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1. General scientific background and basic principles of the biophysical 

methods 
 

       1.1 Mitochondrial membranes  

 

 Biological membranes are key elements of all cells and lifeforms. Eukaryotic cells 

contain various organelles that are separated from another by one or more biological 

membranes such as the mitochondria, the lysosome, and the Golgi complex. These membranes 

serve specific functions and aid in the formation and maintain the integrity of the various 

organelles in the cells. Membranes are involved in the trafficking and transport metabolism 

between the inside and outside of an organism, as well as into and out of the organelles of 

eukaryote cells. Organelles like the nucleus and the mitochondria are enclosed by two 

membranes, an inner and an outer membrane.  Each membrane is composed of a lipid bilayer 

and of membrane proteins, which perform most of the specific functions of the membrane. 

Membranes contain integral and peripheral proteins that are responsible for many specialized 

functions, such as the selective transport of molecules across the membrane. It is well known 

that the mitochondria play essential roles in cell life and death (see e.g. Reichert and Neupert, 

2004). Besides being the organelles of adenosine triphosphate (ATP) production, they perform 

many other functions, such as intercellular calcium-signaling events (Vandecasteele et al., 

2001), the formation and export of iron-sulfur clusters (Lill and Kispal, 2000), and cell 

apoptosis (programmed cell death) (Green and Kroemer, 2004). Mitochondria become 

dysfunctional in ageing (Trifunovic, 2006). These organelles are composed of four major 

elements: (1) the outer mitochondrial membrane (OMM), which surrounds the organelle and 

separates it from the cytosol; (2) the inner mitochondrial membrane (IMM), with several 

invaginations that are called cristae; this is where the mitochondrial respiratory chain and the 

oxidative phosphorylation are located (Bernardi and Azzone, 1981: Ishihara, et al,. 2006: 

Pernas and Scorrano, 2016); (3) an intermembrane space (IMS) between the two membranes; 

and (4) a matrix, which is the internal spaces of the mitochondrion. The matrix is surrounded 

by the IMM. Both, matrix and IMM play crucial roles in mitochondrial activities because they 

contain many different enzymes and the matrix in addition, contains DNA encoding some 

mitochondrial proteins. The OMM is based on a smooth phospholipid bilayer containing 

proteins such as porins, which make the membrane permeable to molecules of varying size, 

depending on the transmembrane channel. The IMM is a more complex, highly lipophilic 

structure (Habicht et al., 2015). Both membranes contain surface and transmembrane receptors 

and transporters.  
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 Similar to the outer membrane of Gram-negative bacteria, the OMM contains a number 

of pore-forming proteins, which are involved in the exchange of metabolites across the 

membrane (Benz, 1994). One of these porins is the voltage-dependent anion-selective channel 

isoform 1 (VDAC1). Although mitochondria possess DNA in the matrix, this DNA encodes 

about only ~1 % of mitochondrial proteins (Gray et al., 1999). Most mitochondrial porins like 

VDAC1 are encoded in nucleus, synthesized in the cytosol and imported into mitochondria 

through the translocase of the outer mitochondrial membrane (TOM complex) of the OMM 

(Schatz and Dobberstein, 1996; Neupert, 1997; Pfanner and Geissler, 2001). The mitochondrial 

membrane consists of specific protein machineries, which are needed to import, sort, and 

assemble mitochondrial precursor proteins. In order to import preproteins into the IMM, the 

TOM complex cooperates with the small Tim9/Tim10 complex of the IMS (Wiedemann et al., 

2004; Hoppins and Nargang, 2004). The sorting and assembly machinery (SAM-complex), 

which is also called the topogenesis of the mitochondrial outer membrane -barrel protein 

(TOB complex), is responsible for sorting and assembling mitochondrial precursor proteins into 

the OMM (Dukanovic and Rapaport, 2011: Paschen et al., 2005; Pfanner et al., 2004). The 

SAM complex is evolutionarily related to the β-barrel assembly machinery (BAM) complex of 

bacteria. Indeed, the SAM complex is required for the insertion of the -barrel proteins into the 

OMM. Mitochondrial membranes and the protein import pathway into mitochondria are shown 

in Fig 1.1. 
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Figure 1.1 Mitochondrial membranes and the protein import and sorting pathways into mitochondria. Various 

classes of mitochondrial precursor proteins are delivered to mitochondrial membranes after their translocation 

across the OMM by the TOM complex. Figure is from Becker et al., 2008.  

 

       1.2 Membrane lipids 

 

 Lipids are highly diverse in structure and biological function and can be divided into 

different classes. Membrane phospholipids are one of them. These are amphiphilic molecules 

with a polar hydrophilic head group and apolar hydrophobic acyl chains. Biomembranes are 

formed by phospholipid bilayers that form the permeability barriers of cells and subcellular 

organelles. The fatty acid chains of the lipids in each of the two leaflets of the bilayer face each 

other, while the polar head groups form the interfaces with the aqueous phases on both sides of 

the bilayer. A typical biomembrane contains more than 100 species of lipids. These vary in the 

structure of their polar head groups and in the length and degree of saturation of their fatty acyl 

chains. Classified regarding their polar headgroup, the main lipids in eukaryotic membranes are 

glycerophospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), phosphatidylserine (PS), cardiolipin (CL), phosphatidylglycerol 

(PG). These classes typically containing two fatty acids ester-linked to the glycerol, which vary 
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in hydrocarbon chain length and in degree of saturation with hydrogen. Biomembranes may 

also contain other lipids like sterols, such as cholesterol or sphingolipids. Phospholipids have 

important functions in maintaining cellular form and they interact specifically with membrane 

proteins and influence active transport (Dowhan and Bogdanov, 2012). PCs represent more 

than 50 % of the phospholipid species of most eukaryotic membranes. The IMM and the OMM 

are also both composed of a wide range of lipids and differ in their compositions. The most 

abundant phospholipids in mitochondria are PCs and PEs, comprising ~ 40 % and ~ 30 % of 

the entire phospholipid content, respectively (Colbeau et al., 1971; Zinser and Daum, 1995). 

The OMM is especially rich in PC, PE, and PI. The IMM also contains CL. In OMMs, the total 

content of PC and PI is much higher than in the IMMs, where the content of PE and CL is 

higher. The ratio of phospholipids to proteins is higher in the OMM (5-6 g/g) than in the 

IMM (1.0-1.5 g/g) (Daum, 1985; Zinser et al., 1991; de Kroon et al., 1997). Fatty acids that 

are ester-bonded to the glycerol-backbone of a phospholipid can be saturated or unsaturated. 

The degree of unsaturation is 60 % in PE (except in the outer membrane, where it is 46 %), 

50 % in PC, and 80 % in CL. In contrast, PI is relatively saturated (70 %). Thus, biomembranes 

typically contain unsaturated lipids (Comte et al., 1976). The structures of some phospholipids 

are shown in Figure 1.2. 

 

Figure 1.2 Some major phospholipids with saturated fatty acids of biological membranes.  

Phosphatidyl serine

Phosphatidyl ethanolamine

Phosphatidyl choline

Phosphatidyl inositol

(PC)

(PE)

(PS)

(PI)
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       1.3 Membrane proteins 

 

 Membrane proteins are essential components of all cells. Many of them span the entire 

lipid bilayer and contain intramembranous domains on both sides of the membrane. They are 

involved in many cellular processes, such as transmembrane transport, signal transduction, and 

enzymatic functions. They can also act as channels or energy-driven pumps to transfer specific 

molecules across, into, and/or out of the membrane. They are targets of over 50 % of all modern 

medicinal drugs. Depending on how these proteins interact with the membrane, they are divided 

into two major categories:    

 

• Integral membrane proteins (IMPs), also called transmembrane proteins (TMPs) 

• Peripheral membrane proteins 

 

These two categories are structurally and functionally different. Integral membrane proteins are 

usually very hydrophobic and span the entire membrane. Most are composed of hydrophobic 

residues with side chains that interact extensively with the hydrocarbon chains of the 

phospholipids of the membrane. Peripheral membrane proteins can be bound to the surface of 

the membrane either electrostatically or via hydrophobic interactions. Peripheral proteins 

interact with the polar head groups of the lipids or with integral membrane proteins. They can 

also be covalently linked to lipids as lipoproteins. This study focuses on an integral membrane 

protein. Based on the structures of their transmembrane domains, TMPs are divided into two 

major classes:  

 

• -helical TMPs 

• -barrel TMPs 

 

The -helical TMPs are found, for example, in the inner membrane of bacterial cells or in 

plasma membranes of eukaryotes. Voltage-gated ion channels such as potassium and chloride 

channels are -helical TMPs. These and other -helical TMPs predominantly contain 

transmembrane helices with hydrophobic amino acid residues in the fatty membrane core, while 

more hydrophilic residues are surface-exposed to the polar environments on both sides of the 

membrane. A well-investigated -helical TMP is bacteriorhodopsin (Figure 1.3 A), which is a 

7 -helix bundle membrane protein that functions as a light-driven proton pump across the 

membrane (Pebay-Peyroula et al., 1997; Luecke  et al., 1999). 
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Figure 1.3 Two example of transmembrane protein. Shown above are the crystal structure of (A) α-helical 

transmembrane protein bacteriorhodopsin from Halobacterium salinarum, (PDB structure: 1c3w, Luecke et al., 

1999) and (B) β-barrel – sucrose porin (ScrY) from Salmonella typhimurium (PDB structure: 1A0S, Forst et al., 

1998). 

 

-barrel TMPs like ScrY from S. typhimurium (Figure 1.3 B) span the membrane via multiple 

antiparallel amphipathic -strands that are tilted and coiled to form a closed cylindrical shape. 

In these β-barrels, -strands are twisted and connected by long outer loops and short β-turns on 

the inside of the cell or cell organelle. The strands are connected via inter-strand hydrogen 

bonds between amide hydrogens and the carbonyl oxygens of the peptide bonds of neighboring 

strands. In porins, the outside-facing side chains of the -strands are hydrophobic and interact 

with the fatty acyl groups of the membrane lipids, while the amino acid side chains facing the 

interior of the -barrel are mostly polar and form the aqueous lumen of the channel (Wimley, 

2003; Kojer et al., 2012). With the exception of the capsule transporter (Wza), all outer 

membrane proteins (OMPs) of Gram-negative bacteria, such as E. coli, are -barrel TMPs. -

barrel TMPs also dominate in the OMs of mitochondria and chloroplasts. According to 

endosymbiotic theory, mitochondria originated from Gram-negative bacteria. Based on this 

theory, a prokaryotic ancestor related to the proteobacterial subfamily Rickettsiacease became 

internalized by an amitochondriate (pro-eukaryotic) host. The transfer of a distinct gene from 

the endosymbiont to the nucleus occurred during evolution. It has been suggested that it was 

responsible for the transition from an autonomous endosymbiont to the existing organelle 

A
B
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(Andersson et al., 2003; Dyall et al., 2004). Therefore, the mitochondrial membrane and its 

membrane proteins have functions that are similar to those of their bacterial equivalents. For 

example, outer membrane protein A (OmpA) is a small ion channel/structural protein with an 

eight-stranded -barrel in Gram-negative bacteria (Pautsch and Schulz, 2000; Arora et al., 

2001). The VDAC is the most abundant -barrel protein from OMM in eukaryotic cells. It has 

an average of 103 to 104 copies per m (Konstantinova et al., 1995). 

 

       1.4 Membrane protein folding 

 The folding of IMPs and their insertion into biomembranes are crucial processes in 

living cells.  Since IMPs are hydrophobic and typically insoluble in water, the progress in 

understanding the mechanisms of folding and insertion into the membrane is slow and 

experimentally challenging. For detailed spectroscopic studies it is necessary to generate a 

membrane mimetic environment for folding and to find suitable conditions for the folding of 

IMPs in vitro. In order to characterize the folding mechanism of the membrane protein, defined 

model systems are needed that allow examination of folding intermediates and of the transition 

state(s) of folding and membrane insertion. -barrels proteins can be unfolded and denatured 

in 8 M urea (Schweizer et al., 1978). The -sheet secondary structure is completely destroyed 

in a concentrated solution of chaotropic denaturants like urea, as shown by circular dichroism 

(CD) spectroscopy (Surrey and Jahnig, 1992: Krautler et al., 2010). In contrast, α-helical TMPs 

are only soluble in unfolded form in e.g. 88 % formic acid or trifluoroacetic acid (Huang et al., 

1981).  

 Folding of OMPs can be studied from their completely denatured state by dilution of 

the denaturant in presence of lipid bilayer (Shanmugavadivu et al., 2007; Surrey and Jahnig, 

1992; Kleinschmidt and Tamm, 1996; Pocanschi et al., 2006; Kim et al., 2006; Surrey et al., 

1996; Kleinschmidt et al., 1999; Kleinschmidt and Tamm, 2002; Huysmans et al., 2007; 

Burgess et al., 2008; Huysmans et al., 2010; Maurya and Mahalakshmi, 2013; Maurya and 

Mahalakshmi, 2015; detergent micelles (Dornmair et al., 1990; Kleinschmidt et al., 1999; 

Visudtiphole et al., 2005; Andersen et al., 2012; Kim et al., 2006), and synthetic amphipathic 

polymers (Pocanschi et al., 2006; Leney et al., 2012; Pocanschi et al., 2013).  

 OmpA was the very first OMP/TMP that was successfully refolded into its native 

structure in presence of lipopolysaccharide (LPS) and Triton-X-100 upon dilution of urea 

(Schweizer et al., 1978). Dornmair also demonstrated that OmpA after heat-denaturing in 
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sodium dodecyl sulfate (SDS) micelles, folded into micelles of the detergent octylglucoside in 

absence of LPS (Dornmair et al., 1990). Kleinschmidt et al. reported folding of urea-denatured 

OmpA in lipids and in wide range of detergents (Kleinschmidt et al., 1999), provided that the 

concentrations of these detergents or phospholipids were above their critical micelle 

concentrations (CMCs). This study indicated that a supramolecular assembly, either a micelle 

or a lipid bilayer is required for formation of native structure in -barrel IMPs (Kleinschmidt 

and Tamm, 1999). -barrel TMPs like the 22-stranded iron transporter FepA also have been 

refolded from their unfolded form in chaotropic denaturants into detergent micelles upon 

denaturant dilution (Buchanan, 1999). Among the -barrel TMPs that were later successfully 

refolded are the 19-stranded hVDAC isoforms 1 (Engelhardt et al., 2007; Shanmugavadivu et 

al., 2007; Bay et al., 2008 and 2 (Maurya and Mahalakshmi, 2013; Maurya and Mahalakshmi, 

2015) from the OMM. Slightly different contents of secondary structures of hVDAC1 either in   

N-Lauryl-N, N-dimethylammonium-N-oxide (LDAO) detergent micelles or in lipid bilayers of 

diverse phospholipids were observed by CD spectroscopy. hVDAC1 developed  5 % more -

helix secondary structure in LDAO than in 1,2-Dilauroyl-sn-glycero-3-phosphocholine 

(DLPC). The -sheet content also was  5 % decreased in LDAO than in DLPC 

(Shanmugavadivu et al., 2007).   

 Folding of OmpA was observed by CD spectroscopy and by electrophoretic mobility 

measurements. For most of the -barrels there is a shift in electrophoretic mobility between the 

folded and unfolded forms when the samples are not heat-denatured prior to electrophoresis. 

This feature was first described for OmpA (Schweizer et al., 1978) and also was later observed 

for many other, but not all -barrels, e.g. for FhuA (Locher and Rosenbusch, 1997) and OmpG 

(Behlau et al., 2001). The unfolded form of OmpA migrates at an apparent molecular mass of 

 35 kDa, while the folded form migrates at  30 kDa. The 30 kDa form has been shown by 

Raman, FT-IR, and CD spectroscopy (Vogel and Jahnig, 1986; Dornmair et al., 1990; Surrey 

and Jahnig, 1992; Rodionova et al., 1995; Surrey and Jahnig, 1995; Kleinschmidt et al., 1999), 

by phage inactivation assays (Schweizer et al., 1978), and by single channel conductivity 

measurements (Arora et al., 2000) to correspond to natively structured functional OmpA. 

Similarly different electrophoretic mobilities of the unfolded and the folded forms were 

observed also for another OMP from Fusobacterium nucleatum (FomA) (Pocanschi et al., 

2006).  
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Examinations of the shifts and spectroscopic investigations led to the discovery of OmpA as 

first -barrel TMP that spontaneously folds into lipopolysaccharide micelles (Schweizer et al., 

1978) and that folds and inserts into phospholipid bilayers (Surrey and Jahnig, 1992). Folding, 

insertion and trimerization of urea-unfolded outer membrane protein F (OmpF) into the lipid 

bilayers in absence of detergent later was shown by (Surrey et al., 1996), although folding 

yields were much lower than reported for OmpA.  

 A fully denatured and solubilized form of OmpA was obtained in solutions of 8 M urea. 

This form could be folded upon dilution of urea in the presence of small unilamellar vesicles 

(SUVs) of dimyristoylphosphatidylcholine (diC14:OPC) prepared by ultrasonication. The 

bilayers had to be in the lamellar-disordered (liquid-crystalline) phase (Surrey and Jahnig, 1992; 

Surrey and Jahnig, 1995). When the lipid bilayers are in the lamellar ordered (gel) phase or 

form large unilamellar vesicles (LUVs), insertion was prevented and folding did not complete. 

Below the phase-transition temperature, OmpA adsorbed to the bilayer surface and formed 

some -sheet secondary structure, but did not insert into the bilayer. Its apparent molecular 

mass was at 35 kDa and surface adsorbed OmpA was degradable.  

 OmpA easily aggregates and precipitates upon urea dilution in the absence of lipid 

bilayer or detergent. This pathway must be prevented via selecting favorable conditions for 

folding, like optimized protein and lipid concentrations, lipid bilayer composition and 

preparation method small unilamellar vesicles (SUVs) (SUVs, vs. LUVs, depending on the 

phospholipids used for bilayer preparation), temperature, pH, etc. For insertion and folding of 

OmpA, highly curved SUVs of diC14:0PC or phospholipids with or longer fatty acid chains were 

required (Surrey and Jahnig, 1992; Rodionova et al., 1995; Kleinschmidt and Tamm, 1996; 

Kleinschmidt et al., 1999). Kleinschmidt, et al. demonstrated that protein secondary and tertiary 

structure does not form upon adsorption of detergent or lipid monomers. Instead the 

hydrophobic core of the micelle or bilayer must first be present to allow folding of OmpA 

(Kleinschmidt et al., 1999). Defects in SUVs were reported to assist the refolding of detergent-

solubilized TMPs (Scotto and Zakim, 1988; and Frotscher et al., 2015). A higher number of 

defects in the lipid bilayer structure, present at the phase transition temperature from gel to the 

fluid phase, and a coexistence of phase boundaries accelerated insertion of a TMP (Danoff and 

Fleming, 2015). Studies with lipids varying in the composition of the lipid headgroup and the 

length of the acyl chains or in the phase of the formed lipid bilayer, or in membrane curvature 

and elastic curvature stress, showed that the physical properties of the membranes dictate the 

rates of the folding of OMPs (see e.g. Kleinschmidt and Tamm, 2002). A smaller number of 

carbon atoms in the hydrocarbon chains of the lipid, like the 12 carbon atoms per chain in 
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diC12:0PC or fewer, promotes folding, as these bilayers are more flexible and dynamic. β-barrel 

OMP stability correlates to the thickness of the hydrophobic core of the diC12:0PC lipid bilayer, 

which has a thickness of 19.5 ± 1 Å (Lewis and Engelman, 1983). This thickness corresponds 

more closely to the hydrophobic region of many OMPs with 20-25 Å (Lee, 2003) than the 

hydrophobic layer thickness of (diC18:1PC) with 27 ± 1 Å (de Planque et al., 1998). Bilayer 

thickness and surface curvature of the vesicles also determined the folding rates of OmpA and 

PhoPQ-activated gene P (PagP). OmpA and PagP both form 8-stranded TM β-barrels, which 

fold into highly curved SUVs comprised of DOPC (diC18:1PC) or DMPC (diC14:0PC) in 

minutes, while they did not fold into LUVs formed from DOPC (diC18:1PC) under the same 

experimental condition (Kleinschmidt and Tamm, 2002). Similar results from Hong and Tamm, 

(Hong and Tamm, 2004), and Pocanschi, et al. (Pocanschi et al., 2006) confirmed that the 

folding of OMPs like OmpA depends on elastic curvature stress of the membrane, hydrophobic 

mismatch between the hydrophobic thickness of the OMP versus that of the bilayer, and 

membrane curvature (SUV versus LUV). Physical properties of the lipid environment play an 

important role in determining the folding process. This was first observed in studies on the 

dependence of the kinetics of folding of OmpA on the acyl chain lengths of several PC lipids. 

The refolding rates decreased when fatty acid chain lengths were increased (Kleinschmidt and 

Tamm, 2002). OMPs did not fold into certain lipids such as DMPC (diC14:0PC) and DPPC 

(diC16:0PC) when these lipids are in the gel phase, but they folded easily when these lipids were 

in the liquid disordered phase. This indicated a significant barrier or high activation energy for 

the insertion of OmpA into bilayers of long chain phospholipids (Kleinschmidt and Tamm, 

1996; Kleinschmidt et al., 1999;  Kleinschmidt and Tamm, 1999). 

 The mechanisms of folding and insertion of TMPs have been of great interest to many 

researchers. For α-helical membrane proteins consisting of several α-helices (helical bundle), 

first a two-stage folding mechanism was proposed based on experiments and thermodynamic 

considerations. The individual hydrophobic helices fold and insert separately into the 

membrane and only then do the individual helices interact laterally with one another and form 

the tertiary structure of the protein (Popot et al., 1987; Popot and Engelman, 1990). This model 

has been extended later to a three-stage mechanism (Engelman et al., 2003). Such a mechanism 

does not appear to be possible for β-barrel TMPs, since the individual β-strands are amphipathic 

due to the alternating sequence of the hydrophobic and polar amino acid residues. This property 

and the need for the formation of hydrogen bonds between the polar amide and carbonyl groups 

of the polypeptide chain within the hydrophobic region of the membrane prevent membrane 

insertion of individual β-strands (see Kleinschmidt, 2015).  
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 The mechanisms of folding and insertion of β-barrel OMPs have been investigated only 

for a few, mostly small bacterial OMPs. First a single folding and insertion process was 

described that, in some cases consisted of several steps (Kleinschmidt and Tamm, 1996; 

Huysmans et al., 2012). Under certain experimental conditions, several kinetic studies of three 

different OMPs, FomA, OmpA, and PagP, also showed two parallel folding processes or 

folding pathways (Pocanschi et al., 2006; Patel et al., 2009; Huysmans et al., 2012). Folding of 

OMPs like OmpA in vitro showed evidence for membrane-adsorbed folding intermediates in 

the first steps of folding and the formation of the β-barrel in the subsequent steps. The 

membrane adsorption was always very fast, whereas the barrel formation took much longer. 

Therefore, the last folding steps limited the overall rate of folding (Kleinschmidt, 2015). 

Folding steps can be influenced by the temperature, but also by the choice of phospholipids and 

thus the thickness of the lipid bilayer (Kleinschmidt and Tamm, 2002) and by the flexibility of 

the lipid bilayer (Rawicz et al., 2000; Marsh et al., 2006), as well as by the concentration of the 

phospholipids used (Pocanschi et al., 2006; Huysmans et al., 2012).  

 Studies with SUVs from phospholipids with a relatively long chain length of 18 carbon 

atoms (diC18:1PC) showed more details about the insertion mechanism of OmpA. The locations 

of the tryptophan residues of single tryptophan mutants of OmpA were determined by 

quenching of tryptophan fluorescence using brominated lipids. Each single mutant had a 

tryptophan at one of the native tryptophan positions, W7, W15, W57, W102 or W143. The 

tryptophan locations, except W7, are in the extracellular aromatic belt. Initially, a membrane-

adsorbed form at 2 ° C was shown, which was stable for about an hour. In this intermediate the 

tryptophan residues were 15-16 Å from the center of the lipid bilayer. With a gradual increase 

in temperature, a second intermediate was isolated, in which the W residues moved 4-5 Å closer 

to the center of lipid bilayer. After successful folding at higher temperature ≥ 30 °C, the W 

residues were located  9-10 Å from the center of lipid bilayer (Kleinschmidt et al., 1999). For 

the tryptophan residue W7 of the periplasmic aromatic belt of the β-barrel of OmpA, a 

translocation across the membrane center was not observed. Instead, a constant distance of ~10-

11 Å from the center of the lipid bilayer was determined, regardless of the temperature at which 

folding was performed. In further studies, β-strand association was shown to be coupled to the 

insertion process within the lipid bilayer (Kleinschmidt et al., 2011).   

 For PagP, a membrane-adsorbed transition state (transition state) was observed, which 

was inclined at an angle relative to the membrane normal, suggesting a tilted insertion 

(Huysmans et al., 2010).  
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 Parallel folding pathways of OMPs were first reported for FomA folding into DLPC 

(Pocanschi et al., 2006) and later also for OmpA with bilayers composed of DOPC: DOPE: 

DOPG in a certain ratio (Patel et al., 2009) and subsequently also for PagP (Huysmans et al., 

2012). This OMP shared most of principles of lipid bilayer insertion and folding observed for 

OmpA, including the dependence on lipid bilayer thickness and temperature. These studies 

suggest that protein-lipid interactions and the hydrophobic effect are most important for driving 

β-barrel membrane proteins into lipid bilayers.  

 Mitochondrial β-barrel proteins like VDACs are able to assemble into the bacterial outer 

membrane and similarly, bacterial OMPs can be assembled into the OMM (Walther et al., 

2010). Therefore, it is assumed that the mechanism of β-barrel formation and membrane 

insertion by the bacterial BAM complex is similar to the mitochondrial SAM complex. Studies 

with the reconstituted BAM complex indicated that the SAM/BAM complexes are sufficient 

for the folding and insertion of β-barrel proteins into membranes (Hagan et al., 2010). The 

SAM-complex also facilitates folding of the odd-stranded β-barrels like the VDACs 

(Chaturvedi and Mahalakshmi, 2017).  

       1.5 Voltage-dependent anion-selective channel (VDAC) 

 

 VDAC is the major OMP of the OMM, and it is also known as the mitochondrial porin. 

It is an integral membrane protein with a molecular weight of 30.6 kDa. It has been identified 

in all eukaryotic kingdoms, such as fungi, plants, animals, and protists (Schein et al., 1976; 

Colombini, 1979; Linden et al., 1982; Smack and Colombini, 1985; Ludwig et al., 1989; 

Elkeles et al., 1997). It was first found in 1976 because of its voltage-dependent transmembrane 

conductance (Schein et al., 1976). Three different VDAC isoforms are categorized in 

mammalians cells, which are encoded by three separate genes (Shoshan-Barmatz et al., 2010;  

Messina et al., 2012). VDAC isoform 1 is the most abundant isoform. It is 10 to 100 times more 

dominant than VDAC2 and VDAC3, respectively (De Pinto et al., 2010) and found in the OMM 

of all eukaryotes (Benz, 1994). 

 

         1.5.1 General function of VDAC1 

 

 The VDAC acts as the main interface between the mitochondrial and the cellular 

metabolism. VDAC1 plays a fundamental role in the regulation of mitochondrial function. All 

metabolites cross the OMM through this channel, except the nuclear-encoded mitochondrial 

proteins, which are translocated by the TOM machinery, and some smaller compounds, such 
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as molecular oxygen, for which membranes are diffusion-permeable (Lemasters and 

Holmuhamedov, 2006). In artificial lipid bilayers and at a low membrane potential, the channel 

forms an open state of higher conductance (4-4.5 nS in 1M KCl), which is permeable to anions, 

including ATP and ADP metabolites. It changes to a state of lower conductance (2-2.5 nS) at 

potentials 30 mV, which is more cation-selective, like for K+ or Na+ ions and less permeable 

to the negatively charged ATP (Benz, 1990; Liu and Colombini, 1992; Rostovtseva and 

Colombini, 1996). VDAC is also involved in cellular redox mechanisms by associating with 

NADH oxidation (Komarov et al., 2005). In addition, VDAC plays a fundamental role in 

apoptotic signaling because of its interaction with pro- and anti-apoptotic families of proteins, 

including the Bcl-2 family of proteins and cytosolic kinases (Doran and Halestrap, 2000; 

Shimizu et al., 2001; Pastorino et al., 2002). The expression level of VDAC is important for 

the ATP synthesis capacity and cell growth (Abu-Hamad et al., 2006; Huizing et al., 1996). It 

has been shown that the ATP production and the pyruvate oxidation are dysfunctional in the 

absence of hVDAC1. The present thesis focuses on the folding and insertion mechanism of 

hVDAC1.  

 

          1.5.2 Structure of VDAC 

 

 The three-dimensional (3D) structure of VDAC was solved in 2008 by three 

independent groups using different techniques (Bayrhuber et al., 2008; Hiller et al., 2008; 

Ujwal et al., 2008). The structure of hVDAC1 was determined at the same time by nuclear 

magnetic resonance spectroscopy (NMR) (Hiller et al., 2008) and also by combining NMR and 

X-ray crystallography (Bayrhuber et al., 2008). The 3D-structure of mouse VDAC1 was solved 

by x-ray crystallography (Ujwal et al., 2008). The human and murine isoforms only differ in 

four amino acids (human amino acids are exemplarily substituted by murine amino acids): 

T55N, M129V, A160S, and I227V (Shoshan-Barmatz et al., 2010). The three structures of 

VDAC1 are highly similar. VDAC is composed of 19-stranded transmembrane β-barrel, with 

β1and β19 being parallel, while all other strands are anti-parallel to each other. This is in 

contrast to bacterial outer membrane proteins that form β-barrel structures with an even number 

of antiparallel transmembrane β-strands (Schulz, 2002). The β-barrel is linked to an 

amphipathic α-helix at the N-terminus (25 amino acids), which is oriented horizontally near the 

midpoint of the pore. An uneven number of strands in a VDAC β-barrel needs a parallel 

interaction between neighboring terminal β-strands ending on the same side (β 1 and β 19) of 

the membrane. The 19 β-strands of VDAC are connected via flexible loops. The longest loop 
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is formed between β-strands 18 and 19. The NMR structure of hVDAC1 is shown in Figure 

1.4. 

 

 

 

Figure 1.4 The structure of the hVDAC1 in solution in LDAO micelles (NMR structure, PDB: 2k4T).  (Hiller et 

al., 2008). 

 

       1.6 Basic principles of the methods used in this thesis 

  

          1.6.1 Site directed-mutagenesis  

 In order to study the structural and functional properties of proteins, the preparation and 

characterization of mutants by site-directed mutagenesis (SDM) is a widely used approach. 

SDM is used as a molecular biology method to create specific, targeted changes in double-

stranded plasmid DNA. It is a highly versatile technique to introduce specific nucleotide 

substitutions or deletions or insertions to the DNA sequence. Currently, SDM is an invaluable 

technique of gene manipulation. In the past, it was very difficult to select for mutants that 

contained desired mutations by analyzing thousands or millions of clones. These methods have 

been improved over time to facilitate mutagenesis. SDM includes single-site SDM and multi-

site SDM. Modifications of DNA for the expression of mutated proteins have been used to 

characterize the dynamic protein structure and function, to study components of gene 

expression, to study changes in activity of a protein that occur because of the mutation, and to 

screen for mutations (at the DNA, RNA, or protein level) with the desired properties (Kunkel,  

1985). In this work, the SMD technique is used to prepare mutants in which two amino acid 

N

C

- term

- term
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residues are replaced by a single-cysteine and by a single-tryptophan for a subsequent specific 

spectroscopic labeling. The hVDAC1 mutants are expressed, isolated, and labeled to 

subsequently examine the proximity of neighboring β-strands in the β-barrel of hVDAC1. 

These mutants were further used to investigate interactions with the lipid bilayer, and folding 

of hVDAC1 in detergent micelles. The tryptophan is used as a natural fluorophore and the 

sulfhydryl (SH) group of cysteine residue is a suitable target for covalent protein labeling with 

a quencher of tryptophan fluorescence. Here, all SDM was performed using the QuikChange 

XL Mutagenesis Kit.  

          1.6.2 Circular dichroism spectroscopy 

 The CD technique is used by biophysicists and biochemists to examine structures of 

chiral biomolecules (Woody, 1995), protein-ligand interaction, and conformational changes of 

biological macromolecules (Greenfield and Fasman, 1969). It has been very useful in particular 

to examine the secondary structure of proteins and protein folding and unfolding as well as 

protein stability. This technique is a form of light absorption spectroscopy that measures the 

difference in the absorbance of right- and left-circularly polarized light in an optically active 

(chiral) molecule or of molecules placed in chiral environments. Since all amino acids are chiral 

and natural amino acids are always L-enantiomers, the secondary structures are also chiral, e.g. 

α-helices are always right-handed.  CD signals arise either from the chiral secondary structure 

or from the individual chiral amino acids, like Trp, Tyr or Phe, which absorb in the near- 

ultraviolet (UV) region of the spectrum. In the far UV region (180-250 nm), which is related to 

peptide bond absorption, the CD spectrum can be analyzed to detect the content of the various 

secondary structures, such as α-helices, β-sheets, β-turns and apparently unordered structures 

(random coils). In the near UV region (260-350 nm), the CD spectrum typically reflects the 

environments of the aromatic amino acid side chains and thus provides information about the 

tertiary structure of the protein. In this work, CD spectroscopy was used to determine whether 

newly designed mutants of hVDAC1 can fold into the same native secondary structure as the 

wild-type. In addition, it has been used to investigate the principles of hVDAC1 folding, by 

examining the secondary structure formed in folding intermediates. Also, CD was used to study 

conformational changes caused by alterations of folding conditions, like alterations of physical 

parameters such as pH or temperature. CD was also used to determine the conformational 

stability of hVDAC1, e.g. as a function of the concentration of the chemical denaturant urea. 

 The ellipticity of polarized light, also called the CD is the result of differential 

absorbances (∆A) of left (L) and right (R) circularly polarized light (∆A = AL – AR) while it 



 16 

passes through an optically active (chiral) molecule. The difference in absorbance is expressed 

as a difference in the absorption coefficients (∆) by applying Beer-Lambert’s Law:    

∆ = L - R = ∆A / (c · d) 

L and R are the molar absorption coefficients for left and right circularly polarized light, 

respectively, c is the molar concentration of the protein; and d is the cell pathlength. Depending 

on the structure of optically active molecules, they absorb left- and right-circularly polarized 

light differently, so that elliptically polarized light emerges from the sample. The ellipticity 

(𝛩obs) in degree is measured by CD spectrometry and depends on the wavelength :   

𝛩obs () = ln (10). 180/ (4). ∆ () · c · d 

The estimation of the composition of the secondary structure of a specific protein requires the 

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

(Abrams and London, 1992).  

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

In this equation, [Θ](λ) is the molar ellipticity, typically calculated in deg · cm2 · dmol–1; Θobs 

(λ) is the recorded ellipticity (CD signal) in deg, n is the number of amino acid residues of the 

protein, d is the pathlength in cm of the light through the cuvette that contains the sample , and 

c is the concentration of the sample in mol/L. The factor 100 emerges from to the conversion 

of mol into dmol and from the use of 1000 cm3 instead of 1 L. To obtain the unit of [Θ] (λ) in 

deg · cm2 · dmol–1 (used in most research papers on the CD of proteins), the c could also be 

converted from mol/L to dmol/cm3. The factor 100 must in this case be removed from equation 

1.4. 

 The secondary structure of each protein leads to a unique CD spectrum in the far UV 

spectral region ( 150-250 nm). In this wavelength range, the relative contents of α-helices, β-

sheets, and random coil structures produce a characteristic shape and amplitude of the CD 

spectrum (Figure 1.6).  
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Figure 1. 6 Far UV CD spectra correlated with different secondary structure.  

 
A typical CD spectrum of α-helical proteins shows two minima at 222 and 208 nm with negative 

ellipticities and a maximum at 193 nm with a positive ellipticity (Holzwarth and Doty, 1965), 

whereas CD spectra of proteins with antiparallel β-pleated sheet structure possess a single 

minimum at 218 nm (also of negative ellipticity, but weaker than observed for helical secondary 

structures) and a maximum at 195 nm, also with positive, but overall weaker ellipticity  than 

observed at 193 nm for α-helical structures (Greenfield and Fasman, 1969). CD is also useful 

as a quantitative method for analyzing the secondary structure of protein. Its utility as a 

quantitative technique is based on a variety of analysis methods, which use computational 

algorithms and databases of reference spectra of proteins of known high resolution crystal 

structures. Widely used are the algorithms CDSSTR (Johnson, 1999), CONTIN (Provencher 

and Glockner, 1981), SELCON3 (Sreerama and Woody, 2000) (Sreerama et al., 1999), K2d 

(Andrade et al., 1993) and VARSLC (Manavalan and Johnson, 1987). Both, the software 

package CDPro that is publicly available and the online server DICHROWEB (Whitmore and 

Wallace, 2004) support these five prevalent, available analysis algorithms and they also allow 

the selection of appropriate sets of reference spectra of representative proteins, including 

soluble and membrane proteins. 
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         1.6.3 Fluorescence spectroscopy 

 

 Fluorescence spectroscopy is a commonly used technique to track and analyze 

biological molecules without damaging them. A chromophore emits radiation (light) of a longer 

wavelength after it has been electronically excited by the absorption of electromagnetic 

radiation, like UV or visible light. This shift between absorption and emission spectra is called 

Stokes shift. The absorbed light always has to be of higher energy than the emitted light as 

some energy is lost due to internal energy conversion in the chromophore. A smaller frequency 

of the radiation (the light) corresponds to a longer wavelength and a lower energy. When an 

atom or a molecule absorbs light (UV or visible-VIS), the energy of the photon absorbed lifts 

the electron to an excited state. As the excited electron transfers back into its lower energy 

orbital, the molecules lose energy by radiative decay. Based on the nature of the excited state, 

there are two modes of radiative decay, fluorescence and phosphorescence. These usually occur 

when aromatic molecules are excited by UV or VIS radiation; see Figure 1.7. Phosphorescence 

occurs when the light is emitted by chromophores that are in an excited triplet state, in which 

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

the transition to the ground state requires a spin-reversal, which takes longer time. In contrast, 

the emission of light from an excited singlet state, where the excited electron has the opposite 

spin as the electron that remained in the ground state orbital, is called fluorescence.  

 Aside from the electronic energy levels, the energy states of the chromophores also have 

vibrational and rotational energy levels. However, the differences between these levels are 

much smaller. According to the Born-Oppenheimer approximation, ΔEelec >> ΔEvib >> ΔErot 

Within the rules of quantum physics, energy can be converted between electronic, vibrational 

and rotational levels, which is called internal conversion (i.c.). Internal conversion leads to 

some non-radiative decay of the excited chromophore before the remaining energy can be 

emitted as fluorescence or phosphorescence. This partial loss of energy through non-radiative 

processes (or dissipation of heat) results in a fluorescence spectrum that is shifted toward a 

range of longer wavelengths. The fluorescence life time is the time it takes to deactivate the 

fraction of the chromophores by emission of fluorescence. This is typically not equal to the 

total life time of the excited state as there are completely radiation less processes as well, like 

the quenching of the fluorescence. The fluorescence lifetime is the time that it takes to 

deactivate the fraction of 1/e = 0.368… of all molecules that emit photons and therefore are 

fluorescent. The fluorescence lifetime of the excited singlet electronic state is quite short, and 

fluorescence typically occurs for around 10 nanoseconds. In this process, the emitted light is of 



 19 

lower energy and therefore also of a longer wavelength than that of the absorbed light. Some 

energy of the excited fluorophore is typically lost because of the relaxation of its vibrational 

modes while the electron is in the excited state. This difference in energy or wavelength is leads 

to the observed the Stokes shift.  

 

Figure 1.7 Jablonski diagram illustrating the electronic states of molecules in the phenomena of fluorescence and 

phosphorescence.   

 Fluorescence spectroscopy is a powerful and sensitive technique. It is applied to study 

the structure, the structural changes, the dynamics of molecules in complex systems, the 

interactions between proteins or between proteins and lipids, and protein folding and stability. 

The technique is sensitive to changes in the molecular environment of the excited fluorophore. 

The intrinsic fluorescence of aromatic amino acids (tryptophan, phenylalanine, or tyrosine) 

present in proteins occurs naturally upon excitation with radiation of the required energy. 

Extrinsic fluorophores are commercially available. These are synthetic dyes that are covalently 

bonded to the protein either at selected side-chains or at the C- or N-termini to produce 

fluorescence with specific spectral properties.  

 In the present study, the natural amino acid tryptophan is useful as a fluorophore. The 

fluorescence of tryptophan depends on its direct environment, e.g. on the polarity of the 

neighboring residues and on the exposure to polar or non-polar neighbor molecules. It also 

depends on the fluorescence quenching properties of neighbor groups or solvent molecules. As 

the polarity of the environment of the tryptophan affects the emission wavelength of the emitted 

radiation that is the wavelength range of the fluorescence spectra, the emission spectra can 
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indicate a polar (longer wavelength) or an apolar (shorter wavelength) environment of the 

tryptophan.  

          1.6.4 Fluorescence quenching (intermolecular site-directed fluorescence quenching) 

 Fluorescence quenching refers to any process that leads to the reduction of the 

fluorescence intensity of a sample. During the quenching process, the absorption remains 

unaffected, but the energy of the excited state is dissipated to the quencher molecules. 

Quenching is observed only for very close proximity that is when there is a possibility for 

contact between the fluorophore and quencher. A variety of molecular interactions can result 

in quenching, including static (that is complex formation between fluorophore and quencher 

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

formation. In contrast, fluorescence resonance energy transfer (FRET), also called Förster 

resonance energy transfer (or simply Förster Transfer) can occur over distances of up to 80 Å 

between a donor and acceptor of the resonance energy (Lakowicz, 2006) but typically requires 

larger chromophores with extended conjugated π-electron systems. In case of FRET, the 

acceptor is a fluorophore. In all other (non-resonance) cases of fluorescence quenching, a 

decrease in fluorescence intensity occurs when a fluorophore molecule interacts directly with a 

specific quencher molecule or probe. A wide variety of substances can act as quenchers of 

tryptophan fluorescence, such as acrylamide, cysteine, O2, iodide ions, nitroxide groups like in 

the spin-labeling reagent (1-Oxy-2,2,5,5- tetramethylpyrroline-3-methyl) methanethiosulfonate 

(MTSSL) (Calhoun et al., 1986). Here, the MTSSL is used as a labeling reagent to site-

specifically introduce a fluorescence quencher into VDAC in order to examine the principles 

of folding and insertion of this β-barrel TMP.
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      2. Motivation and aim of these studies  
 

 It is not possible to accurately predict the high-resolution 3D-structure of soluble or 

membrane proteins only from the primary sequence of their polypeptide chains. Therefore the 

structure of each new protein must be solved in an often very time consuming experimental 

research project. However, knowledge of the high-resolution 3D structures of proteins is 

necessary to understand structure-function-relationships. The Levinthal-Paradox (Levinthal, 

1968), states that the sampling of all possible conformations of a polypeptide chain of about 

100 residues requires many years, but because water-soluble proteins fold on a millisecond 

time-scale, defined folding pathways must exist.  In comparison to a large number of folding 

studies on water soluble proteins, relatively few studies address the mechanisms of folding and 

insertion of membrane proteins. These studies are limited by difficulties in solubilization and 

handling of membrane proteins because these are very hydrophobic and tend to aggregate in 

the absence of a membrane or detergent micelle. To gain insight into the principles of membrane 

protein folding, mechanistic studies have been performed and these studies are an important 

area of research. The exploration of the mechanistic principles of folding and insertion is not 

only important for structure prediction but also provides insights into connections of biological 

processes as knowledge of the required time-scales are important for understanding biological 

structure and function.  

 To date, membrane insertion and folding of OMPs into biomembranes is not very well 

understood. A mechanism where folding and insertion are tightly coupled to another has been 

described for prokaryotic OMPs which, with the exception of the capsule transporter (Wza), 

form transmembrane -barrels. In contrast to these bacterial OMPs, far fewer studies exist on 

the mechanisms of folding of eukaryotic OMPs, despite their physiological importance for the 

function of eukaryotic cell organelles. For the most prominent and extensively studied 

hVDAC1 from the OMM there is currently only one study on the mechanism of its folding and 

insertion (Shanmugavadivu et al., 2007). The general principles how hVDAC1 inserts and folds 

into membranes are poorly understood. One reason is that hVDAC1 is far less stable than 

bacterial OMPs, another reason is that with 19 β-strands, hVDAC1 is much larger and more 

complex than the 8-stranded β-barrels OmpA and PagP studied in most of the previous reports 

on the mechanisms of folding and membrane insertion. In contrast to bacterial OMPs, 

mitochondrial OMPs are more difficult to handle in solubilized, membrane-extracted forms.  
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The high-resolution structure of hVDAC1 was solved almost 20 years after first structures for 

bacterial OMPs were published. Although there are other very important OMPs in mitochondria 

such as Tom40, their high-resolution structures have not been reported yet.  

 Unlike bacterial OMPs, folded hVDAC1 does not tolerate SDS-detergent and it is not 

possible to distinguish folded and unfolded forms by SDS-PAGE, a method that has greatly 

facilitated studies on the folding of prokaryotic OMPs like OmpA, PagP, FomA and others, as 

this method reflects the formation of compact tertiary structure.  

 

The projects described in this thesis serve several major aims: 

 

(i) The first study aims to identify the nature of the high content of β-sheet formed in an 

aqueous folding intermediated described in a previous study (Shanmugavadivu, et al. 

2007). Previous publications did not address the question, whether the observed β-

structure of the aqueous folding intermediate of hVDAC1 reflects formation of a β-

barrel tertiary fold or non-native β-sheet, formed either intra- or intermolecularly. The 

major objectives are: 

 

a.  To obtain information about the tertiary structure of the aqueous folding 

intermediate. This includes investigations whether the two parallel β-strands 1 and 

19 of VDAC form contacts. Hydrogen-bonds between these strands would be 

needed to close the β-barrel structure and therefore for correct β-barrel tertiary 

structure formation.  

b. To identify interactions within a β-hairpin that is between antiparallel β-strands 

elsewhere in the β-barrel. 

c. To investigate the stability of the aqueous intermediate in relation to the stability of 

a detergent solubilized form, for which a high-resolution NMR-structure was 

reported. 

 

(ii) A second study is aimed at the molecular basis for β-sheet formation of hVDAC1 in 

solution. Previous work on the formation of β-strands and of the β-barrel of the eight-

stranded transmembrane domain of OmpA of E. coli showed that β-sheet formation is 

tightly coupled to membrane insertion and formation of compact tertiary structure 

(Kleinschmidt et al., 2011; Kleinschmidt and Tamm, 2002; Kleinschmidt and Tamm, 

1999). Similar results were reported for the PagP from E. coli (Huysmans et al., 2010). 
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a. The driving force for insertion of OmpA and PagP is thought to be the hydrophobic 

effect. Whether the β-sheet formed in the aqueous folding intermediate is native or 

not was an open question in the beginning of this work. In case native-like structure 

is formed already in aqueous solution, there is an increased possibility that the 

driving forces for this may be polar interactions between certain side-chains of 

VDAC. Examination of the structure of VDAC shows that there are several pairs of 

lysine and glutamic acid side-chains in direct structural proximity. The aim here is 

to investigate whether these side-chains may form contacts already in the aqueous 

phase, which drive the barrel formation without the need of a hydrophobic 

environment. The role of these residues for structure formation in an aqueous 

folding intermediate of hVDAC1, in the LDAO-solubilized form and in lipid 

bilayers will be compared. 

b. To identify whether pairing of lysine and glutamate are necessary for secondary 

structure formation, CD spectroscopy will be used as this method allows to 

determine the relative contents of β-sheet / β-turn, α-helical and disordered structure. 

c. To examine, whether pairing of lysine and glutamate is required for β-barrel 

formation, intramolecular site-directed fluorescence quenching will be used. 

 

(iii) In a third study, the kinetics of the hVDAC1 folding and insertion are examined. 

a. Previous work has demonstrated that OmpA has to absorb to a membrane 

surface before native-like contacts between adjacent strands can form (Kleinschmidt 

and Tamm, 2002). The formation of β-strands and the insertion into a lipid bilayer 

were largely synchronized with very similar rate constants in a rate limiting step. 

Here, the rates of folding will be investigated to determine the relative time-scales 

of β-barrel formation and of insertion of hVDAC1. 

b. As activation energies have been previously determined for insertion of OmpA, the 

temperature dependence of the kinetics of folding and insertion of hVDAC1 will be 

analyzed. The aim is to estimate the activation energy of hVDAC1 insertion. 

 

While related, these three studies are largely independent and could lead to separate journal 

publications. Answering these questions on folding and membrane insertion of hVDAC1 

requires the usage of specific molecular biological, biochemical and biophysical techniques. 

The methods used in this study include combinations of site-directed mutagenesis, isolation of 
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hVDAC1 mutants, CD spectroscopy, fluorescence spectroscopy and special fluorescence 

methods like monitoring site-directed fluorescence quenching, also in combination with kinetic 

experiments. 
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  3. The voltage-dependent anion-selective channel (VDAC) human isoform 

1 can fold into native-like β-barrel structure in an aqueous folding 

intermediate in the absence of lipid membranes or detergent micelles.   
 

        3.1 Abstract  

 
 To date, all biophysical folding studies on β-barrel membrane proteins from outer 

membranes (OMPs) indicated a coupled mechanism of folding and membrane insertion. Most 

of these studies were performed with smaller OMPs from bacteria. Here we have investigated 

folding and insertion of a mitochondrial OMP, the voltage-dependent anion-selective channel 

(VDAC), human isoform 1 (hVDAC1). To examine whether folding and insertion are coupled 

for hVDAC1, the association of neighboring -strands of the 19-stranded -barrel of hVDAC1 

was studied in the absence and in the presence of lipid bilayers. The formation of antiparallel 

-strands and of the parallel β-strands 1 and 19 that close -barrel were examined by site-

directed fluorescence quenching. Based on a gene encoding a mutant of hVDAC1, in which the 

four native tryptophans (W) were replaced by phenylalanine and the two native cysteines (C) 

were replaced by alanine, several fluorescent single-C, single-W- hVDAC1 mutants (XnC-

ZmW-FhVDAC1) were designed, expressed and isolated. The C and the W replaced residues 

X and Z, that were selected for their structural proximity at positions n and m in two adjacent 

-strands of the -barrel. The C was labeled with a nitroxide spin label, which is a short-range 

quencher of fluorescence. The association of the neighboring -strands upon folding of 

hVDAC1 was then investigated by intramolecular quenching of the tryptophan (W) -

fluorescence by the nitroxide-label covalently linked to the SH-group of the C. Fluorescence 

spectroscopy demonstrated that contacts between neighboring -strands are not observed for 

the urea-denatured mutants of hVDAC1. Regardless of its folding state and environment 

(unfolded in 8 M urea, in aqueous buffer after urea dilution, in detergent micelles or lipid 

bilayers), contacts were also never observed for another mutant used as a negative control, 

I138C-L275W-FhVDAC1, in which C and W are in β-strands 9 and 19 and thus neither in 

neighbor  strands nor in structural proximity. In contrast, all specifically designed mutants of 

hVDAC1 that contain W and C in proximity in the high-resolution structure, formed an aqueous 

intermediate with a native-like β-barrel structure as indicated by intramolecular site-directed 

fluorescence quenching and CD spectroscopy. The fluorescence quenching in these aqueous 

intermediates formed after urea-dilution was very similar to the fluorescence quenching of the 

mutants folding and insertion into lipid bilayers, indicating that in contrast to previous 



 26 

observations for bacterial OMPs, the β-barrel of hVDAC1 is largely formed already in the 

aqueous folding intermediate in the absence of lipid or detergent.  

       3.2 Introduction 

 Based on the structure of their transmembrane domains (TM), integral membrane 

proteins are divided into two major classes: -helical TMPs, which are ubiquitously distributed 

and contain one or more α-helices that span the membrane, and  -barrel TMPs, which span the 

membrane via multiple antiparallel amphipathic -strands. -barrel TMPs are present in the 

outer membranes of Gram-negative bacteria, mitochondria, and chloroplasts (Wimley, 2003; 

Koebnik et al., 2000; Popot et al., 1987). The association of the adjacent -strands of the -

barrel and the mechanisms of the structure development of the -barrel have so far been studied 

only for OmpA. Coupled processes of barrel formation and insertion into lipid bilayers were 

found (Kleinschmidt and Tamm, 1999; Kleinschmidt et al., 2011). Evidence for a similar 

coupling of folding and membrane insertion was reported for the OMP FomA (Pocanschi et al., 

2006; Kleinschmidt, 2006); and PagP (Huysmans et al., 2012). The -barrel membrane proteins 

usually contain an even number of antiparallel strands. The number of strands observed in the 

discovered structures of -barrel membrane proteins to date ranges from 8 strands of the TM 

domain of the OmpA from E. coli (Arora et al., 2001; Pautsch and Schulz, 2000) to 26 strands 

in the lipopolysaccharide (LPS) channel (LptD) (Qiao et al., 2014; Botos et al., 2016).  

 To date, the 19-stranded -barrel of the voltage-dependent anion-selective channel 

(VDAC) from the OMM of mammalian cells (Colombini, 2004) is the only -barrel that is 

composed of an uneven number of strands (Hiller et al., 2008; Bayrhuber et al., 2008; Ujwal et 

al., 2008). The -barrel of hVDAC1 can be folded reversibly from its denatured form in 

concentrated solutions of urea or other chaotropic denaturants into detergent micelles and lipid 

membranes upon dilution of urea or other chaotropic denaturants (Buchanan, 1999). 

Neighboring antiparallel -strands in -barrel proteins are connected to each other by hydrogen 

bonds between the amide-protons and the carbonyl oxygen groups of the polypeptide backbone 

through polar interaction. In addition, the hydrogen bonds between the peptide groups of the 

N-terminal and C-terminal β-strands seal the -barrel. The insertion and folding of membrane 

proteins are essential processes for all life forms, but the physical principles and mechanisms 

how the 3-dimensional structures are formed in the membranes are still not well understood. 

The formation of local interactions will determine folding of the polypeptide chain. This 

suggests the presence of stable local structures between certain amino acid residues in the 

polypeptide. These structures may form early in the folding process and may serve as nucleation 

sites for the further folding. The formation of amino acid side-chain contacts has previously 
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been studied for the eight-stranded transmembrane domain of the OmpA (Kleinschmidt et al., 

2011). Previous evidence has shown that the formation of the native -sheet secondary structure 

of OmpA requires the presence of a lipid bilayer (Kleinschmidt and Tamm, 2002; Kleinschmidt 

et al., 1999). In contrast, for hVDAC1 it was found that a large fraction of -sheet structure 

already forms after denaturant dilution in an aqueous solution in the absence of any lipid 

bilayers or detergent micelles (Shanmugavadivu et al., 2007).  

 However, the previous study did not address whether the observed β-sheet secondary 

structure corresponded to native β-barrel structure or not. Here, the present working hypothesis 

is that native structure of hVDAC1 can form in aqueous solution in the absence of any 

hydrophobic environment. This would be of fundamental biophysical importance, as it implies 

that the Anfinsen paradigm that the primary structure alone determines the fold of a soluble 

protein, is not only valid for soluble proteins, but, regardless of the complexity of a membrane 

environment also for at least one membrane protein, namely hVDAC1. In order to test this 

hypothesis for hVDAC1, here the association of adjacent -strands, the formation of the 

hVDAC1 -barrel and the presence of a stable local structures formed between certain amino 

acid residues in a folding intermediate of hVDAC1 was examined. VDACs are interesting 

models for the folding of transmembrane -barrel proteins, as they are found in mitochondria 

of all eukaryote cells (Blachly-Dyson et al., 1993). In this study, the formation of the 

neighboring -strands during the folding of the 19-stranded -barrel of hVDAC1 was 

investigated for six pairs of strands, 12, 34, 910, 1819, 919 and 119. The sealing 

of the -barrel of hVDAC1 between the N- and C- terminal strands 1 and 19 was examined, 

as this is a crucial step for the formation of the -barrel and therefore of the tertiary structure. 

The formation of the β-strand association was monitored by intramolecular site-directed 

tryptophan fluorescence (W-fluorescence) quenching of fluorescent single-C, single-W 

mutants of hVDAC1, each containing both, a single-cysteine (C) at position n and single-

tryptophan (W) at position m, in the polypeptide chain. The X and Z indicate the selected amino 

acids residues that were to mutated to cysteine and tryptophan to obtain XnC-ZmW-FhVDAC1. 

This technique requires a fluorophore and a fluorescence quencher to be simultaneously present 

in neighboring β-strands of the protein. The cysteine was labeled with a nitroxide spin label 

that serves as a fluorescence quencher and the tryptophan was used as a natural fluorophore. 

Since fluorescence quenching is observed only for a short distance (likely direct contact is 

required at least temporarily) between quencher and fluorophore, the locations of W and C were 

selected based on the close structural proximity of the replaced residues in the folded structure 

of the protein. Here, the tryptophan and cysteine were inserted by replacing residues in 
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neighboring -strands by SDM to prepare each selected XnC-ZmW-FhVDAC1 mutant. All 

XnC-ZmW-FhVDAC1 mutants used in the present work were prepared based on a previously 

constructed plasmid, in which the codons for the four native tryptophans were substituted by 

codons for phenylalanine, and the codons for the two natural cysteines were replaced by codons 

for alanine (Shanmugavadivu, 2007, doctoral thesis, 2007). For a negative control for proximity 

analysis by fluorescence quenching, an additional mutant, I138C-L275W-FhVDAC1, was 

prepared. C138 and W275 are not in close proximity in the NMR structure of hVDAC1. 

Therefore, the fluorescence of W275 cannot be quenched by a quencher chemically linked to 

C138 as the distance is comparably large in the folded β-barrel and direct contact between the 

W and the quencher at the cysteine is sterically impossible. The fluorescence intensities in the 

presence of the nitroxide-label and in its absence should therefore be similar, in contrast to the 

corresponding spectra of all other mutants. Therefore, the recorded fluorescence data of this 

mutant served as a control and for fluorescence data obtained for other single XnC-ZmW-

FhVDAC1 mutants. Nitroxide spin-labels act as fluorescence quenchers only over close 

proximities as previously shown for the determination of the distance of a tryptophan from the 

center of the lipid bilayer by spin-labeled lipids (London and Feigenson, 1981; Chattopadhyay 

and London, 1987). The use of intramolecular site-directed fluorescence quenching by a 

nitroxide-label was previously established for OmpA (Kleinschmidt et al., 2011). The locations 

of n and m are shown for all mutants in (Figure 3.1). The distances between the replaced amino 

acids are given in Table 3.1 based on the NMR structure of hVDAC1 (Hiller et al., 2008). In 

order to also monitor the secondary structure of hVDAC1, CD spectroscopy was performed on 

hVDAC1 in an aqueous buffer solution, in solutions of detergent micelles (LDAO) in the same 

buffer, and in lipid bilayers of aqueous vesicles, also in the same buffer. Since the environment 

affects the folding of membrane proteins, in this study, the structural changes of concentrated 

unfolded hVDAC1 from stock solutions of 8 M urea (a strong chaotropic denaturant) were 

examined by dilution of the urea and the hVDAC1 in different environments, namely DLPC, 

LDAO, and buffer. 



 29 

 

 

Figure 3.1 The structure of the hVDAC1 (NMR structure, PDB: 2k4T) and the mutated amino acids used to 

examine the formation of the -barrel are shown. To examine the formation of the barrel of hVDAC1, we 

expressed and isolated nine different XnC-ZmW-FhVDAC1 mutants from E. coli. A plasmid encoding an 

hVDAC1 mutant, in which the four native tryptophans were substituted by phenylalanine and the two native 

cysteines were replaced by alanine, served as a template for site-directed mutagenesis. (A) Among the prepared 

XnC-ZmW-FhVDAC1 mutants were I27C-L275W-FhVDAC1, L31C-F281W-FhVDAC1, K32C-Q282W-

FhVDAC1, and A283C-T33W-FhVDAC1. These were prepared to monitor the sealing of the β-barrel between 

strands 1 and 19. Additional mutants (I27C-A47W-FhVDAC1 and L263C-L275W-FhVDAC1) were prepared 

to monitor the association of strands 1 and 2 as well as of 18 and 19, respectively. To monitor the association 

of 3 and 4, the mutant L58C-W75W-FhVDAC1 was prepared. (B) To monitor the association of 9 and  10, 

the mutant I138C-F157W-FhVDAC1 was prepared. (C) The positions of the residues replaced by cysteine and 

tryptophan in XnC-ZmW-FhVDAC1 mutants are indicated in the primary structure of hVDAC1. The primary 

structure is drawn to illustrate the hVDAC1 topology of folded hVDAC1. The mutated residues are highlighted 

(Hiller et al., 2008).  

 

 

3

4

9 10

1

2

18

L

L

L
L

31

58

275
263

I 27

A

A

47

283 Q 282

F
281N - Term

C - Term

K32

19

W75

T
33

A

1

19
18

3
4

9

10

2

W75

L58

L 31

F
157 I 138

B

S

S

N

C

Inter Membrane space

H

K

L

G

L

G

L

D

G

L

E

F

Q

L

A

S

L

T

S

L

K

I

I

G

L

Y

Y

T

Q

T

L

N

V

K

A

S

F

C

R

F

G

I

K

A

A

Y

T

W

A

L

N

V

A

E

F

G

G

S
I

Y

Q

N

N

V

N

T

H

L

Q

F

Q

S

F

A

V

G

K

T

E

F

N

M

Q

Y

G

A
L

K
I

R

G

A

L

V

L

D

M

D

C

G

L

N

I

K

N

A

I

K

T

G

Y

K

R

F

S

D

F

T

L

K

L

T
L

G

T

E

I

T

V

E

N

W

K

E

T

F

T

L

V

T

G

S

L

E

T

K

Y

A

S

G

S

S

T

F

E

L

K

L

D

L

K

T

K

S

I

T

E

A

G
G

A

N V

N

K

G

D

G

P K

L
S S

N

A

D

P D

I
Q

T

N

S
N

G

A

L

K

K N

V

K

T G

D

E
D

T

V

R
S K

A
T

G

R
A

L

Q

P

G
A

I

D

F

H
E

K
G

T
N

P

G

R

A L

Q

G

Y
E

T

W

R

N D

T

K
T

T E

T

N

L

G

N E

G
F

G

Y

G

K
T

F
V

DR
ASKGLDAY

TPPVAM

1

2

3

4

5

6
7

8

9

10

11

12

13

14
15

16
17

1819

Cytosol

C



 30 

Table 3.1 Distances between tryptophan and cysteine residues in the XnC-ZmW-FhVDAC1 mutants 

and the observed folding events  

 
 XnC-ZmW-

FhVDAC1 mutants 
Cn mutation Zm mutation d C-W (A°)a Folding event monitored 

     
I27C-A47W I27 to C27 A47 to W47 5.2 β1-β2 Strand association at the barrel top 

  L58C-W75W L58 to C58 W75  5.4 β3-β4 Strand association at the barrel top 

  I27C-L275W I27 to C27 L275 to W275 8.6 β1-β19 β-barrel closure at the barrel top 

  L31C-F281W L31 to C31 F281 to W281 5.5 β1-β19 β-barrel closure at the barrel bottom  

  K32C-Q282W K32 to C32 Q282 to W282 6.4 β1-β19 β-barrel closure at the barrel bottom  

  A283C-T33W A283 to C283 T33 to W33 6.8 β1-β19 β-barrel closure at the barrel bottom  

  I138C-F157W I138 to C138 F157 to W157 6 β10-β9 Strand association at the barrel top 

  L263C-L275W L263 to C263 L275 to W275 8.6 β18-β19 Strand association at the barrel top 

  I138C-L275W I138 to C138 L275 to W275 38.7 β9-β19 Strand association at the barrel top 

a d C-W is the estimated distance between the C carbons of the two residues replaced by cysteine, and tryptophan, 

respectively in each of the XnC-YmW-FhVDAC1 mutants.  d C-W was determined from the high-resolution 

NMR-structure (2K4T) (Hiller et al., 2008) of wild type hVDAC1 with PyMol. 

 

       3.3 Materials and methods 

 

          3.3.1   Construction of plasmids encoding XnC-ZmW-FhVDAC1 mutants 

 

 To prepare each XnC-ZmW-FhVDAC1 mutant, with the amino acid substitutions at the 

specified positions, a plasmid (pET22b-hVDAC1free C, W) encoding an hVDAC1 mutant, in 

which four native tryptophans were substituted by phenylalanine and the two native cysteines 

were replaced by alanine (Shanmugavadivu, 2007, doctoral thesis, 2007), was used as a 

template for site-mutagenesis.  

 SDM was performed using the QuikChange method (Agilent Technologies, Santa 

Clara, USA). The PCR reaction was performed in a thermocycler (BIO-RAD) with specifically 

designed oligonucleotide primers (designed using SnapGene version 2.3.2, synthesized by 

Eurofins MWG Operon (Ebersberg, Germany)). These primers contained mismatched codons 

for replacing the amino acids. The used oligonucleotide primers are listed in (Table 3.2). 

The PCR product was transformed into E. coli XL-10-Gold ultra-competent cells according to 

the protocol of the manufacturer. A clone obtained from the XL-10-Gold transformants was 

selected, and its plasmid was isolated using the Spin Miniprep Kit. The plasmid obtained from 

the transformed clone was then sequenced (GATC biotech AG, Germany) to confirm the 

success of the mutagenesis. The plasmid containing the correct mutation was transformed into 

E. coli BL21 (DE3) omp8 fhuA for the expression of single XnC-ZmW-FhVDAC1 mutants.  
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Table 3.2 PCR primers used for site-directed mutagenesis 

XnC-ZmW-FhVDAC1 Amino acid PCR primers 

Mutant Substituted    

I27C-A47W I27C Forward 5'-GGGCTATGGATTTGGCTTAATCAAGCTTGATTTGAAAACAAAATC-3' 
  

Reverse 5'-GATTTTGTTTTCAAATCAAGCTTGATTAAGCCAAATCCATAGCCC-3' 
 

A47W Forward 5'-GATTGGAATTTACAAGCTCAGGCTCATGGAACACTGAGACCACC-3' 
  

Reverse 5'-GGTGGTCTCAGTGTTCCATGAGCCTGAGCTTGTAAATTCCAATC-3' 
   

L58C-W75W L58C Forward 5'-CACCAAAGTGACGGGCAGTTGCGAAACCAAGTACAGATTC-3' 
  

Reverse 5'-GAATCTGTACTTGGTTTCACGACTGCCCGTCACTTTGGTG-3' 
   

I27C-L275W I27C Forward 5'-GGGCTATGGATTTGGCTTAATCAAGCTTGATTTGAAAACAAAATC-3' 
  

Reverse 5'-GATTTTGTTTTCAAATCAAGCTTGATTAAGCCAAATCCATAGCCC-3' 
 

L275W Forward 5'-GCTGGTGGCCACAAGCTGGGTCTAGGATTTGAATTTCAAG-3' 
  

Reverse 5'-CTTGAAATTCAAATCCTAGACCCAGCTTGTGGCCACCAGC-3' 
   

L31C-F281W L31C Forward 5'-GGGCTATGGATTTGGCTTAATCAAGCTTGATTGCAAAACAAAATC-3' 
  

Reverse 5'-GATTTTGTTTTGCAATCAAGCTTGATTAAGCCAAATCCATAGCCC-3' 
 

F281W Forward 5'-TGGTGGCCACAAGTTGGGTCTAGGATTTGAATGGCAAGCATAAC-3' 
  

Reverse 5'-GTTATGCTTGCCATTCAAATCCTAGACCCAACTTGTGGCCACCA-3' 
   

K32C-Q282W K32C Forward 5’-CAAGCTTGATCTGTGCACAAAATCTGAGAATGGATTGG-3’ 
  

Reverse 5’-CCAATCCATTCTCAGATTTTGTGCACAGATCAAGCTTG-3’ 
 

Q282W Forward 5’-GGGTCTAGGATTGGAATTTTGGGCATAACTCGAGCACCACC-3’ 
  

Reverse 5’-GGTGGTGCTCGAGTTATGCCCAAAATTCCAATCCTAGACCC-3’ 
   

A283C-T33W A283C Forward 5'-CAAGTGGGGTCTAGGATTTGAATTTCAATGCTAACTCGAGCACC-3' 
  

Reverse 5'-GGTGCTCGAGTTAGCATTGAAATTCAAATCCTAGACCCCACTTG-3' 
 

T33W Forward 5'-GGCTTATGCAAGCTTGATTTGAAATGGAAATCTGAGAATGG-3' 
  

Reverse 5'-CCATTCTCAGATTTCCATTTCAAATCAAGCTTGCATAAGCC-3' 
   

I138C-F157W I138C Forward 5'-CGACATTGCTGGGCCTTCCTGCCGGGGTGCTCTGGTGCTAGG-3' 
  

Reverse 5'-CCTAGCACCAGAGCACCCCGGCAGGAAGGCCCAGCAATGTCG-3' 
 

F157W Forward 5'-CGGCTACCAGATGAATTGGGAGACTGCAAAATCCCGAG-3' 
  

Reverse 5'-CTCGGGATTTTGCAGTCTCCCAATTCATCTGGTAGCCG-3' 
   

L263C-L275W L263C Forward 5'-CTGACACTGTCAGCTCTTTGCGATGGCAAGAACGTC-3' 
  

Reverse 5'-GACGTTCTTGCCATCGCAAAGAGCTGACAGTGTCAG-3' 
 

L275W Forward 5'-GCTGGTGGCCACAAGCTGGGTCTAGGATTTGAATTTCAAG-3' 
  

Reverse 5'-CTTGAAATTCAAATCCTAGACCCAGCTTGTGGCCACCAGC-3' 
   

I138C-L275W I138C Forward 5'-CGACATTGCTGGGCCTTCCTGCCGGGGTGCTCTGGTGCTAGG-3' 
  

Reverse 5'-CCTAGCACCAGAGCACCCCGGCAGGAAGGCCCAGCAATGTCG-3' 
 

L275W Forward 5'-GCTGGTGGCCACAAGCTGGGTCTAGGATTTGAATTTCAAG-3' 
  

Reverse 5'-CTTGAAATTCAAATCCTAGACCCAGCTTGTGGCCACCAGC-3' 

 

Mismatched nucleotides used for mutagenesis are shown in bold and underlined in the primer sequence. The 

numbers shown in mutants are the positions of the replaced amino acid residue in the hVDAC1 sequence. The 

residue to the right represents the amino acid to which it was mutated, and the residue to the left of the number 

indicates the selected amino acid. “Forward” denotes the primer complementary to the 3´-5´DNA strand, and 

“reverse” denotes the primer complementary to the 5´-3´DNA strand.  
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The mutants are named according to the position of the amino acid residues within the amino 

acids sequence of hVDAC1 and their substitution (Table 3.3).  All single XnC-ZmW-

FhVDAC1 mutants were expressed and purified. 

 

 
Table 3.3 List of plasmid and single cysteine and tryptophan of hVDAC1 

Vector Cys position/Substitution  Trp position/Substitution Source 

    
pET22b-I27C-A47W-FVDAC I27C A47W this work 

pET22b-L58C-W75W-FVDAC L58C W75 this work 

pET22b-I27C-L275W-FVDAC I27C L275W this work 

pET22b-L31C-F281W-FVDAC L31C F281W this work 

pET22b-K32C-Q282W-FVDAC K32C Q282W this work 

pET22b-A283C-T33W-FVDAC A283C T33W this work 

pET22b-I138C-L157W-FVDAC I138C F157W this work 

pET22b-L263C-L275W-FVDAC L263C L275W this work 

pET22b-I138C-L275W-FVDAC  I138C  L275W  this work  
The new plasmids were prepared based on a previously constructed plasmid, in which all native tryptophan and 

cysteines were substituted by phenylalanine and alanine.  The numbers shown in mutants are the position of the 

amino acid residue in the hVDAC1 sequence. The residue to the right represents the amino acid to which it was 

mutated, and the residue to the left of the number indicates the selected amino acid. 
 

 

          3.3.2 Expression and purification of XnC-ZmW-hVDAC1 mutants 

 A single clone containing the plasmid pET22b (+)-XnC-ZmW-FVDAC, containing the 

gene encoding the selected XnC-ZmW-FhVDAC1 mutant, was chosen from an LBAmp agar 

plate (100 g/ml ampicillin) and used to inoculate 160 ml LBAmp (100 g/ml ampicillin). Cells 

were grown overnight at 37 °C under shaking at 180 rpm. 4 L of LB medium containing (100 

g/ml ampicillin) were then inoculated with the overnight culture. Cells were then grown at 37 

°C to an OD600 of 0.9. The expression of XnC-ZmW-FhVDAC1 mutants was induced by adding 

IPTG to the final concentration of 1 mM into the medium. After 4 h of induction, cells were 

harvested by centrifuging at 7,000 rpm for 15 min (Thermoscientific Sorvall Lynx 600 

centrifuge, rotor F9). 

 The purification was performed as described (Shanmugavadivu et al., 2007; 

Shanmugavadivu, 2007, Ph, D. thesis, University of Konstanz), but with changes in several 

steps: Cells were solubilized in lysis buffer A (25 mM Tris, 150 mM NaCl, pH 8) containing a 

tablet of a protease inhibitor cocktail (Roch Diagonstic GmbH), DNAse (1 g/ml), RNAse 

(1 g/ml), and Lysozyme 25 g/ml. The suspension was incubated in an ice bath for 30 min 

under stirring. Cells were disrupted for 30 min with a Branson ultrasonifier using a macrotip 

and 20 % power. To obtain inclusion bodies (IBs) of each XnC-ZmW-FhVDAC1 mutant, the 

lysates of the corresponding cells were centrifuged at 51500 g at 4 °C with an ultracentrifuge 
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(Beckmann Coulter centrifuge, rotor Ti55.2). IBs were homogenized with a glass homogenizer 

in buffer A and centrifuged under the same condition. The pellet was washed with a buffer 

(25 mM Tris, 150 mM NaCl, 1 % Titon X-100, pH 8). The suspension was centrifuged at 

33000 g for 30 min. The IBs of single XnC-ZmW-FhVDAC1 mutants were resuspended in 

100 mM Tris, 10 mM DTT, 1 mM EDTA, pH8 containing 8 M urea and solubilized overnight. 

The protein was purified by an ion exchange chromatography using an FPLC system 

(ÄKTAprime plus, GE Healthcare Life Science, Freiburg). A DEAE-Spharose (Amersham 

Biosciences, Sweden) fast flow anion exchange column (GE Healthcare Europe GmbH) was 

equilibrated with 4 column volumes (CV) of the buffer (50 mM Tris, pH 8, containing 8 M 

urea). Solubilized IBs of single XnC-ZmW-FhVDAC1 mutants were loaded onto a DEAE-

Sepharose column in an equilibration buffer. Single XnC-ZmW-FhVDAC1 mutants were 

collected in flow-through and dialyzed overnight against buffer B (50 mM MES, pH 6 

containing 8 M urea) and purified over pre-equilibrated a CM-Sepharose (Amersham 

Biosciences, Sweden) fast flow cation exchange column with buffer B. The protein was eluted 

by buffer B by applying a linear gradient of 0-500 mM NaCl. Fractions containing the protein 

were pooled and concentrated. The concentration of the protein was determined (Lowry et al., 

1951).   

 

          3.3.3 Preparation of lipid bilayers 

 The phospholipid (DLPC), from Avanti polar lipids (Alabaster, AL) was used to prepare 

(LUVs). DLPC was dissolved in a mix of chloroform/methanol (1:1) in a dark brown glass vial 

in a concentration of 10 mg/ml. To obtain a thin lipid film, the mixture was dried under a stream 

of nitrogen at least 20 min and in a desiccator under high vacuum to remove the residual solvent 

overnight. The lipid film was hydrated in a buffer. Selected buffers were (10 mM Citrate, 2 mM 

EDTA, appropriately adjusted to pH 3, 4, 5, or 6 as needed), 10 mM Tris (at pH 7, 8, and 9), 

10 mM sodium tetraborate, (pH 10) and 10 mM CAPS (pH 11). Multilamellar vesicles (MLVs) 

were obtained after seven cycles of freezing the hydrated lipid in liquid nitrogen and thawing 

it at 37 °C in a thermomixer (thermomixer Comfort, Eppendorf, Hamburg). To obtain optically 

transparent LUVs of 100 nm diameter, MLV dispersions were then extruded 30 times through 

a polycarbonate membrane of 100 nm pore size (Nucleopore, Whatman, Clifton, USA). LUVs 

were always freshly prepared just before they were used for folding experiments. 
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          3.3.4 Folding of XnC-ZmW-FhVDAC1 mutants into lipid bilayers, into detergent 

micelles, and in aqueous solution  

 The folding reactions of the wild-type (wt)-hVDAC1 and of the XnC-ZmW-FhVDAC1 

mutants were initiated under the concurrent strong dilution of the urea in a buffer (10 mM 

citrate, 2 mM EDTA pH 3) containing an 800-fold molar excess of DLPC and LDAO at a final 

concentration of 15 M. All samples were incubated overnight at 25 °C. In an aqueous solution, 

the folding process was investigated immediately after urea dilution without incubation time. 

To remove urea residue (less than 0.5 M), each sample was dialyzed in an appropriated buffer. 

Experiments were performed at different pH values to examine pH-dependence of structure 

formation. 

          3.3.5 CD spectroscopy 

 The secondary structures of all XnC-ZmW-FhVDAC1 mutants were characterized by 

using CD spectroscopy in DLPC bilayers, LDAO micelles, and in aqueous solution in order to 

compare their structures in these different environments. Far UV CD spectra were recorded at 

room temperature on a Jasco J-815 CD spectrophotometer (Jasco, Gross-Ulmstadt, Germany) 

with a 0.5 mm quartz cuvette (Hellma QS, Müllheim, Germany) in a wavelength range from 

180 to 260 nm with response time 1 s, a bandwidth of 0.5 nm, and a scan speed of 50 nm/min. 

For each sample, six scans were accumulated, and the corresponding background spectra 

without protein were subtracted.  For the normalization of the spectra, the concentration of the 

protein for each sample was determined by the method of Lowry et al., 1951). All recorded 

spectra were normalized to obtain the mean molar ellipticity per residue. [Θ](λ) in deg cm
2 

dmol
-1 

(Greenfield and Fasman, 1969), which is given by:  

                                                    [] () = 100.  () / (c · n · l)                    Eq. 3.1 

Where  () is the recorded ellipticity in degree at wavelength () in nm, c is the concentration 

of the protein in mol/l, n is the number of amino acid residues of protein examined, and l is the 

path length of the cuvette in cm. The spectra were analyzed using a library of reference spectra 

of protein of known high resolution structure, which is available on the web-based server 

DICHROWEB to analyze far-UV CD spectra of protein (Whitmore and Wallace, 2004). The 

composition of the secondary structure of protein from the normalized CD spectra was analyzed 

by using the algorithms CONTIN (Provencher and Glockner, 1981) and CDSSTR (Johnson, 

1999). 
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          3.3.6   Site-directed spin labeling for intramolecular quenching of tryptophan 

fluorescence 

 Site-directed spin-labeling (SDSL) is a useful biophysical technique for investigating 

protein structure, protein intramolecular interaction, protein-protein interaction, and the 

conformational dynamics of protein by electron-spin resonance (ESR/EPR) spectroscopy. Here 

the technique is not used for ESR, but for fluorescence quenching. This fluorescence technique 

has previously been applied to the study of folding the OmpA (Kleinschmidt et al., 2011). I 

labelled each XnC-ZmW-FhVDAC1 mutant with a nitroxyl spin-labeling reagent (MTSSL; 

Santa Cruz) as described in (Gerlach, et al. 2019). In brief: MTSSL is linked covalently to the 

SH group of the cysteine. 30 M of XnC-ZmW-FhVDAC1 were diluted in 1 ml 10 mM Tris, 

2 mM EDTA, pH 7.2, containing 8 M urea and incubated with a five-fold molar excess of TCEP 

(Roth, Germany) in order to reduce disulfide bonds for 30 min at room temperature. Next, a 

10-fold molar excess MTSSL (which is dissolved in absolute ethanol) was added to the reduced 

protein in a dark reaction tube. The labeling reaction was performed at room temperature 

overnight. The excess of unreacted MTSSL was removed by dialyzing against a Tris buffer 

(10 mM Tris, 2 mM EDTA, 8 M urea, pH 7.2). The labeled protein was concentrated with 

Microcon PM-10 kDa concentrators (Merck Milipor, Burlingten, USA), and the concentration 

of the protein was determined as in (Lowry et al., 1951) explained. The labeling efficiency was 

determined by estimating free thiol groups using 5,5′-dithiobis (2-nitrobenzoic Acid; DTNB, 

Ellman’s reagent; Riddles et al., 1983).  

          3.3.7 Site-directed Methylation 

 To determine the intramolecular quenching of the tryptophan fluorescence by the spin-

labeled cysteine residue, the fluorescence intensity in the absence of the quencher is required. 

As the unmodified free SH group of the single cysteine acts as a natural quencher of the 

fluorescence of tryptophan and may also lead to dimerization, thus interfering with folding, the 

SH group of cysteine was Methylated using Methyl 4-nitrobenzenesulfonate (MNB) 

(Heinrikson, 1971; Hunziker, 1991; Gerlach, et al. 2019). 30 M of a denatured XnC-ZmW-

FhVDAC1 mutant, dissolved in 1 ml of buffer (50 mM borate, 2 mM EDTA, pH 9.5) 

containing 8 M urea was incubated with a five-fold molar excess of TCEP at room temperature 

for 30 min.  Subsequently, a 20-fold molar excess of MNB (Alorich, Germany) dissolved in 

acetonitrile was added to the sample, which was incubated for 2 h at 37 °C. The excess of MNB 

was removed by dialyzing, and the degree of methylation of the SH group was determined using 

5,5′-dithiobis (2-nitrobenzoic Acid) (DTNB, Ellman’s reagent; Riddles et al., 1983). 
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          3.3.8 Intramolecular Fluorescence quenching 

 Each of the purified XnC-ZmW-FhVDAC1 mutants in 8 M urea was divided in two 

aliquots. One fraction was completely spin labeled (SL-XnC-ZmW) with MTSSL, and the other 

was completely methylated (Me-XnC-ZmW). The fluorescence spectra of the SL-XnC-ZmW-

FhVDAC1 and Me-XnC-ZmW-FhVDAC1 mutants were recorded at 25 °C on a Spex 

Fluorolog-3 spectrophotometer (Horiba/Jobin-Yvon, Germany). The excitation wavelength was 

295 nm, as the tryptophan was used as the fluorophore and could be selectively excited at this 

wavelength. The bandwidths of the excitation and emission monochromators were 2.5 and 5 nm, 

respectively. The integration time was 0.05 s, and an increment of 0.5 nm was used to scan 

spectra in the range of 310 to 400 nm. Six scans were averaged for each spectrum, and the 

corresponding background spectrum of the lipid bilayer, the aqueous buffer, and LDAO was 

subtracted. Three scans were averaged as a background spectrum. The XnC-ZmW-FhVDAC1 

concentration was 1 M in all experiments. The fluorescence spectra were analyzed using IGOR 

Pro 8 (Wavemetrics Oregon).  

 

          3.3.9 Proteolysis 

 50 l (15 M) of wt-hVDAC1 or (for comparisons of the extent of proetolysis) of the 

transmembrane domain (TMD) of the -barrel assembly machinery subunit A (BamA) were 

incubated with 2.5 l of pepsin immediately after urea dilution in citrate buffer (10 mM citrate, 

2 mM EDTA, pH 3). Dilutions were performed in 2 % acetic acid at a final concentration of 

(0.1 g/l) at 37 °C in a thermomixer. Proteolysis was stopped by adding 1 μl of 1 N NaOH. 

Samples were analyzed by SDS-PAGE.  

 

          3.3.10 Fluorescence spectroscopy 

 To monitor the unfolding of hVDAC1, the folded state of 10 M hVDAC1 in DLPC, 

LDAO at a ratio of 800/hVDAC1, and in an aqueous solution after three and seven days of 

incubation was mixed with a citrate buffer (10 mM pH3, 2 mM EDTA) containing different urea 

concentrations, from 0 to 10 M. The fluorescence spectra were recorded at 25 °C on a Spex 

Fluorolog-3 spectrophotometer (Horiba/Jobin-Yvon, Germany). The excitation wavelength was 

295 nm, and the bandwidth of excitation was 2.5 nm. The bandwidths of emission were 5 nm. 

The integration time was 0.05 s, and an increment of 0.5 nm was used to scan spectra in the 

range of 310–400 nm. Six scans were averaged for each sample, and the corresponding 

background spectrum was subtracted. The fluorescence spectra were analyzed using IGOR Pro8 

(Wavemetrics Oregon).  
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          3.3.11 Determination of the free energy of unfolding 

 The Gibbs free energy, ∆G° of the unfolding titration of hVDAC1 with urea was obtained 

from fits of Equation 3.2 to fluorescence data obtained for unfolding and folding titrations of 

hVDAC1 as described for OmpA (Pocanschi et al., 2013):  

Eq. 3.2 

〈𝜆𝑀〉  =  
(〈𝜆𝐹,   0 〉 + 𝑚𝐹 . 𝑐𝐷) +  (〈𝜆𝑈,0〉 + 𝑚𝑈  .  𝑐𝐷) 

1
𝑄𝑅

 𝑒−
∆𝐺° (𝐻2 𝑂)

𝑅𝑇
 −𝑚

𝑐𝐷
𝑅𝑇

 

(1 + 
1

𝑄𝑅
 𝑒−

∆𝐺° (𝐻2 𝑂)
𝑅𝑇

 −𝑚
𝑐𝐷
𝑅𝑇

 )

 

Eq. 3.2 was fitted to all unfolding titrations monitored by fluorescence spectroscopy.  ∆G°(H2O) 

is the stability of hVDAC1 at 0 M urea either in H2O, in lipid bilayers of aqueous vesicles, or 

in aqueous solutions of LDAO micelles and is directly obtained from the fit. The linear 

extrapolations from the pre- and post-transition regions of the folded and unfolded states are 

included in this direct fit of the unfolding titration that is obtained from the spectroscopic signal 

〈λM〉 as a function of the denaturant urea concentration (cD).〈λF,0〉and 〈λU,0〉are the 

intercepts, and mF and mU are the slopes of the baselines, respectively.  The calculated fit 

parameters are the free energy of the unfolding transition in the absence of the denaturant, 

ΔG°(H2O), and the slope m that describes the change in the energy of unfolding as a function 

of the denaturant concentration (cD). The ratio QR of the total fluorescence intensities is 

determined from the fluorescence spectra of the folded and unfolded form of the protein and 

used as a fixed parameter in all fits.  

       3.4 Results 

 The key question addressed in the present chapter is whether previous observations for 

OmpA, namely that folding and membrane insertion are coupled processes, are generalizable 

and apply also for other β-barrel proteins or whether there are β-barrel membrane proteins where 

folding can largely be uncoupled from insertion like folding may precede membrane insertion. 

It is currently believed that membrane protein folding of β-barrels is entropically driven by the 

hydrophobic effect and requires a hydrophobic environment as provided by lipid bilayers or 

detergent micelles. The following sections first demonstrate the successful insertion and folding 

of mutants of hVDAC1 that were designed for fluorescence experiments on the mechanism of 

membrane protein folding and insertion. Subsequently the folding mechanism is investigated by 

analyzing tertiary contacts that may be present in the aqueous folding intermediate of hVDAC1. 
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       3.4.1 All XnC-ZmW-FhVDAC1 mutants fold into native structure in lipid bilayers  

 The secondary structure of the prepared XnC-ZmW-FhVDAC1 mutants was 

determined in lipid membranes of (DLPC or diC12:0PC) using CD spectroscopy (Figure 3.2-A 

and B) in order to verify that the replacement of the selected amino acids by cysteines and 

tryptophans did not interfere with the correct folding of hVDAC1. Previous work has shown 

that wt-hVDAC1 folds from its unfolded form in solutions of 8 M urea to a functionally active 

form in DLPC bilayers with yields ~ 92-94 %. Both native channel conductance of ~ 4.3 nS 

and voltage dependence of the conductance were previously demonstrated and secondary 

structure was analyzed by CD spectroscopy (Shanmugavadivu et al., 2007). Here, CD spectra 

of all mutants showed all line-shapes that were similar to the spectra of wt-hVDAC1 and to 

those of a mutant of hVDAC1 mutant that did not contain any C or W (CW-free-hVDAC1). 

The similarities of the spectra from λ ~200 nm to 260 nm suggested that all examined mutants 

had a content of -sheet secondary structure in lipid bilayers that was similar to the content of 

wt-hVDAC1 obtained either by CD spectroscopy (Shanmugavadivu et al., 2007) or by counting 

the residues in β-sheet conformation from the NMR structure, indicating that they were folded. 

All CD spectra showed the spectral minimum at a wavelength of about 215 to 218 nm, which 

is characteristic for a high content of the -sheet secondary structure. The percentages of the 

different secondary structures were calculated from the recorded CD spectra by deconvolution 

analysis as described in materials and methods, see Table 3.4.  The percentages of the secondary 

structure elements of all hVDAC1mutants were similar to that obtained for (wt)-hVDAC1; see 

Table 3.4. An increase in -helical content (~ 3-4 %) in lipid bilayers was observed for L58C-

W75W and L31C-F281W-hVDAC1 in comparison to wt-hVDAC1 and other hVDAC1 

mutants and also the amplitude of the CD spectra between 210 and 225 nm was increased. In 

contrast the -helical content was decreased by  5 % for the mutant I138C-F157W while the 

amplitude of the CD spectra is smaller than the one of other mutants. The two mutants L58C-

W75W and L31C-F281W showed also a decrease in β-sheet content in comparison to wt-

hVDAC1 and other mutants as result of a lower amplitude in the CD spectra. This change could 

be the result of the substitution of the amino acid residues in the specific position within the 

structure of hVDAC1.  
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Figure 3.2 Circular dichroism (CD) of wt-hVDAC1, of XnC-ZmW-FhVDAC1 mutants, and of CW-free-hVDAC1 

in a lipid bilayer and detergent micelles. Spectra of the single XnC-ZmW-FhVDAC1 mutants show a native 

secondary structure similar to wt-hVDAC1 in (DLPC-A and B) (LDAO-C and D) at pH 3. 15 M protein was 

folded in an 800-fold molar excess of DLPC and LDAO. All samples were incubated overnight at 25 °C, and all 

spectra were recorded at room temperature. (A)WT (−), CW-free (….), I27C-A47W (….), L58C-W75W (- - -), 

I27C-l275W (–⋅-⋅-), L31C-F281W (- ⋅ -). (B) K32C-Q282W (-⋅⋅-), A283C-T33W (- -) I138C-F157W (― -), 

L263C-L275W (- - -.), and I138C-L275W (−) are shown.  
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Table 3.4 Analysis of the CD spectra of the various hVDAC1 in lipid bilayers at pH 3a 

 

hVDAC1 

mutants in  

DLPC 

 

Algorithm 

 
-Helix 

(%) 

-Strand 

(%) 

-Turns 

(%) 

Random Coil 

(%) 

NRMSDb 

 

       

wt CONTIN 10.3 36 21.4 32.1  0.09 
 CDSSTR 8 35.5 22 33.5 0.03 
 Average 9.1 35.7 22.7 32.8  

 

CW-Free  CONTIN 11.4 34.6 22.5 31.3 0.12 
 CDSSTR 8.5 33.5 23 33.5 0.04 

 Average 9.9 34.0  22.7 32.4  

       

I27C-A47W CONTIN 9.5 34.6 22.3 33.5 0.18 
 CDSSTR 8.5         33 24.5 34 0.03 
 Average 9.0 33.8 23.4 33.7  

       

L58C-W75W CONTIN 15.8 24.3 23.6 36.2 0.13 
 CDSSTR 9 30.5 23 37 0.05 
 Average 12.4 27.4 23.3 36.6  

       

I27C-L275W CONTIN 10.0 38.2 22.1 29.5 0.06 
 CDSSTR 6.5 38.5 22 31.5 0.03 
 Average 8.2 38.3 22 30.5  

       

L31C-F281W CONTIN 15.1 31.1 22.7 30.9 0.17 
 CDSSTR 13.5 31.5      23           32 0.07 
 Average 14.3 31.3 22.8 31.4  

       

K32C-Q282W CONTIN 12.9 34.6 21.4 30.8 0.07 
 CDSSTR 9 35 22.5 32 0.03 
 Average 10.9 34.8 21.9 31.4  

       

A283C-T33W CONTIN 10.5 34.6 22 32.7 0.15 
 CDSSTR       9.5 33 24 34 0.04 
 Average 10 33.8 23 33.3  

       

I138C-F157W CONTIN 6.0 37.1 20.9 35.9 0.21 

 CDSSTR 5.5 37.5 22.5 33 0.05 

 Average 5.7 37.3 21.7 34.4  

       

       

L263C-L275W CONTIN 11.2 36.3 22.6 29.7 0.17 

 CDSSTR 7 30.5 23           32.5 0.06 

 Average 9.1 33.4 22.8 31.3  

       

I138C-L275W CONTIN 9.1 30.4 22.2 38.2       0.2 

 CDSSTR 8 31 24.5 35       0.11 

 Average 8.5   30.7 23.3   36.6  

 

Total Average 

 

 9.7 33.6 22.6 33.1  

       
a The fractions of the different secondary structures using various algorithms, see materials and methods.  
bNRMSD is the normalized root mean square deviation between experimental and fitted spectra calculated 

from reference data sets. For a good fit, NRMSD  0.25. 
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Proteolysis experiment shoed also hVDAC1 mutants were protected and inserted into lipid 

bilayer of DLPC. Proteolysis of folded hVDAC1 mutants in lipid bilayers leads to in fragment 

of 26-27 kDa. For example, proteolysis of two hVDAC1 mutants A283C-T33w and I27C-

L275W is shown in Figure 3.3 The fragment remained protected even after 240 min of 

proteolysis. The largest fragments were observed at 27 kDa and at 23 kDa. Indicating 

insertion of hVDAC1 mutants into lipid bilayer. 

 
 

 
Figure 3.3 The analysis of a pepsin proteolysis by SDS-PAGE demonstrated that the hVDAC1 mutants (here 

exemplarily shown for A283C-T33W (first gel) and I27C-L275W (second gel) insert into DLPC. Protein standards 

are shown in lanes A1. Unfolded hVDAC1 mutants in 8 M urea migrate at 30 kDa (lane 1). After folding hVDAC1 

mutants into DLPC, pepsin proteolysis is prevented by the membrane resulting in a fragment of  26-27 kDa and 

23 kDa after 240 min. 
 

 

       3.4.2 All XnC-ZmW-FhVDAC1 mutants develop -sheet secondary structure in an 

aqueous solution at pH 3 in the absence of lipid membranes. 

 A previous, study on hVDAC1 (Shanmugavadivu et al., 2007) has shown that a large 

fraction of -sheet structure of wt-hVDAC1 already forms spontaneously in an aqueous folding 

intermediate even in the absence of lipid membranes or detergent micelles. Here, this 

intermediate was examined at pH 3 (in 10 mM citrate buffer containing 2 mM EDTA) for all 

XnC-ZmW-FhVDAC1 mutants and wt-hVDAC1 in the absence of lipid bilayers by CD 

spectroscopy (Figure 3.4). The line-shapes of the CD spectra obtained after urea dilution in this 

buffer indicated that the secondary structures of all single XnC-ZmW-FhVDAC1 mutants and 

wt-hVDAC1 were very similar with a minimum at a wavelength of about 215-218 nm.  

Differences in the amplitudes of the CD spectra could arise from statistical variations in the 

estimation of protein concentration. The normalized CD spectra were again analyzed to obtain 

the composition of the secondary structure (Table 3.5). The CD spectra in an aqueous solution 

had a slightly larger amplitude than those in the lipid bilayer. The deconvolution analysis of the 
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spectra confirmed the predominant formation of the β-sheet secondary structure in aqueous 

solution.  

 

 

Figure 3. 4 Normalized circular dichroism (CD) spectra of wt-hVDAC1, XnC-ZmW-FhVDAC1 mutants, and CW-

free hVDAC1 in aqueous solution. The spectra of Wt-hVDAC1 and of all XnC-ZmW-FhVDAC1 showed line-

shapes typical for a dominating -sheet secondary structure in aqueous solution at pH 3 in the absence of lipid 

bilayer. All spectra were recorded immediately after urea dilution at room temperature. CD spectra of aqueous wt-

hVDAC1and its single XnC-ZmW-FhVDAC1 mutants had a minimum wavelength at  215 nm. Shown indicate 

(A)WT (−), CW-free (….), I27C-A47W (….), L58CW75W (- - -), I27C-L275W (–⋅-⋅-), L31C-F281W (- ⋅ -). (B) 

K32C-Q282W (-⋅⋅-), A283C-T33W (- -) I138C-L157W (― -), L263C-L275W (- - -.), and I138C-L275W (−).  
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Table 3.5 Analysis of the CD spectra of wt-hVDAC1 and its mutants in aqueous solution at pH 3a 

hVDAC1 in Buffer 

 

Algorithm 

 
-Helix 

(%) 

-Strand 

(%) 

 

-Turns 

(%) 

 

 

Random Coil 

(%) 

 

NRMSDb 

 

       
wt     CONTIN 11.0 29.5 21.5 37.8  0.04 

 CDSSTR 8.5 31.5       22 38 0.02 

 Average 

  

9.7 

  

30.5 

  

22.7 

  

37.9 

  

 

 

CW-Free CONTIN 8.9 31.7 21.7 37.5 0.11 
 CDSSTR 9 31.5 22.5 37.5 0.07 

 Average 

  

8.9 

  

31.6 

  

22.1 

  

37.5 

  

 

 

L58C-W75W CONTIN 9.8 30.7 20.5 38.9 0.13 
 CDSSTR 1 34.5 22.5 41.5 0.04 

 Average 

  

5.4 

  

32.6 

  

21.5 

  

40.2 

  

 

I27C-L275W CONTIN 11.0 28.8 21.9 38.2 0.06 
 CDSSTR       9 29.5       22          39 0.03 

 Average 

  

10.0 

  

29.1 

  

21.9 

  

38.6 

  

 

L31C-F281W CONTIN 8.5 27.8 21.5 42.1 0.17 
 CDSSTR 8.5 34 21 36.5 0.09 

 Average 

  

8.5 

  

30.9 

  

22.2 

  

39.3 

  

 

K32C-Q282W CONTIN 10.6 31.5 21.2 36.6 0.11 
 CDSSTR 9 31 23.5 36.5 0.04 

 Average 

  

9.8 

  

31.2 

  

22.3 

  

36.5 

  

 

A283C-T33W CONTIN 9.9 31.1 21.7 37.2 0.25 
 CDSSTR 9 31 22.5 36.5 0.04 

 Average 

  

9.4 

  

31.0 

  

22.1 

  

36.8 

  
I138C-F157W CONTIN 7.8 31.6 21.5          39 0.25 

 CDSSTR 5.5 34.5 22 38 0.06 

 Average 

  

6.6 

  

33.0 

  

21.7 

  

 38.5 

  

 

L263C-L275W   CONTIN 10.0 32.2 21.9 35.7     0.08 
   CDSSR 10 31.5 23 35  0.05 

 Average 

  

      10.0 

  

         31.8 

  

     22.4 

  

          35.3 

  

 

I138C-L275W CONTIN 9.5 33.1 22.3 34.9   0.2 
 CDSSTR 7.5 41 21 31   0.08 

 
Average 

 

  

8.5 

 

  

37.0  

 

  

21.6 

 

  

32.9 

 

  

  

Overall average 

 

 

 

8.8 

 

 

31.7 

 

 

22.1 

 

 

37.3 

 

 

 

 
a The fractions of secondary structures were calculated as described in materials and methods.  
bNRMSD is the normalized root mean square deviation between experimental and fitted spectra 

calculated from reference data sets. For a good fit, NRMSD  0.25. 
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       3.4.3 Secondary structures of hVDAC1 in detergent   micelles (LDAO) 

 Detergents are often used to extract and solubilize membrane proteins for further 

analysis. Among membrane protein biochemists, it is well known that this often leads to 

inactivation and possibly also structural damage. Therefore we also examined whether 

hVDAC1 can fold into a stable structure in a mild detergent, LDAO, which is often used in 

membrane protein crystallization. In order to identify and characterize the folding of wt-

hVDAC1 and of the XnC-ZmW-FhVDAC1 mutants in detergent micelles, their secondary 

structures were also investigated in LDAO-micelles using CD spectroscopy (Figure 3.2-C and 

D). The recorded spectra for XnC-ZmW-FhVDAC1 were similar to those of wt-hVDAC1 and 

to the previously published spectra of wt-hVDAC1 from (Shanmugavadivu et al., 2007).  All 

CD spectra showed a CD minimum at a wavelength at  216 nm. The compositions of the 

secondary structures of all hVDAC1 proteins in LDAO was again assessed by deconvolution 

analyses of the recorded spectra. Similar results in the composition of the secondary structure 

were obtained for wt-hVDAC1 and all mutants of hVDAC1, as shown in Table 3.6.   

The content of -strands of hVDAC1 inserted into DLPC is increased compared to 

measurements in LDAO and aqueous solution, while the α-helical content in aqueous solution 

and DLPC is lower than in LDAO. Less α-helical structures in aqueous solution may be 

explained by small amplitude of the spectra. In LDAO the content of α-helical structures was 

increased by  14 residues compared to measurements in lipid bilayer and aqueous buffer 

correspondingly, the -strand content was decreased by  6 residues (Table 3.4, 3.5,3.6). In 

LDAO and aqueous solution the amount of the -strands is comparable. In detergent micelles 

and in lipid bilayer hVDAC1 mutants develop a different secondary structure. The differences 

between the composition of secondary structure elements in DLPC and LDAO is not utterly 

distinct, but might be significant enough to allow the formation of an additional transmembrane 

-strands at the expense of the -helical structure. However, the similarity between the 

secondary structure composition of hVDAC1 mutants in aqueous solution and lipid bilayers 

indicating a formation of -sheet secondary structure in aqueous solution resulting in a nearly 

folded -barrel of hVDAC1 in absence of lipid membrane and detergent.   
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Table 3.6 Analysis of the CD spectra of the wt-hVDAC1 and its mutants in LDAO at pH 3a 

Sample in 

LDAO 

 

Algorithm 

 

 

-Helix 

(%) 

 

-Strand 

(%) 

 

-Turns 

(%) 

 

 

Random Coil 

(%) 

 

NRMSDb 

 

       
WT CONTIN 18.0 31.9 21.7 28.7 0.09 
 CDSSTR 14.5 33 22.5 30 0.05 
 Average 16.2 32.4 21.7 29.3  

       

CW-Free CONTIN 13.6 32.6 22.5 31.1 0.04 
 CDSSTR 10 33.5 21.5 33.5 0.03 
 Average 11.8 33.0 22 32.3  

  

  

L58C-W75W CONTIN 13.7 34.8 20.7 30.7 0.07 
 CDSSTR 10 35.5 21 32 0.04 
 Average 11.8 35.1 20.8 31.3  

       

I27C-L275W CONTIN 14.0 32.9 23 30 0.09 
 CDSSTR 10 32.5 23.5 33.5 0.03 
 Average 12.0 32.7 23.2 31.7  

       

L31C-F281W CONTIN 17.0 30.3 23.1 29.4 0.14 
 CDSSTR 16 31 22 30 0.06 
 Average 16.5 30.6 22.5 29.7  

       

K32C-Q282W CONTIN 18 27.3 21.5 33.1 0.18 
 CDSSTR 19.5 25 19 35 0.04 
 Average 18.7 26.1 20.2 34  

       

A283C-T33W CONTIN 15.5 31.7 22.6 30 0.05 
 CDSSTR 14 32.5 22 31 0.04 
 Average 14.7 32.1 22.3 30.5  

       

I138C-F157W CONTIN 9.0 35.8 21.4 33.7 0.21 
 CDSSTR 8.5 34.5 23 34 0.08 
 Average 8.7 35.1 22.2 33.8  

       

L263C-L275W CONTIN 14.4 32.0 22.3 31 0.08 
 CDSSTR 10 33.5 22 34 0.05 
 Average 12.2 32.7 22.1 32.5  

       

I138C-L275W CONTIN 13.8 32.7 22.2 31.1 0.13 
 CDSSTR 10.5 33 22.5 33 0.13 
 Average 12.1 32.8 22.3 32  

 

Total average 
 

 

13.9 

 

31.7 

 

22 

 

31.7 
 

 

a The fractions of the different secondary structures were calculated from normalized CD spectra using 

various algorithms, as described in materials and methods.  
bNRMSD is the normalized root mean square deviation between experimental and fitted spectra 

calculated from reference data sets. For a good fit, NRMSD  0.25. 
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       3.4.4 In solutions of 8 M urea XnC-ZmW-FhVDAC1 mutants are all unfolded. 

 

 To investigate the proximity of neighboring -strands of the -barrel of hVDAC1 in 

different stages of its folding, the intramolecular quenching of the W-fluorescence by a site-

specifically introduced fluorescence quencher was examined. Therefore, the XnC-ZmW-

FhVDAC1 mutants were either spin labeled for fluorescence quenching or methylated to obtain  

 

 
 Site-directed fluorescence quenching of hVDAC1 single XnC-ZmW-FhVDAC1 mutants in 8 M Urea at pH 3 

  

 
Figure 3.5 The W-fluorescence emission spectra of XnC-ZmW-FhVDAC1 mutants are shown for both, SL-XnC-

ZmW-FhVDAC1 (dotted lines) and Me- XnC-ZmW-FhVDAC1 (continuous lines) in denatured form in 8 M urea 

at pH 3. The spectra of I27C-A47W- (−), L58C-W75W- (−), I27C-L275W- (−), L31C-F281W- (−), K32C-

Q282W- (−), A283C-T33W- (−), I138C-F157W- (−), L263C-L275W- (−) and also of I138C-L275W- (−) -

FhVDAC1 are shown above. These fluorescence spectra indicate that W-fluorescence is not quenched as W and 

C are not in close proximity, and that therefore hVDAC1 is unfolded in 8 M urea. The W-fluorescence was excited 

at 295 nm. Spectra were recorded at 25 °C. The concentration of the XnC-ZmW-FhVDAC1 was 1 M in all 

experiments. The max of the fluorescence maxima of the unfolded mutants in solutions of 8 M urea were all located 

at a wavelength of  346 nm, independent of the cysteine modification in all single XnC-ZmW-FhVDAC1 

mutants. 
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the actual, non-quenched fluorescence of the tryptophan. First, the W-fluorescence spectra were 

recorded for samples of unfolded mutants in solutions of 8 M urea at pH 3 (Figure 3.5). The W-

florescence emission maxima (max) of the denatured forms of all XnC-ZmW-FhVDAC1were 

all located at a wavelength of  346 nm, and thus independent of the positions of the W and the 

C. The spectral fluorescence intensities of the SL-XnC-ZmW-FhVDAC1 were not reduced when 

the quencher (MTSSL) was linked to the cysteine in comparison to the corresponding Me-XnC-

ZmW-FhVDAC1 mutants at an equal concentration. The fluorescence spectra of all the SL-

XnC-ZmW-FhVDAC1 mutants were nearly identical to the spectra recorded for the 

corresponding methylated forms. This signifies that the nitroxide group of the MTSSL linked to 

the C does not quench the W-fluorescence of the XnC-ZmW-FhVDAC1 mutants, which 

indicates that the W and the C are not in close proximity, as anticipated because the hVDAC1 

is unfolded in 8 M urea.  

 

       3.4.5 The aqueous folding intermediate of hVDAC1 forms a β-barrel-like tertiary 

structure after urea dilution even in the absence of membranes or micelles. 

The CD spectroscopy showed that all XnC-ZmW-FhVDAC1 mutants and wt-hVDAC1 form a 

large content of -sheet secondary structure in buffer of pH 3 even in the absence of a 

hydrophobic environment. Here, the formation of tertiary contacts between adjacent -strands 

in hVDAC1 -barrel before any interactions with lipid membranes that is in an aqueous solution 

only was studied by intramolecular fluorescence quenching after urea dilution as described 

above. Again the unfolded forms of the hVDAC1 mutants were labeled with a nitroxide group 

as a fluorescence quencher (London and Feigenson, 1981). For labeling MTSSL was used, 

which was covalently-linked to the cysteine for intramolecular fluorescence quenching 

(Kleinschmidt et al., 2011). The corresponding fluorescence emission spectra of the SL-XnC-

ZmW and Me-XnC-ZmW mutants are shown in Figure 3.6. The wavelength of the maxima of 

the fluorescence spectra, max, of the aqueous forms of XnC-ZmW-FhVDAC1 mutants were 

strongly shifted from max ~ 346 nm in 8 M urea toward max ~ 333 nm for I27C-L275W-, 

max ~ 334 nm for L31C-F281W- and A283C-T33W-, and max ~ 335 nm for I27C-A47W-, 

K32C-Q282W-, L263C-L275W-, I138C-F157W- and L58C-W75W-FhVDAC1. The 

fluorescence intensities of Me-XnC-ZmW in the aqueous solution were increased in 

comparison to the fluorescence intensity in 8 M urea. The increase of fluorescence intensities 

and the blue shift in max in the aqueous solution indicated a more hydrophobic environment 

than in the unfolded form in 8 M urea.  
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Site-directed fluorescence quenching of single XnC-ZmW-FhVDAC1 mutants after Urea dilution in aqueous 

solution in the absence of phospholipid bilayer at pH 3 

 
 

Figure 3.6 The fluorescence emission spectra of the XnC-ZmW-FhVDAC1 mutants are shown for both, the spin 

labeled (SL-XnC-ZmW dotted lines) and the methylated (Me-XnC-ZmW continuous lines) forms after dilution of 

the urea in aqueous solution in the absence of a lipid bilayer at pH 3. The spectra of I27C-A47W- (−), L58C-

W75W- (−), I27C-L275W- (−), L31C-F281W- (−), K32C-Q282W- (−), A283C-T33W- (−), I138C-F157W- (−), 

L263C-L275W- (−) and the mutant I138C-L275W- (−) in which intramolecular contact between the indole of W 

and the nitroxide at the C is precluded are presented. The concentration of the XnC-ZmW-FhVDAC1 mutants was 

1 M. Spectra were immediately recorded after urea dilution at 25 °C that is in the initial phase for folding of 

hVDAC1.  

The fluorescence intensities of the SL-XnC-ZmW mutants were quenched in comparison to 

Me-XnC-ZmW after urea dilution in a citrate buffer at pH 3, which demonstrated a close 

proximity between C and W in adjacent -strands at the selected different locations in hVDAC1 

-barrel. The fluorescence intensity of SL-I138C-L275W did not quench in comparison with 

Me- I138C-L275W, meaning that the C at position 138 and W at position 275 were not in close 

proximity as expected from the design of this mutant. Here, W and C are separated by a distance 

large enough so that intramolecular quenching is sterically not possible. The relative 

fluorescence intensities in the presence of the quencher divided by the intensities in its absence, 
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RQ= F(SL-XnC-ZmW)/F(Me-XnC-ZmW), ranged from 0.51 to 0.99 and are listed in (Table 

3.7). Fluorescence intensities were strongly quenched for SL-L31C-F281W (1, 19), SL-

L58C-W75W (3, 4) where W and C are located at the barrel top, and for SL-L263C-L275W 

(18, 19). The quenching of fluorescence was ~ 20 % for SL-I27C-A47W (1, 2), SL-I27C-

L275W (1, 19), and SL-I138C-F157W (9, 10).  

 The quenching of fluorescence in SL-I31C-F281W (1, 19), SL-K32C-Q282W (1, 

19), and SL-A283C-T33W (1, 19), with W and C at the barrel bottom and in SL-I27C-

L275W (1, 19) with W and C at the barrel top, indicated that the barrel was sealed along the 

entire N- and C-terminal strands β1 and β19 in the aqueous folding intermediate.  

 The difference in fluorescence quenching observed for the different mutants should 

correspond to a small distance between the nitroxide label as the quencher (MTSSL) and the W 

as the fluorophore, as described for fluorescence quenching by spin-labeled lipids in lipid 

bilayers (Chattopadhyay and London, 1987). However, quenching of fluorescence by 

nitroxides likely requires contact interactions between the nitroxide and the W and therefore 

would depend on both, the distance and the dynamics of hVDAC1. In addition to the distance 

between the fluorophore and the quencher (Table 3.1), the orientation and rotation of the 

tryptophan indole ring and of the spin-label group at the C could affect the quenching results. 

The side chain rotations would alter the statistics of contacts between the tryptophan indole 

group and the spin-label group.  

   Table 3.7 Relative W-fluorescence quenching of the unfolded and folded forms of spin-labeled versus 

methylated XnC-ZmW-FhVDAC1 mutants and β-barrel formation through contacts between strands 

β1 and β19 

    RQ
a 

 

hVDAC1 mutant Strands In 8 M urea 
Aqueous buffer 

only  

In DLPC 

bilayers 

In LDAO 

micelles 

I27C-A47W β1-β2 0.98 0.80 0.59 0.79 

L58C-W75W β3-β4 1 0.51 0.57 0.67 

I27C-L275W β1-β19 1 0.80 0.76 0.74 

L31C-F281W β1-β19 1.05 0.48 0.57 0.87 

K32C-Q282W β1-β19 1.03 0.74 0.69 0.85 

A283C-T33W β1-β19 1.01 0.66 0.81 0.87 

I138C-F157W β 9-β10 0.96 0.76 0.64 0.88 

L263C-L275W β18-β19 1 0.58 0.76 0.77 

I138C-L275W β9-β19 1 0.99 1 1 
a The fluorescence of SL-XnC-ZmW divided by the fluorescence of Me-XnC-ZmW was calculated from the 

maximum intensities of the spectra of the spin-labeled and methylated mutants shown in Fig. 3.5-3.8. 
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       3.4.6 Association of neighboring -strands of hVDAC1-barrel in a lipid bilayer     

discovered by intramolecular quenching  

To compare the extent of intramolecular fluorescence quenching and therefore the proximities 

of neighboring β-strands at selected locations, reported for the aqueous intermediate above with 

those of folded hVDAC1 in lipid bilayers, we folded all mutants into model membranes formed 

of DLPC. The fluorescence emission spectra of the SL-XnC-ZmW and Me-XnC-ZmW mutants 

in DLPC are shown in (Figure 3.7). After folding in a DLPC lipid membrane the Me-XnC-

ZmW mutants demonstrated a strong increase in fluorescence intensity in the lipid bilayer in 

comparisons with the fluorescence data of the aqueous intermediate, reflecting the removal of 

water (which also quenches fluorescence) and insertion of hVDAC1 into the hydrophobic 

environment of the hydrocarbon core of the DLPC bilayer.  For both Me- XnC-ZmW and SL- 

XnC-ZmW mutants, max was shifted towards a shorter wavelength when compared to spectra 

recorded of hVDAC1 in solutions of 8 M urea and after denaturant dilution. The max were 

located at 328 nm (I27C-L275W and L263C-L275W), 329 nm (L31C-F281W and K32C-

Q282W), 330 nm (A283C-T33W), 331 nm (I138C-F157W), 332 nm (I27C-A47W) and 

333 nm (L58C-W75W), independent of cysteine modification. The fluorescence intensities of 

the SL-XnC-ZmW mutants were quenched in comparison to Me-XnC-ZmW mutants after 

folding in a DLPC bilayer (Figure 3.7), except for SL-I138C-L275W, as expected from the 

NMR structure. The quenched fluorescence of all but the last mutant indicated the close 

proximity between C and W in the adjacent -strands of the inserted and folded XnC-ZmW-

FhVDAC1 mutants in lipid membranes. The differences in decreased fluorescence intensity for 

the various SL-XnC-ZmW mutants corresponded to differences in the interactions between the 

nitroxyl label on the C as a quencher and the W as a fluorophore (Table 3.1) that depend on the 

distance and probability of contact (Chattopadhyay and London, 1987) and on the dynamics 

and orientation of the W side-chain and the MSSTL-label carrying the quencher. The 

fluorescence intensity of various Me-XnC-ZmW mutants is different because of the position of 

tryptophan and how deeply it is inserted into the lipid bilayer. Fluorescence quenching in SL-

XnC-ZmW is increased in the sequence I27C-L275W  L263C-L275W  K32C-Q282W  

I138C-F157W  I27C-A47W  L31C-F281W   L58C-W75W (Table 3.7), with the exception 

of A283C-T33W.  The C283 placed in the loop at barrel bottom and faced hydrophilic region 

where allows the spin-label group to have more mobility and rotation which may be explain 

weaker proximity between cysteine and tryptophan for A283C-T33W. This sequence correlates 

well with the decrease in distance in Table 3.1 between C and W in the mutants, as determined 

by the hVDAC1 high-resolution (2K4T) NMR structure (Hiller et al., 2008).  
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Site-directed fluorescence quenching of XnC-ZmW-FhVDAC1 mutants after insertion of hVDAC1 into a 

phospholipid bilayer at pH3 

 

 

Figure 3.7 The fluorescence emission spectra of single XnC-ZmW-FhVDAC1 mutants are shown either spin 

labeled (SL-XnC-ZmW dotted lines) or methylated (Me-XnC-ZmW continuous lines) at the cysteine for the folded 

forms after insertion into lipid bilayer (DLPC) at pH3. The spectra of I27C-A47W- (−), L58C-W75W- (−), I27C-

L275W- (−), L31C-F281W- (−), K32C-Q282W- (−), A283C-T33W- (−), I138C-F157W- (−), L263C-L275W- (−) 

and the negative control I138C-L275W- (−) are shown. Spin labeling does not quench the fluorescence of W in 

the negative control mutant (I138C-L275W), (−) in the lipid bilayer. The location of the fluorescence maxima was 

independent of the cysteine modification in all mutants. In addition, the max of fluorescence maxima shows a shift 

from the denatured form in 8 M urea to the folded form in the lipid bilayer. The concentration of the XnC-ZmW-

FhVDAC1 mutants was 1 M. All samples were incubated overnight, and spectra were recorded at 25 °C.  
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       3.4.7 hVDAC1 developed native contacts between adjacent β-strands in detergent 

micelles (LDAO) 

 
CD spectroscopy showed that wt-hVDAC1 developed a slightly smaller content of β-sheet 

secondary structure (5 % less, corresponding to ~14 residues) in detergent micelles in 

comparison to lipid membranes (Shanmugavadivu et al., 2007). CD spectroscopy of the XnC-

ZmW-FhVDAC1, similarly to wt-hVDAC1, demonstrated a lower content of -sheet structure 

in detergent micelles in compare to those in DLPC. Therefore, the associations of the 

neighboring strands of hVDAC1 in LDAO were investigated for comparisons.  

 

All XnC-ZmW-FhVDAC1 mutants were folded in an 800-fold molar excess of LDAO in a 

citrate buffer (10 mM citrate, 2 mM EDTA, pH 3) by urea dilution. The recorded fluorescence 

emission spectra of SL-XnC-ZmW and Me-XnC-ZmW- in LDAO are shown in Figure 3.8. The 

fluorescence intensities of Me-XnC-ZmW mutants in LDAO were lower in comparison to the 

corresponding spectra of hVDAC1 in DLPC, indicating residual water exposure of hVDAC1 

in detergent micelles in comparison to lipid bilayers, and correspondingly, the max of Me-XnC-

ZmW and SL-XnC-ZmW mutants were shifted towards a longer wavelength relative to λmax of 

hVDAC1 in DLPC. This confirmed a less hydrophobic environment in LDAO than in DLPC. 

However, in comparison to the aqueous intermediates of XnC-ZmW-FhVDAC1, the max were 

shifted to a shorter wavelength in LDAO, see Table 3.8. The max were largely independent of 

cysteine modification and the position of mutants. This indicates a more hydrophobic 

environment in LDAO than in the aqueous solution. The formation of the native contacts 

between adjacent -strands at the monitored location was observed, but the fluorescence 

quenching was not as strong as was observed for hVDAC1 in DLPC bilayers or aqueous 

solution. (Table 3.7). Fluorescence of SL-L58C-W75W was most quenched (33 %). The 

fluorescence quenching observed for SL-I27C-L275W, SL-L263C-L275W, and SL-I27C-

A47W was similar (26 % to 21 %).  

Again, the fluorescence intensity of SL-I138C-L275W was not quenched, as the C at position 

138 and W at position 275 were not in close proximity, as excepted for a folded hVDAC1from 

the structure (NMR structure; (Hiller et al., 2008). The fluorescence quenching for SL-K32C-

Q282W, SL-A283C-T33W, SL-L31C-F281W, and SL-I138C-F157W was in the range (15 % 

to 12 %).  
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Site-directed fluorescence quenching of single XnC-ZmW-FhVDAC1 mutants after insertion of hVDAC1 into 

detergent micelles (LDAO) at pH3 

 

 
Figure 3.8 The fluorescence emission spectra of single XnC-ZmW-FhVDAC1 mutants are presented either spin 

labeled (SL-XnC-ZmW dotted lines) or methylated (Me-XnC-ZmW continuous lines) at the cysteine for the folded 

forms after dilution of the urea in 800-fold molar excess of LDAO at pH 3. The spectra of I27C-A47W- (−), 

L58CW75W- (−), I27C-L275W- (−), L31C-F281W- (−), K32C-Q282W- (−), A283C-T33W- (−), I138C-F157W- 

(−), L263C-L275W- (−), and negative control I138C-L275W- (−) are shown. The quenching of the fluorescence 

intensity of SL-I138C-L275W- ( ) was also not observed in LDAO. Moreover, the location of the fluorescence 

maxima was independent of the cysteine modification in all mutants in LDAO. The concentration of the XnC-

ZmW-FhVDAC1 mutants was 1 M. All samples were incubated overnight, and the spectra were recorded at 

25 °C. 
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Table 3.8 The max in aqueous solution and LDAO micelles 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

       3.4.8 Proteolysis of hVDAC1 leads to different fragmentation in aqueous solution in 

20 min 

 
In an aqueous solution, a folded hVDAC1 would be less easily proteolytically cleaved than its 

unfolded polypeptide chain. Therefore proteolysis experiments were performed. For 

comparisons, a bacterial outer membrane protein, the transmembrane domain of BamA (TMD-

BamA), was cleaved in a separate reaction. The results demonstrated that the aqueous folding 

intermediate is better protected against proteolysis with pepsin than TMD-BamA. The 

hVDAC1 was degraded only slowly and not completely digested within 20 min by the protease 

pepsin (Figure 3.9 lanes 4), while TMD-BamA was completely cleaved within 10 min (Figure 

3. 9, lanes 7 and 8). Also, pepsinolysis of hVDAC1 (Figure 3.9 lanes 3), lead to relatively large 

fragments, the largest had a Mr of  28 kDa.  

 
 

XnC-ZmW-FhVDAC1  

Mutants 

  

max (nm) 

In aqueous solution only 

  

max  (nm)  

In LDAO micelles  

  

max (nm) 

In DLPC 

  

I27C-A47W 335 333 332 

L58C-W75W 335 333 333 

I27C-L275W 333 332 328 

L31C-F281W 334 332 329 

K32C-Q282W 335 333 329 

A283C-T33W 334 331 330 

I138C-F157W 335 332 331 

L263C-L275W 335 333 328 

I138C-L275W 333 332 328 
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Figure 3.9 Pepsinolysis and analysis by SDS-PAGE demonstrated that proteolysis of hVDAC1 is incomplete after 

20 min in aqueous solution at pH 3. Several fragments with sizes of 24, 26, and 27 kDa were formed (lanes 3 and 

4). In contrast, TMD-Bam A was completely digested within 10 min (lane 7). Protein standards are shown in lanes 

1 and 5. Unfolded hVDAC1 and TMD-BamA in urea are shown in lanes 2 and 6, respectively. Lanes 3 and 4 show 

the proteolysis products of hVDAC1, lanes 7 and 8 those of TMD-BamA, after 10 and 20 min, respectively. 

 

       3.4.9 At pH 3, the β-barrel of hVDAC1 is of similar stability in aqueous buffer in the 

absence and in the presence of LDAO micelles, but hVDAC1 is strongly 

stabilized in lipid bilayers. 

 

The formation of a preformed -barrel structure of hVDAC1 in the absence of any detergent or 

lipid is a completely new observation that has not yet been described for any β-barrel membrane 

protein. Therefore, the stability of hVDAC1 in lipid bilayers, in solutions of detergent (LDAO) 

micelles and in aqueous solution was examined (Figure 3.10). The progress of unfolding was 

monitored as a function of the concentration of the denaturant urea by fluorescence 

spectroscopy. Emission spectra of hVDAC1 were recorded at concentrations from 0 to 8 M 

urea. The intensity weighted average fluorescence emission maxima of folded and unfolded 

forms <F>, <U> and of mixtures of folded and unfolded forms <M> of hVDAC1 were 

calculated from fluorescence spectra of wt-hVDAC1 (see materials and methods). <M> was 

plotted as a function of urea concentration for different incubation times.  
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Figure 3.10 Unfolding titrations of hVDAC1 in DLPC, in LDAO and in aqueous solution in presence of various 

concentration of urea, by fluorescence spectroscopy. Samples of hVDAC1 were incubated for 3 (open circle, 

square and rhombus), 7 (filed circle, square and rhombus) days. To monitor unfolding, the intensity weighted 

average emission maxima of the fluorescence spectra were calculated and plotted as a function of the urea 

concentration at 25 °C. Unfolding curves were analyzed by fitting Eq. 3.2 to the titration data.  The concentration 

of hVDAC1 was 1 M in all experiments. 

 
The unfolding transitions were characterized by decreasing of the fluorescence intensity and by 

a strong red shift in the wavelength of the fluorescence. Unfolding of wt-hVDAC1 

demonstrated that the lipid bilayer stabilizes the protein. Because midpoint of the unfolding 

transition shifted towards higher urea concentration after 7 days incubation in DLPC. The 

midpoints of the unfolding transition were located at 4.1 M and 6.4 M urea for hVDAC1 folded 

in lipid bilayers, after 3 and 7 days of incubation, respectively.  The stability of wt-hVDAC1 

was similar in the absence or in the presence of LDAO in aqueous solution. The midpoints of 

the unfolding transitions were located in a range from 3.2 M to 3.9 M urea, either in LDAO or 

in aqueous solution after 3 or 7 days of incubation. Indicating that the wt-hVDAC1 was more 

stabilized after 7 days incubation in DLPC. The midpoint of the unfolding transition is given in 

Table 3.9. 

 

Table 3.9 Midpoint of the unfolding transition in 8M urea 

Time (days)  Buffer  DLPC  LDAO 

3 3.4 4.1 3.2 

7 3.8 6.4 3.8 
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       3.4.10 Determination of the ΔG° in the lipid bilayer, aqueous solution and detergent   

 
To determine the apparent ∆G° (∆G°app) the equation 3.2 was fitted to the unfolding transition 

in Figure 3.10. The calculated apparent free energies of unfolding were plotted as a function of 

incubation time. Equation 3.2 implies that the ∆Gapp° depends on urea concentration linearly in 

the titration region. The fits of Eq 3.2 to the experimental data were done to calculate the ∆Gapp° 

of folding and unfolding extrapolated to 0 M urea, which determines the stability of the protein. 

However, only ∆G°app is obtained from these fits (Pocanschi et al., 2013) because, in this study, 

the titration of the unfolding experiment was performed and reversibility of the titration was 

not examined/included. The ∆G°app is given in Table 3.10. The calculated ∆G°app for the 

unfolding titration in DLPC, LDAO and an aqueous solution as a function of time is shown in 

Figure 3.11. The real ∆G° should not depend on time. However in a first approximation, the 

∆G°app of the unfolding titration of hVDAC1 does not that strongly depend on time. In an 

aqueous solution, ∆G°app for unfolding is much larger for hVDAC1 in lipid bilayers than in 

aqueous solution or in solutions of LDAO micelles. In all three environments DLPC, LDAO 

and aqueous solution, ∆G°app appeared to slightly increase toward 7 d of incubation time.   

 

 
Figure 3.11 The apparent free energies (∆G°app) of unfolding of hVDAC1 indicate that LDAO micelles and lipid 

bilayers stabilize hVDAC1 in comparison to aqueous buffer only. However, on an absolute scale, this stabilization 

is not very large (only ~ 5 to ~ 10 kJ/mol). The ∆G°app of unfolding were calculated by fitting Equation 3.2 to the 

data of Fig 3.10. 

 
Table 3.10 ∆G°app of unfolding of hVDAC1 

  ∆G°app (kJ/mol) 

Time (days)  Buffer  DLPC  LDAO 

3 50.8 58.6 57 

7 59.5 65 62.6 
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       3.5  Discussion 

 
 To date the mechanisms of membrane protein folding and insertion have been mostly 

studied for bacterial proteins. The human isoform 1 of the VDAC channel examined in this 

work is one of the few rare exceptions and to my knowledge the only eukaryotic β-barrel 

membrane protein for which the mechanism has been investigated to date (Shanmugavadivu et 

al., 2007). While some crude mechanistic principles for the folding of β-barrel membrane 

proteins have emerged (see McMorran et al., 2014; Kleinschmidt, 2015 for reviews), the 

detailed intra- and intermolecular interactions that drive structure formation have remained 

largely unknown. In regard to the number of membrane-spanning β-strands, hVDAC1 has the 

largest transmembrane domain of all β-barrel proteins, for which folding was investigated. In 

the present study important several new observations were made that advance our 

understanding of the principles of membrane protein folding. The first and most important new 

observation in this study is that hVDAC1 can form its β-barrel tertiary structure already in a 

folding intermediate that forms in aqueous buffer before hVDAC1 adsorbs to membranes, that 

is folding is largely uncoupled from insertion. Second, although folding and insertion are 

uncoupled for hVDAC1, secondary and tertiary structure formation appeared to be 

synchronized as previously observed for OmpA (Kleinschmidt and Tamm, 2002). A third very 

important observation is that at under the conditions used here, the aqueous form of hVDAC1 

displayed a similar stability as hVDAC1 in LDAO micelles, a form, for which a solution NMR 

structure was determined (Hiller et al., 2008). The stabilization of hVDAC1 against urea-

induced unfolding was comparably minor. 

 For hVDAC1, insertion and folding are largely uncoupled steps in the entire process of 

formation of native hVDAC1 in a membrane. This is in contrast to the 8-stranded β-barrel of 

OmpA from E. coli, for which folding was observed after OmpA adsorbed to the lipid 

membrane. Folding and insertion were shown to be coupled and dependent on membrane 

thickness (Kleinschmidt et al., 1999; Kleinschmidt and Tamm, 1999; Kleinschmidt and Tamm 

2002; Kleinschmidt et al., 2011). OmpA folded more easily into thinner, flexible lipid bilayers 

(Marsh et al., 2006) and into bilayers of high surface curvature (Pocanschi et al., 2006).  A 

requirement for membrane adsorption prior to folding was also shown for the 8-stranded β-

barrel PagP from E. coli (Huysmans et al., 2007;  Huysmans et al., 2010). 

 Here, strong evidence is provided for a largely natively structured aqueous folding 

intermediate of hVDAC1 by several methods. Native intramolecular contacts are confirmed 

upon folding in aqueous buffer, namely between neighboring β-strands β1 and β19, both at the 
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top ends and at the bottom ends of the strands in the β-barrel. Native contacts also were observed 

between -strands of 12, 34, 910, and 1819.  The contents of α-helical (~ 9 to 10 %) 

and β-sheet (~ 34 to 35 %) secondary structures were very similar for the aqueous form and the 

membrane-inserted folded form. CD spectroscopy of XnC-ZmW-FhVDAC1 and wt-hVDAC1 

in an aqueous solution revealed that wt-hVDAC1 and its mutants developed large amounts of 

-sheet secondary structure in aqueous buffer at pH 3 in absence of a lipid membrane that is 

very similar to the content of β-sheet structure of folded hVDAC1. hVDAC1, formed much 

higher fraction of -sheet secondary structure in aqueous solution than previously reported for 

bacterial β-barrel membrane proteins. In general, the structure of hVDAC1 was not affected by 

the mutations.  

 In LDAO micelles, the content of α-helical structure was larger by about 4 % to 5 % 

(which corresponds to ~14 residues), consistent with a previous report (Shanmugavadivu et al., 

2007), while the content of β-sheet was about 2 % to 3 % lower (~ 7-9 residues). hVDAC1 is 

composed of 283 amino acid residues and, apart from minor differences, the complete structure 

is formed in the absence of any lipid or detergent. Further evidence for formation of the near-

completely folded structure of hVDAC1 in the absence of micelles or bilayers comes from the 

very slow hydrolysis of this aqueous intermediate by the protease pepsin. Pepsinolysis 

experiments confirmed a large and stable structure in comparison to another OMP, TMD-

BamA, which was rapidly hydrolyzed in a parallel experiment.  

 The formation of a β-barrel structure in solution is unexpected for membrane proteins 

that are natively embedded in a very hydrophobic lipid environment and therefore have a 

hydrophobic surface. Although the pH 3, at which this intermediate formed is rather 

unphysiologically, we observed a strong propensity to form β-sheet secondary structure and 

also tertiary contacts between the neighboring β-strands also in other buffers with a pH ranging 

from 3 to 11 (see appendix). However, as hVDAC1 forms a hydrophobic surface upon folding, 

it had a stronger tendency to aggregate the closer the selected pH was to its isoelectric point 

(pI ~ 8.2 for hVDAC1). This tendency was reduced when hVDAC1 was either positively 

charged at low pH or negatively charged at pH 10 to pH 11. In vivo, the aggregation and likely 

also folding is suppressed by the molecular chaperones Tim9/Tim10 (Koehler et al., 1998) of 

the intermembrane space and likely also by chaperones like Hsp70 in the cytosol, prior to import 

of hVDAC1 across the TOM complex (Craig, 2018). 

 In contrast to the present results on hVDAC1, the bacterial OmpA was shown to require 

preformed detergent micelles or lipid bilayers for β-barrel formation (Dornmair et al., 1990; 

Surrey and Jahnig, 1992; Kleinschmidt et al., 1999). Spontaneous membrane insertion and 
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folding of β-barrel membrane proteins from an unfolded state into lipid bilayers has been shown 

previously for outer membrane proteins of Gram-negative OmpA (Kleinschmidt and Tamm, 

2002; Surrey and Jahnig, 1992), OmpF (Surrey et al., 1996), FomA (Pocanschi et al., 2006) and 

several others (Burgess et al., 2008). Folding of the 8-stranded β-barrel domain of OmpA 

required adsorption to the surface of the lipid bilayer (Kleinschmidt and Tamm, 1999 b; 

Kleinschmidt and Tamm, 2002). OmpA does not fold in the absence of detergent micelles or 

lipid bilayers after urea dilution (Kleinschmidt and Tamm, 1999; Kleinschmidt et al., 1999). 

Site-directed fluorescence quenching indicated that the -strands of OmpA do not associate in 

the aqueous folding intermediate (Kleinschmidt et al., 2011). The spontaneously folding of 

hVDAC1 -barrel similar to bacterial OMPs into lipid bilayers was shown by Shanmugavadivu 

(Shanmugavadivu et al., 2007).  

 The native structure formation of OMPs in these bilayers does neither require 

proteinaceous folding machinery nor an energy source like ATP, which is not present in the 

bacterial periplasm (Wülfing and Plückthun, 1994). 

 This mechanism of folding and insertion of hVDAC1 into the membrane differs 

strongly from the mechanisms of folding and membrane insertion of bacterial OMPs that were 

observed for OmpA and PagP from E. coli (Kleinschmidt et al., 2011; Huysmans et al., 2012). 

The folding pathway monitored by W-fluorescence for OmpA and Pagp from bacteria was 

found to be tightly coupled to the insertion into membrane, while hVDAC1 folding of -barrel 

take place first in aqueous solution and the second step is the insertion into membrane bilayer.  

 Three steps of the folding processes could be distinguished for hVDAC1Figure 3.12 

After rapid urea dilution in the first step (U), hVDAC1 developed -sheet secondary structure 

and  -barrel tertiary structure in an aqueous folding intermediate (A). In a subsequent step, the 

hVDAC1 inserted and folded into lipid bilayers (N). The folding of hVDAC1 into a β-barrel 

precedes membrane insertion in an uncoupled mechanism of folding followed by membrane 

insertion.  
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Figure 3.12 Folding and insertion scheme of hVDAC1 into lipid bilayers at pH 3. From a denatured form in urea 

(U), after rapid urea dilution, hVDAC1 formed most -strands and preform -barrel in an aqueous solution at pH 3 

(A). From this preform -barrel hVDAC1 folds and inserts into the lipid membrane to its native form (N).  

 

 The W-fluorescence quenching results in the aqueous folding intermediate confirmed 

that a closed -barrel tertiary structure of hVDAC1 is formed prior to membrane 

adsorption/insertion. The structure of the intermediate in buffer is largely similar to the β-barrel 

of lipid bilayer-inserted hVDAC1, as the β-strand content is high and since the C and W are in 

close proximity at strands 1 and 19.  An increased fluorescence intensity in combination with 

a strong shift of max toward 332 to 334 nm demonstrated a conformational change in hVDAC1 

after urea dilution in a citrate buffer in the absence of a lipid bilayer. It also suggests that the 

hVDAC1 forms a hydrophobic surface in the absence of a lipid membrane. While the folding 

of hVDAC1 is nearly complete in an aqueous solution, the formation of native tertiary contacts 

in OmpA requires the interaction of OmpA with lipid bilayer (Kleinschmidt et al., 2011), which 

means that folding and insertion of OmpA into membranes are coupled processes. 
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 The aqueous intermediate is resistant to proteolysis and it unfolds in a two-state 

unfolding titration that is similar to unfolding titration of hVDAC1 which is refolded in DLPC. 

The unfolding titration in aqueous solution is also similar to that observed for hVDAC1 in 

LDAO micelles. In contrast hVDAC1 is stabilized in DLPC bilayers. For hVDAC1 which is 

folded in DLPC the transitions are steeper than those in aqueous solution and LDAO.  

 The ∆G°app of unfolding of hVDAC1 which is folded in LDAO and in aqueous solution 

are comparable.  A slightly higher apparent free energy in DLPC than aqueous solution 

indicates hVDAC1 is stabilized in membranes. The three unfolding titrations indicate 2-state 

thermodynamics for hVDAC1 folding in aqueous solution, in DLPC bilayers and in LDAO 

micelles. These observations also support the presence of similarly developed barrel structures 

in DLPC bilayers and in aqueous buffer in the absence of lipid or detergent. The calculated the 

∆G°app of unfolding for hVDAC1 in LDAO is comparable to those for OmpA in LDAO. In 

LDAO with  60 kJ/mol for OmpA in LDAO (Pocanschi et al., 2013).    

 Proteolysis of hVDAC1 revealed that hVDAC1 is protected against protease in 20 min 

in comparison to TMD-BamA. This suggests that hVDAC1 developed structure in an aqueous 

solution, leading to a greater stability against pepsin digestion in comparison to the 

transmembrane domain of BamA used for comparisons. BamA was completely digested after 

20 min. However, in a previous study by (Shanmugavadivu et al., 2007), it was shown that 

hVDAC1 was digested within 30 min. This could be because the  -sheet secondary structure 

of hVDAC1 is not as protected in an aqueous solution as it is in a lipid membrane. The structure 

of hVDAC1 is stabilized by the lipid bilayer which also prevents accessibility by the protease 

protecting inserted hVDAC1.  

 The formation of the barrel might be driven also by enthalpic contributions to the free 

energy of folding through polar interactions and hydrogen-bond formation between 

neighboring strands. This could be a possible driving force for the association of -strands in 

hVDAC1 -barrel in an aqueous solution.  

 The fluorescence intensity of the folded single (Me-XnC-ZmW) mutants hVDAC1 in a 

lipid bilayer was different, especially between XnC-ZmW-FhVDAC1 mutants at the barrel top 

and at the barrel bottom. The W in mutants that are located in the top barrel showed relatively 

higher fluorescence intensities. This indicates that in the mutants positioned at the top of the 

barrel tryptophans are possibly located deeper in the membrane than mutants located at the 

barrel bottom. It is also possible that neighboring polar amino acids residues, which are located 

in the same or in the neighboring β-strands, quenched the fluorescence emission of the 
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tryptophan for mutants with a lower fluorescence intensity. Fluorescence intensity in urea in 

each XnC-ZmW-FhVDAC1 mutant is located almost at the same level except I138C-L275W-

FhVDAC1 mutant. This mutant showed relatively higher fluorescence intensity comparison to 

other mutants. This could arise from error in estimation of protein concentration. In DLPC the 

fluorescence intensities of mutants L58C-W75W-FhVDAC1, K32C-Q282W-FhVDAC1, and 

A283C-T33W-FhVDAC1 were comparable and lower than those for other mutants. Presence 

of polar T at 72, T at 77, N at 79, and T at 80 amino acids near the W at position 75 could 

quench the fluorescence intensity of W at position 75 in L58C-W75W-FhVDAC1 mutant. For 

L31C-F281W-FhVDAC1 and K32C-Q282W-FhVDAC1 mutants also the Q at 282, N at 267, 

and N269 possibly quenched the florescence intensity. Also, in these mutants the W is located 

at the barrel bottom and facing with inside of barrel where is hydrophilic environment that could 

lead to lower fluorescence intensity of these mutants. In aqueous solution the I27C-A47W-

FhVDAC1 and I138C-F157W-FhVDAC1 mutants shown lower intensities compare to other 

mutants. The numerous of polar amino acids such a T at 42, S at 43, S at 44, S at 46, N at 48, 

and T at 49 are located near to W at position 47. This leads to more quenching fluorescence 

intensity of the W in these positions for I27C-A47W-FhVDAC1 mutant in aqueous solution.  

The proximity of the neighboring amino acid residues depend on their side-chain orientation 

and dynamics. However, in comparison to the fluorescence of the folded forms of XnC-ZmW-

FhVDAC1 mutants in lipid bilayers and of their intermediate forms in aqueous buffer, the 

fluorescence of these mutants was less quenched in LDAO micelles. As unfolding titration in 

LDAO superimposed the unfolding titration in aqueous solution (Figure 3.10) meaning LDAO 

also did not stabilize the hVDAC1 barrel structure.   

 LDAO did not stabilize the structure of hVDAC1 in comparison to DLPC.  In an aqueous 

solution, fluorescence quenching in SL-XnC-ZmW did not increase as distance between the 

fluorophore and the nitroxyl label decreased. However, in a lipid bilayer with an exception of 

A283C-T33W, an increase in fluorescence quenching is correlated with a decrease in distance. 

The correlation of fluorescence quenching with distance was not observed in an aqueous 

solution or LDAO. This is because, in addition to the distance between fluorophore and 

quencher, the orientation and rotation of the tryptophan indole ring and the spin-label group in 

the membrane might be different to those in the crystal structure, which would affect the 

observed quenching results. Thus, the rotation of the tryptophan indole could bring it in close or 

distant proximity to the spin-label group, particularly W at position of 33 located at the barrel 

bottom, where it faces inside of the hVDAC1 -barrel, which it is hydrophilic and more 

dynamic, allowing for greater mobility and faster rotational motion of the tryptophan side chain. 
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The orientation and dynamic of the oppositely-charged side chains of neighboring amino acids 

may also affect the quenching of the tryptophan fluorescence in an aqueous environment. 

Different fluorescence quenching in different environments could also be due to restricted 

rotational mobility of the side chains of the tryptophan and the spin labeled cysteine in DLPC 

model membranes compared to those observed in LDAO micelles and in the aqueous buffer 

alone.    
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  4. Folding of the β-barrel of the integral membrane protein hVDAC1 

requires interactions between the polar and charged amino acid side 

chains glutamate and lysine.  

 

       4.1 Abstract 

Membrane protein folding of β-barrel membrane proteins is thought to be driven by 

hydrophobic interactions of the newly formed hydrophobic surface of membrane proteins with 

the membrane. Here, the importance of polar interactions between the amino acid side chains 

lysine and glutamic acid for the association of neighboring -strands within the β-barrel 

transmembrane domain of hVDAC1 was examined. It was found that electrostatic and polar 

interactions through hydrogen bonding between basic lysine and acidic glutamic acid side 

chains of the 19-stranded β-barrel of hVDAC1 are required for formation of native tertiary 

structure. These interactions were necessary for the closing the hVDAC1 -barrel between the 

N- and C- terminal β-strands β1 and β19 in an intermediate form in aqueous solution in the 

absence of lipid membranes. Similarly, these side-chain interactions between basic lysine and 

acidic glutamate acid side chains were also necessary for the association of strands 14 and 

15. These results suggest that, unexpectedly and in strong contrast to other -barrel membrane 

proteins examined to date, the folding of hVDAC1 is not driven by the hydrophobic effect, but 

predominantly by multiple interactions between basic and acidic amino acid side-chains in a 

folding intermediate that is formed before membrane insertion of hVDAC1. This work is further 

evidence of the importance of the primary polypeptide sequence as the main determinant not 

only for the folding of soluble proteins, but also for transmembrane proteins like hVDAC1 that 

must insert into the very hydrophobic environment of membranes.  

 

       4.2 Introduction 

In general, the tertiary structure of proteins is formed by a combination of hydrophobic 

interactions, hydrogen bonding, Van der Waals interactions, electrostatic interactions and steric 

packing constraints.  The general structure and thermodynamic stability of a folded protein is 

determined by these interactions, and their disruption causes misfolding or unfolding and 

protein destabilization (Perutz, 1978; Popot and Engelman, 2000; White and Wimley, 1999; 

Cui et al., 2013; Safar et al., 2017; Anderson et al., 1990; Anderson et al., 1990; Sali et al., 

1991; Spek et al., 1998) have demonstrated the responsibility of electrostatic interactions on 

the structure, stability, and functionality of water-soluble proteins. The influence of electrostatic 

interactions on molecular mechanisms, such as the activation of rhodopsin (Kim et al., 2004), 

on the ATP transport mechanisms in mitochondria (King et al., 2016), and on the gating of 
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pore-forming toxins and ion channels (Coux et al., 2001) was investigated. This effect also was 

studied on the association of transmembrane transporters and receptors (Zhao et al., 2016; 

Pedersen et al., 2014; Call et al., 2002). Tamm and coworkers (Hong et al., 2006) have studied 

the contribution of electrostatic interactions to the stability and gating mechanism of OmpA 

from E. coli.  

 However, folding and membrane insertion of OmpA have been reported as solely driven 

by the hydrophobic effect (Kleinschmidt et al., 1999; Kleinschmidt and Tamm, 2002; see also 

Kleinschmidt, 2015 for review). While roles of electrostatic or polar interactions have not been 

reported for OmpA, Hiller and coworkers reported an increase in thermostability of OmpX 

through three electrostatic salt-bridges present in the OmpX structure. Whether electrostatic 

interactions are important for the formation of native structure of OMPs is not well understood. 

In comparison to soluble proteins, this has also not been investigated in any detail. As hVDAC1 

contains several clusters of oppositely charged residues in its β-barrel structure and since it also 

forms aqueous folding intermediates of -barrel structure in the absence of a lipid bilayer or 

detergent micelles, it was investigated here, whether electrostatic or hydrogen-bridging 

interactions between basic lysine and acidic glutamic acid side-chains impact the folding 

process of hVDAC1. The investigation presented here provides new insights into the folding 

mechanism of the first -barrel membrane protein from the OM of mitochondria, but is likely 

to contribute also to the folding mechanisms of bacterial OMPs.  

 In the present study, we examined the significance of the interaction of basic lysine (K) 

and acidic glutamic acid (E) side-chains on the closing of the hVDAC1 barrel at the N- and C- 

terminals via examination of the association between -strands of 1 and 19. The role of the K 

and the E in the association of the neighboring -strands 14 and 15 and for formation of the 

antiparallel β-sheet structure of these strands was also examined. The side chains of these 

residues are typically positively (K) and negatively (E) charged. In addition, these side-chains 

are polar and have a capacity to bind another via hydrogen bridges or via a salt bridge. The role 

of pairs of E and K that are in structural proximity in the β-barrel may be crucial for the folding 

of hVDAC1, as we identified several such K/E-pairs in hVDAC1 (Figure 4.1).  
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Figure 4.1 The NMR solution-structure (PDB: 2k4T) of hVDAC1 and the positions of the K amino acids (blue) 

and E amino acids (red) are shown. (Hiller et al., 2008). 

 

Here the XnC-ZmW-FhVDAC1 mutants of hVDAC1 prepared in the preceding chapter 

(section 3.3.1) were used for two additional mutagenesis steps, performed on the encoding 

plasmid of selected KuG-EvG-XnC-ZmW-FhVDAC1 mutants. A lysine and a glutamate 

residue that were located in neighboring β-strands in close structural proximity to another and 

next to the cysteine and tryptophan residues introduced before, were both replaced by the 

neutral amino acid glycine (G).  

 The N-terminal strand of hVDAC1 contains two positively charged lysine residues at 

positions 32 and 34. The C-terminal strand contains a negatively charged glutamate at position 

280. In the mutant K32C-Q282W-FhVDAC1, in which the cysteine and tryptophan were 

located at the N- and C- terminal β-strands, respectively (Table 4.1). The two charged amino 

acids K34 and E280 were replaced by glycine to obtain the mutant K34G-E280G-K32C-

Q282W-FhVDAC1 (Figure 4.2 (A)). To further investigate on this location, K34C-Q282W-

FhVDAC1 mutant, in which the lysine at position 34 was replaced in cysteine and glutamine at 

position 282 was substituted by tryptophan, was prepared. In this mutant, the native lysine at 

position 32 and the native glutamate at position 280 were present.  

β
19

β
1
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Figure 4.2 The NMR solution-structure (PDB: 2k4T) of hVDAC1 and the positions of the mutated amino acids 

used to examine the formation of the -barrel are shown. Expressed and purified were K32C-Q282W-FhVDAC1, 

K34C-Q282W-FhVDAC1, K34G-E280G-K32C-Q282W-FhVDAC1, A223C-T204W-FhVDAC1, and K224G-

E203G-A223C-T204W-FhVDAC1 mutants with mutations shown at the N- and C- terminal β-strands and at -

strands of 14 and 15 from E. coli were expressed and purified. An expression plasmid encoding an hVDAC1 

mutant, in which the four native tryptophans were replaced by phenylalanine and two native cysteines were 

replaced by alanine, was used as a template for SDM. In K32C-Q282W-FhVDAC1, in which lysine at position 32 

was substituted by cysteine and the glutamine at position 282 was replaced by tryptophan, the positively charged 

lysine side chain at position 34 at the N-terminal and the negatively charged glutamate at position 280 at the C-

terminal were replaced by glycine to obtain K34G-E280G-K32C-Q282W-FhVDAC1 (A). Here, cysteine and 

tryptophan were introduced to monitor the association of strands 1 and 19, which close the hVDAC1 -barrel.  

For another investigation, A223C-T204W-FhVDAC1 was prepared, in which threonine at position 204 was 

replaced by tryptophan and alanine at position 223 was substituted by cysteine. In addition, the negatively charged 

glutamate at position 203 and the positively charged lysine at position 224 were replaced by glycine to prepare the 

mutant K224G-E203G-A223C-T204W-FhVDAC1 (B). Here, the cysteine and tryptophan were also introduced to 

monitor the proximity of strands 14 and 15. K34G-E280G-K32C-T282W-FhVDAC1 and K224G-E203G-

A223C-T204W-FhVDAC1 were prepared to examine the effect of possible interactions between the oppositely 

charged basic and acidic and whether these are necessary for the association of the neighboring -strands. 

 

 

 In order to study another, but structurally similar location of the hVDAC1 β-barrel, the 

threonine at position 204 at the 14 and alanine at position 223 at 15 were replaced by 

tryptophan and cysteine, respectively, to obtain A223C-T204W-FhVDAC1 (Table 4.1). The 

neighbor glutamate at position 203 at -strand 14 and the lysine at position 224 at -strand 15 

were substituted by glycine to prepare K224G-E203G-A223C-T204W-FhVDAC1 (Figure 4.2 

(B)).  

 First, the secondary structures of all these mutants (K32C-Q282W-FhVDAC1, K34C-

Q282W-FhVDAC1, K34G-E280G-K32C-Q282W-FhVDAC1, A223C-T204W-FhVDAC1, 

and K224G- E203G-A223C-T204W-FhVDAC1) were examined by CD spectroscopy after 

their preparation and purification from cells.  
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 To then investigate, whether the interactions between the lysine and the glutamate side-

chains are necessary for the association of the neighboring -strands at monitored locations, the 

fluorescence emission spectra of spin-labeled (SL-K34G-E280G-K32C-Q282W-FhVDAC1), 

and (SL-K224G-E203G-A223C-T204W-FhVDAC1) were recorded.  For reference, the spectra 

of the methylated forms, (Me-K34G-E280G-K32C-Q282W-FhVDAC1), and (Me-K224G-

E203G-A223C-T204W-FhVDAC1) were also recorded that is in the absence of a fluorescence 

quenching spin-label under identical conditions. The results acquired for these mutants were 

compared with the corresponding spectra of other mutants in which the native oppositely 

charged lysine and glutamate residues were not replaced.  The distances between the residues 

replaced by tryptophan and cysteine are given in Table 4.1. 

 

Table 4.1 Distances between tryptophan and cysteine in the XnC-ZmW-FhVDAC1 and KuG-EvG-

XnZmW-FhVDAC1 mutants and the observed folding events  

 
XnC-ZmW-FhVDAC1  

and KuG-EvG-XnC-ZmW-

FhVDAC1 mutants 

Amino acid 

Substituted 
dC-W (Å)a            Folding event monitored 

K32C-Q282W 

K34G-E280G K32C-Q282W 

 K32C 

Q282W 

K34G  

  6.4  

β1-β19 Strand closure at the barrel bottom  

β1-β19 Strand closure at the barrel bottom  

  
    

 

K34C-Q282W  

E280G 

K34C 

A223C 

T204W 

10.7 β1-β19 Strand closure at the barrel bottom 

A223C-T204W 

 
 4.8 14-β15 Strand association at the barrel bottom 

 
 

E203G 

K224G  

  

K224G-E203G-A223C-T204W 

 
   

adC-W estimated distance between the C carbons of residues replaced by cysteine and tryptophan in XnC-ZmW-

FhVDAC1 mutants determined from the NMR solution structure (PDB: 2K4T) of wild type hVDAC1 in LDAO 

detergent micelles (Hiller et al., 2008), generated here from the structural coordinates with PyMol. 
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       4.3 Materials and Methods 

 
 

          4.3.1 Construction of the plasmids harboring the genes encoding the single Cys – 

single    Trp hVDAC1 mutants, located at the N- and C- terminal for first 

plasmid and at the 14-β15 strands at the barrel bottom for the second 

plasmid. 

A set of XnC-ZmW-FhVDAC1 and KuG-EvG-XnC-ZmW-FhVDAC1 mutants, in which the 

neighboring oppositely charged residues next to the cysteine and the tryptophan, respectively, 

were replaced by glycine, were prepared as described in detail in chapter 3, section 3.3.1. The 

two complementary oligonucleotide primers containing the desired mutation of the amino acid 

replacement are listed in Table 4.2.  

Table 4.2 PCR primers used for site-directed mutagenesis 

   XnC-ZmW-FhVDAC1 and Amino acid PCR primers 

KuG-EvG-XnC-ZmW-    

FhVDAC1mutants 

Substituted   

   

K34C-Q282W K34C Forward 5'-TCAAGCTTGGGCTGAAGACATGCTCTGAGAATGG-3' 

K32C-Q282W 
 

Reverse  5'-CCATTCTCAGACGCAGTCTTCAGCCCAAGCTTGA-3' 

K34G-E280G-K32C-Q282W K34G Forward 5'-GGCTTGGGCTGTGCACAGGGTCTGAGAATGGATTGG -3' 

A223C-T204W 
 

Reverse 5'- CCAATCCATTCTCAGACCCTGTGCACAGCCCAAGCC-3' 

K224G-E203G-A223C-T204W E280G Forward 5'-GGGTCTAGGATTGGGCTTTGGGCATAACTC -3' 
  

Reverse 5'- GAGTTATGCCCAAAAGCCCAATCCTAGACCC-3' 
 

A223C Forward 5'- GCTTCGGAATAGCATGCAAGTATCAGATTGACC-3' 
  

Reverse 5'- GGTCAATCTGATACTTGCATGCTATTCCGAAGC-3' 
 

T204W Forward 5'- GAACAAGAAGTTGGAGTGGGCTGTCAATCTTGCC-3' 
  

Reverse 5'- GGCAAGATTGACAGCCCACTCCAACTTCTTGTTC-3' 
 

E203G Forward 5'- GTGAACAAGAAGTTGGGGTGGGCTGTCAATCTTGCC-3' 
  

Reverse 5'- GGCAAGATTGACAGCCCACCCCAACTTCTTGTTC-3' 
 

K224G Forward 5'- CGGAATAGCATGCGGGTATCAGATTGACCCTG-3' 
  

Reverse 5'- CAGGGTCAATCTGATACCCGCATGCTATTCCG-3'  

Mismatched nucleotides used for mutagenesis are shown in bold and underlined in the primer sequence. The 

numbers shown in mutants are the position of the amino acid residue in the hVDAC1 sequence. The residue on 

the right represents the amino acid to which it is mutated, and the residue on the left of the number indicates the 

selected amino acid. “Forward” denotes the primer complementary to the 3´-5´DNA strand, and “reverse” denotes 

the primer complementary to the 5´-3´DNA strand.  

 
 

          4.3.2 Isolation of XnC-ZmW-FhVDAC1 and KuG-EvG-XnC-ZmW- FhVDAC1 

mutants 

hVDAC1mutants were expressed and purified using the same procedure as described 

previously in chapter 3, section 3.3.2.  
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          4.3.3 Lipid bilayer preparation and folding and insertion of hVDAC1 monitored by 

CD- and fluorescence spectroscopy 

 The preparation of lipid bilayers, the folding of XnC-ZmW-FhVDAC1 and KuG-EvG-XnC-

ZmW-FhVDAC1 mutants hVDAC1 into lipid bilayers, detergent micelles or aqueous solution, 

as well as CD spectroscopy, the SDSL, the site-directed methylation, and the intramolecular 

fluorescence quenching were performed according to the procedures described in chapter 3, 

section 3.3.3, 3.3.4, 3.3.5, 3.3.6, 3.3.7, and 3.3.8, respectively.                        

 

       4.4 Results 

 

          4.4.1 CD spectroscopy indicates a reduced content of β-sheet secondary structure in 

K34G-E280G-K32C-Q282W-FhVDAC1, caused by replacements K34G-and 

E280G.  

The structures of all outer membrane -barrel proteins contain a regular network of hydrogen-

bonds that connect the neighboring -strands, bridging the amide nitrogen atoms and the 

carbonyl oxygen atoms of neighboring peptide bonds along the polypeptide backbone. The 

outer surface of the β-barrel is a hydrophobic surface that is in contact with the lipid bilayer, 

while the inner surface of the barrel contains polar and charged residues. Here, the importance 

of the interactions between the charged amino-acid side chains of the barrel interior was 

examined, in particular for the parallel β-sheet necessary for the closing of the hVDAC1 -

barrel in the folded state. Data were obtained for folding in presence lipid bilayers, in presence 

of LDAO detergent micelles, and for an aqueous folding intermediate in the absence of lipids 

or detergents. First, folding of hVDAC1 was studied using CD spectroscopy. The CD spectra 

of the K32C-Q282W-FhVDAC1; K34C-Q282W-FhVDAC1; and K34G-E280G-K32C-

Q282W-FhVDAC1 mutants, in DLPC; LDAO, in Figure 4.3 A, and in aqueous solution are 

shown in Figure 4.3 B. The line shapes of the CD spectra of K32C-Q282W-FhVDAC1 and 

K34C-Q282W-FhVDAC1 in DLPC, in LDAO, and for the folding intermediate in aqueous 

solution were similar with a minima near 218 nm that are characteristic for the native-like -

sheet secondary structure in each environment. These line-shapes were similar to those of the 

CD spectra of other XnC-ZmW-FhVDAC1 mutants. In contrast, for the K34G-E280G-K32C-

Q282W-FhVDAC1 mutant the spectral minimum was shifted to a shorter wavelength in 

aqueous solution. The deconvolution of the spectra indicated that this mutant in aqueous 

solution developed a lower fraction of β-sheet and a larger fraction of -helix structure in 
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comparison to K32C-Q282W-FhVDAC1 and K34C-Q282W-FhVDAC1, that contain the 

native, oppositely charged lysine and glutamate residues at positions 34 and 280. The 

amplitudes of the CD spectra for K34G-E280G-K32C-Q282W-FhVDAC1 in DLPC and 

LDAO were also larger than those of the CD-spectra of the mutants that contained the original 

lysine and glutamate residues in place.  

 

Figure 4.3   CD spectra of XnC-ZmW-FhVDAC1 mutants indicate interactions between the side-chains of lysine-

34 and glutamate-280, located in neighboring β-strands 1 and 19, respectively, are required for hVDAC1-folding. 

All relevant mutations of the XnC-ZmW-FhVDAC1 mutants were at the ends of the β-strands oriented toward the 

intermembrane space of the mitochondria. A Shown are the CD-spectra of K34C-Q282W-FhVDAC1 (in which 

K32 and E280 are preserved) in DLPC bilayers ( ) and in LDAO detergent micelles ( ) and the spectra of 

K34G-E280G-K32C-Q282W-FhVDAC1 in bilayers of DLPC ( ), and in LDAO micelles ( ). B Shown are 

the spectra of the corresponding aqueous folding intermediates of K34G-E280G-K32C-Q282W- FhVDAC1 (

) and of K34C-Q282W-FhVDAC1 ( ). The spectra of the aqueous folding intermediate of another mutant, 

K32C-Q282W-FhVDAC1 are also presented for comparison ( ). The CD spectra of K34G-E280G-K32C-

Q282W-FhVDAC1 indicate that this mutant does not fold correctly. Because the minima of the spectra are 

consistently shifted towards a shorter wavelength. For each variant of hVDAC1, 15 M hVDAC1 were folded 

into an 800-fold molar excess of DLPC and LDAO in a 10 mM citrate buffer at pH 3, diluting the denaturant 

urea >100 fold. Samples were incubated overnight and CD spectra were recorded at room temperature. For the 

folding intermediate in aqueous solution, all spectra were recorded immediately after urea dilution at room 

temperature. 
 

The deconvolution analysis of the spectra with the algorithms CDSSTR (Johnson, 1999) and 

CONTIN (Provencher and Glockner, 1981) showed similar contents of -helix- and -sheet-

structures of K34C-Q282W-FhVDAC1 in DLPC, LDAO and aqueous solution (Table 4.3) in 

comparison to the single XnC-ZmW-FhVDAC1 mutants that were analyzed in chapter 3. The 

newly prepared K34G-E280G-K32C-Q282W-FhVDAC1 mutant developed more -helical 

structure in LDAO in comparison to in DLPC and an aqueous solution. A reduction of the -

sheet content was observed, especially for the folding intermediate of K34G-E280G-K32C-
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Q282W-FhVDAC1 formed in an aqueous solution, indicating the role of the interaction of the 

lysine and glutamate side-chains for the development of the of the -sheet in the hVDAC1 -

barrel.  

 
Table 4.3 Analysis of the CD spectra of the K34C-Q282W-FhVDAC1 and K34G-E280G-K32C-

Q282W-FhVDAC1 mutants1 

 

Sample Algorithm -Helix 

(%)  

-Strand 

(%)  

-Turns 

(%)  

Random Coil 

(%) 

NRMSD2 

 

(K34C-Q282W) DLPC 

 

CONTIN 

CDSSTR 

 

12.4 

9.5 

 

33.4 

31 

 

22.2 

19 

 

30.9 

43 

 

0.13 

0.03 

  Average 10.9 32.2 20.6 36.9 
 

  
     

  

(K34C-Q282W) 

LDAO 

 
          

  CONTIN 12.3 31.7 22.6 33.4 0.24 

  CDSSTR 13.5 29.5 22.5 34.5 0.05 

  Average 12.9 30.6 22.5 33.9   

(K34C-Q282W) Buffer 
 

          

  CONTIN 10.0 34.2 21.0 34.7 0.24 

  CDSSTR 10.5 31 22 36 0.1  
Average 10.2 32.6 21.5 35.3   

 

(K34G-E280G- K32C-

Q282W) DLPC 

  CONTIN 21.4 26.6 21.1 30.7 0.04 

  CDSSTR 19.2 27.5 24 29.5 0.02 

  Average 20.3 27.0 22.5 30.1   

(K34G-E280G- K32C-

Q282W) LDAO 

            

  CONTIN 35.9 26.0 21.8 30.4 0.13 

  CDSSTR 25 27 22.5 30.5 0.04 

  Average 30.4 26.5 22.1 30.4   

(K34G-E280G- K32C-

Q282W) Buffer 

            

  CONTIN 11.9 17.2 18.5 52.2 0.13 

  CDSSTR 16 20.5 23 40.5 0.08 

  Average  13.9 18.8 20.7 46.3   
1The CD spectra are shown in Figure 4.2. For experimental details, see the legend to Figure 4.2 and the methods 

sections. 
2NRMSD is the normalized root mean square deviation of a calculated theoretical/fitted spectrum (obtained from 

a set of reference spectra) from the experimentally obtained spectrum. NRMSD is obtained from the CD analysis 

using the software provided by DICHROWEB to calculate the composition of the secondary structure. For 

accurate results, an NRMSD  0.25 should be obtained. 

 

 

 
 

Based on the crystal structure of hVDAC1, 163 residues form the -sheet structure representing 

 58 % of all residues. Each single -strands contains on average 163/19 = 8.5 residues. The -
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sheet structure (β-strand and β-turn) of the mutant K34C-Q282W-FhVDAC1 is formed by 150 

residues (~ 53 %) within a lipid membrane. Every single -strand also contains  8 residues 

which agrees well with the number calculated from the hVDAC1 crystal structure. The K34G-

E280G-K32C-Q282W-FhVDAC1, refolded in DLPC contains 138 residues that show a -

structure what means a loss of 12 residues or one -strand for this mutant in DLPC. In LDAO 

this mutant also loses 12 residues or 1 -strand. In aqueous buffer, only 113 residues of the 

mutant K34G-E280G-K34C-Q282W-FhVDAC1 formed -sheet structure, which represents a 

loss of ~ 37 residues or  4 to 5 -strands in comparison to the mutant K34C-Q282W-

FhVDAC1. This indicates a major destabilization effect of the replacements of  K34 and E280 

on the entire β-barrel structure that exceeds the mutated strands and also breaks other 

neighboring β-sheets. 

 

          4.4.2 Replacement of the two native K34 and E280 in the N- and C-terminal β-

strands of hVDAC1 prevents the formation of the β-barrel. 

In order to investigate the effect of the charged/polar residues K34 and E280 on the hVDAC1 

-barrel sealing, the association of the first and last -strands at the N- and C- terminal was 

studied by fluorescence quenching. Therefore, the K34 and the E280 at the N- and C- terminal 

were substituted by G, as is described in section 4.2. The fluorescence emission spectra of the 

K32C-Q282W-FhVDAC1 mutant shown in Figure 4.4, were compared with the methylated 

and spin-labeled forms of both K34G-E280G-K32C-Q282W-FhVDAC1 and K34C-Q282W-

FhVDAC1 mutants. As described in the previous chapter, the fluorescence quenching 

experiments of K32C-Q282W-FhVDAC1, in which the charged side chain amino acids K and 

E are present at 34 and 280, respectively, indicated that this mutant is denatured in 8 M urea, 

as the quencher did not affect the fluorescence intensity, indicating that it was not in proximity 

to the fluorescent tryptophan. In contrast, for the inserted form in lipid bilayers of DLPC, for 

the folding intermediate in aqueous solution, and for the solubilized form of K32C-Q282W-

FhVDAC1 in LDAO micelles, the formation of native contacts between the first and last -

strands was observed for K32C-Q282W-FhVDAC1 as fluorescence for the spin-labeled forms 

was quenched in comparison to the methylated forms, indicating proximity of the spin-label at 

the cysteine to the fluorescent tryptophan. Here, the fluorescence emission spectra of Me-

K34C-Q282W-FhVDAC1 and SL-K34C-Q282W-FhVDAC1 in 8 M urea, aqueous solution, 

LDAO and DLPC are again shown in Figure 4.5 (A, B, C, and D, respectively).  
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Figure 4.4 The K32C-Q282W-FhVDAC1 mutant displayed native contacts between the first and last strands in an 

aqueous solution, LDAO and DLPC.  Fluorescence emission spectra of K32C-Q282W-FhVDAC1 mutant either 

(SL-K32C-Q282W-FhVDAC1, dotted lines) or (Me-K32C-Q282W-FhVDAC1, continuous lines) at the cysteine. 

Spectra are shown for the denatured K32C-Q282W-FhVDAC1 mutant in 8 M urea (A), in (10 mM buffer, 2 mM 

EDTA buffered at pH3) after urea dilution (B), in detergent micelles LDAO (C), and for the folded form in DLPC 

(D). 1 M hVDAC1 were folded into an 800-fold molar excess of DLPC and LDAO in a 10 mM citrate buffer at 

pH 3, diluting the denaturant urea >100 fold. Spectra were recorded at 25 °C. For the folding intermediate in 

aqueous solution, all spectra were recorded immediately after urea dilution.  

 

 The fluorescence intensity of the SL-K34C-Q282W-FhVDAC1 mutant was not 

quenched in 8 M urea, indicating an unfolded form of this mutant (Figure 4.5 A). The 

fluorescence intensity of Me-K34C-Q282W-FhVDAC1 was similar to the fluorescence 

intensities of other single XnC-ZmW-FhVDAC1 mutants in 8 M urea.  
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Figure 4.5 The K34C-Q282W-FhVDAC1 mutant showed the formation of native contacts between 1 and 19 in 

an aqueous solution and LDAO but not in DLPC. Fluorescence emission spectra of K34C-Q282W-FhVDAC1 

either (SL-K34C-Q282W-FhVDAC1, dotted lines) or (Me-K34C-Q282W-FhVDAC1, continuous lines) at the 

cysteine. Spectra are displayed for the denatured K34C-Q282W-FhVDAC1 mutant in 8 M urea (A), in an aqueous 

solution at pH 3 after urea dilution (B), in detergent micelles LDAO (C), and for the folded form in DLPC (D). 

1 M hVDAC1 were folded into an 800-fold molar excess of DLPC and LDAO in a 10 mM citrate buffer at pH 3, 

diluting the denaturant urea >100 fold. Spectra were recorded at 25 °C. For the folding intermediate in aqueous 

solution, all spectra were recorded immediately after urea dilution.  

 

 The fluorescence intensity of Me-K34C-Q282W-FhVDAC1 mutant in an aqueous 

solution after strong dilution of the denaturant urea was increased in comparison to the 

fluorescence intensity in 8 M urea Figure 4.5 B.  This indicated a more hydrophobic 

environment of hVDAC1 in aqueous solution after denaturant dilution than for its unfolded 

form in 8 M urea.  The  max of the spectrum of the aqueous form was also shifted from 346 nm 

in 8 M urea to 336 nm after urea dilution, independent of the cysteine modification. This shift 

also indicated a conformational change of the K34C-Q282W-FhVDAC1 mutant in the aqueous 

phase upon urea dilution and a more hydrophobic environment of the tryptophan upon 

denaturant dilution. The fluorescence intensity of Me-K34C-Q282W-FhVDAC1 in LDAO 

increased in comparison to the aqueous solution (Figure 4.5 C), which indicated an even more 

hydrophobic environment of hVDAC1 in LDAO micelles than in aqueous buffer only. In 

LDAO detergent micelle solutions, the fluorescence intensity of the SL-K34C-Q282W-

FhVDAC1 was quenched in comparison to the Me-K34C-Q282W-FhVDAC1. The max for 
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K34C-Q282W-FhVDAC1 was located at 335 nm in LDAO, independent of cysteine 

modification, demonstrating a more hydrophobic environment in LDAO micelles in 

comparison to aqueous solution without detergent or lipid.  

 The fluorescence intensity of Me-K34C-Q282W-FhVDAC1 in lipid membranes of 

DLPC increased in comparison to that of the aqueous solution and LDAO. Indicating more 

hydrophobic environment of DLPC comparison to LDAO and aqueous solution. (Figure 4.5 

D). The fluorescence intensity of Me-K34C-Q282W-FhVDAC1 was similar to other single 

XnC-ZmW-FhVDAC1 mutants in DLPC. The max of the fluorescence spectrum of K34C-

Q282W-FhVDAC1 in DLPC was located at 334 nm. The max of the spectra of K34C-Q282W-

FhVDAC1 in lipid bilayers were shifted towards a longer wavelength, 334 nm, in comparison 

to other single XnC-ZmW-FhVDAC1 mutants with shifts of about 4 nm.  

 The fluorescence intensity of SL-K34C-Q282W-FhVDAC1 was not quenched in 

comparison to Me-K34C-Q282W-FhVDAC1 in DLPC, thus confirming that the cysteine and 

tryptophan are at a greater distance in the presence of DLPC in the K34C-Q282W-FhVDAC1 

mutant. Quenching of the fluorescence intensity of SL-K34C-Q282W-FhVDAC1 was observed 

for the folding intermediate formed in aqueous solution and for the form developed in the 

presence of LDAO micelles, but not in the presence of DLPC bilayers (LUVs in buffer). The 

quenching of the fluorescence of SL-K34C-Q282W-FhVDAC1 in the aqueous solution and 

LADO confirmed the close proximity of the cysteine and the tryptophan in the first and the last 

-strands in the hVDAC1 -barrel in the aqueous solution and LDAO.  

However, the cysteine and tryptophan were not in close proximity in the lipid bilayer as 

fluorescence was not quenched. The distance between the cysteine and the tryptophan in the 

K34C-Q282W-FhVDAC1 mutant is relatively long, 10.7 Å (Table 4.2). In addition, the 

membrane is a more rigid/viscous environment for hVDAC1 than the aqueous buffer or the 

dynamic LDAO micelle environment. The DLPC membrane might therefore confine the 

conformational space of the side chain tryptophan and the spin-label attached to the cysteine. 

This could lead to a prevention of fluorescence quenching as the probability of contacts could 

be strongly reduced by the bilayer.  

 The interaction between the K at 32 and the E 280 may be necessary for contacts 

between the C and the W for this mutant in aqueous solution and LDAO. In order to further 

investigate the effect of these typically oppositely charged residues at the N-and C- terminal of 

the hVDAC1 -barrel, the K34G-E280G-K32C-Q282W-FhVDAC1 mutant was examined by 

fluorescence spectroscopy as described above. In the mutant K32C-Q282W-FhVDAC1, the 
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tryptophan fluorescence of W282 is quenched by a spin-label covalently linked to C32 when 

the mutant is folded into a lipid bilayer (Figure 4.4).   

 The fluorescence emission spectra of the Me-K34G-E280G-K32C-Q282W-FhVDAC1 

and the SL-K34G-E280G-K32C-Q282W-FhVDAC1 mutant in 8 M urea (A), aqueous solution 

(B), LDAO (C), and DLPC (D) are shown in Figure 4.6. The fluorescence intensity of the SL- 

K34G-E280G-K32C-Q282W-FhVDAC1 mutant in 8 M urea was not quenched in comparison 

to (Me-K34G-E280G-K32C-Q282W-FhVDAC1 (Figure 4.6 A). This was expected because 

hVDAC1 is unfolded in 8 M urea. The max of the fluorescence spectrum of this mutant in 8 M 

urea was located at 346 nm.  

 

Figure 4.6 Interactions between the side-chains of lysine-34 and glutamic acid-280, located in neighboring β-

strands 1 and 19, respectively, are required for hVDAC1-folding. Replacements of these residues by glycine cancel 

the fluorescence quenching effect observed for the corresponding mutant in which these residues were not replaced 

(see Figure 4.4). Shown here are the fluorescence emission spectra of K34C-E280G-K32C-Q280W- FhVDAC1, 

either quencher-labeled (SL-K34G-E280G-K32C-Q282W-FhVDAC1, dotted lines) or just methylated (Me-

K34G-E280G-K32C-Q282W-FhVDAC1, continuous lines) at the cysteine. The mutant was obtained by site-

directed mutagenesis of the encoding gene, replacing oppositely charged amino acids (K+) at 32, (K+) 34, and (E-

) at 280 by (C) at position 32 and neutral (G) at positions 34 and 280, respectively, as described in the methods 

section. Spectra are displayed for the denatured form of the K34G-E280G-K32C-Q282W-FhVDAC1 mutant in 

8 M urea (A), in an aqueous solution at pH 3 after urea dilution (B), in detergent micelles LDAO (C), and for the 

folded form in DLPC (D). 1 M hVDAC1 were folded into an 800-fold molar excess of DLPC and LDAO in a 

10 mM citrate buffer at pH 3, diluting the denaturant urea >100 fold. Spectra were recorded at 25 °C. For the 

folding intermediate in aqueous solution, all spectra were recorded immediately after urea dilution. 

 The  max of the fluorescence spectra of K34G-E280G-K32C-Q282W-FhVDAC1 was 

located at 332, 334, and 336 nm for hVDAC1 after incubation with DLPC bilayers in aqueous 
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buffer (Figure 4.6 D) or in LDAO detergent micelle solution in buffer (Figure 4.6 C), or for the 

intermediate formed in an aqueous buffer in the absence of detergents and lipids (Figure 4.6 B), 

respectively, independent of the cysteine modification. The fluorescence intensity of SL-K34G-

E280G-K32C-Q282W-FhVDAC1 was not quenched in an aqueous solution (Figure 4.6 B) and 

in comparison, to K32C-Q282W-FhVDAC1 (Figure 4.4), fluorescence of SL-K34G-E280G-

K32C-Q282W-FhVDAC1 was only very weakly quenched in LDAO (Figure 4.6 C), or in 

DLPC (Figure 4.6 D), indicating that K34G-E280G-K32C-Q282W-FhVDAC1 folded poorly.  

 The fluorescence intensity of Me-K34G-E280G-K32C-Q282W-FhVDAC1 mutants in 

8 M urea was lower than its fluorescence in an aqueous solution, DLPC, or LDAO, indicating 

a less polar and thus a more hydrophobic environment than observed for the denatured form in 

urea. For the aqueous form, the shift in the fluorescence maximum was large than observed for 

aqueous folding intermediates of bacterial OMPs, like OmpA, for which a max of ~ 340 nm to 

~ 343 nm was reported (Kleinschmidt et al., 2011).  

Here, it was demonstrated that the first and the last -strand of hVDAC1 were not in 

native contact in the absence of charged residues at the monitored location, neither in the 

aqueous intermediate, nor in hydrophobic environments like in the presence of DLPC bilayers 

or of LDAO micelles in the buffer. This indicates that the replacement of the charged side chain 

amino acid lysine at 34 and glutamate at 280 by glycine prevents the association of the first and 

last -strands of the hVDAC1 that is required for the formation of the completely folded β-

barrel.  

 The relative fluorescence quenching, RQ= F(SL-XnC-ZmW)/F (Me- XnC-ZmW) was 

calculated at 330 nm for (K32C-Q282W-FhVDAC1, K34C-Q282W-FhVDAC1) and K34G-

E280G-K32C-Q282W-FhVDAC1 and is listed in (Table 4.4). The difference between 

fluorescence quenching observed for K34C-Q282W-FhVDAC1, K32C-Q282W-FhVDAC1 

mutants in an aqueous solution and DLPC either might have corresponded to changes in the 

distance between the nitroxide label as quencher (MTSSL) and the fluorophore, as described in 

(Chattopadhyay and London, 1987), or to differences in the fractions of folded hVDAC1.  

 The fluorescence quenching observed for K34C-Q282W-hVDAC1 (Figure 4.5 C) and 

for K32C-Q282W-hVDAC1 (Figure 4.4 C) in LDAO was very similar, 0.82 and 0.85, 

respectively. As the calculated distances between C34 and W282 and between C32 and W282 

in the NMR structure are different by ~ 4.3 Å (Table 4.1), this may indicate some differences 

in the local side-chain orientation of the tryptophan indole ring and spin-label group maybe 

indicated in LDAO micelles, because differences in the orientation and the rotation of the 

tryptophan indole ring and spin-label group in the structure affected the quenching results.  
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Table 4.4 Relative quenching of the W-fluorescence in the presence and absence of charged residues 

K34 and E280 or E203, K224a 

    RQ
a 

 
hVDAC1 mutant Strands In 8 M urea Aqueous solution  In DLPC In LDAO 

K34C-Q282W β1-β19 1 0.75 1 0.82 

 K32C-Q282W β1-β19 1.03 0.58 0.69 0.85 

 K34G-E280G K32C-Q282W β1-β19 1 0.95 0.94 0.95 

   A223C-T204W β14-β15 1 0.60 0.82 0.82 

   K224G-E203G-A223C-T204W   β14-β15  1 0.95 0.94 0.95 

a RQ is the relative quenching of the W-fluorescence, that is the fluorescence of SL-XnC-ZmW-FhVDAC1 and 

SL-KuG-EvG-XnC-ZmW-FhVDAC1 divided by the fluorescence of Me-XnC-ZmW-FhVDAC1 and Me-KuG-

EvG-XnC-ZmW-FhVDAC1. RQ was calculated from the fluorescence intensities of the spectra at 330 nm of the 

spin-labeled and methylated mutants shown in Fig. 4.2. 

 

       4.4.3 hVDAC1 develops native-like -sheet secondary structure in the absence of 

glutamate at 14 and lysine at 15 in DLPC and aqueous solution, but not in 

solutions of LDAO micelles. 

 In order to determine the effect of the charged residues on the association of neighboring 

-strands (14 and 15), we designed the mutant A223C-T204W-FhVDAC1 for analysis by 

intramolecular fluorescence quenching. In A223C-T204W-FhVDAC1 the native glutamate at 

203 and the lysine at 224 were present. The mutant K224G-E203G-A223C-T204W-FhVDAC1, 

in which K224 next to the C (later used for labeling) and E203 (next to the introduced 

fluorescent W) were replaced by glycine was then prepared for the investigation how 

interactions between K and E impact β-strand connections.  

First, the -sheet secondary structure of these mutants of the hVDAC1 was examined 

by CD spectroscopy. The CD spectra of A223C-T204W-FhVDAC1 and K224G-E203G-

A223C-T204W-FhVDAC1 are shown in Figure 4.7. The spectra indicated that A223C-T204W-

FhVDAC1 develops a high content of the native -sheet secondary structure in a lipid 

membrane of DLPC, LDAO, and an aqueous solution. The spectra had the typical line shape 

expected for the hVDAC1 -sheet secondary structure. They are highly similar to the CD 

spectra of other single XnC-ZmW-FhVDAC1 mutants in DLPC, LDAO detergent micelles, and 

an aqueous solution. The K224G-E203G-A223C-T204W-FhVDAC1 also refolded in the lipid 

membrane of DLPC, LDAO, and an aqueous solution. The line shape of the CD spectra of the 

K224G-E203G-A223C-T204W-FhVDAC1 mutant in an aqueous solution was identical to the 

CD spectra of A223C-T204W-FhVDAC1, in which charged residues are presented. The CD 

spectra of K224G-E203G-A223C-T204W-FhVDAC1 in LDAO and DLPC showed a larger 
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amplitude. In addition, in LDAO, CD spectra showed an additional shoulder, which indicated 

a slightly larger content of -helix structure for the K224G-E203G-A223C-T204W-FhVDAC1 

mutant in LDAO.  

 

Figure 4.7 The lane shapes of CD spectra of A223C-T204W-FhVDAC1 indicate that this mutant develops 

secondary structure in lipid membranes, LDAO micelles, and an aqueous solution that corresponds to the native 

folded form of hVDAC1. In contrast, the minimum spectrum of the CD spectra of the mutant K224G-E203G- 

A223C-T204W-FhVDAC1 was shifted towards a shorter wavelength in LDAO. Shown are the CD spectra of 

A223C-T204W-FhVDAC1 in DLPC ( ), A223C-T204W-FhVDAC1 in LDAO (  ), K224G-E203G-A223C-

T204W-FhVDAC1 in DLPC ( ) and K224G-E203G-A223C-T204W-FhVDAC1 in LDAO ( ), at pH 3 (A) 

and of K224G-E203G-A223C-T204W-FhVDAC1) ( ) and A223C-T204W-FhVDAC1 (  ) in aqueous 

solution at pH 3 after urea dilution (B). For each variant of hVDAC1, 15 M was folded into an 800-fold molar 

excess of DLPC and LDAO in a 10 mM citrate buffer at pH 3 diluting the denaturant urea >100 fold. Samples 

were incubated overnight and CD spectra were recorded at room temperature. For the folding intermediate in 

aqueous solution, all spectra were recorded immediately after urea dilution at room temperature. 

Deconvolution analyses of the CD spectra obtained for A223C-T204W-FhVDAC1 and 

K224G-E203G-A223CT204W-FhVDAC1 mutants are shown in Table 4.5. The composition 

of the secondary structure of the A223C-T204W-FhVDAC1 mutant, in which the charged 

residues were present at the indicated position, was very similar to that of the K224G-E203G-

A223C-T204W-FhVDAC1 mutant, except that the content of α-helical in the K224G-E203G- 

A223C-T204W-FhVDAC1 was increased when it was diluted into solutions of LDAO micelles 

to ~ 18.3 %, while the content of -sheet structure was reduced.  
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Table 4.5 Analysis of the CD spectra of (A223C-T204W-FhVDAC1 and K224G-E203G- A223C-

T204W-FhVDAC1) - at pH 3 

 
Sample Algorithm -Helix 

(%) 

-Strand 

(%)  

-Turns 

(%)  

Random Coil 

(%) 

NRMSD 

(A223C-T204W) DLPC 
      

  CONTIN 10.7 34.2 21.8 31.3 0.11 

  CDSSTR 8.5 34 22 32.5 0.04 

  Average 9.6 34.1 21.9 31.9   

(A223C-T204W) LDAO             

  CONTIN 14.6 32.1 22.3 30.3 0.12 

  CDSSTR 9 32.5 22 31.5 0.06 

  Average 11.8 32.3 22.1 30.9   

(A223C-T204W) Buffer             

  CONTIN 9.6 30.5 21.9 37.7 0.19 

  CDSSTR 8 35 25 33 0.05 

  Average 8.8 32.7 23.4 35.3   

  
      

(K224W-E203G- 

A223C-T204W) DLPC 

 

CONTIN 

 

13.3 

 

32.9 

 

21.8 

 

31.3 

 

0.08 

  CDSSTR 8.5 34 22 32.5 0.04 

  Average 10.9 33.4 21.9 31.9   

(K224W-E203G- 

A223C-T204W) LDAO 

 
          

  CONTIN 18.6 28.0 22.3 30.3 0.15 

  CDSSTR 18 26.5 22 31.5 0.04 

  Average 18.3 27.2 22.1 30.9   

(K224W-E203G- 

A223C-T204W) Buffer 

 
          

  CONTIN 9.7 30.2 21.9 37.7 0.06 

  CDSSTR 9 33 25 33 0.03  
Average  9.3 31.6 23.4 35.3   

NRMSD is the normalized root mean square deviation obtained from the analysis and should be  0.25. 

 
 

For the K224G-E203G-A223C-T204W-FhVDAC1 mutant in DLPC the number of residues 

that form the -sheet structure is similar to those in A223C-T204W-FhVDAC1mutant. 

However, in aqueous solution in absence of the oppositely charged residues within K224G-

E203G-A223C-T204W-FhVDAC1 a loss of six residues or  1 -strand can be detected while 

refolding in LDAO results in a decrease of 14 residues or  2 -strands. This indicates a 

destabilization effect of the β-barrel of hVDAC1 in absence of a glutamic acid and lysine within 

the β-strands 14 and 15. 

        4.4.4 The presence of lysine and glutamate is necessary for the association of β-

strands   14 and 15 of the hVDAC1 -barrel in an aqueous solution and a lipid 

bilayer  

 Next, the mutants A223C-T204W-FhVDAC1 and K224G-E203G-A223C-T204W-

FhVDAC1 were labeled for fluorescence analysis as described in materials and methods. The 



 83 

fluorescence emission spectra of A223C-T204W-FhVDAC1 and of K224G-E203G-A223C-

T204W-FhVDAC1 mutants were recorded. The proximity of the single tryptophan and single 

cysteine in the mutant A223C-T204W-FhVDAC1 was examined by fluorescence spectroscopy 

and intermolecular fluorescence quenching via nitroxide-labeled cysteines (Figure 4.8). As 

expected, the fluorescence intensity of SL-A223C-T204W-FhVDAC1 in 8 M urea was not 

quenched in comparison to (Me-A223C-T204W-FhVDAC1; Figure 4.8 (A)), confirming that 

the A223C-T204W-FhVDAC1 mutant is unfolded in 8 M urea.  

 

Figure 4.8 The native contact between the 14 and 15 strands was observed in an aqueous solution alone, in 

LDAO micelles, and in DLPC bilayers, all in the same buffer. Fluorescence emission spectra of A223C-T204W-

FhVDAC1 either spin labeled (SL-A223C-T204W-FhVDAC1, dotted lines) or methylated (Me-A223C-T204W-

FhVDAC1, continuous lines) at the cysteine. Spectra are shown for the denatured A223C-T204W-FhVDAC1 

mutant in 8 M urea (A), in 10 mM citrate buffer, pH 3, containing 2 mM EDTA after rapid urea dilution (B), in 

detergent micelles of LDAO in the same buffer (C), and for the folded form in DLPC bilayers in the same buffer 

(D). 1 M hVDAC1 were folded into an 800-fold molar excess of DLPC and LDAO in a 10 mM citrate buffer at 

pH 3, diluting the denaturant urea >100 fold. Spectra were recorded at 25 °C. For the folding intermediate in 

aqueous solution, all spectra were recorded immediately after urea dilution. 

The fluorescence intensities of (Me-A223C-T204W-FhVDAC1) in an aqueous solution, in 

LDAO micelles, and in DLPC bilayers were similar to those observed for other XnC-ZmW-

FhVDAC1 mutants under the same experimental conditions. Intensities of hVDAC1 

fluorescence were slightly higher in a lipid bilayer environment in comparison to the aqueous 

intermediate and to the form developed in LDAO micelles, indicating that in membranes of 
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DLPC, hVDAC1 is in a more hydrophobic environment. The fluorescence intensity of the (SL-

A223C-T204W-FhVDAC1) in an aqueous solution (Figure 4.8 (B)), LDAO (Figure 4.8 (C)), 

and DLPC (Figure 4.8 (D)) was quenched in comparison to (Me-A223C-T204W-FhVDAC1).  

Quenching of the fluorescence intensity of (SL-A223C-T204W-FhVDAC1) in an aqueous 

solution only, in LDAO micelles, and DLPC bilayers indicated close proximity between 

cysteine and tryptophan in neighboring -strands 14 and 15 in all these environments.  In 

conclusion, the association of strands 14 and 15 was observed, for the mutant in which the 

glutamate at position 203 and the lysine at 224 were both present.  

 The  max of A223C-T204W-FhVDAC1 in solutions of 8 M urea was located at 346 nm 

independent of the cysteine modification. After urea dilution in with aqueous buffer, the  max 

of A223C-T204W-FhVDAC1 was located at 331 nm demonstrating a confirmation change and 

development of the A223C-T204W-FhVDAC1 -barrel. The  max of the fluorescence spectra 

of this mutant in LDAO micelles and in DLPC bilayers were at 334 nm, and at 329 nm, 

respectively. The max of the spectrum of the aqueous intermediate of Me-K224G-E203G- 

A223C-T204W-FhVDAC1 was shifted to a shorter wavelength in comparison to the spectra of 

the denatured mutant in 8 M. The shift of max was comparable to that observed for the 

fluorescence spectra of this mutant after its folding from 8 M urea into lipid membranes by urea 

dilution. This demonstrated a large conformation change and together with the observed 

intramolecular quenching by the nitroxide, the development of the A223C-T204W-FhVDAC1 

-barrel in an aqueous solution.  

 The K224G-E203G-A223C-T204W-FhVDAC1 mutant was purified and either labeled 

with MTSSL or methylated at the cysteine position to check the effect of neighboring lysine 

and glutamic acid residues on the association of the β-strands 14 and 15 by fluorescence 

spectroscopy and site-directed fluorescence quenching. Figure 4.9 shows the fluorescence 

emission spectra of SL- K224G-E203G-A223C-T204W-FhVDAC1 and Me- K224G-E203G 

A223C-T204W-FhVDAC1. As expected and also observed previously for other mutants, the 

fluorescence intensity for the SL-K224G-E203G-A223C-T204W-FhVDAC1 was not 

quenched in 8 M urea (Figure 4.9 A). The  max of K224G-E203G-A223C-T204W-FhVDAC1 

was located at 346 nm independent of cysteine alteration, similar to the A223C-T204W-

FhVDAC1 mutant in which the neighbor charged residues were present. In addition, the 

fluorescence intensity of Me-K224G-E203G-A223C-T204W-FhVDAC1 in 8 M urea was 

similar to the fluorescence intensity of Me-A223C-T204W-FhVDAC1 in 8 M urea.  

 After dilution if the urea by aqueous buffer (Figure 4.9 B) the fluorescence intensity of 

SL-K224G-E203G-A223C-T204W-FhVDAC1 was not quenched in comparison to Me-
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K224G-E203G-A223C-T204W-FhVDAC1. This indicated that the cysteine and the tryptophan 

were not in close proximity at the monitored location. This suggested that the glutamate at 

position 203 and the lysine at position 224 are required for the association of the strands 14 

and 15 to obtain the typical structure of the folding intermediate usually formed in aqueous 

solution.  

 

 

Figure 4.9   The association between the strands 14 and 15 was neither observed in DLPC bilayers nor for the 

aqueous intermediate when the glutamate at 224 and lysine at 203 were both absent.  Fluorescence emission spectra 

were recorded for K224G-E203G-A223C-T204W-FhVDAC1, either spin labeled (SL-K224G-E203G-A223C-

T204W-FhVDAC1, dotted lines) or methylated (Me-K224G-E203G-A223C-T204W-FhVDAC1, continuous 

lines) at the cysteine. Spectra are displayed for the denatured form of the K224G-E203G-A223C-T204W-

FhVDAC1 mutant in 8 M urea (A), for the folding intermediate formed in an aqueous solution at pH 3 after urea 

dilution (B), for the form formed in detergent micelles of LDAO (C), and for the folded form in DLPC bilayers 

(D). 1 M hVDAC1 were folded into an 800-fold molar excess of either DLPC or LDAO in a 10 mM citrate buffer 

at pH 3, diluting the denaturant urea >100 fold. Spectra were recorded at 25 °C. For the folding intermediate in 

aqueous solution, all spectra were recorded immediately after urea dilution. 

 

 The max of the fluorescence spectra of the folding intermediate of hVDAC1 in aqueous 

solution was located at 334 nm, which is shifted to a longer wavelength in comparison to the 
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A223C-T204W-FhVDAC1 mutant. In a lipid membrane, as well, the fluorescence intensity of 

SL-K224G-E203G-A223C-T204W-FhVDAC1 was not quenched in comparison to Me-

K224G-E203G-A223C-T204W-FhVDAC1, indicating that the cysteine and tryptophan were 

not in close proximity. The formation of native contact was not observed between the 14 and 

15 strands in DLPC. The max for K224G-E203G-A223C-T204W-FhVDAC1 in DLPC was 

located at 332 nm. Which indicates to a more hydrophobic environment of DLPC. However, 

this mutant displayed intramolecular fluorescence quenching in the detergent micelles of 

LDAO. The max for K224G-E203G-A223C-T204W-FhVDAC1 in LDAO was located at 

335 nm. Interestingly, this result demonstrates that the interactions between lysine and 

glutamate side-chains are responsible for the association of the -strands in the hVDAC1 -

barrel. The RQ= F(SL-XnC-ZmW)/F (Me-XnC-ZmW) was calculated at 330 nm for the mutant 

K224G-E203G-A223C-T204W-FhVDAC1 was calculated and are listed in Table 4.4. 

 

       4.5 Discussion  

 
Electrostatic and polar hydrogen bonding interactions drive protein to fold into its 

specific structure. 

 

 Based on their atomic structure, acid side chains are either hydrophobic or hydrophilic. 

Hydrophilic residues can be neutral, acidic (negatively charged at pH 7) or basic (positively 

charged at pH 7). In the present study, the effect of polar interactions and hydrogen bonding 

between the NH2/NH3+ group at the end of the lysine side-chain and the COO-/COOH-group 

at the end of the glutamate side-chain on the association of 1 and 19 to seal the hVDAC1 -

barrel and also on association of -strands of 14 and 15 in a lipid membrane of DLPC, an 

aqueous solution, and detergent micelles LDAO was investigated by CD and fluorescence 

quenching spectroscopy. The following new observations were made:  

(1) The electrostatic and /or polar interactions through hydrogen bonding between basic lysine 

and acidic glutamic acid side chains of the N- and C- terminal β-strands of the 19-stranded β-

barrel of hVDAC1 were necessary to seal the hVDAC1 -barrel in an intermediate form in 

aqueous solution in the absence of lipid membranes.  

(2) Similarly, polar interactions between side-chain of basic lysine and acidic glutamate amino 

acid were also required for the association of strands 14 and 15 in DLPC and folding 

intermediate form in an aqueous solution.   
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(3) Formation of neighboring  -strands in hVDAC1 -barrel is not entirely driven by the 

hydrophobic effect, but also affected by interaction between basic and acidic amino acid side-

chains in a folding intermediate that is formed in aqueous solution before membrane insertion 

and DLPC. 

(4) Replacement of a negatively charged glutamic acid or a positively charged lysine by a 

neutral G at position 280 and 34 results in a significant loss of -sheet secondary structure with 

a decrease of  38 residues corresponding to  5 -strands in aqueous solution. Also in lipid 

bilayers a loss of  8 residues corresponding to  1-strands was detected.  

 

In chapter 3, it was shown that the hVDAC1 -barrel formed an aqueous intermediate with a 

native-like -barrel structure in absence of DLPC and LDAO. This indicated that the folding 

of hVDAC1 is not driven just by hydrophobic interaction as previously observed for bacterial 

OMPs. For bacterial OMPs hydrophobic interactions between the amino acid residues and 

detergent micelles or lipid vesicles are necessary for membrane insertion which is also 

accompanied by the formation of their β barrel structures. Kleinschmidt and coworkers showed 

that OmpA adsorption to a lipid bilayer is required for association of neighboring β-strands in 

OmpA β- barrel (Kleinschmidt et al., 2011). To date, the effect of the polar interactions and 

hydrogen bonding between basic and acidic amino acids have been studied in only one report 

by (Rath et al., 2020), who analyzed the thermodynamic stability and unfolding of OmpX from 

E. coli. The stability of the tertiary structure by substitution of the charged amino acids in OmpX 

was investigated. Furthermore, refolded OmpX in detergents after substitution of the charged 

amino acids with asparagine resulted a lower stability of the protein in detergents due to the 

replacement of charged amino acids. (Rath et al., 2020). In the study from Rath, a dependence 

of the protein stability on electrostatic interactions was demonstrated, but these interactions did 

not affect folding of OmpX to its native structure in detergent solution. Changes in stability 

were only determined in detergent and only in relation to the unfolding / stability of OmpX. 

However, the effect of charged side chains of amino acid residues within associated 

neighboring -strands on the formation of a -barrel structure was not investigated by Rath. 

OMP from bacteria, such as OmpA or OmpX, do not form β-barrel structures in aqueous 

environments, but require the presence of detergent micelles in solution, or the presence of lipid 

bilayers as model membranes. Folding intermediates form in aqueous solution, but contain 

much less β-sheet secondary structure. In contrast, hVDAC1 already develops large content of 

β-structure already in buffer in the absence of micelles or detergent, which makes hVDAC1 an 
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interesting model for studying the actual impact of polar interactions and hydrogen bond 

between charged group of amino acids on structure formation. 

The results of the present study on the impact of mutation of charged residues to net charge G 

at the barrel bottom at 1 and 19 to seal the barrel, revealed a significantly change in the 

folding behavior of the β-barrel in the absence of lysine and glutamic acid of hVDAC1 

especially in aqueous solution.   

For water-soluble proteins it has been reported that electrostatic interactions are important for 

the formation of tertiary structures.  The correct structure can be lost when oppositely charged 

amino acids are substituted. Caitlin Davis and Brian Dyer in 2016 (Davis and Dyer, 2016) have 

examined the role of oppositely charged residues (negatively charged aspartic acid and 

positively charged arginine) on the stability and on the folding kinetics of the WW domain 

structures of the Pin 1 family. They investigated three different WW domains, one without a 

negatively charged residue, one with both negative and positively charged residues, and one 

without the positively charged residue. They found that while the mutants without a positively 

charged residue form a WW domain, the mutation of Arg 12 and Arg 16 resulted in 

destabilization of the peptide and an increase in propensity to aggregate.   

The formation of protein structure may also have an impact on the local pH in the vicinity of 

the glutamate and the lysine, which may be higher than the pH of the bulk solution, depending 

on the local electrostatic surface potential of hVDAC1 near these side-chains. The pKa of the 

lysine is at around 10. Thus, below pH 10, this is protonated and therefore positively charged. 

The NH3
+ group of the lysine side chain is therefore likely to form hydrogen bonds to the 

oxygens of the carboxyl group of the glutamic acid or glutamate. The interaction could drive 

the sealing of hVDAC1 barrel at N- and C-terminal. Two pairs of charged residues that are 

examined in this study are shown in Figure 4.10.  
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Figure 4.10 The NMR solution-structure (PDB: 2k4T) of hVDAC1 and the positions of charged K and E at 32, 34 

and 280 respectively at first and last -strands are shown (A). the K and E at position 224 and 203 at -strands of 

14 and 15 are shown (B).    

The result of this chapter demonstrated that polar and hydrogen bonding interactions between 

charged amino acids at the monitored locations were required for correct folding of the -barrel 

of hVDAC1. 

It is concluded that in contrast to the hydrophobic interactions that are necessary for the folding 

of most of bacterial OMPs, these polar hydrogen bonding interactions between charged residues 

of hVDAC1 lead to correct folding of hVDAC1 before its insertion into the OMM. These 

results help establish some basic principles of folding and insertion of transmembrane β-barrel 

proteins that have not been described to date for any other transmembrane β-barrel. 
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  5. Folding and membrane insertion of hVDAC1 mutants into lipid bilayers 

follow uncoupled fast and slow kinetic phases   

             

       5.1 Abstract 

 

 In this study, the kinetics of the formation of native contacts between neighboring -

strands of hVDAC1 was examined for folding and insertion into a lipid membrane of (DLPC) 

and for the formation of the folding intermediate that hVDAC1 forms in aqueous solution in 

the absence of lipid bilayers or detergent micelles. The folding kinetics of hVDAC1 were 

examined by monitoring the intramolecular quenching of tryptophan fluorescence by a 

nitroxide quencher that was covalently linked to a cysteine located in a neighbor strand using 

engineered XnC-ZmW-FhVDAC1 mutants. The unfolded mutants were isolated in 8 M urea. 

Folding of hVDAC1 (pI ~ 8.2) was initiated by strong dilution of the urea and then monitored 

as a function of time at pH 3 to suppress the aggregation of hVDAC1, thus favoring folding 

and membrane insertion. hVDAC1 folded into an aqueous intermediate of a β-barrel structure 

within seconds to minutes even in the absence of a lipid membrane. The subsequent insertion 

phase of XnC-ZmW-FhVDAC1 mutants into the lipid bilayers was slower, on a minute to hour 

time scale, than the formation of the aqueous folding intermediate of hVDAC1. These results 

indicated that folding and membrane insertion take place in sequential kinetic phases, indicating 

that they are uncoupled processes. This is in contrast to previous reports for OmpA from E. coli, 

where folding was tightly coupled to membrane insertion. When the folding kinetics of the 

K32C-Q282W-FhVDAC1 mutant into DLPC model membranes were investigated at different 

temperatures, the rates of insertion of the K32C-Q282W-FhVDAC1 mutant increased with 

temperature. The Arrhenius activation energy for insertion into lipid bilayers for this mutant 

was estimated to ~34 ± 8 kJ/mol.   

 

       5.2 Introduction  

 The mechanism of folding and the membrane insertion of proteins are critical steps in 

the biosynthetic pathway and cell growth. Folding of soluble proteins in vitro has been 

researched for a much longer time than for membranes proteins. The latter are more difficult to 

examine because of their insolubility in water and their tendency to aggregate, once extracted 

from their hydrophobic membrane environment.  

 The kinetics of the folding and membrane insertion of β-barrel membrane proteins have 

been studied, e.g. for OmpA (Kleinschmidt and Tamm, 1996; Surrey and Jahnig, 1995) for 

OmpF (Surrey et al., 1996) for Fom A (Pocanschi et al., 2006). On the other hand, the insertion 
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of the 8-stranded β-barrel OmpA from E. coli into lipid membranes has been examined in 

several studies (Surrey and Jahnig, 1992; Kleinschmidt and Tamm, 1996; Kleinschmidt et al., 

1999; Bulieris et al.,, 2003; Patel et al., 2009; Kleinschmidt et al., 2011; Kleinschmidt, 2015). 

For OmpA a folding mechanism has been described where folding and membrane insertion are 

tightly coupled processes: The formation of secondary structure and of the β-barrel tertiary 

structure are strictly dependent on the presence of either lipid membranes or detergent micelles 

(Kleinschmidt et al., 1999; Pocanschi et al., 2013), which form micelle-like structures. OmpA 

folded into bilayers of SUVs of dimyristoylphosphatidylcholine choline (diC14:0PC). Folding 

of OmpA into these bilayers occurred in two phases. OmpA first adsorbed to the bilayer surface 

and subsequently inserted into the hydrophobic core of the membrane. The hydrophobic core 

of the lipid bilayer (or detergent micelle) is necessary for folding and insertion of OmpA. In 

addition to these subsequent phases of adsorption followed by insertion/folding, two parallel 

folding pathways or processes were observed for FomA into lipid bilayers. These were 

independent of membrane thickness when examined with two different lipid bilayers 

(Pocanschi et al., 2006). Similarly, a few studies also exist for folding of the 8-stranded β-barrel 

PagP from E. coli. Folding studies on a C-terminal His tagged construct of PagP demonstrated 

that the protein folds into detergent micelles and liposomes (Huysmans et al., 2007). Formation 

of the native structure of PagP is shown to follow at least two parallel folding pathways 

(Huysmans et al., 2012). In contrast to OmpA, a high concentration of urea (7 M) was required 

to solubilize PagP and to prevent aggregation prior to folding and insertion (Kleinschmidt et 

al., 1999; Huysmans et al., 2007).  

 In the previous chapter of this thesis, it was demonstrated that hVDAC1 developed 

already native-like -barrel structure in a folding intermediate in aqueous buffer in the absence 

of lipid membranes or detergent micelles. To date, hVDAC1 is the only membrane protein from 

the OMM for which the formation of native contacts between adjacent -strands was observed 

in an aqueous solution in the absence of a lipid bilayer and detergent micelles, which is in 

marked contrast to OmpA, for which the association of neighboring -strands required the 

interaction of OmpA with the lipid bilayer (Kleinschmidt et al., 2011). 

 The previous study has shown that the folding and membrane insertion of the wt-

hVDAC1 were partially uncoupled. A previous report showed that folding and insertion were 

also relatively independent of temperature, suggesting a low energy barrier for membrane 

insertion (Shanmugavadivu et al., 2007). This differs from the results for OmpA, where the 

insertion phase depends on temperature: OmpA required a much higher activation energy for 

the insertion into a lipid membrane, but in this case for lipid bilayers with a thicker hydrophobic 
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region (Kleinschmidt and Tamm, 1996). The time-resolved association of neighboring β-

strands for the membrane insertion of OmpA was investigated by (Kleinschmidt et al., 2011). 

It was shown that the neighboring -strands in OmpA associated upon insertion into the 

hydrophobic core of the lipid bilayer. 

 The spontaneous folding and insertion of the 19-stranded β-barrel wt-hVDAC1 into its 

functionally active form in lipid bilayers was shown by (Shanmugavadivu et al., 2007). Here, 

we examined the association of neighboring β-strands for the folding and membrane insertion 

of XnC-ZmW-FhVDAC1 mutants in a lipid bilayer and an aqueous solution. The kinetics of 

the folding and membrane insertion of XnC-ZmW-FhVDAC1 mutants were studied. We also 

have studied the effect of variations in temperature on the folding and membrane insertion of 

the K32C-Q282W-FhVDAC1 mutant. In addition, we estimated the corresponding activation 

energy for the insertion of this mutant and compared it to the insertion of wt-hVDAC1and 

OmpA into lipid bilayers.  

 

       5.3 Materials and methods 

 

          5.3.1 Expression and purification of XnC-ZmW-FhVDAC1 mutants 

 All XnC-ZmW-FhVDAC1 mutants were expressed and purified as described in chapter 

3, section 3.3.2. 

  

          5.3.2 Preparation of lipid bilayers 

 Phospholipids were prepared according to the procedure described in chapter 3, 

section 3.3.3. 

 

          5.3.3 Folding of XnC-ZmW-FhVDAC1 mutants into lipid bilayers or in aqueous 

solution 

 The folding of all XnC-ZmW-FhVDAC1 mutants was performed as described in chapter 

3, section 3.3.4. The SDSL and site-directed methylation were performed as described in 

chapter 3, section 3.3.6 and 3.3.7, respectively.  

 

          5.3.4 Kinetic folding of XnC-ZmW-FhVDAC1 mutants monitored by fluorescence 

spectroscopy 

 Folding of each XnC-ZmW-FhVDAC1 mutant was initiated by strongly diluting a stock 

solution of the unfolded hVDAC1 mutant in 8 M urea into a 10 mM citrate buffer containing 
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LUVs of DLPC that did not contain the denaturant urea. The kinetics of folding of each mutant 

were monitored by fluorescence spectroscopy of the single tryptophan of the hVDAC1 mutant. 

The final concentration of the hVDAC1 mutants was 1 M in all experiments. Spectra were 

recorded immediately after addition of hVDAC1 and then every two to 10 minutes up to a total 

of 80 minutes on a Spex Fluorolog-3 spectrofluorometer (Horiba/Jobin-Yvon, Germany). The 

excitation wavelength was 295 nm. The bandwidths of the excitation and emission 

monochromators were 2.5 and 5 nm, respectively. The integration time was 0.05 s, and an 

increment of 0.5 nm was used to scan spectra in a range of 310 to 400 nm. Six scans were 

averaged for each spectrum to improve the signal/noise ratio. For background spectra without 

hVDAC1, three scans were recorded and averaged. These were subtracted from each hVDAC1-

spectrum. Fluorescence spectra were plotted. The wavelengths of the intensity maxima (λmax) 

and relative fluorescence intensities were determined by fitting a lognormal distribution to the 

spectra using IGOR Pro 8 (Wavemetrics Oregon). For each folding experiment, the selected 

temperature was first adjusted and then maintained with a water bath (NESLAB).  

 

          5.3.5 Proteolysis 

 Hydrolysis of hVDAC1 catalyzed by pepsin was performed as described in chapter 3, 

section 3.3.9. 
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       5.4 Results 

 

             5.4.1 Neighboring -strands of hVDAC1 associated upon insertion into a DLPC 

bilayer at pH 3  

 
 To investigate the folding mechanism of hVDAC1 in a lipid bilayer, we examined the 

kinetics of the associations of two neighboring -strands for seven XnC-ZmW-FhVDAC1 

mutants by monitoring fluorescence quenching at pH 3 as a function of time.  

 Figure 5.1 shows the folding kinetics of both spin-labeled (SL-XnC-ZmW, panel B) and 

methylated (Me-XnC-ZmW, panel A) forms of each XnC-ZmW-FhVDAC1 mutant into lipid 

bilayers at 25 °C at pH 3 by monitoring their fluorescence at 330 nm. Spectra were recorded 

after the initiation of folding as described in materials and methods. The ratio DLPC/XnC-

ZmW-FhVDAC1 was 800. Figure. 5.1A shows the fluorescence intensities of hVDAC1 

increased for  20 min in absence of the quencher upon initiation of folding for all hVDAC1 

mutants in the presence of DLPC bilayers. Under these conditions, the XnC-ZmW-FhVDAC1 

mutants folded and inserted relatively fast. The λmax obtained from the spectra were plotted as 

a function of time after initiation of folding of hVDAC1 in the presence of lipid bilayers of 

DLPC (Figure 5.1 C). After urea dilution in a buffer containing DLPC membranes, λmax were 

immediately shifted from λmax ~ 346 nm of unfolded hVDAC1 in a solution of 8 M urea towards 

shorter wavelengths of ~ 328 nm to ~ 331 within 20 min in DLPC bilayers, depending on the 

location of the mutation. The shifts of λmax corresponded to the increases in fluorescence 

intensities of all mutants (Fig 5.1A). Apparently, the XnC-ZmW-FhVDAC1 mutants were 

inserted in lipid bilayers within 20 min, as the folding kinetics showed.    
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Figure 5.1 Kinetics of folding for XnC-ZmW-FhVDAC1 mutants in a lipid bilayer at pH 3 monitored by 

fluorescence spectroscopy at 25 °C. The single cysteine of the XnC-ZmW-FhVDAC1 was either methylated, Me-

XnC-ZmW, or spin labeled, SL-XnC-ZmW. Shown are the kinetics of the Me-I27C-A47W(  ▲), Me-L58C-

W75W (▲), Me-I27C-L275W (▲), Me-L31C-F281W (▲), Me-K32C-Q282W ( ▲), Me-A283C-T33W (▲), 

Me-I138C-F157W (▲), (A), and SL-I27C-A47W (△), SL-L58C-W75W (△), SL-I27C-L275W (△), SL-L31C-

F281W (△), SL-K32C-Q282W (△), SL-A283C-T33W (△), and SL-I138C-F157W (△), (B). The concentrations 

of all mutants were 1 M at a DLPC/ XnC-ZmW-FhVDAC1 ratio of 800. The change in λmax of XnC-ZmW-

FhVDAC1 mutants is plotted as a function of time (C). The mutants I27C-A47W (▲), L58C-W75W (▲), I27C-

L275W (▲), L31C-F281W (▲), K32C-Q282W (▲), A283C-T33W (▲), and I138C-F157W (▲) are presented. 

 

For each of the Me-XnC-ZmW-FhVDAC1 mutants, a single-exponential function  

  F = A · exp( –k · t ) + B , with ( k = 1 / τ ) (Eq. 5.1) 

could be fitted to the observed kinetic phase of observed fluorescence F vs. time t. This analysis 

of the time course indicated insertion of hVDAC1 followed a single kinetic phase for all 
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mutants. The rate constants (k) of the kinetics of folding and lipid bilayer insertion of Me-XnC-

ZmW mutants and the life-times τ of the unfolded hVDAC1 were derived from the single-

exponential fits and are listed in Table 5.1.    

Table 5.1 Rate constants1 of folding of XnC-ZmW-FhVDAC1 indicate that membrane translocating 

tryptophans located at the barrel top obtain their final location faster than tryptophans that do not traverse 

the membrane. 

 

W located close to 

the cytosol (β-

barrel top)  

I27C-A47W 8.3 ± 1.1 0.12 ± 0.015 -1.3221 ± 9.13  1.1703 ± 4.5 

L58C-W75W 6.2 ± 3.1 0.16 ± 0.08 -1.5268 ± 3.72 1.2987 ± 1.6 

 I27C-L275W 8.9 ± 1.2 0.11± 0.014 -79742 ± 5.49 1.2072 ± 2.81 
 I138C-F157W 7.9 ± 0.6 0.12 ± 0.009 -1.3719 ± 5.25 1.1416 ± 2.53 

average  7.8 ± 1.5 0.12 ± 0.029   

 

     

W located close to 

the intermembrane 

space (β-barrel 

bottom) 

L31C-F281W 10.1 ± 1.0 0.09 ± 0.008 -99487 ± 4.95 9.1444 ± 2.69 

K32C-Q282W 9.2 ± 0.7  0.10 ± 0.007 -1.6161 ± 6.55 8.0685 ± 3.41 

A283C-T33W 9.4 ± 0.8 0.10 ± 0.008 -1.2283 ± 5.58 8.501 ± 2.92 

Average   9.6 ± 0.8 0.09 ± 0.008   

1 rate constants for folding and insertion of XnC-ZmW-FhVDAC1 mutants into diC12:0PC bilayers at 25 °C were 

determined from fits of equation 5.1 to the experimental time courses of fluorescence shown in Figure 5.1A. 

 
Interestingly, the fluorescence intensity raw data and also the calculated rate constants 

depended on the location of the tryptophan in the β-barrel of hVDAC1:  The Me-XnC-ZmW 

mutants (I27C-L275W(119), (I27C-A47W(12), (L58C-W75W(34) and (I138C-

F157W(910), in which Trp is located at barrel top, oriented closer to the cytosolic side after 

insertion, showed a much higher fluorescence intensity upon insertion into the bilayer than the 

Me-XnC-ZmW mutants (L31C-F281W(119), K32C-Q282W(119), and (A283C-

T33W(119), in which the tryptophan is located near the barrel bottom oriented closer to the 

inter-membrane space in the N- and C- terminal β-strands. For mutants in which the Trp was 

located at the barrel top, the Trp was located deeper in the fatty core of the lipid bilayer and 

thus much less exposed to water molecules. For mutants in which the Trp was located at the β-

barrel bottom near the intermembrane space in the N- and C-terminal strands, the fluorescence 

intensities were lower as the tryptophan inserted later (Table 5.1) and apparently remained 

partially water exposed after insertion. In addition, hydrophilic residues in structural vicinity 

could quench the fluorescence intensities of tryptophan for theses mutants.  

 In comparison to the fluorescence intensities of the Me-XnC-ZmW mutants, the 

fluorescence intensities of the corresponding SL-XnC-ZmW mutants were quenched, but they 

 XnC-ZmW-

FhVDAC1 

Life-time, 

τ (min) 

k (min–1) A B 
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also increased with time. Apparently, reduced exposure to water molecules upon insertion of 

hVDAC1 into the hydrophobic environment of the lipid membranes results in a fluorescence 

increase that is stronger than the quenching effect by the nitroxide group. This is not surprising 

as water molecules are known to quench fluorescence by collision and their number is far 

greater than the number of nitroxide groups next to the tryptophan. The quenching of tryptophan 

fluorescence would therefore be greatly reduced upon bilayer insertion of hVDAC1 and water 

removal near a lipid-facing tryptophan of a β-strand of hVDAC1.  

 The tryptophan fluorescence is quenched by the nitroxide group, as evident from 

comparisons of the fluorescence intensities of the SL-XnC-ZmW-FhVDAC1 with the 

fluorescence intensities of the Me-XnC-ZmW-FhVDAC1. This comparison indicated close 

proximities between the labeled cysteine and the tryptophan in adjacent -strands at the 

monitored locations in the various hVDAC1 mutants in the lipid membrane, because the 

presence of the quencher, here a nitroxide spin-label, greatly reduced fluorescence of the 

tryptophan of all XnC-ZmW-FhVDAC1 mutants in all experiments (Figure 5.1B vs. 5.1A). 

After ~ 20 min, the fluorescence intensities remained constant for both, Me-XnC-ZmW or SL-

XnC-ZmW.  

 

          5.4.2 The kinetics of the formation of the -barrel of the aqueous folding  

intermediate of hVDAC1 is much faster than membrane insertion. 

 The results of chapter 3 demonstrated that hVDAC1 forms native-like secondary and 

tertiary structure already in an aqueous folding intermediate, as shown by CD spectroscopy and 

intramolecular site-directed fluorescence quenching. Therefore, the kinetics of the association 

of neighboring -strands was examined for seven single XnC-ZmW-FhVDAC1 mutants also 

in the absence of lipid bilayers in 10 mM citrate buffer, again at pH 3 to minimize aggregation 

of hVDAC1. As described above for folding of hVDAC1 into lipid membranes, the folding 

kinetics in buffer were monitored by recording the fluorescence spectra of XnC-ZmW-

FhVDAC1 at 25 °C, for both, the spin-labeled and the methylated forms of each XnC-ZmW-

FhVDAC1 mutant. In contrast to the fluorescence intensity increase observed in the presence 

of DLPC bilayers, the fluorescence intensities in the absence of lipid remained either constant 

or decreased very slowly with time, for both, the Me-XnC-ZmW- (Figure 5.2 A) and the SL-

XnC-ZmW-FhVDAC1 mutants (Figure 5.2 B). This confirmed that hVDAC1 remained well-

soluble at pH 3 after urea dilution. As observed in the presence of lipid bilayers, the 

fluorescence intensities SL-XnC-ZmW were quenched in comparison to the those of the Me-

XnC-ZmW under otherwise identical conditions. The intramolecular quenching of the 
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fluorescence of the SL-XnC-ZmW demonstrated the close proximity between the labeled 

cysteine and the tryptophan in neighboring -strands, confirming the formation of the β-barrel 

structure of hVDAC1 in an aqueous folding intermediate. The fluorescence of all mutants is 

quenched very quickly after urea-dilution within the dead-time of hand-mixing stock solutions 

of hVDAC1 mutant in 8 M urea with urea-free buffer. 

 

 
Figure 5.2 The insertion of XnC-ZmW-FhVDAC1 mutants in an aqueous solution (10 mM citrate, 2 mM EDTA, 

buffered at pH 3) in the absence of a lipid bilayer is shown for Me-I27C-A47W (■), Me-L58C-W75W (■), Me-

I27C-L275W (■), Me-L31C-F281W (■), Me-K32C-Q282W (■), Me-A283C-T33W (■), Me-I138C-F157W (■), 

(A); SL-I27C-A47W (□), SL-L58C-W75W (□), SL-I27C-L275W (□), SL-L31C-F281W (□), SL-K32C-Q282W 

(□), SL-A283C-T33W (□), and SL-I138C-F157W (□), (B). All experiments were performed at 25 °C with a 

concentration of 1 M at 25 °C. The change in λmax of XnC-ZmW-FhVDAC1 mutants is plotted as a function of 

time. In an aqueous buffer at pH 3, I27C-A47W (■), L58C-W75W (■), I27C-L275W (■), L31C-F281W (■), 

K32C-Q282W (■), A283C-T33W (■), and I138C-F157W (■). 
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To determine how the dilution of the denaturant urea affected the fluorescence properties of 

XnC-ZmW-FhVDAC1 the spectra obtained above, the fluorescence spectra of seven Me-XnC-

ZmW and SL-XnC-ZmW mutants hVDAC1 were also recorded in 8 M urea over a similar time 

period. Again, fluorescence intensities at 330 nm were plotted as a function of time (Figure 

5.3). These intensities did not change over the entire time period, regardless which Me-XnC-

ZmW mutants (Figure 5.3 [A]) or SL-XnC-ZmW mutants (Figure 5.3 [B]) was investigated. 

The fluorescence intensities of SL-XnC-ZmW mutants were also not quenched in 8 M urea, 

confirming that hVDAC1 remained unfolded in 8 M urea and that the labeled cysteine and the 

tryptophan were too distant for any notable intramolecular fluorescence quenching in unfolded 

forms.  

 The comparison of the spectra of unfolded hVDAC1 before urea dilution with the 

spectra obtained for the folding intermediate after urea-dilution shows a strong shift in the 

wavelength of the fluorescence intensity maximum from λmax  347 nm for 8 M urea (Figure 

5.3. C) to λmax  334 nm after strong dilution of the urea (Figure 5.2 C) for all XnC-ZmW-

FhVDAC1 mutants indicating conformational changes and the formation of a much more 

hydrophobic environment of all tryptophan even in the absence of lipid bilayers for the aqueous 

folding intermediates. Further, the fluorescence intensities of the XnC-ZmW-FhVDAC1 

mutants monitored at 330 nm in aqueous buffer in the absence of lipid membranes at pH 3 were 

increased in comparison to those recorded for XnC-ZmW-FhVDAC1 in unfolded form in 8 M 

urea.  

 The combination of increased intensities with shifts towards a lower λmax in an aqueous 

solution over the selected time course indicates that the neighborhood of the fluorescent 

tryptophans becomes less polar and less water exposed. This is expected for the surface of 

VDAC after folding, as the tryptophans would be lipid exposed in folded hVDAC1 once 

inserted and therefore neighboring side chains are hydrophobic once hVDAC1 is folded. 

Folding of the aqueous intermediate was also confirmed by fluorescence quenching observed 

for the nitroxide-labeled XnC-ZmW-FhVDAC1 indicating β-barrel structure formation before 

hVDAC1 interacts with the lipid bilayer.  

 A β-sheet content as expected for folded hVDAC1 was previously observed for the 

aqueous folding intermediate by secondary structure analyses using CD-spectroscopy for wt-

hVDAC1 (Shanmugavadivu et al., 2007). These authors also reported shifts of the fluorescence 

spectra of wt-hVDAC1 in a lipid bilayer, to λmax   332 nm, which is close to the λmax observed 

here for aqueous folding intermediates of hVDAC1 mutants. Fluorescence spectra of unfolded 
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wt-hVDAC1 in urea had a maximum at 347 nm which is similar to the λmax observed here in 

urea. After urea dilution, the maximum was shifted to 335 nm in an aqueous solution 

(Shanmugavadivu et al., 2007). 

 

 
Figure 5.3 Fluorescence intensity of XnC-ZmW-FhVDAC1 mutants is plotted as a function of time in 8 M urea at 

pH 3. Regardless of whether the single cysteine of the XnC-ZmW-FhVDAC1 was either methylated, Me-XnC-

ZmW, or spin labeled, SL-XnC-ZmW, the fluorescence intensity is constant. Shown are Me-I27C-A47W (●), Me-

L58C-W75W (●), Me-I27C-L275W (●), Me-L31C-F281W (●), Me-K32C-Q282W (●), Me-A283C-T33W (●), 

Me-I138C-F157W (●), (A), SL-I27C-A47W (○), SL-L58C-W75W (○), SL-I27C-L275W (○), SL-L31C-F281W 

(○), SL-K32C-Q282W (○), SL-A283C-T33W (○), and SL-I138C-F157W (○), (B). All experiments were 

performed at 25 °C with concentration of 1 M. The change in the λmax of XnC-ZmW-FhVDAC1 mutants is 

plotted as a function of time. The change in the λmax of I27C-A47W (●), L58C-W75W (●), I27C-L275W (●), 
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L31C-F281W (●), K32C-Q282W (●), A283C-T33W (●), and I138C-F157W (●) in 8 M urea are shown (C). At 

pH 3, the wavelength of emission maxima is constant in 8 M urea. 

In contrast to the rather fast formation of the β-barrel, the recorded fluorescence time courses 

in the presence of DLPC bilayers demonstrated an increase of the fluorescence intensity within 

the first 20 min for all XnC-ZmW-FhVDAC1 mutants, caused by interactions between the 

tryptophan residues of these mutants and the lipid membrane. In order to compare the various 

recorded kinetics of the intramolecular fluorescence quenching, observed for the folding 

reactions of the XnC-ZmW-FhVDAC1 mutants, each in DLPC and in an aqueous solution, the 

ratios of the fluorescence intensities of the SL-XnC-ZmW to the Me-XnC-ZmW mutants, RQ(t) 

= F(SL-XnC-ZmW) (t)/F(Me-XnC-ZmW) (t), at 330 nm, were calculated and plotted as a 

function of time (Figure 5.4). This normalization is helpful because it largely eliminates the 

fluorescence change caused by the hydrophobic interaction of the hVDAC1 mutants with lipid 

bilayers.  

 In Urea (Fig. 5.4 C), all mutants display a relative fluorescence quenching of RQ 1, as 

expected from the fluorescence data shown in Figure 5.3. This graph also shows that the relative 

statistical error in RQ is relatively large, as the relative errors of the fluorescence data for SL-

XnC-ZmW and Me-XnC-ZmW are additive.  

 Relative to RQ obtained from the fluorescence spectra for the unfolded mutants in a 

solution of 8 M urea, the RQ decreases for all mutants upon dilution of the urea to less than 

0.5 mM (Fig. 5.4 B). The strongest relative decrease is observed for L31C-F281W (β1β19, 

barrel bottom), K32C-Q282W (β1β19, barrel bottom), L58C-W75W (β3β4, barrel top-to-

middle), followed by I138C-F157W (β9β10, barrel top) and then by I27C-A47W (β1β2, barrel 

top). The smallest decrease was observed for I27C-L275W (β1β19, barrel top) and for A283C-

T33W (191, barrel bottom). For I27C-A47W (β1β2, barrel top) and for A283C-T33W 

(β19β1, barrel bottom) a slight increase of RQ with time was observed, which because the C283 

is part of the loop and expected to be more flexible and less close to the neighboring W.  

 After insertion into the lipid membrane, all mutants showed a decrease in RQ (panel A) 

relative to the RQ obtained for the unfolded mutants in 8 M urea (panel C), confirming close 

proximity of the W and the C in each of the mutants. However, in comparison to the RQ obtained 

for the aqueous folding intermediate (panel B), the strongest intramolecular quenching of 

fluorescence was observed for I138C-F157W (β9β10, barrel top) and L58C-W75W (β3β4, 

barrel top to middle), followed by L31C-F281W (β1β19, barrel bottom), I27C-A47W (β1β2, 

barrel top), and A283C-T33W (β1β19, barrel bottom) and then by I27C-L275W (barrel top). 

  Overall, the absolute values of RQ are apparently affected by both differences in side-

chain orientation and differences of the rotational mobility of the W- and the C-side-chains in 
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aqueous in and in membrane environment. While the RQ of L31C-F281W were all very similar 

to another, regardless whether lipid bilayers were present, K32C-Q282W,  with C and W 

located immediately next to L31C-F281W, displayed a lower RQ that is stronger fluorescence 

quenching in the absence of membrane than in the presence, strongly suggesting a side-chain 

reorientation that increases the distance between the W and the nitroxide group or/and a  lower 

mobility of the side chains of W and C in a membrane environment reducing the statistical 

likelihood of a radiation-less deactivation of the excited state of the tryptophan in the membrane 

environment. In contrast, the membrane apparently leads to closer proximity between the side-

chains of I138C and F157W and between side-chains of I27C and L275W, as in these case RQ 

is smaller in the membrane environment than RQ obtained for the aqueous intermediate. The 

reduced fluorescence nonetheless indicates some contact between the tryptophan and the 

nitroxide attached to the cysteine also in the aqueous folding intermediate of hVDAC1.  The 

RQ obtained from fluorescence data of XnC-ZmW-FhVDAC1 in lipid bilayer in contrast to the 

RQ for each XnC-ZmW-FhVDAC1 in an aqueous solution (Figure 5.4 (B)) was not increased 

significantly (the fluorescence intensities of the mutants in the time courses monitored for both 

the methylated and the spin labeled forms also did not increase). Alterations of the fluorescence 

intensities observed for the SL-XnC-ZmW mutants were higher than the alterations of the 

fluorescence intensities observed for Me-XnC-ZmW or SL-XnC-ZmW mutants in lipid bilayers 

and an aqueous solution (Figure 5.1, 5.2), as the relative statistical errors of the individual 

fluorescence intensities of the methylated and spin-labeled forms of the mutants are additive. 

For the aqueous intermediate, larger differences in the intramolecular quenching may be caused 

by greater molecular side-chain dynamics and therefore larger variations of the proximities 

between the tryptophans and the spin labeled cysteines. 
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Figure 5.4 Relative intramolecular quenching of W-fluorescence, F(SL-XnC-ZmW)/F(Me-XnC-ZmW) at 330 nm, 

in XnC-ZmW-FhVDAC1 mutants as a function of time indicates the formation of the -barrel of hVDAC1at pH 3 

in lipid bilayers (A) and in a folding intermediate in aqueous solution (B) in comparison to the unfolded forms in 

solutions of 8 M urea (C). Shown are the time courses of the fluorescence intensity ratios F(SL-I27C-

A47W)/F(Me-I27C-A47W) (▲), F(SL-L58C-W75W)/F(Me-L58C-W75W) (▲), F(SL-I27C-L275W)/F(Me-

I27C-L275W) (▲), F(SL-L31C-F281W)/F(Me-L31C-F281W) (▲), F(SL-K32C-Q282W)/F(Me-K32C-Q282W) 

(▲), F(SL-A283C-T33W)/F(Me-A283C-T33W) (▲), and F(SL-I138C-F157W)/F(Me-I138C-F157W) ( ▲) in 

lipid bilayers (A); of the fluorescence intensity ratios F(SL-I27C-A47W)/F(Me-I27C-A47W) (■), F(SL-L58C-

W75W)/F(Me-L58C-W75W) (■), F(SL-I27C-L275W)/F(Me-I27C-L275W) (■), F(SL-L31C-F281W)/F(Me-

L31C-F281W) (■), F(SL-K32C-Q282W)/F(Me-K32C-Q282W) (■), F(SL-A283C-T33W)/F(Me-A283C-T33W) 

(■), and F(SL-I138C-F157W)/F(Me-I138C-F157W) (■) in an aqueous buffer at pH 3 (B); and of the fluorescence 

intensity ratios F(SL-C27W47)/F(Me-C27W47) (●), F(SL-C58W75)/F(Me-C58W75) (●),  F(SL-I27C-

L275W)/F(Me-I27C-L275W) (●), F(SL-L31C-F281W)/F(Me-L31C-F281W) (●), F(SL-K32C-Q282W)/F(Me-

K32C-Q282W) (●), F(SL-A283C-T33W)/F(Me-A283C-T33W) (●), and F(SL-I138C-F157W)/F(Me-I138C-

F157W) (●) in 8 M urea (C). The concentration of all mutants was 1 M at a DLPC / XnC-ZmW-FhVDAC1 ratio 

800 at 25 °C.  

 

          5.4.3 Effect of temperature on folding of K32C-Q282W-FhVDAC1 mutant 

 In order to further investigate the mechanism of folding and membrane insertion of 

hVDAC1, we studied the folding kinetics of the K32C-Q282W-FhVDAC1 in DLPC bilayers 

at various temperatures by fluorescence spectroscopy. The mutant K32C-Q282W-FhVDAC1 

was chosen because it showed fluorescence spectra that suggested a slower interaction or 

insertion with lipid bilayers. The kinetics of insertion into lipid membranes was monitored for 

K32C-Q282W-FhVDAC1 at different temperatures ranging from 5 to 30 °C after urea dilution 

are shown in Figure 5.5 (A). The fluorescence intensity maxima obtained at 330 nm were 

plotted as a function of time for each kinetic experiment performed at a selected temperature in 

the range from 5 to 30 °C. The fluorescence intensity decreased with an increasing temperature, 
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which presumably was caused by increased thermal deactivation of the excited fluorophore at 

a higher temperature. A similar result was also obtained for wt-hVDAC1 by (Shanmugavadivu 

et al., 2007). The largest changes in the fluorescence kinetics were observed at 5°C, and the 

smallest changes were observed at 30 °C. A decrease of the temperature results in a shift of λmax 

toward a shorter wavelength (Figure 5.5B).This could arise from an increased tendency of 

VDAC to misfold or aggregate at higher temperature, which would then result in a smaller 

fraction VDAC that inserts into the lipid bilayer causing smaller shifts of max as there is less 

VDAC in the hydrophobic lipid environment. 

 
Figure 5.5 Kinetics of folding and insertion of K32C-Q282W-FhVDAC1 into DLPC at 5 (  ), 10 ( ), 15 (  ), 20 

(  ), 25 (  ), at 30 °C ( ). (A). Changes in fluorescence intensity (F) at 330 nm are plotted as a function of time. 

The hVDAC1 concentration was 1 μM at all temperatures, and the lipid to protein ratio was 800. Fluorescence 

intensity was decreased as temperature increasing. The change in max of K32C-Q282W-FhVDAC1 mutants is 

plotted as a function of time. It shows the smallest max at the lowest temperature. (B) 

 

The kinetics at all temperatures were fitted with double-exponential functions.  

F = A1 · exp( –k1 · t ) + B + A2 · exp( –k2 · t ) + B with ( k1 = 1 / τ ) and ( k2 = 1 / τ ) 

                                                                                                                   (Eq. 5.2) 
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The rate constants were calculated from double-exponential fits of Eq. 5. 2 to the corresponding 

data and are shown in Table 5.2. As it was difficult to obtain fit functions for the complete data 

sets recorded at 5 °C and at 20 °C, these data were only partially used, namely to fit the Eq. 5.2 

to the experimental time courses of insertion in the initial ~ 18 min and ~ 60 min, respectively. 

The most significant changes of the fluorescence were observed over these times, as indicated 

in Figure 5.5, panel A. It is possible that there is another phase of insertion of K32C-Q282W-

FhVDAC1 in these temperatures, but this could not be clearly identified from the recorded 

kinetic data. The rate constants of the kinetics were smallest at the lowest temperature, 5 °C, 

and increased with temperature.  

Table 5.2 Rate constants1 of folding of K32C-Q282W-FhVDAC1 mutant into diC12:0PC bilayers at 

different temperatures 

Temperature (°C) Life-time, τS (min) ks (min–1)     Life-time, τF (min) Kf (min–1) 

     

5 25.38 ± 20.9 0.039 ± 0.032 3.10 ± 9.5  0.322 ± 0.986 

10 15.19 ± 3.0 0.066 ± 0.013 0.7 ± 7.72 1.42 ± 15.6 

15 20.57 ± 1.88 0.048 ± 0.042 0.827 ± 0.30 1.20 ± 0.435 

20 

25 

30 

9.20 ± 4 

9.41 ± 1 

7.28 ± 1 

0.108 ± 0.004 

0.106 ± 0.011 

0.137 ± 0.026 

-34.86 ± 45.6 

0.38 ± 7.95 

7.5 ± 2.03 

0.028 ± 0.300 

2.63   ± 55 

1.13 ± 0.305 
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Figure 5.6 Arrhenius plot: The logarithm of the rate constant ks of the kinetics of insertion of K32C-Q282W-

FhVDAC1 is plotted as a function of reciprocal temperature in Kelvin. The activation energy was calculated to 

 34 ± 8 kJ/mol.  

The logarithm of the k for K32C-Q282W-FhVDAC1 mutant was plotted as a function of 

reciprocal absolute temperature (in Kelvin; Arrhenius plot). As anticipated a linear dependence 

was obtained (Figure 5.6).  

The slower rate constants, ks, of insertion of K32C-Q282W-FhVDAC1 into the lipid bilayer 

were used to calculate the activation energies (EA) of folding and insertion from the Arrhenius 

plot. The activation energy EA can be determined using the Arrhenius equation, 

ln(𝑘𝑠) =  −
𝐸𝐴

𝑅
 .

1

𝑇
+ ln(𝑘0) 

(Eq. 5.3)   

Where R is the universal gas constant with 8.314462 J mol–1·K–1. The equation describes a 

linear relation between the logarithm of ks and the reciprocal temperature T. EA is calculated by 

plotting ln (ks) as a function of 1/T and determination of the slope b of the linear function y = b·x 

+ a [with y = ln (ks), b = - EA/R, x = 1/T]. The EA of the insertion of the mutant K32C-Q282W-

FhVDAC1 into lipid bilayers was EA  34 ± 8 kJ/mol, which is comparable to the reported 

results for wt-hVDAC1 in bilayer of DLPC (EA 29 ± 6 kJ/mol) (Shanmugavadiv, 2007, Ph.D. 

thesis, University of Konstanz). While the text of that thesis states EA  3 kJ/mol, this likely is 

a typographical error and should have been 30 kJ mol–1, as can easily be calculated from Figure 

7, page 61 of that dissertation. The EA of ~ 30-34 kJ mol–1 determined for VDAC is lower than 
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the EA previously observed for OmpA in bilayers of DOPC (EA  46.4 kJ/mol). The likely 

reason is that the EA of OmpA includes folding of OmpA in a less dynamic DOPC environment 

(Kleinschmidt and Tamm, 1996) while folding of VDAC in the more dynamic aqueous phase 

precedes the insertion step for which EA is calculated here. 

          5.4.4. Pepsinolysis confirms that K32C-Q282W-FhVDAC1 is inserted in lipid 

bilayers  

 Pepsinolysis, performed 20 min after insertion of hVDAC1 into lipid bilayers of 

DLPC demonstrated that the K32C-Q282W-FhVDAC1 was inserted into the lipid membrane 

(Figure 5.7). The K32C-Q282W-FhVDAC1 mutant, which was mixed with pepsin for 1 min at 

pH 3 immediately after the initiation of folding and insertion into DLPC, resulted in fragments 

of Mapp  26 and Mapp ~ 28 kDa; see Figure 5.7 lane 3. In contrast, K32C-Q282W-FhVDAC1 

incubated for 20 min after initiating folding and insertion did not show similar amounts of 

fragments (Figure 5.7 lane 4 (, indicating that hVDAC1 was inserted into and protected by the 

lipid bilayer against pepsinolysis. This confirmed the results obtained from the fluorescence 

time courses that most of the K32C-Q282W-FhVDAC1 inserted within ~ 20 min.  

 

Figure 5.7 Pepsinolysis and analysis by SDS-PAGE show that the structure of the inserted K32C-Q282W-

FhVDAC1 in lipid bilayers is protected. In this gel, the molecular weight marker is shown in lane 1 and the 

unfolded K32C-Q282W-FhVDAC1 in urea in lane 2. The K32C-Q282W-FhVDAC1 folded into DLPC after urea 

dilution and then immediately subjected to pepsinolysis for 1 min is shown in lane 3. Lane 4 shows K32C-Q282W-

FhVDAC1 incubated with DLPC for 20 min and then cleaved with pepsin for 1 min. 
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       5.5 Discussion  

 

Insertion of hVDAC1 into the lipid membrane is slower than its folding in the aqueous 

phase.  

 To date, this study is the first report on the kinetics of folding and insertion of the 

voltage-dependent anion-selective channel human isoform 1. hVDAC1 forms a 19-stranded β-

barrel domain in aqueous solution. The kinetics of intramolecular site-directed fluorescence 

quenching by nitroxide label demonstrated that the intermediate aqueous form is a β-barrel 

structure that is formed quickly. In the presented kinetic experiments, the XnC-ZmW-

FhVDAC1 mutants showed a single phase of insertion into lipid bilayers in ~ 20 min. This is 

faster than the insertion of OmpA into DLPC (~ 120 min) reported previously (Kleinschmidt 

and Tamm, 2002), because the XnC-ZmW-FhVDAC1 mutants had already developed a 

preformed -barrel in an aqueous solution in less than 1 min in aqueous solution, a time scale 

that was faster than covered by the present experiments. In the presence of a lipid bilayer, the 

preformed -barrel inserted into the lipid membrane. Thus, the kinetics of -strands formation 

of hVDAC1 mutants upon urea dilution in an aqueous solution and into lipid bilayers 

demonstrated that folding of hVDAC1 were mostly biphasic. A fast phase of formation of a β-

barrel-like structure, observed also in the absence of lipid membranes in aqueous buffer and a 

slow phase of insertion into the lipid bilayer.  

 The present data obtained for site-specially labeled mutants of XnC-ZmW-FhVDAC1 

provide new structural insight in a previously discovered folding intermediate 

(Shanmugavadivu et al., 2007) that was observed in an aqueous solution in the absence of a 

lipid bilayer. Figure 5.8 of shows folding and insertion process of hVDAC1 from its unfolded 

form in urea-denatured form to its native state in lipid bilayers. The first step of folding is a 

very fast step in aqueous solution in which the -barrel start to form and forms the intermediate 

folding state (1 min) Figure 5.8 (A). This step is followed by a slower phase which is insertion 

into lipid membrane. The formation of minor residual barrel structure may be completed during 

insertion (20 min) Figure 5.8 (N).  
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Figure 5.8 Scheme of folding of hVDAC1 in aqueous solution and insertion of it into lipid bilayers at pH 3. From 

a denatured form in urea (U), after rapid urea dilution, hVDAC1 formed most -strands and preform -barrel in 

an aqueous solution at pH 3  < 1 min (A). From this preform -barrel hVDAC1 folds and inserts into the lipid 

membrane to its native form in  20 min (N).  

 The analysis of the observed folding kinetics of the hVDAC1 -barrel and of the 

insertion into the lipid bilayers indicates that these steps are largely uncoupled. This is in 

marked contrast to results reported for the -barrel formation of the transmembrane domain of 

OmpA. The formation of the -sheet secondary structure, the formation of the barrel, and the 

insertion of the OmpA into the lipid membrane were shown to be tightly coupled (Kleinschmidt 

and Tamm, 1999; Kleinschmidt and Tamm, 2002). The simultaneous association of 

neighboring -strands and penetration of the OmpA TM domain into the hydrophobic core of 

the membrane was shown by (Kleinschmidt  et al., 2011; Kleinschmidt et al., 1999).  

 The insertion phase of the K32C-Q282W-FhVDAC1 mutant required an activation 

energy of EA ~ 34 ± 8 kJ/mol, similar to the wt-hVDAC1 (EA  29 ± 6 kJ/mol). In contrast 

OmpA folding and insertion into thicker bilayers of DOPC required an EA ~ 46 ± 4 kJ/mol. For 
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OmpA a higher EA was required because OmpA adsorbed to the bilayers surface in a largely 

unfolded form, requiring a major conformational change for insertion within the less dynamic 

membrane environment, since folding is coupled to insertion into the lipid membrane for 

OmpA. The higher EA observed in OmpA could be because of the viscosity of the environment, 

since OmpA folding is coupled to insertion into a more viscous lipid bilayer. While for K32C-

Q282W-FhVDAC1 the main part of the barrel is formed in aqueous solution and the insertion 

phase into lipid bilayer does not involve a major conformational change. Therefore, K32C-

Q282W-FhVDAC1 a smaller EA was found, although the β-barrel of hVDAC1 is much larger. 

 The kinetics of FomA folding into phospholipid bilayers indicated parallel folding 

pathways. (Pocanschi et al., 2006). A fast and a slow phase were observed for the final step of 

folding and insertion of FomA that were parallel. Likely after rapid dilution of the denatured 

urea, two major population of aqueous forms of FomA formed that adsorbed, inserted and 

folded into lipid bilayer. The formations of these two different states preceded insertion and 

folding into the lipid bilayer. FomA developed secondary structure after urea dilution in the 

absence of lipid bilayer or detergent. The secondary structure of this aqueous intermediate of 

FomA contained larger fractions of -helical structure (reportedly ~ 17 %) not present in the 

inserted, folded form (which reportedly has only ~ 4 % α-helical structure). For insertion and 

-barrel formation, the membrane-adsorbed folding intermediates of FomA require 

conformational changes in the membrane that are apparently slowed down, retarding the 

insertion of the hydrophobically collapsed form and resulting in the reported overall very slow 

insertion kinetics.    

 As discussed in chapter 3 parallel folding pathways have also been proposed for PagP. 

Folding of PagP includes an initial rapid adsorption to the membrane and a subsequent time 

course of folding and insertion into the membrane. Folding kinetics of PagP are dependent on 

PagP and lipid concentration. Interrupted refolding assays revealed that the two exponential 

phases suggest the presence of parallel folding pathways (Huysmans et al., 2012). 

 The folding of hVDAC2 is a multi-step process (Maurya and Mahalakshmi, 2015). This 

group in 2016 (Maurya and Mahalakshmi, 2016) monitored the folding process of hVDAC2 

using the change in W-fluorescence as a reporter of the barrel folding rate. They have used 

functional and biophysical technique coupled with simulation, to decipher the contribution of 

strategically placed four tryptophans of hVDAC2. They found that single Trp-160 (W75, 86, 

221F) or single Trp-221 (W75, 86,760F) show faster folding kinetics rates. This suggested that 

strands -10 and -14 assemble early during hVDAC2 folding. Similarly, single Trp-75 
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(W86,160,221F) and Trp-86 (W75,160,221F) showed slower folding rates than the wt-

hVDAC2, indicating that strands -3 and -4 of hVDAC2 assemble later during folding. 
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  6. Summary 

 
 The mechanisms of membrane protein folding and insertion have attracted the interests 

of researchers from various disciplines, but are still poorly understood, as membrane proteins 

are difficult to handle due to their hydrophobicity and tendency to misfold. Some progress has 

been made for smaller bacterial proteins like the 7 α-helix bundle bacteriorhodopsin from 

H. salinarum and the 8-stranded β-barrel domain of OmpA from E. coli, but it has remained 

largely unclear whether the discovered mechanistic principles apply generally or not.  

 Here, folding and membrane insertion was investigated for the human isoform 1 of the 

voltage-dependent anion-selective channel (hVDAC1) from the mitochondrial outer 

membrane. hVDAC1 (283 amino acid residues) forms a 19-stranded β-barrel transmembrane 

domain with an Ν-terminal α-helix of ~ 25 residues. Folding was studied by intramolecular 

site-directed fluorescence quenching and by circular dichroism (CD) spectroscopy. Several 

single-C, single-W- hVDAC1 double mutants were designed, expressed and isolated for 

fluorescence experiments. The tryptophan- and cysteine residues are located in neighboring β-

strands, in structural proximity within correctly folded hVDAC1. The cysteine of these mutants 

was covalently labeled with a nitroxide spin label, which quenches W-fluorescence upon 

contact when neighboring β-strands connect to another by forming hydrogen-bonds. 

  Formation of secondary structure was monitored by CD spectroscopy and formation of 

tertiary structure by intramolecular fluorescence quenching after diluting unfolded hVDAC1 

from a solution of 8 M urea, either in the absence or in the presence of lipid membranes.  The 

experiments revealed that the formation of the β-barrel of hVDAC1 does not require an 

adsorption to lipid membranes. In particular strands 1 and 19 associated in aqueous buffer 

already. This differs completely from the folding mechanism of OmpA, for which a concerted 

mechanism of folding and membrane insertion has been described. OmpA first adsorbs to the 

surface of the lipid membrane and then forms secondary and tertiary structure at similar kinetic 

rates, tightly linked to membrane insertion and largely driven by the hydrophobic effect. OmpA 

does not easily unfold from lipid membranes of dilauroylphospatidylcoline. Here, the aqueous 

folding intermediate of hVDAC1 could be unfolded in a two-state unfolding titration, with a 

free energy of unfolding of ΔG° ~ 50-60 kJ/mol, while that of bilayer inserted, folded hVDAC1 

was determined to ΔG° ~ 60-65 kJ/mol. This indicates a relatively minor contribution of bilayer 

to hVDAC1 stability, likely because hVDAC1 forms a much larger pore in the membrane. The 

free energy of unfolding of hVDAC1 in LDAO micelles was determined to ΔG° ~ 57-62 

kJ/mol.  

 The presence of a near-natively-folded β-barrel in the aqueous intermediate suggests 

that the major driving force for β-barrel formation of hVDAC1 may not be the hydrophobic 

effect. Inspection of the hVDAC1structure showed several pairs of oppositely charged lysine 

and glutamate side-chains are in structural proximity, distributed over the entire β-barrel. To 

examine their roles for β-barrel formation, two mutants of hVDAC1 were prepared. In these 

mutants, one pair of glutamate and lysine side-chains was replaced by two glycines, located 

either in β-strands 1 and 19 or in β-strands 14 and 15. For both mutants, CD spectroscopy and 

intramolecular site-directed fluorescence quenching revealed that electrostatic or polar 

interactions through hydrogen bonding between lysine and glutamic acid side chains are 

required for the formation of the -barrel of the aqueous intermediate of hVDAC1. Contacts 

between neighbor strands were no longer formed and content of β-structure calculated from CD 

spectra indicated the loss of more than just two β-strands. This indicated that folding of 

hVDAC1 depends on the interaction between basic and acidic amino acid side-chains. 

 A third kinetic study revealed that the β-barrel of hVDAC1 folds in the aqueous phase 

in less than 1 min in the absence of a lipid membrane, while the slower insertion phase required 
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 20 min. The activation energy of membrane insertion was estimated to EA ~ 34 ± 8 kJ/mol 

which is smaller than the free energy gain calculated for the folding of the β-barrel. 

   7. ZUSAMMENFASSUNG  

 
 Die Mechanismen der Faltung und Insertion von Membranproteinen haben das Interesse 

von Forschern aus verschiedenen/verschiedensten Disziplinen geweckt, jedoch ist noch wenig 

bekannt, da Membranproteine aufgrund ihrer Hydrophobizität und ihrer Tendenz zur 

Fehlfaltung schwer zu handhaben sind. Bei kleineren bakteriellen Proteinen wie dem 7-α-Helix-

Bündel Bakteriorhodopsin aus H. salinarum und der 8-strängigen β-Barrel-Domäne von OmpA 

aus E. coli wurden einige Fortschritte erzielt, es ist jedoch weitgehend unklar geblieben, ob die 

entdeckten mechanistischen Prinzipien allgemein gelten oder nicht. 

 Hier wurde die Faltung und Membraninsertion für die humane Isoform 1 des 

spannungsabhängigen anionenselektiven Kanals (hVDAC1) aus der mitochondrialen 

Außenmembran untersucht. hVDAC1 (282 Aminosäurereste) bildet eine 19-strängige β-Barrel-

Transmembrandomäne mit einer Ν-terminalen α-Helix von ~ 25 Resten. Die Faltung wurde 

durch intramolekulare ortsgerichtete Fluoreszenzlöschung und durch Zirkulardichroismus 

(CD)-Spektrokopie untersucht. Mehrere Einzel-C, Einzel-W-hVDAC1-Doppelmutanten 

wurden für Fluoreszenzexperimente entworfen, exprimiert und isoliert. Die Tryptophan- und 

Cysteinreste waren in benachbarten β-Strängen in struktureller Nähe innerhalb des korrekt 

gefalteten hVDAC1 lokalisiert. Das Cystein dieser Mutanten wurde kovalent mit einer 

Nitroxid-Spinmarkierung markiert, die die W-Fluoreszenz beim Kontakt löscht, wenn 

benachbarte β-Stränge durch Bildung von Wasserstoffbrückenbindungen aneinander binden. 

 Nach Verdünnen von ungefaltetem hVDAC1 aus einer Lösung von 8 M Harnstoff, 

entweder in Abwesenheit oder in Gegenwart von Lipidmembranen, wurde die Bildung der 

Sekundärstruktur durch CD-Spektroskopie und die Bildung der Tertiärstruktur durch 

intramolekulares Fluoreszenzlöschen untersucht. Die Experimente zeigten, dass die Bildung 

des β-Barrels von hVDAC1 keine Adsorption an Lipidmembranen erfordert. Insbesondere sind 

die Stränge 1 und 19 bereits in wässrigem Puffer assoziiert. Dies unterscheidet sich vollständig 

vom Faltungsmechanismus von OmpA, für das weitgehend eine sychrone Faltung und 

Membraninsertion gefunden wurde: OmpA adsorbiert zuerst an der Oberfläche der 

Lipidmembran und bildet dann mit ähnlichen kinetischen Raten seine Sekundär- und 

Tertiärstruktur aus, was eng mit der Membraninsertion verbunden ist und weitgehend durch 

den hydrophoben Effekt angetrieben wird. OmpA entfaltet sich nicht leicht aus 

Lipidmembranen von Dilauroylphospatidylcolin. Hier konnte das wässrige 

Faltungsintermediat von hVDAC1 in einer Zwei-Zustands-Entfaltungstitration mit einer freien 

Entfaltungsenergie von ΔG ° ~ 50-60 kJ / mol entfaltet werden, während für das in die Lipid-

Doppelschicht inserierte, gefaltete hVDAC1  ΔG ° ~ 60-65 kJ / mol bestimmt wurde. Dies weist 

auf einen relativ geringen Beitrag der Doppelschicht zur Stabilität von hVDAC1 hin, 

wahrscheinlich weil hVDAC1 eine viel größere Pore in der Membran bildet. Die freie Energie 

zur Entfaltung von hVDAC1 in LDAO-Mizellen betrug ΔG ° ~ 57-62 kJ / mol. 

 Das Vorhandensein eines nahezu nativ gefalteten β-barrels im wässrigen Intermediat 

legt nahe, dass die Hauptantriebskraft für die Bildung des β-barrels von hVDAC1 

wahrscheinlich nicht der hydrophobe Effekt ist. Die Untersuchung der hVDAC1-Struktur 

ergab, dass sich mehrere Paare entgegengesetzt geladener Lysin- und Glutamat-Seitenketten 

verteilt über die gesamte β-barrel in struktureller Nähe befinden.  

 Um ihre Rolle für die Bildung des β-Barrels zu untersuchen, wurden zwei Mutanten von 

hVDAC1 hergestellt. In diesen Mutanten wurde ein Paar von Glutamat- und Lysin-Seitenketten 

durch zwei Glycine ersetzt, die sich entweder in den β-Strängen 1 und 19 oder in den β-Strängen 

14 und 15 befanden. Für beide Mutanten ergaben CD-Spektren sowie die intramolekulare 

ortsgerichtete Fluoreszenzlöschung, dass elektrostatische oder polare Wechselwirkungen durch 
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Wasserstoffbrücken zwischen Lysin- und Glutaminsäureseitenketten für die Bildung des β-

barrels des wässrigen Intermediats von hVDAC1 erforderlich sind. Kontakte zwischen 

Nachbarsträngen wurden nicht mehr gebildet und der Gehalt an β-Struktur, berechnet aus CD-

Spektren, deutete auf den Verlust von mehr als nur zwei β-Strängen hin. Dies zeigte, dass die 

Faltung von hVDAC1 von der Wechselwirkung zwischen basischen und sauren 

Aminosäureseitenketten abhängt. 

Eine dritte kinetische Studie ergab, dass die β-barrel von hVDAC1 in weniger als 1 Minute in 

Abwesenheit einer Lipidmembran in der wässrigen Phase faltet, während die langsamere 

Insertionsphase ~ 20 Minuten benötigte. Die Aktivierungsenergie der Membraninsertion wurde 

zu EA ~ 34 ± 8 kJ / mol bestimmt, was kleiner ist als der Gewinn an freier Enthalpie, der für die 

Faltung der β-barrel berechnet wurde. 
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  Appendix 

 

1. CD spectra of wt-hVDAC1 and its XnC-ZmW-FhVDAC1 mutants in aqueous 

solution at various pH. 

 
Figure 1. CD spectra of wt-hVDAC1 and its XnC-ZmW-FhVDAC1 mutants obtained at different pH in the range 

from  pH 3 to 11 in aqueous solution. The formation of the -sheet secondary structure in an aqueous solution was 

strongly affected by variation of pH. CD spectra of hVDAC1 recorded at pH 3 (−), 4 (−), 5 (−), 6 (−), 7 (−), 8 

(−), 9 (−), 10 (−), and 11 (−) are shown for wt-hDAC1 and its XnC-ZmW-FhVDAC1 mutants. CD spectra of 

hVDAC1 in an aqueous solution demonstrated a reduction of the amplitude and a shift  of the  minimum from 215 

nm to  220 nm at pH-values between 5 and 11. The correct CD line shape spectra were only obtained at pH 3. 

The concentration of hVDAC1 was 15 M in all experiments. All spectra were recorded immediately after urea 

dilution at room temperature.  
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2. CD spectra of wt-hVDAC1 and its XnC-ZmW-FhVDAC1 mutants in DLPC at pH 

alteration 

 

 
Figure 2. The hVDAC1and its mutants structure in lipid bilayer of DLPC depends on pH selected for the folding 

reactions. Shown are the CD spectra of the wt-hVDAC1 and its XnC-ZmW-FhVDAC1 mutants. In all cases, the 

largest amplitude is at pH 3. In comparison to spectra recorded at pH 3, the spectral amplitudes were reduced and 

the spectral were shifted from 217 nm to 220 nm at pH values from 5 to 8. The line shapes of the CD spectra 

indicated that content of -sheet secondary structure is lower near the pI  8.2 of hVDAC1 and larger when 

VDAC1 is either strongly positively or negatively charged at lower or at high pH, respectively. CD spectra of pH 

3 (−), 4 (−), 5 (−), 6 (−), 7 (−), 8 (−), 9 (−), 10 (−) and 11 (−) are shown for wt-hVDAC1 and its XnC-ZmW-

FhVDAC1 mutants. The concentrations of hVDAC1 were adjusted to 15 M in all experiments. All samples were 

incubated at the given pH and at 25 °C. The spectra were recorded at room temperature and normalized as 

described in materials and methods.  
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3. Site-directed fluorescence quenching in single XnC-ZmW-FhVDAC1 mutants after 

urea-dilution in aqueous solution in the absence of phospholipid bilayers at 

different pH ranging from 4 (A) to 11 (H). 

 

 

 
pH 4 
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pH 5 
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pH 6 
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pH 7 
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pH 8 
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pH 9 
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pH 10 
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pH 11 

 
Figure 3. The fluorescence emission spectra of the XnC-ZmW-FhVDAC1 mutants are shown for both, the spin 

labeled (SL-XnC-ZmW dotted lines) and the methylated (Me-XnC-ZmW continuous lines) forms after dilution of 

the urea in aqueous solution in the absence of a lipid bilayer at pH 4 in Figure (A), pH 5 in figure (B), pH 6 in 

Figure (C), pH 7 in Figure (D), pH 8 in Figure (E), pH 9 in Figure (F), pH 10 in Figure (G), and pH 11 in Figure 

(H). The spectra of I27C-A47W- (−), L58C-W75W- (−), I27C-L275W- (−), L31C-F281W- (−), K32C-Q282W- 

(−), A283C-T33W- (−), I138C-F157W- (−), L263C-L275W- (−) and the mutant I138C-L275W- (−) in which 

intramolecular contact between the indole of W and the nitroxide at the C is precluded are presented. The 

concentration of the XnC-ZmW-FhVDAC1 mutants was 1 M. Spectra were immediately recorded after urea 

dilution at 25 °C that is in the initial phase for folding of hVDAC1.  
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4. Site-directed fluorescence quenching of XnC-ZmW-FhVDAC1 mutants after 

insertion of hVDAC1 into phospholipid bilayers at various pH ranging from 4 (A) 

to 11 (H). 
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pH 11 

 
Figure 4. The fluorescence emission spectra of single XnC-ZmW-FhVDAC1 mutants are shown either spin labeled 

(SL-XnC-ZmW dotted lines) or methylated (Me-XnC-ZmW continuous lines) at the cysteine for the folded forms 

after insertion into lipid bilayer (DLPC) at pH 4 in Figure (A), pH 5 in figure (B), pH 6 in Figure (C), pH 7 in 

Figure (D), pH 8 in Figure (E), pH 9 in Figure (F), pH 10 in Figure (G), and pH 11 in Figure (H).. The spectra of 

I27C-A47W- (−), L58C-W75W- (−), I27C-L275W- (−), L31C-F281W- (−), K32C-Q282W- (−), A283C-T33W- 

(−), I138C-F157W- (−), L263C-L275W- (−) and the negative control I138C-L275W- (−) are shown. Spin labeling 

does not quench the fluorescence of W in the negative control mutant (I138C-L275W), (−) in the lipid bilayer. 

The location of the fluorescence maxima was independent of the cysteine modification in all mutants. In addition, 

the wavelength of the emission maxima shows a shift from the denatured form in 8 M urea to the folded form in 

the lipid bilayer. The concentration of the XnC-ZmW-FhVDAC1 mutants was 1 M. All samples were incubated 

overnight, and spectra were recorded at 25 °C.  
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