Fig. 1.10 Jablonski diagram illustrating the electronic states of molecules. Upon the absorbance of light, a 
fluorophore is excited from a lower energy level (S0) to a higher energy level (S1, S2). A number of vibrational 
energy levels (0, 1, 2, etc.) can exist at each electronic energy state as shown by horizontal lines. Energy may 
be dissipated by non-reactive processes like internal conversion. The return of the electrons to the ground state 
is associated with a loss of energy. Subsequently, the fluorophore emits light of longer wavelength - a process 
that is termed fluorescence. Molecules in the S1 state can undergo a spin conversion to the first triplet state (T1) 
upon intersystem crossing. The emission of light from T1 is described as phosphorescence.  

 

In the last decades the utilization of fluorescence in biological sciences has expanded. It has 

become an invaluable tool for researchers and provides insights into the conformation, 

structural changes and dynamics of molecules and is used to study protein folding and 

interactions between proteins or between proteins and lipids (for a review, see Gerlach et al. 

2019). Intrinsic fluorophores such as aromatic amino acids (tryptophan, phenylalanine or 

tyrosine) occur naturally in proteins whereas extrinsic fluorophores describe synthetic dyes that 

are covalently bonded to the protein to produce fluorescence with specific spectral properties. 

Fluorescence spectroscopy is an analytical technique that senses changes in the local 

environment of fluorophores. 

1.8.4.1 Fluorescence resonance energy transfer  

Förster resonance energy transfer or fluorescence resonance energy transfer (FRET) is a 

photophysical process that describes the transfer of energy between two fluorophores. It occurs 

by transferring energy from an excited donor molecule to an acceptor molecule through a non-

radiative process. FRET is not the result of emission and reabsorption of photons, it is rather a 

transfer that is based on the phenomenon that excited state energy from a donor molecule is 

coupled non-radiatively to a neighboring acceptor molecule (in the singlet ground state, S0) 
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through weak dipole - dipole coupling (Förster, 1948). That means the donor is excited by the 

absorbance of light, is lifted to a higher energy level (S1) as described in section 1.8.4 and 

transfers the excited energy directly to the acceptor fluorophore when the electron returns back 

to S0 without emitting a photon. Consequently, relaxation of the excited acceptor to S0 results 

in an emitted photon. By transfer of energy from some fluorophores to acceptors, the overall 

fluorescence of the donor fluorophore decreases and the lifetime of the excited state is reduced, 

which is accompanied by an increase in the fluorescence intensity of the acceptor (summarized 

in Lakowicz, 2006). The resulting fluorescence spectrum of the acceptor is identical to the one 

obtained after direct excitation.   

In order for FRET to occur, a few criteria must be met. First, the fluorescence emission 

spectrum of the donor must overlap with the absorption spectrum of the acceptor (Fig. 1.11). 

The higher the degree of overlap J (λ) between both spectra, the better the transfer of energy 

from the donor to the acceptor. Second, the donor-acceptor pair must be in close proximity to 

one another. Since the transfer rate is proportional to the inverse sixth power (1/r6) of the 

distance r (Latt et al., 1965; Stryer and Haugland, 1967; Gabor, 1968), the efficiency of transfer 

of excitation energy from the donor to the acceptor by non-radiative interaction decreases with 

increasing distance between the molecules (Eq. 1.5).  

ET = R0
6/ R0

6 + r6 or r = R0 (1/ET -1)1/6        (Eq. 1.5) 

The efficiency of energy transfer ET describes the fraction of absorbed donor photons 

transferred to the acceptor and R0 is the critical or “Först r” distance at which the FRET 

efficiency is 50 % (see also text books like Lakowicz, 2006). ET can also be assumed as a 

measure of the number of quanta that are transferred from the donor to the acceptor (Eq. 1.6),  

ET = 1 - FDA/FD            (Eq. 1.6) 

with FDA and FD being the fluorescence intensities of the donor in the presence and in the 

absence of the acceptor.   

Last but not least, the transition dipole orientations of the donor and the acceptor must not be 

perpendicular to each other and the fluorescence lifetime of the donor molecule must be of 

sufficient duration. Since the extent of transfer depends on the distance r between the donor 

and acceptor, the degree of spectral overlap (J) and the orientation of the transition dipole 

moments, the transfer rate is an extremely sensitive parameter for obtaining distances between 

macromolecules.  
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Fig. 1.11 Spectral overlap integral J(λ) between donor emission and acceptor absorption. For energy transfer 
to occur a suitable donor-acceptor pair is essential with the fluorescence emission spectrum of the donor 
fluorophore (blue) overlapping with the absorption spectrum of the acceptor fluorophore (red, both shown in solid 
lines). 

 

Distances obtained by FRET are comparable to the dimensions of most biological 

macromolecules and the thickness of membranes ranging from 10 Å to 100 Å (1 nm to 10 nm). 

Hence, FRET is known as a spectroscopic ruler for monitoring conformational changes and 

interactions between or within macromolecules, either statically in solid complexes or in 

solution in real time (Stryer, 1978). It is currently one of the most applied methods to discover 

whether two molecules are in close proximity or to determine the distance between two specific 

locations on macromolecules or in molecular complexes. To study biological macromolecules 

via fluorescence spectroscopy or FRET, suitable fluorescent probes or donor-acceptor pairs are 

indispensable. In research applications fluorescent organic dyes can be attached covalently to 

proteins, or biological fluorophores like the green fluorescent protein (GFP) may be fused to 

the protein of interest in a suitable expression system (Chalfie et al., 1994). It is also possible 

to use the intrinsic fluorescence of tryptophan, naturally occurring in proteins as a fluorescence 

donor. The indole groups of tryptophan residues absorb UV light near 280 nm, but can be 

selectively excited at 295 nm (Fig. 1.12, A). Depending on the polarity of the environment 

tryptophan emits between 300 nm and 350 nm. Due to the high sensitivity of the tryptophan 

fluorescence to the properties of the (local) environment of the tryptophan, like e.g. solvent 

polarity, the emission spectra of indole can reveal the location of tryptophan residues in proteins 

through changes in emission wavelength and fluorescence intensity that result from 

conformational changes in the investigated protein. Generally, the emission from a water-

exposed tryptophan at the surface will occur at longer wavelengths (red shift) than the emission 

from a tryptophan residue localized in the protein's interior or in hydrophobic vicinity 
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(Lakowicz, 2006). The same is observed for other fluorescent organic probes.   

 5-({2-[(iodoacetyl) amino] ethyl} amino) naphthalene-1-sulfonic acid (1,5-IAEDANS) is a 

negatively charged thiol-reactive dye widely used for labeling reactions to SH groups of 

cysteines forming stable thioether bonds (Fig. 1.12, B). Its high solubility in water (above  

pH 4), its relatively long fluorescence lifetime (10 ns to 15 ns) and the dependence of its 

fluorescence on the environment makes IAEDANS an excellent reagent for using fluorescence 

spectroscopy to examine properties and interactions of proteins. The excitation coefficient is 

5700 M-1 cm-1 (Molecular Probes Handbook by ThermoFisher Scientific, 2010). As observed 

for tryptophan, the fluorescence of IAEDANS is sensitive to its direct environment and 

undergoes spectral shifts and changes in fluorescence intensity upon changes in its vicinity. The 

absorption spectrum of IAEDANS overlaps well with the emission spectrum of tryptophan and 

therefore both are used as a donor/acceptor pair in FRET experiments (e.g. Lakey et al., 1991). 

It has a peak excitation wavelength of 336 nm and a peak emission wavelength of 490 nm. 

IAEDANS can also be used as a FRET donor to fluorophores such as 5-Iodoacetamido-

fluorescein (5-IAF, Boey et al., 1994, Lakowicz, 2006, Fig. 1.12, C).   

 
Fig. 1.12 Molecular structure of (A) L-tryptophan, (B) IAEDANS, (C) 5-IAF and (D) IANBD.  
 

5-IAF is a fluorescein derivative with a high fluorescence quantum yield and an absorption 

coefficient of 78000 M-1 cm-1. It has been widely used as a tracer in living cells and in the study 

of structural properties of macromolecules (e.g. Bishop et al., 1988; Molecular Probes 
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Handbook by ThermoFisher Scientific, 2010) and is a preferred reagent for FRET studies. The 

peak excitation wavelength is 490 nm and the peak emission wavelength 515 nm.   

Another fluorophore sensitive to its environment is N,N'-dimethyl-N-(iodoacetyl)-N'-(7-

nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (IANBD, Fig 1.12, D). The absorption and 

fluorescence emission spectra as well as the quantum yield and extinction coefficients of NBD 

conjugates are all markedly dependent on solvent (Molecular Probes Handbook by 

ThermoFisher Scientific, 2010). Hence, it is an excellent choice to study structural changes in 

proteins and lipids or to investigate interactions with or in lipid membranes (Gether et al., 1995; 

Heuck et al., 2000; Costin et al., 2007). The fluorophore has a peak excitation wavelength of 

478 nm and emits around a wavelength of 541 nm. 

1.8.4.2 Fluorescence quenching 

Fluorescence quenching describes any process which decreases the fluorescence intensity of a 

sample. Quenching can take place upon a variety of molecular interactions including static or 

dynamic (collisional) quenching, excited-state reactions, ground-state complex formation or 

energy transfer (Lakowicz, 2006). Both static and collisional quenching require molecular 

contact to the fluorophore occurring during the life time of the excited state of the fluorophore 

to cause a decrease in fluorescence intensity. Upon contact, the fluorophore returns to S0, 

without emitting a photon. In static quenching, the quencher forms a non-fluorescent complex 

with the fluorophore. In comparison to FRET, collisional quenching does not require spectral 

overlap but the quencher and fluorophore must be in molecular contact within ~ 5 Å (Lakowicz, 

2006).    

The most well-known efficient quencher is molecular oxygen (O2), since it quenches most 

fluorophores (Lakowicz, 2006). Other substances that can act as collisional quenchers are 

acrylamide, bromobenzene, iodide (I-) or cysteine (Chen and Barkley, 1998; Lakowicz, 2006). 

Considering that contact is indispensable for fluorescence quenching to occur, the technique 

can reveal the accessibility and localization of intrinsic fluorophores of proteins or fluorophores 

bound either to proteins or membranes. If the fluorophore is located in the interior of a 

macromolecule or otherwise shielded by binding to other substrates like the lipid membrane or 

if proteins are impermeable for the quencher, the fluorescence intensity remains unchanged (see 

e.g. studies about the formation of the β-barrel of OmpA, Kleinschmidt et al., 2011; for a 

review, see Gerlach et al., 2019). In contrast to proteins, membranes do not display intrinsic 

fluorescence. To estimate the penetration of (membrane) proteins into the lipid membrane or 

their binding onto the lipid membrane surface, sets of lipids with covalently linked fluorescent 
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or quencher groups in different positions along the sn-2 acyl chain or attached to the head group 

region are available. Typical lipid quenchers are the brominated phosphatidylcholines (bromo-

PCs) or tempo-PCs (Avanti Polar Lipids, Fig. 1.13).  

 
Fig. 1.13 Structure of 1,2-dipalmityol-sn-glycero-3-phospho(tempo)choline (16:0 tempo-PC). The lipid 
contains two saturated hydrocarbon chains, each with 16 carbons, and has a nitroxide radical spin label (tempo) 
attached on top of the phosphatidylcholine head group. 
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2. PROTEIN STRUCTURE AND MEMBRANE INTERACTION OF BAMB IS MEDIATED 

BY NEGATIVELY CHARGED PHOSPHOLIPID HEAD GROUPS 

2.1. Abstract 

The β-barrel assembly machinery (BAM) complex in E. coli catalyzes the insertion of OMPs 

and is composed of the five subunits BamA, B, C, D and E. Since the role of the lipoprotein 

BamB is not well understood, the secondary structure of BamB as well as the interaction with 

the lipid membrane were investigated. CD spectroscopy indicated that BamB develops a native-

like β-propeller structure in aqueous solution but forms altered structures in the presence of 

negatively charged lipid membranes resulting in an increase of the content of α-helical at the 

expense of β-sheet structure. Fluorescence spectroscopy confirmed that the lipid modification 

at the cysteine of BamB was not essential for membrane binding. BamB bound to negatively 

charged lipid bilayers with specific binding stoichiometries. Mutants of BamB were shown to 

precisely interact with the negatively charged lipid membrane in specific regions near the N-

terminal cysteine involving the amino acids G102, W103, G120 and V181. Those amino acids 

were located in β-blades 1, 2 and 3 of the β-propeller and were shown to form a binding triangle. 

In contrast, when binding to mostly neutral lipid membranes, BamB adopted a random, non-

specific orientation at the membrane surface. As negative charges in the lipid bilayer altered 

the conformation of BamB and were required for BamB to specifically interact with the 

membrane surface, the described observations suggest a relation of negative charges in the lipid 

membrane to the function of BamB as subunit of the BAM complex in the cell.   

2.2 Introduction 

To date hundreds of lipoproteins have been identified playing important roles and possess 

various functions in cells. They are e.g. involved in virulence pathways, cell wall metabolism, 

nutrient uptake or function in maintaining the OM of Gram-negative bacteria (Nakayama et al., 

2012). In E. coli the lipoproteins LolB (Tanaka et al., 2001), LptE (Nakayama et al., 2012) and 

BamD (Onufryk et al., 2005) are essential for cell survival. As described in section 1.5, the 

lipid anchor is bound covalently to the N-terminal cysteine forming an N-palmitoyl, S-

diacylglycerol-cysteine (Hayashi and Wu, 1990). Surprisingly, the lipid anchor is not essential 

for protein function or lipid membrane interaction as shown for the lipoproteins LolB and 

BamD (Tsukahara et al., 2009; Sharma, 2014). So far it is not known whether the lipoprotein 

BamB is anchored to the periplasmic side of the OM exclusively via its lipid anchor or if there 

are additional interaction sides playing a role in lipid binding or in OMP assembly.  
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Crystal structure analysis of the lipoprotein BamB clarified an eight-bladed β-propeller forming 

a central cavity in size of 10 Å at the top to 18-20 Å at the bottom (Fig. 2.2; Kim and Paetzel, 

2011; Dong et al., 2012b, Fig. 2.2). The protein is about 48 Å in diameter and 28 Å in height 

(Kim and Paetzel, 2011). Each blade of the propeller contains four antiparallel β-strands 

connected by four short β-loops. The N- and C-terminal β-strands pair in the same β-blade 

closing the propeller ring. The antiparallel β-blades are connected through longer 

interconnecting loops (IL) which are exposed to the surface of the protein (Albrecht and Zeth, 

2011; Kim and Paetzel, 2011; Noinaj et al., 2011; Heuck et al., 2011). The surface of BamB is 

predominantly negatively charged with a theoretical isoelectric point (pI) of 5.7.  

Similarities of the BamB structure to proteins of the WD40 domain family might provide an 

indication for its function in membrane protein folding in the cell. WD40 proteins contain a 

conserved WD repeat that usually ends with the sequence Trp-Asp (WD). To date identified 

proteins forming β-propeller structures are composed of four to nine β-blades (Jawad and Paoli, 

2002) and act as scaffold for protein-protein interactions or substrate binding to regulate 

dynamic multi-subunit complexes (see reviews: Stirnimann et al., 2010; Xu and Min, 2011). 

BamB was not essential for the survival of the cell under laboratory conditions, but the deletion 

of BamB resulted in a reduced folding rate of OMPs, making bacteria susceptible to antibiotics, 

whereas the simultaneous deletion of BamB and BamE was lethal (Wu et al., 2005; Onufryk et 

al., 2005; Charlson et al., 2006; Sklar et al., 2007a). Thus, the importance of BamB in OMP 

assembly is undisputable. It is likely that BamB needs to be in contact to the membrane to orient 

BamA towards precursor OMPs. BamB could increase the overall OMP-binding surface of the 

BAM complex by interacting with single OMP β-strands via β-augmentation or aromatic / 

hydrophobic residues (Heuck et al., 2011). 

The following detailed study focuses on the lipoprotein BamB to reveal unsolved questions 

about its structure and localization at the lipid membrane. The precursor BamB contains 19 

amino acid residues at the N-terminus that are predicted to be a signal sequence responsible for 

the translocation of the lipoprotein to the periplasm (Dong et al., 2012b, Fig. 2.1). The signal 

sequence is followed by a native cysteine residue at amino acid position 20 (C20), which is the 

N-terminal cysteine (C1) of mature BamB that is necessary for the N-acyl-S-diacylglyceryl 

modification, thought to facilitate interactions with the lipid membrane. In a recent study on the 

lipoprotein BamD, it was shown that upon overexpression, its signal sequence was not cleaved 

and its N-terminal cysteine was not modified with lipid anchors, but able to interact with 

membranes (Sharma, 2016). Therefore, in this study the importance of the signal sequence of 

BamB and the relevance of the lipid anchor in membrane binding was investigated. Hence, two 
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versions BamB were constructed, expressed and purified in high yields to analyze the absence 

or presence of the lipid modification or the signal sequence at the N-terminus upon 

overexpression of both proteins.  

CD spectroscopy was used to identify possible differences in the folding states of both protein 

constructs of BamB. Both proteins were studied in hydrophilic and hydrophobic environments 

in aqueous solution or in the presence of membranes of different lipid compositions. The role 

of charges in maintaining the secondary protein structure of BamB was examined by using 

phospholipid bilayers composed of phosphatidylcholine (PC), phosphatidylethanolamine (PE) 

or phosphatidylglycerol (PG) either in pure form or as lipid mixtures.  

The exact orientation of BamB to the lipid membrane is not well understood. To monitor 

interactions of BamB with the lipid membrane and to identify relevant surface binding regions, 

site-directed mutagenesis was used to create a total of 13 different single cysteine mutants with 

the positions for single cysteines distributed in all eight β-blades (Fig. 2.1). To insert single 

cysteines at certain positions in the protein, site-directed mutagenesis on a plasmid carrying the 

wild-type (wt-) bamB gene but lacking the signal sequence and the native cysteine was 

performed (see section 2.3.3). The single cysteine mutants were purified from the cytoplasm of 

E. coli and were then spectroscopically labeled at the sulfhydryl (SH) groups, which can form 

stable thioether bonds with various of fluorescence labels.   

 
 

 

 

 

Fig. 2.1 Position of cysteine residues introduced in the amino acid sequence of precursor BamB. A plasmid 
containing the wt-bamB gene but lacking the signal sequence (underlined) and the native cysteine at amino acid 
position 20 (C20, green) was used as template to create single cysteine mutants of BamB (see sections 2.3.2 and 
2.3.3, a methionine was introduced C-terminal to the C20). Amino acid residues substituted by a cysteine are given 
in red together with the number showing the exact position of the amino acid within the sequence. All mutants 
contained a His-tag (blue) at their C-termini for purification. 

 

A total of six surface exposed single cysteines were introduced in β-blades 1, 2 and 8, which 

were in close proximity to C20 (C1 of mature BamB), for the preparation of six single cysteine 

mutants of BamB, which were isolated from the cytoplasm (see section 2.3.3). These mutants 

were named according to the position of the amino acid residue within the amino acid sequence 
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MIWQQRISQATGSTEIDRLSDVDTTPVVVNGVVFALAYNGNLTAL 
DLRSGQIMWKRELGSVNDFIVDGNRIYLVDQNDRVMALTIDGGVT 
LWTQSDLLHRLLTSPVLYNGNLVVGDSEGYLHWINVEDGRFVAQ 
QKVDSSGFQTEPVAADGKLLIQAKDGTVYSITRLEHHHHHH* 

  47 
  92 
137 
181 
225 
270 
315 
259 
400 
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of the BamB precursor protein and their substitution. To cover the whole surface of BamB, the 

mutations were either located at the bottom (A47C, G120C, A374C) or at the top (S54C, 

G102C, W103C) of the protein (Fig. 2.2, A and C). Conveniently, C20 (referred to as  

N-terminus in Fig. 2.2) can be used itself as native single cysteine position, when BamB is 

purified from the periplasm (ProBamB). Based on crystal structure analysis, the region around 

C20 is very flexible and extended far away from the core of the protein forming an ideal 

interaction interface. In a recent study the IL1, localized between β-blade 1 and 2, was in 

discussion to be relevant as a membrane-attachment site (Heuck et al., 2011). Consequently, 

two single cysteine mutants of BamB were created with the substitutions both located at the top 

of the loop region. A glycine at position 102 and the neighboring tryptophan at position 103 

were each mutated to a single cysteine, termed G102C and W103C, respectively. Additionally, 

one single cysteine (S126C) was introduced in β-blade 2 with an orientation towards the interior 

of the protein to examine structural changes within the protein upon binding (Fig. 2.2, B and 

D).   

Since it is uncertain whether BamB predominantly interacts with the lipid membrane upon its 

lipid anchor or if other interactions sites are relevant, six additional single cysteine mutations 

were designed located in β-blades 3 - 7. They were widely distributed in the bottom and top 

region covering the whole surface of the protein with V181C localized at the bottom in β-blade 

3, S191C at the top between β-blade 3 and 4, A203C at the bottom in β-blade 4, A269C at the 

bottom in β-blade 5, Q301C at the top in β-blade 6 and S364C at the top between β-blade 7 and 

8. The mutations A203C and A269C were oriented towards the centered cavity (Fig. 2.2, B and 

D) whereas V181C, S191C, Q301C and S364C were exposed to the surface of the protein  

(Fig. 2.2, A and C).  

The labeled mutants were used in fluorescence studies to investigate site-specific interactions 

of BamB with the lipid membrane. Additionally, the spin-labeled lipid tempo-PC (Fig. 1.13) 

was used to quench the fluorescence of labeled BamB single cysteine mutants to give some 

indication about interfacial membrane penetration and surface binding regions between protein 

and lipid.  
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Fig. 2.2 Locations of amino acid residues in the 3D-structure of BamB that were selected for replacement 
by cysteine to prepare 13 single cysteine mutants of BamB. The structure of BamB is composed of an eight-
bladed β-propeller (numbered with 1 - 8, starting at the N-terminus). (A) Lateral view of BamB representing 
ten amino acid residues (red) that were selected for the substitution with cysteine. The positions selected for the 
preparation of single cysteine mutants are distributed over the whole protein, localized at the bottom or the top 
region. Shown are the surface exposed amino acids that were substituted by cysteine, namely A47C, S54C, 
G102C, W103C, G120C, V181C, S191C, Q301C, S364C and A374C. Wt-BamB contains a native cysteine at 
amino acid position 20 (here shown and designed as the N-terminus, C1 of mature BamB). In all mutants, this 
native cysteine was removed (B) Lateral view of BamB indicating three additional amino acid residues (red) 
mutated to cysteines, namely S126C, A203C and A269C that are oriented towards the centered cavity of the 
protein. (C) Top view of BamB rotated about 90° along the x-axis showing all eleven amino acid residues from 
A. (D) Top view of BamB rotated about 90° along the x-axis with all three amino acid residues from B. The 
side chains of the amino acid residues are shown in spheres for better illustration. The configurated figure is 
based on PDB structure 2yh3 (Albrecht and Zeth, 2011) and was created with PyMol 1.8.0.7 for macOS. 
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2.3 Material and methods 
 2.3.1 Expression and purification of wt-BamB from the periplasm 

The bamB (yfgl) gene from E. coli (encoding for the 392 residue BamB precursor protein 

(ProBamB, periplasmic BamB) containing the signal sequence) was cloned into the vector 

pET22b (Novagen (Merck), Germany) using the restriction sites XhoI and NdeI. The pET22b 

vector carries an ampicillin resistance gene for the selection of cells after transformation. An 

additional C-terminal His-tag served as tool for the separation of BamB from other cell 

components by Ni-NTA affinity chromatography. The construct pET22b-bamB+SS+His was 

transformed into the competent E. coli expression strain PC2889.  

Expression and extraction: A single clone harboring the plasmid pET22b-bamB+SS+His was 

picked from an LBAmp agar plate (100 μg/ml ampicillin), inoculated in 120 ml LBAmp  

(100 μg/ml ampicillin) and grown overnight at 37°C under shaking. The overnight culture was 

used to inoculate three liters of LBAmp. The cultures were further incubated at 37°C until an 

OD600 of ~ 0.6. The expression of BamB was induced by adding IPTG to a final concentration 

of 1 mM with continued incubation of 4 h at 37°C. The cells were harvested by centrifugation 

at 7000 rpm at 4°C for 15 min (Thermoscientific Sorvall Lynx 600 centrifuge, rotor F9). The 

resulting cell pellet was resuspended in lysis buffer (20 mM Tris, 0.1 %  

β-Mercaptoethanol (β-ME), pH 8.0) and supplemented with a protease inhibitor tablet (Roche), 

DNAse (1 μg/ml) and RNAse (1 μg/ml). Lysozyme (25 μg/ml) was added and the resuspension 

was incubated in an ice water bath for 30 min while stirring. Cells were disrupted by sonication 

for 50 min with a Branson ultrasonifier using a macrotip and 15 % power. The cell lysate was 

centrifuged at 3000 rpm for 10 min at 4°C (Eppendorf 5810r, rotor F-34-6-38) to remove the 

remaining unlysed cells. The supernatant was centrifuged at 36000 rpm for 1 h at 4°C with an 

ultracentrifuge (Beckmann Coulter centrifuge, rotor Ti55.2) to remove ribosomal fragments 

disintegrated by the effect of RNAse. The supernatant containing soluble proteins and 

ribosomal fragments was discarded and the pellet was resuspended in lysis buffer with the aid 

of a glass homogenizer. The suspension was centrifuged again at 36000 rpm for 1 h at 4°C and 

the resulting pellet containing BamB and membrane fractions was solubilized in 8 M urea  

(20 mM Tris, 8 M urea, 1 mM EDTA, 0.1 % β-ME, 5 mM imidazole, pH 8.0). After 

solubilization BamB is unfolded and released from the membrane. The fraction was centrifuged 

at 3000 rpm for 10 min at room temperature (Eppendorf 5810r, rotor F-34-6-38) to remove 

undissolved pellet aggregates. The supernatant contains the extracted BamB protein.  
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Purification: BamB was purified via its C-terminal His-tag by Ni-NTA affinity chromatography 

using an FPLC system (ÄKTAprime plus, GE Healthcare Life Sciences, Freiburg). The column 

(GE Healthcare Europe GmbH) was pre-equilibrated with 3 column volumes (cv) of 

solubilization buffer (20 mM Tris, 8 M urea, 1 mM EDTA, 0.1 % β-ME, 5 mM imidazole, pH 

8.0). The extracted protein was loaded onto the column and washed with 3 cv of the same buffer 

to remove unspecific bound proteins. BamB was eluted by a linear gradient of 5 mM to  

500 mM imidazole in solubilization buffer. Fractions of 5 ml were collected up to a total volume 

of 40 ml and analyzed by SDS-PAGE. Those containing BamB were pooled, dialyzed (20 mM 

Tris, 7 M urea, 1 mM EDTA, 0.05 % β-ME, pH 8.0) and concentrated. The BamB concentration 

was determined by using the method of Lowry (Lowry et al., 1951).  

2.3.2 Expression and purification of BamB from the cytoplasm 

The plasmid pET22b-bamB+SS+His from section 2.3.1 was used as template. The signal 

sequence (amino acids 1 - 19) and the cysteine at position 20 were removed by inserting the 

restriction site NdeI C-terminal to the cysteine (Table 2.1). The final product lacks the cysteine 

but instead contains a methionine at the N-terminal end of the protein gene (at amino acid 

position 1) (encoding for cytoplasmic M1BamB, further referred to as (cytoplasmic) BamB). 

The PCR product was extracted from an agarose gel, digested with NdeI and XhoI 

(Thermofisher scientific, USA) and religated into the vector pET22b. The reconstructed 

plasmid pET22b-bamB-SS+His, providing a His-tag C-terminal to the protein gene, was 

transformed into the E. coli PC2889 strain. 

Table 2.1: Oligonucleotide primers for the removal of the signal sequence and the native cysteine 
BamB-SS sequence of primers 

forward 5’-CATATGTCGCTGTTTAACAGCGAAGAAGATGTGG-3’ * 
reverse 5’-GGTGCTCGAGACGTGTAATAGAGTACACGGTTC-3’ 

* inserted NdeI cut site sequence (underlined)  

Expression and extraction: The cell growth and expression of the recombinant protein was done 

analogues to section 2.3.1. Without signal sequence BamB remains in the cytoplasm and is not 

transported to the periplasm. After disrupting the cells by sonication (see section 2.3.1) the cell 

lysate was centrifuged at 5000 xg for 10 min at 4°C to remove the unlysed cell debris.  

Purification: The supernatant with BamB in folded form was directly used for the affinity 

purification procedure with a FPLC system (ÄKTAprime plus, GE Healthcare Life Sciences, 

Freiburg). The protein suspension was loaded onto a Ni-NTA column (GE Healthcare Europe 

GmbH) pre-equilibrated with 3 cv of solubilization buffer (20 mM Tris, 1 mM EDTA, 0.1 % 
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β-ME, 5 mM imidazole, pH 8.0). A linear gradient of 5 mM to 250 mM imidazole in 

solubilization buffer was used to elute BamB from the column. The fractions containing BamB, 

as analyzed by SDS-PAGE, were pooled, dialyzed (20 mM Tris, 8 M urea, 1 mM EDTA,  

0.05 % β-ME, pH 8.0) and concentrated. The protein concentration was determined by using 

the method of Lowry (Lowry et al., 1951).   

2.3.3 Construction and purification of single cysteine mutants of BamB 

Site-directed mutagenesis was performed by using the QuikChange Site-Directed Mutagenesis 

Kit (Agilent Technologies, Santa Clara, USA) and following the instructions of the manual. 

The plasmid pET22b-bamB-SS+His from section 2.3.2 (encoding for cytoplasmic BamB) was 

used as template. Single cysteine mutations were introduced by PCR using self-designed 

oligonucleotide primers (created with SnapGene Version 2.3.2, synthesized by Eurofins MWG 

Operon (Ebersberg, Germany)) containing the desired mutation (Table 2.2).  

Table 2.2: Oligonucleotide primers for site-directed mutagenesis in BamB 
substitution sequence of primers* 

A47C 5’-GTTTACGCCGACCACGTGCTGGAGCACTTCCGTTGG-3’ 
S54C 5’-GTGGAGCACTTCCGTTGGTTGCGGCATTGGCAACTTC-3’ 

G102C 5’-CTGGCCGAGAAAGATTGCTGGTTCTCTAAAGAGCC-3’ 
W103C 5’ -GCCGAGAAAGATGGCTGCTTCTCTAAAGAGCCTGC-3’ 
G120C 5’-GTGTGACCGTGTCTGGTTGCCATGTCTACATTGGCAG-3’ 
S126C 5’-CATGTCTACATTGGCTGCGAAAAGGCGCAGG-3’ 
V181C 5’-CGAAGCTGACGGCGCTTGCAAATGGACAGTTAACC-3’ 
S191C 5’-CCTCGATATGCCTTGTCTCTCTTTGCGTGGCGAG-3’ 
A203C 5’-CTGCGCCGACAACGTGTTTTGGTGCGGCCGTCG-3’ 
A269C 5’-CCTATAATGGTAACCTGACGTGCCTTGATCTGCGCAGTGG-3’ 
Q301C 5’-CGCATCTATCTGGTCGATTGCAATGACCGGGTGATGGCGTTG-3’ 
S364C 5’-CCAGCAAAAAGTTGATTGTTCCGGTTTCCAGACTG-3’ 
A374C 5’-GACTGAACCGGTTGCCTGTGACGGCAAACTGCTG-3’ 

* Only the sequence of the forward primers is shown. Nucleotide substitutions are in boldface type.  

The PCR product was transformed into competent E. coli XL10-Gold cells. The plasmid from 

the transformed clone was confirmed for the desired substitution mutation by nucleotide 

sequencing (GATC Biotech AG, Germany). The final plasmid containing the correct mutation 

was transformed into E. coli PC2889 cells and the expression, extraction and purification were 

done as described in section 2.3.2.   

The mutants are named according to the position of the amino acid residue within the amino 

acid sequence of BamB precursor protein and their substitution (Table 2.3).  
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Table 2.3: List of plasmids and proteins of single cysteine 
mutants of BamB 

vector Cys position substitution/product source 
pET22b   20 C20 * this work 
pET22b   47 A47C this work 
pET22b   54 S54C this work 
pET22b 102 G102C this work 
pET22b 103 W103C this work 
pET22b 120 G120C this work 
pET22b 126 S126C this work 
pET22b 181 V181C this work 
pET22b 191 S191C this work 
pET22b 203 A203C this work 
pET22b 269 A269C this work 
pET22b 301 Q301C this work 
pET22b 364 S364C this work 
pET22b 374 A374C this work 

* The native cysteine C20 at the N-terminus was used as single cysteine 
position for site-directed labeling of the periplasmic BamB. In the remaining 
mutants the signal sequence and C20 were removed by PCR, a single cysteine 
was introduced and the mutants were purified from the cytoplasm. 

 
 

2.3.4 Preparation of lipid vesicles  

Model membranes were prepared in form of lipid bilayers of large unilamellar vesicles (LUVs) 

with a diameter of 100 nm formed by extrusion. 1,2-dilauroyl-sn-glycero-3-phosphocholine 

(DLPC), 1,2-dilauroyl-sn-glycero-3-phosphoethanolamin (DLPE), 1,2-dilauroyl-sn-glycero-3-

phosphoglycerol (DLPG) and 1,2-dipalmitoyl-sn-glycero-3-phospho(tempo)choline (tempo-

PC) were used for the preparation of LUVs in different lipid compositions and molar ratios. 

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, USA) in powder form, or 

in case of tempo-PC, dissolved in chloroform. The unlabeled lipids were dissolved in a mixture 

of chloroform/methanol (1:1). For fluorescence quenching experiments with tempo-PC, DLPG 

membranes containing 20 mol-% tempoPC were prepared. All lipids were dried under a stream 

of nitrogen and desiccated for 4 h under high vacuum to remove the residual solvent. The lipid 

films were solved in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) resulting in 

multilamellar vesicles (MLVs), which are formed when amphiphilic lipids are hydrated. The 

lipid dispersion of the “onion-like” lipid structures was subjected to seven cycles of freezing 

the dispersion in liquid nitrogen and thawing it at 40°C in a thermomixer (Thermomixer 

Comfort, Eppendorf, Hamburg). To prepare LUVs from MLVs, lipids were further extruded 30 

times through a polycarbonate membrane with a pore size of 100 nm (Nucleopore, Whatman, 

Clifton, USA). The lipid vesicles were directly used for experiments or stored at 4°C. 
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2.3.5 CD spectroscopy  

Folding of 12 μM BamB was studied in a total volume of 140 μl buffer in a pH range from 5.0 

to 10.0 (10 mM citrate, 2 mM EDTA, pH 5.0 - 6.0; 10 mM glycine, 2 mM EDTA, pH 7.0 - 9.0; 

10 mM borate, 2 mM EDTA, pH 10.0) or in the presence of a 200-fold molar excess of lipid 

bilayers of different phospholipid compositions at pH 8.0. Samples were incubated for 30 min 

at 37 °C under gentle shaking. All single cysteine mutants of BamB were analyzed for their 

secondary structure by CD spectroscopy for comparisons to the structure of wt-BamB. 12 μM 

of each mutant of BamB was folded in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) 

and incubated for 30 min at 37°C under gentle shaking. The remaining urea of all BamB 

samples was removed by dialysis in the appropriate buffer system (final urea concentration  

< 0.5 M). Folding properties of wt-BamB and of the single cysteine mutants of BamB were 

studied by CD spectroscopy using a Jasco J-815 CD spectrometer (Jasco, Gross-Ulmstadt, 

Germany). Samples were placed into quarz cuvettes of 0.5 mm pathlength (Hellma QS, 

Müllheim, Germany). The spectra were recorded in the far UV region (180 nm - 260 nm) at 

room temperature with a scan speed of 50 nm/min, a bandwidth of 1 nm and an integration time 

of 8 s. Six scans were accumulated for each spectrum and the background spectrum, recorded 

either for buffer or for buffer and lipid, both in the absence of BamB, was subtracted. To obtain 

the mean residue molar ellipticity [Θ] () the spectra were normalized by 

[Θ](λ) = 100 · Θ(λ) / (c · n · l)        (Eq. 2.1) 

where λ is defined as the wavelength in nm, l as the path length of the cuvette in cm, c the 

concentration of the protein in mol/l and n the number of amino acids of the protein examined. 

The composition of the secondary structure of the protein was determined by using the analysis 

algorithms CONTIN (Provencher and Glöckner, 1981) and CDSSTR (Compton and Johnson, 

1986) and the reference data sets 4 und 7 of the publicly accessible online server DICHROWEB 

(http://dichroweb.cryst.bbk.ac.uk, Lobley et al., 2002, Whitmore et al., 2004). 

2.3.6 Labeling of the cysteine residue  

To determine whether the SH group of the single N-terminal cysteine of ProBamB is post-

translationally linked to a diacylglyceryl group or not, a labeling reaction with a sulfhydryl-

reactive fluorescent dye was performed. Dyes like IAEDANS or IANBD (Invitrogen, Thermo 

Fisher Scientific, Waltham, USA) are commonly used to label cysteines for studies of protein 

interactions by fluorescence spectroscopy.  
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For cysteine labeling, about 100 μΜ BamB was diluted in 1 ml 20 mM Tris buffer, containing 

1 mM EDTA (and 7 M Urea in case of ProBamB) (pH 7.2). A 10-fold molar excess of TCEP 

to BamB was added and the mixture was incubated for 30 min at room temperature. 

Subsequently, a reactive dye (IAEDANS or IANBD) was added in a 20-fold molar excess to 

the reduced protein and the mixture was reacted over night at 4°C in the dark. The excess of 

non-bound dye was removed by extensive dialysis in glycine buffer (10 mM glycine, 2 mM 

EDTA, pH 8.0). Labeled BamB was concentrated with Microcon PM-10 kDa concentrators 

(Merck Millipore, Burlingten, USA) and its final concentration was estimated (Lowry et al., 

1951). The content of remaining free thiols (non-labeled SH groups) was estimated using 

Ellman’s reagent 5, 5’-dithiobis (2-nitrobenzoic acid) (DTNB) (Riddles et al., 1983). 

 

2.3.7 Fluorescence spectroscopy  

All fluorescence spectra were recorded using a Spex Fluorolog-3 spectrofluorometer 

(Horiba/Jobin-Yvon, Germany) with an integration time of 0.05 s and an increment of 0.5 nm. 

The bandwidths of the excitation and emission monochromators were 2.5 nm and 5 nm, 

respectively. All measurements were performed with 0.5 μΜ BamB in 1 ml glycine buffer  

(10 mM glycine, 1 mM EDTA) at pH 8 and 25 °C. For binding studies of BamB with the lipid 

membrane, lipid vesicles (300 μM) were added in the background sample. According to the 

respective experiment the excitation wavelength was 295 nm for tryptophan, 336 nm for 

IAEDANS and 478 nm for IANBD. Samples were incubated for 5 min in the cuvette after the 

addition of BamB. The tryptophan spectra of ProBamB were recorded in the range from  

310 nm to 400 nm (Fluorescencemax ~ 330 nm). The single cysteine mutants of BamB labeled 

with IAEDANS were scanned in a range from 410 nm to 650 nm (Fluorescencemax ~ 490 nm) 

whereas the IANBD-labeled single cysteine mutants of BamB were recorded in a range from 

490 nm to 700 nm (Fluorescencemax ~ 541 nm). The background spectrum without BamB was 

subtracted from the final measurement of six averaged spectra. Fluorescence spectra were 

plotted and the wavelength of maximum (λmax) and the relative fluorescence intensities were 

determined using IGOR Pro 8 (Wavemetrics Oregon). 

To determine the stoichiometry n for the binding of lipids to BamB, the intensities of tryptophan 

fluorescence at 330 nm or of IANBD fluorescence or 541 nm were plotted as a function of the 

molar lipid/protein (L/P) ratio. The stoichiometry n was obtained by assuming a mass action 

law for the formation of a complex of BamB with lipids from the bilayer, leading to equation 

2.2, that was fitted to the experimental data 

[B] = ½{Kass
–1 + [L0] + n [A] – ((Kass

–1 + [L0] + n [A])2 – 4 n [A][L0])1/2 }           (Eq. 2.2) 
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Here, Kass is defined as the association constant for complex formation, [A] is the total 

concentration of BamB, [B] the concentration of bound BamB and [L0] is the total lipid 

concentration in the reaction (for details see Qu et al., 2007). In binding experiments, the 

fluorescence signal of BamB  is a linear combination of the concentrations of bound and free 

BamB which can be described by 

F= fb [B] + ff ([A] - [B])                    (Eq. 2.3) 

with fb and ff being defined as the constants that describe the fluorescence contributions of 

bound and free BamB, respectively.  

2.3.8 Fluorescence quenching  

Fluorescence quenching experiments were performed for single cysteine mutants of BamB 

labeled with the fluorescent IANBD at the cysteine and the spin-labeled phospholipid tempo-

PC as quencher. All measurements were performed with 0.5 μM of IANBD-labeled BamB in 

glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) at 25°C using a Spex Fluorolog-3 

spectrofluorometer (Horiba/Jobin-Yvon, Germany). The bandwidths of the excitation and 

emission monochromators were 2.5 nm and 5 nm, respectively. The excitation wavelength of 

IANBD was 478 nm and the fluorescence spectra were recorded by averaging six scans from 

490 nm to 700 nm. Binding of BamB to the membrane was studied in the absence and presence 

of lipids, either DLPC/DLPG (1:4) or tempo-PC/DLPG (1:4), at 40 lipids per BamB. For 

background spectra, three scans were averaged of lipid vesicles in the absence of BamB. The 

background spectra were subtracted from the spectra of the samples containing BamB. The 

fluorescence spectra were plotted and λmax as well as the shifts in λmax were determined using 

IGOR Pro 8 (Wavemetrics Oregon).  

 

2.4 Results 
2.4.1. Overexpressed BamB is not lipid modified after translocation to the     

periplasm 

BamB is known as a lipoprotein and the N-terminal cysteine of mature BamB should consist of 

a lipid modification allowing BamB to interact with the lipid membrane. To provide evidence 

against the N-acyl-S-diacylglyceryl modification, a labeling reaction of ProBamB (see section 

2.3.1) with the thiol-reactive dye IAEDANS was attempted. This dye should react with the 

cysteine residue of BamB, in case it remained unprocessed after overexpression into the 

periplasm. A successful labeling would require a reactive SH group of the cysteine and would 
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confirm that the lipid anchor is not attached.   

To determine free thiols in proteins, Ellman’s reagent (DTNB) is a suitable tool since it reacts 

with free SH groups to produce a mixed disulfide and a 2-nitro-5-thiobenzoate anion (TNB–; 

see section 2.3.6; Riddles et al., 1983). ProBamB was labeled with IAEDANS and then reacted 

with DTNB for determination of remaining free thiol groups after labeling. ProBamB was 

successfully labeled at the N-terminal cysteine with an efficiency of 96 %.   

To provide further evidence of the successful labeling, 0.5 μM of labeled ProBamB was 

dissolved in glycine buffer (pH 8) and excited at the IAEDANS excitation wavelength of  

336 nm resulting in a maximal relative fluorescence emission of 0.29 Mcps at 490 nm (Fig. 

2.3). This was comparable to the maximal relative fluorescence emission of the labeled single 

cysteine mutant G120C of BamB lacking the lipid anchor (98 % labeled). Shifts in the 

wavelength of the maximal fluorescence emission can be explained by different locations of 

the single cysteines within BamB. The non-labeled ProBamB did not show any fluorescence 

emission in this range. Consequently, BamB that was overexpressed into the periplasm lacked 

the N-acyl-S-diacylglyceryl modification at its N-terminal cysteine residue (C20). 

Fig. 2.3 Fluorescence spectroscopy of IAEDANS-labeled BamB. ProBamB, which contains one native 
cysteine residue, and BamB mutant G120C were labeled with IAEDANS. 0.5 μM BamB was excited at 336 nm 
in glycine buffer (pH 8.0) at 25°C. The fluorescence spectra were recorded between 410 nm and 650 nm showing 
different maxima for the fluorescence emission of ProBamB and G120C at 490 nm and 501 nm, respectively. 

  

BamB still contains the signal sequence after translocation to the periplasm 

The gene encoding for the lipoprotein BamB including or lacking the signal sequence was 

expressed using two different plasmid constructs (see sections 2.3.1, 2.3.2, Fig. 2.4, A). When 
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BamB was isolated after overexpression into the periplasm (ProBamB), 15 mg of BamB per 

liter of cell culture were obtained. Interestingly, the periplasmic BamB had a molecular mass 

of 42 kDa (Fig. 2.4, B), which correlated well to the 392 amino acids of the precursor protein 

that includes the signal sequence (19 amino acids, approx. 2 kDa). These results indicated that 

the signal sequence was not cleaved and the N-acyl-S-diacylglyceryl modification was not 

attached (section 2.4.1) when BamB was overexpressed into the periplasm. If BamB was 

expressed without its signal sequence it remained in the cytoplasm and a much higher yield of 

30 mg per liter of cell culture was obtained after purification. Cytoplasmic BamB contains 373 

amino acids with a molecular mass of 40 kDa, vs. 42 kDa for periplasmic BamB. 

A 
MQLRKLLLPGLLSVTLLSGCSLFNSEEDVVKMSPLPTVENQF 
TPTTAWSTSVGSGIGNFYSNLHPALADNVVYAADRAGLVKA 
LNADDGKEIWSVSLAEKDGWFSKEPALLSGGVTVSGGHVYI 
GSEKAQVYALNTSDGTVAWQTKVAGEALSRPVVSDGLVLIH 
TSNGQLQALNEADGAVKWTVNLDMPSLSLRGESAPTTAFGA 
AVVGGDNGRVSAVLMEQGQMIWQQRISQATGSTEIDRLSDV 
DTTPVVVNGVVFALAYNGNLTALDLRSGQIMWKRELGSVND 
FIVDGNRIYLVDQNDRVMALTIDGGVTLWTQSDLLHRLLTSP 
VLYNGNLVVGDSEGYLHWINVEDGRFVAQQKVDSSGFQTEP 
VAADGKLLIQAKDGTVYSITRLEHHHHHH* 
 

B   

Fig. 2.4 BamB with and without signal sequence in comparison. (A) The amino acid sequence of wt-BamB 
contains an N-terminal signal sequence (SS, underlined) and one native single cysteine at amino acid position 
20 (C20, green). Both proteins, either expressed with or without SS, contain a His-tag (blue) at their C-termini 
for purification. (B) BamB purified from the periplasm (ProBamB) has a molecular mass of 42 kDa. The 
removal of the SS (19 amino acids) results in a protein construct that is expressed into the cytoplasm and 
migrates at 40 kDa on an 12 % SDS gel.  

2.4.2 BamB is stable in aqueous solution but its structure depends on pH 

CD spectroscopy was used to determine the secondary structure of BamB to assess potential 

differences in the structure of the BamB proteins, either containing or lacking the signal 

sequence. Both proteins showed similar structures in aqueous solution. The line shapes of their 

CD spectra were characteristic for a major content of β-sheet structure in both variants (Fig. 

2.5, A). The compositions of the secondary structures were analyzed by the algorithms 

CDSSTR (Compton and Johnson, 1986) and CONTIN (Provencher and Glöckner, 1981) with 

the online server DICHROWEB (Wallace laboratory, Birkbeck College, London, Lobley, 

2002; Whitmore, 2004). The deconvolution analysis of both proteins led to similar results with 

~ 56 % β-sheet structure, 7 - 8 % α-helices and 36 - 37 % random coil (Table 2.4, A). These 

results were comparable to the available crystal structure data (Albrecht and Zeth, 2011; Kim 
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and Paetzel, 2011; Noinaj et al., 2011; Heuck et al., 2011). Independent of the presence of its 

signal sequence, BamB was stable in aqueous solution and did not require a hydrophobic 

vicinity for correct folding.   

Fig. 2.5 CD spectra of BamB (A) CD spectra of periplasmic (ProBamB) or cytoplasmic BamB (12 μM) were 
recorded in glycine buffer (pH 8.0). (B) CD spectra of ProBamB (12 μM) at different pH. For these spectra 
several samples were prepared: In citrate buffer of pH 5 and 6, in glycine buffer of pH 7, 8 and 9 and in borate 
buffer of pH 10. All spectra were recorded at room temperature over the wavelength range from 180 nm to  
260 nm. The mean residue molar ellipticities [Θ](λ) were plotted as function of the wavelength λ. The analysis 
of the secondary structure from the normalized spectra is shown in Table 2.4. 

 

The formation of the secondary structure of BamB was also examined at different pH, in the 

range from pH 5 to pH 10. With an isoelectric point of 5.7 the negatively charged BamB 

maintained its structure between pH 7 - 10 and began to unfold ≤ pH 6 (Fig. 2.5, B, Table 2.4, 

B). This was demonstrated by a decreasing β-sheet content (53 %) and a simultaneous increase 

in random coil structure (39 %). At a slightly positive net charge below its pI, BamB lost its 

secondary structure completely at pH 5 and the composition of the secondary structure could 

not be determined by deconvolution analysis. The absence or presence of the hydrophobic 

signal sequence had no effect on the structure of BamB at various pH values. As an example, 

the CD spectra of periplasmic BamB (ProBamB) are shown in detail in Fig. 2.5, B. 
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Table 2.4 (A) Analysis of the CD spectra of periplasmic and cytoplasmic BamB in aqueous solution. 
Protein  Algorithm Set α-helix 

(%) 
β-strand 

(%) 
β-turns 

(%) 
random 
coil (%) 

NRMSD a 

periplasmic CONTIN 4 11 38 21 31 0.127 
BamB CONTIN 7 8 34 20 39 0.127 

 CDSSTR 4 10 36 23 31 0.019 
 CDSSTR 7 5 33 20 41 0.025 
 Average  8 35 21 36  
        

cytoplasmic CONTIN 4 8 35 23 34 0.150 
BamB CONTIN 7 7 32 19 41 0.150 

 CDSSTR 4 10 31 25 34 0.052 
 CDSSTR 7 4 37 20 39 0.050 
 Average  7 34 22 37  

(B) Analysis of the secondary structure formation of periplasmic BamB at different pH. 
pH 5 CONTIN 4 - - - - - 

 CONTIN 7 - - - - - 
 CDSSTR 4 - - - - - 
 CDSSTR 7 - - - - - 
 Average  - - - -  
        

pH 6 CONTIN 4 10 32 23 35 0.092 
 CONTIN 7 8 28 19 45 0.096 
 CDSSTR 4 10 34 25 32 0.074 
 CDSSTR 7 5 29 20 45 0.068 
 Average  8 31 22 39  
        

pH 7 CONTIN 4 9 35 22 34 0.257 
 CONTIN 7 5 37 20 38 0.257 
 CDSSTR 4 6 36 23 33 0.027 
 CDSSTR 7 3 35 19 41 0.031 
 Average  6 36 21 37  
        

pH 8 CONTIN 4 9 35 22 34 0.242 
 CONTIN 7 9 33 20 38 0.242 
 CDSSTR 4 7 37 22 32 0.028 
 CDSSTR 7 3 35 19 42 0.035 
 Average  7 35 21 37  
        

pH 9 CONTIN 4 9 40 20 35 0.201 
 CONTIN 7 8 34 19 39 0.201 
 CDSSTR 4 7 36 23 33 0.033 
 CDSSTR 7 4 36 20 40 0.023 
 Average  7 36 21 37  
        

pH 10 CONTIN 4 9 35 22 35 0.172 
 CONTIN 7 5 37 19 39 0.172 
 CDSSTR 4 7 36 23 33 0.035 
 CDSSTR 7 3 35 18 42 0.031 
 Average  6 36 20 37  

a The NRMSD is the normalized root-mean-square deviation, comparing the recorded spectrum to a calculated reference 
spectrum. The value should not exceed 0.25 for an acceptable accuracy of the analysis. All CD-spectra were analyzed by 
using the programs CONTIN (Provencher and Glöckner, 1981) and CDSSTR (Compton and Johnson, 1986) with the 
reference data sets 4 und 7, provided by DichroWeb (Lobley et al., 2002, Whitmore et al., 2004). 
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2.4.3 Negatively charged lipid membranes change the secondary structure of 
BamB 

To identify whether lipid membranes alter the formation of the secondary structure of BamB, 

ProBamB and cytoplasmic BamB were analyzed by CD spectroscopy in the presence of model 

membranes of various lipid compositions. In the following work both proteins were referred to 

BamB since the results were comparable. In comparison to folding in aqueous solution, the 

presence of the zwitterionic lipid phosphatidylcholine (PC) had no effect on the secondary 

structure formation of BamB. The CD spectra displayed similar line shapes, typical for a high 

content of β-sheet structure, which was confirmed by deconvolution analysis to  

58 % β-sheet structure, 6 % α-helical content and 36 % random coil (Fig. 2.6, Table 2.5).  

Fig. 2.6 CD spectra of BamB depend on the composition of the lipid bilayer. Folding of BamB upon urea 
dilution was monitored in aqueous buffer either in the absence or in the presence of lipid bilayers composed of 
various lipid compositions. All folding experiments were performed in glycine buffer (pH 8.0) at room 
temperature in the presence of lipid bilayers at a 200-fold molar excess of lipids to BamB (12 μM). The spectra 
were recorded in the range from 185 nm to 260 nm. The mean residue molar ellipticity [Θ](λ) was calculated 
and plotted as a function of the wavelength λ. These normalized spectra were analyzed to determine the 
secondary structure of BamB (Table 2.5). 

 

Even for BamB in lipid bilayers containing 20 % of the negatively charged phosphatidyl-

glycerol (PG) the CD spectra had similar line shapes, that is in lipid bilayers composed of 

DLPE/DLPG (4:1) or of DLPC/DLPE/DLPG (5:3:2). Phosphatidylethanolamine (PE) and PC 

are zwitterionic and do not carry a net charge. The deconvolution analysis of these spectra of 

BamB displayed only a slight increase to 8 % α-helix content and a minor decrease in β-sheet 

structure (56 %). In contrast, when the content of charged PG was increased, in lipid bilayers 
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composed of DLPC/DLPG (1:1), the overall β-sheet content of BamB was reduced to 50 % 

whereas the content of α-helix was increased to 10 %.   

Table 2.5 Analysis of the secondary structure formation of BamB in the presence of lipid bilayers. 

BamB (in) Algorithm Set α-helix 
(%) 

β-strand 
(%) 

 β-turn 
(%) 

random 
coil (%) 

NRMSD a 

buffer CONTIN 4 11 38 21 31 0.127 
 CONTIN 7 8 34 20 39 0.127 
 CDSSTR 4 10 36 23 31 0.019 
 CDSSTR 7 5 33 20 41 0.025 
 Average  8 35 21 36  
        

DLPC CONTIN 4 8 39 20 33 0.163 
 CONTIN 7 6 38 20 36 0.163 
 CDSSTR 4 8 35 23 33 0.029 
 CDSSTR 7 4 36 20 41 0.024 
 Average  6 37 21 36  
        

DLPE/DLPG  CONTIN 4 10 36 20 34 0.164 
(4:1) CONTIN 7 7 35 20 38 0.164 

 CDSSTR 4 10 34 23 32 0.035 
 CDSSTR 7 4 35 20 40 0.034 
 Average  8 35 21 36  
        

DLPC/DLPE/DLPG  CONTIN 4 10 37 20 34 0.140 
(5:3:2) CONTIN 7 7 35 20 38 0.140 

 CDSSTR 4 10 35 23 32 0.031 
 CDSSTR 7 4 33 20 42 0.030 
 Average  8 35 21 36  
        

DLPC/DLPG  CONTIN 4 12 30 22 35 0.107 
(1:1) CONTIN 7 5 21 21 43 0.107 

 CDSSTR 4 14 32 23 32 0.016 
 CDSSTR 7 9 29 21 41 0.022 
 Average  10 28 22 38  
        

DLPG CONTIN 4 18 30 22 31 0.059 
 CONTIN 7 18 26 20 36 0.059 
 CDSSTR 4 16 29 24 31 0.014 
 CDSSTR 7 18 24 17 41 0.012 
 Average  17 27 21 35  

a The NRMSD is the normalized root-mean-square deviation, comparing the recorded spectrum to a calculated reference 
spectrum. The value should not exceed 0.25 for an acceptable accuracy of the analysis. All CD-spectra were analyzed by 
using the programs CONTIN (Provencher and Glöckner, 1981) and CDSSTR (Compton and Johnson, 1986) with the 
reference data sets 4 und 7, provided by DichroWeb (Lobley et al., 2002, Whitmore et al., 2004). 

The effect of negative charges on the secondary structure of BamB was most distinct in the 

presence of lipid bilayers only composed of PG. In DLPG bilayers, BamB showed 48 %  

β-sheet structure, 17 % α-helix and 35 % random coil. These differences were already obvious 

from the altered line shape of the CD spectra of BamB at increased PG in the membrane. Here, 

the minimum was shifted to shorter wavelengths and the line shape was typical for a higher 

content of α-helical structure with a minimum near 208 nm and a shoulder at 222 nm. The 

addition of a 40-fold molar excess of DLPG to a natively folded BamB in aqueous solution 
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confirmed a loss of β-structure within a few minutes. Hence, BamB could change conformation 

depending on its membrane environment and was able to adjust its structure to the surrounding 

vicinity. Various L/P ratios (40 - 1000-fold molar excess of lipid to BamB) resulted in similar 

CD spectra and therefore comparable compositions of the secondary structure of BamB were 

observed (data not shown).  

2.4.4 Fluorescence studies confirm binding of BamB to the lipid membrane   

CD studies have demonstrated that overexpressed and isolated wt-BamB formed a native 

functional secondary structure which was comparable to the available crystal structure data. In 

this study, ProBamB was used to examine the interaction to the lipid membrane with different 

preparations of LUVs (DLPE/DLPG (4:1) or DLPG). Since BamB developed distinct structures 

depending on the lipid membrane environment, it was investigated if this is correlated to the 

binding of BamB to the lipid membrane.   

To examine the interaction of BamB with the lipid membrane, fluorescence spectroscopy was 

used to excite the intrinsic fluorescence of tryptophan residues, naturally occurring in the 

protein. The fluorescence of tryptophan is highly sensitive to its (local) environment and 

changes in the wavelength of the fluorescence maximum as well as in the fluorescence intensity 

result from conformational changes in BamB or binding to membranes or both. A shift of the 

fluorescence maximum to shorter wavelengths (blue-shift) can occur upon binding to the lipid 

bilayer, which is less polar. A decrease of the quantum yield of the fluorescence is observed, 

when the tryptophan residues are exposed to water molecules that can deactivate the excited 

state of the fluorophore by collision. Wt-BamB contains nine tryptophan residues which are 

evenly distributed in the protein and can be used as an indicator for protein-lipid interactions 

(Fig. 2.7).   

Unfortunately, the substitution of eight tryptophan residues to phenylalanine resulted in a loss 

of secondary structure of BamB (Fig. A1). The only tryptophan residue of BamB that could be 

substituted to phenylalanine without losing β-structure was the tryptophan at amino acid 

position W103, located in loop1 (Fig. 2.7). Based on protein sequence alignment, this 

tryptophan is the least conserved one in E. coli BamB as compared to various homologs from 

Y. pestis, V. cholerae stereotype 1, P. aeruginosa, B. pertussis and S. typhimurium (Fig. A2). 

Consequently, site-specific interaction between BamB and the lipid membrane could not be 

investigated with tryptophan.      
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Fig. 2.7 Position of native tryptophan residues in wt-BamB. Wt-BamB contains a signal sequence (amino 
acids 1 - 19, underlined) and the native cysteine at amino acid position 20 (C20, green) at the N-terminus. The 
tryptophan residues are given in red together with the number showing the exact position of the amino acid 
within the sequence. The protein was purified upon the His-tag (blue) at the C-terminus. (A) Lateral view of 
wt-BamB showing all nine native tryptophan residues in red. (B) BamB was rotated 90° around the x-axis 
demonstrating that the tryptophan residues are evenly distributed in the protein with one tryptophan localized 
in each β-blade (numbered 1 - 8) and one tryptophan (W103) in loop1. Amino acid side chains are shown in 
spheres for better illustration. The configurated figure is based on PDB structure 2yh3 (Albrecht and Zeth, 2011) 
and was created with PyMol 1.8.0.7 for macOS. 

 

BamB, isolated in unfolded form in solutions of 8 M urea, was refolded by dilution of urea in 

aqueous solution both in the absence and in the presence of lipid bilayers. The fluorescence 

intensity of all nine tryptophan residues of BamB was measured to investigate binding of the 

protein to the lipid membrane. The fluorescence intensity increased after vesicles of the lipid 

compositions DLPE/DLPG (4:1) or of DLPG were added, indicating binding of BamB to these 

lipid bilayers (Fig. 2.8). BamB showed a significant increase in the fluorescence intensity up to 

28 % in the presence of DLPG and the fluorescence maximum was shifted from 333 nm to  

335 nm (Fig. 2.8, A). On the other hand, the addition of DLPE/DLPG (4:1) showed only a 

minor effect with an increase in the fluorescence intensity of 5 % and a shift of the wavelength 

of the fluorescence maximum λmax was not observed in these bilayers.  

To analyze the binding of BamB to lipid bilayers specifically at its N-terminal region, the native 

cysteine of BamB (C20) was spectroscopically labeled with an organic fluorophore, either 
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IAEDANS or IANBD. As for tryptophan, the fluorescence emissions of these organic 

fluorophores are sensitive to changes in polarity and mobility of the environment. The 

fluorescence emission of C20 labeled with IANBD had a fluorescence maximum at 541 nm in 

aqueous solution with a relative fluorescence of F541 = 0.32 Mcps. The addition of DLPG 

increased the fluorescence intensity up to 161 % (F541 = 0.83 Mcps) displaying a clear blue-

shift in λmax from 555 nm in the absence to 540 nm in the presence of DLPG (Fig. 2.8, B).  

 

 
Fig. 2.8 Fluorescence spectra indicate that the binding of BamB to lipid bilayers depends on bilayer 
properties. All spectra were recorded for 0.5 μΜ BamB in glycine buffer (10 mM, 2 mM EDTA, pH 8.0) at  
25°C either in the absence or presence of lipid membranes (500 mM), either composed of DLPE/DLPG (4:1) or 
of DLPG. (A) The nine native tryptophan residues of ProBamB were excited at 295 nm and the emission spectra 
were recorded over the wavelength range from 310 nm to 400 nm. (B) The native cysteine of ProBamB (C20) was 
labeled with IANBD and excited at 478 nm. The fluorescence spectra were recorded in the wavelength range from 
490 nm to 700 nm. (C) The C20 residue of ProBamB was labeled with IAEDANS, excited at 336 nm and the 
fluorescence spectra were recorded from 410 nm to 650 nm.  

 

In the presence of DLPE/DLPG (4:1) λmax was blue-shifted by 3 nm and the fluorescence 

intensity slightly increased to F541 = 0.36 Mcps (15 %) indicating binding of C20 to both lipid 

membrane types with different affinities. The same experiment was performed with IAEDANS-

labeled C20 (Fig. 2.8, C). Surprisingly, the addition of lipid vesicles composed of DLPE/DLPG 

(4:1) or DLPG did not show any significant changes of the fluorescence signal indicating that 

BamB did not bind to the membrane as demonstrated by overlapping fluorescence emission 

curves. Presumably caused by repulsion of its negative charge, IAEDANS is obviously not 

suitable as a fluorophore for the investigations of BamB with membranes containing negatively 

charged PG. For that reason, all other binding experiments were performed with BamB labeled 

at the native C20 with IANBD and the non-labeled BamB.  

To determine the stoichiometry by which BamB binds to lipids, different samples were 

prepared containing 0.5 μM BamB and either DLPE/DLPG (4:1) or DLPG membranes at a 

lipid/BamB ratio ranging from 0 to 800 (Fig. 2.9). Tryptophan fluorescence spectra of BamB 
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were recorded by selective excitation at 295 nm. While the fluorescence intensity of BamB did 

not increase much in the presence of bilayers composed of DLPE/DLPG (4:1), it increased in 

bilayers of pure DLPG up to 28 % at a L/P ratio of 200 (Fig. 2.9, A and C). 

The fluorescence intensity at 330 nm was plotted as a function of the L/P ratios (Fig. 2.10, A 

and B). By fitting equation 2.2 (section 2.3.7) to the experimental data a binding stoichiometry 

of 42 ± 9 was determined suggesting that 42 DLPG lipids were necessary to bind all of BamB 

to the membrane.   

 
Fig. 2.9 Fluorescence spectra of native tryptophans of BamB and of IANBD linked to C20 of BamB depend 
on the lipid/BamB ratio. The spectra were used to determine the lipid/BamB stoichiometry. 0.5 μΜ ProBamB 
was either excited at the tryptophan wavelength of 295 nm (A and C) or at the IANBD wavelength of  
541 nm in glycine buffer (10 mM, 2 mM EDTA, pH 8.0) at 25 °C (B and D). The fluorescence spectra of BamB 
were recorded at various molar L/P ratios, ranging from 0 (dashed black lines) to a 1000-fold molar excess (colored 
dotted lines and solid black line) of DLPE/DLPG (4:1) (A and B) or DLPG (C and D) over BamB.  
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Fig. 2.10 Determination of the lipid/BamB stoichiometry. The fluorescence measurements were performed 
in the presence of bilayers of either DLPE/DLPG (4:1) (A) or of pure DLPG (B) at various L/P ratios. The 
fluorescence intensities at 330 nm or 541 nm of wt-BamB (trp) or of the IANBD-labeled ProBamB, respectively 
were plotted as a function of the lipid/BamB ratios. The stoichiometry was obtained by fitting equation 2.2 to 
the experimental data (see section 2.3.7). 

 

Beside the excitation of tryptophan in wt-BamB, the IANBD-labeled C20 was used to monitor 

the interactions of BamB with LUVs composed of DLPE/DLPG (4:1) or DLPG at various 

molar L/P ratios ranging from 0 to 1000. The IANBD-labeled protein was excited at  

478 nm resulting in F541 = 0.32 Mcps in the absence of lipid (Fig. 2.9, B and D). The 

fluorescence emission spectra of IANBD displayed a blue-shift from 555 nm to 552 nm in the 

presence of DLPE/DLPG (4:1) bilayers (at L/P ranging from 100 to 1000) with a maximal 

fluorescence intensity of F541 = 0.36 Mcps, corresponding to a 15 % increase (Fig. 2.9, B). The 

fluorescence intensity at 541 nm was plotted as a function of the corresponding lipid/BamB 

molar ratio (Fig. 2.10, A). The binding stoichiometry of DLPE/DLPG (4:1)/BamB could not be 
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determined, as within error margins, no binding was observed. In the presence of DLPG the 

fluorescence spectra displayed a massive increase in the fluorescence intensity starting at  

L/P = 25 with F541 = 0.54 Mcps and leveling off at L/P = 400 with F541 = 0.83 Mcps, which was 

~ 161 % greater than the intensity in the absence of lipid (Fig. 2.9, D). The increase of the 

intensity upon binding to DLPG bilayers was consistent with a blue-shift of the fluorescence of 

IANBD, from λmax ~ 555 nm in the absence of DLPG (L/P = 0) to λmax ~ 541 nm in the presence 

of DLPG bilayers (L/P = 200). The result from the fluorescence measurements was further 

analyzed by fitting equation 2.2 to the experimental data (Fig. 2.10, B). A binding stoichiometry 

of 35 ± 5 DLPG molecules per BamB molecule was obtained for the interactions of BamB with 

DLPG bilayers.  

2.4.5 Confirmation of the native secondary structure in mutants of BamB by CD 
spectroscopy  

The secondary structure of all designed single cysteine mutants of BamB (see 2.2 for details) 

was analyzed by CD spectroscopy to ensure that the substitutions of the selected amino acids 

to cysteines do not interfere with the correct folding of the protein. For comparisons, the 

recorded CD spectra of all single cysteine mutants of BamB were superimposed to the CD 

spectrum of wt-BamB (Fig. 2.11). All CD spectra displayed a similar line shape indicating 

comparable secondary structures dominated by β-sheets. The BamB mutants had secondary 

structures composed of 56 - 58 % β-sheets, 8 % α-helices and 35 - 38 % random coil as 

determined by deconvolution analyses with the algorithms CDSSTR (Sreerama and Woody, 

2000) and CONTIN (Provencher and Glockner, 1981) (Table A1, A and B). As the secondary 

structures of the single cysteine mutants of BamB compared well to the structure of wt-BamB, 

all mutants were used in fluorescence studies. 
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Fig. 2.11 CD spectra of wt-BamB in comparison with single cysteine mutants of BamB. 12 μM of protein 
was measured in glycine buffer (pH 8.0) at room temperature. CD spectra were recorded in the range from  
185 nm to 260 nm. The mean residue molar ellipticity [Θ](λ) was plotted as a function of the wavelength λ. The 
normalized spectra were analyzed to determine the secondary structure of the proteins to detect potential 
differences in their structures caused by the mutation (Table A1, A and B). 

 

2.4.6 Studies on the site-specific interaction of IANBD-labeled single cysteine 
mutants of BamB with the lipid membrane 

As demonstrated in previous experiments (see section 2.4.4), the binding of BamB to the lipid 

bilayer was not exclusively mediated by the signal peptide or the lipid anchor. Additional 

surface-exposed regions of BamB have to be involved in the interaction with the lipid bilayer. 

To monitor the exact orientation of BamB to the lipid membrane, the single cysteine mutants 

described in sections 2.2 and 2.4.5 were used (Fig. 2.1). The interactions between IANBD-

labeled BamB mutants and various lipid bilayers, composed of DLPG, DLPE/DLPG (4:1) or 

DLPC, were investigated in fluorescence studies.  

All labeled single cysteine mutants of BamB were first measured in aqueous solution. The 

wavelengths of the maxima of the fluorescence emission (λmax) were different for the various 

BamB mutants and λmax ranged from λmax = 550 nm for the BamB mutants A47C and A203C 

to λmax = 557 nm for V181C (Table 2.6). Surprisingly, in the presence of lipid bilayers, all 13 

single cysteine mutants of BamB and BamB C20 displayed increased fluorescence intensities 

and a blue-shift of λmax of different extents (Fig. 2.12). The λmax of the IANBD-labeled mutants 

of BamB and their changes Δλmax upon binding to lipid membranes are summarized in table 2.6 

while changes in the fluorescence intensities are shown in table A2. For an overview, all 

measured single cysteine mutants of BamB were plotted as a function of the difference in the 

maximum wavelength of IANBD emission (∆λmax) and against the ratio of the fluorescence 

intensities either in the presence or in the absence of lipid (Fig. 2.13, A and B). An increased 
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fluorescence intensity in combination with a blue-shift of λmax identified specific binding 

regions of labeled BamB mutants to the lipid membrane or structural changes within BamB. 

The BamB mutants with distinct changes in λmax and in the fluorescence intensity are shown by 

filled markers. Comparable to the fluorescence results in section 2.4.4, the fluorescence 

intensities of BamB mutants in the presence of neutral (DLPC) or mainly neutral (DLPE/DLPG 

(4:1)) lipid membranes were slightly increased, suggesting low affinity to these membranes 

(Fig. 2.12).  

In the presence of DLPC, the largest blue-shift in λmax was displayed for the BamB mutant 

V181C with ∆λmax = –8 nm, from 557 nm in the absence to 549 nm in the presence of DLPC 

(Fig. 2.12, Table 2.6). This result was consistent with the observed increase of the fluorescence 

intensity by 15 % in the presence of DLPC (Fig. 2.12, Table A2). For the BamB mutants 

G102C, W103C and G120C, ∆λmax was ~ –6 nm, with G120C showing the highest increase of 

the fluorescence intensity by 9 % in the presence of DLPC. The mutations G102C, W103C, 

G120C and V181C were located near the N-terminus of the protein at the bottom (G120C, 

V181C) or the top (G102C, W103C) region and were all surface exposed. The amino acid 

residues S126C, A203C and A269C represented the single cysteine mutants of BamB in which 

the labeled cysteines were oriented towards the centered cavity of the protein and are shown in 

red in Fig. 2.13. All mutants facing the interior of the protein displayed a slight increase in the 

fluorescence intensity and a blue-shift in λmax with ∆λmax = –4 nm in case of S126C and ∆λmax 

= –5 nm for A203C and A296C indicating an orientation of the fluorophore towards a 

hydrophobic environment.  
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Fig. 2.12 Site-specific interaction of labeled single cysteine mutants of BamB with the lipid bilayer. Single 
cysteine mutants of BamB were constructed as described in section 2.2 and labeled with the fluorophore 
IANBD. 0.5 μM protein was excited at the IANBD wavelength of 478 nm in glycine buffer (10 mM, 2 mM 
EDTA, pH 8.0) at 25 °C. The fluorescence spectra of BamB were recorded in the absence and in the presence 
of LUVs composed of DLPE/DLPG (4:1), DLPG and DLPC. Lipids were added in a 600-fold molar excess to 
the protein. The fluorescence (in Mcps) is plotted as a function of the wavelength (in nm). 

 

Interestingly, the fluorescence of all BamB mutants showed a small increase and the λmax were 

shifted in the presence of DLPE/DLPG (4:1), both indicating binding of BamB to the lipid 

bilayer. By plotting the shifts ∆λmax against the position of the label in the BamB mutants a 

characteristic dependence was obtained. The pattern of this dependence was nearly identical 
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for BamB mutants in bilayers of either DLPC or of DLPE/DLPG (4:1), with approx. +/–1 nm 

difference in λmax (Fig. 2.13, A). Distinct changes in ∆λmax were again identified for the mutants 

V181C, G102C, W103C and G120C. G102C displayed the largest shift in the fluorescence 

maximum with ∆λmax = –6 nm, from 551 nm in the absence to 545 nm in the presence of 

DLPE/DLPG (4:1). In regard to these two lipid bilayers, relative differences in the ∆λmax of the 

fluorescence emissions of the labeled mutants of BamB were largest for those of C20, V181C 

and A203C. λmax of C20 displayed a small blue-shift, from 551 nm in the absence of lipids to 

548 nm in the presence of DLPC bilayers with Δλmax = –3 nm but λmax changed in the presence 

of DLPE/PG (4:1) to 552 nm, representing a red shift with Δλmax = +1 nm. A203C was 

orientated to the interior of the protein and a change in the composition of the lipid bilayer from 

DLPC to DLPE/DLPG (4:1) resulted in a reduced blue shift of λmax compared to measurements 

in the absence of lipid with Δλmax = –2 nm.   

Table 2.6 Fluorescence emission maximum (λmax) of IANBD-labeled single cysteine mutants of BamB in the 
presence of various dilauroylglycerophospho (DLP)-lipids a. 

BamB 
mutant 

λmax 
(nm) 

(buffer) 

λmax (nm) 
(DLPE/DLPGb) 

λmax (nm) 
(DLPG) 

 

λmax (nm) 
(DLPC) 

Δλmax
c (nm) 

(DLPE/DLPGb) 
Δλmax 
(nm) 

(DLPG) 

Δλmax 
(nm) 

(DLPC) 
C20 551 552 540 548 +1 –11 –3 

A47C 550 547 542 548 –3 – 8 –2 
S54C 554 550 543 549 –4 –11 –5 

G102C 551 545 538 545 –6 –13 –6 
W103C 555 550 541 549 –5 –14 –6 
G120C 555 550 543 549 –5 –12 –6 
S126C 548 545 540 544 –3 – 8 –4 
V181C 557 552 541 549 –5 –16 –8 
S191C 547 545 538 545 –2 –  9 –2 
A203C 550 548 540 545 –2 –10 –5 
A269C 555 551 544 550 –4 –11 –5 
Q301C 553 549 543 548 –4 –10 –5 
S364C 549 547 539 545 –2 –10 –4 
A374C 549 547 539 545 –2 –10 –4 

a A 600-fold molar excess of lipid to BamB was used. b The phospholipids DLPE and DLPG were used in ratio of 4:1. c 
Difference in the maximum wavelength of IANBD emission (λmax in the presence of lipid – λmax in buffer).  

 

Independent of the localization of the cysteine, the presence of the negatively charged DLPG 

had the highest impact on the fluorescence intensity and on λmax of the fluorescence of BamB 

mutants with Δλmax ranging from –8 nm in A47C and S126C to –16 nm in V181C (Fig. 2.13, 

Table 2.6, Table A2) indicating an orientation of the fluorophore towards a hydrophobic 

environment. Again, the BamB mutants G102C, W103C, G120C and V181C displayed distinct 

changes in their fluorescence intensity as well as in λmax. The highest increase in the 

fluorescence intensity was observed for G102C with F541 = 0.51 Mcps in the absence of lipid 

to F541 = 1.98 Mcps in the presence of DLPG resulting in a calculated fluorescence intensity 
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ratio of 3.88 (Fig. 2.13, B). BamB mutant W103C showed a comparable increase with  

F541 = 0.27 Mcps in the absence of lipid to F541 = 0.91 Mcps in the presence of DLPG resulting 

in a ratio of 3.39. For the mutants G102C, W103C, G120C and V181C ∆λmax values of –13 nm, 

–14 nm, –12 nm and –16 nm, respectively, were observed, representing large shifts in λmax that 

were consistent with observed increases in the fluorescence intensities. Additionally, BamB 

mutant S54C displayed a blue-shift from 554 nm in the absence of lipid to 543 nm in the 

presence of DLPG with ∆λmax = –11 nm.  

The identified shifts in the fluorescence maximum wavelengths ∆λmax of all BamB mutants 

followed a pattern that was dependent on the composition of the lipid bilayers added to which 

BamB was bound, as plotted in Fig. 2.13. It is quite remarkable that the ∆λmax still showed very 

similar relative position-dependence for bilayers of DLPE/DLPG (4:1) in comparison to 

bilayers of pure DLPG, although the absolute ∆λmax were much larger for DLPG. These results 

were consistent with the changes in fluorescence intensity upon binding to the lipid membranes. 

The surface exposed BamB mutants S54C, G102C, W103C, G120C and V181C located closely 

to the N-terminus of the protein and the amino acid positions were identified as potential 

binding regions between BamB and the lipid membrane. 
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Fig. 2.13 Single cysteine mutants of BamB, covalently labeled with fluorescent IANBD at the cysteine, 
display changes in the wavelength and in the intensity of the fluorescence maximum of IANBD upon binding 
to preformed lipid bilayers (A) Difference of the wavelengths of the fluorescence maxima (∆λmax) of IANBD-
labeled BamB in lipid bilayers and in buffer, plotted vs. the position of the cysteine. The λmax were calculated from 
the fluorescence spectra shown in Fig. 2.12. (B) The ratio between the fluorescence intensities in the presence and 
in the absence of lipids was plotted as a function of the position of the labeled cysteine in the BamB mutants. 
Different marker shapes were used to distinguish between the lipid type. Surface exposed BamB mutants are 
shown in black and BamB mutants facing the interior of the protein are shown in red. Potential binding regions 
between BamB and the lipid bilayer are shown as filled markers and are marked with X on the x-axis. 
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2.4.7 Quenching experiments of IANBD-labeled single cysteine mutants of BamB 
with the spin-labeled lipid phosphatidyltempocholine (tempoPC) 

In section 2.4.6, specific binding regions of BamB were identified, which may either indicate a 

potential interface for protein-lipid interactions or conformation changes within BamB. 

Although the latter appeared less likely, direct location-specific interactions of BamB with lipid 

bilayers had to be confirmed. Therefore, locations at which BamB binds to the lipid bilayer 

were analyzed by fluorescence quenching using the spin-labeled lipid tempo-PC. The quencher 

group in tempo-PC is a nitroxide radical, a spin-label (tempo), which is covalently linked on 

top of the PC head group (Fig. 1.13). Thus, membrane penetration of BamB is not necessary 

and quenching of the fluorescence of IANBD should occur when the protein binds to the surface 

of the lipid bilayer in molecular contact within ~ 5 Å to 10 Å (Lakowicz, 2006). Unfortunately, 

lipids with tempo attached to PG or PE head groups were not available for purchase so that the 

experiments from section 2.4.6 could not be reproduced with lipid bilayers composed of either 

DLPG or DLPE/DLPG (4:1). Here, a 20 % content of tempo-PC in the lipid bilayer was 

necessary to detect sufficient fluorescence quenching of the IANBD-labeled single cysteine 

mutants of BamB. To maintain a high degree of negatively charged lipids in the membrane that 

is close to the experiments in section 2.4.6, the interaction of BamB and the lipid bilayer was 

investigated with lipid vesicles composed of 80 % DLPG and 20 % tempo-PC or its non-

quenching equivalent DLPC for comparisons.   

The resulting fluorescence spectra of IANBD-labeled single cysteine mutants of BamB in 

aqueous solution and in the presence of either DLPC/DLPG (1:4) or tempoPC/DLPG (1:4) are 

shown in Fig. 2.14. λmax and the changes in Δλmax upon binding to DLPC/DLPG (1:4) or 

tempoPC/DLPG (1:4) are summarized in table 2.7 while the fluorescence intensities are shown 

in table A3. The fluorescence quenching, expressed by the ratio of the fluorescence intensities 

at 541 nm (λ541) in the presence (F) and in the absence (F0) of the quencher tempoPC, is listed 

in Table 2.7. For an overview, ∆λmax in the absence and in the presence of lipid (Fig. 2.15, A) 

and F/F0 (Fig. 2.15, B) were plotted against the position of the labeled cysteine in the various 

mutants of BamB.  

Independent of the location of the cysteine within BamB mutants, the fluorescence quenching 

experiments (Table 2.7, F/F0) confirmed binding of BamB to the lipid bilayer composed of 

DLPC/DLPG (1:4) or tempo-PC/DLPG (1:4), consistent with the increase in the fluorescence 

intensity and the shift in λmax in these lipid bilayers relative to the fluorescence of labeled BamB 

in buffer (Fig. 2.15, A, Table 2.7, Table A3).  
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Fig. 2.14 Fluorescence quenching of IANBD-labeled single cysteine mutants of BamB upon interaction 
with tempoPC. Single cysteine mutants of BamB were constructed as described in section 2.2 and labeled with 
the fluorophore IANBD. 0.5 μM protein was excited at the IANBD wavelength at 478 nm in glycine buffer  
(10 mM, 2 mM EDTA, pH 8.0) at 25 °C. The fluorescence spectra of BamB were recorded in the absence and 
in the presence of LUVs composed of DLPC/DLPG (1:4) or the lipid quencher tempoPC/DLPG (1:4). Lipids 
were added in a 40-fold molar excess to the protein. The fluorescence (in Mcps) is plotted as a function of the 
wavelength (in nm). 

 

The observed Δλmax in the presence of either DLPC/DLPG (1:4) or tempoPC/DLPG (1:4) were 

similar (Table 2.7). The BamB mutants C20, G102C, W103C, G120C and V181C demonstrated 

the largest values for Δλmax as marked by solid points in Fig. 2.15. ∆λmax was observed for C20 
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being –8 nm, W103C = –10 nm and V181C = –10 nm in both lipid types. In two mutants, Δλmax 

was slightly different. For G120C, ∆λmax = –11 nm in the presence of DLPC/DLPG (1:4) and  

–10 nm in the presence of tempoPC/DLPG (1:4) and for G120C, ∆λmax = –9 nm in the presence 

of DLPC/DLPG (1:4) and ∆λmax = –8 nm in the presence of tempoPC/DLPG (1:4) was 

observed. The ratio F/F0 decreased at increased quenching of IANBD by the tempo group and 

was plotted as a function of the position of the labeled cysteine to compare the lipid exposure 

of these regions of BamB (Fig. 2.15, B). Surprisingly, quenching was observed for all BamB 

mutants, albeit to different extents. The highest F/F0 were observed for the BamB mutants 

S126C, A203C and A269C, in which the cysteines were all oriented to the interior of BamB 

and had the least accessibility for the quencher (Table 2.7).  

Table 2.7 Fluorescence emission maximum (λmax) and fluorescence quenching (F/F0) of 
IANBD-labeled single cysteine mutants of BamB in the presence of lipid a. 
BamB 
mutant 

λmax 
(nm) 

(buffer) 

λmax (nm) 

(DLPC/
DLPG b) 

λmax (nm) 
(tempoPC/ 
DLPG b) 

Δλmax
c 

(nm) 
(DLPC/
DLPG) 

Δλmax (nm) 
(tempoPC/ 

DLPG) 

 
F / F0 

d 

C20 552 544 544 –8 –8 0.751 
A47C 551 544 544 –7 –7 0.703 
S54C 555 548 548 –7 –7 0.775 
G102C 552 541 542 –11 –10 0.461 
W103C 555 545 545 –10 –10 0.572 
G120C 555 546 547 –9 –8 0.607 
S126C 550 547 548 –3 –2 0.889 
V181C 556 546 546 –10 –10 0.633 
S191C 548 543 543 –5 –5 0.835 
A203C 549 542 542 –7 –7 0.857 
A269C 554 547 547 –7 –7 0.882 
Q301C 552 545 545 –7 –7 0.780 
S364C 548 541 541 –7 –7 0.685 
A374C 548 543 543 –5 –5 0.628 
a A 40-fold molar excess of lipid to BamB was used. b DLPC/DLPG and tempoPC/DLPG were 
prepared in a 1:4 ratio. c Difference in the maximum wavelength of IANBD emission (λmax in the 
presence of lipid – λmax in buffer). d F0 and F are the fluorescence intensities in the absence and in 
the presence of the quencher tempoPC, respectively. Here, the ratio was calculated. 

 

The highest quenching effect was calculated for the mutants G102C with F/F0 = 0.461 (53.9 % 

quenching), W103C with F/F0 = 0.572 (42.8 % quenching), G120C with F/F0 = 0.607 (39.3 % 

quenching), and V181C with F/F0 = 0.633 (36.7 % quenching), indicating the highest decrease 

in the fluorescence intensity after adding tempoPC/DLPG. The fluorescence of the labeled 

BamB mutants S364C and A374C was quenched almost as strong as for V181C, for S364C 

with F/F0 = 0.685 (31.5 % quenching) and for A374C with F/F0 = 0.628 (37.2 % quenching), 

even though for these mutants, ∆λmax of the fluorescence of the attached label remained nearly 

unaffected by the addition of lipid bilayers. The fluorescence of IANBD attached to the cysteine 
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at position 20 of ProBamB was also quenched by tempo-PC to F/F0 = 0.751 (24.9 % 

quenching). The fluorescence of IANBD at this cysteine was less quenched by the tempo group 

than F of labeled A47C, but more than F of labeled S54C. 

  

 
Fig. 2.15 Interactions of IANBD-labeled single cysteine mutants of BamB with the lipid bilayer. (A) 
Differences ∆λmax in the wavelength of the maximum of IANBD fluorescence emission (λmax), in the presence 
of bilayers of DLPC/DLPG (1:4) vs. in buffer without lipid bilayers, were plotted as a function of the location 
of the single cysteine in mutants of BamB. (B) The fluorescence spectra of labeled BamB mutants were 
measured in the absence of a quencher for bilayers of DLPC/DLPG (1:4) or in the presence of the lipid-bound 
fluorescence quencher tempo for bilayers of tempoPC/DLPG (1:4). The fluorescence intensities in the absence 
(F0) and in the presence of the quencher (F) were used to calculate the quenching effect as the ratio F/ F0, which 
was plotted against each BamB mutant. BamB mutants with the cysteines being surface exposed are shown in 
black whereas BamB mutants with the location of the single cysteines facing the interior of the protein are 
shown in red. Potential binding regions between BamB and the lipid bilayer are shown as filled markers and 
are marked with X on the x-axis. 

 

Overall the changes in λmax of the BamB mutants correlated well to the fluorescence quenching 

from the N-terminus to the residue 191, while both trends were different from residue 203 to 

the C-terminus (Fig 2.16). In both cases the BamB mutants G102C, W103C, G120C and V181C 

were identified to be part of the main region or interface by which BamB was bound to the lipid 
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membrane. They were located in the loop of β-blade 1 (G102C, W103C), at the bottom of β-

blade 2 (G120C) and at the bottom of β-blade 3 (V181C) creating a binding triangle (Fig. 2.18).  

2.4.8 BamB binds to negatively charged lipid membranes in the presence of NaCl 

It has been observed previously in this study (see section 2.4.3) that for bilayers of the 

negatively charged DLPG, the CD spectra of BamB displayed a different line shape indicating 

an increase of α-helix by ~ 9 % (corresponding to ~ 35 residues of the 392 residue polypeptide 

chain of BamB) and a loss of ~ 8 % of β-structure of BamB. The interaction of BamB with the 

membrane was most obvious for its binding to the negatively charged DLPG through preferred 

binding sites in BamB (section 2.4.6 and 2.4.7).  

To investigate the importance of charge-charge interactions between BamB and the lipid bilayer 

for successful binding, the fluorescence of IANBD-labeled single cysteine mutants of BamB 

was measured in the presence of NaCl. 250 mM NaCl was added to screen the negative charges 

of DLPG as well as of BamB itself. To exclude side effects of NaCl on BamB alone, 

fluorescence spectra of BamB mutants were also recorded in aqueous buffer in the absence of 

lipids, both at 0 and 250 mM NaCl for comparisons. These spectra were similar, indicating that 

an increased concentration of NaCl did not cause structural changes in BamB (Fig. A3). λmax 

and the changes in the emission maximum (Δλmax) upon binding to lipid membranes composed 

of DLPG are summarized in table 2.8.  

To examine the effect of the ionic strength, i.e. of the NaCl concentration, on the binding of 

BamB to charged bilayers, the ∆λmax obtained from the fluorescence spectra of the IANBD-

labeled mutants of BamB in DLPG bilayers at 0 and at 250 mM NaCl were plotted as a function 

of the position of the label (Fig. 2.16). All measured BamB mutants displayed a blue-shift of 

the wavelength of the fluorescence maximum in the presence of DLPG and NaCl. The overall 

intensity of the shifts was reduced about 3.5 nm on average in the presence of NaCl.   

By comparing the binding behavior of BamB mutants in the presence of DLPG, but in the 

absence or in the presence of NaCl, the relative effects were reduced, but a similar line shape 

was observed with distinct changes in ∆λmax for the mutants V181C, G102C, W103C and 

G120C. For the mutants G102C, W103C and G120C a blue-shift with Δλmax = –8 nm was 

observed while Δλmax displayed a value of –9 nm for V181C. The largest shift of the 

fluorescence maximum in NaCl was observed for BamB mutant C20 with ∆λmax = –12 nm, 

from 551 nm in the absence to 539 nm in the presence of DLPG. Generally, the N-terminus 

(C20 and A47C) was the least affected by NaCl. 
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Table 2.8 Fluorescence emission maximum (λmax in nm) of IANBD-
labeled single cysteine mutants of BamB in the presence of DLPG a. 
BamB 
mutant 

λmax (nm) 
(buffer 

+/– NaCl) 

λmax
 (nm) 

(DLPG) 
λmax (nm) 
(DLPG 

+ NaCl b) 

Δλmax
 c 

(nm) 
(DLPG) 

Δλmax 
(nm) 

(DLPG + 
NaCl b) 

C20 551 540 539 –11 –12 
A47C 550 542 543 –8 –7 
S54C 554 543 547 –11 –7 
G102C 551 538 543 –13 –8 
W103C 555 541 547 –14 –8 
G120C 555 543 547 –12 –8 
S126C 548 540 542 –8 –6 
V181C 557 541 548 –16 –9 
S191C 547 538 542 –9 –5 
A203C 550 540 544 –10 –6 
A269C 555 544 548 –11 –7 
Q301C 553 543 546 –10 –7 
S364C 549 539 542 –10 –7 
A374C 549 539 542 –10 –7 
a A 600-fold molar excess of lipid to BamB was used. b 250 mM NaCl was added 
to the sample. c Difference in the maximum wavelength of IANBD emission (λmax 
in the presence of lipid – λmax in buffer).  

 
 

Fig. 2.16 Impact of 250 mM NaCl on the binding of IANBD-labeled single cysteine mutants of BamB to 
the lipid membrane. Fluorescence spectra of BamB mutants (0.5 μΜ) were recorded at a 600-fold molar excess 
of DLPG in glycine buffer (pH 8.0), first at 0 and then at 250 mM NaCl, to determine the effect of the ionic 
strength on the binding of BamB to the lipid bilayer. The difference in λmax of the fluorescence intensity of 
IANBD in the presence of lipid bilayers relative to λmax in buffer was plotted against the position of IANBD in 
the various mutants of BamB. Different marker shapes were used to distinguish between measurements at  
0 mM and at 250 mM NaCl. Surface exposed BamB mutants are shown in black and BamB mutants facing the 
interior of the protein are shown in red. Potential binding regions between BamB and the lipid bilayer are shown 
in solid points and are marked with X. 
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Due to a reduction of the blue-shifts of λmax in the presence of NaCl, binding of BamB to the 

lipid membrane upon the previously identified specific binding sites in β-blades 1, 2 and 3 was 

no longer preferred and the results were comparable to the random binding of BamB to overall 

neutral lipids (see section 2.4.6).  

2.5 Discussion 

The lipoprotein BamB represents one of the most rarely characterized subunits of the BAM 

complex and its structure and localization at the lipid membrane is not known in detail. In the 

present work, the importance of the lipid anchor of BamB for the interaction with the lipid 

bilayer was investigated. The study provides new insights into folding properties and specific 

interaction sides of this OM lipoprotein to the lipid membrane.   

2.5.1 BamB remains unprocessed after overexpression into the periplasm 

ProBamB was found to contain the signal sequence after overexpression and translocation into 

the periplasm as demonstrated by shifts on an SDS gel indicating that the peptidase Lsp did not 

cut the signal peptide and the final acylation by the acyltransferase Lnt did not proceed. In 

addition, the enzyme Lgt did not transfer a diacyl glyceryl group to the free SH group of the 

cysteine which was confirmed in labeling studies. The cysteine residue was successfully labeled 

with a thiol-reactive dye confirming the absence of the lipid modification. These results are 

consistent with observations for the essential lipoproteins BamD and LolB from E. coli showing 

a proper functionality when the N-terminal lipobox required for the lipidation was deleted 

(Tsukahara et al., 2009). Mass spectrometry had been used to detect the presence of the signal 

sequence and the absence of the lipid modification at the N-terminal cysteine of BamD 

(Sharma, 2014). The same result is expected for BamB since the purification of both 

lipoproteins is similar. Likely, enzymes involved in the processing of the precursors of the 

lipoproteins in the periplasm are not efficient enough to perform the post-translational 

lipidations when lipoproteins like BamB, BamD or LolB are overexpressed.  

CD spectroscopy revealed a similar folding of periplasmic and cytoplasmic BamB and no 

requirement of a hydrophobic environment for correct folding. This is in contrast to the 

lipoprotein BamD, which required membranes for proper folding when the signal sequence was 

present (Sharma, 2014). Folding into a stable three-dimensional structure is indispensable for 

proteins to become biologically active in the cell. Lipoproteins can either cross the IM as 

unfolded proteins via the Sec pathway or in a folded conformation via the Tat pathway 

(Froderberg et al., 2004; for a review, see Zückert, 2014). Whether BamB folds before or after 
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its translocation to the periplasm is unknown. Additionally, it is unclear whether processed 

BamB containing the lipid anchor would aggregate in aqueous buffer. 

2.5.2 The presence of negatively charged lipid head groups alters the secondary 
structure of BamB  

To understand how the composition of the lipid membrane affects the structure of BamB and 

how it influences the association with the lipid membrane, BamB was studied in the presence 

of membranes of various lipid compositions by CD spectroscopy. The role of specific lipid head 

groups on the secondary structure formation of BamB was investigated upon urea dilution. 

Folding of BamB was stable and sufficient in aqueous solution at pH > 5 leading to a well-

defined secondary structure composed of 58 % β-sheets, 6 % α-helices and 36 % disordered 

structure in aqueous buffer or bound to membranes in the absence of PG or at very low PG 

content. The obtained compositions of the secondary structure were also very similar to the 

composition of the secondary structures calculated for BamB from previously published crystal 

structures of truncated BamB lacking the N-terminal signal sequence and the cysteine normally 

modified by the lipid anchor (Albrecht and Zeth, 2011; Kim and Paetzel, 2011; Noinaj et al., 

2011; Heuck et al., 2011; Dong et al., 2012b).   

It was demonstrated that in the presence of lipid membranes composed of the negatively 

charged lipid DLPG, BamB folded into a slightly different secondary structure, resulting in  

48 % β-sheet structure and 17 % α-helical content. In comparison to lipid bilayers that did not 

contain PG, an additional about 9 % (~ 35 residues) of the BamB polypeptide chain adopted α-

helical structure instead of β-sheet structure. This suggests the presence of specific binding sites 

in the structure of BamB that might specifically interact with the PG head groups to form an 

interface for protein-lipid interactions. One β-blade in BamB is comprised of approx. 30 amino 

acids. Therefore, the structural change presumably involved one to two complete β-blades or 

distributed regions in three β-blades in the presence of PG, while ~ 90 % of the structure of 

BamB remained unchanged. Fluorescence studies demonstrated binding of BamB to the 

membrane surface in regions localized in β-blades 1, 2 and 3 of BamB which might represent 

the location that is structurally changed within BamB to facilitate the association with the head 

groups of PG.  

The impact of negative charges on the formation of the secondary structure of BamB was most 

distinct in the presence of pure DLPG membranes or of lipid bilayers that were composed of at 

least 50 % PG. In a previous study, an increase in the content of PG was shown to facilitate the 

folding of the essential lipoprotein BamD and the periplasmic domain of BamA. The high 

content of PG was crucial to gain native-like structure of BamD (Sharma, 2014; Talmon, 2016). 
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Hence, both lipoproteins of the BAM complex, BamB as well as BamD, exhibit an increase in 

α-helical structure in the presence of lipid bilayers with a high content of the negatively charged 

lipid PG.    

It is not entirely clear, which of the secondary structures, either BamB in PG > 50 % or BamB 

in PE with PG ~ 20 % or less, is closer to the native, functional structure. In E. coli, the content 

of PG constitutes ~ 20 % of the OM (Raetz and Dowhan, 1990; Morein et al., 1996) and might 

be essential for the proper function of the BAM proteins to accomplish their tasks in the 

insertion and assembly of OMPs. Since some BAM proteins were found to selectively bind PG, 

they may create a microdomain of PG only in the vicinity of the BAM complex. Thus, the 

conformational change in BamB might be relevant for the function of BamB in E. coli.   

An optimal lipid composition in the membrane is crucial for a fast and correct protein folding 

in vivo. Also, protein function was shown to rely in some cases on the presence of acidic lipids. 

In E. coli, the enzyme PGP synthase encoded by the gene pgsA is responsible for the synthesis 

of PG which is the most abundant acidic phospholipid in the organism and is involved in various 

cellular processes. psgA null mutants were viable under selective growth conditions but showed 

reduced rates in protein secretion and lacked mature lipoproteins (Nagahama et al., 2006; 

Dowhan and Bogdanov, 2012). Studies indicated that acidic phospholipids play a role in the 

membrane association of SecA (Lill et al., 1990). Proper function of the ATPase activity of 

SecA is essential for the protein translocation machine SecYEG to translocate precursor OMPs 

through the IM of E. coli. The present work shows the importance of electrostatic interactions 

for association of proteins like BamB to the lipid bilayer and confirms the involvement of the 

lipid membrane for the folding state of BamB.  

2.5.3 Tryptophan residues located in the β-strands of BamB are essential for 
gaining native structure   

 

The substitution of all tryptophan residues of BamB to phenylalanine resulted in a loss of 

secondary structure. The tryptophan residue at amino acid position 103, which locates in loop1, 

was the only tryptophan that could be substituted without changing the protein structure of 

BamB.  

In previous studies it was confirmed that the tryptophan residues of the BamB homolog in  

P. aeruginosa and the tryptophan residues of proteins that develop related eight-bladed  

β-propeller structures such as the pyrrolo-quinoline quinone (PQQ)-dependent dehydrogenases 

contain a repeating tryptophan-docking motif (Ghosh et al., 1995; Anthony and Ghosh, 1998; 

Jansen et al., 2012). Tryptophan as well as glycine were invariant in the amino acid sequence 
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and their interaction was described as “hallmark of the motif” (Jansen et al., 2012). The NH-

group of the indole of tryptophan is able to form hydrogen bonds in which the glycine of one 

β-blade interacts with the tryptophan in the previous β-blade (Fig. A2). Consequently, the 

consistent distribution of tryptophan residues in BamB with one tryptophan located in each β-

blade seems essential to fold into the native eight-bladed β-propeller and site-specific 

interaction between BamB and the lipid membrane cannot be investigated with tryptophan.    

2.5.4 BamB favors negatively charged PG for lipid membrane binding 

It was further investigated whether a structural change of BamB caused by the presence of PG 

is required for proper membrane binding.  

The lipoprotein BamB is about 48 Å in diameter and 28 Å in height (Kim and Paetzel, 2011). 

As estimated from the structure using the software PyMOL, the surface area of BamB is  

~ 35,242 Å2   

with 15,288 Å2 being solvent accessible (PDB structure 2yh3, PyMOL v1.8.0.7, 

Schrödinger, New York, USA). The surface area of a PG head group is around 57 Å2 (Dickey 

and Faller, 2008) resulting in approx. 268 PG lipids that are required to occupy the complete 

surface area of BamB. If one or two β-blades of BamB were involved in the interaction with 

the membrane surface, as indicated by CD spectroscopy, one-eighth or two-eighth of the 

complete surface area might be sufficient for protein binding with 34 - 67 PG lipids.  

The binding stoichiometry of BamB to pure DLPG membranes as well as lipid bilayers 

composed of DLPE/DLPG (4:1) was determined by either exciting the native tryptophan 

residues in wt-BamB or by labeling the single cysteine at amino acid position 20 with the 

fluorophores IANBD or IAEDANS. By exciting the nine tryptophan residues in BamB, a 

binding stoichiometry of 42 ± 9 DLPG molecules per BamB molecule was determined while 

the excitation of the IANBD attached to the single cysteine of BamB resulted in a stoichiometry 

of 39 ± 5 lipid molecules. Both stoichiometries are comparable and correlate well to the 

calculated amount of lipids necessary for binding to one or two β-blades of BamB. Thus,  

n = 33 to 51 lipids are required to sufficiently bind a single molecule of BamB.   

Surprisingly, no binding was observed for the IAEDANS-labeled BamB to the DLPG 

membrane. The organic fluorophore IAEDANS was used in several studies to investigate 

folding and insertion of membrane proteins such as OmpA or LacY (Kang et al. 2011; Vitrac 

et al. 2015). In the past, IAEDANS was successfully used for the labeling of the β-barrel BamA 

to investigate protein folding and insertion into membranes and distinct changes in the 

fluorescence emission were observed (Herwig, master thesis 2018). In transmembrane protein 

folding the IAEDANS fluorophore is forced to its localization in the lipid membrane as a result 
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of the directed assembly of the β-barrel. It seems that IAEDANS is not suitable for surface-

exposed investigations with membrane-associated proteins that do not possess strong affinity 

to the lipid membrane. Under the chosen pH conditions in the binding experiment, BamB and 

IAEDANS were negatively charged and could not be used most likely because of the repulsion 

of their negative charges by the negatively charged surface of the PG bilayer.  

BamB was shown to predominately bind to pure negatively charged PG membranes with a 

distinct stoichiometry, while low affinities might exist for interactions with neutral lipids for 

which a binding stoichiometry could be determined. These results are comparable with 

interactions studies of the periplasmic domain of BamA demonstrating a distinct binding to 

membranes containing PG but no interaction to neutral lipid membranes composed of PC 

(Talmon, 2016). Thus, the structural change of BamB as a result of an interaction with the PG 

head groups seem to be indispensable and required for a strong interaction with the membrane 

surface. This observation suggests the existence of two populations of BamB in the cell whose 

localization might be greatly influenced by the distribution of the anionic lipid PG in the lipid 

membrane. BamB potentially binds to the periplasmic domains of BamA and to incoming 

substrates simultaneously to enhance the function of the BAM complex in the folding and 

insertion of β-barrel proteins as assumed in previous publications (Noinaj et al., 2011; Heuck 

et al., 2011). A simultaneous binding of BamB to the lipid membrane and to BamA is not in 

contrast, since different binding sites were observed for BamA/BamB (Vuong et al., 2008; 

Heuck et al., 2011; Gu et al., 2016) and lipid/BamB (this study). 

As the periplasmic domain of BamA (Talmon, 2016), BamD (Sharma, 2014), BamE (Knowles 

et al., 2011) and, as identified in this study, also BamB interact with negatively charged 

membranes composed of PG (Talmon, 2016; Sharma, 2014), the whole BAM complex might 

implement major accumulations of PG in the lipid membrane which may be required for the 

function of the whole complex. As recently discovered, lipids are distributed heterogeneously 

in the bacterial membrane forming microdomains also known as lipid rafts that were similar to 

those found in eukaryotic cells (López and Kolter, 2010; Barák and Muchová, 2013). Lipid 

rafts maintain specific environments for certain membranes or associated proteins and 

alterations in the lipid compositions of these crucial lipid patterns led to defects in cell-cell 

signaling or signal transduction pathways (Barák and Muchová, 2013). Cardiolipin domains 

were the first lipid domains discovered in E. coli (Mileykovskaya and Dowhan, 2000, 2009). 

Charged lipids can function as both, membrane stabilizers and destabilizers. An interaction of 

BamB with pure PG membranes was favored due to the hydration of the negatively charged PG 

head groups resulting in a less compact bilayer. PE and PG lipids were shown to display strong 
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intermolecular interaction realized through H-bonds and ion bridges, which might prevent 

strong association of BamB with mixed lipid membranes. The number of intermolecular H-

bonds formed by the ammonium groups of PE was increased by 30 % in mixed PE-PG lipid 

membranes compared to pure PE bilayers (Garidel and Blume, 2000; Zhao et al., 2008). 

Additionally, ion bridges might provide further PE-PG interactions which caused local 

dehydration in the lipid interface (Zhao et al., 2008). This provided stabilization and a less 

dynamic lipid bilayer with a decreased membrane permeability.  

 

2.5.5 β-blades 1, 2 and 3 of BamB are involved in the binding to the lipid 
membrane  

The interaction of BamB with PG resulted in changes in the far-UV CD spectra as well as in 

the intrinsic fluorescence suggesting substantial changes in both secondary and tertiary 

structures of BamB. In the native structure, BamB is arranged as an eight-bladed β-propeller. 

The N-terminus extended away from the core of the structure and was found disordered in 

different crystal structures of BamB (Albrecht and Zeth, 2011; Kim and Paetzel, 2011; Noinaj 

et al., 2011; Heuck et al., 2011; Dong et al., 2012b). None of the crystal structures contained 

the putative lipid anchor but it is likely and predicted that BamB binds with its N-terminal lipid 

motif to the OM (Wu et al., 2005). Binding of BamB to the lipid membrane was observed by 

fluorescence spectroscopy for various regions in BamB. Changes in the fluorescence emission 

in the presence of lipid bilayers were detected for all tested regions, distributed throughout the 

whole structure of BamB. The overall and random binding of BamB to the lipid membrane, 

especially to mostly neutral lipids, indicated that the lipid anchor is not required for the binding 

of BamB to the membrane, but may be needed to stabilize the orientation of BamB or that the 

conformational change of BamB induced by PG is essential to correctly orientate the protein at 

the membrane surface. Anyway, the fluorescence spectra of IANBD of all labeled BamB 

mutants displayed larger changes in bilayers containing charged PG, indicating stronger 

binding of BamB to PG. These changes in the fluorescence emission of IANBD in the presence 

of DLPG depended on the location of the single cysteine in BamB. The same results were 

reproduced in fluorescence quenching experiments confirming binding to the lipid bilayer in 

specific regions of BamB that were closely located to the N-terminal cysteine. The surface 

exposed BamB mutants G102C, W103C, G120C and V181C displayed the most distinct 

changes in the fluorescence intensity as well as in the wavelength of the fluorescence maximum. 

These amino acids may support the interaction of BamB with the membrane, in particular when 

the membrane contains PG.   
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Screening of the negative surface by NaCl was shown to affect the binding of BamB to PG in 

a way that the protein lost its specific binding region and adopted a random orientation at the 

membrane surface that was comparable to binding of BamB to neutral lipids. This behavior 

highlights the importance of negative charges in the lipid membrane for an interaction with 

BamB. CD spectra of BamB did not show any differences in the absence or in the presence of 

NaCl and PG (data not shown). This indicates that BamB did not change its structure as a result 

of NaCl. Further experiments have to be performed, but first fluorescence studies of wt-BamB 

in the presence of 100 mM NaCl suggested that the binding affinity between BamB and DLPG 

is reduced (data not shown). Thus, the presence of NaCl prevents the adsorption of BamB to 

the screened membrane surface. 

Due to the random orientation of BamB on neutral membrane surfaces, electrostatic interactions 

between BamB and the membrane surface cannot form the only type of interaction forcing the 

specific lipid-protein binding. As shown in Fig. 2.17, hydrophobic and positively charged 

amino acids are distributed over the entire structure of BamB. The amino acids G102 and W103 

are located in the far exposed loop1, between β-blades 1 and 2, G120 is located at the bottom 

of β-blade 2 and V181 at the top of β-blade 3 (Fig. 2.17, B or Fig. 2.18). The tryptophan in 

loop1 is located N-terminal to a phenylalanine (F104) followed by a serine (S105) and a lysine 

(K106). The glycine at position 102 is surrounded by a hydrophobic tryptophan (W103) and a 

negatively charged aspartic acid (D101) neighbored by a positively charged lysine (K100). 

While the hydrophobic tryptophan and phenylalanine residues might interact with the acyl 

chains of the lipid, the positive charges of two lysine residues may bind BamB to the negatively 

charged PG head group. The G120C of BamB is located in a region that is dominated by 

negatively charged amino acids, but is also enriched with several hydrophobic residues 

potentially supporting the interaction with the lipid membrane. As depicted in Fig. 2.17, V181 

is surrounded by mostly positively charged residues that bind to the charged lipids at the 

membrane surface, stabilizing the interactions of BamB with the membrane.   
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Fig. 2.17 Crystal structure of BamB displaying the electrostatic and hydrophobic surface areas. (A) The 
hydrophobic residues of BamB (yellow) represent potential binding regions that might be relevant for the 
interaction with the lipid bilayer. (B) The regions surrounding the amino acids G102, W103, G120 and V181 (red) 
were identified as interaction sites between BamB and the lipid membrane. The side chains of the amino acid 
residues are shown in spheres for better illustration. (C) The electrostatic surface of BamB demonstrates negative 
and positive areas colored in red and blue, respectively. The protein is shown in a lateral view (middle) and was 
rotated about 90° along the x-axis in both directions to generate two orientations of BamB (top view and bottom 
view). The configurated figure is based on PDB structure 2yh3 (Albrecht and Zeth, 2011) and was created with 
PyMol 1.8.0.7 for macOS. 
 

 

As BamB is presumed to stabilize the POTRA domains of BamA, BamB might be involved in 

the alignment of the periplasmic domains of BamA towards the lipid membrane facilitating the 

interaction with precursor OMPs and the OM during the insertion process as shown in Fig. 2.18. 

The lipid anchor and/or the PG head groups seem to be required for the correct orientation and 

stabilization of BamB at the membrane surface. Hence, upon a binding triangle composed of 

the amino acids G102, W103, G120 and V181C in β-blades 1, 2 and 3 of BamB, the protein is 

assumed to associate with the membrane surface in a site view orientation with the relevant β-

blades exposed towards the hydrophobic lipid bilayer. In the presented crystal structure, the 

flexible N-terminus of BamB in β-blade 8 is randomly orientated and might be localized closer 

to the lipid membrane in the living cell. The crystal structure of the BAM complex containing 
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BamA - BamE was resolved recently and based on this structure the orientation of BamB 

towards to the lipid membrane can be presumed (Han et al., 2016; Gu et al., 2016). If BamB is 

associated to BamA, the presence of the β-barrel protein slightly alters the orientation of BamB 

at the lipid membrane with β-blades 2 and 3 moving away from the hydrophobic lipid bilayer 

and turning β-blades 7 and 8 towards the membrane surface.   

 

Fig. 2.18 Orientation of BamB towards the lipid membrane. Specific binding regions of BamB that play an 
important role in the interaction with the lipid membrane (outer membrane, OM) were identified in fluorescence 
studies. Fluorescence labeled single cysteines were shown to interact with the lipid bilayer at amino acid 
positions 102, 103, 120 and 181 forming a binding triangle (relevant amino acids are shown in red spheres for 
better illustration). The flexible N-terminus of BamB is shown in green. (A) The crystal structure of the BAM 
complex showing BamA (green), BamB (blue), BamC (red), BamD (yellow) and BamE (orange) demonstrates 
that the orientation of BamB towards the membrane is changed approx. 90° when BamA is present. (B) In the 
absence of the remaining BAM proteins, BamB turns 90° along the x-axis orientating the residues 102, 103, 
120 and 181 towards the membrane surface. (C) A further change of the orientation of BamB by 180° along the 
x-axis would be in comparison with the identified binding regions. The configurated figure of single BamB and 
the BAM complex is based on PDB structures 2yh3 and 5ayw, respectively (Albrecht and Zeth, 2011; Han et 
al., 2016). The figure was created with PyMol 1.8.0.7 for macOS. 
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3.   DEPENDENCE OF THE FACILITATED FOLDING AND MEMBRANE INSERTION OF 

OMPA ON THE LIPID COMPOSITION AND SURFACE CHARGE IN THE PRESENCE 

OF BAMB OR PD-BAMA  

3.1 Abstract 

The relevance of the lipid composition in membrane protein folding was analyzed by using the 

outer membrane protein A (OmpA) as folding model. Successful folding of OmpA was 

dependent on the polarity of the phospholipid head groups demonstrating the significance of 

charged lipids for a correct folding and insertion process. Folding into lipid bilayers containing 

the negatively charged phosphatidylglycerol (PG) was impaired under the chosen conditions as 

a result of repulsion effects with the negative protein surface while in the presence of sodium 

chloride (NaCl) the folding of OmpA was enhanced in correlation with the chosen lipid 

excesses. Experiments with NaCl demonstrated a facilitated adsorption to the lipid membrane 

but the subsequent insertion process of OmpA was not affected by the salt concentration. When 

OmpA was folded into lipid bilayers containing PG, the folding kinetics were faster and the 

final folding yields were improved in the presence of BamB, terming the lipoprotein a potential 

folding assistant of OMPs. Hence, the conformational change of BamB that is required for its 

interaction with the membrane, is functional relevant for the assisted folding of OMPs. Upon 

screening of the existing negative charges on the membrane surface either by NaCl or by BamB, 

the adsorption of OmpA to the membrane surface as well as the subsequent insertion process 

was facilitated suggesting that BamB is involved in the arrangement of a neutral surface 

potential by covering the negative charges of the PG head groups similar to NaCl or by 

neutralizing the charges of the protein surface upon a direct interaction with OmpA. The 

described results also demonstrated the involvement of phosphatidylethanolamine (PE) in 

conjugation with BamB in the facilitated folding process of OmpA and confirmed the relevance 

of the natural lipid composition in the OM of E. coli on the folding of OMPs. In kinetic studies 

on OmpA in the presence of BamB and the periplasmic domain of BamA (PD-BamA) a 

cooperated function of both proteins on the folding and insertion of OmpA was identified 

depending on the presence of NaCl. The present study holds significant importance on the 

function of BamB and clarifies the requirement of PG in the lipid bilayer to sufficiently support 

the folding and insertion of OMPs. 
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3.2 Introduction 

Correct insertion and folding of membrane proteins into the lipid bilayer is essential for 

membrane biogenesis and cell growth. In the past two decades the β-barrel OmpA was 

established as a well-studied model system for the analysis of folding and insertion of 

monomeric β-barrel membrane proteins into lipid bilayers, based on initial studies by Surrey 

and Jähnig (1992, 1995) and Rodionova et al., 1995 that demonstrated a structurally distinct 

and membrane adsorbed, but not inserted folding intermediate of OmpA. OmpA has an  

N-terminal domain consisting of 171 amino acids residues, which forms an eight-stranded β-

barrel that is embedded in the OM and a C-terminal periplasmic domain (amino acids 172 - 

325) (Fig. 3.1). The lipid-exposed surface of OmpA is hydrophobic with two girdles of aromatic 

amino acids near the two interfaces of the bilayer (Pautsch and Schulz, 1998). For OmpA, 

insertion and β-barrel formation are parallel processes together with the overall insertion into 

the lipid membrane (Kleinschmidt et al., 1999; 2011; Kleinschmidt and Tamm, 2002). 

In the presence of detergent micelles or lipid vesicles urea unfolded OmpA successfully regains 

its native β-barrel structure as long as the concentrations of these detergents or phospholipids 

are above the critical micelle concentration (CMC) (Surrey and Jähnig, 1992; Schweizer et al., 

1978, for details see section 1.4). Based on the different migration behavior of the folded and 

unfolded forms of OMPs an assay was established to determine the kinetics of membrane 

protein folding upon gel electrophoresis (Kleinschmidt and Tamm, 1996; 2002; see sections 

1.8.1 and 3.3.5). For OmpA it could be demonstrated that if samples are not heat-denatured 

prior to electrophoresis (cold SDS-PAGE), folded OmpA migrates at 30 kDa, while unfolded 

OmpA migrates at 35 kDa (Schweizer et al., 1978).   

Folding and insertion of OmpA into lipid membranes depends on the properties of the lipid 

bilayer. Successful folding of OmpA correlated with the thickness of the hydrophobic bilayer 

as well as with the curvature and size of the lipid vesicles (Kleinschmidt and Tamm, 2002). 

Spontaneous insertion could be demonstrated into lipid bilayers composed of diacyl phospho-

lipids containing 12 or less carbon atoms in each of the two hydrophobic fatty acid chains such 

as dilauroylphosphatidylcholine (diC12PC/DLPC) bilayers. No spontaneous folding was 

observed into bilayers of lipids with longer acyl chains and hence greater thickness e.g. diC14PC 

or diC18:1PC. Folding of OmpA into thicker bilayers was only successful in the presence of 

smaller vesicles with a higher curvature (Surrey and Jähning, 1992; 1995; Kleinschmidt and 

Tamm, 1996; Kleinschmidt and Tamm, 2002). Additionally, the concentration of the lipid or 

the protein was shown to be relevant in folding kinetics of OmpA since in the presence of a 

higher excess of vesicles composed of neutral lipids (PC) the folding kinetics of OmpA were 
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faster (Kleinschmidt and Tamm, 2002). Surprisingly, this correlation between the folding rate 

of the protein and the lipid concentration was not observed for negatively charged lipids such 

as phosphatidylglycerol (PG). In contrast to the observations made for folding of OmpA into 

bilayers of diC12PC, a higher concentration of bilayers of PG lowered the folding rates and 

yields of OmpA (Talmon, 2016). 

Fig. 3.1 Crystal structure of outer membrane protein A (OmpA). OmpA contains five native tryptophan (W) 
residues with amino acids residues W36, W78, W123 and W164 located near the surface of the outer leaflet of the 
outer membrane (OM) and W28 located near the surface of the periplasmic leaflet of the OM. The tryptophan 
residues are shown in red. The figure is based on PDB structure 1bxw (Schulz and Pautsch, 1998) and was created 
with PyMol 1.8.0.7 for macOS. 
 

In E. coli the lipid composition of the OM is comprised of the neutral lipid phosphatidyl-

ethanolamine (PE, 75 %) and the negatively charged lipids phosphatidylglycerol (PG, 20 %) 

and cardiolipin (5 %) (Raetz, 1986; Raetz and Dowhan, 1990; Morein et al., 1996). Hence, it 

is possible that the charge of the lipid bilayer plays a role in the folding and insertion of OMPs. 

A fraction of OmpA folded to native structure into micelles of negatively charged LPS or into 

bilayers containing PG. However, much higher folding yields have been reported for a wide 

range of neutral detergents or phospholipids (Bulieris et al., 2003). Moreover, OmpA did not 

fold into negatively charged SDS micelles (Dornmaier et al., 1990). 

The importance of charges in the lipid bilayer was analyzed by comparing the folding and 

insertion of OmpA into various model membranes composed of different lipid compositions. 

The hypothetical repulsion between the negatively charged lipid membrane and the negatively 

charged OmpA (pI of 5.5) was investigated by screening the charge of the membrane surface 

with NaCl. The kinetics of folding of OmpA either into neutral or into negatively charged 

membranes and the corresponding folding yields were analyzed by SDS PAGE, but without 

denaturing the samples by heat. To further investigate the salt and the temperature dependencies 
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of the folding kinetics of OmpA, fluorescence studies were performed.   

While OMPs fold spontaneously into their native state in certain model membranes, in vivo 

they require the assistance of the BAM complex. In this thesis, the role of the lipoprotein BamB 

for the folding of OMPs was examined using OmpA as a model. The folding and insertion of 

OmpA was studied in the absence and in the presence of BamB to detect changes in the folding 

yields and kinetics. The effect of BamB on the folding and insertion of OmpA was investigated 

in phospholipid bilayers of large unilamellar vesicles (LUVs) at various lipid compositions and 

the relevance of charges in the membrane was studied. It is thought that BamB stabilizes BamA 

in recognizing precursor OMPs (Heuck et al., 2011). Therefore, it was examined if the folding 

yields of OmpA increase in the presence of the periplasmic domain of BamA (PD-BamA) since 

BamB is associated to PD-BamA upon the multiple polypeptide transport-associated (POTRA) 

motifs POTRA 2 - 5 (Kim et al., 2007; Chen et al., 2016). A combined effect of both proteins 

on the folding and insertion of OmpA into the lipid bilayer was investigated. 

 

3.3 Materials and Methods 
 3.3.1 Purification of BamB 

 
BamB, either overexpressed into the periplasm or the cytoplasm, was extracted and purified as 

described in sections 2.3.1 and 2.3.2, respectively. 

3.3.2 Purification of PD-BamA 
 
Three liters LBAmp medium (ampicillin concentration: 100 μg/ml) were inoculated with 120 ml 

overnight culture containing E. coli BL21 (DE3) harboring the plasmid pET15b-PD-BamA. A 

glycerol stock of this strain was provided by Esther Talmon (Talmon, PhD thesis 2016). PD-

BamA was overexpressed and purified in folded form as reported earlier (Talmon, PhD thesis 

2016) and dialyzed against Tris buffer (20 mM Tris, pH 8.0, containing 1 mM EDTA, 7 M Urea 

and 0.05 % β-ME).  

3.3.3 Purification of OmpA 

OmpA was overexpressed from E. coli BL21 (DE3) omp8 ΔlamB ompF::Tn5ΔompAΔompC 

(Prilipov et al., 1998) harboring a plasmid in which the signal sequence of the ompA gene was 

deleted (pET22b-OmpA-SS, originally from Qu et al., 2009 (pET185) but with the reintroduced 

native tryptophan residues). OmpA was purified from inclusion bodies and the purification was 

performed as described in Qu et al., 2009.  
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The concentrations of purified BamB, PD-BamA and OmpA in their solutions were determined 

by the method of Lowry (Lowry et al., 1951). Their folding into their native secondary 

structures after urea dilution either with buffer (BamB, PD-BamA) or with buffer containing 

preformed lipid bilayers (BamB, OmpA, PD-BamA) was confirmed by CD spectroscopy.   

3.3.4 Preparation of lipid vesicles  
 
The phospholipids DLPC, DLPE and DLPG were purchased in powder form from Avanti Polar 

Lipids (Alabaster, USA) and used for the preparation of LUVs of various lipid compositions 

and molar ratios. Lipids were dissolved in a mixture of chloroform/methanol (1:1), dried under 

a stream of nitrogen and further desiccated for 4 h under high vacuum. The resulting lipid films 

were hydrated in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) to form multilamellar 

vesicles. For the folding studies of OmpA in the presence of NaCl, additional salt 

concentrations ranging from 25 mM to 1000 mM were added to the buffer. The lipid dispersion 

was subjected to seven freeze/thaw cycles by freezing the dispersion in liquid nitrogen followed 

by a thawing step at 40°C in a thermomixer (Thermomixer Comfort, Eppendorf, Hamburg). To 

prepare LUVs with 100 nm in diameter, lipids were further extruded 30 times through a 

polycarbonate membrane with a pore size of 100 nm (Nucleopore, Whatman, Clifton, USA). 

The lipid vesicles were directly used for the experiments on the day of preparation.  

3.3.5 Folding of OmpA into lipid bilayers  
 
Folding kinetics of OmpA into lipid bilayers in the absence or in the presence of BamB or PD-

BamA were monitored as previously published by the method of KTSE (Bulieris et al., 2003; 

Patel et al., 2009; see section 1.8.1). Folding and insertion of OmpA (5 μΜ or 7.1 μΜ) into 

lipid membranes was initiated upon urea dilution in glycine buffer (10 mM glycine, 2 mM 

EDTA, pH 8.0) containing preformed lipid bilayers. Folding reactions were performed either 

in the presence or in the absence of dissolved NaCl at 30°C. The molecular lipid/OmpA ratio 

was 200, 400, or 600. For experiments with BamB or PD-BamA, these were first added to the 

vesicles and the samples were incubated for 30 min at 30°C. Folding of urea-denatured OmpA 

was then initiated by adding it to the preformed vesicles under concurrent dilution of urea to a 

final concentration of less than 0.5 M. Experiments were performed with LUVs of various 

compositions. These were DLPC/DLPG (1:1), DLPC/DLPG (4:1), DLPE/DLPG (1:9), 

DLPE/DLPG (1:1), DLPE/DLPG (4:1), DLPC or DLPG. Where present, a two-fold molar 

excess of BamB or PD-BamA over OmpA was used. 
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To monitor the kinetics, samples were taken from the folding reaction mixtures at various times, 

after initiation of folding, ranging from 4 min to 240 min. Folding of OmpA was stopped by 

addition of SDS, which binds to unfolded OmpA and prevents further folding. SDS does not 

unfold OmpA at room temperature.  

Kinetic experiments for the last (rate-limiting) folding step have demonstrated that OmpA folds 

and inserts into membranes in two parallel folding processes, which arise from two structurally 

distinct aqueous folding intermediates that likely have different protonation states (Qu et al., 

2007), named IM1 and IM2 (Patel et al., 2009; Kleinschmidt, 2015). Both intermediates fold 

into the native β-barrel structure of OmpA in lipid bilayers (F·L) via a faster and slower folding 

process with the rate constants kf and ks: 

𝐼𝑀1

𝑘f
→  (𝐹 · 𝐿)𝑓 

𝐼𝑀2

𝑘𝑠
→  (𝐹 · 𝐿)𝑠 

The rate constants depend just on the concentration of the intermediates. The aqueous 

intermediates are formed fast and both, kf and ks, are describing the rate-limiting last steps of 

the parallel folding processes. Therefore, kinetics of two parallel processes are observed, which 

are both of pseudo first-order.  

The fraction of folded OmpA (XFP) was obtained as a function of time after initiation of folding 

by densitometric analysis of the 12 % SDS-gels using ImageJ 1.46r. Fractions of folded OmpA 

were plotted as a function of time t. A double exponential function was fitted to these data as 

described in previous studies (Patel et al., 2009, Kleinschmidt, 2015)  

 

XFP(t) = 1 – [Af exp (–kf t) + (1 – Af) exp (–ks t)]         (Eq. 3.1) 

to obtain the rate constants for the fast and the slow process. Af corresponds to the contribution 

of the faster folding process to the total final rate. When folding of OmpA was incomplete, 

kinetics were mostly characterized by a very small ks (ks → 0). The folding kinetics were then 

well-described by a single-exponential function:  

XFP(t) = Af [1 – exp (–kf t)]                 (Eq. 3.2) 

with Af  corresponding to the final yield of folded OmpA. All curve fittings were performed 

with the Igor Pro 8.02 software (Wavemetrics Oregon).  
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3.3.6 Fluorescence spectroscopy 

The fluorescence spectra of OmpA were recorded using a Spex Fluorolog-3 spectrofluorometer 

(Horiba/Jobin-Yvon, Germany). The bandwidths of the excitation and emission mono-

chromators were 2.5 nm and 5 nm, respectively. The five tryptophan residues of OmpA were 

excited at 295 nm and the spectra were recorded in the range from 310 nm to 400 nm. Kinetics 

were monitored over a time period of 0 min to 100 min. The concentration of OmpA was 1 μM 

in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) at 2°C or at 30°C in the absence or in 

the presence of 100 mM NaCl. Buffer as well as lipid vesicles composed of DLPE/DLPG (1:9) 

(600-fold molar excess) were added to the background sample and subtracted from the final 

measurement of six averaged spectra containing OmpA. Fluorescence spectra were analyzed 

using IGOR Pro 8.02 (Wavemetrics Oregon).   

3.4 Results 
3.4.1 Folding and insertion of OmpA into the membrane depends on the charge 

of the lipids in the membrane 

The different electrophoretic mobilities of folded and unfolded OmpA in SDS-PAGE on non-

denatured samples can be used to establish models for its folding kinetics (Surrey and Jähnig, 

1995; Kleinschmidt and Tamm, 2002; Patel et al., 2009).   

Here, the effect of negative charges in the lipid membrane on the folding and insertion of OmpA 

was studied. The impact of the surface charge of lipid bilayers containing the negatively 

charged PG was investigated by variation of the screening of the charges of PG by Na+-ions at 

different ionic strength that is concentration of NaCl in the folding reaction. Previous work 

demonstrated that OmpA folded faster at increased concentrations of PC (Kleinschmidt and 

Tamm, 2002), whereas folding into negatively charged lipid membranes of PG was increasingly 

retarded/inhibited at higher concentrations of PG (Talmon, 2016), which is likely caused by 

repulsion between PG and OmpA at a pH above the pI of OmpA. 

3.4.1.1 Folding of OmpA is strongly retarded at increased concentrations of 
phosphatidylglycerol 

To investigate the dependence of the folding kinetics of OmpA on the lipid concentration, 

OmpA was examined in the presence of various molar excesses of DLPG, a ratio of DLPE and 

DLPG (1:9) and in the presence of DLPC for comparisons. The studies were performed using 

the KTSE method as described in sections 1.8.1 and 3.3.5. Yields of folded OmpA in negatively 

charged membranes of DLPG were ~ 20 % to 29 %. Higher yields were obtained when 10 % 
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DLPE were present in the membrane. In bilayers of DLPE/DLPG (1:9) up to 44 % of OmpA 

folded (Fig. 3.2). With increasing lipid concentrations for membranes of DLPG or of 

DLPE/DLPG (1:9) the yields of folded OmpA decreased.   

In these experiments, the slow process had always a very small rate constant, possibly most of 

the corresponding aqueous intermediate (IM2) of OmpA did not fold, but instead aggregated. 

The contribution of the faster folding process Af and the rate constants of the slower and faster 

folding process kf and ks, respectively are summarized in Tables 3.1 to 3.4. The yields and the 

contribution of the faster folding process strongly correlated, with Af ~ 0.096 for DLPG bilayers 

and Af ~ 0.396 for bilayers of DLPE/DLPG (1:9) (Table 3.1). Af was highest for folding 

reactions at a 200-fold molar excess of DLPE/DLPG (1:9), but decreased when the 

concentrations of these lipids where doubled.  

 

 
Fig. 3.2 An increased concentration of negatively charged DLPG retards the folding of OmpA into lipid 
bilayers. Urea-unfolded OmpA (7.1 μM) was folded into lipid bilayers of DLPG (A and B) or of DLPE/DLPG 
(1:9) (C and D) at 30°C and at pH 8. The SDS-polyacrylamid gels (A and C) show the time courses of OmpA 
folding into DLPG (A) or into DLPE/DLPG (1:9) (C), respectively at 200 (a, d), 400 (b, e) and 600 (c, f) 
lipids/OmpA. Folded OmpA (F) migrates at 30 kDa, while unfolded OmpA (U) migrates at 35 kDa. The fraction 
of folded OmpA was determined by densitometry for each lane and plotted as a function of time (B and D). 
Also shown are the fits of Eq. 3.1 to the experimental data.  
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Table 3.1.  Rate constants and contribution of the faster folding process to folding and insertion of OmpA 
into negatively charged lipid bilayers a. 

Lipid  lipid/OmpA Af  
b kf (min–1) c ks (min–1) d yield (%) e 

DLPG 200 0.096 ± 0.005 0.385 ± 0.094 0.001 ± 0.000 29 
 400 0.083 ± 0.053  0.340 ± 0.053  0.001 ± 0.000  20 
 600 0.092 ± 0.003  0.606 ± 0.183  0.001 ± 0.000  22 

DLPE/DLPG 200 0.396 ± 0.010  0.237 ± 0.022  0.000 ± 0.000  44 
(1:9) 400 0.336 ± 0.006  0.349 ± 0.028  0.000 ± 0.000 35 

 600 0.133 ± 0.005  0.443 ± 0.104  0.001 ± 0.000  25 
a Urea-unfolded OmpA (5 μM) was folded into a 200, 400 and 600-fold molar excess of DLPG or DLPE/DLPG (1:9) at 
30°C and at pH 8.0.  b Contribution of the faster folding process. c Rate constant of the faster folding process. d Rate constant 
of the slower folding process. e Final yield of folded OmpA after 240 min. Af, kf and ks were obtained by using Eq. 3.1. 

 

3.4.1.2 The screening of its surface charges retards folding of OmpA into bilayers 
of DLPC 

For comparisons, folding of OmpA into bilayers of the zwitterionic but overall neutral DLPC 

was examined (Fig. 3.3). At a 600-fold molar excess of DLPC the folding kinetics of OmpA 

were fast, with Af ~ 0.745 in comparison to Af ~ 0.092 for bilayers of DLPG. Correspondingly, 

OmpA folded to 81 % in DLPC (Table 3.2). The addition of NaCl in the presence of DLPC 

lipid vesicles resulted in reduced folding yields and slow folding kinetics of OmpA (Fig. 3.3). 

The folding yield of OmpA decreased from 81 % folded protein in the absence of NaCl to max. 

35 % folded protein in the presence of 1 M NaCl. As well as the folding yields, the Af values 

were reduced from 0.745 in the absence of NaCl to 0.295 in the presence of 1 M NaCl (Table 

3.2).  
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Fig. 3.3 Folding of OmpA into neutral or charged lipid bilayers depends on the concentration of NaCl. 
Urea-unfolded OmpA (7.1 μM) was folded into lipid bilayers (4.26 mM) composed of DLPC or DLPG at various 
NaCl concentrations, at 30°C and at pH 8. The SDS-polyacrylamid gels (A and C) show the time courses of 
OmpA folding into DLPC (A) or DLPG (C) at 0 mM (a, f), 50 mM (b, g), 100 mM (c, h), 500 mM (d, i) or 1000 
mM NaCl (e, j), respectively. Folded OmpA (F) migrates at 30 kDa, while unfolded OmpA (U) migrates at  
35 kDa. The fraction of folded OmpA was densitometrically determined for each lane and plotted as a function 
of time (B and D). Also shown are the fits of Eq. 3.1 to the experimental data. 

 

3.4.1.3 The screening of the surface charges of bilayers of DLPG facilitates the 
folding of OmpA 

In contrast, the presence of NaCl in folding reactions of OmpA into DLPG bilayers improved 

the folding yields and kinetics of the protein. The yield of folded OmpA increased from 22 % 

in the absence of NaCl to ~ 97 % in the presence of 100 mM NaCl. At 100 mM NaCl, the 

screening of the negative charges of DLPG in the membrane strongly facilitated folding of 

OmpA, over-compensating the negative impact of screening the surface charges of OmpA that 

was observed for folding into DLPC. However, salt concentrations greater than 100 mM led to 

a decrease of OmpA folding into DLPG down to 64 % at 1 M NaCl (Table 3.2). These yields 
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correlated with Af, obtained from fits of Eq. 3.1 to the data. The lowest Af of ~ 0.092 was 

obtained in the absence of NaCl and the highest Af were 0.708 and 0.743 at 100 mM and at 

500 mM NaCl, respectively. The rate constants of folding of OmpA were kf ~ 0.606 min–1 in 

the absence of NaCl and kf ~ 0.170 min–1 in the presence of 50 mM NaCl. Above 100 mM 

NaCl, the rate constants were on average about 0.25 min–1 and did not indicate any further 

concentration dependence. 

 
Table 3.2.  Rate constants and contribution of the faster folding process of OmpA into neutral and 
negatively charged lipids in the absence and in the presence of NaCl a. 

Lipid NaCl (mM) Af  
b kf (min–1) c ks (min–1) d yield (%) e 

DLPC 0 0.745 ± 0.064  0.055 ± 0.008  0.001 ± 0.002  81 
(600) 50 0.789 ± 0.221  0.023 ± 0.008  0.001 ± 0.006  71 

 100 0.558 ± 0.113  0.044 ± 0.015  0.001 ± 0.001 62 
 500 0.571 ± 0.214  0.013 ± 0.004  0.001 ± 0.002  61 
 1000 0.295 ± 0.032  0.085 ± 0.009  0.000 ± 0.000  35 

DLPG 0 0.092 ± 0.003  0.606 ± 0.183  0.001 ± 0.000  22 
(600) 50 0.308 ± 0.018  0.170 ± 0.027  0.004 ± 0.000 74 

 100 0.708 ± 0.016  0.231 ± 0.013  0.010 ± 0.001  97 
 500 0.743 ± 0.014 0.241 ± 0.016    0.001 ± 0.000 82 
 1000 0.485 ± 0.011  0.286 ± 0.026  0.002 ± 0.000  64 

DLPG 0 0.096 ± 0.005 0.385 ± 0.094 0.001 ± 0.000 29 
(200) 50 0.510 ± 0.048 0.167 ± 0.041 0.005 ± 0.001 85 

 100 0.752 ± 0.029 0.225 ± 0.022 0.009 ± 0.002 97 
 500 0.445 ± 0.019 0.157 ± 0.020 0.002 ± 0.000 63 
 1000 0.134 ± 0.009 0.276 ± 0.072 0.000 ± 0.000 16 

a Urea-unfolded OmpA (7.1 μΜ) was folded into a 600-fold molar excess of DLPC or a 600 or 200-fold excess of DLPG in 
the presence of various concentrations of NaCl ranging from 0 - 1000 mM. Folding kinetics were performed at 30°C and 
pH 8.0. Af, kf and ks were obtained by fitting Eq. 3.1 to the experimental data from Fig. 3.3 and Fig. 3.6. b Contribution of 
the faster folding process. c Rate constant of the faster folding process. d Rate constant of the slower folding process. e Final 
yield of folded OmpA after 240 min. 

 

3.4.1.4 Folding of OmpA into bilayers of DLPG is most efficient at moderate ionic 
strengths 

 

Since folding of OmpA in negatively charged lipids was faster at 100 mM NaCl than in the 

absence of NaCl, the optimal concentration of NaCl for the folding of OmpA was determined.  

Nine different concentrations of NaCl ranging from 0 M to 1 M were selected and the kinetics 

of folding were examined (Fig. 3.4). Lipid bilayers composed of DLPE/DLPG (1:9) (as in Fig. 

3.2) were used since in this lipid system, the dependence of the folding of OmpA on the lipid 

concentration was largest. Improved folding of OmpA was observed up to a concentration of 

100 mM NaCl. The folding yields increased from 25 % in the absence of NaCl to 99 % at  

100 mM NaCl. At 175 mM NaCl, OmpA folded to 92 % (Table 3.3) and at higher NaCl 
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concentrations, in the range from 250 mM to 1000 mM, folding of OmpA was retarded. kf 

decreased from 0.398 min−1 at 175 mM NaCl to 0.217 min−1 at 1 M NaCl. Similarly, Af was 

highest at moderate concentrations of NaCl, namely Af ~ 0.845 at 100 mM and Af ~ 0.802 at 

175 mM NaCl, respectively. 

The fraction of folded OmpA and Af were plotted as a function of the NaCl concentration  

(Fig. 3.5). At 100 mM or at 175 mM NaCl, the negative surface of DLPG was well-screened 

by positively charged Na+-ions for optimal folding of OmpA. At lower or at higher salt 

concentrations folding of OmpA into the lipid membrane was retarded. Remarkably, folding of 

OmpA was still more efficient at higher NaCl concentrations than at 0 mM NaCl. 

 

 
Fig. 3.4 Effect of NaCl on the folding of OmpA. Urea-unfolded OmpA (7.1 μM) was refolded into lipid 
bilayers (4.26 mM) composed of DLPE/DLPG (1:9) in the absence and at various NaCl concentrations ranging 
from 0 mM to 1000 mM (30°C, pH 8). The SDS-polyacrylamid gels (A and C) show the time courses of OmpA 
folding into bilayers of DLPE/DLPG (1:9) at 0 mM (a), 25 mM (b), 50 mM (c), 75 mM (d), 100 mM (e),  
175 mM (f), 250 mM (g), 350 mM (h), 500 mM (i) or 1000 mM NaCl (j), respectively. Folded OmpA (F) 
migrates at 30 kDa, while unfolded OmpA (U) migrates at 35 kDa. The fraction of folded OmpA was 
determined by densitometric analysis for each lane and plotted as a function of time (B and D). Also shown are 
the fits of Eq. 3.1 to the experimental data. 
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Table 3.3. Rate constants and contribution of the faster folding process of OmpA in the presence of 
various concentrations of NaCl a. 

NaCl (mM) Af  
b kf (min–1) c ks (min–1) d yield (%) e 

0 0.133 ± 0.005 0.443 ± 0.104 0.001 ± 0.000 25 
25 0.452 ± 0.010 0.686 ± 0.163 0.001 ± 0.000 59 
50 0.604 ± 0.009 0.434 ± 0.036 0.003 ± 0.000 80 
75 0.767 ± 0.030 0.237 ± 0.025 0.009 ± 0.002 98 

100 0.845 ± 0.021 0.236 ± 0.013 0.014 ± 0.003 99 
175 0.802 ± 0.005 0.398 ± 0.012 0.004 ± 0.000 92 
250 0.744 ± 0.010 0.248 ± 0.011 0.003 ± 0.000 86 
350 0.661 ± 0.014 0.210 ± 0.015 0.002 ± 0.000 78 
500 0.674 ± 0.021 0.206 ± 0.021 0.002 ± 0.001 78 

1000 0.333 ± 0.019 0.217 ± 0.043 0.000 ± 0.000  38 
a Urea-unfolded OmpA (7.1 μΜ) was refolded into a 600-fold molar excess of DLPE/DLPG (1:9) at various concentrations 
of NaCl and at 30°C, pH 8.0. Af, kf and ks were obtained by using Eq. 3.1. b Contribution of the faster folding process. c 
Rate constant of the faster folding process. d Rate constant of the slower folding process. e Final yield of folded OmpA after 
240 min. 

 
 

 
Fig. 3.5 The dependence of the yield of folded OmpA and of Af on the NaCl concentration show a 
maximum at ~ 100 mM NaCl. The folding experiment of OmpA was performed as described in Fig. 3.4. The 
fraction of folded OmpA and the contribution of the faster folding phase Af were obtained from the 
densitometric analysis of the SDS gels and the corresponding fitted data upon Eq. 3.1 in Fig. 3.4 and Table 3.3. 
Both was plotted as a function of the NaCl concentration. 

 

3.4.1.5 A higher concentration of DLPG facilitates folding of OmpA even at high 
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of pure DLPG bilayers. At lower concentrations of lipid (200-fold molar excess) the fraction of 

folded OmpA (after 240 min) increased from 29 % in the absence of NaCl, to 85 % and 97 % 

in the presence of 50 mM and 100 mM NaCl, respectively. The folding yields at higher lipid 

concentrations (600-fold molar excess) increased to a lower extent with 22 % in the absence of 

NaCl, to 74 % in the presence of 50 mM NaCl reaching a maximal folding yield of 97 % at a 

NaCl concentration of 100 mM (Table 3.2). These results were comparable with the Af values 

being higher in the presence of a 200-fold molar excess of lipid. Concentrations above 100 mM 

NaCl showed a reverse dependence regarding the excess of lipid decreasing the folding yields 

and Af  to a higher extent in a 200-fold molar excess of DLPG in comparison to studies with a 

600-fold molar excess of lipid.  

 
Fig. 3.6 Dependence of folding of OmpA into DLPG bilayers on the NaCl concentration at a 200- and at 
600-fold excess of DLPG per OmpA. Urea-unfolded OmpA (7.1 μM) was folded into bilayers of DLPG  
(1.42 mM or 4.26 mM) at 0, 50, 100, 500, and 1000 mM NaCl (30°C, pH 8). The SDS-polyacrylamid gels  
(A and C) show the time courses of OmpA folding into a 200-fold or 600-fold molar excess of DLPG in the 
presence of 0 mM (a, d), 50 mM (b, e), 100 mM (c, f), 500 mM (g, i) or 1000 mM NaCl (h, j), respectively. 
Folded OmpA (F) migrates at 30 kDa, while unfolded OmpA (U) migrates at 35 kDa. The fraction of folded 
OmpA was obtained by densitometry of each lane and plotted as a function of time (B and D) for  
DLPG/OmpA= 200 (open symbols) and for DLPG/OmpA = 600 (filled symbols). Also shown are the fits of 
Eq. 3.1 to the experimental data. 
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3.4.1.6 The screening of the membrane surface charges for the facilitating folding 
and insertion of OmpA depends on temperature 

The relevance of the temperature was investigated by studying the folding kinetics of OmpA 

into lipid bilayers composed of DLPE/DLPG (9:1) in the presence and in the absence of  

100 mM NaCl at 30°C and 2°C (Fig. 3.7). A dependence of the folding of OmpA on temperature 

was observed in the absence and in the presence of NaCl (Table 3.4). Interestingly, the folding 

yields of OmpA were higher and the contribution of the faster folding phase Af was greater in 

the absence of NaCl at 2°C in comparison to the corresponding folding reaction at 30°C. At 

2°C, the folding yield was 13 % greater and Af  was increased to 0.313. The effect of 100 mM 

NaCl on the folding of OmpA was greater at 30°C than at 2°C. The fraction of folded OmpA 

was improved by 74 % at 100 mM NaCl and at 30°C whereas the folding yield of OmpA was 

increased by 8 % at 2°C. 

 

 

 

 

 

 

Fig. 3.7 Folding kinetics of OmpA at two different temperatures in the absence and presence of NaCl.  
Urea-unfolded OmpA (7.1 μM) was folded into lipid bilayers (4.26 mM) composed of DLPE/DLPG (1:9) in 
the absence or presence of 100 mM NaCl at 30°C or 2°C (pH 8). The SDS-polyacrylamid gel (A) shows the 
time courses of OmpA folding into DLPE/DLPG (1:9) at 30°C the absence (a) or presence of NaCl (b) and at 
2°C in the absence (c) and presence of NaCl (d). Folded OmpA (F) migrates at 30 kDa, while unfolded OmpA 
(U) migrates at 35 kDa. Upon densitometric analysis the fraction of folded OmpA was determined for each lane 
and plotted as a function of time (B). Also shown are the fits of Eq. 3.1 to the experimental data. 
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Table 3.4.  Rate constants and yields of the folding of OmpA at 30 °C and at 2°C and at 0 mM and  
100 mM NaCl a. 
Temperature NaCl (mM) Af  

b kf (min–1) c ks (min–1) d yield (%) e 

30 °C 0 0.133 ± 0.005 0.443 ± 0.104 0.001 ± 0.000 25 
 100 0.845 ± 0.021 0.236 ± 0.013 0.014 ± 0.003 99 

2 °C 0 0.313 ± 0.009  0.269 ± 0.030  0.001 ± 0.000  38 
 100 0.339 ± 0.007  0.374 ± 0.037  0.001 ± 0.000  46 

a Urea-unfolded OmpA (7.1 μM) was folded into a 600-fold molar excess of DLPE/DLPG (1:9) in the absence and presence 
of 100 mM NaCl at 30°C and 2°C (pH 8.0). Af, kf and ks were obtained by using Eq. 3.1. b Contribution of the faster folding 
process. c Rate constant of the faster folding process. d Rate constant of the slower folding process. e Final yield of folded 
OmpA after 240 min. 

 

3.4.1.7 Fluorescence spectroscopy suggests that PG prevents adsorption of OmpA 
to the membrane surface 

Fluorescence spectroscopy was used for a more detailed analysis of the effects of the 

temperature and of the concentration of NaCl on folding and insertion of OmpA into 

membranes containing charged lipids, here a 600-fold molar excess of DLPE/DLPG (1:9). The 

wt of OmpA contains five tryptophan residues in its membrane domain (Fig. 3.1), which can 

be used as intrinsic fluorophores to detect changes in the local environment upon folding of 

OmpA. Changes in the fluorescence emission of OmpA provide insights into the conformation 

and structural changes upon adsorption or insertion of OmpA into the lipid membrane under 

various conditions. Kinetics of folding of OmpA can be studied by fluorescence spectroscopy. 

Here, binding of OmpA to the lipid bilayer was monitored by an increase in the fluorescence 

emission, both at 30°C and 2°C in the absence of NaCl (Fig. 3.8). The fluorescence intensities 

F at a wavelength λ of 330 nm (F330) increased from F330 ~ 1.42 Mcps to F330 ~ 1.56 Mcps after  

100 min at 30°C and from 1.76 Mcps to 2.16 Mcps at 2°C after 100 min. A shift of the 

wavelength of the maximum (λmax) of the fluorescence emission to shorter wavelengths (blue-

shift) was observed in both cases with Δλmax = −2 nm at 2°C and at 30°C, demonstrating binding 

to the lipid bilayer. In the presence of 100 mM NaCl at 30°C F330 increased by 39 % to  

2.17 Mcps after 100 min, which was comparable to the increased folding kinetics of OmpA 

studied by SDS-PAGE (see section 3.4.1.6). No effect on the fluorescence intensity was 

observed in the presence of NaCl at 2°C as F330 remained almost unchanged showing 2.18 Mcps 

compared to 2.16 Mcps in the absence of NaCl. Δλmax (~ –2 nm) was independent of the 

temperature or the presence of NaCl after 100 min.  
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Fig. 3.8 Fluorescence spectra of OmpA at various temperatures and NaCl concentrations. The five 
tryptophan residues of wt-OmpA (1 μM) were specifically excited at 295 nm and the fluorescence spectra were 
recorded from 310 nm to 400 nm at various times ranging from 0 min to 100 min. Folding of OmpA into 
DLPE/DLPG (1:9) was measured in the absence (A and C) and presence (B and D) of 100 mM NaCl at 30°C 
(A and B) or 2°C (C and D). 

 
 

The fluorescence intensities at 330 nm were plotted as function of time in Fig. 3.9. At 30°C and 

at 0 mM NaCl, the fluorescence intensity F330 did not significantly change with time when 

reacting urea-unfolded OmpA with preformed DLPE/DLPG (1:9) bilayers (Fig. 3.9, A), 

indicating OmpA did not bind to the bilayer at low NaCl concentrations at 30°C. In contrast, 

the fluorescence intensity increased when this experiment was performed at 100 mM NaCl, but 

under otherwise identical conditions (Fig. 3.9, B). Apparently, the screening of the surface 

charges of the DLPE/DLPG bilayer at 100 mM salt was sufficient to allow OmpA binding to 

the membrane surface at 30°C. This also suggests that binding of OmpA to the membrane was 

inhibited at 0 mM NaCl and at 30°C. Therefore, OmpA did not fold under these conditions, 

which was consistent with the yield of folding observed by electrophoresis (Fig. 3.2 - 3.7). 

While at 100 mM NaCl the folding kinetics of OmpA were improved at 30°C, the change of 

the concentration of NaCl did not affect the fluorescence of OmpA at 2°C. The data points 
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received from the fluorescence spectra of OmpA at various points in time nearly overlapped in 

the presence of NaCl at 30°C and 2°C. 

 

 
Fig. 3.9 Fluorescence intensities of OmpA show that membrane adsorption of OmpA is inhibited at 30°C 
unless 100 mM NaCl are present. Based on the fluorescence spectra in Fig. 3.8., the fluorescence intensities 
of OmpA at 330 nm were plotted as function of time. The plot demonstrates folding of OmpA into DLPE/DLPG 
(1:9) in the absence (A) and in the presence (B) of 100 mM NaCl at 30°C or 2°C. 

 
 

3.4.2 Facilitated folding of OmpA in the presence of BamB is influenced by the 
lipid composition of the membrane 

In previous folding studies on OmpA and other OMPs, BamB was identified as part of the BAM 

complex and as a folding assistant in cells (Ruiz et al., 2005). I have previously shown that 

BamB itself is a direct catalysator for folding and insertion of OmpA into lipid bilayers (LUVs) 

(Gerlach, master thesis 2014). Here, the relevance of BamB as an important folding assistant 

for OMPs in E. coli was further investigated by KTSE (see section 1.8.1) to examine whether 

the function of BamB depends on the properties of the lipids in the membrane. Folding and 

insertion of OmpA was analyzed in lipid bilayers of various phospholipid composition, 

including the zwitterionic, overall neutral DLPC and DLPE as well as the negatively charged 

DLPG. To examine whether the function of BamB depends on the surface-charge of the 

membrane, the effect of NaCl on the folding process of OmpA into bilayers containing PG was 

studied in the absence and in the presence of BamB, as the concentration of NaCl was important 

for folding of OmpA (section 3.4.1).  

In the presence of NaCl the folding of OmpA into non-charged lipid bilayers like DLPC was 

impaired (see section 3.4.1). However, the presence of 100 mM NaCl did not alter the function 

of BamB to facilitate folding of OmpA (Fig. 3.10). BamB improved the folding yield of OmpA 

by ~ 20 % at 0 mM and at 100 mM NaCl, which was regardless of the concentration of NaCl. 
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The contribution of the faster folding process Af and the rate constants of the slower and faster 

folding process kf and ks, respectively are summarized in table 3.5. Af as well as kf were 

improved in the presence of BamB, increasing from Af = 0.709 and kf = 0.036 min–1 in the 

absence of BamB to Af = 0.953 and kf = 0.044 min–1 in the presence of BamB (Table 3.5).  

 
Fig. 3.10 Effect of BamB on the folding process of OmpA into DLPC in the absence and in the presence 
of NaCl. Urea-unfolded OmpA (5 μM) was folded into lipid bilayers (1 mM) composed of DLPC in the absence 
and presence of BamB (2-fold molar excess) and at 0 mM or at 100 mM NaCl (30°C, pH 8). The SDS-
polyacrylamid gels (A) show the time courses of OmpA folding into DLPC at 0 mM NaCl (a), in the presence 
of BamB at 0 mM NaCl (b), at 100 mM NaCl (c) and in the presence of BamB at 100 mM NaCl (d), respectively. 
Folded OmpA (F) migrates at 30 kDa, unfolded OmpA (U) at 35 kDa and BamB (B) at 42 kDa. Upon 
densitometric analysis the fraction of folded OmpA was determined for each lane and plotted as a function of 
time (B). Also shown are the fits of Eq. 3.1 to the experimental data. 

 
 
Folding and insertion of OmpA into negatively charged lipid membranes composed of DLPG 

was retarded at 0 mM NaCl (see section 3.4.1). The repulsion between the negatively charged 

OmpA and the membrane was neutralized at increased ionic strength of 100 mM NaCl.  

Na+- ions screened the negative charges of the lipid membrane, completely eliminating the 

inhibiting effect of DLPG on the folding of OmpA. The effect of NaCl caused an improved 

folding yield of OmpA, which increased from 18 % to 86 %. Consistent with the improved 

yield, Af increased from 0.150 at 0 mM NaCl to 0.802 at 100 mM NaCl (Fig. 3.11).  

The addition of BamB to the folding reactions in the absence of NaCl enhanced the folding 

yield of OmpA increasing from 18 % to 33 % and Af improved from 0.150 to 0.317 (Table 3.5). 

In the presence of NaCl and BamB the folding kinetics of OmpA were slightly improved in the 

beginning of the reaction but the large effect of BamB on the folding of OmpA that has been 

observed without NaCl was clearly reduced. The final folding yields of OmpA were 86 % in 
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the absence and 88 % in the presence of BamB. The obtained parameters Af were comparable, 

with Af being 0.802 in the absence and 0.795 in the presence of BamB whereas kf increased 

from 0.190 min–1 in the absence to 0.261 min–1 in the presence of BamB.  

 

 
Fig. 3.11 Effect of BamB on the folding of OmpA into DLPG in the absence and in the presence of NaCl. 
Urea-unfolded OmpA (5 μM) was folded into bilayers of DLPG (1 mM) in the absence and in the presence of 
BamB (2-fold molar excess), both at 0 mM or at 100 mM NaCl (30°C, pH 8). The SDS-polyacrylamid gels (A) 
show the time courses of OmpA folding into DLPG in the absence of BamB (a and c) and in the presence of 
BamB (b and d) either at 0 mM NaCl (a and b) or at 100 mM NaCl (c and d), respectively. Folded OmpA (F) 
migrates at 30 kDa, unfolded OmpA (U) at 35 kDa and BamB (B) at 42 kDa. The fraction of folded OmpA was 
determined by densitometry of each lane and plotted as a function of time (B). For the measurements without 
or with NaCl Eq. 3.2 or Eq. 3.1, respectively, was used for the fits.  
 

The function of BamB to assist folding of OmpA has also been observed for lipid membranes 

composed of DLPE/DLPG (4:1). The headgroups of these lipids are the dominating 

headgroups of the phospholipids in the periplasmic leaflet of the OM that form the surface of 

the OM toward the periplasm of E. coli. Folding of OmpA was enhanced by BamB by  

~ 24 %. The folding yields are shown in Fig. 3.12 and are listed in Table 3.5. Af was increased 

from 0.391 the absence to 0.576 in the presence of BamB. The presence of 100 mM NaCl 

drastically inhibited the folding of OmpA into bilayers of DLPE/DLPG (4:1). The folded 

form of OmpA was not detectable on the SDS gels (Fig. 3.12 A, gel c), and therefore a time 

course could not be obtained and analyzed. At 100 mM NaCl, BamB improved the folding 

of OmpA to a final yield of 15 % after 240 min. The time course could not be analyzed by 

fits of Eq. 3.2, as these fits did not converge, likely because folding was very slow.  
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Fig. 3.12 BamB facilitates the folding of OmpA into lipid bilayers composed of DLPE/DLPG (4:1) at  
0 mM and at 100 mM NaCl. A Urea-unfolded OmpA (5 μM) was folded into bilayers composed of 
DLPE/DLPG (4:1) (1 mM) in the absence (a and c) and in the presence of BamB (2-fold molar excess) (b 
and d) at 0 mM NaCl (a and b) and at 100 mM NaCl (c and d).  All experiments were performed at 30°C and 
at pH 8. (A) The SDS-polyacrylamid gels show the time courses of OmpA folding over 240 min. Folded 
OmpA (F) migrates at 30 kDa, unfolded OmpA (U) at 35 kDa and BamB (B) at 42 kDa. (B) The fraction of 
folded OmpA was determined for each lane of the gels shown in A and plotted as a function of time. For the 
measurements without NaCl Eq. 3.1 was used for the fit.  
 

 
Table 3.5. Rate constants and contribution of the faster folding process to the folding of OmpA into 
lipid bilayers of various lipid compositions in the absence and in the presence of NaCl and BamB a. 

Lipid NaCl  BamB Af  
b kf (min–1) c ks (min–1) d yield (%) e 

DLPC - - 0.709 ± 0.119  0.036 ± 0.009  0.001 ± 0.002   76 
 - + 0.953 ± 0.081 0.044 ± 0.007 0.000 ± 0.000 95 
 + - 0.543 ± 0.034  0.057 ± 0.007  0.001 ± 0.000  64 
 + + 0.757 ± 0.041  0.114 ± 0.015  0.001 ± 0.001  82 

DLPG - - 0.150 ± 0.019 0.026 ± 0.010 - 18 
 - + 0.317 ± 0.014 0.029 ± 0.004 - 33 
 + - 0.802 ± 0.021  0.190 ± 0.016   0.001 ± 0.001         86 
 + + 0.795 ± 0.013  0.261 ± 0.015   0.003 ± 0.001  88 

DLPE/DLPG - - 0.391 ± 0.015  0.093 ± 0.008  0.002 ± 0.000  62 
(4:1) - + 0.576 ± 0.031 0.101 ± 0.011  0.005 ± 0.001 86 

 + - - - -          5 
 + + - - - 15 

a Urea-unfolded OmpA (5 μM) was folded into a 200-fold molar excess of DLPC, DLPG or DLPE/DLPG (4:1) in the 
absence and presence of 100 mM NaCl and/or BamB (2-fold excess). Folding kinetics were monitored at 30°C and at 
pH 8.0. Af, kf and ks were obtained by fitting Eq. 3.1 to the experimental data from Figs. 3.10 to 3.12. In Fig. 3.11, Eq. 
3.2 was used for the experiments without NaCl.  b Contribution of the faster folding process. c Rate constant of the faster 
folding process. d Rate constant of the slower folding process. e Final yield of folded OmpA after 240 min. 

 

 

The function of BamB to assist the folding and insertion of OmpA was demonstrated. Since 

the screening of the negative charges in lipid bilayers composed of either DLPG or 
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DLPE/DLPG (4:1) by NaCl influenced the function of BamB on OmpA, the importance of 

the lipid composition of the E. coli membrane and its role in the facilitated folding process 

of OmpA in the presence of BamB was investigated. 

 

3.4.2.1 Combined effect of the PC and PG headgroups on the BamB assisted 
folding of OmpA 

To study the relevance of the negative charge of DLPG, lipid bilayers composed of 

DLPC/DLPG and DLPE/DLPG, at ratios of either 1:1 or 4:1 were prepared for comparisons. 

Folding and insertion of OmpA into bilayers of DLPC/DLPG (1:1) did not depend on BamB, 

as evident from similar folding yields of ~ 90 % (Fig. 3.13, Table 3.6). Af  and kf indicated a 

slightly impaired folding of OmpA in the presence of BamB but the differences were largely 

within error margins (Table 3.6). A reduced amount of negatively charged DLPG in lipid 

membranes of DLPC/DLPG at a 4:1 ratio resulted in slower folding kinetics and decreased 

folding yields of OmpA. The final folding yield of OmpA was 79 %. The parameters of the 

folding kinetics were decreased with Af  = 0.659 and kf  = 0.082 min–1 in comparison to the 

corresponding experiment with bilayers of DLPC/DLPG at a ratio of 1:1.  

 

3.4.2.2 Combined effect of the PE and PG headgroups on the BamB assisted 
folding of OmpA 

To analyze the relevance of DLPE, the same experiments were performed with lipid 

membranes composed of DLPE/DLPG (1:1 or 4:1). Compared to studies with DLPC/DLPG 

(1:1) the folding yields and kinetics were impaired in the presence of DLPE/DLPG (1:1) 

which was confirmed by a decrease in the folding yield from 90 % to 83 % (Fig. 3.13, Table 

3.6). Also, Af decreased from 0.767 in the presence of DLPC/DLPG (1:1) to 0.598 in the 

presence of DLPE/DLPG (1:1). In contrast to studies with DLPC/DLPG, the addition of 

BamB facilitated the folding and insertion of OmpA into DLPE/DLPG (1:1) with an increase 

in the folding yields by 3 %. The Af an kf values were improved as compared to folding of 

OmpA in the absence of BamB.  

The most significant influence of BamB on the folding kinetics of OmpA was demonstrated 

with the lipid system composed of DLPE/DLPG (4:1) increasing the lowest folding yield of 

the lipid systems tested in Fig. 3.13 from 62 % in the absence of BamB with 62 % to 86 % 

folded protein in the presence of BamB. A comparable impact was observed for Af increasing 

from 0.391 in the absence of BamB to 0.576 in the presence of BamB.  
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Fig. 3.13 BamB counteracts retardation of folding of OmpA by PE present in the lipid bilayer. In a range 
of experiments to monitor the lipid dependence of the function of BamB to facilitate the folding of OmpA, urea-
unfolded OmpA was folded into lipid bilayers, either in the absence or in the presence of BamB that was 
preincubated with the lipid bilayers. Folding was analyzed by KTSE (section 3.3.5). The SDS-polyacrylamid 
gels (A, C) show (A) the time courses of OmpA folding into DLPC/DLPG (1:1) (a, b) or DLPC/DLPG (4:1) 
(c, d) in the absence (a, c) and in the presence of BamB (b, d), or (C) folding into DLPE/DLPG (1:1) (e, f) or 
DLPC/DLPG (4:1) (g, h) in the absence (e, g) and in the presence of BamB (f, h), respectively. Folded OmpA 
(F) migrates at 30 kDa, unfolded OmpA (U) at 35 kDa and BamB (B) at 42 kDa. The fraction of folded OmpA 
was determined by densitometry for each lane and plotted as a function of time (B, D). Also shown are the fits 
of Eq. 3.1 to the experimental data. All experiments were performed at concentrations of 5 μM OmpA, at  
10 μM BamB (where present) and at 1 mM (total) lipid at 30°C and at pH 8. 
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Table 3.6. Rate constants and contribution of the faster folding process to the folding of OmpA 
into lipid bilayers of various lipid compositions in the absence and in the presence of BamB a. 

Lipid BamB Af  
b kf (min–1) c ks (min–1) d yield (%) e 

DLPC/DLPG - 0.767 ± 0.009  0.218 ± 0.008  0.004 ± 0.000  90 
(1:1) + 0.750 ± 0.026  0.170 ± 0.016  0.004 ± 0.001  89 

DLPC/DLPG - 0.659 ± 0.034  0.082 ± 0.009  0.002 ± 0.001  79 
(4:1) + 0.598 ± 0.040   0.104 ± 0.015  0.004 ± 0.001  81 

DLPE/DLPG - 0.598 ± 0.033  0.097 ± 0.011  0.004 ± 0.001 83 
(1:1) + 0.694 ± 0.031  0.158 ± 0.019  0.003 ± 0.001 86 

DLPE/DLPG - 0.391 ± 0.015  0.093 ± 0.008  0.002 ± 0.000  62 
(4:1) + 0.576 ± 0.031 0.101 ± 0.011  0.005 ± 0.001 86 

a Urea-unfolded OmpA (5 μΜ) was folded into a 200-fold molar excess of DLPC, DLPG or DLPE/DLPG 
(4:1) in the absence and presence of 100 mM NaCl and/or BamB (2-fold excess). Folding kinetics were 
performed at 30°C and pH 8.0. Af, kf and ks were obtained by fitting the experimental data from Fig. 3.10 - 
3.12 by Eq. 3.1. b Contribution of the faster folding process. c Rate constant of the faster folding process. d Rate 
constant of the slower folding process. e Final yield of folded OmpA after 240 min. 

 
 

3.4.3 The lipid anchor of BamB is not necessary for facilitated folding and 
insertion of OmpA 

The importance of the signal sequence of BamB and the relevance of the lipid anchor in 

membrane binding was investigated in section 2. The interaction between BamB and the lipid 

membrane was shown to be independent of the presence or absence of the signal peptide or the 

lipid anchor. While in E. coli cells, at normal expression levels, BamB presumably carries the 

lipid anchor, its relevance or the relevance of the signal sequence upon overexpression of BamB 

to the unprocessed form is not well understood. Here, the function of BamB to facilitate folding 

of OMPs like OmpA was investigated in vitro for periplasmic ProBamB and for cytoplasmic 

BamB. 

The phospholipids DLPE and DLPG were used at a ratio of 4:1 for the preparation of model 

membranes, because their headgroups and this ratio correspond to the lipid head group 

composition of the periplasmic leaflet of the E. coli OM. Since BamB facilitated the folding of 

OmpA into these lipid bilayers (see section 3.4.2), they were also used to examine the 

importance of the N-terminus of BamB for its function (Fig. 3.14, Table. 3.6). The folding yield 

of OmpA was improved from 62 % to 86 % for periplasmic ProBamB carrying the signal 

sequence and to 84 % for cytoplasmic BamB without lipid anchor. The rate constant of the 

faster folding process, kf, increased from 0.081 min–1 in the absence of BamB to 0.101 min–1 in 

the presence of ProBamB and to 0.095 min–1 in the presence of cytoplasmic BamB. The 

contribution of the faster folding phase Af was greater and similar in the presence of either of 

the two variants of BamB, with Af ~ 0.576 in the presence of ProBamB and Af ~ 0.573 in the 

presence of cytoplasmic BamB than Af ~ 0.391 for folding of OmpA into lipid bilayers only. 
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While the folding yields of OmpA into DLPE/DLPG (4:1) were drastically impaired by NaCl, 

resulting in folding yields of 5 % (see section 3.4.2), the presence of ProBamB or cytoplasmic 

BamB slightly increased the fraction of folded OmpA to 15 % and 12 %, respectively. Since 

the presence of both variants of BamB led to comparable yields of folded OmpA, regardless of 

the presence of 100 mM NaCl, the signal sequence of BamB was not involved in facilitating 

the folding of OmpA into lipid bilayers composed of DLPE/DLPG (4:1).  

 

 
Fig. 3.14 Dependence of the folding of OmpA into the lipid bilayer on the signal sequence of BamB. Urea-
unfolded OmpA (5 μM) was folded into lipid bilayers (1 mM) composed of DLPE/DLPG (4:1) in the absence 
and presence of 100 mM NaCl or BamB (30°C, pH 8). BamB was used in a 2-fold molar excess to OmpA. The 
SDS-polyacrylamid gels (A) show the time courses of OmpA folding alone (a), in the presence of ProBamB (b) 
or cytoplasmic BamB (c), in the presence of NaCl (d), in the presence of ProBamB and NaCl (e) and in the 
presence of cytoplasmic BamB and NaCl (f), respectively. Folded OmpA (F) migrates at 30 kDa, unfolded 
OmpA (U) at 35 kDa and BamB (B) at 42 kDa. The fraction of folded OmpA was determined densitometrically 
for each lane of the gels shown in A and plotted as a function of time (B). Also shown are the fits of Eq. 3.1 to 
the experimental data. 
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3.4.4 Folding studies on OmpA in the presence of BamB and the periplasmic 

domain of BamA 
 
The POTRA domains of BamA were assumed to serve as scaffold for the interaction with 

individual BAM subunits and to play a role in the recognition of substrates e.g. unfolded 

OmpA. BamB is associated to BamA through interactions with POTRA 2 - 5 and was 

presumed to stabilize the periplasmic domain of BamA (Kim et al., 2007; Chen et al., 2016). 

A function arising from interactions of BamB and PD-BamA was investigated on the folding 

and insertion of OmpA into the lipid membrane. To observe the ability of BamB to assist the 

folding of OmpA, the experiments were performed using the lipids DLPC, DLPG and 

DLPE/DLPG (4:1) introducing PD-BamA and a combination of BamB and PD-BamA in the 

absence and in the presence of NaCl. 

The folding of OmpA into noncharged lipids (DLPC) was improved in the presence of either 

BamB, PD-BamA or BamB/PD-BamA (Fig. 3.15, Table 3.7). The addition of BamB 

increased the folding yield of OmpA by 19 % while the presence of either PD-BamA or PD-

BamA/BamB led to an improvement of 22 %. These results were consistent with the 

contribution of the faster folding process, Af ~ 0.95 in the presence of BamB and Af ~ 1 in the 

presence of PD-BamA or of both, BamB and PD-BamA. For comparison, Af ~ 0.71 was 

calculated from data for the folding of OmpA into pure lipid bilayers. The folding kinetics of 

OmpA were slower in the presence of NaCl as observed before (see section 3.4.2) but NaCl 

did not influence the facilitated folding of OmpA into DLPC in the presence of BamB or PD-

BamA. The folding yields of OmpA increased from 64 % in the absence of BamB or PD-

BamA to 82 % and to 85 % in the presence of BamB and PD-BamA, respectively. In DLPC, 

Table 3.6. Rate constants and contribution of the faster folding process to the folding 
and insertion of OmpA into lipid bilayers of various lipid compositions in the absence 
and in the presence of NaCl and BamB a. 
NaCl  Protein Af  

b kf (min–1) c ks (min–1) d yield (%) e 

- - 0.397 ± 0.010  0.081 ± 0.004  0.002 ± 0.000  62 
- + ProBamB 0.576 ± 0.031  0.101 ± 0.011  0.005 ± 0.001 86 
- + BamB 0.573 ± 0.020  0.095 ± 0.007  0.004 ± 0.000  84 
+ - - - - 5 
+ + ProBamB - - - 15 
+ + BamB 0.068 ± 0.040  0.017 ± 0.010  0.000 ± 0.000  12 

a Urea-unfolded OmpA (5 μM) was folded into a 200-fold molar excess of DLPE/DLPG (4:1) in the 
absence and presence of 100 mM NaCl and/or periplasmic ProBamB or cytoplasmic BamB (2-fold 
excess). Folding kinetics were recorded at 30°C and pH 8.0. Af, kf and ks were obtained by fitting the 
experimental data from Fig. 3.10 - 3.12 by Eq. 3.1. b Contribution of the faster folding process. c Rate 
constant of the faster folding process. d Rate constant of the slower folding process. e Final yield of 
folded OmpA after 240 min. 
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the facilitated folding and insertion of OmpA in the presence of either BamB or PD-BamA 

was comparable and independent of the presence of 100 mM NaCl. A combination of both 

proteins resulted in folding yields and kinetics of OmpA with 97 % folded protein and  

Af = 0.977 after 240 min. Hence, a combined effect of BamB and PD-BamA on the folding 

of OmpA was observed in the presence of NaCl. 

 

 
Fig. 3.15 Effect of BamB and PD-BamA on the folding of OmpA into DLPC in the absence and in the 
presence of NaCl. Urea-unfolded OmpA (5 μM) was folded into lipid bilayers (1 mM) composed of DLPC 
in the absence and presence of BamB or PD-BamA (2-fold molar excess) or 100 mM NaCl (30°C, pH 8). 
The SDS-polyacrylamid gels (A, C) show the time courses of OmpA folding into DLPC alone (a, e), in the 
presence of BamB (b, f), in the presence of PD-BamA (c, g) and in the presence of BamB and PD-BamA  
(d, h) in the absence and presence of NaCl, respectively. Folded OmpA (F) migrates at 30 kDa, unfolded 
OmpA (U) at 35 kDa, BamB (B) at 42 kDa and PD-BamA (A) at 46 kDa. (B). Upon densitometric analysis 
the fraction of folded OmpA was determined for each lane and plotted as a function of time (B, D). Also 
shown are the fits of Eq. 3.2 (experiments without NaCl in the presence of PD-BamA or BamB/PD-BamA) 
or Eq. 3.1 (remaining experiments) to the experimental data. 
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Spontaneous folding of OmpA into negatively charged lipid membranes composed of DLPG 

was impaired, resulting in 18 % folded protein over time (Fig. 3.16). The presence of either 

BamB or PD-BamA improved the folding yields of OmpA to 33 % or 25 %, respectively. In 

the presence of BamB and PD-BamA, 29 % of folded OmpA were obtained. The kinetic 

parameters were obtained by fitting a single-exponential fit function (Eq. 3.2) to the data 

points (Table 3.7) and the results from the folding studies of OmpA in the presence of BamB 

were already described in section 3.4.2. In the presence of PD-BamA or BamB and PD-BamA 

these fits did not converge and the obtained errors for Af and kf were large, probably because 

of the slow folding of OmpA. 

By screening the overall negative net charge of the DLPG membrane with NaCl, the folding 

yields of OmpA increased to 86 %. The presence of BamB did not significantly change the 

folding yields and kinetics of OmpA and a facilitated folding of OmpA was not observable 

anymore. In contrast, the presence of PD-BamA or BamB and PD-BamA improved the 

folding yields of OmpA to 95 % or to 98 %, respectively. No significant difference between 

the folding kinetics of OmpA in the presence of PD-BamA alone or in the presence of BamB 

and PD-BamA was observed, since Af as well as kf were within error margin about the same. 
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Fig. 3.16 Effect of BamB and PD-BamA on the folding of OmpA into DLPG in the absence and in the 
presence of NaCl. Urea-unfolded OmpA (5 μM) was folded into lipid bilayers (1 mM) composed of DLPG 
in the absence and presence of BamB or PD-BamA (2-fold molar excess) or 100 mM NaCl (30°C, pH 8). 
The SDS-polyacrylamid gels (A, C) show the time courses of OmpA folding into DLPG alone (a, e), in the 
presence of BamB (b, f), in the presence of PD-BamA (c, g) and in the presence of BamB and PD-BamA  
(d, h) in the absence and presence of NaCl, respectively. Folded OmpA (F) migrates at 30 kDa, unfolded 
OmpA (U) at 35 kDa, BamB (B) at 42 kDa and PD-BamA (A) at 46 kDa. (B). Upon densitometric analysis 
the fraction of folded OmpA was determined for each lane and plotted as a function of time (B, D). Also 
shown are the fits of Eq. 3.1 (experiments with NaCl) or Eq. 3.2 (experiments without NaCl) to the 
experimental data. 

 

Folding and insertion of OmpA into lipid bilayers composed of DLPE/DLPG (4:1) resulted 

in folding yields of 39 % folded protein (Fig. 3.17). The folding yields of OmpA increased 

in the presence of BamB, PD-BamA and BamB/PD-BamA to 69 %, 64 % and 60 %, 

respectively. The data points of the studies in the presence of BamB or BamB and PD-BamA 

were fitted by a double-exponential fit function (Eq. 3.1) while for the studies in the presence 

of PD-BamA a single-exponential fit function was used (Eq. 3.2). In the absence of BamB or 

PD-BamA, these fits did not converge to the experimental data. Folding of OmpA in the 

presence of BamB was faster than in the presence of PD-BamA as shown by the kf values 
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being 0.123 min–1 and kf = 0.004 min–1 in the presence of BamB and PD-BamA, respectively. 

kf further increased in the presence of BamB/PD-BamA to 0.172 min–1.  

The addition of NaCl drastically decreased the folding yields of OmpA displaying 12 % 

folded protein in the absence of BamB or PD-BamA. The presence of the individual BAM 

proteins did not facilitate the folding and insertion of OmpA leading to folding yields of  

15 % and 12 % in the presence of BamB and PD-BamA, respectively. The presence of both 

BAM proteins improved the folding yields of OmpA by 17 % and kf increased from  

0.003 min–1 in the absence of the BAM proteins to 0.012 min–1 in the presence of BamB and 

PD-BamA. All in all, folding and insertion of OmpA into lipid bilayers composed of DLPC, 

DLPG and DLPE/DLPG (4:1) was facilitated individually in the presence of BamB or PD-

BamA.   
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Fig. 3.17 Effect of BamB and PD-BamA on the folding of OmpA into DLPE/DLPG (4:1) in the absence 
and in the presence of NaCl. Urea-unfolded OmpA (5 μM) was refolded into lipid bilayers (1 mM) 
composed of DLPE/DLPG (4:1) in the absence and presence of BamB or PD-BamA (2-fold molar excess) 
or 100 mM NaCl (30°C, pH 8). The SDS-polyacrylamid gels (A, C) show the time courses of OmpA folding 
into DLPE/DLPG (4:1) alone (a, e), in the presence of BamB (b, f), in the presence of PD-BamA (c, g) and 
in the presence of BamB and PD-BamA (d, h) in the absence and presence of NaCl, respectively. Folded 
OmpA (F) migrates at 30 kDa, unfolded OmpA (U) at 35 kDa, BamB (B) at 42 kDa and PD-BamA (A) at 
46 kDa. (B). Upon densitometric analysis the fraction of folded OmpA was determined for each lane and 
plotted as a function of time (B, D). Also shown are the fits of Eq. 3.1 (experiments with BamB and NaCl or 
BamB/PD-BamA and NaCl) or Eq. 3.2 (experiments without NaCl or in the presence of PD-BamA and NaCl) 
to the experimental data. 
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Table 3.7 Rate constants and contribution of the faster folding process to the folding of OmpA into lipid 
bilayers of various lipid compositions in the absence and in the presence of BamB and PD-BamAa. 

Lipid NaCl  Protein Af  
b kf (min–1) c ks (min–1) d yield (%)e 

DLPC - - 0.709 ± 0.119  0.036 ± 0.009  0.001 ± 0.002   76 
 - + BamB 0.953 ± 0.081 0.044 ± 0.007 0.000 ± 0.000 95 
 - + PD-BamA 1.010 ± 0.084 0.032 ± 0.009 - 98 
 - + BamB/PD-BamA 0.992 ± 0.045 0.042 ± 0.007 - 98 
 + - 0.543 ± 0.034  0.057 ± 0.007  0.001 ± 0.000  64 
 + + BamB 0.757 ± 0.041  0.114 ± 0.015  0.001 ± 0.001  82 
 + + PD-BamA 0.862 ± 0.106  0.061 ± 0.016  0.000 ± 0.000  85 
 + + BamB/PD-BamA 0.977 ± 0.061  0.058 ± 0.009  0.000 ± 0.000  97 

DLPG - - 0.150 ± 0.019 0.026 ± 0.010 - 18 
 - + BamB 0.317 ± 0.014 0.029 ± 0.004 - 33 
 - + PD-BamA 0.353 ± 0.128 0.005 ± 0.003 - 25 
 - + BamB/PD-BamA 1.080 ± 0.667 0.001 ± 0.001 - 29 
 + - 0.802 ± 0.021  0.190 ± 0.016   0.001 ± 0.001  86 
 + + BamB 0.795 ± 0.013  0.261 ± 0.015   0.003 ± 0.001  88 
 + + PD-BamA 0.860 ± 0.015  0.184 ± 0.009  0.006 ± 0.001  95 
 + + BamB/PD-BamA 0.890 ± 0.016  0.194 ± 0.009  0.007 ± 0.002  98 

DLPE/DLPG - - - - - 39 
(4:1) - + BamB 0.219 ± 0.026 0.123 ± 0.033  0.004 ± 0.000 69 

 - + PD-BamA 0.982 ± 0.169 0.004 ± 0.001 - 64 
 - + BamB/PD-BamA 0.197 ± 0.008  0.172 ± 0.020   0.003 ± 0000  60 
 + - 0.242 ± 0.103  0.003 ± 0.002  - 12 
 + + BamB -  -  - 15 
 + + PD-BamA 0.184 ± 0.122 0.005 ± 0.005 - 13 
 + + BamB/PD-BamA 0.298 ± 0.030 0.012 ± 0.003 - 29 

a Urea-unfolded OmpA (5 μM) was folded into a 200-fold molar excess of DLPC, DLPG or DLPE/DLPG (4:1) in the 
absence and presence of 100 mM NaCl and/or BamB/PD-BamA (2-fold excess). Folding kinetics were performed at 30°C 
and pH 8.0. Af, kf and ks were obtained by fitting the experimental data from Fig. 3.15 - 3.17 by Eq. 3.1 or 3.2. b Contribution 
of the faster folding process. c Rate constant of the faster folding process. d Rate constant of the slower folding process. e 
Final yield of folded OmpA after 240 min. 

 

 

 

3.5 Discussion 
  
In the present study, the folding and insertion of the β-barrel protein OmpA into preformed lipid 

bilayers was examined to investigate the influence and importance of charged phospholipid 

head groups on the folding process. Previous experiments demonstrated a dependence of the 

folding and insertion process of OmpA on physical properties of the solvent, the temperature 

or the lipid bilayer e.g. the lipid composition or vesicle size (Surrey and Jähnig 1992; 1995; 

Kleinschmidt and Tamm, 1999; 2002), improving the understanding of the thermodynamics 

and the kinetics of membrane protein folding.  

The folding process of OmpA first requires its adsorption to the membrane surface, where 
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OmpA forms a membrane-bound folding intermediate (Rodionova et al., 1995; Kleinschmidt 

and Tamm, 1996; 1999). A second membrane-bound intermediate was proposed to lead to a 

partially inserted folding intermediate of OmpA (Kleinschmidt and Tamm, 1996; 1999). The 

duration of this folding step was from minutes to hours, depended on temperature and probably 

requires essential changes in the conformation of the protein (Kleinschmidt and Tamm, 1996).  

Later, a third intermediate of the folding process of OmpA was identified (Kleinschmidt and 

Tamm, 1999; Kleinschmidt et al., 1999). The final insertion step of OmpA was slow and 

describes the complete insertion of the protein establishing the native tertiary structure in the 

lipid membrane.   

3.5.1 Folding of OmpA is strongly retarded when folded into negatively charged 
PG membranes 

Slower folding kinetics as well as reduced folding yields of OmpA were shown when OmpA 

was folded into negatively charged lipid bilayers as compared to folding into overall neutral 

lipid bilayers. These results were comparable to previous experiments showing that OmpA 

partially refolded into micelles of negatively charged LPS (Schweizer et al., 1978; Bulieris et 

al., 2003) and into bilayers containing PG (Patel et al., 2009), while OmpA folded to higher 

yields in experiments with a wide range of neutral detergents (Kleinschmidt et al., 1999b) or 

phospholipids (Surrey and Jähnig, 1992; 1995; Kleinschmidt and Tamm, 1996; 2002).   

At increased concentrations of the negatively charged PG, the kinetics of folding of OmpA 

were strongly retarded and folding yields were very low. These results were in marked contrast 

to the faster folding of OmpA into bilayers of the zwitterionic, but overall neutral PC at 

increased concentration of PC (Kleinschmidt and Tamm, 2002). The impaired folding of OmpA 

into lipid bilayers composed of PG at pH 8 might be based on the repulsion effect of the 

negatively charged OmpA. 

This compares well to folding studies of OmpA into negatively charged membranes in the 

presence of the periplasmic chaperone Skp. The basic Skp (pI ∼ 9.6 - 10.5) was shown to form 

stable complexes with unfolded OmpA and to cover the charged surface of OmpA, supporting 

the interaction of the complex with the membrane surface (Patel et al., 2009).  

3.5.2 The presence of NaCl supports the folding and insertion of OmpA into 
negatively charged PG membranes 

At a NaCl concentration between 100 mM and 175 mM NaCl, the negative surface of DLPG 

was optimally covered by the positively charged Na+-ions and lower or higher concentrations 
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of NaCl impaired the folding of OmpA into the lipid membrane. Additional Na+-ions that were 

not able to bind to the saturated membrane surface might interfere with OmpA. 

The folding kinetics of OmpA were slower and the final folding yields were reduced in the 

presence of NaCl when OmpA was folded into neutral lipid bilayers composed of DLPC. In  

E. coli different concentrations of salt ions are present, including Na+, K+, Cl−, Ca2+ or Mg2+, 

which interact with lipids at the lipid-water interface and had an impact on the stability and 

structure of lipids (Böckmann et al., 2003; Garcia-Manyes et al., 2005; 2006). Whereas some 

Na+-cations penetrated the membrane up to the carbonyl region of the lipid fatty acid chains, 

the chloride anions (Cl−) remained at the membrane surface (Pandit et al., 2003; Gurtovenko 

and Vattulainen, 2008). Lipid bilayers composed of PC were affected by NaCl which reduced 

the lateral diffusion and lipid mobility of the lipid membrane (Böckmann et al., 2003; 

Gurtovenko and Vattulainen, 2008). The effect on PC lipids was observed to be stronger than 

on PE lipids which was due to the amino group in the head group of PE forming strong intra- 

and intermolecular hydrogen bonds hindering the binding of ions (Gurtovenko and Vattulainen, 

2008). The reduced mobility of the PC lipid membrane in the presence of NaCl is assumed to 

inhibit the facilitated insertion of OmpA.  

Furthermore, the additional NaCl might facilitate the aggregation of OmpA by covering the 

negative charges on the surface of the protein making it less soluble which is comparable to 

folding of OmpA at low pH (Patel et al., 2009). The calculated pI of OMPs of E. coli is 

generally low with a pI of 4.6 to 6. As OmpA is negatively charged above its pI, it is then less 

prone to aggregation and precipitation. Folding and insertion of OmpA (pI = 5.5) was therefore 

facilitated at basic pH (Kleinschmidt, 2006; Patel et al., 2009). The solubility of OmpA 

increased with pH, promoting a more open conformation (Surrey and Jähnig, 1995). This is a 

likely reason for the dominance of the faster folding process at pH > pI (Patel et al., 2009), 

while the slower folding process and the aggregation process both dominated at pH < 7, and in 

particular at pH close or below the pI of OmpA.  

To determine the distribution of Na+-ions adsorbed at the negatively charged membrane 

surface, the Gouy-Chapman model can be used (Guoy, 1910; Chapman, 1913). It describes a 

diffuse double layer in which the concentration of charged ions is the largest near the oppositely 

charged surface, decreasing with distance from the surface. The Gouy-Chapman model 

considers thermal motions of ions and follows the Boltzman distribution. In the present study, 

the overall negative charge of the lipid membrane was largely screened by the Na+-cations, 

resulting in an almost neutral electrostatic potential of the membrane. This drastically increased 
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the folding yields and kinetics of OmpA. Hence, folding of OmpA is controlled by charges of 

the phospholipid head groups and by charges of the protein surface.   

E. coli responds rapidly to external changes in the environment by an intracellular pH change 

of the cytoplasm whereas the pH in the periplasm was found to correlate to the external pH 

(Castle et al., 1986; Wilks and Slonczewski, 2007). Na+-ions are able to cross the OM 

estimating a fast exchange between the extracellular space and the periplasm (Castle et al., 

1986). Studies demonstrated that the cytoplasmic concentrations of Na+-ions were maintained 

around 14 mM to 31 mM when the external or periplasmic concentration of Na+-ions ranged 

from 50 mM - 100 mM (Lo et al., 2006). In the model systems examined here, charges of the 

lipid bilayer and of the protein surface played a significant role in protein folding and the folding 

yields were improved by covering those negative charges of the membrane surface with NaCl. 

Beside the charged PG in the E. coli membrane, lipopolysaccharides at the outer surface might 

form binding domains for Na+-ions. 

3.5.3 The adsorption of OmpA to the negatively charged membrane surface is 
improved in the presence of NaCl 

The folding and insertion of OmpA into negatively charged lipid bilayers was shown to be 

temperature-dependent. In fluorescence studies, folding of OmpA was facilitated at 30°C 

demonstrating fast interaction with the hydrophobic membrane surface. In contrast, no effect 

of NaCl on the folding and insertion of OmpA was observed at 2°C. Hence, no difference in 

the fluorescence emission was detected since OmpA did not insert into the lipid membrane at 

2°C. Conclusively, NaCl facilitated the adsorption of OmpA to the lipid membrane surface but 

not the insertion process. These results were in good comparison to the folding kinetics 

examined by electrophoresis (KTSE). At lower temperatures at 2°C, the folding yields of 

OmpA were reduced and the folding kinetics were slow assuming a predominately adsorption 

to the membrane surface whereas the insertion of OmpA was retarded. 

3.5.4 BamB facilitates folding of OmpA into neutral lipid membranes 

One of the BAM subunits, the lipoprotein BamB, was observed to assist the folding and 

insertion of OmpA into preformed LUVs composed of various lipids. In the presence of BamB, 

the folding kinetics of OmpA were faster and the final folding yields were improved suggesting 

the lipoprotein as a potential folding assistant of OMPs (Gerlach, 2014).   

Folding of OmpA into DLPC was facilitated by BamB, largely independent of the NaCl 

concentration. The Na+-ions did interfere with the folding process of OmpA, but did not 
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influence the function of BamB to assist folding of OMPs like OmpA.   

In most model studies, the kinetics of folding of OmpA have been examined for bilayers of PC, 

since these led to relatively fast and complete folding and insertion of OmpA (Surrey and 

Jähning, 1992; 1995; Kleinschmidt and Tamm 1996; 2002). Whereas PC is the most abundant 

phospholipid in eukaryotic membranes, most prokaryotic membranes lack PC and are instead 

enriched with PE forming membranes with different lateral pressures (Raetz, 1986; Murzyn et 

al., 2004). The OM of E. coli is composed of a lipid mixture of ~ 80 % PE and ~ 20 % of 

charged phospholipids like PG and diphosphatidylglycerol (cardiolipin) (Raetz, 1986; Morein 

et al., 1996). Thus, bilayers of PC were not ideal to demonstrate the function of BamB to 

facilitate insertion of OmpA, as observed in vivo (Wu et al., 2005).   

3.5.5 BamB facilitates the folding of OmpA via a conformation change induced 
by PG 

BamB favored negatively charged PG for membrane binding (see sections 2.4.6 and 2.4.7) and 

the folding yields and kinetics of OmpA were increased when OmpA was folded into pure 

negatively charged lipid bilayers or lipid bilayers containing at least 20 % PG. The function of 

BamB and its effect on the folding and insertion of OMPs might be greatly influenced by the 

kind of lipid in the natural membrane. Almost all subunits of the BAM complex were found to 

interact with PG (Knowles et al., 2011; Sharma, 2014; Talmon, 2016). Thus, it is likely that the 

BAM complex implements major accumulations of PG in the lipid membrane making the 

conformation change of BamB and its preferred interaction to PG functional relevant for the 

assisted folding of OMPs. Additionally, BamB might be involved in the arrangement of a 

neutral surface potential by screening the negative charges of the PG head groups to support 

the adsorption of OmpA to the membrane surface comparable to NaCl. This explains why the 

effect of BamB on the folding of OmpA into DLPG bilayers disappeared in the presence of 

NaCl. The large effect that NaCl had on the folding of OmpA alone was probably the reason 

for the reduced function of BamB to assist the folding and insertion of OmpA. However, the 

faster folding process of OmpA was still improved in the presence of BamB. It also explains 

the less efficient folding of OMPs in the absence of BamB in vivo (Onufryk et al., 2005; Ruiz 

et al., 2005; Charlson et al., 2006).  

3.5.6 BamB facilitates the folding and insertion of OmpA into lipid membranes 
containing PE and PG 

The composition of the OM of E. coli with phospholipids predominately composed of PG or 

PE head groups is crucial for cell viability. The kinetic barrier for folding and insertion of OMPs 
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is maintained by intrinsic lipid contacts (Patel et al., 2009). Contacts between neighboring lipids 

are mediated by the hydrophobic effect and by intermolecular H-bonds formed by the 

ammonium group of PE with neighboring PE head groups. Even stronger interactions were 

predicted for interactions of PE with adjacent PG molecules by computer simulations (Murzyn 

et al., 2004). However, since PG headgroups are charged, they are also better hydrated and 

interactions of the PG headgroup with water molecules are entropically favored so that bilayers 

of a mixture of PE and PG may still be less densely packed than bilayers of PE only. Anyway, 

folding of OmpA into lipid membranes containing 20% PE or more was kinetically strongly 

retarded in comparison to folding into bilayers of PC or of PE and PG (4:1) (Patel et al., 2009; 

Patel et al., 2013; Gessman et al., 2014).   

No influence of BamB on the folding and insertion of OmpA into lipid bilayers composed of 

DLPC/DLPG in ratios of 1:1 or 4:1 was observed. In contrast, folding of OmpA was facilitated 

in the presence of BamB when folded into DLPE/DLPG lipid bilayers. When the PG content 

of the lipid bilayer was screened by Na+-ions, facilitated folding of OmpA was still observed 

in the presence of BamB. These results demonstrated the involvement of PE in the function of 

BamB to assist the folding and insertion of OmpA into the membrane. 

These findings are comparable to results shown for the facilitated folding of OmpA in the 

presence of the lipoprotein BamD. Here, the folding yields of OmpA increased in the presence 

of BamD to a higher extent when OmpA was inserted into lipid bilayers containing PE and PG 

such as DOPC/DOPE/DOPG (5:3:2) instead of DOPC/DOPG (4:1) (Sharma, 2014). In contrast 

to previous studies, not only an inhibition but also a kinetically promoted folding and insertion 

of OmpA caused by PE or PG lipids in the presence of BamB could be demonstrated. Hence, 

the lipid composition of 75 % noncharged and 25 % negatively charged lipids present in the 

OM of E. coli seems to be involved in the function of BamB. This relation confirms the 

relevance of BamB to the assisted folding of OMPs in the cell.   

3.5.7 Facilitated folding of OmpA in the presence of BamB depends on the 
thickness of the lipid bilayer 

The average hydrophobic thickness of bacterial β-barrel membrane proteins is 23.7 ± 1.3 Å 

(Lomize et al., 2006), that of OmpA is about 20 Å (Pautsch and Schulz, 1998), providing the 

basis for a more efficient in vitro folding of OMPs into thin lipid bilayers such as diC12PC 

bilayers (Kleinschmidt and Tamm, 2002) with a thickness of the hydrocarbon region of ~ 20 Å 

(Lewis and Engelman, 1983). The flexibility of the lipid bilayer decreased with increasing 
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amounts of PE, kinetically retarding the folding and insertion of OMPs (Patel et al., 2013; 

Gessman et al., 2014). 

Several hypotheses have been proposed, explaining the function of the individual BAM 

subunits concerning a reduction of the thickness of the lipid bilayer as well as a change of the 

curvature of the membrane to facilitate the assembly of OMPs (Noinaj et al., 2013, Sinnige et 

al. 2014) . Lipid bilayers composed of PE were shown to be 16 Å thinner around the C-terminal 

strand of BamA as compared to the opposite side of the β-barrel (Noinaj et al., 2013). Based 

on these findings a model was developed where BamA was supposed to cause a lipid membrane 

defect by lowering the thickness of the lipid bilayer as well as the lateral pressure of the densly 

packed PE lipids resulting in a decrease of the natural barrier maintained by the lipid bilayer to 

control OMP insertion (Noinaj et al., 2013; Gessman et al., 2014).   

Whether BamB causes a distortion of the lipid membrane to facilitate the assembly of OMPs 

remains unanswered, but in in vitro studies, BamB alone was able to enhance the folding and 

insertion of OmpA into membranes containing PE and PG. This can be explained by the use of 

preformed lipid vesicles which did not represent the original OM of E. coli. The use of thin 

lipid bilayers resulted in a reduced insertion barrier. This hypothesis was further confirmed by 

folding studies of OmpA into thicker lipid bilayers composed of pure diC18:1PC lipids or of 

lipid mixtures composed of diC18:1PC, diC18:1PE, diC18:1PG in a 5:3:2 ratio. OmpA successfully 

refolded into these lipid bilayers (38 Å, Lewis and Engelman, 1983) when prepared as sonciated 

vesicles but the folding yields and kinetics remained unchanged in the presence of BamB 

(Gerlach, 2014; data not shown). Thus, for the facilitated assembly of OmpA in the presence 

of BamB a thin membrane might be required which is presumably provided by BamA in vivo 

(Sinnige et al., 2014).  

Interestingly, first studies demonstrated that BamB faciliated the folding and insertion of OmpA 

into pure diC18:1PG lipid bilayers (data not shown) which can be explained by the local 

dehydration that is caused by PG (Zhao et al., 2008). This is especially of interest since BamB 

was shown to interact with PG upon a conformational change within BamB and it further 

confirms a relevant role of the identified lipid/protein binding interface for the assisted folding 

of OMPs (see sections 2.4.6 and 2.4.7).  

 

3.5.8 BamB does not strongly interact with OmpA  

BamB was found to be nonessential for cell viability but crucial for the folding efficiency of 

OMPs with reduced levels of OmpF, OmpA and LamB in a ΔbamB background confirming an 

important role of BamB in OMP biogenesis (Onufryk et al., 2005; Ruiz et al., 2005; Charlson 
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et al., 2006). Strains lacking bamB compromised the permeability barrier of the OM and 

displayed hypersensitivity to antibiotics (Ruiz et al., 2005). Additionally, BamB was found to 

bind to the C-terminal β-domain of the serine protease P (EspP), an autotransporter of E. coli 

O157 H7 (leva et al. 2011). 

The present folding studies of OmpA confirmed increased folding yields and faster folding 

kinetics of OmpA in the presence of BamB when folded into lipid bilayers of various lipid 

compositions (section 3.4.2). Accordingly, a direct interaction between BamB and OmpA was 

assumed. A binding stoichiometry of 0.27 ± 0.09 OmpA molecules per BamB molecule was 

obtained for the interactions of BamB with OmpA in aqueous solution (see Fig. B1), which did 

not change in the presence of lipid bilayers composed of DLPE/DLPG (4:1) (0.28 ± 0.03).  

To identify relevant binding regions in BamB involved in the interaction to OmpA, FRET was 

used to analyze distances between IAEDANS-labeled single cysteines of BamB and 5-IAF-

labeled single cysteines of OmpA in the absence and in the presence of DLPE/DLPG (4:1) lipid 

vesicles at 2°C (data not shown). Based on the low energy transfer and relatively large D-A 

distances, no clear binding between the two proteins was identified. Since BamB was shown to 

alter its secondary structure when bound to lipid bilayers composed of a high content of PG 

(section 2.4.3), the impact of negatively charged lipids on the formation of the BamB/OmpA 

complex has to be investigated in subsequent studies. 

In vitro studies showed that either BamB or BamD facilitated the self-assembly of BamA, but 

not of OmpA into sonicated vesicles composed of E. coli phospholipids (Hagan et al., 2013). 

A sufficient assembly of OmpA was only completed in the presence of the complete BAM 

complex or by binding of BamB to unfolded BamA near the membrane (Hagan et al., 2013). 

Thus, in vivo BamB was not capable of facilitating the sufficient folding of OMPs on its own 

but BamB implements a supportive role in the assembly of OMPs, which could be replaced by 

the BAM subunit CDE if BamB was absent. The lipoprotein probably increases the capacity of 

the substrate binding site of PD-BamA resulting in an improved function when the BAM 

complex is in high demand (Heuck et al., 2011). 

 

3.5.9 A combined function of BamB and PD-BamA on the folding of OmpA 
depends on the presence of NaCl  

The facilitated folding of OmpA into DLPC in the presence of BamB or PD-BamA was 

comparable while the addition of NaCl improved the combined effect of both proteins on the 

folding yields and kinetics of OmpA indicating reduced aggregation of OmpA. The folding 

kinetics of OmpA into lipid bilayers containing negatively charged lipids such as DLPG or 



FOLDING STUDIES AND MEMBRANE INSERTION OF OMPA 
__________________________________________________________________________________________ 

 112 

DLPE/DLPG (4:1) increased in the presence of BamB, but the function of BamB on the folding 

of OmpA was reduced in the presence of PD-BamA resulting in lower folding yields of OmpA.  

BamB and PD-BamA are known to bind to negatively charged membranes (see sections 2.4.6 

and 2.4.7; Talmon, 2016). Probably, an interaction at the membrane surface between BamB 

and PD-BamA was favored over an interaction between BamB and OmpA resulting in the 

reduced function of BamB on the folding of OmpA.   

This effect disappeared in the presence of NaCl and BamB and PD-BamA were shown to 

facilitate the folding and insertion of OmpA in a combined mechanism which was best observed 

in DLPE/DLPG (4:1) lipid membranes. Fluorescence studies demonstrated that the binding of 

BamB as well as PD-BamA to this membrane was reduced, meaning that less molecules were 

interacting, when the negatively charged membrane surface was screened by Na+-ions (see 

section 2.4.8, Talon, 2016; Hodžić, 2018). Thus, the flexibility of the periplasmic domain of 

BamA might be required to efficiently support the function of BamB to assist the folding of 

OmpA. The POTRA domains of BamA may serve as major substrate binding site holding 

BamB at the membrane surface to support insertion of OMPs in vivo. Further investigations are 

required to understand how the interaction of full-length BamA with lipid membranes is 

affected in relation to the salt concentration. 
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4.  INTERACTIONS BETWEEN BAMB AND THE PERIPLASMIC DOMAIN OF BAMA 

ARE STABILIZED AT THE MEMBRANE SURFACE  

4.1 Abstract 

The periplasmic domain of BamA (PD-BamA) is composed of five polypeptide-transport-

associated (POTRA) domains, of which only the domains POTRA 2 to 5 are involved in the 

interaction with the lipoprotein BamB. Dynamic interactions between BamB and PD-BamA 

were investigated by site-specific fluorescence spectroscopy. Several single cysteine mutants 

of BamB and PD-BamA were prepared and labeled with fluorophores to identify structural and 

functional sites that were involved in the interaction between both proteins. No major 

conformational change in BamB was required for a successful interaction with PD-BamA. In 

fluorescence studies, the β-barrel of BamA was shown to orientate BamB to a hydrophobic 

environment whereas BamB orientated POTRA domains 2 to 5 of BamA. These changes might 

be necessary for a successful folding of precursor OMPs into the OM. To probe the relative 

orientation of BamB to BamA in aqueous solution and in membrane environments, Förster 

resonance energy transfer (FRET) was used. The fluorescence donor IAEDANS linked to single 

cysteine mutants of BamB and the fluorescence acceptor 5-IAF linked to single cysteine 

mutants of PD-BamA were used to obtain the transfer efficiency ET, the Förster distance R0 and 

the donor acceptor (D-A) distances r. These data confirmed an interaction between BamB and 

PD-BamA in aqueous buffer, but the lipid bilayer was shown to stabilize the interaction 

between both proteins indicating a relevance of the lipid bilayer for a dynamic interaction 

between BamB and PD-BamA. Binding sites of BamB located near the N-terminus of the 

protein in β-blades 1, 2, 3 and 8 were identified that might be relevant for an interaction with 

POTRA domains 2 to 5 of BamA. This indicated a similar binding interface as observed for the 

interaction of BamB with the lipid membrane and suggests that the presence of PD-BamA turns 

β-blades 7 and 8 of BamB towards the lipid membrane. 

4.2 Introduction 

The functions of all five subunits of the BAM complex and their structure-function relationships 

are not well characterized. The BAM complex was described as formed by two main 

subcomplexes, BamAB and BamCDE (Wu et al., 2005; Kim et al., 2007; Hagan et al., 2010). 

BamA and BamD may form the core of the complex as they were essential for the survival of 

the E. coli cell (Wu et al., 2005; Hagan et al., 2010), but the simultaneous deletion of bamB 

and bamE was also lethal to the cell (Onufryk et al., 2005; Charlson et al., 2006; Sklar et al., 
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2007a). BamA, the central membrane-integrated component of the complex in E. coli, consists 

of a C-terminal β-barrel transmembrane domain with 16 β-strands and an N-terminal soluble 

periplasmic domain of similar size (~ 400 amino acid residues), that consists of five 

polypeptide-transport-associated (POTRA) (sub-)domains (Kim et al., 2007; Gatzeva-

Topalova et al., 2008). The POTRA domains are numbered from 1 to 5 with POTRA 5 located 

closest to the β-barrel domain (Fig. 4.1). The periplasmic domain binds the four lipoproteins of 

the BAM complex and was suggested to receive unfolded OMPs after they have crossed the 

periplasm with the assistance by molecular chaperones (Knowles et al., 2008).   

In deletion studies and affinity chromatography experiments, POTRA 5 was essential for 

binding BamD as an interaction interface for the BamCDE subcomplex (Kim et al., 2007). 

POTRA domains 2 to 5 were required for binding BamB (Kim et al., 2007; Dong et al., 2012b; 

Chen et al., 2016). The POTRA domains 3 to 5 were crucial for cell viability and the loss of 

POTRA 5 resulted in the disassembly of the entire BAM complex (Kim et al., 2007).  
 

Fig. 4.1 Two different crystal structures of the periplasmic domain of BamA (PD-BamA) are known. PD-
BamA is composed of five polypeptide-transport-associated (POTRA) domains numbered 1 to 5. A bent (A) and 
an extended (B) conformation were obtained by x-ray crystallography. The structures indicate a linkage between 
POTRA 2 and POTRA 3 that provides flexibility to the periplasmic domain of BamA. For this figure, two PDB 
structures of a C-terminal fragment of PD-BamA, consisting of the POTRA domains 1 to 4 only, either in a bent 
(A, 2qdf, Kim et al., 2007) and in an extended (B, 3efc, Gatzeva-Topalova et al., 2008) conformation, were each 
superimposed to the structure 3q6b of the N-terminal domains POTRA 4 and 5 (Zhang et al., 2011). The figure 
was created with PyMol 1.8.0.7 for macOS.  
 

X-ray crystallography and NMR spectroscopy revealed a highly conserved structure of the 

POTRA domains. Each domain has a β-α-α-β-β topology of three β-strands and two antiparallel 

α-helices (Kim et al., 2007; Gatzeva-Topalova et al., 2008; Knowles et al., 2008; Zhang et al., 

2011). Two alternate conformations of the periplasmic domain have been observed. An 
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extended and a bent conformation, due to a flexible linkage between POTRA 2 and POTRA 3 

(Gatzeva-Topalova et al., 2008; 2010, Fig. 4.1). The flexible linker region separating POTRA 

1 and 2 from POTRA 3 to 5 may be required for a conformational change facilitating the 

recognition and assembly process of OMPs and may be involved in β-augmentation (Kim et 

al., 2007; Knowles et al., 2008; Gatzeva-Topalova et al., 2008, 2010; Jansen et al., 2015).  

β-augmentation describes an interaction between β-strands of two different proteins of mostly 

β-sheet secondary structure, mediating their complex formation (Remaut and Waksman, 2006). 

The lipoprotein BamB consists of an eight-bladed β-propeller (see chapter 2, Fig. 2.2; Albrecht 

and Zeth, 2011; Kim and Paetzel, 2011; Noinaj et al., 2011; Heuck et al., 2011) and was found 

to locate at the hinge between POTRA 2 and POTRA 3, binding to POTRA 3 via  

β-augmentation to modulate the optimal orientation of the periplasmic domain of BamA (PD-

BamA) and to support OMP assembly (Bakelar et al., 2016; Han et al., 2016). The crystal 

structure of the reconstituted BAM proteins either comprised of all components of the complex 

(BamABCDE) or lacking BamB (BamACDE) further confirmed distinct conformations of the 

POTRA domains in the absence or in the presence of BamB (Gu et al., 2016). As BamB bound 

to BamA independent from the other subunits, the BamAB subcomplex may play a discrete 

role for the folding and insertion of unfolded OMPs, different from the function of the 

subcomplex BamACDE.  

Here, the interaction between BamB and PD-BamA was investigated for a better understanding 

of the functions of the BAM complex and how individual BAM subunits may dynamically 

interplay. Site-directed mutagenesis was used to create single cysteine mutants of BamB and 

PD-BamA (see sections 2.3.3 and 4.3.2). The expressed PD-BamA mutants were composed of 

all POTRA domains (numbered 1 to 5) extended by nine additional amino acid residues at 

positions 425 - 433 representing the first β-strand of the C-terminal β-barrel of BamA to ensure 

an interaction with the lipid bilayer (Fig. 4.2, A). Two single cysteines named A363C and 

N390C were introduced into POTRA 5 located in the first and second α-helix, respectively (Fig. 

4.2, B). The side-chain of A363C faced towards the β-barrel of BamA thus located closely to 

the lipid membrane whereas the single cysteine of N390C was located in the second α-helix 

and the side-chain was orientated towards POTRA 3 avoiding the hydrophobic membrane 

surface. In the loop region between β-strand 2 and 3 of POTRA 4 a mutant was constructed 

with an alanine at amino acid position 331 substituted to a cysteine (A331C) and an additional 

single cysteine mutation was introduced into the second α-helix of POTRA domain 3 at amino 

acid position 223 (L223C). Furthermore, the mutants G136C and L158C possessed their single 

cysteines in α-helix 1 or between β-strands 2 and 3 of POTRA 2, respectively. In previous 
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studies, POTRA 1 was shown to be irrelevant for the interaction with BamB. However, the 

glycine at amino acid position 70 located at the end of the second α-helix of POTRA domain 1 

being in close proximity to POTRA 2 was substituted to a cysteine (G70C).  

 

                              MGSSHHHHHHSSGLVPRGSHMM 
21    AEGFVVKDIHFEGLQRVAVGAALLSMPVRTG      51 
52    DTVNDEDISNTIRALFATGNFEDVRVLRDGDT     83 
84    LLVQVKERPTIASITFSGNKSVKDDMLKQNLE    115 
116  ASGVRVGESLDRTTIADIEKGLEDFYYSVGKY    147 
148  SASVKAVVTPLPRNRVDLKLVFQEGVSAEIQQ   179 
180  INIVGNHAFTTDELISHFQLRDEVPFFNVVGDR    212 
213  KYQKQKLAGDLETLRSYYLDRGYARFNIDST     243 
244  QVSLTPDKKGIYVTVNITEGDQYKLSGVEVSG    275 
276  NLAGHSAEIEQLTKIEPGELYNGTKVTKMEDD   307  
308  IKKLLGRYGYAYPRVQSMPEINDADKTVKLR     338 
339  VNVDAGNRFYVRKIRFEGNDTSKDAVLRREM   369 
370  RQMEGAFLGSDLVDQGKERLNRLGFFETVDT    400 
401  DTQRVPGSPDQVDVVYKVKERNTGSFNFGIGY  432 
433  GTE* 

 

Fig. 4.2 Position of constructed single cysteines in PD-BamA. (A) PD-BamA contains a His-tag for 
purification (blue). Amino acid residues substituted by a cysteine are given in red together with the number 
showing the position of the amino acid within the sequence, whereby the His-tag was not included. For 
interaction studies with the lipid membrane, the construct contains nine amino acids (green) located C-terminal 
to the POTRA domains forming the first β-strand of the β-barrel domain of BamA. (B) Crystal structure of PD-
BamA showing the POTRA domains 1 to 5 and the positions of the single cysteines in red. The configurated 
figure is based on the superimposed PDB structures 3efc and 3q6b containing the POTRA domains 1 to 4 and 
4 to 5, respectively (Gatzeva-Topalova et al. 2008; Zhang et al. 2011). The figure was created with PyMol 
1.8.0.7 for macOS. 

 

CD spectroscopy was used to confirm correct folding of the mutants. For fluorescence studies, 

the single cysteine mutants of BamB or PD-BamA were spectroscopically labeled at the SH 

groups of the single cysteines. The experiments were either performed in the absence or in the 

presence of lipid vesicles composed of various lipid compositions to examine the relevance of 

the lipid bilayer for the formation of the BamAB complex. In a more detailed study, distances 

between various regions of both proteins were determined by fluorescence energy transfer 

(FRET).  

 

4.3 Materials and Methods 
4.3.1 Purification of PD-BamA 

PD-BamA was overexpressed and purified as described in section 3.3.2.  
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4.3.2 Construction and purification of single cysteine mutants of PD-BamA 
 

To study interactions between BamB and PD-BamA, single cysteine mutants of PD-BamA 

were designed by using an already existing pET15b vector encoding for a mutant of PD-BamA 

in which all tryptophan residues were replaced by phenylalanine (Talmon, 2016). PD-BamA 

does not contain any cysteines. The final plasmid, named pET15-WaF-PD-BamA, was used as 

template for the replacement of one residue by a cysteine. To prepare various single cysteine 

mutants of PD-BamA, the amino acids at positions 70, 136, 158 and 331 were selected for 

replacement by a cysteine. For mutagenesis, a PCR reaction was performed as described in the 

protocol of the QuikChange Site-Directed Mutagenesis XL Kit (Agilent technologies, USA). 

Sequences for forward and reverse primers containing the desired mutation were selected with 

SnapGene Version 2.3.2 and these primers were then synthesized by Eurofins MWG Operon 

(Ebersberg, Germany) (Table 4.1).  

 

Table 4.1: Oligonucleotide primers for site-directed mutagenesis in PD-BamA 
substitution sequence of primers* 

G70C 5’-CGCTCTGTTTGCTACCTGCAACTTTGAGGATGTTC -3’ 
G136C 5’-CATTGCCGATATCGAGAAATGTCTGGAAGACTTCTAC-3’ 
L158C 5’-GCTGTCGTGACCCCGTGCCCGCGCAACCGTGTTG-3’ 
L223Ca  5’ -AAACTGGCGGGCGACTGTGAAACCCTGCGCAG-3’ 
A331C 5’-GATGCCCGAAATTAACGATTGCGACAAAACCGTTAAATTAC-3’ 
A363Cb  5’-GAAGGTAACGATACCTCGAAAGATTGTGTCCTGCGTCGCG-3’ 
N390Cc 5’-AGGGTAAGGAGCGTCTGTGTCGTCTGGGCTTCTTTG-3’ 

* Only the sequence of the forward primers is shown. Nucleotide substitutions are in boldface type. a,b,c Primers were 
designed by Talmon (PhD thesis, 2016). 

 

After mutagenesis and sequencing (GATC Biotech AG, Germany) to confirm the mutation, 

each plasmid was transformed into the E. coli BL21 (DE3) strain. The additional plasmids 

containing the genes of the single cysteine mutants L223C, A363C and N390C of PD-BamA 

were created by Talmon (PhD thesis 2016) and have already been transformed into the BL21 

(DE3) strain (Table 4.2). The corresponding glycerol stocks (E. coli cells of the strain 

BL21(DE3) harboring the plasmids pET223 (L223C), pET363 (A363C) or pET390 (N390C)) 

as well as the previously transformed mutants were used to inoculate LBAmp Medium 

(ampicillin concentration: 100 μg/ml). The protocol of expression and purification was 

comparable to that described in section 3.3.2 and Talmon (2016). All mutants were analyzed 

by CD spectroscopy to confirm wild-type-like structure.  
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Table 5.2: List of plasmids and proteins of single cysteine mutants of PD-BamA* 

plasmid vector Cys position substitution/product source 
 pET15b 70 G70C this work 
 pET15b 136 G136C this work 
 pET15b 158 L158C  this work 

pET223 pET15b 223 L223C  Talmon, PhD thesis 2016 
 pET15b 331 A331C this work 

pET363 pET15b 363 A363C  Talmon, PhD thesis 2016 
pET390 pET15b 390 N390C  Talmon, PhD thesis 2016 

* All native tryptophans have been replaced by phenylalanine.  

4.3.3 Expression and purification of single cysteine mutants of BamB 

The protocol of construction, overexpression and purification of single cysteine mutants of 

BamB is described in section 2.3.3. 

4.3.4 Preparation of lipid vesicles 

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dilauroyl-sn-glycero-3-phospho-

ethanolamin (DLPE) and 1,2-dilauroyl-sn-glycero-3-phosphoglycerol (DLPG) were purchased 

in powder form from Avanti Polar Lipids (Alabaster, USA). LUVs with a diameter of 100 nm 

were either prepared in pure form (DLPC, DLPG) or in molar ratios (DLPE/DLPG (4:1)) by 

extrusion as described in section 3.3.4 in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0).  

4.3.5 CD spectroscopy  

Folding of all single cysteine mutants of PD-BamA was confirmed by CD spectroscopy using 

a Jasco J-815 CD spectrometer (Jasco, Gross-Ulmstadt, Germany). All samples were dialyzed 

to remove residual urea in Tris buffer (10 mM Tris, 1 mM EDTA, pH 8.0). Folded mutants of 

PD-BamA (diluted to 12 μM in Tris buffer) were analyzed as described in section 2.3.5 with 

identical instrument settings. Six scans were accumulated to obtain a spectrum of a PD-BamA 

mutant. A background spectrum was subtracted that was recorded for the same buffer, but in 

the absence of any PD-BamA. The CD-spectra were normalized and then analyzed using the 

software and reference data sets of the DICHROWEB server as described in section 2.3.5.  

4.3.6 Labeling of the cysteine residue 

The single cysteine residues of the various mutants of PD-BamA were spectroscopically labeled 

with the SH-reactive fluorescent probe 5-IAF (Sigma Aldrich, St. Louis, USA) or IAEDANS 

(Invitrogen, Thermo Fisher Scientific, USA) whereas the cysteine residues of BamB were 

labeled with IAEDANS or IANBD as described in section 2.3.6. For the labeling procedure of 

PD-BamA, 100 μΜ of the single cysteine mutant was diluted in 1 ml Tris buffer (20 mM Tris, 
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1 mM EDTA, 7 M urea, pH 7.2) before a 10-fold molar excess of TCEP was added and the 

mixture was incubated for 30 min at room temperature. Afterwards, a 20-fold molar excess of 

the appropriate reactive dye (5-IAF or IAEDANS) was added to the reduced protein and the 

mixture was reacted over night at 4°C in dark to protect the sensitive fluorophores from light. 

The unreacted excess of the fluorescent dye was removed by extensive dialysis against Tris 

buffer (10 mM Tris, 2 mM EDTA, 7 M urea, pH 8.0). The protein concentration and the degree 

of labeling was estimated as previously described in section 2.3.6.  

4.3.7 S-Methylation of cysteine 

For calculations of the Först r’s distance R0 and of the actual donor-acceptor distance r, it is 

necessary to record fluorescence emission spectra of IAEDANS-labeled single cysteine 

mutants of BamB also in the absence of the FRET acceptor 5-IAF. Unmodified SH groups of 

cysteines are able to quench the fluorescence emission of neighboring fluorophores when they 

are in close proximity (Cowgill, 1967). To prevent fluorescence quenching, the SH groups of 

the cysteine residues were reacted with Methyl 4-nitrobenzene sulfonate (MNB) and converted 

into S-methyl derivates (Heinrikson, 1971). The S-methylation reaction was performed by 

diluting 50 μM of the PD-BamA single cysteine mutant in 1 ml borate buffer (50 mM borate,  

1 mM EDTA, 7 M urea, pH 9.0). Disulfide bonds of cysteines were reduced in a 10-fold molar 

excess of TCEP and the sample was incubated for 30 min at room temperature. A 20-fold molar 

excess of MNB was added and the reaction was incubated for 90 min at 37°C. The unreacted 

excess of MNB was removed from the sample by extensive dialysis against Tris buffer (10 mM 

Tris, 1 mM EDTA, 7 M Urea, pH 8.0) at 4°C. After concentrating the labeled PD-BamA to a 

smaller volume, its concentration was estimated and the complete labeling with MNB was 

confirmed as described in section 2.3.6. 

4.3.8 Fluorescence spectroscopy 

4.3.8.1 Fluorescence studies on single cysteine mutants of IAEDANS-labeled PD-
BamA  

The fluorescence emission of 1 μM IAEDANS-labeled single cysteine mutants of PD-BamA 

was excited at 336 nm and the spectra were recorded from 410 nm to 650 nm using a Spex 

Fluorolog-3 spectrofluorometer (Horiba/Jobin-Yvon, Germany). The bandwidths of the 

excitation and emission monochromators were set to 2.5 nm and 5 nm, respectively. The 

integration time was 0.05 s and the increment for the scan was 0.5 nm. All measurements on 

PD-BamA were performed in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) at 25°C. 

For binding studies, background spectra of lipid membranes or of wt-BamB were recorded at a 
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concentration of 600 mM total lipid (DLPE/DLPG (4:1) or of 1 μM wt-BamB. For the 

background spectra, three scans were averaged. For all other fluorescence spectra, six scans 

were averaged and the corresponding background spectra were subtracted. The fluorescence 

emission spectra were analyzed using IGOR Pro 8 (Wavemetrics, Oregon).  

4.3.8.2 Fluorescence studies on single cysteine mutants of IANBD-labeled BamB  

Fluorescence spectra were recorded as described in section 4.3.8.1 for IAEDANS-labeled PD-

BamA, but exciting the fluorescence of IANBD-labeled BamB (0.5 μM) at 478 nm and 

recording the spectra from 490 nm to 700 nm under otherwise identical instrument settings. For 

interaction studies between BamB and PD-BamA or the lipid membrane, lipid vesicles (DLPC, 

DLPG or DLPE/DLPG (4:1), 300 mM) or PD-BamA/wt-BamA (0.5 μM) were added in the 

background sample. Wt-BamA was folded overnight into lipid vesicles whereas PD-BamA was 

added immediately. All samples were incubated for 5 min in the cuvette before recording the 

spectra. The averaged background spectrum of three measurements without BamB was 

subtracted from the final measurement of six averaged spectra. The fluorescence spectra were 

analyzed using IGOR Pro 8 (Wavemetrics Oregon).    

4.3.8.3 Intermolecular FRET measurements between BamB and PD-BamA 

The transfer of energy was measured between the IAEDANS-labeled single cysteine mutants 

of BamB and the 5-IAF or S-methylated single cysteine mutants of PD-BamA using a Spex 

Fluorolog-3 spectrofluorometer (Horiba/Jobin-Yvon, Germany). The excitation wavelength 

was 336 nm for IAEDANS and the fluorescence spectra were recorded in a range from 410 nm 

to 650 nm. The bandwidths of the excitation and emission monochromators were 2.5 nm and  

5 nm, respectively. First, 0.5 μM of the acceptor (either 5-IAF-labeled or S-methylated single 

cysteine mutant of PD-BamA) was added to the cuvette and diluted in 1 ml glycine buffer  

(10 mM glycine, 1 mM EDTA, pH 8.0) in the presence or in the absence of lipid vesicles 

composed of DLPE/DLPG (4:1, 300 mM). Afterwards, 0.5 μM of the donor, the IAEDANS-

labeled single cysteine mutant of BamB, was added and the sample was incubated for 10 min 

at 25°C before the final spectrum was recorded six times. The background spectrum containing 

only the acceptor either in the absence or in the presence of lipid vesicles was subtracted. 
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4.3.8.4 Calculation of the efficiencies of energy transfer and of distances between 
donors and acceptors in complexes of labeled BamB and PD-BamA 

To determine the efficiency of energy transfer ET and to calculate the distances between the 

donor (IAEDANS in labeled mutants of BamB) and acceptor (5-IAF in labeled mutants of PD-

BamA), fluorescence emission spectra were measured. For mobile dipoles the energy in dipole-

dipole interactions is inversely proportional to the sixth power of distance (1/r6) between the 

donor (D) and acceptor (A) molecules. The FRET efficiency ET describes the amount of 

absorbed donor photons transferred to the acceptor and is given by equation 4.1: 

ET = R0
6/ R0

6 + r6 or r = R0 (1/ET –1)1/6        (Eq. 4.1) 

with r being the distance between the donor and acceptor pair and R0 being the critical or 

“Först r” distance at which the FRET efficiency is 50 % (Lakowicz, 2006). The distance r 

between the donor and acceptor molecules can be calculated from Eq. 4.1 if ET and Förster’s 

critical distance R0 are known. ET is calculated from the relative fluorescence intensities of the 

donor in the presence (FDA) and in the absence (FD) of the acceptor by using equation 4.2: 

ET = 1 – FDA/FD                   (Eq. 4.2) 

The critical Först r’s distance R0 depends upon κ2, n, QD and J(λ) and can be calculated by 

R0 = 9.78 · 103 (κ2n−4 QDJ(λ))(1/6)  in Å             (Eq. 4.3) 

if the wavelength is expressed in cm and the overlap integral J(λ) in the units of M–1 cm3. The 

orientation factor κ 2 describes the average of orientation of the freely rotated dyes of the donor 

and acceptor leading to a mean value of 2/3. n is the refractive index, taken as 1.4 and QD 

describes the quantum yield of the donor IAEDANS in the absence of the acceptor and is 

determined by (Kronman et al., 1971; Liang and Chakrabarti, 1982): 

QD = (F/FIAED) · (AIAED/A) · 0.63              (Eq. 4.4) 

with F as the fluorescence of the donor in the absence of the acceptor and FIAED as the 

fluorescence of free IAEDANS, both integrated between 410 nm and 580 nm. A and AIAED are 

referring to the absorbances of the donor and of free IAEDANS at 336 nm, respectively. 0.63 

is used as quantum yield of free IAEDANS (Dalbey et al., 1983; Boey et al., 1994). J is the 
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overlap integral given in M–1 cm3 representing the degree of overlap between the donor 

emission spectrum and the acceptor absorbance spectrum and is defined as follows: 

J = ∫ FD (λ) εA (λ) λ 4 d λ / ∫ FD (λ) d λ             (Eq. 5.5) 

FD (λ) describes the fluorescence intensity of the donor in the absence of the acceptor and εA is 

the excitation coefficient of the acceptor in units M–1 cm–1.   

 

4.4 Results 
4.4.1 Confirmation of the secondary structure of single cysteine mutants of PD-

BamA by CD spectroscopy 
 
To investigate the specific interaction between PD-BamA and BamB and to identify relevant 

binding regions, seven single cysteine mutants of PD-BamA were prepared and isolated. 

Mutations were in POTRA domains 1 to 5 (Fig. 4.2). To determine the secondary structure of 

the single cysteine mutants of PD-BamA CD spectroscopy was used and the resulting CD 

spectra (Fig. 4.3) were analyzed by deconvolution analyses using the algorithms CONTIN 

(Provencher and Glockner, 1981) and CDSSTR (Sreerama and Woody, 2000).  

 
Fig. 4.3 CD spectra of wild-type and single cysteine mutants of PD-BamA in comparison. PD-BamA  
(12 μM) was measured in Tris buffer (20 mM Tris, 2 mM EDTA, pH 8.0) at room temperature and the CD 
spectra were recorded in wavelength range from 180 nm to 260 nm. The mean residue molar ellipticity [Θ](λ) 
was plotted as a function of the wavelength λ. The normalized spectra were analyzed to determine the secondary 
structure of the proteins to detect differences in the structure that are based on the amino acid substitutions 
(Table C1). 
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The recorded CD spectra of the single cysteine mutants in comparison to the wild-type of PD-

BamA indicated similar secondary structure compositions predominantly forming β-structure. 

The deconvolution analysis estimated 18 - 21 % α-helical structure, 48 - 51 % β-structure and  

29 - 31 % random coil (Fig. 4.3, Table C1). The similar formation of the secondary structure 

confirmed correct folding of the constructed single cysteine mutants of PD-BamA. 

4.4.2 Interactions of PD-BamA with BamB and the lipid membrane  

To detect conformational changes of the POTRA domains caused by binding to the lipid 

membrane or to BamB, seven single cysteine mutants of PD-BamA distributed along the five 

POTRA domains were labeled with IAEDANS and examined by fluorescence spectroscopy. 

To monitor potential interactions between PD-BamA and the lipid bilayer or the lipoprotein 

BamB, the fluorescence emissions of the IAEDANS-labeled mutants of PD-BamA were 

measured in the absence and in the presence of lipid bilayers composed of DLPE/DLPG (4:1) 

or BamB. The resulting fluorescence spectra are depicted in Fig. 4.4. The wavelengths of the 

corresponding fluorescence emission maxima (λmax) of the IAEDANS-labeled mutants and 

their changes Δλmax, observed after binding to either the bilayer of DLPE/DLPG (4:1) or to 

BamB, are summarized in Table 4.3. Due to the sensitivity of IAEDANS to its local 

environment, the fluorescence emission spectra of labeled PD-BamA mutants that were 

exposed to a hydrophilic (or polar) exterior differed from labeled residues that were localized 

in the protein's interior or a hydrophobic vicinity. Thus, λmax depended on the location of the 

single cysteines in the periplasmic domain of BamA and served as indicator for interactions 

between PD-BamA and BamB or the lipid membrane. ∆λmax was plotted as a function of the 

single cysteine mutants of PD-BamA in Fig. 4.5. 

In aqueous buffer the addition of the unlabeled wild-type of BamB slightly changed λmax of the 

single cysteine mutants L223C and A363C. Both fluorescence emission maxima were shifted 

to longer wavelengths with Δλmax = +1 nm and +2 nm for L223C and A363C, respectively 

indicating an exposition of the fluorophore to a polar environment in the presence of BamB. 

The fluorescence spectra of the remaining PD-BamA mutants did not display a change of λmax 

in the presence of BamB.   

Binding to the lipid bilayer composed of DLPE/DLPG (4:1) was demonstrated by shifts of λmax 

to shorter wavelengths (blue-shift) and was observed for six PD-BamA mutants whereas only 

PD-BamA L223C with the substitution located in POTRA domain 3 showed a red-shift with 

Δλmax = +1 nm. The most distinct effect was displayed for PD-BamA mutant A363C showing 

a blue-shift of Δλmax = −13 nm as well as an increase in the fluorescence intensity at 490 nm 
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(λ490) from λ490 = 0.34 Mcps in the absence to λ490 = 0.47 Mcps in the presence of lipid. The 

PD-BamA mutant A363C was located in POTRA domain 5 and was in close proximity to the 

lipid membrane. Whereas the PD-BamA mutants G70C, G136C, A331C and N390C all 

displayed small blue-shifts of Δλmax = −1 nm, the mutant L158C with the mutation located in 

POTRA domain 2 showed an increased exposure to a hydrophobic environment with  

Δλmax = −2 nm. 

 

 
Fig. 4.4 Fluorescence studies on IAEDANS-labeled single cysteine mutants of PD-BamA. IAEDANS-
labeled mutants of PD-BamA (1 μM) were excited at a wavelength of 336 nm in glycine buffer (10 mM glycine, 
2 mM EDTA, pH 8.0) at 25°C. The fluorescence spectra of PD-BamA were recorded in the absence and in the 
presence of LUVs composed of DLPE/DLPG (4:1) (600 μM) and/or wt-BamB (1 μM).  

 
 
The addition of BamB to a membrane-adsorbed PD-BamA had various effects on the 

fluorescence emission of the PD-BamA mutants. λmax either remained unchanged in case of 

G70C, L223C and N390C or the presence of BamB exposed the labeled single cysteines to a 

more polar environment as demonstrated for the mutants G136C, L158C, A331C and A363C. 

When bound to the lipid bilayer, Δλmax of PD-BamA mutant A363C changed from −13 nm in 

the absence to −7 nm in the presence of BamB, respectively. G136C, L158C and A331C 

displayed small changes in Δλmax of −1 nm after the addition of BamB. In the presence of a lipid 

bilayer, the fluorescence intensity at 490 nm was mostly affected for the mutants L158C, 

A363C and N390C after the addition of BamB.  
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Table 4.3 Fluorescence emission maximum (λmax) of IAEDANS-labeled single cysteine mutants of PD-
BamA in the absence and presence of BamB or lipid bilayers. a 

PD-
BamA 
mutant 

λmax 
(nm) 

(buffer) 

λmax (nm) 
(BamBa) 

λmax (nm) 
(DLPE/ 
DLPG b) 

λmax (nm) 
(DLPE/DLPG 

+ BamB) 

Δλmax
 c 

(nm) 
(BamB) 

Δλmax 
(nm) 

(DLPE/
DLPG) 

Δλmax (nm) 
(DLPE/DLPG 

+ BamB) 

G70C 495 495 494 494 -  –1 –1 
G136C 488 488 487 488 -  –1 - 
L158C 494 494 492 493 -  –2 –1 
L223C 484 485 485 485 + 1  +1 +1 
A331C 499 499 498 499 - –1 - 
A363C 493 495 480 486 + 2 –13 –7 
N390C 491 491 490 490 - –1 –1 

a BamB was added in a 1:1 ratio to PD-BamA. b A 600-fold molar excess of DLPE/DLPG (4:1) to PD-BamA was 
used. c Difference in the maximum wavelength of IAEDANS emission (λmax in the presence of lipid and/or BamB 
subtracted from λmax in buffer). In some cases, a change in λmax could not be observed (-). 

 

 
Fig. 4.5 Site-specific interaction studies on PD-BamA. The wavelengths of the maxima (λmax) of the fluorescence 
spectra (Fig. 4.4) of seven IAEDANS-labeled single cysteine mutants of PD-BamA were determined. The 
differences ∆λmax caused by binding of these labeled mutants of PD-BamA to bilayers of DLPE/DLPG (4:1) or to 
BamB were plotted as a function of the position of the single cysteine (Table 4.3). Changes in λmax in the presence 
of BamB and/or lipid in regard to the spectra obtained for the mutants of PD-BamA in aqueous buffer in the 
absence of both BamB and lipid bilayers are shown as filled symbols. 
 

4.4.3 Effects of PD-BamA or wt-BamA on the interaction between BamB and the 
lipid membrane 

In the present thesis, binding regions of BamB to the lipid membrane were identified (see 

sections 2.4.6 to 2.4.8). However, a potential alteration in the orientation of BamB while in 

contact to the lipid membrane in the presence of other BAM proteins remained unknown. BamB 

binds to POTRA domains 2 to 5 of BamA (Kim et al., 2007; Chen et al., 2016). Hence, a 

potential change of the binding behavior of BamB to the lipid membrane was investigated in 
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the presence of PD-BamA. In fluorescence studies, IANBD-labeled single cysteine mutants of 

BamB were excited and measured in the absence and in the presence of DLPC, DLPE/DLPG 

(4:1) or DLPG as well as PD-BamA to detect changes in the fluorescence emission of labeled 

BamB (see comparable experiment in section 2.4.6).   

To be able to distinguish between changes in the wavelengths λmax of the fluorescence maxima 

that exclusively occurred upon the addition of lipid or upon the presence of PD-BamA, the 

fluorescence spectra of the BamB mutants were first measured in aqueous buffer in the absence 

and in the presence of PD-BamA. For a better overview, the wavelength shifts λmax of the 

intensity maxima of the fluorescence spectra of the BamB mutants in the presence of various 

lipids from section 2.4.6 were compared to the obtained λmax of the labeled BamB mutants in 

the presence of lipids and PD-BamA in Table 5.4. This section focuses on changes of Δλmax 

caused by the subsequent addition of PD-BamA. The corresponding fluorescence spectra and 

the fluorescence emission maximum wavelength (λmax in nm) of IANBD-labeled single cysteine 

mutants of BamB are shown in Fig. C1 and Table C2, respectively. Δλmax was plotted as 

function of the single cysteine mutants of BamB in Fig. 4.6. 

In buffer, minor effects on the fluorescence emission of IANBD-labeled BamB mutants were 

recorded in the presence of PD-BamA and in some cases Δλmax was ~0. The fluorescence 

intensities at a wavelength of 541 nm (λ541) were similar to the measurements in the absence of 

PD-BamA while Δλmax was observed to be +1 nm for the BamB mutants C20, A47C, S54C and 

A374C (Table 4.4, Fig. C1). The small red-shifts represented a slight reorientation towards a 

more polar environment. In contrast, a blue-shift of –1 nm was observed for the BamB mutants 

G102C and Q301C, indicating a slight reorientation towards a more hydrophobic environment. 

Differences in the maximum wavelength of IANBD emission of BamB caused by PD-BamA 

are shown by solid points in Fig. 4.6 and were calculated by subtracting λmax in the presence of 

PD-BamA from λmax in buffer.   

The addition of LUVs such as DLPC, DLPE/DLPG (4:1) and DLPG and their effect on the 

fluorescence of IANBD-labeled BamB mutants was described in section 2.4.6 (see Table 4.4).  

Further differences in the wavelength of the maximum of the IANBD fluorescence intensity of 

labeled BamB, caused by the additional presence of PD-BamA in a lipid bilayer environment, 

can be calculated by subtracting λmax of IANBD-labeled BamB in the presence of PD-BamA 

and lipid bilayers from the λmax of IANBD-labeled BamB in the presence of lipid bilayers only. 

This difference is here named as ∆λmax, PD-BamA and is marked by solid points in Fig. 4.6.  

In the presence of DLPC no changes in ∆λmax of the labeled BamB mutants were observed after 

the addition of PD-BamA (Fig. 4.6, A).  
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Table 4.4 Shifts in the maximum of the fluorescence emission (Δλmax) of IANBD-labeled single cysteine 
mutants of BamB in the presence of the indicated dilauroylglycerophospholipidsa or the periplasmic domain of 
BamA (PD-BamA) or both. 

BamB 
mutant 

λmax b (nm) 
(buffer + 

PD-BamA) 

λmax 
(nm) 

(DLPC) 

λmax (nm) 
(DLPC + 

PD-BamA) 

λmax 
(nm) 

(DLPE/
DLPGc) 

λmax (nm) 
(DLPE/DLPG 
+ PD-BamA) 

λmax 
(nm) 

(DLPE/
DLPG + 

wt-
BamA) 

λmax 
(nm) 

(DLPG) 

λmax (nm) 
(DLPG + 

PD-BamA) 

C20 +1 –3 –3 +1 +3 +1 –11 –10 
A47C +1 –2 –2 –3 –4 –6 –8 –8 
S54C +1 –5 –5 –4 –4 –5 –11 –11 

G102C –1 –6 –6 –6 –6 –8 –13 –13 
W103C - –6 –6 –5 –5 –7 –14 –14 
G120C - –6 –6 –5 –5 –7 –12 –12 
S126C - –4 –4 –3 –2 –5 –8 –8 
V181C - –8 –8 –5 –6 –7 –16 –16 
S191C - –2 –2 –2 –2 –4 –9 –9 
A203C - –5 –5 –2 –3 –3 –10 –10 
A269C - –5 –5 –4 –3 –6 –11 –12 
Q301C –1 –5 –5 –4 –4 –6 –11 –11 
S364C - –4 –4 –2 +2 –4 –10 –10 
A374C +1 –4 –4 –2 –2 –2 –10 –10 

a A 600-fold molar excess of lipid to BamB was used. b Difference in the maximum wavelength of IANBD emission (λmax 

in the presence of PD-BamA or/and lipid subtracted from λmax in buffer). The protein-protein ratio of BamB and PD-BamA 
was 1:1. c The phospholipids DLPE and DLPG were used in ratio of 4:1. The fluorescence of the labeled single cysteine 
mutants of BamB from section 2.4.6 are compared to the new fluorescence data of the labeled mutants of BamB in the 
presence of PD-BamA or wt-BamA (bold face). In some cases a change in λmax could not be observed (-). 

 

In DLPE/DLPG (4:1) the presence of PD-BamA resulted in minor changes of ∆λmax with slight 

red-shifts of +1 nm for the BamB mutants S126C and A269C both localized inside the protein 

facing the interior (Fig. 4.6, B). The BamB mutants A47C and V181C, both exposed to the 

surface of BamB, and A203C, localized in the interior of BamB, were observed to orientate 

towards a more hydrophobic environment indicated by blue-shifts of −1 nm. The most distinct 

changes in ∆λmax were obtained for BamB C20 (∆λmax, PD-BamA = +2 nm) and S364C  

(∆λmax, PD-BamA = +4 nm) both single cysteines facing a more polar vicinity in the presence of 

PD-BamA.  

In bilayers of DLPG, the presence of PD-BamA resulted in minor shifts in ∆λmax for two BamB 

mutants (Fig. 4.6, C). C20 displayed a small red-shift (∆λmax, PD-BamA = +1 nm) and A269C a 

small blue-shift (∆λmax, PD-BamA = −1 nm). The presence of PD-BamA did neither change the 

fluorescence intensity (λ541) nor the λmax of the mutants of BamB significantly in any of the 

phospholipid bilayers investigated. Hence, the binding regions of BamB to the lipid bilayer that 

were identified in sections 2.4.6 to 2.4.8 remained unchanged in the presence of PD-BamA.  

As the periplasmic domain of BamA is very tightly membrane-anchored via the transmembrane 

β-barrel domain of BamA, the complete 890 residue wild-type (wt)-BamA was used in further 

experiments to examine whether this strong membrane integration was necessary for a tighter 
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binding of BamB. For these experiments, wt-BamA was first inserted into a lipid membrane of 

DLPE/DLPG (4:1). Differences in the wavelength of the intensity maximum, λmax, caused by 

the presence of either PD-BamA or wt-BamA (∆λmax, PD-BamA or ∆λmax, wt-BamA) were plotted as 

a function of the single cysteine mutants of BamB (Fig. 4.6, B). The corresponding λmax and 

∆λmax, PD-BamA or ∆λmax, wt-BamA values obtained from the fluorescence spectra are listed in Table 

C3. A blue-shift in ∆λmax was observed in almost all BamB mutants except for C20 and A374C. 

BamB mutant A203C with ∆λmax, wt-BamA = −1 nm demonstrated a small blue-shift whereas the 

remaining BamB mutants displayed ∆λmax, wt-BamA = −2 nm.   

The presence of wt-BamA (that is anchored to the membrane by its β-barrel domain) orientated 

BamB to a slightly more hydrophobic environment, either to the lipid membrane or to 

hydrophobic regions of amino acids residues of BamB or BamA, in almost all tested locations 

of BamB. Even though a clear blue-shift was observed for most BamB mutants in the presence 

of wt-BamA, the overall binding behavior of BamB to the lipid membrane was not changed in 

the tested lipid system. 
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Fig. 4.6 The fluorescence of IANBD-labeled single cysteine mutants of BamB significantly changes in the 
presence of wt-BamA but not in the presence of PD-BamA. Differences in the wavelength of the 
fluorescence maxima, ∆λmax, of IANBD covalently linked to single cysteine mutants of BamB in buffer and in 
the presence of lipid bilayers with and without bound PD-BamA or wt-BamA were plotted as a function of the 
position of the labeled cysteine in the BamB mutants. ∆λmax was calculated by subtracting λmax in the presence 
of PD-BamA/wt-BamA or/and lipid from λmax in buffer. The differences were determined for three different 
lipid bilayers, either of DLPC (A), of DLPE/DLPG (4:1) (B) or of DLPG (C). Surface exposed BamB mutants 
are shown in black open symbols and BamB mutants facing the interior of BamB are shown in red. Changes of 
∆λmax caused by the presence of PD-BamA or wt-BamA are shown as filled symbols. 
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4.4.4 FRET analysis for the interaction of BamB and PD-BamA 
 
In order to investigate interactions between BamB and PD-BamA, 12 single cysteine mutants 

of BamB and seven single cysteine mutants of PD-BamA were prepared and labeled (see 

sections 2.3.3, 4.3.2, 4.3.6 and 4.3.7, Fig. 4.2 and 4.7). The IAEDANS-labeled BamB mutants 

were measured in aqueous buffer in the presence of one of the seven 5-IAF-labeled single 

cysteine mutants of PD-BamA. When the attached fluorophores of both proteins were in 

sufficient proximity, FRET was observed. The FRET signal was the smaller the larger the 

distance between IAEDANS-labeled BamB and 5-IAF-labeled PD-BamA and was not 

observed when either the two proteins were too far away and therefore not interacting or when 

PD-BamA was S-methylated in the control experiment. The fluorescence emission spectra for 

the FRET measurements are shown as an example in Figs. 4.7 (C). The remaining spectra are 

listed in the appendix in Figs. C2 to C4. The fluorescence emission spectra of each IAEDANS-

labeled mutant of BamB was depicted in the same color as the single cysteines illustrated in 

Fig. 4.7 (A and B). The fluorescence emission spectra of the S-methylated mutants of PD-

BamA are presented in black color.  

A FRET signal was observed for 72 out of 82 D-A pairs. The energy transfer was low for most 

of these pairs. The recorded fluorescence emission spectra were used for the calculation of J(λ) 

and R0 and according to equations 4.3 and 4.5. J(λ) ranged from 8.91·10–14 M–1cm3 to  

3.14·10–13 M–1cm3 (Tables 4.5 and 4.6), which was comparable to previous studies where values 

of 1.868·10–13 M–1cm3 (Trayer and Trayer, 1988) and 2.2·10–13 M–1 cm3 to 3.0·10–13 M–1 cm3 

(Palm et al., 1999) were obtained for IAEDANS-5-IAF D-A pairs.   

R0, J(λ) and QD were required for the analysis of the transfer efficiency ET and are listed in 

Tables 4.5 and 4.6. ET was calculated according to equation 4.2 and was relatively low with 

values ranging from 1 % to 16 %. Since ET depends strongly on the distance r, results were 

only reliable when 0.5 R0 < r > 2 R0 (Lakowicz, 2006). For 34 out of 82 D-A pairs ET was at 

the extreme upper end of this range with ET ~ 0 to 2 % which was too low for the D-A distance 

to be estimated accurately. ET was used to calculate the distances r between the donors and 

acceptors according to equation 4.1 that ranged from r ~ 62.2 Å (for the D-A pair in BamB 

A47C and PD-BamA L223C) to r ~ 113.7 Å (for the D-A pair in BamB S126C and PD-BamA 

N390C) (Tables 4.5 and 4.6).  
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Fig. 4.7 The fluorescence spectra of IAEDANS-labeled single cysteine mutants of BamB indicate energy 
transfer to IAF-labeled single cysteine mutants of PD-BamA that depends on the positions of the single 
cysteines. Crystal structure of BamB highlighting the positions of the single cysteines in different colors in a 
lateral (A) and top (B) view. The configurated figure is based on PDB structure 2yh3 (Albrecht and Zeth, 2011) 
and was created with PyMol 1.8.0.7 for macOS. (C) Fluorescence emission spectra of IAEDANS-labeled single 
cysteine mutants of BamB (a) C20, (b) A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) 
A203C, (i) A269C, (j) Q301C, (k) S364C or (l) A374C, used as FRET donors, and the single cysteine mutant 
of PD-BamA G70C, either labeled with 5-IAF, used as acceptor, or S-methylated, used as negative control 
(black curves). The spectra were recorded in aqueous buffer at 25°C at an excitation wavelength of 336 nm for 
one of the BamB mutants (0.5 μΜ) in the presence of the single cysteine PD-BamA mutant (0.5 μM).  
PD-BamA G70C was located in POTRA domain 1 (see Fig. 4.2). 

 

Moderate FRET was observed for G70C PD-BamA in interaction with all BamB mutants 

except C20, S126C, S364C and A374C where the transfer efficiency was either too low (S126C 
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and A374C, both ET = 2 %) or no notable FRET was observed and the distance could not be 

calculated (C20 and S364C, Fig. 4.7, C). The distances between the labels at the single cysteines 

of the remaining BamB mutants and the single cysteines of PD-BamA G70C were calculated. 

They ranged from 79.8 Å (for the D-A pair BamB V181C and PD-BamA G70C) to 96.4 Å (for 

the D-A pair BamB A269C and PD-BamA G70C). The smallest distances between the label of 

PD-BamA G70C and the label of BamB were determined for BamB mutants V181C (79.8 Å) 

and G102C (81.7 Å), both located at the same site of the protein either at the bottom of β-blade 

3 or in loop 1, respectively. 

No notable FRET was observed for the PD-BamA mutant G136C with BamB C20, A47C, 

S191C, Q301C, S364C and A374C (Fig. C2, A). Due to low transfer efficiencies, the highest 

distances were displayed by BamB mutants G102C (97.3 Å), G120C (97.0 Å), V181C  

(97.8 Å) and A203C (95.6 Å). The smallest distances were observed for the BamB mutants 

A269C (80.8 Å) and S126C (88.6 Å).  

The distances obtained for PD-BamA L158C with different BamB mutants showed a huge 

variation ranging from 72.3 Å (for BamB G102C) to 93.9 Å (for BamB A203C) while a distance 

could not be determined for BamB S191C as ET was low (Fig. C2, B). The closest proximities 

between residue L158C of PD-BamA and residues of BamB were observed for C20 (73.7 Å), 

G120C (72.3 Å), G120C (72.3 Å), V181C (78.0 Å), A269C (74.5 Å) and Q301C (73.5 Å) of 

BamB. 

FRET measurements of PD-BamA L223C demonstrated close proximity to the label at the 

single cysteines of the BamB mutants with single cysteines located in amino acid positions 

A47C, G102C, G120C, V181C and A203C with obtained distances ranging from 62.2 Å 

(A47C) to 80.3 Å (G120C) (Fig. C3, A). Higher distances correlated with low transfer 

efficiencies (1 to 3 %) and were observed for PD-BamA L223C with BamB C20, S191C, 

A269C, Q301C and S364C, A374C. 

Fluorescence emission spectra recorded for PD-BamA A331C and BamB G102C, S126C, 

V181C, A203C and Q301C resulted in calculated D-A distance values ranging from 68.3 Å 

(S126C) to 83.4 Å (V181C). The largest distances were obtained for BamB C20, G120C, 

S191C, A269C and S364C with very low energy transfer that was almost not detectable  

(Fig. C3, B). 

Both single cysteines of the PD-BamA mutants A363C and N390C of PD-BamA were localized 

in POTRA domain 5. The distances obtained for BamB C20, A47C, G102C, G120C, S191C 

S364C and A374C in combination with these two PD-BamA mutants were comparable. The 

distances were 80.0 Å and 75.6 Å for BamB C20, 74.2 Å and 78.1 Å for BamB A47C, 69.0 Å 



INTERACTIONS BETWEEN BAMB AND PD-BAMA 
__________________________________________________________________________________________ 

 133 

and 73.5 Å for BamB G102C, 78.1 Å and 81.3 Å for BamB G120C, 95.0 Å and 90.2 Å for 

BamB S191C, 84.9 Å and 84.1 Å for BamB S364C as well as 85.9 Å and 84.4 Å for BamB 

A374C) in combination with PD-BamA A363C and N390C, respectively (Fig. C4, A and B). 

In comparison, the IAEDANS labels at the cysteines of the BamB mutants S126C, V181C, 

A203C, A269C, and Q301C were closer to the 5-IAF-labels at the cysteine of PD-BamA 

A363C than to the 5-IAF linked to PD-BamA N390C. 

Moderate FRET was detected for almost all D-A pairs but due to low transfer efficiencies, many 

distances could not be calculated with sufficient accuracy. Nevertheless, binding between 

BamB and PD-BamA was observed and variations in the D-A distances demonstrated different 

proximities between different locations in the two proteins. 
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Table 4.5 Distances between labeled cysteines in the selected pairs of single cysteine 
mutants BamB and PD-BamA in buffer obtained from the FRET experiments shown in Figs. 
4.7 and C2 to C4. 

Donor 
(BamB) a 

Acceptor 
(PD-BamA) b 

QD c J (M–1cm3) d R0 (Å) e ET (%) f r (Å)g  

C20 G70C 0.51 3.12E–13 53.7 0 - 
 G136C 0.49 2.21E–13 50.5 1 108.9 
 L158C 0.51 1.03E–13 44.7 5 73.7 
 L223C 0.53 1.44E–13 47.5 2 91.3 
 A331C 0.51 1.41E–13 47.2 0 133.2 
 A363C 0.51 1.99E–13 50.0 6 80.0 
 N390C 0.50 1.47E–13 47.2 6 75.6 
       

A47C G70C 0.46 3.14E–13 53.0 4 90.0 
 G136C 0.47 2.23E–13 50.1 0 - 
 L158C 0.42 9.61E–14 42.8 2 81.9 
 L223C 0.49 1.47E–13 47.1 16 62.2 
 A331C 0.48 1.42E–13 46.6 2 89.3 
 A363C 0.41 2.00E–13 48.2 7 74.2 
 N390C 0.41 1.50E–13 46.0 4 78.1 
       

G102C G70C 0.54 3.13E–13 54.3 8 81.7 
 G136C 0.53 2.21E–13 50.8 2 97.3 
 L158C 0.51 9.54E–14 44.2 5 72.3 
 L223C 0.51 1.43E–13 47.3 14 64.0 
 A331C 0.53 1.42E–13 47.5 6 75.2 
 A363C 0.53 2.00E–13 50.7 15 69.0 
 N390C 0.56 1.48E–13 48.2 8 73.5 
       

G120C G70C 0.51 3.12E–13 53.7 6 85.1 
 G136C 0.49 2.19E–13 50.5 2 97.0 
 L158C 0.52 8.91E–14 43.6 5 72.3 
 L223C 0.50 1.40E–13 46.9 4 80.3 
 A331C 0.53 1.41E–13 47.4 0 119.3 
 A363C 0.53 1.97E–13 50.1 7 78.1 
 N390C 0.52 1.45E–13 47.5 4 81.3 
       

S126C G70C 0.58 3.09E–13 54.8 2 105.0 
 G136C 0.56 2.24E–13 51.7 4 88.6 
 L158C 0.55 1.02E–13 45.3 3 81.3 
 L223C 0.57 1.47E–13 48.3 0 - 
 A331C 0.54 1.47E–13 47.9 12 68.3 
 A363C 0.55 2.02E–13 50.6 6 81.0 
 N390C 0.55 1.54E–13 48.4 1 113.7 
       

V181C G70C 0.54 3.12E–13 54.3 10 79.8 
 G136C 0.53 2.16E–13 50.9 2 97.8 
 L158C 0.55 9.37E–14 44.6 4 78.0 
 L223C 0.55 1.45E–13 47.9 6 76.6 
 A331C 0.55 1.41E–13 47.7 4 83.4 
 A363C 0.53 2.01E–13 50.4 7 78.5 
 N390C 0.52 1.49E–13 47.8 3 85.9 

a IAEDANS-labeled single cysteine mutants of BamB used as donor. b 5-IAF-labeled single cysteine 
mutants of PD-BamA used as acceptor. c quantum yield of the donor IAEDANS in the labeled mutant 
of BamB d spectral overlap integral of the acceptor absorption and donor emission spectra e Förster 
distance f efficiency of energy transfer between donor and acceptor. g calculated distance between the 
donor and acceptor groups in the labeled BamB and BamA upon complex formation. 
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Table 4.6 Distances between labeled cysteines in the selected pairs of single cysteine mutants 
BamB and PD-BamA in buffer obtained from the FRET experiments shown in Figs. 4.7 and 
C2 to C4. 

Donor 
(BamB) a 

Acceptor 
(PD-BamA) b 

QD c J (M–1cm3) d R0 (Å) e ET (%)f r (Å)g  

S191C G70C 0.45 3.01E–13 52.4 5 85.7 
 G136C 0.48 2.20E–13 50.3 0 - 
 L158C 0.52 9.62E–14 44.4 0 - 
 L223C 0.54 1.40E–13 47.5 1 102.4 
 A331C 0.51 1.48E–13 47.5 1 102.4 
 A363C 0.50 1.96E–13 49.6 2 95.0 
 N390C 0.49 1.45E–13 47.1 2 90.2 
       

A203C G70C 0.45 3.10E–13 52.5 3 93.9 
 G136C 0.45 2.23E–13 49.9 2 95.6 
 L158C 0.45 1.00E–13 43.6 1 93.8 
 L223C 0.48 1.46E–13 46.9 8 70.5 
 A331C 0.46 1.46E–13 46.7 5 76.3 
 A363C 0.43 2.02E–13 48.7 5 79.6 
 N390C 0.41 1.53E–13 46.1 0 115.8 
       

A269C G70C 0.52 3.10E–13 53.9 3 96.4 
 G136C 0.44 2.19E–13 49.4 5 80.8 
 L158C 0.46 1.02E–13 43.8 4 74.5 
 L223C 0.43 1.41E–13 45.9 3 81.9 
 A331C 0.45 1.40E–13 46.2 0 121.7 
 A363C 0.44 2.00E–13 48.8 9 71.8 
 N390C 0.43 1.52E–13 46.3 4 78.8 
       

Q301C G70C 0.44 3.10E–13 52.4 7 80.7 
 G136C 0.51 2.17E–13 50.7 1 109.2 
 L158C 0.53 1.02E–13 45.0 5 73.5 
 L223C 0.48 1.50E–13 47.2 2 90.3 
 A331C 0.55 1.46E–13 48.0 4 80.6 
 A363C 0.42 2.02E–13 48.5 5 79.4 
 N390C 0.52 1.53E–13 47.9 1 103.2 
       

S364C G70C 0.52 3.11E–13 54.0 0 - 
 G136C 0.48 2.23E–13 50.4 0 - 
 L158C 0.48 9.96E–14 44.0 1 100.7 
 L223C 0.49 1.50E–13 47.3 2 94.2 
 A331C 0.53 1.45E–13 47.6 0 125.5 
 A363C 0.50 2.01E–13 49.9 4 84.9 
 N390C 0.47 1.51E–13 47.1 3 84.1 
       

A374C G70C 0.48 3.10E–13 53.3 2 102.0 
 G136C 0.50 2.23E–13 50.7 0 - 
 L158C 0.49 9.98E–14 44.2 1 95.3 
 L223C 0.47 1.51E–13 47.0 3 84.0 
 A331C 0.50 1.47E–13 47.2 0 - 
 A363C 0.46 2.02E–13 49.0 3 85.9 
 N390C 0.47 1.54E–13 47.2 3 84.4 

a IAEDANS-labeled single cysteine mutants of BamB used as donor. b 5-IAF-labeled single cysteine 
mutants of PD-BamA used as acceptor. c quantum yield of the donor IAEDANS in the labeled mutant 
of BamB d spectral overlap integral of the acceptor absorption and donor emission spectra e Förster 
distance f efficiency of energy transfer between donor and acceptor. g calculated distance between the 
donor and acceptor groups in the labeled BamB and BamA upon complex formation. 
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4.4.5 FRET analysis for interactions of BamB and PD-BamA in the presence of 
lipid bilayers 

The lipoprotein BamB was associated with the lipid membrane even when the palmitate lipid 

anchor was absent (see chapter 2). Thus, the interaction between BamB and PD-BamA was 

analyzed in the presence of lipid bilayers to investigate whether the membrane-attached BamB 

propeller required free accessibility to interact with BamA or if the interaction of BamB with 

the membrane surface was essential to support sufficient binding to PD-BamA.  

In site-directed intermolecular FRET measurements 12 IAEDANS-labeled single cysteine 

mutants of BamB acting as donor were combined with three 5-IAF-labeled single cysteine 

mutants of PD-BamA G136C, L158C and A331C which were used as FRET acceptor. Lipid 

bilayers composed of DLPE/DLPG at a molar ratio of 4:1 were added to the sample in a 600-

fold molar excess to the proteins. A total of 36 D-A pairs were measured in the presence of 

lipid vesicles and the recorded fluorescence spectra are shown in Figs. C5 and C6. 

In lipid bilayers, ET from IAEDANS-labeled single cysteines mutants BamB to 5-IAF-labeled 

single cysteines mutants PD-BamA was mostly greater than the ET observed for the same 

mutant in aqueous buffer, arising from reduced D-A distances, which would indicate either 

closer overall proximity between BamB and PD-BamA or that BamB-PD-BamA complexes 

were less stable in the absence of lipid membranes (Table 4.7). 

The D-A distance values observed for PD-BamA G136C in combination with all 12 mutants of 

BamB mostly showed a high similarity in the absence and in the presence of lipid bilayers (C5, 

A). Differences were observed for BamB C20 showing a closer proximity to POTRA 2 of 

BamA when a lipid membrane was present. The distances between donor and acceptor labels 

in BamB C20 and PD-BamA G136C reduced from 108.9 Å in the absence to 73.8 Å in the 

presence of lipid bilayers.   

For 34 out of 36 D-A pairs the obtained distances between PD-BamA L158C and the 12 BamB 

mutants were reduced demonstrating a closer proximity between both proteins in the presence 

of lipid bilayers for all tested regions (Fig. C5, B). BamB C20 and BamB G120C were the only 

mutants demonstrating an increased distance to the acceptors label in the presence of lipid 

bilayers. The distance between the labels of BamB C20 and PD-BamA L158C increased from 

73.7 Å in the absence to 86.6 Å in the presence of lipid bilayers. For the BamB mutants S364C 

and A374C the D-A distances revealed a closer proximity between BamB and PD-BamA with 

values of 100.7 Å and 95.3 Å in the absence in comparison to 74.0 Å and 79.2 Å in the presence 

of lipid bilayers, respectively. The distance between donor and acceptor in PD-BamA L158C 
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and BamB S191C could not be determined in aqueous buffer, but a distance of 79.7 Å was 

calculated in the presence of lipid bilayers.  

Moderate FRET was observed between PD-BamA A331C and almost all BamB mutants  

(Fig. C6). The presence of a lipid bilayer reduced the distances between most locations of both 

proteins in different extents. For instance, BamB S364C showed a decreased distance to PD-

BamA A331C from 125.5 Å to 81.5 Å in the absence and in the presence of lipid, respectively. 

The obtained data suggested a closer proximity between BamB and PD-BamA in the presence 

of lipid bilayers. The reduced calculated distances and the increased observed energy transfer 

between labeled residues located in POTRA 2 and POTRA 4 of PD-BamA and labeled residues 

in BamB might demonstrate a dependence of the conformation of the periplasmic domain of 

BamA on the presence of lipid bilayers and BamB.  
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Table 4.7 Distances between labeled cysteines in the selected pairs of single cysteine 
mutants BamB and PD-BamA in the presence of DLPE/DLPG (4:1) obtained from the 
FRET experiments shown in Figs. C5 and C6. 

Donor 
(BamB) a 

Acceptor 
(PD-BamA) b 

QD c J (M-1cm3) d R0 (Å) e ET (%) f r (Å)g  

C20 G136C 0.52 2.23E-13 51.1 10 73.8 
 L158C 0.48 1.05E-13 44.4 2 86.6 
 A331C 0.47 1.40E-13 46.5 1 97.1 
       

A47C G136C 0.53 2.22E-13 51.2 1 104.1 
 L158C 0.55 9.62E-14 44.8 3 80.1 
 A331C 0.54 1.43E-13 47.7 4 81.1 
       

G102C G136C 0.44 2.21E-13 49.6 2 98.8 
 L158C 0.49 9.54E-14 43.8 6 69.4 
 A331C 0.47 1.42E-13 46.5 4 79.1 
       

G120C G136C 0.49 2.19E-13 50.3 2 96.4 
 L158C 0.50 8.90E-14 43.6 7 67.1 
 A331C 0.50 1.41E-13 47.0 0 118.1 
       

S126C G136C 0.47 2.23E-13 50.2 3 91.9 
 L158C 0.53 1.02E-13 45.0 5 73.6 
 A331C 0.52 1.47E-13 47.7 11 67.6 
       

V181C G136C 0.37 2.21E-13 48.2 2 92.2 
 L158C 0.43 9.41E-14 42.9 8 65.0 
 A331C 0.44 1.42E-13 46.1 5 75.6 
       

S191C G136C 0.54 2.20E-13 51.2 0 - 
 L158C 0.55 1.07E-13 45.9 3 79.7 
 A331C 0.54 1.49E-13 48.1 3 84.9 
       

A203C G136C 0.46 2.22E-13 50.0 0 107.7 
 L158C 0.54 1.02E-13 45.0 6 71.3 
 A331C 0.52 1.47E-13 47.6 5 77.8 
       

A269C G136C 0.34 2.18E-13 47.4 4 80.6 
 L158C 0.34 1.02E-13 41.8 3 73.1 
 A331C 0.35 1.40E-13 44.2 0 116.7 
       

Q301C G136C 0.44 2.17E-13 49.3 0 123.9 
 L158C 0.47 1.03E-13 44.0 8 65.6 
 A331C 0.51 1.44E-13 47.3 7 72.1 
       

S364C G136C 0.52 2.22E-13 51.6 0 - 
 L158C 0.56 1.00E-13 45.2 5 74.0 
 A331C 0.55 1.45E-13 48.0 4 81.5 
       

A374C G136C 0.56 2.23E-13 51.6 0 - 
 L158C 0.51 9.75E-14 44.3 3 79.2 
 A331C 0.52 1.48E-13 47.7 2 89.2 

a IAEDANS-labeled single cysteine mutants of BamB used as donor. b 5-IAF-labeled single cysteine 
mutants of PD-BamA used as acceptor. c quantum yield of the donor IAEDANS in the labeled mutant 
of BamB d spectral overlap integral of the acceptor absorption and donor emission spectra e Förster 
distance f efficiency of energy transfer between donor and acceptor. g calculated distance between the 
donor and acceptor groups in the labeled BamB and BamA upon complex formation. 
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4.5 Discussion 

Understanding the interaction and cooperation of the individual subunits of the BAM complex 

is a current subject of research and one remaining question to be answered considers the 

subcomplex formation between the lipoprotein BamB and the β-barrel protein BamA. Previous 

biochemical analysis or mutational, bioinformatical and crystallographical approaches revealed 

the requirement of the POTRA domains 2 to 5 of BamA for a successful interaction with BamB 

(Vuong et al., 2008; Noinaj et al., 2011; Dong et al., 2012b; Jansen et al., 2015; Chen et al., 

2016). Dynamic binding between BamB and PD-BamA has not been investigated yet, hence 

the interaction of both proteins was studied in aqueous buffer and in the presence of lipid 

bilayers to analyze changes in the orientation and conformation of these two proteins during 

their interaction with the lipid membrane.   

4.5.1 No major conformational change in BamB is required for a successful 
interaction with PD-BamA 

The amino acid residues L192, L194, R195, D246 and D248 of BamB were shown to be critical 

for both, the interaction with BamA and the function of BamB, linking the physiological role 

of BamB to its ability to bind BamA (Vuong et al., 2008; Jansen et al., 2015). Those residues 

are located in interconnecting loop (IL) 4 (L192, L194, R195) and IL5 (D246, D248) of BamB 

interacting with POTRA 3 (K135, Y147) of BamA (Vuong et al., 2008; Heuck et al., 2011; Gu 

et al., 2016). Mutations in IL4 (R195A, L192C, L194S) were shown to disrupt the interaction 

with BamA demonstrating the importance of the loop regions in BamB (Vuong et al., 2008). 

The protein-protein interaction was mediated by a potential salt bridge formed between R195 

of BamB and D241 of BamA and by β-augmentation between IL4 of BamB and β-strand 2 of 

POTRA 3 of BamA. The binding was further strengthened by electrostatic interactions of 

highly negatively charged surface residues (e.g. D246, D248) of BamB and the electropositive 

surface of POTRA 3 exhibiting a unique positive charge distribution in comparison to the 

remaining POTRA domains (Noinaj et al., 2011).   

Within BamB the amino acid residues R77, E127, E150, L192, R195 and I241, located in the 

loops at the top region of the protein, were correlated to an interaction with BamA and are 

highly conserved in Gram-negative bacteria (Chen et al., 2016). Several single cysteine mutants 

constructed in this thesis were either located in the described loop regions of BamB or were in 

close proximity. While BamB G102C localized in IL1 between β-blade 1 and 2 and S191C 

were positioned at the top between β-blade 3 and 4 in loop 4, the BamB mutations Q301C and 

S364C were located at the top between β-blade 7 and 8 and at the top in β-blade 6, respectively 
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(see Fig. 4.7, A and B). Fluorescence studies did not show any changes in λmax of IAEDANS-

labeled BamB S191C in the presence of PD-BamA or lipid bilayers whereas BamB G102C and 

Q301C showed a slight blue-shift after the addition of PD-BamA. In contrast to the binding of 

BamB to negatively charged lipid membranes where a structural change of the protein was 

required for a successful interaction with the membrane surface (see chapter 2), the presence of 

PD-BamA just slightly changed the fluorescence emission of BamB implicating no major 

conformational change within the protein structure being necessary for the interaction with PD-

BamA. Based on the solved crystal structure of the BAM complex (Han et al., 2016), BamB 

S126 and V181 were in close proximity to the POTRA domain 3 of BamA and in the presence 

of DLPE/DLPG (4:1) a red- and a blue-shift was observed for the mutants S126C and V181C, 

respectively. The BamB mutations A203C and A269C were both facing the interior of the 

protein and were located at the bottom of β-blade 4 and β-blade 5, respectively. Both mutations 

were located close to PD-BamA, as depicted in the crystal structure from Han et al., (2016), 

and based on changes in λmax, a minimal structural change in this region is suggested which 

only occurred in the presence of PD-BamA when BamB was adsorbed to membrane surface.   

4.5.2 The β-barrel of BamA orientates BamB to a hydrophobic environment 

In a fluorescence study, the fluorescence emission of IAEDANS-labeled single cysteine 

mutants of BamB was analyzed in the absence and in the presence of full-length BamA. In 

chapter 2, a potential penetration of BamB into the lipid membrane and an accumulation of the 

negatively charged phosphatidylglycerol (PG) was discussed. Caused by a low binding affinity 

to lipid bilayers composed of 20 % PG, an accumulation of PG in the lipid bilayer accomplished 

only by BamB was suggested to be doubtful. However, distinct blue-shifts in almost all tested 

regions of BamB in the presence of full-length BamA were demonstrated indicating an 

orientation of BamB to a hydrophobic surface. The presence of BamA did not change the 

orientation of BamB at the membrane surface as the binding regions identified in chapter 2 

were still the same. Thus, a close proximity of BamB either to the hydrophobic surface of the 

β-barrel of BamA or a slight penetration into the lipid bilayer is suggested as amino acid 

residues at the bottom of BamB (A203C, S364C) were not inordinately involved. In cooperation 

with BamA, BamB might implement major accumulations of PG within the lipid bilayer 

hypothetically allowing the penetration of BamB into the lipid membrane and facilitating its 

function as potential folding assistant of OMPs. Hence, BamA stabilizes the interaction of 

BamB to the lipid membrane and presumably holds the protein at the membrane surface during 

the folding process of precursor OMPs into the OM.  



INTERACTIONS BETWEEN BAMB AND PD-BAMA 
__________________________________________________________________________________________ 

 141 

4.5.3 BamB changes the orientation of several POTRA domains of BamA 

In aqueous buffer, changes of λmax of IAEDANS-labeled PD-BamA L223C and A363C in the 

presence of BamB demonstrated an orientation of these labeled cysteines towards a more polar 

environment. These results suggest a potential conformational change in POTRA 3 and 5 of 

PD-BamA caused by BamB. FRET studies supported this assumption as proximities were 

observed for BamB with POTRA 3, 4 and 5 of PD-BamA. 

The cysteine of A363C of PD-BamA was located in close proximity to the β-barrel opening of 

BamA and the fluorescence studies confirmed binding to the surface of the lipid membrane. 

The addition of BamB caused a conformational change of POTRA 5 near the β-barrel of BamA. 

Changes of λmax in the presence of BamB were also observed for the IAEDANS-labeled PD-

BamA mutants G136C, L158C (both located in POTRA domain 2) and A331C (localized in 

POTRA domain 4). Interestingly, only in the presence of a lipid membrane the interaction 

between PD-BamA and BamB caused an orientation of the POTRA domains 2 and 4 towards 

a hydrophobic vicinity. The described fluorescence studies suggest a relevant correlation 

between the presence of a lipid bilayer and the occurrence of different conformations of PD-

BamA induced by the dynamic interaction of BamB and PD-BamA. It seems that the lipid 

membrane not only stabilizes the interaction between BamB and BamA but also influences the 

specific interaction between both proteins.  

4.5.4 FRET studies identify a potential binding site between BamB and PD-
BamA that is in contrast to the available crystal structure data 

Intermolecular FRET studies have been performed for IAEDANS-labeled single cysteine 

mutants of BamB and 5-IAF-labeled single cysteine mutants of PD-BamA to investigate site-

specific protein-protein interactions. The observation of energy transfer and the obtained D-A 

distances confirmed an interaction between BamB and the periplasmic domain of BamA in 

aqueous buffer. In comparison to the available crystal structures or a structure obtained by 

cryogenic electron microscopy (cryoEM) (Han et al., 2016; Gu et al., 2016; Iadanza et al., 

2016), higher distances between BamB and PD-BamA were obtained in the FRET studies 

ranging from 62.2 Å to 133.2 Å (see Tables 5.8 and 5.9). Additionally, it was not possible to 

determine the binding affinity between BamB and PD-BamA, neither in aqueous solution nor 

in the presence of lipid bilayers. Both indicated a weak interaction that could be explained by 

the low number of amino acid residues (25 of BamB and 24 of POTRA 3 of PD-BamA) that 

are (based on crystal structures) involved in the interaction between both proteins covering only 

6.2 % of the solvent-accessible area of BamB (Chen et al., 2016). For instance, the structure of 
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BamABCDE crystalized by Han et al., (2016) depicted short distances for the D-A pair of 

BamB S191C and PD-BamA L223C (25 Å) or BamB Q301C and PD-BamA G136C (24 Å) 

but the described D-A pairs showed only low transfer of energy.  

 
Table 4.8 Distances r between labeled cysteines in the selected pairs of single cysteine mutants BamB 
and PD-BamA obtained from FRET experiments compared to distances that can be derived from the 
available crystal structures, rc (in Å).  

Acceptor (PD-BamA) b 
 G70C (POTRA 1) L223C (POTRA 3) A363C (POTRA 5) N390C (POTRA 5) 

Donor 
(BamB) a 

FRET c 

r (Å) 
Crystal d 

rc (Å) 
FRET c 

r (Å) 
Crystal d 

rc (Å) 
FRET c 

r (Å) 
Crystal d 

rc (Å) 
FRET c 

r (Å) 
Crystal d 

rc (Å) 
 buffer  buffer  buffer  buffer  

C20 -  41 91 38 80 57 76 45 
A47C 90 72 62 50 74 83 78 68 

G102C 82 69 64 28 69 63 74 48 
G120C 85 73 80 42 78 81 81 66 
S126C 105 58 - 23 81 62 114 46 
V181C 80 62 77 29 79 68 86 54 
S191C 86 36 101 25 95 46 90 33 
A203C 94 59 71 42 80 77 116 64 
A269C 96 46 82 41 72 71 79 58 
Q301C 81 41 90 33 79 60 103 46 
S364C - 59 94 40 85 68 84 53 
A374C 102 66 84 46 86 81 84 66 

a IAEDANS-labeled single cysteine mutants of BamB used as donor. b 5-IAF-labeled single cysteine mutants of 
PD-BamA used as acceptor. c calculated distance between the donor and acceptor groups in the labeled BamB and 
BamA upon complex formation. d distances between the Cα atoms calculated by PyMol 1.8.0.7 for macOS using 
PDB structure 5ayw (Han et al., 2016). 

 

Two distinct conformations of the periplasmic domain of BamA have been solved in crystal 

structures with the POTRA domains existing either in an extended or bent conformation (Kim 

et al., 2007; Gatzeva-Topalova et al., 2008, see Fig. 4.1). In PD-BamA, an apparent flexibility 

was mediated by a linker region bridging POTRA domains 2 and 3, while all remaining 

interfaces between POTRA domains have been reported as rigid. Several studies suggested an 

interaction of BamB with BamA at this flexible hinge between POTRA domains 2 and 3 with 

BamB regulating the orientation of PD-BamA to support OMP assembly (Gatzeva-Topalova et 

al., 2008, 2010; Vuong et al., 2008; Noinaj et al., 2011; Jansen et al., 2015). Surprisingly, most 

single cysteines of BamB (e.g. S191C, A269C or Q301C) that located closely to the single 

cysteines in POTRA 2 and 3 of BamA in the crystal structure (19 Å to 60 Å) did not display 

high transfer of energy in FRET experiments. Hence, the distances obtained in this study were 

in contrast to the distances that can be derived from the available crystal structures (Han et al., 

2016; Gu et al., 2016; Iadanza et al., 2016). However, in biochemical analyses, the interaction 

between BamB and PD-BamA was disrupted when any of the POTRA domains except POTRA 

1 was deleted (Kim et al., 2007). This agreed on the results from the FRET experiments, where 
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the highest distances to BamB were obtained for D-A pairs involving POTRA 1 (PD-BamA 

G70C) and 2 (PD-BamA G136C) and closer distances to BamB were observed for single 

cysteines localized in POTRA domains 3 to 5 of PD-BamA. 

Even though for the interaction with PD-BamA, the available structures of the BAM complex 

described an involvement of the loop regions of BamB located at the top of the protein, in the 

FRET study closer proximities have been observed for regions localized near the N-terminus 

of BamB. For single cysteines of BamB that were located between β-blade 1 and 2 (G102C), 

in β-blade 2 (G120C, S126C), β-blade 3 (V181C) and β-blade 8 (A47C) the closest proximities 

to PD-BamA were obtained (e.g. 62 Å for the D-A pair BamB A47C and PD-BamA L223C). 

These results indicated a similar binding interface as observed for the interaction of BamB with 

the lipid membrane (see chapter 2).   

In contrast to the results obtained from the FRET measurements, the structures of the BAM 

complex suggested a higher proximity between PD-BamA N390C (POTRA 5) and BamB as 

between PD-BamA A363C (POTRA 5) and the lipoprotein. The recorded fluorescence spectra 

and D-A distances demonstrated higher transfer of energy and shorter distances for the PD-

BamA mutant A363C as for N390C with the single cysteine mutants of BamB.   

The overall low transfer efficiencies in the performed FRET experiments resulted in inaccurate 

D-A distances for some D-A pairs. Variable intensities in the FRET signals resulted in 

calculated D-A distances r, based on which the exact orientations for the two interacting 

proteins could not be established. In aqueous buffer it remained in discussion whether different 

orientations result from a high flexibility in the protein-protein interaction in the absence of the 

lipid bilayer that were not observed in previous studies or if the strength of the association 

between both proteins was not sufficient to obtain reliable results in vitro. Possible reasons for 

the absence of FRET in some D-A pairs could be either too large distances that were not in the 

R0 range of IAEDANS-5-IAF or that the positions of the selected single cysteines were not 

covering the binding sites responsible for a successful interaction between BamB and PD-

BamA.  

4.5.5 The lipid bilayer stabilizes the interaction between BamB and PD-BamA 

To investigate the relevance of a lipid environment on the interaction between BamB and PD-

BamA, FRET experiments were performed in the presence of lipid bilayers composed of 

DLPE/DLPG (4:1). Moderate FRET was observed for the D-A pairs involving all BamB 

mutants and PD-BamA G136C resulting in values of r that were mostly comparable to the 

obtained values in aqueous buffer (Table 4.9). Based on available structures of the BAM 
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complex (Han et al., 2016; Gu et al., 2016; Iadanza et al., 2016), the side-chain of the single 

cysteine of G136C in PD-BamA was not facing towards BamB suggesting that the orientation 

or conformation of POTRA 2 was not drastically changed in the presence of lipid bilayers. 

Here, a higher transfer of energy was observed for the second single cysteine of POTRA 2 (PD-

BamA L158C) in aqueous buffer as the side-chain of the single cysteine was orientated towards 

BamB. Higher FRET signals and shorter D-A distances were also obtained in the presence of 

lipid bilayers indicating closer local proximity between PD-BamA and BamB. Similar results 

have been observed for PD-BamA A331C with the single cysteine localized in POTRA 4 where 

especially BamB C20, S191C, S364C and A374C showed decreased D-A distances. 

 
Table 4.9 Distances between labeled cysteines in the selected pairs of single cysteine mutants BamB and PD-
BamA obtained from FRET experiments compared to distances that can be derived from the available crystal 
structures (in Å).  

 Acceptor (PD-BamA) b 
 G136C (POTRA 2) L158C (POTRA 2) A331C (POTRA 4) 

Donor 
(BamB) 

a 

FRET c 

 
r (Å) 

Crystal 

d 

rc (Å) 

FRET c 

 
r (Å) 

Crystal 

d 

rc (Å) 

FRET c 

 
r (Å) 

Crystal 

d 

rc (Å) 
 buffer lipid 

e 
Diff. 

f 
 buffer lipid 

e 
Diff. 

f 
 buffer lipid 

e 
Diff. 

f 
 

C20 109 74 –35 25 74 87 +13 33 133 97 –36 64 
A47C - 104 - 54 82 80 –2 66 89 81 –8 64 

G102C 97 99 +2 50 72 69 –3 72 75 79 –4 35 
G120C 97 96 –1 56 72 67 –5 74 119 118 –1 45 
S126C 89 92 –3 39 81 74 –7 61 68 68 0 35 
V181C 98 92 –6 46 78 65 –13 69 83 76 –7 28 
S191C - - - 19 - 80 - 43 102 85 – 17 39 
A203C 96 108 –12 46 94 71 –23 62 76 78 +2 48 
A269C 81 81 0 35 75 73 –2 47 122 117 –5 55 
Q301C 109 124 –15 24 74 66 –8 38 81 72 –9 56 
S364C - - - 41 101 74 –27 53 126 82 –44 61 
A374C - - - 50 95 80 –15 63 - 89 - 57 

a IAEDANS-labeled single cysteine mutants of BamB used as donor. b 5-IAF-labeled single cysteine mutants of PD-
BamA used as acceptor. c calculated distance between the donor and acceptor groups in the labeled BamB and BamA 
upon complex formation. d distances between the Cα atoms calculated by PyMol 1.8.0.7 for macOS using PDB structure 
5ayw (Han et al., 2016) e FRET experiments were performed in the presence of DLPE/DLPG (4:1), 600 mM. f Difference 
between the distances measured in the absence and in the presence of lipid (lipid - buffer). 

 

As previously discussed in chapter 2, BamB was assumed to associate with the surface of the 

lipid membrane upon a protein-lipid interface involving β-blades 1, 2 and 3 of BamB. Changes 

in the orientation of BamB caused by the presence of BamA have been presumed in section 

2.5.5 leading to a movement of β-blades 2 and 3 of BamB away from the hydrophobic lipid 

bilayer and turning β-blades 7 and 8 towards the membrane surface (see Fig. 2.18). This 

assumption was supported by FRET studies of the labeled single cysteines of BamB Q301C, 

S364C and A374C with the labeled single cysteines of PD-BamA. Here, the mutations of BamB 

were located in β-blades 6, 7 and 8, a region that is usually not involved in membrane binding. 
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In the presence of a lipid bilayer, these labeled single cysteines of BamB orientated towards 

PD-BamA and the interaction might be stabilized at the membrane surface resulting in more 

BamA-BamB complexes that can be measured.  

Crosslinking experiments with BamA and BamB identified a crucial role for BamB in keeping 

multiple BAM complexes in close proximity (Gunasinghe et al., 2018). Intimate contacts 

located closely to the N-terminus of BamB were found to be cross-linked to BamA. Based on 

crystal structures these regions should not be required for a BamB-BamA interaction and it was 

concluded that BamB mediated an interaction with BamA and BamB in neighboring BAM 

complexes. This might serve as explanation for the variable D-A distances as well as the 

insufficient capability to determine an exact orientation of BamB and PD-BamA in comparison 

to the observed protein-protein interfaces from the crystal structure of the BAM complex.  

Whether the β-barrel domain of wt-BamA leads to different results in intermolecular FRET 

studies remained unknown but the present fluorescence studies indicated an effect of full-length 

BamA but not PD-BamA on the fluorescence emission of IAEDANS-labeled single cysteines 

of BamB (see section 4.4.3). This makes FRET experiments between wt-BamA and BamB an 

interesting option for subsequent studies. Current models suggested a conformational gating 

mechanism of the β-barrel of BamA with BamB mediating the optimal orientation of the 

periplasmic domain of BamA upon its location at the hinge between POTRA 2 and POTRA 3 

(Gatzeva-Topalova et al., 2008, 2010; Vuong et al., 2008; Noinaj et al., 2011; Jansen et al., 

2015). Structures containing (BamABCDE) or lacking BamB (BamACDE) were solved with 

specific orientations of the periplasmic domain in the absence versus in the presence of BamB 

(Gu et al., 2016). The absence of BamB was shown to induce a lateral open state of the β-barrel 

of BamA suggesting that the dissociation of BamB could be required for lateral gate opening 

to occur (Bakelar et al., 2016). In contrast, a cryo-EM structure of the BamABCDE complex 

showed an independent gating of the β-barrel and extension of the POTRA domains of BamA 

separately from the presence of BamB casting doubt on the relevance of BamB in the lateral 

gating mechanism of BamA (Iadanza et al., 2016). An understanding of the molecular 

mechanisms mediating the folding and insertion of OMPs and the role of the individual subunits 

of the BAM complex involving the importance of lipid-protein interactions as well the 

relevance of the orientation of certain POTRA domains or BamB are only beginning to emerge. 

Further experiments are needed to enlighten questions considering the interaction between 

BamB and PD-BamA and their important function in the binding process of unfolded substrate 

polypeptides. 
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5. SUMMARY 
A sufficient folding and insertion of OMPs into the OM of Gram-negative bacteria requires the 

conserved β-barrel assembly machinery (BAM) complex. The present thesis concerns the 

structural properties and folding behavior of the lipoprotein BamB and describes its relevance 

in the synchronized mechanism of membrane insertion and folding of the β-barrel protein 

OmpA. Furthermore, specific binding sites in BamB involved in the interaction to the lipid 

membrane or the periplasmic domain of BamA (PD-BamA) were identified extending the 

current knowledge on the individual role of BamB in OMP assembly.   

In a first study, structural properties of BamB and the association of the lipoprotein with the 

lipid membrane were investigated. CD spectroscopy indicated that the presence of lipid 

membranes is not required for the formation of secondary structure of BamB developing a 

stable native-like structure at pH > 5 in aqueous solution. The content of α-helix increased at 

the expense of β-sheet structure in the presence of DLPG lipid bilayers demonstrating a 

dependence of the structure formation on negatively charged lipids. A detailed fluorescence 

study showed an interaction between BamB and DLPG but less binding to neutral lipid 

membranes (DLPC). BamB was shown to precisely interact with the lipid membrane in specific 

regions near the N-terminal cysteine involving β-blades 1, 2 and 3 of the β-propeller forming a 

binding triangle and an essential protein-lipid interface. The described observations indicated 

that a structural change of BamB and the presence of PG in the lipid membrane are required for 

proper membrane binding and function of BamB.   

In the second part of this thesis, folding kinetics of OmpA into preformed lipid bilayers have 

been described. For the sufficient insertion of OmpA into mainly negatively charged lipid 

bilayers, a neutral electrostatic potential of the membrane was required which was shown to be 

mediated by the addition of NaCl facilitating the adsorption of OmpA to the lipid membrane 

surface. In the presence of BamB, the folding kinetics of OmpA were improved when folded 

into lipid bilayers containing PG, making the conformation change of BamB and its preferred 

interaction to PG functional relevant for the assisted folding of OMPs. BamB was presumed be 

involved in the arrangement of a neutral surface potential by covering the negative charges of 

the PG head groups similar to NaCl.  

In a third study, site-specific fluorescence studies suggested a relevant correlation between the 

presence of a lipid bilayer and the dynamic interaction of BamB and PD-BamA. FRET 

demonstrated binding of BamB to PD-BamA without major conformational changes in BamB. 

The shortest D-A distances were obtained for regions localized near the N-terminus of BamB 

in the presence of lipid bilayers indicating a stabilization of the associated proteins at the 
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membrane surface.   
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6. ZUSAMMENFASSUNG 
Eine ausreichende Faltung und Insertion von Außenmembranproteinen in die Außenmembran 

von gramnegativen Bakterien erfordert den konservierten β-barrel assembly machinery 

(BAM)-Komplex. Die vorliegende Arbeit befasst sich mit den strukturellen Eigenschaften und 

dem Faltungsverhalten des Lipoproteins BamB und beschreibt dessen Relevanz bei der 

Membraninsertion und -faltung des β-Fass Proteins OmpA. Darüber hinaus wurden spezifische 

Bindungsstellen in BamB, die an der Wechselwirkung mit der Lipidmembran oder der 

periplasmatischen Domäne von BamA (PD-BamA) beteiligt sind, identifiziert, wodurch das 

aktuelle Wissen über die individuelle Rolle von BamB bei der Assemblierung von 

Außenmembranproteinen erweitert wurde. 

In der ersten dargestellten Studie wurden die strukturellen Eigenschaften von BamB und die 

Assoziation des Lipoproteins mit der Lipidmembran untersucht. Messungen mit CD-

Spektroskopie konnte zeigen, dass die Anwesenheit von Lipidmembranen für die Bildung der 

Sekundärstruktur von BamB, die eine stabile native Struktur bei pH > 5 in wässriger Lösung 

entwickelt, nicht erforderlich ist. In Gegenwart von DLPG-Lipiddoppelschichten erhöhte sich 

der Anteil an α-Helix auf Kosten der β-Faltblattstruktur, was eine Abhängigkeit der 

Strukturbildung von negativ geladenen Lipiden bedeutet. Detaillierte Fluoreszenzstudien 

offenbarten Wechselwirkungen zwischen BamB und DLPG, aber auch eine geringe Bindung 

an neutrale Lipidmembranen (DLPC). Eine Bindung von BamB in spezifischen Regionen in 

der Nähe des N-terminalen Cysteins mit der Lipidmembran wurde identifiziert, wobei die β-

Flügel 1, 2 und 3 des β-Propellers ein Bindungsdreieck bilden und eine wesentliche Protein-

Lipid-Grenzfläche darstellen. Die beschriebenen Beobachtungen zeigen, dass eine strukturelle 

Veränderung von BamB und die Anwesenheit von PG in der Lipidmembran für eine korrekte 

Membranbindung und Funktion von BamB erforderlich sind. 

Im zweiten Teil dieser Arbeit wurde die Faltungskinetik von OmpA in präparierte 

Lipiddoppelschichten beschrieben. Für die erfolgreiche Insertion von OmpA in vorwiegend 

negativ geladene Lipiddoppelschichten war ein neutrales elektrostatisches Potential der 

Membran erforderlich, das durch die Zugabe von NaCl vermittelt wurde. Dadurch wurde die 

Adsorption von OmpA an die Lipidmembranoberfläche erleichtert. In Gegenwart von BamB 

wurde die Faltungskinetik von OmpA in Lipid-Doppelschichten, die PG enthalten, verbessert. 

Dies verdeutlicht die funktionelle Relevanz der Konformationsänderung von BamB und die 

bevorzugte Wechselwirkung mit PG für die assistierte Faltung von OMPs. Es wird 

angenommen, dass BamB an der Anordnung eines neutralen Oberflächenpotentials beteiligt ist, 

indem es die negativen Ladungen der PG-Kopfgruppen ähnlich wie NaCl abschirmt. 
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In einer dritten Studie wurden mittels Fluoreszenzstudien ortsspezifische Distanzmessungen 

zwischen BamB und PD-BamA durchgeführt. Dabei wurde eine relevante Korrelation 

zwischen dem Vorhandensein einer Lipiddoppelschicht und der dynamischen Wechselwirkung 

von BamB und PD-BamA identifiziert. FRET zeigte eine Bindung von BamB an PD-BamA 

ohne wesentliche Konformationsänderungen in BamB. Die kürzesten Donator-Akzeptor-

Abstände wurden in Gegenwart von Lipiddoppelschichten für Regionen identifiziert, die in der 

Nähe des N-Terminus von BamB lokalisiert waren. Dies weist auf eine Stabilisierung der 

assoziierten Proteine an der Membranoberfläche hin. 
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APPENDIX A 

Fig. A1 CD spectra of wt-BamB and a mutant without tryptophan amino acid residues. Wt-BamB contains 
nine native tryptophan residues which were substituted by phenylalanine (BamBWaF) to create single tryptophan 
mutants of BamB. Folding of BamB was studied by CD spectroscopy in solution upon urea dilution. BamB  
(12 μΜ) was measured in 140 μl glycine buffer (pH 8.0) at room temperature. CD spectra were recorded in the 
range from 185 nm to 260 nm. The mean residue molar ellipticity [Θ](λ) was plotted against the wavelength λ. 
BamBWaF did not display native-like structure in buffer compared to wt-BamB. 
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Fig. A2 Location of the conserved tryptophan residues in BamB. (A) A sequence alignment of the amino 
acid sequence of various BamB proteins of different bacteria, E. coli, Y. pestis, V. cholerae stereotype 1, P. 
aeruginosa, B. pertussis and S. typhimurium reveals that all tryptophan residues (W) that are located in the β-
strands are conserved. The remaining tryptophan in loop1 at amino acid position 103 is less conserved and can 
substituted to phenylalanine without losing protein structure. (B) The NH-group of the indole of tryptophan 
(green) is able to form hydrogen bonds in which the glycine (red) of one β-blade interacts with the tryptophan 
in the previous β-blade. The configurated figure is based on PDB structure 2yh3 (Albrecht and Zeth, 2011) and 
was created with PyMol. The amino acid sequence alignment was configurated with the basic local alignment 
search tool (BLAST) of uniprot. 

A 

B 
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Table A1 (A) Analysis of the secondary structure formation of single cysteine mutants of BamB in 
comparison with the wild-type. 

Protein Algorithm Set α-helix 
(%) 

β-strand 
(%) 

 β-turn 
(%) 

random 
coil (%) 

NRMSD a 

wt-BamB (C20) CONTIN 4 11 38 21 31 0.127 
 CONTIN 7 8 34 20 39 0.127 
 CDSSTR 4 10 36 23 31 0.019 
 CDSSTR 7 5 33 20 41 0.025 
 Average  8 35 21 36  
        

A47C CONTIN 4 8 39 20 33 0.119 
 CONTIN 7 5 36 20 39 0.119 
 CDSSTR 4 9 35 23 33 0.029 
 CDSSTR 7 3 33 20 43 0.023 
 Average  6 36 21 37  
        

S54C  CONTIN 4 10 36 20 34 0.164 
 CONTIN 7 7 35 20 38 0.164 
 CDSSTR 4 10 34 23 32 0.035 
 CDSSTR 7 4 35 20 40 0.034 
 Average  8 35 21 36  
        

G102C  CONTIN 4 7 40 21 33 0.168 
 CONTIN 7 4 37 19 40 0.168 
 CDSSTR 4 6 37 22 34 0.028 
 CDSSTR 7 3 34 19 42 0.042 
 Average  5 37 20 37  
        

W103C  CONTIN 4 7 41 21 32 0.162 
 CONTIN 7 4 36 19 41 0.162 
 CDSSTR 4 9 34 22 34 0.029 
 CDSSTR 7 3 36 16 44 0.023 
 Average  6 37 19 38  
        

G120C CONTIN 4 7 41 20 33 0.149 
 CONTIN 7 4 36 20 40 0.149 
 CDSSTR 4 7 35 23 33 0.037 
 CDSSTR 7 3 34 19 43 0.036 
 Average  5 36 20 37  
        

S126C CONTIN 4 7 40 21 33 0.135 
 CONTIN 7 4 37 19 40 0.135 
 CDSSTR 4 7 35 23 33 0.033 
 CDSSTR 7 3 34 19 42 0.032 
 Average  5 36 21 37  
        

V181C CONTIN 4 7 41 20 32 0.142 
 CONTIN 7 4 38 20 39 0.142 
 CDSSTR 4 7 35 23 33 0.036 
 CDSSTR 7 3 35 19 42 0.036 
 Average  5 37 20 37  

a The NRMSD is the normalized root-mean-square deviation, comparing the recorded spectrum to a calculated reference 
spectrum. The value should not exceed 0.25. All CD-spectra were analyzed by using the programs CONTIN (Provencher 
and Glöckner, 1981) and CDSSTR (Compton and Johnson 1986) with the reference data sets 4 und 7, provided by 
DichroWeb (Lobley et al., 2002, Whitmore et al., 2004). 
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Table A1 (B) Analysis of the secondary structure formation of single cysteine mutants of BamB in 
comparison with the wild-type. 

Protein Algorithm Set α-helix 
(%) 

β-strand 
(%) 

 β-turn 
(%) 

random 
coil (%) 

NRMSD 
a 

S191C  CONTIN 4 7 39 21 33 0.236 
 CONTIN 7 5 36 20 39 0.236 
 CDSSTR 4 9 35 22 33 0.036 
 CDSSTR 7 3 34 18 45 0.034 
 Average  6 36 20 38  
        

A203C  CONTIN 4 7 40 21 33 0.161 
 CONTIN 7 4 37 20 39 0.161 
 CDSSTR 4 7 37 22 33 0.028 
 CDSSTR 7 3 34 20 41 0.032 
 Average  5 37 21 37  
        

A269C  CONTIN 4 7 40 21 32 0.150 
 CONTIN 7 5 36 19 41 0.150 
 CDSSTR 4 8 36 21 33 0.036 
 CDSSTR 7 4 34 20 42 0.036 
 Average  6 36 20 37  
        

Q301C CONTIN 4 8 36 22 34 0.207 
 CONTIN 7 6 34 20 40 0.207 
 CDSSTR 4 8 33 22 34 0.044 
 CDSSTR 7 3 42 22 31 0.063 
 Average  6 36 21 35  
        

S364C CONTIN 4 7 39 21 33 0.236 
 CONTIN 7 5 36 19 40 0.236 
 CDSSTR 4 9 34 22 34 0.033 
 CDSSTR 7 3 34 19 42 0.029 
 Average  6 36 20 37  
        

A374C CONTIN 4 10 37 20 33 0.136 
 CONTIN 7 8 35 20 37 0.136 
 CDSSTR 4 9 34 23 33 0.028 
 CDSSTR 7 5 34 19 41 0.029 
 Average  8 35 21 36  

a The NRMSD is the normalized root-mean-square deviation, comparing the recorded spectrum to a calculated reference 
spectrum. The value should not exceed 0.25. All CD-spectra were analyzed by using the programs CONTIN (Provencher 
and Glöckner, 1981) and CDSSTR (Compton and Johnson, 1986) with the reference data sets 4 und 7, provided by 
DichroWeb (Lobley et al., 2002, Whitmore et al., 2004). 
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Table A2 Fluorescence intensities at 541 nm (λ541 in Mcps) of single cysteine mutants of BamB in the presence 
of various DLP-lipids a. 

BamB 
mutant 

λ541 
(buffer) 

λ541 
(DLPE/DLPGb) 

λ541  
(DLPG) 

λ541 
(DLPC) 

DLPE/DLPGc

buffer
 

DLPGc

buffer
 

 

DLPCc

buffer
 

 
C20 0.435 0.469 0.929 0.535 1.078 2.136 1.230 

A47C 0.335 0.414 0.682 0.475 1.236 2.036 1.418 
S54C 0.498 0.524 1.293 0.535 1.052 2.596 1.074 

G102C 0.511 0.732 1.984 0.798 1.432 3.883 1.562 
W103C 0.268 0.340 0.909 0.392 1.268 3.392 1.463 
G120C 0.220 0.341 0.699 0.392 1.550 3.178 1.782 
S126C 0.648 0.813 1.434 0.955 1.255 2.212 1.474 
V181C 0.317 0.439 1.114 0.487 1.343 3.407 1.536 
S191C 0.376 0.413 0.712 0.425 1.098 2.892 1.130 
A203C 0.232 0.304 0.659 0.316 1.310 2.841 1.362 
A269C 0.194 0.236 0.435 0.288 1.216 2.242 1.485 
Q301C 0.251 0.311 0.656 0.361 1.239 2.614 1.438 
S364C 0.191 0.240 0.554 0.259 1.257 2.901 1.356 
A374C 0.409 0.586 1.274 0.410 1.433 3.115 1.002 

a A 600-fold molar excess of lipid to BamB was used. b The phospholipid DLPE/DLPG was used in ratio of 4:1. c Ratio of 
the fluorescence intensities at 541 nm of IANBD emission in the presence and absence of lipid.  

 
 
 
 

Table A3 Fluorescence intensities of IANBD labeled single 
cysteine mutants of BamB at 541 nm (λ541 in Mcps) in the 
presence of DLPC/DLPG and tempoPC/DLPG a. 
BamB 
mutant 

λ541 
(buffer) 

λ541
c  

(DLPC/
DLPG b) 

λ541 
(tempoPC/
DLPGb) 

 
F / F0 

d 

C20 0.493 0.887 0.666 0.751 
A47C 0.355 0.623 0.439 0.704 
S54C 0.432 0.725 0.562 0.775 
G102C 0.238 0.567 0.261 0.461 
W103C 0.367 0.655 0.374 0.572 
G120C 0.338 0.593 0.360 0.607 
S126C 0.366 0.584 0.519 0.889 
V181C 0.398 0.669 0.424 0.633 
S191C 0.450 0.614 0.513 0.835 
A203C 0.331 0.546 0.469 0.857 
A269C 0.208 0.333 0.294 0.882 
Q301C 0.275 0.534 0.417 0.780 
S364C 0.253 0.621 0.426 0.685 
A374C 0.347 0.681 0.428 0.628 
a A 600-fold molar excess of lipid to BamB was used. b Lipids 
were prepared in a 1:4 ratio. 
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Fig. A3 Binding studies on BamB mutant W103C by fluorescence spectroscopy. Single cysteine mutant 
W103C of BamB with the cysteine localized at amino acid position 103 was labeled with IANBD and excited at 
478 nm. The fluorescence spectra were recorded in the wavelength range from 490 to 700 nm. 0.5 μΜ protein was 
measured in 10 mM glycine buffer (2 mM EDTA) at pH 8.0 and 25 °C either in the presence or in the absence of  
250 mM NaCl or lipid membranes composed of DLPE/DLPG (4:1).  
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APPENDIX B 

 
Fig. B1 Binding studies between wt-BamB and OmpA by fluorescence spectroscopy. BamB (1 μΜ) was 
excited at the tryptophan wavelength of 295 nm in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) at  
25 °C. (A) The fluorescence spectra of BamB were recorded at various molar OmpA/BamB ratios, ranging from 
0 (solid black line) to a 2-fold molar excess (colored dotted lines) of OmpA over BamB. (B) The fluorescence 
intensity of BamB at 330 nm in aqueous buffer or in the presence of lipid bilayers was plotted as a function of the 
molar ratios of OmpA/BamB.  
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APPENDIX C 
 

Table C1 Analysis of the secondary structure formation of PD-BamA and single cysteine mutants of PD-BamA  

Protein Algorithm Set α-helix 
(%) 

β-strand 
(%) 

 β-turn 
(%) 

random 
coil (%) 

NRMSD a 

PD-BamA  CONTIN 4 20 28 22 31 0.055 
 CONTIN 7 19 28 21 32 0.055 
 CDSSTR 4 18 30 22 30 0.017 
 CDSSTR 7 19 27 21 33 0.016 
 Average  19 28 21 31  
        

G70C CONTIN 4 21 27 22 30 0.058 
 CONTIN 7 21 25 20 34 0.058 
 CDSSTR 4 18 31 24 30 0.033 
 CDSSTR 7 20 27 20 33 0.032 
 Average  20 27 21 32  
        

G136C  CONTIN 4 21 29 21 30 0.042 
 CONTIN 7 21 27 19 33 0.042 
 CDSSTR 4 17 31 22 30 0.025 
 CDSSTR 7 19 28 20 32 0.008 
 Average  19 29 20 31  
        

L158C CONTIN 4 22 28 21 30 0.027 
 CONTIN 7 22 27 20 32 0.027 
 CDSSTR 4 17 31 22 30 0.018 
 CDSSTR 7 20 29 20 29 0.018 
 Average  20 29 21 30  
        

L223C  CONTIN 4 20 28 22 30 0.064 
 CONTIN 7 20 27 20 34 0.064 
 CDSSTR 4 15 31 23 30 0.025 
 CDSSTR 7 18 29 21 32 0.023 
 Average  18 29 21 31  
        

A331C CONTIN 4 21 29 20 30 0.024 
 CONTIN 7 22 28 20 31 0.024 
 CDSSTR 4 17 31 22 30 0.015 
 CDSSTR 7 20 30 20 30 0.013 
 Average  20 29 21 30  
        

A363C CONTIN 4 21 30 22 28 0.044 
 CONTIN 7 21 29 21 29 0.044 
 CDSSTR 4 17 31 22 30 0.030 
 CDSSTR 7 20 29 20 29 0.029 
 Average  20 30 21 29  
        

N390C CONTIN 4 21 28 21 29 0.060 
 CONTIN 7 20 27 20 32 0.060 
 CDSSTR 4 16 32 22 30 0.027 
 CDSSTR 7 18 29 20 33 0.026 
 Average  19 29 21 31  

a The NRMSD is the normalized root-mean-square deviation, comparing the recorded spectrum to a calculated reference 
spectrum. The value should not exceed 0.25. All CD-spectra were analyzed by using the algorithms CONTIN (Provencher 
and Glöckner, 1981) and CDSSTR (Compton and Johnson, 1986) with the reference data sets 4 und 7, provided by 
DichroWeb (Lobley et al., 2002; Whitmore et al., 2004). 
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Fig. C1 Fluorescence studies on IANBD-labeled single cysteine mutants of BamB in the presence and 
absence of PD-BamA. IANBD-labeled single cysteine mutants of BamB (0.5 μM) were excited at a wavelength 
of 478 nm in glycine buffer (10 mM glycine, 2 mM EDTA, pH 8.0) at 25 °C. The fluorescence emission spectra 
of BamB were recorded in the absence and presence of a 600-fold molar excess of LUVs composed of DLPC, 
DLPG and DLPC/DLPG (1:4) or/and of the periplasmic domain of BamA (PD-BamA, 0.5 μM). The 
fluorescence (in Mcps) is plotted as a function of the wavelength (in nm). 
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Table C2 Fluorescence emission maximum wavelength (λmax) of IANBD-labeled single cysteine mutants of 
BamB in the presence of various dilauroylglycerophospholipids a and PD-BamAb. 

BamB 
mutant 

λmax 
(nm) 

(buffer) 

λmax (nm) 
(buffer + 

PD-BamA) 

λmax 
(nm) 

(DLPC) 

λmax (nm) 
(DLPC + 

PD-BamA) 

λmax 
(nm) 

(DLPE/
DLPGc) 

λmax (nm) 
(DLPE/DLPG 
+ PD-BamA) 

λmax 
(nm) 

(DLPG) 

λmax (nm) 
(DLPG + 

PD-BamA) 

C20 551 552 548 548 552 554 540 539 
A47C 550 551 548 548 547 545 542 542 
S54C 554 555 549 549 550 551 543 543 

G102C 551 550 545 545 545 545 538 538 
W103C 555 555 549 549 550 550 541 541 
G120C 555 555 549 549 550 550 543 543 
S126C 548 548 544 544 545 546 540 540 
V181C 557 557 549 549 552 551 541 541 
S191C 547 547 545 545 545 545 538 538 
A203C 550 550 545 545 548 547 540 540 
A269C 555 555 550 550 551 552 544 543 
Q301C 553 552 548 548 549 549 543 543 
S364C 549 549 545 545 547 551 539 539 
A374C 549 550 545 545 547 547 539 539 

a A 600-fold molar excess of lipid vesicles to BamB was used. b The periplasmic domain of BamA (PD-BamA) was used 
in a 1:1 ratio to BamB. c The phospholipid DLPE/DLPG was used in ratio of 4:1. 

 
 

Table C3 Wavelength of the maximum of the fluorescence intensity (λmax) of IANBD-labeled 
single cysteine mutants of BamB in the presence of DLPE/DLPG a and wild-type BamA or PD-
BamA b. 
BamB 
mutant 

λmax
c 

(nm) 

(DLPE/
DLPG) 

λmax
 (nm) 

(DLPE/DLPG 
+ PD-BamA) 

λmax
 (nm) 

(DLPE/DLPG + 
wt-BamA) 

∆λmax PD-BamA
 

(nm) 

(DLPE/DLPG + 
PD-BamA) 

∆λmax wt-BamA
 

(nm) 

(DLPE/DLPG + 
wt-BamA) 

C20 552 554 552 + 2 - 
A47C 546 545 544 -  1 - 2 
S54C 551 551 549 - - 2 
G102C 545 545 543 - - 2 
W103C 550 550 548 - - 2 
G120C 550 550 548 - - 2 
S126C 545 546 543 + 1 - 2 
V181C 552 551 550 -  1 - 2 
S191C 545 545 543 - - 2 
A203C 548 547 547 -  1 - 1 
A269C 551 552 549 + 1 - 2 
Q301C 549 549 547 - - 2 
S364C 547 551 545 + 4 - 2 
A374C 547 547 547 - - 
a A 40-fold molar excess of DLPE/DLPG (4:1) vesicles to BamB was used b BamB/BamA ratio was 1:1. c 

Difference in the maximum wavelength of IANBD emission ∆λmax (λmax in the presence of PD-BamA or wt-
BamA subtracted from λmax in the presence of lipid). 
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Fig. C2 Fluorescence emission spectra of IAEDANS-labeled single cysteine mutants of BamB, (a) C20, (b) 
A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) A203C, (i) A269C, (j) Q301C, (k) S364C 
or (l) A374C-BamB, labeled with IAEDANS at the cysteine were used as FRET donors. Two single cysteine 
mutants of PD-BamA, G117C (A) and L158C (B), were labeled with 5-IAF as a FRET acceptor. For 
fluorescence recordings of the donor in the absence of the acceptor, PD-BamA G117C and PD-BamA L158C 
were methylated at the sulfur of the cysteine (black lines). Spectra were recorded for one of the BamB mutants 
(0.5 μΜ) in the presence of one of the two single cysteine PD-BamA mutants (0.5 μM). Both PD-BamA 
mutations are located in POTRA domain 2 (see Fig. 5.2). The spectra were recorded in aqueous buffer at 25°C. 
IAEDANS in the labeled mutants was excited at a wavelength of 336 nm. 
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Fig. C3 Fluorescence emission spectra of IAEDANS-labeled single cysteine mutants of BamB, (a) C20, (b) 
A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) A203C, (i) A269C, (j) Q301C, (k) S364C 
or (l) A374C-BamB, labeled with IAEDANS at the cysteine were used as FRET donors. Two single cysteine 
mutants of PD-BamA, L223C (A) and A331C (B), were labeled with 5-IAF as a FRET acceptor. For 
fluorescence recordings of the donor in the absence of the acceptor, PD-BamA L223C and PD-BamA A331C 
were methylated at the sulfur of the cysteine (black lines). Spectra were recorded for one of the BamB mutants 
(0.5 μΜ) in the presence of one of the two single cysteine PD-BamA mutants (0.5 μM). The PD-BamA 
mutations are located in POTRA domains 3 and 4, respectively (see Fig. 5.2). The spectra were recorded in 
aqueous buffer at 25°C. IAEDANS in the labeled mutants was excited at a wavelength of 336 nm. 
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Fig. C4 Fluorescence emission spectra of IAEDANS-labeled single cysteine mutants of BamB, (a) C20, 
(b) A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) A203C, (i) A269C, (j) Q301C, (k) 
S364C or (l) A374C-BamB, labeled with IAEDANS at the cysteine were used as FRET donors. Two single 
cysteine mutants of PD-BamA, A363C (A) and N390C (B), were labeled with 5-IAF as a FRET acceptor. For 
fluorescence recordings of the donor in the absence of the acceptor, PD-BamA A363C and PD-BamA N390C 
were methylated at the sulfur of the cysteine (black lines). Spectra were recorded for one of the BamB mutants 
(0.5 μΜ) in the presence of one of the two single cysteine PD-BamA mutants (0.5 μM). Both PD-BamA mutants 
are located in POTRA domain 5 (see Fig. 5.2). The spectra were recorded in aqueous buffer at 25°C. IAEDANS 
in the labeled mutants was excited at a wavelength of 336 nm. 
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Fig. C5 Fluorescence emission spectra of IAEDANS-labeled single cysteine mutants of BamB, (a) C20, 
(b) A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) A203C, (i) A269C, (j) Q301C, (k) 
S364C or (l) A374C-BamB, labeled with IAEDANS at the cysteine were used as FRET donors. Two single 
cysteine mutants of PD-BamA, G136C (A) and L158C (B), were labeled with 5-IAF as a FRET acceptor. For 
fluorescence recordings of the donor in the absence of the acceptor, PD-BamA G136C and PD-BamA L158C 
were methylated at the sulfur of the cysteine (black lines). Spectra were recorded for one of the BamB mutants 
(0.5 μΜ) in the presence of one of the two single cysteine PD-BamA mutants (0.5 μM). Both single cysteines 
mutations of PD-BamA are located in POTRA domain 2 (see Fig. 5.2). The spectra were recorded after both 
proteins were adsorbed to the lipid surface (DLPE/DLPG (4:1), 600-fold molar excess) at 25°C. IAEDANS in 
the labeled mutants was excited at a wavelength of 336 nm. 
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Fig. C6 Fluorescence emission spectra of IAEDANS-labeled single cysteine mutants of BamB, (a) C20, (b) 
A47C, (c) G102C, (d) G120C, (e) S126C, (f) V181C, (g) S191C, (h) A203C, (i) A269C, (j) Q301C, (k) S364C 
or (l) A374C-BamB, labeled with IAEDANS at the cysteine were used as FRET donors. One single cysteine 
mutant of PD-BamA, A331C was labeled with 5-IAF as a FRET acceptor. For fluorescence recordings of the 
donor in the absence of the acceptor, PD-BamA A331C was methylated at the sulfur of the cysteine (black 
lines). Spectra were recorded for one of the BamB mutants (0.5 μΜ) in the presence of the single cysteine PD-
BamA mutant (0.5 μM). The PD-BamA mutant is located in POTRA domain 4 (see Fig. 5.2). The spectra were 
recorded after both proteins were adsorbed to the lipid surface (DLPE/DLPG (4:1), 600-fold molar excess) at 
25°C. IAEDANS in the labeled mutants was excited at a wavelength of 336 nm. 
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