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1. INTRODUCTION 
 

1.1 The cell envelope of Gram-negative bacteria 

The cell envelope of Gram-negative bacteria such as Escherichia coli is composed of 

three layers, the outer membrane (OM), the periplasm with the peptidoglycan cell wall 

and the cytoplasmic or inner membrane (IM). The composition and the structure of the 

two membranes, depicted in Figure 1.1, are completely different, reflecting their 

different functions and environments they are contacting (Tortora et al., 2001). The 

outer membrane is an asymmetric lipid bilayer with respect to the phospholipid 

distribution. It contains phospholipids which are confined to the inner leaflet of the 

membrane while the outer leaflet is mostly composed of lipopolysaccharides (LPS) 

(Smit et al., 1975; Kamio and Nikaido, 1976). In contrast, the IM is a phospholipid 

bilayer with phospholipids evenly distributed on both of its leaflets.  

 

 
Figure 1.1 The structure of the Gram-negative bacterial cell envelope. The highly asymmetric 
outer membrane (OM) is composed of lipopolysaccharides (LPS) and phospholipids (PL) in its 
outer and inner leaflets, respectively. The OM contains integral proteins, which are folded in β-
barrel conformations. The inner membrane (IM) is a lipid bilayer composed of various 
phospholipids and exclusively α-helical integral membrane proteins. The aqueous periplasm is 
located between OM and IM and contains the peptidoglycan layer. Both membranes also 
contain lipoproteins, which are anchored to their periplasmic leaflets. Shown on the left are 
examples of a typical β-barrel structure of an OMP, i.e. the outer membrane phospholipase A 
(OmpLA) from E. coli (PDB file 1FW2) (Snijder et al., 2001), and of a typical α-helical IMP, 
i.e. Bacteriorhodopsin from Halobacterium salinarum (PDB file 2BRD) (Grigorieff et al., 
1996). 
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In addition to lipids, membranes also contain proteins of various functions. According 

to their location relative to the membrane they can be divided into different categories 

including integral membrane proteins, lipoproteins, lipid-anchored proteins, and 

peripheral membrane proteins, that are temporarily associated with the lipid bilayer 

(Hayashi and Wu, 1990; Silhavy et al., 2010). The presence of two membranes in 

Gram-negative bacteria gives rise to two different classes of integral membrane, or 

transmembrane proteins. The integral membrane proteins of the IM are known as the 

inner or cytoplasmic membrane proteins (IMPs). Typically they are spanning the 

membrane as hydrophobic α-helical proteins. The transmembrane α-helices are mostly 

composed of hydrophobic amino acids. Transmembrane proteins of the OM are 

correspondingly known as the outer membrane proteins (OMPs). They form cylindrical 

β-barrels consisting of antiparallel amphipathic β-strands to traverse the membrane 

(Koebnik et al., 2000; Tokuda, 2009; Silhavy et al., 2010; Fairman et al., 2011). In 

these β-barrels, the hydrophobic residues are facing the membrane and the polar 

residues are exposed towards the inside of the barrel. Lipoproteins occur in both 

membranes. They are anchored to the membranes by lipid modifications of the N-

terminal cysteine residue of their mature form, with the protein moiety usually facing 

the periplasm (Sankaran and Wu, 1994). While the IM functions in the production of 

energy, protein secretion, lipid biosynthesis and transport, the OM serves as a selective 

permeability barrier protecting the bacteria from harmful compounds like antibiotics or 

bile salts in the surrounding environment (Silhavy et al., 2010). The space in between 

the outer and the inner membrane is the periplasm. This compartment is formed and 

defined by both inner and outer cell membranes and constitutes up to 20-40 % of the 

total cell volume in Gram-negative bacteria (Dijkstra and Keck, 1996; Seltmann et al., 

2002). It is an aqueous compartment, more viscous than the cytoplasm and densely 

packed with soluble proteins (Mullineaux et al., 2006). It contains proteins like 

enzymes for degrading and detoxifying harmful substances or for the biosynthesis of 

the peptidoglycan, chaperones and high-affinity binding proteins for vitally important 

substrates, like amino acids, sugars, vitamins, nucleotides or ions (Seltmann et al., 

2002, Costerton et al., 1974; Koch, 1998). Located in the periplasm is a thin (2-8 nm) 

rigid exoskeleton, the peptidoglycan layer. This is a polymer, which consists of 

carbohydrates and amino acids. It is a main component of the cell wall (Reusch, 2012; 

Vollmer and Bertsche, 2008; Vollmer et al., 2008). It has a structural role in 

maintaining the integrity and strength of the bacterial cell wall and it prevents cells 



 INTRODUCTION	
_____________________________________________________________________  

 3 

from lysing in dilute environments (Vollmer and Höltje, 2004). The rigid stress-

bearing peptidoglycan layer protects the IM from osmotic stress and turgor pressure. 

The critical role for peptidoglycan in cell viability is best exemplified in its status as 

the target for β-lactam antibiotics (Whitfield and Naismith, 2008). All components of 

the bacterial cell envelope are synthesized either in the cytoplasm or at the IM at its 

inner surface. Remarkably, the periplasm, in contrast to the IM, lacks an energy source 

like ATP, and the OM is devoid of an electrochemical proton gradient.  

 

1.2 Membrane lipids 

Membrane lipids are amphipathic molecules containing a hydrophobic tail and a polar 

head group. Lipids form bilayers with a thickness, which can vary, usually in between 

60-100 Å (6 to 10 nm). Lipid bilayers spontaneously form in an aqueous environment, 

while the non-polar hydrocarbon chains of the membrane lipids are head groups that 

are facing the aqueous environment at each surface of the bilayer. The polar headgroup 

regions on each side of the membrane enable interactions with the environment 

(Alberts et al., 2002; Berg et al. 2002). Due to the length and saturation of their 

hydrocarbon tails and hydrophobic interactions between the lipid molecules, bilayers 

are quite stable. Length and saturation of the tails are also responsible for the fluidity 

of these bilayer structures, which is very important for their proper function. Their 

primary function is to define the permeability barrier to prevent the passage of solutes 

and ions as well as to resist extreme conditions of the exterior environment, and 

therefore to enable bacteria to survive. Bilayers also serve as a host matrix to support 

various proteins involved in important functions of the cell metabolism (Dowhan, 

1997). Therefore, changes in the membrane permeability or loss of function of 

membrane proteins can emerge, when bilayers solidify or when they become too fluid 

(Campbell et al., 2008). The bulk of the membranes of the bacterial cell wall is made 

up of phospholipids, or diacylphosphoglycerides. They have many unique functions 

including cellular shape and energy storage (Seltmann et al., 2002). They also interact 

specifically with membrane proteins and are active participants that influence the 

properties of the proteins associated with the membranes and serve as precursors to 

important cellular components (Dowhan, 1997).  
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Figure 1.2 Phosphoglycerides found in biomembranes. 

 

Phospholipids are made of a hydrophobic moiety composed of two non-polar fatty acid 

tails attached to a phosphorylated glycerol backbone and an alcohol connected to the 

phosphate group by an ester bond forming the polar head group. The common alcohol 

moieties of phosphoglycerides are the amino acids serine, ethanolamine, choline, 

glycerol, and the inositol (Figure 1.2) (Berg et al., 2002). The most abundant 

phospholipid in Gram-negative bacteria is phosphatidylethanolamine (PE), followed by 

phosphatidylglycerol (PG) and cardiolipin (CL). In E. coli, the lipid composition of the 

IM comprises approximately 75% PE, 20% PG and 5% CL (Morein et al., 1996). The 

OM phospholipid composition differs slightly from that of the IM as it is enriched in 

saturated fatty acids and phosphatidyethanolamine (Ishinaga et al., 1979).  

While phospholipids are on either leaflet of the inner membrane, the outer membrane 

is highly asymmetric with phospholipids as the major components of the inner leaflet 

and the outer leaflet consisting of lipopolysaccharides (LPS) (Bos et al., 2007a; 

Diedrich and Cota-Robles, 1974; Silhavy et al., 2010). 

The glycolipid LPS is an antigen located on the outer surface of the cell. It is also 

known as endotoxin, which elicits a strong immune response in the host. LPS consists 
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of a) lipid A, that is a hydrophobic membrane anchor, responsible for the toxic 

properties of the molecule, b) a hydrophilic core oligosaccharide and c) an repeating 

hydrophilic O-antigen polysaccharide of various length, that is specific to the bacterial 

serotype (Caroff and Karibian 2003; Raetz and Whitfield, 2002). The core 

oligosaccharide itself is composed of an inner- and an outer core region. It is attached 

to the lipid A and contains sugars such as heptose and Kdo (keto-deoxyoctulosonate). 

Lipid A and the sugar of the inner core domain are essential for the growth of some 

bacteria. LPS strongly increases the negative charge of the membrane. Divalent cations 

are located between different LPS molecules and prevent repulsion between the 

negatively charged phosphate groups of adjacent LPS molecules. Strong lateral 

interactions between neighboring LPS molecules together with the enrichment of 

saturated phospholipids in the inner leaflet reduce the fluidity of the OM and gives the 

OM a rigid appearance, which is crucial for its barrier function (Nikaido, 2003). LPS 

has been demonstrated to support the efficient assembly of OMPs (Freudl et al., 1986; 

Schweizer et al., 1978; de Cock et al., 1999), and its necessity was shown by the 

increased permeability of the OM of bacteria with mutations in the LPS core region 

(Nikaido, 2003). Also the rate of OMP synthesis was decrased and the membrane 

insertion of OMPs was affected (Nikaido and Vaara, 1985; Ried et al., 1990). It could 

be shown that the efficient delivery of OmpA in complex with the periplasmic 

chaperone Skp to lipid membranes was dependent on LPS (Bulieris et al., 2003). The 

modulation of Skp by LPS binding was suggested upon the identification of a putative 

LPS binding site in the external surface of Skp (Walton and Sousa, 2004) 

 

1.3 Membrane proteins 

Every protein that is present in a biomembrane or located on its inner or outer surface 

is defined as a membrane protein. 20 - 30 % of the entire genes of the cell had been 

estimated to code for transmembrane proteins (Krogh et al., 2001) and it is presumed 

that more than 50 % of all proteins interact with membranes (Alberts et al., 2002). The 

functions of these proteins are reflected by their association with the lipid bilayer. On 

the basis of the nature of the membrane-protein interactions with the lipid bilayer, 

membrane proteins can be classified into three categories. There are lipid-anchored 

membrane proteins, peripheral membrane proteins and integral membrane proteins. 

At the outer membrane of Gram-negative bacteria like E. coli, lipid-anchored 

membrane proteins, or lipoproteins, are hydrophobically tethered to one leaflet of the 
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phospholipid bilayer through a covalently attached lipid-modified cysteine at the N-

terminus of the protein (S-acyldiacylglyceryl-N-palmitoylcysteine). Peripheral 

membrane proteins are associated with the hydrophilic surfaces of membranes or 

integral proteins and do not interact with the hydrophobic core of the phospholipid 

bilayer. Either they are bound directly by polar interactions to the head groups of the 

phospholipids or indirectly through non-covalent inter-actions to integral membrane 

proteins or they interact with both simultaneously. Integral membrane or 

transmembrane proteins (TMPs) span the entire bilayer. They are composed of one or 

more hydrophobic segments that are permanently embedded within the membrane by 

strong interactions with the fatty acyl chains to anchor the protein to the membrane and 

hydrophilic domains on the surface of the bilayer (Nelson and Cox, 2008; Karp, 2009). 

Based on the structure of their transmembrane domain, they can be categorized into 

two major classes, α-helical and β-barrel transmembrane proteins. α-helical proteins 

are the most common integral membrane proteins and exist in almost all 

biomembranes, including the inner or cytoplasmic membrane of Gram-negative 

bacteria. They form very hydrophobic segments with multiple α-helical membrane-

spanning domains aligned in the form of bundles. On the other hand, β-barrel 

transmembrane proteins are known from outer membranes of Gram-negative bacteria, 

mitochondria and chloroplasts, probably reflecting the endosymbiontic origin of these 

eukaryotic cell organelles. All integral membrane proteins with transmembrane β-

strands form β-barrels of at least eight neighboring antiparallel β-strands with the 

hydrophobic residues exposed to the lipid environment and mostly hydrophilic 

residues pointing towards the interior of the protein (Lodish et al., 2004).  

 

1.4 Outer membrane proteins (OMPs) 

The outer membrane of Gram-negative bacteria is a distinctive feature and essential for 

the survival of bacteria in extreme and harmful environments. It is an important 

protective barrier and serves as a molecular sieve, which permits the passage of small 

molecules. This sieving property, which permits the uptake of small substrates but 

excludes potentially harmful molecules is due to pore-forming outer membrane 

proteins. These proteins are responsible for the selective permeability of the OM and 

play a critical role in its structural and functional integrity (Hancock, 1987; Bos et al., 

2007a; Silhavy et al., 2010). 
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1.4.1 Structure of OMPs 

Nearly all OMPs of Gram-negative bacteria, mitochondria and chloroplasts known to 

date contain a transmembrane β-barrel domain made up of an even number of 

antiparallel β-strands containing alternating hydrophilic and hydrophobic amino acids, 

which ensures a continuous hydrophobic surface around the barrel exterior, while 

permitting positioning of polar residues within the interior (Buchanan, 1999; Koebnik 

et al., 2000; Schulz, 2002; Kleinschmidt, 2005). So far, only VDAC from 

mitochondrial outer membranes forms a barrel with an uneven number of 

transmembrane strands, namely 19 (Hiller et al., 2008; Bayrhuber et al., 2008). The β-

strands are rich in glycines and aromatic tryptophan and tyrosine residue, which are 

frequently found in two rings that contact the lipid bilayer interfaces at both ends of the 

barrels (Yau et al., 1998; Tamm et al., 2004). β-barrels are ranging from eight to 26 β-

strands and are tilted relative to the barrel axis by 36° to 44° and the length of each β-

strand is correlated with the degree of the tilt. The β-barrel is characterized by the 

number of antiparallel β-strands and by the shear number, which is a measure for the 

inclination angle of the β-strands against the barrel axis (Marsh and Pali, 2001; Schulz, 

2002).  

OMPs are found in various oligomeric states. Some exist as monomers, i.e. OmpA, 

OmpX, PagP, OmpW [8 β-strands] (Pautsch and Schulz, 2000; Arora et al., 2001; 

Vogt and Schulz, 1999; Hwang et al., 2002; Ahn et al., 2004; Hong et al., 2006), 

OmpT [10 β-strands] (Vandeputte-Rutten et al., 2001), NalP [12 β-strands] (Oomen et 

al., 2004), FadL [14 β-strands] (Van den Berg et al., 2004), FhuA [22 β-strands] 

(Ferguson et al., 1998; Locher et al., 1998), FimD [24 β-strands] (Phan et al., 2011) 

and LptD [26 β-strands] (Qiao et al., 2014; Dong et al., 2014). Usually β-barrels 

consist of a single polypeptide chain, but some are also formed of multiple chains, like 

the 12-stranded β-barrel of TolC, which is formed by three monomers, each 

contributing four β-strands (Koronakis et al., 2000), or MspA which forms a 16-

stranded β-barrel composed of eight identical subunits each contributing two β-strands 

(Faller et al., 2004). OmpLA normally exists as a monomer but it requires dimerization 

in the presence of its substrate to be enzymatically active (Dekker et al., 1997). Porins 

are homotrimers of individually formed 16-stranded (Omp32, OmpF, PhoE) (Zachariae 

et al., 2006; Cowan et al., 1995; Cowan et al., 1992), or 18-stranded (LamB, ScrY) β-

barrels (Schirmer et al., 1995; Wang et al., 1997; Forst et al., 1998). Oligomerization is 
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due to stability reasons and may be required for function (Van Gelder and Tommassen, 

1996), like in OmPla. 

In OMPs, the sequential β-strands of the β-barrel domain are linked to one another by 

alternating tight turns and longer loops. The shorter turns are facing the periplasm, 

while the longer and more flexible loops are usually facing the extracellular space 

(Fairman et al., 2011; Koebnik et al., 2000). Some of these extracellular loops serve 

functionally important roles as they are involved significantly in the permeability 

properties of the porin channels by being folded back into the lumen of the barrel, 

where the charge distribution affects exclusion limit and ion selectivity (Cowan et al., 

1992). By being located in the barrel interior, the extracellular loops can also be 

involved in the formation of substrate-binding sites (Buchanan, 1999). Some OMPs 

(BamA, TolC) contain an additional soluble periplasmic domain. These domains 

interact with other periplasmic proteins, for example in substrate-binding (FimD), or in 

gating the pore activity of the β-barrel by acting as a plug (TbpA) (Knowles et al., 

2009; Koronakis et al., 2000; Oke et al., 2004; Phan et al., 2011). Figure 1.3 shows 

selected structures of OMPs to demonstrate their structural variety. 

 

 
Figure 1.3 Some examples of outer membrane proteins. OmpT (PDB file 1I78) (Vandeputte-
Rutten et al., 2001), FimD (PDB file 3RFZ) (Phan et al., 2011), TolC (PDB file 1EK9) 
(Koronakis et al., 2000), LamB (PDB file 1MPQ) (Wang et al., 1997), FhuA (PDB file 1BY3) 
(Locher et al., 1998), NalP (PDB file 1UYN) (Oomen et al., 2004). Structures were generated 
with MacPyMOL (http://www.schrodinger.com/pymol/, http://pymol.org). 
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1.4.2 Function of OMPs 

β-barrel OMPs are characterized by different numbers of transmembrane β-strands, 

differences in the length and properties of the loops and strands, differences in the 

oligomeric state and in some cases by the presence of additional functional domains. 

They serve a wide range of distinct important cellular functions including uptake of 

nutrients, disposal of waste products, secretion of proteins and resistance against 

harmful agents e.g. antibiotics, bile salts, and proteases (Bos et al., 2007a; Wimley, 

2003; Lodish et al., 2004). 

The most abundant OM proteins in Gram-negative bacteria are porins. Some of them 

function as non-specific channels, like OmpF and PhoE, that allow passive diffusion of 

small (< 600 Da) hydrophilic molecules (Fairman et al., 2011; Koebnik et al., 2000). 

Others function as substrate specific channels, that allow the transport of specific 

molecules, (e.g. LamB for maltose and Tsx for nucleosides), others, like the cobalamin 

transporter BtuB and receptors for iron uptake like FhuA, are depending on the TonB 

complex at the inner membrane which provides energy for the active transport of the 

respective substrates (Nikaido et al., 1994). Some OMPs act as translocons facilitating 

the export or secretion of molecules like proteins or drugs (antibiotics) from the cell. 

Examples are TolC or FhaC, the latter is involved in the two-partner secretion pathway 

(Jacob-Dubuisson et al., 2001; Clantin et al., 2007). Some proteins have a C-terminal 

β-barrel transporter domain located in the outer membrane that secretes the N-terminal 

passenger domain through the center of the transporter domain. These proteins are 

named autotransporters because of their ability to transport themselves. Usually 

autotransporters, like NalP, function as important virulence factors in many Gram-

negative pathogens (Henderson et al., 1998; Desvaux et al., 2004). Many OMPs 

function in molecular transport, but there are also others, e.g. OMPs, which serve as 

enzymes. Examples are the phospholipase A (OmpLA) (Dekker, 2000), the aspartyl 

protease OmpT (Vandeputte-Rutten et al., 2001) or the lipid A palmitoyl transferase 

PagP (Bishop, 2005). OMPs that are playing a structural role are responsible for the 

proper formation and integrity of the OM. These OMPs include MipA (a protein 

involved in peptidoglycan synthesis), BamA (required for the folding and insertion of 

OMPs into the OM), LptD (important for LPS assembly), OmpX (adhesion and entry 

into host cells), and FimD (an usher to transport and polymerize pili subunits required 

for cell motility) (Okuda and Tokuda, 2011; Phan et al., 2011; Vogt and Schulz, 1999; 

Vollmer et al., 1999; Voulhoux et al., 2003). 
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1.4.3 Biogenesis of OMPs and degradation 

The main function of the OM is to act as a permeability barrier and to protect the cell 

against harmful environments. Nearly all permeability deficiencies arise from 

mutations in the protein machinery that make up the transport apparatus for the basic 

outer membrane proteins. Therefore, the proper localization of OMPs to their final 

destinations within the cell is essential before they can fulfill their given functions in 

the OM. 

All constituents of the outer membrane are synthesized either in the cytoplasm or at the 

cytoplasmic surface of the inner membrane as precursor proteins with a cleavable N-

terminal signal sequence, which marks them for transport across the inner membrane 

(Tommassen, 2010). With an essential heterotrimeric complex, the Sec translocon 

(Van den Berg et al., 2004), they are then translocated across the IM. The Sec 

translocon consists of three integral membrane proteins SecY, SecE and SecG 

(Driessen and Nouwen, 2008) and can only translocate unfolded proteins (De Keyzer 

et al., 2003).  While OMPs are translocated through the IM, the signal sequence is 

proteolytically cleaved off by signal peptidase I (Spase I). The mature proteins are 

released at the periplasmic leaflet of the cytoplasmic membrane (Paetzel et al., 2002). 

They are bound to periplasmic chaperones, such as Skp, SurA, DegP and FkpA (Sklar 

et al., 2007a) and transported through the periplasmic space with the peptidoglycan 

layer to the outer membrane (Figure 1.4).  

Misfolding and aggregation of OMPs in the periplasm is prevented by two parallel 

pathways for chaperone activity of either SurA or of Skp and DegP. When cells are 

lacking either one of these pathways they are still viable. However, the loss of both 

was shown to be lethal for cells grown on normal media (Rizzitello et al., 2001). 

OMPs are protected by these chaperones from aggregation and misfolding during their 

transit through the periplasm. Chaperones keep OMPs soluble in an unfolded state 

(Bulieris et al., 2003) and are therefore critical for the correct transport of OMPs to the 

OM. After they reach the OM, the unfolded OMPs are delivered to an OMP assembly 

factor known as the β-barrel assembly machinery (BAM) complex (Voulhoux et. al., 

2003, Wu et al., 2005), a proteinaceous machinery that functions to reduce the lipid-

imposed activation barrier to the folding and insertion of nascent OMPs into the outer 

membrane and to assemble their maturation  This highly conserved multi-subunit 

complex recognizes OMP substrates by a C-terminal OM targeting signal and mediates 

the assembly of almost all known OMPs (Robert et al., 2006). Its absence results in 
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OMPs that accumulate as unfolded proteins in the periplasm and thus compromise the 

survival of the cell (Knowles et al., 2009, Clausen et al., 2002). 

 

 
Figure 1.4 Biogenesis of outer membrane proteins. OMPs are synthesized in the cytoplasm as 
precursors with a signal sequence, which is cleaved off during their translocation across the IM 
by the Sec translocon. The nascent OMPs are bound by chaperones, such as SurA, Skp, DegP, 
or FkpA, which prevent their aggregation in the periplasm. They are transported to the BAM 
complex in the OM that initiates and mediates their proper folding and membrane assembly. 
 

As important as the successful synthesis and assembly of OMPs is their elimination 

when they are misfolded or damaged. Therefore, the degradation of proteins is an 

essential component of quality control, especially when cells are under stress. In 

response to misfolded OMP precursors the extra-cytoplasmatic σE stress response 

pathway is specifically activated by a proteolytic cascade initiated by the DegS 

protease in the periplasm (Alba et al., 2002; Kanehara et al., 2002; Missiakas et al., 

1996; Rhodius et al., 2006). This stress response controls the transcriptional activation 

of a set of genes of periplasmic factors that assist in the folding of OMPs and their 

delivery to the outer membrane, including the chaperones SurA, Skp, DegP and FkpA 

(Lazar and Kolter, 1996; Rouvière and Gross, 1996; Behrens et al., 2001; Chen and 

Henning, 1996; Spiess et al., 1999; Ge et al., 2014), which are depicted in Figure 1.5. 

These proteins, which exhibit a general chaperone activity, are also known as quality 

control factors in the mechanism of OMP biogenesis. They lower the stress that is put 
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on the OMP synthesis pathway and prevent further aggregation and mislocalization 

(Merdanovic et al., 2011).  

 

 
Figure 1.5 Periplasmic chaperones of E. coli. The soluble proteins SurA (PDB file 1M5Y) 
(Bitto and McKay, 2002), FkpA (PDB file 1Q6U) (Saul et al., 2004), Skp (PDB file 1SG2) 
(Korndorfer et al., 2004), and DegP (PDB file 1KY9) (Krojer et al., 2002) exhibit a general 
chaperone activity. Structures were generated with MacPyMOL.  
 

SurA is a peptidyl-prolyl isomerase (Behrens et al., 2001) that has only a restricted 

number of substrates. It selectively binds to the tripeptide motif aromatic-random-

aromatic (Ar-X-Ar, where X can be any amino acid residue) that is characteristic of 

OMPs (Bitto and McKay, 2003; Hennecke et al., 2005) and directly interacts with the 

BAM complex (Sklar et al., 2007a).  

The homotrimer Skp was found to form soluble complexes with folding intermediates 

of nascent OMPs (Schäfer et al., 1999) and to assist refolding of OMPs (Bulieris et al., 

2003; Patel et al. 2009; Patel and Kleinschmidt, 2013). It interacts only with unfolded 

β-barrel domains, but not with the soluble periplasmic domains of OMPs like OmpA 

(Walton et al., 2009). 

DegP is a hexamer and was reported to exhibit both chaperone and protease activities 

(Spiess et al., 1999). It is essential for the survival of cells cultured at heat shock 

temperatures (Strauch et al., 1989; Lipinska et al., 1989) or of cells expressing 

assembly-defective mutant OMPs at the normal growth temperature (Misra et al., 

2000; CastilloKeller and Misra, 2003). The chaperone activity as well as the protease 

activity is regulated in a temperature-dependent fashion (Lipinska et al. 1990; Spiess et 

al. 1999). DegP possesses the ability of functioning as a chaperone below 28°C and 

efficiently degrades misfolded proteins above 28°C (Jomaa et al., 2007). 

Also under heat shock conditions, the homodimer FkpA is functionally redundant with 

SurA for biogenesis of OMPs and for cell growth with increased chaperone activity, 
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and increased binding and affinity rates towards OMPs. FkpA directly binds OMPs and 

prevents their aggregation. The FkpA protein is bifunctional, as a peptidyl-prolyl 

isomerase and a molecular chaperone. At the normal temperature it was identified as 

the multicopy suppressor for the lethal phenotype of the ΔsurA Δskp strain (Ge et al., 

2014; Saul et al., 2004) . 

In E. coli, deletion of surA decreases the levels of a range of folded porins, including 

the most abundant OMPs, and therefore the density of the OM (Rouvière and Gross, 

1996; Lazar and Kolter, 1996; Sklar et al., 2007a). The physiological defects include 

hypersensitivity to bile salts, detergents, and antibiotics, indicating that SurA is the 

preferred chaperone in OMP biogenesis. While a Δskp ΔdegP strain is viable 

(Rizzitello et al., 2001; Sklar et al., 2007a; Vertommen et. al., 2009), both double 

mutants ΔsurA Δskp and ΔsurA ΔdegP are lethal, suggesting redundancy in chaperone 

activities. Regarding the differential roles of SurA, FkpA, Skp and DegP and their 

importance for targeting OMPs to the bacterial outer membrane, a temperature-

dependent OMP biogenesis mechanism was proposed (Ge et al., 2014).  

 

1.5 Folding of outer membrane protein A (OmpA) 

In vitro protein folding can be carried out on isolated proteins and has the advantage of 

examining isolated factors that influence the folding behavior of a protein.  The outer 

membrane protein A (OmpA) from the Gram-negative bacterium E. coli has emerged 

as an excellent model.  It has successfully been used to examine the thermodynamics 

and kinetics of folding, gaining new insights into the biochemical and biophysical 

properties of OMPs and also into the folding mechanisms of β-barrel OMPs.  

OmpA, shown in Figure 1.6, is a major protein in the E. coli outer membrane. The 

protein consists of 325 amino acids with an apparent molecular mass of 35 kDa (Chen 

et al., 1980). It exists as a monomer in the OM and is composed of two domains. The 

171 N-terminal residues form a β-barrel transmembrane domain, which spans the 

membrane with eight antiparallel β-strands. The 154 C-terminal residues form a 

soluble domain that remains in the periplasm (De Mot and Vanderleyden, 1994; 

Koebnik and Krämer, 1995). Four long unstructured and flexible loops connect the β-

strands at the extracellular side and short tight turns connect the β-strands at the 

periplasmic side (Pautsch and Schulz, 2000; Arora et al., 2001).  
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Figure 1.6 Structure of OmpA. The model of OmpA was prepared by combining the structure 
of the N-terminal transmembrane ß-barrel structure (PDB file 1BXW) (Pautsch and Schulz, 
1998) and the C-terminal periplasmic domain (PDB file 2MQE) (Ishida et al., 2014). Amino 
acids 172-179 were not available in the crystal structures and were introduced as random coil 
structure and are highlighted in dark green. Structure was generated with MacPyMOL.  
 

The main function of OmpA is to provide structural stability by connecting the outer 

membrane and the periplasmic peptidoglycan layer through its C-terminal domain 

(Sonntag et al., 1978; DeMot and Vanderleyden, 1994; Koebnik and Krämer, 1995). It 

forms ion channels and may conduct ions across the transmembrane domain (Arora et 

al., 2000), it also is involved in the conjugation of the bacterial cell (Ried and Henning, 

1987) and is used as a receptor by a number of bacteriophages (Morona et al., 1985) 

and colicins (Foulds and Chai, 1978).  

 

Surrey and Jähnig (1992) were the first who could demonstrate that isolated OmpA 

that was denatured in 8 M urea, was able to fold and insert spontaneously into 

preformed bilayers of synthetic lipids in vitro by rapid and strong dilution of the urea. 

Folding of OmpA requires the hydrophobic core of either a detergent micelle or a lipid 

bilayer (Kleinschmidt et al., 1999a).  
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Figure 1.7 The transmembrane topological model of OmpA (adapted and modified from 
Vogel and Jähnig, 1986; Pautsch and Schulz 1998; Kleinschmidt et al., 1999b). 
Transmembrane antiparallelβ-strands are shown as arrows, indicating the chain direction. The 
five tryptophan residues are highlighted in red.  
 

The presence of any proteinaceous machinery and an external energy source is not 

required, which strongly suggests that the amino acid sequence contains all the 

information required for the formation of the native protein structure (Anfinsen, 1973). 

Time-resolved distance determination by fluorescence quenching (TDFQ) was used for 

refolding studies of single tryptophan mutants of OmpA (Kleinschmidt et al., 1999b; 

Kleinschmidt and Tamm, 1999, 2002). The locations of the tryptophan residues in the 

OmpA structure are represented in Figure 1.7. The distance of the fluorophore 

tryptophan to the hydrophobic core of the lipid bilayer was estimated. Lipid bilayers 

were prepared, each containing one of four different brominated phospholipids, in 

which two vicinal bromines were located at different positions in the sn-2 fatty acid 

chain, namely 4,5 diBrPC, 6,7-diBrPC, 9,10-diBrPC and 11,12-diBrPC. The bromines 

function as fluorescence quenchers and the quenching of the intrinsic Trp fluorescence 

of OmpA was measured over time. Five lipid bilayers were prepared, four containing 

70 % diC18:1PC and 30 % of one of the brominated lipids. One bilayer contained 

diC18:1PC only and served for reference measurements. Quenching profiles were 

generated at each time to locate the depth of the tryptophans during folding. In these 

experiments, three membrane bound folding intermediates of OmpA were identified. 

Consistent with the kinetic analyses (Kleinschmidt and Tamm, 1996), three kinetic 

phases have been described (Figure 1.8). The first phase was fast and temperature-

independent and attributed to the binding of OmpA to the bilayer surface. The second 
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step was slow and strongly temperature-dependent suggesting a partial insertion of the 

protein into the lipid bilayer. The final and slowest phase of β-barrel maturation was 

also strongly temperature-dependent and was observed only at temperatures greater 

than 28 °C (Kleinschmidt and Tamm, 1996; Kleinschmidt et al., 1999b; Kleinschmidt, 

2003). OmpA folding and membrane insertion were coupled and occured in a 

concerted manner (Kleinschmidt et al., 1999b). The formation of β-sheet secondary 

structure and β-barrel tertiary structure was later reported to take place in parallel with 

the same rate constants and while OmpA inserts into the hydrophobic core of the 

membrane (Kleinschmidt and Tamm, 2002). 

 

 
Figure 1.8 Folding of outer membrane proteins. Based on in vitro studies (Kleinschmidt and 
Tamm, 1996; Kleinschmidt, 2003) the folding of OMPs takes place in three distinct kinetic 
phases. 1. phase: binding of the OMP to the bilayer surface, 2. phase: partial folding and 
insertion into the lipid bilayer, and 3. phase: completion of insertion of OMPs into the 
membrane and maturation of the ß-barrel. 
 

In vitro, the unassisted insertion of OmpA into model membranes is often slow and 

depends on the lipids and on the bilayer properties (Kleinschmidt and Tamm 1996; 

2002; Patel et al., 2009). The composition of the bilayer significantly influences the 

folding behavior and stability of OmpA and proteinaceous machineries are required in 

vivo to overcome the kinetic barrier to OMP folding imposed by the 

phosphatidylethanolamine lipid head group (Kleinschmidt, 2006; Patel et al., 2009; 

Patel and Kleinschmidt, 2013; Gessmann et al., 2014). 

 

1.6 The BAM complex 

The correct folding and assembly of ß-barrel outer membrane proteins are essential for 

the viability of Gram-negative bacteria (Voulhoux et al., 2003; Wu et al., 2005; Gentle 

et al., 2005; Bos et al., 2007a) and can also play an important role in virulence. It was 

indicated by gene depletion studies with Gram-negative bacteria that in E. coli the 

folding and assembly of processed OMPs is catalyzed by the β-barrel assembly 
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machine (BAM) at the OM. The BAM complex is a multiprotein complex, which is 

composed of four lipoproteins BamB (YfgL), BamC (NlpB), BamD (YfiO) and BamE 

(SmpA) (Wu et al., 2005; Sklar et al., 2007b; Walther et al., 2009) and BamA (YaeT 

of E. coli, also called Omp85 for other bacteria, like N. meningitidis), an integral 

membrane protein. Figure 1.9 illustrates structures of the members of the BAM 

complex. 

 

 
Figure 1.9 Structures of the members of the β-barrel assembly machinery (BAM) complex. 
The BAM complex is composed of the four lipoproteins BamB (PDB file 3P1L) (Kim and 
Paetzel, 2011), BamC (N-terminal (PDB file 2YH6) (Albrecht and Zeth, 2011), and C-terminal 
(PDB file 2YH5) (Albrecht and Zeth, 2011) domain), BamD (PDB file 3Q5M) (Dong et al., 
2012) and BamE (PDB file 2KXX) (Kim et al., 2011b) and the integral OMP BamA as the 
core subunit. The model of BamA was prepared by extending the structure of POTRA domains 
1-4 (PDB file 3EFC) (Gatzeva-Topalova et al., 2008) by a structure alignment of the 
overlapping POTRA domain 4 of the structure of POTRA domains 4-5 (PDB file 3Q6B) 
(Zhang et al., 2011) and a second extension of the obtained structure of POTRA domains 1-5 
by a structure alignment of the overlapping POTRA domain 5 of a structure composed of the 
BamA β-barrel and the appending POTRA domain 5 (PDB file 4C4V) (Albrecht et al., 2014). 
Structures were generated with MacPyMOL. 
 

BamA is the core subunit of the BAM complex and adopts a β-barrel fold in its C- 

terminal domain to span the lipid bilayer of the OM (Gentle et al., 2005) and to anchor 

the BAM complex in the OM. BamA belongs to the Omp85 family of proteins and is 

highly conserved (Bos et al., 2007a; Knowles et al., 2009). Its homologues have been 

found to exist in all Gram-negative bacteria and also in mitochondria (Sam50) and 

chloroplasts (Toc75) in eucaryotes (Wimley, 2003; Voulhoux et al., 2003; Voulhoux 

and Tommassen, 2004). In addition to the outer membrane-embedded C-terminal β-
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barrel domain, BamA contains a soluble N-terminal periplasmic domain with multiple 

polypeptide transport-associated (POTRA) motifs (Kim et al., 2007; Gentle et al., 

2005). Despite low sequence similarity, these POTRA domains have the same overall 

structure with each domain consisting of a three-stranded β-sheet and two α-helices 

(Kim et al., 2007). In bacteria and eucaryotes the number of POTRA domains ranges 

from one (Sam50), two (FhaC), three (Toc75) to five for BamA.  

Pull-down studies have shown that these POTRA domains are providing a scaffold for 

other components of the complex. Deletion of individual POTRA domains revealed 

that POTRA domain 1 and POTRA domain 2 deletion mutants are viable but grow 

poorly. Deletions of POTRA domains 3, 4, and 5 result in cell death. Loss of POTRA 

domain 5 leads to the disassembly of the BAM complex. BamB is stably associated to 

POTRA domain 3 of BamA through a β-augmentation and requires most of the 

periplasmic domain. Conversely, only the POTRA domain 5 is essential for the 

interaction of BamA with BamD, whereby BamD forms a separate subcomplex 

together with BamC and BamE and in turn mediates the apparently indirect association 

of BamA with BamC and BamE (Malinverni et al., 2006). 

BamB has an eight-bladed β-propeller fold (Kim and Paetzel, 2011; Noinaj et al., 

2011), that is a common structural feature for scaffolding protein-protein interactions 

(Chen et al., 2011). BamC is composed of two compact helix-grip domains with a long 

non-structured N-terminal extension that provides the binding interface with BamD 

(Kim and Paetzel, 2011; Warner et al., 2011). BamD is the most highly conserved 

among the BAM lipoproteins (Kim et al., 2012) and forms an extended helical bundle 

comprised of five tetratricopeptide repeat (TPRs) motifs (Albrecht and Zeth, 2011; 

Dong et al., 2012). Its N-terminal half binds to BamC (Kim et al., 2011a). BamE is the 

smallest component of the BAM complex. It consists of a compact domain with a 

phosphatidylglycerol binding site and a binding interface for BamD (Knowles et al., 

2011; Kim et al., 2011b). 

Previous mutagenesis studies have revealed that only BamA and BamD are essential 

and indispensable for OMP assembly and cell survival (Werner and Misra, 2005). 

Depletion strains of BamA and BamD display severe defects in the assembly of OMPs 

and complete depletion of either BamA (Voulhoux et al., 2003) or BamD (Malinverni 

et al., 2006) leads to cell death. Deletion mutants of bamB, bamC or bamE are 

tolerated with various degrees of growth phenotype and OMP assembly defects. Cells 

lacking BamB show significant defects with increased membrane permeability 
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(Onufryk et al., 2005; Charlson et al., 2006) whereas only minor changes regarding the 

stability of the BAM complex are observed in the absence of BamC and BamE (Sklar 

et al., 2007b; Hagan et al., 2011b). However, the simultaneous deletion of BamB and 

BamE is also lethal, see Ricci et al. (2012) for a review. 

 

 
1.7 Motivation and Aim of the study 

The aim of this study is to obtain detailed information about the role of the periplasmic 

domain of BamA (PD-BamA) of the E. coli BAM complex, a multi-protein complex 

that plays a critical role in OMP folding and assembly for gaining new insights 

allowing future investigations on the mechanism, by which PD-BamA interacts with 

substrate OMPs and functions in their assembly. 

Only few studies reporting on interactions between PD-BamA and the lipoproteins of 

the complex, OMP substrates, or membrane lipids are available to date. The OMP 

BamA as well as the lipoprotein BamD are the essential core components in the BAM 

complex and function in the most critical steps of OMP assembly processes. Both 

proteins are essential for the biogenesis of OMPs and cell viability.  

In recent years, various research groups have successfully solved and analyzed the 

crystal structures of all components of the BAM complex, which provided new insights 

and a much better understanding of the structural organization of the BAM complex 

and the functional roles of the individual components could be discussed. Despite 

several evidences of the necessity of BamA in the BAM complex for assembly of 

OMPs and the great advances in characterizing individual subunits, there is still a lack 

in understanding of the overall architecture, the assembly requirements and its 

organization relative to the membrane. The precise roles of the proteins of the BAM 

complex remain still speculative.  

 

By means of kinetic and thermodynamic studies on OMP folding and insertion into 

preformed lipid bilayers in the presence of the periplasmic domain of BamA, its effect 

on insertion and folding of OMPs will be examined. Therefore, folding of OmpA will 

be investigated into membranes of different composition which will allow better 

understanding of the role of PD-BamA in the mechanism of OMP folding.  

 

Biochemical and biophysical properties of PD-BamA will be characterized by using 
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circular dichroism spectroscopy and fluorescence spectroscopy, both sophisticated 

tools to provide information on protein folding and on interactions with lipids. 

 

By using site-directed mutagenesis to prepare point-mutants of PD-BamA that can be 

spectroscopically labeled and fluorescence resonance energy transfer to monitor 

proximities, potential sites of binding to the substrate protein OmpA and also to the 

essential BAM complex component BamD will be examined. Furthermore, the 

respective stoichiometries of the protein interactions will be determined to provide 

answers in the function and formation of the BAM complex. 

 

All of the above mentioned in vitro studies were performed by the usage of certain 

molecular biology and biophysical techniques as methods. The basic principles of 

these techniques are described in the following section. 

 
 
1.8 Scientific methods 
 

1.8.1 Kinetics of tertiary structure formation by electrophoresis (KTSE) 

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

commonly used method to separate proteins, which are present as complexes with the 

negatively charged dodecyl sulfate, according to their electrophoretic mobility. The 

electrophoretic mobility of a protein-SDS complex depends on charge and size of 

complex and therefore on the molecular mass of the protein. The molecular mass of the 

protein can be estimated based on a set of marker proteins of known size, but only if all 

proteins are denatured before the electrophoresis is performed. More recently SDS-

PAGE has also emerged as a valuable technique to investigate the insertion and the 

folding process of unfolded OMPs into their active forms in the presence of lipid 

bilayers or detergents. Different migrations of unfolded and folded forms of OMPs are 

common, because native β-barrels are relatively stable, have a different compact 

structure and a different capacity for SDS-binding, unless the samples are boiled and 

therefore denatured before they are subjected to SDS-PAGE (Laemmli, 1970). Taking 

advantage of the different electrophoretic mobilities of the unfolded and folded forms, 

the folding states of OMPs can be analyzed. For OmpA, the unfolded form migrates at 

35 kDa, whereas the folded form migrates at 30 kDa (Schweizer et al., 1978). Similar 



 INTRODUCTION	
_____________________________________________________________________  

 21 

differences in the electrophoretic mobility of folded and unfolded forms have been 

observed for many other proteins like FhuA (Locher and Rosenbusch, 1997), FomA 

(Puntervoll et al., 2002), OmpG (Behlau et al., 2001; Conlan and Bayley, 2003) and 

PagP (Huysmans et al., 2007). These differences can be used to examine the kinetics of 

folding and insertion of OMPs (kinetics of tertiary structure formation by 

electrophoresis, KTSE) as reported for OmpA (Kleinschmidt and Tamm, 1996, 2002; 

Bulieris et al., 2003; Patel et al., 2009), OmpG (Conlan and Bayley, 2003) and FomA 

(Pocanschi et al., 2006a). Folding of urea-unfolded OmpA is initiated by rapidly 

mixing the protein with an excess volume of preformed lipid bilayers or detergent 

micelles under concurrent strong dilution of the denaturant urea. The folding reaction 

is monitored over a defined time course and small aliquots of the reaction mixture are 

taken at certain time intervals after starting the reaction. SDS is then added 

immediately to each aliquot to stop further OmpA folding by quickly binding SDS to 

unfolded and folded OmpA (Kleinschmidt and Tamm, 1996, 2002). Once folded into 

bilayers or detergents, OmpA remains folded in the presence of SDS (Kleinschmidt, 

2003). To analyze the fractions of folded OmpA, all aliquots taken at different time 

intervals are subjected to SDS-PAGE, without prior heat-denaturation of the samples. 

The yields of unfolded and folded OmpA are estimated by densitometry, thus 

monitoring the kinetics of tertiary structure formation.  

 

1.8.2 Circular dichroism spectroscopy 

Circular dichroism (CD) is the result of the different absorbances of left and right 

circularly polarized light (ΔA = AL – AR) when it passes through an optically active 

(chiral) substance. Circular dichroism is a function of wavelength. By applying Beer-

Lambert’s Law, at a given wavelength (λ) the difference in absorbance is expressed as 

a difference in the absorption coefficients: 

 

Δε = (εL - εR) =  ΔA / (c ⋅ d) 

 

where ΔA is the difference in the absorbance of the left circularly polarized (LCP) and 

the right circularly polarized (RCP) light at a given λ, εL and εR are the absorption 

coefficients for LCP and RCP light at this wavelength, Δε is their difference, c is the 

concentration of the sample and d is the cell pathlength (Berova et al., 2000). 
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Optically active molecules absorb left and right circularly polarized light to different 

extents, so that the resultant radiation is elliptically polarized. The ellipticity, Θobs, is 

obtained directly by CD spectrometry and is given by 

 

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

 

Calculation of molar ellipticity [Θ] requires the sample concentration, the optical path 

of the cell and the relative molecular mass of the examined substance. Molar ellipticity 

is defined as 

[Θ](λ) = 100 · Θobs(λ) / ( c · d )      (deg⋅cm2/dmol) 
 

where l is the path length of the cuvette in centimeters, Θobs(λ) is the recorded 

ellipticity in degrees at wavelength λ, and c is the concentration in mol/L. The factor 

100 arises from these units and from the conversion of mol into dmol.  

 

These equations can be combined to: 

 

   [Θ](λ) = 100 · ln(10) · 180/(4π) ⋅ Δε(λ)  

or simply 

[Θ](λ) = 3298.2 ⋅ Δε(λ) 

 

For an easy comparison of different proteins with different molecular masses, molar 

ellipticity is normalized to mean residue ellipticity (Abrams and London, 1992), which 

reflects the molar ellipticity divided by the number of monomer units (amino acid 

residues) in the protein. It is also quoted in units of 

 

            [Θ](λ) = 100 · Θobs(λ) / ( c · d · n)												(deg⋅cm2/dmol) 

 

Circular dichroism is a spectroscopic technique in structural biology that can be used 

for the determination of the secondary and tertiary structure in the ultraviolet 

wavelength range. The chiral geometry of the polypeptide backbone and the chirality 

of the amino acid side-chains (the α C-atom of each amino acid residue is a chirality 

center) are the reasons for the optical activity of proteins.  
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Proteins possess a number of chromophores of interest including polypeptide backbone 

peptide bonds that have a weak but broad n → π* transition observed at 210 nm and an 

intense π → π* transition centered around 190 nm. Because electronic transitions of 

peptide bonds in different conformations produce differential absorption spectra for 

left and right circularly polarized light in the far UV region (240 – 180 nm), the content 

of regular secondary structure, such as α-helix, β-sheet, and random coil, of proteins 

can be examined. Each structure exhibits a characteristic shape and magnitude of CD 

spectrum (Figure 1.10). Aromatic amino acid side chains of tyrosine, tryptophan, 

phenylalanine and also disulphide bonds absorb and have weak but broad transitions in 

the near UV region (320 – 260 nm) and reflect the environment of a protein as well as 

its tertiary structure (Kelly and Price, 2000). 

 
Figure 1.10 Circular dichroism spectra of secondary structures of proteins. The different 
structural elements have characteristic CD spectra. While α-helical proteins have negative 
bands at 222 nm and 208 nm and a positive band at 193 nm (Holzwarth and Doty, 1965), well-
defined antiparallel ß-pleated sheets (β-helices) have a negative band at 218 nm and a positive 
band at 195 nm (Greenfield and Fasman, 1969). On the other hand, disordered proteins have 
very low ellipticity above 210 nm and negative bands near 195 nm (Venyaminov, 1993). 
 
 
CD spectroscopy is most widely applied to determine the protein secondary structure 

of an expressed and purified protein. It serves as an important method to estimate the 

rate and the extent of conformational changes due to protein folding or unfolding as a 

result from changes in environmental conditions (pH, temperature, detergents, 

denaturants, or other) and to assess the structure and stability of wild-type or mutant 
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proteins. Measurements can be performed convenient and rapidly. A wide range of 

protein concentrations can be studied, only small amounts of sample are required and 

good quality spectra are obtained. Therefore, CD serves as a good complement for 

FTIR spectroscopy and high-resolution structural techniques such as X-ray 

crystallography and NMR (Greenfield, 2004, 2006). 

Several algorithms have been developed to deconvolute the information contained in 

CD spectra that can be considered as the sum of the individual spectra obtained from 

each type of secondary structure present in a protein sample. Various empirical 

analyses utilize a reference database of spectra of proteins with known crystal 

structures so that the overall structural characteristics of the analyzed proteins are 

represented. A user-friendly interface and calculation platform for deconvolution 

algorithms and reference databases is provided by DICHROWEB, an online server of 

the university of London (Birkbeck-College, Wallace-Laboratory, 

http://dichroweb.cryst.bbk.ac.uk) (Lobley et al., 2002; Whitmore and Wallace, 2004, 

2008).  It provides the five algorithms CONTIN (Provencher and Glockner, 1981), 

SELCON3 (Sreerama et al., 1999), CDSSTR (Sreerama and Woody, 2000) VARSLC 

(Manavalan and Johnson, 1987) and K2d (Andrade et al., 1993) and seven datasets 

which accept a wide range of units and data formats of the entered data inputs. 

Furthermore, it also calculates a goodness-of-fit parameter (the normalized root of the 

mean-square deviation, NRMSD) that is an important measure for the numerical 

agreement of the calculated spectrum with the experimental spectrum and can be 

consulted to reflect and prove the quality of the results. 

 

1.8.3 Site-directed mutagenesis 

The generation and characterization of mutants is an essential component of any study 

on relationships between the protein structure and its function. In vitro site-directed or 

site-specific mutagenesis is a molecular biology method for the creation of targeted 

point mutations in a double-stranded DNA plasmid. It is an invaluable technique for 

introducing specific changes (e.g. deletions, or insertions of single or multiple amino 

acids, or amino acid substitutions) to the DNA sequence of a gene. Alterations of DNA 

are used for characterizing the dynamic, complex protein structure-function 

relationships, for studying elements of gene expression, for carrying out vector 

modifications, to study changes in protein activity that occur as a result of the DNA 

manipulation, to select or screen for mutations (at the DNA, RNA or protein level) 



 INTRODUCTION	
_____________________________________________________________________  

 25 

with desired properties, or introduce or remove restriction endonuclease sites or tags. 

(Kunkel, 1985, Benchmarks, 2000) 

As it simplifies the manipulation of DNA site-directed mutagenesis has become a 

common method for the manipulation of genes. It is now possible to change 

specifically any given base in a cloned DNA sequence.  Site-directed mutagenesis can 

be used for studies about structure-function relationships or gene expression. 

Furthermore, it enables the creation of mutant proteins with novel properties of value. 

These proteins can have only minor changes, or entire domains can be added or deleted 

(Primrose and Twyman, 2006). 
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for mutation 
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Step 2
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Cycling
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(contains nicked
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of circular, nicked 
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primers     with 
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Figure 1.11 Overview of the site directed mutagenesis method (modified from Agilent 
Technologie's QuikChange Site-Directed Mutagenesis Kit) 
 

As shown in Figure 1.11, two mutagenic oligonucleotide primers (forward and reverse) 

have to be designed according to the desired mutation to be identical to the target gene 

sequence except for the base pair to be mutated and are used to direct the replication of 

the gene. The primers hybridize to the corresponding DNA strands of the template 

plasmid, and the DNA polymerase synthesizes the whole plasmid sequence to get the 

altered gene with the desired mutation.  

One strategy for site-directed mutagenesis is the Quikchange method from Stratagene. 

It is commonly performed using the QuikChange XL Site-Directed Mutagenesis Kit 

(Agilent Technologies). The polymerase chain reaction is used to extend two 

mutagenesis primers, each complementary to the opposite strands of the plasmid, but 

containing the desired mutation. PCR is is performed by temperature cycling and by 

using PfuTurbo DNA polymerase. The incorporation of the primers generates a 

mutated plasmid that contains staggered nicks. DpnI endonuclease is added to the 

remaining PCR reaction to degrade specifically the methylated and hemimethylated  
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parental DNA and to select for mutation-containing synthesized DNA. Since 

synthesized DNA from PCR is not methylated, DpnI cannot digest the PCR products 

while plasmid DNA isolated from almost all E. coli strains is (dam+) methylated and 

therefore susceptible to DpnI digestion. Afterwards, the nicked PCR products are 

transformed into XL10-Gold Ultracompetent Cells and DNA sequencing of isolated 

clones is used to confirm the presence of the correct mutation. 

 

1.8.4 Fluorescence spectroscopy 

Luminescence describes a phenomenon where a chromophore emits light after it has 

been electronically excited by the absorption of radiation. Typically, the absorbed light 

is of higher energy (corresponding to radiation of shorter wavelength) than the emitted 

light, which always has a longer wavelength and therefore lower energy. According to 

the nature of the excited state and the emission pathway, luminescence can be divided 

into phosphorescence and fluorescence (Figure 1.12). Phosphorescence occurs when 

light is emitted from chromophores in excited triplet states, in which the excited orbital 

electron and the electron in the ground state have the same spin orientation. Then, the 

transition to the ground state involves a spin-reversal, which takes time and therefore 

the emission rates are slow and the lifetimes of phosphorescence are milliseconds to 

seconds. In contrast, fluorescence occurs when light is emitted from excited singlet 

states, in which the excited orbital electron is paired to another electron in the ground 

state orbital with an opposite spin orientation. As the excited electron transfers back 

into its lower energy orbital, some of the excitation energy is lost in a stepwise manner 

by a series of vibrational state decays (internal conversion). The chromophore emits a 

fluorescence photon when the electron makes a transition back to the ground state. The 

time period τF after which the fraction of 1/e of all excited electrons have returned to 

the electronic ground state is called the fluorescence lifetime.  

The lifetimes of the excited singlet electronic states are quite short and fluorescence 

occurs typically around several nanoseconds. The emitted light is of lower energy and 

longer wavelength than the absorbed light due to the higher energy relaxation 

mechanism and due to transitions into excited vibrational states of the electronic 

ground state S0. The change between the excitation and the emission energy, and 

therefore between the corresponding excitation and emission wavelengths,  

Δλ = λ2 – λ1 = h · c · (1/E2 – 1/E1) is termed the Stokes shift (Lakowicz, 2006). 
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Figure 1.12 The Jablonski diagram illustrates the processes of absorption, fluorescence and 
phosphorescence. Upon the absorption of light, a fluorophore is excited from its singlet ground 
state (S0) to higher singlet electronic energy states (S1 and S2). Different vibrational energy 
levels at each electronic energy state are depicted by the groups of horizontal lines. The 
fluorophore then rapidly relaxes to the lowest vibrational energy level of S1 by internal 
conversion, which is generally completed prior to emission. A fluorescence spectrum is 
produced when photons are emitted due to transitions of excited fluorophores to their ground 
state. The energies of the emitted photons are determined by the differences between the 
energy level of the vibrational ground state of S1 and the energy levels of the vibrational states 
of the electronic ground state S0. The distance between atoms does not change when electrons 
transit between different states (Franck-Condon principle). As equilibrium distances between 
atoms depend on the strength of the electronic bond between them, molecules may be in 
excited vibrational states after an electronic transition. The longer wavelength of the emitted 
light is a consequence of the internal conversion. It is also possible for molecules in the S1 state 
to undergo a spin conversion to the first triplet state (T1). This conversion is known as 
intersystem crossing and the emission from T1 is termed phosphorescence. Transition from T1 
to the singlet ground state is forbidden, therefore radiation is not observed until a spin-reversal 
of the excited electron occurs. The triplet state is of lower energy and as a result the observed 
spectrum is shifted to longer wavelength (lower energy) in relation to fluorescence. 
 

 

Fluorescence spectroscopy is a powerful and widely used tool to study the structure 

and structural changes and dynamics of molecules in complex systems, interactions 

between proteins or proteins and lipids, and protein folding and stability. It is a 

technique sensitive to changes in the molecular environment of a fluorophore. 

Tryptophan can be used successfully as a fluorophore due to its sensitivity towards 

polarity and mobility of environment and its wavelength can be utilized for the 

determination of a tryptophans polar or apolar location. 
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1.8.5 Fluorescence resonance energy transfer 

Förster (Fluorescence) resonance energy transfer (FRET) describes the transfer of 

energy (not of an electron) from an excited donor molecule to a neighboring acceptor 

molecule through a non-radiative dipole-dipole interaction (Förster, 1948) (Figure 

1.13). By relaxing to the energetic ground state of the electron, an initially excited 

donor transfers its excitation energy to excite a nearby acceptor without the emission of 

a photon. Then, the excited acceptor emits a photon and returns to the ground state 

whereby a fluorescence photon is produced. As the energy of some of the donor 

molecules is transferred by FRET, the fluorescence emission of the donor is decreased 

and the lifetime of the excited state of the donor is reduced. The acceptor shows 

fluorescence emission. 
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Figure 1.13 Jablonski diagram of the FRET process between a donor molecule and an acceptor 
molecule at nanometer separation. A donor group is excited by absorbance of light and then 
relaxes to the lowest excited singlet electronic energy state (S1). Given that the acceptor is in 
close proximity, the energy of the excited state of the donor fluorophore is released when the 
electron returns back to the ground state (S0) and can transfer directly to the acceptor 
fluorophore without emitting a photon through long-range dipole-dipole intermolecular 
coupling. This non-radiative process is referred to as resonance. Then, by relaxation of the 
excited acceptor to the ground state (S0) a photon is emitted. As there is variation in the 
energies of the vibrational and rotational substates of the electronic ground state, the entire 
sample emits a sensitized fluorescence spectrum (that is identical to the one obtained after 
direct excitation).  
 
 
This process of energy transfer is extremely sensitive to the separation distance 

between the two appropriate, usually different, fluorophores. The absorption spectrum 

of the acceptor has to overlap the fluorescence emission spectrum of the donor and the 
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transition dipole orientations of the donor-acceptor pair have to be approximately 

parallel. This energy matching is called the resonance phenomenon. The overlap of 

spectra between the donor and the acceptor is given by the overlap integral J(λ)      

(Figure 1.14), thus, the more overlap of spectra, the better a donor can transfer energy 

to the acceptor. 

Additionally, the fluorescence lifetime of the donor molecule must be of sufficient 

duration to permit the event to occur. The efficiency of energy transfer between donor 

and acceptor molecules decreases with the sixth power of the distance separating the 

two. Consequently, the ability of the donor fluorophore to transfer its excitation energy 

to the acceptor by non-radiative interaction decreases sharply with increasing distance 

between the molecules, limiting the FRET phenomenon to a maximum donor-acceptor 

separation radius of approximately 10 nanometers, depending on the donor/acceptor 

pair. 
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Figure 1.14 The schematic diagram of the spectral overlap integral J(λ) of donor emission and 
acceptor absorption. 
 

Typically, Förster distances are in the range of 15 to 60 Å, which is comparable to the 

thickness of membranes and to the diameter of many proteins. Because non-radiative 

energy transfer occurs over much longer distances than short-range solvent effects, 

resonance energy transfer is not sensitive to the surrounding solvent shell of a 

fluorophore, and thus, produces molecular information unique to that revealed by 

solvent-dependent events (Lakowicz, 2006). Therefore, FRET provides the opportunity 

to probe biological structures while measuring the distance between a donor and an 

acceptor at different positions of interest either on a big molecule or on different 

molecules (Stryer, 1978; Clegg, 1995). Also dynamics of conformational changes 

between the donor-acceptor pair can be investigated upon protein-protein interactions 



 INTRODUCTION	
_____________________________________________________________________  

 30 

(You et al., 2006). Thus resonance energy transfer is a very powerful method at the 

interface of biology, chemistry, physics and optical engineering. It can be used as a 

spectroscopic ruler for the long-range distance determination of interactions, and 

concurrently for the determination of the precise location and nature of the interactions, 

between protein partners that are involved in a variety of biomolecular processes 

producing changes in the relative proximity of the molecules (Stryer et al., 1967).  

 

According to Förster’s theory on energy transfer, the relation of the FRET efficiency to 

the inverse sixth power of distance (r) between the donor (D) and the acceptor (A) is 

given by the equation (Lakowicz, 2006):  

	

r = R0 (1/E-1)1/6 or E = R0
6/ ( R0

6 + r6 ) 

 

Where R0 is known as the Förster distance, defining the characteristic distance at 

which the transfer efficiency is 50%. The efficiency of energy transfer (E) is also a 

quantitative measure of the number of quanta that are transferred from D to A 

molecules, and can be calculated from the equation:  

 

E = 1 - FDA/FD 
 

Where FDA and FD are the fluorescence intensities of the donor molecules in the 

presence and in the absence of the acceptor molecules, respectively. 

 

Tryptophan, shown in Figure 1.15 (A), is an important intrinsic fluorescent amino acid. 

Its fluorescence properties are highly sensitive to its local environment, which is a 

valuable feature of intrinsic protein fluorescence. Tryptophan typically absorbs at 280 

nm, but can be selectively excited at 295 nm. At this excitation wavelength, the weaker 

fluorescence of the other fluorescent amino acids, tyrosine and phenylalanine, is 

completely negligible. The emission spectrum of tryptophan ranges from 300 to 350 

nm (Lakowicz, 2006); the wavelength of the emission maximum depends on the 

polarity of the local environment. Changes in the polarity often occur upon 

conformational transitions, ligand binding or denaturation. For FRET measurements, it 

can be used as a resonance energy donor (Lakowicz, 2006). 
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1,5-IAEDANS (5-((((2-Iodoacetyl)amino)ethyl)amino)naphtalene-1-sulfonic acid) is 

an organic thiol-reactive probe (Figure 1.15 (B)). Above pH 4, it is water-soluble and it 

has a long fluorescent lifetime. 1,5-IAEDANS has a peak excitation and a peak 

emission wavelength of 336 nm and 490 nm, respectively. Its extinction coefficient is 

5700 M-1 cm-1 (The Molecular Probes® Handbook, 2010). It is a very suitable reagent 

for FRET measurements, since its absorption spectrum overlaps well with the emission 

spectrum of tryptophan and also with the emission spectrum of 5-IAF, making it useful 

as a resonance energy acceptor, as well as a resonance energy donor (Lakowicz, 2006). 

The thiol-reactive 5-IAF (5-Iodoacetamidofluorescein), which is depicted in Figure 

1.15 (C), has a strong absorption and a high fluorescence quantum yield, which makes 

it a preferred reagent for FRET studies. The absorption coefficient of the dye is 78000 

M-1 cm-1. It has a peak excitation wavelength of 490 nm and a peak emission 

wavelength of 515 nm (The Molecular Probes® Handbook, 2010). It can be used as a 

resonance energy acceptor for FRET measurements (Lakowicz, 2006). 
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Figure 1.15 The structures of some Fluorophores. 

(A) L-tryptophan, (B) IAEDANS, (C) 5-IAF. 
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2.   LIPID MEMBRANE AND PROTEIN INTERACTIONS OF THE  

      PERIPLASMIC DOMAIN OF BAMA (PD-BAMA), AN    

      ESSENTIAL COMPONENT OF THE β-BARREL ASSEMBLY 

      MACHINE FROM ESCHERICHIA COLI 
 

2.1 Abstract  
In Gram-negative bacteria like Escherichia coli, outer membrane proteins insert by 

the essential barrel assembly machinery (BAM) complex that contains only one 

transmembrane protein, BamA, which is composed of a 16-stranded transmembrane 

β-barrel domain and a 400 residue periplasmic domain (PD-BamA).  To investigate 

the interactions of PD-BamA with lipid membranes and their effect on the protein 

secondary structure, circular dichroism (CD) spectroscopy was used. It could be 

observed that the α-helical content of PD-BamA increased with the content of DOPG 

in binary and ternary lipid membranes composed of DOPC, DOPE and DOPG at 

various molar ratios. This indicated that PD-BamA binds to lipid bilayers, but 

requires the presence of negatively charged DOPG. Intrinsic tryptophan fluorescence 

spectroscopy confirmed binding of PD-BamA to membranes containing negatively 

charged lipids. The respective lipid/PD-BamA stoichiometries for the different 

membranes were estimated. The higher the content of DOPG in the membranes the 

faster the level of saturation in lipid/BamA binding curves was reached. Also the 

DOPG content was identified that is sufficient for PD-BamA binding to mixed 

DOPG/DOPC membranes. It was observed that the fraction of DOPG that bound to 

PD-BamA and the stoichiometry of DOPG binding to PD-BamA obtained for pure 

DOPG bilayers were very similar. As also observed by fluorescence spectroscopy, 

PD-BamA bound to the essential BAM lipoprotein BamD at a stoichiometry of 2:1 

and to an unfolded substrate protein OmpA at a stoichiometry of 1:1. These 

observations suggest that negatively charged lipid membranes alter the conformation 

of PD-BamA, possibly exposing specific binding sites in PD-BamA for partner 

proteins, like other subunits of the BAM complex, unfolded client proteins or 

periplasmic chaperones.      
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2.2 Introduction 
 

Cells and cell organelles are surrounded by biomembranes, which are essential for the 

structural and functional integrity of the cell. They function as permeability barriers 

protecting the bacteria against harmful compounds from the environment and are 

specialized as they contain specific lipids and proteins, which enable the cells and cell 

organelles to perform vital functions as they facilitate basic processes of respiration, 

photosynthesis, protein and solute transport, signal transduction, and motility. 

Furthermore, the lipid bilayer hinders the diffusion of ions and generates 

electrochemical potentials (Nikaido et al. 2003; Palsdottir and Hunte, 2004). Lipids 

also allow particular proteins in membranes to aggregate, and others to disperse. The 

functions of proteins are reflected by their association with the lipid bilayer and can 

be classified as lipid-anchored membrane proteins, peripheral membrane proteins and 

integral membrane proteins.  

The outer membrane (OM) of Gram-negative bacteria is highly asymmetrical. It 

contains glycerophospholipids in the inner leaflet, lipopolysaccharides in the outer 

leaflet that are exposed to the cell surface, and proteins (Bos et al., 2007a). β-barrel 

outer membrane proteins (OMPs) are assembled in the OM by multi-protein machines 

(Voulhoux et al., 2003). The insertion process in the outer membrane appears to be 

conserved in bacteria as well as in evolutionarily related mitochondria and 

chloroplasts, and is mediated by the ubiquitous Omp85 family of OMPs (Voulhoux et 

al., 2003; Wu et al., 2005). While the Omp85 protein is known as Sam50 in 

mitochondria and as Toc75 in chloroplasts, in Escherichia coli, the Omp85 protein is 

known as BamA (YaeT, 88 kDa). It is an integral β-barrel protein, which forms the β-

barrel assembly (BAM) machinery together with the four lipoproteins BamB (YfgL, 

40 kDa) , BamC (NlpB, 34 kDa), BamD (YfiO, 26 kDa) and BamE (SmpA, 10 kDa). 

BamA consists of a C-terminal β-barrel transmembrane domain and an N-terminal 

periplasmic domain, which is composed of five polypeptide transport-associated 

(POTRA) domains, numbered by 1 to 5 from the N-terminus (Figure 2.1(A)). BamA 

is the core subunit of the BAM complex and is required for folding and insertion of 

nearly all OMPs into the OM, except BamA itself (Hagan et al., 2013). OMPs are 

targeted to BamA by a species-specific C-terminal signature sequence (Robert et al., 

2006). The periplasmic domain of BamA was shown to function as a scaffold for 
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stable interactions with the associated lipoproteins (Robert et al., 2006, Kim et al., 

2007). Previous mutagenesis studies have shown that only BamA and BamD are 

essential and indispensable for OMP assembly and cell survival (Werner and Misra, 

2005). Depletion strains of BamA and BamD display severe defects in the assembly 

of OMPs, and complete depletion leads to cell death (Voulhoux et al., 2003). Deletion 

mutants of bamB, bamC or bamE are viable, but the phenotypes of these deletion 

mutants show the contribution of these proteins to the efficiency of OMP assembly. 

While BamB is stably associated to POTRA domain 3 of the periplasmic domain of 

BamA, POTRA domain 5 is essential for the interaction of BamA with BamD, 

whereby BamD forms a separate subcomplex together with BamC and BamE and in 

turn mediates the apparently indirect association of BamA with BamC and BamE 

(Malinverni et al., 2006). In recent years, several crystal structures of POTRA 

domains have been solved. Despite low sequence similarity, these POTRA domains 

have the same overall structure with each domain consisting of a three-stranded β-

sheet and twoα-helices (Arnold et al., 2010; Gatzeva-Topalova et al., 2008; Gatzeva-

Topalova et al., 2010; Kim et al., 2007; Knowles et al., 2008; Zhang et al., 2011). 

The interdomain interactions between POTRA domains keep POTRA domains 1-2 

and POTRA domains 3-4-5 rigid. However, the flexibility of the linker between 

POTRA domain 2 and POTRA domain 3 indicates that it acts as a hinge region 

resulting in the POTRA domains existing either in a bent or in an extended 

conformation (Figure 2.1(B)) (Gatzeva-Topalova et al., 2008; Kim et al., 2007). 

To examine the role of the periplasmic domain of BamA (PD-BamA) in the BAM 

complex and in OMP assembly, PD-BamA was overexpressed in the cytoplasm of E. 

coli BL21 (DE3) cells in soluble form and purified in high yields. The folding state of 

PD-BamA was investigated in solution, in detergent micelles and in membranes of 

different lipid compositions. The role of phospholipids in binding and stabilizing the 

PD-BamA structure was investigated by using phospholipid bilayers composed of 

phosphatidylcholine (DOPC), phosphatidylethanolamine (DOPE) and phosphatidyl-

glycerol (DOPG) either in pure form or as binary and ternary lipid mixtures. 

Furthermore, fluorescence spectroscopy was used to investigate the binding of PD-

BamA to lipids for determining the stoichiometries of their interactions and also to 

examine the binding of PD-BamA to the essential BAM component BamD and the 

major outer membrane protein OmpA of E. coli. 
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Figure 2.1 (A) The N-terminal periplasmic region of BamA has a domain structure that is 
composed of five POTRA domains. (B) The models of full length periplasmic domains of 
BamA are depicted in extended and bent conformations. The models were prepared by 
extending the POTRA domains 1-4 extended (PDB file 3EFC) (Gatzeva-Topalova et al., 
2008) and bent (PDB file 2QDF) (Kim et al., 2007) structures by a structure alignment of the 
overlapping POTRA domain 4 of the structure of POTRA domains 4-5 (PDB file 3Q6B) 
(Zhang et al., 2011). Structures were generated with MacPyMOL. 
 

 

2.3 Materials and Methods 
 

2.3.1 Construction of the periplasmic domain of BamA from Escherichia coli  

         with a N-terminal hexahistidine-tag  

To consistently obtain high yields of protein, the DNA fragment encoding the 

periplasmic domain of BamA of E. coli, consisting of all five POTRA domains 

(encoding residues 21-435), was amplified by PCR using plasmid pET15_EcOMP85 

(Patel and Kleinschmidt, 2013) as a template. Forward and reverse primers were     

5´-GGGAATTCCATATGATGGCTGAAGGGTTCG-3 and 5´-CGCGGATCCTTA 

TTCAGTACCGTAACCAATACC-´3, respectively. The forward primer was 

designed with a restriction enzyme site for NdeI (bold), while the reverse primer 

contained a restriction enzyme site for BamHI (bold). The plasmid pET15b-PD-

BamA carrying the pd-bamA gene, encoding PD-BamA with a hexahistidine-tag fused 

to its N-terminus, was obtained by ligation of the PCR product into the vector pET15b 
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(Novagen, Darmstadt). Sequencing (GATC Biotech AG, Germany) and comparison 

with the UniProt database confirmed that cloning was successful. E. coli strain 

BL21(DE3) omp8 fhuA [F–, ompT hsdSBB 
(rB

– 
mB

–) gal dcm (DE3) ΔlamB ompF 

:: Tn5 ΔοmpA ΔοmpC ΔfhuA] (Prilipov et al. 1998) was made competent using 

the calcium chloride method (Maniatis, 1982) for subsequent transformation with 

plasmid pET15b-PD-BamA to obtain bacteria expressing PD-BamA. 

 

2.3.2 Construction of a tryptophan-free PD-BamA mutant 

A gene encoding a mutant of PD-BamA, in which all tryptophans are replaced by 

phenylalanines (WaF-PD-BamA) (Table 2.1), was obtained by PCR amplification of 

the pd-bamA gene from plasmid pET15-omp85-Cys/Trp (synthesized by Trenzyme 

GmbH, Konstanz), which encodes a mutant of the entire BamA (including the β-

barrel domain), in which all tryptophans are replaced by phenylalanine and in which 

all cysteines are replaced by alanine. The PCR product lacking the N-terminal signal 

sequence was obtained using the same forward and reverse primers as for PD-BamA. 

To obtain plasmid pET15b-WaF-PD-BamA, the PCR product was ligated into vector 

pET15b (Novagen) using the NdeI and BamHI restriction sites. The construct was 

verified by DNA sequencing (GATC Biotech AG, Konstanz, Germany) and then 

transformed into E.coli strain BL21 (DE3) omp8 fhuA for the expression of WaF-PD-

BamA. 

 
Table 2.1 List of the plasmid and protein of the tryptophan-free mutant of PD-BamA1 

Plasmid Vector Cys position Trp position Product  Substitution 

 pET0W  pET15b  - - WaF no 
Substitution 

1The new plasmid based on plasmid pET15-omp85-Cys/Trp (TRENZYME), in which all native 
cysteines and tryptophans were replaced by alanines and phenylalanines.                                                                                                          

	 	 	 	 	 	 

2.3.3 Overexpression of PD-BamA  

LB medium (containing 100 µg/ml ampicillin) was inoculated with an overnight 

culture of E.coli BL21(DE3)omp8 fhuA harboring the vector pET15b-PD-BamA. 

Cells were grown at 37°C under vigorous shaking at 180 rpm. At an OD600 nm ~0.6-

0.7, IPTG was added to a final concentration of 0.2 mM in the medium to induce 

protein expression. After 4 hours of induction, cells were harvested by centrifugation 
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at 6000 rpm at 4 °C for 20 min (Sorvall Lynx 600, Thermoscientific) The cell pellet 

was washed by resuspending in lysis buffer (25 mM Tris pH 8.0, 1 mM EDTA, 2 mM  

β-Mercaptoethanol, 300 mM NaCl, 5 mM imidazole and 5% Glycerol) and by 

centrifuging the suspension again at 5000 rpm for 30 min at 4 °C (Centrifuge 5804, 

Eppendorf). The cell pellet was then stored at -20 °C until protein extraction. 

 

2.3.4 PD-BamA extraction and purification  

The frozen cell pellet was solubilized in 50 ml lysis buffer containing a tablet of a 

protease inhibitor cocktail (Roche Diagnostics GmbH) and 15 µg/ml Lysozyme by 

incubation in an ice bath for 30 min under stirring. The cells were disrupted in a 

French pressure cell (Thermo Electron Corporation, Massachusetts) and centrifuged 

at 8000 rpm for 30 min at 4 °C (Centrifuge 5804, Eppendorf) to pellet the cellular 

debris and to separate the soluble cell extract for protein purification.  

PD-BamA was purified via affinity chromatography using a Ni-NTA column (GE 

Healthcare Europe GmbH). The column was equilibrated with ~ 3 column volumes 

(cv) of lysis buffer and the supernatant of the last step of the protein extraction was 

applied to the column. The column was then washed with lysis buffer containing 

500 mM NaCl and equilibrated with ~3 of buffer A (25 mM Tris pH 8.0, 1 mM 

EDTA, 2 mM β-Mercaptoethanol, 25 mM NaCl, 5 mM imidazole and 5% Glycerol). 

The protein was then eluted by generating a linear gradient from 5 mM to 250 mM 

imidazol in the elution buffer A, during which the PD-BamA elution band was 

observed at a imidazol concentration of ~80 mM. Elution fractions containing PD-

BamA were pooled, concentrated using centrifuge concentrators with 

polyethersulfone membranes (Vivaspin® 6, MWCO 10 kDa, Sigma-Aldrich) and 

dialyzed (MWCO 30 kDa, SpectraPor) in Tris buffer, pH 8.0 (10 mM, 2 mM EDTA, 

2 mM β-Mercaptoethanol and 25 mM NaCl). The final concentration of PD-BamA 

was determined using the method of Lowry with BSA as a standard (Lowry et al., 

1951). 

 

2.3.5 Purification of wild-type OmpA and a tryptophan-free mutant of OmpA  

OmpA from E. coli was overexpressed and purified in unfolded form in 8 M urea as 

reported earlier (Surrey and Jähnig, 1992).  

Plasmid pET22b185 (Qu et al., 2009) harboring the gene encoding a tryptophan-free 

mutant of OmpA (Table 2.2), in which the five native tryptophans were replaced by 
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phenylalanine, was transformed into an E. coli BL21 (DE3) strain. The tryptophan-

free OmpA mutant will be referred to as WaF-OmpA. WaF-OmpA was 

overexpressed and purified as reported earlier (Qu et al., 2009). 

 
Table 2.2 List of the plasmid and the protein of the tryptophan-free mutant of OmpA 

Plasmid Vector Trp 
Position Product Source 

pET22b185 pET22b - WaF-OmpA             Qu et al., 2009 

	 	 	 	 	 

 

2.3.6 Purification of single-tryptophan mutants of BamD  

Single-tryptophan mutants of BamD were prepared and isolated from the membrane 

fractions of E. coli in unfolded form in aqueous buffer (20 mM Tris, 8 M urea, 1 mM 

EDTA, 0.05% β-ME, pH 8.0) by Meenakshi Sharma (PhD thesis, 2014, Department 

of Biophysics, University of Kassel) and used in a joint binding study. The 

concentrations of the isolated proteins were determined by the method of Lowry et 

al., (1951). 

 

2.3.7 Preparation of lipid bilayers  

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) 

were purchased from Avanti Polar Lipids (Alabaster, AL). Lipids were dissolved in a 

chloroform/methanol mix (5:1) and then mixed in a 5 ml vial of dark brown glass to 

obtain either ternary or binary lipid membranes of different lipid compositions at 

various molar ratios. To prepare thin lipid films, the mixtures were dried under a 

stream of nitrogen followed by desiccation under high vacuum for 4 h. Lipid films 

were hydrated and dispersed under vigorous shaking at 30 °C and 950 rpm in HEPES 

buffer (10 mM, pH 7 and 2 mM EDTA) for 1 h in a thermomixer (Thermomixer 

comfort, Eppendorf). Small unilamellar vesicles (SUVs) were prepared by sonicating 

the lipid dispersions using a microtip of a Branson Sonifier W-450D at 10 % power 

for 40 min with a 50 % pulse cycle (Bulieris et al., 2003) in an ice/water bath. 

Unwanted titanum dust from the sonifier tip was removed by centrifugation at 

4000 rpm for 1 min (Centrifuge 5804, Eppendorf). After equilibration over night at 

4  °C, SUVs were used for experiments. 
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2.3.8 Circular Dichroism spectroscopy 

For the characterization of the secondary structure of PD-BamA, CD spectra were 

recorded in the far UV using a Jasco J-815 CD spectrometer (Jasco, Tokyo, Japan) 

and 0.5 mm quartz cuvettes (Hellma QS, Müllheim). Measurements were done at 

room temperature in the wavelength range from 190 nm to 260 nm with a bandwidth 

of 1 nm, a scan speed of 50 nm/min and a stop resolution of 0.5 nm. For each 

experiment eight to twelve scans were accumulated and the corresponding 

background spectrum without protein was subtracted. The concentration of each 

measured sample was determined by the method of Lowry et al. (1951). The recorded 

CD spectra were normalized to obtain the mean residue molar ellipticity [Θ](λ) in deg 

cm2 dmol-1 (Greenfield and Fasman, 1969), given by: 

 

            [Θ](λ) = 100 · Θobs(λ) / ( c · d · n)																											Eq. 2.1 

 

where Θ(λ) is the recorded ellipticity in degrees at wavelength λ, c is the 

concentration in mol/l, n is the number of amino acid residues of PD-BamA and d is 

the path length of the cuvette in cm. The composition of the secondary structure of the 

protein resulting from the normalized CD spectra was analyzed by using various 

deconvolution algorithms, like CDSSTR (Sreerama and Woody, 2000) or CONTIN 

(Provencher and Glockner, 1981) and also different sets of reference spectra of 

proteins of known high-resolution structure, which are available at DICHROWEB 

(http://dichroweb.cryst.bbk.ac.uk), a web-based server for the analysis of far-UV 

circular dichroism spectra of proteins (Lobley et al., 2002; Whitmore and Wallace, 

2004, 2008).   

 

2.3.9 Fluorescence spectroscopy 

Fluorescence spectra were recorded at 25 °C on a Spex Fluorolog-3-22 spectro-

fluorometer with double monochromators in the excitation and emission pathways. 

The excitation wavelength was 295 nm, as tryptophan can be selectively excited at 

this wavelength. The bandwidths of the excitation and emission monochromators 

were 2.5 and 5 nm, respectively. The integration time was 0.05 s, and an increment of 

0.5 nm was used to scan spectra in the range of 310 - 580 nm. All measurements were 

performed in Tris buffer (10 mM, pH 8.0 and 1 mM EDTA). Three scans were 
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averaged for each fluorescence spectrum and the corresponding background spectrum 

of the lipid bilayer or the Trp-free protein in Tris buffer was subtracted. Fluorescence 

spectra were analyzed using the IGOR Pro 6.3 software (Wavemetrics Oregon). 

 

2.3.10 Binding of PD-BamA to lipid membranes 

Binding of PD-BamA to various lipid membranes was investigated by fluorescence 

spectroscopy. Fluorescence spectra were recorded for a titration of 1 µM PD-BamA 

with 50 to 1600-fold molar excess of small unilamellar lipid vesicles. Nine different 

experiments were performed. PD-BamA was titrated with lipid membranes of either 

pure DOPG or DOPC or with lipid membranes of binary mixtures composed of 

DOPC/DOPG at ratios of 2:8, 5:5, 7:3 and 8:2, DOPE/DOPG at a ratio of 8:2 and 

DOPC/DOPE at a ratio of 8:2. Additionally, PD-BamA was titrated with ternary 

mixtures composed of DOPC/DOPE/DOPG at a molar ratio of 5:3:2. First, 

background spectra of lipids were recorded for the different concentrations in Tris 

buffer (10 mM, pH 8.0, 2 mM EDTA) followed by the addition of PD-BamA and the 

immediate accumulation of the spectra. Three scans were averaged and the 

background spectra were subtracted. To determine the binding of lipids to PD-BamA 

and the respective stoichiometry, the intensity of the fluorescence emission at 330 nm 

(F330) was plotted as a function of the lipid/PD-BamA ratio. The experimental data 

were analyzed by fitting equation 2.5 (Qu et al., 2007; Van Holde et al., 2006). The 

average concentration of bound PD-BamA ([B]) is given by 

 

   
                  

Where [A] is the total concentration of PD-BamA, n is the number of binding sites in 

PD-BamA, KA is the association constant, and [F] is the concentration of the “free 

ligand”, which is the number of unbound lipid-areas in the bilayer that may constitute 

PD-BamA binding sites. The concentration of bound PD-BamA is equivalent to the 

concentration of bound lipid divided by the number of binding sites for individual 

lipid molecules in PD-BamA, [B] = [Lipid bound]/n.  

 

 

 

 

[B]/ [A] = n KA [F] / (1+KA [F])        Eq. 2.2	
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Substitution of the free ligand with the total ligand (L0 = [tLipid]/n) concentration, 

[L0] = [B] + [F] and rearrangements in equation 2.2, leads to 

 

 [B] = 1/2{KA
-1 + [L0] + n [A] – ((KA

-1 + [L0] + n [A])2 – 4 n [A] [L0])1/2}          Eq. 2.3 

 

The concentrations of bound and free PD-BamA are then given by [B] and [A]-[B]. 

The fluorescence signal of PD-BamA in binding experiments is a linear combination 

of the concentrations of bound and free PD-BamA, and is described by 

 

 

 

 

 

 

where fb and ff  are constants that describe the fluorescence contributions of bound and 

free PD-BamA, respectively. Combining equation 2.3 with equation 2.4 leads to 

 

F330 = (fb - ff) (1/2{KA
-1 + [L0] + n [A] – ((KA

-1 + [L0] + n [A])2 – 4 n [A] [L0])1/2})          

 + ff ([A]              Eq. 2.5 

 

2.3.11 Binding of PD-BamA to BamD 

Fluorescence spectroscopy was used to monitor the binding of PD-BamA to BamD. 

0 to 1.5 µM WaF-PD-BamA (tryptophan-free mutant of PD-BamA) were added to 

1 µM BamD (urea-diluted, aqueous form) and the fluorescence spectrum was 

recorded. WaF-PD-BamA was added into Tris buffer (10 mM, pH 8.0, containing 

1 mM EDTA) containing SUVs composed of DOPC/DOPE/DOPG (5:3:2) at a 200-

fold molar excess to BamD and the background spectra were recorded for each 

specific WaF-PD-BamA concentration. To record the spectra of PD-BamA/BamD 

complexes, 1 µM of the BamD mutant W239-BamD was added to the cuvette. The 

corresponding background spectrum was subtracted. The intrinsic tryptophan 

fluorescence of BamD decreased upon binding of WaF-PD-BamA until all WaF-PD-

BamA·BamD complexes were formed. The fluorescence emission of PD-BamA at 

330 nm (F330) was plotted as a function of the ratio of BamD/WaF-PD-BamA and 

Eq. 2.5 was fitted to interpolate the data in these plots.  

F330 = fb [B] + ff ([A] - [B]) 

                     or 

F330 = (fb - ff) [B] + ff ([A]  

	

Eq. 2.4 
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2.3.12 Binding of PD-BamA to OmpA  

To determine the binding of PD-BamA to OmpA in the absence and in the presence 

of lipid bilayers of the composition of DOPC/DOPE/DOPG (5:3:2), fluorescence 

spectroscopy was used to investigate titrations of 1 µM PD-BamA with 0 to 3 µM 

WaF-OmpA (tryptophan-free mutant of OmpA). Three different titrations were 

performed. In the absence of lipids, the background spectra of WaF-OmpA (aqueous 

form) were first recorded for the different concentrations of WaF-OmpA in Tris 

buffer (10 mM, pH 8.0, containing 1 mM EDTA). 1 µM PD-BamA was then added to 

the cuvette to record the spectra of PD-BamA/OmpA complexes. In the presence of 

lipid bilayers, the background spectra of WaF-OmpA were also first recorded for the 

different concentrations of WaF-OmpA in Tris buffer containing lipid bilayers. Either 

1 µM of PD-BamA was first incubated with lipid bilayers in a separate cuvette, before 

the addition of OmpA and the recording of the spectra, or 1 µM PD-BamA was 

directly added to the cuvette and the spectra of the OmpA/PD-BamA complexes were 

recorded. Three scans were averaged and the background spectra were subtracted. To 

determine the stoichiometry of the PD-BamA/OmpA binding, the intensity of the 

fluorescence emission at 330 nm (F330) was plotted as a function of the PD-

BamA/OmpA ratio. Eq. 2.4 was then fitted to interpolate the experimental data as 

described previously (Qu et al., 2007; Van Holde et al., 2006). 

 

 

2.4 Results 
 

2.4.1 Purification of the periplasmic domain of BamA in high yields 

PD-BamA (amino acid residues 21-435) carrying a hexa histidine-tag at the N-

terminus was successfully overexpressed and purified via Ni-NTA affinity 

chromatography, yielding ~25 mg per liter of cell culture. This His6-tagged protein 

will be referred to as the wild type periplasmic domain of BamA, given as PD-BamA 

(Figure 2.2).  
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MGSSHHHHHHSSGLVPRGSHMMAEGFVVKDIHFEG
LQRVAVGAALLSMPVRTGDTVNDEDISNTIRALFATGN
FEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDM
LKQNLEASGVRVGESLDRTTIADIEKGLEDFYYSVGKYS
ASVKAVVTPLPRNRVDLKLVFQEGVSAEIQQINIVGNH
AFTTDELISHFQLRDEVPWWNVVGDRKYQKQKLAGD
LETLRSYYLDRGYARFNIDSTQVSLTPDKKGIYVTVNITE
GDQYKLSGVEVSGNLAGHSAEIEQLTKIEPGELYNGTK
VTKMEDDIKKLLGRYGYAYPRVQSMPEINDADKTVKL
RVNVDAGNRFYVRKIRFEGNDTSKDAVLRREMRQME
GAWLGSDLVDQGKERLNRLGFFETVDTDTQRVPGSP
DQVDVVYKVKERNTGSFNFGIGYGTE*

50 kDa

37 kDa

1 2
A B

 
Figure 2.2 (A) Amino acid sequence of PD-BamA with N-terminal histidine-tag as expressed 
in E.coli BL21(DE3) cells. The three native tryptophans at positions 204, 205 and 376 of the 
polypeptide chain are highlighted in red. (B) SDS polyacrylamide gel electrophoresis (12%) 
with pure PD-BamA. Lane 1: Molecular weight marker (Fermentas GmbH, Germany); Lane 
2: His6-tagged PD-BamA was purified with Ni-NTA affinity chromatography and migrates at 
~ 49 kDa. 
 

 

2.4.2 PD-BamA displays significant amounts of secondary structure in aqueous 

solution 

Circular dichroism spectroscopy was used to determine the secondary structure of 

PD-BamA and also of WaF-PD-BamA. 
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Figure 2.3 The secondary structures of PD-BamA and WaF-PD-BamA in solution were 
studied by far UV CD spectroscopy and the CD spectra show that the proteins are structured. 
PD-BamA and the tryptophan-free mutant of PD-BamA were added into double-distilled 
water at concentrations of 14 µM. CD spectra were recorded at room temperature over the 
wavelength range of 190 to 260 nm using a quartz cuvette with a pathlength of 0.5 mm. The 
analysis of the secondary structure from the normalized spectra is shown in Table 2.1.  
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The spectra indicated a very similar secondary structure (Figure 2.3). The spectral line 

shapes for PD-BamA and WaF-PD-BamA and their deconvolution analyses indicated 

predominant formation of β-sheet secondary structure. The α-helical content was 

estimated to be ~20 %. The algorithms CONTIN and CDSSTR used to analyze the 

CD spectra (Table 2.1) lead to very similar results, independent of the data set of the 

reference proteins used.  

 

Table 2.3 Analysis of the CD spectra of PD-BamA at different protein concentrations1. 

Protein  Algorithm Set 
α-helix β-strand β-turns Random 

Coil NRMSDa 
(%) (%) (%) (%) 

        PD-BamA CDSSTR 4 18 29 22 29 0.016 

 
CDSSTR 7 21 29 21 28 0.015 

 
CONTIN 4 20 28 22 30 0.029 

 
CONTIN 7 21 28 21 31 0.029 

 
Average 

 
20 29 22 30 

 
        WaF- CDSSTR 4 17 32 22 29 0.015 

PD-BamA CDSSTR 7 20 31 21 27 0.016 

 
CONTIN 4 20 29 22 31 0.029 

 
CONTIN 7 21 28 21 31 0.029 

 
Average 

 
20 30 22 30 

 
        

1All CD spectra were analyzed using the algorithms CDSSTR and CONTIN. The reference data sets 
4 and 7 provided by the DICHROWEB server were used in the analysis. Sets 4 and 7 contain CD 
spectra of proteins of known high-resolution structure and of denatured proteins. They are suitable for 
the analysis of far UV CD spectra, recorded in the wavelength range from 190 to 260 nm. 
a NRMSD is the normalized root mean square deviation obtained from a comparison of the recorded 
spectrum to a calculated reference spectrum and should be <0.25 for a good fit.  

	
	
	

	 	 	 	 	 	 	2.4.3 Effect of lipid membranes on the secondary structure of PD-BamA 

Significant amounts of secondary structure were formed by PD-BamA in aqueous 

buffer, in the absence of detergent micelles or lipid bilayers. Assuming the soluble 

periplasmic domain of BamA might bind to lipid bilayers, the formation of the 

secondary structure in the presence of lipid bilayers and therefore binding of PD-

BamA to the lipid membrane was investigated. 4 µM PD-BamA was added into 

buffer containing a 0-800-fold molar excess of preformed lipid bilayers composed of 

DOPC/DOPE/DOPG (5:3:2). There, the contribution of the phospholipid PG was kept 
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at 20 % matching the content of PG in the periplasmic leaflet of the bacterial outer 

membrane.  
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Figure 2.4 The secondary structure formation of PD-BamA slightly depends on the 
concentration of lipid bilayers. 4 µM of PD-BamA were incubated with DOPC/DOPE/DOPG 
(5:3:2) bilayers at PD-BamA/lipid ratios ranging from 0 to 800-fold molar excess in 
Tris buffer at pH 8. For recording the spectra 12 scans were averaged. The spectral 
analysis by DICHROWEB and its algorithms is shown in Table 2.2. 
 

 

The CD spectra indicated that with an increasing lipid/PD-BamA ratio up to 500 the 

α-helical content of the secondary structure remained constant while the β-strand 

content was slightly decreasing. At higher lipid/PD-BamA ratios the secondary 

structure did not alter and was very similar (Figure 2.4). In comparison to the spectral 

line shape obtained for PD-BamA in buffer the α-helical content was consistent in the 

presence of lipid bilayers while the β-strand content decreased. At lipid/PD-BamA 

ratios of 500, 600 and 800, the secondary structure of PD-BamA was comparable. On 

average, PB-BamA contained 19 % α-helix and 27 % β-strand secondary structure. At 

all lipid/PD-BamA ratios the content of β-turn structure of PD-BamA was the same 

(22 %) (Table 2.2). 
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Table 2.4 Analysis of the CD spectra of PD-BamA in the presence of different concentrations 
of DOPC/DOPE/DOPG (5:3:2) bilayers1. 

lipid 
concentration 

Algorith
m Set 

α-helix β-strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

        0x CDSSTR 4 17 31 23 29 0.018 

 
CDSSTR 7 20 30 21 28 0.015 

 
CONTIN 4 20 28 22 30 0.029 

 
CONTIN 7 21 28 21 31 0.029 

 
Average 

 
20 29 22 30 

 
        200x CDSSTR 4 17 29 23 29 0.015 

 
CDSSTR 7 21 28 20 30 0.012 

 
CONTIN 4 20 27 23 30 0.033 

 
CONTIN 7 21 27 21 31 0.033 

 
Average 

 
20 28 22 30 

 
        500x CDSSTR 4 17 29 22 31 0.019 

 
CDSSTR 7 21 26 19 33 0.016 

 
CONTIN 4 20 27 23 30 0.055 

 
CONTIN 7 22 26 20 33 0.055 

 
Average 

 
20 27 21 32 

 
        600x CDSSTR 4 16 29 23 31 0.018 

 
CDSSTR 7 19 27 20 34 0.016 

 
CONTIN 4 19 28 21 33 0.047 

 
CONTIN 7 22 25 20 34 0.054 

 
Average 

 
19 27 21 33 

 
        800x CDSSTR 4 16 28 24 30 0.025 

 
CDSSTR 7 21 23 19 36 0.020 

 
CONTIN 4 19 30 23 29 0.076 

 
CONTIN 7 21 23 20 37 0.076 

 
Average 

 
19 26 22 33 

                 

1CD-spectra (Figure 2.4) were analyzed using the algorithms CDSSTR and CONTIN with the 
reference data sets 4 and 7, Algorithms and reference data sets were provided by DICHROWEB.  
a The NRMSD is the normalized root mean square deviation calculated from the experimental 
spectrum and a theoretical spectrum that is obtained from the spectra of the used reference set. The 
NRMSD is minimized during the iterative calculations and finally should be < 0.25 for a good 
approximation of the calculated spectrum to the theoretical spectrum. 

         

2.4.4 The secondary structure of PD-BamA changes upon binding to negatively  

         charged membranes 

For the investigation of the folding states of PD-BamA in detail the secondary 

structure formation of PD-BamA was determined in the presence of neutral detergent 

micelles and of a range of differently composed lipid membranes. CD spectra were 
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recorded immediately after mixing 4 µM PD-BamA with buffer containing either the 

detergent N-Lauryl-N,N-dimethylamine N-oxide (LDAO) or lipid membranes of pure 

DOPC or DOPG or of lipid mixtures of the compositions DOPC/DOPE (8:2), 

DOPE/DOPG (8:2), DOPC/DOPG at various molar ratios (8:2, 5:5 and 2:8) and 

DOPC/DOPE/DOPG (5:3:2).  

 DOPG

 DOPC/DOPG (2:8)
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Figure 2.5 The secondary structure of PD-BamA is dependent on the presence of negatively 
charged membranes. PD-BamA secondary structure was studied by CD spectroscopy in the 
presence of lipid bilayers of different compositions and charges or neutral detergent micelles. 
At pH 8, 4 µM of PD-BamA were added to a 500-fold molar excess of (A) neutral lipid 
bilayers composed of DOPC and DOPC/DOPE (8:2), LDAO micelles (2 mM, i.e. 0,2 %); (B) 
negatively charged lipid membranes composed of DOPG, DOPC/DOPG at molar ratios of 
2:8, 5:5, and 8:2, DOPE/DOPG (8:2) and DOPC/DOPE/DOPG (5:3:2). CD spectra of the 
samples were recorded in a quartz cuvette at room temperature over the wavelength range of 
190 to 260 nm. The deconvolution analysis by DICHROWEB and its different algorithms is 
shown in Table 2.3. 
 

 

CD spectra of PD-BamA in the presence of LDAO displayed predominant β-sheet 

formation Figure 2.5(A). The deconvolution analysis of the spectra showed ~18 % α-

helical content, ~31 % β-strand and ~22 % β-turn structure (Table 2.3). Also in the 

presence of the neutral lipid DOPC, the deconvolution analysis of the spectra showed 

a very low content of α-helix of about ~6 %, whereas the content of β-sheet structure 

was significantly increased (~46 % β-strand and ~22 % β-turn). Due to high NRMSD 

values obtained when applying the CDSSTR algorithm, CD spectra were only 

analyzed with the deconvolution algorithm CONTIN. Figure 2.5(B) demonstrates that 

in lipid bilayers of DOPC and DOPG, the content of α-helical secondary structure of 

PD-BamA increased with the content of negatively charged DOPG in the membrane, 
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while the content of β-strand decreased. The content of ~21 % β-turn remained almost 

the same.  

 

Table 2.5 Analysis of the CD spectra of PD-BamA in LDAO micelles or lipid bilayers1.  

PD-BamA  
(in) Algorithm Set 

α-helix β-strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

        LDAO CDSSTR 4 15 32 23 30 0.018 

 
CDSSTR 7 18 31 21 29 0.012 

 
CONTIN 4 17 30 22 31 0.055 

 
CONTIN 7 20 29 20 32 0.055 

 
Average 

 
18 31 22 31 

 
        DOPC CONTIN 7 9 55 29 8 0.884 

 
CONTIN 4 2 37 15 47 0.884 

 
Average 

 
6 46 22 28 

 
        DOPC/DOPG CDSSTR 4 18	 32 23 28 0.013 

(2:8) CDSSTR 7 23	 27 21 30 0.010 

 
CONTIN 4 21	 23 24 31 0.074 

 
CONTIN 7 23	 25 20 32 0.074 

 
Average 

 
21	 27 22 30 

 
        DOPC/DOPG CDSSTR 4 17 28 23 31 0.025 

(5:5) CDSSTR 7 22 24 19 34 0.021 

 
CONTIN 4 21 26 23 29 0.079 

 
CONTIN 7 23 25 20 33 0.079 

 
Average 

 
21 26 21 32 

 
        DOPC/DOPE CDSSTR 4 12 34 22 31 0.028 

(8:2) CDSSTR 7 15 33 19 32 0.026 

 
CONTIN 4 15 34 22 30 0.087 

 
CONTIN 7 18 31 20 31 0.087 

 
Average 

 
15 33 21 31 

 
        DOPC/DOPG CDSSTR 4 12 34 22 30 0.019 

(8:2) CDSSTR 7 15 34 20 30 0.017 

 
CONTIN 4 14 33 21 31 0.079 

 
CONTIN 7 15 32 20 33 0.079 

 
Average 

 
   14      33       21       31 

         
DOPE/DOPG CDSSTR 4    17 29       23       30     0.016 

(8:2) CDSSTR 7    19      29       20       31     0.011 

 
CONTIN 4    18      29       21       32     0.069 

 
CONTIN 7     20      26       20       33     0.069 

  Average   19 28 21 32   
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PD-BamA  
(in) Algorithm Set 

α-helix β-strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

        DOPG CDSSTR 4 18 28 23 30 0.022 

 
CDSSTR 7 23 25 18 34 0.015 

 
CONTIN 4 22 25 24 29 0.074 

 
CONTIN 7 24 23 20 33 0.074 

 
Average 

 
22 25 21 32 

 
        DOPC/DOPE/ CDSSTR 4 17 29 22 31 0.019 

DOPG (5:3:2) CDSSTR 7 21 26 19 33 0.016 

 
CONTIN 4 20 27 23 30 0.055 

 
CONTIN 7 22 26 20 33 0.055 

  Average   20 27 21 32   
1All CD-spectra were recorded in the wavelength range of 190 to 260 nm and analyzed using the 
algorithms CDSSTR and CONTIN with the reference data sets 4 and 7, which are provided by the 
DICHROWEB server. Both, reference data sets 4 and 7 contain CD spectra of soluble proteins of 
known high-resolution structure and of denatured proteins. 
a The NRMSD is the normalized root mean square deviation obtained from a comparison of the 
recorded spectrum to a calculated reference spectrum and should be < 0.25 for a good approximation 
of the calculated spectrum to the theoretical spectrum. 

 	 	 	 	  	 	 

The CD spectra of PD-BamA in the presence of DOPC/DOPG (8:2) bilayers showed 

~14 % α-helical and ~33 % β-strand formation. PD-BamA displayed increased α-

helical and decreased β-strand secondary structure in the presence of DOPC/DOPG 

membranes with an increased content of DOPG at molar ratios of 5:5 and 2:8. These 

secondary structure tendencies were strongest for PD-BamA in the presence of 

membranes composed of pure DOPG membranes. Interestingly, when PD-BamA was 

added to buffer containing a mixture of overall neutral DOPC/DOPE (8:2) lipids, the 

α-helical content of ~15 % and β-strand content of ~33 % was comparable with the 

composition of the secondary structure obtained for PD-BamA in the presence of 

membranes containing ~20 % negatively charged lipids. PD-BamA in the presence of 

lipids containing both, the neutral lipid DOPE in addition to the negatively charged 

DOPG formed very similar secondary structure. The addition of DOPC to membranes 

composed of DOPE and DOPG did not change the secondary structure. The 

differences observed in the secondary structure formation indicate that PD-BamA 

binds to lipid membranes that contain phosphatidylglycerol (PG) leading to changes 

in the secondary structure of PD-BamA. 
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2.4.5 In the presence of lipid bilayers the secondary structure of PD-BamA    

         depends on  pH 

Since the folding state of PD-BamA was affected by negatively charged DOPG, CD 

spectroscopy was used to examine the secondary structure of PD-BamA in the 

presence of a 500-fold molar excess of lipid membranes composed of 

DOPC/DOPE/DOPG (5:3:2) at different pH, ranging from pH 4 to pH 10.  
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Figure 2.6 The formation of secondary structure of PD-BamA at different pH ranging from 
pH 4 to pH 10 depends on the presence of lipid bilayers. PD-BamA was added to buffers of 
different pH at a final concentration of (A) 10 µM in the absence of lipid membranes and (B) 
4 µM in the presence of a 500-fold molar excess of lipid bilayers composed of 
DOPC/DOPE/DOPG (5:3:2). 8 and 12 scans were averaged to record the spectra for PD-
BamA in buffers and in presence of lipid membranes, respectively. CD spectra of the samples 
were recorded in a quartz cuvette at room temperature. The normalized spectra were analyzed 
using various algorithms provided by the DICHROWEB server and are shown in Table 2.4. 
 
 
Figure 2.6(A) shows consistency in spectral line shape obtained for PD-BamA in 

buffers of different pH. The deconvolution analysis of the CD spectra also showed 

that the composition of the secondary structure is very similar at each pH and that 

there also is consistency between the algorithms regarding the calculated results. On 

average the composition of the secondary structure was 19 % α-helical and 29 % β-

strand with consistency in β-turn (22 %). The indistinguishable CD spectra of PD-

BamA in aqueous solution from pH 4 to pH 10 indicated that the secondary structure 

of PD-BamA is not affected in this pH-range. In contrast, as shown in Table 2.4, the 

analysis of the secondary structure of PD-BamA in the presence of a 500-fold molar 

excess of lipid bilayers Figure 2.6(B) revealed an increase in the content of α-helix 

from 8 % to 19 % with a gradual decrease in the content of  β-strand from 33 % to 
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29 % at pH 4 to pH 7, respectively. Also the content of β-turn slightly decreased from 

22 % to 21 %. At pH higher than 7 spectral lineshapes were very similar and the 

secondary structure was determined to be 19 % α-helical and 27 % β-strand for pH 8 

to pH 10. The change in the secondary structure formation with pH in the presence of 

lipid bilayers clearly demonstrated binding of the periplasmic domain of BamA to the 

membrane. 

 
 
Table 2.6 Analysis of the secondary structure formation of PD-BamA at different pH in the 
absence and in the presence of lipid bilayers1. 

PD-BamA  
(in) Algorithm Set 

α-helix β-strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

        in aqueous solution 

 	 	 	 	 	 	 	pH-4 CDSSTR 4 17 29 23 30 0.014 

 CDSSTR 7 19 28 20 31 0.012 

 CONTIN 4 18 29 22 30 0.039 

 CONTIN 7 21 28 21 31 0.039 

 Average 
 

19 29 22 31 
         pH-7 CDSSTR 4 17 31 23 29 0.018 

 CDSSTR 7 19 29 21 29 0.015 

 CONTIN 4 20 28 22 30 0.031 

 CONTIN 7 21 28 21 31 0.031 

 Average 
 

19 29 22 30 
         pH-8 CDSSTR 4 17 31 23 29 0.016 

 CDSSTR 7 19 29 21 29 0.014 

 CONTIN 4 19 27 22 32 0.035 

 CONTIN 7 21 28 21 31 0.035 

 Average 
 

19 29 22 30 
         pH-9 CDSSTR 4 18 31 22 29 0.013 

 CDSSTR 7 19 28 20 31 0.012 

 CONTIN 4 20 28 23 30 0.031 

 CONTIN 7 21 28 21 31 0.031 

 Average 
 

20 29 22 30 
         pH-10 CDSSTR 4 17 32 23 28 0.018 

 CDSSTR 7 20 28 20 31 0.016 

 CONTIN 4 19 27 22 32 0.035 

 CONTIN 7 21 28 21 31 0.035 

 Average 
 

19 29 22 31 
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PD-BamA  
(in) Algorithm Set 

α-helix β-strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

DOPC/DOPE/DOPG (5:3:2) 

        
 

CDSSTR 4 8 36 25 31 0.037 
pH-4 CDSSTR 7 6 29 19 45 0.046 

 
CONTIN 4 9 35 23 33 0.255 

 
CONTIN 7 7 33 21 39 0.255 

 
Average 

 
8 33 22 37 

         
 

CDSSTR 4 14 33 23	 30 0.034 
pH-5 CDSSTR 7 16 29 19	 36 0.031 

 
CONTIN 4 16 30 22	 31 0.153 

 
CONTIN 7 16 29 20	 34 0.153 

 
Average 

 
16 30 21 33 

         
 

CDSSTR 4 16	 29 23	 30 0.034 
pH-6 CDSSTR 7 21	 27 21	 31 0.014 

 
CONTIN 4 17	 30 22	 31 0.055 

 
CONTIN 7 15	 33 20	 33 0.079 

 
Average 

 
17	 30 22 31 

         
 

CDSSTR 4 17 31 23	 29 0.016 
pH-7 CDSSTR 7 19 27 20	 33 0.022 

 
CONTIN 4 18 30 22	 29 0.057 

 
CONTIN 7 20 28 21	 32 0.057 

 
Average 

 
19 29 22 31 

         
 

CDSSTR 4 17 30 24	 30 0.014 
pH-8 CDSSTR 7 19 27 21	 31 0.012 

 
CONTIN 4 19 27 23	 32 0.059 

 
CONTIN 7 20 25 21	 35 0.064 

 
Average 

 
19 27 22 32 

         
 

CDSSTR 4 16 29 23	 30 0.034 
pH-9 CDSSTR 7 21 24 18	 37 0.037 

 
CONTIN 4 17 31 22	 30 0.065 

 
CONTIN 7 20 25 20	 36 0.065 

 
Average 

 
19 27 21 33 

         
 

CDSSTR 4 17 28 23	 31 0.020 
pH-10 CDSSTR 7 21 25 18	 35 0.018 

 
CONTIN 4 18 29 23	 29 0.046 

 
CONTIN 7 21 26 20	 33 0.046 

 
Average 

 
19 27 21 32 

 1All CD spectra were analyzed using the algorithms CDSSTR and CONTIN with the reference data 
sets 4 and 7, provided by the DICHROWEB server. The reference sets contain CD spectra of soluble 
proteins of known high-resolution structure and of denatured proteins, which form random coils.  
a NRMSD is the normalized root mean square deviation obtained from a comparison of the recorded 
spectrum to a closely matching spectrum calculated from the reference spectra and should be 
< 0.25.Results with higher MRMSD values are given in italics and were only used for the calculation 
of an average when the different algorithms were in agreement.  
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2.4.6 Binding of PD-BamA to lipid bilayers monitored by fluorescence  

         spectroscopy 

In order to determine the stoichiometry and affinity by which PD-BamA binds to 

different lipid membranes, titration experiments were performed whereby the intrinsic 

tryptophan fluorescence of PD-BamA was monitored as a function of the PD-

BamA/lipid ratio. Preparations of small unilamellar vesicles were composed of either 

pure DOPG or DOPC or with lipid membranes of binary mixtures composed of 

DOPC/DOPG at ratios of 2:8, 5:5, 7:3 and 8:2, DOPE/DOPG at a ratio of 8:2 and 

DOPC/DOPE at a ratio of 8:2. After the addition of PD-BamA into buffer containing 

lipids the fluorescence intensity was increasing in comparison to the addition of PD-

BamA into buffer without lipids and binding of PD-BamA to lipid membranes was 

indicated. Fluorescence spectra of PD-BamA were recorded as a function of the molar 

lipid/PD-BamA (L/P) ratio until a saturation of the increase in the fluorescence 

intensity at 330 nm was reached. The fluorescence results were analyzed by fitting a 

binding function (Eq. 2.5) to the fluorescence intensities at 330 nm as a function of 

the PD-BamA/lipid ratio. The stoichiometries, the constants of association/ 

dissociation and the free energies of the formation of the lipid/PD-BamA complexes 

as derived from the fits are given in Table 2.5. 

 

2.4.6.1 Binding of PD-BamA to bilayers of DOPG  

The interaction of PD-BamA with membranes composed of the negatively charged 

phospholipid PG was analyzed by recording fluorescence spectra for PD-BamA at 

various lipid/PD-BamA ratios (L/P) ranging from 0 to 600 (Figure 2.7(A)). In the 

absence of lipid bilayers, the intrinsic Trp-fluorescence intensity of PD-BamA at 

330 nm was 0.521 Mcps. In the presence of DOPG bilayers the fluorescence emission 

increased and the fluorescence intensities of the samples leveled off with F330 = 

~0.590 Mcps at a DOPG/PD-BamA ratio ≥ 100, which is ~10 % greater than the 

intensity in the absence of DOPG bilayers. A small blue shift was observed for the 

fluorescence emission maxima of tryptophan (λT) from 337.5 nm in the absence of 

DOPG bilayers (L/P = 0) to 336 nm in the presence of 600-fold molar excess of lipid 

bilayers, with ∆λT = -1.5 nm. The fluorescence signal at 330 nm of PD-BamA was 

plotted against the corresponding lipid/PD-BamA ratio (Figure 2.7(B)). These data 

were further analyzed by fitting equation 2.5. A binding stoichiometry of 1:98 was 
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obtained for interactions of PD-BamA with DOPG bilayers, which was suggesting 

that the ratio of 98 ± 13 was sufficient to enable all of PD-BamA to bind to the DOPG 

membrane. The dissociation constant estimated from the fit was in the micromolar 

range and corresponded to a free energy of the formation of the lipid/PD-BamA 

complex of –38 kJ/mol (Table 2.5).  
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Figure 2.7 PD-BamA binds to DOPG lipids at a 1:(98.5±13) stoichiometry. (A) The 
fluorescence spectra for 1 µM PD-BamA were recorded at various DOPG/PD-BamA ratios 
ranging from 0 to 600. All spectra were recorded in 10 mM Tris buffer, pH 8 at 25 °C and at 
an excitation wavelength of 295 nm. (B) The fluorescence signals of PD-BamA at 330 nm 
were plotted against the corresponding molar ratios of DOPG/PD-BamA. The fluorescence 
emission increased as a function of the DOPG/PD-BamA ratio until reaching a saturation 
level. Equation 2.5 was fitted to the experimental data (—) in order to determine the lipid/PD-
BamA stoichiometry.  
 

 

2.4.6.2 Binding of PD-BamA to lipid bilayers composed of different molar ratios  

            of DOPC/DOPG 

After investigating binding of PD-BamA with pure negatively charged DOPG 

bilayers, binding of PD-BamA with membranes containing different contents of 

DOPG was analyzed to determine the PG content that is sufficient to enable all of PD-

BamA to bind to the membrane. The fluorescence spectra were recorded for PD-

BamA in the presence of lipid bilayers composed of DOPC and DOPG at various 

molar ratios and at various lipid/PD-BamA ratios (L/P) (Figure 2.8). On average, the 

fluorescence intensities at 330 nm (F330) that were obtained for L/P = 0 were in all 

experiments around 0.529 Mcps. In the presence of each lipid bilayer the fluorescence 

emission for PD-BamA increased. In the presence of DOPC/DOPG (2:8) the 

tryptophan emission of PD-BamA increased up to a L/P ratio of 200 and remained 
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constant for further higher L/P ratios (Figure 2.8(B)) with F330 = ~0.638 Mcps, which 

is 20 % greater than in the absence of lipid. The fluorescence emission maxima of 

tryptophan (λT) displayed a blue shift, from 338 nm in the absence of lipid bilayers to 

336 nm in the presence of 600-fold molar lipid excess of DOPC/DOPG (2:8), with 

∆λT = –2 nm. At L/P ≥ 200, the fluorescence intensities of PD-BamA in the presence 

of DOPC/DOPG (5:5) leveled off with F330 = 0.699 Mcps, which was 32 % greater 

than the intensity in the absence of lipid (Figure 2.8(D)). The fluorescence emission 

maxima of tryptophan displayed a blue shift, from 338 nm in the absence of 

DOPC/DOPG (5:5) bilayers to 336 nm at L/P = 600, with ∆λT = –2 nm. In the 

presence of DOPC/DOPG (7:3) bilayers the intensity of the fluorescence emission for 

PD-BamA increased up to F330 = ~0.800 Mcps (which is 50 % greater than in the 

absence of lipids) from L/P ratios of 300 (Figure 2.8(F)). A blue shift was displayed 

for the fluorescence emission maxima of tryptophan from 337.5 nm in the absence of 

DOPC/DOPG (7:3) bilayers to 335.5 nm in the presence of 800-fold molar excess of 

lipid bilayers, with ∆λT = –2 nm. As shown in Figure 2.8(H), the presence of 

DOPC/DOPG (8:2) the tryptophan emission of PD-BamA increased up to a saturation 

level of F330 = ~0.776 Mcps at a L/P ratio of 1000 and remained constant for further 

higher L/P ratios. This was 47 % greater than the intensity in the absence of lipid. The 

fluorescence emission maxima of tryptophan displayed a blue shift, from 337.5 nm in 

the absence of DOPC/DOPG (8:2) bilayers to 335.5 nm in the presence of 1400-fold 

molar excess of lipid bilayers, with ∆λT = –2 nm.  
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Figure 2.8 (legend on next page) 
 
 



 LIPID MEMBRANE AND PROTEIN INTERACTIONS OF PD-BAMA	
_____________________________________________________________________  

 57 

Figure 2.8 PD-BamA bound to lipid bilayers containing DOPC and DOPG at ratios of of 2:8, 
5:5, 7:3 or 8:2. The corresponding lipid/PD-BamA stoichiometries were determined to 163, 
198, 321 and 970, respectively. The fluorescence spectra were recorded in Tris buffer 
(10 mM, pH 8) at 25 °C and at an excitation wavelength of 295 nm for 1 µM PD-BamA at 
various lipid/PD-BamA ratios in the absence and in the presence of (A) DOPC/DOPG (2:8), 
(C) DOPC/DOPG (5:5), (E) DOPC/DOPG (7:3) and (G) DOPC/DOPG (8:2.. The 
fluorescence signals of PD-BamA at 330 nm were plotted against the corresponding molar 
ratios of lipid/PD-BamA for (B) DOPC/DOPG (2:8)  (D) DOPC/ DOPG (5:5), (F) 
DOPC/DOPG (5:5) and (H) DOPC/DOPG (8:2). The intensity of the fluorescence emission 
of PD-BamA increased with the ratio of lipid/PD-BamA until saturation levels were reached. 
Equation 2.5 was fitted to the experimental data to determine the respective lipid/PD-BamA 
stoichiometry and the binding constant.  
 

The fluorescence signals of PD-BamA at 330 nm were then plotted against the 

corresponding lipid to PD-BamA molar ratio and the fluorescence results were further 

analyzed by fitting the equation 2.5 to the data. For binding of PD-BamA to 

DOPC/DOPG membranes at the molar ratios of 2:8, 5:5, 7:3 and 8:2, molar Lipid/PD-

BamA binding stoichiometries of 163, 198, 321 and 970 were obtained. The free 

energies for the formation of the lipid-PD-BamA complexes were estimated from the 

fit to –37, –36, –36 and –34 kJ/mol, respectively (Table 2.5).  

 

2.4.6.3 Binding of PD-BamA to lipids containing DOPE 

Phosphatidylethanolamines (PE) and phosphatidylglycerols (PG) are abundant 

phospholipids in biological membranes and many membranes of bacteria contain 

these lipids in large quantities. For instance, the main lipid fractions in the outer 

membrane of E. coli are PE and PG and the phospholipid contribution was estimated 

to 87 % PE, 10 % PG and 3 % cardiolipin (diphosphatidylglycerol). 

Binding of PD-BamA to lipid membranes containing the zwitterionic phospholipid 

DOPE was performed in the presence of ternary and binary lipid mixtures composed 

of DOPC/DOPE/DOPG (5:3:2) and DOPE/DOPG (8:2). The interaction of PD-BamA 

with DOPC/DOPE/DOPG (5:3:2) was examined by recording fluorescence spectra 

for PD-BamA at various lipid/PD-BamA ratios (Figure 2.9(A)). PD-BamA showed a 

fluorescence intensity at 330 nm (F330) of ~0.512 Mcps in the absence of lipids. 

Binding of PD-BamA to the lipid bilayer was indicated by an increase in the 

fluorescence emission of the tryptophan, which leveled off with F330 = ~0.700 Mcps 

at L/P ≥ 500 that was 32% greater than the intensity in the absence of the lipid. The 

fluorescence emission maxima of tryptophan (λT) displayed a blue shift, from 338 nm 

in the absence of DOPC/DOPE/DOPG (5:3:2) bilayers to 336.5 nm at L/P = 1000, 
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with ∆λT = -1.5 nm. The fluorescence signals of PD-BamA at 330 nm were plotted 

against the corresponding lipid to PD-BamA ratio (Figure 2.9(B)). The fluorescence 

results were analyzed by fitting Eq. 2.5 to the experimental data. A binding 

stoichiometry of 1:548 was estimated for PD-BamA to DOPC/DOPE/DOPG (5:3:2) 

binding (Table 2.5). The free energy of the lipid-PD-BamA complex formation was 

estimated to –37 kJ/mol.  
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Figure 2.9 PD-BamA binds to DOPC/DOPE/DOPG (5:3:2) and DOPE/DOPG (8:2) bilayers 
at lipid/PD-BamA stoichiometries of 548 and 375, respectively. The fluorescence spectra 
were recorded in Tris buffer (10 mM, pH 8) at 25 °C and at an excitation wavelength of 
295 nm for binding of 1 µM PD-BamA to (A) DOPC/DOPE/DOPG (5:3:2) and (C) 
DOPE/DOPG (8:2). The fluorescence signals of PD-BamA at 330 nm were plotted against 
the molar ratios of lipid/PD-BamA for (B) DOPC/DOPE/DOPG (5:3:2) and (D) 
DOPC/DOPG (8:2). The intensity of the fluorescence emission for PD-BamA increased as a 
function of the lipid/PD-BamA ratio until saturation levels were reached. Eq. 2.5 was fitted to 
the experimental data to determine the lipid/PD-BamA stoichiometry and the binding 
constant.  
 

The fluorescence spectra of PD-BamA upon binding to lipid bilayers composed of 

DOPE/DOPG (8:2) are shown in Figure 2.9(C). In the absence of lipids, PD-BamA 

showed a fluorescence intensity at 330 nm of 0.531 Mcps. The fluorescence emission 

increased 24% up to a saturation level of F330 = ~0.655 Mcps for L/P ≥ 400. A blue 

shift was displayed for the fluorescence emission maxima of tryptophan from 338 nm 
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in the absence of DOPE/DOPG (8:2) bilayers to 335.5 nm in the presence of 800-fold 

molar excess of lipid bilayers (L/P = 800), with ∆λT = -2.5 nm.  The fluorescence 

signals of PD-BamA at 330 nm were plotted against the corresponding lipid/PD-

BamA ratio (Figure 2.9(D)). Eq. 2.5 was then fitted to interpolate these experimental 

data. From the fits, a stoichiometry of 375 was estimated for the binding of the lipids 

of a bilayer composed of DOPE/DOPG (8:2) to PD-BamA. The corresponding free 

energy of complex formation was estimated to –35 kJ/mol (Table 2.5). 

 
2.4.6.4 Binding to overall neutral lipids (DOPC or DOPC/DOPE (8:2)) 

The increasing fluorescence emission of PD-BamA was indicating binding to lipid 

bilayers containing the negatively charged DOPG or additionally the zwitterionic 

DOPE.  To investigate binding of PD-BamA to neutral lipids bilayers fluorescence 

experiments were performed in the presence of neutral DOPC bilayers and with 

zwitterionic but overall neutral lipid bilayers of the composition DOPC/DOPE (8:2). 

The fluorescence spectra of PD-BamA were recorded at various lipid/PD-BamA 

ratios, for both lipid bilayers, first for pure DOPC then for DOPC/DOPE (8:2). The 

fluorescence intensities at 330 nm (F330) that were obtained for PD-BamA at L/P = 0 

were in both experiments ~0.534 Mcps. The tryptophan fluorescence emission did not 

increase in the presence of either of these two different lipid bilayers and the 

wavelength (λT), at which the emission had a maximum, remained constant at 338 nm 

(Figure 2.10).  
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Figure 2.10 PD-BamA does not bind to either DOPC or DOPC/DOPE (8:2) bilayers. The 
fluorescence spectra were recorded in Tris buffer (10 mM, pH 8) at 25 °C and at an excitation 
wavelength of 295 nm. For each spectrum, 1 µM PD-BamA was mixed with lipid bilayers 
composed of either (A) DOPC or (B) DOPC/DOPE (8:2) at various lipid/PD-BamA ratios 
ranging from 0 to 1600. The fluorescence signals of PD-BamA at 330 nm were plotted 
against the lipid/PD-BamA ratio for (A) DOPC and (B) DOPC/DOPE (8:2) bilayers. PD-
BamA did not bind to lipid bilayers composed of DOPC or DOPC/DOPE (8:2). 
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Table 2.7 Stoichiometry and free energy of PD-BamA binding to different lipid membranes. 

       Lipid system na KA(µM-1)b KD
 (µM)c ΔGA (kJ/mol)d 

        DOPG   98.5 ± 13.2 4.71 ± 1.10 0.21 ± 0.05 -38.1 ± 0.60 
DOPC/PG (2:8) 162.7 ± 11.4 2.99 ± 1.92 0.34 ± 0.22 -36.9 ± 1.60 
DOPC/PG (5:5) 198.0 ± 11.2 1.91 ± 0.95 0.52 ± 0.26 -35.8 ± 1.20  
DOPC/PG (7:3) 320.9 ± 13.2 1.93 ± 0.03 0.52 ± 0.01 -35.8 ± 0.03 
DOPC/PG (8:2) 970.0 ± 31.2 0.85 ± 1.33 1.20 ± 1.83 -33.8 ± 3.90 

     DOPC/PE/PG (5:3:2) 548.4 ± 24.6 3.23 ± 0.78 0.31 ± 0.07 -37.1 ± 0.60 
DOPE/PG (8:2) 375.3 ± 24.6 1.61 ± 2.44 0.62 ± 0.94 -35.4 ± 3.80 

		     a n is the stoichiometry (lipid/PD-BamA), estimated from fits to the data shown in figure 2.7, 2.8 
and 2.9 

b estimated association constant KA   c estimated dissociation constant KD=1/KA  
	d estimated free energy of binding for the association reaction.   		

	 	 	 	 	 	 

The present results indicate that the negatively charged phospholipid DOPG is 

essential for interactions of PD-BamA with lipid membranes. It was of interest to 

examine whether the binding of PD-BamA to membranes containing DOPG included 

or excluded interactions of PD-BamA with zwitterionic lipids like DOPC. Therefore, 

the DOPG content that is sufficient to bind all PD-BamA to mixed membranes 

containing DOPG and DOPC was determined. The lipid/PD-BamA binding 

stoichiometries n (Table 2.5) were multiplied by the fraction of DOPG in the 

corresponding bilayer, and plotted against the fraction of DOPG in mixed 

DOPC/DOPG membranes (Figure 2.11). Within the error margins (and excluding the 

experiment at very low DOPG content), the ratios of DOPG bound to PD-BamA in 

the mixtures corresponded to the stoichiometry of DOPG binding to PD-BamA 

obtained for pure DOPG bilayers. This suggests that PD-BamA causes phase 

separation between neutral lipids and DOPG in the membrane.  
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Figure 2.11 Determination of the DOPG content of lipid bilayers containing DOPG and 
DOPC that is sufficient to enable all of PD-BamA to bind to the membrane. The 
stoichiometries n, obtained for the binding of PD-BamA to lipid membranes (obtained from 
fits of Figures 2.7 and 2.8), times the fraction of DOPG in the corresponding bilayer were 
plotted against the fraction of DOPG in mixed DOPG/DOPC membranes (either composed of 
pure DOPG or DOPC/DOPG (2:8, 5:5, 7:3 and 8:2)). The DOPG fraction in the mixed 
bilayers was calculated from a linear fit (solid line) of equation (y = a + bx) to the 
experimental data, in the range of DOPG fractions of 0.3 to 1, whereas the data for the DOPG 
fraction of 0.2 was not included due to a very high outlying value. By extrapolating the linear 
fit (dotted line) the intersection of the y-axis was calculated to 93.8 ± 24.1, which corresponds 
well with the stoichiometry of DOPG binding to PD-BamA obtained for pure DOPG bilayers. 
 

 

2.4.7 Binding of PD-BamA to the essential BAM lipoprotein BamD 

The interaction of PD-BamA with BamD was analyzed by recording fluorescence 

spectra in aqueous buffer for a single tryptophan mutant of BamD, W239-BamD. 

W239-BamD was isolated from the membrane fractions of E. coli in unfolded form in 

aqueous buffer containing 8 M urea as a denaturant. Previously it was shown via CD 

spectroscopy that BamD develops native-like secondary structure in the presence of 

lipid bilayers containing DOPG upon a 24-fold dilution of urea followed by the 

immediate measurement (Sharma, 2014). W239-BamD was added at various ratios to 

the tryptophan-free periplasmic domain of BamA (WaF-PD-BamA), ranging from 0 

to 1.5 in the presence of lipid bilayers composed of DOPC/DOPE/DOPG (5:3:2). 

First the tryptophan emission of W239-BamD and then the emission of tryptophan at 

different WaF-PD-BamA/W239-BamD ratios was measured, each time in the 

presence of lipids (Figure 2.12 (A)). No shift in the wavelength (334 nm) was 

observed for the fluorescence emission maximum of tryptophan (λT) at various ratios 

of WaF-PD-BamA/W239-BamD. At 330 nm, the intensity of the fluorescence 

emission for W239-BamD in the absence of WaF-PD-BamA was observed to be 
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F330 = ~0.410 Mcps, while in the presence of WaF-PD-BamA the tryptophan emission 

of W239-BamD decreased and leveled off with F330 = ~0.375 Mcps at a WaF-PD-

BamA/W239-BamD ratio of 0.5. The fluorescence intensities at 330 nm were plotted 

against the corresponding WaF-PD-BamA/W239-BamD ratio. For analysis, Eq. 2.5 

was fitted to the data (Figure 2.12 (B)). The binding stoichiometry was estimated to 

be 1:2 for PD-BamA to BamD, suggesting the requirement of two molecules of 

BamD and one molecule of PD-BamA for the formation of a complex. The 

dissociation constant that was estimated from the fits was in the nanomolar range, 

which demonstrates a strong and stable complex between WaF-PD-BamA and W239-

BamD. The free energy of the complex formation was estimated to –54 kJ/mol (Table 

2.6).  

When binding of WaF-PD-BamA to W239-BamD was investigated in aqueous buffer 

in the absence of lipid bilayers the emission decreased from F330 = 0.320 Mcps to 

F330 = 0.303 Mcps at WaF-PD-BamA/W239-BamD ratio of 0.5 and remained 

constant at higher ratios of the proteins (Figure 2.12(C)). When plotting the 

fluorescence signals at 330 nm against the corresponding WaF-PD-BamA/W239-

BamD ratio and fitting Eq. 2.5 to this data (Figure 2.12(D)), the binding stoichiometry 

was also estimated to be 1:2 for PD-BamA to BamD. The free energy of the complex 

formation was estimated to –52 kJ/mol (Table 2.6).  

 

The binding of BamD to PD-BamA was also examined with the single-site tryptophan 

mutants W48-BamD and W191-BamD. The fluorescence spectra of both the BamD 

mutants were recorded in the presence of 0-1.5 µM WaF-PD-BamA and a 200-fold 

molar excess of DOPC/DOPE/DOPG (5:3:2) bilayers. At 330 nm and in the absence 

of WaF-PD-BamA the fluorescence intensities were F330 = 0.494 Mcps for W48-

BamD (Figure 2.13(A)) and F330 = 0.433 Mcps for W191-BamD (Figure 2.13(C)), 

respectively. The fluorescence signals at 330 nm were plotted against the 

corresponding ratios of WaF-PD-BamA/W48-BamD and WaF-PD-BamA/W191-

BamD. Eq. 2.5 was fitted to these data. Upon binding to WaF-PD-BamA the 

fluorescence intensities of W48-BamD (Figure 2.13(B)) and W191-BamD (Figure 

2.13(D)) decreased to F330 = 0.465 Mcps and F330 = 0.403 Mcps, respectively from 

ratios of 0 to 0.5 for WaF-PD-BamA to the BamD mutants. 
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Figure 2.12 Binding of W239-BamD to the tryptophan-free periplasmic domain of BamA 
(WaF-PD-BamA). The fluorescence spectra for 1 µM W239-BamD were recorded either in 
the presence of (A) 0 to 1.5 µM WaF-PD-BamA and a 200-fold molar excess of 
DOPC/DOPE/DOPG (5:3:2), or in the presence of (C) 0 to 2 µM WaF-PD-BamA in 
aqueous buffer. All spectra were recorded in 10 mM Tris buffer (pH 8) at 25 °C and at an 
excitation wavelength of 295 nm. The fluorescence signals at 330 nm of W239-BamD were 
plotted against the corresponding ratio of WaF-PD-BamA to W239-BamD (B) in the presence 
and (D) in the absence of lipid bilayers. Eq. 2.5 was fitted to these data (solid lines in (B) and 
(D)) in order to determine the stoichiometry of the binding of PD-BamA to BamD and the 
binding constant. 
 

 

For ratios of WaF-PD-BamA/BamD > 0.5 the fluorescence intensities leveled off, 

suggesting a binding stoichiometry of 1:2. The free energies for the formation of 

complexes of WaF-PD-BamA either with W48-BamD or with W191-BamD were 

estimated to –45 kJ/mol and of –50 kJ/mol respectively (Table 2.6). 
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Figure 2.13 Binding of (A) W48-BamD and (C) W191-BamD (urea unfolded, aqueous 
forms) to the tryptophan-free periplasmic domain of BamA in the presence of 
DOPC/DOPE/DOPG (5:3:2) bilayers. The fluorescence spectra of 1 µM of a single Trp 
mutant of BamD were recorded in the aqueous form with 125-fold dilution of urea in the 
presence of 0-1.5 µM WaF-PD-BamA. All spectra were recorded for samples in Tris buffer 
(10 mM, pH 8) at 25 °C and at an excitation wavelength of 295 nm. At 330 nm, the 
fluorescence intensities of both the BamD mutants were plotted against the corresponding 
molar ratios of (B) WaF-PD-BamA/W48-BamD and (D) WaF-PD-BamA/W191-BamD. The 
fluorescence intensities decreased as a function of the molar BamA/BamD ratio until 
saturation levels were reached. In order to determine the binding stoichiometry, Eq. 2.5 was 
fitted to the experimental data. 
 

 

2.4.8 Binding of PD-BamA to OmpA of Escherichia coli 

OmpA is one of the major outer membrane proteins of E. coli and has become a 

popular model to study the folding mechanism of β-barrel outer membrane proteins. 

For the present study, it was isolated in unfolded form in 8 M urea. Binding of PD-

BamA to an aqueous form of OmpA after strong dilution of the denaturant was 

analyzed by fluorescence spectroscopy of PD-BamA. Fluorescence spectra were 

recorded after mixing PD-BamA with a tryptophan free mutant of OmpA (WaF-

OmpA) in aqueous buffer at various ratios ranging from 0 to a 3-fold molar excess of 

WaF-OmpA over PD-BamA. The tryptophan fluorescence emission at 330 nm was 
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subsequently plotted against the OmpA/PD-BamA ratio and Eq. 2.5 was fitted to 

these data. In a first experiment, the background spectra of WaF-OmpA (aqueous 

form) were first recorded for the different concentrations of WaF-OmpA in Tris 

buffer (10 mM, pH 8.0). Next, PD-BamA was incubated with a 500-fold molar excess 

of lipid bilayers in a separate cuvette. OmpA was added and the fluorescence 

spectrum of PD-BamA was recorded then. In a second experiment, background 

spectra of WaF-OmpA (aqueous form) were first recorded for the different 

concentrations of WaF-OmpA in Tris buffer (10 mM, pH 8.0) and in the presence of 

500-fold molar excess of lipid bilayers over PD-BamA. PD-BamA was then added 

and its fluorescence spectra were recorded.  In the absence of lipids, the background 

spectra of WaF-OmpA (aqueous form) were also first recorded for the different 

concentrations of WaF-OmpA in Tris buffer (10 mM, pH 8.0). 1 µM PD-BamA were 

then added to record the spectra of PD-BamA/OmpA complexes. At 330 nm the 

fluorescence intensity of PD-BamA in the absence of lipid bilayers were F330 = 0.690 

and F330 = 0.700 Mcps for the first and the second experiment, respectively and 

decreased at increased WaF-OmpA/PD-BamA ratios until saturation was reached at 

ratios of 1 and above with fluorescence intensities of ~0.634 Mcps (Figure 2.14(A)) 

and ~0.612 Mcps (Figure 2.14(C)). In the first experiment, the fluorescence emission 

maximum of tryptophan (λT) displayed a small red shift, with ∆λT = +0.5 nm, from 

336.5 nm in the absence to 337 nm in the presence of 3 µM of WaF-OmpA. A 

binding stoichiometry of 1:1 and the free energy of –54 kJ/mol (table 2.6) was 

obtained for the formation of PD-BamA-WaF-OmpA complexes (Figure 2.14(B)). 

This corresponds to a dissociation constant in the nanomolar range, indicating that the 

complex is stable. For the second experiment, in which WaF-OmpA was reacted with 

lipid bilayers before PD-BamA was added, the fluorescence emission maximum of 

tryptophan was observed at 337.5 nm for all WaF-OmpA/PD-BamA molar ratios. A 

stoichiometry of 1:1.25 was obtained for WaF-OmpA to PD-BamA binding (Figure 

2.14(D)) and the dissociation constant was also obtained in the nanomolar range. The 

free energy for the formation of the complex of WaF-OmpA and PD-BamA was 

estimated to -52 kJ/mol (table 2.6).  
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Figure 2.14 Binding of PD-BamA to WaF-OmpA in the presence (A-D) and in the absence 
(E) of lipid bilayers in Tris buffer (10 mM, pH 8). The fluorescence spectra for 1 µM PD-
BamA were recorded in the presence of 0-3 µM WaF-OmpA and in the presence of 
DOPC/DOPE/DOPG (5:3:2) either (A) 1 µM PD-BamA was first incubated with a 500-fold 
molar excess of DOPC/DOPE/DOPG (5:3:2) bilayers to PD-BamA, WaF-OmpA was added 
and the spectra were recorded. Background spectra of WaF-OmpA in buffer were subtracted. 
(C) Background spectra of WaF-OmpA in lipid bilayers with a 500-fold molar excess to PD-
BamA were recorded first. 1 µM PD-BamA was then added and the fluorescence spectra were 
recorded. (B) and (D) The fluorescence intensities at 330 nm of PD-BamA were plotted 
against the WaF-OmpA/PD-BamA molar ratio. Eq. 2.5 was fitted to these data to determine 
the binding stoichiometry and the binding constant for WaF-OmpA-PD-BamA complexes. 
(E) The fluorescence spectra for 1 µM PD-BamA were recorded in the presence WaF-OmpA, 
but in the absence of lipid bilayers. The fluorescence intensities at 330 nm were then plotted 
against the WaF-OmpA/PD-BamA molar ratio. These data indicate that PD-BamA does not 
bind WaF-OmpA in aqueous solution in the absence of lipid membranes. 
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When PD-BamA was titrated with WaF-OmpA in the absence of lipid bilayers 

(Figure 2.14(E)) the tryptophan emission remained constant (data not shown), 

suggesting that there was no binding of PD-BamA to WaF-OmpA. 

 
 
Table 2.8 Binding stoichiometry and free energy of complex formation between PD-BamA 
and partner proteins. 

       Binding partner na KA(nM-1)b KD
 (nM)c ΔGA (kJ/mol)d 

W239-BamD 0.55 ± 0.07  2.81 ± 1.59 0.36 ± 0.2  -54.0 ± 1.40 
W239-BamD aqueous 0.45 ± 0.08 1.08 ± 8.08 0.93 ± 6.9  -51.6 ± 18.7 

W248-BamD 0.57 ± 0.07 0.08 ± 0.08 12.0 ± 12  -45.2 ± 2.50 
W191-BamD 0.43 ± 0.09 0.56 ± 3.70 1.80 ± 12  -49.3 ± 16.4 

 	     OmpA (exp 1) 1.00 ± 0.10 2.90 ± 1.40    0.34 ± 0.02  -54.1 ± 0.01 
OmpA (exp 2) 1.25 ± 0.10 1.50 ± 3.60    0.66 ± 0.02  -52.4 ± 0.06 

a n is the stoichiometry (binding partner/PD-BamA), estimated from fits to the data shown in 
figure 2.12, 2.13 and 2.14 b estimated binding constant for association KA   c estimated binding constant for dissociation KD=1/Kass  

	d estimated free energy of binding for the association 
reaction. 

  		

 

 

2.5 Discussion 

Progress in biophysics, chemistry and genetics has attracted renewed attention to the 

biological roles of the great variety of integral membrane proteins. The function of 

these proteins depends strongly on an environment that is partly made up by the 

surrounding lipid bilayer. Therefore, the lipid bilayer must be of a composition that 

supports an optimal activity of the proteins in the membrane. The effects of the lipid 

structure on the function of membrane proteins can be described with regard to 

interactions between lipid and protein such as hydrophobic effects, hydrogen bonding 

or charge interactions, or with regard to physical properties of the lipid such as 

membrane tension or lipid fluidity. 

The role of specific lipid head groups on the secondary structure formation and on the 

membrane binding behavior of PD-BamA was investigated. Interactions of PD-BamA 

with lipid bilayers of different compositions and also with other proteins of the E. coli 

outer membrane were performed.  

After its expression into the cytoplasm of E. coli PD-BamA was isolated in its soluble 

form. It displayed significant amounts of secondary structure in aqueous solution. The 

analysis of the CD structure revealed ~20 % of α-helical and ~29 % β-strand 
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structure. This is consistent with previous crystallographic studies. The counts of 

residues in the secondary structure elements of previous x-ray crystal structures are 

listed by the RCSB Protein Data Bank (pdb, http://www.rcsb.org/pdb/). The 

determination of the crystal secondary structure of the first four POTRA domains of 

BamA resulted in 25 % α-helices and 31 % β-strands (Kim et al., 2007). Also the 

crystal structure of BamA POTRA domains 4-5 displayed a structure of 22 % α-

helices and 31 % β-strands (Zhang et al., 2011) or 24 % α-helices and 34 % β-strands 

(Gatzeva-Topalova et al., 2010). Only the structure of BamA POTRA domains 1-4 

crystallized by Gatzeva-Topalova et al. (2008) showed differences in its β-strand 

content of 21%, but agreed also well in its α-helical content of 23 %. Minor variations 

might be caused by differences in determining the secondary structure of PD-BamA 

existing as a rigid and inflexible crystal or as a soluble and more flexible protein. The 

higher the ratio of lipid bilayers containing the negatively charged DOPG to PD-

BamA and the higher the content of DOPG in the bilayers, the higher was the content 

of α-helical secondary structure of PD-BamA and the lower was the content of β-

strand. That clearly suggested binding of PD-BamA to the lipid membrane. This 

indicates that specific regions are present in the protein structure of PD-BamA that 

might associate with the PG head group at the membrane surface, suggesting that 

electrostatic potentials, ionic interactions and the formation of hydrogen bonds play 

an important role for the secondary structure and the binding of PD-BamA. 

Previously, the negatively charged PG was shown by Olofsson et al. (2007) to 

influence the conformational state of the peptide medin upon membrane binding, 

while the addition of lipid vesicles containing PG shifted the secondary structure to α-

helical. PG was found to support the assembly of OMPs into lipid membranes (Patel 

et al., 2009) and the lipoprotein BamE, a BAM complex component, was shown to 

bind specifically to PG lipids (Knowles et al., 2011; Endo et al., 2011). 

The behavior of a protein at the lipid bilayer surface can depend on the type of the 

lipid that is present, indicating specifity of the protein towards lipid surface properties 

(Langner and Kubica, 1999; Vorobyov and Allen, 2011). Protein-lipid interactions 

hold significant importance in the assembly, structure and function of membrane 

proteins (Laganowsky et al., 2014).  

Binding of PD-BamA to lipid membranes was depending on pH. The spectral line 

shapes that were obtained for PD-BamA in buffers of different pH were very 

consistent. However, in the presence of lipid bilayers composed of 
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DOPC/DOPE/DOPG (5:3:2) the secondary structure of PD-BamA revealed an 

increase in the α-helical content with increasing pH, from 4 to 7, respectively. At a 

pH > 7 spectral lineshapes were very similar. Phosphatidylglycerol has one negatively 

charged moiety with an apparent pKa of 2.9 (Watts et al., 1978). At a pH ≤ 7 PG is 

partly protonated and less negative and interactions between lipids and PD-BamA 

might be reduced, which explains the observed lower content of α-helical structure. 

At pH 7 and higher, PG is negatively charged and might be of benefit for binding of  

PD-BamA (Garidel and Blume, 2000). 

 
Figure 2.15 The crystal structure (ribbon representation) and the electrostatic surface map of 
PD-BamA. (A) PD-BamA contains three native tryptophans (residues are highlighted in 
magenta). Two are located in POTRA domain 3 and one in POTRA domain 5. All of them 
are located on the long loop of the respective POTRA domain connecting the two α-helices at 
the ankle towards the respective POTRA domain ranked above and exposed to the 
surrounding environment. (B) The tryptophans are located in the neighborhood of positively 
charges amino acids (depicted in blue color). Structures were generated with MacPyMOL.  
 

PD-BamA contains three native tryptophans (Figure 2.15(A)). Two of these 

tryptophans are located in POTRA domain 3 and one is located in POTRA domain 5. 

All of them are placed on the respective loop connecting the two α-helices each 

POTRA domain is containing at the ankle towards the respective POTRA domain that 

is ranked above. As depicted in Figure 2.15(B) they are located at regions of the 

protein which are slightly positive charged and they are exposed to the surrounding 

environment. 

Considering the highly complex ways proteins interact with biological membranes, 

for the understanding of the molecular mechanisms of protein interactions with 

biological membranes, experimental knowledge of the specificity and affinity of the 

process of membrane-binding and the conformation of the protein in the lipid 

membrane is needed. As observed by fluorescence spectroscopy PD-BamA bound to 
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binary and ternary lipid membranes composed of different lipids at various molar 

ratios that contained the negatively charged DOPG. All bindings were of an affinity in 

the micromolar range, whereas, no binding could be observed for PD-BamA to 

neutral lipid membranes. Protein-lipid interactions are known to depend on the 

particular membrane, or membrane domain, and changes in the lipid composition can 

affect the protein binding and therefore the lipid/protein stoichiometry (Murray et al., 

2002; Mulgrew-Nesbitt et al., 2006; Dowhan, 1997; Bezzine et al., 2002). Both, the 

surface area available to a PE head group in the bilayer and its cross sectional area are 

smaller than those of a PC head group and the order of PE hydrocarbon chains is 

higher than those of the chains of PC (Thurmond et al., 1991; Urbina et al., 1998). 

Intermolecular H-bonds are formed between the ammonium group and both the 

phosphate group (Boggs, 1987) and the carbonyl group (Lewis and McElhaney, 1998) 

of two PE molecules. The hydroxyl group of PG is also assumed to form 

intermolecular H-bonds with the PG phosphate group of a neighboring molecule 

(Dicko et al., 1998; Zhang et al., 1997; Kaznessis et al., 2002), and hydrocarbon 

chains of PG are more ordered than those of PC (Kaznessis et al., 2002). The number 

of water molecules directly interacting with a head group is smaller for PE than for 

PC (McIntosh, 1996) and intermolecular H-bonding is absent in the PC bilayer. Such 

stronger inter-lipid interactions and numerous ion-mediated inter-lipid-links in 

membranes with high PE content strongly cause a more compact and less dynamic 

interface with a simultaneous decrease in the permeability of the membrane (Zhao et 

al., 2008).  

When assuming that one POTRA domain of PD-BamA is of cylindrical geometry as 

depicted in Figure 2.16(B), dimensions of height and radius were estimated to be 

~4.03 nm and ~0.765 nm, respectively (with the measurement tool of MacPyMOL). 

The cross sectional area was estimated to be ~1.84 nm2. The surface area was 

determined to be ~115.2 nm2 by multiplying the measured dimensions of one POTRA 

domain by five for covering the complete geometrical shape of the periplasmic 

domain of BamA (Figure 2.16(A)). The surface area that is occupied by a PC or a PG 

head group is ~0.66 nm2 or ~0.57 nm2 (Dickey and Faller, 2008) and by a PE head 

group is ~0.42 nm2 (Jo et al., 2000). Therefore, the complete surface area of PD-

BamA could approximately be occupied by 175 PC, 202 PG or 274 PE lipid 

molecules. 
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Figure 2.16 Crystal structure combined with the surface representation of PD-BamA. (A) The 
model of the complete periplasmic domain of BamA. The model was prepared by extending 
the POTRA domains 1-4 extended (PDB file 3EFC) (Gatzeva-Topalova et al., 2008) and bent 
(PDB file 2QDF) (Kim et al., 2007) structures by a structure alignment of the overlapping 
POTRA domain 4 of the structure of POTRA domains 4-5 (PDB file 3Q6B) (Zhang et al., 
2011). (B) POTRA domain 5 (PDB file 4C4V) (Albrecht et al., 2014) as one unit out of five 
for the assumption of the geometry of PD-BamA as a cylinder of dimensions h = 4.03 nm and 
r = 0.765 nm. Based on the assumptions the cross sectional area (πr2) was estimated to be 
around ~1.84 nm2. With multiplication of the dimensions by five for covering the complete 
geometrical shape of the periplasmic domain of BamA, the surface area (2πr2 + 2πrh) was 
estimated to be around ~115.2 nm2. Structures were generated with MacPyMOl. 
 

PD-BamA is at the surface of the lipid bilayer, but not completely covered by lipids. 

Assuming that half of the surface is membrane-exposed and the other half is exposed 

to the aqueous space, PD-BamA could approximately be occupied by 101 PG lipids. 

This is substantiated by results obtained from experiments for the determination of the 

DOPG content of lipid bilayers containing DOPG and DOPC that is sufficient to 

enable all of PD-BamA to bind to the membrane. The calculated fractions of DOPG 

bound to PD-BamA in the mixtures corresponded to a DOPG/PD-BamA 

stoichiometry of ~94. This was also similar to the binding stoichiometry of ~98 for 

DOPG to PD-BamA obtained for pure DOPG bilayers. 

Binding studies with the essential BAM-lipoprotein BamD resulted in a stoichiometry 

for the binding of BamD to PD-BamA of 2:1, independent of the absence or the 

presence of DOPC/DOPE/DOPG (5:3:2) membranes with estimated high binding 

affinities in nanomolar range. Therefore, a specific and stable association between 
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BamD and PD-BamA was assumed. It was assumed that the BAM complex exists as 

an oligomer with all components in their monomeric form (Hagan et al., 2010; Hagan 

et al., 2011a), albeit the exact oligomeric form is as yet unclear. The obtained binding 

stoichiometry of 2:1 for the formation of a complex between BamD and PD-BamA 

leads to the assumption of the presence of two binding sites in PD-BamA. However, it 

can also be assumed that in vitro BamD might be substituting another lipoprotein, 

BamB, which is suggested to associate directly to the periplasmic domain of BamA 

independently from BamC, BamD and BamE (Malinverni et al., 2006; Kim et al., 

2007; Kim et al., 2012) 

PD-BamA was also observed to bind to OmpA. The OmpA/PD-BamA stoichiometry 

of the complex was 1.25:1 when OmpA could first interact with bilayers composed of 

DOPC/DOPE/DOPG (5:3:2), before the addition of PD-BamA. A stoichiometry of  

1:1 was observed when PD-BamA was bound to the membrane prior to the addition 

of OmpA. A fraction of OmpA might have folded into the membrane when OmpA 

was added first, increasing the apparent OmpA/PD-BamA stoichiometry. Binding of 

OmpA to the membrane might hinder PD-BamA to bind to the bilayer, which is an 

important requirement for the binding of PD-BamA to OmpA, as in the absence of 

lipid bilayers no interaction could be observed between these two binding partner 

proteins. Based on these observations it can be assumed that in the presence of 

negatively charged lipid membranes the structure of PD-BamA alters its 

conformation, whereas specific binding sites in PD-BamA for OmpA are exposed. 

Previously, a ratio of 1:1 was also reported for the interaction between the BAM 

complex and substrate proteins (Robert et al., 2006; Knowles et al., 2008), which is in 

good agreement with the obtained OmpA/PD-BamA stoichiometry. 

The obtained concave upward curves were indicative of negative cooperativity which 

gave evidence for the existence of multiple binding sites in PD-BamA for BamD and 

OmpA with a decreasing affinity of the binding sites once one of the sites is bound 

(Sanker et al., 2001).  

However, further experiments are required to characterize the binding process in 

detail. The investigations on the interactions between PD-BamA and various lipid 

membranes finally demonstrated the great impact of the lipid headgroups on the 

structure and binding behavior of PD-BamA. 
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3.  THE PERIPLASMIC DOMAIN OF BAMA FACILITATES  

      FOLDING OF OUTER MEMBRANE PROTEIN A (OMPA) 
 

3.1 Abstract 
In Escherichia coli, folding and insertion of β-barrel outer membrane proteins 

(OMPs) are mediated by the β-barrel assembly machinery (BAM), a protein complex 

composed of the central β-barrel protein BamA and four lipoproteins, BamB, BamC, 

BamD, and BamE. BamA consists of a transmembrane β-barrel and a soluble peri-

plasmic domain (PD-BamA) that is comprised of five polypeptide transport 

associated (POTRA) domains, which act as a scaffold for the other proteins of the 

BAM-complex, BamB and BamD, and are involved in the assembly of OMPs. 

However, the mechanism by which BAM proteins, and especially BamA, perform 

their role in the assembly of OMPs into the membrane remains unknown. To examine 

PD-BamA-facilitated folding and insertion of OMPs into lipid membranes, PD-BamA 

was overexpressed and isolated from Escherichia coli. The effects of BamA and of 

the concentrations and head groups of the lipids on the folding of an unfolded outer 

membrane protein, OmpA, were examined. The folding kinetics of OmpA were 

always faster and facilitated in the presence of PD-BamA. OmpA can fold via parallel 

processes and in the present studies, the contribution of the faster folding process 

determined the overall folding yields. PD-BamA was found to be strongly dependent 

on lipid concentration and on the lipid head groups. PD-BamA facilitated folding of 

OmpA into lipid bilayers containing the negatively charged phosphatidylglycerol 

(PG), albeit it could not compensate for the inhibiting effect of DOPE. The 

stoichiometry for fastest folding rates was observed to be 1:1 (PD-BamA/OmpA). 

However, obtained activation energies of the faster OmpA folding process were found 

to be similar, at different temperatures the folding yields and the folding rates of the 

faster process were always higher in the presence of PD-BamA due to the presence of 

PG in the lipid membrane.  
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3.2 Introduction 
Outer membrane β-barrel proteins (OMPs) are found in the outer membranes of 

mitochondria, chloroplasts and Gram-negative bacteria (for a review, see Tamm et. 

al., (2004)). Insertion and folding of these proteins into their natural lipid environment 

is important for membrane biogenesis and cell growth but still not well understood. In 

Gram-negative bacteria, assembly of transmembrane proteins takes place post-

translationally after their translocation through the inner membrane by the secretion 

machinery (SecYEG) (Driessen and Nouwen, 2008) and cleavage of the signal 

sequence. Unfolded OMPs cross the aqueous periplasm with the assistance of the 

periplasmic chaperones Skp, SurA, DegP, and FkpA which prevent OMPs from 

aggregating and misfolding (Chen and Henning, 1996; Lazar and Kolter, 1996; 

Missiakas et al., 1996; Rouvière and Gross, 1996). The biological assembly of outer 

membrane proteins into bacterial outer membranes requires a functionally conserved 

multi-protein complex, the β-barrel assembly machinery (BAM) (Voulhoux et al., 

2003; Wu et al., 2005). In E. coli, the BAM complex is composed of one transmem-

brane protein, BamA (also called YaeT or Omp85) and four lipoproteins, BamB, C, 

D, and E. 

OMPs can be unfolded and solubilized in an 8 M solution of the chaotropic de-

naturant urea because their average hydrophobicity is relatively low. Upon dilution of 

the urea in the presence of detergent micelles, they fold to their active forms (for a 

review see Buchanan (1999)). OMPs are β-barrel transmembrane proteins (TMPs) 

and can fold and insert spontaneously into preformed lipid membranes in the fluid 

phase (Surrey and Jähnig, 1992; Kleinschmidt and Tamm, 2002). Some OMPs, e.g. 

the 8-stranded outer membrane protein A (OmpA) (Surrey and Jähnig, 1992, 

Kleinschmidt and Tamm, 2002) and PagP (Huysmans et al., 2007) from Escherichia 

coli, the 14-stranded major OMP from Fusobacterium nucleatum (FomA) (Pocanschi 

et al., 2006), or the 19-stranded voltage dependent anion-selective channel, isoform 1 

of human mitochondria (hVDAC1) (Shanmugavadivu et al., 2007) also insert 

spontaneously into preformed lipid bilayers. This has facilitated detailed biophysical 

investigations of the mechanisms of membrane protein folding. However, insertion of 

OMPs into lipid bilayers is often slow (Kleinschmidt and Tamm, 1996) and depends 

strongly on the lipids and bilayer properties (Kleinschmidt and Tamm, 2002).  

OmpA has emerged as an important model to examine the folding mechanism of β-
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barrel membrane proteins into lipid membranes (Kleinschmidt et al., 1999a, 1999b; 

Kleinschmidt and Tamm, 1996, 1999, 2002; Surrey and Jähnig, 1992, 1995) (for a 

review, see Kleinschmidt (2006)). These studies have mostly focused on the folding 

of urea-denatured OmpA or Skp-bound OmpA (Bulieris et al., 2003; Patel et al., 

2009; Patel and Kleinschmidt, 2013), which provide good models for biophysical 

investigations on folding and membrane insertion of a β-barrel protein. OmpA folding 

requires the hydrophobic core of either a detergent micelle or a lipid bilayer 

(Kleinschmidt et al., 1999b). The protein consists of 325 amino residues with an 

apparent molecular mass of 35 kDa in the fully denatured state. The N-terminal 

domain comprises 171 residues (Koebenik and Krämer, 1995) and is membrane-

inserted with eight antiparallel β-strands in the form of a β-barrel (Pautsch and 

Schulz, 1998; Arora et al. 2001; for a review, see Koebnik, 1999). Previous 

investigations proposed that the essential function of BamA, the central 

transmembrane protein of the BAM-complex, is to provide a structural scaffold in the 

OMP folding process (Kim et al., 2007; Gatzeva-Topalova et. al., 2008; Knowles et. 

al., 2008). Despite the fact, that OMPs fold spontaneously into their native state in 

model membranes, they require assembly machineries, i.e. the BAM complex, to fold 

into the outer membranes of native cells. Folding occurs in the absence of a redox 

potential or any energy source like ATP. Recently, Patel and Kleinschmidt (2013) 

showed that kinetics of OmpA folding and insertion were fastest for bilayers 

containing preinserted BamA. The inhibiting effect of the zwitterionic lipid DOPE on 

OmpA folding was greatly weakened. Preinserted BamA also facilitated folding of 

OmpA from its complex with the periplasmic chaperone Skp, indicating an 

interaction of Skp-OmpA complexes with BamA. Kinetic experiments on 

investigating OMP folding into membranes with natural E. coli lipids, which are 

largely comprised of phosphatidylethanolamine (PE), led to the assumption that the E. 

coli outer membrane lipids represent a physical environment decelerating the intrinsic 

folding reaction of outer membrane proteins while imposing a kinetic barrier with 

native lipid head groups enabling physical control over spontaneous OMP folding 

reactions (Patel, et al. 2009; Patel and Kleinschmidt, 2013; Gessmann et. al., 2014). 

Despite several evidences of the necessity of BamA in the BAM complex for 

assembly of OMPs (Robert et al., 2006; Knowles et al., 2008; Patel and 

Kleinschmidt, 2013, Gessmann et. al., 2014), the precise roles of BamA and the BAM 

complex remain still speculative. To investigate the effect of PD-BamA on the 
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kinetics of folding and bilayer insertion of OmpA, various folding experiments in the 

absence and in the presence of PD-BamA were performed in parallel. Folding and 

insertion of OmpA into preformed lipid bilayers was examined by using different 

lipid systems and also different lipid concentrations. The role of PD-BamA on the 

activation energy for the reaction that converts unfolded OmpA into its folded form 

was studied by performing experiments at different temperatures. Also the ratio of 

PD-BamA to OmpA was examined at which PD-BamA most efficiently supports 

membrane insertion of OmpA. 
 

 

3.3 Materials and Methods 
 
3.3.1 Construction of the periplasmic domain of BamA from Escherichia coli  

         with a N-terminal hexa-histidine tag 

The periplasmic domain of BamA (PD-BamA) from Escherichia coli with an N-

terminal hexa-histidine tag was prepared as described in chapter 2, section 2.3.1. 

 

3.3.2 Protein overexpression and purification of PD-BamA 

The protocol of expression and purification of PD-BamA was similar to that 

described in the previous chapter (sections 2.3.3 and 2.3.4). 

 
3.3.3 Purification of wild-type OmpA 

OmpA from E. coli was overexpressed and purified in unfolded form in 8 M urea as 

reported earlier (Surrey and Jähnig, 1992). The concentration of OmpA was 

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

 

3.3.4 Preparation of lipid bilayers  

Lipid bilayers were prepared as described in chapter 2, section 2.3.7. 

 

3.3.5 Folding of OmpA into lipid vesicles of various compositions 

To compare folding kinetics of OmpA in the absence and in the presence of PD-

BamA, various folding experiments were performed in parallel with the same 

preparation of lipid vesicles (SUVs) and analyzed as previously described (Bulieris et 
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al., 2003; Patel et al., 2009) by the method of kinetics of tertiary structure formation 

by electrophoresis (KTSE) (see section 1.8.1 or Kleinschmidt, 2003 for details).  

Oriented membrane folding and insertion was initiated by a 12-fold dilution of 

7.1 µM urea-denatured OmpA (8 M) in urea-free HEPES buffer (10 mM, pH 7.0, 

with 2 mM EDTA) containing 14.2 µM PD-BamA, followed by rapidly mixing with 

an excess volume of preformed lipid membranes. Binary mixtures were composed of 

DOPC/DOPG, DOPC/DOPE and DOPE/DOPG, each at a molar ratio of 8:2. Ternary 

mixture were composed of DOPC, DOPE and DOPG at a molar ratio of 5:3:2. These 

lipid mixtures were used at various concentrations of 0.71 mM, 1.42 mM, 2.84 mM 

and 4.26 mM lipid. The final urea concentration was 0.67 M in all experiments. After 

addition of lipid bilayers, the folding reaction was monitored over a time course of 

240 min. All folding reactions were performed at 450 rpm and 30 °C in a 

thermomixer. Aliquots of the reaction mixture, each containing 3.8 μg OmpA, were 

taken at different times after initiation of folding, ranging from 4 to 240 min. 15.2 µl 

of SDS gel loading buffer (250 mM Tris, pH 6.8, 10 % SDS, 50 % glycerol, 25 % β-

Mercaptoethanol and 0.1 % bromphenolblue R250) were added immediately to stop 

the folding reaction. After 240 min, all samples were loaded onto gels (without heat-

denaturating them) and SDS-PAGE was performed as described previously 

(Laemmli, 1970; Weber and Osborn, 1964).  
 

The yields of unfolded and folded OmpA are estimated by densitometry and the 

obtained fractions of folded OmpA (XFP) are plotted as a function of time t, after 

initiation of the folding reaction. 

 

While only the final folding stage is monitored on SDS-Page, the kinetic model 

described previously (Patel et al. 2009) assumes two parallel phases of OmpA folding 

arising from two distinct types of aqueous folding intermediates, IM1 and IM2.  These 

two intermediates will both be converted into folded OmpA by a faster and a slower 

folding phase. kf and ks are the respective rate constants:  
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The differential equation system for this kinetic model, which describes the 

dependencies of rates of folding of the two intermediates on their concentrations can 

easily be solved. The fraction of folded OmpA is then obtained as a function of time 

(Patel et al. 2009):  

 

XFP(t) = 1 - [Af  exp(-kf t) + (1 - Af) exp( -kst)]  

 

were Af corresponds to the contribution of the faster folding phase and the values kf 

and ks are the rate constants for the faster and the slower folding phase, respectively. 

 

If folding of OmpA is incomplete ks is often very close to zero and, Eq. 3.1 can then 

be transformed into:  

XFP(t) = Af [1 - exp(-kf t)] 

 

The folding kinetics are in this case described by a single exponential function, where 

Af corresponds to the final yield of folded OmpA (Patel et al. 2009). To describe the 

experimentally obtained time courses of OmpA folding with the kinetic model, i.e. 

either with equation 3.1 or 3.2,  the parameters Af, kf and ks are fitted until a plot of 

either Eq. 3.1 or Eq. 3.2 matches the experimentally obtained time course of the 

formation of folded OmpA. 

 

3.3.6 Folding of OmpA at different PD-BamA/OmpA ratios or at different        

         temperatures 

To determine the dependence of the kinetics of OmpA folding into lipid bilayers on 

the concentration of PD-BamA, experiments were performed as described above, but 

varying the concentration of PD-BamA in the folding reaction. The molar PD-

BamA/OmpA ratios in the reaction mixture were 0, 0.25, 0.5, 0.75, 1, 2, 3, 4 and 5. In 

all experiments, 3.55 mM of the same preparation of sonicated lipid vesicles was 

used, composed of DOPC/DOPE/DOPG (5:3:2). 

Kinetic studies on the temperature dependence of OmpA folding into lipid bilayers 

composed of DOPC, DOPE and DOPG at a ratio of 5:3:2 were performed under 

similar conditions as described above, but at temperatures of 10, 15, 20, 25, 30, 35, 40 

and 45 °C. Experiments were done in the absence and in the presence of either PD-

BamA. The final concentrations in the folding reactions were 7.1 µM OmpA and 

     Eq. 3.1 

     Eq. 3.2 
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14.2 µM PD-BamA. At a selected temperature, all the reactions in the presence and in 

the absence of PD-BamA were performed in parallel with 1.42 mM lipid bilayers 

(SUVs) from the same preparation. The data was analyzed by fitting Eq.  3.1 to the 

experimentally monitored time course of folding as described above. 

 

 

3.4 Results 

 
3.4.1 The presence of PD-BamA strongly facilitates folding and insertion of  

         OmpA into preformed lipid bilayers 

Recent work has shown that BamA and TMD-BamA facilitate folding and insertion 

of OmpA into lipid membranes (Patel and Kleinschmidt, 2013). Since folding was 

fastest in the presence of wt-BamA, indirectly an important role of the periplasmic 

domain of BamA was reported. In order to investigate whether the periplasmic 

domain of BamA (PD-BamA) has an effect on the folding and membrane insertion of 

OmpA, as a client membrane protein, and to examine whether also PD-BamA alone is 

able to accelerate folding and insertion of OmpA, kinetic studies on OmpA folding 

were performed. These studies were performed using the method of kinetics of 

tertiary structure formation by electrophoresis (KTSE) (see Kleinschmidt, 2003 for a 

review) in the absence and in the presence of PD-BamA.  

Previously, Kleinschmidt and Tamm (2002) have shown that folding kinetics of 

OmpA are dependent on the lipid concentration in the presence of lipid bilayers 

composed of the non-charged, zwitterionic lipid DOPC. To investigate the 

dependence of folding and insertion of OmpA into negatively charged lipid bilayers 

on different lipid concentrations in the absence and in the presence of PD-BamA, 

folding of OmpA into preformed lipid bilayers was performed in parallel experiments, 

either from a urea-unfolded form or from a complex of OmpA with PD-BamA. 

OmpA was folded into 100-, 200-, 400- and 600-fold molar excess (0.71 mM, 1.42 

mM, 2.84 mM and 4.26 mM) of lipid, respectively. The model membranes were 

bilayers composed of ternary mixtures of lipids, DOPC/DOPE/DOPG (5:3:2), in 

which the content of the negatively charged phospholipid DOPG was 20 % of the 

total lipid, matching the composition of the periplasmic leaflet of the outer membrane 

of E. coli.  
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Due to the low yields of folded OmpA at a lipid/OmpA molar ratio ≥ 400 in the 

absence of PD-BamA fitting algorithms did not converge when attempting to fit Eq. 

3.1 to the experimental data. However, the contribution of the faster folding process 

Af and the rate constant of the faster process kf showed a similar trend and increased 

with increasing lipid concentration. In the presence of PD-BamA and at a lipid/OmpA 

molar ratio of 600 they were increased by a factor of 1.7 and 2, respectively. The 

faster folding process was dependent on the lipid concentration whereas the rate 

constant of the slower process was unaltered and therefore the slower folding process 

was observed to be independent. The kinetics of OmpA folding were observed to be 

faster in the presence of PD-BamA and at lipid/OmpA molar ratios > 100.  

The folding kinetics of OmpA were analyzed using the KTSE assay as described in 

section 3.3.6 and the obtained fractions of folded OmpA were plotted as a function of 

time (Figure 3.1). Eq. 3.1 was further fitted to the experimental data. Kinetic 

parameters obtained from this analysis were the relative contribution of the faster 

folding process Af  and the rate constants of the faster and the slower folding process, 

kf and ks, respectively, which are summarized in Table 3.1. In Figure 3.1, the time 

courses of OmpA folding over 240 min (A) and the densitometric analysis done in the 

absence (B) and in the presence (C) of PD-BamA are shown.  The analysis of the 

SDS-PAGE indicated an increase in the obtained folding yields of OmpA in the 

presence of PD-BamA from 56 % at a lipid/OmpA molar ratio of 100 up to 70 % for a 

lipid/OmpA molar ratio ≥ 400. An increased lipid/OmpA molar ratio of 600 resulted 

in similar OmpA folding yields and the densitometric analysis of the SDS-

polyacrylamide gels suggested that a saturation level was reached. However, folding 

yields of OmpA decreased in the absence of PD-BamA upon an increased 

concentration of lipids. At a 100-fold molar excess of lipid, 57 % of OmpA folded, 

whereas at a 600-fold molar excess the obtained folding yield was just 4 %, which is 

~14-fold lower. 
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Figure 3.1 Folding of OmpA is facilitated in the presence of PD-BamA. A different 
dependence of the folding of OmpA on the lipid concentration is observed in the presence of 
BamA in comparison to its absence. (A) Folding of OmpA (7.14 µM) was monitored at 30 °C 
and at pH 7 between 4 and 240 min. The reaction was initiated by mixing urea-denatured 
OmpA with preformed lipid bilayers composed of DOPC/DOPE/DOPG (5:3:2) at different 
concentrations (0.71 mM, 1.42 mM, 2.84 mM, and 4.26 mM), either in the absence (gels a-d) 
or in the presence of 14.2 µM PD-BamA (gels e-f). Both experiments were performed in 
parallel with the same stock solutions of lipids and proteins. Urea denatured OmpA was 
diluted 12-fold. The gels show the time courses of OmpA folding and the migration of PD-
BamA, unfolded OmpA (U) and folded OmpA (F). The gels of panel Α were analyzed to 
obtain the fractions of folded OmpA at different times after addition of the lipids and urea-
dilution. These fractions were then plotted as a function of time for experiments in the 
absence of PD-BamA (B) and in the presence of PD-BamA (C). The various lipid 
concentrations were 0.71 mM ( ),1.42 mM (●), 2.84 mM (◼), and 4.26 mM ( ). Eq. 3.1 was 
then fitted to each of the experimental folding kinetics to obtain the corresponding rate 
constants and relative contributions of the two folding processes of each experiment (Table 
3.1). 
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Table 3.1 Kinetic parameters of folding and insertion of OmpA into lipid bilayers at different 
concentrationsa. 

cLipid 
(mM)b 

Lipid/ 
OmpAc Af kf (min-1) ks (min-1) yield 

(%)a 

 −PD-BamA     
0,71 100 0.450 ± 0.031 0.033 ± 0.004 0.0011 ± 0.0003 57 

1,42 200 0.280 ± 0.013 0.050 ± 0.044 0.0006 ± 0.0001 37 

2,84 400 - - - 10 

4,26 600 - - - 4 
 +PD-BamA 

    0,71 100 0.313 ± 0.02 0.048 ± 0.005 0.0019 ± 0.0002 56 

1,42 200 0.380 ± 0.026 0.101 ± 0.016 0.0024 ± 0.0003 63 

2,84 400 0.487 ± 0.019 0.090 ± 0.008 0.0024 ± 0.0003 70 

4,26 600 0.525 ± 0.019 0.095 ± 0.008 0.0022 ± 0.0003 70 

a     Urea-unfolded OmpA was folded into SUVs composed of DOPC/DOPE/DOPG (5:3:2) at various  
      concentrations in the absence and presence of PD-BamA. The experimental data were fitted by  
      Eq. 3.1. 
b    Concentration of the lipid   
c    Lipid to protein ratio  

       

Recent work supports the specific role of PD-BamA in kinetics of OmpA folding in 

showing that Cytochrome c (Cytc), which is a small heme protein loosely attached to 

the inner membrane of mitochondria and binding to lipid membranes containing 

anionic phospholipids (Ott et al., 2002), had no significant effect on folding and 

insertion of OmpA in lipid bilayers of different composition and different size and 

curvature of vesicles. Folding yields of OmpA were similar in the absence and in the 

presence of Cytc, which shows that the function of PD-BamA is specific. PD-BamA 

facilitates membrane insertion and folding of OmpA while other membrane-attached 

proteins like Cytc do not. 

 
3.4.2 Lipid head groups influence the role of PD-BamA in facilitating folding and  

         insertion of outer membrane protein A 

The phospholipid composition of the periplasmic leaflet of the outer membrane of E. 

coli is approximately 70 to 80 % phosphatidylethanolamine (PE), 20 to 25 % 

phosphatidylglycerol (PG), and 5 % cardiolipin (Bishop et al., 2014). To examine the 

effect of the lipid headgroups on the function of PD-BamA to facilitate folding of 
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OmpA into lipid bilayers, the lipid composition of the membranes was altered: in 

three reactions, OmpA was folded into lipid bilayers of the composition 

DOPC/DOPG, DOPC/DOPE and DOPE/DOPG, all at a molar ratio of 8:2. Folding 

reactions were performed either in the absence or in the presence of PD-BamA.  

 

3.4.2.1 PD-BamA has no effect on OmpA folding into overall neutral membranes 

In earlier work, DOPE was shown to inhibit folding and insertion of OmpA (Patel et 

al., 2009). To explore whether PD-BamA can compensate this inhibitory effect of 

DOPE, parallel folding experiments were performed with zwitterionic but overall 

neutral lipid bilayers of the composition DOPC/DOPE (8:2). The lipid concentration 

was varied to obtain a 200-, 400- and 600-fold molar excess over OmpA in the 

absence and in the presence of PD-BamA. The fractions of OmpA that were folded at 

time t after dilution of urea-unfolded OmpA with preformed lipid membranes were 

analyzed by SDS-PAGE and densitometry and were plotted as a function of time t 

(Figure 3.2). The analysis (Figure 3.2(A)) indicated that rates and yields of OmpA 

folding in the absence of PD-BamA (Figure 3.2(B)) were comparable to those 

obtained in the presence of PD-BamA (Figure 3.2(C)), indicating that PD-BamA has 

no effect on the folding of OmpA into these lipid bilayers. Interestingly, folding rates 

and yields increased with an increasing concentration of the DOPC/DOPE 

membranes. Final folding yields of OmpA were estimated around ~13 % at a 

lipid/OmpA molar ratio of 200 and increased up to ~32 % at 400- and ~44 % at 600-

fold molar excess of lipid (Table 3.2).  
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Figure 3.2 PD-BamA has no effect on the folding of OmpA into neutral lipids. (A) Folding 
experiments of OmpA into lipid bilayers composed of DOPC/DOPE (8:2) at different lipid 
concentrations (1.42 mM, 2.84 mM, and 4.26 mM) were performed either in the absence (gels 
a-c) or in the presence of 14.2 µM PD-BamA (gels d-f), respectively. All folding experiments 
of urea-denatured OmpA were performed in parallel at 30 °C, and pH 7. Folding was 
monitored over a time period from 4 to 240 min. The final concentrations of the proteins were 
7.1 µM OmpA, and 14.2 µM PD-BamA. The analysis of OmpA folding was done by gel 
electrophoresis. The gels show the time courses of OmpA folding and the migration of PD-
BamA, unfolded OmpA (U) and folded OmpA (F). The fractions of folded OmpA were 
quantified by densitometry and plotted as a function of time for samples without PD-BamA  
(B) (gels a to c) and with PD-BamA (C) (gels d to f). The lipid concentrations were 1.42 mM 
(●), 2.84 mM (◼), and 4.26 mM ( ). Eq. 3.1 was fitted to the experimental kinetics. 
 
 

The contribution of Af increased in both cases with increasing lipid concentration, 

whereas the rate constant of the faster process kf remained almost constant. Compared 

to the observed folding yields obtained with charged lipids, folding yields in 

DOPC/DOPE (8:2) were reduced, supporting the recent assumption of an inhibiting 

effect of DOPE. Since PD-BamA was found not to facilitate OmpA folding, it also 

can be concluded that PD-BamA cannot compensate the inhibitory effect of DOPE in 

lipid bilayers composed of DOPC/DOPE (8:2). 
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3.4.2.2 PD-BamA has a strong effect on OmpA folding in the presence of Phos-    

            phatidylglycerol 

The kinetics of the folding of OmpA so far demonstrated that PD-BamA facilitated 

folding and insertion of OmpA into negatively charged ternary lipid mixtures of 

DOPC/DOPE/DOPG (5:3:2), but not into overall neutral and zwitterionic 

DOPC/DOPE (8:2) lipids. To examine whether this effect can be attributed to the 

presence of the negatively charged DOPG, folding experiments with lipids composed 

of DOPC/DOPG (8:2) were performed at various molar ratios of lipids/OmpA. 

Figure 3.3 shows the gels and their densitometric analysis for these OmpA folding 

experiments, which were performed in the presence of a 200-, 400-, or 600-fold molar 

excess of SUVs of the composition of DOPC/DOPG (8:2). Analysis of the reactions 

performed in the presence of PD-BamA (Figure 3.3(C)) showed similar folding rates 

and yields of folded OmpA (Figure 3.3(C)). The final folding yields of OmpA at all 

lipid concentrations were estimated around ~82 % in the presence of PD-BamA. In 

contrast in the absence of PD-BamA, the folding kinetics of OmpA were slower. The 

final folding yields of OmpA decreased with an increasing lipid concentration from 

~47 % to ~20 % at a 200- and at a 600-fold molar excess of DOPC/DOPG (8:2), 

respectively. The effect of PD-BamA was reflected in the parameters of the folding 

kinetics obtained from fitting Eq. 3.1 to the experimental data, since Af, kf and ks were 

all greater in the presence of BamA (Table 3.2). The contribution of the faster folding 

process, Af, was increased but remained almost constant. This differed remarkably to 

the observations obtained for the folding of OmpA into bilayers with the ternary lipid 

composition of DOPC/DOPE/DOPG (5:3:2), where the contribution of the faster 

folding process increased with increasing lipid concentration. In the absence of PD-

BamA, both Af and the rate constant of the faster folding process, kf, decreased with 

increasing lipid concentration and in all reactions the faster folding process 

predominated. 
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Figure 3.3 OmpA folding into negatively charged bilayers is strongly facilitated in the 
presence of PD-BamA. (A) Folding of OmpA (7.14 µM) into lipid bilayers was initiated by a 
12-times dilution of urea-denatured OmpA into preformed lipid bilayers composed of 
DOPC/DOPG (8:2) at different concentrations (1.42 mM, 2.84 mM, and 4.26 mM) either in 
the absence (gels a-c) or in the presence of 14.2 µM PD-BamA (gels d-f), respectively. 
Reactions were performed in parallel at 30 °C and pH 7 and monitored from 4 and 240 min 
after initiation of folding. Folding of urea denatured OmpA was analyzed by SDS-PAGE. The 
gels show the time courses of OmpA folding and the migration of PD-BamA, unfolded 
OmpA (U) and folded OmpA (F). The fractions of folded OmpA in the absence of PD-BamA 
(B) and in the presence of PD-BamA (C) were analyzed by densitometry. The various lipid 
concentrations were 1.42 mM (●), 2.84 mM (◼), and 4.26 mM ( ). Eq. 3.1 was fitted to the 
experimental kinetics. 
 
 

The results obtained for OmpA folding into bilayers of DOPC/DOPG (8:2) in the 

absence of PD-BamA are comparable to results obtained with DOPC/DOPE/DOPG 

(5:3:2) membranes. In conclusion, DOPG seems to be required for PD-BamA to 

facilitate the kinetics of folding and insertion of OmpA. 
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3.4.2.3 The presence of PD-BamA supports OmpA folding into membranes  

composed of DOPE/DOPG (8:2)  

Interactions were investigated between PD-BamA and OmpA in a membrane system 

composed of lipids with native lipid head groups and therefore comparable to the 

inner leaflet of the outer membrane of E. coli. Experiments on OmpA folding were 

performed with DOPE/DOPG (8:2) membranes, lacking phosphatidylcholine, which 

is not naturally occurring in the E. coli OM.   

The fractions of OmpA that were folded at time t, obtained by SDS polyacrylamide 

gels (Figure 3.4, A), were plotted as a function of time t and Eq. 3.1 was fitted to the 

data (Figure 3.4, B). Experiments with lipid bilayers of DOPE/DOPG (8:2) in the 

absence and in the presence of PD-BamA were again performed in parallel and the 

time courses are shown in Figure 3.4. In the presence of PD-BamA, the final folding 

yields of OmpA were increased by the factor ~3 at 200-, and by the factor ~5 at 400- 

and 600-fold molar excess of membranes compared to the absence of PD-BamA. In 

the absence of PD-BamA, OmpA folding was only observed in the presence of a 

lower lipid concentration at lipid/OmpA molar ratio of 200 and OmpA did not fold 

into the lipid bilayers at higher lipid concentrations (2.84 mM and 4.26 mM). In 

contrast, in the presence of PD-BamA the final yields of folded OmpA increased up to 

a 400-fold molar excess of lipids and were ~46 % (Table 3.2). An increased 

lipid/OmpA molar ratio of 600 resulted in similar OmpA folding yields and the 

folding rates were fastest. Neither the fast nor the slow process of the folding of 

OmpA depended on the lipid concentration. In the absence of PD-BamA, fitting 

algorithms did not converge when attempting to fit Eq. 3.1 to the data obtained at 

higher lipid concentrations due to low folding rates and yields. OmpA folding and 

insertion into DOPE/DOPG membranes were enhanced when PD-BamA was present. 

This is quite remarkable, because the fraction of DOPE in the membranes was much 

increased in comparison to the previous experiments (80 % vs 30 % and 20 %) 

(Figures 3.2 and 3.4). When PD-BamA was absent, folding yields were strongly 

diminished in DOPC/DOPG (8:2) in comparison to the ternary lipid mixture (Figure 

3.1). The decline of OmpA folding at higher lipid concentrations in the absence of 

PD-BamA is consistent with previous observations. The general retardation of the 

kinetics and decline of the folding yields could also be caused by the inhibitory effect 

of DOPE.  
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Figure 3.4 The inhibiting role of DOPE on the folding of OmpA is reduced by PD-BamA 
when the negatively charged DOPG is also present in the membrane. (A) Folding experiments 
of OmpA into lipid bilayers were performed by diluting urea-denatured OmpA 12-times into 
preformed lipid bilayers composed of DOPE/DOPG (8:2) at different concentrations either in 
the absence (gels a-c) or in the presence of PD-BamA (gels d-f), respectively. All reactions 
were performed in parallel at 30 °C and pH 7 between 4 and 240 min. The final 
concentrations of the proteins were 7.1 µM OmpA, and 14.2 µM PD-BamA. The SDS 
polyacrylamide gels show the time courses of OmpA folding and the migration of PD-BamA, 
unfolded OmpA (U) and folded OmpA (F). The fractions of folded OmpA in the absence of 
PD-BamA (B) and in the presence of PD-BamA (C) were analyzed by densitometry. The 
various lipid concentrations were 1.42 mM (●), 2.84 mM (◼), and 4.26 mM ( ). Folding 
kinetics were fitted by Eq. 3.1. 
 

 

There is little or no effect of PD-BamA on the folding of OmpA into overall neutral 

bilayers of the zwitterionic lipids DOPC and DOPE. In contrast, in the presence of the 

negatively charged lipid DOPG, PD-BamA strongly facilitates folding and membrane 

insertion of OmpA. Consequently, the presence of the negatively charged DOPG in 

the membrane is a requirement for PD-BamA to facilitate folding of OmpA. 
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Table 3.2 Kinetic parameters of folding and insertion of OmpA into lipid bilayers with 
different headgroupsa. 

cLipid (mM)c Lipid/ 
OmpAd Af kf (min-1) ks (min-1) yield 

(%)b 

(A) DOPC/DOPG 8:2    
 −PD-BamA     

1,42 200 0.391 ± 0.016 0.056 ± 0.004 0.0006 ± 0.0002 47 

2,84 400 0.171 ± 0.020 0.021 ± 0.003 0.0006 ± 0.0001 28 

4,26 600 0.135 ± 0.073 0.023 ± 0.006 0.0004 ± 0.0003 20 
 +PD-BamA 

    1,42 200 0.611 ± 0.026 0.088 ± 0.007 0.0042 ± 0.0005 84 

2,84 400 0.637 ± 0.035 0.105 ± 0.013 0.0035 ± 0.0008 81 

4,26 600 0.679 ± 0.033 0.099 ± 0.011 0.0025 ± 0.0008 82 

(B) DOPC/DOPE 8:2    
 −PD-BamA     1,42 200 - - - 13 

2,84 400 0.061 ± 0.009 0.081 ± 0.026  0.0014 ± 0.00006 32 

4,26 600 0.125 ± 0.032 0.031 ± 0.010 0.0019 ± 0.00020 44 
 +PD-BamA 

    1,42 200 - - - 14 

2,84 400 0.120 ± 0.061 0.022 ± 0.013 0.0011 ± 0.0003 33 

4,26 600 0.195 ± 0.057 0.022 ± 0.007 0.0016 ± 0.0003 44 

(C) DOPE/DOPG 8:2 
    −PD-BamA 

    1,42 200 0.052 ± 0.004 0.084 ± 0.017 0.0003 ± 0.00003 11 

2,84 400 - - - 1 

4,26 600 - - - 1 

 +PD-BamA 

    1,42 200 0.169 ± 0.01 0.093 ± 0.018 0.0012 ± 0.0001 36 

2,84 400 0.245 ± 0.01 0.144 ± 0.023 0.0014 ± 0.0001 46 

4,26 600 0.275 ± 0.02 0.058 ± 0.007 0.0013 ± 0.0002 46 
 

a     Urea-unfolded OmpA was folded into SUVs composed of various lipid compositions at  
     various lipid concentrations in the absence and presence of PD-BamA. The data were fitted by 
     Eq. 3.1.     
b    Yield of folded OmpA after 240 min. 

   c    concentration of the lipid   
d    Lipid to protein ratio  
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3.4.3 Determination of the PD-BamA/OmpA stoichiometry by KTSE analysis 

For the investigation of the PD-BamA/OmpA stoichiometry, at which folding and 

insertion of OmpA into lipid bilayers is facilitated by PD-BamA most efficiently, 

kinetic experiments of the folding of OmpA were performed at nine different PD-

BamA/OmpA ratios of 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, and 5. Urea-unfolded OmpA was 

folded into a 500-fold molar excess of lipid membranes of the composition 

DOPC/DOPE/DOPG (5:3:2) at 30 °C and pH 7. The fractions of folded OmpA at 

time t were analyzed by densitometry of the SDS polyacrylamide gels (Figure 3.5, A) 

and plotted as a function of time t (Figure 3.5, B). The fractions of folded OmpA 

obtained by densitometry in the absence of PD-BamA and for PD-BamA/OmpA 

ratios (3 and 4) were averaged, in each case from two independent experiments. Three 

experiments were performed and averaged for kinetics at the PD-BamA/OmpA ratios 

1 and 2 The experimental data was then fitted by Eq. 3.1 and the kinetic parameters 

obtained from these fits were summarized in Table 3.3. Only small fractions of OmpA 

folded at molar ratios of PD-BamA/OmpA less than 0.5. Thus, the time courses for 

the folding of OmpA at these lower PD-BamA/OmpA ratios could not be analyzed by 

fitting Eq. 3.1 to the experimental data. In the other experiments, at molar ratios of 

PD-BamA/OmpA ≥ 0.5, the contribution of the faster process Af increased up to a 

PD-BamA/OmpA molar ratio of 1, but then decreased slightly at ratios of PD-

BamA/OmpA ≥ 1. The same trend could also be observed for the corresponding rate 

constants of the faster and slower processes, kf and ks, respectively. At the PD-

BamA/OmpA molar ratio of 0, the yield of folded OmpA was 6 % and increased up to 

a maximum value of 77 % for the PD-BamA/OmpA molar ratio of 1. 
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Figure 3.5 Dependence of the folding kinetics of OmpA on the ratio PD-BamA/OmpA. 
Folding of OmpA (7.14 µM) was monitored from 4 to 240 min after initiation of folding of 
OmpA by diluting it into a 500-fold molar excess (3.55 mM) of SUVs composed of 
DOPC/DOPE/DOPG at a molar ratio of 5:3:2. Folding reactions were performed at 30 °C and 
pH 7 either in the absence of PD-BamA or in the presence of PD-BamA at various PD-
BamA/OmpA ratios. (A) The representative SDS polyacrylamide gels show the time courses 
of the folding of OmpA at PD-BamA/OmpA molar ratios of 0 (gel a), 0.25 (gel b), 0.5 (gel c), 
0.75 (gel d), 1 (gel e), 2 (gel f), 3 (gel g), 4 (gel h), and 5 (gel i) and the migration of PD-
BamA, unfolded OmpA (U) and folded OmpA (F). (B) The fraction of folded OmpA 
quantified by densitometry of the gels shown in (A) was plotted as a function of time. The 
molar ratios of PD-BamA/OmpA were 0 ( ), 0.25   ( ), 0.5 ( ), 0.75 ( ), 1 ( ), 2 (●) , 3 ( ) , 
4 (◼), and 5 ( ). Eq. 3.1 was fitted to the experimental folding kinetics.  
 
 
A further increase in the molar ratio to 2 resulted in a similar yield of folded OmpA 

and also the time courses for the folding of OmpA at the PD-BamA/OmpA molar 

ratio 1 and 2 were similar (Figure 3.5 (B), Table 3.3). However, at higher molar ratios 

of PD-BamA/OmpA of 3 to 5, OmpA folding yields again slightly decreased with an 

increasing molar ratio of PD-BamA/OmpA. The densitometric analysis of the SDS-

polyacrylamide gels suggests that a major effect of PD-BamA on the folding of 

OmpA is reached at equimolar concentrations of PD-BamA and OmpA (PD-

BamA/OmpA = 1). 
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Table 3.3 Kinetic parameters of OmpA folding at various concentrations of PD-BamA shown 
in Figure 3.5 (B) and (C)a. 

PD-
BamA/OmpA 

ratio 
Af kf (min-1) ks (min-1) yield (%)b 

0c - - - 6 

0,25 - - - 22 

0,5 0.348 ± 0.049 0.027 ± 0.005 0.0011 ± 0.0004 50 

0,75 0.407 ± 0.062 0.037 ± 0.008 0.0022 ± 0.0006 65 

1d 0.528 ± 0.036 0.047 ± 0.036 0.0028 ± 0.0005 77 

2d 0.493 ± 0.024 0.066 ± 0.006 0.0030 ± 0.0003 74 

3c 0.456 ± 0.023 0.059 ± 0.005 0.0027 ± 0.0003 70 

4c 0.418 ± 0.036 0.072 ± 0005 0.0027 ± 0.0004 68 

5 0.383 ± 0.020 0.048 ± 0.004 0.0019 ± 0.0002 61 

a    At various PD-BamA/OmpA ratios, urea-unfolded OmpA was folded into a 500-fold molar excess  
     of DOPC/DOPE/DOPG at a molar ratio of 5:3:2 in the absence and presence of PD-BamA. The  
     data were fitted by Eq. 3.1. 
b    yield of folded OmpA after 240 min. 
c  The parameters for this ratio are average values from two identical refolding experiments. 
d  The parameters for this ratio are average values from three identical refolding experiments. 

      

The fit-parameters shown in Table 3.3 confirmed the PD-BamA/OmpA stoichiometry 

(Figure 3.6). The contribution of the faster folding process Af, and the rate constants 

of the faster and slower processes, kf and ks, respectively, were plotted against the PD-

BamA/OmpA molar ratios (Figure 3.6 A and B). Each plot can be subdivided into 

two sections in which the dependence is approximately linear. Af, kf, and ks first 

increase until a maximum is reached. In the second linear section, at higher PD-

BamA/OmpA molar ratios, Af, kf, and ks were assumed to remain constant (Af and to a 

lower extent also kf, and ks, seemed to decrease slightly, which might be caused by an 

over-saturation of the membrane by PD-BamA). The first linear increase ranges from 

0.25 to 1. At the higher ratios from 1 to 5, a saturation is observed. Thus the second 

linear function was parallel to the x-axis and had a slope of zero. The point of the 

intersection of these two linear functions (y = a + b x) was determined and is the PD-

BamA/OmpA stoichiometry of the transient PD-BamA/OmpA complex that is formed 

in the pathway of folding and membrane insertion of OmpA. The stoichiometries at 

the points of intersection were calculated to 0.86, 1.27 and 0.99 from the plots of Af , kf 

and ks , respectively, as a function of the PD-BamA/OmpA ratio.         
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Figure 3.6 The analysis of the folding kinetics of OmpA resulted in the PD-BamA/OmpA 
stoichiometry of transient PD-BamA-OmpA complexes. For the determination of the PD-
BamA/OmpA stoichiometry, kinetics were analyzed by fitting Eq. 3.1 (Figure 3.5, Table 3.3) 
(A) the contribution of the faster folding process Af (●) and (B) the rate constants of the faster 
process kf (◼) and of the slower process ks ( ) were plotted for folding of urea-unfolded 
OmpA as a function of the PD-BamA/OmpA ratio (0-5). The stoichiometry was calculated 
from two fits of linear functions (y = a + b x) to the experimental data. The functions were 
fitted for PD-BamA/OmpA ratios ranging from 0 to 1 and from 1 to 5, respectively. In both 
panels, Af, kf, and ks increased approximately linear from 0.25 to 1 PD-BamA/OmpA. At 
higher ratios, a saturation was assumed (see text), thus the linear function is parallel to the x-
axis. The points of the intersections of the respective two linear functions, and hence the PD-
BamA/OmpA stoichiometries were calculated to 0.86 for Af, 1.27 for kf and 0.99 for ks, and 
are marked with arrows and highlighted in grey in both panels. 
 

The PD-BamA/OmpA stoichiometry must be an integer. Therefore, it was concluded 

that the ratio at which PD-BamA forms transient complexes with OmpA is 1:1 for 

PD-BamA facilitated folding and insertion of OmpA into lipid bilayers. A 

stoichiometry of 1:1 was also obtained by fluorescence spectroscopy for the binding 

of WaF-OmpA (see previous section 2.4.8, Figure 2.14) to PD-BamA, which 

confirms the present result.  

 

3.4.4 The activation energy of OmpA folding is lowered by PD-BamA 

Results of kinetic studies performed so far have shown that PD-BamA facilitates the 

folding of OmpA into charged lipid bilayers, suggesting a catalytic effect of PD-

BamA. To examine the influence of PD-BamA on the activation energy for the 

reaction that converts unfolded OmpA into its folded form, eight parallel folding 

reactions of OmpA into SUVs of the composition DOPC/DOPE/DOPG (5:3:2) were 

performed at various temperatures ranging from 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 

°C, 40 °C and 45 °C in the absence and in the presence of PD-BamA. The fractions of 

OmpA that were folded at time t obtained by densitometry of the SDS polyacrylamide 

gels (Figure 3.7, A) were plotted as a function of time t. Eq. 3.1 was fitted to these 
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data (Figure 3.7, B). The yields of folded OmpA were always higher in the presence 

of PD-BamA. They increased with temperature from 3 % and 11 % at 10 °C, in the 

absence and in the presence of PD-BamA, respectively, up to 36 % without PD-

BamA and 60 % with PD-BamA at 30 °C. In the presence of PD-BamA, OmpA 

folding yields slightly decreased at temperatures higher than 35 °C. At 45 °C, only 28 

% of folded OmpA were observed, independent of the presence of PD-BamA. 

Consequently, it can be concluded that PD-BamA facilitates folding of OmpA at 

temperatures between 10 °C and 35 °C. At temperatures above 35 °C, the activity of 

PD-BamA is reduced which can be due to an conformational instability of PD-BamA. 

The kinetic parameters derived from double exponential fits of Eq. 3.1 to the data are 

shown in Table 3.4. The analysis of the time courses of OmpA folding at 10 °C and 

15 °C in the absence as well as in the presence of PD-BamA was not possible by 

fitting Eq. 3.1 to the experimental data, because only small fractions of OmpA folded 

at these temperatures and the obtained kinetic data were not well described by a 

double exponential function. The rate constants of the faster folding process kf 

increased with temperature, both in the absence and in the presence of PD-BamA over 

the complete temperature range. The observed kf values were always higher when 

OmpA folding was performed in the presence of PD-BamA, indicating a strong 

dependence of the rate constants of the fast step on temperature. The rate constants of 

the slow process were approximately similar, i.e. independent of temperature. 
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Figure 3.7 The folding kinetics of OmpA depend on the temperature. (A) Urea-unfolded 
OmpA was folded into a 200-fold molar excess (1.42 mM) of lipid bilayers (SUVs) 
composed of DOPC/DOPE/DOPG (5:3:2) at 30 °C and pH 7. The fraction of folded OmpA 
was determined at various times after initiation of folding, ranging from 4 to 240 min at 
different temperatures in the absence (gels a-h) or in the presence of PD-BamA (gels i-p), 
respectively. The final concentrations of the proteins were 7.1 µM OmpA, and 14.2 µM PD-
BamA. The SDS polyacrylamide gels show the time courses of OmpA folding and the 
migration of PD-BamA, unfolded OmpA (U) and folded OmpA (F). The fractions of folded 
OmpA in the absence of PD-BamA (B) and in the presence of PD-BamA (C) were analyzed 
by densitometry. The various temperatures were 10 °C ( ), 15 °C ( ), 20 °C ( ), 25 °C ( ), 
30 °C (●), 35 °C ( ), 40 °C (◼), and 45 °C ( ).Eq. 3.1 was fitted to the folding kinetics. 
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Table 3.4 Fit parameters to the kinetics of folding of OmpA in the absence and in the 
presence of PD-BamA at different temperatures from 10 °C to 45 °Ca. 

            	  
T (°C) Af 

kf  
(min-1) 

 ks  
(min-1) 

yield  
(%)b ln(kf)c T-1  

(10-3 K-1) d 

 −PD-BamA 
   	  10 - -             - 3 - 3,53 

15 - -             - 5 - 3,47 

20 0.372 ± 1.310 0.003 ± 0.007 0.0005 ± 0.0030 11  -5.81 ± 0.03 3.41 

25 0.250 ± 1.080 0.004 ± 0.010 0.0002 ± 0.0022 19  -5.52 ± 0.03 3,35 

30 0.281 ± 0.014 0.026 ± 0.002 0.0005 ± 0.0001 36  -3.65 ± 0.08 3,30 

35 0.291 ± 0.015 0.034 ± 0.003 0.0002 ± 0.0001 33  -3.38 ± 0.09 3,25 

40 0.298 ± 0.007 0.092 ± 0.005 0.0004 ± 0.0001 36  -2.39 ± 0.05 3,19 

45 0.207 ± 0.006 0.140 ± 0.013 0.0004 ± 0.0001 28  -1.97 ± 0.09 3,14 

 +PD-BamA 
   	  10 - -             - 11 - 3,53 

15 - -             - 19 - 3,47 

20 0.399 ± 0.433 0.007 ± 0.006 0.0001 ± 0.0018 35  -4.96 ± 1.28 3,41 

25 0.675 ± 0.137 0.008 ± 0.002             - 49  -4.83 ± 0.26 3,35 

30 0.371 ± 0.011 0.049 ± 0.002 0.0019 ± 0.0001 60  -3.02 ± 0.04 3,30 

35 0.475 ± 0.028 0.049 ± 0.005 0.0009 ± 0.0003 56  -3.02 ± 0.10 3,25 

40 0.372 ± 0.012 0.112 ± 0.009 0.0007 ± 0.0001 46  -2.19 ± 0.08 3,19 

45 0.180 ± 0.007 0.208 ± 0.026 0.0005 ± 0.0001 27  -1.57 ± 0.13 3,14 

a OmpA was folded into a 200-fold molar excess of SUVs composed of DOPC/DOPE/DOPG (5:3:2)  
  at various temperatures in the absence and presence of PD-BamA. The data were fitted by Eq. 3.1.  
b yield of folded OmpA after 240 min.   
c natural logarithm of the rate constants of the faster folding process. 
d reciprocal absolute temperature. 

      	 	 

 

To determine the activation energy, EA, of the folding processes of OmpA in the 

absence and in the presence of PD-BamA, the natural logarithm of the respective rate 

constants of the faster process of OmpA folding, kf, were plotted against the 

corresponding reciprocal absolute temperature to obtain an Arrhenius plot (Figure 

3.8). The data of the Arrhenius plot was fitted by a linear function, y = a + bx. An 

Arrhenius plot describes a linear relation between the logarithm of the rate constants 

and the reciprocal temperature of the reaction:  
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                         ln(kf) = − EA
R

 1
T

 

 
were R is the universal gas constant (~8.314447 J K-1mol-1) and T is the temperature 

in Kelvin. The activation energy was calculated from the slope b of the fit function: 

 
                              EA = - R b 

 
Figure 3.8 shows the Arrhenius plots for OmpA folding in the absence and in the 

presence of PD-BamA and the corresponding fit parameters of the linear regressions.  
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Figure 3.8 Logarithmic plots of the rate constants of folding versus the reciprocal 
temperature show an Arrhenius dependence of the folding of OmpA on temperature in the 
absence and in the presence of PD-BamA. Urea-unfolded OmpA (7.1 µM) was folded into a 
200-fold molar excess of SUVs of the composition DOPC/DOPE/DOPG (5:3:2), at pH 7 and 
at temperatures of 10 °C, 15 °C, 20 °C,  25 °C, 30 °C, 35 °C, 40 °C and 45 °C, either in the 
absence ( ) or in the presence (◼) of PD-BamA. The natural logarithm of the rate constant kf 
derived from Figure 3.7 was plotted against the reciprocal absolute temperature, respectively. 
The experimental data were fitted by a linear fit (y = a + bx). Coefficients used to calculate 
the activation energies are shown in the plot. Calculated activation energies are highlighted in 
grey. Error markers of ln(kf) were obtained from the standard deviations of kf. 
 

When kf was plotted as a function of temperature in an Arrhenius plot, a linear 

dependence was obtained (Figure 3.8). The fast process of folding of OmpA into lipid 

bilayers required a minimum energy for its insertion into lipid bilayers, both in the 

absence and in the presence of PD-BamA. The obtained EA revealed that the energy 

barrier for folding and insertion of OmpA was lower in the presence of PD-BamA 

(EA = 110.6 ± 14.5 KJ/mol) than in its absence (EA = 128.1 ± 14.3 KJ/mol). However, 

these activation energies were too similar to explain the faster folding rates. 

(Eq. 3.3)	

   (Eq. 3.4)	
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3.5 Discussion 
 

Recent investigations revealed that BamA plays a central role in the biogenesis of 

OmpA in E. coli. To investigate the catalytic effect of PD-BamA, OmpA folding 

experiments were performed using the method of kinetics of tertiary structure 

formation by electrophoresis (KTSE), a method that is reporting on the last folding 

step of OmpA that represents the native and also thermodynamically stable protein.  

OmpA was folded into small unilamellar vesicles (SUVs) of the composition 

DOPC/DOPE/DOPG (5:3:2) in the absence and in the presence of PD-BamA. SUVs 

are extremely curved and highly strained sonicated lipid vesicles of a small diameter 

between 25 and 35 nm with a high surface curvature. The outer monolayer of SUVs 

contains 50 % more lipids than the inner monolayer. The lipid curvature can influence 

the protein stability appreciably upon perturbations by incorporation and folding of 

OmpA. It was observed that a decline of curvature stress by protein incorporation into 

SUVs composed of DOPC tended to stabilize the inserted protein (Hong and Tamm, 

2004; Pocanschi et al., 2006b) and that OmpA inserted spontaneously into DOPC 

vesicles (Kleinschmidt and Tamm, 1996). 

In experiments where the periplasmic domain of BamA was present, the folding and 

insertion of OmpA were usually faster in comparison to those in the absence of PD-

BamA. The PD-BamA showed a strong acceleration of folding and insertion of 

OmpA, supporting a catalytic role for the PD-BamA. Indirectly, similar observations 

were obtained in studies using a model system composed of a lipid bilayer containing 

preinserted β-barrel membrane proteins, i.e. TMD-BamA and BamA (Patel and 

Kleinschmidt, 2013). In the presence of BamA, containing the five polypeptide 

transport-associated (POTRA) subdomains in its periplasmic domain, folding and 

insertion of OmpA were fastest, which indicates indirectly a great importance for PD-

BamA in facilitating the assembly of OMPs.  

Folding of OmpA into negatively charged ternary lipid bilayers composed of 

DOPC/DOPE/DOPG (5:3:2) resulted in reduced folding yields of OmpA upon an 

increased lipid concentration in the absence of PD-BamA, albeit in the presence of 

PD-BamA an opposite effect could be observed and folding yields of OmpA 

increased with increasing concentration of lipids. The faster folding process was 

dependent on the lipid concentration while the slower process did not seem to be 
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affected. In previous work it was demonstrated that the faster folding process is 

favored when the solubility of OmpA is increased at neutral and basic pH, i.e. when 

OmpA (pI~5.5) is negatively charged (Patel et al., 2009). This is in good agreement 

since experiments were performed at pH 7 and OmpA possessed a negative 

electrostatic potential at this pH and therefore was more soluble. In opposite to 

previous investigations of the dependence of OmpA folding on lipid concentration 

with non-charged DOPC membranes resulting in a concurrent increase in folding 

yields upon an increase in the lipid concentration (Kleinschmidt and Tamm, 2002), an 

alleviation of OmpA folding at higher lipid concentrations was observed. Therefore it 

is very likely that the insertion of OmpA into the negatively charged inner leaflet of 

the outer membrane of E. coli needs proteins that enable insertion of OmpA into the 

bilayer. A similar trend was observed for OmpA folding into binary lipid bilayers 

composed of DOPC/DOPG (8:2) and DOPE/DOPG (8:2). In the absence of PD-

BamA folding yields of OmpA decreased with increasing lipid concentration. 

However, in the presence of PD-BamA, in the first lipid system, steep time courses 

were observed for the folding of OmpA and correspondingly, the folding yields of 

OmpA were high. Af and kf did not depend on the lipid concentration when PD-BamA 

was present. The slower process of the folding of OmpA was dependent on the lipid 

concentration but seemed to be faster at lower lipid concentrations.  

The observed alleviation of OmpA folding at higher lipid concentrations in the 

absence of PD-BamA is very interesting since charged DOPG molecules provide a 

net negative charge of the membrane and increase the membrane fluidity, due to the 

increased intermolecular separation caused by electrostatic repulsion (Watts et al., 

1978). A more flexible bilayer would increase the likelihood for insertion. 

Additionally, at an increased net negative charge of OmpA above its pI of 5.5 

conformational changes are supported from a more compact into a more soluble form 

of OmpA through intramolecular side-chain repulsion within OmpA (Patel et al., 

2009). A greater solubility of OmpA would also result in a faster membrane folding. 

In the previous chapter it could be observed that PD-BamA binds specifically to PG 

bilayers leading to the suggestion that PD-BamA causes phase separation between 

lipids. It might be possible that phase separation is necessary for the insertion of 

OmpA. The higher the lipid concentration the more PG would have to be bound by 

OmpA when PD-BamA is not present prior to the membrane insertion of OmpA. 

Thus, the absence of PD-BamA might lead to an inefficient and slow insertion of 
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OmpA into the membrane. Further investigations are needed to determine the 

observed effect, PD-BamA is able to compensate for. 

In the case of DOPE/DOPG (8:2) membranes, the obtained yields of folded OmpA 

and the contribution of the faster folding process were higher in the presence of PD-

BamA. Neither the fast nor the slow process of the folding kinetics of OmpA was 

dependent on the lipid concentration. It was remarkable that folding of OmpA into 

these membranes, whose lipid composition is comparable to the inner leaflet of the 

E.coli outer membrane, was only possible in the presence of PD-BamA. In folding 

experiments with membranes composed of the overall neutral and zwitterionic 

DOPC/DOPE (8:2) the folding yields of folded OmpA at low lipid concentration were 

reduced compared to the observed folding yields with negatively charged membranes 

composed of DOPC/DOPE/DOPG (5:3:2) and DOPC/DOPG (8:2). Consistent with 

previous observations with neutral DOPC membranes (Kleinschmidt and Tamm, 

2002) yields of folded OmpA increased with the concentration of DOPC/DOPE (8:2), 

and interestingly, this was observed whether PD-BamA was present or not. The rate 

constant of the slow folding process was increasing. An inhibiting effect of DOPE on 

OmpA folding was previously demonstrated by Patel et al. (2009). The headgroup 

region of PE containing membranes is strongly dehydrated because the phosphate and 

ammonium groups of the phosphatidylethanolamine head group form intermolecular 

hydrogen bonding networks (Leekumjorn and Sum, 2006), which is very likely to 

cause retarded kinetics of folding of OmpA. Gessmann et al. (2014) demonstrated a 

retardation of the kinetics of OMP folding in the presence of PE and PG headgroups 

in membranes of native lipid composition in the absence of the BAM complex. 

Folding reactions were inefficient and too slow to be physiologically relevant. In the 

periplasm there are no energy sources like ATP (Wülfing and Plückthun, 1994). Lipid 

membranes composed of pure PE or of PE in combination with PG showed an 

inhibitory effect and establish a kinetic barrier for the folding of OMPs (Patel et al., 

2009; Patel and Kleinschmidt, 2013; Gessmann et al., 2014). A barrier that causes a 

retarded kinetics of folding of OMPs enables therefore a negative control over a 

spontaneously occurring incorporation of OMPs into the periplasmic inner leaflet, 

which is seen to be of biological relevance and crucial for cell viability (Gessmann et 

al., 2014), since the lipid compositions of both the inner and the outer periplasmic 

membranes are similar (Ruiz et al., 2006; Silhavy et al., 2010). It was proposed that 

the presence of the components of the BAM complex facilitate OMP folding by 
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reducing this activation barrier (Patel et al., 2009; Kleinschmidt et al., 2011; Patel and 

Kleinschmidt, 2013). Patel and Kleinschmidt (2013) observed that both, folding rates 

and yields of OmpA were significantly increased after incorporation of BamA into 

DLPC/DLPE (8:2) membranes whereas OmpA folding was delayed following an 

initial lag-phase in the absence of BamA. The present results are in agreement with 

the previous observation. The structure of PD-BamA (PDB entry 3EFC) (Gatzeva-

Topalova et al., 2008) contains several parts of negatively charged amino acids and is 

overall negatively charged. It has been suggested that electrostatic interactions 

between PD-BamA and the positively charged periplasmic chaperone Skp supports 

the release of the negatively charged OmpA from its complex with Skp and facilitates 

its folding into negatively charged membranes (Patel and Kleinschmidt, 2013). 

Interestingly, PD-BamA was observed to facilitate OmpA folding into negatively 

charged membranes also in the absence of Skp. At this state it is not possible to agree 

with suggestions that the PD-BamA acts as a chaperone but it can be speculated that it 

is able to adopt chaperone-like function. 

Based on the obtained folding yields of OmpA, a 1:1 stoichiometry of OmpA in the 

complex with PD-BamA was determined. The contribution of the faster folding 

process Af  as well as the rate constants of the faster and the slower processes, kf and 

ks, increased upon PD-BamA binding until the molar PD-BamA/OmpA ratio was 1. A 

further increase in the PD-BamA/OmpA molar ratio resulted in nearly similar folding 

rates and yields, indicating that a saturation level was reached. In fact, folding yields 

were then slightly reduced while kf and ks remained largely constant, demonstrating 

that the maximum rates and yields were obtained at a PD-BamA/OmpA ratio of 1:1 

and that the efficiency of folding and insertion of OmpA into lipid bilayers is strongly 

dependent on the ratio PD-BamA/OmpA. The determination of the stoichiometry of 

the transient PD-BamA/OmpA complex and the PD-BamA/OmpA ratios, at which 

OmpA folding and insertion takes place most efficiently, is of great interest in regard 

to our understanding of the assembly of outer membrane proteins and how this 

process is assisted by the BAM complex. It has been proposed based on SDS-PAGE 

that the relative stoichiometry of the components of the BAM complex (BamA, B, C, 

D and E) is 1:1:1:1:1 albeit difficulties to confirm whether there are one or two 

molecules of BamE in the complex, because of its low molecular weight (Hagan et. 

al., 2010). This is in good agreement with the obtained PD-BamA/OmpA 

stoichiometry. 
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Experiments on the dependence of OmpA folding into charged DOPC/DOPE/DOPG 

(5:3:2) membranes on the temperature in the absence and in the presence of PD-

BamA showed, that the rate constants derived for the slow process did not change 

much with temperature and were independent on the temperature. For the contribution 

of the faster folding process and the rate constants of the faster folding process a 

dependence on temperature could be observed. The rate constants of the faster folding 

process increased with increasing temperature independent on the absence or the 

presence of PD-BamA. However, in its presence the observed kf values for OmpA 

folding were always higher.  The yields of folded OmpA were also always higher in 

the presence of PD-BamA and increased with the increase in temperature from 10 °C 

to 30 °C. Depending on the temperature, lipid bilayers exist in different phases. At 

low temperatures the lipids are in the gel phase where the lipid bilayer is highly 

ordered and tightly packed. The incorporation of membrane proteins into bilayers in 

this phase is difficult. Proper folding is facilitated at higher temperatures above the 

gel-to-fluid crystalline phase-transition where the lipid bilayer is disordered and fluid-

like. Lower yields of folded OmpA in the presence of PD-BamA at temperatures from 

35 °C to 45 °C were observed as a consequence of decreased Af values. At 45 °C the 

folding yields were lowest and similar in the absence and in the presence of PD-

BamA. This observation indicates conformational instability of PD-BamA at 

temperatures higher than 35 °C. Burgess et. al. (2008) performed folding experiments 

with a variety of OMPs at temperatures ranging from 30 to 50 °C. They demonstrated 

that at 35 °C and higher folding of Omp85 (BamA) was strongly diminished and that 

among the examined proteins Omp85 is the least resistant to thermal denaturation. 

The activation energies of the faster OmpA folding process were determined and were 

found to be similar in the absence and in the presence of PD-BamA with 128 ± 14 

kJ/mol and 110 ± 14 kJ/mol, respectively. This could not explain the overall faster 

folding rates observed in the presence of PD-BamA. The faster rates might be the 

result from the increased contribution of the faster folding process in the presence of 

PD-BamA. In conclusion, the presence of PD-BamA led to faster kinetics of folding 

of OmpA into bilayers containing the negatively charged DOPG. 
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4. PROXIMITY BETWEEN THE POTRA DOMAIN 3 OF PD- 

    BAMA AND THE SUBSTRATE PROTEIN OMPA DETERMINED    

    BY FLUORESCENCE ENERGY TRANSFER   (FRET) 
 

4.1 Abstract 
 

In Gram-negative bacteria, mitochondria and chloroplasts, the outer membrane β-

barrel proteins (OMPs) are essential for numerous cellular processes and require 

assembly machineries for the folding into their native forms and for the insertion into 

the outer membranes. In E. coli, this assembly machine is known as the multiprotein 

BAM complex. The core component is the highly conserved and essential β-barrel 

outer membrane protein BamA. The periplasmic domain of BamA (PD-BamA) is the 

key for its function and contains five polypeptide transport-associated (POTRA) 

domains. Upon its unique structure POTRA domain 3 was suggested to be involved in 

substrate binding, based on structural similarities with other protein domains involved 

in protein-protein interactions. By fluorescence resonance energy transfer (FRET) 

possible proximities between PD-BamA and the substrate protein OmpA and 

additionally the sites of interaction were studied. Several single-site mutants of PD-

BamA were designed and the positions for cysteine substitution were selected to be 

lining a surface groove in POTRA domain 3, a unique feature among the different 

POTRA domains. In OmpA single-site mutations were equally distributed. 

Fluorescent probes were attached to several engineered single cysteine mutants of 

both PD-BamA and OmpA. When FRET experiments were performed for the donor-

acceptor pair tryptophan-IAEDANS with a short Förster distance, no energy transfer 

could be observed between the two proteins. For the donor-acceptor pair IAEDANS-

5-IAF, that has an increased Förster radius, distances in the range from 65.4 Å to 

131.2 Å could be observed, demonstrating partial proximity and binding between PD-

BamA and OmpA. The transfer efficiency E, the Förster distance R0 and the average 

distance r between the fluorescence donor-acceptor pairs were calculated. These 

observations lead to the suggestion that certain regions in PD-BamA could serve as a 

binding site for substrate OMPs. However, membrane binding of PD-BamA prior to 

complex formation is needed.  
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4.2 Introduction 
 

The outer membrane of Gram-negative bacteria is highly asymmetric and consists of 

phospholipids in its inner leaflet, lipopolysaccharides in its outer leaflet and of 

integral and peripheral proteins. It constitutes a selective physical barrier, which 

controls the influx and efflux of solutes and is resistant to detergents and impermeable 

to antibiotics, allowing bacteria to inhabit different and maybe hostile environments 

(Nikaido, 2003). Therefore, the process of correct folding and insertion of β-barrel 

proteins into the outer membrane is essential (Bos et al., 2007a, Ruiz et al., 2006) and 

conserved in bacteria and evolutionarily related mitochondria and chloroplasts. Their 

assembly requires a functionally conserved protein complex, which is known as the β-

barrel assembly machinery (BAM) complex. In addition to the four lipoproteins 

BamB, BamC, BamD and BamE, the BAM complex in Escherichia coli consists of 

the integral β-barrel protein BamA (Sklar et al., 2007b, Wu et al., 2005). 

BamA is the main subunit and a member of the Omp85 family of proteins. Its N-

terminal periplasmic domain is subdivided into five POTRA domains, which extend 

away from the transmembrane β-barrel domain into the periplasm and are numbered 

sequentially from the N-terminus. From crystallization studies of fragments of BamA 

containing either the first four (Gatzeva-Topalova et al., 2008; Kim et al., 2007) or 

the last two (Gatzeva-Topalova et al., 2010; Zhang et al., 2011) POTRA domains and 

by combining them, it was revealed that the overall structure of the periplasmic 

domain has a fishhook-like shape. The particular POTRA domains have a low 

sequence but a high structural similarity and they are comprised of a three-stranded β-

sheet covered by a pair of antiparallel helices. The elements of the secondary structure 

are β-α-α-β-β, whereas the first and the second β-strands form the two edges of the 

sheet, with the third β-strand sandwiched between them. The defining conserved 

residues of the POTRA domains are predominantly in the loop regions or in the 

hydrophobic core. The interfaces of the protein-protein interaction with extensive 

hydrogen bonding between adjacent POTRA domains keep POTRA domains 1-2 and 

POTRA domains 3-4-5 rigid, but it was shown that POTRA domains can exist either 

in an extended or a bent conformation, caused by a flexible linker with only few polar 

contacts between POTRA domains 2 and 3 (Gatzeva-Topalova et al., 2008; Kim et 

al., 2007). The functional importance of each POTRA domain was investigated by a 
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deletion analysis of the E. coli POTRA domains. It was shown that POTRA domains 

2-5 are required for the association of BamB and that POTRA domain 5 is essential 

for the association of the subcomplex BamC, BamD and BamE (Kim et al., 2007; 

Sklar et al., 2007b; Malinverni et al., 2006; Ricci et al., 2012).  

Among the POTRA domains of BamA especially POTRA domain 3 was found to 

share some structural similarities with other protein domains involved in protein-

protein interactions (Eck et al., 1996; Margolis et al., 19999; Cowburn, 1997; Krojer 

et al., 2008). Concerning these structural features in POTRA domain 3, this domain is 

proposed to be involved in the mechanism of substrate recognition.  

The interactions between the periplasmic domain of BamA and substrate β-barrel 

OMPs are not well understood or experimentally determined, yet. The combination of 

site-directed mutagenesis and fluorescence spectroscopy of labeled mutant proteins 

were used to investigate interactions of PD-BamA with the substrate outer membrane 

β-barrel protein OmpA. A range of single cysteine mutants of PD-BamA was 

prepared and for the confirmation of their folded state, the secondary structure was 

analyzed by circular dichroism spectroscopy in comparison to that of non-mutated 

PD-BamA. First, fluorescence resonance energy transfer (FRET) experiments were 

performed by using a donor-acceptor pair with short Förster distance. Therefore, the 

cysteine residues of PD-BamA were selectively labeled with the fluorescence probe 

5-((((2-Iodoacetyl)amino) ethyl)amino) naphtalene-1-sulfonic acid (IAEDANS) to be 

used as fluorescence energy acceptors and the tryptophan residues in single 

tryptophan OmpA mutants, that were prepared previously (Kleinschmidt et al., 1999a; 

Qu et al., 2009), were used as fluorescence energy donors. Furthermore, FRET was 

examined by using a donor-acceptor pair with increased Förster radius. In this 

connection, single cysteine-single tryptophan double mutants of OmpA, that were 

prepared earlier (Kleinschmidt et al., 2007), were selectively labeled with the 

fluorescence probe 5-Iodoacetamidofluorescein (5-IAF) and used as fluorescence 

resonance energy acceptors for excited IAEDANS-labeled PD-BamA mutants used as 

fluorescence energy donors. Fluorescence resonance energy transfer was used to 

analyze protein-protein interactions and to determine the distances between the 

labeled sites in PD-BamA and OmpA. 
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4.3 Materials and Methods 
 

4.3.1 Construction of single Cysteine mutants of PD-BamA 

To determine protein-protein interactions of PD-BamA with OmpA six single-

cysteine mutants of PD-BamA were prepared (Table 4.1). The plasmid pET15b-WaF-

PD-BamA, encoding a tryptophan-free PD-BamA mutant (prepared as described in 

the previous chapter, section 2.3.2), was used as template for the construction of 

specific mutations and for the substitution of the codon for the selected amino acid 

residue by a codon for cysteine in the bamA sequence using PCR. Site-directed 

mutagenesis was performed using the QuikChange XL Site-Directed Mutagenesis Kit 

(Agilent technologies, California) according to the manufacturer’s instructions. The 

PCR for mutagenesis was carried out in a thermocycler (BIO-RAD, Germany) with 

two complementary oligonucleotide primers containing the desired mutation for the 

amino acid replacement. Primers were purchased from MWG-Biotech AG, Germany 

and are listed in Table 4.2. After amplification, the PCR product was transformed into 

XL10-Gold Ultracompetent cells (Agilent technologies, California). Plasmids of 

independent clones were isolated by QIA prep Spin Miniprep kit (QIAGEN GmbH, 

Germany) and the nucleotide sequences were determined by GATC Biotech AG, 

Konstanz to verify that the right mutation was introduced during cloning. The 

plasmids were then transformed into E.coli BL21(DE3)omp8 fhuA for the expression 

of PD-BamA mutants. The mutants were named according to the position of their 

amino acid substitution in the PD-BamA sequence. Thereby, the sequence of an 

additional hexa histidine-tag before the protein sequence was not included. 

 
Table 4.1 List of the plasmids and proteins of single-cysteine mutants of PD-BamA1. 

Plasmid Template-Vector Cys position Product  Substitution 

 pET199  pET15b  199 C199 L199C 

 pET208  pET15b  208 C208 V208C 

 pET216  pET15b  216 C216 K216C 

 pET223  pET15b  223 C223 L223C 

 pET245  pET15b  245 C145 V245C 

 pET324  pET15b  324 C324 S324C 
1The plasmids shown in the table based on plasmid pET15-omp85-Cys/Trp (TRENZYME), in which 
all native cysteines and tryptophans were replaced by alanines and phenylalanines 
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Table 4.2 Primers for site-directed mutagenesis and PD-BamA mutant plasmid construction1. 

Plasmid Primer Sequence 

pET199 5'-ACGAACTGATCTCTCATTTCCAATGTCGTGACGAAGTGCCGTTCT-3' 

pET208 5'-TGCGTGACGAAGTGCCGTTCTTTAACTGTGTAGGCGATCGTAAATA-3' 

pET216 5'-GGCGATCGTAAATACCAGTGTCAGAAACTGGCGGGCGAC-3' 

pET223 5'-AAACTGGCGGGCGACTGTGAAACCCTGCGCAG-3' 

pET245 5'-GTTTCAACATCGACTCTACCCAGTGTAGTCTGACGCCAGATAAAAAAGG-3' 

pET324 5'-CCTATCCGCGCGTACAGTGTATGCCCGAAATTAACGAT-3' 
1The primer sequences shown in the table correspond to the sense strand of the bamA gene.  
Nucleotide substitutions are highlighted in bold. For site-directed mutagenesis a pair of 
complementary primers was used. The number in the name of the plasmid denotes the position of the 
amino acid replacement in the protein PD-BamA. 

	 	 

 

4.3.2 Expression and purification of PD-BamA and mutants of PD-BamA 

The corresponding plasmid of each PD-BamA mutant (Table 4.1) was transformed 

into an E. coli BL21 (DE3) strain. The protocols of the expression and the purification 

of PD-BamA and PD-BamA mutants were similar to those described in the previous 

chapter for PD-BamA (chapter 2, sections 2.3.3 and 2.3.4). 

 

4.3.3 Expression and purification of OmpA mutants 

From previous research projects of the laboratory twelve single tryptophan (Table 

4.3) and four single cysteine-single tryptophan OmpA mutant proteins (Table 4.4)  

were available (Kleinschmidt et al., 1999a; Kleinschmidt et al., 2007; Qu et al., 

2009). Their respective overexpression and purification was reported earlier (Qu et 

al., 2009). 

 
Table 4.3 List of plasmids and proteins of single tryptophan mutants of OmpA. 

Plasmid Vector Trp 
Position Product Source 

pET1102 pTRC99A 7 β1W7 Kleinschmidt et al., 1999a 

pET1115 pTRC99A 15 β1W15 Kleinschmidt et al., 1999a 

pET187 pUC18 57 β3W57 Kleinschmidt et al., 1999a 

pET186 pTRC99A 102 β5W102 Kleinschmidt et al., 1999a 

pET1103 pTRC99A 143 β7W143 Kleinschmidt et al., 1999a 
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Plasmid Vector Trp 
Position Product Source 

pET24 pET22b 24 l1W24 Qu et al., 2009 

pET67 pET22b 67 l2W67 Qu et al., 2009 

pET110 pET22b 110 l3W110 Qu et al., 2009 

pET153 pET22b 153 l4W153 Qu et al., 2009 

pET48 pET22b 48 t1W48 Qu et al., 2009 

pET91 pET22b 91 t2W91 Qu et al., 2009 

pET131 pET22b 131 t3W131 Qu et al., 2009 
     
	 	 	 	 	 

 
Table 4.4 Plasmids and proteins of single cysteine-single tryptophan OmpA mutants1. 

Plasmid Vector Trp 
Position 

Cysa 
Position  Product Source 

pTB001dc pTRC99A 7 43 W7C43 Kleinschmidt et al., 2007 

pTB004dc pTRC99A 7 170 W7C170 Kleinschmidt et al., 2007 

pTB005dc pTRC99A 15 162 W15C162 Kleinschmidt et al., 2007 

pTB008dc pTRC99A 15 35 W15C35 Kleinschmidt et al., 2007 
1The two native cysteines C290 and C302 of the periplasmic domain were replaced by alanine by  
  site-directed mutagenesis.  

	 	 	 	 	 	 	 

4.3.4 Circular Dichroism Spectroscopy 

Far UV CD spectra for PD-BamA and mutants of PD-BamA were recorded by a 

Jasco J-815 CD spectrometer (Jasco, Tokyo, Japan) at room temperature using a 0.5 

mm cuvette (Hellma QS, Müllheim). For spectra accumulation 14 µM of PD-BamA 

or PD-BamA mutants were diluted in Tris buffer (10 mM, pH8.0 and 1 mM EDTA) 

and measurements were taken over the wavelength range of 190 nm to 260 nm with a 

bandwidth of 1 nm, a scan speed of 50 nm/min and a stop resolution of 0.5 nm. The 

spectra of six successive scans were averaged. The corresponding background spectra 

without the protein, but otherwise identical composition, were subtracted. Protein 

concentrations were determined for each sample (Lowry et al., 1951). The recorded 

CD spectra were normalized, and then analyzed by several algorithms utilizing the 

DICHROWEB service (http://dichroweb.cryst.bbk.ac.uk), as described in chapter 2, 

section 2.3.8. 
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4.3.5 Fluorescence labeling of cysteines 

Purified mutants of PD-BamA carrying single cysteine residues were conjugated with 

the highly thiol-reactive fluorescent probe, IAEDANS (Invitrogen, Molecular probes).  

The spectroscopic labeling of the cysteine residues in single cysteine-single 

tryptophan OmpA double mutants was performed with the fluorescent probe, 5-Iodo-

acetamidofluorescein (5-IAF). The labeling protocol from the manufacturer was used. 

The reaction was performed in black reaction tubes because of the high sensitivity of 

fluorophores to light. Prior to labeling, either 50-100 µM of each PD-BamA mutant 

were diluted in 1 ml of Tris buffer (10 mM, pH 7.2, 1 mM EDTA and 25 mM NaCl), 

or 50-100 µM of each OmpA mutant were diluted in 1 ml of Tris buffer containing 8 

M urea (10 mM, pH 7.2 and 1 mM EDTA). To degas the solutions, they were flushed 

with nitrogen gas for 1 min, and then incubated with TCEP in a 10-fold molar excess 

for 30 min at 22 °C for the complete reduction of disulphide bonds that may have 

formed between the thiol groups of cysteine residues. Afterwards a 20-fold molar 

excess of the reactive dye in dimethyl sulfoxide (DMSO) was added to the reduced 

protein samples and the reaction went on overnight in darkness at 4 °C for PD-BamA 

mutants or at 22 °C for mutants of OmpA. The unreacted excess of the fluorescent 

dye was separated by extensive dialysis upon completion of the reaction at 4 °C in 1 L 

of Tris buffer (10 mM, pH 8.0 with 1 mM EDTA and 25 mM NaCl) for PD-BamA 

mutants and at 22 °C in 1 L of Tris buffer containing 8 M urea (10 mM, pH 8.0 and 1 

mM EDTA) for mutants of OmpA with total of four buffer changes. The labeled 

proteins were then concentrated using Microcon PM-10 kDa concentrators. The 

protein concentration was estimated using the Lowry Assay (Lowry et al., 1951) and 

the degree of labeling was measured using Ellman's reagent (Riddles et al., 1983) as 

described previously (Qu et al., 2009). 

 

4.3.6 S-methylation of cysteines 

Sulfhydryl groups in single-cysteine PD-BamA mutants and single-Cys-single-Trp 

double mutants of OmpA were selectively and quantitatively converted into S-methyl 

derivatives by reacting the protein samples with methyl 4-nitrobenzene sulfonate 

(MNB) to prevent quenching of the fluorescence emission by unaltered sulfhydryl 

groups when they are in the proximity of the fluorophore. By using a modified 

method of Hunziker (1991), either 50-100 µM of each PD-BamA mutant were diluted 

in 1 ml of borate buffer (50 mM, pH 9 containing 1 mM EDTA and 25 mM NaCl), or 
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50-100 µM of each OmpA mutant were diluted in 1 ml of borate buffer containing 8 

M urea (50 mM, pH 9 and 1 mM EDTA). The solutions were flushed with nitrogen 

gas and incubated with a 10-fold molar excess of TCEP at 22 °C for 30 min. A 40-

fold molar excess of MNB in acetonitrile was added and the reaction was allowed to 

proceed at 22 °C for 4 h. Remaining unbound MNB was removed from the sample by 

extensive dialysis against 1 L of Tris buffer (10 mM, pH 8.0 with 1 mM EDTA and 

25 mM NaCl) at 4 °C for PD-BamA mutants and 1 L of Tris buffer containing 8 M 

urea (10 mM, pH 8.0 and 1 mM EDTA) at 22 °C for mutants of OmpA with total of 

four buffer changes. 

 

4.3.7 Preparation of lipid bilayers 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) 

were purchased from Avanti Polar Lipids (Alabaster, AL). The phospholipids were 

dissolved in a mixture of chloroform and methanol (5:1) in a dark vial to avoid photo-

induced oxidation of unsaturated lipids. Ternary lipid bilayers were prepared by 

mixing DOPC, DOPE and DOPG at a molar ratio of 5:3:2. The organic solvent was 

then evaporated under a stream of dry nitrogen and the lipid films were desiccated 

under high vacuum to remove residual solvent for 4 h. For vesicle preparation, lipid 

films were hydrated in Tris buffer (10 mM, pH 8.0,   2 mM EDTA) and dispersed by 

vortexing at 30 °C and 950 rpm. LUVs were prepared as described in chapter 2, 

section 2.3.7. 

 

4.3.8 Fluorescence spectroscopy 

Fluorescence spectra were recorded on a Spex Fluorolog-3-22 spectrofluorometer 

(Horiba/Jobin-Yvon, Germany) with double monochromators in the excitation and 

emission pathways at 25 °C. According to the respective experiment the excitation 

wavelength was either 295 nm for the tryptophan donor, or 350 nm, when using the 

fluorophore IAEDANS as a donor, as IAEDANS absorbs at this wavelength. At an 

excitation wavelength of 295 nm the bandwidths of the excitation and emission 

monochromators were 2.5 and 5 nm, respectively and the spectra were scanned in the 

range of 310 – 580 nm. At an excitation wavelength of 350 nm the bandwidths of the 

excitation and emission monochromators were 2.5 and 3.5, respectively and the 

spectra were scanned in the range of 400 – 580 nm. All spectra were scanned with an 
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integration time of 0.05 s and an increment of 0.5 nm and all measurements were 

performed on samples prepared in Tris buffer (10 mM, pH 8.0, containing 1 mM 

EDTA). For each fluorescence spectrum, three scans were averaged with appropriate 

background subtraction of spectra recorded before the protein was added. 

 

4.3.9 Intermolecular FRET measurements 

FRET from single Trp mutants of OmpA to IAEDANS labeled single Cys 

mutants of PD-BamA in the presence of lipid bilayers 

1 µM of either IAEDANS-labeled or S-methylated PD-BamA single-Cys mutant was 

diluted in 1 ml Tris buffer, pH 8.0 containing lipid bilayers (SUVs) of 

DOPC/DOPE/DOPG (5:3:2) at a 500-fold molar excess to PD-BamA. The 

background spectrum was recorded followed by the addition of 1 µM of OmpA single 

Trp mutant to record the spectrum of FRET with subtraction of the background 

spectrum.  

FRET from IAEDANS labeled single Cys mutants of PD-BamA to 5-IAF labeled 

single Cys-single Trp mutants of OmpA in the presence of lipid bilayers 

The background spectrum of a 5-IAF labeled or S-methylated single Cys-single Trp 

mutant of OmpA was recorded at a concentration of 0.25 µM in 1 ml of Tris buffer, 

pH 8.0 containing lipid bilayers (SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 500-fold 

molar excess to PD-BamA in a separate cuvette. In the sample cuvette 0.25 µM of a 

IAEDANS labeled single cysteine mutant of PD-BamA was first incubated in Tris 

buffer, pH 8.0 containing lipid bilayers (SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 

500-fold molar excess to the protein and then 0.25 µM of a single Cys-single Trp 

mutant of OmpA was added to record the FRET spectrum. The previously recorded 

background spectrum was subtracted.  

 

FRET from IAEDANS labeled single Cys mutants of PD-BamA to 5-IAF labeled 

single Cys-single Trp mutants of OmpA in the absence of lipid bilayers 

0.25 µM of a 5-IAF labeled or S-methylated single Cys-single Trp mutant of OmpA 

was first incubated in 1 ml of Tris buffer, pH 8.0 in a separate cuvette to record the 

background spectrum. In the sample cuvette 0.25 µM of a IAEDANS labeled single 

Cys of PD-BamA was first incubated in Tris buffer, pH 8.0 before the addition of 

0.25 µM of a single Cys-single Trp mutant of OmpA and the recording of the FRET 

spectrum with the corresponding background subtraction.  
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4.3.10 FRET efficiency and donor-acceptor distance calculation 

For the determination of the energy transfer efficiency and for the calculation of the 

distance by which the donor and the acceptor molecules are separated the 

fluorescence emission spectra were measured. According to Förster’s theory on 

energy transfer, the relation of the FRET efficiency to the inverse sixth power of 

distance (r) between the donor (D) and the acceptor (A) is given by the equation 

(Lakowicz, 2006):  

 

                              r = R0 (1/E-1)1/6   or E = R0
6/ R0

6 + r6                                    (Eq. 4.1) 
 

 
Where R0 is known as the Förster distance, which is the critical distance at which the 

transfer efficiency is 50 %. The efficiency of energy transfer (E) is also a quantitative 

measure of the number of quanta that are transferred from D to A, and can be 

calculated from the equation:  

 

                                             E = 1 – FDA/FD                                                                (Eq. 4.2) 
 
Where FDA and FD are the fluorescence intensities of the donor in the presence and in 

the absence of the acceptor. The Förster distance (R0) is related to the spectral 

properties of the chromophores by the equation: 

 

 
                              R0 = 9.78 × 103 (κ2 n-4 QDJ) 1/6              in Å                       (Eq. 4.3) 

 
 

Whereκ2 is the orientation factor that accounts for the relative orientation of the 

donor emission and acceptor absorption dipoles during transfer, which is generally 

assumed to be ~2/3. n is the index of refraction of the solution between the donor and 

the acceptor, taken as 1.4. QD is the quantum yield of the donor fluorescence in the 

absence of the acceptor. The spectral overlap integral, J, is representing the degree of 

overlap between the donor emission spectrum and the acceptor absorption spectrum, 

calculated from: 

 
                          J = ∫ FD (λ)εA (λ) λ4 dλ / ∫ FD (λ) dλ                           (Eq. 4.4) 
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where FD (λ) is the fluorescence intensity of the donor at the wavelength λ andεA 

is the extinction coefficient of the acceptor in units of M-1 cm-1. The quantum yield 

for the donor IAEDANS (QD) is determined by the formula (Kronman et al., 1971; 

Liang and Chakrabarti, 1982): 

 
                                       QD = (F/FIAED) × (AIAED/A) × 0.14                              (Eq. 4.5) 

 
 
Where F is the donor fluorescence in the absence of the acceptor, FIAED is the 

fluorescence of the reference free IAEDANS, both integrated between 400 and 

580 nm. A and AIAED are the absorbances of the donor protein and of free IAEDANS 

at 350 nm respectively. 0.14 is used as quantum yield for free IAEDANS. 

If the transfer efficiency E and the Förster’s critical distance R0 are known, the 

distance between the donor and the acceptor molecules r for a donor-acceptor pair can 

be calculated from Eq. 4.1. 

 

 

4.4 Results 
 

4.4.1 Single cysteine mutants of PD-BamA 

For the investigation of binding of substrate proteins to the periplasmic domain of 

BamA a total of six different single cysteine PD-BamA mutants were constructed. 

(Table 4.1). For the preparation of specific single-site mutations, a plasmid carrying a 

pd-bamA gene, encoding a tryptophan-free PD-BamA mutant, was used as template. 

The periplasmic domain of BamA does not contain cysteine residues and a cysteine-

codon can be introduced on the DNA level, substituting a codon of a selected amino 

acid residue (Figure 4.1). The expressed single-cysteine mutant of PD-BamA can then 

be labeled site-specifically at the reactive sulfhydryl group of the cysteine for 

fluorescence studies. 

To explore binding regions of PD-BamA that are in closer proximity or are in contact 

with OmpA as a client outer membrane protein, six single cysteine mutants were 

designed. The positions that were selected for the preparation of single-site PD-BamA 

mutations are depicted in Figure 4.2. Five single cysteine mutants were introduced in 

the POTRA domain 3 of PD-BamA, lining a surface groove, which is unique among 
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POTRA domains. That large surface groove is lined with hydrophobic residues and 

could potentially form an interface for protein-protein interactions. One single 

cysteine mutant, C245, contained a cysteine in strand β2 and two single cysteine 

mutants, C216 and C223, were designed to introduce cysteines into the long helix α2, 

both regions defining the groove.  

	

 
Figure 4.1 The amino acid sequence of hexa-histidine-tagged PD-BamA without the signal 
sequence as expressed in E. coli BL21(DE3) cells. The number in the name of PD-BamA 
mutants describes the position of the amino acid in the protein sequence that was substituted 
by a cysteine (given in orange) to obtain single-site Cys mutants of PD-BamA, whereby the 
sequence of the hexa-histidine-tag (given in grey) was not included. 
 

 

Thereby, mutant C216 was prepared by substituting a positively charged lysine to 

examine binding to PD-BamA based on possible electrostatic interactions. In the two 

single cysteine mutants C199 and C208, cysteine was introduced in loop L2, which is 

also unique in POTRA domain 3 due to being longer than in other POTRA domains, 

to examine conformational changes upon binding of substrate protein.  The sixth 

single cysteine mutant, C324, contained a cysteine in POTRA 4 facing the groove in 

POTRA domain 3. 

 
  67 
 114 
 161 
 209 
 256 
 304 
 350 
 397 
 435 
 

          MGSSHHHHHHSSGLVPRGSHMM 
AEGFVVKDIHFEGLQRVAVGAALLSMPVRTGDTVNDEDISNTIRALF 
ATGNFEDVRVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNL 
EASGVRVGESLDRTTIADIEKGLEDFYYSVGKYSASVKAVVTPLPRN 
RVDLKLVFQEGVSAEIQQINIVGNHAFTTDELISHFQLRDEVPFFNVV 
GDRKYQKQKLAGDLETLRSYYLDRGYARFNIDSTQVSLTPDKKGIYV 
TVNITEGDQYKLSGVEVSGNLAGHSAEIEQLTKIEPGELYNGTKVTKM 
EDDIKKLLGRYGYAYPRVQSMPEINDADKTVKLRVNVDAGNRFYVR 
KIRFEGNDTSKDAVLRREMRQMEGAFLGSDLVDQGKERLNRLGFFET 
VDTDTQRVPGSPDQVDVVYKVKERNTGSFNFGIGYGTE* 
	

 
 21 
 68 
115 
162 
210 
257 
305 
351 
398 
 
 



 PROXIMITY BETWEEN PD-BAMA AND OMPA	
_____________________________________________________________________  

 115 

 
Figure 4.2 Ribbon diagram of the periplasmic domain of BamA (PD-BamA) for the depiction 
of the positions selected for the preparation of single-site mutants of PD-BamA. 
(A) Representation of POTRA domain 3 and POTRA domain 4 (PDB file 3EFC) (Gatzeva-
Topalova et al., 2008) with single cysteine mutants lining the surface groove located between 
the strand β2 and the long helix α2 in POTRA domain 3. Two single cysteine mutants (C199 
and C208) were constructed substituting residues in loop L2 between the helices α1 and α2. 
In addition, substitutions were placed into the long helix α2 to prepare single cysteine mutants 
C216 and C223, in strand β2 for mutant C245, and in strand β2 of POTRA domain 4 for 
mutant C324. (B) Lateral view to the groove on the surface of POTRA domain 3 with 
mutants C199 and C245 facing inward and mutants C208, C216, C223 and C324 facing 
outward. (C) Complete periplasmic domain of BamA. The models were prepared by 
superimposing the structure of POTRA domains 1-4 (PDB file 3EFC) (Gatzeva-Topalova et 
al., 2008) to domain POTRA domain 4 of a structure of POTRA domains 4 and 5 (PDB file 
3Q6B) (Zhang et al., 2011). The structural alignment of the two structures in regard to 
POTRA domain 4 was performed in MacPyMOL. (D) Electrostatic surface representation of 
PD-BamA. Hydrophobic residues are colored in gray. Amino acid residues that are lining the 
surface groove are more hydrophobic in POTRA domain 3 than in the other POTRA 
domains. According to its electrostatic potential, the remaining protein surface is colored red 
for negatively charged residues and blue for positively charged residues. 
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4.4.2 Single tryptophan and single cysteine-single tryptophan double mutants of  

         OmpA 

For FRET experiments between the POTRA domain 3 of PD-BamA and OmpA, 

twelve single tryptophan mutants (Table 4.3) and four single cysteine-single 

tryptophan double mutants (Table 4.4) of OmpA were used. These mutants were 

constructed previously (Kleinschmidt et al., 1999a; Qu et al., 2009) and were 

available. Based on the location of the tryptophan residue in the structure of OmpA 

the single tryptophan mutants were divided into different categories (Figure 4.3). The 

first category comprises five single tryptophan mutants of OmpA (s1W7, s1W15, 

s3W57, s5W102 and s7W143), where the single Trp was introduced to replace a 

residue in one of the eight β-strands of the transmembrane (TM) domain of OmpA. 

The second category comprises three single tryptophan mutants of OmpA (t1W48, 

t2W91 and t3W131), where the single tryptophan replaced a residue in one of the 

three periplasmic turns of the OmpA β-barrel. The third category includes four single 

tryptophan mutants of OmpA (l1W24, l2W67, l3W110 and l4W153), where the 

single tryptophan was introduced in one of the four extracellular loops of OmpA. Into 

the structure of two single tryptophan OmpA mutants of the first category, namely 

s1W7 and s1W15, four single cysteine were introduced to replace a residue in one of 

the eight β-strands of the transmembrane domain (s2C43 or s8C170 and s2C35 or 

s8C165, respectively) to obtain single cysteine-single tryptophan double mutants of 

OmpA (W7C43, W7C170, W15C162, W15C35). All mutants were functionally 

active and their folding was similar to wild-type OmpA (Kleinschmidt et al., 1999a; 

Qu et al., 2009).  
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Figure 4.3 Structure and transmembrane topology of outer membrane protein A (OmpA). 
(A) The structure of OmpA (generated with MacPyMOL) forms a transmembrane β-barrel 
composed of eight β-strands. The β-strands are numbered starting from the N-terminus as β1 
to β8, the loops and the turns are numbered as L1 to L4 and as T1 to T3, respectively. 
(B) Residue positions selected for the preparation of single tryptophan mutants of OmpA are 
shown in red (β-strands), green (loops), blue (turns). Residues replaced by cysteine to obtain 
single cysteine-single tryptophan double mutants of OmpA are shown in magenta (β-strands). 
Single tryptophan and single cysteine-single tryptophan mutants of OmpA were constructed 
previously (Kleinschmidt et al., 1999a; Qu et al., 2009). A plasmid carrying the gene 
encoding WaF-OmpA served as a template for the corresponding site-directed mutagenesis. 
Five single tryptophan mutants (s1W7, s1W15, s3W57, s5W102, s7W143) carry tryptophan 
in the β-strand region (red), four (l1W24, l2W67, l3W110, l4W153) in the loop region 
(green), and three (t1W48, t2W91, t3W131) in the turn region (blue). Four single cysteine-
single tryptophan mutants (W7C43, W7C170, W15C162, W15C35) carry Cys in the β-strand 
region (magenta). Residues of β-strands are given by squares, residues of loops and turns by 
circles. The β-strands are amphipathic and hydrophobic residues facing the lipid chains are 
indicated in yellow while hydrophilic residues face either the interior of the β-barrel, the 
periplasm or the extracellular space. 
  
 
 
4.4.3 Confirmation of the secondary structure in mutants of PD-BamA by  

         circular dichroism spectroscopy 

For the analysis of the formation of the secondary structure of six single cysteine PD-

BamA mutants circular dichroism (CD) spectroscopy was used. The spectra of all 

mutants of PD-BamA were recorded and the composition of the respective secondary 

structure was then determined for a comparison with the secondary structure of wild 

type PD-BamA. The composition of the secondary structure of the proteins resulting 
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from their normalized CD spectra were analyzed. The composition of the secondary 

structure (the relative contributions of α-helix, β-strand, β-turn and random coil 

structures) was calculated by various algorithms (for example CDSSTR (Sreerama 

and Woody, 2000) and CONTIN (Provencher and Glockner, 1981)). For these 

calculations, different sets of reference spectra of proteins of known high-resolution 

structure (obtained by x-ray crystallography) were also used and compared. All 

spectra of PD-BamA and the PD-BamA mutants indicated very similar secondary 

structure as shown in Figure 4.4. The analysis of the spectra (Table 4.5) also showed 

that the calculated composition of the secondary structure was very similar for the 

various mutants, irrespective of the algorithms applied or the used set of reference 

spectra. The spectral line shapes and their deconvolution analysis indicated 

predominant formation of β-sheet (29 - 31 % β-strand and 22 % β-turn) secondary 

structure. The α-helical content was estimated to 18 - 20 %.  
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Figure 4.4 The CD spectra of PD-BamA and of PD-BamA mutants show that these mutants 
have very similar secondary structures. The spectra were recorded at room temperature from 
190 to 260 nm in a quartz cuvette with a path length of 0.5 mm. The concentration of PD-
BamA and mutants of PD-BamA was 14 µM in double-distilled water.  
 
Table 4.5 Analysis of the CD spectra of PD-BamA and the PD-BamA mutants. 

PD-BamA  Algorithm Set 
α-helix β-strand β-turns Random 

Coil NRMSDa 
(%) (%) (%) (%) 

        PD-BamA  CDSSTR 4 17 32 23 29 0.017 

 
CDSSTR 7 20 29 21 29 0.015 

 
CONTIN 4 20 28 22 31 0.037 

 
CONTIN 7 21 28 21 31 0.037 

 
Average 

 
20 29 22 30 
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PD-BamA  Algorithm Set 
α-helix β-strand β-turns Random 

Coil NRMSDa 
(%) (%) (%) (%) 

        PD-BamA  CDSSTR 4 17 32 22 29 0.015 
Trp-free CDSSTR 7 20 31 21 27 0.016 

 
CONTIN 4 20 29 22 31 0.029 

 
CONTIN 7 21 28 21 31 0.029 

 
Average 

 
20 30 22 30 

         PD-BamA  CDSSTR 4 15 32 23 30 0.015 
L199C CDSSTR 7 19 32 22 26 0.014 

 
CONTIN 4 18 29 22 31 0.025 

 
CONTIN 7 20 29 21 31 0.025 

 
Average 

 
18 31 22 30 

         PD-BamA  CDSSTR 4 15 32 22 29 0.016 
V208C CDSSTR 7 19 31 21 28 0.014 

 
CONTIN 4 18 29 22 31 0.024 

 
CONTIN 7 19 30 21 31 0.024 

 
Average 

 
18 31 22 30 

         PD-BamA  CDSSTR 4 16 32 23 29 0.017 
K216C CDSSTR 7 20 31 21 27 0.014 

 
CONTIN 4 18 29 23 31 0.027 

 
CONTIN 7 20 30 21 30 0.027 

 
Average 

 
19 31 22 29 

  	 	 	 	 	 	 	PD-BamA  CDSSTR 4 17 32 22 29 0.016 
L223C CDSSTR 7 19 32 21 28 0.015 

 
CONTIN 4 17 30 22 30 0.026 

 
CONTIN 7 20 30 21 30 0.026 

 
Average 

 
18 31 22 29 

         PD-BamA  CDSSTR 4 15 33 22 29 0.015 
V245C CDSSTR 7 19 31 22 27 0.012 

 
CONTIN 4 18 29 22 31 0.024 

 
CONTIN 7 20 29 21 31 0.024 

 
Average 

 
18 31 22 30 

         PD-BamA  CDSSTR 4 17 31 22 29 0.015 
S324C CDSSTR 7 20 31 21 27 0.012 

 
CONTIN 4 19 29 22 30 0.026 

 
CONTIN 7 21 28 21 30 0.026 

 
Average 

 
19 30 22 29 

 
        

All CD spectra were analyzed using the algorithms CDSSTR and CONTIN and the reference data 
sets 4 and 7, which are provided by the DICHROWEB server. Both, reference data sets 4 and 7 
contain CD spectra of known soluble and denatured proteins and are suitable for the analysis of far 
UV CD spectra recorded in the wavelength range of 190 to 260 nm. 
a NRMSD is the normalized root mean square deviation obtained from a comparison of the recorded 
spectrum to a calculated reference spectrum and should be <0.25.  
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4.4.4 Intermolecular FRET pairs: single tryptophan OmpA and IAEDANS- 

         labeled PD-BamA 

Förster (Fluorescence) resonance energy transfer (FRET) describes the mechanism of 

energy transfer from a donor molecule in an excited electronic state to a neighboring 

acceptor molecule through a non-radiative long-range dipole-dipole interaction 

(Förster, 1948). It provides long-range distance information from 10 to 100 Å and is 

therefore a versatile tool for probing the structure, dynamics and mechanisms of 

biomolecular systems. 

In order to probe interactions between PD-BamA and OmpA, as a client protein of the 

BAM complex, twelve single tryptophan OmpA mutants (Table 4.3 and Figure 4.3)  

were used as fluorescence donors and six single cysteine mutants of PD-BamA were 

spectroscopically labeled with IAEDANS and used as fluorescence acceptors. The 

aromatic amino acid tryptophan serves as an intrinsic and site-specific fluorescent 

probe. In natural proteins, tryptophan can be selectively excited at a wavelength of 

295 nm. Its emission spectrum is ranging from 300-350 nm and depends on the 

polarity of the surrounding environment. As a resonance energy acceptor, the thiol-

reactive organic fluorophore IAEDANS was used. The single cysteine residues of the 

PD-BamA mutants were labeled with IAEDANS, which has a peak excitation and a 

peak emission wavelength of 336 nm and of 490 nm in an aqueous solution of pH 8.0 

(Hudson and Weber, 1973). Thus, the donor-acceptor (D-A) pairs for measurements 

of intermolecular FRET were formed by single tryptophan OmpA mutants and 

IAEDANS-labeled single cysteine mutants of PD-BamA. The representative Förster 

distance for a tryptophan-IAEDANS pair is 22 Å. 

For the calculation of the D-A distance (r), the Förster distance (R0) for each D-A pair 

(section 4.3.10) and the efficiency of energy transfer (E) (Eq. 4.1) have to be 

determined by recording the relevant fluorescence spectra. Therefore, the intensities 

of the donor in the presence (FDA) and in the absence of the acceptor (FD) were 

recorded, respectively. Then, the transfer efficiency E can be calculated by using Eq. 

4.2. For the calculation of the Förster distance between a donor-acceptor pair (Eq. 

4.3), the overlap integral (J(λ)) (Eq. 4.4) and the donor quantum yield (QD) (Eq. 4.5) 

must also be computed. J(λ) represents the spectral overlap integral, which describes 

the overlap of emission spectrum of the donor and absorption spectrum of the 

acceptor. Therefore, UV/VIS-absorption spectra were recorded for the determination 
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of the extinction coefficient of the acceptor fluorophore (εA(λ)) for the calculation of 

the spectral overlap integral (J(λ)). The fluorescence emission spectrum of the donor 

(tryptophan) was recorded in the presence of the corresponding S-methylated single 

cysteine mutant of the acceptor protein. S-methylated proteins were used for control 

spectra, where no energy transfer occurs due to the absence of the acceptor 

chromophore (IAEDANS). 

 

4.4.5 FRET analysis for interactions of PD-BamA and OmpA 

One of the key steps in the biogenesis of the outer membrane is the assembly of β-

barrel outer membrane proteins by a proteinaceous machinery, namely the β-barrel 

assembly machinery. The BAM complex is responsible for the correct and 

coordinated processes of OMP membrane insertion and folding. However, the 

mechanisms of these processes are still not well understood and it is unclear how the 

periplasmic domain of BamA (PD-BamA) interacts directly with unfolded OMP 

clients. 

To investigate possible interactions between PD-BamA and urea-unfolded aqueous 

OmpA, as a client outer membrane protein, intermolecular FRET experiments were 

performed in the presence of lipid bilayers composed of DOPC/DOPE/DOPG (5:3:2) 

for a selection of donor and acceptor pairs. Combinations of twelve different single 

tryptophan OmpA mutants (Table 4.3) that served as donors and six single cysteine 

mutants of PD-BamA were used. C199-PD-BamA, C208-PD-BamA, C216-PD-

BamA, C223-PD-BamA, C245-PD-BamA and C324-PD-BamA (Table 4.1) were 

labeled with IAEDANS serving as an acceptor. The fluorescence emission spectra 

(λexcitation = 295 nm) were recorded for mutants of OmpA as fluorescence donors and 

mutants of PD-BamA that were labeled with the fluorescent probe IAEDANS serving 

as an acceptor.  

When transfer of energy occurs, the decrease of the intensity of the donor 

fluorescence should be accompanied by the increase of the fluorescence intensity of 

the acceptor. To observe both, the fluorescence emission spectrum of the tryptophan 

and the fluorescence emission spectrum of the IAEDANS with a peak emission 

wavelength of 300-350 nm and 490 nm, respectively, all spectra were scanned in the 

wavelength range from 310 to 580 nm. To record the fluorescence intensity of the 

donor in the absence of IAEDANS, while avoiding fluorescence changes caused by a 
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possible reaction of an unmodified reduced cysteine residue upon the binding of a 

PD-BamA mutant, the S-methylated form of the PD-BamA mutant was used. 
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Figure 4.5 Fluorescence emission spectra recorded for the single tryptophan OmpA mutants 
s1W15 (A-F), t2W91 (G-L) and l3W110 (M-R) and (IAEDANS-labeled or S-methylated) 
single cysteine mutants of PD-BamA, namely C199-PD-BamA, C208-PD-BamA, C216-PD-
BamA, C223-PD-BamA, C245-PD-BamA and C324-PD-BamA. All spectra were recorded in 
the presence of DOPC/DOPE/DOPG (5:3:2) bilayers. The background spectra of 1 µM of 
either IAEDANS-labeled or S-methylated single-Cys mutants of PD-BamA were recorded in 
Tris buffer (10 mM, pH 8.0), containing a 500-fold molar excess of lipid bilayers. 1 µM of a 
single Trp mutant of OmpA was added and the spectra were recorded with corresponding 
background subtraction. Fluorescence spectra were recorded at an excitation wavelength of 
295 nm in the wavelength range from 310 to 580 nm at 25 °C. The spectra shown here 
indicated that energy transfer is not observed for any of the combinations of single Trp 
mutants of OmpA used as donors and IAEDANS labeled mutants of PD-BamA used as 
acceptors, suggesting that the investigated sites in OmpA and in PD-BamA are not in close 
proximity. 
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Some fluorescence emission spectra for the FRET measurements performed between 

each of twelve single tryptophan mutants of OmpA and each of six single cysteine 

mutants of PD-BamA (either IAEDANS-labeled or S-methylated) are shown in 

Figure 4.5. Independent of the FRET donor-acceptor pairs used, a transfer of energy 

was not observed, suggesting that either the sites of interaction are located elsewhere 

in PD-BamA and OmpA or the separation between the tryptophans and the 

IAEDANS-labeled cysteines is larger than anticipated or that the two proteins do not 

interact directly. 

 

4.4.6 Intermolecular FRET pairs: IAEDANS-labeled single cysteine PD-BamA  

         and 5-IAF-labeled single cysteine-single tryptophan OmpA  

When performing FRET by using tryptophan and IAEDANS as pairs for 

intermolecular FRET no transfer of energy could be observed from the fluorescence 

donors to the fluorescence acceptors and the distances between them could not be 

determined. 

It was assumed that the distances between the selected single tryptophan mutants of 

OmpA and the IAEDANS-labeled single cysteine mutants of PD-BamA were much 

longer than the R0 of the tryptophan-IAEDANS pair. Therefore, a donor-acceptor pair 

with a longer Förster distance was chosen. The representative Förster distance for the 

donor-acceptor pair IAEDANS-5-IAF is 46-56 Å, which is more than twice as large 

as the Förster distance for the pair tryptophan-IAEDANS. The cysteines in the six 

single-cysteine mutants of PD-BamA (Table 4.1) and in four single cysteine-single 

tryptophan double mutants of OmpA (Table 4.4 and Figure 4.3) were 

spectroscopically labeled with IAEDANS and with 5-IAF, respectively. 5-IAF is a 

fluorescent probe that forms bioconjugates with thiols. While IAEDANS-labeled 

mutants of PD-BamA were used as fluorescence donors, 5-IAF-labeled mutants of 

OmpA were used as fluorescence acceptors. In an aqueous solution of pH 8.0, 

IAEDANS has a peak excitation wavelength at 336 nm and a peak emission 

wavelength of 490 nm (Hudson and Weber, 1973). At 490 nm, 5-IAF is excited and it 

has a peak emission wavelength at 515 nm. IAEDANS-labeled single cysteine 

mutants of PD-BamA and 5-IAF-labeled single cysteine-single tryptophan double 

mutants of OmpA formed the donor-acceptor pairs for intermolecular FRET 

measurements.  

 



 PROXIMITY BETWEEN PD-BAMA AND OMPA	
_____________________________________________________________________  

 124 

4.4.7 FRET analysis for interactions of PD-BamA and OmpA in the presence of  

        lipid bilayers 

In order to examine possible interactions between PD-BamA and OmpA in the 

presence of lipid bilayers, that were composed of DOPC/DOPE/DOPG at a molar 

ratio of 5:3:2, the six single-cysteine mutants of PD-BamA (C199-PD-BamA, C208-

PD-BamA, C216-PD-BamA, C223-PD-BamA, C245-PD-BamA and C324-PD-BamA 

(Table 4.1)) were labeled with IAEDANS and used as a fluorescence donor, while the 

single-cysteines in four single cysteine-single tryptophan double mutants of OmpA 

(W7C43-OmpA, W7C170-OmpA, W15W162-OmpA and W15C35-OmpA (Table 4.4 

and Figure 4.3)) were spectroscopically labeled with 5-IAF and used as a fluorescence 

acceptor. The fluorescence emission spectra (λexcitation = 350 nm) were recorded for 

each PD-BamA mutant separately and in the presence of one mutant of OmpA, either 

labeled with 5-IAF or in S-methylated form. The emission spectra were scanned in a 

wavelength range from 400 to 580 nm to observe both, the fluorescence emission 

spectrum of the IAEDANS with a peak emission wavelength of 490 nm and of the 

fluorescence emission spectrum of the 5-IAF with a peak emission wavelength of 

515 nm. Reference fluorescence spectra were recorded for the IAEDANS-labeled PD-

BamA mutants as donors in the absence of the acceptor fluorophore, but in the 

presence of an S-methylated OmpA double mutant, which is not a FRET acceptor. 

FRET was observed when 5-IAF was attached to OmpA and in sufficient proximity to 

the IAEDANS-label of PD-BamA. FRET was reduced at increased distances between 

the two fluorophores and FRET was not observed when either OmpA was S-

methylated or there was no interaction between the two proteins. Due to a large 

distance between the excitation spectrum of tryptophan ranging up to 300 nm and the 

wavelength chosen for the excitation of IAEDANS (350 nm) the single-tryptophans in 

the OmpA double mutants were not excited and therefore not interfering with the 

fluorescence signals. Figures 4.6, 4.7 and 4.8 show the fluorescence emission spectra 

for the FRET measurements that were performed between each of six IAEDANS-

labeled PD-BamA donor mutants and each of four single cysteine-single tryptophan 

double mutants of OmpA, which were either labeled with the FRET acceptor 5-IAF 

or with a methyl group at their cysteine residue. The parameters that were used for the 

analysis of the efficiency of energy transfer and the calculated R0 values for each 

donor-acceptor pair are summarized in the Table 4.6. For the calculation of the critical 

distances R0 and the overlap integrals J for the absorption and emission spectra of the 
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24 different FRET pairs (according to equations 4.3 and 4.4) the fluorescence 

emission spectra were used. The efficiency of energy transfer between each donor-

acceptor pair was measured by the relative decrease in the IAEDANS donor emission 

peak. The overlap integrals J were calculated for each donor-acceptor pair and ranged 

from 3.12 x 10-13 to 5.65 x 10-13 M-1 cm3, which is roughly comparable to an overlap 

integral of J = 1.868 x 10-13 M-1 cm3, previously obtained for the pair IAEDANS-IAF 

in a study by Trayer and Trayer (1988). 

 

Among these 24 FRET pairs, the distances between the donor and acceptor 

fluorophores ranged from 65.4 Å for C223-PD-BamA and W15C162-OmpA to 

117.3 Å for C208-PD-BamA and W15C35-OmpA. The highest efficiency of energy 

transfer and the smallest D-A distances were observed for the donor-acceptor pairs of 

IAEDANS-labeled single cysteine PD-BamA mutants C223 and C324 with the 5-

IAF-labeled single cysteine-single tryptophan OmpA mutants (W7C43, W7C170, 

W15C162, W15C35).   
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Figure 4.6 Fluorescence emission spectra of donor-labeled mutants of PD-BamA in the 
presence of acceptor-labeled mutants of OmpA. The FRET experiments were performed 
between IAEDANS-labeled single cysteine mutants of PD-BamA, (A) C199 or (B) C208, and 
four single cysteine-single tryptophan mutants of OmpA, either labeled with 5-IAF or S-
methylated at their cysteine residue: (a) W7C43, (b) W7C170, (c) W15C162, (d) W15C35. 
Eight spectra were recorded, each spectrum for one of the PD-BamA mutants in the presence 
of one of the four single cysteine-single tryptophan OmpA mutants. The spectra are grouped 
into four panels, each showing two spectra of a PD-BamA mutant in the presence of the two 
labeled forms of one of the OmpA double mutants. FRET was monitored between IAEDANS 
and 5-IAF and FD-A was obtained from these spectra. Fluorescence spectra of IAEDANS-
labeled PD-BamA mutants in the presence of S-methylated single cysteine-single tryptophan 
OmpA mutants served as reference spectra to obtain FD. Eq. 4.2 was used for calculating the 
energy transfer efficiency, E, These data were further analyzed for Förster distance (R0) 
calculations (Table 4.6). The distances r between donor and acceptor were then determined 
from the transfer efficiencies and the Förster distances (R0) (see section 4.3.10).  
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Figure 4.7 Fluorescence emission spectra of donor-labeled mutants of PD-BamA in the 
presence of acceptor-labeled mutants of OmpA. The FRET experiment was performed (as 
described in the legend to Figure 4.6) between IAEDANS-labeled single cysteine mutants of 
PD-BamA, (A) C216 or (B) C223, and one of the four single cysteine-single tryptophan 
mutants of OmpA, which were either labeled with 5-IAF or S-methylated at their cysteine 
residue. Eight spectra were recorded, each spectrum for one of the PD-BamA mutants in the 
presence of one of the four single cysteine-single tryptophan OmpA mutants. The spectra are 
grouped into four panels, each showing two spectra of a PD-BamA mutant in the presence of 
one of the two labeled forms of one of the OmpA double mutants: W7C43, (b) W7C170, (c) 
W15C162, (d) W15C35. In Table 4.6 the Förster distance (R0) calculations are given. 
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Figure 4.8 Fluorescence emission spectra of donor-labeled mutants of PD-BamA in the 
presence of acceptor-labeled mutants of OmpA. The FRET experiment was performed as 
described in the legend to Figure 4.6. Eight spectra were recorded, each spectrum for one of 
the IAEDANS-labeled single cysteine PD-BamA mutants (A) C245 or (B) C324 in the 
presence of one of the four single cysteine-single tryptophan OmpA double mutants, which 
were either labeled with the FRET acceptor 5-IAF or with a methyl group at their cysteine 
residue. The spectra are grouped into four panels, each showing two spectra of a PD-BamA 
mutant in the presence of either the 5-IAF-labeled or the S-methylated form of one of the 
OmpA double mutants: W7C43, (b) W7C170, (c) W15C162, (d) W15C35. The calculations 
of the Förster distance (R0) are given in Table 4.6. 
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Table 4.6 Parameters used for analysis of intermolecular FRET data for experiments with 
IAEDANS-labeled single cysteine PD-BamA mutants and 5-IAF labeled single cysteine-
single tryptophan OmpA mutants in the presence of lipid bilayers. 

 

  

Donor  
(PD-

BamA)a  

Acceptor 
(OmpA)b QD

c J (M-1 cm3)d R0 (Å)e E (%)f rg 

        

	
C199 W7C43 0.30 5.5E-13 54.2 8 81.8 

	  
W7C170 0.31 3.68E-13 50.9 5 83.5 

	  
W15C162 0.31 3.47E-13 50.3 8 75.0 

	  
W15C35 0.16 4.67E-13 47.5 6 75.6 

	        
	

C208 W7C43 0.83 5.65E-13 64.3 4 107.4 

	  
W7C170 0.81 3.67E-13 59.7 3 104.5 

	  
W15C162 0.81 3.45E-13 59.1 0 131.2 

	  
W15C35 0.82 4.63E-13 62.1 2 117.3 

	        
	

C216 W7C43 0.67 5.64E-13 62.1 5 102.6 

	  
W7C170 0.67 3.69E-13 57.8 10 82.8 

	  
W15C162 0.67 3.44E-13 57.1 7 88.2 

	  
W15C35 0.66 4.56E-13 59.8 7 91.2 

	        
	

C223 W7C43 0.38 5.60E-13 56.4 16 74.0 

	  
W7C170 0.37 3.55E-13 52.1 18 67.2 

	  
W15C162 0.38 3.45E-13 52.2 20 65.4 

	  
W15C35 0.40 4.63E-13 54.7 22 67.5 

	        
	

C245 W7C43 0.61 5.61E-13 61.1 3 107.4 

	  
W7C170 0.61 3.61E-13 56.8 4 97.7 

	  
W15C162 0.62 3.45E-13 56.4 3 98.6 

	  
W15C35 0.62 4.62E-13 59.4 8 89.0 

	        
	

C324 W7C43 0.28 5.13E-15 52.8 10 76.8 

	  
W7C170 0.27 3.41E-13 49.1 15 65.6 

	  
W15C162 0.27 3.12E-13 48.3 13 66.3 

	  
W15C35 0.28 4.82E-13 52.5 18 67.6 

	        a IAEDANS-labeled single cysteine mutant of PD-BamA as a fluorescence donor   
b 5-IAF-labeled single cysteine-single tryptophan mutant of OmpA as a fluorescence acceptor 
c quantum yield of the donor IAEDANS 
d spectral overlap integral of donor emission and acceptor absorption spectra 
e Förster distance calculated using n = 1.4 and κ2 = 2/3. 
f estimated efficiency of energy transfer between donor and acceptor. 
g distance between the donor and acceptor groups in the corresponding proteins. 
		

 

With distances from 65.4 Å to 74.0 Å for C223 and from 65.6 Å to 76.8 Å for C324 

very close and similar distance values were obtained for these two positions in PD-

BamA to the four mutant positions in OmpA. It could not be deduced how OmpA 
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could orient towards PD-BamA. Also mutant C199 showed comparable but slightly 

increased distances to the various OmpA mutants. The FRET distances were 

increased for the IAEDANS-labeled single cysteine PD-BamA mutants C245 and 

C216 (with 89.0 Å to 107.4 Å and 82.8 Å to 102.6 Å, respectively) and highest for the 

PD-BamA mutant C208 with the 5-IAF-labeled single cysteine-single tryptophan 

mutants of OmpA. The smallest energy transfer was observed for the PD-BamA 

mutant C208 with the OmpA mutant W15C162. The transfer energy was too low for 

an accurate estimation of the distance r. Since the efficiency of the resonance energy 

transfer is a sensitive function of r only over the range 0.5 R0 < r > 1.9 R0 (Fairclough 

and Cantor, 1978), with R0 that was calculated to be 59.1 Å, the distance was 

estimated to be longer than 112.3 Å. 

However, these observations indicated that energy transfer from PD-BamA to OmpA 

occurred but the donor and the acceptor probes were not in close proximity to each 

other. Also, the distance values of the donor-acceptor pairs confirmed that the two 

proteins were interacting. 

 

4.4.8 FRET analysis for interactions of PD-BamA and OmpA in the absence of  

         lipid bilayers 

BAM is a membrane-associated oligomeric complex, anchored by the integral β-

barrel protein BamA. Since the complex is essential for the assembly and folding of 

transmembrane β-barrel proteins into the outer membrane, intermolecular FRET 

experiments were performed between the periplasmic domain of BamA and OmpA 

also in the absence of lipids to examine, whether interactions of OmpA with PD-

BamA require PD-BamA binding to the lipid bilayer. Six different IAEDANS-labeled 

single cysteine mutants of PD-BamA, namely C199-PD-BamA, C208-PD-BamA, 

C216-PD-BamA, C223-PD-BamA, C245-PD-BamA, C324-PD-BamA (Table 4.1) 

were used as FRET donors while two out of four single cysteine-single tryptophan 

OmpA double mutants (W7C43 and W15C162, with cysteines substituting amino 

acid residues that were located in β-strands s2 and s8, respectively) (Table 4.4 and 

Figure 4.3) were labeled with 5-IAF and used as FRET acceptors.  
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Figure 4.9 Spectra of fluorescence emission of the interactions between donor-labeled 
mutants of PD-BamA and acceptor-labeled mutants of OmpA. The FRET experiment was 
performed as described in the legend to Figure 4.6. Twenty-four spectra were recorded, each 
spectrum for one of the IAEDANS-labeled single cysteine PD-BamA mutants in the presence 
of one of the two single cysteine-single tryptophan OmpA double mutants, either labeled with 
5-IAF or S-methylated at their cysteine residue. The spectra are grouped into six panels, each 
showing two spectra of a PD-BamA mutant (C199, C208, C216, C223, C245 and C324) in 
the presence of the two labeled forms of one of the double mutants of OmpA W7C43 (A-F) or 
W15C162 (F-K). The calculations of the Förster distance (R0) are given in Table 4.7. 
 
 

The fluorescence emission spectra (λexcitation = 350 nm) were recorded for each mutant 

of PD-BamA, that served as a donor in combination with each of the two double 

mutants of OmpA (either labeled with 5-IAF or S-methylated), that served as 

acceptors in aqueous Tris buffer (pH 8.0). Compared to FRET that was observed in 

the presence of lipid bilayers, the fluorescence emission and therefore the extent of 

energy transfer were decreased in the absence of lipid bilayers. The corresponding 

calculated donor-acceptor distances were also increased in the absence of lipid 

bilayers (Table 4.7). 

In the absence of lipid bilayers, the donor-acceptor distance obtained for C223-PD-

BamA and W15C162-OmpA was 98.2 Å, 32.6 Å longer than in the presence of lipid 

bilayers (65.4 Å). For interactions between other FRET pairs, the donor-acceptor 

distances were increased by 4.3 to 9.1 Å. A transfer efficiency of around 1 to 8 % is 
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really too low for an accurate estimation of the donor-acceptor distance. However, 

since the transfer efficiency is only a sensitive function of the donor-acceptor distance 

over the range 0.5 R0 < r > 1.9 R0 (Fairclough and Cantor, 1978), the distances are at 

the extreme end of this range where the functional dependence of the transfer 

efficiency on the distance is not very accurate and no transfer of energy was observed 

when the transfer efficiency was just 1 to 2 %. For efficient complex formation 

binding of PD-BamA to the lipid bilayer is required. 
 
 
Table 4.7 Parameters used for analysis of intermolecular FRET data for experiments with 
IAEDANS-labeled single cysteine PD-BamA mutants and 5-IAF labeled single cysteine-
single tryptophan OmpA mutants. 

  

Donor  
(PD-

BamA)a  

Acceptor 
(OmpA)b QD

c J (M-1 cm3)d R0 (Å)e E (%)f rg 

        

	
C199 W7C43 0.33 5,2E-13 54.4 2 107.6 

	  
W15C162 0.33 4.37E-13 52.9 6 84.1 

	        
	

C208 W7C43 0,54 5.43E-13 59.6 1 126.8 

	  
W15C162 0.54 4.55E-13 57.8 1 119.6 

	        
	

C216 W7C43 0,56 5.35E-13 59.7 3 106.9 

	  
W15C162 0.55 4.52E-13 58.0 0 132.3 

	        
	

C223 W7C43 0.35 5.33E-13 55.2 0 149.2 

	  
W15C162 0.35 4.39E-13 53.5 3 98.2 

	        
	

C245 W7C43 0.60 5.40E-13 60.5 1 123.1 

	  
W15C162 0.60 4.53E-13 58.8 1 133.3 

	        
	

C324 W7C43 0.23 4.63E-13 50.2 4 85.6 

	  
W15C162 0.22 4.10E-13 49.1 8 73.3 

	        a IAEDANS-labeled single cysteine mutant of PD-BamA as a fluorescence donor   
b 5-IAF-labeled single cysteine-single tryptophan mutant of OmpA as a fluorescence acceptor 
c quantum yield of the donor IAEDANS 
d spectral overlap integral of donor emission and acceptor absorption spectra 
e Förster distance calculated using n = 1.4 and κ2 = 2/3. 
f estimated efficiency of energy transfer between donor and acceptor. 
g distance between the donor and acceptor groups in the corresponding proteins. 
		
	
	
	
	
	



 PROXIMITY BETWEEN PD-BAMA AND OMPA	
_____________________________________________________________________  

 133 

4.5 Discussion 
 

Since orthologs of the central component of the BAM complex, BamA, are found in 

all organisms that contain integral β-barrels, the mechanism of the assembly of β-

barrels is believed to be highly conserved and the Omp85 family of proteins has been 

identified as a crucial component in the outer membrane insertion. However, only 

little is known about how the components of the BAM complex accomplish the steps 

of this mechanism, involving substrate recognition, folding and membrane insertion. 

To explore possible sites within the periplasmic domain of BamA that are in contact 

with OmpA upon complex formation, FRET experiments were performed. Several 

single cysteine mutants of PD-BamA were successfully expressed and purified, 

whereas the expression systems were derived by using site-directed mutagenesis. All 

PD-BamA mutants displayed significant amounts of secondary structure in aqueous 

solution. The intrinsic consistency in deconvolution analysis of the CD spectra 

observed between the various mutants of PD-BamA confirmed their correct folding, 

similar to the fold of PD-BamA. The analysis of the CD spectra revealed ~18-20 % of 

α-helical and ~29-31 % of β-strand structure. This obtained analysis of the 

composition of the secondary structure was in good agreement with the composition 

of the secondary structure obtained in previous studies calculated from different x-ray 

crystal structures of POTRA domains of PD-BamA (Kim et al., 2007; Zhang et al., 

2011; Gatzeva-Topalova et al., 2010). 

By using fluorescence resonance energy transfer possible interactions between PD-

BamA and OmpA were determined.  Steady-state fluorescence measurements were 

performed to determine the efficiency of energy transfer (E), calculated from the 

intensities of the donor in the absence and in the presence of the acceptor. The energy 

transfer was then used to determine the distances between pairs of donor and acceptor 

fluorophores which were located in single tryptophan OmpA mutants and in 

IAEDANS-labeled single cysteine mutants of PD-BamA, or in PD-BamA mutants, 

that were labeled with IAEDANS, and single cysteine-single tryptophan double 

mutants of OmpA, that were labeled with 5-IAF. 

The positions that were selected for the preparation of single-site mutants of PD-

BamA were chosen to be lining a hydrophobic groove in POTRA domain 3, which 

was found in two independently solved crystal structures of a fragment of BamA 
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containing the first four POTRA domains (Kim et al., 2007; Gatzeva-Topalova et al., 

2008) and was proposed to be involved in binding of client OMPs like OmpA. 

In order to investigate potential binding sites in PD-BamA for OmpA along this 

surface groove in POTRA domain 3, intermolecular FRET experiments were 

performed. Six single cysteine mutants of PD-BamA and twelve single tryptophan 

mutants of OmpA were used. However, FRET could not be observed. FRET is a 

powerful tool used for measuring molecular dynamics, such as interactions between 

proteins or conformational changes of proteins. Since the transfer efficiency is 

inversely proportional to the sixth power of the distance between the donor-acceptor 

pair making it useful over distances comparable to the dimensions of biological 

macromolecules, the absence of FRET between the single site PD-BamA and OmpA 

mutants was indicating that either OmpA might not interact with PD-BamA, or that 

the sites of interactions are located elsewhere in the two proteins, or that interactions 

can only take place at distances that might be too large to be determined by the donor-

acceptor pair composed of the fluorophores tryptophan and IAEDANS that has an R0 

of 22 Å. 

However, both of the independently solved crystal structures of a BamA fragment 

containing POTRA domains 1-4 (Kim et al., 2007; Gatzeva-Topalova et al., 2008) 

contained additional C-terminal residues that corresponded to a portion of POTRA 

domain 5 of another molecule in the crystal lattice. These residues adopted a β-strand 

conformation and interacted with the POTRA domain 3 domain by forming main-

chain hydrogen bonds at the edge of β-strand β2 of POTRA domain 3 augmenting its 

β-sheet. Despite the fact, that this additional β-strand bound to the POTRA domain 3 

β-sheet in different orientations in the two solved crystal structures, β-augmentation 

as a form of substrate binding by BamA was suggested (Kim et al., 2007).  

The PTB (Protein tyrosine binding) and PDZ (‘post synaptic density disc-large zo-1’) 

domains that have been identified in a large number of proteins involved in protein-

protein interactions also bind their substrates by augmentation of one of the domain's 

β-sheets (Cowburn, 1997; Margolis et al., 1999). Despite having no sequential 

homology, the two domain classes have a superficial resemblance to each other. The 

structure of the PTB domain revealed that the peptide substrate is bound between a 

four stranded antiparallel β-sheet and an α-helix, whereby the N-terminal part of the 

peptide forms antiparallel hydrogen bonds with the β-sheet (Eck et al., 1996).	 The 
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PDZ domain was also found to anchor the ligand protein main chain by β-sheet 

augmentation (Krojer et al., 2008).	

The extension of a β-sheet in one protein by the addition of a further β-strand from 

another protein is called β-augmentation and would be a quite insensitive mechanism 

regarding the sequence of a substrate. That would be consistent with the role of BamA 

in promoting the folding of a range of substrate β-strands into β-barrels and in the 

assembly of β-barrel OMPs. 

The large surface groove of POTRA domain 3 is running parallel to the β-sheet where 

the β-augmentation was observed and is lined with hydrophobic residues. This 

hydrophobicity of the groove is quite conserved in bacterial proteins of the Omp85 

family. Side chains of amino acid residues that are bound by β-augmentation are 

protruded across this groove, which might serve to accommodate the hydrophobic 

side chains that are expected in substrate OMPs. The groove is 30 Å in length, 

whereby it suits well for the accommodation of β-strands of substrate OMP β-barrels, 

as they normally have a size of 27-35 Å (Tamm et al., 2004). 

It is interesting to compare the POTRA domain 3 domain of BamA with the 

cytoplasmic chaperone SecB, which binds newly synthesized OM preproteins before 

their translocation across the inner membrane. The structure of SecB seems to be 

quite similar to that of POTRA domain 3. SecB also has a surface groove formed 

between α-helix α2, β-strand β2 and the helix-connecting loop as its floor (Xu et al., 

2000). This groove also is 30 Å in length and has an overall hydrophobic character 

and is proposed to be the peptide binding site of SecB. It can be divided into two 

subsites. The first subsite constitutes the deep section of the groove with aromatic 

residues lining the surface. In the binding process of substrate polypeptides this 

subsite is proposed to recognize the aromatic and hydrophobic regions in the 

polypeptide. The second subsite is composed of mostly hydrophobic and conserved 

but not aromatic residues. It binds to more extended regions of the substrate and the 

main-chain of the polypeptide makes hydrogen bonds to β-strand2 and becomes an 

additional antiparallel strand of the sheet. This hydrophobic interaction is the major 

driving force for SecB binding to non-native polypeptides. Despite dissimilar 

sequence homology between POTRA domain 3 and SecB, the two structures reveal a 

quite high similarity. These similar traits and the same family of substrate proteins 

indicate that the POTRA domain 3 domain of BamA might function in a very similar 

way, by being involved in OMP substrate recognition and binding by β-augmentation. 
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Intermolecular FRET distances were also measured between IAEDANS-labeled PD-

BamA mutants and 5-IAF-labeled mutants of OmpA as fluorescence donor and 

acceptor pairs, since the R0 of the IAEDANS/5-IAF pair is much longer than the R0 of 

the tryptophan-IAEDANS pair. The intermolecular FRET experiments were 

encompassing 24 donor-acceptor pairs of PD-BamA and OmpA, for which 

fluorescence spectra were recorded and analyzed. The distances that were obtained for 

the PD-BamA and OmpA FRET pairs were in the range from 65.4 Å to 131.2 Å. The 

smallest separations were observed for the PD-BamA mutant C223, which is located 

at the edge of POTRA domain 3 next to POTRA domain 4, the mutant C324, that is 

located in POTRA domain 4 and the mutant C199, that is located in the helix-

connecting loop L2 in POTRA domain 3. This loop is about 10 amino acid residues 

longer than the loop L2 in the other POTRA domains and it was shown that mutations 

adjoining this loop were influencing the function of BamA in substrate binding (Wu 

et al., 2005). Therefore, it was suggested that the binding of substrates might be 

promoting different conformations of loop L2 which might include a shift towards 

POTRA domain 4. 

On one hand, association between the two proteins PD-BamA and OmpA could be 

demonstrated by the observation of energy transfer and the corresponding calculated 

donor-acceptor distances. According to Lakowicz (2006) transfer of energy occurs 

whenever the interacting proteins are in close proximity comparable to the Förster 

distance in the case of macromolecular association reactions. Additionally, the 

occurrence of FRET between PD-BamA and OmpA in the presence of lipid bilayers 

and also in aqueous buffer suggests association and binding between the two proteins. 

However, the steady state fluorescence that was measured resulted in the apparent 

distance values, whereby the orientations of the interacting proteins PD-BamA and 

OmpA in the complex could not be reliably determined. 

On the other hand, along with the long distances that were measured between PD-

BamA and OmpA, the close proximity necessary for β-augmentation could not be 

clearly demonstrated.  

Indeed, mutagenesis studies have identified amino acid residues in strand β2 of 

POTRA domain 3 which are critical for the interaction of BamA with one lipoprotein 

of the BAM complex, BamB (Kim et al., 2007). These residues are located on a β-

bulge, a feature that is unique in POTRA domain 3 and not present in the others. This 

bulge forms one edge of the β-sheet of POTRA domain 3 and was observed to interact 
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through β-strand addition (Kim et al., 2007; Gatzeva-Topalova et al., 2008). Also the 

outermost β-strands of the BamB β-propeller blades were observed to mediate 

protein-protein interactions by β-augmentation (Heuck et al., 2011), albeit the 

residues important for BamA association are found in loops on one face of its β-

propeller (Vuong et al., 2008; Heuck et al., 2011, Kim and Paetzel, 2011; Noinaj et 

al., 2011).  

This is consistent with a previously published crystal structure of a fusion between 

BamB and a POTRA domains 3-5 fragment of BamA (Jansen et al., 2015), showing 

BamB binding at the flexible POTRA domains 2-3 hinge with extended loops from 

one end of the β-propeller contacting the top of the β-sheet of POTRA domain 3. 

Since it is assumed that the actual catalysis of folding and insertion of OMPs into the 

membrane takes place in the BamA β-barrel domain (Kim et. al., 2012; Leonard-

Rivera and Misra, 2012; Rigel et al., 2013) and BamB is not essential, it might be that 

the periplasmic domain is the major binding site for substrates (Kim et al., 2007; 

Knowles et al., 2008; Remaut and Waksmann, 2006) with BamB supporting its 

substrate binding capacity (Kim et. al., 2012; Heuck et al., 2011).  

Eventually the POTRA domains of BamA are involved in the essential recognition of 

substrates and are thought to interact with them by β-augmentation in POTRA domain 

3 for subsequent assembly steps. BamB therefore could provide extra substrate 

binding surfaces to support the POTRA domains by its ability also to bind substrates 

by β-augmentation. 

Since the BAM complex is essential for the viability of Gram-negative bacteria and 

its function is non-redundant, it has potential to be a suitable drug target for the 

development of vaccines and antibiotics. Therefore, additional work is required to 

validate the ability of BamA to bind substrates and to identify their sites of 

interactions.  
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5.  INTERACTIONS OF THE POTRA DOMAIN 5 OF PD-BAMA  

     WITH THE ESSENTIAL BAM LIPOPROTEIN BAMD AND  

     WITH OMPA IDENTIFIED BY FLUORESCENCE STUDIES 

 
5.1 Abstract 
 

The essential process of the assembly of outer membrane proteins (OMPs) is 

catalyzed by the β-barrel assembly machinery (BAM). In E. coli, it is a hetero-

pentameric outer membrane complex that includes the integral β-barrel protein BamA 

as well as the four lipoproteins BamB, BamC, BamD and BamE., of which only 

BamA and BamD are essential. BamA is a highly conserved integral membrane 

protein, consisting of a transmembrane domain and five polypeptide transport-

associated (POTRA) domains which locate to the periplasmic space. The POTRA 

domain 5 was reported to be essential for the interaction between BamA and BamD 

and to be necessary for conformational signaling between BamA and its associated 

lipoprotein. Additionally, based on its location next to the BamA β-barrel, that was 

assumed to be involved in the integration of β-strands of outer membrane proteins 

into the outer membrane, a possible function for POTRA domain 5 in transferring and 

gating substrates was supposed. Interactions between the periplasmic domain of 

BamA (PD-BamA) and BamD, and also between PD-BamA and the client 

transmembrane β-barrel protein OmpA were examined by fluorescence resonance 

energy transfer (FRET) studies using mutant proteins with an incorporated single 

tryptophan and fluorescent probes attached to engineered single cysteine mutants. The 

transfer efficiency E, the Förster distance R0 and the average distance were calculated 

for each fluorescence donor and acceptor pair, providing either a shorter or a large 

Förster critical distance. FRET was not observed between mutants of PD-BamA and 

BamD, when donor-acceptor pairs with short Förster distance were used. However, 

transfer of energy could be observed between both PD-BamA and BamD and PD-

BamA and OmpA at distances ranging from 73.4 Å to 162.9 Å and 48.9 Å to 106.0 Å, 

respectively. Interestingly, by these intermolecular FRET studies binding of the 

lipoprotein and of the substrate protein to PD-BamA was demonstrated to take place 

at different regions of POTRA domain 5. Together with conformational changes that 
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were observed in POTRA domain 5 upon membrane binding, it was suggested to play 

an important function in the formation of the BAM complex and in the assembly 

OMP biogenesis. 

 

 

5.2 Introduction 
 

The process of insertion and folding of proteins into the bacterial outer membrane is 

essential for physiological functions and cell survival and is mediated by the 

heteropentameric BAM complex (Sklar et al., 2007b; Bos et al., 2007). Gene deletion 

studies with Gram-negative bacteria have shown that in E. coli this complex is 

required for OMP assembly (Voulhoux, 2003; Werner and Misra, 2005). The very 

highly conserved core component BamA has homologs in prokaryotes and eukaryotes 

and is an OM protein itself.  It is composed of a C-terminal β-barrel domain and an N-

terminal periplasmic region, that consists of five structurally homologous polypeptide 

transport-associated (POTRA) domains (Voulhoux and Tommassen, 2004; Sánchez-

Pulido et al., 2003). These POTRA domains are stably scaffolding the remaining four 

components of the BAM complex, namely the lipoproteins BamB, BamC, BamD and 

BamE. The latter three are forming a subcomplex, whereby the C-terminal domain of 

BamD provides a scaffold for the binding of BamC and BamE, which in turn stabilize 

the complex of BamD with BamA. The association between BamA and the 

lipoprotein BamB requires the presence of the four POTRA domains 2-5, since 

deletion of any POTRA domain except POTRA domain 1 inhibits BamB to bind to 

BamA (Rigel et al., 2013). Thus, BamB occupies most of the periplasmic domain of 

BamA. Contrarily, the interaction with one of the remaining three lipoproteins is not 

disrupted when any of the first four POTRA domains is deleted. Therefore, only the 

POTRA domain 5 is required for BamA to mediate the interaction with the 

lipoprotein BamD, which associates indirectly the two lipoproteins BamC and BamE 

with BamA (Wu et al., 2005; Sklar et al., 2007b; Kim et al., 2007). Deletions of 

POTRA domains is correlated with incorrect β-barrel assembly (Bredemeier et al., 

2007; Habib et al., 2007). E. coli harboring deletions of POTRA domain 1 or POTRA 

domain 2 of BamA exhibit poor cell growth. POTRA domain 3 and POTRA domain 4 

deletion strains do not survive wild-type BamA depletion. Cells without POTRA 
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domain 5 do not survive even when they possess copies of wild-type BamA implying 

an essential role for POTRA domain 5 (Kim et al., 2007). The most C-terminal 

POTRA domain in members of the Omp85 family was shown to be evolutionarily 

conserved in its structure and also to a lesser degree in its sequence (Simmermann et 

al., 2014). Depleting or deleting any member of the BAM complex in E. coli disturbs 

the assembly of OMPs followed by OM permeability defects, however, only the two 

proteins BamA and BamD are indispensable for cell viability (Malinverni et al., 2006; 

Sklar et al., 2007b; Wu et al., 2005), and null mutants of either were shown to rapidly 

accumulate unassembled OMPs in the periplasm and were not able to survive 

(Malinverni et al., 2006; Wu et al., 2005; Doerrler and Raetz, 2005; Werner and 

Misra, 2005). Among the lipoproteins of the BAM complexes in bacteria, BamD is 

the most highly conserved. Homologs of BamD are ubiquitous and broadly 

distributed across Gram-negative bacteria, whereas the other components are not 

present in all species. Recently, Rossiter et al. (2011) have shown that the biogenesis 

of autotransporters depends on BamA and BamD, whereas the non-essential 

lipoproteins BamB, BamC and BamE are not required. BamD is associated with the 

membrane by its lipidated amino terminal cysteine, therefore the N-terminal domain 

might be proximal to the membrane (Fussenegger et al., 1996). Recently, the crystal 

structure of BamD without membrane anchor has been solved. It is comprised of ten 

α-helices, divided into five tetratricopeptide-repeat (TPR) motifs. The sequences of 

the TPRs are arranged in two offset tandem arrays, whereas the two antiparallel α-

helices from one repeat pack against the α-helix of the next motif, folding into a helix-

turn-helix motif (Sandoval et al., 2011; Albrecht et al., 2011; Dong et al., 2012). They 

are organized similar to the periplasmic domain of BamA consisting of five POTRA 

domains (Dong et al., 2012) and TPR motifs are known to act as protein-protein 

interaction domains (D’Andrea and Regan, 2003). The N-terminal domain harbors 

three TPRs (TPR motifs 1, 2 and 3). This region displays remarkably similar 

structural features to other proteins that recognize targeting signals in extended 

conformations and are involved in assisting or regulating secretion. The C-terminal 

region contains the remaining two TPRs (TPR motifs 4 and 5) and was previously 

described as the binding site for other BAM components. The first crystal structure of 

a stable BamCD complex was solved previously by Kim et al. (2011) and shows the 

binding sites between BamC and BamD. The N-terminal unstructured region of 

BamC folds into an elongated U-shaped loop structure that interacts extensively with 
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all five TPR motifs of BamD by fitting into a trail of gaps that run along the 

longitudinal axis of BamD. The structure of the BamD N-terminal domain is similar 

to a number of proteins involved in the recognition and binding of C-terminal 

targeting signal sequences in their extended conformations (e.g. PEX5) and in the 

interaction with molecular chaperones (e.g. Hop and TOM70) (Sandoval et al., 2011; 

Albrecht et al., 2011; Kim et al., 2011). The N-terminal domain of BamD also shows 

structural similarity to chaperones such as IpgC, SycD and PcrH (Dong et al., 2012; 

Sandoval et al., 2011). 

The importance of BamA as the core component of the E. coli BAM complex for the 

biogenesis of OMPs is the subject of many research projects. A combined approach of 

site-directed mutagenesis and fluorescent labeling was used to examine protein-

protein interactions of BamA with potential binding partner proteins. For identifying 

the distances that separate the interacting partner proteins, fluorescence resonance 

energy transfer (FRET) was used. A range of single cysteine and single tryptophan 

mutants of PD-BamA was prepared and their secondary structure was analyzed by 

circular dichroism spectroscopy. FRET experiments were performed by using donor-

acceptor pairs of either tryptophan and the fluorescence probe 5-((((2-Iodoacetyl) 

amino)ethyl)amino)naphtalene-1-sulfonic acid (IAEDANS), or of IAEDANS and the 

fluorescence probe 5-Iodoacetamidofluorescein (5-IAF), featuring short and long 

Förster distances. First, the intermolecular FRET experiments were performed to 

analyze potential binding regions in POTRA domain 5 of BamA for the essential 

BAM lipoprotein BamD. Furthermore, interactions of POTRA domain 5 were 

examined for the client protein OmpA. 

 

 
5.3 Materials and Methods 
 

5.3.1. Construction of single tryptophan and single cysteine PD-BamA mutants 

To probe interactions of PD-BamA with the lipoprotein BamD and the outer 

membrane protein OmpA five single tryptophan and three single cysteine mutants of 

PD-BamA (Table 5.1) were prepared by using PCR as described in section 4.3.1 of 

chapter 4. Plasmid pET15b-WaF-PD-BamA was used as template and the 

QuikChange XL Site-Directed Mutagenesis Kit (Agilent technologies, California) has 
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been used according to the protocol of the manufacturer for the construction of 

specific mutations and for the substitution of the respective desired amino acid 

residue by either cysteine or tryptophan in the pd-bamA sequence. Primers were 

purchased from MWG-Biotech AG, Germany, and are listed in Table 5.2. 

The mutants were named according to the position of their amino acid substitution in 

the PD-BamA sequence, whereby, the protein sequence did not include the sequence 

of an N-terminal additional hexa histidine-tag. 

 
Table 5.1 List of the plasmids and proteins of single Cys and single Trp PD-BamA mutants1. 

Plasmid Vector Cys position Trp position Product  Substitution 

 pET205  pET15b   205 W205 F205W 

 pET354  pET15b   354 W354 F354W 

 pET372  pET15b   372 W372 M372W 

 pET376  pET15b   376 W376 F376W 

 pET384  pET15b   384 W384 Q384W 

 pET363  pET15b  363  C363 A363C 

 pET390  pET15b  390  C390 N390C 

 pET403  pET15b  403  C403 Q403C 
1The new plasmids based on plasmid pET15-omp85-Cys/Trp (TRENZYME), in which all native 
cysteines and tryptophans were replaced by alanines and phenylalanines.                                                                                                          

	 	 	 	 	 	 
 
Table 5.2 Primers for site-directed mutagenesis and PD-BamA mutant plasmid construction1. 

Plasmid Primer Sequence 

pET205 5´-CGTGACGAAGTGCCGTGGTTTAACGTGGTAGGCG-3´ 

pET354 5´-TACGTGCGTAAGATCCGTTGGGAAGGTAACGATACCTCGA-3´ 

pET372 5´-GTCGCGAAATGCGTCAGTGGGAAGGTGCATTCCTGG-3´ 

pET376 5´-GCGTCAGATGGAAGGTGCATGGCTGGGGAGCGA-3 

pET384 5´-GGGAGCGATCTGGTCGATTGGGGTAAGGAGCGT-3´ 

pET363 5´-GAAGGTAACGATACCTCGAAAGATTGTGTCCTGCGTCGCG-3´ 

pET390 5´-AGGGTAAGGAGCGTCTGTGTCGTCTGGGCTTCTTTG-3´ 

pET403 5´-CTGTCGATACCGATACCTGTCGTGTTCCGGGTAGCCC-3´ 
1The primer sequences shown in the table correspond to the sense strand of the bamA gene. 
Nucleotide substitutions are highlighted in bold. A pair of complementary primers was used for site-
directed mutagenesis. The number in the name of the plasmid denotes the position of the amino acid 
replacement in the protein PD-BamA. 
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5.3.2 Expression and purification of PD-BamA and mutants of PD-BamA 

The corresponding plasmid of each PD-BamA mutant (Table 5.1) was transformed 

into an E. coli BL21 (DE3) strain. Each mutant was then expressed and purified as 

described in a previous chapter for PD-BamA (see sections 2.3.3 and 2.3.4).  

 

5.3.3 Expression and purification of OmpA mutants  

Four single cysteine-single tryptophan OmpA mutant proteins (Table 4.4) were 

available from previous research projects of the laboratory (Kleinschmidt et al., 2007; 

Qu et al., 2009). They were overexpressed and purified as described in chapter 4, 

section 4.3.3. 

 

5.3.4 Expression and purification of BamD mutants  

Four single-site cysteine and four single-site tryptophan BamD mutants were prepared 

and isolated from the outer membrane fraction of E. coli by Meenakshi Sharma  

(Meenakshi Sharma, PhD thesis 2014, Department of Biophysics, University of 

Kassel). They were used for a joint analysis of protein-protein interactions between 

PD-BamA and BamD. 

 

5.3.5 Circular Dichroism Spectroscopy 

Far UV CD spectra for PD-BamA and PD-BamA mutants were recorded at room 

temperature using a Jasco J-815 CD spectrometer (Jasco, Tokyo, Japan) and a 0.5 mm 

cuvette (Hellma QS, Müllheim) at a final concentration of 14 µM PD-BamA or PD-

BamA mutants in Tris buffer (10 mM, pH8.0 and 1 mM EDTA). Six successive scans 

were accumulated from 190 nm to 260 nm with a bandwidth of 1 nm, a scan speed of 

50 nm/min and a step resolution of 0.5 nm. The appropriate background spectra 

without the protein were subtracted. The concentrations of each sample of PD-BamA 

and PD-BamA mutants were determined (Lowry et al., 1951). The recorded CD 

spectra were normalized, and then analyzed by several algorithms utilizing the 

DICHROWEB service (http://dichroweb.cryst.bbk.ac.uk), (chapter 2, section 2.3.8). 

 

5.3.6 Fluorescence labeling of cysteines in mutant proteins 

Purified mutants of BamD carrying single cysteine residues were conjugated with the 

highly thiol-reactive fluorescent probe, IAEDANS (Invitrogen, Molecular probes). 

The spectroscopic labeling of the cysteine residues in single cysteine-single 
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tryptophan OmpA double mutants was performed with the fluorescent probe, 5-Iodo-

acetamidofluorescein (5-IAF). Single cysteine mutants of PD-BamA were either 

labeled with IAEDANS or with 5-IAF according to the manufacturer’s instructions. 

Since fluorophores are highly sensitive to light, the reaction was performed in the 

dark. Prior to labeling, either 50-100 µM of each PD-BamA mutant were diluted in 1 

ml of Tris buffer (10 mM, pH 7.2, 1 mM EDTA and 25 mM NaCl), or 50-100 µM of 

each mutant of BamD or OmpA were diluted in 1 ml of Tris buffer containing 8 M 

urea (10 mM, pH 7.2 and 1 mM EDTA). To degas the solutions, they were flushed 

with nitrogen gas for 1 min, and then incubated with TCEP in a 10-fold molar excess 

for 30 min at 22 °C to reduce existing disulphide bonds completely. Afterwards a 20-

fold molar excess of the reactive dye in dimethyl sulfoxide (DMSO) was added to the 

reduced protein and the reaction mixture was incubated overnight at 4 °C for PD-

BamA mutants or at 22 °C for mutants of BamD and of OmpA. After the labeling was 

complete, unreacted excess label was separated from the sample by extensive dialysis 

at 4 °C in 1 L of Tris buffer (10 mM, pH 8.0 with 1 mM EDTA and 25 mM NaCl) for 

PD-BamA mutants and at 22 °C in 1 L of Tris buffer containing 8 M urea (10 mM, 

pH 8.0 and 1 mM EDTA) for mutants of BamD and of OmpA with four buffer 

changes. Subsequently, samples were treated as described in chapter 4, section 4.3.5. 

 

5.3.7 S-methylation of cysteines 

Sulfhydryl groups in single-cysteine mutants of PD-BamA or BamD and single-

cysteine-single-tryptophan double mutants of OmpA were selectively and 

quantitatively methylated by reacting with methyl 4-nitrobenzene sulfonate (MNB). 

When unmodified sulfhydryl groups of cysteine residues are in the proximity of the 

fluorophore they are known to quench the fluorescence emission. The conversion of  

sulfhydryl groups into S-methyl derivatives was also performed to prevent an 

unwanted dimerization of the single cysteine mutants. By using a modified method of 

Hunziker (1991), either 50-100 µM of each PD-BamA mutant were diluted in 1 ml 

borate buffer (50 mM, pH 9, 1 mM EDTA and 25 mM NaCl), or 50-100 µM of each 

mutant of both, BamD and OmpA, were diluted in 1 ml borate buffer containing 8 M 

urea (50 mM, pH 9 and 1 mM EDTA). The solutions were flushed with nitrogen gas 

and incubated with a 10-fold molar excess of TCEP at 22 °C for 30 min. A 40-fold 

molar excess of MNB in acetonitrile was added and the reaction was allowed to 

proceed at 22 °C for 4 h. Unbound MNB that was remaining in the sample was 
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removed by extensive dialysis against 1 L of Tris buffer (10 mM, pH 8.0 with 1 mM 

EDTA and 25 mM NaCl) at 4 °C for PD-BamA mutants and 1 L of Tris buffer 

containing 8 M urea (10 mM, pH 8.0 and 1 mM EDTA) at 22 °C for mutants of 

OmpA or BamD, respectively. The dialysis buffer was changed four times and the 

samples were then treated as described in chapter 4, section 4.3.6. 

 

5.3.8 Preparation of lipid bilayers 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

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

(DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL). All phospholipids 

were dissolved in a 5:1 (v/v) mixture of chloroform and methanol and then mixed to 

obtain ternary lipid bilayers composed of DOPC, DOPE and DOPG at a molar ratio of 

5:3:2. Subsequently the procedure described in section 2.3.7 of chapter 2 was 

followed.  

 

5.3.9 Fluorescence  

Fluorescence spectra were recorded on a Spex Fluorolog-3-22 spectrofluorometer 

(Horiba/Jobin-Yvon, Germany) at 25 °C as described in the previous chapter (section 

4.3.8). 

 

5.3.10 Intermolecular FRET measurements 
 
PD-BamA and BamD 

FRET from either single tryptophan mutants of BamD to IAEDANS-labeled 

single cysteine mutants of PD-BamA or from single tryptophan mutants of PD-

BamA to IAEDANS-labeled single cysteine mutants of BamD in the presence of 

lipid bilayers 

1 µM of either IAEDANS-labeled or S-methylated single cysteine mutant protein 

(PD-BamA or BamD) was diluted in 1 ml Tris buffer, pH 8.0 containing lipid bilayers 

(SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 200-fold molar excess. The background 

spectrum was recorded. Then, 1 µM of single tryptophan mutant protein (BamD or 

PD-BamA) was added to record the spectrum of FRET with subtraction of the 

background spectrum.  
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FRET from IAEDANS labeled single cysteine mutants of BamD to 5-IAF labeled 

single cysteine mutants of PD-BamA in the presence of lipid bilayers 

First, the background spectrum of a 5-IAF-labeled or S-methylated single cysteine 

mutant of PD-BamA was recorded at a concentration of 0.25 µM in 1 ml of Tris 

buffer, pH 8.0 containing lipid bilayers (SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 

500-fold molar excess to PD-BamA. Then a IAEDANS labeled single cysteine 

mutant of BamD was added at a final concentration of 0.5 µM to record the FRET 

spectrum. The previously recorded background spectrum was subtracted. 

 

PD-BamA and OmpA 

FRET from IAEDANS labeled single Cys mutants of PD-BamA to 5-IAF labeled 

single Cys-single Trp mutants of OmpA in the presence of lipid bilayers 

Measurements were performed as described in section 4.3.9 of the previous chapter.  

 

5.3.11 FRET efficiency and donor-acceptor distance calculation 

For the determination of the energy transfer efficiency and for the calculation of the 

distance by which the donor and the acceptor molecules are separated, the 

fluorescence emission spectra were measured. According to Förster’s theory on 

energy transfer, the relation of the FRET efficiency to the inverse sixth power of 

distance (r) between the donor (D) and the acceptor (A) is given by the equation 

(Lakowicz, 2006):  

 

                              r = R0 (1/E-1)1/6   or E = R0
6/ R0

6 + r6                                    (Eq. 5.1) 
 

 
where R0 is known as the Förster critical distance at which the transfer efficiency is 

50%. The efficiency of energy transfer (E) is also a quantitative measure of the 

number of quanta that are transferred from D to A, and can be calculated from the 

equation:  

                                             E = 1 – FDA/FD                                                                (Eq. 5.2) 
 
where FDA and FD are the fluorescence intensities of the donor in the presence and in 

the absence of the acceptor. The Förster distance (R0) is related to the spectral 

properties of the chromophores by the equation: 
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                              R0 = 9.78 × 103 (κ2 n-4 QDJ) 1/6              in Å                       (Eq. 5.3) 
 

whereκ2 is the orientation factor that accounts for the relative orientation of the 

donor emission and acceptor absorption dipoles during transfer, which is generally 

assumed to be ~2/3. n is the index of refraction of the solution between the donor and 

the acceptor, taken as 1.4. QD is the quantum yield of the donor fluorescence in the 

absence of the acceptor. The spectral overlap integral, J, is representing the degree of 

overlap between the donor emission spectrum and the acceptor absorption spectrum, 

calculated from: 

 
                          J = ∫ FD (λ)εA (λ) λ4 dλ / ∫ FD (λ) dλ                           (Eq. 5.4) 

 

where FD (λ) is the fluorescence intensity of the donor at the wavelength λ andεA 

is the extinction coefficient of the acceptor in units of M-1 cm-1. The quantum yield 

for the donor IAEDANS (QD) is determined by the formula (Kronman et al., 1971; 

Liang and Chakarbarti, 1982): 

 
                                       QD = (F/FIAED) × (AIAED/A) × 0.14                              (Eq. 5.5) 

 
 
where F is the donor fluorescence in the absence of the acceptor, FIAED is the 

fluorescence of the reference free IAEDANS, both integrated between 400 and 

580 nm. A and AIAED are the absorbances of the donor protein and of free IAEDANS 

at 350 nm respectively. 0.14 is the quantum yield of free IAEDANS. 

If the transfer efficiency E and the Förster’s critical distance R0 are known, the 

distance between the donor and the acceptor molecules r for a donor-acceptor pair can 

be calculated from Eq. 5.1. 

 

The energy transfer efficiency (E) that describes the fraction of photons that are 

absorbed by a donor and transferred to an acceptor can also be expressed in terms of 

rates yields: 

 

E = kT / ( kT + kf + ki.c. + ki.s.c.)                              (Eq. 5.6) 
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where kT is the energy transfer rate constant between donor and acceptor, kf is the 

radiative decay rate constant and ki.c. and ki.s.c. are the rate constants of any other 

deexcitation pathway like internal conversion and intersystem crossing, respectively. 

In the case of a trimer formed by two donor and one acceptor molecules the FRET 

efficiency is determined by the rate of transfer from each donor, namely donor1 (kT1) 

and donor2 (kT2), to the acceptor: 

 

E = (kT1 / (kT1+ kf + ki.c. + ki.s.c.+ kT2)) + (kT2 / (kT2 + kf  + ki.c. + ki.s.c.+  kT1)) 

 

to yield the following expression: 

 

E = (kT1  + kT2 ) / (kT1 + kT2 + kf + ki.c. + ki.s.c.)                                    (Eq. 5.7) 

                       = kT / (kT + kf + ki.c. + ki.s.c.)       (Eq. 5.8) 

 

which corresponds to Eq. 5.6 

However, any incoming photon is absorbed, mostly by one donor molecule. Hence 

the transfer efficiency is expressed as the average of the transfer efficiency originating 

from each donor and can be calculated from the equation:  

 

                                             E = 1 – (FD+FDA)/2FD                                                  (Eq. 5.9) 

 

5.3.12 Binding of PD-BamA to lipid bilayers 

To monitor the binding of PD-BamA and of single tryptophan mutants of PD-BamA 

to lipid bilayers composed of DOPC/DOPE/DOPG (5:3:2) fluorescence spectroscopy 

was used. Background spectra of lipid bilayers at a 500-fold molar excess to PD-

BamA in Tris buffer or of buffer alone were recorded first. 1 µM of PD-BamA and of 

each single tryptophan mutant was then added and the spectra were recorded with 

background subtraction. 

Binding of PD-BamA to OmpA 

Background spectra of 1 µM WaF-OmpA (tryptophan-free OmpA) were recorded 

first in Tris buffer containing a 500- fold molar excess of DOPC/DOPE/DOPG 

(5:3:2) bilayers or in buffer alone. 1 µM PD-BamA or mutant protein was then added 

into Tris buffer or incubated with lipid bilayers in a separate cuvette before the 
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addition of OmpA and the recording of the spectra of the PD-BamA/OmpA 

complexes.  

 

 

5.4 Results 
 

5.4.1 Single cysteine and single tryptophan mutants of PD-BamA 

The soluble domain of BamA consists of five POTRA domains. Each POTRA 

domain is arranged in two antiparallel α-helices which are covered by a three-stranded 

β-sheet. To identify the regions within PD-BamA that are in close proximity or come 

in contact with the essential lipoprotein BamD of the BAM complex or with OmpA, 

that is assembled by the BAM complex, eight PD-BamA mutants, either single 

cysteine or single tryptophan mutants, were designed (Table 5.1). A tryptophan-free 

PD-BamA mutant served as template and site-directed mutagenesis were performed 

for the construction of the specific single-site mutations by substitution of a desired 

amino acid residue. The positions that were selected for the preparation of single-site  

PD-BamA mutants are depicted in Figure 5.1.  

	

 
Figure 5.1 The PD-BamA amino acid sequence as expressed in E. coli BL21(DE3) cells. The 
sequence is without the signal sequence and contains a hexa histidine-tag at its N-terminal 
end. The number in the name of PD-BamA mutants describes the position of the amino acid 
residue in the protein sequence that was substituted by a cysteine (given in orange) to obtain 
single-site cysteine PD-BamA mutants or by a tryptophan (given in magenta) to obtain single-
site tryptophan PD-BamA mutants. The sequence of the hexa histidine-tag (given in grey) 
was not included. 
 

 

One single tryptophan mutant, W205, was introduced in POTRA domain 3 at the 

interdomain angle between POTRA domains 2 and 3, a hinge point revealing  
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Figure 5.2 Crystal structure of the periplasmic domain of BamA (PD-BamA) for the 
depiction of the positions selected for the preparation of single-site mutants of PD-BamA.  
(A) Representation of POTRA domains 3-5 (PDB file 3EFC) (Gatzeva-Topalova et al., 2008) 
with single cysteine mutants (colored in orange) and single tryptophan mutants (colored in 
magenta). Three single cysteine mutants of PD-BamA (C363, C390 and C403) and four 
single tryptophan mutants (W354, W372, W376, W384) were constructed by substituting 
residues distributed over POTRA domain 5. One single tryptophan mutant was constructed by 
substituting a residue located at the flexible hinge at the N-terminal end of POTRA domain 3. 
The model was prepared by extending the POTRA domains 1-4 extended (PDB file 3EFC) 
(Gatzeva-Topalova et al., 2008) structure by an alignment of the overlapping POTRA domain 
4 of the POTRA domains 4-5 structure (PDB file 3Q6B) (Zhang et al., 2011). (B) Ribbon 
structure of PD-BamA turned by 180 degrees. (C) Complete periplasmic domain of BamA. 
The model was prepared as described in (A). (D) Electrostatic surface representation of PD-
BamA. Positive surface potentials are shown in blue and negative surface potentials in red 
color. Structures were generated with MacPyMOL. 
 
 
conformational flexibility of the BamA periplasmic domain. Four single tryptophan 

and three single cysteine mutants were introduced in POTRA domain 5, which is 

essential and was shown to be responsible for the association with the lipoprotein 

component BamD. One single tryptophan mutant, W354, contained a tryptophan 

located in β-strand β1 and two single tryptophan mutants, W372 and W376, included 
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a unique tryptophan located in loop L2, the long loop connecting the two α-helices. 

The fourth single tryptophan mutant, W384, contained a tryptophan in the long helix 

α2. Among all single tryptophan mutants, the two mutants W205 and W376 were 

reflecting two native tryptophan residues that were encoded on the precursor PD-

BamA sequence. The three single cysteine mutants, namely C363, C390 and C403 

were designed to introduce cysteines in the short helix α1, in the long helix α2 and in 

β-strand β2, respectively. These seven single-site mutations in POTRA domain 5 were 

equally distributed over the complete domain to cover most regions on its surface.  

 

5.4.2 Confirmation of the secondary structure of PD-BamA mutants by circular  

         dichroism 

The formation of the secondary structure of five single tryptophan and three single 

cysteine PD-BamA mutants was analyzed by circular dichroism spectroscopy. 14 µM 

of each protein sample was added into double-distilled water and the spectra were 

recorded instantaneously after mixing.  

All recorded CD spectra of PD-BamA and of mutants of PD-BamA (Figure 5.1) were 

very similar. Various algorithms were used to analyze the CD spectra and as expected 

from the similar line shapes, similar results were obtained for the composition of the 

secondary structure of PD-BamA, regardless of the mutant analyzed and regardless of 

the algorithm used for analysis of the spectra. The spectral line shapes and their 

deconvolution analysis indicated predominant formation of β-sheet (29 - 31 % β-

strand and 22 % β-turn) secondary structure. The α-helical content was estimated to 

be 18 - 20 %.  This agreed well with the composition of the secondary structure that 

was calculated from crystal structure of different x-ray crystal structures of POTRA 

domains of PD-BamA (Kim et al., 2007; Zhang et al., 2011; Gatzeva-Topalova et al., 

2010). The analysis of the CD spectra is shown in Table 5.4. 
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Figure 5.3 The CD spectra of PD-BamA and of mutants of PD-BamA show high similarity in 
their secondary structure. 14 µM of each sample were placed into a quartz cuvette with a path 
length of 0.5 mm. The spectra were recorded from 190 to 260 nm at room temperature in 
double-distilled water. 
	
	
	
Table 5.3 Analysis of the CD spectra of PD-BamA and the PD-BamA mutants. 

PD-BamA  Algorithm Set 
α-helix β-strand β-turns Random Coil 

NRMSDa 
(%) (%) (%) (%) 

        PD-BamA  CDSSTR 4 17 32 23 29 0.017 

 
CDSSTR 7 20 29 21 29 0.015 

 
CONTIN 4 20 28 22 31 0.037 

 
CONTIN 7 21 28 21 31 0.037 

 
Average 

 
20 29 22 30 

 
        PD-BamA  CDSSTR 4 17 32 22 29 0.019 

F205W CDSSTR 7 20 28 20 32 0.021 

 
CONTIN 4 19 30 22 30 0.037 

 
CONTIN 7 20 29 20 31 0.037 

 
Average 

 
19 30 21 31 

 
        PD-BamA  CDSSTR 4 17 31 22 29 0.014 

F354W CDSSTR 7 19 31 21 28 0.012 

 
CONTIN 4 18 29 22 31 0.024 

 
CONTIN 7 20 28 21 31 0.024 

 
Average 

 
19 30 22 30 

 
        PD-BamA  CDSSTR 4 17 30 22 29 0.015 

M372W CDSSTR 7 20 32 21 27 0.013 

 
CONTIN 4 20 29 22 30 0.028 

 
CONTIN 7 21 28 21 30 0.028 

 
Average 

 
20 30 22 29 
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PD-BamA  Algorithm Set 
α-helix β-

strand β-turns Random 
Coil NRMSDa 

(%) (%) (%) (%) 

        PD-BamA  CDSSTR 4 18 29 22 29 0.014 
F376W CDSSTR 7 21 29 21 29 0.013 

 
CONTIN 4 17 30 22 30 0.026 

 
CONTIN 7 19 30 21 30 0.026 

 
Average 

 
19 30 22 30 

 
        PD-BamA  CDSSTR 4 17 31 21 29 0.015 

Q384W CDSSTR 7 19 30 20 29 0.016 

 
CONTIN 4 17 31 22 30 0.025 

 
CONTIN 7 19 29 21 31 0.025 

 
Average 

 
18 30 21 30 

 
 	 	 	 	 	 	 	PD-BamA  CDSSTR 4 16 32 23 29 0.015 

A363C CDSSTR 7 19 31 21 27 0.013 

 
CONTIN 4 20 29 22 31 0.027 

 
CONTIN 7 21 28 21 30 0.027 

 
Average 

 
19 30 22 29 

 
        PD-BamA  CDSSTR 4 17 30 22 29 0.015 

N390C CDSSTR 7 20 31 22 27 0.013 

 
CONTIN 4 20 29 22 30 0.029 

 
CONTIN 7 21 28 21 30 0.029 

 
Average 

 
20 30 22 29 

 
        PD-BamA  CDSSTR 4 21 32 22 29 0.015 

Q403C CDSSTR 7 20 32 21 27 0.012 

 
CONTIN 4 18 29 23 30 0.026 

 
CONTIN 7 20 29 21 30 0.026 

 
Average 

 
20 31 22 29 

 
        

All CD spectra were analyzed using the algorithms CDSSTR and CONTIN with the 
reference data sets 4 and 7, which are provided by the DICHROWEB server. Both, reference 
data sets 4 and 7 contain CD spectra of known soluble and denatured proteins and are 
suitable for the analysis of far UV CD spectra recorded in the wavelength range of 190 to 
260 nm. 
a NRMSD is the normalized root mean square deviation obtained from a comparison of the 
recorded spectrum to a calculated reference spectrum and should be <0.25.  
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5.4.3 Intermolecular FRET pairs: single tryptophan BamD and IAEDANS- 

         labeled PD-BamA or single tryptophan PD-BamA and IAEDANS- 

         labeled BamD  

Fluorescence spectroscopy was used to investigate possible interactions and regions 

of these interactions between PD-BamA and the BAM lipoprotein BamD. Therefore, 

a range of Förster (Fluorescence) resonance energy transfer (FRET) measurements 

were performed using five single tryptophan mutants of PD-BamA as tryptophan 

fluorescence donors and four single cysteine BamD mutants that were labeled at the 

cysteine with IAEDANS as the FRET acceptor. In addition, another range of FRET 

measurements were performed using four single tryptophan mutants of BamD as 

donors and three single cysteine mutants of PD-BamA, labeled at the cysteine with 

IAEDANS as the FRET acceptor. The properties of the two fluorophores are well 

described in chapter 4, section 4.4.4. The positions of the point mutations are shown 

in Figure 5.2 for BamA and in Figures. 5.3 and 5.4 for BamD.  

The D-A distance (r), the Förster distance (R0) for each D-A pair and the efficiency of 

energy transfer (E) were calculated as described in section 5.3.11 

	

 
Figure 5.4 The amino acid sequence of BamD as expressed in E. coli PC2889 cells. The 
sequence contains a hexa-histidine-tag at its C-terminal end. The number in the name of 
BamD mutants describes the position of the amino acid residue in the protein sequence that 
was substituted either by a cysteine (given in orange) to obtain single-site cysteine PD-BamA 
mutants or by a tryptophan (given in magenta) to obtain single-site tryptophan mutants of 
BamD.  
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Figure 5.5 (A) Ribbon diagram of the outer membrane lipoprotein BamD highlighting the 
positions selected for mutation to express and isolate single-site mutants of BamD for 
fluorescence energy transfer experiments. BamD is composed of ten α-helices that form five 
tetratricopeptide repeat (TPR) motifs (PDB file 3Q5M) (Dong et al., 2011). Single cysteine 
mutants expressed for fluorescence labeling of the cysteine are colored in orange and single 
tryptophan mutants are colored in magenta. Four single cysteine mutants of BamD (C75, 
C114, C181, C230) and four single tryptophan mutants (W48, W95, W191, W239) were 
constructed. To examine interactions in different regions in BamD, the residues selected for 
mutation and preparation of single-site mutants were distributed over the entire BamD. (B) 
The charge distribution on the surface is shown for both sides of BamD. Negatively charged 
residues on the surface are shown in red, positively charged residues in blue and electrically 
neutral residues in white-grey. Structures were generated with MacPyMOL. 
	
 

5.4.4 FRET analysis for the interaction between PD-BamA and BamD  

The N-terminal periplasmic half of the polypeptide chain of BamA from E. coli, is 

composed of five polypeptide transport associated (POTRA) domains. Recently, it 

was suggested that these are providing a scaffold for the lipoproteins BamB-E (Kim et 

al., 2007; Sklar et al., 2007b) in the BAM complex. While most of the periplasmic 

domain (POTRA domains 2-5) is necessary for binding the nonessential lipoprotein 

BamB, only POTRA domain 5 is required for BamA to interact with the essential 

lipoprotein BamD, and thereby with the BamCDE-subcomplex (Sklar et al., 2007b; 

Malinverni et al., 2006; Albrecht and Zeth, 2011). Intermolecular FRET experiments 

were performed to examine interactions between the periplasmic domain of BamA 

(PD-BamA) and BamD in the presence of a 200-fold molar excess of lipids bilayers 

composed of DOPC/DOPE/DOPG at a molar ratio of 5:3:2. Eight different single site 

mutants of PD-BamA (Figures 5.1 and 5.2) and eight different single site mutants of 



 INTERACTIONS OF PD-BAMA WITH BAMD AND OMPA	
_____________________________________________________________________  

 156 

BamD (Figures 5.3 and 5.4) were used for FRET measurements. The fluorescence 

emission spectra (λexcitation = 295 nm) were recorded either for five single tryptophan 

mutants of PD-BamA (W205, W354, W372, W376, W384), that were used as FRET 

donors while four single cysteine mutants of BamD (C75, C114, C181, C230) were 

labeled with IAEDANS to serve as FRET acceptors or for four single tryptophan 

mutants of BamD (W48, W95, W191, and W239), that were used as FRET donors in 

combination with each of three IAEDANS-labeled single cysteine mutants of PD-

BamA (C363, C390, C403). Various experiments were performed, as in the absence 

and in the presence of lipid bilayers, at various ratios of lipid to protein, or at different 

BamD/PD-BamA ratios. Transfer of energy is manifested by a donor fluorescence 

quenching, accompanied also by the increase of the acceptor fluorescence intensity. 

The reduced S-methylated form of the single cysteine mutants was used to record the 

fluorescence spectrum of the donor in the absence of the acceptor fluorophore to 

avoid changes in fluorescence owing to a possible reaction of an unmodified cysteine 

residue. Some fluorescence emission spectra for the FRET measurements are shown 

in Figure 5.5. As evident from these and other spectra, none of the used 32 FRET 

pairs indicated any energy transfer from a donor to an acceptor regardless of the 

experimental conditions that were selected. The complete absence of FRET indicates 

that PD-BamA and BamD do not interact directly in these experiments, or that the 

separation between the tryptophans and the IAEDANS-labeled cysteines is to large. It 

could also implicate that a binding of BamD to PD-BamA requires the presence of 

other BAM proteins, or of the β-barrel domain of BamA. 
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Figure 5.6 (A) Spectra of fluorescence emission of the interactions between the single 
tryptophan mutants of PD-BamA (a) W354-PD-BamA, (b) W372-PD-BamA, (c) W376-PD-
BamA, and (d) W384-PD-BamA and the IAEDANS-labeled single cysteine BamD mutant 
C230-BamD. (B) Fluorescence emission spectra of the interactions between the single 
tryptophan BamD mutant W239-BamD and IAEDANS-labeled single cysteine mutants of 
PD-BamA (a) C363-PD-BamA, (b) C390-PD-BamA, and (c) C403-PD-BamA. The 
background spectra of 1 µM of either PD-BamA or BamD single cysteine mutants (in 
IAEDANS-labeled or S-methylated form) in Tris buffer (10 mM, pH 8.0), containing a 200-
fold molar excess of DOPC/PE/PG (5:3:2) bilayers were recorded first. 1 µM of a single 
tryptophan mutant of either PD-BamA or BamD was then added and the spectra were 
recorded. Background spectra were subtracted. All fluorescence spectra were recorded from 
310 to 580 nm at an excitation wavelength of 295 nm and at T = 25 °C. All spectra showed 
that the presence of the acceptor did not reduce the fluorescence of the donor. None of the 
examined donor/acceptor combinations of single tryptophan mutants and IAEDANS labeled 
single cysteine mutants of PD-BamA and BamD showed any fluorescence energy transfer. 
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5.4.5. Intermolecular FRET pairs:  IAEDANS-labeled single cysteine BamD and  

          5-IAF-labeled single cysteine PD-BamA 

When intermolecular FRET experiments were performed by using tryptophan and 

IAEDANS as donor-acceptor pairs, no transfer of energy could be observed and the 

distances between them could not be determined. Assuming that the R0 of the 

tryptophan-IAEDANS pair was too short to be determined the distances between the 

selected single tryptophan BamD mutants and the IAEDANS-labeled single cysteine 

PD-BamA mutants, the donor-acceptor pair was replaced. The cysteines in the four 

single-site mutants of BamD (Figures 5.3 and 5.4) were spectroscopically labeled 

with IAEDANS, in this part of the study used as the fluorescence donor. The 

cysteines in the three single site mutants of PD-BamA (Figures 5.1 and 5.2) were 

labeled with 5-IAF used as the new fluorescence acceptor. The properties of the two 

fluorophores are well described in chapter 4, section 4.4.6. 

	

5.4.6 FRET analysis for interactions of BamD and PD-BamA in the presence of  

         lipid bilayers	

For identifying putative binding sites for BamD in the POTRA domain 5 of PD-

BamA, four single cysteine mutants of BamD (C75-BamD, C114-BamD, C181-

BamD, C230-BamD) were spectroscopically labeled with IAEDANS and used as a 

fluorescence donor, while the single cysteines in three single cysteine mutants of PD-

BamA (C363-PD-BamA, C390-PD-BamA, C403-PD-BamA) were labeled with 5-

IAF and used as a fluorescence acceptor. Steady state fluorescence spectroscopy 

measurements indicated a stoichiometry of 1:2 for the binding of PD-BamA to BamD 

(chapter 2, section 2.4.10). Therefore, concentrations of 0.25 µM PD-BamA and 

0.5 µM BamD were selected for the current FRET experiments.  

FRET was observed when there was sufficient proximity between 5-IAF attached to 

PD-BamA and the IAEDANS of BamD and it was reduced upon increased distances 

between the two fluorophores. FRET was not observed when either PD-BamA was S-

methylated or no interaction took place between the two proteins.  

Eight out of the 12 used FRET pairs showed energy transfer (Figures 5.6 and 5.7). 

Among these eight FRET pairs, the distances between the donor and acceptor 

fluorophores were found to be from 73.4 Å to 162.9 Å. The recorded fluorescence 

emission spectra were used for the calculation of the critical distance R0 and the 

overlap integral J for the 12 different FRET pairs according to equations 5.3 and 5.4. 
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Given in Table 5.5 are R0 and the parameters that were used for the analysis of the 

energy transfer efficiency according to equation 5.9 and the distance of each donor-

acceptor pair. Since QD is used as the sixth root in the calculation of R0, small errors 

in QD do not have a large effect on R0. The greater the overlap of the emission 

spectrum of the donor with the absorption spectrum of the acceptor the higher the 

value of R0. Based on the sixth root dependence in Eq. 5.3, R0 is also not very strongly 

dependent on J.  

The energy transfer efficiency between each donor-acceptor pair was measured by the 

relative decrease in the IAEDANS donor emission peak. The overlap integrals J were 

calculated for each donor-acceptor pair and ranged from 9.04 x 10-14 to 8.68 x 10-13 

M-1 cm3. This is comparable to the value of the overlap integral 1.868 x 10-13 M-1 cm3, 

that was obtained by Trayer and Trayer (1988) for the probe pair IAEDANS-IAF. The 

highest FRET and the smallest donor-acceptor distances in all data sets were observed 

for the donor-acceptor pairs of IAEDANS-labeled single cysteine BamD mutants 

(C75, C114, C181, C230) with the 5-IAF-labeled single cysteine PD-BamA mutant 

C363. The distance values ranged from 73.4 to 84.6 Å. The mutant C390 displayed 

moderate transfer of energy with donor-acceptor distance values of 76.3 to 128.5 Å, 

while the least energy transfer was observed for the mutant C403 with D-A distances 

of 87.1 Å to 162.9 Å. Among these FRET pairs, the smallest donor-acceptor distance 

of 73.4 Å was determined for the FRET pair C75-BamD and C363-PD-BamA, 

whereby the greatest distance of 162.9 Å was obtained for the FRET pair C75-BamD 

and C403-PD-BamA. No notable FRET was observed for the BamD mutants C75 and 

C114 with the PD-BamA mutants C390 and C403, respectively. The transfer energy 

was zero and an accurate estimation of the distance r was not possible.  
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Figure 5.7 Fluorescence emission spectra of IAEDANS-labeled single cysteine BamD 
mutants (A) C75 or (B) C114, used as FRET donors, and three single cysteine mutants of PD-
BamA, either labeled with 5-IAF, used as the FRET acceptor, or S-methylated at their 
cysteine residue: (a) C363, (b) C390, (c) C403. Six spectra were recorded, each spectrum for 
one of the BamD mutants in the presence of one of the three single cysteine PD-BamA 
mutants. The spectra are grouped into three panels, each showing two spectra of a IAEDANS-
labeled BamD mutant in the presence of the two labeled forms of one of the PD-BamA 
mutants. FRET was monitored between IAEDANS and 5-IAF and FD-A was obtained from 
these spectra. IAEDANS fluorescence spectra of BamD mutants in the presence of S-
methylated single cysteine PD-BamA mutants served as reference spectra to obtain FD. Eq. 
5.9 was then used for calculating the efficiency of energy transfer, E. These data were further 
analyzed for Förster distance (R0) calculations (Table 5.5). The distances r between donor and 
acceptor were then determined from the transfer efficiencies and the Förster distances (R0) 
(see section 5.3.11).  
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Figure 5.8 Fluorescence emission spectra of donor-labeled single cysteine mutants of BamD 
in the presence of acceptor-labeled mutants of PD-BamA. The FRET experiments were 
performed as described in the legend to Figure 5.6. Six spectra were recorded, each spectrum 
for one of the IAEDANS-labeled single cysteine BamD mutants (A) C181 or (B) C230 in the 
presence of one of the three single cysteine PD-BamA mutants, which were either labeled 
with the FRET acceptor 5-IAF or with a methyl group at their cysteine residue. The spectra 
are grouped into three panels, each showing two spectra of a IAEDANS-labeled BamD 
mutant in the presence of either the 5-IAF-labeled or the S-methylated form of one of the PD-
BamA mutants: C363, (b) C390, (c) C403. In Table 5.5 the Förster distance (R0) calculations 
are given.  
 
 
Since the transfer efficiency is only a sensitive function of the donor-acceptor 

distance over the range 0.5 R0 < r > 1.9 R0 (Fairclough and Cantor, 1978), the 

calculated distances that functionally depend on the transfer efficiency, are at the 

extreme end of this range and not very accurate. In addition, 3 to 7 % of efficiency 

transfer is too low for the donor-acceptor distance to be estimated accurately. 
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Nevertheless, the donor-acceptor distances for the three 5-IAF-labeled single cysteine 

mutants of PD-BamA, namely C363, C390, C403, were generally lower for the 

BamD mutant C181 and smallest for the BamD mutant C230 with distances of 84.6, 

81.5, 94.5 Å and 75.3, 76.3, 87.1 Å, respectively. Both mutations in BamD are 

located in the C-terminal half of the protein.  

 
Table 5.4 Analysis of FRET between labeled mutants of BamD and PD-BamA. 

  
Donor  

(BamD)a  
Acceptor  

(PD-BamA)b QD
c J (M-1 cm3)d R0 (Å)e E (%)f rg 

        

	
C75 C363 0.677 1.14E-13 47.6 7 73.4 

	  
C390 0.31 9.25E-14 46.2 0 128.5 

	  
C403 0.696 8.68E-13 45.8 0 162.9 

	        
	

C114 C363 0.357 1.14E-13 42.8 3 78.2 

	  
C390 0.360 9.14E-13 41.4 0 96.4 

	  
C403 0.365 1.72E-13 46.0 0 127.5 

	        
	

C181 C363 0.734 1.15E-13 48.3 3 84.6 

	  
C390 0.732 9.04E-14 46.4 3 81.5 

	  
C403 0.732 1.72E-13 51.7 3 94.5 

	        
	

C230 C363 0.561 1.15E-13 46.2 5 75.3 

	  
C390 0.568 9.25E-14 44.7 4 76.3 

	  
C403 0.565 1.73E-13 49.6 3 87.1 

	        a IAEDANS-labeled single cysteine mutant of BamD as a fluorescence donor   
b 5-IAF labeled single cysteine mutant of PD-BamA as a fluorescence acceptor 
c quantum yield of the donor IAEDANS 
d spectral overlap integral of donor emission and acceptor absorption spectra 
e Förster distance calculated using n = 1.4 and κ2 = 2/3. 
f estimated efficiency of energy transfer between donor and acceptor. 
g distance between the donor and acceptor groups in the corresponding proteins. 

		               
 
While the cysteine of mutant C230 is located in the second α-helix of the BamD 

TPR5, the cysteine of mutant C363-PD-BamA is located on the small α-helix of the 

BamA POTRA domain 5, facing towards the previous POTRA domains. Since both 

the highest FRET and therefore the shortest donor-acceptor distance were determined 

for the labeled cysteines in these positions, the data suggested that BamD is oriented 

with its C-terminal end towards α1 of POTRA domain 5 of BamA. 
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5.4.7 Intermolecular FRET pairs: IAEDANS-labeled single cysteine PD-BamA  

         and 5-IAF-labeled single cysteine-single tryptophan OmpA  

As shown in chapter 4, section 4.4.5, the two fluorophores tryptophan and IAEDANS 

did not display any energy transfer when they were used as a FRET donor-acceptor 

pair in the mutants prepared for these experiments. Only when combining IAEDANS 

and 5-IAF for being used as a donor-acceptor fluorophore pair, transfer of energy 

could be observed. Compared to the R0 of a tryptophan-IAEDANS pair, this was 

implicating much longer distances between the selected single tryptophan and 

IAEDANS-labeled single cysteine mutant proteins. 

For further investigations of the interactions between PD-BamA and OmpA, 

additional IAEDANS-labeled single cysteine mutants of PD-BamA and 5-IAF-

labeled single cysteine-single tryptophan double mutants of OmpA were prepared as 

new donor-acceptor pairs for intermolecular FRET measurements. New donor-

acceptor pairs were combined out of three single cysteine mutants of PD-BamA 

(Figures 5.1 and 5.2), labeled with IAEDANS to be used as donors, and four single 

cysteine-single tryptophan double mutants of OmpA (chapter 4, Table 4.4 and Figure 

4.3) that were labeled with 5-IAF to be used as fluorescence acceptors. 

	

5.4.8 FRET analysis for interactions of PD-BamA and OmpA in the presence of  

         lipid bilayers 

POTRA domain 5 of PD-BamA is known to be essential for the viability of BamA 

and thereby the BAM complex. Closest to the transmembrane β-barrel of BamA 

POTRA domain 5 occupies a central position, where the substrate OMP should be 

guided either directly into the outer membrane, into the interior of an oligomeric 

assembly or into the lumen of the BamA β-barrel (Noinaj et al., 2013). To study if 

POTRA domain 5 also plays a key role in binding substrate OMPs, FRET 

experiments were performed. Three different IAEDANS-labeled single cysteine 

mutants of PD-BamA, namely C363-PD-BamA, C390-PD-BamA, C403-PD-BamA 

were used as FRET donors while four single cysteine-single tryptophan OmpA double 

mutants (W7C43, W7C170, W15C162, W15C35) were labeled with 5-IAF and used 

as FRET acceptors in the presence of a 500-fold molar ratio of DOPC/DOPE/DOPG 

(5:3:2) lipid bilayers. The fluorescence emission spectra (λexcitation = 350 nm) were 

recorded for each mutant of PD-BamA that served as a donor in combination with 

each of the double mutants of OmpA (either labeled with 5-IAF or S-methylated) that 
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served as acceptors in aqueous Tris buffer (pH 8.0). The spectra are shown in Figures 

5.8 and 5.9. 

The measured fluorescence spectra and the calculated donor-acceptor distances show 

that the highest FRET and the smallest donor-acceptor distances were obtained for the 

donor-acceptor pairs of the IAEDANS-labeled single cysteine PD-BamA mutant 

C390 with the 5-IAF-labeled single cysteine-single tryptophan OmpA double mutants 

(W7C43, W7C170, W15C162, W15C35). While mutant C403-PD-BamA displayed 

moderate D-A distances with the double mutants of OmpA, the distances were longest 

for mutant C363-PD-BamA. Among all 12 FRET pairs used, the donor-acceptor 

distances that were observed ranged from 48.9 Å (C390-PD-BamA and W15C162) to 

106.0 Å (for C363-PD-BamA and W15C35). 

A specific orientation of OmpA towards the POTRA domain 5 of BamA could not be 

deduced, as the fluorescence emission spectra were all too similar, which were 

obtained for the FRET pairs of the different IAEDANS-labeled single cysteine mutant 

of PD-BamA with each of the four 5-IAF-labeled single cysteine-single tryptophan 

double mutants of OmpA, respectively. The donor-acceptor distance values that were 

observed for the different mutations in OmpA were very similar and close. For 

instance, the apparent distances obtained for the mutant C390-PD-BamA and the four 

double mutants of OmpA (W7C43, W7C170, W15C162, W15C35) were 59.2 Å, 

53.8 Å, 48.9 Å and 52.9 Å, respectively.  

The cysteine residue of mutant C390-PD-BamA is located on the long α-helix of the 

BamA POTRA domain 5. The highest FRET as well as the shortest donor-acceptor 

distance were determined for the labeled cysteine in this position. The data suggested 

that the site of interaction on PD-BamA for bound OmpA might be oriented towards 

the exterior environment in opposite of the preceding POTRA domains. 
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Figure 5.9 Fluorescence emission spectra of donor-labeled single cysteine mutants of PD-
BamA in the presence of acceptor-labeled mutants of OmpA. The FRET experiment was 
performed between IAEDANS-labeled single cysteine PD-BamA mutants (A) C363 or (B) 
C390 and four single cysteine-single tryptophan mutants of OmpA, either labeled with 5-IAF 
or S-methylated at their cysteine residue: (a) W7C43, (b) W7C170, (c) W15C162, (d) 
W15C35. For each PD-BamA mutant a spectrum was recorded in the presence of one of the 
four single cysteine-single tryptophan OmpA mutants. The spectra are grouped into four 
panels, each showing two spectra of a PD-BamA mutant in the presence of the two labeled 
forms of one of the OmpA double mutants. For the calculation of the energy transfer 
efficiency, E, from the fluorescence intensities in the presence and in the absence of the 
acceptor, Eq. 5.2 was then used. These data were further analyzed for Förster distance (R0) 
calculations (Table 5.6). The transfer efficiencies and the Förster distances (R0) were then 
used to determine the distances r between donor and acceptor (see section 5.3.11). 
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Figure 5.10 Fluorescence emission spectra of a donor-labeled single cysteine mutant of PD-
BamA in the presence of acceptor-labeled mutants of OmpA. The FRET experiment was 
performed (as described in the legend to Figure 5.8) between IAEDANS-labeled single 
cysteine PD-BamA mutant C403 and one of the four single cysteine-single tryptophan 
mutants of OmpA (a) W7C43, (b) W7C170, (c) W15C162, (d) W15C35, either labeled with 
5-IAF or S-methylated at their cysteine residue. The calculations of the Förster distance (R0) 
are given in Table 5.6. 
 
 
 
Table 5.5 Analysis of FRET between labeled mutants of PD-BamA and OmpA. 

  
Donor  

(PD-BamA)a  
Acceptor 
(OmpA)b QD

c J (M-1 cm3)d R0 (Å)e E 
(%)f rg 

        

	
C363 W7C43 0.384 5.50E-13 56.4 4 92.4 

	  
W7C170 0.382 3.63E-13 52.5 2 97.6 

	  
W15C162 0.387 3.40E-13 52.1 3 90.6 

	  
W15C35 0.382 4.45E-13 54.4 2 106.0 

	        
	

C390 W7C43 0.099 5.26E-13 44.6 10 59.2 

	  
W7C170 0.100 3.46E-13 41.7 18 53.8 

	  
W15C162 0.102 3.46E-13 41.9 28 48.9 

	  
W15C35 0.098 4.70E-13 43.7 24 52.9 

	        

	
C403 W7C43 0.181 5.41E-13 49.6 9 73.3 

	  
W7C170 0.180 3.46E-13 46.0 10 79.9 
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Donor  

(PD-BamA)a  
Acceptor 
(OmpA)b QD

c J (M-1 cm3)d R0 (Å)e E 
(%)f rg 

        

	
C403 W15C162 0.178 3.38E-13 45.7 5 74.0 

	  
W15C35 0.178 4.67E-13 48.2 6 76.8 

	        a IAEDANS-labeled single cysteine mutant of PD-BamA as a fluorescence donor 
b 5-IAF-labeled single cysteine-single tryptophan mutant of OmpA as a fluorescence acceptor 
c quantum yield of the donor IAEDANS 
d spectral overlap integral of donor emission and acceptor absorption spectra 
e Förster distance calculated using n = 1.4 and κ2 = 2/3. 
f estimated efficiency of energy transfer between donor and acceptor. 
g distance between the donor and acceptor groups in the corresponding proteins. 
		               
	

5.4.9 Interactions of PD-BamA with lipid membranes and substrate OmpA  

         analyzed by fluorescence spectroscopy 

FRET experiments (chapter 4, section 4.4.7 and chapter 5, section 5.4.7) have 

demonstrated that the β-barrel protein OmpA binds to the POTRA domain 5 of BamA 

in the presence of lipid membranes. Fluorescence spectroscopy was used to 

investigate if this binding process of the periplasmic domain of BamA to: a) lipid 

membranes and b) the BAM complex substrate protein OmpA involves 

conformational changes or rearrangements in the POTRA domains, particularly in 

POTRA domain 5. To monitor the interactions of PD-BamA with small unilamellar 

vesicles (SUVs) of the composition DOPC/DOPE/DOPG (5:3:2) or with a 

tryptophan-free mutant of OmpA, PD-BamA (carrying three native tryptophanes at 

positions 205, 206 and 376) and five single-tryptophan PD-BamA mutants were used. 

PD-BamA mutants W354, W372, W376 and W384 are located on POTRA domain 5, 

W205-PD-BamA is the only mutant that is not located on POTRA domain 5 but at the 

flexible ankle between POTRA domains 2 and 3 (Fig. 5.2). Fluorescence 

spectroscopy of proteins involving intrinsic tryptophan residue fluorescence is a 

useful method to examine conformational changes in globular proteins. The aromatic 

amino acid tryptophan is a substantial fluorophore and highly sensitive to changes in 

the polarity of the local environment. If the tryptophan is transferred from the 

hydrophilic (or polar) exterior to the hydrophobic interior of a binding partner protein 

or a membrane, then this leads to an increased fluorescence emission associated with 

a decreased wavelength. In comparison with solvent-exposed tryptophan residues, the 

interior buried residues are blue-shifted and will not be the subject of random 
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collisions with water molecules or of collisional deactivation with quenching 

molecules (Miller and Tanner, 2008). 

When PD-BamA and single tryptophan mutants of PD-BamA were added into buffer 

(10 mM Tris, pH 8.0) containing a 500-fold molar excess of lipid bilayers, the 

fluorescence intensity of PD-BamA and of PD-BamA mutants W205 and W376 was 

observed to increase in comparison to the absence of lipid bilayers. The increase of 

the fluorescence intensity indicates interactions with the lipid bilayer. However the 

single-Trp mutant W372-PD-BamA did not show any change in the fluorescence 

intensity in absence and in presence of lipid vesicles, whereas the two single-Trp 

mutants W354-PD-BamA and W384-PD-BamA showed a slight decrease in the 

fluorescence intensity. Mutant W376-PD-BamA gave the highest increase in the 

fluorescence intensity from a maximum (FT) at 0.224 Mcps in the absence of lipids to 

0.331 Mcps in the presence of lipids, which is an ~ 32 % increase in the fluorescence 

intensity. Upon interactions with the lipid bilayer, the fluorescence intensity increased 

~27 % for PD-BamA and ~14 % for mutant W205-PD-BamA (Table 5.7). A decrease 

in the fluorescence intensity can occur due to exposure of the tryptophan to water 

molecules or to quenching by structural components. A shift of the peak maximum of 

the fluorescence emission to a higher wavelength following the addition of lipid 

vesicles could be observed for the mutant W354-PD-BamA and also interestingly for 

the mutant W376-PD-BamA from 334.0 nm and 334.5 nm to 335.5 nm and 337.0 nm, 

respectively. This could be caused by a more polar environment around the 

tryptophan, induced by charged and polar neighboring residues, and for W376-PD-

BamA even despite the fact that the hydrophobicity increases upon the addition of 

lipids. The peak maximum of the fluorescence emission of PD-BamA and mutants 

W205-PD-BamA, W372-PD-BamA and W384-PD-BamA shifted to a lower 

wavelength. Mutant W372-PD-BamA gave the strongest shift in the emission 

wavelength from 349.0 nm in the absence of lipids to 337.0 nm in their presence. The 

shift to a lower wavelength indicates interactions of the surface exposed tryptophan 

with the lipid bilayer, however neighboring sulfhydryl groups can prevent the 

fluorescence intensity to increase or can even have a quenching effect. PD-BamA and 

mutants W205-PD-BamA and W384-PD-BamA showed a slight wavelength shift 

from 338.0 nm, 339.5 nm and 345.5 nm to 336.5 nm, 336.0 nm and 336.5 nm, 

respectively.  
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The addition of OmpA had only minor effects on the respective fluorescence intensity 

and the emission wavelength. Changes could only be determined in the presence of 

lipid bilayers, and then, OmpA caused a more polar environment around the 

tryptophan residue. 
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Figure 5.11 PD-BamA and five single tryptophan mutants show interactions with lipid bilayers 
and OmpA. The fluorescence spectra for 1 µM PD-BamA and single tryptophan mutants (W205-
PD-BamA, W354-PD-BamA, W372-PD-BamA, W376-PD-BamA and W384-PD-BamA) were 
recorded either in absence or in presence of lipid bilayers composed of DOPC/DOPE/DOPG 
(5:3:2) at a 500-fold molar excess to PD-BamA and in the absence or in the presence of WaF-
OmpA (tryptophan-free OmpA). All spectra were recorded in Tris buffer (10 mM, pH 8.0, 1 mM 
EDTA) at 25 °C over the wavelength range 310 to 410 nm and at an excitation wavelength of 295 
nm. Background spectra of lipid bilayers in Tris buffer or of buffer alone were recorded first. PD-
BamA and each single tryptophan mutant was then added and the spectra were recorded with 
background subtraction. Background spectra of 1 µM WaF-OmpA were also first recorded in Tris 
buffer containing lipid bilayers or in buffer alone. 1 µM PD-BamA or mutant protein was then 
added into Tris buffer or incubated with lipid bilayers in a separate cuvette before the addition of 
OmpA and the recording of the spectra of the PD-BamA/OmpA complexes. The dashed line 
marks the emission maximum with the respective fluorescence intensity of the single tryptophan 
mutants in the absence of both, lipid bilayers and OmpA, for a comparison between the different 
spectra in each panel. 
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The fluorescence emission maximum (λT) and the changes in the emission maximum 

(∆λT) and also the changes in the maximum of the fluorescence intensity resulting 

from interactions with lipid membranes or OmpA for PD-BamA and the five PD-

BamA single tryptophan mutants are given in Table 5.7. 
 
 
Table 5.6 Fluorescence changes of single tryptophan mutants of PD-BamA upon binding to 
lipid bilayers. 

PD-
BamA 

 mutant 

in absence of lipid bilayers 		 in presence of lipid bilayers   

OmpA 
λT

a
 

(nm) 
Fc 

(Mcps) 
FOmpA/Fd 
(300nm)   OmpA 

λT 
(nm) 

F 
(Mcps) 

FOmpA/F 
(300nm) ΔλT

b 

           PD-
BamA (-)e 338.0 0.528 0.99 

 
(-) 336.5 0.727 0.93  -1.5 

 
(+)f 338.0 0.524 

 
(+) 337.0 0.684 -1 

           W205 (-) 339.5 0.319 0.94  
(-) 336.0 0.370 0.96  -3.5 

 
(+) 339.5 0.302 

 
(+) 336.5 0.360 -3 

           W354 (-) 334.0 0.360 0.97  
(-) 335.5 0.321 1.0 1.5 

 
(+) 334.5 0.351 

 
(+) 335.5 0.324 1 

           W372 (-) 349.0 0.427 1.0  
(-) 337.0 0.432 0.94 -12 

 
(+) 349.0 0.432 

 
(+) 340.5 0.425  -8.5 

           W376 (-) 334.5 0.224 1.0  
(-) 337.0 0.331 0.95 2.5 

 
(+) 334.5 0.216 

 
(+) 337.0 0.317 2.5 

           W384 (-) 345.5 0.372 1.0  
(-) 336.5 0.314 1.0 -9 

  (+) 345.5 0.371   (+) 339.0 0.323  -6.5 
a maximum of the emission wavelength of the tryptophan fluorescence for single Trp mutants  
   of PD-BamA 
b difference in the maximum wavelength of tryptophan emission in the presence and in the  
   absence of lipid bilayers 
c fluorescence intensity at the respective emission maximum  
d relative fluorescence obtained by dividing the fluorescence intensity in the presence of OmpA  
   over the fluorescence intensity in its absence at 300 nm 
e emission maximum and fluorescence intensity in the absence of OmpA 
f emission maximum and fluorescence intensity in the presence of OmpA 
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5.5 Discussion 

 

Out of the five periplasmic POTRA domains of BamA, POTRA domain 5 is 

apparently the most evolutionary ancient (Bos et al., 2007b; Sanchez-Pulido et al., 

2003). Since it has to interact with substrate OMPs as well as to mediate the 

interaction with the essential lipoprotein BamD (Albrecht and Zeth, 2011; Kim et al., 

2007), it is the critical hub for β-barrel assembly, but still its function within the BAM 

complex is only poorly understood.  

FRET experiments were performed to determine possible binding regions within the 

POTRA domain 5 that are interacting with BamD or the substrate protein OmpA. 

Therefore, site-directed mutagenesis was used to create expression plasmids for single 

tryptophan and single cysteine mutants of PD-BamA that were then successfully 

produced and isolated.  

According to a previous study (Dong et al., 2012) revealing that α10 of TPR5 in the 

C-terminal part of BamD plays a very important role in maintaining a stable 

interaction between BamA, BamC and BamE, both, the single cysteine mutant C230-

BamD and the single tryptophan mutant W239-BamD on α10, were expected to 

interact with POTRA domain 5 of BamA. Referring to another study (Ricci et al., 

2012), in which the impact of substituting the amino acid E373 in BamA by another 

residue on the association of BamA and BamD and therefore of the BamAB and 

BamCDE subcomplexes was described, the tryptophan residues in the two PD-BamA 

mutants W372-PD-BamA and W376-PD-BamA were located next to E373 and the 

mutants were designed for examining proposed binding sites in this region.  

Various FRET experiments for single tryptophan and IAEDANS-labeled single 

cysteine mutants of both PD-BamA and BamD were performed at different possible 

conditions, as in the absence and in the presence of lipid bilayers, at different fold 

molar excess of lipid bilayers to PD-BamA or BamD, or at different BamD/PD-BamA 

ratios. However, no transfer of energy could be observed when tryptophan and 

IAEDANS were used as donor-acceptor pair. Possible reasons for the absence of 

FRET between the single site PD-BamA and BamD mutants could be that either 

BamD might not interact with PD-BamA, or that the binding sites were not covering 

the regions in which the amino acid mutations were located, or that interactions can 

only take place at distances that might be too large to be determined by the donor-

acceptor of tryptophan and IAEDANS, that has an R0 of 22 Å. 
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However, Ricci et al. (2012) could demonstrate interactions between BamA and 

BamD. These were greatly destabilized, when the negatively charged amino acid 

residue E373 in BamA was substituted by a positively charged residue. The mutation 

dissociated the two subcomplexes of BamAB and BamCDE, whereby BamD was 

inactivated. Then, this profoundly impaired the BAM complex, what resulted in a 

restricted insertion and assembly of OMPs. It was also proposed that the interaction 

with the periplasmic POTRA domain 5 of BamA leads to the activation of BamD. 

The amino acid residue E373 in POTRA domain 5 was found to play an important 

role for the interaction with BamD and was expected to be involved in a direct 

manner in the activation of BamD. Unfolded BamA was also previously demonstrated 

to be copurified with and to bind to a soluble his-tagged BamD construct, that lacks 

the N-terminal lipid acylation site in vitro (Hagan et al., 2013; Hagan et al., 2015) 

Intermolecular FRET could be observed and was measured between fluorescence 

donor and acceptor pairs of IAEDANS-labeled single cysteine BamD mutants and 5-

IAF-labeled single cysteine mutants of PD-BamA, with a much longer R0 of the 

IAEDANS-5-IAF pairs than the R0 of the tryptophan-IAEDANS pairs. The distances, 

that were obtained for the PD-BamA and BamD FRET pairs, were in the range from 

73.4 Å to 162.9 Å. For these FRET experiments, three single cysteine mutants of PD-

BamA were created for site-specific FRET studies with four different single cysteine 

mutants of BamD, whereby 12 donor-acceptor pairs of PD-BamA and BamD were 

used and the fluorescence spectra were recorded followed by their analysis. The 

FRET results for IAEDANS-labeled C230-BamD to the three mutants of PD-BamA 

showed notable energy transfer to the 5-IAF of the respective PD-BamA mutant. The 

spectra of the donor-IAEDANS were quenched with a corresponding reduction in the 

IAEDANS fluorescence intensity as a consequence of energy transfer to the acceptor-

5-IAF, which was then excited and increasingly fluorescent. The donor-acceptor 

distances observed for C230-BamD and the three different mutants of PD-BamA, 

namely C363, C390 and C403, were in the range from 75.3 Å to 87.1 Å. Mutant 

C230-BamD is located on the C-terminal α-helix of TPR segment 5, so the obtained 

FRET and the donor-acceptor distances confirmed the predicted binding site on α10 

of BamD (Dong et al., 2012). The charge distribution around α10 was found to be 

amphoteric with negatively charged residues located on one side close to position 230 

and with positively charged residues located on the other side. The results obtained by 

Dong et al. (2012) also revealed an accumulation of positively charged residues on 
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one side of POTRA domain 5, while negatively charged residues are clustered on the 

opposite side, leading to the suggestion that helix α10 is linked with the positively 

charged region of POTRA domain 5. FRET to all three mutants of PD-BamA was 

also observed for C181-BamD, located on the C-terminal long α7 of the BamD C-

terminal part, with donor-acceptor distances ranging from 81.5 Å to 94.5 Å. The 

similarity of the distances obtained for these BamD mutants did not allow the 

determination of specific orientations for PD-BamA to BamD. Much more 

information would be available from the analysis of the donor nanosecond emission 

decay in time-resolved FRET experiments, whereby the analysis of donor-acceptor 

distance distributions could resolve the structural orientation and the flexibility of 

proteins in a solution. Steady-state measurements of FRET, therefore, provide the 

average distance between donor and acceptor (Klostermeier and Millar, 2001).  

Conversely, however, only the FRET spectra obtained for PD-BamA mutant C363 

showed transfer of energy from all four IAEDANS-labeled BamD mutants to its 

acceptor-5-IAF. This single cysteine PD-BamA mutant was designed to be located 

close to the proposed E373 interaction site (Ricci et al., 2012), that itself is located in 

the positively charged region of POTRA domain 5. No FRET was observed for PD-

BamA mutants C390 and C403 with the mutants C75 and C114 of BamD. The energy 

transfer was calculated to be zero and therefore too low for an accurate estimation of 

the distance r. Since the efficiency of the resonance energy transfer is a sensitive 

function of r only over the range 0.5 R0 < r > 1.9 R0  (Fairclough and Cantor, 1978), 

with R0 that was calculated to be ~46 Å and the distances were estimated to be longer 

than 87.4 Å. BamD mutants C75 and C114 are located on the N-terminal helices of 

TPR2 and 3, respectively. The N-terminal region of BamD was shown to be structural 

similar to other proteins containing TPR motifs, that interact with C-terminal protein 

targeting sequences of unfolded OMP substrates for the BAM complex (Dong et al., 

2012). Crystal structures of BamD revealed a cavity in the TPR1-3 scaffold that was 

proposed to be a substrate-binding pocket, playing a regulatory role in OMP 

biogenesis (Kim et al., 2011; Albrecht and Zeth, 2011; Sandoval et al., 2011). 

As the POTRA domain 5 of BamA was supposed to be involved in substrate binding 

or to have a function in substrate transfer to the barrel domain, fluorescence resonance 

energy transfer was also used to determine possible interactions between PD-BamA 

and the substrate OmpA. The FRET study was performed with 12 different donor-

acceptor pairs, whereby the three single cysteine PD-BamA mutants were labeled 
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with IAEDANS and served as donors and four 5-IAF-labeled mutants of OmpA 

served as acceptors. The lowest FRET and longest donor-acceptor distances were 

observed for the single cysteine mutant C363-PD-BamA, for which FRET could be 

already shown in experiments with BamD. Shorter distances and more energy transfer 

was observed for mutant C403-PD-BamA, while the FRET results for the various 5-

IAF-labeled OmpA mutants and the IAEDANS-labeled PD-BamA mutant C390 show 

a large energy transfer to the 5-IAF. For this mutant, the observed donor-acceptor 

distances were in the range from 48.9 Å to 59.2 Å.  

In C403-PD-BamA, the mutation is located close to the β-barrel next to β-strands β1 

and β16, which were suggested to be involved in the assembly of OMPs. Noinaj et al. 

(2013) proposed a highly dynamic membrane environment. By comparing the crystal 

structures of the BamA proteins from Neisseria gonorrhoeae and Haemophilus 

ducreyi and also by using molecular dynamics (MD) simulations, they could show 

that BamA was able to perturb the membrane by a reduced hydrophobic surface close 

to the β-strand β16, that decreased the lipid order and the membrane thickness and 

destabilized the outer membrane to prepare the membrane for the insertion of OMPs. 

They also could show a transient separation of β-strands β1 and β16 that caused a 

lateral opening in the β-barrel, whereby both β-strands acted as templates for OMP 

folding. A possible POTRA gating motion was assumed that included POTRA 

domain 5 for being involved in the regulation of the substrate access to the inside of 

the β-barrel. Moreover, previous studies suggested the functional importance of the 

conserved VRGF/Y motif of the loop L6 in members of the Omp85 superfamily. It 

has been proposed that the long extracellular loop L6 of BamA that is located within 

the lumen of the β-barrel is essential for the function of BamA (Browning et al., 2013; 

Leonard-Rivera and Misra, 2012), similarly to loop L6 that is located within the β-

barrel of FhaC, a protein of the two-partner secretion system in Bordetella pertussis, 

which was found to be essential for the secretion of its substrate protein FHA (Clantin 

et al., 2007; Delattre et al., 2010).  

Recently, two more crystal structures of the E. coli BamA β-barrel were determined 

(Ni et al., 2014; Albrecht et al., 2014) and the integration of OMP β-strands into the 

OM was also suggested at the interface of β-strands β1 and β16. The soluble loops or 

domains were thought to be transported into the extracellular space through a 

potential surface cavity located at the top of the interface of the two β-strands, that 

gets exposed by a conformational change of the L6 loop (Ni et al., 2014). 
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Conformational changes in the β-barrel of BamA resulting in the surface exposure of 

loop L6 upon activation of the BAM complex by an unfolded substrate were proposed 

by Rigel et al. (2013), whereby these transitions were suggested to be regulated by the 

lipoproteins BamD and BamE indirectly through interactions with POTRA domain 5. 

POTRA domain 5 was suggested to interact with the lipid membrane. Intrinsic 

tryptophan fluorescence spectroscopy was performed with a range of single 

tryptophan mutants of PD-BamA to explore conformational changes in the 

periplasmic domain of BamA with focus on POTRA domain 5. Binding to lipid 

membranes revealed strong effects of PD-BamA mutants W372 and W376. In 

dependence on the environment around their respective tryptophan, these two mutants 

demonstrated the strongest blue-shift in the emission wavelength and the highest 

increase in the fluorescence intensity, respectively. By using NMR,  Sinnige et al. 

(2015) could demonstrate conformational plasticity in the highly conserved region of 

POTRA domain 5, that encompasses the amino acid residue E373. This residue was 

shown to be important for the interaction with BamD and the function of the BAM 

complex and the plasticity was supposed to be unique to the function of POTRA 

domain 5. Both mutations in PD-BamA, W372 and W376, are located close to E373. 

It seems that this region comprising the two α-helices, orients towards the lipid 

membrane, whereby the β-strands are pointing to the opposite direction. Also PD-

BamA mutant W205 showed an increase in the fluorescence intensity upon membrane 

binding and confirmed previous reports on the flexibility at the interface of POTRA 

domains 2 and 3 (Kim et al, 2007; Gatzeva-Topalova et al., 2008). 

However, further evidence is needed to demonstrate the role of the periplasmic 

domain of BamA. Further elucidation of conformational dynamics in terms of 

interactions with lipoproteins and substrate OMPs will provide insight into the 

molecular mechanism for the biogenesis of β-barrel membrane proteins. 
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6. SUMMARY 
 

The assembly of outer membranes of the cell wall of Gram-negative bacteria 

and of various organelles of eukaryotic cells requires the evolutionarily conserved β-

barrel-assembly machinery (BAM) complex. This thesis describes the biochemical 

and biophysical properties of the periplasmic domain of the β-barrel assembly 

machinery protein A (PD-BamA) of the E. coli BAM complex, its effect on insertion 

and folding of the Outer membrane protein A (OmpA) into lipid bilayers and the 

identification of regions of PD-BamA that may be involved in protein-protein 

interactions. 

The secondary structure of PD-BamA in mixed lipid bilayers, analyzed by 

Circular dichroism (CD) spectroscopy, contained less β-sheet at an increased content 

of phosphatidylglycerol (PG) in the lipid membrane. This result showed membrane 

binding, albeit only in the presence of negatively charged lipids. In the absence of 

lipid membranes PD-BamA was stable over a wide pH range.  In the presence of lipid 

membranes composed of DOPC/DOPE/DOPG (5:3:2), the content of α-helical 

structure was reduced at a pH < 7, whereas at pH > 7, the structure was unaltered, 

indicating PD-BamA only binds to lipid membranes when DOPG is negatively 

charged. 

Fluorescence spectroscopy demonstrated that PD-BamA only binds to lipid 

bilayers containing the negatively charged DOPG, confirming the results by CD 

spectroscopy. The observed lipid/PD-BamA stoichiometries ranged from 98 for pure 

PG to 970 for mixed bilayers containing only 20 % PG and the 80% of the 

zwitterionic phosphatidylcholine (PC). Binding stoichiometries of 548 and 375 were 

obtained for bilayers composed of DOPC/DOPE/DOPG (5:3:2) and DOPE/PG (8:2), 

respectively. PD-BamA did not bind to zwitterionic but overall neutral lipid bilayers. 

Various Bilayers containing DOPG and DOPC at very different ratios showed all very 

similar numbers of DOPG molecules required to bind one molecule of PD-BamA to 

the membrane, on average ~94 DOPG/PD-BamA. This result corresponded well with 

the stoichiometry of DOPG binding to PD-BamA obtained for pure DOPG bilayers 

(98 PG per one PD-BamA). This observed stoichiometry of PG in lipid membranes 

binding to PD-BamA indicated a sorting-function of PD-BamA. The preferential 

binding of PG to PD-BamA regardless of the membrane composition, indicated the 
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formation of lipid microdomains, in which PD-BamA accumulated most of the PG 

lipid present in the membrane and other lipid microdomains containing mostly the 

zwitterionic lipids PC or PE. It is therefore proposed that binding of PD-BamA leads 

to lipid phase separations in mixed lipid bilayers. 

PD-BamA bound to OmpA at a stoichiometry of 1:1. PD-BamA also bound to 

BamD, which is the essential lipoprotein of the BAM complex, but at a stoichiometry 

of two BamD to one PD-BamA. Complexes of PD-BamA with OmpA or with BamD 

exhibited binding affinities in the nanomolar range of 0.36 nM and 0.34 nM, 

respectively. 

PD-BamA strongly facilitated insertion and folding of OmpA into lipid 

membranes. Kinetics of PD-BamA mediated folding of OmpA was well described by 

two parallel folding processes, a fast folding process and a slow folding process, 

differing by 2-3 orders of magnitude in their rate constants. The folding yields of 

OmpA depended on the concentration of lipid membranes and also on the lipid head 

groups. The presence of PD-BamA resulted in increased folding yields of OmpA in 

negatively charged DOPG, but PD-BamA did not affect the folding kinetics of OmpA 

into bilayers of zwitterionic but overall neutral lipids. The efficiency of folding and 

insertion of OmpA into lipid bilayers strongly depended on the ratio PD-

BamA/OmpA and was optimal at equimolar concentrations of PD-BamA and OmpA. 

The activation energy of the faster folding process of OmpA into charged 

DOPC/DOPE/DOPG (5:3:2) membranes was determined in the absence and in the 

presence of PD-BamA to 128 ± 14 kJ/mol and 110 ± 14 kJ/mol, respectively. These 

activation energies are similar and do not explain the overall faster rates observed in 

the presence of BamA. Instead, these faster rates resulted from an increased 

contribution of the faster of the two parallel folding processes when PD-BamA was 

bound to the membrane surface. The kinetic data suggested a direct interaction 

between PD-BamA and unfolded OmpA.  

To examine complexes of unfolded OmpA with PD-BamA in more detail, 

site-directed spectroscopy was used to explore contact regions in both, PD-BamA and 

OmpA. Similar contact regions were then also investigated for another protein 

complex formed by PD-BamA and the lipoprotein BamD. Mutants of PD-BamA were 

designed and labeled for fluorescence resonance energy transfer (FRET) experiments 

to obtain structural information on the protein complexes. A range of single 

tryptophan and single cysteine PD-BamA mutants were prepared. While tryptophan 
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itself is a fluorophore, the cysteine is reactive at the sulfhydryl group and can be 

labeled with a fluorescence probe. To examine proximities for different regions of the 

binding partners, the donor-acceptor pairs tryptophan-IAEDANS and IAEDANS-5-

IAF were used in a range of different point mutants of PD-BamA, OmpA and BamD. 

The donor-acceptor pair tryptophan-IAEDANS did not indicate any proximity 

between PD-BamA mutants and mutants of either OmpA or BamD, as energy transfer 

was not observed. The Förster distance R0 of this pair of donor and acceptor (~22 Å) 

was too short to obtain the distances r by which the donors and acceptors were 

separated in the protein complexes. In contrast, the donor-acceptor pair IAEDANS-5-

IAF with a Förster distance of ~46-56 Å showed FRET for various locations of 

donors and acceptors in PD-BamA and OmpA. Distances that were obtained for the 

labeled mutants of POTRA domain 3 of PD-BamA and OmpA ranged from 65.4 Å to 

131.2 Å. The smallest separations were observed for the mutation L223C in PD-

BamA, which is located at the top of the groove in POTRA domain 3 at the edge next 

to POTRA domain 4. 

The distances that were obtained by intermolecular FRET studies for the 

FRET pairs in mutants of POTRA domain 5 of PD-BamA and OmpA were in the 

range from 48.9 Å to 106.0 Å. The shortest distances were observed for the mutation 

N390C in PD-BamA, which is located close to the BamA β-barrel next to 

transmembrane β-strands β1 and β16. The distances for FRET donor-acceptor pairs of 

POTRA domain 5 of PD-BamA and BamD were found to be between 73.4 Å to 

162.9 Å. Highest FRET was observed for mutant A363C-PD-BamA, with the 

mutation located on the α-helix α1 and BamD mutant Q230C, with the mutation 

located on the C-terminal α-helix of TPR segment 5. These data suggest, that the site 

of interaction on PD-BamA for OmpA might be oriented towards the exterior 

environment away from the preceding POTRA domains, but that PD-BamA is 

oriented with its short α-helix α1 of POTRA domain 5 towards the C-terminal end of 

BamD. 

Changes in fluorescence intensities upon binding of single tryptophan mutants 

of PD-BamA to lipid membranes (DOPC/DOPE/DOPG (5:3:2)) could be observed, 

indicating that the presence of lipid membranes causes conformational changes in the 

structure of PD-BamA. Strongest changes in the fluorescence intensities were 

measured for mutations located in the region of POTRA domain 5, that comprises the 

two α-helices, suggesting that this region is oriented towards the membrane.  
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PD-BamA interacts and binds to the substrate protein OmpA most probably 

via its POTRA domain 5, it plays an important role in membrane dynamics and  

facilitates folding and insertion of OmpA into negatively charged membranes. Thus, 

the function of the periplasmic domain of BamA in the BAM complex improves the 

understanding of the fundamental principles of the membrane assembly of β-barrel 

outer membrane proteins. 
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7. ZUSAMMENFASSUNG 
 

Der Aufbau der Aussenmembranen der Zellwand Gram-negativer Bakterien 

sowie verschiedener Organellen eukariotischer Zellen benötigt den evolutionär 

erhaltenen β-barrel assembly machinery (BAM) Komplex. Diese Arbeit beschreibt 

biochemische und biophysikalische Eigenschaften der periplasmatischen Domäne des 

β-barrel assembly machinery proteins A (PD-BamA) des E. coli BAM Komplexes, 

ihren Effekt auf den Einbau und die Faltung des Aussenmembranproteins A (OmpA) 

in Lipiddoppelschichten, sowie die Identifizierung von Regionen der PD-BamA, die 

bei Protein-Protein Interaktionen beteiligt sein könnten. 

 CD (circular dichroism) Spektroskopie hat gezeigt, dass die Sekundärstruktur 

der PD-BamA in gemischten Lipidoppelschichten weniger β-Faltblett bei einer 

höheren Konzentration von Phosphatidylglycerol (PG) in der Lipidmembran 

aufwiesen. Dieses Ergebnis belegt eine Bindung an die Membran, wenngleich nur in 

Gegenwart negativ geladener Lipide. In Abwesenheit von Lipidmembranen blieb PD-

BamA über einen weiten pH-Bereich hinweg stabil. In Gegenwart von 

Lipidmembranen die aus DOPC/DOPE/DOPG (5:3:2) bestanden, war die α-helikale 

Struktur bei einem pH-Wert  < 7 vermindert, bei pH > 7 hingegen blieb die Struktur 

unverändert, was darauf hindeutet, dass PD-BamA sich nur an Lipidmembranen 

bindet, wenn DOPG negativ geladen ist. 

Fluoreszenzspektroskopie zeigte, dass PD-BamA sich nur an 

Lipiddoppelschichten bindet, die negativ geladenes DOPG enthalten, wodurch die 

Ergebnisse der CD Spektroskopie bestätigt wurden. Die beobachteten Lipid/PD-

BamA Stöchiometrien reichten von 98 für pures PG bis hin zu 970 für gemischte 

Doppelschichten, die nur aus 20% PG und 80% des zwitterionischen PC bestanden. 

Bindungsstöchiometrien von 548 und 375 wurden jeweils für Doppelschichten aus 

DOPC/DOPE/DOPG  (5:3:2) und DOPE/PG (8:2) festgestellt. PD-BamA bindet nicht 

an zwitterionische, aber insgesamt neutrale Lipiddoppelschichten. Verschiedene 

Doppelschichten, die DOPG und DOPC in sehr unterschiedlichen Verhältnissen 

enthielten, zeigten alle eine sehr ähnliche Anzahl an DOPG Molekülen die benötigt 

wurde, um ein Molekül PD-BamA an die Membran zu binden, und zwar im 

Durchschnitt ~94 DOPG/PD-BamA. Dieses Ergebnis stimmte sehr gut mit der 

Bindungsstöchiometrie überein, die für Doppelschichten aus purem DOPG (98 PG 
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per einem PD-BamA) festgestellt wurde. IDiese beobachtete Stöchiometrie der 

Bindung von PG an PD-BamA in Lipidmembranen weist auf eine Sortierfunktion der 

PD-BamA hin. Die bevorzugte Bindung von PG an PD-BamA, ungeachtet der 

Membranzusammensetzung, weist hin auf eine Formierung von Mikrodomänen zum 

einen, in denen PD-BamA das meiste des in der Membran enthalten PG akkumuliert, 

sowie von Mikrodomänen zum anderen, die hauptsächlich die zwitterionischen Lipide 

PC oder PE enthalten. Daher wird vermutet, dass die Bindung von PD-BamA zu einer 

Phasenseparation in gemischten Lipidschichten führt. 

PD-BamA bindet sich an OmpA mit einer Stöchiometrie von 1:1. PD-BamA  

bindet sich auch an BamD, dem essentiellen Lipoprotein des BAM-Komplexes, 

jedoch mit einer Stöchiometrie von zwei BamD zu einem PD-BamA. Komplexe von 

PD-BamA mit OmpA oder mit BamD zeigten Bindungsaffinitäten im nanomolaren 

Bereichen von jeweils 0.36 nM bzw. 0.34 nM. 

PD-BamA beschleunigte erheblich den Einbau und die Faltung von OmpA in 

Lipidmembranen. Die Kinetiken von PD-BamA vermittelten Faltungen von OmpA 

wurden gut durch zwei parallele Faltungsprozesse beschrieben: Durch einen schnellen 

und einen langsamen Faltungsprozess, die sich um 2-3 Größenordnungen in ihren 

Geschwindigkeitskonstanten unterschieden. Die Faltungsausbeuten von OmpA waren 

sowohl von der Lipidkonzentration als auch den Lipidkopfgruppen abhängig. Die 

Gegenwart von PD-BamA resultierte in erhöhten Faltungsausbeuten von OmpA in 

negativ geladenem DOPG, jedoch hatte PD-BamA keinen Effekt auf die 

Faltungsausbeuten von OmpA in Doppelschichten aus zwitterionischen aber neutralen 

Lipiden. Die Effizienz der Faltung und der Einbau von OmpA in 

Lipiddoppelschichten ist stark vom Verhältnis von PD-BamA zu OmpA abhängig und 

war optimal bei äquimolaren Konzentrationen beider Proteine. Die 

Aktivierungsenergie des schnelleren Faltungsprozesses von OmpA in geladene 

DOPC/DOPE/DOPG (5:3:2) Membranen wurde in Abwesenheit und in Gegenwart 

von PD-BamA jeweils auf 128 ± 14 kJ/mol and 110 ± 14 kJ/mol bestimmt. Diese 

ähnlichen Aktivierungsenergien können nicht die insgesamt schnelleren 

Geschwindigkeitskonstanten des Faltungsprozesses erklären, die in Gegenwart von 

PD-BamA beobachtet wurden. Stattdessen resultierten die schnelleren Konstanten aus 

einem erhöhten Anteil des schnelleren der zwei parallelen Faltungsprozesse, wenn 

PD-BamA an die Membranoberfläche gebunden war. Die kinetischen Daten lassen 

eine direkte Interaktion zwischen PD-BamA und ungefaltetem OmpA vermuten.  
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Um Komplexe von ungefaltetem OmpA und PD-BamA detaillierter zu 

untersuchen, wurde ortsgerichtete Spektroskopie eingesetzt, um Kontaktregionen von 

PD-BamA und OmpA zu erforschen. Ähnliche Kontaktregionen wurden auch für 

einen weiteren Proteinkomplex der zwischen PD-BamA und dem Lipoprotein BamD 

geformt wird untersucht. Mutanten von PD-BamA wurden exprimiert bzw. isoliert 

und strukturelle Experimente unter Einsatz von Fluoreszenz Resonanz Energie 

Transfer (FRET) durchgeführt. Eine Reihe von Einzeltryptophan- und 

Einzelcysteinmutanten von PD-BamA wurde präpariert. Während das Tryptophan 

selbst ein Fluorophor ist, ist das Cystein an seiner Sulfhydrylgruppe reaktiv und kann 

mit einer Fluoreszenzsonde markiert werden. Um eine Nachbarschaft zwischen 

verschiedenen Regionen der Reaktionspartner zu untersuchen, wurden die Donor-

Akzeptorpaare Tryptophan-IAEDANS und IAEDANS-5-IAF für eine Reihe 

verschiedener Punktmutanten von PD-BamA, OmpA und BamD herangezogen. Das 

Donor-Akzeptorpaar Tryptophan-IAEDANS wies keine Nähe zwischen PD-BamA 

Mutanten und Mutanten von OmpA oder BamD auf, da kein Energietransfer 

beobachtet werden konnte.  Der Förster Radius R0 dieses Donor-Akzeptorpaares (~22 

Å) war zu kurz, um die Entfernung r zu ermitteln, durch die die Donatoren und 

Akzeptoren in den Proteinkomplexen getrennt wurden. 

Im Gegensatz dazu zeigte das Donor-Akzeptorpaar IAEDANS-5-IAF mit einem 

Förster Radius von ~46-56 Å FRET für verschiedene Positionen der Donatoren und 

Akzeptoren in PD-BamA und OmpA. Die Distanzen, die zwischen den markierten 

Mutanten der POTRA Domäne 3 des PD-BamA und des OmpA gefunden wurden, 

lagen im Bereich von 65.4 Å bis hin zu 131.2 Å. Der geringste Abstand wurde für die 

Mutation L223C in PD-BamA beobachtet, welche sich an der Oberseite der POTRA 

Domäne 3 am Übergang zur POTRA Domäne 4 befindet. Die Entfernungen die 

mittels intermolekularer FRET Studien für die FRET Paare in Mutanten der POTRA 

Domäne 5 des PD-BamA und OmpA erhalten wurden, lagen im Bereich von 48.9 Å 

bis 106.0 Å. Die kürzesten Distanzen wurden für die Mutation N390C in PD-BamA 

beobachtet, die nahe des BamA β-Fasses, dicht bei den transmembranen β-Strängen 

β1 und β16 liegt. Die Abstände für FRET Donor-Akzeptorpaare aus POTRA Domäne 

5 des PD-BamA und BamD betrugen zwischen 73.4 Å und 162.9 Å. Der größte 

Energietransfer wurde für die Mutanten A363C-PD-BamA, mit einer Mutation auf 

der α-Helix α1 und Q230C-BamD, mit einer Mutation auf der C- terminalen α-Helix 

des TPR Segment 5, beobachtet. Diese Daten deuten darauf hin, dass die 



 ZUSAMMENFASSUNG	
_____________________________________________________________________  

 183 

Bindungsschnittstelle auf PD-BamA für OmpA möglicherweise zur äußeren 

Umgebung hin und weg von den vorherigen POTRA Domänen zeigt, und dass PD-

BamA sich aber mit seiner kurzen α-Helix α1 der POTRA Domäne 5 zum C-

terminalen Ende des BamD  hin orientiert. 

Veränderungen in den Fluoreszenzintensitäten infolge von Bindung von 

Einzeltryptophanmutanten des PD-BamA an Lipidmembranen (DOPC/DOPE/DOPG 

(5:3:2)) konnten beobachtet werden, was darauf hindeutet, dass die Gegenwart von 

Lipidmembranen Konformationsänderungen in der Struktur der PD-BamA 

verursacht. Stärkste Veränderungen in den Fluoreszenzintensitäten wurden für 

Mutationen in der Region der POTRA Domäne 5 gemessen, welche die beiden α-

Helices umfasst, was vermuten lässt, dass diese Region zur Membran hin ausgerichtet 

ist. 

PD-BamA bindet sein Substratprotein OmpA höchstwahrscheinlich über seine 

POTRA Domäne 5, es wirkt auf die Dynamik der Membran und beschleunigt somit 

die Faltung und den Einbau von OmpA in negativ geladene Membranen. Die 

Identifizierung einer Rolle der periplasmatischen Domäne von BamA im BAM 

Komplex trägt daher zum Verständnis der grundlegenden Prinzipien des Einbaus von 

β-Fass-Aussenmembranproteinen bei. 
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