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1. Introduction
Bacteria, singular bacterium, are a group of microscopic single-celled organisms that
live in enormous numbers in almost every environment on Earth. Bacteria lack a
membrane-bound nucleus and other internal structures and are therefore classified
among the unicellular life forms called prokaryotes. Some bacteria can cause
diseases in humans, animals, or plants, but most are harmless and are beneficial
ecological agents whose metabolic activities sustain higher life forms. Other bacteria
are symbionts of plants and invertebrates, where they carry out important functions
for the host, such as nitrogen fixation and cellulose degradation. Some bacteria are
widely used in the preparation of foods, chemicals, and antibiotics.

Although

classification based on genetic divergence highlights the evolutionary relationships
of bacteria, classification based on the morphological and biochemical features of
bacteria remains the most practical way to identify these organisms. The Gram stain,
developed in 1884 by Hans Christian Gram, characterizes bacteria based on the
structural characteristics of their cell walls (Gram HC 1884). The thick layers of
peptidoglycan in the "Gram-positive" cell wall stain purple, while the thin "Gramnegative" cell wall appears pink. By combining morphology and Gram-staining,
most bacteria can be classified as belonging to one of four groups: Gram-positive
cocci, Gram-positive bacilli, Gram-negative cocci and Gram-negative bacilli.
As compared to gram-positive bacteria, gram-negative bacteria are more resistant to
antibiotics, despite their thinner peptidoglycan layer. This is due to the presence of an
additional relatively impermeable lipid membrane known as a bacterial outer
membrane. The pathogenic capability of gram-negative bacteria is often associated
with certain components of their membrane, in particular, the lipopolysaccharide
layer (also known as the LPS or endotoxin layer). In humans, the presence of LPS
triggers an innate immune response, activating the immune system and producing
cytokines (hormonal regulators). The Gram-negative cell envelope has been studied
extensively and a large number of present day drugs are targeted at membrane
proteins.
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1.1 Cell envelope of Gram-negative bacteria
A Gram-negative bacterial cell such as of E. coli is sectioned into four
compartments: the cytoplasm, surrounded by the cytoplasmic or inner membrane
(IM), the periplasm and the outer membrane (OM). The two membranes constituting
the cell envelope of gram-negative bacteria have an entirely different structure and
composition (Figure 1.1) (Tortora et al. 2001). The outer membrane is an essential
organelle, which is composed of lipopolyssacharides (LPS), phospholipids,
lipoproteins and integral membrane proteins (Nikaido et al. 1985), whereas the IM is
a phospholipid bilayer. Additionally, these membranes differ with respect to the
structure of the integral membrane proteins. Whereas integral IM proteins typically
span the membrane in the form of hydrophobic α-helices, integral OM proteins
(OMPs) generally consist of antiparallel amphipathic β-strands that fold into
cylindrical β-barrels with a hydrophilic interior and hydrophobic residues pointing
outward to face the membrane lipids. Both membranes also contain lipoproteins,
which

are

anchored

to

the

membranes

via

an

N-terminal

N-acyl-

diacylglycerylcysteine, with the protein moiety usually facing the periplasm in the
case of Escherichia coli. In other gram-negative bacteria, however, the protein
moiety of OM lipoproteins may also extend into the extracellular medium.

Figure 1.1 The Gram-negative cell envelope. The Gram-negative cells envelope is
constituted of an outer membrane, a periplasmic space and a plasma membrane (Tortora et
al. 2001).
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The OM components are synthesized in the cytoplasm or at the inner leaflet of the
inner membrane. The periplasm is an aqueous compartment between the cytoplasmic
membrane and the outer membrane, which is densely packed with proteins and is
more viscous than the cytoplasm (Mullineax et al. 2006). The periplasm contains
many important solutes, such as monosaccharides, oligosaccharides, amino acids,
peptides, proteins, soluble biosynthetic precursors of the peptidoglycan and other
small molecules, and also degrading and detoxifying enzymes (Seltmann et al.
2002). Embedded in the periplasm is also a rigid peptidoglycan exoskeleton, which
plays role of supporting and sieving. The periplasm constitutes upto 40% of the total
cell volume in Gram-negative bacteria (Dijkstra and Keck. 1996). The periplasm is
involved in various biochemical functions including nutrient acquisition, synthesis of
peptidoglycan, electron transport, protein folding and alteration of substances toxic
to the cell. Some important proteins are distributed in this space, i.e. enzymes,
chaperones (Costerton et al. 1974; Koch 1998). The OM functions as a selective
barrier that protects the bacteria from harmful compounds, such as antibiotics, in the
environment. Unlike the IM, the OM is not energized by a proton gradient and ATP
is not available in the periplasm. In the absence of readily available energy sources,
nutrients usually pass the OM by passive diffusion via an abundant class of trimeric
OMPs called porins.

1.2 Membrane lipids
The central architectural feature of biological membranes is a double layer of lipids,
which acts as a barrier to the passage of polar molecules and ions. Lipids are a large
and diverse group of naturally occurring organic compounds and have a variety of
biological roles such as serving as fuel molecules, highly concentrated energy stores,
signal molecules, and components of membranes. Membrane lipids are amphipathic:
one end of the molecule is hydrophobic, the other hydrophilic. The hydrophobic
interactions of lipids with each other and the hydrophilic interactions with water
direct their packing into sheets called membrane bilayers. The thickness of
membranes is usually between 60 and 100 Å. The arrangements of lipids and various
proteins, acting as receptors and channel pores in the membrane, control the entry
and exit of other molecules and ions as part of the cell's metabolism. The two major
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classes of gram-negative bacterial membrane lipids are phospholipids and glycolipids
(Seltmann et al. 2002).
Phospholipids are abundant in all biological membranes. A phospholipid molecule is
constructed from four components: fatty acids, a platform to which the fatty acids are
attached, a phosphate, and an alcohol attached to the phosphate. The fatty acid
components provide a hydrophobic barrier, whereas the remainder of the molecule
has hydrophilic properties to enable interaction with the environment. The platform
on which phospholipids are built may be glycerol, a 3-carbon alcohol, or
sphingosine, a more complex alcohol. Phospholipids derived from glycerol are called
phosphoglycerides. A phosphoglyceride consists of a glycerol backbone to which
two fatty acid chains and a phosphorylated alcohol are attached. The common
alcohol moieties of phosphoglycerides are the amino acid serine, ethanolamine,
choline, glycerol, and the inositol. The structural formulas of phosphatidyl choline
and the other principal phosphoglycerides—namely, phosphatidyl ethanolamine,
phosphatidyl serine, phosphatidyl inositol, and diphosphatidylglycerol are shown in
the figure 1.2 (Stryer et al. 2002).

Figure1.2 Some common phosphoglycerides found in membrane (Stryer et al. 2002).
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Sphingomyelin is a phospholipid found in membranes that is not derived from
glycerol. Instead, the backbone in sphingomyelin is sphingosine, an amino alcohol
that contains a long, unsaturated hydrocarbon chain. In sphingomyelin, the amino
group of the sphingosine backbone is linked to a fatty acid by an amide bond. In
addition, the primary hydroxyl group of sphingosine is esterified to phosphoryl
choline.
Glycolipids, as their name implies, are sugar-containing lipids. Glycolipds are
typically composed of short, branched chains with less than 15 sugar units.
Glycoglycerolipids are the glycolipids containing one or more glycerol residue.
Glycoglycerolipids

are

classified

into

neutral

glycoglycerolipids

(e.g.,

monogalactosyl diacylglycerol (MGDG)) and acidic glycoglycerolipids (e.g.
Diacylglyceryl-α-D- glucuronide).
Lipids in bacteria perform various functions. For example, they serve as structural
elements, protective components, biologically active materials, and energy sources
(Seltmann et al. 2002). The lipid component of the inner (cytoplasmic) membrane is
exclusively composed of phospholipids, mainly phosphatidylethanolamine (70-80%),
phosphatidylglycerol and cardiolipin, equally distributed among the inner and outer
leaflet. In contrast, the outer membrane is highly asymmetric, with its inner leaflet
showing the same lipid composition as the cytoplasmic membrane and the outer
leaflet consisting of lipopolysaccharides (or lipooligosaccharides in the case of
Neisseriae).

1.2.1 Lipopolysaccharide
Lipopolysaccharide (LPS) is the major component of the outer membrane of Gramnegative bacteria. Lipopolysaccharide is localized in the outer layer of the membrane
and in non-capsulated strains, it is exposed on the cell surface. Intact bacterial
lipopolysaccharides are macromolecules of molecular mass 10‑20 kDa made up of
three structural components: a) A hydrophobic lipid section, lipid A, which is
responsible for the toxic properties of the molecule, b) A hydrophilic core
polysaccharide chain, and c) A repeating hydrophilic O-antigenic oligosaccharide
side chain that is specific to the bacterial serotype (Caroff et al. 2003) (Figure 1.3).
Within Gram-negative bacteria, the membrane lipopolysaccharides protect the
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bacterium against the action of bile salts and lipophilic antibiotics. More than 50
genes are involved in its synthesis and assembly at the cell surface. LPS, also known
as endotoxin, elicits a very potent immune response in the host. It also increases the
negative charge of the membrane and helps stabilize the overall membrane structure.
Several periplasmic proteins and LPS have been demonstrated to interact with OMPs
in the periplasm, and initial studies suggested that LPS is required for efficient

Figure 1.3 Schematic of a lipopolysaccharide. Lipopolysaccharides can be divided into three
parts; lipid A (endotoxin) – the part that attaches the LPS to the membrane, the O-antigen
that consists of 10–20 repeating glycan units and the core – a highly conserved
oligosaccharide that connects the two.

assembly of OMPs like monomeric OmpA (Freudl et al. 1986; Schweizer et al.
1978) and trimeric PhoE (de Cock et al. 1999; de Cock and Tommassen 1996) into
the OM. Genetic studies have shown that assembly of OMPs was affected in strains
with altered LPS variants (Nikaido and Vaara 1985; Schnaitman and Klen 1993),
with a decrease in rate of OMP synthesis as well (Ried et al. 1990). The
simultaneous presence of LPS and periplasmic chaperone Skp was shown to improve
insertion and folding of OmpA into phospholipid membranes (Bulieris et al. 2003).

1.3 Membrane proteins
In Gram-negative bacteria, proteins can be divided into different categories
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according to their subcellular location. These are cytosolic proteins, secreted
proteins, integral membrane proteins (found either in the inner or the outer
membrane), periplasmic proteins (soluble proteins in the periplasm, a peptidoglycanrich space between the inner and the outer membranes), peripheral membrane
proteins that are temporarily associated with lipid bilayer, and finally lipoproteins,
which are soluble lipid-anchored proteins associated with the inner or outer
membrane. Membrane proteins constitute about 30% of the entire protein content of
the cell, and are often very complex and function in many different ways. Over 50%
of all modern medicinal drugs are targeted at membrane proteins. TMPs can be
categorized into two major classes, based on the structure of their transmembrane
domains (TMDs), namely α-helical and β-barrel TMPs. α-helical TMPs are found in
most of the biological membranes, while the β-barrel TMPs are found in outer
membranes of gram-negative bacteria, lipid rich cell walls of a few gram-positive
bacteria and outer membranes of mitochondria and chloroplasts.

Figure 1.4 Ribbon diagram of transmembrane proteins. (A) α-helical Bacteriorhodopsin
from Halobacterium salinarum (B) Transmembrane domain of Outer membrane protein A
(OmpA) from E. coli.

The α-helical proteins are the most abundantly found class of proteins, which form
very hydrophobic and stable transmembrane domains. A prominent example is
bacteriorhodopsin (BR), a seven-α-helical membrane protein (Luecke et al. 1999;
Pebay-Peyroula et al. 1997) (Figure 1.4A). In α-helical bundle proteins, multiple
helices are aligned in the form of bundles and may contain polar residues at the
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interfaces between the helices that are not exposed to the lipid chains. Monomeric
and oligomeric α-helix bundle membrane proteins are known. The second class
comprises proteins forming transmembrane β-barrels (Figure 1.4B). All known
integral membrane proteins with transmembrane β-strands form barrel structures,
where in at least eight neighboring β-strands are connected by hydrogen bonds.
Common examples are OmpA, an 8-stranded β-barrel (Arora et al. 2001; Pautsch
and Schulz 2000), functions as an ion channel; OmpT, a protease that forms a 10stranded β-barrel (Vandeputte-Rutten et al. 2001); NalP, an autotransporter forming
a 12-stranded β-barrel (Oomen et al. 2004) and also the iron transporter FhuA which
forms a 22-stranded β-barrel (Ferguson et al. 1998; Locher et al. 1998).
Peripheral proteins do not traverse the lipid bilayer. They are attached to it, either
indirectly by interactions with an integral membrane protein or directly through noncovalent interactions with the polar head groups of the lipids in the membrane.
Bacterial lipoproteins possess a lipid modified cysteine residue at the N-terminus and
are anchored to the membranes because of their hydrophobic nature. The most
prominent example of a bacterial lipoprotein is LolB, which anchors to the outer
membrane and acts as a receptor of lipoproteins-LolA complexes and aids in
assembly of the lipoproteins into the membrane (Taniguchi et al. 2005).

1.4 Outer membrane proteins
The outer membranes of Gram-negative bacteria, mitochondria, and chloroplasts all
contain transmembrane β-barrel proteins known as OMPs. Typically, OMPs consist
of an even number of β-strands, ranging from 8 to 24 that are arranged in an
antiparallel fashion (Schulz 2002; Kleinschmidt 2005). The strands are tilted by 36°
to 44° relative to the barrel axis (Marsh et al. 2001; Schulz 2002). Depending on the
protein, OMPs may or may not have soluble domains extending away from the
transmembrane β-barrel domain. About 50% of the outer membrane mass consists of
protein, either in the form of integral membrane proteins or as lipoproteins that are
anchored to the membrane by means of N-terminally attached lipids. More than a
dozen different outer membrane lipoproteins have been identified in E. coli (Blattner
et al. 1997). A few integral membrane proteins, such as OmpA and the general
porins, are expressed at high levels.
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Figure 1.5 E. coli outer membrane proteins (OMPs) exhibit typical β-barrel structures (Kim
et al. 2012). 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.

While most OMPs share common β-barrel architecture, they are functionally very
diverse. Based on their function, OMPs can fall into one of the six categories:
a) Non-specific porins - allow passive diffusion of a variety of small hydrophilic
molecules (OmpC, OmpF, PhoE) (Nikaido et al. 1994).
b) Substrate specific channels - allow the transport of specific molecules, either
through passive diffusion (LamB, ScrY) or active transport (FhuA, FepA, FecA,
BtuB) (the latter which involves cooperation with the TonB complex at the inner
membrane) (Nikaido et al. 1994).
c) Translocons - involved in the export of proteins, drugs, and other molecules, with
examples including TolC as well as members of the two-partner secretion system
(Zgurskaya et al. 2011; Jacob-Dubuisson et al. 2001).
d) Autotransporters - OMPs that have a transporter domain embedded in the outer
membrane that secretes a passenger domain found on the same polypeptide; this
secreted protein is usually a virulence factor, and thus, autotransporters (NalP) are
commonly found in pathogenic strains of Gram-negative bacteria (Desvaux et al.
2004).
e) Enzymes - include proteases (OmpT) and phospholipases (OmplA) (Bishop et al.
2008).
f) Structural OMPs - contribute to the formation of the cell wall (OmpA), involved in
peptidoglycan formation, OMP assembly, as well as usher proteins that transport and
polymerize pili subunits required at the bacterium's exterior (Nikaido et al. 2003).
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Essentially, OMPs assist the outer membrane to fulfill its role as a protective
physical barrier that regulates the traffic of molecules across the lipid bilayer.
Furthermore, some OMPs play direct roles in virulence, extending the importance
of studying bacterial OMPs and their biogenesis to medical interest.

OmpA
The OmpA protein occurs at about 100 000 copies/cell, making it one of the major
outer membrane proteins of E. coli (Sonntag et al. 1978). It plays a structural role in
the integrity of the bacterial cell surface. It is composed of two domains: an Nterminal membrane-embedded domain of 170 amino acid residues, serving as a
membrane anchor; and a C-terminal 155-residue domain. OmpA is believed to
connect the outer membrane structurally to the periplasmic peptidoglycan layer via
its globular periplasmic domain, which consists of residues ~172-325 (Demot and
Vanderleyden 1994; Koebnik 1995). The two-dimensional folding model was first to
propose an antiparallel arrangement of transmembrane β-strands in OmpA (Figure
1.5) (Morona et al. 1985). The model correctly predicted the location of eight
antiparallel β-strands that are connected by three short periplasmic turns and four
relatively long surface exposed loops. The X-ray structure revealed the arrangement
of side-chains within the barrel (Pautsch and Schulz 1998) and was found to be in
perfect agreement with the two-dimensional folding model.
The basic function of OmpA appears to hold peptidoglycan and the outer membrane
together as a whole structure in E. coli (Koebnik 1995). Clearly some phages
(Morona et al. 1985) and colicin (Foulds et al. 1978) are able to use OmpA for
docking. OmpA also happens to interact with brain microvascular endothelial cells
(BMEC) that promotes E. coli invasion of BMEC (Prasadarao et al. 1996). Some
small molecules may pass the β-barrel of OmpA and cross the outer membrane
(Arora et al. 2000). Based on its relatively small size and monomeric character,
OmpA proved to be a well-suited model for the investigation of the folding of β structured membrane proteins in vivo as well as in vitro. In vitro folding studies
identified a kinetic folding intermediate that was characterized spectroscopically
(Surrey and Jähnig 1995; Kleinschmidt and Tamm 1996). From these studies, it was
concluded that the unfolded polypeptide chain adopts its β-structure only after
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contact with an amphiphilic entity, such as a lipid bilayer, and assembles into the
membrane only in the later steps.

1.5 Outer membrane protein biogenesis
Biogenesis of all prokaryotic proteins begins in the cytosol where they are first
synthesized, but all non-cytosolic proteins use at least one or more translocation
systems to reach their final destinations. Depending on the protein, the folding of
secreted proteins and assembly of membrane proteins can take place before, during,
or after the translocation process. Bacterial OMP biogenesis begins in the cytosol
where OMPs are synthesized with a cleavable N-terminal signal sequence that targets
them to the inner membrane (Osborn et al. 1974) (Figure 1.6). Once there, the OMPs
are translocated across the membrane via the Sec translocation system into the
periplasm. Removal of the N-terminal signal sequence by signal peptidase I (SPase I)
releases the OMPs from the inner membrane (Paetzel et al. 2002).

Figure 1.6 Schematic of Outer membrane protein biogenesis. Outer membrane proteins
(OMPs) are synthesized in the cytoplasm and translocated across the inner membrane (IM)
via Sec translocation machinery. The OMPs upon cleavage of the signal sequence are
transported by the periplasmic chaperones like Skp, SurA, FkpA, DegP, etc. to the Bam
machinery for assembly in the OM. The Bam complex consists of the integral membrane
protein BamA and four membrane-associated lipoproteins BamB, BamC, BamD and BamE.
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The released OMPs are then transported across the periplasmic space to the outer
membrane via either the SurA pathway or the Skp/DegP pathway (Sklar et al. 2007).
SurA, Skp, and DegP are periplasmic chaperones that keep the proteins in a protected
unfolded state to prevent misfolding and aggregation (Qu et al. 2007; Allen et al.
2009). Studies have shown that the two pathways function in parallel and that cells
are viable when either one of the pathways are missing. Once at the outer membrane,
protein folding and membrane insertion take place in concert to complete the OMP
maturation. In vitro studies show that OMPs are able to fold and insert themselves
spontaneously into synthetic phospholipid bilayer membranes without help from any
proteinaceous machinery (Tamm et al. 2001; Kleinschmidt et al. 2003; Burgess et al.
2008). This suggests that OMP folding does not require an external energy source
and that the information for folding is encoded in their amino acid sequence.
However, the folding occurs too slowly in vitro to be biologically relevant, and
hence, in vivo OMP folding and membrane insertion require proteinaceous
machinery known as the BAM complex to increase the kinetics of the whole process
(Tamm et al. 2001). Absence of the BAM complex results in misfolded OMPs
aggregating in the periplasm, eventually leading to cell death (Knowles et al. 2009).

1.6 BAM complex
The assembly of transmembrane β-barrel proteins into the outer membrane is a
fundamental process that is essential in Gram-negative bacteria as well as in
evolutionarily related mitochondria and chloroplasts (Voulhoux et al. 2003). Gene
deletion studies with Gram-negative bacteria indicated that the outer membrane
protein complex known as β-barrel assembly machinery (BAM), is required for the
assembly of outer membrane proteins (OMPs) in E. coli (Voulhoux 2003; Werner
and Misra 2005). In E. coli this complex is composed of a β-barrel OMP, BamA
(Omp85/YaeT) and four lipoproteins BamB (YfgL), BamC (NlpB), BamD (YfiO)
and BamE (SmpA) (Wu et al. 2005; Sklar et al. 2007) (Figure 1.6). All the members
of BamA family consist of an N-terminal periplasmic domain and a membrane
embedded C-terminal β-barrel domain (Voulhoux and Tommassen 2004). The
periplasmic domain of BamA contains a variable number of the so-called
polypeptide transport associated (POTRA) motifs. The number of POTRA domains

12	
  

ranges from one, in the case of mitochondrial Sam50, to five for bacterial BamA
proteins (Gentle et al. 2005). BamA acts a core component of the BAM complex and
interacts stably with the associated lipoproteins via its POTRA domains (Robert et
al. 2006; Kim et al. 2007). BamA and BamD are essential for cell viability, whereas
null mutants of BamB, BamC or BamE were shown to be viable, with outer
membrane (OM) permeability defects due to impaired OMP assembly (Wu et al.
2005; Malinverni et al. 2006; Sklar et al. 2007a). Since depletion of BamD causes
similar phenotypes as the depletion of BamA, it was shown that BamD plays a
critical role in BamA mediated OMP folding.

BamD
The structure of BamD lacking its membrane anchor has been solved recently and
was shown to be composed of ten α-helices that form five tetratricopeptide-repeat
(TPR) motifs (Sandoval et al. 2011; Albrecht, R et al. 2011; Dong, C et al. 2012)
(Figure 1.7). The arrangement of the BamD motifs is similar to that in the
periplasmic part of BamA (Dong, C et al. 2012). It is also the most highly conserved
among the BAM lipoproteins, implying that it serves a vital function for the BAM
complex.

Figure 1.7 The crystal structure of outer membrane lipoprotein, BamD (PDB entry 3Q5M).
The structure consists of ten α-helices that form five TPR motifs.

Mutagenesis data combined with pull-down assays show that BamD interacts with
BamA via the POTRA5 domain (the POTRA domain closest to the membrane), and
with other BAM lipoproteins, namely, BamC and BamE. The C-terminal region of
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BamD serves as a platform for interactions with other components of the BAM
complex. The N-terminal region shares structural similarity to other proteins, which
assist or regulate secretion. The first crystal structure of a complex formed by BamC
and BamD reports the interaction sites between BamC and BamD. The interactions
sites are formed by the direct contact of the N-terminal unstructured region of BamC
and all five TPR motifs of BamD (Kim, KH et al. 2011). The similarity between the
N-terminal regions of BamD with the structural homologues implies that the Nterminal region of BamD might also interact with various kinds of proteins as a
chaperone to assist folding and insertion of OMPs into the outer membrane
(Sandoval et al. 2011).

1.7 Periplasmic chaperones
The OM components are synthesized in the cytoplasm or at the inner leaflet of the
inner membrane. All of these OM components must be translocated across the inner
membrane and through the periplasm in order to reach to their final destination i.e.
outer membrane. The outer membrane proteins (OMPs) are protected by the
periplasmic chaperones during their transit through the periplasm. The periplasmic
chaperones function to prevent misfolding and aggregation of OMPs by keeping
them soluble in an unfolded state (Bulieris et al. 2003). Overproduction, misfolding
or accumulation of OMPs leads to their proteolysis and to the activation of extracytoplasmic stress response in the bacteria. The stress response triggers the
expression of periplasmic and outer membrane folding factors such as chaperones,
isomerases, and proteases. EσE RNA polymerase transcribes for example, a) the
genes encoding for the periplasmic proteins Skp, SurA, DegP and FkpA, which act
as a chaperone and affect the assembly of OMPs (Chen et al. 1996; Lazar et al. 1996;
Missiakas et al. 1996; Rouviere et al. 1996; Rizzitello et al. 2001), b) the genes
encoding

for

certain

outer

membrane

lipoproteins

such

as

Yfio/BamD

(Dartigalongue et al. 2001), c) the genes encoding for enzymes involved in the
biosynthesis of LPS (Rouviere et al. 1995; Dartigalongue et al. 2001) and d) the gene
encoding for the outer membrane protein Imp (Dartigalongue et al. 2001). Genetic
analysis indicated that SurA, Skp and DegP function in parallel pathways for OMP
assembly, with SurA functioning in one pathway and Skp/DegP functioning in the
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other. Mutants lacking either one of these pathways were viable but loss in both
pathways was shown to be lethal for the cells (Rizzitello et al. 2001).

1.7.1 Skp
The Seventeen-Kilo-Dalton protein, Skp (also known as OmpH), is a homotrimer
periplasmic chaperone of E. coli that was originally identified and purified as a
DNA-binding (histone-like) protein (Holck et al. 1987a). Skp was recognized as a
molecular chaperone involved in OMP biogenesis based on the fact that Skp
selectively binds to the unfolded OmpF, which was covalently linked to sepharose
beads (Chen and Henning 1996). Skp forms stable homotrimers in solution as
determined by gel-filtration and cross-linking experiments (Schlapschy et al. 2004).
The structure of the Skp trimer resembles a jellyfish with α-helical tentacles

B

Figure 1.8 Crystal structures of periplasmic chaperones. (A) Skp homotrimer (PDB entry
1SG2), (B) SurA (PDB entry 1M5Y), (C) FkpA forms V-shaped dimers (PDB entry 1Q6U)
and (D) DegP hexamer (PDB entry 1KY9).
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protruding about 60 Å from a β-barrel body and defining a large central cavity
(Körndorfer et al. 2004; Walton et al. 2004) (Figure 1.8A). The Skp monomer is
composed of two domains: a) the small association domain, which folds into two
short α-helices and four β-strands, b) the tentacle shaped α-helical domain, exhibiting
significant conformational flexibility. The association domain constitutes the limited
hydrophobic core of Skp and mediates its oligomerization into trimers. The loops
connecting the body to the tentacles define hinge points that afford tentacle domains
considerable flexibility. The flexibility of the tentacles was suggested to enable Skp
to accommodate OMPs of diverse sizes by tolerating large fluctuations in the cavity
volume (Walton et al. 2004).

1.7.2 SurA
The survival factor A, SurA was shown initially to be necessary for stationary phase
survival of E. coli cells (Tormo et al. 1990). The physiological defects of surA
mutants are indicative of outer membrane perturbations, which are more severe than
those of skp mutants (Lazar and Kolter 1996; Missiakas et al. 1996; Rouviere and
Gross 1996). These defects include hypersensitivity to bile salts, detergents and
hydrophobic antibiotics, and outer membrane protein compositions with reduced
levels of porins. In surA mutants, unfolded monomeric species accumulate in the
folding pathway of the maltoporin LamB (Rouviere and Gross 1996). Like skp
mutants, a combination of surA and degP null mutations exhibits a synthetic lethal
phenotype, suggesting redundant periplasmic chaperone activity for these proteins
(Rizzitello et al. 2001). The primary structure of SurA is made up of four separate
regions: an N-terminal region of approximately 150 residues, two PPIase domains
belonging to the parvulin family, and a short C-terminal extension (Figure 1.8B).
Although SurA exhibits low PPIase activity in vitro, PPIase domains are not required
for its function in vivo, whereas both the N- and C-terminal regions are essential for
chaperone activity. The SurA “core domain” was found to bind the tripeptide motif
aromatic-random-aromatic, (Ar-X-Ar) which is prevalent in the aromatic girdles of
β-barrel membrane proteins (Bitto and McKay 2003, 2004). Ar-X-Ar tripeptide
motifs (where X can be any amino acid residue) are found in high frequency in
OMPs, in particular in two aromatic girdles close to the polar-apolar interfaces of the
lipid bilayer.
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1.7.3 FkpA
The fkpA gene was originally identified in E. coli, based on sequence homology with
other known FK506-binding proteins (Horne and Young 1995). However, the first
evidence that FkpA plays a significant role as a periplasmic folding factor came from
genetic screening based on extracytoplasmic stress response. In E. coli strains
producing constitutively non-native envelope proteins, fkpA and surA were identified
as multicopy suppressors of the σE-dependent stress response (Missiakas et al. 1996).
The nature of inducing signals in these strains suggested that FkpA participates in
envelope protein folding. Figure 1.8C shows the crystal structure of FkpA. Like
SurA, FkpA exhibits chaperone activity in vitro (Bothmann et al. 2000) and in vivo
(Arie et al. 2001) that is independent of its PPIase activity. It is reportedly involved
in cell invasion and virulence in various Gram-negatives, although the relative
importance of FkpA in these processes has been disputed (Humphreys et al. 2003).
FkpA is also known to be essential for the toxicity of colicin M in a manner that does
require PPIase activity (Helbig et al. 2011), and while it has been implicated in
maturation of the autotransporter EspP (Ruiz-Perez et al. 2010), colicin M remains
the sole confirmed in vivo substrate of FkpA. Although periplasmic chaperone
activity for this PPIase has been demonstrated, there is currently no evidence that
FkpA is involved in OMP maturation in any direct way.

1.7.4 DegP
DegP displays both protease and general chaperone activity and these activities are
regulated in a temperature-dependent fashion (Lipinska et al. 1989; Spiess et al.
1999). Figure 1.8D shows the crystal structure of DegP. The protease activity of
DegP is well documented (Strauch et al. 1989). The chaperone activity of DegP was
first demonstrated in the study (Spiess et al. 1999), where DegP catalyzed the folding
of the periplasmic protein MalS both in vitro and in vivo. The protease-deficient
DegP was shown to be able to refold nonnative substrates such as citrate synthase,
further demonstrating a general chaperone activity for DegP.

1.8 Aim of the study
A major aim of this study is to examine the role of the outer membrane lipoprotein
(OLP) BamD of the BAM complex. To date, there have been only few studies
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reporting on the interaction of lipoproteins with lipid bilayers, membrane proteins and
how OLPs might modify lipid bilayer organization. In the BAM complex, BamD is a
core component for OMP assembly, as is BamA. Both proteins are essential for cell
viability and OMP biogenesis and even deletion of only the C-terminal part of BamD
decreases the density of the outer membrane, disturbs the assembly of OMPs and
elevates the expression level of the protease DegP. Therefore, BamD plays a critical
role in the BamA-mediated OMP folding pathway.
The translocation of OMPs across the periplasm in unfolded state is assisted by
periplasmic molecular chaperones. The efficient transport of OM-specific proteins
across the cell envelope and insertion into the OM portrays a bigger challenge in the
biogenesis of an OMP. In this study, we have tried to understand the mechanistic
principles underlying the functioning of the periplasmic chaperone Skp and the role
of outer membrane lipoprotein BamD in OMP assembly.
The main objectives of this study include:
o To express and isolate a new Skp trimer construct protein, Scp from E. coli.
o To examine, if Scp interacts with OmpA and with BamD.
o To examine the topology of Scp·OmpA complexes and conformational
changes within Scp on substrate binding.
o To identify binding regions in Scp for client membrane proteins.
o To establish protocol for isolation of BamD from membrane fractions in pure
form and in high yields.
o To characterize the biochemical and biophysical properties of BamD and to
examine its protein-lipid interactions with different lipid species.
o To determine the stoichiometries of lipid-BamD interactions
o To examine the BamD binding with the relevant partner proteins from the
periplasm and the outer membrane.
o To investigate the function of BamD and examine its role in membrane
insertion and folding of OMPs.
o To examine the sites of interaction between BamD and Scp and between
BamD and other OMPs.
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, on
which, these techniques work, are described in the following section.
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1.9 Methods
1.9.1 Site-directed mutagenesis
Site-directed mutagenesis (SDM) is a method to create specific, targeted changes in a
double stranded plasmid DNA. DNA alterations (insertions, deletions and
substitutions) can be done - 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) that have a desired property, to introduce or remove restriction
endonuclease sites or tags, to characterize the dynamic, complex relationships
between protein structure and function, for studying gene expression elements, and
for carrying out vector modifications.
It has become a basic tool of gene manipulation, for it simplifies DNA manipulations
that in the past required a great deal of ingenuity and hard work, e.g. the creation or
elimination of cleavage sites for restriction endonucleases. The importance of sitedirected mutagenesis goes beyond gene structure–function relationships for the
technique enables mutant proteins with novel properties of value to be created
(protein engineering). Such mutant proteins may have only minor changes but it is
not uncommon for entire domains to be deleted or new domains added.
Synthetic oligonucleotides are required to specifically alter genes through sitedirected mutagenesis. An oligonucleotide whose sequence is identical to a portion of
the gene of interest except for the desired base changes is used as a primer for DNA
polymerase I replication of the gene. The primer hybridizes to the corresponding
wild-type (naturally occurring) sequence if there are only a few mismatched base
pairs. Extension of the primer by DNA polymerase I, yields the desired altered gene.
The altered gene can then be inserted into an appropriate vector. A mutagenized
primer can also be used to generate altered genes by PCR.

Figure 1.9 Site-directed mutagenesis by means of the PCR.
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We have performed Site-directed mutagenesis using the Quick-change XL
mutagenesis kit. The mutagenesis PCR reaction was done in a thermo cycler with
two complementary oligonucleotides/primers containing the desired mutation
flanked by unmodified nucleotide sequence (Figure 1.9). The PCR product was
treated with Dpn I endonuclease for the digestion of parental methylated and
hemimethylated DNA templates. The nicked vector DNA containing the desired
mutations is then transformed into XL10-Gold ultra competent cells. Plasmid from
the transformed clone was confirmed for the mutation insertion by nucleotide
sequencing.

1.9.2 Fluorescence spectroscopy
The emission of light from an electronically excited substance is known as
luminescence. When an atom or molecule absorbs light (UV/VIS), the energy of
photon absorbed lifts the electron to an excited state. Luminescence can be divided
into two categories depending on the nature of the excited state: Fluorescence and
phosphorescence. Fluorescence is the emission of light from singlet-excited states, in
which the electron in the excited orbital has the opposite spin to the ground state
electron. The electrons might return to the ground state in a step-wise manner
through intermediate energy levels, emitting part of the energy by exciting
vibrational states. This loss of energy produces a fluorescence spectrum in a longer
wavelength region. The average time a molecule spends in the excited state before
emitting the photon is called fluorescence lifetime, which is typically around 10 ns.
Phosphorescence is the emission of light from triplet-excited states, in which the
electron in the excited orbital has the same spin as the ground state electron.
Transitions to the ground state are forbidden and the emission rates are slow, which
are typically in milliseconds to seconds. The processes that occur between the
absorption and emission of light are usually illustrated by the Jablonski’s diagram
(Figure 1.10). Following light absorption, the fluorophore is excited to some higher
vibrational singlet electronic state (S1 or S2) from the singlet ground state (S0). At
each of these electronic energy levels the fluorophores can exist in a number of
vibrational energy levels, depicted by 0, 1, 2, etc. Collisions of the excited molecule
with surrounding molecules allow the excited state to lose its vibrational energy and
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sequentially step down the ladder of vibrational levels. The energy that the excited
molecule needs to lose to return to the electronic ground state is usually too large for
the surrounding molecules to accept, but if this energy is lost in a radiative transition,
a fluorescence spectrum is produced upon relaxation of the molecule to the electronic
ground state. The observed fluorescence spectrum is shifted towards longer
wavelength corresponding to smaller frequencies and therefore to smaller energy.

Figure 1.10 A Jablonski diagram illustrating phenomenon of fluorescence and
phosphorescence.

Fluorescence spectroscopy is essentially a probe technique sensing changes in the
local environment of the fluorophore.	
   Some of the applications of fluorescence
spectroscopy are the study of protein structure and dynamics, protein-protein, proteinligand and protein drug interactions, and protein folding and stability. The wavelength
of tryptophan fluorescence can be used to determine whether a tryptophan is in an
aqueous environment (longer wavelength) or buried deep within the protein (shorter
wavelength).

Fluorescence quenching
Fluorescence quenching refers to any process that decreases the fluorescence
intensity of a sample. The loss in fluorescence intensity occurs when a fluorescent
molecule or group interacts with another molecule or group, called as quencher. The
absorption process remains unaffected but the energy of the excited state is
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dissipated to the quencher molecules. A variety of molecular interactions can result
in quenching. These include excited state reactions, molecular rearrangements,
energy transfer, ground-state complex formation, and collisional quenching.
Collisional quenching occurs when the excited-state fluorophore is deactivated upon
contact with some other molecule in solution. A wide variety of substances can act as
collisional quenchers. Examples include cysteine, O2, halogens, amines and electron
deficient molecules like acrylamide. Quenching also forms the basis for Förster
resonance energy transfer (FRET) assays. For collisional quenching the decrease in
intensity is given by the Stern-Volmer equation:
F0/F = 1 + Ksv [Q]

(Eq. 1.1)

Where F0 is the fluorescence intensity in the absence of the quencher; F is the
fluorescence intensity in the presence of the quencher; [Q] is the quencher
concentration and Ksv is the Stern-Volmer constant. The Stern-Volmer quenching
constant indicates the sensitivity of the fluorophore to a quencher.

Fluorescence resonance energy transfer
Fluorescence resonance energy transfer or Förster resonance energy transfer (FRET)
is a physical phenomenon describing the energy transfer and distance between two
chromophores, called a donor-acceptor pair. FRET relies on the distance-dependent
transfer of energy from a donor molecule to an acceptor molecule through a nonradiative process. Due to its sensitivity to distance, FRET has been used to
investigate molecular interactions and to measure the dynamic activities of biological
molecules within nanoscale. The donor molecule is the dye or chromophore that
initially absorbs the energy and the acceptor is the chromophore to which the energy
is subsequently transferred. This resonance interaction occurs over greater than
interatomic distances, without conversion to thermal energy, and without any
molecular collision. The transfer of energy leads to a reduction in the donor’s
fluorescence intensity and excited state lifetime, and an increase in the acceptor’s
emission intensity. Primary Conditions for FRET to occur includes:
•

Donor and acceptor molecules must be in close proximity (typically 10–100 Å).

• The absorption spectrum of the acceptor must overlap the fluorescence emission
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spectrum of the donor (Figure 1.11)
•

Donor and acceptor transition dipole orientations must be approximately parallel.

The wide spread use of FRET is due to the favorable distances for energy transfer,
which are typically the size of a protein or the thickness of a membrane. The
efficiency of FRET is dependent on the inverse sixth power of the intermolecular
separation, making it useful over distances comparable to the dimensions of
biological macromolecules.

Figure 1.11 Schematic representation of the FRET spectral overlap integral (Jλ).

According to Förster’s theory on energy transfer, the FRET efficiency is related to
the inverse sixth power of distance (r) between the donor (D) and an acceptor (A) by
the equation (Lakowicz 2006):
r = R0 (1/E-1)1/6 or E = R06/ R06 + r6

(Eq. 1.2)

Where R0 is the Förster distance at which the transfer efficiency is 50%. Also the
efficiency of energy transfer (E) is 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. 1.3)

Where FDA and FD are the fluorescence intensity of the donor in the presence and in
the absence of the acceptor.
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One common application is simply to measure the distance between two positions of
interest on a macromolecule, by attaching appropriate donor-acceptor groups. If the
macromolecule only involves one donor and one acceptor group, the distance
between the donor and the acceptor can be easily measured if there is no
conformational change within this process. Besides, if the molecule has a huge
conformational change, one may also measure the dynamical activities between two
sites on this macromolecule such as protein interactions. Today, this technique is
widely applied in many fields such as single-molecule experiments (Majumdar DS et
al. 2007), molecular imaging (Jares-Erijman et al. 2003), molecular motors
(Verbrugge et al. 2009), biosensors (Miyawaki et al. 1997) and DNA mechanical
movements (Khrapunov et al. 2006). FRET is also called the "Spectroscopic Ruler"
because of its intrinsic convenience (Stryer L et al. 1967). Thus, FRET is an
important technique for investigating a variety of biological phenomena that produce
changes in molecular proximity. In this study the FRET experiments are performed
using donor Tryptophan - acceptor IAEDANS pair.
Tryptophan is an important intrinsic fluorescent probe (amino acid), which can be
used to estimate the nature of its microenvironment. Typically, tryptophan has a
maximum absorption at wavelength of 280 nm and an emission peak that is
solvatochromic, ranging from 300 to 350 nm depending in the polarity of the local
environment. With fluorescence excitation at 295 nm, the tryptophan emission
spectrum is dominant over the weaker tyrosine and phenylalanine fluorescence.
Hence, protein fluorescence may be used as a diagnostic of the conformational state
of a protein.
IAEDANS stands for 5-({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-1-sulfonic
acid. It is an organic fluorophore (fluorescent molecule) widely used as a marker in
fluorescence spectroscopy. 1,5-IAEDANS has a peak excitation wavelength of
336 nm and a peak emission wavelength of 490 nm. The extinction coefficient of the
dye is 5700. It is soluble in dimethylformamide (DMF), dimethyl sulfoxide (DMSO)
or buffer above pH 6 and reacts primarily with thiols. The absorption spectrum of
IAEDANS overlaps well with the emission spectrum of tryptophan, making it useful
as an acceptor in FRET experiments. It can also be used as a resonance energy donor
to fluorophores such as fluorescein, Alexa Fluor 488, Oregon Green, and BODIPY
FL.
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Figure 1.12 Molecular structure of (A) L-tryptophan, and (B) IAEDANS.

1.9.3 Circular dichroism spectroscopy
Circular dichroism spectroscopy is a widely used technique to analyze the secondary
structure of protein in solution. Circular dichroism (CD) is a valuable structural
technique, which plays a very important role in complementing the higher resolution
structural approaches of X-ray crystallography and NMR. Circular dichroism relies on
the differential absorption of left and right circularly polarized radiation by
chromophores, which either possess intrinsic chirality or are placed in chiral
environments. Proteins possess a number of chromophores, which can give rise to CD
signals. In the far UV region (180-250 nm), which corresponds to peptide bond
absorption, the CD spectrum can be analyzed to give the content of regular secondary
structural features such as α-helix and β-sheet. In the near UV region (260-350 nm)
the CD spectrum reflects the environments of the aromatic amino acid side chains and
thus provides information about the tertiary structure of the protein.
When circularly polarized light passes through an optically active medium, the speed
of the two circularly polarized components (CL and CR) are different as well as their
wavelength (λL and λR) and the extent to which they are absorbed i.e. the absorption
coefficients (εL and εR) are different. CD spectroscopy is a method to measure the
difference in absorption of right and left circularly polarized light (Δε = εL – εR). Since
the absorptions of the left circularly polarized light and the right circularly polarized
light are different, elliptically polarized light emerges from the sample. CD
spectroscopy measures the ellipticity (Θ), which is determined from the difference of
the absorption coefficients:
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Θ λ = const ⋅ (εL −εR) ⋅ c ⋅ d

(degrees)

where, d is the thickness of the cuvette, λ is the wavelength of the incident light and c
is the concentration of the sample. Const is given by
const = 180/4π ln(10) ≈ 33

The molar ellipticity (circular dichroism corrected for concentration) is then given by
[θ]λ = Mr Θλ / 100⋅d⋅ c

(deg⋅cm2 dmol-1)

where, Mr is the molar mass in g·mol–1. To calculate molar ellipticity, the sample
concentration (g/L), cell pathlength (cm), and the molecular weight (g/mol) must be
known. If the molar extinction coefficients of the left and right circularly polarized
light are known, the molar ellipticity and the molar circular dichroism can be readily
interconverted by the equation:
[θ] λ = 3300⋅ Δε

The dependence of the ellipticity on the wavelength of the incident light defines the
CD spectrum. The CD spectrum has the form of an absorption band and a positive
and a negative circular dichroism is observed as a function of the wavelength,
depending which of the two circularly polarized components is absorbed stronger.
Because of its relatively modest resource demands, CD has been used extensively to
give useful information about protein structure, the extent and rate of structural
changes and ligand binding. In the protein design field, CD is used to assess the
structure and stability of the designed protein fragments. The measurements can be
conducted with ease and speed and it requires small quantities and low
concentrations of protein samples.
We have used CD spectroscopy: a) to determine whether our protein of interest is
folded and if so then to characterize its secondary structure composition, b) to
compare the structures of different mutants of the same protein with the wild-type
protein, c) to study the conformational stability of a protein under stress (pH
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stability) and to find excellent solvent and folding conditions. Secondary structure of
protein can be determined by CD spectroscopy in the "far-UV" spectral region
(~150-250 nm). At these wavelengths, the α-helix, β-sheet, and random coil
structures each give rise to a characteristic shape and magnitude of CD spectrum
(Figure 1.12). Like all spectroscopic techniques, the CD signal actually reflects an
average of the entire molecular population. Thus, while CD can determine that a
protein contains about 50% α-helix, it cannot determine which specific residues are
involved in the α-helical portion. The utility of CD spectroscopy as a quantitative
method has been based on empirical analysis methods that use a wide variety of
computational algorithms with reference databases composed of spectra of proteins
of known (crystallographic) structures.

Figure 1.13 Far UV CD spectra associated with various types of secondary structure.

Widely used algorithms include CDSSTR, CONTIN, SELCON, VARSLC and K2d.
An online server DICHROWEB (Whitmore and Wallace 2004) allows data to be
entered in a number of formats including those from the major CD instrument
manufacturers and to be analyzed by the various algorithms with a choice of
databases. The DICHROWEB server also provides an easily interpretable graphical
comparison of the experimental and calculated data ensuring much accuracy in the
data obtained.
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1.9.4

Kinetics

of

tertiary

structure

formation

by

electrophoresis (KTSE)
SDS-polyacrylamide gel electrophoresis is a useful tool to monitor the insertion and
folding of OMPs into detergents and lipid bilayers. Native and denatured forms of
many monomeric OMPs migrate at two different apparent molecular weights in
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according
to Laemmli (1970), if the samples are not boiled, i.e. denatured, prior to
electrophoresis (cold SDS-PAGE). Folded monomers, dimers, and trimers can also
be observed depending if the folded protein is a trimer (de Cock et al. 1996; Surrey
et al. 1996). Natively folded monomers of OMPs migrate differently than unfolded
OMPs, which is a consequence of the stability and more compact structure of the
native β-barrels. Folded OmpA migrates at 30 kDa and unfolded OmpA migrates at
35 kDa (Schweizer et al. 1978). This difference in migration of folded and unfolded
forms is common for OMPs and has been reported for OmpG (Conlan and Bayley
2003), FomA (Puntervoll et al. 2002), PagP (Huysmans et al. 2007) and others. The
different migration of the folded form of an OMP, monitored by electrophoresis, can
also be used to determine the kinetics of membrane protein folding as shown for the
OmpA (Kleinschmidt and Tamm 1996, 2002; Surrey and Jähnig 1995), OmpG
(Conlan and Bayley 2003) and FomA (Pocanschi et al. 2006), and also for the trimer
OmpF (Surrey et al. 1996). Hence, the method was named as kinetics of tertiary
structure formation by electrophoresis (KTSE). In this in vitro assay folding of ureaunfolded OmpA is initiated by strong dilution of the denaturant urea, upon addition
of preformed lipid bilayers or detergent micelles. SDS is then added to small
volumes of the reaction mixture that are taken out at defined times after initiation of
folding. In these samples, SDS binds quickly to both, folded and unfolded OmpA
and stops further OMP folding (Kleinschmidt and Tamm 1996, 2002). SDS is not
able to unfold already folded OMPs at room temperature. Finally, the fraction of
folded OmpA in all samples taken at the different times was determined by cold
SDS-PAGE (i.e. without heat-denaturing the samples) and densitometric analysis of
the bands of folded and unfolded OmpA, thus monitoring the kinetics of tertiary
structure formation.
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2. Construction of a synthetic chaperone
protein, Scp – a functional single polypeptide
derivative of Skp containing all three monomer
subunits
	
  
	
  
	
  

2.1 Abstract
In Gram-negative bacteria, outer membrane proteins (OMPs) are synthesized in the
cytoplasm. The translocation of OMPs across the periplasm in unfolded state is
assisted by periplasmic molecular chaperones. The Seventeen-Kilo-Dalton protein,
Skp, is a homotrimeric periplasmic chaperone known to facilitate folding and
insertion of various OMPs into the membrane. To gain a better insight into the
mechanism, by which Skp binds to its client proteins in the periplasm and to identify
binding regions in the trimeric chaperone molecule, we have designed a new gene
construct, expressing a single polypeptide fusion protein of the trimeric Skp in the
cytoplasm of E. coli. In this construct, three skp monomers are linked together with
two short and flexible linker sequences. The synthetic gene construct of three fused
skp genes is designated as scp and encodes for a monomeric fusion protein that is
comprised of three Skp monomers and two linker peptides, which covalently connect
the monomers. This fusion protein is expressed in the E. coli cytoplasm. To
distinguish it from the trimeric wild-type Skp, we designated the scp encoded protein
as ‘Synthetic chaperone protein’, Scp. Circular dichroism spectroscopy was used to
compare the structure of Scp to the wild-type Skp. The function of Scp was
confirmed by comparison to wild-type Skp in membrane protein folding experiments
with OmpA. A binding experiment performed using fluorescence spectroscopy,
confirmed 1:1 stoichiometry for Scp-OmpA complex formation, in agreement with
the previous findings for Skp-OmpA complex.
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2.2 Introduction
A Gram-negative bacterial cell such as E. coli is sectioned into four compartments:
the cytoplasm, surrounded by the cytoplasmic or inner membrane (IM), the
periplasm and the outer membrane (OM). The outer membrane is an essential
organelle of Gram-negative bacteria, which is composed of lipopolyssacharides
(LPS), phospholipids, lipoproteins and integral membrane proteins (Nikaido et al.
1985). The OM components are synthesized in the cytoplasm or at the inner leaflet of
the inner membrane. All of these OM components must be translocated across the
inner membrane and through the periplasm in order to reach to their final destination
i.e. outer membrane. The periplasm is an aqueous compartment, which is densely
packed with proteins and is more viscous than the cytoplasm (Mullineax et al. 2006).
Embedded in the periplasm is also a rigid peptidoglycan exoskeleton. The periplasm
constitutes up to 40 % of the total cell volume in Gram-negative bacteria (Dijkstra
and Keck 1996). All the proteins destined for the periplasm or for the outer
membrane are synthesized in the cytoplasm in the precursor form. The signal
sequence at the N-terminus of these precursor proteins targets them for translocation
across the inner membrane barrier via the SecYEG translocon (Driessen and Nouwen
2008). After their translocation, the signal sequence is cleaved off at the outer leaflet
of the IM by a signal peptidase, SPase (Tuteja 2005). The outer membrane proteins
(OMPs) are protected by the periplasmic chaperones during their transit through the
periplasm. The periplasmic chaperones function to prevent misfolding and
aggregation of OMPs by keeping them soluble in an unfolded state (Bulieris et al.
2003). Overproduction, misfolding or accumulation of OMPs leads to their
proteolysis and to the activation of extra-cytoplasmic stress response in the bacteria.
The stress response triggers the expression of periplasmic and outer membrane
folding factors such as chaperones, isomerases, and proteases. EσE RNA polymerase
transcribes for example, a) the genes encoding for the periplasmic proteins Skp,
SurA, DegP and FkpA, which act as a chaperone and affect the assembly of OMPs
(Chen et al. 1996; Lazar et al. 1996; Missiakas et al. 1996; Rouviere et al. 1996;
Rizzitello et al. 2001), b) the genes encoding for certain outer membrane lipoproteins
such as Yfio/BamD (Dartigalongue et al. 2001), c) the genes encoding for enzymes
involved in the biosynthesis of LPS (Rouviere et al. 1995; Dartigalongue et al. 2001)
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and d) the gene encoding for the outer membrane protein Imp (Dartigalongue et al.
2001). Genetic analysis indicated that SurA, Skp and DegP function in parallel
pathways for OMP assembly, with SurA functioning in one pathway and Skp/DegP
functioning in the other. Mutants lacking either one of these pathways were viable,
but the loss of both pathways was shown to be lethal for the cells (Rizzitello et al.
2001).
The Seventeen-Kilo-Dalton protein, Skp (also known as OmpH), is a homotrimeric
periplasmic chaperone of E. coli that was originally identified and purified as a
DNA-binding (histone-like) protein (Holck et al. 1987a). Skp was recognized as a
molecular chaperone involved in OMP biogenesis based on the fact that Skp binds to
unfolded OmpF, which is covalently linked to sepharose beads and because the
deletion of its gene led to reduced concentrations of OMPs in E. coli (Chen and
Henning 1996). Skp also facilitated OmpA folding into lipid membranes in the
presence of lipopolysaccharide (LPS) and bound OmpA at 3:1 stoichiometry
(Bulieris et al. 2003). It forms stable homotrimers in solution as determined by gelfiltration and cross-linking experiments (Schlapschy et al. 2004). The structure of the
Skp trimer resembles a jellyfish with α-helical tentacles protruding about 60 Å from
a β-barrel body and defining a large central cavity (Körndorfer et al. 2004; Walton et
al. 2004). The Skp monomer is composed of two domains: a) the small association
domain, which folds into two short α-helices and four β-strands, b) the tentacle
shaped α-helical domain, exhibiting significant conformational flexibility. The
association domain constitutes the limited hydrophobic core of Skp and mediates its
oligomerization into trimers. The loops connecting the body to the tentacles define
hinge points that afford tentacle domains considerable flexibility. The flexibility of
the tentacles was suggested to enable Skp to accommodate OMPs of diverse sizes by
tolerating large fluctuations in the cavity volume (Walton et al. 2004). Also, Skp was
shown to form 1:1 complexes with OMPs ranging in size from 19-89 kDa and
possessing 8-16 β-strands (Qu et al. 2007). Skp was shown to increase the folding
rates of OmpA in vitro and to improve the yield of OmpA insertion into the
phospholipid membranes when negatively charged lipids are present (Bulieris et al.
2003; Patel et al. 2009). The interactions of OmpA with Skp and LPS at the level of
individual amino acid residues within OmpA were identified by fluorescence
spectroscopy (Qu et al. 2009).
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Here we describe the construction of a new gene construct, scp, which encodes a
fusion protein of the trimeric Skp, in which the three monomers are linked together
by two short linker sequences to form a single polypeptide chain that is expressed in
the cytoplasm of E. coli. We have examined the secondary structure of Scp and
analyzed its similarity to the homotrimeric Skp. The function of Scp was investigated
by checking the effect of Scp on the folding of OmpA into lipid membranes and by
determination of the stoichiometry of the Scp-OmpA complex.

2.3 Materials and Methods
The scp gene construct
Skp is expressed as a monomeric polypeptide in the cytoplasm of E. coli. After
translocation through the inner membrane, Skp trimerizes in the periplasm to form a
biologically active Skp chaperone molecule. (Schlapschy et al. 2004; Walton TA et
al. 2004; Korndörfer et al. 2004). In order to obtain a form of Skp that can be
selectively spectroscopically labeled in only one monomer of the homotrimer, we
designed a new gene that encodes for a single polypeptide chain containing three Skp
sequences without signal sequence that are connected by two short linker sequences.
This gene was cloned into pET15b for the expression of the gene product into the
cytosol of E. coli. Three oligonucleotide chains, which encode for monomeric Skp
protein, were linked together by using two short (15 nucleotide each) and flexible
linker sequences. This synthetic gene construct was designated as scp, as it encodes
for synthetic chaperone protein, Scp, in the E. coli cytoplasm. The scp gene was
constructed by gene synthesis (Trenzyme, GmbH, Konstanz, Germany). To facilitate
site-directed mutagenesis for a later spectroscopic labeling of the Scp protein at a
single site, the redundancy of the genetic code was exploited. The nucleotide
sequences of each of the skp genes in the scp contruct were uniquely altered, while
preserving the amino acid sequence of Skp in each of the monomers. For the
complete nucleotide sequence of scp, see Appendix A.
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Expression and purification of Scp
The scp gene was cloned into the pET15b expression vector and the resultant
plasmid was transformed into E. coli BL21 (DE3-RIL) cells using the calcium
chloride treatment method (Maniatis 1982).

Culture growth: 100 mL of LB medium (containing 100 µg/ml ampicillin) were
inoculated with E. coli BL21-pET15b-Scp from a glycerol stock. The cells were
grown overnight at 37 °C while shaking at 210 rpm. 4 L of LB medium (with
ampicillin) were then inoculated with the overnight culture and grown at 37 °C until
the cells reached the mid-log growth phase at an OD600 ~ 0.5-0.7. Protein expression
was then induced by the addition of IPTG to a final concentration of 1 mM in the
medium. After 4 h of induction, cells were harvested by centrifugation at 5000 rpm
for 30 min at 4 °C. The cell pellet was washed by resuspending it in lysis buffer (50
mM NaH2PO4, 300 mM NaCl, 1 mM EDTA, 5 % glycerol, 5 mM imidazole and 0.2
% β-ME, pH 8.0) and by centrifuging the suspension again at 5000 rpm for 10 min at
4 °C. The cell pellet was then stored at –20 °C until protein extraction.
Protein extraction: The frozen cell pellet obtained from 4 L expression culture was
resuspended in 50 mL of lysis buffer containing a tablet of a protease inhibitor
cocktail (Roche Diagnostics, GmbH, Mannheim, Germany). Lysozyme (25 µg/mL)
was added to the cell suspension, which was then incubated in an ice bath for 30 min
under stirring. Cells were disrupted in a French pressure cell (Thermo Electron
Corporation, Massachusetts). The cell lysate was centrifuged at 14000 g for 30 min
at 4 °C to pellet the cellular debris and to collect the supernatant for protein
purification.
Protein purification: Scp was purified via affinity chromatography using a Ni-NTA
column (GE Healthcare Europe GmbH, Freiburg). The column was first equilibrated
with ~ 3 column volumes (CV) of lysis buffer, followed by equilibration with ~3 CV
of buffer A (50 mM NaH2PO4, 100 mM NaCl, 1 mM EDTA, 5 % glycerol, 5 mM
imidazole and 0.2 % β-ME, pH 8.0). The supernatant of the last step of the protein
extraction was then loaded onto the column. Scp was eluted during a linear gradient
from 0.01 to 0.5 M imidazole in buffer A. The elution fractions containing Scp were
pooled, concentrated and dialyzed in Tris buffer (10 mM, 2 mM EDTA, 50 mM
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NaCl, 5 % glycerol and 0.2 % β-ME, pH 8.0). The Scp concentration was determined
using the method of Lowry with BSA as a standard (Lowry et al. 1951).

Purification of Skp and LPS
The Skp protein was purified as described previously (Bulieris et al. 2003) from the
periplasmic fraction of E. coli CAG16037 (Mecsas et al. 1993).
E. coli rough mutant F576 was cultivated as described previously (Vinogradov et al.
1999), and its LPS (R2 core type, M ≈ 3900 g/mol) was isolated as reported (MüllerLoennies et al. 1994).

Purification of OmpA (wild-type)
Wild-type OmpA was purified from E. coli as described previously (Surrey et al.
1992).

CD spectroscopy
CD spectra of wild-type Skp and Scp were recorded on a Jasco J-815 CD
spectrophotometer. 10 µM Scp and 34 µM Skp were diluted in 120 µL of Tris buffer
(10 mM with 1 mM EDTA, pH 8.0) for spectra accumulation. All CD spectra were
collected at room temperature using a quartz cuvette with a path length of 0.5 mm.
Measurements were taken over the wavelength range of 190 to 260 nm with an
acquisition time of 50 nm/min and a bandwidth of 1 nm. The spectra of six
successive scans were averaged and the corresponding background spectra of
samples without protein were subtracted. The concentration of each measured sample
was determined (Lowry et al. 1951) for normalization of the spectra. The recorded
CD spectra were normalized to obtain the mean residue molar ellipticity, [θ] (λ)
(Greenfield and Fasman 1969) (λ), given by:
[θ] (λ) = 100 θ (λ) / (c · n · l),

(Eq. 2.1)

where, θ (λ) is the recorded ellipticity in degrees at wavelength λ, c is the
concentration in mol/L, l is the path length of the cuvette in cm and n is the number
of amino acid residues of Skp or Scp. The composition of the secondary structure of
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proteins was determined from the normalized CD spectra using different
deconvolution algorithms (CDSSTR and CONTIN) and a library of reference spectra
of proteins of known high-resolution structure available at a web-based server,
DICHROWEB (Whitmore and Wallace 2004).

Preparation of lipid bilayers
The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoylsn-glycero-3-phosphoethanolamine

(DOPE)

and

1,2-dioleoyl-sn-glycero-3-

phosphoglycerol (DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL).
Phospholipids were dissolved in a mixture of chloroform/methanol (5:1) in a 5 mL
vial of dark brown glass to ensure the homogeneity of the lipid mixture. Once the
lipids were thoroughly mixed, the organic solvent was evaporated under a stream of
dry nitrogen in a fume hood. Lipid films were then desiccated for ~ 4 h under high
vacuum to remove residual solvent. Lipid films were hydrated in HEPES buffer
(10 mM with 2 mM EDTA, pH 7.0) for 1 h and dispersed by vigorously shaking the
vials at 900 rpm in a thermo mixer. Small unilamellar vesicles (SUVs, diameter from
~25 to ~35 nm) were prepared by sonicating the lipid dispersion using the microtip
of a Branson ultrasonifier for 40 min at 10% power with a 50% pulse cycle (Bulieris
et al. 2003).

Folding of OmpA into lipid bilayers
Kinetic studies on the folding of OmpA into lipid bilayers of the composition
DOPC/DOPE/DOPG (5:3:2) were performed as described previously (Bulieris et al.
2003). Kinetics were monitored in the presence and in the absence of either wildtype Skp or Scp. Folding of OmpA was initiated by 20-fold dilution of urea-unfolded
OmpA into HEPES buffer (pH 7.0) containing either Skp or Scp, followed by
immediate sequential addition of LPS and preformed SUVs. The final concentration
in the folding reaction were 7.1 µM OmpA, 28.4 µM Skp or 9.4 µM Scp, 35.5 µM
LPS and 1.4 mM lipid with ~ 0.4 M final urea concentration. All reactions i.e. in the
presence and in the absence of either Skp or Scp were performed in parallel with the
same stock solutions of OmpA and lipid, monitoring folding for 180 min at 30 °C.
Eight aliquots from the reaction mixture were taken at different times after starting
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the folding reaction, ranging from 2 to 180 min. These aliquots were immediately
mixed with equal volumes of 2x SDS gel loading buffer in order to stop the folding
reaction. SDS-PAGE was performed (Laemmli 1970; Weber and Osborn 1964)
without heat denaturation of the samples. To determine the kinetic parameters of
membrane protein folding and insertion of OmpA, the SDS-gels were analyzed by
densitometry to obtain the plots of the fraction of folded OmpA (XFP) as a function of
time (t). The data was analyzed using the kinetic model described previously
(Kleinschmidt and Tamm 1996; Patel et al. 2009). This model describes the folding
of OmpA in two parallel folding phases, which may arise from two distinct
populations of aqueous folding intermediates, IM1 and IM2, previously described by
fluorescence spectroscopy (Qu et al. 2007). These two intermediates get converted
into folded OmpA in lipid bilayers (F·L) via a faster and a slower folding phase with
different rate constants kf and ks, respectively.

IM1
IM2

kf	
  

➝ (F · L)f

ks	
  

➝ (F · L)s

The two parallel processes are described by first-order kinetics, since the rate
constants depend just on the concentration of the intermediate forms (formed in a
much faster step in aqueous solution). The folding kinetics of OmpA were analyzed
by fitting the following function to the time courses of folded OmpA:
XFP(t) = 1 − [Af exp (−kf t) + (1 − Af) exp (−ks t)]

(Eq. 2.2)

Where, XFP corresponds to the fraction of folded OmpA at time t after the initiation of
the folding reaction and Af corresponds to the contribution of faster folding phase.
This model also includes the possibility that if the folding of OmpA is incomplete
i.e., ks = 0, then the folding kinetics can be described by a single exponential function
and equation (2.2) can be transformed into:
XFP(t) = Af [1 − exp (−kf t)]
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(Eq. 2.3)

In this case, Af corresponds to the final yield of folded OmpA. The curve fitting was
performed by using IGOR Pro 6.0 software (Wavemetrics Oregon).

Fluorescence spectroscopy
Fluorescence spectra were recorded at 25 °C on a Spex Fluorolog-3
spectrofluorometer. 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 spectra were scanned in the
range of 310-580 nm with an integration time of 0.05 s and an increment of 0.5 nm.
All measurements were performed on samples prepared in Tris buffer (10 mM, 1
mM EDTA, pH 8.0). For each spectrum, three scans were averaged. Background
spectra of Trp-free protein in Tris buffer were subtracted. Fluorescence spectra were
analyzed using IGOR Pro 6.0 (Wavemetrics Oregon).

Binding of Scp to OmpA
To examine the binding of Scp to OmpA, fluorescence spectroscopy was used.
Tryptophan fluorescence spectra were recorded to investigate the titration of 0.5 µM
OmpA (wild-type, contains 5 tryptophan residues) with 0 to 2.5 µM Scp (tryptophanfree). Background spectra were recorded by adding Scp into Tris buffer. 0.5 µM
OmpA was then added to record the tryptophan fluorescence spectra of OmpA. An
increase in the intrinsic fluorescence of tryptophan in OmpA upon binding of Scp at
increasing conentrations was used to determine the binding of Scp to OmpA and thus
the Scp/OmpA stoichiometry. Therefore, the intensity of the fluorescence emission at
330 nm (F330) was plotted as a function of the Scp/OmpA ratio. Equation 2.7 was
fitted to the data as described previously (Qu et al. 2007; Van Holde et al. 2006). The
average concentration of bound Scp, is given by:

[B] / [A] = n K [F] / (1 + K [F])
A

(Eq. 2.4)

A

Where, n is the number of binding sites, K the association constant, [A] the total
A

concentration of the OmpA protein, and [F] the concentration of the free ligand.
Substitution of the free Ligand with the total ligand concentration, [L ] = [B] + [F]
0
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and rearrangements in equation 2.4, leads to:

[B] = ½{K

–1

A

–1

+ [L ] + n [A] – ((K
0

A

2

1/2

+ [L ] + n [A]) – 4 n [A][L ])
0

0

}

(Eq. 2.5)

The concentrations of bound and free OmpA are then given by [B] and [A]-[B]. The
fluorescence signal of OmpA in binding experiments is a linear combination of the
concentrations of bound and free OmpA, and is described by:

F330 = fb [B] + ff ([A] - [B])

(Eq. 2.6)

Where, fb and ff are constants that describe the fluorescence contributions of bound
and free OmpA, respectively. Combining equation 2.5 with equation 2.6 leads to

F330 = (fb – ff ) (½{K

A
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(Eq. 2.7)
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2.4 Results
2.4.1 Synthetic chaperone protein, Scp
The motivation of this study was to be able to use a site-directed mutagenesis
approach in conjunction with spectroscopy to investigate and identify the binding
regions in the homotrimeric Skp chaperone for client substrate proteins. Skp is
synthesized in the cytoplasm of E. coli as a precursor protein (ProSkp) containing an
N-terminal signal sequence. Upon translocation across the plasma membrane, the
signal sequence is cleaved off from ProSkp, which then trimerizes into an active Skp
homotrimer (Thome and Müller 1991). Using the skp gene as a template for single
site-directed mutagenesis with polymerase chain reaction (PCR) results in the
occurrence of a particular substitution at three positions in a homotrimer. In order to
circumvent this problem and to have single-site substitutions introduced in the
homotrimer protein, we designed a synthetic gene construct, which was then
prepared by gene synthesis (Trenzyme, GmbH, Konstanz, Germany). Through the
gene synthesis approach, entire genes can be synthesized ‘de novo’ and the
degeneracy of the genetic code is often utilized to modify and rewrite the open
reading frames of the existing genes.

Figure 2.1 Block representation and amino acid sequence (A) skp monomer (in thistle) with
signal sequence (in red), (B) scp trimeric construct having three monomeric units (in thistle)
connected by two small flexible linker sequences (in dark orange).
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In the gene construct described here, three monomeric units of skp are linked
together with two short (45 base pair each) linker sequences (Figure 2.1). While
preserving the original amino acid sequence in each Skp sequence of the new single
polypeptide chain, we exploited the degeneracy of the genetic code to obtain unique

Figure 2.2 (A) Purification of Scp analyzed by SDS-PAGE. Lane 1: Molecular weight
marker (Fermentas GmbH, St. Leon-Rot, Germany); Lane 2: Scp purified by Ni-NTA
affinity chromatography, migrating at ~52 kDa. (B) Ribbon diagram of Skp homotrimer
(PDB entry 1SG2) for the depiction of the predicted Scp structure. The periplasmic
chaperone Skp consists of an association domain, which mediates trimerization of Skp, and a
tentacle domain with 6 α-helices protruding from a β-barrel body that defines a large central
cavity. The three subunits are shown in green, blue and magenta color. (C) Top view of Skp
homotrimer for the depiction of connection between three monomeric units in the Scp
structure by two short linker sequences (in orange color). The linker sequence
‘GGGGSGGGGSGGGGS’ forms random coil structure as shown in the figure, and based on
secondary structure prediction using PSIPRED online server and ExPASy-CFSSP server.

base-pair sequences in the new gene for each of the skp monomer units it contains.
This design was chosen to facilitate future studies with single-site mutants of Scp.
This gene construct encodes for a synthetic chaperone protein, which we expressed
into the E. coli cytoplasm. To distinguish the new fusion protein from the trimeric
wild-type Skp, we designated it as ‘Synthetic chaperone protein’, Scp. With the scp
gene construct, site-directed mutagenesis can be performed to introduce substitutions
at a single desired position in the trimeric polypeptide chain.
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Scp was overexpressed in E. coli BL21 (DE3-RIL) cells and the protein was purified
by affinity chromatography using a Ni-NTA column. Figure 2.2A shows the SDSpolyacrylamide gel for purified Scp, which is ~ 51.7 kDa in theoretical molecular
weight (Compute pI/Mw tool, ExPASy - SIB Bioinformatics Resource Portal). Also
shown is the cartoon diagram of the Skp trimer (Figure 2.2B), prepared from the
PDB entry 1SG2, for the depiction of the predicted Scp structure as expressed and
purified from E. coli BL21 cells.

2.4.2 Secondary structure of Scp and Skp compared by Circular
dichroism spectroscopy
To characterize the physical properties of purified Scp, we first examined the
secondary structure of Scp by circular dichroism spectroscopy. CD spectra were
recorded for Scp and Skp in aqueous buffer (Figure 2.3). The deconvolution analysis
of the spectra showed similar content of α-helix and β-sheet in both, Scp and trimeric
Skp (Table 2.1).
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Figure 2.3 Scp exhibits a secondary structure similar to Skp, with a characteristically high
percentage of α-helical content. CD spectra were collected at room temperature in a quartz
cuvette with a path length of 0.5 mm. Spectra were recorded over the wavelength range from
190 to 260 nm and the normalized spectra were analyzed to obtain the composition of the
secondary structure using different algorithms (CDSSTR and CONTIN) as implemented in
the DICHROWEB (http://dichroweb.cryst.bbk.ac.uk) server (Table 2.1).
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Deconvolution of the spectra of Skp and Scp, demonstrated similar average values
with ~ 55% of α-helical content, ~ 10% of β-sheet, 11% of β-turns and ~ 25% of
random coil structure. The deconvolution analyses of the spectra of Scp and Skp also
agree with the secondary structure estimated from the crystal structure of Skp (with ~
62% α-helix and ~ 9% β-sheet)(Körndorfer et al. 2004).

Table 2.1 Analysis of the CD spectra of Skp and Scp for the
percentage secondary structure composition.
Sample

Algorithm

Set

α-helix

β-strand

β-turns

(%)

(%)

(%)

Random
Coil
(%)

NRMSD
a

Skp

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

56
59
53
53
55

10
9
6
7
8

11
8
12
12
11

24
25
29
28
26

0.005
0.005
0.052
0.052

Scp

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

55
57
50
53
54

12
10
9
8
10

11
12
11
10
11

22
20
30
29
25

0.007
0.006
0.066
0.066

CD spectra were analyzed using the algorithms CDSSTR and CONTIN with reference data set 4
and 7, provided by DICHROWEB (http://dichroweb.cryst.bbk.ac.uk). Reference data set 4 and 7
contains CD spectra of known soluble and denatured proteins. Also these are the only possible sets
for 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 comparison of yielded
spectrum to reference spectrum and should be < 0.25. Results with higher NRMSD values are
given in italics and were used for average calculation when different algorithms were in agreement.

2.4.3 Kinetics of folding of OmpA into lipid bilayers in the presence
and in the absence of Skp or Scp
Previous work has shown that Skp and LPS assist the folding and insertion of OmpA
into lipid membranes (Bulieris et al. 2003). To confirm the function of Scp as a
chaperone, a kinetic study on the folding of OmpA was performed. The folding
experiment was performed in the absence and in the presence of Skp or Scp. Figure
2.4 shows the folding kinetics of OmpA into lipid bilayers of the composition
DOPC/DOPE/DOPG (5:3:2) either from a urea-unfolded form or from complexes of
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OmpA with Skp/Scp, all in the presence of LPS. Folding kinetics of OmpA was
analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE) without heat
denaturation of the reaction samples. The difference in the electrophoretic mobilities
of folded (30 kDa) and unfolded (35 kDa) OmpA has been used to determine the
time courses of folding and membrane insertion of OmpA. The fraction of folded
OmpA was estimated by densitometry from the unfolded and folded forms of OmpA
and plotted as a function of time (Figure 2.4B). The experimental data were further
analyzed by fitting equation (2.2). The relative contribution of the faster folding
phase Af, the rate constants of the faster and the slower folding phases, kf and ks,
respectively, were the kinetic parameters obtained from this analysis and are
summarized in table (2.2).
A

B
Mr
(kDa)
Scp

50 -37 --

U
F

25 --

b

50 -37 --

U
F

25 -20 --

Skp

15 --

c

50 -37 --

U
F

25 --

2

4

Fraction of folded OmpA

a

1.0

0.8

0.6

0.4

0.2

0
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Figure 2.4 Scp facilitates folding of OmpA, as observed previously for Skp. (A) SDS-PAGE
analysis on the kinetics of folding of OmpA into lipid bilayers of the composition
DOPC/DOPE/DOPG (5:3:2) monitored at 30 °C. Folding reactions were performed in the
presence of 5 LPS/OmpA and in the presence of 1/1.33 OmpA/Scp (gel a), in the presence of
5 LPS/OmpA and in the presence of 1/4 OmpA/Skp (gel b), and in the presence of 5
LPS/OmpA but in the absence of Scp and Skp (gel c). All experiments were performed at pH
7.0 and folding of OmpA was monitored from 2 to 180 min after initiation of folding by
addition of preformed lipid bilayers. The arrows on the right side of the gels indicate the
migration of unfolded (U) and folded (F) OmpA and of Scp (gel a) or Skp /gel b). In each
gel, the first and the last lane contain the molecular weight markers (BIORAD) and lanes 2-8
contain aliquots of the folding reaction taken at various points in time as indicated on the
bottom of the gels. (B) The fraction of folded OmpA was determined by densitometry and
plotted as a function of time for the reaction performed in the presence of Scp (▲) or Skp
(●) and in the absence of chaperone protein (■).
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Folding yields of OmpA were ~88% in the presence of Scp, which corresponds
nicely to the OmpA folding yields observed in the presence of Skp (~ 91%). The
folding yield of OmpA in the control experiment, i.e. in the absence of Skp or Scp,
was ~74%, which is lower. The folding kinetics of OmpA into lipid bilayers clearly
demonstrates that OmpA folds faster and to higher yields in the presence of both Scp
and Skp than in the absence of these chaperones.

Table 2.2 Kinetic parameters obtained from the fits of equation (2.2) to the
experimental data as shown in Figure 2.4 (B)a
Af

kf (min-1)

ks (min-1)

yield (%)b

+ Skp

0.654 ± 0.051

0.073 ± 0.007

0.0086 ± 0.0016

91

+ Scp

0.585 ± 0.076

0.099 ± 0.019

0.0077 ± 0.0019

88

- Skp/Scp

0.577 ± 0.041

0.066 ± 0.007

0.0030 ± 0.0008

74

Sample

a

b

OmpA was folded into a 200-fold molar excess of SUVs (DOPC/PE/PG 5:3:2) in the absence and
in the presence of Skp or Scp (OmpA/Skp ratio 1:4, OmpA/Scp ratio 1:1.33). Equation (2.2) was
fitted to the data.
yield of folded OmpA (after 180 min)

2.4.4 Fluorescence binding analysis for Scp-OmpA complex
formation
Fluorescence spectroscopy was used to determine the stoichiometry and affinity by
which Scp binds to its client outer membrane protein A (OmpA). OmpA contains
five native tryptophan residues and the intrinsic fluorescence of the aromatic amino
acid-tryptophan was used for studying the interactions of OmpA with Scp.
Tryptophan fluorescence is highly sensitive to the changes in the polarity of the
environment. The quantum yield and therefore also the intensity of the tryptophan
fluorescence increase when tryptophan is exposed to a more hydrophobic
environment and decrease when it is exposed to an aqueous medium. The interaction
of Scp with OmpA was analyzed by recording fluorescence spectra of OmpA in
aqueous buffer after urea dilution at various Scp/OmpA molar ratios ranging from 0
to 5 (Figure 2.5A).
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Figure 2.5 Scp binds to OmpA in solution at a stoichiometry of 1:1. (A) The fluorescence
spectra of 0.5 µM OmpA were recorded for the aqueous form with a 250-fold dilution of the
urea in the presence of Scp at concentrations ranging from 0 to 2.5 µM. All spectra were
recorded in 10 mM Tris buffer (pH 8.0) at 25 °C and at an excitation wavelength of 295 nm.
(B) The fluorescence intensities of the aqueous form of OmpA at 330 nm were plotted
against the corresponding molar ratios of Scp/OmpA. The fluorescence emission increased
as a function of the molar ratio of Scp/OmpA until saturation levels were reached. In order to
determine the Scp/OmpA stoichiometry and the binding constant, equation (2.7) was fitted to
the experimental data (−).

An increase in the tryptophan fluorescence emission indicated binding of Scp to
OmpA. The fluorescence signals of OmpA at 330 nm were plotted against the
corresponding molar ratios of Scp to OmpA (Figure 2.5B) and fitted by equation
(2.7). The stoichiometry, association constant, dissociation constant and free energy
of Scp binding to OmpA as obtained from a fit are given in the table (2.3). A
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stoichiometry of 1:1.2 was obtained for OmpA to Scp binding. As an integer value
this is comparable to a 1:1 stoichiometry also shown for the binding of trimeric wildtype Skp to various OMPs (Qu et al. 2007). The dissociation constant is in the
nanomolar range, indicating the formation of a stable complex. The free energy for
Scp-OmpA complex formation was estimated to ~ –47.6 (± 3.5) kJ/mol, which is
also comparable to previous findings (Bulieris et al. 2003; Qu et al. 2007).

Table 2.3 Stoichiometry and free energy of Scp binding to OmpA.
Complex

na

KA (µM-1)b

KDc (nM)c

ΔGA (kJ/mol)d

	
   Scp·OmpA

1.22 ± 0.057

219.8 ± 314.0

4.5 ± 6.5

-47.6 ± 3.5

a
b
c
d

	
  
n is the stoichiometry
(Scp/OmpA), estimated from fits to the data shown in the Figure (2.5)
estimated binding constant for association KA
estimated binding constant for dissociation KD=1/KA
	
  
estimated free energy of binding for the association reaction.
	
  

2.5 Discussion
In the present study, we describe the construction of the scp gene, which is a fusion
construct expressing a single polypeptide chain composed of three Skp monomers
connected by two short linker-sequences, in the cytoplasm of E. coli. While the
mechanism of gene synthesis is well established and adopted previously, this is the
first construction of a single polypeptide chaperone for the homotrimeric wild-type
Skp. The new fusion protein is designated as synthetic chaperone protein, Scp. Our
results demonstrate that the Scp is indistinguishable from Skp in secondary structure
and also in its function as a chaperone for OMPs.
An essential requirement in the desired fusion construct of Skp was of codon
degeneracy in each monomeric subunit. The use of molecular cloning and
polymerase chain reaction techniques to obtain such a gene construct might have
been a very tedious and time-consuming process. Thermocycling reaction is often
used with site-directed mutagenesis techniques to introduce specific and desired
changes in the DNA sequence of a gene. However this approach might have also
been improbable for constructing a single polypeptide chain with three degenerate
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Skp subunits. Synthetic gene design based on organic chemistry and molecular
biological techniques was used to obtain scp gene construct from the available
commercial services (Trenzyme, GmbH, Konstanz, Germany). Artificial synthesis of
genes is becoming very efficient method for making functional genetic constructs
and enabling applications such as codon optimization (Gustafsson C et al. 2004),
protein engineering (Gustafsson C et al. 2003) and making RNAi resistant genes
(Kumar D et al. 2006). With advances in recombinant DNA technology, sequence
information for full-length genes, operons and genomes has increased tremendously
over the last decade (Venter JC et al. 2004). However, most of these sequences are
not available as a physical DNA. Therefore, genetic constructs used for the
expression of proteins are frequently made as a synthetic DNA (Jaffe E.K et al.
1999; Villalobos A et al. 2006; Welch M et al. 2009). The major advancements in
the field of synthetic biology has led into: a) the artificial synthesis of genes
encoding for human proinsulin (Stepien et al. 1983), human immune interferon-γ
(Jay E et al. 1983), hormone somatostatin (Itakura K et al. 1977) and other proteins
used as therapeutics; b) de novo synthesis and assembly of a million base pair
bacterial genome (Lartigue et al. 2007); and c) synthesis of a functional yeast
chromosome, named as synIII (Annaluru et al. 2014). There are reports on certain
synthetic propeptides functioning as an intermolecular chaperone (Ohta Y et al.
1991) but there was no report known so far on the expression of chaperone protein
encoded by a synthetic DNA construct. The scp gene is constructed to assist in sitespecific mutagenesis for structure-function studies.
The ultimate proof of the successful synthesis of fusion gene for homotrimeric Skp
comes from the ability of scp to code for a functionally active gene product. The
results presented in this study clearly show that the synthetic chaperone protein, Scp
can indeed be expressed and isolated from the cytosol of E. coli and is active as a
chaperone. The secondary structure of Scp was characterized by using CD
spectroscopy. The CD spectra recorded in the far UV region exhibited two
minimums at 208 nm and 222 nm, typical of an α-helical protein. The CD spectrum
of Scp was also compared for structural similarity with the spectra for Skp. The
estimation of the secondary structure composition was obtained by using
deconvolution algorithms from DICHROWEB (web-based server). Both of the
measured proteins, Scp and Skp displayed identical CD spectra (Figure 2.3) with
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comparable

secondary

structure

compositions.

Previously,

by

biochemical

experiments it is shown that Skp assists membrane insertion and folding of OmpA in
the presence of LPS. In vitro, Skp was shown to form stable complexes with OmpA
preventing its aggregation. Further addition of LPS to this complex facilitated OmpA
insertion into the lipid bilayers (Bulieris et al. 2003). In order to check, if Scp can
also exhibit similar effect on the insertion of OmpA into the lipid vesicles, a similar
kinetics experiment was performed. It is clearly evident from the results obtained for
this experiment that OmpA folds to the similar extent in the presence of Scp or Skp
than in the absence of chaperone protein (Figure 2.4). Scp displays similar effect on
OmpA folding into the lipid vesicles in the presence of LPS, as shown by Skp.
Additionally, experiments performed to identify stoichiometry for binding of Scp to
OmpA also confirms for the functioning of Scp as exhibited by homotrimeric Skp.
Skp is shown to bind unfolded OmpA at a stoichiometry of 3:1 in solution (Bulieris
et al. 2003). Also in another study done, Skp trimer was shown to form 1:1
complexes with a range of bacterial OMPs (NalP, OmpC, OmpA, FomA and YaeT)
independent of their size and origin (Qu et al. 2007). By using fluorescence
spectroscopy, we have obtained 1:1 stoichiometry for Scp to OmpA complex
formation. The binding affinity of Scp for OmpA was determined in nanomolar
range, which indicates stable complex formation. The free energy for Scp-OmpA
complex formation was estimated around -47 kJ/mol that is in close approximation to
the previous findings of -43.7 kJ/mol (Bulieris et al. 2003) and -43 kJ/mol (Qu et al.
2007) for Skp binding to OmpA.
Thus in this study, we have not only demonstrated that, the synthetic chaperone
protein, Scp, is identical to Skp in its secondary structure composition but also in its
function. With all of these confirmations, scp gene can be further utilized for sitedirected mutagenesis studies enabling identification of specific binding regions in
trimeric chaperone for the client membrane proteins.
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3. Binding Regions in the Skp Chaperone for
Client Membrane Proteins. A Site-Directed
Fluorescence Study
3.1 Abstract
	
  
In Escherichia coli, the periplasmic chaperone Skp serves as a major factor
facilitating the transport of nascent outer membrane proteins (OMPs) to the outer
membrane (OM). The efficient transport of OM-specific proteins across the cell
envelope and insertion into the OM portrays a bigger challenge in the biogenesis of
an OMP. Skp is a homotrimeric periplasmic chaperone. It is synthesized in a
precursor form in the E. coli cytosol and trimerizes into a functional chaperone after
translocation across the cytoplasmic membrane and cleavage of the signal sequence
in the periplasm. To understand the mechanistic principles of the function of this
homotrimeric chaperone and to identify its binding regions for OMPs, we have
designed a new synthetic gene construct for the expression of new form of Skp, in
which the three monomers are covalently connected by two flexible linker
sequences. The new gene construct was named scp and encodes for a monomeric
fusion protein, Scp, that is overexpressed into the cytoplasm of E. coli.
We have used site-directed mutagenesis and fluorescence spectroscopy to probe the
interactions between Scp and OmpA. Eight single cysteine mutants of Scp were
constructed, by introducing single cysteine substitutions in different regions i.e. in
the association domain, in the tentacle domain and at the tentacle tip region of the
Scp. Two double mutants of Scp (A393C-G238W and M73C-M405W) were
constructed, each containing a single Cys and single Trp. A single cysteine was
introduced to the lower end of one of the three tentacle domains and a single
tryptophan to the other tentacle domain. Double mutants were constructed to
investigate conformational changes in Scp and to determine the change in the
intramolecular distances between the tips of the adjacent tentacle domains upon
OMP binding. To determine regions in Scp that interact with OmpA as a client outer
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membrane protein, single Trp mutants of OmpA were used as donors. The cysteine
residues in single-site cysteine mutants of Scp were spectroscopically labeled with a
fluorescent probe IAEDANS, which served as a resonance energy acceptor.
Fluorescence resonance energy transfer (FRET) was then used to study the
interactions between the Scp mutants and a set of single tryptophan mutants of
OmpA. The transfer efficiency E, the Förster distance R0 and the average distance
between the donor tryptophan (in OmpA) and the acceptor IAEDANS (in Scp) were
calculated. The analysis of the intramolecular FRET with Scp double mutants
suggests that Scp does not change its conformation near the tentacle tip region upon
OmpA binding and also that OmpA does not bind at the tentacle tip region of Scp.
Instead, intermolecular FRET suggests that the client protein OmpA binds near the
association domain in the Scp cavity. The highest resonance energy transfer was
observed for the mutants Q420C and N115C, in which the labeled cysteine residues
are located at the center of the tentacle domain, facing the inside of the Scp cavity.
The smallest FRET was observed for the mutant A393C, located at a tentacle tip of
Scp. The donor-acceptor distances were determined and were ranging from 18.4 Å to
32.1 Å for a large set of donor/acceptor pairs that were selected from Trp mutants of
OmpA as the FRET donors and from IAEDANS labeled cysteine mutants of Scp as
acceptors. The mutations N115C and Q420C are located close to the putative binding
site for lipopolysaccharide (LPS) in Scp. The effect of LPS on the intermolecular
FRET between Scp and OmpA was studied. The binding of LPS on the Scp surface
at LPS/Scp molar ratio of up to 3 was observed to weaken the interactions between
Scp and OmpA.
	
  

3.2 Introduction
The biogenesis of outer membrane proteins in Gram-negative bacteria requires the
participation of periplasmic chaperones to ensure their efficient insertion and folding
into the outer membrane. The genetic information required for the folding of OMPs
is contained in the linear amino acid sequence of the polypeptide chain. Periplasmic
chaperones are known to protect OMPs during their transit through the periplasm.
Genetic studies of the extra cytoplasmic stress response in E. coli, induced by an
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increase in the amounts of non native envelope proteins, led to the discovery of the
signaling sigma E (σE) system, the CpX two-component system and most of the
periplasmic folding factors, including molecular chaperones and folding catalysts,
such as Skp (OmpH), PpiA (RotA), FkpA, SurA, and PpiD (Alba et al. 2004;
Duguay et al. 2004). Among these periplasmic proteins that facilitate protein folding,
Skp is one of the most extensively studied folding factors. The crystal structure of
this highly basic chaperone (its calculated pI is in between 9.6 and 10.3) reveals three
long α-helical hairpins, protruding from a central association domain. The
association domain forms β-sheet structure that mediates the trimerization of the
protein (Korndörfer et al. 2004; Walton et al. 2004). The homotrimer has a structure
that reminds of a ‘jellyfish’ or a ‘three-pronged grasping forcep’. The flexible
tentacles define a large central hydrophobic cavity, which could constitute a potential
client-binding environment in Skp.
The overall shape of Skp is reminiscent of the molecular chaperone Prefoldin, which
is found in the cytoplasm of most eukaryotes and archae (Siegert et al. 2000). It is
suggested that although these two molecular chaperones function in different proteinfolding pathways, they might share a common strategy for binding and transporting
non-native protein substrates. The charge distribution on the Skp surface leads to an
extreme dipole moment of ~3700 Debye (770 eÅ) in the trimer (Korndörfer et al.
2004) with positive charges all over the tentacle domain and particularly at the tips of
the tentacle helices, while a negative surface charge is found in the association
domain.
Skp possess a putative lipopolysaccharide (LPS) binding site (Walton et al. 2004).
The simultaneous presence of Skp and LPS was shown to improve insertion and
folding of OmpA into phospholipid membranes (Bulieris et al. 2003). The
biosynthesis of Skp and LPS are apparently correlated, since the gene firA (which
codes for an acyltransferase involved in LPS biosynthesis) is located only four bases
downstream from the skp gene (mapped at 4-min region on the chromosome)
(Thome et al. 1990; Bothmann and Plückthun 1998; Roy and Coleman 1994). The
structural motif of the putative LPS binding site is similar to the one identified in the
OMP FhuA of E. coli (Ferguson et al. 1998b). The putative LPS binding motif is
located in the middle of the Skp tentacles and is composed of three basic residues
(K77, R87 and R88) on the Skp surface.
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Skp is shown to form stable complexes with a range of OMPs (Qu et al. 2007). The
client profile of Skp was also investigated using a strep-tag affinity system combined
with a proteomics approach. More than 30 envelope proteins were identified to be
interacting with Skp. Skp exhibits a broad client spectrum, including soluble
periplasmic proteins such as MalE and OppA (Jarchow et al. 2008). Skp has been
shown to associate with OMPs at the inner membrane (Harms et al. 2001). Skp also
interacts with the N-terminal passenger domain of the autotransporter EspP at an
earlier step in its assembly than SurA (Ieva R et al. 2011). In a recent study, Skp was
shown to play a role in the assembly of the OMP LptD (Schwalm et al. 2013), which
is responsible for inserting LPS into the outer leaflet of the OM.
The overexpression of Skp was shown to improve the periplasmic expression of
numerous ScFv antibody fragments, intact immunoglobulins, as well as a phage
display (Bothmann et al. 1998; Levy R et al. 2001; Mazor Y et al. 2007). Skp is
shown to function in the transport and localization of a bacterial virulence factor,
namely of the protein IscA in Shigella flexneri. Skp deletion strains of S. flexneri
could not form plaques on a cell monolayer (Purdy et al. 2007; Wagner et al. 2009).
Skp is also suggested to be part of the holdase chaperone family sequestering
partially folded substrate intermediates and thereby preventing aggregation
(Entzminger et al. 2012; Walton et al. 2004). An NMR study on the Skp-OmpA
complex suggests that β-barrels may be protected within the cavity of Skp against an
aggregation in an unfolded state (Walton et al. 2009). In another study, NMR
experiments have suggested that the Skp trimer constitutes a flexible architectural
scaffold. The OMP substrates are in a dynamic conformational state in Skp-OMP
complexes with structural interconversion rates on the submillisecond time scale
(Burmann et al. 2013).
In this detailed study, we have used a combined approach of site-directed
mutagenesis and fluorescent labeling to probe the interactions of Scp with unfolded
OmpA. Fluorescence resonance energy transfer (FRET) is used to identify the
distances that separate the interacting partner proteins Scp and OmpA. We have
prepared a range of single cysteine (Cys) and of single Cys - single tryptophan (Trp)
double mutants of Scp. In the FRET experiments performed, Scp was labeled with a
fluorescence energy acceptor at the Cys and the Trp residue in single Trp mutants of
OmpA was used as a fluorescence energy donor. The cysteine residues in Scp were
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labeled

with
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fluorescent

(2((iodoacetyl)aminoethyl)aminonaphthalene-1-sulfonic

acid

probe
(IAEDANS).

5Scp

double mutants were prepared to identify conformational changes in Scp upon OMP
binding and to investigate the intramolecular distances between the tips of the
adjacent tentacle domains. The intermolecular FRET experiments were performed to
analyze potential binding regions in Scp for the client protein OmpA. 12-single
tryptophan mutants of OmpA were prepared previously (Kleinschmidt et al. 1999a;
Qu et al. 2009) and used in this study. We next investigated the effect of the presence
of LPS on the intermolecular FRET between Scp and OmpA.
	
  
	
  
	
  

3.3 Materials and Methods
Construction of single Cys and single Cys - single Trp double
mutants of Scp
Eight single cysteine and two single cysteine-single tryptophan double mutants of
Scp were prepared to probe the interactions of Scp with the outer membrane protein
OmpA (Table 3.1). The plasmid pET15b-Scp-ss+his was used as a template for
nucleotide-substitutions at desired positions in the scp gene to encode mutants with a
cysteine residue in Scp. Site-directed mutagenesis was performed using the Quickchange XL mutagenesis kit (Agilent technologies, California) as per the
manufacturer’s instructions. The mutagenesis PCR reaction was performed in a
thermo cycler (BIO-RAD) with two complementary oligonucleotides/primers
(MWG-Biotech AG, Germany) containing the desired mutation flanked by the
unmodified nucleotide sequence (Table 3.2). The PCR product was transformed into
XL10-Gold ultra competent cells. Plasmid from the transformed clone was
confirmed for the substitution mutation by nucleotide sequencing (GATC Biotech
AG, Germany)
Two single cysteine-single tryptophan double mutants of Scp (A393C-G238W and
M73C-M405W) were prepared by introducing cysteine in one of the tentacle
domains of Scp and tryptophan in the other. Plasmids pET393 and pET73 (Table 3.2)
were used as the templates for the introduction of tryptophan at the positions 238 and
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405, respectively. These mutants were named according to the position of the amino
acid residue substituted in the scp sequence (Figure 2.1 and 3.9).

Table 3.1 List of the plasmids and proteins of single-Cys and Cys-Trp
double mutants of Scp
Plasmid

Vector

Cys position

pET457

pET15b

pET122

Trp position

Product

Substitution

457

C457

N457C

pET15b

122

C122

V122C

pET115

pET15b

115

C115

N115C

pET209

pET15b

209

C209

N209C

pET420

pET15b

420

C420

Q420C

pET416

pET15b

416

C416

Q416C

pET73

pET15b

73

C73

M73C

pET405d

pET15b

73

C73-W405

M73C-M405W

pET393

pET15b

393

C393

A393C

pET238d

pET15b

393

C393-W238

A393C-G238W

405

238

Table 3.2 Scp mutant plasmid construction: Oligonucleotide primers
for site-directed mutagenesis PCR
Plasmid

Primer sequence

pET457

5'-gatctggtggttgatgcgtgtgcggtcgcgtataacag-3'

pET122

5'-gaagaacgcggcaaactgtgtactcgtatccagactgc-3'

pET115

5'-gcgcacgtcgttcctgcgaagaacgcggca-3'

pET209

5'-ccggcgtaagcaacacattggaatgcgaattcaagggg-3'

pET420

5'-aaaggctcaggcgtttgaatgtgatcgtgcgcgtcgtagc-3'

pET416

5'-ccagaccttcgctcaaaaggcttgtgcgtttgaacaggatcg-3'

pET73

5'-ggaaaccgatctgcaggctaaatgtaaaaagctgcagtccatgaaag-3'

pET405d

5'-ttggagaaggacgtctgggcccaacgccagac-3'

pET393

5'-gctgcagagcatgaagtgtggctcggatcgcacca-3'

pET238d

5'-ctgcaatcgatgaaagcgtggagcgatcggactaaactg-3'

Shown in the table are primer sequences corresponding to the sense strand of scp gene, with
substitution nucleotides highlighted in bold. A pair of complementary primers was used for sitedirected mutagenesis PCR reaction. The number coding in plasmid names denotes the position of the
amino acid residue (substituted) in scp sequence. And the letter ‘d’ denotes a double mutation.
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Expression and purification of Scp mutants and Skp
Each Scp mutant was purified after transformation of the corresponding plasmid
(listed in Table 3.1) into an E. coli BL21 (DE3-RIL) strain. The protocol of
expression and purification of all Scp mutants was similar to that described in the
previous chapter (section 2.3). The Skp protein was purified as described previously
(Bulieris et al. 2003) from the periplasmic fraction of E. coli CAG16037 (Mecsas et
al. 1993).

Purification of OmpA
12 single tryptophan mutant proteins of OmpA used in this study were available from
previous research projects of the laboratory (Kleinschmidt et al. 1999a; Qu et al.
2009) (Table 3.3). Plasmid pET22b185 (Qu et al. 2009) harboring the gene encoding
a tryptophan-free mutant of OmpA (five native Trps replaced with Phe) was
transformed into an E. coli BL21 (DE3) strain. We refer the Trp-free OmpA mutant
as WaF-OmpA in this study. WaF-OmpA mutant was overexpressed and purified as
reported earlier for single Trp mutants of OmpA (Qu et al. 2009).

Table 3.3 List of the plasmids and proteins of single-Trp 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

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

pET22b185

pET22b

-

WaF-OmpA

Qu et al. 2009
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CD spectroscopy
CD spectra for wild-type Skp, Scp and Scp mutant proteins were recorded on a Jasco
J-815 CD spectrophotometer. 10 µM Scp/Scp mutant proteins and 34 µM Skp (final
or end concentration) were diluted in 120 µl of tris buffer (10 mM with 1 mM EDTA,
pH 8.0) for spectra accumulation. All CD spectra were recorded at room temperature
using a quartz cuvette with a path length of 0.5 mm. Measurements were taken over
the wavelength range of 190 to 260 nm with an acquisition time of 50 nm/min and a
bandwidth of 1 nm. The spectra of six successive scans were averaged with the
appropriate background subtraction of spectra obtained from samples without
protein, but otherwise identical composition. The concentration of each measured
sample was determined (Lowry et al. 1951). The recorded CD spectra were
normalized to the mean residue molar ellipticity (Greenfield and Fasman 1969) [θ]
(λ), given by:
[θ] (λ) = 100 [θ (λ) / c · n · l],

(Eq. 3.1)

where θ (λ) is the recorded ellipticity in degrees at wavelength λ, c is the
concentration in mol/l, l is the path length of the cuvette in cm and n is the number of
amino acid residues of Skp or Scp. The secondary structure compositions of protein
from normalized CD spectra were determined by using different deconvolution
algorithms (CDSSTR and CONTIN) available at a web-based server, DICHROWEB
(Whitmore and Wallace 2004).

Fluorescence labeling
The cysteine residues in the single Cys mutants and also in the Cys-Trp double
mutants of Scp were spectroscopically labeled with a sulfhydryl (SH) reactive
fluorescent probe, IAEDANS (Invitrogen, Molecular probes). The labeling protocol
from the manufacturer was used. A mutant of Scp was diluted in 1 ml of Tris buffer
(10 mM with 1 mM EDTA, pH 7.2), keeping the final concentration as 100 µM for
Scp. The sample was then incubated with 10 fold molar excess of TCEP solution (for
the reduction of disulfide bonds (formed between the thiol groups of cysteine
residues) in the protein) for 30 min at RT. A 20-fold molar excess of the fluorescence
label IAEDANS in dimethyl sulfoxide was added to the reduced protein. The
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reaction was allowed to proceed overnight at 4 °C in the dark. Upon completion of
the reaction, the unreacted excess of label was removed by extensive dialysis at 4 °C
in 1 L of Tris buffer (10 mM with 2 mM EDTA and 25 mM NaCl, pH 8.0) with total
of 4 buffer changes. The final concentration of labeled protein was determined
(Lowry et al. 1951) and the degree of labeling was determined using Ellman’s
reagent (Riddles et al, 1983) as described previously (Qu et al. 2009).

S-methylation of Scp mutants
The cysteine residues in the Scp mutant proteins were selectively converted into the
S-methyl derivative by a reaction with methyl-p-nitrobenzene sulfonate (MNB).
Unmodified sulfhydryl (SH) groups of cysteine residues are known to quench the
fluorescence emission of a protein if the SH group is in the proximity of the
fluorophor. The S-methylation reaction was performed using a modified procedure of
Hunziker (Hunziker, 1991). 100 µM mutant proteins were incubated with 10-fold
molar excess of TCEP in borate buffer (50 mM, with 1 mM EDTA, pH 9.0) for 30
min at RT. A 40-fold molar excess of MNB (in acetonitrile) was then added to the
reduced samples. The reaction vial was flushed with nitrogen gas and incubated at 37
°C for 2 h. Excess MNB was removed from the sample by extensive dialysis against
1 L of Tris buffer (10 mM, 2 mM EDTA and 25 mM NaCl, pH 8.0) at 4 °C with total
of 4 buffer changes.

Fluorescence spectroscopy
Fluorescence spectra were recorded at 25 °C on a Spex Fluorolog-3
spectrofluorometer (Horiba/Jobin-Yvon, München, Germany). The excitation
wavelength was 295 nm for the tryptophan donor excitation. The bandwidths of the
excitation and emission monochromators were 2.5 and 5 nm, respectively. The
spectra were scanned in the range of 310-580 nm with an integration time of 0.05 s
and an increment of 0.5 nm. All measurements were performed in Tris buffer (10
mM, 1 mM EDTA, pH 8.0). For each spectrum, three scans were averaged with
appropriate background subtraction of spectra of the same sample, but before protein
addition. Fluorescence spectra were analyzed using the IGOR Pro 6.3 software
(Wavemetrics Oregon).
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Intramolecular FRET measurement
FRET experiments were performed for Scp double mutants A393C-G238W and
M73C-M405W with the donor tryptophan located in one of the three tentacle tip
domains and the acceptor IAEDANS covalently linked to a cysteine located in the
another tentacle tip (A393C in tip 3 and G238W in tip 2; M73C in tip 1 and M405W
in tip 3) of Scp. FRET measurements were performed in the absence and in the
presence of an unfolded client outer membrane protein, WaF-OmpA, in which the
five native tryptophans were replaced by phenylalanine. The concentrations of WaFOmpA and Scp were 1 µM and 1.33 µM, respectively. The background spectra of
Tris buffer or of WaF-OmpA in Tris buffer were recorded first. The Scp double
mutants were then added and the emission spectra were recorded with automatic
background subtraction.

Intermolecular FRET measurement
IAEDANS-labeled or S-methylated, 1.33 µM Scp single Cys mutant protein was
diluted in 1 ml of tris buffer and the background spectrum was recorded. 1 µM
OmpA single Trp mutant protein was then added to record the FRET spectrum, with
background subtraction. In a similar experiment performed between Scp and
periplasmic domain of BamA (PD-BamA), the concentrations of Scp and PD-BamA
were 1.33 µM and 1 µM, respectively. The preparation of PD-BamA will be
described elsewhere (E. Talmon, PhD thesis, in preparation) and was made available
for this set of experiment at a mutual consent.

FRET efficiency and donor-acceptor distance calculation
Fluorescence emission spectra were measured to assess energy transfer efficiency
and to calculate the distance by which the donor (OmpA) and the acceptor (Scp)
molecules are separated. According to Förster’s theory of energy transfer, the FRET
efficiency is related to the inverse sixth power of distance (r) between the donor (D)
and an acceptor (A) by the equation (Lakowicz 2006):
r = R0 (1/E-1)1/6 or E = R06/ R06 + r6
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(Eq. 3.2)

Where R0 is the Förster distance at which the transfer efficiency is 50%. Also the
efficiency of energy transfer (E) is 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. 3.3)

Where FDA and FD are the fluorescence intensity of the donor in the presence and in
the absence of the acceptor. The Förster distance (R0) is calculated by the equation:
R0 = 9.78 × 103 (κ2 n-4 QDJ) 1/6

in Å

(Eq. 3.4)

Where κ2 is the orientation factor between the transition dipoles of the donor and the
acceptor, and is generally assumed to be equal to 2/3; n is the refractive index of the
solution, taken as 1.4; QD is the quantum yield of the donor in the absence of
acceptor, and J is the spectral overlap integral representing the degree of overlap
between the donor emission spectrum and the acceptor absorption spectrum. The
overlap integral (J) can be calculated by the equation:
J = ∫ FD (λ) εA (λ) λ4 dλ / ∫ FD (λ) dλ

(Eq. 3.5)

Where FD is the corrected fluorescence spectrum of the donor in the absence of
acceptor; εA is the extinction coefficient of the acceptor in unit M-1 cm-1.
The quantum yield for the donor tryptophan (QD) is determined by the formula
(Kronman et al. 1971; Liang and Chakarbarti 1982):
QD = (F/Ftrp) × (Atrp/A) × 0.14

(Eq. 3.6)

Where F is the donor fluorescence in the absence of acceptor, Ftrp is the fluorescence
of the reference free tryptophan, both integrated between 310 and 400 nm. A and Atrp
are the absorbance of donor protein and free Trp at 295 nm respectively. A quantum
yield of 0.14 is used for free Trp. From the obtained values of E and R0 the average
distance (r) between donor and acceptor is calculated by equation (3.2).
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3.4 Results
3.4.1 Single-Cys mutants of Scp
To identify binding regions in the trimeric Skp chaperone for client outer membrane
proteins, we have designed a new gene construct based on the skp gene for the
expression of a monomeric fusion protein, Scp, in the E. coli cytoplasm. The scp
gene was prepared by gene synthesis and served as a template for further single-site
mutations. Wild-type Skp and also Scp do not contain cysteine residues. Therefore, a
cysteine can be introduced for the site-specific fluorescence labeling of Scp at the
reactive sulfhydryl group of the cysteine. To explore the regions within Scp that
come in contact or are in closer proximity to an unfolded client outer membrane
protein upon complex formation, we have constructed eight different single cysteine
mutants of Scp (Table 3.1).
The single cysteine mutants of Scp were designed to investigate binding of substrate
proteins in Scp at the tentacle tip region, along the tentacle length, in the interior and
exterior of the tentacle domain and close to the association domain (Figure 3.1A, B).
One single cysteine mutant, A393C, contained cysteine at the tip of the tentacle
domain to examine binding in Scp based on possible electrostatic interactions in the
tip region. One single cysteine mutant, N457C, was designed to introduce cysteine
into the association domain of the trimeric protein. This residue faces downward
from the association domain into the cavity formed by the tentacles. The surface of
the tentacle-shaped domain contains hydrophobic patches inside the cavity. Five
single cysteine mutants, V122C, N115C, Q420C, Q416C and M73C were designed
to examine the binding of client protein in the cavity of Scp. These residues face the
cavity of Scp. One single cysteine mutant, N209C, was created in the tentacle
domain, with the substituted residue facing outward to the solution. These cysteine
mutants were distributed in the structure of Skp, covering most of the length of the
tentacle domain and probable binding regions in the Scp.
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Figure 3.1 Ribbon diagram of Skp homotrimer (PDB entry 1SG2) for the depiction of the
positions of the mutated residues in Scp. The periplasmic chaperone Skp consists of a βbarrel association domain that mediates Skp trimerization and a tentacle domain that
contains 6 α-helices, which protrude from the β-barrel body and define a large central cavity.
(A) Highlighted in different colors are the residues substituted by cysteine in Scp. Five single
cysteine mutants (V122C, N115C, Q420C, Q416C and M73C) were constructed substituting
residues in the tentacle domain, which were facing inside of the cavity. In addition, one
substitution was placed into the tentacle domain replacing a residue facing outwards to the
bulk solution (N209C), one substitution was introduced at the tentacle tip region (A393C)
and a last substitution was performed in the association domain replacing a residue near the
association domain that is oriented downwards to the Scp cavity (N457C). To examine
conformation changes at the tips and at the lower end of the tentacle domain of Scp, an
additional single tryptophan substitution was made in the A393C and M73C cysteine
mutants of Scp, to prepare the A393C-G238W and M73C-M405W double mutants. (B) The
Skp homotrimer structure in horizontal view. (C) Electrostatic surface representation of Skp.
Basic residues contribute to a highly positive surface charge of Skp, in particular at the tip
region of the tentacle domain. The protein surface is colored according to its electrostatic
potential, red for negatively charged residues and blue for positively charged residues.
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3.4.2 Single Cys – single Trp double mutants of Scp
To explore a putative binding region for substrate proteins at the tip of the tentacle
domain of Scp and also to examine conformational changes within Scp upon
substrate binding, two, single Cys – single Trp double mutants of Scp were
constructed (Table 3.1). In the double mutant, cysteine was introduced in one of the
three tentacle tips and tryptophan in the other (Figure 3.1A). The double mutant
A393C-G238W had single cysteine (A393C) at one tip and single tryptophan
(G238W) at another tip of Scp. The other double mutant M73C-M405W had the
substitutions also in the lower end of the tentacle domain, but slightly above the tip
region. These introduced two residues face the inside of the cavity. The double
mutants were designed to analyze, whether the tentacles move apart upon binding of
unfolded OmpA to Scp, resulting in a change of the conformation of Scp.

3.4.3 Single-Trp mutants of OmpA
To perform FRET experiments between Scp and OmpA, twelve single tryptophan
mutants of OmpA were used in this study (Table 3.3). These mutants were
constructed previously (Kleinschmidt et al. 1999b; Qu et al. 2009) and were
available for use in the present study. These mutants were sectioned into three
categories, based on the location of tryptophan in the OmpA structure (Figure 3.2).
The first category includes three single tryptophan mutants of OmpA (t1W48, t2W91
and t3W131), where the single Trp was introduced to replace a residue in one of the
three periplasmic turns of the transmembrane (TM) β-barrel of OmpA. The second
category includes five single tryptophan mutants of OmpA (s1W7, s1W15, s3W57,
s5W102, s7W143), where single Trp was substituted in one of the eight β-strands of
the TM domain of OmpA. The third category includes the four single tryptophan
mutants of OmpA (l1W24, l2W67, l3W110, l4W153), where the single tryptophan
replaced a residue in one of the four loops of OmpA. All of the mutants were shown
to be functionally active and fold similar to wild-type OmpA (Kleinschmidt et al.
1999a; Qu et al. 2009).
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Figure 3.2 Structure and transmembrane topology of outer membrane protein A (OmpA).
(A) OmpA forms a transmembrane β-barrel structure that is composed of eight β-strands.
The β-strands of OmpA are numbered from β1 to β8, the loops from L1 to L4 and the turns
from T1 to T3. (B) The locations of the residues that were replaced on the DNA-level in
preparations of single tryptophan mutants of OmpA are shown in red (strands), green (loops)
and blue (turns). The 12 single tryptophan mutants that were used in this study were
constructed previously (Kleinschmidt et al. 1999a; Qu et al. 2009) by performing the
corresponding site-directed mutagenesis reactions with a plasmid carrying the gene encoding
WaF-OmpA. These single-tryptophan mutants are used as fluorescence donors in the FRET
studies presented here. Three single tryptophan mutants (t1W48, t2W91, t3W131) carried
Trp in the turn region (blue), four (l1W24, l2W67, l3W110, l4W153) in the loop region
(green) and five (s1W7, s1W15, s3W57, s5W102, s7W143) in the β-strand region (red) of
OmpA. The β-strands are amphipathic and contain hydrophobic residues (yellow) that face
the lipid acyl chains whereas hydrophilic residues face either the β-barrel interior, or the
periplasm, or the polar region of LPS or the extracellular space.

3.4.4 Circular dichroism spectroscopy confirms the secondary
structure of Skp is preserved in the prepared Scp mutants.
Circular dichroism spectroscopy was used to analyze the secondary structure of eight
single cysteine mutants and of two single Cys – single Trp double mutants of Scp.
The recorded spectra for these Scp mutants were compared to those of wild type Skp
and unmodified Scp. CD spectra were recorded for Skp, Scp and all of the Scp
mutants in aqueous buffer (Figure 3.3). The spectra demonstrate the double minima
at the wavelengths 208 and 222 nm characteristic for α-helix secondary structure.
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The percentages of the various secondary structure elements were calculated by
deconvolution analyses of the recorded spectra. These quantitative analyses are
performed using computational algorithms like CONTINLL (Provencher and
Glockner 1981) and CDSSTR (Sreerama and Woody 2000) and sets of reference CD
spectra of proteins of known high-resolution structures (x-ray crystal structures). The
spectra were recorded in the far UV region (260-190 nm) of the absorption of the
peptide bond of the protein backbone. The spectra were then analyzed to obtain the
content of α-helix, β-sheet, β-turns and random coil secondary structure in each of
the proteins.

Skp monomer
Scp
N457C-Scp
V122C-Scp
N115C-Scp
N209C-Scp
Q420C-Scp
Q416C-Scp
M73C-Scp
A393C-Scp
A393C-G238W-Scp
M73C-M405W-Scp
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Figure 3.3 CD spectra of Scp and its mutants exhibit secondary structure similar and
comparable to Skp, with the characteristically high content of α-helical structure. CD spectra
were recorded from 190 to 260 nm at room temperature for samples placed into a quartz
cuvette with a path length of 0.5 mm.

Deconvolution analyses of the CD spectra obtained for Skp, Scp and mutants of Scp
shown in Figure 3.3 demonstrated very similar secondary structure in all proteins.
The α-helical content was about 53-55%, β-sheet was around 8-11%, β-turns in
between 10-13% and random coil structure was estimated around 25-26% (Table
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3.4). The deconvolution analysis of the recorded spectra for all of the mutants of Scp
is similar to that obtained for Scp and Skp.

Table 3.4 Secondary structure of Skp, Scp and Scp mutants obtained
from the analysis of the CD spectra.
Sample

Algorithm

Set

α-helix

β-strand

β-turns

(%)

(%)

(%)

Random
Coil
(%)

NRMSDa

Skp

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

56
59
53
53
55

10
9
6
7
8

11
8
12
12
11

24
25
29
28
26

0.005
0.005
0.052
0.052

Scp

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

55
57
50
53
54

12
10
9
8
10

11
12
11
10
11

22
20
30
29
25

0.007
0.006
0.066
0.066

N457C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

53
56
52
53
53

13
13
9
8
11

11
10
10
11
10

24
21
28
28
25

0.006
0.006
0.056
0.056

V122C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

54
57
53
53
54

12
11
9
8
10

12
11
10
11
11

23
21
28
28
25

0.005
0.005
0.056
0.056

N115C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

56
59
52
53
55

10
10
7
7
9

10
12
12
12
12

23
20
29
28
25

0.005
0.005
0.052
0.052

N209C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

54
57
52
52
54

12
10
8
8
10

11
11
11
12
11

23
23
29
28
26

0.004
0.004
0.054
0.054

Scp mutants
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Sample

Algorithm

Set

(%)

βstrand
(%)

α-helix

β-turns
(%)

Random
Coil
(%)

NRMSDa

Q420C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

53
57
51
51
53

12
11
9
9
10

11
12
11
12
11

24
21
29
28
25

0.005
0.005
0.054
0.054

Q416C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

55
57
51
51
54

12
9
9
9
10

11
11
11
12
11

23
22
29
28
26

0.005
0.005
0.052
0.052

M73C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

56
58
52
52
55

11
9
9
9
10

11
10
10
11
11

22
23
29
28
26

0.005
0.005
0.054
0.054

A393C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

55
59
53
53
55

10
9
8
8
9

11
10
11
11
11

24
22
28
28
26

0.005
0.004
0.055
0.055

A393C-G238W

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

54
57
50
50
53

12
10
8
9
10

11
11
14
14
13

24
22
28
27
25

0.005
0.005
0.051
0.051

M73C-M405W

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

54
58
51
51
54

10
9
7
9
9

12
10
14
14
13

24
23
28
26
25

0.005
0.005
0.052
0.052

CD spectra were analyzed using the algorithms CDSSTR and CONTIN and the reference data sets 4
and
7, provided by DICHROWEB. Reference data sets 4 and 7 are the only possible sets for
analysis of Far UV CD spectra recorded in the wavelength range of 190 to 260 nm.
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
NMRSD is minimized during the iterative calculations and finally should be < 0.25 for a good
approximation of the calculated spectrum to the theoretical spectrum.
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3.4.5 FRET pairs: IAEDANS-labeled Scp and Single-Trp OmpA
Fluorescence resonance energy transfer is a mechanism that involves transfer of
energy from an excited electronic state of a donor chromophore to an acceptor
chromophore in a non-radiative manner through long-range dipole-dipole
interactions. A FRET analysis provides distance information in the range of 10-100
Å, and for this reason, this method is widely used for studies investigating
biomolecular structure and dynamics. In order to probe interactions between Scp and
OmpA, 12 single Trp mutants of OmpA were used as fluorescence donors and 8
single Cys mutants of Scp were used as fluorescence acceptors. Tryptophan exhibits
intrinsic fluorescence properties owing to its aromatic nature. In proteins or peptides
of the natural amino acids, it can be selectively excited at 295 nm and has an
emission peak around 315-350 nm, depending on the hydrophobicity of its
environment. The single cysteine residue of an Scp mutant was spectroscopically
labeled

with

a

sulfhydryl

(SH)

reactive

probe,

namely

5-({2-

[(iodoacetyl)amino]ethyl}amino)naphthalene-1-sulfonic acid (IAEDANS), which is
used here as a resonance energy acceptor. The fluorophore IAEDANS has a peak
excitation wavelength of 336 nm and a peak emission wavelength of 490 nm (in pH
8 buffer) (Hudson and Weber. 1973). Henceforth, a single Trp mutant of OmpA and
a IAEDANS-labeled single Cys mutant of Scp form a donor-acceptor (D-A) pair for
intermolecular FRET measurements. Similarly, a single Trp residue and a single Cys
residue that is labeled with IAEDANS form a donor-acceptor pair in each of the Scp
double mutants used here for intramolecular FRET measurements.
In order to calculate the D-A distance (r), it is necessary to determine the so-called
Förster distance (R0) for each D-A pair (section 3.3) and to measure the efficiency of
energy transfer (E) (equation 3.2) by recording the relevant fluorescence spectra. The
intensity of the donor in the presence of the acceptor (FDA) and the intensity of the
donor in a control measurement that lacks the acceptor (FD) are recorded to calculate
the transfer efficiency E (equation 3.3). The calculation of the Förster distance
between a D-A pair requires the determination of the overlap integral, J(λ) (equation
3.5), and of the donor quantum yield (QD) (equation 3.6). The overlap intergral J(λ),
describes the degree of spectral overlap between the donor emission spectrum and
the acceptor absorption spectrum. Additional UV/VIS-absorption measurements
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were performed to determine the extinction coefficient of the acceptor (εA) in order
to calculate the overlap integral J(λ). The fluorescence emission spectrum of the
donor (FD) was recorded for each single Trp mutant of OmpA in the presence of the
relevant S-methylated single Cys mutant of Scp. This is the control spectrum, where
energy transfer does not occur due to the lack of an acceptor probe in Scp. The
cysteine of the Scp mutant was methylated at the sulfhydryl group to avoid any
unwanted dimer formation of Scp.

3.4.6 Analysis of the intramolecular FRET in double mutants of Scp
In this study, two double mutants of Scp (A393C-G238W-Scp and M73C-M405WScp) were used. The double mutants contain a single Cys in one of the three tentacles
of Scp and a single Trp in another tentacle. The Trp and the Cys, labeled with
IAEDANS, form an intramolecular donor-acceptor pair that is used for FRET and
distance analyses for each double mutant of Scp. For a fluorescence spectrum of the
donor in the absence of a FRET acceptor, the S-methylated form of the double
mutant of Scp was used to avoid complications due to a possible reaction of an
unmodified reduced cysteine residue. Intramolecular FRET experiments allowed the
investigation, whether the substrate binds at the tentacle tip region in Scp and
whether this binding is accompanied by a distance change between the tentacle
domains, which would indicate a conformational change within Scp. The
fluorescence emission spectra were recorded for Scp in the absence and in the
presence of WaF-OmpA, a mutant of OmpA in which all Trp residues were replaced
by Phe (see section 3.3, Table 3.3). When energy transfer occurs, the quenching of
the donor fluorescence should be accompanied by an increased fluorescence of the
acceptor. Therefore, the fluorescence emission spectra were scanned from 310 to
580 nm to observe both, the emission band of the Trp (with maxima ranging from
~330-350 nm) and the emission band of IAEDANS (with maxima ranging from ~490
nm) in Scp.
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FRET analysis of the IAEDANS-labeled double mutant A393C-G238W-Scp and
the binding of WaF-OmpA
The double mutant A393C-G238W Scp carries a IAEDANS-labeled single Cys
(C393) in one tentacle tip and a single Trp (W238) in the other tentacle tip in Scp.
For the spectra recorded in the absence of the client WaF-OmpA, a small transfer of
energy was observed (Figure 3.4A, C) and a donor-acceptor distance of 22.8 Å
(Table 3.5) was calculated, indicating that the tentacle tips are close in proximity but
not as close as observed in the crystal structure (~9-10 Å, PDB entry 1SG2). Even in
the presence of WaF-OmpA, FRET was observed (Figure 3.4B), which signifies that
WaF-OmpA is not bound at the tentacle tip region between these two mutation
positions in Scp. Binding of WaF-OmpA at the tentacle tips would have increased
the distance between the donor/acceptor pair in the tentacles of Scp, leading to a
reduction or disappearance of the FRET. The calculated distance was ~21.3 Å (Table
3.5). This is a reduction by 1.5 Å caused by the presence of OmpA, a small variation
that could be the result of a small change in the orientation of the fluorophore. The
fluorescence emission maxima of tryptophan (λT) and IAEDANS (λI) displayed blue
shift in the presence of OmpA, indicating a slighty more hydrophobic environment of
these fluorophors. The shift of the tryptophan maxima was only ΔλT = –2 nm (from
343 nm to 341 nm). The shift of the emission maximum of IAEDANS was a bit
larger with ΔλI = –4 nm (from 499 to 495 nm).	
  
	
  
FRET analysis of the spectra of the double mutant M73C-M405W Scp and the
binding of WaF-OmpA
The double mutant M73C-M405W of Scp carries a single Cys (C73) and a single Trp
(W405) in the lower end of the tentacle domain, slightly above the tip region. The
mutated residues are oriented towards the cavity of Scp. Spectra recorded in the
absence (Figure 3.4D) and in the presence (Figure 3.4E) of WaF-OmpA, showed a
significant transfer of energy, indicating that the donor and the acceptor fluorophores
in Scp are in close proximity. The substrate WaF-OmpA is not located between the
positions of these fluorophores in the tentacle domain of Scp, as the change of the
FRET upon binding of WaF-OmpA is quite small. The distances between the donor
and the acceptor (D-A- distances, r) are very similar in the absence and in the
presence of WaF-OmpA, namely r ~18.7 Å and r ~18.8 Å, respectively (Table 3.5).
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Figure 3.4 Fluorescence emission spectra of the donor and the acceptor located in the
tentacle tips of Scp. Intramolecular fluorescence resonance energy transfer (FRET) was used
to probe the interaction of WaF-OmpA (a tryptophan-free mutant of OmpA) in the tentacle
tip region or in the lower part of the tentacle domain of Scp. The double mutants A393CG238W and M73C-M405W of Scp were used in this experiment, with the donor, tryptophan
located in one of the three tentacle domains, and the acceptor, IAEDANS-labeled cysteine,
located in the other tentacle domain. FRET measurements were performed in the absence
and in the presence of WaF-OmpA, which is known to bind to Scp. The concentrations of
WaF-OmpA and Scp were 1 µM and 1.33 µM, respectively. Background spectra of Tris
buffer (pH 8.0) or of WaF-OmpA in Tris buffer were subtracted. FRET between the donor
tryptophan W238 and the acceptor IAEDANS-labeled C393 is obvious from the
fluorescence spectra shown in these panels: (A) in the absence of OmpA; (B) in the presence
of OmpA; (C) shows the superimposed spectra from the panels (A) and (B). FRET between
the donor tryptophan W405 and the acceptor IAEDANS-labeled C73 is shown in these
panels: (D) in the absence of OmpA; (E) in the presence of OmpA; (F) shows the
superimposed spectra from the panels (D) and (E). The energy transfer between the donors
and the acceptors was not reduced in the presence of OmpA, indicating that OmpA likely
binds elsewhere in Scp. An increase in the fluorescence intensity that was observed in the
presence of OmpA is likely caused by changes in the environment of the fluorophore due to
a minor conformation change in Scp. These spectra were further analysed to obtain the
Förster distances between the donor/acceptor pairs (Table 3.5).
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The fluorescence intensities of tryptophan and IAEDANS increased in the presence
of WaF-OmpA. This could be attributed to a removal of water molecules from the
environment of the two fluorophors. In the presence of WaF-OmpA, the emission
maxima of tryptophan and IAEDANS were shifted towards shorter wavelength (blue
shift). The shift of the emission maximum of the fluorescence of tryptophan was
from 346 nm to 344 nm with ΔλT = –2 nm. The shift observed for the maximum of
the fluorescence of IAEDANS was from 494.5 to 488 nm with ΔλI = –6.5 nm, which
is greater than observed for A393C-G238W-Scp (see above).

Table 3.5 Calculated parameters for the energy transfer between
intramolecular donor-acceptor pairs in mutants of Scp and the effect
of OmpA binding.
Acceptor
(Scp)b
A393C

Q Dc

J (M-1 cm3)d

R0 (Å)e

E (%)f

r (Å)g

OmpA (+)

Donor
(Scp)a
G238W

0.028

1.3E-14

19.6

38

21.3

OmpA (-)

G238W

A393C

0.026

1.3E-14

19.4

27

22.8

OmpA (+)

M405W

M73C

0.05

4.8E-15

18.2

46

18.7

OmpA (-)

M405W

M73C

0.036

5.0E-15

17.4

38

18.8

Substrate

	
  
	
  
	
  
	
  
	
  a	
  
b
c
d
e
f
g

	
  the single tryptophan in one of the three tentacles of the Scp mutant, used as a fluorescence donor
the single cysteine mutation in one of the three tentacles of Scp, for labeling with IAEDANS as a
fluorescence acceptor
the quantum yield of the donor tryptophan
the spectral overlap integral
the Förster distance calculated using n = 1.4 and κ2 = 2/3.
	
  
the estimated efficiency of energy transfer.
	
  
the distance between the donor and the acceptor .
	
  
	
  

3.4.7 Intermolecular FRET and the interaction of Scp with OmpA
The intramolecular FRET in fluorescently labeled double mutants of Scp, indicated
that OmpA did not bind at the tip region of the tentacle domain in Scp. To examine
alternative binding regions in Scp, mutations were introduced in other regions of the
tentacle domain, namely near the association domain and also at the exterior surface
of Scp. Eight single Cys mutants of Scp were prepared by site-directed mutagenesis
and subsequent protein expression and isolation (Figure 3.1 and Table 3.1). The
intermolecular FRET experiments were performed between twelve single Trp
mutants of OmpA and these eight mutants of Scp (Table 3.3), which were labeled
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with IAEDANS as a FRET acceptor. The fluorescence emission spectra (upon an
excitation at λexcitation = 295 nm) were recorded for each OmpA mutant separately and
in the presence of one Scp mutant, either in IAEDANS-labeled form, or in Smethylated form, resulting in 192 recorded spectra. The emission spectra were
scanned from 310 to 580 nm to observe the maxima of the donor Trp and of the
acceptor IAEDANS. The first band observed at ~330-350 nm is the tryptophan
fluorescence spectrum and the second band observed at ~490 nm is the fluorescence
emission of IAEDANS. Reference fluorescence spectra were recorded for the donor
Trp (in OmpA) in the presence of the S-methylated Cys mutant of Scp, i.e in the
absence of the acceptor. In contrast to the IAEDANS-labeled Scp, the S-methylated
Scp is not a FRET acceptor. FRET was observed when the IAEDANS attached to
Scp was in closer proximity to the tryptophan of OmpA. FRET was reduced at
increased distances between IAEDANS (Scp) and tryptophan (OmpA) and FRET
was not observed when either Scp was S-methylated or the two proteins were not
interacting.
The intermolecular FRET data, recorded for a single Trp mutant of OmpA and the
various IAEDANS-labeled single-Cys mutants of Scp, were analyzed in twelve sets,
which were given by the twelve single Trp mutants of OmpA used in these
experiments. Each set is comprised of the FRET experiments performed for a
particular single Trp mutant of OmpA and each of the eight IAEDANS-labeled
single Cys mutants of Scp (Figure 3.5 to Figure 3.7 and Appendix B, Figure B1 to
Figure B9). The results obtained for these 12 data sets were very similar, indicating
comparable patterns of FRET. Out of the 12 data sets, figures for three data sets are
presented in this chapter. Figures of the fluorescence spectra of the additional nine
data sets are shown in the appendix for a complete documentation and for crossreference. Figures 3.5, 3.6 and 3.7 show the fluorescence emission spectra recorded
for t1W48-OmpA and Scp, for l2W67-OmpA and Scp and for s3W57-OmpA and
Scp. These three data sets were chosen randomly for the presentation in this chapter.
The selected representative single Trp mutants of OmpA, were t1W48-OmpA with
the Trp located in a periplasmic turn of the β-barrel domain of OmpA, l2W67OmpA, with a Trp located in an outer loop of the β-barrel domain and s3W57-OmpA
with the Trp located in one of the β-strands of OmpA. The recorded fluorescence
emission spectra for the FRET measurements performed for eight single Cys mutants
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of Scp (IAEDANS-labeled and S-methylated) and a selected single Trp mutant of
OmpA are shown in eight panels (A to H) in each figure. These fluorescence data
sets were used to calculate the transfer efficiency, the donor-acceptor distance and all
other FRET parameters (Table 3.6).

Shown in Figure 3.5 are the fluorescence

emission spectra for the FRET pairs of t1W48-OmpA and each of the labeled
mutants of Scp. Each spectrum of the IAEDANS-labeled mutant of Scp is shown in
the same color that is also used to highlight the mutation in the Skp ribbon diagram
(Figure 3.1A). The reference fluorescence emission spectrum of the single Trp
mutant of OmpA in the presence of the S-methylated single Cys mutants of Scp, i.e.
in the absence of energy transfer, are presented in gray color for all eight Scp
mutants.
As is evident from the fluorescence spectra and the D-A distance calculations, the
highest FRET and the smallest D-A distances were observed for the mutants Q420C
(r = 20.5 Å), N115C (r = 22.5 Å) and N457C (r = 23 Å). Mutants M73C (r = 25 Å)
and V122C (r = 25.7 Å) display a more moderate FRET and correspondingly
somewhat larger D-A distances. The lowest FRET and the greatest D-A distances
were observed for the mutants A393C (r = 29.4 Å), Q416C (r = 28.8 Å) and N209C
(r = 27.3 Å). The overlap integrals J were calculated using equation 3.5 for each D-A
pair and ranged in between (4.2 × 10–15 to 12 × 10–15) M-1 cm3, which is comparable
to similar values (7.15 to 6.95×10-15 M-1 cm3) obtained for Trp-IAEDANS FRET
pairs in an another study (Anderluh et al. 2003). The overlap integrals were
determined in order to calculate the Förster distances R0 for each D-A pair. As R0 is
proportional to the sixth root of J (equation 3.4) it does not strongly depend on J: a
120-fold change in the overlap integral results in only a 2.2-fold change in the
Förster distance (Lakowicz 2006). In all the data sets, the highest energy transfer
(FRET) was observed for the single Cys mutants of Scp namely N115C, Q420C and
N457C. Single Cys mutants M73C and V122C displayed moderate energy transfer
and the least transfer of energy was observed for the mutants A393C, N209C and
Q416C. The twelve data sets include 96 different FRET pairs (Table 3.6) of single
Trp mutants of OmpA as donors and IAEDANS-labeled single Cys-Scp mutants as
acceptors. Among these 96 FRET pairs, the smallest FRET D-A distance of 18.4 Å
was obtained for the FRET pair l3W110-OmpA and N115C-Scp, while the greatest
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distance of 32.13 Å was determined for the FRET pair l1W24-OmpA and A393CScp.

Figure 3.5 Fluorescence emission spectra of t1W48-OmpA, the FRET donor in the presence
of labeled single cysteine mutants of Scp. Sixteen spectra were recorded, each with the
single tryptophan mutant t1W48-OmpA and one of the eight single cysteine mutants of Scp,
which was either IAEDANS-labeled or S-methylated at the cysteine The spectra are grouped
into eight panels, each showing the spectra of t1W48-OmpA and two labeled forms of one of
the Scp mutants: (A) N457C-Scp, (B) V122C-Scp, (C) N115C-Scp, (D) Q420C-Scp, (E)
Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H) N209C-Scp. The concentrations of OmpA
and Scp were 1 µM and 1.33 µM, respectively. Background spectra of Scp in Tris buffer (pH
8.0) were recorded first. The single-Trp mutant l1W24-OmpA was then added and spectra
were recorded with background subtraction. FRET was monitored between Trp and
IAEDANS and FD-A (see Eq. 3.3) was obtained from these spectra. The Trp fluorescence
spectra recorded for t1W48-OmpA in the presence of methylated single Cys mutants of Scp
served as reference spectra to obtain FD. The energy transfer was calculated from FD-A and
FD using Eq 3.3 and used for distance determinations. All samples were measured at 25°C at
an excitation wavelength of 295 nm. The fluorescence emission was recorded in the
wavelength range from 310 to 580 nm. This data was further analyzed to determine the
Förster distances (Table 3.6)
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The cysteine residue of mutant Q420C is located exactly in the middle of the tentacle
domain, while the Cys of mutant N115C is positioned in the upper half part of the
tentacle domain and N457C is located in the middle of the association domain. All
three cysteines face the cavity of Scp. Since the highest FRET and therefore the
shortest D-A distances were determined for the labeled cysteines in these positions,
all data suggested that bound OmpA is located in the cavity of Scp, close to the
association domain of Scp and in between the tentacles of the upper half of the
tentacle domain.
The cysteine of the mutant M73C is located in the lower half of the tentacle domain
and the mutation V122C is located close to the upper edge of the tentacle domain.
Both mutants of Scp showed moderate FRET and D-A distances to the single Trp
residues in mutants of OmpA. The mutation A393C in Scp is located at the tip of the
tentacle domain. The calculated relatively long distances between donors (single trp
mutants of OmpA) and the acceptor IAEDANS attached to this mutant of Scp also
suggests that OmpA does not bind close to the tips of the tentacle domain. The
IAEDANS labeled Mutant N209C-Scp also displayed low FRET from single Trp
mutants OmpA and therefore large distances between the Trps in OmpA and residue
209 in Scp. The reason for this is that residue 209 of this mutant is located on the
surface of Scp, oriented toward the exterior environment and not toward the cavity of
Scp.
The mutation Q416C is located in the lower half of the tentacle domain of Scp and
displayed large D-A distances, which was unexpected for this location. In this case,
low FRET and larger distances could only result from the orientation of this mutant
facing toward the surface of Scp and the exterior environment.
The D-A distances r, obtained for the 96 FRET pairs, ranged from r ~18.4 Å to r
~32.13 Å. The individual distances r obtained for these 96 different FRET pairs were
all very similar. For this reason, a specific orientation of OmpA in the cavity of Scp
appears to be unlikely. The similar of the distances suggest instead that OmpA is
oriented randomly, i.e. bound in the cavity of Scp with a dynamic conformation and
orientation.
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Figure 3.6 Fluorescence emission spectra of the OmpA donor (l2W67-OmpA) and mutants
of Scp either labeled with the FRET acceptor IAEDANS or with a methyl group. The FRET
experiment was performed between a single tryptophan mutant of OmpA, l2W67-OmpA,
and eight single cysteine mutants of Scp, either IAEDANS-labeled or S-methylated, as
described in the legend to Figure 3.5: (A) N457C-Scp, (B) V122C-Scp, (C) N115C-Scp, (D)
Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H) N209C-Scp. The
concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively. Background spectra
of Scp in Tris buffer (pH 8.0) were recorded first. The single-Trp mutant l1W24-OmpA was
then added and spectra were recorded. Background spectra were subtracted. All spectra were
recorded over a wavelength range from 310 to 580 nm at 25°C and at an excitation
wavelength of 295 nm. This data was further analyzed to calculate the Förster distances
(Table 3.6).

76	
  

Figure 3.7 Fluorescence emission spectra of the OmpA donor (s3W57) and acceptor-labeled
Scp. The FRET experiment was performed (as described in the legend to Figure 3.5)
between a single tryptophan mutant of OmpA, s3W57-OmpA, and eight single cysteine
mutants of Scp that were either IAEDANS-labeled or S-methylated: (A) N457C-Scp, (B)
V122C-Scp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393CScp, (H) N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM,
respectively. Background spectra of mutants of Scp in Tris buffer (pH 8.0) were recorded
first. The single-Trp mutant l1W24-OmpA was then added to the Scp mutant and spectra
were recorded. The background spectra were subtracted. All spectra were recorded over the
wavelength range of 310 to 580 nm at 25°C and at an excitation wavelength of 295 nm. This
data was further analyzed for Förster distance calculations (Table 3.6).
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Table 3.6 Energy transfer parameters for donor-acceptor pairs in
intermolecular FRET experiments.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Donor
(OmpA)a

Acceptor
(Scp)b

t1W48

t2W91

t3W131

l1W24

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

l2W67

Q Dc

J (M-1 cm3)d

R0 (Å)e

E (%)f

r(Å)g

N457C

0.120

8.6E-15

23.14

52

23.03

V122C

0.110

8.0E-15

22.52

31

25.70

N115C

0.120

8.3E-15

23.2

54

22.50

N209C

0.120

1.1E-14

24.3

33

27.27

Q420C

0.120

4.3E-15

20.7

51

20.50

Q416C

0.110

7.0E-15

22.0

17

28.80

M73C

0.110

7.1E-15

22.0

32

25.0

A393C

0.110

1.1E-14

23.8

22

29.40

N457C

0.084

8.0E-15

21.63

55

20.86

V122C

0.087

8.0E-15

21.41

27

25.21

N115C

0.086

8.3E-15

21.84

47

22.30

N209C

0.088

1.1E-14

23.1

38

25.02

Q420C

0.083

4.4E-15

19.5

48

19.70

Q416C

0.096

7.0E-15

21.6

19

27.50

M73C

0.075

7.2E-15

21.0

15

28.0

A393C

0.070

1.1E-14

22.11

20

27.90

N457C

0.061

8.5E-15

20.74

43

21.80

V122C

0.063

7.8E-15

20.55

29

23.85

N115C

0.086

8.3E-15

21.85

50

21.90

N209C

0.068

1.1E-14

22.08

34

24.70

Q420C

0.064

4.2E-15

18.56

44

19.30

Q416C

0.064

7.0E-15

20.2

18

25.90

M73C

0.060

7.1E-15

20.0

16

26.20

A393C

0.067

1.2E-14

22.14

29

25.80

N457C

0.079

8.8E-15

21.7

38

23.60

V122C

0.080

8.0E-15

21.5

26

25.45

N115C

0.173

8.4E-15

24.6

56

23.60

N209C

0.087

1.2E-14

23.11

33

25.93

Q420C

0.080

4.8E-15

19.7

40

21.0

Q416C

0.150

7.1E-15

23.44

23

28.50

M73C

0.120

7.2E-15

22.5

37

24.60

A393C

0.102

1.1E-14

23.43

13

32.13

N457C

0.057

8.4E-15

20.42

51

20.21

V122C

0.102

8.3E-15

22.45

23

27.44

N115C

0.070

8.0E-15

20.83

56

19.90
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Donor
(OmpA)a

Acceptor
(Scp)b

l2W67

N209C

0.104

1.2E-14

23.83

20

30.10

Q420C

0.101

5.5E-15

21.0

28

24.50

Q416C

0.061

7.4E-15

20.26

19

25.60

M73C

0.084

7.2E-15

21.3

27

25.0

A393C

0.040

1.1E-14

20.1

15

26.60

N457C

0.030

8.8E-15

18.5

27

21.81

V122C

0.050

8.3E-15

20.17

27

23.80

N115C

0.033

8.1E-15

18.62

51

18.40

N209C

0.050

1.1E-14

21.04

21

26.13

Q420C

0.051

4.9E-15

18.3

33

20.70

Q416C

0.040

7.3E-15

18.6

26

22.20

M73C

0.040

7.2E-15

18.63

32

21.10

A393C

0.030

1.2E-14

19.1

11

27.07

N457C

0.090

8.9E-15

22.3

53

21.90

V122C

0.060

7.8E-15

20.5

34

22.90

N115C

0.093

8.2E-15

22.09

53

21.70

N209C

0.076

1.1E-14

22.5

43

23.60

Q420C

0.075

4.2E-15

19.1

43

19.90

Q416C

0.082

7.2E-15

21.2

10

31.0

M73C

0.091

7.2E-15

21.5

40

23.10

A393C

0.064

1.2E-14

22.01

13

30.40

N457C

0.060

8.5E-15

20.64

50

20.70

V122C

0.052

7.7E-15

19.83

35

22.02

N115C

0.063

8.3E-15

20.74

50

20.70

N209C

0.060

1.1E-14

21.6

30

24.80

Q420C

0.056

4.2E-15

18.13

43

19.0

Q416C

0.062

7.1E-15

20.11

19

25.70

M73C

0.044

7.1E-15

19.07

14

26.0

A393C

0.050

1.1E-14

20.6

15

27.40

N457C

0.144

9.0E-15

24.14

47

24.7

V122C

0.110

8.2E-15

23.0

26

27.27

N115C

0.185

8.7E-15

25.0

56

24

N209C

0.140

1.1E-14

25.0

32

28.3

Q420C

0.120

5.1E-15

21.5

37

23.5

Q416C

0.180

7.1E-15

24.0

24

29

M73C

0.102

7.2E-15

22.0

40

23.5

A393C

0.130

1.1E-14

24.5

26

29.1

l3W110

l4W153

β1W7

β1W15

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Q Dc

J (M-1 cm3)d
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R0 (Å)e

E (%)f

r(Å)g
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b
c
d
e
f
g

Donor
(OmpA)a

Acceptor
(Scp)b

β3W57

N457C

0.08

8.4E-15

21.5

44

22.3

V122C

0.105

8.0E-15

22.5

27

26.41

N115C

0.093

8.3E-15

22.13

64

20.14

N209C

0.110

1.1E-14

24.0

27

28.4

Q420C

0.105

4.5E-15

20.43

41

21.8

Q416C

0.076

7.0E-15

20.8

19

26.4

M73C

0.101

7.3E-15

22.0

32

24.8

A393C

0.065

1.1E-14

21.9

14

30

N457C

0.070

8.7E-15

21.23

40

22.8

V122C

0.066

7.8E-15

20.7

33

23.3

N115C

0.055

8.3E-15

20.3

46

20.8

N209C

0.063

1.1E-14

21.72

24

26.31

Q420C

0.060

4.5E-15

18.6

37

20.26

Q416C

0.062

7.0E-15

20.1

16

26.5

M73C

0.050

7.1E-15

19.35

22

23.9

A393C

0.050

1.1E-14

20.9

15

28

N457C

0.089

9.1E-15

22.3

35

24.7

V122C

0.084

8.1E-15

21.7

28

25.35

N115C

0.096

8.6E-15

22.4

46

22.9

N209C

0.092

1.1E-14

23.22

34

25.9

Q420C

0.087

4.5E-15

19.8

44

20.6

Q416C

0.088

7.0E-15

21.3

22

26.3

M73C

0.120

7.3E-15

22.5

38

24.5

A393C

0.060

1.1E-14

22.0

18

28.2

β5W102

β7W143

Q Dc

J (M-1 cm3)d

R0 (Å)e

E (%)f

r(Å)g

the single tryptophan mutant of OmpA used as a fluorescence donor
the IAEDANS labeled single cysteine mutant of Scp used as a fluorescence acceptor
the quantum yield of the donor tryptophan
the spectral overlap integral
the Förster distance calculated using n = 1.4 and κ2 = 2/3.
the estimated efficiency of energy transfer.
the distance between the donor and the acceptor groups in the proteins.

3.4.8 Fluorescence energy transfer is not observed for Trp residues
in the periplasmic domain of BamA in the presence of IAEDANSlabeled cysteine mutants of Scp.
The results obtained from the intermolecular FRET experiments, performed between
Scp and OmpA, clearly suggest the close proximity and binding of the two
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interacting proteins. We also performed the intermolecular FRET experiments
between Scp and periplasmic domain of BamA (PD-BamA). BamA is a core
component of the β-barrel assembly machinery (BAM) complex in the outer
membrane of E. coli. BamA consists of a N-terminal periplasmic domain and a
membrane embedded C-terminal β-barrel domain (Voulhoux and Tommassen 2003).
In E. coli, PD-BamA consists of five polypeptide transport associated (POTRA)
motifs. PD-BamA contains three native tryptophan residues and was used as a
fluorescence donor in a FRET experiment with Scp. The experimental conditions
were those of the Scp-OmpA FRET study, with the exception that the Trp-mutant of
OmpA was replaced by PD-BamA.

Figure 3.8 Fluorescence emission spectra of PD-BamA as a resonance energy donor and of
two single Cys mutants of Scp labeled at the Cys with IAEDANS as a resonance energy
acceptor. (A) N115C-Scp, (B) Q416C-Scp. The FRET observed between these two proteins
was very small, as indicated by a very small amplitude of the acceptor emission and by a
very small decrease in the fluorescence of the donor in comparison to the spectra obtained in
the presence of S-methylated Scp, i.e. in the absence of the acceptor IAEDANS. The
concentrations of PD-BamA and Scp were 1 µM and 1.33 µM, respectively. Background
spectra of Scp in Tris buffer (pH 8.0) were recorded first. PD-BamA was then added and
spectra were recorded. The background spectra were subtracted. All spectra were recorded
over the wavelength range from 310 to 580 nm at 25°C and at an excitation wavelength of
295 nm.

The intermolecular FRET experiments were performed for PD-BamA (as the donor)
and for single Cys mutants of Scp (IAEDANS-labeled (as the acceptor) or Smethylated, for fluorescence recordings in the absence of an acceptor). Figure 3.8
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shows the fluorescence emission spectra for two of the single Cys mutants of Scp
(N115C and Q416C) with PD-BamA. In contrast to the FRET experiments described
for OmpA and Scp, significant FRET was not observed between IAEDANS-labeled
Scp and PD-BamA, indicating that the distances between Trp and IAEDANS in these
proteins must be much larger than the R0 for this donor-acceptor pair. A single peak
at ~336 nm corresponding to the fluorescence of tryptophan was observed. The peak
corresponding for IAEDANS fluorescence at ~490 nm had a negligible amplitude.
This suggests that the donors and acceptors in Scp and in PD-BamA are not close
enough for a significant FRET to occur, which is likely a consequence of their R0 of
~22 Å. However, this result confirms the proximities between Scp and OmpA that
were observed by FRET with the Trp-IAEDANS donor-acceptor pair.

3.4.9 The effect of LPS on the FRET between Scp and OmpA
Skp has a putative binding site for LPS (Walton et al. 2004). The site maps in the
middle of the tentacle domain and is composed of three basic residues (K77, R87 and
R88) on the Skp surface. The residue positions K77, R87 and R88 correspond to
residue positions K102, R112 and R113; K258, R268 and R269; and K414, R424
and R425 in the three consecutive monomer subunits in Scp (Figure 3.9). In this
study, the largest FRET was observed for the IAEDANS labeled mutants N115CScp, Q420C-Scp and N457C-Scp and any of the single-Trp mutants of OmpA. The
mutations N115C and Q420C are located very close to the LPS binding site on the
tentacle domain of Scp. The mutation N115C is separated by one residue and the
mutation Q420C is separated by three residues from the two consecutive arginine
residues of LPS binding site (Figure 3.9). The efficient delivery of Skp-associated
OmpA to lipid bilayers was facilitated by LPS (Bulieris et al. 2003) or by negatively
charged phospholipids (Patel et al. 2009). The effect of LPS on Scp-OmpA
interactions was analyzed by performing the intermolecular FRET experiment
between labeled mutants of Scp and single Trp mutants of OmpA in the presence of
LPS. The experimental parameters were the same as in the FRET studies described
above. The fluorescence emission spectra (recorded upon excitation at λexcitation = 295
nm) were recorded for the donor t1W24-OmpA and the IAEDANS-labeled single
Cys mutants of Scp, in the presence of LPS. The effect of LPS was analyzed by
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recording the fluorescence spectra at various LPS/Scp ratios, ranging from 0 to 3.75
mol/mol (Figure 3.10A, B).

1 MGSSHHHHHHSSGLVPRGSHMLEAMADKIAIVNMGSLFQQVAQKTGVSNTLENEFKGR 58
59 ASELQRMETDLQAKMKKLQSMKAGSDRTKLEKDVMAQRQTFAQKAQAFEQDRARRS 114
115 NEERGKLVTRIQTAVKSVANSQDIDLVVDANAVAYNSSDVKDITADVLKQVKGGGGSGG 173
174 GGSGGGGSADKIAIVNMGSLFQQVAQKTGVSNTLENEFKGRASELQRMETDLQAKMKK 231
232 LQSMKAGSDRTKLEKDVMAQRQTFAQKAQAFEQDRARRSNEERGKLVTRIQTAVKSVA 289
290 NSQDIDLVVDANAVAYNSSDVKDITADVLKQVKGGGGSGGGGSGGGGSADKIAIVNMG 347
348 SLFQQVAQKTGVSNTLENEFKGRASELQRMETDLQAKMKKLQSMKAGSDRTKLEKDV 404
405 MAQRQTFAQKAQAFEQDRARRSNEERGKLVTRIQTAVKSVANSQDIDLVVDANAVAYNS 463
478
464 SDVKDITADVLKQVK

Figure 3.9 The amino acid sequence of Scp. In Scp, three polypeptide chains of the Skp
monomer are linked together to a single polypeptide by two small flexible linker sequences
shown in orange color. The gene encoding Scp was synthesized, using the redundancy of the
genetic code to uniquely change the nucleotide sequences encoding the second and the third
Skp polypeptide chain to facilitate specific mutations in Scp (see section 2.4.1 for details).
The amino acid residues of Scp that were mutated to cysteine to obtain single-site Cys
mutants of Scp are shown in red and residue positions substituted by tryptophan are shown in
magenta. The putative LPS binding site in Skp consists of three basic residues (K, R and R),
which are shown in blue in each monomer unit. The mutations N115C and Q420C are
located very close to the LPS binding site in the Scp tentacle domain (corresponding to the
third polypeptide chain of Skp).

The concentrations of OmpA and Scp were kept at 1 µM and 1.33 µM, respectively,
similar to the experiments described above. A significant reduction in the FRET from
t1W24-OmpA to IAEDANS labeled single Cys mutants of Scp was observed at an
increased LPS/Scp molar ratio. The fluorescence emission of IAEDANS decreased
until an LPS/Scp molar ratio of ~3 and IAEDANS was not fluorescent when the LPS
concentration was further increased. Since the monomeric Scp contains three Skp
polypeptides that are linked together via two linker peptides, it also contains three
putative sites for the binding of LPS in each tentacle domain corresponding to one of
the Skp units. The transfer of energy was observed until three LPS molecules
saturated all three binding sites in Scp. When three LPS molecules were present per
Scp molecule in the reaction, the transfer of energy from OmpA to Scp was
disrupted, indicating a release of OmpA from the Scp cavity and an increase in
distance between the donor Trp in OmpA and the acceptor IAEDANS in labeled
single-Cys mutants of Scp. The fluorescence emission spectra for the FRET pair
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Figure 3.10 The addition of LPS reduces the transfer of energy from the donor OmpA to the
acceptor Scp. (A) The fluorescence emission spectra for t1W24-OmpA (donor) and
IAEDANS-labeled Q420C-Scp (acceptor) indicate a titration of Scp-OmpA complexes with
LPS ranging from 0 to 3.75 mol/mol LPS/Scp leads to a release of OmpA from the complex
with Scp. (B) The fluorescence intensities at 480 nm of the IAEDANS-labeled Q420C Scp
decrease at increasing molar ratios of LPS/Scp, indicating a titration between bound and free
OmpA that correlates to the titration of Scp with LPS. The fluorescence intensities decreased
with the increase in the molar LPS/Scp ratio until stationary levels were reached at an
LPS/Scp ratio of 3. The concentrations of OmpA and Scp were 1 µM and 1.33 µM,
respectively. All spectra were recorded over a wavelength range from 310 to 580 nm at 25°C
and at an excitation wavelength of 295 nm. The FRET experiments were also performed for
other D-A pairs: (D) t1W24-OmpA and IAEDANS N115C-Scp, (E) t1W24-OmpA and
IAEDANS Q416C-Scp and (F) t1W24-OmpA and IAEDANS V122C-Scp, each either in the
presence of LPS at the LPS/Scp molar ratio of 3.75 or in the absence of LPS.

t1W24-OmpA and Q420C-Scp are shown in Figure 3.10 at molar ratios of LPS/Scp
ranging from 0 to 3.75. The fluorescence intensities of IAEDANS at wavelengths of
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480 nm were plotted against the molar ratios of LPS/Scp (Figure 3.9B). The
intermolecular FRET experiment was also performed for three additional FRET pairs
using t1W24-OmpA as a donor and the IAEDANS-labeled mutants N115C-Scp,
Q416C-SCP and V122C-Scp as acceptors at LPS/Scp molar ratios of 0 and 3.75
(Figure 3.9C–F).

3.5 Discussion
In this work, the results from the FRET experiments are presented that were
performed for IAEDANS labeled single Cys mutants of Scp as acceptors and for
bound single Trp mutants of OmpA as donors. The Scp client OmpA served as a
model OMP as Scp is known to bind a wide range of OMPs (Qu et al. 2007, Jarchow
et al. 2008). In these FRET studies, the single Cys mutants of Scp were selected to
probe: a) the intramolecular distances between the tentacle tips of Scp, in the
presence and in the absence of unfolded mutants of OmpA as clients, b) the
intermolecular distances between the mutations in Scp and OmpA in the complex in
order to identify the potential binding regions in Scp for the client membrane
proteins. In this study, we have demonstrated that Scp does not bind the client OmpA
in between the tentacle tips. In solution, the tentacle tips are separated by similar
distances, independent of the presence or absence of OmpA. The potential binding
regions in Scp for bound proteins were identified. They are located in the middle of
the tentacle domain and include the putative LPS binding site. The current study
provides additional insights to the effects of LPS for the release of OmpA from Skp
OmpA complexes.
The CD spectra show that the mutants of Scp are all correctly folded regarding their
secondary structure, containing the expected α-helix and the β-sheet content. The CD
spectra of all Scp mutants are similar to the spectra of Scp and wt-Skp. The CD
spectrum displays two minima at 208 nm and 222 nm, which is typical for a
predominantly α-helical protein. The analysis of the CD spectra reveals ~53-55% of
α-helix, 8-11% of β-sheet 10-13% of β-turns and ~25-26% of random coil secondary
structure (Table 3.4). This analysis is consistent with the determination of the
secondary structure from the x-ray crystal structure of Skp (with ~ 62% α-helix and ~
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9% β-sheet) (Körndorfer et al. 2004). Hence, the CD spectra indicate that the Scp
mutants are properly folded, similar to the wt-Skp. A content of ~ 50 % α-helix
secondary structure in Skp was also shown previously by CD spectroscopy
(Schlapschy et al. 2004).
An important goal of the present work was to elucidate possible changes in the
topology of Scp upon OmpA binding. Fluorescence resonance energy transfer was
used to measure conformational changes that might move the tentacle domains in
Scp, either closer together or further apart. Steady-state fluorescence measurements
were used to determine the efficiency of energy transfer (E), which is calculated
from the intensities of the donor in the absences and in the presence of the acceptor
molecule (Eq. 3.3). The energy transfer was used to determine the D-A distance, r
(Eq. 3.2), between the donor (Trp) and the acceptor (IAEDANS), which were located
in single Trp, single Cys double mutants of Scp (labeled with IAEDANS at the
cysteine) or in a single Trp mutant of OmpA and in a single Cys-mutant of Scp,
which was labeled with IAEDANS at the cysteine.
In Skp, the tip region of the α-helical tentacle domain has a high positive charge
density (Körndorfer et al. 2004), containing 8 basic and only 3 acidic residues
(Figure 3.1) in each of the three tentacle tips (Qu et al. 2007). Positively charged
residues dominate in the entire tentacle domain. OmpA and all other OMPs of E. coli
are negatively charged with values of the pI in the range from 4.5 to 6 (Kleinschmidt
2006). The opposite net-charges on Skp and on the various OMPs indicate that
complexes form via electrostatic interactions (Qu et al. 2007). In order to investigate
potential binding sites in Scp at the tentacle tip region, we first performed
intramolecular FRET experiments.
The intramolecular FRET measurements were performed for two different sets of DA pairs located at the tentacle tip region of Scp. These experiments did not show
variations in the D-A distances determined in the presence and in the absence of the
client WaF-OmpA (which is a mutant in which all tryptophans were replaced by
phenylalanines) (Table 3.5). This result suggested that the client OmpA does not
bind close to the tentacle tips of Scp, as this likely should cause an increase of the
distance between two tentacles. For the D-A pair A393C-G238W of Scp, a D-A
distance of r = 22.8 Å was obtained in the absence of OmpA, while a distance of r =
21.3 Å was obtained in its presence. This distance variation of ~1.5 Å could result
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either from the movement of the tentacle tips by 1.5 Å or from a slight change in the
orientations of the donor or acceptor. However, this distance variation does not
appear to be caused by binding of OmpA in between of the tentacle tips of Scp. A
similar result was obtained by intramolecular FRET measurements performed for
another D-A pair, M73C-M405W of Scp. A D-A distance of r = 18.7 Å was obtained
in the absence of OmpA and a distance of r = 18.8 Å was obtained in its presence.
These distances between the donor and the acceptor are nearly identical, indicating
that the binding of the substrate protein does not lead to a major conformation
change in Scp. The fluorescence intensity for the tryptophan emission and
correspondingly for IAEDANS emission increased in the presence of WaF-OmpA in
comparison to in the absence of WaF-OmpA for the double mutant M73C-M405W
of Scp. The fluorescence emission of tryptophan (with S-methylated cysteine of Scp)
at 342 nm, increased ~ 8 % for A393C-G238W Scp and ~ 42 % for M73C-M405W
Scp in the presence of WaF-OmpA than its absence. The fluorescence emission of
IAEDANS at 492 nm, increased ~ 25 % for A393C-G238W Scp and ~ 36 % for
M73C-M405W Scp in the presence of WaF-OmpA than its absence. This could be
attributed to the removal of water molecules from the environment of the fluorescent
tryptophan. The binding of a ligand can change the fluorescence properties of a
fluorophor not only through direct interactions but also through conformational
changes in the macromolecule (Wu et al. 1994). In other words, the binding of
substrate at some other location nearby might have also caused other conformational
changes in Scp such that the fluorescence intensity for the tryptophan emission and
correspondingly for the IAEDANS emission was increased for the double mutant
M73C-M405W. For these two different D-A pairs of Scp, FRET was observed even
in the presence of WaF-OmpA, (Figure 3.4B and E), which signifies that the
substrate is not bound at the tentacle tip region, permitting the transfer of energy
between the donor and acceptor probes. If the substrate might have bound at the tip
region of Scp, FRET should not have been observed.
For the D-A pairs of Scp, the maximum of the fluorescence spectrum of tryptophan
was located at λmax ~340 nm, and the spectral lineshape corresponds to spectral form
II, according to the model of discrete states (Burstein et al. 1973, 1977). The spectral
form II corresponds to the emission from the indole chromophore of tryptophan that
is exposed at the protein surface and is assumed to be in contact with bound water. In
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the presence of WaF-OmpA, emission maxima of Trp and IAEDANS were shifted
towards shorter wavelength (blue-shifted), which signifies that the environment of
the chromophore became non-polar in the presence of the client protein.
In the next logical step of identifying binding regions in Scp for client membrane
proteins like OmpA, intermolecular FRET experiments were performed. Eight single
cysteine mutants of Scp were created for site-specific FRET studies with 12 different
single Trp mutants of OmpA. If a sample contains two types of macromolecules that
are individually labeled with a donor (Trp) and an acceptor (IAEDANS), RET can be
used to observe the association between the molecules. The D-A distance is
calculated from the efficiency of energy transfer. In macromolecular association
reactions, one relies less on the determination of a precise D-A distance and more on
the fact that the energy transfer occurs whenever the interacting proteins are in close
proximity comparable to the Förster distance (Lakowicz 2006) making this technique
useful as a proximity indicator. An extensive intermolecular FRET study was
performed with 96 different D-A pairs. Single Trp mutants of OmpA served as
donors and IAEDANS-labeled single Cys mutants of Scp as acceptors. For all D-A
pairs, notable transfer of energy was observed. The spectra of the donor-Trp (of
OmpA) were quenched, because of the transfer of energy to the acceptor-IAEDANS
(covalently attached to the single cysteine of the Scp mutants), which was therefore
excited and fluorescent. These results showed that OmpA was located in the cavity
of Scp, close to the middle of the tentacle domain. The least FRET and highest D-A
distances were observed for the single cysteine mutants A393C-Scp and N209C-Scp.
Mutation A393C is located at the tip of the tentacle domain (see Figure 3.1 and Table
3.6). The intermolecular FRET results obtained for A393C also confirm that the
client is more distant to the tips than to the center of Scp cavity as is evident from the
high D-A distance values obtained for IAEDANS-labeled A393C-Scp and various
OmpA mutants (Table 3.6). The results obtained from the intramolecular FRET
measurements for the double mutant A393C-G238W Scp with WaF-OmpA
(discussed above) also suggested for the similar possibility. In N209C-Scp, the
substituted residue is in the tentacle helix but on the outer surface of Scp and not in
the cavity formed by the tentacles of Scp. Larger D-A distances and less energy
transfer for the FRET measurements obtained with N209C, clearly suggest that the
substrate is not bound at the surface of Scp rather it sits inside, in the cavity of Scp.
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Mutant N457C-Scp contains a cysteine close to the association domain of Scp. When
labeled, the IAEDANS acceptor points downward into the Scp cavity. The FRET
results for the various OmpA mutants and IAEDANS-labeled N457C-Scp, show a
large energy transfer to the IAEDANS with a strong reduction in the tryptophan
fluorescence intensity and a corresponding increase in the IAEDANS emission
intensity. The D-A distances observed for N457C and 12 different OmpA pairs were
in the range from 20.2 to 24.7 Å. The high FRET and the smaller D-A distances
observed with N457C distinctly suggest that OmpA is located in the cavity of Scp,
closer to the association domain than to the tentacle tip region.
The conclusion of the presence of the client OmpA in the cavity of Scp, is derived
from the FRET results obtained with the single Cys mutants N115C and Q420C of
Scp. In N115C-Scp, the Cys is located in the upper half of the tentacle domain and in
Q420C-Scp, the Cys is located in the middle of the tentacle domain. Both Cys face
the cavity of Scp. The shortest D-A distances, with 12 different single Trp mutants of
OmpA, are obtained for IAEDANS linked to either N115C-Scp or to Q420C-Scp,
followed by N457C-Scp (Table 3.6). The FRET spectra obtained for these mutants
show high transfer of energy from the donor Trp to the acceptor IAEDANS. The DA distances observed for IAEDANS-labeled N115C-Scp and 12 different OmpA
mutants were in the range from 18.4 to 24 Å. For IAEDANS-labeled Q420C-Scp, the
distances were in the range from 19 to 24.5 Å. A significant FRET and shortest D-A
distances observed for the single Cys mutants N115C, Q420C and N457C clearly
demonstrate the client OmpA is bound and positioned in the cavity of Scp, closer to
the association domain than to the tip region.
Our results not only complement the previous findings that suggested the binding of
client proteins in the cavity of Skp (Walton et al. 2009; Lyu et al. 2012; Burmann et
al. 2013) but also extend the knowledge on the binding regions in Skp for unfolded
client proteins like OmpA. A recent NMR study (Burmann et al. 2013) suggests that
clients that are bound to Skp are present in form of a conformational ensemble
characterized by rapid, submillisecond interconversions between individual
conformers. The D-A distances for the 96 FRET pairs were obtained in the range
from 18.4 Å to 32.13 Å. The individual distances r obtained for different FRET pairs
are overall similar, with exceptions only observed for IAEDANS at the tentacle tips
or at the outer surface. The similarity of the distances, did not allow the

89	
  

determination of specific orientations for OmpA in the cavity of Scp. The distances
observed here are consistent with the random and dynamic conformations of OmpA
in the cavity of Scp that were suggested by the NMR study (Burmann et al. 2013),
which appeared while this thesis was being written. The α-helical tentacles of the
Skp trimer are ~60 Å long, protruding from the β-barrel body. The length of the
entire Skp trimer is ~80 Å and it is ~50 Å wide (Korndörfer et al. 2004; Walton et al.
2004). In the crystal structure of Skp (PDB entry 1SG2), the tentacle tips are
separated by ~9-10 Å. Here, a D-A distance of ~21-22 Å between the tips of the
tentacles was observed by intramolecular FRET determinations performed in
solution (Table 3.5) indicating an opening and a flexibility of the tips. Distances of
~18 to 25 Å were observed when the client OmpA was bound in the cavity of Scp.
These were obtained for different positions of the Cys residues introduced in Scp and
labeled with IAEDANS. The mutations were in the interior and the center of the Scp
trimer (Table 3.6).

The distance values obtained from the intramolecular and

intermolecular FRET studies suggest structural flexibility of the tentacle domain and
the presence of a flexibly sized cavity of Scp, allowing it to accommodate or interact
with a wide range of client membrane proteins as suggested previously (Chen et
al.1996; Qu et al. 2007; Jarchow et al. 2008). This observation is also consistent with
suggestions from the crystal structures of Skp. The two crystal structures show the
presence of at least two hinge points in the tentacle domain of Skp. These hinge
points can result in different curvatures of the tentacle domain (Korndörfer et al.
2004; Walton et al. 2004) providing flexibility to the tentacle domains and allowing
variations in the size of the cavity.
The simultaneous presence of LPS and Skp was shown to facilitate folding of OmpA
into lipid bilayers (Bulieris et al. 2003) and LPS was also shown to weaken the
interaction between Skp and OmpA, partially exposing OmpA to the external
environment (Qu et al. 2007). Here, the FRET experiments performed in the
presence of LPS support this observation and provide additional insights to LPS
binding to Skp. Skp contains putative LPS binding sites in each of the tentacles at the
middle of the tentacle domain. These are composed of the three basic residues K77,
R87 and R88 on the Skp surface. The mutations N115C and Q420C (used here for
labeling with IAEDANS) are located very close to the putative LPS binding site
(Figure 3.9). In the FRET experiments performed with single Trp mutants of OmpA
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as donors and IAEDANS labeled Cys mutants of Scp as acceptors, a significant
reduction in the transfer of energy was observed in the presence of LPS. FRET
decreased with increasing molar ratios of LPS/Scp. At ratios of LPS/Scp ≥ 3, the
IAEDANS fluorescence that is caused by the energy transfer from OmpA to Scp was
completely lost. The transfer of energy from OmpA and correspondingly the
IAEDANS fluorescence emission was observed until 3 LPS molecules were added to
saturate or occupy all three binding sites on Scp (or on the Skp trimer). The loss in
energy transfer from OmpA to Scp upon addition of LPS, clearly suggests that
OmpA and Scp are no longer in close proximity for FRET to occur between Trp in
OmpA and IAEDANS in single Cys mutants of Scp. Hence it is obvious that the
presence of LPS or the binding of LPS on the Scp surface at LPS/Scp molar ratio of
up to 3 weakens the interactions between Scp and OmpA and leads to the release of
the client OmpA from the cavity of Scp. Based on the present results, it is proposed
that Skp transports OMPs by protecting and shielding them in its cavity. The client is
released to the OM or to the BAM complex from the cavity of the chaperone Skp by
the binding of LPS or similar molecules, for example negatively charged lipids (Patel
et al. 2009) or even by BamA itself (Patel and Kleinschmidt 2013) on the surface of
Skp. For the ATP-dependent chaperones, the binding of ATP triggers a critical
conformational change leading to the release of the bound substrate proteins (Fink
1999). LPS is phosphorylated and may also play a similar role in the Skp-mediated
chaperone pathway, which is functional in the periplasm that lacks ATP.

91	
  

4. Folding and lipid membrane interactions of
BamD, an essential component of the β-barrel
assembly machine from Escherichia coli
4.1 Abstract
BamD is an essential component of the β-barrel assembly machine (BAM) of the
outer membrane of Escherichia coli. BamD is synthesized in the cytosol and
translocated across the cytoplasmic membrane in unfolded form for further
processing and transport to the outer membrane by the lipoprotein-specific sorting
machinery, the localization of lipoproteins (LOL) system. The interactions of outer
membrane lipoprotein BamD with other BAM complex proteins, periplasmic
proteins and outer membrane proteins are not well understood. To examine the
interactions of BamD with lipid membranes and to understand the folding
preferences of BamD, we have over-expressed BamD into the periplasm and isolated
it from membrane fractions in unfolded form in 8 M urea. Circular dichroism (CD)
spectroscopy was used to determine the binding and folding of BamD into lipid
bilayers of different compositions. The CD data indicated that folding of BamD
requires the presence of lipid membranes or detergent micelles for the secondary
structure formation in BamD. In addition, it required the presence of negatively
charged DLPG in the membranes. The α-helical content of the structure of BamD
increased with the content of negatively charged phosphatidyl glycerol (DLPG) in
lipid bilayers composed of DLPC and DLPG at various ratios. Fluorescence
spectroscopy demonstrated that BamD binds to both zwitterionic and negatively
charged lipids. Lipid/BamD ratios at saturation of the membranes with BamD were
identified for different lipid composition of the membranes. As observed by
fluorescence spectroscopy, BamD also bound to outer membrane protein A (OmpA),
to the periplasmic chaperone Skp, and to the periplasmic domain of BamA (PDBamA) at stoichiometries of 1:1 (Skp/BamD) and 2:1 (BamD/PD-BamA and
BamD/OmpA). Kinetic studies confirmed the effect of BamD on the insertion and
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folding of OmpA into lipid membranes. The folding kinetics were faster and the
folding yields of OmpA were increased when BamD was present. This was observed
for two different model membranes (small and large unilamellar vesicles).

4.2 Introduction
The cell wall of Gram-negative bacteria is composed of a double membrane barrier
that is instrumental in protecting the bacteria against the external environment and in
maintaining its viability (Beveridge 1999). However, this unique feature poses a
formidable obstacle to both the insertion of proteins into the membrane and the
secretion of proteins across it. The semipermeable outer membrane in Gram-negative
bacteria consists of an asymmetric lipid bilayer composed of lipopolysaccharide (in
outer leaflet), phospholipids (in inner leaflet) and proteins. Proteins associated with
the outer membrane can be classified either as integral membrane or transmembrane
(TM) proteins characterized by a transmembrane β-barrel structure or as peripheral
proteins. Peripheral proteins do not span the lipid bilayer. They are bound to the
surface, either indirectly by interactions with an integral membrane protein or
directly through non-covalent interactions with the polar head groups of the lipids in
the membrane.
The assembly of transmembrane β-barrel proteins into the outer membrane is a
fundamental process that is essential in Gram-negative bacteria as well as in
evolutionarily related mitochondria and chloroplasts (Voulhoux et al. 2003). Gene
deletion studies with Gram-negative bacteria indicated that the outer membrane
protein complex known as β-barrel assembly machinery (BAM), is required for the
assembly of outer membrane proteins (OMPs) in E. coli (Voulhoux 2003; Werner
and Misra 2005). In E. coli this complex is composed of a β-barrel OMP, BamA
(Omp85/YaeT) and four lipoproteins BamB (YfgL), BamC (NlpB), BamD (YfiO)
and BamE (SmpA) (Wu et al. 2005; Sklar et al. 2007). All the members of BamA
family consist of an N-terminal periplasmic domain and a membrane embedded Cterminal β-barrel domain (Voulhoux and Tommassen 2004). The periplasmic domain
of BamA contains a variable number of the so-called polypeptide transport
associated (POTRA) motifs. The number of POTRA domains ranges from one in the
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case of mitochondrial Sam50, to five for bacterial BamA proteins (Gentle et al.
2005). BamA is the core component of the BAM complex and interacts stably with
the associated lipoproteins via its POTRA domains (Robert et al. 2006; Kim et al.
2007).
BamA and BamD are essential for cell viability, whereas null mutants of BamB,
BamC or BamE were shown to be viable with outer membrane (OM) permeability
defects due to impaired OMP assembly (Wu et al. 2005; Malinverni et al. 2006;
Sklar et al. 2007a). Since depletion of BamD causes similar phenotypes as the
depletion of BamA, it was shown that BamD plays a critical role in BamA mediated
OMP folding. The structure of BamD lacking its membrane anchor has been solved
recently and was shown to be composed of ten α-helices that form five
tetratricopeptide-repeat (TPR) motifs (Sandoval et al. 2011; Albrecht, R et al. 2011;
Dong, C et al. 2012). The arrangement of the BamD motifs is similar to that in the
periplasmic part of BamA (Dong, C et al. 2012). The C-terminal region of BamD
serves as a platform for interactions with other components of the BAM complex.
The N-terminal region shares structural similarity to other proteins, which assist or
regulate secretion. The first crystal structure of a complex formed by BamC and
BamD shows the interaction sites between BamC and BamD. These interactions sites
are formed by the direct contact of the N-terminal unstructured region of BamC and
all five TPR motifs of BamD (Kim, KH et al. 2011). The similarity between the Nterminal regions of BamD to structural homologues implies that the N-terminal
region of BamD might also interact with various kinds of proteins that serve as
chaperones to assist folding and insertion of OMPs into the outer membrane
(Sandoval et al. 2011).
In order to investigate the role of BamD in the BAM complex and OMP assembly,
BamD was isolated from membrane fractions in high yields in unfolded form in 8 M
urea solution. To examine the physical properties of BamD, the folding state of
BamD was investigated in solution, in detergent micelles and in membranes of
different lipid composition. The role of phospholipids in stabilizing the BamD
structure was examined by using phospholipid bilayers formed of phosphatidyl
choline (PC), phosphatidyl glycerol (PG) or binary mixtures of these lipids. To
investigate the function of BamD and to examine its role in membrane insertion and
folding of OMPs, kinetic studies on the folding of OmpA into lipid bilayers were
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performed.

Furthermore, fluorescence spectroscopy was used to investigate the

binding of BamD to lipids, to determine the stoichiometries of the interactions of
BamD with lipids, and to examine the binding of BamD to relevant partner proteins
from the periplasm and the OM.

4.3 Materials and Methods
C-terminal his-tag gene construct of BamD
To isolate BamD from the outer membrane of E. coli cells in high yields and in pure
form, an existing protocol for BamD expression and purification from a previous
coworker (Patel, G. J., PhD thesis 2009) was modified: A, C-terminal 6x his-tag was
introduced into the plasmid pET29-Yfio+ss (Trenzyme GmbH, Germany) using sitedirected mutagenesis. The resulting plasmid pET29-Yfio+ss+his contained
restriction sites for NdeI and HindIII flanking the yfio gene. The plasmid was
transformed into a competent E. coli PC2889 strain using the calcium chloride
treatment method (Maniatis 1982).

Preparation of single Trp mutants of BamD
Four single tryptophan mutants of BamD (Figure 4.1) were prepared in order to
probe interactions of BamD with lipid membranes and interacting partner proteins
(Table 4.1). The plasmid pET29-Yfio+ss+his was used as a template for nucleotide
substitutions at the desired positions in the bamd gene to encode and to later prepare
mutants with a single tryptophan residue in BamD. Site-directed mutagenesis was
performed using the Quick-change XL mutagenesis kit (Agilent technologies,
California) as described by the manufacturer. The PCR reaction for the site directed
mutagenesis was performed in a thermocycler (BIO-RAD) with two complementary
oligonucleotides primers (MWG-Biotech AG, Germany). These contained the
desired mutation flanked by unmodified nucleotide sequences (Table 4.2). The PCR
product was transformed into XL10-Gold ultra competent cells. The sequence of the
mutated bamD gene in the plasmid extracted from a transformed clone was
confirmed by nucleotide sequencing (GATC Biotech AG, Germany). Each mutant
plasmid was transformed into a competent E. coli PC2889 strain using the calcium
chloride treatment method (Maniatis 1982).
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Table 4.1 List of the plasmids and single-Trp mutants of BamD
Plasmid

Vector

Trp position

Product

Substitution

pET48

pET29b

48

W48-BamD

W191F

pET95

pET29b

95

W95-BamD

F95W

pET191

pET29b

191

W191-BamD

W48F

pET239

pET29b

239

W239-BamD

A239W

Table 4.2 Oligonucleotide primers used for site-directed
mutagenesis of bamD1
Plasmid

Primer sequence

pET48

5'-acagaacgtggcgcattcgttgccgtcgttaacc-3'

pET95

5'-ggctgccatcgatcgttggattcgccttaacccgac-3'

pET191

5'-caacaaaagctgcaggacggtaacttcagacaggcaataa-3'

pET239

5'-gaaaaagtagcgaaaatcatctgggcaaacagcagcaacacggga-3'

1

Shown are the primer sequences corresponding to the sense strand of the bamd gene. The substituted
nucleotides are highlighted in bold. A pair of complementary primers was used for each site-directed
mutagenesis. The number in the name of the plasmid denotes the position of the amino acid residue
replaced in the gene product BamD.

W95
W231

W48
W191

Figure 4.1 The Crystal structure of outer membrane lipoprotein, BamD of E. coli (PDB
entry 3Q5M) consists of ten α-helices that form five tetratricopeptide-repeat (TPR) motifs,
important for mediating protein-protein interactions. Highlighted in red color are the residue
positions that were selected for mutation. Four single tryptophan mutants were prepared by
site directed mutagenesis. The replacements were W48F, F95W, W191F and A239W in the
TPR motifs 1, 2, 4 and 5 respectively.
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Expression and purification of BamD (wild-type and mutants)
50 ml LB medium were supplemented with kanamycin (50 µg/ml) and inoculated
with E. coli PC2889-pET29-Yfio+ss+his from a glycerol stock. For preparations of
mutants of BamD, E. coli PC2889 cells harbouring the corresponding plasmid (Table
4.1) were used for inoculation. The cells were grown overnight at 37 °C while
shaking at 210 rpm. 2 L of LB media (with kanamycin) were then inoculated with
the overnight culture and grown at 37 °C until the cells reached an OD600 ~ 0.6-0.8 in
the middle of the logarithmic growth phase. Protein expression was then induced by
the addition of IPTG to a final concentration of 1 mM. The cell growth was
continued at 37 °C for ~4 h. The cells were harvested by centrifugation at 7000 rpm
for 10 min at 4 °C. The cell pellet was washed by resuspending it in Tris buffer (20
mM with 2 mM EDTA, pH 8.0) and centrifuging again at 7000 rpm for 10 min at
4°C.
Protein extraction
To lyse the harvested cells, the cell pellet was resuspended in 50 ml of lysis buffer
(20 mM Tris, pH 8.0 containing 0.1% β-ME) supplemented with a tablet of a
protease inhibitor cocktail, DNase (1 µg/ml), RNase (1 µg/ml) and MgCl2 (5 mM).
Lysozyme (25 µg/ml) was then added to the cell suspension, which was incubated in
an ice bath for 30 min while stirring the suspension. Cells were disrupted by
sonicating them for 40 min with the macrotip of a Branson ultrasonifier at 15%
power. The cell lysate was centrifuged at 3000 rpm for 10 min at 4 °C to remove all
of the unlysed cell fraction. Subsequently, the supernatant, containing the total
membrane fraction and soluble components from cell disruption, was centrifuged at
36000 rpm in a Beckmann Coulter (Optima™ L-100 XP) centrifuge with a Ti 55.2
rotor at 4 °C for 1 h to remove ribosomal fragments, disintegrated by RNase. The
supernatant containing soluble proteins and ribosomal fragments was discarded. The
cell pellet was dissolved in lysis buffer with the aid of a glass homogenizer and the
suspension was again centrifuged at 36000 rpm for 1 h at 4 °C. This pellet was then
dissolved in solubilization buffer (20 mM Tris, 8 M urea, 1 mM EDTA, 0.1% β-ME,
5 mM imidazole, pH 8.0) by placing the sample falcon tube on rotor. The solubilized
fraction was centrifuged at 3000 rpm for 10 min at room temperature (RT) to remove
undissolved pellet aggregates.
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Protein purification
BamD protein was purified via affinity chromatography using a Ni-NTA column
(GE Healthcare Europe GmbH, Freiburg). The protein suspension was loaded onto a
Ni-NTA column pre-equilibrated with ~ 3 CV of solubilization buffer. BamD was
eluted during a linear concentration gradient from 5 to 500 mM imidazole in
solubilization buffer. The elution fractions containing BamD were pooled,
concentrated and dialyzed in Tris buffer (20 mM Tris, 8 M urea, 1 mM EDTA,
0.05% β-ME, pH 8.0). The protein concentration was determined using the method
of Lowry with BSA as a standard (Lowry et al. 1951).

Purification of OmpA (wild-type and tryptophan-free mutant), Scp
and PD-BamA
Wild-type OmpA was purified from E. coli as described previously (Surrey et al.
1992).
Plasmid pET22b185 (Qu et al. 2009) harboring the gene encoding a tryptophan-free
mutant of OmpA (in which the five Trps were replaced by Phe) was transformed into
an E. coli BL21 (DE3) strain. We refer the Trp-free OmpA mutant as WaF-OmpA in
this study. WaF-OmpA mutant was overexpressed and purified as reported earlier for
single Trp mutants of OmpA (Qu et al. 2009). The chaperone Scp was isolated from
E. coli as described in chapter 2. A tryptophan-free mutant of PD-BamA (in which
native Trps were replaced by Phe) was used in a joint binding study with Esther
Talmon (University of Kassel). Its preparation will be described elsewhere (E.
Talmon, PhD thesis, in preparation). We refer to this Trp-free PD-BamA mutant as
WaF-PD-BamA in this study.

Preparation of lipid bilayers
The phospholipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoylsn-glycero-3-phosphoethanolamine

(DOPE),

1,2-dioleoyl-sn-glycero-3-

phosphoglycerol (DOPG), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and
1,2-dilauroyl-sn-glycero-3-phosphoglycerol (DLPG) were purchased from Avanti
Polar Lipids (Alabaster, AL). Phospholipids were first dissolved in a mixture of
chloroform/methanol (5:1) in a 5 mL vial of dark brown glass to ensure the
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homogeneity of the lipid mixture. Binary mixtures were prepared by mixing DLPC
and DLPG in the molar ratios of 1:1 or 8:2. Ternary lipid mixtures were prepared by
mixing DOPC, DOPE and DOPG at the molar ratios of 5:3:1. Once the lipids were
thoroughly mixed, the organic solvent was evaporated under a stream of dry nitrogen
in a fume hood. Lipid films were then desiccated for ~ 4 h under high vacuum to
remove residual solvent. For vesicle preparation, lipid films were hydrated in Tris
buffer (10 mM, pH 8.0; containing 2 mM EDTA), for 1 h and dispersed by vigorous
shaking at 900 rpm in a thermo mixer.
Small unilamellar vesicles (SUVs, diameter from ~25 to ~35 nm) were prepared by
the sonication of lipid dispersion using the microtip of a Branson ultrasonifier for 40
min at 10% power with a 50% pulse cycle (Bulieris et al. 2003). Large unilamellar
vesicles (LUVs) were prepared by subjecting the hydrated lipid suspension to 5-7
freeze/thaw cycles by alternately placing the sample vial in a liquid nitrogen bath and
in a warm water bath. Lipid dispersions were then extruded 30 times through 100 nm
pore size polycarbonate membranes (Nucleopore, Whatman, Clifton, NJ) using a
mini extruder assembly (Avanti Polar Lipids, Alabaster, AL).

Folding of BamD into detergent micelle and lipid bilayers
Folding of BamD was initiated by a 24-fold dilution of the urea-solubilized BamD
into Tris buffer (10 mM, pH 8.0, containing 2 mM EDTA) containing an 800-fold
molar excess of phospholipids (LUVs). These LUVs were composed either of pure
DLPC or DLPG or of mixtures of DLPC and DLPG at ratios of 1:1 or 4:1. The final
BamD concentration was 11 µM.

At a similar concentration, BamD was also

refolded into 0.3 % LDAO detergent that corresponds to a concentration of 13.1 mM,
which is ~6 times higher than the CMC of LDAO (~ 2.1 mM). All samples were
incubated at 37 °C under gentle shaking for 24 h. After incubation, the samples
refolded in phospholipid bilayers were dialyzed against 1 l of Tris buffer (20 mM,
pH 8.0) and the sample refolded in detergent micelles was dialyzed against 1 l of Tris
buffer (20 mM, pH 8.0 containing 0.1% LDAO). The dialyses were performed in a
cold room and the dialysis buffer was replaced at least three times to remove the
residual urea.
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CD spectroscopy
Far UV CD spectroscopy was used to characterize the secondary structure of BamD.
All CD spectra were collected at room temperature using a quartz cuvette with a path
length of 0.5 mm. Measurements were taken over the wavelength range of 190 to
260 nm with an acquisition time of 50 nm/min and a bandwidth of 1 nm. The spectra
of six successive scans were averaged with the appropriate background subtraction.
The concentration of each measured sample was determined (Lowry et al. 1951).
The recorded CD spectra were normalized to obtain the mean residue molar
ellipticity, [θ] (λ) (Greenfield and Fasman 1969), given by:
[θ] (λ) = 100 θ (λ) / (c · n · l),

(Eq. 4.1)

where θ (λ) is the recorded ellipticity in degrees at wavelength λ, c is the
concentration in mol/l, l is the path length of the cuvette in cm and n is the number of
amino acid residues of BamD. The secondary structure composition of the protein
from the normalized CD spectra was determined by using different deconvolution
algorithms (CDSSTR and CONTIN) and a library of reference spectra of proteins of
known high-resolution structure available at a web-based server, DICHROWEB
(Whitmore and Wallace, 2004).
BamD was diluted in 120 µl of Tris buffer (20 mM, pH 8.0) to a final concentration
of 11 µM. CD spectra were recorded for the aqueous form of BamD, first
immediately after urea-dilution and then after an incubation time of 24 h. For BamD
samples refolded into lipid bilayers or detergent micelles, CD spectra were recorded
after an incubation time of 24 h.

Effect of pH on the folding of BamD in small unilamellar vesicles
SUVs in 10 mM buffer containing 2 mM EDTA were prepared as described earlier.
The buffers were sodium citrate for pH 5 and 6, HEPES for pH 7, and glycine for pH
8, 9 and 10. BamD was diluted to a final concentration of 10 µM in one of these
buffers to adjust the pH of each sample. All buffers contained a 100-fold molar
excess of lipid bilayers. Far UV CD spectra were recorded in a quartz cuvette of 0.5
mm pathlength at RT.
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Fluorescence spectroscopy
Fluorescence spectra were recorded at 25 °C using a Spex Fluorolog-3-22
spectrofluorometer with double monochromators in both, the excitation and emission
pathways. The excitation wavelength was 295 nm, as tryptophan absorbs at this
wavelength. The bandwidths of the excitation and emission monochromators were
2.5 and 5 nm, respectively. The spectra were scanned in the range from 310-580 nm
with an integration time of 0.05 s and an increment of 0.5 nm. 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. The
corresponding background spectrum of the Trp-free protein in Tris buffer was
subtracted. Fluorescence spectra were analyzed using IGOR Pro 6.0 software
(Wavemetrics Oregon).
Binding of BamD to lipid bilayers
To monitor the binding of BamD to various lipid membranes, fluorescence
spectroscopy was used to investigate titrations of 1 µM W191-BamD with 10 to 100fold molar excess of lipid vesicles (LUVs and SUVs). Four different titrations were
performed. BamD was titrated with three different lipid bilayers (LUVs) that were
composed of DLPC or DLPG or of mixtures of DLPC and DLPG at a ratio of 1:1. In
addition, BamD was titrated with lipid bilayers (SUVs) composed of DOPC, DOPE
and DOPG at the molar ratio of 5:3:2. Background spectra of lipid vesicles were first
recorded in Tris buffer (10 mM, pH 8.0, containing 2 mM EDTA). Then ureaunfolded BamD was added, followed by the immediate accumulation of the spectra.
Three scans were averaged and the background spectrum was subtracted. To
determine the binding of lipids to BamD and thus the lipid/BamD stoichiometry, the
intensity of the fluorescence emission of BamD at 330 nm (F330) was plotted as a
function of the lipid/BamD ratio. Equation 4.5 was fitted to the data as described
previously (Qu et al, 2007; Van Holde et al. 2006): The average concentration of
BamD bound, [B], is given by:

[B] / [A] = n K [F] / (1 + K [F])
A

A
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(Eq.4.2)

Where n is the number of binding sites in BamD, K the association constant, [A] the
A

total concentration of the BamD protein, and [F] the concentration of the “free
ligand”. The concentration of bound BamD is equivalent to the concentration of
bound lipid divided by the number of lipid binding sites in BamD, [B] (= [Lipid
bound]/n. Substitution of the free “ligand” with the “total ligand” (L0 = [tlipid]/n)
concentration, [L ] = [B] + [F], and rearrangements in equation 4.2, leads to:
0

[B] = ½{K

–1

A

–1

+ [L ] + n [A] – ((K
0

A

2

1/2

+ [L ] + n [A]) – 4 n [A][L ] )
0

0

}

(Eq. 4.3)

The concentrations of bound and free BamD are then given by [B] and [A] – [B].
The fluorescence signal of BamD in binding experiments is a linear combination of
the concentrations of bound and free BamD, and is described by:

F330 = fb [B] + ff ([A] - [B])

(Eq. 4.4)

or
F330 = (fb – ff )[B] + ff [A]
where fb and ff are constants that describe the fluorescence contributions of bound
and free BamD, respectively. Combining equation 4.3 with equation 4.4 leads to
–1	
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(Eq. 4.5)

Binding of the urea-diluted, aqueous form of BamD to Scp
The background spectra of Scp were first recorded for different concentrations of
Scp ranging from 0-2 µM in Tris buffer (10 mM, pH 8.0, containing 1 mM EDTA).
1 µM W48-BamD was then added to the cuvette to record the spectra of BamD-Scp
complexes. Equation (4.5) was then fitted to the fluorescence intensities at 330 nm
plotted as a function of the ratio of BamB to Scp.
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Binding of BamD to BamA
To monitor binding of BamD to BamA, fluorescence spectra were recorded after
each step of the titration of 1 µM W239-BamD with 0 (urea-diluted, aqueous form)
to 1.5 µM WaF-PD-BamA (which is a tryptophan-free mutant of PD-BamA).
Background spectra were recorded by adding WaF-PD-BamA into Tris buffer (10
mM, pH 8.0, containing 1 mM EDTA) containing SUVs of the composition
DOPC/DOPE/DOPG (5:3:2) at 200-fold molar excess to BamD. A background
spectrum was recorded at each specific WaF-PD-BamA concentration. 1 µM W239BamD was added to the cuvette to record the spectra of BamD/PD-BamA
complexes. A decrease in the intrinsic tryptophan fluorescence of BamD upon WaFPD-BamA binding was observed and used to determine the binding isotherm.
Equation 4.5 was then fitted to the fluorescence data plotted as a function of the
BamD/ WaF-PD-BamA ratio.
Binding of BamD to OmpA
To determine binding of BamD to OmpA, the binding experiment was performed by
titrating 1 µM BamD with 0 to 2 µM WaF-OmpA (tryptophan-free) and the
fluorescence spectra was recorded. Background spectra were recorded by adding
WaF-OmpA into Tris buffer (10 mM, 1 mM EDTA, pH 8.0) containing SUVs of
composition DOPC/DOPE/DOPG (5:3:2) (200-fold molar excess to BamD). A
background spectrum was recorded at each specific WaF-OmpA concentration. 1 µM
BamD was added in the cuvette to record the final binding spectra. A decrease in the
intrinsic tryptophan fluorescence of BamD upon OmpA binding was used to measure
the extent of the binding reaction. The experimental data was then fitted by equation
(4.4/4.3).

Folding of OmpA into lipid bilayers
Kinetic studies on the folding of OmpA into the lipid bilayers of the compositions
DOPC/DOPE/DOPG (5:3:2) and DLPC/DLPG (8:2) were performed as described
previously (Bulieris et al. 2003). Kinetics was monitored in the presence and in the
absence of either BamD or Cytochrome c (Cytc). The folding of OmpA was initiated
by 16-fold dilution of urea-unfolded OmpA into glycine buffer (pH 8.0, 10 mM
glycine, 2 mM EDTA) containing either BamD (urea-diluted, aqueous form) or Cytc
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protein, followed by immediate addition of preformed SUVs or LUVs. The final
concentrations in the folding reaction were 7.1 µM OmpA, 14.2 µM BamD or 14.2
µM Cytc, and 1.4 mM lipid with ~ 0.5 M final urea concentration. All the reactions
i.e. in the presence and in the absence of either BamD or Cytc were performed in
parallel, monitoring folding for 240 min at 30 °C. Eight aliquots from the reaction
mixture were taken at different times after starting the folding reaction, ranging from
4 to 240 min. These aliquots were immediately mixed with an equal volume of 2x
SDS gel loading buffer in order to stop the folding reaction. SDS-PAGE was
performed (Laemmli 1970; Weber and Osborn 1964) without heat denaturation of
the samples. To determine the kinetic parameters of membrane folding and insertion
of OmpA, the SDS-gels were analyzed by densitometry to obtain the plots of the
fraction of folded OmpA (XFP), as a function of time (t). The data were analyzed by a
kinetic model, which was described previously (Patel et al. 2009). This model
describes the folding of OmpA in two parallel folding phases, which may arise from
two distinct populations of aqueous folding intermediates, IM1 and IM2, previously
described by fluorescence spectroscopy (Qu et al. 2007). These two intermediates of
OmpA fold into lipid bilayers (F·L) via a faster and a slower folding phase with
different rate constants kf and ks, respectively.
IM1
IM2

kf	
  

➝ (F · L)f

ks	
  

➝ (F · L)s

The two parallel processes are described by first-order kinetics, since the rate
constants depend just on the concentration of the intermediate forms (formed in a
much faster step in aqueous solution). The folding kinetics of OmpA was analyzed
by fitting the following function to the experimental time courses of folding of
OmpA:
XFP(t) = 1 − [Af exp (−kf t) + (1 − Af) exp (−ks t)]

(Eq. 4.6)

Where, XFP corresponds to the fraction of folded OmpA at time t after the initiation of
folding reaction and Af corresponds to the contribution of faster folding phase. This
model also includes the possibility that if the folding of OmpA is incomplete i.e., ks =
0, then the folding kinetics can be described by a single exponential function and
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equation (4.6) can be transformed into (Patel et al. 2009):
XFP(t) = Af [1 − exp (−kf t)]

(Eq. 4.7)

In this case, Af corresponds to the final yield of folded OmpA. All the curve fits were
performed by using IGOR Pro 6.0 software (Wavemetrics Oregon).

4.4 Results
4.4.1 BamD was purified in high yields from the outer membrane of
E. coli
BamD was extracted and purified from the outer membrane of E. coli in unfolded
form. BamD carrying a short linker (GSGSSSG) and a C-terminal hexahistidine tag
was overexpressed in E. coli PC2889 cells and extracted by solubilizing outer
membrane fractions in 8 M urea. This His6-tagged BamD is referred to as wt-BamD
in this thesis.

B

A
MTRMKYLVAAATLSLFLAGCSGSK
EEVPDNPPNEIYATAQQKLQDGNW
RQAITQLEALDNRYPFGPYSQQVQ
LDLIYAYYKNADLPLAQAAIDRFIR
LNPTHPNIDYVMYMRGLTNMALD
DSALQGFFGVDRSDRDPQHARAAF
SDFSKLVRGYPNSQYTTDATKRLV
FLKDRLAKYEYSVAEYYTERGAW
VAVVNRVEGMLRDYPDTQATRDA
LPLMENAYRQMQMNAQAEKVAKI
IAANSSNTGSGSSSGHHHHHH*

70 kDa
25 kDa

10 kDa

Figure 4.2 (A) Amino acid sequence of histidine-tagged wt-BamD as expressed in E. coli
PC2889 cells. (B) Purification of BamD (C-terminally His-tagged) was analyzed by SDS
polyacrylamide gel electrophoresis (15%). Lane 1: Molecular weight marker (Fermentas,
GmbH, St. Leon-Rot, Germany); Lane 2: BamD purified via Ni-NTA affinity
chromatography, migrating at ~ 27 kDa.

The fraction containing the urea-extracted protein was further purified via affinity
chromatography leading into the isolation of BamD in pure form and also in high

105	
  

yields (~40 mg from one litre of cell culture). Figure 4.2(A) shows the amino acid
sequence of BamD carrying a histidine-tag at the C-terminus. The two native
tryptophans at positions 48 and 191 of the polypeptide chain are highlighted in blue.
Figure 4.2 (B) shows the migration of Ni-NTA purified BamD at ~ 27 kDa (lane 2)
on a 15% SDS-polyacrylamide gel.

4.4.2 BamD displays native like secondary structure formation in the
presence of negatively charged membranes
In order to identify and characterize folding states of wt-BamD, we have used
circular dichroism spectroscopy to examine the secondary structure of BamD in
solution and in the presence of membranes of different lipid composition. CD spectra
were recorded for BamD: a) in aqueous buffer upon urea dilution, both
instantaneously after mixing and after an incubation period of ~24 h, b) in the
presence of detergent micelles with an incubation period of ~24 h) and c) in the
presence of lipid bilayers of composition DLPC, DLPC/DLPG (8:2), DLPC/DLPG
(1:1), and DLPG, with an incubation period of ~24 h (Figure 4.3).
Upon urea dilution followed by instantaneous measurement, CD spectra of aqueous
BamD displayed line shape typical for an α-helical structure (Figure 4.3A). The
deconvolution analysis of the spectra shows ~33% α-helical content, 25% β-sheet
and ~15 % β-turn structure (Table 4.3). However, after an incubation period of ~24 h
at 37 °C, CD spectra of aqueous BamD did not display the formation of a native-like
secondary structure. The deconvolution analysis showed very low content of α-helix
(8%), but up to 32% β-strand, ~22% β-turn and 38% of random coil structure (Figure
4.3A). In contrast, crystallized BamD displayed a high content of α-helical secondary
structure and no significant β-sheet content (Sandoval et al. 2011; Albrecht, R et al.
2011; Dong, C et al. 2012).
When denatured BamD was added to buffer containing the detergent N-Lauryl-N, Ndimethylamine N-oxide (LDAO) micelles, the β-sheet content was significantly
reduced to 6%, while the β-turn content remained almost the same (~19%). The αhelical content showed a predominant increase of up to ~50 % as compared to BamD
in aqueous buffer with similar incubation of ~24 h (Figure 4.3A).
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Folding of BamD was also investigated in the presence of phospholipid membranes
of different compositions. When urea unfolded BamD was diluted in the presence of

Figure 4.3 CD spectra display predominantly α-helical secondary structure of wt-BamD in
the presence of negatively charged membranes or LDAO. Folding of wt-BamD in solution
upon urea dilution and also into lipid bilayers of different compositions was studied by CD
spectroscopy. CD spectra were recorded for BamD upon dilution of urea in (A) Tris buffer
(pH 8.0), LDAO micelles, DLPC bilayers; (B) DLPC/DLPG (8:2) bilayers, DLPC/DLPG
(1:1) bilayers and DLPG bilayers. At a final concentration of 11 µM urea-unfolded BamD
was folded into phospholipid bilayers or 0.3% LDAO detergent (13 mM, i.e. at an ~1180
fold molar excess to BamD) by 24-fold dilution of urea in Tris buffer (pH 8.0) with gentle
shaking at 37 °C for 24 h. Samples were transferred into a quartz cuvette and their CD
spectra were recorded at room temperature over the wavelength range of 190 to 260 nm. The
normalized spectra were analyzed using different algorithms provided by the DICHROWEB
server, shown in Table (4.3).

preformed lipid bilayers composed of DLPC and DLPG, the α-helical content of the
secondary structure increased with the DLPG/DLPC ratio. The secondary structure
of BamD in DLPC bilayers showed ~35% α-helical content, 19% β-sheet and ~21%
β-turn structure (Figure 4.3A). The CD spectra of BamD in the lipid bilayers of
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Table 4.3 Analysis of the CD spectra of BamD
BamD (in)

Algorithm

Set

α-helix

β-strand

β-turns

(%)

(%)

(%)

Random
Coil
(%)

NRMSDa

Buffer
(instant)

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

15
46
35
34
33

35
21
22
20
25

22
13
13
12
15

26
19
30
34
27

0.017
0.011
0.184
0.184

Buffer
(24 h)

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

8
4
11
9
8

36
29
33
28
32

25
20
23
18
22

29
45
33
45
38

0.058
0.064
0.446
0.446

LDAO

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

53
57
50
50
53

14
6
6
5
8

15
16
24
23
19

18
20
20
22
20

0.012
0.018
0.061
0.061

DLPC

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

35
45
29
33
35

21
15
22
16
19

18
15
26
24
21

26
25
23
27
25

0.022
0.017
0.057
0.057

DLPC/DLPG
(8:2)

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

46
47
42
42
44

14
13
15
15
14

16
16
18
18
17

25
25
25
25
25

0.019
0.017
0.03
0.03

DLPC/DLPG
(1:1)

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

62
62
60
62
62

8
7
5
5
6

11
13
12
11
12

19
18
23
24
20

0.006
0.005
0.033
0.033

DLPG

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

65
64
61
62
63

7
5
5
4
6

10
12
11
11
11

17
17
23
23
20

0.008
0.008
0.037
0.037

All CD spectra were analyzed using the algorithms CDSSTR and CONTIN with the reference data sets 4 and
7, provided by the DICHROWEB server. Reference data sets 4 and 7 contain CD spectra of known soluble and
denatured proteins. These were the only possible sets 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. Results with higher NRMSD 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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composition DLPC/DLPG (8:2 and 1:1) showed a gradual increase in α-helical
content and a decrease in β-sheet structure of protein (Figure 4.3B). In DLPC/DLPG
(8:2) bilayers, BamD showed ~44% α-helix, 14% β-sheet and ~11% β-turn. And in
DLPC/DLPG (1:1) bilayers, the α-helical content increased to ~62%, with ~6% βsheet and ~12% β-turn structure. The secondary structure of BamD in DLPG bilayers
was composed of ~63% α-helix, ~6% β-sheet and ~11% β-turn as seen in the
presence of DLPC/DLPG (1:1) membranes. The CD data clearly demonstrates that
the increase in content of phosphatidyl glycerol (PG) facilitates BamD folding.

4.4.3 Effect of pH on the folding of BamD in SUVs monitored by CD
spectroscopy
The formation of the secondary structure of wild-type (wt-) BamD in small
unilamellar vesicles of the composition DOPC/DOPE/DOPG (5:3:2) was examined
at different pH, in the range from pH 5 to pH 10. Folding was initiated by diluting
urea unfolded BamD into preformed lipid bilayers, followed by an incubation period
of ~5 min.

Figure 4.4 The formation of secondary structure of BamD in bilayers of
DOPC/DOPE/DOPG (5:3:2) depends on the pH. 10 µM of BamD was folded into a 100-fold
molar excess of DOPC/DOPE/DOPG (5:3:2) bilayers in buffers of different pH. Folding was
initiated by a 40-fold dilution of urea-solubilized BamD into lipid bilayers. At pH 5 and 6
citrate buffer was used, at pH 7 HEPES buffer, at pH 8, 9 and 10 in glycine buffer. 6 scans
were averaged over ~9 min to record the spectra. At pH 5, BamD did not display a formation
of native-like secondary structure, Possibly minor fractions of antiparallel β-sheet formed at
pH 6. Formation of α-helical structure was observed at pH 7 or higher. The deconvolution
analysis of the spectra using the DICHROWEB server is shown in Table (4.4).
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BamD did not display secondary structure formation at pH 5 or pH 6 (Figure 4.4).
In this region of pH, the composition of the secondary structure could not be
determined by deconvolution analysis. Only at pH 7 or higher, spectral lineshapes
were observed that were typical for an α-helical secondary structure. However, the
content of α-helix in BamD was not native-like after the relatively short incubation
time of ~5 min. At pH 7 and higher, BamD showed ~20-30% of α-helix, ~20-30% βsheet and ~15% of β-turn secondary structure (Table 4.4).

Table 4.4 Analysis of the secondary structure formation of BamD at
different pH range
BamD

Algorithm

Set

α-helix

β-strand

β-turns

(%)

(%)

(%)

Random
Coil
(%)

NRMSDa

pH 7

CDSSTR
CONTIN
CONTIN
Average

7
4
7

25
21
21
22

23
27
22
24

19
16
12
16

33
36
45
38

0.034
0.307
0.307

pH 8

CDSSTR
CONTIN
CONTIN
Average

7
4
7

42
25
24
30

19
26
23
23

16
16
12
15

24
33
40
32

0.021
0.324
0.324

pH 9

CDSSTR
CONTIN
CONTIN
Average

7
4
7

18
23
23
21

36
33
33
34

18
13
13
15

28
31
31
30

0.013
0.347
0.347

pH 10

CDSSTR
CONTIN
CONTIN
Average

7
4
7

37
23
23
28

18
26
21
22

16
17
13
15

29
33
43
35

0.048
0.27
0.27

CD spectra were analyzed using the algorithms CDSSTR and CONTIN with reference data sets 4
and 7, provided by the DICHROWEB server. Reference data sets 4 and 7 contain CD spectra of
known soluble and denatured proteins. These are the only possible sets provided by the server for
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 the comparison of yielded
spectrum to reference spectrum and should be < 0.25. Results with higher NRMSD values are
given in italics and were used for average calculation when different algorithms were in agreement.
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4.4.4 Interactions of BamD with lipid membranes analyzed by
fluorescence spectroscopy
Circular dichroism studies (section 4.4.2) have demonstrated that the composition of
the lipid membrane has a strong effect on the formation of the secondary structure of
BamD. Single-site tryptophan mutants of BamD were used to monitor the
interactions of BamD with different preparations of large unilamellar vesicles
(LUVs) (DLPC, DLPC/DLPG (1:1), or DLPG), or small unilamellar vesicles (SUVs)
of the composition DOPC/DOPE/DOPG (5:3:2). Fluorescence spectroscopy was
used to test the binding of BamD to various lipid membranes.

Figure 4.5 Four different single Trp mutants of BamD show binding to lipid bilayers. The
fluorescence spectra for 1 µM single Trp mutant of BamD (W48-BamD, W95-BamD,
W191-BamD, and W239-BamD) were recorded either in the presence or in the absence of
lipid bilayers of the composition DLPC (A-D), DLPG (E-H), DLPC/DLPG (1:1) (I-L) and
DOPC/DOPE/DOPG (5:3:2) (M-P) at a 100-fold molar excess to BamD. All spectra were
recorded in 10 mM Tris buffer (pH 8.0) at 25 °C over the wavelength range of 310 to 400
nm and at an excitation wavelength of 295 nm. Background spectra of lipid bilayers in Tris
buffer (pH 8.0) or of buffer alone were recorded first. The single-Trp mutant of BamD was
then added and spectra were recorded with background subtraction. Mutant W239-BamD
does not show binding to the negatively charged DLPG bilayers.
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The wavelength of the maximum of the tryptophan fluorescence is highly sensitive to
the changes in the polarity of the environment, for example when the tryptophan is
transferred from water to the hydrophobic environment of a membrane. In addition,
the quantum yield (and therefore the intensity) of the tryptophan fluorescence
increases when the tryptophan is protected by a binding partner and its fluorescence
is no longer quenched by collisions with water molecules. When urea unfolded single
Trp mutants of BamD (W48-BamD, W95-BamD, W191-BamD, W239-BamD) were
added into the buffer containing lipid vesicles, the fluorescence intensity of BamD
mutants was observed to increase in comparison to the absence of lipid membranes.
This increase in the fluorescence intensity indicates binding of mutants of BamD to
lipid bilayers. All four single Trp mutants of BamD showed significant increase in
the fluorescence intensity upon binding to lipid vesicles of compositions: DLPC
(Figure 4.5A-D), DLPG (Figure 4.5E-H), DLPC/DLPG (1:1) (Figure 4.5I-L) and
DOPC/DOPE/DOPG (5:3:2) (Figure 4.5M-P), except for the mutant W239-BamD,
which does not show binding to the DLPG bilayers (Figure 4.5H). The fluorescence
emission maximum of tryptophan (λT) and the changes in the emission maximum
(ΔλT) upon binding to lipid membranes are summarized in table 4.5, for the single
Trp mutants of BamD.
In order to determine the stoichiometry and affinity by which BamD (urea-diluted)
binds to different lipid membranes, the intrinsic tryptophan fluorescence of BamD
was monitored as a function of the BamD/lipid ratio in titration experiments. A
single-site tryptophan mutant, W191-BamD, was used to monitor the interactions of
BamD with different preparations of large unilamellar vesicles (LUVs). These were
composed of DLPC, DLPC/DLPG (1:1), or DLPG. In addition, small unilamellar
vesicles (SUVs) of the composition DOPC/DOPE/DOPG (5:3:2) were used. When
urea unfolded W191-BamD was added to the buffer containing lipid vesicles, the
fluorescence intensity of W191-BamD increased in comparison to an addition of the
same volume of buffer, but without lipid membranes. This indicated a binding of
BamD to lipid bilayers. To determine the stoichiometry and the strength of this
binding/partitioning, we recorded the fluorescence spectra of BamD as a function of
the molar lipid/BamD (L/P) ratio until a saturation of the increase in the fluorescence
intensity at 330 nm was reached.
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When W191-BamD was titrated with lipid bilayers, the emission spectra were a
superposition of the lipid-bound and free form of W191-BamD. For analysis, a
binding function (equation 4.5) was fitted to the fluorescence intensities at 330 nm as
a function of the lipid/BamD ratio. The stoichiometries, the association/dissociation
constants, and the free energies of lipid binding to W191-BamD as derived from the
fits are given in Table 4.6.

Table 4.5 The wavelength of the maximum of the tryptophan
fluorescence for single Trp mutants of BamD
	
  	
   Lipid system
	
  	
   	
  	
  

W48

W95

W191

W239

b

333.5

332.0

334.0

334.0

(+)c

334.0

332.0

333.5

335.0

0.5

0

-0.5

1

(-)

333.0

332.0

333.5

334.0

(+)

331.5

332.0

332.5

334.0

ΔλT

-1.5

0

-1

0

DLPC/DLPG

(-)

333.5

331.5

333.0

335.0

(1:1)

(+)

332.0

332.0

332.5

334.5

ΔλT

-1.5

0.5

-0.5

-0.5

DOPC:PE:PG

(-)

333.0

332.0

334.0

334.5

(5:3:2)

(+)

332.0

331.5

333.0

334.0

ΔλT

-1

-0.5

-1

-0.5

DLPC

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
a
	
  b
c
d

λT (in nm)a

	
  	
  
(-)

ΔλT
DLPG

d

emission maximum of the tryptophan fluorescence for the single Trp mutant of BamD
emission maximum in the absence of lipid bilayers
emission maximum in the presence of lipid bilayers
difference in the maximum wavelength of tryptophan emission in the presence and in the absence
of lipid bilayers.

Binding of W191-BamD to DLPC bilayers
The fluorescence spectra of W191-BamD were recorded at various W191BamD/DLPC ratios (L/P), ranging from 0 to a 100 fold molar excess of DLPC. In the
absence of lipids (L/P = 0), W191-BamD showed a fluorescence intensity at 330 nm
(F330) of ~0.275 Mcps. The fluorescence emission increased ~10% up to a saturation
level of F330 = 0.306 Mcps for L/P = 30 (Figure 4.6A). An increase in the
fluorescence emission of the tryptophan indicated binding of BamD to neutral DLPC

113	
  

bilayers. The fluorescence emission maxima of tryptophan (λT) displayed a small
blue shift from 334 nm in the absence of DLPC bilayers (L/P = 0) to 333.5 nm in the
presence of 100 fold molar excess of DLPC bilayers (L/P = 100) with ΔλT = -0.5 nm.
The fluorescence signals at 330 nm of BamD were plotted against the corresponding
molar ratio of DLPC to BamD (Figure 4.6B). A binding stoichiometry of 31 DLPC
per BamD was obtained by fitting equation (4.5) to the experimental data (Table 4.6,
Figure 4.6). The obtained stoichiometry suggests that the ratio of 31±3 is sufficient to
enable all of BamD to bind to the DLPC membrane. The dissociation constant was
estimated to be in micromolar range and the free energy for DLPC-BamD binding
was estimated to ~ –38 kJ/mol (Table 4.6).
B
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Figure 4.6 W191-BamD binds to DLPC vesicles at 1 : (30.6 ± 2.7) stoichiometry. (A) The
fluorescence spectra for 1 µM W191-BamD were recorded at various lipid/ W191-BamD
ratios ranging between 0-100. All spectra were recorded in 10 mM Tris buffer (pH 8.0) at 25
°C and at an excitation wavelength of 295 nm. (B) The fluorescence signals at 330 nm of
W191-BamD were plotted against the corresponding DLPC/W191-BamD molar ratios. The
fluorescence emission signals increased as a function of the molar DLPC/ W191-BamD ratio
until saturation levels were reached. Inorder to determine DLPC/W191-BamD stoichiometry
and binding constant, equation (4.4) was fitted to the experimental data (−).

Binding of W191-BamD to DLPC/DLPG (1:1) bilayers
The interaction of BamD with negatively charged membranes of the composition
DLPC/DLPG (1:1) was analyzed by recording fluorescence spectra for W191-BamD
at various lipid/BamD ratios ranging from 0 to 200 (Figure 4.7A). The fluorescence
intensity at 330 nm that was obtained for BamD in the absence of lipid bilayers was
around 0.285 Mcps. In the presence of lipid bilayers the fluorescence emission for
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BamD increased. At L/P ≥ 30, the fluorescence intensities of the samples leveled off
with F330 = 0.360 Mcps, which is ~26 % greater than the intensity in the absence of
lipid. The fluorescence emission maxima of tryptophan (λT) displayed a small blue
shift, from 333 nm in the absence of DLPC/DLPG (1:1) bilayers (L/P = 0) to 332.5
nm in the presence of 200 fold molar excess of DLPC/DLPG (1:1) bilayers (L/P =
200) with ΔλT = -0.5 nm. The fluorescence signal at 330 nm of BamD was plotted
against the corresponding lipid/BamD molar ratio (Figure 4.7B). The experimental
data from the fluorescence measurements was further analyzed by fitting equation
(4.4) to the experimental data. A binding stoichiometry of 1:30 was obtained for
BamD interactions with bilayers of DLPC/DLPG (1:1). The dissociation constant
estimated from the fit was in the micromolar range and the free energy of lipidBamD complex formation was estimated to –33 kJ/mol (Table 4.6).
B
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Figure 4.7 BamD binds to DLPC/DLPG (1:1) vesicles at 1 : (30.0 ± 5.9) stoichiometry. (A)
The fluorescence spectra for 1 µM W191-BamD were recorded at various lipid/W191BamD ratios ranging between 0-200. All spectra were recorded in 10 mM Tris buffer (pH
8.0) at 25 °C and at an excitation wavelength of 295 nm. (B) The fluorescence signals of
BamD at 330 nm were plotted against the corresponding molar ratios of lipid/BamD. The
fluorescence emission increased as a function of the molar ratio of lipid/BamD until
saturation levels were reached. In order to determine the lipid/BamD stoichiometry and the
binding constant, equation (4.4) was fitted to the experimental data (−).

Binding of W191-BamD to DLPG bilayers
After investigating binding of BamD with neutral (DLPC) and negatively charged
(DLPC/DLPG, 1:1) lipid membranes, we have analyzed binding of BamD to
membranes composed of the negatively charged DLPG only. The fluorescence
spectra were recorded for W191-BamD, which was titrated with 0-100 fold molar
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excess of DLPG bilayers (Figure 4.8A). At 330 nm, the intensity of fluorescence
emission for BamD in the absence of lipid bilayers was observed to be F330 = 0.281
Mcps. While in the presence of lipid bilayers the intensity increased up to F330 =
0.320 Mcps (~13% greater than in the absence of DLPG) from L/P ratios of 15. The
fluorescence emission maxima of tryptophan (λT) displayed a small blue shift, from
333.5 nm in the absence of DLPG bilayers (L/P = 0) to 332.5 nm in the presence of
100 fold molar excess of DLPG bilayers (L/P = 100), with ΔλT = -1 nm. The
fluorescence signal of W191-BamD at 330 nm was plotted against the corresponding
DLPG to W191-BamD molar ratio (Figure 4.8B). The fluorescence results were
further analyzed by fitting the equation (4.4) to the data. A binding stoichiometry of
1:17 was obtained for W191-BamD to DLPG binding (Table 4.6). The free energy of
DLPG- W191-BamD complex formation was estimated around -37 kJ/mol, which is
similar to the free energy for the formation of the DLPC- W191-BamD complex.
B
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Figure 4.8 BamD binds to DLPG vesicles at a BamD:DLPG stoichiometry of 1 :
17 (1 : [16.8 ± 0.6]). (A) The fluorescence spectra for 1 µM W191-BamD were recorded at
various lipid/BamD ratios ranging from 0 to 100. All spectra were recorded in 10 mM Tris
buffer (pH 8.0) at 25 °C and at an excitation wavelength of 295 nm. (B) The fluorescence
signals of BamD at 330 nm were plotted against the corresponding molar ratios of
DLPG/W191-BamD. The fluorescence emission increased as a function of the molar ratio of
DLPG/W191-BamD until saturation levels were reached. In order to determine the
DLPG/W191-BamD stoichiometry and the binding constant, equation (4.4) was fitted to the
experimental data (−).

Binding of W191-BamD to small unilamellar vesicles of composition
DOPC/DOPE/DOPG (5:3:2)
The fluorescence experiment to investigate binding of BamD to lipid membranes was
also performed in the presence of negatively charged SUVs of the composition
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DOPC/DOPE/DOPG (5:3:2). Measurements were done by titrating W191-BamD
with 0-100 fold molar excess of SUVs (Figure 4.9A). The tryptophan emission at
330 nm were subsequently plotted against the L/P ratio and fitted by equation (4.4).
It was observed that in the presence of SUVs the tryptophan emission of W191BamD increased up to a L/P ratio of 60 and remained constant for further higher L/P
ratios (Figure 4.9B). The fluorescence emission maxima of tryptophan (λT) displayed
a small blue shift, from 334 nm in the absence of DOPC/DOPE/DOPG (5:3:2)
bilayers (L/P = 0) to 333 nm in the presence of 100 fold molar excess of
DOPC/DOPE/DOPG (5:3:2) bilayers (L/P = 100), with ΔλT = -1 nm.. Binding
stoichiometry of 1:62 was obtained for W191-BamD to DOPC/DOPE/DOPG (5:3:2)
bilayer binding (Table 4.6). The contribution of DOPC, DOPE and DOPG in the
lipid ternary mixture is 50%, 30% and 20% respectively. The contribution from
individual lipid estimates to ~1:31 for BamD/DOPC, 1:19 for BamD/DOPE and 1:13
for BamD/DOPG binding in the DOPC/DOPE/DOPG (5:3:2) lipid system. The free
energy of SUV-BamD complex formation was estimated to be around -36 kJ/mol,
which is comparable to the free energy of DLPC- W191-BamD or DLPG- W191BamD complex formation.
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Figure 4.9 BamD binds to DOPC/DOPE/DOPG (5:3:2) vesicles at 1 : (62 ± 5)
stoichiometry. (A) The fluorescence spectra for 1 µM W191-BamD were recorded at various
lipid/BamD ratios ranging between 0-100. All spectra were recorded in 10 mM Tris buffer
(pH 8.0) at 25 °C and at an excitation wavelength of 295 nm. (B) The fluorescence signals at
330 nm of BamD were plotted against the corresponding lipid/BamD molar ratios. The
fluorescence emission signals increased as a function of the molar lipid/W191-BamD ratio
until saturation levels were reached. Inorder to determine lipid/BamD stoichiometry and
binding constant, equation (4.4) was fitted to the experimental data (−).
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Table 4.6 Stoichiometry and free energy of lipid binding to BamD.
	
  	
   BamD

Lipid system

na

KA(µM-1)b

KDc (µM)c

DLPG
DLPC
DLPC/DLPG (1:1)
DOPC/DOPE/DOPG
(5:3:2)

16.76 ± 0.62
30.62 ± 2.66
30.0 ± 5.90
61.97 ± 4.66

2.77 ± 1.08
4.11 ± 7.46
0.53 ± 0.60
1.81 ± 3.82

0.36 ± 0.14
0.24 ± 0.44
1.90 ± 2.10
0.55 ± 1.10

ΔGA
(kJ/mol)d
-36.7 ± 1.0
-37.7 ± 4.5
-32.7 ± 2.8
-35.7 ± 5.2

	
  

	
  
	
  	
  

	
  
W191
	
  
	
  
	
  
	
  
DLPG
25.0 ± 6.77
0.55 ± 0.89 1.80 ± 2.95 -32.8 ± 4.0
	
  
W95
DLPC
25.0 ± 7.30
1.16 ± 2.84 0.86 ± 2.11 -34.6 ± 6.0
	
  
	
  	
  a n is the stoichiometry (lipid/BamD), estimated from fits to the data shown in figure 4.6, 4.7, 4.8,
b
c
d

4.9 and 4.10
estimated binding constant for association KA
estimated binding constant for dissociation KD=1/KA
estimated free energy of binding for the association reaction.

Binding of W95-BamD to lipid bilayers (DLPC or DLPG)
The fluorescence experiment to investigate binding of BamD to lipid membranes
(pure DLPC and pure DLPG bilayers) was also performed using single Trp mutant
W95-BamD. The fluorescence spectra of W95-BamD were recorded at various W95BamD/DLPC ratios (L/P), ranging from 0 to a 100 fold molar excess of DLPC and
W95-BamD/DLPG ratios (L/P), ranging from 0 to a 70 fold molar excess of DLPG.
An increase in tryptophan emission indicated binding of W95-BamD to neutral
DLPC bilayers and also to negatively charged DLPG bilayers. The fluorescence
emission maximum of tryptophan (λT) was observed around 332 nm, which does not
change upon binding to DLPC bilayers or DLPG bilayers. The fluorescence signals
at 330 nm of BamD were plotted against the corresponding DLPG to W95-BamD
(Figure 4.10A) or DLPC to W95-BamD molar ratio (Figure 4.10B). Further by
fitting equation (4.4) to the experimental data a binding stoichiometry of 1:25 was
obtained for both W95-BamD to DLPG or W95-BamD to DLPC binding (Table 4.5),
suggesting that ratio of 25±7 is sufficient to enable all of W95-BamD to bind to the
DLPG or DLPC membrane. The error in the stoichiometry of the interaction of W95BamD with DLPC or DLPG bilayers was larger than in the corresponding
experiments with W191-BamD (Table 4.5). The dissociation constant was estimated
to be in micromolar range and the free energy for DLPG-W95-BamD binding was
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estimated to ~ –32.8 kJ/mol and ~ –34.6 kJ/mol for DLPC-W95-BamD binding
(Table 4.6).
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Figure 4.10 W95-BamD binds to DLPG or DLPC vesicles at 1: (25± 7) stoichiometry. (A)
The fluorescence spectra for 1 µM W95-BamD were recorded at various lipid/ W95-BamD
ratios ranging between 0-100 (A) with DLPC bilayers and (B) with DLPG bilayers. All
spectra were recorded in 10 mM Tris buffer (pH 8.0) at 25 °C and at an excitation
wavelength of 295 nm. The fluorescence signals at 330 nm of W95-BamD were plotted
against the corresponding lipid/W95-BamD molar ratios. The fluorescence emission signals
increased as a function of the molar lipid/ W95-BamD ratio until saturation levels were
reached. Inorder to determine DLPC/W95-BamD or DLPG/W95-BamD stoichiometry and
binding constant, equation (4.4) was fitted to the experimental data (−).

4.4.5 Fluorescence spectroscopy suggests interaction of BamD with
bacterial outer membrane and periplasmic proteins.
BamD forms an essential and important component of β-barrel assembly machinery
(Bam) complex in the outer membrane of E. coli. The BAM complex has been
implicated in the insertion and folding of nearly all known OMPs however the
mechanism for Bam complex operation is not well understood. We have used
fluorescence spectroscopy to investigate the interactions of BamD with: a) Bam
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complex protein BamA, b) the Bam complex substrate protein OmpA, and c) the
periplasmic chaperone protein Scp. The intrinsic fluorescence of the aromatic amino
acid tryptophan in BamD was used for studying BamD-partner protein interactions as
described in the previous section (4.4.4) for BamD-lipid interactions.

Fluorescence binding analysis for BamD-Scp complex formation
In E. coli, outer membrane proteins are transported by periplasmic chaperones either
to the Bam complex or directly at the membrane interface for insertion into the
membrane. We have analyzed the interaction of BamD with the periplasmic
chaperone Scp by recording fluorescence spectra in aqueous buffer for urea diluted
W48-BamD at various Scp/ W48-BamD ratios, ranging from 0 to 2 mol/mol (Figure
4.11A). The intensity of the BamD emission increased upon Scp binding until the
molar Scp/ W48-BamD ratio was 1. An increase in tryptophan emission indicated a
binding of W48-BamD to Scp. The fluorescence signals at 330 nm of BamD were
plotted against the corresponding Scp/BamD molar ratios (Figure 4.11B) and fitted
by equation (4.3). The fluorescence emission maximum of tryptophan (λT) was
observed around 333 nm, with no shift in the wavelength at various Scp/ W48-BamD
ratios.

Figure 4.11 Binding of BamD (urea-diluted, aqueous form) to the periplasmic chaperone
Scp in solution. (A) The fluorescence spectra for 1 µM W48-BamD were recorded in the
aqueous form with 125-fold dilution of the urea in the presence of 0-2.0 µM Scp. All spectra
were recorded in 10 mM Tris buffer (pH 8.0) at 25 °C and at an excitation wavelength of 295
nm. (B) The fluorescence signals at 330 nm of the aqueous form of BamD were plotted
against the corresponding Scp/BamD molar ratio. The fluorescence emission signals
increased as a function of the molar Scp/BamD ratio until saturation levels were reached.
Inorder to determine Scp/BamD stoichiometry and binding constant, equation (4.3) was
fitted to the experimental data (−).
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The stoichiometry, association constant, dissociation constant and free energy of Scp
binding to BamD as obtained from the fits is given in the table 4.7. A stoichiometry
of 1:1 was obtained for Scp to BamD binding which is comparable to 1:1
stoichiometry shown for trimeric Skp to various outer membrane protein binding (Qu
et al, 2007). Dissociation constant was obtained in the nanomolar range, indicating
stable complex formation and free energy for Scp-BamD complex formation was
estimated around -46 kJ/mol. Using changes in tryptophan fluorescence for
monitoring protein-lipid or protein-protein interactions is suggested to work well for
peptides or proteins containing single tryptophan residue. Proteins containing more
than one tryptophan residue are suggested to be exhibiting more complex spectra
(Kraft C.A et al. 2009). The binding study was also performed with wt-BamD that
contains two native tryptophan residues (Appendix C, Figure C1). A stoichiometry of
1:0.7 (1:0.7 ± 0.23) was obtained for wt-BamD and Scp complex formation
(Appendix C, Table C1). Also, the intensity of the BamD emission increased upon
Scp binding until the molar Scp/wt-BamD ratio was 1.

Table 4.7 Stoichiometry and free energy of BamD binding to partner
proteins.
Binding partner
PD-BamA
OmpA
Scp
a
b
c
d

na

KA (nM-1)b

KD (nM)c

ΔGA (kJ/mol)d

0.55 ± 0.07
0.54 ± 0.04
1.01 ± 0.13

2.81 ± 1.59
2.13 ± 0.30
0.13 ± 0.07

0.36 ± 0.20
0.47 ± 0.06
7.50 ± 4.10

-54.0 ± 1.40
-53.2 ± 0.40
-46.4 ± 1.35

n is the stoichiometry (Binding partner/BamD), estimated from fits to the data shown in figure
4.11, 4.12 and 4.13
estimated binding constant for association KA
estimated binding constant for dissociation KD=1/KA
estimated free energy of binding for the association reaction.

Fluorescence binding analysis for BamD-BamA complex formation
The function of BamD is apparently to facilitate insertion of OMPs into the E. coli
outer membrane and to stabilize the BAM complex. BamD interacts directly with
two other components, BamA and BamC of the hetero-oligomeric Bam complex
(Sklar et al. 2007; Malinverni et al. 2006). The C-terminal region of BamD has been
shown to interact with POTRA5 of the periplasmic domain of BamA. Single-site
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tryptophan mutant W239-BamD, exhibiting tryptophan in C-terminal helix of BamD
was used to monitor interactions with tryptophan-free periplasmic domain of BamA
(WaF-PD-BamA) in the presence of the lipid bilayers of composition
DOPC/DOPE/DOPG (5:3:2). The binding study was performed by measuring first
the tryptophan emission of W239-BamD with lipids and next the emission of
tryptophan at different WaF-PD-BamA/W239-BamD ratios, ranging between 0-1.5
in the presence of the lipid bilayers (Figure 4.12A). The fluorescence emission
maximum of tryptophan (λT) was observed around 334 nm, with no shift in the
wavelength at various WaF-PD-BamA/W239-BamD ratios. The values for the
W239-BamD emission at 330 nm were subsequently plotted against the
corresponding WaF-PD-BamA/W239-BamD ratio (Figure 4.12B) and fitted by using
equation (4.3). Binding stoichiometry of 1:2 was obtained for PD-BamA to BamD,
suggesting requirement of two BamD molecules for complex formation with one
molecule of WaF-PD-BamA. Dissociation constant as estimated from the fits was in
nanomolar range and the free energy of WaF-PD-BamA- W239-BamD complex
formation was estimated as -54 kJ/mol (Table 4.7), which demonstrates stronger and
stable complex formation between these two proteins.

Figure 4.12 Binding of W239-BamD (urea-diluted, aqueous form) to the periplasmic
domain of the central component BamA of the BAM complex, PD-BamA, in the presence of
lipid bilayers. (A) The fluorescence spectra for 1 µM W239-BamD were recorded in the
presence of 0-1.5 µM WaF-PD-BamA (tryptophan-free). All spectra were recorded in 10
mM Tris buffer (pH 8.0) with 200-fold molar excess of DOPC/DOPE/DOPG (5:3:2) bilayers
to BamD, at 25 °C and at an excitation wavelength of 295 nm. (B) The fluorescence signals
at 330 nm of BamD were plotted against the corresponding BamA/BamD molar ratio. The
fluorescence emission signals decreased as a function of the molar BamA/BamD ratio until
stationary levels were reached. In order to determine BamA/BamD stoichiometry and
binding constant, equation (4.3) was fitted to the experimental data (−).
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The binding study was also performed for WaF-PD-BamA and W239-BamD
complex formation in aqueous buffer that is in the absence of lipid bilayers. Binding
stoichiometry of 1:2 was obtained for PD-BamA to W239-BamD binding in the
aqueous buffer (Appendix C - Table C1, Figure C2). The fluorescence experiment to
investigate binding of BamD to PD-BamA was also investigated with other single
Trp mutants of BamD (W48 and W191). Although the experiments included only
single measurements for each PD-BamA- BamD molar ratios (Appendix C - Table
C1, Figure C2). Also, a binding stoichiometry of 1:2 was obtained for PD-BamA to
BamD (W48 or W191) binding.

Fluorescence binding analysis for BamD-OmpA complex formation
Outer membrane protein A (OmpA) of E. coli is often used as a model membrane
protein for studying folding and insertion of OMPs into the model membranes. In
order to investigate the function of BamD in the assembly of outer membrane
proteins, the fluorescence binding experiment was performed for a tryptophan-free
WaF-OmpA and wt-BamD (carrying two native tryptophans). Tryptophan
fluorescence is highly sensitive to the polarity of local environment and changes in
the intrinsic fluorescence of proteins often occur upon conformational changes or
binding of ligands. The fluorescence spectra for wt-BamD was titrated with 0-2 fold
molar excess of WaF-OmpA in the presence of the lipid bilayers of composition
DOPC/DOPE/DOPG (5:3:2) (Figure 4.13A). The fluorescence intensity of wt-BamD
decreased with the increase in OmpA/BamD molar ratio and became constant for the
WaF-OmpA/wt-BamD molar ratio of 0.5 and higher. The fluorescence emission
maximum of tryptophan (λT) was observed around 331 nm, with no shift in the
wavelength at various WaF-OmpA/wt-BamD ratios. The values for the wt-BamD
emission at 330 nm were subsequently plotted against the corresponding WaFOmpA/wt-BamD ratio (Figure 4.13B) and fitted by equation (4.3). The
stoichiometry, association constant, dissociation constant and free energy of WaFOmpA binding to wt-BamD as obtained from the fits is given in the table 4.4.
Binding stoichiometry of 1:2 was obtained for WaF-OmpA to wt-BamD binding,
suggesting requirement of two BamD molecules for complex formation with one
molecule of OmpA. It was also evident from the concave upward curve (indicative of
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negative cooperativity) that the existence of two classes of binding sites in OmpA for
BamD is suggested. Dissociation constant as estimated from the fits was in
nanomolar range and the free energy of WaF-OmpA - wt-BamD complex formation
was estimated around -53 kJ/mol (Table 4.7). The binding study was also performed
for WaF-OmpA and wt-BamD complex formation in aqueous buffer that is in the
absence of lipid bilayers. However, no change in the intensity of tryptophan
fluorescence was observed at different WaF-OmpA/wt-BamD molar ratios. Also, this
experiment could not be performed with single Trp mutants of BamD because of
small fluorescence quenching effect.

Figure 4.13 Binding of wt-BamD (urea-diluted, aqueous form) to outer membrane protein A
(WaF-OmpA), in the presence of lipid bilayers. (A) The fluorescence spectra for 1 µM urea
diluted-BamD were recorded in the presence of 0-2 µM OmpA (tryptophan-less). All spectra
were recorded in 10 mM Tris buffer (pH 8.0) with 200-fold molar excess of
DOPC/DOPE/DOPG (5:3:2) bilayers to BamD, at 25 °C and at an excitation wavelength of
295 nm. (B) The fluorescence signals at 330 nm of BamD were plotted against the
corresponding OmpA/BamD molar ratio. The fluorescence emission signals decreased as a
function of the molar OmpA/BamD ratio until stationary levels were reached. In order to
determine OmpA/BamD stoichiometry and binding constant, experimental data (−) was
fitted by equation (4.3).

4.4.6 BamD facilitates folding of OmpA into lipid bilayers
A kinetic study on the folding of OmpA was performed using the method of kinetics
of tertiary structure formation by electrophoresis (KTSE) in the absence and in the
presence of BamD. This study was performed to investigate the function and the
effects of BamD in membrane insertion and folding of OmpA. Also, to confirm the
specificity of the BamD function in the folding of OmpA, similar experiments were
performed in the presence and in the absence of Cytochrome c (Cytc) in a parallel

124	
  

reaction. Cytc is a small heme protein, which is loosely attached to the inner
membrane of mitochondria and which binds to lipid membranes containing anionic
phospholipids (Ott et al. 2002). In order to examine the effects of the properties of
lipid membranes like the size and the curvature of vesicles, the kinetic study was
compared in the presence of small and large unilamellar vesicles. Folding of OmpA
into preformed lipid bilayers in the absence and in the presence of BamD or Cytc
was investigated in four parallel reactions. The lipid bilayers used in the experiments
are either small unilamellar vesicles (SUVs) of composition DOPC/DOPE/DOPG
(5:3:2) or large unilamellar vesicles (LUVs) of composition DLPC/DLPG (8:2).
In both of these model membranes, the contribution of PG phospholipid was kept at
20%, so as to match with the composition of the periplasmic leaflet of the outer
membrane of E. coli (which contains ~20% negatively charged PG and
diphosphatidylglycerol (cardiolipin) along with PE). Folding kinetics of OmpA were
analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE) of the non-heat
denatured reaction samples. The difference in the electrophoretic mobility of folded
(30 kDa) and unfolded (35 kDa) OmpA has been used to determine the time courses
of folding and membrane insertion of OmpA. The fraction of folded OmpA was
estimated by densitometry from the unfolded and folded forms of OmpA and plotted
as a function of time (Figure 4.14). The experimental data were further analyzed by
fitting equation (4.6). The relative contribution of the faster folding phase Af, the rate
constants of the faster and the slower folding phase, kf and ks, respectively, were the
kinetic parameters obtained from this analysis and are summarized in table (4.8).
Figure 4.14(A) and (B) shows the time courses of OmpA folding over 210 min in the
presence of SUVs of composition DOPC/DOPE/DOPG (5:3:2). The SDS-PAGE
analysis indicated an increase in the folding rates of OmpA in the presence of BamD
(gel b) in comparison to the experiment performed in its absence (gel a). However
control experiments, which were performed in the absence and in the presence of
Cytc (gels c and d, respectively) resulted in only slower folding rates and lower
yields of folded OmpA, comparable to the rates and yields obtained in the absence of
BamD. The yield of folded OmpA increased by a factor of 1.6 in the presence of
BamD showing ~56% of folded OmpA. The folding yields of OmpA were around
35% for all of the negative control experiments i.e. done in the absence of BamD or
in the presence and absence of Cytc. Figure 4.14(C) and (D) shows the SDS-PAGE
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Figure 4.14 BamD facilitates folding of OmpA into lipid bilayers. Urea-unfolded OmpA
(7.14 µM) was folded into a 200-fold molar excess (1.428 mM) of lipid bilayers in the
absence and in the presence of BamD or Cytc (at molar ratios of 2 BamD/OmpA and 2
Cytc/OmpA) at 30 °C, pH 8. The experiment was performed either with SUVs of
composition DOPC/DOPE/DOPG (5:3:2) (A) and (B) or LUVs of composition
DLPC/DLPG (8:2) (C) and (D). SDS-polyacrylamide gels (15%) show the time courses of
OmpA folding into SUVs (gels a-d) or LUVs (gels e-h) in the absence and in the presence of
BamD (gels a-b and e-f) or Cytc (gels c-d and g-h) respectively. The dotted markers on the
right side of the gels indicate the migration of unfolded (U) and folded (F) OmpA and BamD
or Cytc. In each gel, the first lane contained the molecular weight markers (Fermentas,
GmbH, St. Leon-Rot, Germany) and lanes 2-10 contained folding reaction aliquots at various
points in time ranging from 4 to 210 (for reactions done in SUVs) or from 4 to 300 min (for
reaction done in LUVs). (B) and (D) The fraction of folded OmpA, as determined from the
gels in panels A and C by densitometry, is plotted as a function of time. Also shown are the
fits of equation (4.6) to the experimental data.
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and densitometry analysis for the OmpA folding experiments done in the presence of
LUVs of composition DLPC/DLPG (8:2). Analysis of the reaction, done in the
presence of BamD (gel f) showed an increase in the yield of folded OmpA by the
factor of 1.2 than in the absence of BamD (gel e). Final folding yields of OmpA were
estimated around ~49% in the presence of BamD, ~38% in the absence of BamD and
~42% in the presence and in the absence of Cytc (Table 4.8). The sigmoidal curve
for the time courses of the reaction done in the absence of BamD or in the presence
and absence of Cytc indicate a delayed folding and insertion of OmpA in the
DLPC/DLPG (8:2) bilayers. LUVs possess a higher density of lipid molecules,
making the membrane less flexible.

Table 4.8 Kinetic parameters of the kinetic study on the effects of BamD on the
folding of OmpA as obtained from the fits to Eq. 4.6 shown in Figures 4.14 (B)
and (D)*
	
  
	
  
	
  
	
  
yield
Sample
Af
kf (min-1)
ks (min-1)
(%)a
DOPC/PE/PG 5:3:2
− BamD
0.215 ± 0.034
0.035 ± 0.007
0.0011 ± 0.0003
35
+ BamD
0.381 ± 0.038
0.067 ± 0.013
0.0018 ± 0.0005
56
− CytC
0.185 ± 0.021
0.045 ± 0.009
0.0011 ± 0.0002
34
+ CytC
0.178 ± 0.023
0.027 ± 0.004
0.0011 ± 0.0002
35
DLPC/PG 8:2
− BamD
38
+ BamD
0.419 ± 0.016
0.044 ± 0.003
0.0005 ± 0.0001
49
− CytC
42
+ CytC
42
*

OmpA was folded into SUVs or LUVs in the absence and presence of BamD (OmpA/BamD
ratio 1/2) or CytC (OmpA/CytC ratio 1/2), respectively. The data were fitted by equation (4.6).

a

yield of folded OmpA (after 210 min), b yield of folded OmpA (after 240 min)

From the experiments done in the presence of LUVs or SUVs, it is indicated that the
insertion and folding of OmpA into the LUVs was impaired in the absence of BamD
due to the lower curvature and higher density of the lipid vesicle. And in both the
lipid systems, the folding kinetics of OmpA were faster in the presence of BamD,
showing the specificity and effect of BamD function on the folding of OmpA and
that not any membrane-attached protein like Cytc can cause the effect.
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4.4.7 Determination of BamD/OmpA stoichiometry by KTSE
analysis
In order to investigate the BamD/OmpA stoichiometry at which BamD facilitates
folding and insertion of OmpA into the lipid blayers, the folding kinetics of OmpA
were monitored at various BamD/OmpA ratios. OmpA was folded into lipid bilayers
of the composition DOPC/DOPE/DOPG (5:3:2) at a 400-fold molar excess of
OmpA. Eight reactions were performed at BamD/OmpA molar ratios of 0, 0.25, 0.5,
0.75, 1, 1.5, 2 and 3. The fractions of folded OmpA at time t were determined by a
densitometric analysis of the SDS polyacrylamide gels (Figure 4.15A) and plotted as
a function of time t (Figure 4.15B).

Figure 4.15 Determination of the BamD/OmpA stoichiometry by a kinetic refolding
experiment. Urea-unfolded OmpA (7.14 µM) was folded into a 400-fold molar excess (2.86
mM) of SUVs of the composition DOPC/DOPE/DOPG (5:3:2) in the absence of BamD as
well as at various BamD/OmpA molar ratios at 30 °C, pH 8. (A) SDS polyacrylamide gels
(15 %) show the time courses of OmpA folding at BamD/OmpA molar ratios of 0 (gel a),
0.25 (gel b), 0.5 (gel c), 0.75 (gel d), 1 (gel e), 1.5 (gel f), 2 (gel g), and 3 (gel h). Lane 1
shows the molecular weight marker (Fermantas, GmbH, St. Leon-Rot, Germany) and lanes 2
to 9 contained folding reaction aliquots at various points in time ranging from 4 to 240 min.
The dotted markers on the right side of the gels indicate the migration of BamD and
unfolded (U) and folded (F) fractions of OmpA. (B) The fraction of folded OmpA obtained
by densitometry of the gels shown in (A) was plotted as a function of time. The molar ratios
BamD/OmpA were 0 (✕ ), 0.25 (□), 0.5 (◯), 0.75 (⬥), 1 (◼ ), 1.5 (▼), 2 (●) and 3 (▲). Also
shown are fits of equation (4.6) to the experimental data.
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Equation (4.6) was then fitted to the experimental data. The kinetic parameters
obtained from these fits are summarized in table (4.9). The time courses for the
folding of OmpA at molar ratios of BamD/OmpA that were less than 0.75 could not
be analyzed by fitting equation (4.6) to the experimental data because only small
fractions of OmpA folded at the lower BamD/OmpA molar ratios. The yield of
folded OmpA increased from 7% at BamD/OmpA molar ratio of 0, to 49% for
BamD/OmpA molar ratio ≥ 2. The SDS-polyacrylamide gels and their densitometric
analysis suggest that the effect of BamD on the folding of OmpA reaches the
saturation at a molar excess of 2 BamD per OmpA (Figure 4.15 and Table 4.9). A
further increase in the BamD/OmpA molar ratio to 3 resulted in similar yield of
folded OmpA.
Table 4.9 Kinetic parameters of the kinetic study performed to determine the
BamD/OmpA stoichiometry, as obtained from the fits to equation 4.6, shown in
Figure (4.15B)
BamD/OmpA
ratio

Af

kf (min-1)

ks (min-1)

yield (%)a

0

-

-

-

7

0.25

-

-

-

12

0.5

-

-

-

19

0.75

0.191 ± 0.015

0.031 ± 0.004

0.0007 ± 0.0001

31

0.278 ± 0.026

0.056 ± 0.010

0.0006 ± 0.0002

37

1

#

1.5

*
a
#

0.348 ± 0.006

0.041 ± 0.001

0.0005 ± 0.0001

42

2

#

0.395 ± 0.010

0.089 ± 0.005

0.0007 ± 0.0001

49

3

#

0.385 ± 0.015

0.124 ± 0.013

0.0009 ± 0.0002

49

OmpA was folded into a 400-fold excess of SUVs of composition DOPC/DOPE/DOPG 5:3:2
in the absence and presence of BamD (with various BamD/OmpA ratios). The data were fitted
by equation (4.6).
yield of folded OmpA (after 240 min).
The parameters for this ratio are average values from two identical refolding experiments.

The BamD/OmpA stoichiometry was also derived from the obtained kinetic
parameters (Table 4.9) by plotting Af-value and also the yield of folded OmpA (after
240 min) against the BamD/OmpA molar ratios in two distinct plots (Figure 4.16A
and B). Each plot show a function that is composed of two sections which assumes a
linear slope until maximal value is reached and another linear section at higher
values when the curve saturates. These sections were illustrated by two linear
regressions, as shown in Figure 4.16A and B. In both plots the BamD/OmpA ratio
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displayed an approximately linear increase in the range from 0 to 1.5. At higher
ratios the curve obviously saturated, thus the second linear function had the slope
zero, i.e. it is parallel to the x-axis. With these two linear functions (y = a + bx) the
point of their intersection was calculated and determined as the BamD/OmpA
stoichiometry. The points of intersection were calculated to be 1.79±0.45 and
1.81±0.4 by analysis of the plot of Af and of the final yield of folded OmpA as a
function of the BamD/OmpA ratio, respectively. The BamD/OmpA stoichiometry
must be an integer and therefore a 2:1 ratio was assumed for BamD facilitated
folding and insertion of OmpA into the lipid bilayers. Also by fluorescence
spectroscopy, a stoichiometry of 1:2 was obtained for WaF-OmpA to wt-BamD
binding (Section 4.4.5, Figure 4.13).
0.4
0.3

B

0.0
50

Yield of folded OmpA

Contribution Af

A

1.79

0.2
0.1

40

1.8

30
20
10
0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

BamD/OmpA ratio

Figure 4.16 Determination of the BamD/OmpA stoichiometry. The kinetic parameters
obtained from the plots of Figure 4.15 (B) were plotted against the BamD/OmpA ratio to
determine the BamD/OmpA stoichiometry. The stoichiometry was calculated from two
linear fits of equation (y = a + b x) to the experimental data in the range of the BamD/OmpA
ratio 0 to 2 and in the range 2 to 3. (A) Contribution of the faster folding phase Af plotted
against the BamD/OmpA ratio (0 – 3). (B) The final yield of folded OmpA after 240 min
plotted against the BamD/OmpA ratio (0 – 3). In both panels the BamD/OmpA ratio displays
an approximately linear increase in the range from 0 to 1.5. At the higher ratios the
saturation was observed, thus the linear function is parallel to the x-axis. The points of the
intersections of the two linear functions in both graphs were calculated to 1.79±0.45 and
1.81±0.4, respectively, and are marked with arrows in both panels.

130	
  

4.5 Discussion
The use of biophysical techniques to determine structure and function of membrane
proteins either membrane-embedded or membrane-associated, relies on successful
solubilization and reconstitution or refolding of membrane proteins using
solubilizing detergents and lipid membrane systems. In the present work, we have
critically evaluated the roles of specific lipid head groups on the folding of BamD.
These results on the interaction of BamD with different lipid systems were
complemented with studies on the interactions of BamD with other cell envelope
proteins, providing new insights into the properties and function of this outer
membrane lipoprotein. BamD was isolated after expression into the periplasm from
the outer membrane of E. coli in unfolded form and required the presence of
detergent micelles or lipid bilayers for folding and the formation of native-like
secondary structure. BamD did not fold properly in zwitterionic DLPC bilayers and
developed a larger content of α-helical structure in the presence of negatively
charged PG.
Membrane proteins form an important area of research due to their role in
fundamental biochemical processes and their importance as pharmaceutical targets.
However, it requires extracting these proteins from their native environment and
studying them in vitro in the presence of a detergent or lipid environment. Outer
membrane lipoprotein BamD was successfully extracted from the membrane
fractions of E. coli in an unfolded form in 8 M urea. Folding of BamD was studied
using CD spectroscopy, mainly in the presence of lipid bilayers and to a limited
extent in the presence of detergent micelles (LDAO). The CD spectra of BamD in
aqueous solution upon urea-dilution resulted in the formation of significant amounts
of secondary structure. However, BamD was observed to be unstable in the ureadiluted state after an incubation of ~ 24 h as evident from the CD spectra (Figure
4.3A).
The protein-lipid interactions hold significant importance in the assembly, stability
and function of membrane proteins. The association of a protein with a lipid bilayer
may involve significant changes within secondary and tertiary structure of a protein.
These may include the folding of regions of protein structure that were previously
unfolded or a re-arrangement in the folding or refolding of the membrane-associated
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part of the proteins. Urea-diluted BamD refolded to a different extent, depending on
the composition of the lipid bilayers. Our results from the CD measurements
demonstrate that BamD is more stable either in the presence of detergent micelles or
lipid bilayers than in their absence. In neutral DLPC bilayers, BamD exhibited a
composition of its secondary structure comparable to that formed in aqueous buffer
immediately after urea-dilution. Interestingly BamD did not adopt a higher content of
helical structure in the presence of zwitterionic DLPC bilayers, but the helical
content of BamD was maintained at ~ 35% (as in the absence of lipid bilayers on
instant urea-dilution) after an incubation period of ~ 24 h (Table 4.3A).
The analysis of the CD spectra revealed ~62-63% of α-helix, 6% of β-sheet 11-12%
of β-turns and ~20% of random coil secondary structure only in the presence of lipid
bilayers with a high content of the negatively charged phosphatidyl glycerol
(DLPC/DLPG, 1:1 or DLPG) (Figure 4.3B, Table 4.3). This secondary structure of
BamD isolated from outer membrane fractions agrees quite well with the secondary
structure of crystallized BamD obtained after expression into the cytosol and lacking
the N-terminal lipid anchor (with ~ 70 % α-helical content) (Albrecht, R et al. 2011;
Dong, C et al. 2012). A content of ~ 53 % α-helix was observed for BamD
solubilized in LDAO micelles. In comparison to its structure in detergent micelles,
BamD adopted a significantly higher content of helical secondary structure in the
presence of lipid bilayers with a high PG content. Hence, results from CD
spectroscopy clearly demonstrate that an increase in native-like α-helical content
from 33 % (in aqueous buffer or DLPC bilayers) to 63 % depends on the presence of
phosphatidyl glycerol in the bilayers. This suggests the presence of specific regions
in the structure of BamD that might specifically come in contact with the PG head
groups at the outer membrane of E. coli. This suggests that the electrostatic
interactions play important role in binding and structure formation of BamD. Anionic
lipids such as PG or cardiolipin are shown to be of importance for the structure and
function of protein complexes involved in the photosynthetic and respiratory electron
transport chains in the photosynthetic bacteria (Wakeham et al. 2001). Reduced
levels of both PG and cardiolipin (CL) in an E. coli mutant with an altered pgsA gene
(PGP synthase) resulted in an in vivo inhibition of the translocation of an outer
membrane protein, PhoE, across the inner membranes, which was confirmed in vitro
using inner membrane vesicles (De Vrije et al. 1988; Miyazaki et al. 1985).
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Similarly, the anionic lipid PG might be an important factor determining the
localization of BamD in the BAM complex. In other words, PG might be important
for the proper orientation and binding of BamD to other BAM components, thus
aiding in the proper formation of the BAM complex.
There are specific regions in the BamD structure, which did not bind to the
negatively charged DLPG bilayers as observed by fluorescence spectroscopy. When
the single Trp mutant W239-BamD was folded into lipid vesicles in buffer, the
intensity of the tryptophan fluorescence did not change and remained similar to that
in the absence of lipid membranes (Figure 4.5). This indicated that the region
surrounding the tryptophan remained exposed to the aqueous space even after
adsorption of BamD to the membrane surface. The surface of DLPG bilayers is
negatively charged. W239 of BamD is located at an edge of the last α-helix (α10) in
the TPR domain 5 of BamD, a region that is negatively charged (Figure 4.17). The
electrostatic repulsion between negatively charged DLPG bilayers and the region
around W239 might be the cause that this area of BamD is not in contact with the
lipid bilayer and remains hydrated, resulting in unaltered tryptophan fluorescence.
Apparently, a different region of BamD mediates its binding to the bilayer.

Figure 4.17 Crystal structure (ribbon representation, left) and electrostatic surface map
(right) of BamD (PDB entry 3Q5M) oriented with a front view of α-helices α9-α10 in the
TPR domain 5. W239 is located in α-helix 10 and surrounded by a region that is

negatively charged (depicted in red color in the surface presentation on the right hand
side).
The intrinsic fluorescence of a single tryptophan in BamD was utilized for studying
the interactions of BamD with lipids. The emission maximum, λmax, of the
fluorescence spectra of single Trp mutants of BamD was affected by the polarity of
the solvent (Table 4.5). The single Trp mutants W48-BamD and W191-BamD
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demonstrated blue-shifted emission maxima λmax upon binding to lipid bilayers. The
blue shift of the wavelength of the fluorescence maximum indicated that the
microenvironment of the tryptophans W48 and W191 was more hydrophobic after
binding of BamD to the lipid bilayer. This suggested that the Trps W48 and W191
are exposed on the surface of BamD and might be part of a membrane-binding
interface of BamD. This is in contrast to the single Trp mutants W95-BamD and
W239-BamD, which did not show any change in emission maxima λmax, upon
binding to pure DLPC or DLPG bilayers and only small blue shift was observed
upon binding to DLPC/DLPG (1:1) or DOPC/DOPE/DOPG (5:3:2) membranes.
To understand the molecular mechanism by which a protein interacts with biological
membranes, one needs experimental knowledge of the affinity and specificity for the
binding of a protein to the membrane and of the topology of the protein in
association with the lipid bilayer. Steady state fluorescence spectroscopy
measurements provided information about the molecular interactions of BamD with
bilayers of different lipids and with proteins that could be interaction partners. Upon
dilution of the denaturant urea, BamD bound to bilayers composed of different lipids
with micromolar affinity ranging from 0.24 µM to 1.9 µM (Table 4.6). The
lipid/BamD stoichiometries obtained for BamD binding to lipid bilayers were n ≈ 31
for DLPC, n ≈ 17 for DLPG, n ≈ 30 for DLPC/DLPG (1:1) and n ≈ 62 for
DOPC/DOPE/DOPG (5:3:2) as monitored by fluorescence spectroscopy of W191BamD. The contribution of DLPC or DLPG in membranes composed of DLPC and
DLPG (1:1) is 50 %, which corresponds to a binding stoichiometry of ~1:15 for
BamD to DLPG or BamD to DLPC in DLPC/DLPG (1:1) bilayers. A binding
stoichiometry of ~1:25 was observed for the binding of W95-BamD to DLPC or
DLPG bilayers, however with large standard deviation (±7) values. It is known that
the lipid/protein (L/P) stoichiometry varies to a great extent with the difference in
lipid composition of the membrane (Huang and Wu 1991; Wu et al. 1995; Heller et
al. 1997). The intrinsic surface affinity for BamD of different lipid bilayers,
corresponds to a free energy change of ~ -37 kJ/mol. These spectroscopic
measurements provide direct evidence for a selectivity of interaction of different
lipid species with BamD. At the higher end of the error limit values, the lipid/BamD
stoichiometry as obtained from the approximation can be assumed to be around: n ≈
33 for DLPC, n ≈ 32 for DLPG in homogeneous lipid membranes and n ≈ 34 for
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DOPC, n ≈ 20 for DOPE and n ≈ 13 for DOPG in DOPC/DOPE/DOPG (5:3:2)
membranes.
If BamD is assumed to be of a cylindrical geometry as shown in Figure 4.18, with
dimensions, height ≈ 7 nm and radius ≈ 1.1 nm (as estimated from PyMOL measurements tool), the surface area and cross sectional area are determined to be ~
56 nm2 and 3.8 nm2 respectively. The surface area occupied by a PC head group is
around 0.66 nm2 and by a PG head group is around 0.57 nm2 (Dickey and Faller
2008). Thus, 85 PC lipid species or 98 PG lipid species can approximately occupy
the complete surface area of BamD.

Figure 4.18 Crystal structure and electrostatic surface representation of BamD (PDB entry
3Q5M) for the assumption of BamD geometry as a cylinder of dimensions h = 7 nm and r =
2
1.1 nm. Based on these assumptions, the surface area (2πr + 2πrh) and the cross
2
sectional area (πr or 2rh, depending on the direction) is estimated around 56 nm2
and 3.8 nm2 (πr2) or 15.4 nm2 (2rh) respectively.

However, the structural features, chemical properties and collective physical
properties of different lipid species in the membrane regulate the lipid-protein
interactions and stoichiometry (Dowhan and Bogdanov 2002). The ability of lipids
and proteins to form sub domains in a membrane of unique protein and lipid
composition provides a mechanism to control and to compartmentalize the function
of proteins in association with the membrane.
The intrinsic fluorescence of the aromatic amino acid tryptophan in BamD was also
used for studying the interactions of BamD with possible partner proteins. BamD
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was observed to bind to the periplasmic chaperone Scp, to the outer membrane
protein A (OmpA), and to the periplasmic domain of BamA (PD-BamA) at
stoichiometries of 1:1 (Scp/BamD) and 2:1 (BamD/PD-BamA and BamD/OmpA).
The binding affinities of BamD to these three interacting partners were obtained in
nanomolar range from 0.36 nM to 7.5 nM (Table 4.7). The outer membrane assembly
factors such as the BAM machinery and the periplasmic chaperones are involved in
the insertion and folding of OMPs into the OM. This is the first study to demonstrate
the binding stoichiometries and affinities of BamD to Scp, BamA and OmpA. A
stoichiometry of 2:1 was observed for the binding of BamD to PD-BamA
independent of the presence or the absence of lipid bilayers. The observed high
binding affinity (0.36 nM) and the free energy change of ~ –54 kJ/mol, demonstrates
the specificity and stable association between these two essential BAM components.
In E. coli, BamA is associated with four lipoproteins, BamB, BamC, BamD and
BamE (Wu et al. 2005; Sklar et al. 2007). When the BAM complex was
reconstituted into proteoliposomes a ratio of 1 BamA : 1 BamB : 1 BamC : 1 BamD
was reported (Hagan et al. 2010). However, the exact oligomeric state of BAM
complex in E. coli is yet not clear, as in another study, by size exclusion
chromatography and native gel analysis, BamA was suggested to form a tetramer
(Robert, V et al. 2006). BamE purified from a native outer membrane was also
shown to exhibit a dimeric state (Albrecht, R et al. 2011). It is not yet defined that
which oligomeric form of BamE (mono or dimer) is functional in the BAM complex.
A binding stoichiometry of 2:1 for BamD to PD-BamA complex formation shows
the presence of two binding sites in the periplasmic domain of BamA for BamD. It
also suggests the possibility that BamD may be compensating in vitro the absence of
BamB, which is also known to interact directly with BamA (Malinverni et al. 2006).
The binding of BamD to OmpA at a stoichiometry of 2:1 was observed to be
dependent on the presence of lipid bilayers and no interaction was observed between
these two interacting partners in the absence of lipid bilayers. This result suggests for
the possibility of a desired conformational change in the BamD structure, exposing
specific binding sites in BamD for OmpA only in the presence of lipid bilayers.
Furthermore, BamD was observed to facilitate folding and membrane insertion of
OmpA in kinetic experiments most efficiently at a BamD/OmpA ratio of ~ 2. A
possibility of BamD compensating for the absent BAM complex components, by
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formation of multimers with other BamD molecules, in the in vitro folding and
insertion process of OmpA was suggested.
The present study demonstrates the effect of BamD on insertion and folding of
OmpA into the preformed lipid membranes. The difference in the migration of the
unfolded and folded forms of an OMP as monitored by electrophoresis, has been
extensively used to determine the kinetics of membrane protein folding. Some of
these studied model OMPs include: OmpA (Kleinschmidt and Tamm 1996, 2002;
Surrey and Jähnig 1995; Bulieris et al. 2003; Patel et al. 2009), OmpG (Conlan and
Bayley 2003), FomA (Pocanschi et al. 2006), and OmpF (Surrey et al. 1996). In the
present study we observed that BamD has a specific effect on the folding kinetics of
OmpA, which is clearly demonstrated in the presence of two different lipid systems
(small and large unilamellar vesicles). The in vitro experiments performed in the
presence of Cytc (natively membrane-attached) could not exhibit similar or any
effect on OmpA folding kinetics. Properties of lipid vesicles such as flexibility and
curvature were observed to influence the folding of OmpA (Figure 4.14B and D).
The insertion and folding of OmpA into the LUVs was impaired in the absence of
BamD due to the lower curvature and higher density of the lipid vesicle. Previously,
it has been shown that the flexibility (Marsh et al. 2006) and the higher curvature
(Kleinschmidt et al. 2011; Pocanschi et al. 2006b) of the membrane leads to the
faster folding and insertion of OmpA. In both of the used lipid systems, i.e. LUVs of
short chain phospholipids and SUVs of long-chain phospholipids, the kinetics of
OmpA folding were observed to be faster in the presence of BamD.
In conclusion, our study highlights on the role of BamD in the outer membrane of E.
coli and that the protein-lipid interactions hold significant importance in the
assembly, stability and function of this outer membrane lipoprotein.
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5. Interactions between the Outer Membrane
Lipoprotein BamD and the Periplasmic Chaperone
Skp identified by Fluorescence Spectroscopy
5.1 Abstract
Membrane insertion and folding of outer membrane proteins (OMPs) of Gramnegative bacteria like E. coli requires the presence of a heteropentameric membrane
protein complex in the outer membrane (OM) that is known as the BAM complex.
BamA and BamD are the only absolutely essential components of this complex. For
membrane integration, the client OMPs are delivered to the BAM complex by the
periplasmic chaperones. The outer membrane lipoprotein BamD is rich in tetratrico
peptide repeat (TPR) motifs and was therefore suggested to possibly function as a
chaperone receptor, based on structural homologies to similar proteins. We have used
site-directed mutagenesis and fluorescence spectroscopy to probe the interactions
between BamD and the chaperone Scp. Scp is a synthetic chaperone that is derived
from three monomers of the trimeric periplasmic chaperone Skp that were linked
together by two flexible linkers to form a single polypeptide chain. We previously
demonstrated that Scp is functional with very similar properties as described for
wild-type Skp (see chapter 2). Both, Scp and BamD, were mutated to incorporate
fluorophores for fluorescence energy transfer (FRET) studies. FRET was then used
to study possible proximities between single tryptophan mutants of BamD and a set
of single cysteine mutants of Scp. In addition, FRET experiments were performed to
identify interactions between BamD and the entire periplasmic domain of BamA
(PD-BamA), and between BamD and Outer membrane protein A (OmpA). The
transfer efficiency E, the Förster distance R0 and the average distance between the
donor tryptophan and the acceptor IAEDANS were calculated. The intermolecular
FRET studies demonstrated close proximity and binding between BamD and Scp. In
this protein complex, the donor-acceptor distances ranged from 20.9 Å to 38.2 Å. On
the other hand, FRET was neither observed between different sets of mutants of
BamD and PD-BamA, nor between mutants of BamD and OmpA. The complex
formation suggests that the TPR motifs of BamD serve as a docking site for
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periplasmic chaperones such as Skp, in addition to a participation in the formation of
the BAM complex.

5.2 Introduction
The asymmetric outer membrane (OM) of Gram-negative bacteria such as
Escherichia coli is composed of proteins, phospholipids and lipopolysaccharide
(LPS). Phospholipids are localized in the inner leaflet of this membrane, where as
LPS is present exclusively in the outer leaflet (Mühlradt and Golecki 1975). The OM
functions as a permeability barrier that is essential for the viability of Gram-negative
bacteria and protects the bacteria from harmful compounds such as antibiotics. The
proteins of the OM include the integral β-barrel proteins, OM-attached lipoproteins
and cell surface appendages. These are all synthesized in the cytoplasm in form of
precursors. The signal sequence at the N-terminus of these precursor proteins targets
them to the SecYEG translocon for translocation across the inner membrane into the
periplasm (Driessen and Nouwen 2008). The outer membrane proteins (OMPs) are
protected by the periplasmic chaperones during their transit through the periplasm.
The periplasmic chaperones deliver OMPs to an assembly site in the OM termed the
BAM complex.
In E. coli, the OMP BamA associates with four lipoproteins BamB, BamC, BamD
and BamE to form a large complex known as the β-barrel assembly machinery
(BAM) complex (Wu et al. 2005; Sklar et al. 2007). As shown by gene deletion
studies, the BAM complex is required for the assembly of outer membrane proteins
(OMPs) in E. coli (Voulhoux 2003; Werner and Misra 2005). BamA is comprised of
a membrane embedded C-terminal β-barrel domain and a large N-terminal
periplasmic domain composed of five POTRA (polypeptide transport associated)
motifs. In contrast to bacteria like E. coli, the BamA homologues in chloroplast
(Toc75-V) and in mitochondria (Sam50) contain only three or just one POTRA
motif, respectively (Reumann et al. 1999; Gentle et al. 2005). A deletion analysis of
the POTRA domains of BamA has shown that POTRA 5 is required for the
association of BamA with the BamC-D-E sub-complex and POTRA domains 2-5 are
required for the binding of BamB to BamA (Kim et al. 2007). Gene deletion studies
of the proteins of the BAM complex demonstrated that BamA and BamD are
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essential for the survival of cells (Wu et al. 2005; Malinverni et al. 2006; Sklar et al.
2007a).
Bacterial lipoproteins are involved in a wide variety of cellular functions, such as
formation and stabilization of the cell surface structure, substrate transport, antibiotic
resistance and cell signaling (Braun and Wu 1994). A lipoprotein precursor has a
consensus sequence, Leu-(Ala/Ser)-(Gly/Ala)-Cys, called a lipobox or lipoprotein
box around the signal peptide cleavage site (Hayashi and Wu 1990). Processing from
the precursor to the mature form sequentially occurs on the periplasmic side of the
inner membrane. The mature lipoprotein thus formed has a lipid-attached Cys at the
N terminus (Sankaran and Wu 1994; Narita, S 2002). Many essential lipoproteins of
E. coli are known to function properly even when the N-terminal lipobox (required
for lipidation) is deleted, as long as they are produced in excess (Tsukahara et al.
2009; Chng, SS et al. 2010). Lipoproteins lacking an IM retention signal, an
aspartate at the +2 position of the mature protein, are transported to the OM by the
“localization of lipoproteins” (LOL) system. The E. coli chromosome is predicted to
encode approximately 100 lipoproteins, about 90 of which have been experimentally
confirmed (Miyadai, H 2004). However, only few of these have been extensively
characterized. Among 90 lipoprotein genes, disrupted and examined for the cell
growth under various conditions, only LolB and Yfio/BamD, were identified to be
essential (Tanaka et al. 2001; Onufryk et al. 2005).
BamD is most highly conserved among the lipoproteins of the BAM complexes of
bacteria, implying that it serves a vital function for the BAM complex. Furthermore,
the interactions of BamA with BamC and BamE and are mediated through BamD
(Sklar et al. 2007; Malinverni et al. 2006). The structure of BamD is predominantly
α-helical and consists of ten α-helices that form five tetratrico peptide repeat (TPR)
motifs (Sandoval et al. 2011; Albrecht, R et al. 2011; Dong, C et al. 2012). The TPR
domains are known to form a protein interaction platform for a wide range of diverse
partner proteins (D′Andrea and Regan 2003). Recently, it was shown that the
biogenesis of autotransporters is dependent on BamA (YaeT) and BamD of the
BAM-complex but does not require the non-essential lipoproteins BamB, BamC, and
BamE (Rossiter et al. 2011). The deletion of the C-terminal part of BamD, decreases
the density of the outer membrane, disturbs the assembly of OMPs and elevates the
level of DegP (Malinverni et al. 2006). BamD shares structural similarities with
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other proteins whose functions involve binding to targeting sequences, acting as
either chaperones or co-chaperones (Albrecht, R et al. 2011; Sandoval et al. 2011;
Kim et al. 2011). Based on structural homologies, BamD is also proposed to act as a
chaperone assisting folding and insertion of OMPs into the outer membrane
(Sandoval et al. 2011; Dong, C et al. 2012).
The interactions of BamD with other proteins of the BAM complex, periplasmic
proteins and outer membrane proteins are not well understood. In this detailed study,
we have used a combined approach of site-directed mutagenesis and fluorescence
spectroscopy of the labeled mutants to probe interactions of BamD with several
proteins as potential binding partners. To analyse protein-protein interactions and to
determine distances between various regions of interacting proteins by fluorescence
energy transfer (FRET), single cysteine (Cys) and single tryptophan (Trp) mutants of
BamD were prepared. The secondary structure of the refolded mutants of BamD was
analyzed by circular dichroism spectroscopy in comparison to that of wt-BamD to
confirm folding. For FRET experiments, a cysteine residue was selectively labeled
with

the

fluorescent

probe

5-(2((iodoacetyl)aminoethyl)-aminonaphthalene-1-

sulfonic acid (IAEDANS), which acts as a FRET acceptor for excited tryptophans.
BamD was used either as a fluorescence donor using a single Trp mutants of BamD
or as a fluorescence acceptor using a IAEDANS –labeled single Cys mutant of
BamD. First the interactions of BamD with the chaperone Scp were investigated. Scp
is a single polypeptide fusion protein composed of three monomers of the trimeric
chaperone Skp from the periplasm of E. coli and of two short linker peptides (see
chapter 2 for details). Furthermore, interactions of BamD were examined with the
periplasmic domain of BamA (the core component of the BAM complex) and with
unfolded OmpA as a client protein of the BAM complex.

5.3 Materials and Methods
Single Cysteine and single Tryptophan mutants of BamD
Four single cysteine and four single tryptophan mutants of BamD were prepared in
order to probe interactions of BamD with the periplasmic chaperone Scp and other
proteins that possibly bind to BamD (Table 5.1). The plasmid pET29-Yfio+ss+his
was used as a template for nucleotide-substitutions at desired positions in the bamD
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gene to encode mutants with a cysteine residue or with a tryptophan residue in
BamD. Site-directed mutagenesis was performed using the Quick-change XL
mutagenesis kit (Agilent technologies, California) as described by the manufacturer.
For mutageneses of pET29-Yfio+ss+his, PCR reactions were performed in a thermo
cycler (MyCycler, BIO-RAD, Munich, Germany). In each mutagenesis, two
complementary oligonucleotides/primers (MWG-Biotech AG, Germany) were used
containing the desired mutation flanked by unmodified nucleotide sequences (Table
5.2). The PCR product was transformed into XL10-Gold ultra competent cells. All
mutant plasmids were sent for sequencing to GATC Biotech AG (Konstanz,
Germany) to confirm the desired mutations. For expression of a mutant of a protein,
the corresponding plasmid was transformed into competent E. coli PC2889 cells
using the calcium chloride method (Maniatis 1982).

Expression and purification of BamD
Each BamD mutant was purified as described in the previous chapter for wild-type
BamD (section 4.3).

Purification of OmpA (wild-type and tryptophan-free mutant).
Single tryptophan mutants of OmpA were available from the previous work
(Kleinschmidt et al. 1999a; Qu et al. 2009) (Table 3.3). The tryptophan-free mutant
of OmpA, in which all five native Trps were replaced by Phe (WaF-OmpA) was
overexpressed and purified as reported earlier for single Trp mutants of OmpA (Qu
et al. 2009).

Purification of Scp and PD-BamA
Single cysteine mutant proteins of Scp (Table 3.1) were isolated from E. coli as
described in section 2.3 of chapter 2. Single cysteine and single tryptophan mutants
of PD-BamA were prepared by Esther Talmon (E. Talmon, PhD thesis, Department
of Biophysics, University of Kassel in preparation) and used in a joint FRET study to
describe the interactions of PD-BamA with BamD.
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Table 5.1 Positions of Cysteine and Tryptophan in mutants of
BamD
Plasmid

Vector

pET48

pET29b

pET95

Cys position

Trp position

Product

Substitution

48

W48

W191F

pET29b

95

W95

F95W

pET191

pET29b

191

W191

W48F

pET239

pET29b

239

W239

A239W

pET75

pET29b

75

C75

L75C

pET114

pET29b

114

C114

L114C

pET181

pET29b

181

C181

V181C

pET230

pET29b

230

C230

Q230C

pET0W

pET29b

no Cys

WAF

W48F, W191F

no Trp

	
  
	
  

Table 5.2 Oligonucleotide primers used for mutagenesis of bamD1
Plasmid

Primer sequence

pET48

5'-acagaacgtggcgcattcgttgccgtcgttaacc-3'

pET95

5'-ggctgccatcgatcgttggattcgccttaacccgac-3'

pET191

5'-caacaaaagctgcaggacggtaacttcagacaggcaataa-3'

pET239

5'-gaaaaagtagcgaaaatcatctgggcaaacagcagcaacacggga-3'

pET75

5'-gcagcaggtgcagctggattgcatctacgcctactataaa-3'

pET114

5'-tgtcatgtacatgcgtggctgcaccaatatggcgctggatg-3'

pET181

5'-ctggcgaaatatgaatactcctgcgccgagtactatacagaacgt-3'

pET230

5'-ccgtcagatgcagatgaatgcgtgtgctgaaaaagtagcgaaaatca-3'

1

The primer sequences shown correspond to the sense strand of the bamD 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 replaced amino acid
residue in BamD.

Preparation of lipid bilayers
1,2-dioleoyl-sn-glycero-3-phosphocholine
phosphoethanolamine

(DOPE),

(DOPC),

1,2-dioleoyl-sn-glycero-3-

1,2-dioleoyl-sn-glycero-3-phospho-glycerol

(DOPG), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-dilauroyl-snglycero-3-phosphoglycerol (DLPG) were purchased from Avanti Polar Lipids
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(Alabaster, AL). To ensure the homogeneity of lipid bilayers that serve as model
membranes, all phospholipids were first dissolved in a 5:1 (v/v) mixture of
chloroform and methanol. Lipid mixtures were prepared in a 5 mL vial of dark
brown glass to avoid photo-induced oxidation of unsaturated lipids. Binary mixtures
were prepared by mixing DLPC and DLPG at a molar ratio of 1:1. Ternary lipid
mixtures 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 in a
fume hood. Lipid films were then desiccated for ~ 4 h under high vacuum to remove
residual solvent. For vesicle preparation, lipid films were hydrated and dispersed in
Tris buffer (10 mM, pH 8.0; containing 2 mM EDTA) by vigorously shaking the
mixture with a vortexer, for 1 h and dispersed by vigorously shaking the vials at 900
rpm in a thermo mixer. Small unilamellar vesicles (SUVs, diameter from ~25 to ~35
nm) were prepared by sonicating the lipid dispersion using the microtip of a Branson
ultrasonifier for 40 min at 10 % power and at a 50 % pulse cycle (duration of power
30 sec on and 30 sec off) (Bulieris et al. 2003). Large unilamellar vesicles (LUVs)
were prepared by 5-7 cycles of freezing and thawing the hydrated lipids with a liquid
nitrogen bath and with a warm water bath. Lipid dispersions were then extruded 30
times through polycarbonate membranes of 100 nm pore size (Nucleopore,
Whatman, Clifton, NJ) using a mini extruder (Avanti Polar Lipids, Alabaster, AL).

Folding of BamD mutants into DLPG bilayers
Folding of single Cys and single Trp mutants of BamD were initiated by a 24-fold
dilution of urea-solubilized BamD into Tris buffer (10 mM with 2 mM EDTA, pH
8.0) containing an 800-fold molar excess of large unilamellar vesicles (LUVs) of
DLPG. The final BamD concentration was 11 µM. All samples were incubated at 37
°C under gentle shaking for 24 h. All samples were then dialyzed against 1 L of Tris
buffer (20 mM, pH 8.0) and in a cold room changing the dialysis buffer at least three
times to remove residual urea.

CD spectroscopy
Far UV CD spectroscopy was used to characterize the secondary structure of BamD.
CD spectra of wild-type BamD and BamD mutant proteins were recorded on a Jasco
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J-815 CD spectrophotometer. CD spectra were recorded from 190 to 260 nm at room
temperature and at a final concentration of 11 µM BamD in DLPG bilayers using a
quartz cuvette with a path length of 0.5 mm. The acquisition time was 50 nm/min
and the bandwidth was 1 nm. Six successive scans were averaged and the
corresponding background spectra of samples without protein were subtracted. The
concentration of BamD in each CD sample was then determined (Lowry et al. 1951)
to normalize the corresponding spectrum to obtain the mean residue molar ellipticity,
[θ] (λ) (Greenfield and Fasman 1969), given by:
[θ](λ) = 100 θ(λ) / (c · n · l),

(Eq. 5.1)

where θ (λ) is the recorded ellipticity in degrees at wavelength λ, c is the
concentration in mol/L, l is the path length of the cuvette in cm and n is the number
of amino acid residues of BamD. The composition of the secondary structure of
BamD was determined from the normalized CD spectra using different
deconvolution algorithms (CDSSTR and CONTIN) and a library of reference spectra
of proteins of known high-resolution structure available at a web-based server,
DICHROWEB (Whitmore and Wallace 2004).

Fluorescence labeling
The cysteine residue of each single Cys mutant of BamD was spectroscopically
labeled with IAEDANS (Invitrogen, Molecular probes) a sulfhydryl (SH) reactive
and specific fluorescent probe. The labeling protocol of the manufacturer was used:
A mutant of BamD was diluted to a final concentration of 100 µM in 1 mL of Tris
buffer (10 mM, pH 7.2 containing 8 M urea and 1 mM EDTA). The sample was then
incubated for 30 min at RT with a 10 fold molar excess of TCEP solution to reduce
disulfide bonds that may have formed between the thiol groups of the cysteine
mutants of BamD. A 20-fold molar excess of the fluorescence label IAEDANS,
dissolved in dimethyl sulfoxide, was then added to the reduced BamD. The reaction
was allowed to proceed overnight at 4°C in the dark. Unreacted excess label was
removed by extensive dialysis at 4°C against 1 L of Tris buffer (10 mM, pH 8.0
containing 2 mM EDTA and 8 M urea). The dialysis buffer was replaced 4 times.
The final concentration of labeled BamD was determined (Lowry et al. 1951) and the
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degree of labeling was determined using Ellman’s reagent (Riddles et al. 1983) as
described previously (Qu et al. 2009).

S-methylation of BamD mutants
To record fluorescence spectra of BamD complexes in the absence of the FRET
acceptor IEADANS, the cysteine residues of the BamD mutants were selectively
methylated at the thiol groups by a reaction with methyl-p-nitrobenzene sulfonate
(MNB). The methylations were performed because unmodified thiol or sulfhydryl
(SH) groups of cysteine residues are known to quench the fluorescence emission of a
protein if the SH group is in the proximity of the fluorophor. The methylation also
prevents an unwanted dimerization of single Cys mutants. The S-methylation
reaction was performed using a modified procedure of Hunziker (Hunziker 1991).
100 µM of mutant BamD was incubated with a 10-fold molar excess of TCEP in
borate buffer (50 mM, pH 9.0, containing 1 mM EDTA) for 30 min at RT. A 40-fold
molar excess of MNB dissolved in acetonitrile was then added to the reduced
samples. The reaction vial was flushed with nitrogen gas and and the mixture was
incubated at 37 °C for 4 h. Excess MNB was removed from the sample by extensive
dialysis at 4 °C against 1 L of Tris buffer (10 mM, pH 8.0, containing 2 mM EDTA
and 8 M urea). The dialysis buffer was replaced 4 times.

Fluorescence spectroscopy
Fluorescence spectra were recorded at 25 °C on a Spex Fluorolog-3
spectrofluorometer (Horiba/Jobin-Yvon, München, Germany). The excitation
wavelength of tryptophan was 295 nm. The bandwidths of the excitation and
emission monochromators were 2.5 and 5 nm, respectively. The spectra were
scanned in the range from 310 to 580 nm with an integration time of 0.05 s and an
increment of 0.5 nm. All measurements were performed on samples prepared in Tris
buffer (10 mM, pH 8.0, containing 1 mM EDTA). For each spectrum, three scans
were averaged. Background spectra recorded before the protein was added were
subtracted. Fluorescence spectra were analyzed using IGOR Pro 6.3 (Wavemetrics
Oregon).
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Intermolecular FRET measurement
FRET from single Trp mutants of BamD to IEADANS labeled single Cys
mutants of Scp
First, the background spectrum of a IAEDANS-labeled or S-methylated single Cys
mutant of Scp was recorded at a concentration of 1.33 µM in 1 ml of Tris buffer.
Then a single Trp mutant of BamD was added at a final concentration of 1 µM to
record the FRET spectrum. The background spectrum was subtracted.
FRET from single Trp mutants of BamD to IEADANS labeled single Cys
mutants of Scp in the presence of lipid bilayers
The background spectrum of a IAEDANS-labeled or S-methylated single Cys mutant
of Scp was recorded at a concentration of 1.33 µM in 1 ml of Tris buffer containing
lipid bilayers (SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 200-fold molar excess to
BamD. In the sample cuvette 1 µM of a single Trp mutant of BamD was added in 1
ml of Tris buffer containing lipid bilayers (SUVs) of DOPC/DOPE/DOPG (5:3:2) at
a 200-fold molar excess to the protein and single Cys mutant of Scp was added at a
concentration of 1.33 µM to record the FRET spectrum. The previously recorded
background spectrum was subtracted.

BamD and OmpA
FRET experiments were performed between single Trp mutants of OmpA and
IAEDANS-labeled or S-methylated single Cys mutants of BamD. First the
background spectra were recorded for 1 µM of the labeled or of the methylated single
Cys mutant of BamD dissolved in 1 ml of Tris buffer containing lipid bilayers
(SUVs) of DOPC/DOPE/DOPG (5:3:2) at a 200-fold molar excess to the protein.
Then 1 µM of a single Trp mutant of OmpA was then added to record the FRET
spectrum. The previously recorded background spectrum was subtracted.

BamD and PD-BamA
For FRET experiments performed between single Trp mutants and IAEDANSlabeled or S-methylated single Cys mutants, first the background spectra were
recorded for 1 µM of the labeled or of the methylated single Cys mutant (BamD or
PD-BamA) dissolved in 1 ml of Tris buffer containing lipid bilayers (SUVs) of

147	
  

DOPC/DOPE/DOPG (5:3:2) at a 200-fold molar excess to the protein. Then 1 µM of
a single Trp mutant (PD-BamA or BamD) was then added to record the FRET
spectrum. The previously recorded background spectrum was subtracted.

FRET efficiency and donor-acceptor distance calculation
Fluorescence emission spectra were measured to assess the efficiency of energy
transfer and to calculate the distance by which the donor (e.g. BamD) and the
acceptor (e.g. Scp) molecules are separated. According to Förster’s theory of energy
transfer, the FRET efficiency is related to the inverse sixth power of the distance (r)
between a donor (D) and an acceptor (A) by the equation (Lakowicz 2006):
r = R0 (1/E-1)1/6 or E = R06/ R06 + r6

(Eq. 5.2)

Where R0 is the Förster distance at which the transfer efficiency is 50%. Also the
efficiency of energy transfer (E) is 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. 5.3)

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 calculated by the equation:
R0 = 9.78 × 103 (κ2 n-4 QDJ) 1/6

in Å

(Eq. 5.4)

Where κ2 is the orientation factor between the transition dipoles of the donor and the
acceptor, which is generally assumed to be ~2/3. n is the refractive index of the
solution, taken as 1.4, QD is the quantum yield of the donor in the absence of
acceptor, and J is the spectral overlap integral representing the degree of overlap
between the emission spectrum of the donor and the absorption spectrum of the
acceptor, given by:
J = ∫ FD (λ) εA (λ) λ4 dλ / ∫ FD (λ) dλ

(Eq. 5.5)

Where λ is the wavelength and εA is the extinction coefficient of the acceptor in
units of M-1 cm-1. The quantum yield for the donor tryptophan (QD) is determined by
the formula (Kronman et al. 1971; Liang and Chakarbarti 1982):
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QD = (F/Ftrp) × (Atrp/A) × 0.14

(Eq. 5.6)

Where F is the donor fluorescence in the absence of acceptor, Ftrp is the fluorescence
of the reference free tryptophan, both integrated between 310 and 400 nm. A and Atrp
are the absorbances of the donor protein and of free Trp at 295 nm respectively. A
quantum yield of 0.14 is used for free Trp.
The average distance r between donor and acceptor is calculated from E and R0 by
equation (5.2).

5.4 Results
5.4.1 Single-Cys and single Trp mutants of BamD
The structure of E. coli BamD is composed of ten α-helices (α1-α10) that are
connected by loops. These α-helices are divided into five tetratrico peptide repeat
(TPR) motifs. Each TPR domain is a typical helix-loop-helix motif. Each α-helix of
BamD contains 13-17 residues, except α-helix 7 (α7) in TPR4, which is a long helix
composed of 29 residues (Albrecht, R et al. 2011; Sandoval et al. 2011; Dong, C et
al. 2012). We have expressed and purified eight mutants of BamD, either single-site
Cys or single-site Trp mutants (Table 5.1), to explore the regions within BamD that
come in contact or in close proximity to other cell envelope proteins, including
periplasmic chaperones like Skp, other BAM complex components like BamA or
target OMPs, like OmpA, that are inserted into the OM by the BAM complex. WtBamD contains two native tryptophan residues at positions 48 and 191 in the
precursor BamD sequence (Figure 5.1). Site-directed mutagenesis was first used to
prepare plasmid pET0W encoding a tryptophan-free mutant of BamD (WaF-BamD),
in which both native tryptophans were replaced by phenylalanine. Subsequently, sitedirected mutageneses were performed on the template pET0W-BamD to derive all
expression vectors listed in Table 5.1, encoding single site mutants of BamD. The
four prepared single tryptophan mutants of BamD, namely W48, W95, W191 and
W239, include a unique tryptophan located in the α-helices 2, 4, 8 and 10 of the TPR
domains 1, 2, 4 and 5 respectively.
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1!
46!
91!
133!
181
225!

MTRMKYLVAAATLSLFLAGCSGSKEEVPDNPPNEIYATAQQKLQD
GNWRQAITQLEALDNRYPFGPYSQQVQLDLIYAYYKNADLPLAQA
AIDRFIRLNPTHPNIDYVMYMRGLTNMALDDSALQGFFGVDRSDR
DPQHARAAFSDFSKLVRGYPNSQYTTDATKRLVFLKDRLAKYEYS
VAEYYTERGAWVAVVNRVEGMLRDYPDTQATRDALPLMENAYRQ
MQMNAQAEKVAKIIAANSSNTGSGSSSGHHHHHH*

45!
90!
132!
180!
224!
258!

Figure 5.1 The amino acid sequence of histidine-tagged wt-BamD as expressed in E. coli
PC2889 cells. The amino acid residues of BamD that were mutated to cysteine to obtain
single-site Cys mutants of BamD are shown in blue and residue positions chosen to prepare
single-site tryptophan mutants are shown in red.

Figure 5.2 (A) The Crystal structure of the outer membrane lipoprotein, BamD of E. coli
(PDB entry 3Q5M) is shown, highlighting the sites of single cysteine and single tryptophan
substitutions in BamD that were selected for the present study. BamD consists of ten αhelices that form five tetratrico peptide-repeat (TPR) motifs important for mediating proteinprotein interactions. Highlighted in red color are the residues substituted by tryptophan.
Highlighted in blue are the residues replaced by cysteines. Four single cysteine mutants of
BamD, namely L75C, L114C, V181C and Q230C were constructed by substituting residues
in the TPR motifs 2, 3, 4 and 5 respectively. Four single tryptophan mutants of BamD were
constructed, namely W48F, F95W, W191F and A239W. The tryptophans were positioned in
the TPR motifs 1, 2, 4 and 5 respectively. (B) Shows the ribbon structure of BamD and the
corresponding surface electrostatics in two different orientations. Positive surface potentials
are shown in blue and negative surface potentials in red color.
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The four prepared single cysteine mutants of BamD, namely C75, C114, C181 and
C230, include a unique cysteine located in the α-helices 3, 5, 7 and 10 of the TPR
domains 2, 3, 4 and 5 respectively. The eight single site mutants of BamD are
designed to cover most regions of the surface of BamD. These mutants were used in
FRET studies to probe binding regions in BamD for the interacting partner proteins.

5.4.2 Circular dichroism spectroscopy confirms that the secondary
structure of wt-BamD is preserved in the prepared BamD mutants.
Circular dichroism spectroscopy was used to analyze the secondary structure
formation of four single cysteine and four single tryptophan mutants of BamD. The
recorded spectra of these BamD mutants were analyzed to determine the composition
of their secondary structures. These secondary structures were compared to the
secondary structure of wild type BamD. CD spectra of the wild-type and of all
mutants of BamD were recorded after refolding BamD into lipid bilayers of DLPG
(Figure 5.3). The compositions of the secondary structures of all these BamD
proteins were assessed by deconvolution analyses of the recorded spectra. Various
algorithms like CONTINLL (Provencher and Glockner 1981) and CDSSTR
(Sreerama and Woody 2000) and different sets of CD spectra of reference proteins of
known high-resolution structures (x-ray crystal structures) were used to obtain the
content of α-helix, β-sheet, β-turns and random coil secondary structure in each of
the proteins. Deconvolution analyses of the CD spectra shown in Figure 5.3 and
obtained after folding of BamD into DLPG indicated that the secondary structures of
all mutants and the wild-type are very similar. The secondary structure of wt-BamD
in DLPG bilayers was composed of ~63% α-helix, ~6% β- sheet, ~11% β-turn and ~
20% of random coil structure. The mutants of BamD in DLPG bilayers were
composed of ~58-64 % α-helical, ~4-7 % β-sheet, ~10-13 % β-turns and ~19-24 %
random coil structure (Table 5.3). The deconvolution analyses indicated that the
single Cys and the single Trp mutants of BamD as well as wt-BamD have the same
secondary structures.
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Figure 5.3 The CD spectra of BamD and of mutants of BamD are all very similar, indicating
similar secondary structure. The line-shapes and amplitudes of the spectra indicate a high
content of α-helical secondary structure. The CD spectra were recorded from 190 to 260 nm
at room temperature for samples placed into a quartz cuvette with a path length of 0.5 mm.

Table 5.3 Analyses of compositions of the secondary structures of
BamD and BamD mutants from the recorded CD spectra.
Sample
BamD

BamD
mutants
L75C

L114C

Algorithm

Set

α-helix

β-strand

β-turns

Random
Coil

(%)

(%)

(%)

(%)

NRMSDa

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

65
64
61
62
63

7
5
5
4
6

10
12
11
11
11

17
17
23
23
20

0.008
0.008
0.037
0.037

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

62
65
57
57
60

7
7
5
3
6

11
10
17
14
13

20
19
21
26
21

0.013
0.013
0.041
0.041

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

61
62
58
58
60

6
5
3
4
4

11
10
16
14
13

22
24
23
24
23

0.015
0.015
0.044
0.044

152	
  

Sample

Algorithm

Set

α-helix

β-strand

β-turns

Random
Coil

(%)

(%)

(%)

(%)

NRMSDa

V181C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

61
61
56
55
59

6
4
5
4
5

11
10
17
15
13

22
25
22
25
23

0.016
0.016
0.04
0.04

Q230C

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

63
63
59
59
61

6
3
5
5
5

10
9
13
13
11

20
24
23
23
23

0.012
0.013
0.036
0.036

W48

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

59
61
54
56
58

7
7
7
5
6

11
10
15
14
12

23
23
24
25
24

0.009
0.008
0.021
0.021

W95

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

65
63
61
61
63

9
9
5
5
7

9
12
11
11
11

16
16
22
22
19

0.006
0.006
0.035
0.035

W191

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

59
61
57
57
58

9
6
5
4
6

12
10
16
15
13

22
24
22
24
23

0.012
0.01
0.03
0.03

W239

CDSSTR
CDSSTR
CONTIN
CONTIN
Average

4
7
4
7

67
68
60
62
64

5
3
5
3
4

9
8
12
12
10

20
21
23
23
22

0.014
0.014
0.031
0.031

CD spectra were analyzed using the algorithms CDSSTR and CONTIN and the reference data sets 4 and
7, provided by DICHROWEB. Reference data sets 4 and 7 are the only possible sets for analysis of far
UV CD spectra recorded in the wavelength range from 190 to 260 nm.
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 NMRSD is
minimized during the iterative calculations and finally should be < 0.25 for a good approximation of the
calculated spectrum to the theoretical spectrum.
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5.4.3 Intermolecular FRET pairs
Intermolecular FRET experiments were performed for different FRET pairs such as:
a) BamD and Scp, b) BamD and PD-BamA, and c) BamD and OmpA.

Single-Trp BamD and IAEDANS-labeled Scp
In order to probe interactions between BamD and Scp, 4 single Trp mutants of BamD
(Table 5.1) were used as fluorescence donors and 8 single Cys mutants of Scp
(Chapter 3 - Table 3.1; Figure 5.4) were labeled with IAEDANS and used as
fluorescence acceptors.

Figure 5.4 Ribbon diagram of the Skp homotrimer. The positions of the mutated residues are
highlighted in different colors. The periplasmic chaperone Skp consists of a β-barrel
association domain that mediates Skp trimerization and a tentacle domain that contains 6 αhelices, which protrude from the β-barrel body and define a large central cavity (Korndörfer
et al. 2004; Walton et al. 2004). (A) Highlighted in different colors are the residues
substituted by cysteine in Scp. Five single cysteine mutants (V122C, N115C, Q420C,
Q416C and M73C) were prepared mutating residues in the tentacle domain, which were
facing the inside of the cavity. In addition, one substitution was placed into the tentacle
domain replacing a residue facing outwards, to the bulk solution (N209C). One other residue
was replaced in the tentacle tip region (A393C) and a last residue was replaced near the
association domain that is oriented downwards into the Scp cavity (N457C) (see chapter 3,
section 3.4.1 for details).

Tryptophan is intrinsically fluorescent owing to its aromatic nature. In proteins or
peptides composed of natural amino acids only, it can be selectively excited at 295
nm and has an emission peak around 315-350 nm, depending on the hydrophobicity
of its environment. The single-cysteine residue of an Scp mutant was
spectroscopically labeled with IAEDANS, which is used here as a resonance energy
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acceptor. At pH 8, IAEDANS has a peak excitation wavelength of 336 nm and a
peak emission wavelength of 490 nm (Hudson and Weber 1973). Single Trp mutants
of BamD and IAEDANS-labeled single Cys mutants of Scp form donor-acceptor (DA) pairs for measurements of the intermolecular FRET to determine the distances
between donors and acceptors.
In order to calculate the D-A distance (r), it is necessary to determine the Förster
distance (R0) for each D-A pair (section 5.3) and to measure the efficiency of energy
transfer (E) (equation 5.2) by recording the relevant fluorescence spectra. This was
accomplished by recording the intensity of the donor in the presence (FDA) and in the
absence of the acceptor (FD). The transfer efficiency E is then calculated using
equation 5.3. The calculation of the Förster distance between a D-A pair requires the
determination of the overlap integral (J(λ)) (equation 5.5) and of the donor quantum
yield (QD) (equation 5.6). The overlap intergral J(λ), describes the degree of spectral
overlap between the donor emission and the acceptor absorption spectrum.
Additional UV/VIS-absorption measurements were performed to determine the
extinction coefficient of the acceptor (εA) in order to calculate the overlap integral
J(λ). The fluorescence emission spectrum of a single Trp mutant serving as the donor
(FD), was recorded, in the presence of the relevant S-methylated single Cys mutant of
the acceptor protein. This is the control spectrum, where energy transfer does not
occur due to the lack of an acceptor probe (IAEDANS).

5.4.4 FRET analysis for BamD-Scp interaction in the aqueous buffer
The assembly of outer membrane β-barrel proteins (OMPs) by a proteinaceous
machinery called BAM complex forms one of the key steps in the OM biogenesis.
The periplasmic chaperones are known to deliver OMPs at this assembly site in the
OM. Not much is known about the steps or interactions involved between the
periplasmic chaperones and the proteins of the BAM complex. We have used
fluorescence resonance energy transfer to probe interactions between the periplasmic
chaperone Skp and BamD.
The intermolecular FRET experiments were performed between four single Trp
mutants of BamD (Table 5.1) and eight single Cys mutants of Scp (Table 3.1). The
fluorescence emission spectra (λexcitation = 295 nm) were recorded for the urea-diluted
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BamD as fluorescence donor and IAEDANS labeled Scp as fluorescence acceptor, in
the aqueous buffer. When energy transfer occurs, the quenching of the donor
fluorescence should be accompanied by an increased fluorescence of the acceptor.
Therefore, the fluorescence emission spectra were scanned from 310 to 580 nm to
observe both, the emission band of the Trp (with maxima ranging from ~330350 nm) and the emission band of IAEDANS (with maxima ranging from ~490 nm)
in Scp. To record the fluorescence intensity of the donor in the absence of the
IAEDANS and to take into account possible fluorescence changes caused by the
binding of the Scp mutants, the fluorescence emission spectra of the donor Trp (in
BamD) were recorded in the presence of an S-methylated Cys mutant of Scp. FRET
was observed when the IAEDANS was attached to Scp and in close proximity to the
tryptophan of BamD. FRET was reduced at increased distances between IAEDANS
(Scp) and tryptophan (BamD) and FRET was not observed when either Scp was Smethylated or the two proteins were not interacting.
The fluorescence emission spectra for the FRET measurements performed between
each of four single-Trp mutants of BamD and each of eight single Cys mutants of
Scp (that were either IAEDANS-labeled or S-methylated) are shown in Figures 5.5
and 5.6. Each IAEDANS-labeled mutant of Scp is shown in the same color as in the
Skp ribbon diagram in Figure 5.4. The fluorescence emission spectra of the Smethylated Scp (all eight mutants) are presented in gray color. These fluorescence
emission spectra were used to calculate the transfer efficiency, the donor-acceptor
(D-A) distance, and other FRET parameters as listed in Table 5.4 for the 32 different
FRET pairs. All 32 FRET pairs showed transfer of energy from the donor BamD to
the acceptor Scp. The energy transfer efficiency from the BamD mutants (W48,
W95, W191 and W239) used as donors to the various mutants of Scp labeled with
IAEDANS as an acceptor decreased on average in the sequence:
Q420C-Scp > N115C-Scp ≈ M73C-Scp ≈ N457C-Scp > N209C-Scp ≈ A393C-Scp
≈ V122C-Scp > Q416C-Scp
The overlap integrals J were calculated using equation 5.5 for each D-A pair and
ranged from (4.6 × 10–15 to 12 × 10–15) M-1 cm3, which is comparable to similar
values (7.15 to 6.95×10-15 M-1 cm3) obtained for Trp-IAEDANS FRET pairs in an
another study (Anderluh et al. 2003).
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Among these 32 FRET pairs, the D-A distance obtained were in the range from 20.9
Å (for W48-BamD and Q420C-Scp, D-A pair) to 38.2 Å (for W95-BamD and
Q416C-Scp, D-A pair). The lowest D-A distances were obtained for the D-A pairs of
single Trp mutants of BamD (W48, W95, W191 and W239) with the IAEDANSlabeled single Cys mutant Q420C-Scp and the highest D-A distances were obtained
for single Trp mutants of BamD with the IAEDANS-labeled single Cys mutants of
Scp namely, Q416C and A393C. FRET pairs of single Trp mutants of BamD and the
IAEDANS labeled mutants N115C, M73C, N457C, N209C and V122C of Scp
displayed almost similar fluorescence emission spectra and very close D-A distance
values. Based on these identical and close distance values, a specific orientation of
BamD toward Scp in BamD·Scp complexes could not be deduced. For instance, the
apparent D-A distance values obtained for four different single Trp mutants of BamD
(W48, W95, W191 and W239) with the single Cys mutant Q420C-Scp are 20.9 Å,
25 Å, 22.5 Å and 25 Å respectively, and with the other single Cys mutant N115CScp are 24.5Å, 27.8 Å, 26 Å and 28 Å respectively. The distance values obtained
from the four different positions in BamD are very close and similar. The steadystate fluorescence measurements resulted in the apparent ‘r’ values, based on which
the orientations for two interacting proteins could not be established. However, the
significant extent of energy transfer from BamD to Scp and small D-A distances
clearly demonstrate close proximity and binding between the two proteins.
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Figure 5.5 Fluorescence emission spectra of the FRET donor BamD in the presence of mutants ofScp (either labeled with IAEDANS or methylated) were recorded in aqueous buffer. Thirty two
spectra were recorded, each spectrum for one of the single tryptophan mutants of BamD, namely (A)
W48 or (B) W95 in the presence of one of the eight single cysteine mutants of Scp, which were either
labeled with IAEDANS or S-methylated at their cysteine residue. The spectra are grouped into eight
panels, each showing two spectra of a single Trp mutant of BamD in the presence of either the
IAEDANS-labeled or the methylated form of one of the Scp mutants: (a) N457C-Scp, (b) V122C-Scp,
(c) N115C-Scp, (d) Q420C-Scp, (e) Q416C-Scp, (f) M73C-Scp, (g) A393C-Scp, (h) N209C-Scp. The
concentrations of BamD and Scp were 1 µM and 1.33 µM, respectively. Background spectra of Scp in
Tris buffer (pH 8.0) were recorded first. A single-Trp mutant, either W48 or W95-BamD, was then
added and spectra were recorded. The background spectra were subtracted. FRET was monitored
between Trp and IAEDANS and FD-A (see Eq. 5.3) was obtained from these spectra. The Trp
fluorescence spectra were recorded for t1W48-OmpA in the presence of methylated single Cys
mutants of Scp and in the absence of the acceptor. These spectra were recorded to obtain FD. The
efficiency of energy transfer was calculated from FD-A and FD using Eq 5.3 and used to determine the
distances r between the donor and the acceptor in the various complexes. All samples were measured
at 25°C and at an excitation wavelength of 295 nm. The fluorescence emission was recorded in the
wavelength range from 310 to 580 nm. This data was further analyzed to determine the Förster
distances R0 for the various protein complexes (Table 5.4)
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Figure 5.6 Fluorescence emission spectra of the FRET donor BamD in the presence of mutants of Scp
(either labeled with IAEDANS or methylated) were recorded in aqueous buffer. Sixteen spectra were
recorded, each spectrum for one of two single tryptophan mutants, namely (A) W191 or (B) W239, in
the presence of one of the eight single cysteine mutants of Scp, which were either labeled with
IAEDANS or S-methylated at the cysteine The spectra are grouped into eight panels, each showing
two spectra of a single Trp mutant of BamD in the presence of either the IAEDANS-labeled or the
methylated form of one of the Scp mutants: (a) N457C-Scp, (b) V122C-Scp, (c) N115C-Scp, (d)
Q420C-Scp, (e) Q416C-Scp, (f) M73C-Scp, (g) A393C-Scp, (h) N209C-Scp. The concentrations of
BamD and Scp were 1 µM and 1.33 µM, respectively. Background spectra of Scp in Tris buffer (pH
8.0) were recorded first. A single-Trp mutant either W191 or W239-BamD was then added and
spectra were recorded. The background spectrum was subtracted. FRET was monitored between Trp
and IAEDANS and FD-A (see Eq. 5.3) was obtained from these spectra. The Trp fluorescence spectra
were recorded for t1W48-OmpA in the presence of methylated single Cys mutants of Scp (that is in
the absence of the acceptor IAEDANS). These spectra were recorded to obtain FD. The energy
transfer was calculated from FD-A and FD using Eq 5.3 and used to determine the distances r between
the donor and the acceptor in the various complexes. All samples were measured at 25°C at an
excitation wavelength of 295 nm. The fluorescence emission was recorded in the wavelength range
from 310 to 580 nm. This data was further analyzed to determine the Förster distances R0 for the
various protein complexes (Table 5.4)
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Table 5.4 Fluorescence quantum yield, overlap integrals, and
donor/acceptor-distances calculated for intermolecular FRET
experiments with single-tryptophan mutants of BamD and
IAEDANS-labeled single-cysteine mutants of Scp in aqueous buffer.
Donor
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b
c
d
e
f
g

Acceptor
(Scp)b

Q Dc

J (M-1 cm3)d

R0 (Å)e

E (%)f

r (Å)g

W48

N457C
V122C
N115C
N209C
Q420C
Q416C
M73C
A393C

0.045
0.045
0.05
0.046
0.052
0.045
0.052
0.046

9.0E-15
8.2E-15
9.1E-15
1.1E-14
4.7E-15
6.9E-15
7.2E-15
1.2E-14

19.9
19.6
20.3
20.6
18.2
19.0
19.7
20.9

18
14
24
22
30
5
28
18

25.5
26.4
24.5
25.4
20.9
31.6
23.0
26.9

W95

N457C
V122C
N115C
N209C
Q420C
Q416C
M73C
A393C

0.12
0.11
0.12
0.12
0.13
0.11
0.12
0.12

9.1E-15
8.3E-15
9.3E-15
1.1E-14
5.1E-15
6.7E-15
7.4E-15
1.2E-14

23.4
23.0
23.4
24.0
21.6
22.1
22.8
24.6

24
16
26
17
29
4
23
21

28.4
30.4
27.8
31.4
25.0
38.2
27.7
30.7

W191

N457C
V122C
N115C
N209C
Q420C
Q416C
M73C
A393C

0.09
0.09
0.09
0.089
0.091
0.086
0.088
0.095

8.9E-15
8.1E-15
9.0E-15
1.1E-14
4.6E-15
6.8E-15
7.3E-15
1.2E-14

22.3
22.0
22.3
23.0
20.0
21.2
21.4
23.7

26
26
29
29
33
7
24
22

26.5
26.0
26.0
26.7
22.5
32.5
26.0
29.1

W239

N457C
V122C
N115C
N209C
Q420C
Q416C
M73C
A393C

0.11
0.11
0.12
0.11
0.12
0.11
0.12
0.12

9.1E-15
8.3E-15
9.4E-15
1.1E-14
5.1E-15
6.7E-15
7.5E-15
1.2E-14

23.0
22.7
23.6
23.9
21.3
22.1
22.8
24.5

19
15
26
24
27
7
24
22

29.4
30.3
28.0
29.0
25.0
33.5
27.5
30.2

single tryptophan mutant of BamD used as a fluorescence donor
IAEDANS labeled single cysteine mutant of Scp used as a fluorescence acceptor
quantum yield of the donor tryptophan
spectral overlap integral of donor emission and acceptor absorption spectra
Förster distance, calculated using n = 1.4 and κ2 = 2/3.
estimated efficiency of energy transfer between donor and acceptor.
distance between the donor and acceptor groups in the corresponding proteins.
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5.4.5 FRET analysis for BamD-Scp interactions in the presence of
lipid bilayers
BamD is an outer membrane lipoprotein, which is attached at the inner leaflet of the
OM via its N-terminal lipid anchor. Therefore, we have also analyzed interactions
between BamD bound to lipid bilayers and Scp. The lipid bilayers were composed of
DOPC/DOPE/DOPG at molar ratios of 5:3:2. Intermolecular FRET experiments
were performed using four single Trp mutants of BamD (W48-BamD, W95-BamD,
W191-BamD and W239-BamD) as donors and three out of eight single Cys mutants
of Scp (N457C-Scp, N209C-Scp and Q420C-Scp) that were randomly selected and
labeled with IAEDANS as a FRET acceptor (Figure 5.7). The fluorescence emission
spectra (λexcitation = 295 nm) were recorded for pairs of the urea-diluted donor BamD
and the acceptor Scp in the presence of a 200-fold molar excess of lipid bilayers. The
transfer of energy was observed for each BamD mutant used as a donor to each Scp
mutant used as an acceptor. The extent of energy transfer and correspondingly the
fluorescence emission of the acceptors, were slightly reduced in the presence of lipid
bilayers in comparison to FRET observed in aqueous buffer (Figures 5.5 and 5.6).
The corresponding calculated D-A distances were also increased in the presence of
lipid bilayers (Tables 5.5 and 5.4).
The D-A distance between W48-BamD and Q420C-Scp increased from 20.9 Å in the
absence of lipid bilayers to 22.6 Å in the presence. For other FRET pairs, the D-A
distances were increased by 0 to 6 Å for interactions in lipid bilayers. However, the
observation of FRET between BamD and Scp even in the presence of lipid bilayers
indicates that these two proteins form complexes even in the absence of client
proteins like OmpA.
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Figure 5.7 Fluorescence emission spectra of single Trp mutants of BamD and IAEDANSlabeled mutants of Scp in the presence of lipid bilayers of composition DOPC/DOPE/DOPG
(5:3:2). Twentyfour spectra were recorded, each with a single tryptophan mutant of BamD
and one of the three single cysteine mutants of Scp, which was either IAEDANS-labeled or
S-methylated at the cysteine The spectra are grouped into four horizontal panels, each
showing the spectra of W48-BamD (panels A-C), W95 –BamD (D-F), W191-BamD (G-I)
and W239-BamD (J-L), and of an Scp mutant (N457C-Scp, N209C-Scp or Q420C-Scp),
either in IAEDANS-labeled or methylated form. The concentrations of the mutants of BamD
and Scp were 1 µM and 1.33 µM, respectively. Background spectra of the Scp mutants in
Tris buffer (pH 8.0) containing lipid bilayers were recorded separately in one cuvette. In
another cuvette, a single Trp mutant of BamD in Tris buffer was first added to a 200-fold
molar excess of lipid bilayers, followed by the addition of an Scp mutant (either in
IAEDANS-labeled or methylated form). The spectra were then accumulated and the
previously recorded background spectra were subtracted. All emission spectra were recorded
from 310 to 580 nm at 25°C and at an excitation wavelength of 295 nm. These data were
further analyzed to determine the Förster distances R0 (Table 3.6) as described in the section
FRET efficiency and donor-acceptor distance calculation of section 5.3 Materials and
Methods of this chapter (see also the legend of Figure 5.8).
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Table 5.5 Fluorescence quantum yield, overlap integrals, and
donor/acceptor-distances calculated for intermolecular FRET
experiments with single-tryptophan mutants of BamD and
IAEDANS-labeled single-cysteine mutants of Scp in the presence of
lipid bilayers.
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b
c
d
e
f
g

Donor
(BamD)a

Acceptor
(Scp)b

Q Dc

J (M-1 cm3)d

R0 (Å)e

E (%)f

r (Å)g

W48

N457C
N209C
Q420C

0.038
0.046
0.046

9.9E-15
1.1E-14
6.5E-15

19.6
20.7
18.9

12
23
25

27.3
25.4
22.6

W95

N457C
N209C
Q420C

0.1
0.12
0.12

1.0E-14
1.1E-14
7.1E-15

23
24.4
22.5

8
25
21

34.4
29.4
28

W191

N457C
N209C
Q420C

0.07
0.09
0.09

9.9E-15
1.1E-14
7.1E-15

21.9
23.3
21.6

10
19
22

31.8
29.5
26.8

W239

N457C
N209C
Q420C

0.09
0.12
0.1

1.0E-14
1.1E-14
7.3E-15

23
24.3
22.2

9.5
27
21

33.1
28.6
27.6

single tryptophan mutant of BamD used as a fluorescence donor
IAEDANS labeled single cysteine mutant of Scp used as a fluorescence acceptor
quantum yield of the donor tryptophan
spectral overlap integral of donor emission and acceptor absorption spectra
Förster distance calculated using n = 1.4 and κ2 = 2/3.
estimated efficiency of energy transfer between donor and acceptor.
distance between the donor and acceptor groups in the corresponding proteins.

5.4.6 Intermolecular FRET pairs: Single-Trp BamD with Single-Cys
PD-BamA and Single -Trp PD-BamA with Single-Cys BamD
To identify interactions between BamD and the periplasmic domain of BamA, four
single Trp mutants of BamD (Table 5.1) were used as fluorescence donors and three
single Cys mutants of PD-BamA (E. Talmon, PhD thesis, in preparation) were used
as fluorescence acceptors (Figure 5.8 and 5.9). Also intermolecular FRET
measurements were performed between five single Trp mutants of PD-BamA
(donor) and four single Cys mutants of BamD (acceptor) (Table 5.1). Single-cysteine
residue in BamD/PD-BamA was spectroscopically labeled with a sulfhydryl (SH)
specific probe, IAEDANS. Single Trp mutants of BamD and IAEDANS-labeled
single Cys mutants of PD-BamA or single Trp mutants of PD-BamA and IAEDANS-
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labeled single Cys mutants of BamD formed the donor-acceptor (D-A) pairs for
intermolecular FRET measurements.

1
48
97
145
193
240
289
337#
383#
430

MGSSHHHHHHSSGLVPRGSHMMAEGFVVKDIHFEGLQRVAVGAALLS
MPVRTGDTVNDEDISNTIRALFATGNFEDVRVLRDGDTLLVQVKERPTI
ASITFSGNKSVKDDMLKQNLEASGVRVGESLDRTTIADIEKGLEDFYY
SVGKYSASVKAVVTPLPRNRVDLKLVFQEGVSAEIQQINIVGNHAFTT
DELISHFQLRDEVPFFNVVGDRKYQKQKLAGDLETLRSYYLDRGYAR
FNIDSTQVSLTPDKKGIYVTVNITEGDQYKLSGVEVSGNLAGHSAEIEQ
LTKIEPGELYNGTKVTKMEDDIKKLLGRYGYAYPRVQSMPEINDADKT
VKLRVNVDAGNRFYVRKIRFEGNDTSKDAVLRREMRQMEGAFLGSD
LVDQGKERLNRLGFFETVDTDTQRVPGSPDQVDVVYKVKERNTGSFN
FGIGYGTE*

47
96
144
192
239
288
336
382
429
437

Figure 5.8 The amino acid sequence of PD-BamA. The amino acid residues of PD-BamA
that were mutated to cysteine to obtain single-site Cys mutants of PD-BamA are shown in
blue and the positions of the residues substituted by tryptophan are shown in red.

Figure 5.9 Ribbon diagram of the periplasmic domain of BamA (PD-BamA) indicating the
positions selected for the preparation of single-site mutants of PD-BamA. (A) The crystal
structure shows the POTRA domains, P1-P4 (PDB entry 3EFC). The position of the
phenylalanine in P3 that is replaced by a tryptophan (F207W) is shown in red. (B) The
crystal structure shows the POTRA domains P4-P5 (PDB entry 3Q6B). The positions of the
substituted residues in P5 are highlighted. The positions selected for the preparation of
single tryptophan mutants are depicted in red color and the positions at which a residue was
replaced by a cysteine are depicted in blue. Three single cysteine mutants of PD-BamA were
prepared, namely A365C, N392C and Q405C. In addition four single tryptophan mutants of
PD-BamA were isolated, namely F356W, M374W, F378W and Q386W. These seven PDBamA mutants were used in FRET studies with BamD.
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5.4.7 FRET analysis for BamD - PD-BamA interaction
In E. coli, the soluble domain of BamA consists of five polypeptide transport
associated (POTRA) domains. These POTRA domains are located in the periplasm
and are predicted to serve as docking sites for the lipoproteins BamB-E (Sklar et al.
2007; Kim, S et al. 2007). It was shown by affinity chromatography with POTRA
deletion constructs that the BAM proteins C, D and E bind to POTRA domain 5 and
that binding of BamB requires the presence of the four POTRA domains P2-5 (Kim,
S et al. 2007). POTRA domain 5 was inferred to be responsible for scaffolding
BamD that in turn was implied to mediate interactions of BamC and BamE with
BamA (Sklar et al. 2007; Malinverni et al. 2006). We have used fluorescence
spectroscopy to examine possible interactions between BamD and the periplasmic
domain of BamA (PD-BamA). The intermolecular FRET experiments were
performed using eight different single site mutants of BamD (Figure 5.2 and Table
5.1) and eight different single site mutants of PD-BamA (Figure 5.8 and 5.9). The
fluorescence emission spectra (λexcitation = 295 nm) were recorded for four single Trp
mutants of BamD (W48-BamD, W95-BamD, W191-BamD and W239-BamD) that
served as donors in combination with each of the three IAEDANS-labeled single Cys
mutants of PD-BamA (C365-PD-BamA, C392-PD-BamA and C405-PD-BamA) that
served as acceptors in the presence of 200-fold molar excess of lipid bilayers. In
addition, FRET measurements were performed for five single Trp mutants of PDBamA (W207-P3-PD-BamA; W356-PD-BamA, W374-PD-BamA, W378-PD-BamA
and W386-P5-PD-BamA) that served as FRET donors with each of the four
IAEDANS-labeled single Cys mutants of BamD (C75-BamD, C114-BamD, C181BamD and C230-BamD).
The examined 32 FRET pairs did not display any transfer of energy from a donor to
an acceptor (Figure 5.10), regardless of the selected experimental conditions. Various
conditions were investigated. For example, FRET experiments were performed in the
absence and in the presence of lipid bilayers, at different lipid/protein ratios and at
different ratios of BamD to PD-BamA. Figure 5.10 shows the fluorescence emission
spectra for the several of these FRET pairs. The absence of any FRET in these
experiments suggests either a larger separation between the tryptophans and the
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IAEDANS-labeled cysteines or that the sites of interaction are located elsewhere in
BamA and BamD or that BamA and BamD do not interact directly.

Figure 5.10 (A) Fluorescence emission spectra of the interactions between the single Trp
mutant W356-PD5-BamA and IAEDANS-labeled single Cys mutants of BamD, namely
C75-BamD (a), C114-BamD (b), C181-BamD (c), and C230-BamD (d), in the presence of
lipid bilayers of the composition DOPC/DOPE/DOPG (5:3:2). (B) Fluorescence emission
spectra of the interactions between single Trp mutants of BamD, namely W48-BamD (e),
W95-BamD (f), W191-BamD (g) and W239-BamD (h) and the IAEDANS-labeled single
Cys mutant C405-PD5-BamA in the presence of lipid bilayers of the composition
DOPC/DOPE/DOPG (5:3:2). The concentrations of BamD and PD-BamA were 1 µM.
Background spectra of the single Cys mutants of either BamD or PD-BamA in Tris buffer
(pH 8.0), either IAEDANS-labeled or methylated and reacted with a 200-fold molar excess
of lipid bilayers, were recorded first. A single-Trp mutant, either of PD-BamA or of BamD,
was then added and its spectrum recorded. The corresponding background spectrum was
subtracted. All samples were measured at 25°C and at an excitation wavelength of 295 nm.
The fluorescence emission was recorded in the wavelength range from 310 to 580 nm. The
spectra shown above indicate that transfer of energy does not occur in any of the
combinations of the mutants of BamD and BamA used here.
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5.4.8 Intermolecular FRET pairs: Single-Trp OmpA and IAEDANSlabeled BamD
To identify interactions between BamD and OmpA as a client of the BAM complex,
12 single Trp mutants of OmpA (Chapter 3 – Table 3.3) were used as fluorescence
donors and 4 single Cys mutants of BamD (Table 5.1) were used as fluorescence
acceptors. Cysteines in single cysteine mutants of BamD were spectroscopically
labeled with IAEDANS. Single Trp mutants of OmpA and IAEDANS-labeled single
Cys mutants of BamD formed the donor-acceptor (D-A) pairs for measurements of
the intermolecular FRET.

5.4.9 FRET analysis for BamD-OmpA interaction
The BAM complex plays an essential role in outer membrane protein (OMP)
assembly and folding. However there is a lack in the understanding of how these βbarrel proteins are assembled and inserted into the OM. The functions of the
periplasmic domain of BamA and of the lipoproteins of the BAM complex and their
mechanisms of recognition and interaction of client OMPs is not clear. Here, we
have performed FRET experiments to examine possible interactions between BamD
and urea-unfolded aqueous OmpA, which is a client of the BAM complex.
The intermolecular FRET experiments were performed for a range of donor/acceptor
pairs combined out of twelve different single Trp mutants of OmpA (Chapter 3 Table 3.3) that served as donors and of four different single Cys mutants of BamD,
namely C75-BamD, C114-BamD, C181-BamD and C230-BamD (Table 5.1) that
were labeled with IAEDANS serving as an acceptor. The fluorescence emission
spectra (λexcitation = 295 nm) of these donor/acceptor pairs were recorded either in the
absence or in the presence of 200-fold molar excess of lipid bilayers. For none of the
FRET pairs a transfer of energy was observed, regardless of the experimental
condition tested. Some examples are shown in Figure 5.11. The absence of any
FRET in these experiments suggests either the sites of interaction are elsewhere in
OmpA or BamD, or the distances between the selected tryptophans and the
IAEDANS attached to the selected cysteines in the various OmpA/BamD complexes
are much larger than the R0 of the Trp-IAEDANS FRET pair. It may also be possible
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that BamD and OmpA do not interact at all or that the contact is too short-lived to
allow for FRET to occur.
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Figure 5.11 Fluorescence emission spectra of the interactions between the single Trp
mutants of OmpA (t1W48 (A-D), l2W67 (E-H) and s5W102 (I-L)) with IAEDANS-labeled
single Cys mutants of BamD, namely C75-BamD, C114-BamD, C181-BamD, and C230BamD, in the presence of lipid bilayers of the composition DOPC/DOPE/DOPG (5:3:2 The
concentrations of BamD and OmpA were 1 µM each. Background spectra of single Cys
mutants of BamD (IAEDANS-labeled or S-methylated) in Tris buffer (pH 8.0) containing
200-fold molar excess of lipid bilayers were recorded first. A single-Trp mutant of OmpA
was then added and its spectrum recorded. The corresponding background spectrum was
subtracted. All samples were measured at 25°C and at an excitation wavelength of 295 nm.
The fluorescence emission was recorded in the wavelength range from 310 to 580 nm. The
spectra shown above indicate that transfer of energy does not occur in any of the
combinations of the mutants of BamD and OmpA used here.
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5.5 Discussion
The importance of the BAM complex for the biogenesis of OMPs is well established
and this complex is now the subject of extensive research. The functions of BamA as
the core component of the BAM complex and the functions of the lipoproteins that
interact with BamA are only poorly understood. In this work, we present the results
of the FRET experiments that were performed to explore the possible interactions
and binding regions in the lipoprotein BamD, which is essential for the survival of
cells. We have used site-directed mutagenesis and fluorescent labeling approaches to
analyze the functional and structural basis for the role of BamD in the assembly of
OMPs. This present study is the first to demonstrate interactions between the
periplasmic chaperone Skp and a lipoprotein Bam component, namely BamD.
The periplasmic chaperones Skp, DegP and SurA are known to function in two
distinct pathways i.e. the SurA pathway and the Skp/DegP pathway (Rizzitello et al.
2001). SurA has been demonstrated to directly interact with the central component
BamA (Bennion et al. 2010; Sklar et al. 2007) and also with the non-essential
lipoprotein BamB (Hagan et al. 2010; Palomino et al. 2011) but there was no
evidence so far for the interactions of Skp or DegP with the BAM complex. Skp has
been shown to form stable complexes with a range of OMPs (Qu et al. 2007). Skp
also has been shown to be interacting with more than 30 envelope proteins. Skp
exhibits a broad client spectrum, including soluble periplasmic proteins such as MalE
and OppA (Jarchow et al. 2008). Here, several new results of extensive FRET
studies are presented that were performed to probe interactions and intermolecular
distances between proteins related to outer membrane protein assembly. Three
different pairs of proteins were examined: BamD and Scp, BamD and BamA, and
BamD and OmpA.
FRET is an extremely sensitive technique for probing distances of up to 60 Å
between selected probes. A range of expression plasmids for single Trp and single
Cys mutants of BamD were successfully created using site-directed mutagenesis and
the encoded proteins were expressed and isolated. CD spectroscopy confirmed the
proper folding of all BamD mutants similar to the fold of wt-BamD. The CD spectra
of all BamD mutants exhibited very similar line-shapes indicating predominant αhelical secondary structure, which is characterized by two minima at 208 nm and 222
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nm. The analysis of the CD spectra provides the composition of the secondary
structure of BamD, which agrees well with composition of the secondary structure
calculated from the crystal structure of BamD. Both indicate that BamD contains
~70% α-helical structure (Albrecht et al. 2011; Dong, C et al. 2012). Proteins
containing TPRs are involved in a variety of biological processes such as cell cycle
regulation, transcriptional control, protein folding and transport, and host defence
against invading pathogens (Blatch and Lassle 1999; Goebl and Yanagida 1991). The
present intermolecular FRET study encompasses 32 different donor-acceptor (D-A)
pairs of BamD-Scp, 32 different D-A pairs of BamD-PD-BamA and 25 different DA pairs of BamD-OmpA, for which fluorescence spectra were recorded and
analyzed. FRET was observed to occur only for the BamD-Scp D-A pairs. The D-A
distances obtained for BamD and Scp FRET pairs were in the range from 20.9 Å to
38.2 Å. A D-A distance of ~21 Å is a small separation, which in another terms is
equivalent to the length of any helix (except α7) in BamD. The observation of strong
energy transfer and the corresponding calculated small D-A distances between
BamD and Scp clearly demonstrate close proximity and association between these
two proteins. According to Lakowicz (2006), in the case of macromolecular
association reactions the energy transfer occurs whenever the interacting proteins are
in close proximity comparable to the Förster distance. The occurrence of FRET
between BamD and Scp in the aqueous buffer and also in the presence of lipid
bilayers suggests association and binding between the two proteins even in the
absence of client proteins like OmpA. However, the steady-state fluorescence
measurements resulted in apparent donor acceptor distances r, based on which the
orientations for the two interacting proteins could not be established.
The molecular chaperones Hsp70 and Hsp90 have been widely implicated in protein
targeting to mitochondria and chloroplasts. A class of chaperone receptors/cochaperones bearing tetratrico peptide repeats are able to specifically bind the highly
conserved C terminus of Hsp70 or Hsp90 chaperone (Schlegel et al. 2007). The
Hsp70 and Hsp90 organising protein, Hop, contains two different three-TPR
domains, each with different peptide binding specificities (for Hsp70 and Hsp90) to
facilitate the assembly of a multiprotein complex. BamD shares structural similarity
with proteins, which function by binding to protein targeting sequences (e.g. Pex5,
PcrH, Hop); have an effect on secretion, biosynthesis and transport processes by
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acting as chaperones (e.g. IpgC, SycD and PcrH); act as co-chaperones (e.g. SGT);
or in the assembly of multiprotein complexes (e.g. Hop) (Dong, C et al. 2012). In E.
coli, the periplasmic chaperones transport client OMPs to the BAM complex for the
assembly and insertion into the OM. The structural homology of BamD with the cochaperone Hop and the significant extent of energy transfer observed between BamD
and Scp in the FRET experiments suggest a possible function of BamD either as a
co-chaperone/chaperone receptor serving as a docking site for periplasmic
chaperones such as Skp.
The fimbrial usher protein, FimD, has been shown to be assembled and inserted into
the OM through the SurA-BamB pathway (Palomino et al. 2011). Based on the
results of the present study, in which small D-A distances between a range of single
site mutants of BamD and Scp were determined, indicate complex formation
between Scp and BamD. Furthermore, based on the fact that two distinct chaperone
pathways exist in the periplasm of E. coli, it is quite obvious that BamD is a
component of the Skp pathway.
BamD was suggested to interact with BamA via the POTRA5 domain (Kim, S et al.
2007). In this study, we have also performed intermolecular FRET experiments
between eight single site mutants of BamD and eight single site mutants of PDBamA. The PD-BamA mutants included seven single site mutants (three single Cys
and four single Trp) in the POTRA5 domain and one single Trp mutant in the
POTRA3 domain. The BamD mutants were prepared in order to cover the regions in
BamD that are the most likely binding regions for other proteins. One single Cys
(Q230C-BamD) and one single Trp (A239W-BamD) mutant were specifically
designed to identify interactions of the helix α10 of BamD with the domain POTRA5
of BamA. However, all FRET was not observed, indicating that BamD might not
interact with PD-BamA or at distances that are too large to be determined using the
Trp/IAEDANS pair with an R0 of 22 Å. FRET experiments for various mutants of
these two proteins were performed at different possible conditions, i.e. in the absence
or in the presence of lipid bilayers, at different fold molar excess of lipid bilayers to
BamD or PD-BamA, and at a different molar ratios of BamD per PD-BamA, but
energy transfer from the donor to the acceptor was not observed. A previous study, in
which the effects of mutations on the physical interactions between BAM
subcomplexes (BamAB and BamCDE) were analyzed, suggested that BamD is
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activated via an interaction of the domain P5 of BamA and that Glu373 is required in
BamA for interactions with BamD. The P5 domain was also suggested to be
involved directly in BamD activation (Ricci et al. 2012). Here, the single Trp mutant
M374W-PD-BamA was designed to examine the location next to proposed Glu373
interaction site in the domain P5 of BamA. Another mutant, F378W, which is one of
the three native Trp positions of PD-BamA is also located close to the putative
Glu373 interaction site. The FRET measurements performed with these single Trp
mutants of PD-BamA (M374W and F378W) and with four different single Cys
mutants of BamD did not show any transfer of energy from PD-BamA to BamD.
The structural and functional analysis of BamD was previously used to suggest a
likely mechanism for the interaction of β-barrel precursors via their C-terminal
targeting sequences, which were thought to by recognized by BamD (Albrecht, R et
al. 2011; Dong, C et al. 2012). In the present study, an intermolecular FRET analysis
was performed to identify interactions and binding regions in BamD for a β-barrel
OMP, namely OmpA. Similar to the FRET results obtained for BamD-PD-BamA
interactions, no transfer of energy was observed from the donor OmpA to the
acceptor BamD. FRET is an extensively used technique for the determination of
protein-protein interactions, protein–DNA interactions, and protein conformational
changes. The efficiency of FRET is dependent on the inverse sixth power of the
intermolecular separation making it useful over distances comparable to the
dimensions of biological macromolecules. The only conclusions for the absence of
FRET between the examined different single site mutants of BamD and PDBamA/OmpA are either that sites of interaction are present elsewhere in the two
proteins or that larger the two sites to be probed by the Trp-IAEDANS FRET pair are
separated by a distance much greater that the Förster distance of this FRET pair.
The most important conclusion from the elaborate FRET study presented here is the
direct observation of interactions between the essential lipoprotein BamD and the
periplasmic chaperone Skp, both in the absence and in the presence of lipid
membranes. These experimental results also support the previous postulate of a
possible role of the essential lipoprotein BamD as a co-chaperone/chaperone
receptor, (Albrecht, R et al. 2011; Dong, C et al. 2012; Sandoval et al. 2011).
Interestingly, the plastidial chaperone receptor Toc64 contains three TPR motifs and
is loosely associated with the TOC translocon at the outer envelope of the chloroplast
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complex. Toc64 forms the docking site for preproteins bound to the Hsp90
chaperone and promotes protein targeting by facilitating the passage of precursor
proteins to the TOC complex (Agne and Kessler 2008; Kriechbaumer et al. 2012).
The TOC complex consists of the receptors Toc159 and Toc34 and the β-barrel
membrane protein Toc75. In chloroplasts, the TOC complexes are believed to be
involved in the assembly of OMPs and Toc75 is known to be homologue of BamA of
E. coli (Kim et al. 2012). The TOC complex and the involvement of the TPR motifs
contained in Toc64 for protein recognition and targeting indicates that BamD of the
BAM complex might function in very similar way, by serving as a docking site for
periplasmic chaperones (e.g. Skp) and in the recognition of β-barrel proteins by their
C-terminal targeting sequences.
Similarly, the chaperone receptor for the import of β-barrel membrane proteins into
mitochondria, Tom70, also bears TPR domains that interact with precursor β-barrel
proteins prior to their translocation through the ‘translocase of outer mitochondrial
membrane’ (TOM) complex (Kriechbaumer et al. 2012). Tom70 consists of 11 TPR
motifs, out of which the three TPR motifs closest to the transmembrane domain form
a TPR clamp responsible for binding chaperones (Wu and Sha 2006), whilst the
remaining TPR motifs are directly involved in precursor binding (Brix et al. 1999).
BamD, which contains five TPR motifs, might have domains potentially specific for
the binding of chaperones, the recognition of substrates and interactions with
components of the BAM complex.
It is necessary to identify the interactions of BamD with other periplasmic
chaperones in future work and to investigate, whether there are specific interactions
between other chaperones and the proteins of the BAM complex. The identification
and the confirmation of the Skp-BamD pathway could also provide an attractive
target for the design of new antibiotics and anti-inflammatory drugs. In cancer
research, TPR modules that inhibit interactions between Hsp90 and co-chaperones
are already been designed as anti-cancer drugs (Cortajarena et al. 2008; Horibe et al.
2011).
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Summary
This thesis describes several important advancements in the understanding of
the assembly of outer membrane proteins of Gram-negative bacteria like Escherichia
coli. A first study was performed to identify binding regions in the trimeric
chaperone Skp for outer membrane proteins. Skp is known to facilitate the passage of
unfolded outer membrane proteins (OMPs) through the periplasm to the outer
membrane (OM). A gene construct named “synthetic chaperone protein (scp)” gene
was used to express a fusion protein (Scp) into the cytoplasm of E. coli. This fusion
protein consists of a single polypeptide chain composed of three monomers of Skp
that are connected by two short and flexible linker peptides. The scp gene was
synthesized using the redundancy of the genetic code to allow for specific point
mutations in only one of the three Skp sequences. It was then used as a template to
design mutants of Scp suitable for structural and functional studies using sitedirected spectroscopy. Fluorescence resonance energy transfer (FRET) was used to
identify distances in Skp-OmpA complexes that separate regions in Scp and in outer
membrane protein A (OmpA) from E. coli. For this study, single cysteine (Cys)
mutants and single Cys - single tryptophan (Trp) double mutants of Scp were
prepared. For FRET experiments, the cysteines were labeled with the tryptophan
fluorescence energy acceptor IAEDANS. Single Trp mutants of OmpA were used as
fluorescence energy donors. This study led to the following interesting new results:

i. A detailed investigation demonstrated that the synthetic chaperone Scp is
indistinguishable from Skp regarding its secondary structure and regarding its
function to bind and facilitate folding of outer membrane proteins like OmpA.
All mutants of Scp prepared for this study, containing up to two amino acid
replacements also displayed the same secondary structure as wild-type-Skp and
formed complexes with OmpA.
ii. Determinations of the intramolecular fluorescence energy transfer in double
mutants of Scp demonstrated that in solution, the tentacle tips of Scp are
separated by ~23 Å (2.3 nm). This distance was independent of the formation of
complexes of Scp with OmpA, suggesting that binding of OmpA does not lead
to major conformation changes in Scp.
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iii. An extensive intermolecular FRET study with donors and acceptors in OmpA
and Scp, respectively, was performed using 96 different donor-acceptor (D-A)
pairs. The results suggest a binding region for the client OmpA in the cavity of
Scp. This binding region ranges from the middle of the tentacle domain to the
association domain. Transfer of energy was observed for all of the 96 D-A pairs
used here. The D-A distances calculated for the 96 FRET pairs were in the range
from 18.4 Å to 32.13 Å.
iv. The binding of LPS on the surface of Scp at molar ratios of up to 3 LPS/Scp
weakened interactions between Scp and OmpA, eventually leading to the release
of OmpA from the cavity of Scp as indicated by the disappearance of the
intermolecular fluorescence energy transfer.

In the second part of this thesis, the function of BamD and the structure of BamDScp complexes were examined. BamD is an essential component of the β-barrel
assembly machinery (BAM) complex of the OM of Gram-negative bacteria.
Fluorescence spectroscopy was used to probe the interactions of BamD with lipid
membranes and to investigate the interactions of BamD with possible partner
proteins from the periplasm and from the OM. A range of single cysteine (Cys) and
single tryptophan (Trp) mutants of BamD were prepared. The main conclusions from
this

part

of

work

are

summarized

below:

i. CD spectroscopy indicates that the presence of either lipid membranes or of
detergent micelles is required for the formation of the secondary structure of
BamD. BamD requires the presence of negatively charged DLPG in lipid
membranes for native-like secondary structure formation. This result indicates
the importance of electrostatic interactions for the binding and the formation of
the structure of BamD.
ii. Fluorescence spectroscopy demonstrated that BamD binds to lipid membranes of
both, zwitterionic and negatively charged lipids. The corresponding lipid/BamD
stoichiometries were n ≈ 31 for DLPC (zwitterionic), n ≈ 17 for DLPG
(negatively charged), n ≈ 30 for DLPC/DLPG (1:1) and n ≈ 62 for
DOPC/DOPE/DOPG (5:3:2).
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iii. BamD was observed to bind the periplasmic chaperone Skp at a stoichiometry of
1:1. Similarly BamD bound to OmpA, and to the periplasmic domain of BamA
(PD-BamA), which is the core component of the BAM complex. In these
complexes two BamD were bound to either to one OmpA or to one PD-BamA.
The binding affinities for the formation of these complexes of BamD were in the
nanomolar range (from 0.36 nM to 7.5 nM), indicating that the complexes were
stable.
iv. Intermolecular FRET studies demonstrated close proximity and binding of
BamD to Scp. The distances between the donors and the acceptors in BamD and
Scp ranged from 20.9 Å (for W48-BamD as a donor and IAEDANS-labeled
Q420C-Scp as an acceptor) to 38.2 Å (for W95-BamD as a donor and
IAEDANS-labeled Q416C-Scp as an acceptor). The shortest distances were
obtained for all four single Trp mutants of BamD used in this study as donors in
combinations with the IAEDANS-labeled mutant Q420C-Scp. The longest
distances were obtained for the IAEDANS-labeled Scp mutants Q416C-Scp and
A393C-Scp. The steady-state fluorescence measurements resulted in apparent
distances r, based on which the orientations for the two interacting proteins
could not be established. A likely reason for this observation is that Scp binds in
multiple orientations to BamD, leading to averaged distances between the
tryptophans of the various single-tryptophan mutants of BamD.
v. Intermolecular FRET was not observed for combinations of donors and
acceptors in mutants of BamD and in the periplasmic domain of BamA (PDBamA). Furthermore, FRET was not observed for donor/acceptor pairs in
mutants of BamD and OmpA. These observations suggest that either the sites of
interaction are elsewhere in these proteins, or that the sites investigated in this
study are separated by distances that are too large to be probed using the FRET
pair Trp/IAEDANS.

A very important conclusion from this extensive FRET study is that the essential
lipoprotein BamD interacts and binds to the periplasmic chaperone Skp. BamD
contains tetratrico peptide repeat (TPR) motifs that are suggested to serve as docking
sites for periplasmic chaperones such as Skp. They may also participate in the
formation of the BAM complex. The experimental results presented here also
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support previous postulates for a possible role of the lipoprotein BamD as a cochaperone or chaperone receptor in the outer membrane of Gram-negative bacteria.
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Zusammenfassung
Diese Arbeit beschreibt wichtige Fortschritte zum Verständnis des Einbaus
und der Faltung von Außenmembranproteinen von Gram-negativen Bakterien wie
Escherichia coli. In einer ersten Studie wurden die Bindungsregionen an der
Oberfläche der trimeren Chaperone Skp für Außenmembranproteine identifiziert.
Skp erleichtert den Transport von ungefalteten Außenmembranproteinen (OMPs)
durch das Periplasma zur Außenmembran (OM) des Bakteriums. Ein Genkonstrukt,
welches den Namen “synthetic chaperone protein (scp)” trägt, wurde verwendet, um
ein Fusionsprotein (Scp) in das Cytoplasma von E. coli zu exprimieren. Dieses
Fusionsprotein besteht aus einer einzigen Polypeptidkette, welche aus drei Skp
Monomeren zusammengesetzt ist, die durch zwei kurze und flexible Peptide
verbunden sind. Das scp Gen wurde durch Gen-Synthese hergestellt, wobei die
Redundanz des genetischen Codes für die drei skp Untereinheiten ausgenutzt wurde,
um später spezifische Punktmutationen in nur einem der drei skp Sequenzen
durchführen zu können. Das scp Gen wurde in dieser Arbeit als Vorlage für
Punktmutationen verwendet, um Scp Mutanten zu exprimieren bzw. zu isolieren.
Die ortsspezifische Markierung der Mutanten erlaubt es, strukturelle und funktionelle
Analysen mit Hilfe spektroskopischer Verfahren durchzuführen. So wurde
Fluoreszenzenergietransfer (FRET) angewandt, um intra- und intermolekulare
Abstände in Skp-OmpA Komplexen zu messen, die bestimmte Regionen in Scp und
OmpA zueinander aufweisen. Für diese Studien wurden sowohl EinzelcysteinMutanten als auch Einzelcystein (Cys) / Einzeltryptophan (Trp) Doppelmutanten von
Scp präpariert. Für FRET Messungen wurden die Cystein-Seitenketten mit dem
Tryptophan

Fluoreszenzenergie-Akzeptor

IEAEDANS

markiert.

Als

FRET

Donatoren wurden Einzeltryptophan-Mutanten von OmpA verwendet. Diese Studie
lieferte die folgenden interessanten Befunde:

i.

Eine detaillierte Untersuchung zeigte, dass das synthetisch hergestellte
Chaperon Scp bezüglich seiner Sekundärstruktur und der Fähigkeit,
Außenmembranproteine wie OmpA zu binden und deren Faltung zu
erleichtern, nicht von Skp zu unterscheiden ist. Ebenso zeigten alle
präparierten Mutationen von Scp (bis zu zwei ausgetauschte Aminosäuren)
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eine mit dem Wildtyp Skp identische Sekundärstruktur. Alle Mutanten
bildeten Komplexe mit OmpA.
ii.

Die Tentakelspitzen von Scp haben in Lösung einen Abstand von etwa 23 Å
(2.3 nm) voneinander. Dieser Abständ ist unabhängig von der Bildung des
Scp-OmpA Komplexes und wurde durch Messungen des intramolekularen
Fluoreszenzenergietransfers an Doppelmutanten des Scp bestimmt. Dieser
Befund zeigt, dass die Bindung von OmpA an Scp keine größere Änderung
der Konformation des Scp bewirkt.

iii.

Ausführliche FRET Studien mit Tryptophanresten als Donatoren und
IAEDANS-markierten Cysteinresten als Akzeptoren, wurden für 96
verschiedene Donor-Akzeptor (D-A) Paare durchgeführt. Die Resultate
weisen darauf hin, dass sich die Bindungsregionen des Scp in seiner Kavität
befinden, die durch die Tentakel-Helices des Scp gebildet wird.
Außenmembranproteine

wie

OmpA

werden

darin

gebunden.

Die

Bindungsregion im Inneren erstreckt sich von der Mitte der Tentakel-Domäne
bis hin zur Assoziationsdomäne. Energietransfer konnte für alle hier
verwendeten 96 D-A Paare beobachtet werden. Die berechneten D-A
Abstände für alle 96 FRET Paare liegen in einem Bereich von 18.4 Å bis
32.13 Å.
iv.

Die Bindung von LPS auf der Scp Oberfläche bei einem molaren Verhältnis
von LPS/Scp = 3 führte zu einer Schwächung der Bindung zwischen Scp und
OmpA, und anschließend zur Dissoziation dieses Komplexes, was durch das
Verschwinden des intermolekularen Energietransfers angezeigt wurde.

Im zweiten Teil dieser Arbeit wurde die Funktion von BamD und die Struktur des
BamD-Scp Komplexes untersucht. BamD ist eine essentielle Komponente des βbarrel assembly machinery (BAM) Komplexes in der Außenmembran von Gramnegativen

Bakterien.

Die

Wechselwirkungen

von

BamD

sowohl

mit

Lipidmembranen als auch mit möglichen Bindungspartnern im Periplasma und in der
Außenmembran wurden mit der Fluoreszenzspektroskopie untersucht. Dazu wurden
verschiedene Einzelcystein- und Einzeltryptophan-Mutanten von BamD hergestellt.
Zusammengefasst konnte gezeigt werden:
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i.

Entweder Lipidmembranen oder Detergenz-Mizellen werden benötigt, damit
BamD

eine

Sekundärstruktur

ausbildet,

die

seiner

natürlichen

Sekundärstrukturzusammensetzung entspricht. Analysen mit der CDSpektroskopie zeigten ferner, dass BamD die Anwesenheit von negativ
geladenem DLPG in Lipidmembranen benötigt, um seine natürliche
Sekundärstruktur

auszubilden.

Dies

zeigt,

dass

elektrostatische

Wechselwirkungen für die Bindung von BamD an Membranen und auch für
die Ausbildung seiner natürlichen Sekundärstruktur von großer Bedeutung
sind.
ii.

Mittels Fluoreszenzspektroskopie konnte gezeigt werden, dass BamD sowohl
an Lipidmembranen aus zwitterionischen als auch aus negativ geladenen
Lipiden bindet. Die dazugehörigen Stöchiometrien Lipid/BamD wurden zu
n ≈ 31 für DLPC (zwitterionisch), n ≈ 17 für DLPG (negativ geladen), n ≈ 30
für DLPC/DLPG (1:1) und n ≈ 62 für DOPC/DOPE/DOPG (5:3:2) bestimmt.

iii.

Es konnte beobachtet werden, dass BamD das periplasmatische Chaperon
Skp mit einer Stöchiometrie von 1:1 bindet. BamD bindet auch an OmpA und
an die periplasmatische Domäne von BamA (PD-BamA), welche ein
Kernelement des BAM-Komplexes darstellt. In diesen Komplexen waren
zwei BamD entweder an ein OmpA oder an ein PD-BamA gebunden. Die
Bindungsaffinitäten,

d. h.

die

Dissoziationskonstanten

dieser

BamD-

Komplexe, liegen im niedrigen nanomolaren Bereich (von 0.36 nM bis
7.5 nM). Die Komplexe sind demnach stabil.
iv.

Intermolekulare FRET-Studien zeigten, dass BamD an Scp bindet. Die
Abstände zwischen Donatoren und Akzeptoren in BamD und Scp erstreckten
sich von 20.9 Å (mit W48-BamD als Donator und IAEDANS-markiertem
Q420C-Scp als Akzeptor) bis 38.2 Å (mit 295-BamD als Donator und
IAEDANS-markiertem Q416C-Scp als Akzeptor). Die kürzesten Distanzen
wurden für die vier Einzeltryptophanmutanten von BamD (als Donatoren) in
Kombination mit der IAEDANS-markierten Mutante Q420-Scp (als
Akzeptor) gefunden, während die größtem D-A Abstände mit den ScpMutanten Q416C und A393C beobachtet warden. Die steady-state
Fluoreszenzmessungen lieferten mittlere Abstände r, die eine Bestimmung
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der Orientierung der beiden interagierenden Proteine zueinander nicht
eindeutig zuließen.
v.

Zwischen verschiedenen Mutanten von BamD und der periplasmatischen
Domäne von BamA (PD-BamA) oder zwischen BamD und OmpA wurde
kein Fluoreszenzenergietransfer beobachtet. Dies könnte entweder bedeuten,
dass sich die Bindungsschnittflächen nicht in den hier untersuchten Regionen
befinden, oder dass die Abstände zwischen den untersuchten Regionen der
Proteine für das FRET-Paar Trp-IAEDANS zu groß sind.	
  

Ein sehr wichtiges Ergebnis dieser ausführlichen FRET-Studien ist die beobachtete
Bindung des Lipoproteins BamD an die periplasmatischen Chaperone Skp. Die TPRMotive des BamD dienen offenbar als docking sites für Skp zusätzlich zu der
postulierten Rolle bei der Bildung des BAM-Komplexes. Die vorliegenden
experimentellen Ergebnisse unterstützen die These, dass das Lipoproteins BamD in
der Außenmembran von Gram-negativen Bakterien als eine Art Co-Chaperone oder
Chaperone-Rezeptor dient.
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Appendix A
scp nucleotide sequence (1437 base pairs)
atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagcCATATGctcgaggccatgGCTG
ACAAAATTGCAATCGTCAACATGGGCAGCCTGTTCCAGCAGGTAGCGCAGAAAA
CCGGTGTTTCTAACACGCTGGAAAATGAGTTCAAAGGCCGTGCCAGCGAACTGC
AGCGTATGGAAACCGATCTGCAGGCTAAAATGAAAAAGCTGCAGTCCATGAAA
GCGGGCAGCGATCGCACTAAGCTGGAAAAAGACGTGATGGCTCAGCGCCAGAC
TTTTGCTCAGAAAGCGCAGGCTTTTGAGCAGGATCGCGCACGTCGTTCCAACGA
AGAACGCGGCAAACTGGTTACTCGTATCCAGACTGCTGTGAAATCCGTTGCCAA
CAGCCAGGATATCGATCTGGTTGTTGATGCAAACGCCGTTGCTTACAACAGCAG
CGATGTAAAAGACATCACTGCCGACGTACTGAAACAGGTTAAAggtggaggcggttcagg
cggaggtggctctggcggtggcggatcgGCGGACAAAATTGCGATCGTCAATATGGGCAGCTTA
TTTCAACAGGTCGCGCAGAAGACCGGCGTAAGCAACACATTGGAAAACGAATTC
AAGGGGCGTGCCTCTGAGTTACAGCGTATGGAAACCGACTTGCAGGCCAAGATG
AAGAAACTGCAATCGATGAAAGCGGGCAGCGATCGGACTAAACTGGAGAAAGA
TGTGATGGCGCAGCGTCAAACTTTTGCACAGAAAGCGCAGGCATTCGAGCAAGA
CCGTGCTCGTCGGTCTAACGAGGAACGTGGGAAATTGGTGACCCGTATTCAAAC
AGCGGTGAAAAGCGTCGCGAATAGCCAGGACATTGACCTGGTCGTGGACGCTAA
CGCTGTGGCCTACAATAGTAGCGACGTGAAGGACATCACGGCGGACGTGTTAAA
GCAGGTAAAGggaggcggtgggtctggaggcggtggatcaggaggcggaggttctGCGGATAAGATAGC
CATCGTGAACATGGGCTCACTGTTCCAGCAAGTGGCGCAAAAAACCGGAGTGAG
CAATACCCTTGAGAACGAGTTTAAGGGCCGTGCGAGCGAACTTCAACGCATGGA
GACGGATCTGCAGGCGAAAATGAAAAAGCTGCAGAGCATGAAGGCGGGCTCGG
ATCGCACCAAGTTGGAGAAGGACGTCATGGCCCAACGCCAGACCTTCGCTCAAA
AGGCTCAGGCGTTTGAACAGGATCGTGCGCGTCGTAGCAATGAAGAGCGGGGC
AAATTAGTAACACGCATTCAGACGGCTGTTAAGAGCGTTGCGAATTCCCAGGAT
ATCGATCTGGTGGTTGATGCGAATGCGGTCGCGTATAACAGCAGCGATGTCAAG
GATATTACGGCAGATGTTTTGAAACAGGTGAAATAA

Scp amino acid sequence (478 residues)
MGSSHHHHHHSSGLVPRGSHMLEAMADKIAIVNMGSLFQQVAQKTGVSNTLENEFKGRASELQRM
ETDLQAKMKKLQSMKAGSDRTKLEKDVMAQRQTFAQKAQAFEQDRARRSNEERGKLVTRIQTAV
KSVANSQDIDLVVDANAVAYNSSDVKDITADVLKQVKGGGGSGGGGSGGGGSADKIAIVNMGSLFQ
QVAQKTGVSNTLENEFKGRASELQRMETDLQAKMKKLQSMKAGSDRTKLEKDVMAQRQTFAQK
AQAFEQDRARRSNEERGKLVTRIQTAVKSVANSQDIDLVVDANAVAYNSSDVKDITADVLKQVKGG
GGSGGGGSGGGGSADKIAIVNMGSLFQQVAQKTGVSNTLENEFKGRASELQRMETDLQAKMKKL
QSMKAGSDRTKLEKDVMAQRQTFAQKAQAFEQDRARRSNEERGKLVTRIQTAVKSVANSQDIDLV
VDANAVAYNSSDVKDITADVLKQVK*

	
  
	
  
	
  

•

Shown in red color are the linker sequences connecting three monomeric
units in Scp.

•

TAA – stop codon *
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Appendix B
Intermolecular FRET and the interaction of Scp with l1W24-OmpA
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Figure B1 Fluorescence emission spectra of the single tryptophan mutant l1W24-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant l1W24-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with l3W110-OmpA

Figure B2 Fluorescence emission spectra of the single tryptophan mutant l3W110-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant l3W110-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with l4W153-OmpA

Figure B3 Fluorescence emission spectra of the single tryptophan mutant l4W153-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant l4W153-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with t2W91-OmpA

Figure B4 Fluorescence emission spectra of the single tryptophan mutant t2W91-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant t2W91-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.

202	
  

Intermolecular FRET and the interaction of Scp with t3W131-OmpA

Figure B5 Fluorescence emission spectra of the single tryptophan mutant t3W131-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant t3W131-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with s1W7-OmpA

Figure B6 Fluorescence emission spectra of the single tryptophan mutant s1W7-OmpA used
as a FRET donor in the presence of various single-Cys mutants of Scp either labeled with
IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were performed
for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or Smethylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant s1W7-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with s1W15-OmpA

Figure B7 Fluorescence emission spectra of the single tryptophan mutant s1W15-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant s1W15-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with s5W102-OmpA

Figure B8 Fluorescence emission spectra of the single tryptophan mutant s5W102-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant s5W102-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Intermolecular FRET and the interaction of Scp with s7W143-OmpA

Figure B9 Fluorescence emission spectra of the single tryptophan mutant s7W143-OmpA
used as a FRET donor in the presence of various single-Cys mutants of Scp either labeled
with IAEDANS as a FRET acceptor or methylated at the Cys. FRET experiments were
performed for eight single cysteine mutants of Scp, which were either IAEDANS-labeled or
S-methylated (the latter to obtain Trp fluorescence intensities in the absence of the acceptor
and to avoid the formation of intermolecular disulfide bonds). (A) N457C-Scp, (B) V122CScp, (C) N115C-Scp, (D) Q420C-Scp, (E) Q416C-Scp, (F) M73C-Scp, (G) A393C-Scp, (H)
N209C-Scp. The concentrations of OmpA and Scp were 1 µM and 1.33 µM, respectively.
Background spectra of Scp mutants, either labeled with IAEDANS or methylated, were
recorded first in Tris buffer (pH 8.0). The single-Trp mutant s7W143-OmpA was then added
and the spectrum was recorded. The corresponding background spectrum was subtracted. All
spectra were recorded over the wavelength range from 310 to 580 nm at 25°C and at an
excitation wavelength of 295 nm.
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Appendix C
Analysis of the binding of wt-BamD to Scp by fluorescence spectroscopy
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0.5
Scp/wt-BamD
0
0.25
0.5
1
1.5
2

0.4
0.3
0.2

Fluorescence (Mcps)

Fluorescence (Mcps)
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0.5
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0.1

320

340
360
Wavelength (nm)

380

400

0.0

0.5
1.0
1.5
Scp/wt-BamD (mol/mol)

2.0

Figure C1 Binding of the aqueous form of wt-BamD after urea-dilution in the presence of
the periplasmic chaperone Scp in aqueous solution. (A) The fluorescence spectra for 1 µM
wt-BamD were recorded for the aqueous form at a 555-fold dilution of the urea in the
presence of 0-2.0 µM Scp. All spectra were recorded for samples in 10 mM Tris buffer (pH
8.0) at 25 °C and at an excitation wavelength of 295 nm. (B) The fluorescence signals at 330
nm of the aqueous form of BamD were plotted against the corresponding Scp/wt-BamD
molar ratio. The fluorescence emission signals increased as a function of the molar Scp/wtBamD ratio until saturation levels were reached. In order to determine the binding
stoichiometry of Scp to wt-BamD and the binding constant, equation (4.3) was fitted to the
experimental data (−).

Table C1 Stoichiometry and free energy of BamD binding to partner
proteins.
na

KA(µM-1)b

KDc (nM)c

ΔGA(kJ/mol)d

0.7 ± 0.23

1.64 ± 17

0.61± 6.3

-52.6 ± 25.6

PD-BamA/W239-BamD
In the presence of lipid
bilayers
PD-BamA/W48-BamD

0.45 ± 0.0762

1.075 ± 8.08

0.93 ± 6.9

-51.55 ± 18.7

0.57 ± 0.073

0.0821 ± 0.08

12 ± 12

-45.16 ± 2.5

PD-BamA/W191-BamD

0.433 ± 0.093

0.56 ± 3.7

1.8 ± 12

-49.93 ± 16.4

Binding partner
In aqueous buffer
Scp/wt-BamD

a
b
c
d

n is the stoichiometry (Binding partner/BamD), estimated from fits to the data shown in
Figure C1 and C2
the estimated binding constant for the association of the proteins KA
the estimated dissociation constant of the protein comples KD=1/KA
the estimated free energy of binding for the association reaction.
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Fluorescence (Mcps)
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Figure C2 (A) Binding of the aqueous form of W239-BamD to the periplasmic domain of
BamA (PD-BamA) after urea-dilution in aqueous buffer. (B) Binding of W48-BamD to the
periplasmic domain of BamA (PD-BamA), after urea-dilution in the presence of lipid
bilayers. (C) Binding of W191-BamD to the periplasmic domain of BamA (PD-BamA) after
urea-dilution in the presence of lipid bilayers. The fluorescence spectra of 1 µM of a single
Trp mutant of BamD were recorded in the presence of 0-2 (or 0-1.5) µM WaF-PD-BamA,
which does not contain tryptophan. All spectra were recorded for samples in 10 mM Tris
buffer (pH 8.0) at 25 °C and at an excitation wavelength of 295 nm. For spectra recorded
after the binding of BamD to preformed lipid bilayers (B and C), BamD was first reacted
with a 200-fold molar excess of DOPC/DOPE/DOPG (5:3:2) bilayers. The fluorescence
intensities of BamD at 330 nm were plotted against the corresponding molar ratio of WaFPD-BamA/BamD. The fluorescence intensities decreased as a function of the molar
BamA/BamD ratio until stationary levels were reached. In order to determine the binding
stoichiometry of BamA to BamD and the corresponding binding constant, equation (4.3) was
fitted to the experimental data (−).
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