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Introduction
All biological membranes surrounding either the individual cells or the organelles

of eukaryotic cells are essential to life. They preserve the functional integrity of a cell and
control the movement of molecules between the inside and the outside of a cell and into
and out of the organelles of eukaryotic cells. In addition, biological membranes
participate in important functions like energy storage and signal transduction. Each type
of membrane has characteristic lipids and proteins.

1.1

Membrane Lipids
Lipids are a large and diverse group of naturally occurring organic compounds

and have a polar hydrophilic head and a non-polar hydrophobic tail. They form a bilayer
with the hydrophobic tails facing each other and the hydrophilic heads facing the outside
or the inside of the cell. The lipid bilayer is the basic structural element of biomembranes. This bilayer is fluid and the proteins and lipids are free to move laterally in
the plane of the bilayer and this forms the fluid mosaic model (Singer and Nicolson
1972). Phospholipids form the major class of membrane lipids of which the Phosphatidyl
choline and Phosphatidyl ethanolamine are more common in membranes. Other
phospholipids are Phosphatidyl serine, Phosphatidyl inositol, Phosphatidyl glycerol,
Cardiolipin and Sphingomyelin. In addition, the membrane components also include
glycolipids and cholesterol. The structural formulas of principal phospholipids are given
below in Figure 1.1

Figure 1.1 Major phospholipids of biological membrane
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1.2

Proteins
Proteins are linear polymers built from 20 amino acids. The primary structure of

a protein refers to the linear sequence of amino acids linked by peptide bonds to form
polypeptide chains. These polypeptide chains can fold into regularly repeating structures
called α-helix and β-pleated sheets commonly referred as the secondary structures of
protein. The structure is highly ordered as a result of hydrogen bonding within its peptide
backbone.
The α - helix is stabilized by hydrogen bonds between the N-H and C=O groups
of the main chain. The C=O group of an amino acid is hydrogen bonded to the N-H group
of the amino acid that is situated four residues ahead in the sequence. Thus, except for
amino acids near the ends of an α-helix, all main chain C=O and N-H groups are
hydrogen bonded. In an α-helix , each residue is related to the next one by a rise of 1.5 Å
along the helix axis and a rotation of 100 degrees, which gives 3.6 amino acid residues
per turn of helix.

A

B

Figure 1.2 Secondary structures of protein. A) Ribbon depiction with the carbon atoms and side chains
(green) shown. Adjacent figure is the side view of a ball-and-stick version depicting the hydrogen bonds
(dashed lines) between NH and CO groups. B) An antiparallel β-sheet in which adjacent β-strands run in
opposite directions. Hydrogen bonds between NH and CO groups connect each amino acid to a single
amino acid on an adjacent strand, stabilizing the structure.

In β - pleated sheets, however, hydrogen bonding occurs between the N-H and
C=O groups of neighboring polypeptide chain (β-strands) rather than within one as in α2

Introduction
helices. Adjacent chain in a β-sheet can run in opposite directions (antiparallel β-sheet)
or in the same direction (parallel β-sheet). In schematic diagrams, β-strands are usually
depicted by broad arrows pointing in the direction of the carboxyl-terminal end to
indicate the type of β-sheet formed—parallel or antiparallel.
In most proteins which have a compact folded structure, the polypeptide chain
reverses direction and these reversals are accomplished by common structural elements
called turns (also known as β-turns) and loops. For a β-turn, the structure is usually a
180° turn involving four amino acid residues, with the C=O group of the first residue
forming a hydrogen bond with the N-H group of the fourth. The peptide groups of the
central two residues do not participate in any inter-residue hydrogen bonding. A loop is a
more elaborate structure than a turn and is often rigid. Although not periodic, these
common turn or loop structures are well defined and contribute together with α-helices
and β-sheets to form the final protein structure.
Tertiary structure refers to the detailed three-dimensional arrangement of the
polypeptide units and the arrangement of two or more subunits resulting in a protein
complex constitutes the quaternary structure.

1.3

Membrane Proteins
Membrane proteins may be subdivided into peripheral and integral membrane

proteins. Integral membrane proteins also called transmembrane proteins span the
phospholipid bilayer and interact extensively with the hydrocarbon chains of membrane
lipids. In contrast, Peripheral membrane proteins are bound to the cytosolic or the
extracellular side of the membrane or on to the surfaces of integral proteins. Here, I focus
mainly on the integral membrane proteins and two classes of integral membrane proteins
are currently known that are characterized by the structure of their transmembrane
domain.
The first class is the α-helical proteins that form very hydrophobic
transmembrane domains. A prominent example is bacteriorhodopsin, a 7 α-helix bundle
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membrane protein (Pebay-Peyroula et al. 1997; Luecke et al. 1999) (Figure 1.3A).
Monomeric and oligomeric α-helix bundle membrane proteins are known.

B

A

Figure 1.3 Examples of the two classes of membrane proteins A: α-helical Bacteriorhodopsin from
Halobacterium salinarum (Faham et al. 2005). B: β-barrel – sucrose porin (ScrY) from Salmonella
typhimurium (Forst et al. 1998). The membrane protein structures were generated with Pymol and its
secondary structural elements are specifically colored (blue for α-helix and pink for β-sheets).

The second class covers β -barrel proteins in which antiparallel β-strands span
the membrane and form a barrel like structure (Figure 1.3B). In transmembrane βstrands, only every second amino acid faces the apolar lipid phase and must be a
hydrophobic residue, while the others face the interior of the β-barrel and are mostly
polar. Therefore, the average hydrophobicity of transmembrane β-barrels is low (–0.5 to
–0.6 on the Kyte-Doolittle scale vs. > + 0.5 for α-helix bundle transmembrane proteins).
The geometry of the β-strands excludes that individual β-strands can exist in a lipid
bilayer and all known integral membrane proteins with transmembrane β-strands curl up
to form hollow cylinder or barrel structures, in which at least 8 neighboring β-strands are
connected by hydrogen bonds. The β-barrel then functions as a porin, forming pores or
channels, in the membranes.

β-barrel proteins are commonly seen in the outer membrane of Gram-negative
bacteria. Elaborative studies have been done on these bacterial outer membrane β-barrel
proteins revealing their specific function and structure. Some examples are: OmpA, a
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small ion channel/structural protein with 8 stranded β-barrel (Pautsch and Schulz 2000;
Arora et al. 2001), OmpT, a protease with 10 stranded β-barrel (Vandeputte-Rutten et al.
2001), NalP, an autotransporter β-barrel with 12 strands (Oomen et al. 2004) and recently
crystallized FpvA, a Ferripyoverdine receptor with 22 strands in barrel domain (Cobessi
et al. 2005).
Apart from outer membrane of Gram-negative bacteria, the only other biological
membranes known to contain β-barrel proteins are the outer membranes of chloroplasts
and mitochondria. According to the endosymbiotic theory, mitochondria are the result of
the endocytosis of Gram-negative bacteria by a eukaryotic cell. Thus the mitochondrial
membrane and its membrane proteins are found to share similar functions with their
bacterial counterparts.
Knowledge on structure and function of bacterial β-barrels is well advanced.
Also, considerable amount of information exists on the folding and assembly mechanism
of these prokaryotic β-barrels. In contrast, very little information is found on the
structure, function and assembly of eukaryotic β-barrels and requires extensive research.
Hence a study on mitochondrial β-barrel will form the basis for knowledge on the
eukaryotic β-barrels. And mitochondrial β-barrel will be an appropriate choice to
compare with prokaryotic β-barrel membrane proteins due to their stated endosymbiotic
origin.

1.4

Mitochondrial Membrane
The mitochondrion is a double-membrane organelle with four subcompartments:

the mitochondrial outer membrane, the intermembrane space (IMS), the mitochondrial
inner membrane, and the matrix. The mitochondrial outer and inner membranes
effectively serve as barriers for the maintenance and integrity of the organelle. The outer
membrane of a mitochondrion contains many channels formed by porins and act like a
sieve, filtering out molecules that are too big. Similarly, the inner membrane also allows
only certain molecules to pass through it and is much more selective than the outer
membrane. Although mitochondria contain their own DNA, this DNA encodes only a
small number of the proteins (3-67 protein) required for mitochondrial function (Gray et
5
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al. 1999). Over 98% of the proteins found in mitochondria are encoded in the nucleus,
synthesized in the cytosol and imported into the mitochondria. The mitochondrial
membranes contain machineries that are required for import, sorting and assembly of
mitochondrial precursor proteins into each subcompartment (Schatz and Dobberstein
1996; Neupert 1997; Pfanner and Geissler 2001) (Figure 1.4)

Figure 1.4 Mitochondrial membranes and protein import pathways into mitochondria. Precursor
proteins can be divided into at least six classes: (i) simple outer membrane (OM) proteins, (ii) inner
membrane (IM) sorted, (iii) matrix targeted, (iv) carrier proteins of the inner membrane, (v) intermembrane
space (IMS) targeted and (vi) outer membrane β-barrel precursors.
Common to all precursors is their delivery to the organelle's central entry gate, the translocase of
the outer membrane (TOM complex). Protein sorting into the inner membrane occurs via the translocase of
the inner membrane (TIM23 complex) in a membrane potential (Δψ) dependent manner. Complete
translocation of precursors into the mitochondrial matrix occurs by the ATP-driven presequence
translocase-associated motor (PAM complex). Hydrophobic inner membrane proteins are delivered to and
inserted into the inner membrane via the TIM22 complex. Small Tims, Mia40 and Erv1 are import
components present in the IMS and MPP is the mitochondrial processing peptide which removes the
presequence. Outer membrane precursors with more complex topologies, such as β-barrel proteins, are
translocated through the TOM complex into the IMS, where they are guided by the IMS small Tim proteins
to the sorting and assembly machinery (SAM complex). Figure modified from (Stojanovski et al. 2006).

The TOM complex (translocase of the outer mitochondrial membrane) is
responsible for initial recognition and translocation of mitochondrial preproteins across or
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into the mitochondrial outer membrane. A second complex in the mitochondrial outer
membrane termed the SAM complex (sorting and assembly machinery) is involved in the
assembly of proteins with complex topologies into the outer membrane. The SAM
complex is also called TOB (topogenesis of mitochondrial outer membrane β-barrel
proteins) complex.
In the inner membrane of mitochondria there are two translocase complexes. The
TIM23 complex (translocase of the inner mitochondrial membrane) with the associated
import motor, PAM (presequence translocase-associated motor), is responsible for import
of matrix-targeted precursors across the inner membrane. The TIM22 complex is required
for assembly of a subset of inner membrane proteins with internal targeting signals such
as the carrier family of proteins, which includes the ATP/ADP carrier, into the inner
membrane. The IMS import and assembly machinery consists of small Tim proteins
(Hoppins and Nargang 2004) and the recently defined components Mia40 and Erv1
(Chacinska et al. 2004; Rissler et al. 2005).
Studies on import machinery of outer mitochondrial membrane (which harbor the

β-barrel proteins) alone is detailed here since the focus of my research is on β-barrel
membrane proteins. β-barrel proteins are imported from cytosol into the outer membrane
of mitochondria via the TOM complex which is the central entry gate for the import of
essentially all nuclear encoded mitochondrial proteins. It was shown that TOM complex
alone was not sufficient to integrate β-barrels into the outer membrane and the SAM
complex was discovered to play a role. Particularly the Sam37, a subunit of SAM (TOB)
complex (Wiedemann et al. 2003) was found to be essential for the insertion of β-barrel
proteins including the most abundant outer membrane protein, porin.
Interestingly, the import pathway of β-barrel precursors was now revealed to
encompass an initial translocation into the IMS via the TOM complex. With the aid of
small Tim proteins present in IMS, β-barrel precursors are delivered to the SAM complex
for their integration into the outer membrane (Model et al. 2001; Hoppins and Nargang
2004; Wiedemann et al. 2004). Recently it has been shown that Tob55, a major
component of the TOB complex has a receptor like function and found to promote the
insertion of β-barrel proteins into the mitochondrial outer membrane (Habib et al. 2007).
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It is clear that these complexes play a role in the import of some outer membrane
precursors, but whether the complexes play a universal role in the import and insertion of
all outer membrane proteins remains unknown.
Among the β-barrel proteins present in the outer membrane of mitochondria, the
Voltage Dependent Anion-selective Channel (VDAC) is the most abundant protein with
diverse functions. Except for a relatively few molecules (e.g., molecular oxygen,
acetaldehyde, short chain fatty acids), all metabolites that enter and leave mitochondria
must cross the mitochondrial outer membrane through VDAC.

1.5

VDAC – Voltage Dependent Anion-selective Channel
VDAC is the major outer membrane protein of mitochondria and is approximately

30 kDa in molecular weight. VDAC channels are found in all eukaryotic kingdoms
namely fungi, plants, animals and in protists (Schein et al. 1976; Colombini 1979; Linden
et al. 1982; Smack and Colombini 1985; Ludwig et al. 1989; Elkeles et al. 1997). Human
VDAC isoform-1 (hVDAC1) is used for the entire study and the motivation and objective
to study hVDAC1 is detailed below.

1.5.1 Functions of VDAC
VDAC as the major pore-forming protein in the mitochondrial outer membrane
was identified for the first time in 1976 and it stood out from other proteins observed
because it had voltage-gating properties (Schein et al. 1976). VDAC formed channels
with average diameter of 2.5 – 3 nm (Guo et al. 1995). Though VDAC proteins from
different species have only weak sequence homology, their functional properties are
highly conserved (Colombini 1989). In artificial lipid bilayers, the channel forms a high
conductance open state (4-4.5 nS in 1M KCl) at smaller membrane potentials and
switches to low conducting states (2-2.5 nS) at potentials ≥30 mV (Benz et al. 1990; Liu
and Colombini 1992; Benz 1994). These low conducting states are cation-selective and
less permeable to nucleotide phosphates (Rostovtseva and Colombini 1996) whereas the
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large open state is favourable for the passage of anions. VDAC channels play a central
role in apoptosis (Crompton 1999) and are involved in different cellular events like the
induced release of cytochrome C (Shimizu et al. 1999) which constitutes an early step in
apoptosis.

Also VDAC is the binding site for glycerol kinase and hexokinase etc.

(Adams et al. 1991; Blachly-Dyson et al. 1993). The expression level of VDAC was
found to be critical for ATP synthesis capacity and cell growth (Abu-Hamad et al. 2006).
Closure of VDAC in the mitochondrial outer membrane accounts for global
mitochondrial suppression and in a recent review (Lemasters and Holmuhamedov 2006)
they propose that “VDAC is sole governator of mitochondrial function”.

1.5.2 Structure of VDAC
VDAC is generally regarded as a monomer and a single polypeptide chain of
approximately 30 kDa is said to form one channel (Thomas et al. 1991; Peng et al. 1992;
Guo et al. 1995). A recent study on chemical cross-linking of isolated mitochondria or
purified VDAC shows that VDAC exists as dimers, trimers or tetramers (Zalk et al. 2005)
preferably for the release of cytochrome C. However various functional studies on
VDAC (Peng et al. 1992; Rostovtseva et al. 2000) do not provide compelling reasons for
oligomerization and VDAC is widely considered to be a monomer. At present there is no
crystal structure for VDAC and studies reported so far on the structure of VDAC differ
largely in their proposed transmembrane arrangement and in the number of β-strand
segments.
The topology prediction as probed by biotin modification and site directed
mutagenesis points that the barrel of the channel is formed by 1 transmembrane α-helix
and 13 β-strands (Figure 1.5A) (Blachly-Dyson et al. 1990; Thomas et al. 1993; Song et
al. 1998). In their study, cysteine residues were introduced into VDAC channel to
generate sites that could be specifically biotinylated. Biotinylated channels were then
reconstituted into planar membranes and their electrophysiological properties were
examined prior and subsequent to streptavidin addition. The study was performed on
Neurospora crassa VDAC and a homologous folding pattern was deduced for human
VDAC1.
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Figure 1.5 A) Deduced transmembrane folding pattern for hVDAC1 with 13 β -strands and 1
transmembrane α -helix. (Figure modified from (Colombini 2004)).

Figure 1.5 B) Neural network predicted topology for N.crassa VDAC was modified with hVDAC1
sequence (here for the thesis) to fit the model. It shows an amphipathic α -helix and 16 transmembrane β strands. (Figure modified from (Casadio et al. 2002)).
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Neural network based structure predictor suggested 16 transmembrane β-strands
and an α-helix at the N-terminus either protruding outside or interacting with the
membrane surface (Figure 1.5B). In this model the orientation of the α-helix is tentative
and they report that its actual orientation could be different from the one predicted.
Deletion mutants studies measuring the changes in voltage gating properties on
N. crassa also suggested that the N-terminal α-helix is exposed to either the
intermembrane space or the cytosol and the whole functional channel is formed from 16
transmembrane β-strands (Popp et al. 1996). Another study on plant VDAC isoforms by
ATR-FTIR spectroscopy (Abrecht et al. 2000), suggested a 16 or 18 antiparallel
transmembrane β-strand and an amphipathic α-helix.

1.6

Motivation and Aim of the study
The motivation of the study is to obtain details on the structure and assembly of a

eukaryotic β-barrel membrane protein and the choice to study hVDAC1 is due to the
essential features the protein holds in itself.
• Its human origin and the key functions the VDAC possess make it an
important protein to explore.
• VDAC being a membrane protein from mitochondrial outer membrane is
more suitable to compare it with outer membrane proteins of bacteria.
• Lack of crystal structure for VDAC to date and the unique structural mix
in VDAC with both the α-helix and the β-barrel makes it an interesting
choice to study the structural and topological aspects. And the more
interesting part of this is that VDAC may have both α-helical and β-barrel
domains exposed to the membrane lipids.
The aim of the study is first to see if the hVDAC1 could fold and insert into its
native conformation in lipid bilayers invitro from a completely denatured state, as this is
the first step to obtain details regarding the structure and assembly of the barrel.
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Investigations on the folding of β-barrel outer membrane proteins (OMPs) into
lipid membranes in vitro have always been difficult and the mechanisms appear to be
complex. Folding of OMPs of bacteria into detergent micelles has been studied with the
monomeric outer membrane proteins OmpA and OmpG, with the trimeric PhoE, and with
the monomeric E.coli autotransporter adhesin involved in diffuse adherence (AIDA).
Folding of OMPs into detergent micelles is often successful and fast because of the
physical properties of the micelles, which are small and consist of relatively few
amphiphiles that are in rapid exchange with their monomers in solution. In contrast to
micelles, bilayers contain a much larger number of molecules and they are tightly packed.
So far OmpA and recently FomA (OMP from Fusobacterium nucleatum) have been the
only OMPs that were found to quantitatively fold into lipid bilayers in vitro from a
completely denatured state (Surrey and Jähnig 1995; Kleinschmidt and Tamm 1996;
Surrey et al. 1996; Kleinschmidt and Tamm 2002a; Pocanschi et al. 2006b). All these are
prokaryotic porins and there is no in vitro study on any eukaryotic porin depicting
successful refolding into lipid bilayers from a completely denatured state. Thus VDAC
being an eukaryotic β-barrel OMP from mitochondria would be a good candidate to study
and would complement the existing literature on prokaryotic β-barrel proteins. This
would be crucial in obtaining a comprehensive view on β-barrel membrane proteins in
general.
The next step is to find out the stages and sequence of formation of native
conformation in hVDAC1 and subsequently the detailed mechanism behind the assembly
of β-barrel domain.
Finally to explore its topology i.e., the pattern of arrangement of the α-helix and

β-strands in a lipid bilayer by using methods like site-directed mutagenesis and
fluorescence spectroscopy. This would also include an attempt to find the disputed
position of α-helix – a membrane associated or a transmembrane domain. Though the
structural information obtained by these methods cannot provide the same level of detail
as high resolution structures obtained by NMR methods or X-ray crystallography, such
results would still be a major advancement in the field as there is no high resolution
structure yet for VDAC. In addition, point-mutants of proteins and site-directed
fluorescence spectroscopy are sophisticated tools to provide time-resolved information on
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the folding and insertion process, on interactions with lipids, on interactions with
molecular chaperones, and on folding kinetics and thermodynamics.
All of the above mentioned in vitro studies on structure and function of a
membrane protein requires the usage of certain biophysical techniques as methods. The
basic principles on which these techniques work are described in the following sections.

1.7

Biophysical Methods and Scientific Background

1.7.1 Circular Dichroism spectroscopy
Circular Dichroism (CD) spectroscopy is a form of light absorption spectroscopy
that measures the difference in absorption of right and left circularly polarized light by an
optically active substance. Since the absorptions of right (R) and left (L) circularly
polarized light are different, elliptically polarized light emerges from the sample. In
practice, CD spectroscopy measures this ellipticity (Θ), which is determined from the
difference of the absorption coefficients,

Θλ = const · (εL - εR) · c · d
where d is the thickness of the cuvette, c the concentration of the sample and λ the
wavelength of the incident light. εL and εR is the absorption coefficient of the left and
right circularly polarized light respectively. Const. is given by
const = 180/4π ln(10) ≈33
Optical activity is coupled to chirality and only chiral substances can be optically active.
In proteins the secondary structure often gives rise to an optically active chromophore
and chirality therefore results from the overall structure of the macromolecule. The
absence of overall structure or chirality does not give any signal. This is the basis for
investigation of protein conformation in CD spectroscopy.
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Secondary structure of protein can be determined by CD spectroscopy in the "farUV" spectral region, below 250 nm (~150-250 nm). At these wavelengths, the α-helix, βsheet, and random coil structures each give rise to a characteristic shape and magnitude
of CD spectrum. The obtained CD signal actually reflects an average of the entire
molecular population.
CD spectroscopy serves as an important technique in structural biology for
examining the folding, conformational changes and especially secondary structures of
proteins due to its specific advantages. The experiments can be conducted with ease and
speed (in 30 minutes or less) and it requires small quantities and low concentrations of
protein. CD spectroscopy has become a particularly important tool in drug discovery
enabling screening for ligand-drug binding (Wallace and Janes 2003). On ligand binding,
changes in the far-UV can be interpreted on a molecular level in terms of specific
alterations in the polypeptide-backbone structure. The spectral changes can be used to
determine binding constants, to quantify the number of amino acids involved in the
binding, and, in some cases, to pinpoint the type or region of the structure involved in the
binding.
CD spectroscopy can also be used as a quantitative method for analyzing the
secondary structure. Its utility as a quantitative technique has been based on empirical
analysis methods which uses a reference database comprised of spectra of proteins whose
crystal structures (and therefore their secondary structures) are known to deconvolute the
information contained in the spectra. Several algorithms developed to perform the
deconvolution calculations are publicly available and the output generally consists of a
list of secondary structural fractions and a calculated spectrum, which can be compared to
the experimental spectrum in order to evaluate the quality of the data analysis. Recently
as an alternative, DICHROWEB (Whitmore and Wallace 2004) provided a user-friendly
interface to the existing programs and databases, which enables a wide range of input
formats. It currently supports five popular and freely available analysis algorithms:
SELCON3, CONTINLL, CDSSTR, VARSLC and K2d which enables the user to check
for statistical consistency between the algorithms. (Refer results of Chapter -1 for a
record of good consistency obtained through DICHROWEB). An additional advantage is
that it calculates a single type of goodness-of-fit parameter as well as providing an easily
interpretable graphical comparison of the experimental and calculated data ensuring
much accuracy in the data obtained. This makes the analysis more reliable and the results
cannot be excluded as mere numbers of statistical error. Thus CD spectroscopy in
14
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combination with the quantitative analysis tools gives a reliable and accurate output on
the secondary structure conformation of protein.

1.7.2 Fluorescence spectroscopy
The phenomenon whereby a molecule, after absorbing radiations, emits radiation
of a longer wavelength is known as fluorescence. When an atom or molecule absorbs
light (UV/VIS), the energy of 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. The electrons might return to the ground state in a step-wise manner
through intermediate energy levels, emitting part of the energy by exciting vibrational
states. This loss of energy produces a fluorescence spectrum in a longer wavelength
region. The average time a molecule spends in the excited state before emitting the
photon is called fluorescence lifetime. The lifetime of the excited state is sufficient for a
variety of chemical and physical reactions to take place prior to emission.
Fluorescence spectroscopy is essentially a probe technique sensing changes in the
local environment of the fluorophore. In proteins, often Tryptophan or its derivatives are
exploited as fluorophores. Absorption of Tryptophan occurs between 260-290 nm. In
aqueous solution tryptophan displays a wide, structureless fluorescence spectrum with a
maximum of about 350 nm. Because excitation leads to a substantial increase in the
dipolar moment, shifts in the emission are pronounced. This shift is caused by the
orientational relaxation processes involving the dipole of the chromophore and solvent
dipoles. This sensitivity of tryptophan emission to polarity and mobility of environment
makes tryptophan fluorescence an important tool in studies of protein structure and
dynamics. This is especially utilized in protein folding studies to determine the
tryptophan’s polar or apolar location. After initiation of folding, the protein refolding
kinetics can be determined by measuring the changes in fluorescence as a function of
time. In addition to these, fluorescence spectroscopy has application in protein-protein
and protein-ligand interaction studies
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1.7.3 Single channel conductance
Single channel conductance measurements are done to investigate the function
of a particular channel. The aim of the experiment is to incorporate the protein into an
artificial lipid bilayer so that it forms a channel and the ion flow through the channel is
then studied under voltage clamp conditions. The experimental set up and method
(Mueller et al. 1962) is as described below in the figure.

Teflon
Chamber

Lipid membrane
Electrode

Figure 1.7 The setup of the black lipid film assay. A teflon chamber is separated into two compartments
by a wall which contains a small hole where a planar lipid bilayer is formed. Both compartments are filled
with buffer containing chloride salts. Two silver electrodes are connected to a voltage source and a currentvoltage converter respectively. Reconstitution of porins into the lipid bilayer can be followed by current
increase due to the movement of ions through the porins.

The starting point for such studies is the formation of an artificial phospholipid
bilayer. A bilayer is formed across a small hole connecting the two compartments in a
teflon chamber filled with buffered salt solutions and containing electrodes which are
used to detect any movement across the bilayer.
This method was named black lipid membrane method (Benz et al. 1978) because
the lipid becomes optically black as soon as it forms a bilayer. The lipid bilayer was
formed using a solution of 1% diphytanoyl glycero phosphocholine in n-decane and
voltage pulses were applied and current and voltage measured using Ag/AgCl electrodes.
Detergent-solubilized membrane proteins were then added to the buffer in one
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compartment. Thereafter functional membrane proteins are incorporated into the bilayer
and single channel opening and closing events were measured. The trace below shows an
example of opening and closing events of a channel.

Two channels opening
simultaneously

Opened state

Closed state

The black lipid bilayer method allows the resolution of molecular events, as each
increment is the conductance of one single pore-forming protein. The interpretation of
single channel measurements requires a statistically significant number of recordings, in
order to calculate the average value from the observed conductance distribution.
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2

Correct folding of the β -barrel of the human
membrane

2.1

protein VDAC requires a lipid bilayer

Abstract
Spontaneous membrane insertion and folding of β-barrel membrane proteins from

an unfolded state into lipid bilayers has been shown previously only for few outer
membrane proteins of Gram-negative bacteria. Here membrane insertion and folding of a
human membrane protein, the isoform-1 of the voltage-dependent anion-selective
channel (hVDAC1) of mitochondrial outer membranes was investigated. Two classes of
transmembrane proteins with either α-helical or β -barrel membrane domains are known
from the solved high-resolution structures. VDAC forms a transmembrane β-barrel with
an additional Ν-terminal α-helix. I demonstrate that similar to bacterial OmpA, ureaunfolded hVDAC1 spontaneously inserts and folds into lipid bilayers upon denaturant
dilution in absence of folding assistants or energy sources like ATP. Recordings of the
voltage-dependence of the single channel conductance confirmed folding of hVDAC1 to
its active form. hVDAC1 developed first β-sheet secondary structure in aqueous solution,
while the α-helical structure was formed in presence of lipid or detergent. In stark
contrast to bacterial β-barrel membrane proteins, hVDAC1 formed different structures in
detergent micelles and phospholipid bilayers, with higher content of β-sheet and lower
content of α-helix when inserted and folded into lipid bilayers. Experiments with
mixtures of lipid and detergent indicated that the content of β-sheet secondary structure
in hVDAC1 decreased at increased detergent content. Unlike bacterial β-barrel
membrane proteins, hVDAC1 was not stable even in mild detergents such as LDAO or
dodecylmaltoside. Spontaneous folding of outer membrane proteins into lipid bilayers
indicates that in cells, the main purpose of membrane-inserted or associated assembly
factors may be to select and target β-barrel membrane proteins towards the outer
membrane instead of actively assembling them under consumption of energy as described
for the translocons of cytoplasmic membranes.
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2.2

Introduction
Membrane insertion and folding of transmembrane (TM) proteins (TMPs) has

been studied mostly with bacterial membrane proteins, for example with the α-helical
bacteriorhodopsin (BR) of Halobacterium salinarium (see e.g. reviews (Engelman et al.
2003; Booth 2005) and references therein) or with outer membrane protein A (OmpA) of
Escherichia coli (see e.g. review (Kleinschmidt 2006) and references therein), which
forms a TM β-barrel domain. BR and OmpA belong to the two known classes of TMPs
that are distinguished by their TM secondary structure. TM domains of cytoplasmic
TMPs are helical while the outer membrane proteins (OMPs) of Gram-negative bacteria
known to date exclusively form β-barrel TM domains. For α-helix-bundle TMPs, a
sequential three-stage model for insertion and folding has been described, while β-barrels
insert and fold by a concerted mechanism. TMPs with β-sheet secondary structure in
their TM domain have also been reported for the outer membranes (OMs) of eukaryotic
organelles. A prominent example is the voltage-dependent anion-selective channel
(VDAC, 282 residues, 30.6 kDa) of the OM of mitochondria (see, e.g., for a review
(Colombini 2004)). VDAC is synthesized in the cytosol and imported into mitochondria
via the TOM complex (Wiedemann et al. 2004). The human origin, the posttranslational
insertion, and the presence of α-helical structure with a lipid interface (Guo et al. 1995;
Song et al. 1998) in addition to the β-barrel TM domain make the human isoforms-1 of
VDAC (hVDAC1) an intriguing new model to explore the mechanism of insertion and
folding of TMPs.
While VDACs are conserved among mammals (>98% identity) there is much
weaker sequence homology among VDACs of insects, plants, fungi, or yeast (~26%
identity). VDAC is the major permeability pore of the mitochondrial OM with an inner
diameter of 2.6 nm (Guo et al. 1995) VDAC expression levels are critical for ATP
synthesis capacity and cell growth (Abu-Hamad et al. 2006). VDACs form a high
conductance open state (4 to 4.5 nS in 1 M KCl) at small membrane potentials and switch
to low conducting states (2 to 2.5 nS) at potentials ≥30 mV(Benz 1994).
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Single channel conductance recordings, in combination with streptavidin binding
to biotinylated single cysteine mutants of VDAC that were reconstituted into lipid
bilayers suggested that VDAC from Neurospora crassa consists of a single N-terminal
TM α-helix and a 13-stranded TM β-barrel (Guo et al. 1995; Song et al. 1998). Both, the
exact number of strands in the β-barrel domains of the various VDACs and the
arrangement of the helix are debated. Alternatively, a 16-stranded β-barrel has been
proposed (Abrecht et al. 2000; Casadio et al. 2002) with the N-terminal amphipathic
helix located predominantly at the membrane water-interface or outside the membrane.
The topology may also depend on the species. Circular dichroism (CD) and infrared
spectroscopic studies indicated that VDACs of various origins contain between 9 and
27% α-helical and between 30 and 53% β-sheet structure (Shao et al. 1996; Koppel et al.
1998; Abrecht et al. 2000). Bacterial porins of similar size like OmpF and FomA, contain
only ~ 2 to 5% helical structure according to x-ray crystallography (2OMF) (Cowan et al.
1995) or CD spectroscopy (Pocanschi et al. 2006a). The majority of studies on the
structure of VDAC have been performed in detergent micelles, while VDAC function
was assayed in lipid bilayers (Benz 1994).
Despite the necessity of proteinaceous folding factors in cells, several biochemical
studies have shown that unfolded bacterial OMPs in 8 M urea can spontaneously fold
into detergent micelles to their active form upon urea dilution (for a review, see
ref.(Buchanan 1999)). The outer membrane proteins OmpA (Surrey and Jähnig 1992;
Kleinschmidt and Tamm 2002a), OmpF (Surrey et al. 1996) of E. coli and FomA of
Fusobacterium. nucleatum (Pocanschi et al. 2006a) are the only β-barrel membrane
proteins, for which folding of the urea-unfolded forms into lipid bilayers has been
demonstrated although attempts were also made with several other OMPs. Detergent
micelles dissociate and reform fast, while lipid bilayers and biological membranes are
tightly packed. Spontaneous insertion into lipid bilayers from an unfolded form, devoid
of secondary structure, facilitates studies to decipher the rules of membrane protein
folding.
Here I report that hVDAC1 can spontaneously insert and fold into lipid bilayers.
Since, in contrast to bacterial OMPs, the hVDAC1 structure contains an additional αhelix that may have a lipid interface, I examined the sequence by which elements of
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secondary structure are formed. I investigated folding of hVDAC1 into preformed
bilayers of a range of phospholipids and compared it to folding of hVDAC1 into micelles
of various detergents to determine whether the lipid bilayer affects hVDAC1 structure
formation. To examine folding of hVDAC1, we analyzed the secondary structure of
hVDAC1 in denatured form, in aqueous solution in absence of lipid or detergent, after
direct membrane insertion and folding, and after reconstitution from detergent micelles
into lipid bilayers, including those of diphytanoyl phosphatidylcholine (diPhPC), the lipid
widely used in functional studies of the single channel conductance of VDACs.

2.3

Materials and Methods

2.3.1 Expression and purification of hVDAC1
The hvdac1 (REFSEQ(NM): NM_003374) PCR product (849 base pairs, bp) and
the pET22b(+) (Novagen, 5493 bp) expression vector were digested with Nde I and Xho
I restriction endonuleases and ligated. The resulting plasmid pTMVDAC1 contained the
gene for hVDAC1 expression under control of the T7 promoter and the gene for
ampicillin resistance for plasmid selection. pTMVDAC1 was transformed into E.coli
strain BL21(DE3)omp8 fhuA [F–, ompT hsdSB (rB– mB–) gal dcm (DE3) ΔlamB
ompF::Tn5 ΔοmpA ΔοmpC ΔfhuA] (Prilipov et al. 1998; Ausubel et al. 1999) using the
TSS method (Ausubel et al. 1999).
Cells were grown at 37°C for ~3 h in LB medium (containing 0.1 g/l ampicillin
and 0.05 g/l neomycin) to A600 nm = 0.9. After ~5-6 h of induction with 1 mM IPTG, cells
were centrifuged at 5 000 rpm for 30 min, resuspended in buffer A (25 mM Tris, pH 8.0,
150 mM NaCl, 0.2 mM PMSF) and broken at 2.69 kbar using a cell disruption system
(Constant Systems Ltd., Daventry, England). Inclusion bodies (IBs) of hVDAC1 were
obtained by 30 min of ultracentrifugation at 51500 g at 4 °C. IBs were homogenized with
buffer A, centrifuged, washed with buffer (25 mM Tris, pH 8.0, 150 mM NaCl, 1%
Triton X-100). The suspension was washed with buffer A and centrifuged at 33000 g for
30 min. IBs of hVDAC1 were resuspended in 100 mM Tris, pH 8.0, 10 mM DTT, 1 mM
EDTA containing 8 M urea, solubilized overnight at 10 °C, and then purified over a
DEAE sepharose column (Amersham Biosciences, Sweden) in 50 mM Tris, pH 7.5,
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containing 8 M urea. hVDAC1 was then dialyzed overnight against 50 mM MES, 8 M
Urea, pH 6, loaded onto a CM sepharose column (Amersham) and eluted by a linear
gradient of 0-500 mM NaCl. Fractions were pooled, concentrated, and hVDAC1
concentration was determined (Lowry et al. 1951).

2.3.2 Preparation of lipid bilayers
Phospholipids (Avanti Polar Lipids, Alabaster, AL) were dissolved in chloroform,
dried under a stream of nitrogen and in a desiccator under high vacuum to prepare thin
lipid films. Lipid films were hydrated in citrate buffer (10 mM, pH 3.0, with 2 mM
EDTA) and dispersed by vortexing. LUVs were prepared by seven cycles of freezethawing the hydrated lipids in liquid nitrogen and in a water bath at 35 °C. Lipid
dispersions were then extruded 30 times through 100 nm pore size polycarbonate
membranes (Nucleopore, Whatman, Clifton, NJ) using a mini-extruder (Avanti,
Alabaster, AL). LUVs were used in folding experiments on the same day.

2.3.3 Folding of hVDAC1 into detergent micelles or lipid bilayers
Folding of hVDAC1 was initiated by 40-fold dilution of hVDAC1 into citrate
buffer containing an 800-fold molar excess of phospholipids, LDAO (Fluka, Buchs,
Switzerland), DDM, or C8E4, or a 640-fold molar excess of SDS, at a final hVDAC1
concentration of 16.3 µM. All samples were incubated 5 h at 25 ºC. To remove residual
urea, samples were dialyzed overnight against 1 l of citrate buffer with three buffer
replacements. At alternative pH, Tris (pH 8), sodium tetraborate (pH 10) and CAPS (pH
11) were used as buffers. Reconstitutions from detergent into lipid were performed at pH
3. For samples at pH 7, we added 1.2 volumes of 50 mM HEPES buffer, pH 7.

2.3.4 CD spectroscopy
Far UV CD spectra were recorded at RT by a Jasco 715 CD spectrometer (Jasco,
Tokyo, Japan) using a 0.5 mm cuvette. 3 scans were accumulated from 190 to 250 nm
with a response time of 8 s, a bandwidth of 1 nm and a scan speed of 20 nm/min.
Background spectra without hVDAC1 were subtracted. The concentrations of hVDAC1
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were determined for each sample (Lowry et al. 1951). The recorded CD spectra were
normalized to the mean residue molar ellipticity (Abrams and London 1992) (λ), given
by

[Θ ]( λ ) = 100

(Eq. 1)

Θ(λ )
,
c⋅n ⋅l

where l is the path length of the cuvette in cm, Θ(λ) is the recorded ellipticity in
degrees at wavelength λ, c is the concentration in mol/l, and n the number of amino acid
residues of hVDAC1 (282). Spectra were analyzed using DICHROWEB (see ref.
(Whitmore and Wallace 2004) and references therein). Several deconvolution programs
(CONTIN (Provencher and Glockner 1981), SELCON3 (Sreerama et al. 1999), and
CDSSTR (Compton and Johnson 1986)) were used for analysis.

2.3.5 Fluorescence spectroscopy
Fluorescence spectra of hVDAC1 (1.3 µM) were recorded at 25°C on a Spex
Fluorolog-3-22 fluorometer. Background spectra were subtracted. The excitation
wavelength was 295 nm. The bandwidths of the excitation and emission monochromators
were 2 nm 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 305–400 nm. Three scans were averaged
for each spectrum.

2.3.6 Proteolysis
50 µl hVDAC1 (0.5 g/l) were incubated with 2.5 µl pepsin (Fluka) (0.1 g/l in 2%
acetic acid) at 37°C under gentle shaking for at least 30 min. Proteolysis was stopped by
adding 1 µl of 1 N NaOH. Samples were analyzed by SDS-PAGE.

2.3.7 Single-channel conductance across black lipid bilayers
The single channel conductance across diPhPC bilayers was recorded as
described previously (Pocanschi et al. 2006a), but with Tris buffer (10 mM Tris, 5 mM
CaCl2, pH 7.4, containing 1 M KCl) in the two-compartment Teflon cell. 0.05 to 0.3
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µg/ml of hVDAC1 in LDAO was added to the front compartment. A potential of 10 mV
was applied to the front electrode. To determine the voltage-dependence of the singlechannel conductance, hVDAC1 was added to both sides of a black diPhPC membrane to
a final concentration of 250 ng/ml. After ten minutes, an initial potential of 10 mV was
applied and the conductance G0 was calculated from the recorded current. The potential
was then increased in increments of +10 mV, up to +60 mV and the relative conductance
(G/G0) of hVDAC1 was obtained. Similarly, the relative conductance was obtained for
negative potentials. The normalized conductance (G/G0) was plotted as a function of the
applied voltage.

2.3.8 Sucrose density gradient centrifugation
Linear gradients from 5 to 30% sucrose were prepared in a 25 ml centrifuge tube
using a gradient mixer (University of Konstanz). 0.3 mg of folded hVDAC1 in diC12:0PC
in citrate buffer were layered on the top of the gradient and centrifuged at 132 000 g at 4
ºC for 4 h. After centrifugation, the two obtained layers were collected separately with a
Pasteur pipette and their protein and lipid contents were estimated as described (Lowry et
al. 1951; Rouser et al. 1970).

2.4

Results

2.4.1 VDAC develops different secondary structure in detergents and
in lipids
hVDAC1 was expressed in form of inclusion bodies in E. coli, which were
solubilized in urea. We first examined secondary structure formation in hVDAC1 by CD
spectroscopy (Figure 1A). The spectra indicated hVDAC1 was unfolded in 8 M urea.
After urea-dilution, CD spectra of aqueous hVDAC1 had one minimum at ~214 nm,
demonstrating formation of β-sheet. The small amplitude and the line-shape of the
spectrum indicated that the α-helix content was negligible. After ~18 h of dialysis, CD
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spectra of this form had slightly larger amplitudes. The composition of the secondary
structure could not be determined, although we tried several deconvolution algorithms.
When urea solutions of hVDAC1 were diluted in presence of detergent micelles,
CD spectra of hVDAC1 had much larger amplitudes (Figure 1A). As detergents, Nlauryl-N, N-dimethylamine-N-oxide (LDAO), tetraethyleneglycol monooctylether (C8E4),
or dodecylmaltoside (DDM) were used and resulted in very similar hVDAC1 spectra.
Between pH 4 and 9, hVDAC1 (theoretical pI 8.6) partially precipitated and good
solubility was obtained at pH 3 (Figure 1D). Protonation at pH 3 results in a positive net
charge and increases solubility, which in cells is conferred by molecular chaperones. CD
spectra of hVDAC1 in detergent were characteristic of predominantly β-sheet structure
and were very similar to previously published spectra of VDAC of N. crassa isolated in
native form in octyl-β-glucoside at pH 7 (Shao et al. 1996). Spectral deconvolution
indicated formation of ~16% α-helical, ~32% β-strand, and ~23% β-turn structure for
hVDAC1 in detergent micelles, averaged over hVDAC1 samples in all mild detergents
(Table 1).
To investigate folding of hVDAC1 into phospholipid membranes, we prepared
large unilamellar vesicles (LUVs) of phosphatidylcholines (PC) with two saturated acyl
chains of different hydrophobic length n (diCn:0), namely diC10:0PC, diC11:0PC, diC12:0PC,
diC13:0PC, and diC14:0PC. hVDAC1 folding was initiated by urea-dilution and CD spectra
were recorded (Figure 1B). The CD spectra of hVDAC1 in these lipids were very similar
and also indicated predominantly β-sheet structure, but compared to spectra of hVDAC1
in detergents, their amplitudes were lower. Consistent with this observation,
deconvolution analysis showed lower α-helix (~10.5%) and higher β-strand (36.5%)
content in hVDAC1 in phospholipids (Table 2) in comparison to hVDAC1 in detergents
(Table 1). For samples of hVDAC1 in diC18:1PC and diC16:0PC, deconvolution analyses
of the CD spectra were not very accurate, because of increased light scattering and
decreased signal/noise ratios at λ < 210 nm. hVDAC1 in thin diC10:0PC bilayers had a
lower β-strand content, but did not display an increased α-helix content.
When hVDAC1 was first solubilized in LDAO micelles and then folded into
diC12:0PC, the CD spectra matched the spectra of hVDAC1 directly folded into diC12:0PC
bilayers in absence of detergent (Figure 1C). The analysis revealed similar contents of αhelix and β-sheet (Table 2). Obviously, hVDAC1 develops different secondary structure
in detergent micelles and in lipid bilayers.

25

Correct folding of the β-barrel of the human VDAC

Figure 1 hVDAC1 forms a different secondary structure in lipid bilayers compared to detergents. (A) CD
spectra of hVDAC1 in unfolded form in 8 M urea (– · –), after 40-fold dilution of urea in aqueous solution
(– –) and after incubation with micelles of LDAO (——), C8E4 (· · ·), or DDM ( – · ·). (B) CD spectra of
hVDAC1 in LUVs of diC10:0PC (– –), diC12:0PC (· · · ·), diC14:0PC (——), and of diC16:0PC (– · –). (C) CD
spectra of hVDAC1, either incubated in LDAO micelles (——), incubated in LDAO and then folded into
diC12:0PC vesicles (· · ·) or incubated in LDAO and reconstituted into diPhPC (– –). (D) CD spectra of
hVDAC1 in LDAO at pH 3 (——), 3.5 (· · ·), 8 (– –), 10 (– · –) and 11 ( – · ·). For normalized CD
spectra, mean residue molar ellipticities, [Θ](λ), were calculated as described in materials and methods.
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Table 1 Analysis of the CD spectra of hVDAC1 in detergent micellesa
Sample

Algorithm

α -Helix
(%)

β -Strand

β -Turns

(%)

(%)

Random Coil
(%)

NRMSD b

LDAO
(Sample 1)

SELCON3
CONTIN
CDSSTR
Average

16.5
16.2
14.1
15.6

33.7
33.5
32.3
33.2

22.8
23.4
23.2
23.1

26.9
27
30.3
28.1

0.15
0.08
0.04

LDAO
(Sample 2)

SELCON3
CONTIN
CDSSTR
Average

16.9
14.4
12.8
14.7

31.4
30.3
32.1
31.3

22.5
24.1
23
23.2

29.3
30.7
32
30.7

0.12
0.05
0.02

LDAO
(Sample 3)

SELCON3
CONTIN
CDSSTR
Average

16.9
15.4
13
15.1

30.7
31
33
31.5

22.5
22.9
23
22.8

28.9
30.7
31
30.2

0.14
0.03
0.01

LDAO
(Sample 4)

SELCON3
CONTIN
CDSSTR
Average

21
17.7
14.8
17.8

28
29.5
30.7
29.4

22.7
23.2
24
23.3

28.0
29.5
31
29.5

0.16
0.06
0.03

LDAO
(Sample 5)

SELCON3
CONTIN
CDSSTR
Average

14.5
14.8
13.3
14.2

33.6
34.2
33.4
33.7

22.9
22.9
23
22.9

28.7
28
30
28.9

0.16
0.07
0.03

LDAO
(average
of 5 samples)

SELCON3
CONTIN
CDSSTR

17.2±2.3
15.7±1.3
13.6±0.8

30.7±2.3
31.7±2.0
32.3±1.0

22.5±0.17
23.3±0.49
23.2±0.4

28.9±0.9
29.2±1.6
30.9±0.77

Average

15.5

31.5

23

29.7

DDM

SELCON3
CONTIN
CDSSTR
Average

24.5
17.8
14.6
18.9

25.8
34.4
33.3
31.2

23.5
21.1
24
22.8

26.1
26.5
28
26.8

0.16
0.13
0.04

C8E4

SELCON3
CONTIN
CDSSTR
Average

24.6
15
13.7
17.7

28.5
37.8
35.8
34

23.4
23.8
23
23.3

26.1
23.4
27
25.5

0.19
0.13
0.03

SDS

SELCON 3
CONTIN
CDSSTR
Average

27.5
29.1
30.7
29.1

19.1
22.7
26.4
24.6

21.8
22.2
19
21.0

27.2
26
24
25.7

0.17
0.17
0.02

LDAO/SDSc

SELCON 3
CONTIN
CDSSTR
Average

29
31
33.8
31.3

19.3
20.1
22.2
20.5

21.6
23.5
20
21.7

27.3
25.4
23
25.2

0.15
0.13
0.02

a

The composition of the secondary structure of hVDAC1 in the different samples was analyzed from CD spectra
using DICHROWEB and the algorithms CONTIN, SELCON3, and CDSSTR.
b
NRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below.
Results with a higher NRMSD are given in italics and were listed when different algorithms were in agreement.
c
hVDAC1 was incubated in LDAO, then diluted below its CMC in presence of SDS prior to dialysis.
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Table 2 Analysis of the CD spectra of hVDAC1 in lipid bilayersa
Sample

Algorithm

α -Helix
(%)

β -Strand

β -Turns

(%)

(%)

Random Coil
(%)

NRMSD b

diC10:0PC

SELCON3
CONTIN
CDSSTR
Average

12.0
10.3
14.2
12.1

35.4
30.5
29.4
31.8

24.1
25
26
25

28.9
34.2
31
31.3

0.40
0.22
0.06

diC11:0PC

SELCON3
CONTIN
CDSSTR
Average

12.3
10.5
9.7
10.8

37.1
37.4
37.2
37.2

19.1
22.1
22
21

30.7
29.9
30
30.2

0.15
0.11
0.05

diC12:0PC (I.) c

SELCON3
CONTIN
CDSSTR
Average

11.3
11.8
11
11.4

36.6
36.3
35
36.0

22.6
22.4
23
22.7

29.6
29.5
31
30.0

0.16
0.12
0.03

diC12:0PC (II.) c

SELCON3
CONTIN
CDSSTR
Average

7.9
9.6
11.4
9.6

37.5
38.7
36
37.4

24.8
23.5
27
25.1

28.6
28.2
27
27.9

0.35
0.27
0.07

diC13:0PC

SELCON3
CONTIN
CDSSTR
Average

10.8
11.5
11.1
11.1

37.2
39.7
32.3
36.4

23.5
22.5
25
23.6

28.7
26.3
32
29

0.26
0.14
0.08

diC14:0PC

SELCON3
CONTIN
CDSSTR
Average

10.4
10.2
7.1
9.2

36
35.1
36.4
35.8

21.5
22.2
23.2
22.3

32
32.4
33.3
32.6

0.29
0.21
0.10

diPhPC c

SELCON3
CONTIN
CDSSTR
Average

15.8
7.7
9.5
8.6

41.3
37.3
35.1
36.2

10.2
22.6
23
22.8

17.3
32.4
32
32.2

0.25
0.17
0.06

Aqueous
form

SELCON3
CONTIN
CDSSTR
Average

-1
3
2

38.9
38.3

17.3
22.2

45.05
36.2

0.344
0.427

38.6

19.8

40.6

a

The composition of the secondary structure of hVDAC1 in the different samples was analyzed was analyzed as
described in the legend to table 1.
b
NRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25 or below.
Results with a higher NRMSD are given in italics and were listed when different algorithms were in agreement.
c
Analysis I was performed on hVDAC1 directly folded into diC12:0PC (the CD spectrum is shown in Figure 1(b)),
Analysis II was performed on hVDAC1 that was first solubilized in LDAO and then reconstituted into diC12:0PC
(the CD spectrum is shown in Figure 1(c)).
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2.4.2 Proteolysis leads to different fragmentation of hVDAC1 in
bilayers and in micelles
In water, hVDAC1 was completely cleaved within 30 min by the protease pepsin
(Figure 2). In LDAO, however, pepsinolysis was incomplete within the first 30 min and
multiple fragments were obtained (Figure 2B lanes 3, 5, 7, and 9). The largest fragments
were observed at ~27 kDa and at ~24 kDa. Similar fragments were obtained by
proteolysis of hVDAC1 that was solubilized in either DDM or C8E4 (Figure 2C and 2D).
Pepsinolysis was complete after 1 h.
Four hours of pepsinolysis of folded hVDAC1 in lipid bilayers of either
diC10:0PC, diC11:0PC, diC12:0PC, diC13:0PC, or diC14:0PC at pH 3 resulted in a single
fragment of ~27 kDa, as depicted for diC12:0PC (Figure 2B, lanes 4, 6, and 8). The 27
kDa fragment remained protected even at prolonged times of proteolysis. When inserted
into lipid bilayers, only ~37 residues, N-terminal or C-terminal, were proteolytically
cleaved. A single band was observed after pepsinolysis, indicating oriented insertion of
hVDAC1 into lipid bilayers with the cleavage-site for pepsin located always outside the
lipid vesicle.
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Figure 2 Pepsinolysis at pH 3 and analysis by SDS-PAGE demonstrates that hVDAC1 inserts into
micelles or lipid bilayers. Protein standards are shown in lane 1 (L1) and L11. A) Unfolded hVDAC1 in
urea migrates at 30 kDa (L2). Aqueous hVDAC1 is completely cleaved by pepsin (indicated by ‘+’) within
30 min (L3). After folding of hVDAC1 into diC14:0PC, pepsinolysis is incomplete and leads to a fragment
with a size of ~26-27 kDa (L4) after 240 min. B) Pepsinolysis of hVDAC1 in LDAO (L3, L5, L7, L9, L12,
L14, L16), and in diC12:0PC (L4, L6, L8, L10, L13, L15, L17), indicate formation of a single fragment of
~26 to 27 kDa size in diC12:0PC bilayers that is present after 240 min of proteolysis. In LDAO, hVDAC1 is
first cleaved into two major fragments of ~26 to 27 kDa and of ~24 kDa. Additional fragments of weaker
intensity were also observed. Pepsinolysis of hVDAC1 in LDAO is complete after 60 min. C) and D)
hVDAC1 inserts into micelles of tetraethyleneglycol monooctylether (C8E4) and is partially protected
against limited proteolysis with pepsin. Samples shown in all other lanes were treated with pepsin. Similar
to proteolysis of hVDAC1 in LDAO, pepsinolysis results in a retarded, but complete cleavage of hVDAC1
in C8E4, whereas hVDAC1 was rapidly cleaved in water and in dodecylmaltoside (DDM). Upon
pepsinolysis, multiple fragments of hVDAC1 were observed when hVDAC1 was present in any of the
detergents used in this study.
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2.4.3 hVDAC1 folds into its active form in lipid bilayers
For single channel recordings, hVDAC1 in LDAO was reconstituted into black
diPhPC lipid membranes and a voltage of U = 10 mV was applied across the membrane.
Addition of LDAO alone, i.e. in absence of hVDAC1, did not result in conductance
across the lipid bilayer, confirming previous results (Pocanschi et al. 2006a). Upon
addition of hVDAC1 in LDAO, a stepwise increase of the current across the lipid bilayer
was observed (Figure 3A, inset) and 50% of the corresponding channel events had a
conductance of 4.5±0.5 nS indicating insertion of single channels. For a single channel
opening, a conductance of G0 = 4.0 to 4.5 nS at 10 mV in 1 M KCl was most frequent
(Figure 3A), in agreement with the conductance of natively isolated hVDAC1 from
membranes (Blachly-Dyson et al. 1993) and other natively isolated VDAC channels from
various organisms (Colombini 1989; Benz 1990; Liu and Colombini 1992).

Figure 3 Single channel recordings demonstrate function of folded hVDAC1. A) The histogram of
hVDAC1 conductance indicates an average single channel conductance of G0 = 4.5 nS at 10 mV for
hVDAC1 in 1 M KCl. 94 single channel events were recorded at RT. The inset shows the stepwise increase
in conductance across black lipid films of diPhPC at pH 7, upon addition (marked by ↓) of hVDAC1
solubilized in LDAO. B) The conductance, G, of hVDAC1 is voltage dependent. Above 10 mV, hVDAC1
forms channels of smaller conductance. Relative conductance, G/G0, is plotted as a function of the applied
voltage.
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At absolute voltages |U| > 10 mV, up to |U| = 30 mV, conductance decreased steeply.
hVDAC1 switched to states of lower conductance with G ≈ 0.5 G0 (Figure 3B). Very
similar voltage-gating was previously observed for hVDAC1 that was isolated from
membranes in native form (Blachly-Dyson et al. 1993; Benz 1994).
The analysis of CD spectra of hVDAC1 after reconstitution into diPhPC
membranes used in these functional studies indicated the same secondary structure as of
hVDAC1 directly folded into bilayers of different diCn:0PC phospholipids (Figure 1C,
Table 2). It was, however, not possible to fold urea-unfolded hVDAC1 directly into
diPhPC without first solubilizing it in LDAO.

2.4.4 hVDAC1 folds into lipid bilayers with high yield
To analyze homogeneity and folding yields of hVDAC1 in bilayers of diC12:0PC,
we performed sucrose density gradient centrifugation. Two layers containing hVDAC1
were obtained. The layer at higher density (HD) contained the folded hVDAC1 (Figure
4A), while the layer of lower density (LD) indicated complete absence of β-sheets or αhelices in CD spectroscopy. 92% of hVDAC1 was folded, since 0.23 mg were found in
the HD layer and 0.02 mg in the LD layer, using the assay by Lowry et al (Lowry et al.
1951). Similarly, 94% folded hVDAC1 were estimated by densitometry from the
polyacrylamide gel of the two layers (Figure 4A inset). Phosphate analysis indicated a
molar lipid / folded hVDAC1 ratio of 450.

2.4.5 pH alteration strongly affects hVDAC1 structure in detergent but
not in lipid bilayers
The secondary structure of hVDAC1 in micelles and in bilayers after increasing
the pH from 3 to 7 was examined. While adjustment to pH 7 had little effect on the
secondary structure of hVDAC1 in diC12:0PC bilayers (Figure 4B) or diPhPC (not
shown), the spectrum of hVDAC1 in LDAO displayed both, a strong reduction in
amplitude and a shift of the spectral minimum from 216 nm to 220 nm. Increased
incubation time did not alter spectra of the lipid bilayer-inserted form, while the spectral
amplitude of the LDAO solubilized form decreased further.
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Figure 4 A) Folding of hVDAC1 into lipid bilayers is near quantitative. Sucrose density gradient
centrifugation of folded hVDAC1 in diC12:0PC resulted in two layers of lower (LD) and higher density
(HD). The HD layer contained more than 92% of hVDAC1. The CD spectra indicated hVDAC1 was folded
in the HD (——), but not in the LD (· · ·) layer. Inset: SDS PAGE analysis of both layers, with molecular
weight markers (M). B) The CD spectra of hVDAC1 in LDAO micelles at pH 3 (– · –) and immediately
after adjustment of the pH to 7 (· · ·) indicated a strong conformational change upon pH adjustment, while
hVDAC1 spectra in diC12:0PC bilayers were very similar at pH 3 (– –) and at pH 7 (——).

33

Correct folding of the β-barrel of the human VDAC

2.4.6 Fluorescence spectroscopy indicated hVDAC1 insertion into
bilayers and micelles
Fluorescence spectra of unfolded hVDAC1 in urea had a maximum at 347 nm
(Figure 5). After urea dilution, the maximum was shifted to 335 nm. Compared to this
aqueous form, the fluorescence maximum of hVDAC1 in 13 mM LDAO (Figure 5A)
displayed only a small blue shift to 334 nm, but fluorescence intensity was much higher.
The same wavelength of the maximum was observed in 0.3% SDS, but fluorescence was
strongly decreased. In comparison, a much stronger blue shift was observed for spectra of
hVDAC1 in lipid bilayers of diC12:0PC or diC14:0PC, with a fluorescence maximum at
330 nm (Figure 5B). Fluorescence of hVDAC1 in lipid bilayers was most intense. The
more pronounced blue shift indicated that the average microenvironment of the
tryptophans of hVDAC1 in lipid was more hydrophobic than in LDAO.

Figure 5 Fluorescence spectroscopy indicates a different microenvironment of the tryptophans of
hVDAC1 in LDAO micelles and in lipid bilayers. A) The fluorescence spectra of 1.3 µM hVDAC1 in
3 mM LDAO (– · –), in 13 mM LDAO (——), and in 10.4 mM SDS (- - -) have maxima at 335 nm.
B) The fluorescence spectra of hVDAC1 in an 800-fold molar excess of diC12:0PC (——) or diC14:0PC
(– · – ) have maxima at 330 nm. Also shown are fluorescence spectra of unfolded hVDAC1 in 8 M
urea (· · ·) and of aqueous hVDAC1 after urea dilution (— —).
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2.4.7 hVDAC1 secondary structure in mixtures of LDAO detergent
with diC12:0PC
CD spectra, fluorescence spectra, and limited proteolysis of hVDAC1
demonstrated that hVDAC1 is not natively inserted and folded in detergent micelles. To
determine whether the change in hVDAC1 secondary structure is determined by the
presence of a lipid or by the supramolecular structure, i.e. micelles or bilayers, we
incubated hVDAC1 in mixtures of different LDAO/diC12:0PC ratio and determined the
composition of the secondary structure of hVDAC1 in these mixtures by recording CD
spectra (Figure 6). The amplitudes of the mean residue molar ellipticities of the CD
spectra between 190 and 200 nm and between 210 and 220 nm increased at higher LDAO
content indicating an increase in the fraction of α-helix structure at higher LDAO content
in LDAO/diC12:0PC mixtures. Similarly, at increased content of LDAO, the maximum of
the spectrum shifted from λ ≈ 195 nm to λ ≈192 nm indicating more α-helical structure.
The compositions of the secondary structure of hVDAC1 at the various detergent/lipid
ratios were obtained by spectral deconvolution and are given in Table 3.
The percentage of α-helix () increased while the percentage β-sheet ()
secondary structure of hVDAC1 decreased with increased mole fraction of LDAO
(Figure 7), indicating that the presence of only few lipid molecules per protein molecule
is insufficient to stabilize the native hVDAC1 structure. Instead, the replacement of
phospholipids by LDAO at the surface of hVDAC1 results in a lower fraction of β-sheet
secondary structure.
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Figure 6 Normalized circular dichroism spectra of hVDAC1 in detergent/lipid mixed micelles of
LDAO and diC12:0PC. The increase in the spectral amplitude and the shift in the maximum of the
spectra from λ ≈ 195 nm to λ ≈192 nm is characteristic for an increase in the α-helical fraction at higher
LDAO content in LDAO/diC12:0PC mixtures.

Figure 7 The contents of α-helix () and β-sheet () in hVDAC1, derived from CD spectra (Figure
6 and Table 3), are a function of the molar fraction of LDAO in binary mixtures with diC12PC. The
molar amphiphile (LDAO+ diC12PC)/hVDAC1 ratio was 800.
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Table 3 Analysis of the CD spectra of hVDAC1 in lipid/detergent mixturesa
Sample

Algorithm

α-Helix
(%)

β-Strand
(%)

β-Turns
(%)

Random Coil
(%)

NRMSD

LDAO/diC12:0PC SELCON 3
1:10
CONTIN
CDSSTR
Average

10.9
12.1
10.8
11.3

38.0
37.6
35.3
37

21.8
22.5
23
22.4

27.5
25.4
31
29

0.18
0.14
0.06

LDAO/diC12:0PC SELCON 3
3:7
CONTIN
CDSSTR
Average

13.1
12.2
11.2
12.2

35.7
35.6
34.2
35.1

22.2
22.5
23
22.5

28.4
29.8
32
30

0.16
0.08
0.02

LDAO/diC12:0PC SELCON 3
1:1
CONTIN
CDSSTR
Average

13.5
13.8
10.7
12.7

35.3
35.4
36.9
35.8

22.8
24.3
22
23

27.5
26.6
30
28

0.17
0.12
0.06

LDAO/diC12:0PC SELCON 3
7:3
CONTIN
CDSSTR
Average

16.5
13.1
9.2
12.9

33.9
34.5
36.4
34.9

21.1
22.6
23
22.2

29
29.8
31
29.9

0.21
0.09
0.02

LDAO/diC12:0PC SELCON 3
10:1
CONTIN
CDSSTR
Average

17.5
14.6
11.6
14.6

31.4
33
34.4
32.9

21.9
22.2
23
22.4

29.1
30.3
31
30.1

0.18
0.04
0.01

a

The composition of the secondary structure was analyzed as described in the legend to table 1.
NRMSD is the normalized root mean square deviation obtained from the analysis and should be ~0.25
or below.
b

2.4.8 SDS irreversibly denatures hVDAC1 at room temperature
Denatured and folded forms of many OMPs of Gram-negative bacteria can be
distinguished by their migration on sodium dodecyl sulfate polyacrylamide (SDS-PAGE)
gels, if the samples are not boiled prior to electrophoresis (see, e.g. ref.(Lowry et al.
1951; Kleinschmidt 2006) and references therein). Folded, solubilized and unfolded
forms of hVDAC1 did not show any differences in electrophoretic mobility, neither in
SDS-PAGE nor in native gel (Bollag and Edelstein 1991) analysis. Since the
electrophoresis results suggested that the β-barrel structure of hVDAC1 is not very
stable, I recorded CD spectra of hVDAC1 in 0.3 % SDS after urea-dilution (Figure 8, —
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—). In a second experiment, I solubilized hVDAC1 into LDAO detergent micelles and
then diluted LDAO below its CMC in the presence of 0.3% SDS, dialyzed the sample in
0.3% SDS and recorded the CD spectrum (· · · · ·). Spectra of both samples were very
similar and had a secondary structure composition of ~30 % α-helix and ~21 % β-sheet
(Table 1). This is a 2-fold increase in α-helix and a strong reduction in β-sheet structure
in comparison to hVDAC1 in LDAO, suggesting a breakdown of the β-barrel structure of
hVDAC1 in SDS. When hVDAC1 in SDS was reconstituted into LDAO micelles by
dialysis, the previously observed secondary structure of hVDAC1 in LDAO could not be
recovered, suggesting hVDAC1 denaturation in SDS and an irreversible tight binding of
SDS to hVDAC1. The increased α-helical structure of hVDAC1 in SDS is similar to
observations for VDAC of N.crassa at pH 8 (Koppel et al. 1998).

Figure 8 CD spectra of hVDAC1 in SDS indicated denatured hVDAC1 with high content of α-helix
secondary structure (— —). CD spectra of hVDAC1 first incubated in LDAO
(——) and then
reconstituted into SDS (· · · ·) were similar to CD spectra obtained by direct reaction with SDS. SDS
bound tightly to hVDAC1 and could not be replaced by LDAO and dialysis (– · – ·).
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2.5

Discussion
While the mechanism of membrane insertion and folding of bacterial membrane

proteins into lipid bilayer membranes has been examined previously, I here investigated
this process for the first time for a eukaryotic β-barrel membrane protein, the human
VDAC isoform 1 of the OM of mitochondria. Our results revealed a new mechanism of
membrane insertion and folding. First, VDAC developed a large content of β-sheet
structure already in aqueous solution and, in addition to the β-sheet, α-helical structure
was formed upon folding of hVDAC1 in presence of lipid bilayers. Second, hVDAC1
does not fold to its native form in detergent. Instead, a lipid bilayer is required for
formation of correctly inserted, folded, and stable hVDAC1. Third, folding of hVDAC1
into bilayers of diC14:0PC, unlike OmpA, did not require small vesicles with high
curvature stress (Surrey and Jähnig 1992), but was successful with large unilamellar
vesicles, indicating a lower activation energy of the transition state for folding of
hVDAC1. Similar to bacterial OMPs, folding and membrane insertion of hVDAC1 into
lipid bilayers of phosphatidylcholines is spontaneous, and native structure formation in
these bilayers does neither require proteinaceous folding machinery nor an energy source
like ATP.

2.5.1 hVDAC1 inserts and folds spontaneously into phospholipid
bilayers
At least two phases of structure formation could be distinguished upon folding of
hVDAC1 into lipid bilayers (Figure 9). In a first step upon urea dilution, hVDAC1
quickly develops large amounts of β-sheet secondary structure in an aqueous
intermediate (A), while α-helical structure was initially absent. In a second step of
membrane insertion, about 25-30 residues (8-10%) are converted from a random
conformation to α-helical structure, while β-sheet secondary structure formation is
completed (N). This natively folded form, N, functioned as a voltage-dependent channel
with the same conductance states as VDACs that were previously isolated directly from
membranes in native form without denaturation and refolding steps (Blachly-Dyson et al.
1993; Benz 1994). N was stable over a wide pH range from 3 to 10.
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Figure 9 A tentative scheme for folding and insertion of hVDAC1 into lipid bilayers. From an unfolded
form in urea (U) that does not display helix or sheet content, after urea dilution, hVDAC1 develops ~39%
β-strand structure (110 residues) in an aqueous intermediate (A). From this intermediate, hVDAC1 folds
and inserts directly into lipid bilayers to its native form (N), composed of ~11% α-helix (~30 residues),
~36% β-strand, and 23% β-turn structure. Upon incubation with LDAO, hVDAC1 develops ~16% α-helix
(45 residues), ~33% β-strand (~93 residues), and 23% β-turn structure. Upon reconstitution into
phospholipid bilayers this secondary structure is converted to the secondary structure observed for direct
refolding of denatured hVDAC1 into phospholipid bilayers. In SDS-micelles, SDS binds tightly to
hVDAC1 and leads to formation of ~29% α-helical structure (~82 residues). The number of strands in these
forms is not known.
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The formation of α-helical structure in presence of bilayers is consistent with previous
results on the amphipathic peptide composed of the 20 N-terminal residues of VDAC.
This peptide was unstructured in aqueous solution and developed α-helical structure in
non-polar solvent and SDS-micelles (Guo et al. 1995). From the CD spectra, it is obvious
that the fraction of β-sheet secondary structure in aqueous hVDAC1 (Figure 1A) is much
higher than in the aqueous intermediate of OmpA (Kleinschmidt and Tamm 2002a). The
structure of the aqueous intermediate will affect the transition state of the membrane
protein for insertion and native structure formation. While reduced vesicle size is critical
for lowering the free energy of the transition state of OmpA folding (Pocanschi et al.
2006c), this is apparently not important for hVDAC1, which folds into large unilamellar
vesicles (LUVs) of diC14:0PC. This is a very likely a consequence of more β-sheet
structure that we observed in the aqueous intermediate of hVDAC1 compared to previous
observations for OmpA (Kleinschmidt and Tamm 2002a). In contrast to OmpA, folding
and membrane insertion of hVDAC1 are at least in part uncoupled. Since there is more βsheet structure in the aqueous folding intermediate of hVDAC1, subsequent transient and
intermediate folding states of hVDAC1 will also contain higher amounts of β-strand
secondary structure than those observed for OmpA of E. coli at a comparable stage of
membrane insertion.

2.5.2 Structure and stability of hVDAC1 in lipid bilayers and detergent
micelles
When the aqueous intermediate A reacted with detergent micelles of LDAO,
DDM, or C8E4, on average ~45-54 residues of hVDAC1 adopted α-helical structure in
the micelle solubilized form, L. Formation of α-helix content (Guo et al. 1995; Song et
al. 1998) required the presence of a lipid bilayer or a detergent micelle. While L could
have a single unique structure at pH 3, it was not thermodynamically stable at neutral pH.
L could be converted to N by adding it to lipid bilayers. L is likely not an intermediate in
the direct folding-pathway, because this form can fold to the active form in diPhPC while
direct folding into diPhPC from the urea-unfolded state was not possible in absence of
detergent.
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The α-helical content of L, was larger than in lipid bilayers by ~15 residues.
Correspondingly, the β-strand fraction was smaller by 15 residues (Tables 1 and 2).
Therefore, additional 1-2 TM β-strands may be present in N. This was consistent for all
lipids, except for the thinnest bilayer, diC10:0PC. hVDAC1 did not form additional αhelical structure in diC10:0PC, but an overall increase in β-turn and random structure at
the expense of β-strand content was determined (Table 2). It is possible that the β-strands
of hVDAC1 are not well matched by the hydrophobic thickness of diC10:0PC and
destabilized at their ends at the membrane water interfaces.
Upon pepsinolysis of L, an additional fragment of ~24 kDa can immediately be
detected. Compared to the 26 kDa fragment of hVDAC1 obtained in lipid bilayers, the
cleavage of additional ~20 residues possibly corresponds to the segment that forms the
additional α-helical structure in detergents. Clearly, hVDAC1 forms a less stable 3dimensional fold than bacterial OMPs, since the secondary structure and resistance to
proteolysis depend strongly on the environment of hVDAC1, whether it is a detergent
micelle or a lipid bilayer. Proteolysis of bacterial OMPs in detergent micelles does
neither result in multiple fragments nor is proteolysis complete within one hour
(Pocanschi et al. 2006a). The reduced stability of hVDAC1 in detergent is also evident by
an increased pH sensitivity of the hVDAC1 secondary structure in micelles compared to
bilayers (Figure 4B and 4C). Our observations suggest that hVDAC1 is present in
partially folded/denatured form even in milder detergents than SDS. This could explain
the difficulties in obtaining a high-resolution structure of a detergent solubilized VDAC.
Mitochondrial OMPs may be less stable than bacterial OMPs, because mitochondria are
not exposed to similar harsh environmental conditions as bacteria.
In SDS (S), hVDAC1 was irreversibly denatured and developed 29% α-helical
structure at room temperature, RT (Table 1). Folded OMPs of bacteria are usually stable
in SDS at RT and migrate differently when not heat-denatured prior to SDS-PAGE (see
e.g. for a review (Kleinschmidt 2006)). This was not observed for hVDAC1 as a
consequence of the altered secondary (and tertiary) structure in SDS. In detergent
micelles, VDACs from other organisms might be more or less stable than hVDAC1.
VDAC of N. crassa in LDAO at pH 8 contained 12% α-helix, while natively isolated
VDAC of S. cerevisiae contained 27% α-helix in LDAO at pH 8 (Koppel et al. 1998).
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2.5.3 Correct folding of hVDAC1 requires the lipid bilayer
The composition of the secondary structure of hVDAC1 changed systematically
with increased detergent content in mixtures of LDAO/diC12:0PC, suggesting that the
structure of the lipid bilayer is critical for the correct formation of hVDAC1 secondary
structure and not just a few lipid molecules that may bind and stabilize the native fold.
The lower the amount of LDAO present the more native is the structure of hVDAC1. At
a mole fraction of LDAO of 0.5, the fractions of α-helical and β-sheet structure in
hVDAC1 are close to the average of those at 0 and at 100% LDAO. Thus either half of
hVDAC1 has a structure typical for hVDAC1 in lipid bilayers or the other half a structure
typical for those in detergent micelles or all of hVDAC1 has some intermediate structure.
To clarify this question, a phase diagram for LDAO/diC12PC mixtures would be needed
but has not yet been reported and it will be interesting to investigate this question in a
future study.
The formation of different structures of hVDAC1 in micelles and in bilayers
distinguishes hVDAC1 strongly from the previously investigated folding behavior of
prokaryotic OMPs, which have the same secondary structure in lipid bilayers and in
detergent micelles as shown for FomA (Pocanschi et al. 2006a) and OmpA (Kleinschmidt
et al. 1999b) and which do not fold into bilayers of large unilamellar vesicles of
diC14:0PC, but require their sonication.

2.5.4 Implications of spontaneous folding of hVDAC1 in lipid bilayers
for assembly in vivo.
hVDAC1 folds spontaneously into lipid bilayers of phosphatidylcholine, similar
to the bacterial outer membrane proteins OmpA and FomA. While phosphatidylcholine is
a major lipid component (~50%) of the mitochondrial outer membrane, the physical
properties of the mitochondrial outer membrane are possibly different to prevent
spontaneous insertion and to provide a selection mechanism for specific membrane
proteins. For this reason, proteinaceous machinery may be required for membrane
insertion of mitochondrial (Kozjak et al. 2003; Paschen et al. 2003; Ishikawa et al. 2004)
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and bacterial (Voulhoux et al. 2003; Werner and Misra 2005; Wu et al. 2005) outer
membrane proteins in vivo. Even while this may be the case, our biophysical work
provides new insight to the in vivo assembly process. Membrane insertion and folding of

β-barrel membrane proteins of the mitochondrial outer membrane, in contrast to the in
vivo assembly process of α-helix transmembrane proteins, neither absolutely requires
proteinaceous machinery nor energy sources such as ATP to obtain the native fold of
hVDAC1 upon membrane insertion. Our observations instead point toward the need of
membrane embedded or membrane-associated folding assistants for other reasons than
energy-driven translocation. These reasons may be: 1. to provide a specific targeting
mechanism for mitochondrial outer membrane proteins, 2. to displace chaperones needed
to maintain outer membrane proteins soluble in the inter membrane space and possibly 3.
to alter the physical properties of the membrane in their direct vicinity for transmembrane
protein insertion.
The observations of spontaneous and oriented folding, first for bacterial OMPs
like OmpA and FomA and now for mitochondrial hVDAC1 emphasizes the energy
efficiency of the cell, which has been conserved during evolution. In contrast to the
periplasm of bacteria, there is ATP in the inter membrane space of mitochondria.
Although this energy source is present, folding and insertion of mitochondrial hVDAC1
can, by physical principle, occur spontaneously similar to folding of bacterial OMPs. The
gain in free energy by formation of the native fold of hVDAC1 in the mitochondrial outer
membrane and of bacterial OMPs in outer membranes is sufficient to cause their folding
and membrane insertion.
From a physical point of view, the requirement of lipid bilayers for formation of
native and stable structure in hVDAC1, the spontaneous insertion into bilayers of LUVs
(vs. SUVs), and the formation of both β-barrel and α-helical structure, indicated a
fundamentally different sequence of structure formation in mitochondrial hVDAC1 and
bacterial OMPs, for which folding has been investigated to date. It will be interesting to
compare the sequence of folding events with bacterial membrane proteins that also
contain an α-helical terminus, for example PagP (Hwang et al. 2002).
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Kinetics of folding and insertion of the human
VDAC1

into

lipid

bilayers

indicate

partial

uncoupling of folding and membrane insertion

3.1

Abstract
The mechanism behind the membrane insertion and folding was studied for the

hVDAC1 (human Voltage Dependent Anion-selective Channel isoform-1), an outer
membrane protein of mitochondria. hVDAC1 was unfolded in 8 M urea and refolding
and membrane insertion was initiated by rapid dilution of urea in presence of
phospholipid vesicles. The time course of folding and membrane insertion of hVDAC1
exhibited two kinetic phases with several important observations. The folding kinetics of
hVDAC1 was found to be faster with a rate constant of k = 1 min-1 for the fast phase and
k = 0.04 min-1 for the slow phase in diC12:0PC bilayers. In contrast to the previously
examined bacterial outer membrane proteins OmpA and FomA, the rate of folding did
not strongly depend on temperature indicating a low energy barrier for membrane
insertion. And this is an interesting and most significant outcome of this study. The
activation energy for folding and insertion was ~3 kJ/mol (0.7 kcal/mol), which is
surprisingly low compared to OmpA. Further the folding kinetics was found to be
independent of the lipid concentration, but affected by lipid bilayer properties such as
membrane thickness and head group structure. The folding and membrane insertion step
in hVDAC1 was partially uncoupled, involving two membrane-associated intermediates
in the folding pathway. hVDAC1 is the first eukaryotic β-barrel outer membrane protein
for which the kinetics and the mechanism of folding and insertion into lipid bilayers have
been explored in detail in the present study.
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3.2

Introduction
In the previous chapter I showed that hVDAC1 (human VDAC isoform-1 from

outer membrane of mitochondria) can insert and fold spontaneously into lipid bilayer
membranes of different diacylphosphatidylcholines. hVDAC1 membrane insertion and
folding to its functionally active form was observed in a single experiment leading to
near-quantitative folding (~94%) in dilaurylphosphatidylcholine bilayers (Chapter 2). A
spontaneous insertion into functionally active form in lipid bilayers was previously
shown only for OmpA from E.coli (Surrey and Jähnig 1992; Kleinschmidt and Tamm
2002a) and FomA from F.nucleatum (Pocanschi et al. 2006a). This established hVDAC1
as the first outer membrane protein (OMP) of mitochondria that can be used to study the
events of structure formation and membrane insertion with biophysical methods.
To identify and examine the mechanistic principles and stages of structure
formation in membrane proteins it is necessary to study the kinetics of their folding and
membrane insertion as a first step. The knowledge gained from the in vitro folding
mechanism is useful for rational protein design and to understand the in vivo folding
behavior of a membrane protein. Experiments detailing the mechanisms of membrane
protein folding have been performed previously with the bacterial β-barrels OmpA
(Surrey and Jähnig 1995; Kleinschmidt and Tamm 1996), FomA (Pocanschi et al.
2006a), OmpF (Surrey et al. 1996) and also with several α-helical membrane proteins like
bacteriorhodopsin of Halobacterium salinarium (Popot and Engelman 1990; Allen et al.
2004), light-harvesting chlorophyll a/b complex of green plants (Booth and Paulsen 1996;
Reinsberg et al. 2000) and diacylglycerol kinase of E.coli (Lorch and Booth 2004).
Previous kinetics studies on the monomeric bacterial OMPs led to several
interesting conclusions about the mechanism of membrane insertion and folding of βbarrel membrane proteins. For example in OmpA, kinetics with multi-step membrane
insertion (Kleinschmidt and Tamm 1996) and synchronized formation of secondary and
tertiary structure (Kleinschmidt and Tamm 2002a) were observed. Recently, the kinetic
study on FomA provided evidence for parallel folding pathways (Pocanschi et al. 2006a).
Also, the lipid bilayer properties like membrane elastic fluctuation (Marsh et al. 2006)
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and curvature elasticity (Pocanschi et al. 2006c) were found to influence the insertion
kinetics of β-barrel membrane proteins. All these studies were done on prokaryotic βbarrel membrane proteins and to date there is no study about the folding kinetics of a
eukaryotic β-barrel membrane protein. Therefore, in the present study, the folding
kinetics of hVDAC1 in preformed lipid bilayers was investigated from a urea denatured
state.
Initial experiments with hVDAC1 (Chapter 2) revealed that membrane insertion
and folding of hVDAC1 had less restrictive requirements (for example no sonication of
lipid bilayers needed for successful folding into diC14:0PC), but failed to show insertion
into bilayers of small unilamellar vesicles of diC18:1PC, which are under high curvature
stress, suggesting that either the stability or the folding mechanism and kinetics of
hVDAC1 are different from the well studied β -barrel OmpA. Hence, in the present
kinetic study the following questions were addressed: Is folding and membrane insertion
kinetics of hVDAC1 different from other known β-barrel proteins? How fast are the
kinetics of hVDAC1 insertion and what are the intermediate steps if any? Is rate of
folding dependent or altered by temperature and lipid bilayer properties? Is folding and
membrane insertion of hVDAC1 a coupled or sequential process?

3.3

Materials and methods

3.3.1 Materials
All phospholipids were from Avanti Polar Lipids (Alabaster, AL). Coomassie
Brilliant Blue and protein standards were from BIO-RAD (Hercules, CA, USA), 2mercaptoethanol and glycerol were from Merck (Darmstadt, Germany), acrylamide, bisacrylamide and urea were from Serva (Heidelberg, Germany), IPTG was from Fermantas
(St.Leon-Rot, Germany), SDS was from Roth (Karlsruhe, Germany), Pepsin was from
Fluka (Buchs, Switzerland), DEAE and CM Sepharose columns were from Amersham
Biosciences (Sweden) and all other chemicals were purchased from Sigma.
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3.3.2 Expression and purification of hVDAC1
hVDAC1 was expressed and purified as described in chapter 1, section 2.3.1.

3.3.3 Preparation of lipid bilayers
Phospholipids were prepared according to the procedure described in chapter 1,
section 2.3.2.

3.3.4 Folding of hVDAC1 into lipid bilayers
For Circular Dichroism (CD) spectroscopy and pepsin digestion experiments,
folding of hVDAC1 was initiated by adding 5 l of hVDAC1 into 195 l of citrate buffer
containing an 800-fold molar excess of phospholipids or phospholipid mixture (diC12:0PC
/ diC12:0PE in the ratio 1.6 mol/mol). The final hVDAC1 concentration in all cases was
16.3 µM. The samples were incubated at respective temperatures and durations
mentioned elsewhere in the text or in the figures. To remove residual urea which would
otherwise cause noise in CD spectra measurements, samples were dialyzed overnight
against 1 l of citrate buffer with three buffer replacements.

3.3.5 CD spectroscopy
Far UV CD spectra were recorded at RT by a Jasco 715 CD spectrometer (Jasco,
Tokyo, Japan) using a 0.5 mm cuvette. 3 scans were accumulated from 190 to 250 nm
with a response time of 8 seconds, a bandwidth of 1 nm and a scan speed of 20 nm/min.
Background spectra without hVDAC1 were subtracted. The concentrations of hVDAC1
were determined for each sample (Lowry et al. 1951). The recorded CD spectra were
normalized to the mean residue molar ellipticity (Abrams and London 1992) (λ), given
by
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[Θ ]( λ ) = 100

(Eq. 1)

Θ(λ )
,
c⋅n ⋅l

where l is the path length of the cuvette in cm, Θ(λ) is the recorded ellipticity in
degrees at wavelength λ, c is the concentration in mol/l, and n the number of amino acid
residues of hVDAC1. Spectra were analyzed using DICHROWEB (see ref (Whitmore
and Wallace 2004) and references therein).

3.3.6 Folding kinetics monitored by fluorescence spectroscopy
Fluorescence kinetics was started by rapidly mixing 20 µl of hVDAC1 in 980 µl
of citrate buffer containing the respective LUVs of phospholipids. The final concentration
of hVDAC1 was 1.3 µM. Spectra were recorded immediately after addition of hVDAC1
and then every 2-10 minutes time scale up to a total of 60-80 minutes. Fluorescence was
detected in mega counts per second (Mcps) which are arbitrary fluorescence units.
Background spectra were recorded prior to the addition of hVDAC1 and were subtracted
for all spectra. The excitation wavelength was 295 nm. The bandwidths of the excitation
and emission monochromators were 2 nm 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 305–400
nm. Three scans were averaged for each spectrum. The temperature of the sample was
selected and maintained by a water bath (NESLAB) that was attached to the cuvette
holder of the Spex Fluorolog-3-22 fluorometer.

3.3.7 Proteolysis
Proteolysis or digestion experiment was performed as described earlier in chapter
2, Title 2.3.6.
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3.4

Results

3.4.1 Kinetics of folding of hVDAC1 into preformed phospholipid
membranes
3.4.1.1 Fluorescence spectroscopy indicates folding intermediate of hVDAC1
To investigate the mechanism of folding and insertion of hVDAC1, kinetic
experiments were performed. The folding kinetics was obtained by tryptophan
fluorescence spectroscopy. hVDAC1 has four tryptophans and the kinetics of folding and
membrane insertion can be conveniently monitored because the fluorescence emission
maximum shifts to shorter wavelengths and the fluorescence quantum yield increases
when a tryptophan (Trp) is transferred from water into the more apolar environment of
the lipid bilayer.
Upon urea dilution in aqueous solution and in absence of lipid bilayers, hVDAC1
showed a strong shift in wavelength of the Trp fluorescence maximum from λmax (U) =
347 nm obtained for denatured hVDAC1 to about λmax (A) = 334 nm of the aqueous
form, indicating a conformational change and a more hydrophobic environment of the
Trps. (Figure 1A). This change in the λmax was accompanied by a 1.8-fold increase (from
0.53 Mcps observed in denatured form to about 0.95 Mcps in aqueous buffer) of the
fluorescence intensity at 330 nm over the denatured form for a time course of 80 min
(Figure 1B). The shift in λmax along with increase in fluorescence intensity in aqueous
buffer suggested that conformational changes took place locally around the Trps in buffer
before hVDAC1 interacted with the lipid bilayer. When the same experiment was
performed in presence of lipid bilayers, the wavelength of the maximum was shifted to
even smaller wavelength of λmax (L) ~ 332 nm accompanied by 2.2 fold increase in the
fluorescence intensity compared to the denatured state (Figure 1B).
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Figure 1 Kinetics of folding and membrane insertion of hVDAC1 into aqueous buffer () which is 10
mM citrate, 2 mM EDTA buffered at pH 3 and into lipid bilayers of diC12:0PC () at a lipid/protein ratio of
800 mol/mol. All experiments were performed at 25 °C with hVDAC1 concentration of 1.3 M. A)
Changes in wavelength of the emission maximum (λmax) are plotted as a function of time. B) Changes in
the fluorescence intensity (F) at 330 nm are plotted as a function of time and fitted to a single-exponential
(-------) or to a double exponential ( ) fit function.

The kinetics of intensity changes in aqueous buffer could be fitted well with a
single-exponential function represented by a dashed line in Figure 1B. The rate constant
obtained using the fit was 0.088 ±0.01. However, the kinetics of intensity changes in
presence of lipid could only be fitted with a double-exponential function
[F(t) = A0+A1*exp(-k1*t) + A2*exp(-k2*t)] over the range from 0.5 sec to 80 min (solid
line). In the above fit function, the pre-exponential factors A1, A2, can be normalized to
a1 by dividing with A1+A2 for the fits. They then represent the relative contributions of
the two phases to the kinetics. The new fit equation would then be F(t) = A0+B*[a1*exp(k1*t) + (1-a1)*exp(-k2*t)], with a1=A1/(A1+A2) and B=(A1+A2). This new doubleexponential fit function was used for the entire kinetic study. The calculated rate
constants from the fit (indicated by solid line in Figure 1B) were 0.04 ±0.004 and 1.08
±0.07. The double exponential fit implied that two kinetic phases, a slow and fast phase
were present for hVDAC1 in lipid bilayers.
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In presence of bilayers, the intensity of hVDAC1 fluorescence was higher and
different from the aqueous buffer within the first 2 min and throughout the time course.
This higher intensity level along with a shift of λmax to 332 nm early in 2 min indicated
that more structural changes took place around the Trps when they interacted with the
membrane lipids. As this was not observed in aqueous buffer and took place only in the
presence of bilayer membrane, this change could only be the result of a membraneassociated intermediate state of hVDAC1. (The membrane-associated state could be
either a membrane-adsorbed or a partially membrane-inserted state). Since the kinetics in
lipid bilayers were biphasic with a slow and a fast phase involved, the fast phase may
well be attributed to the membrane-associated intermediate stage and the slow phase to
the insertion stage. Then the rate constants of the fast and slow phase would correspond
to the intermediate stage (first kinetic phase) and insertion stage (second kinetic phase)
respectively.
3.4.1.2 hVDAC1

forms

membrane-adsorbed

or

partially

inserted

folding

intermediates
To determine whether the first (fast) kinetic phase of hVDAC1 folding leads to a
membrane-adsorbed (surface-bound) or alternatively to an inserted folding intermediate, I
performed pepsin accessibility and digestion experiments. After incubating hVDAC1 in
presence of diC12:0PC vesicles either for 2 min, 20 min or for 5 h at 25 °C, I added
pepsin for digestion of accessible hVDAC1. The samples were then analyzed by SDS
PAGE and densitometry to determine the relative digestion. hVDAC1 that was incubated
for 2 min in diC12:0PC vesicles, was cleaved down to 56 % after 30 min of pepsin
treatment and down to 27 % after 2 h. Figure 2 shows the relevant gels together with the
densitometric analysis as bar graphs next to the gels.
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Figure 2 Pepsin digestion experiment on hVDAC1 samples incubated in diC12:0PC bilayers and its SDS
PAGE analysis (Gel figures). t (I) represents the duration of incubation of hVDAC1 in bilayers either for 2
min, 20 min or 300 min at 25 °C. Digestion time refers to the time after addition of pepsin to the incubated
samples. In all the gel figures, first lane corresponds to the protein standards with 50, 37, 25 and 20 kDa
molecular weights shown.
Bar graphs in the right side of the panel show the densitometric analysis of SDS PAGE results. Percentage
of hVDAC1 protected after 5 min (solid bars), 30 min (continuously striped bars), 60 min (striped bars with
gaps), 120 min (dotted bars) and 240 min (empty bars) of pepsin treatment are plotted.

In contrast, hVDAC1 that was incubated with diC12:0PC for 20 min was more protected
as the intensity of the band of hVDAC1 decreased only to ~85 % after 30 min and to 62
% after 2 h of pepsin treatment. When hVDAC1 was incubated for 5 h in presence of
diC12:0PC vesicles, it was best protected and was only very mildly degraded to ~97 %
after 30 min and 70 % after 2 h. The result showed that the initial state acquired within 2
min must be an intermediate form just surface-bound onto the membrane. The state
acquired at 20 min degraded slowly and was different from the one obtained at 2 min.
This could then correspond to a second intermediate, a partially membrane-inserted state
though the kinetic data from fluorescence experiment revealed the presence of only one
intermediate form.
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3.4.2 Acrylamide quenching experiments
To probe Trp accessibility from the aqueous phase, quenching experiments with
acrylamide as a soluble quencher were performed. Figure 3 shows the Stern – Volmer
plots of unfolded hVDAC1 in urea, after urea dilution in aqueous buffer and after
incubation with diC12:0PC vesicles at 25 ºC for 5 h. The strongest quenching of Trp
fluorescence was observed for unfolded hVDAC1 in urea. After urea dilution in aqueous
buffer, Trps of hVDAC1 were less accessible to the aqueous quencher indicating that
Trps were present in a less polar environment. The quenching efficiency of acrylamide
was further reduced after hVDAC1 was incubated with lipid bilayers, indicating
membrane insertion of hVDAC1. Stern-Volmer constants of 9.6 M–1 (unfolded), 3.4 M–1
(in aqueous form) and 1.4 M–1 (in lipid bilayers) were calculated from the slopes of the
linear fits.

Figure 3 Stern -Volmer plots of hVDAC1 Trp fluorescence quenching by acrylamide in 8 M Urea (), in
aqueous buffer () and in diC12:0PC bilayers (). F and F0 are the fluorescence intensities in the presence
and in the absence of acrylamide respectively. F has been corrected for the inner filter effect for absorption,
Fcorr = F meas × 101/2 (0.55[acrylamide]). The inner filter effect at the emission wavelength was negligible. The
derived Stern-Volmer constants are given in the text.
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3.4.3 Effect of lipid and protein concentration
To investigate if folding kinetics of hVDAC1 depends on lipid and protein
concentration, I used the method of initial rates (ref. (Atkins 1994)). Kinetics by
fluorescence spectroscopy was measured by varying one parameter and keeping the other
a constant. Initially the protein concentration was kept constant and lipid concentrations
were varied. The fluorescence intensity of hVDAC1 in diC12:0PC bilayers increased with
increasing lipid concentration (Figure 4) and indicated that the folding and insertion
process was dependent on the concentration of the lipid. However, the rate constants of
two phases derived from the double exponential fits of the data did not differ significantly
(Table 1) for different lipid concentrations and indicated a kinetics which was
independent of the lipid concentration. The inconsistency observed between the
fluorescence intensity changes and the rate constants is discussed in section 3.5.4

Figure 4 Kinetics of folding and insertion of hVDAC1 into diC12:0PC bilayers at different lipid / protein
ratios. Changes in fluorescence intensity (F) at 330 nm are plotted as a function of time. All experiments
were performed at 25 °C at a hVDAC1 concentration of 1.3 M. The inset shows the initial two data points
taken at 0.5 and 2 min at all lipid concentrations. The fit obtained on these two points are also shown.
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Table 1: Rate constants for folding and insertion of hVDAC1 into diC12:0PC bilayers
at different lipid concentration
Lipid/VDAC
(molar ratio)
50
100
200
400
800
1600
2400

a1
0.2526 (±0.02)
0.2305 (±0.01)
0.2449 (±0.02)
0.2618 (±0.01)
0.3662 (±0.01)
0.4100 (±0.04)
0.3744 (±0.02)

kS
0.0326 (±0.01)
0.0395 (±0.01)
0.0235 (±0.01)
0.0655 (±0.01)
0.0414 (±0.00)
0.0717 (±0.02)
0.0500 (±0.00)

kF
0.6730 (±0.07)
0.8269 (±0.04)
0.8488 (±0.05)
1.3271 (±0.11)
1.0740 (±0.10)
0.9991 (±0.29)
1.5346 (±0.23)

kF and kS are the rate constants of the fast and slow phase respectively and a1 is the relative contribution
of the slow phase with respect to the fast phase.

In a next step, the order of the folding reaction with respect to lipid was resolved
by analyzing the data of Figure 4 using the method of initial rates (see (Atkins 1994;
Kleinschmidt and Tamm 2002a) for details of this method) in which the initial rate was
determined by the slope of the fluorescence increase between the first two data points
(shown as inset in Figure 4). Then a double-logarithmic plot of the initial rate was plotted
as a function of the lipid concentration (Figure 5A). The slope of the linear fit was -0.065
± 0.03 indicating hVDAC1 folding was of zero order with respect to the lipid
concentration, i.e. independent of the lipid concentration. For comparison, the figure also
shows similar data on OmpA folding into LUVs of diC12:0PC with a slope of ~0.73,
indicating a first order kinetics with respect to lipid. The data on OmpA kinetics was
from ref. Kleinschmidt et al., J. Mol. Biol., 2002 (with permission from the author).
Similarly, to determine the order of the folding kinetics of hVDAC1 with respect
to protein concentration, kinetics was measured with varying protein concentrations
keeping the lipid concentration a constant. A linear fit of the double-logarithmic plot of
the initial rates as a function of the protein concentration (Figure 5B) had the slope of
0.92 ± 0.19. Therefore, hVDAC1 folding kinetics is of first-order with respect to protein
and found to depend on the concentration of the protein.
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Figure 5 A) Double logarithmic plot of the initial rates of hVDAC1 () folding kinetics into lipid bilayers
of diC12:0PC as a function of the lipid concentration. Lipid concentrations used were 0.016, 0.04, 0.08, 0.16,
0.32, 0.6, 1.3 and 1.6 mM. The hVDAC1 concentration was kept constant at 1.3 M. For comparison initial
rates of folding kinetics of OmpA in diC12:0PC bilayer was shown and the data points were adopted from
ref. Kleinschmidt 2002 and modified to cps/min to fit the graph. B) Double logarithmic plot of the initial
rates of hVDAC1 folding kinetics into lipid bilayers of diC12:0PC at various protein concentrations of 1.3,
1.65, 1.95 and 2.61 M. The lipid concentration was kept constant at 1.3 mM.
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3.4.4 Effect of temperature on the folding of hVDAC1
To further characterize the phases of membrane insertion and folding, I measured
the folding kinetics of hVDAC1 in diC12:0PC bilayers at various temperatures by
fluorescence spectroscopy. When measured, the fluorescence intensity decreased with
increasing temperature and this would apparently indicate that a different folding end
state is obtained at different temperature. However this is due to the radiationless decay
of the excited state, which occurs at a higher probability at higher temperatures due to
increased molecular motion. To exclude that different folding states were reached after at
different incubation temperatures, hVDAC1 was incubated at 5, 15, 25, 30 and 40 °C
(represented as T (I) for incubation temperature) for overnight and the fluorescence
intensities of the folded end states were measured at different temperatures, T. The
fluorescence intensity maximum obtained at 330 nm for different T (I) was plotted
against the measured temperature T (open symbols in Figure 4). The results indicated
that the fluorescence intensity at a particular T, varied only to about ~3 % between
different T (I) and this small variation would fall largely within the experimental error.
Hence the fluorescence intensities obtained from different T (I) were averaged and
plotted against its particular temperature, T (represented by solid symbols in Figure 6). A
linear fit function was used for the averaged data points and the actual intensities
corresponding to temperatures T were taken as the intensity of the end state (Fe) at that
particular T.
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Figure 6 Fluorescence intensity of the folded end state (F) at 330 nm is plotted as a function of
temperature. F here refers to the fluorescence intensity of hVDAC1 samples which were pre-incubated in
diC12:0PC bilayers for ~16 h at 5 (), 15 (), 25 (), 30 () or at 40 °C () at a constant concentration
of 1.3 M. F from 5, 15, 25, 30 and 40 °C obtained at a particular temperature were averaged and plotted
against the same temperature. The averaged data points () were fitted to a linear fit function to calculate
the correct fluorescence intensity of the folded end state (Fe) at a particular temperature.

In a new set of experiments, kinetics of refolding of hVDAC1 at different
temperatures was initiated and recorded for 40 - 60 min in fluorescence spectroscopy.
The ratio of the fluorescence intensities at 330 nm (F), measured in this experiment and
intensity of the folded end state (Fe) obtained from previous experiments for a particular
temperature (Fr = F/Fe) was plotted and analyzed. Figure 7A and B showed the
fluorescence ratio Fr as a function of time at various temperatures. The data in Figure 7A
revealed that the fluorescence intensities decrease on increasing temperatures although
not considerably. However when the experiment was repeated with identical conditions
(Figure 7B), the variations between the temperatures were found to be random and the
variations were small falling within the experimental error margins. I concluded that the
final intensities after 60 min did not differ significantly between temperatures.
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At all temperatures kinetics were fitted with double exponential functions. Table 2
(columns 3 and 4) shows the rate constants derived from the double exponential fits of
the data. The rate constants of the slow step were approximately similar, i.e. independent
of temperature. Therefore, the rate constants of the slow step were averaged and the
average rate constant, kS = 0.072 was kept fixed (restricted) in a second round of fitting to
determine more accurate kF.
Table 2: Rate constants for folding of hVDAC1 into diC12:0PC bilayers at different
temperatures
kS and kF free
kS fixed, kF free
Temperature
(° C)
5
5
10
10
15
15
25
25
30
30

a1

slow step
kS

fast step
kF

a1

slow step
kS

0.27
(±0.02)
0.31
(±0.10)

0.075
(±0.02)
0.085
(±0.05)

0.576
(±0.02)
0.554
(±0.14)

0.27
(±0.02)
0.28
(±0.04)

0.29
(±0.04)
0.29
(±0.03)

0.083
(±0.02)
0.066
(±0.035)

0.944
(±0.16)
0.829
(±0.14)

0.27
(±0.02)
0.29
(±0.02)

0.885
(±0.09)
0.854
(±0.107)

0.25
(±0.01)
0.34
(±0.04)

0.057
(±0.01)
0.095
(±0.02)

0.837
(±0.06)
0.875
(±0.17)

0.27
(±0.01)
0.31
(±0.02)

0.901
(±0.06)
0.776
(±0.09)

0.27
(±0.01)
0.36
(±0.09)

0.055
(±0.00)
0.074
(±0.02)

1.235
(±0.07)
1.385
(±0.56)

0.27
(±0.01)
0.36
(±0.04)

1.448
(±0.16)
1.362
(±0.38)

0.32
(±0.05)
0.48
(±0.04)

0.041
(±0.01)
0.048
(±0.02)

1.748
(±0.55)
1.037
(±0.41)

0.12
(±4.0)
0.47
(±0.07)

4.606
(±0.77)
1.370
(±0.65)
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0.072

fast step
kF
0.570
(±0.02)
0.525
(±0.07)
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Figure 7 Fluorescence intensity ratio Fr (Fr = F at 330 nm / Fe) as a function of time showing the
hVDAC1 folding and insertion kinetics into diC12:0PC bilayers at different temperatures. The
temperatures were 5 (), 10 (), 15 (), 20 (), 25 (), 30 () and 40 °C (). The hVDAC1
concentration was 1.3 M in all cases and the lipid/ protein ratio was 800 mol/mol.
Panel A and B are experiments performed on two different days under identical protein and lipid
concentrations. C) Arrhenius plot in which the logarithm of the rate constant of fast phase (kF) of hVDAC1
folding is plotted as a function of reciprocal temperature (in Kelvin scale). Rate constants of fast phase
derived from free fit () and from restricted fit keeping kS as a fixed value () are shown. The calculated
activation energies are given in the text.
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The more restricted fit used at this step was in excellent agreement with the data. The rate
constants derived from the fits were shown in columns 6 and 7 of Table 2 and the
corresponding fits were presented as solid lines in Figures 7A and 7B. The fast phase (kF)
of hVDAC1 kinetics in lipid bilayers was found to depend on the temperature.
When kF was plotted as a function of temperature in an Arrhenius plot, a linear
dependence was obtained (Figure 7C). The slow phase (insertion) did not need any
significant activation energy and the activation energy, EA(F), of the fast phase was still
much lower, with EA ≈ 3 ± 0.5 kJ/mol. Very similar activation energy (2.8 ± 0.5 kJ/mol)
was obtained when the rate constants from the free fits (column 4 of Table 2) were used
confirming the validity of keeping kS as fixed. The EA obtained revealed that the energy
barrier for folding and insertion of hVDAC1 was low when compared to previous
observations for OmpA of E. coli.
In another experiment, CD spectra of hVDAC1, taken at different temperatures
after 5 h of incubation with diC12:0PC vesicles (Figure 8A), showed similar spectral line
shape and suggested that hVDAC1 obtained β-sheet secondary structure in all
temperatures and was not dependent significantly on the temperature. This result
supported the observation from fluorescence data that hVDAC1 folding and membrane
insertion was not dependent on temperature.
Also pepsin digestion of hVDAC1 sample incubated at 5 °C revealed that it was
protected from proteolysis (Figure 8B) and hence inserted into the lipid bilayer. The
protection level was similar to hVDAC1 sample incubated at 25 °C (Figure 2, panel t(I) =
300 min). This indicated that hVDAC1 inserted into lipid bilayers inspite of incubation at
different temperature.
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Figure 8 A) Circular Dichroism spectra of hVDAC1 incubated at 5 (⋅⋅⋅⋅⋅⋅⋅⋅), 17 (------), 25 ( ), 30 (−⋅⋅ −⋅⋅)
and at 40 °C ( ) in diC12:0PC bilayers. All spectra show similar spectral line shape typical to β-sheet
secondary structure. B) SDS PAGE gel shows pepsin protection of hVDAC1 incubated at 5 °C in diC12:0PC
bilayers. Lane 1 corresponds to the protein standards (kDa). Digestion time refers to the time after addition
of pepsin to hVDAC1.
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3.4.5 Effect of chain length on the folding kinetics of hVDAC1
The dependence of hVDAC1 folding and insertion on the lipid chain length was
investigated by determining the folding kinetics into bilayers of diC10:0PC, diC12:0PC,
diC14:0PC at 25 °C and in diC16:0PC at 50 °C (due to the liquid to gel phase transition
property of the bilayer at 43 °C) by fluorescence spectroscopy. The fluorescence intensity
was higher in LUVs of short chain phospholipids during the initial time point i.e., within
2 min and decreased on increasing chain length (Figure 9B). However, at the final time
point of the kinetics (in 60 min) the fluorescence intensities in bilayers of diC10:0PC,
diC12:0PC and diC14:0PC reached a similar intensity level. Comparably, λmax in diC10:0PC
bilayers in the first 2 min was λmax = 330 nm and remained constant for the entire time
course. In bilayers of diC12:0PC it was shifted from λmax = 332 nm in 2 min to 331.5 in 60
min and in diC14:0PC it shifted from λmax = 334 in 2 min to 331.5 in 60 min and reached
the level of diC12:0PC (Figure 9A).

Figure 9 Kinetics of folding and insertion of hVDAC1 into lipid bilayers of diC10:0PC (), diC12:0PC (),
diC14:0PC () and diC16:0PC () and in aqueous buffer () buffered at pH 3. All experiments were
performed at a hVDAC1 concentration of 1.3 M and at a lipid/protein ratio of 800 mol/mol. A) Changes
in wavelength of the emission maximum (λmax) are plotted as a function of time. B) Changes in
fluorescence intensity (F) at 330 nm are plotted as a function of time.
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Whereas in diC16:0PC both the fluorescence intensity and λmax (333.5) did not
significantly increase to the level observed for thinner bilayers even when waited for 60
min. This indicated very small or no change in the Trp position in diC16:0PC bilayers
when compared with the aqueous state and hVDAC1 failed to insert into diC16:0PC
bilayers. The kinetics in the lipid bilayers were fitted with a double-exponential function
and the rate constants calculated were shown in Table 3.
Table 3: Rate Constants for folding and insertion of hVDAC1 into lipid bilayers of
varying chain length
VDAC in

a1

kS

kF

diC10:0PC (2)*

0.2276 (±0.02)

0.1108 (±0.04)

1.5713 (±0.63)

diC12:0PC (4)

0.3207 (±0.01)

0.0435 (±0.01)

1.0849 (±0.07)

diC14:0PC (4)

0.5112 (±0.03)

0.0580 (±0.01)

0.4916 (±0.07)

diC16:0PC (2)

0.6679 (±0.10)

0.0349 (±0.01)

0.2827 (±0.16)

* Numbers in brackets represent the number of repeats of the experiment and the corresponding values
were derived from the averaged data.

The rate constants of both the slow and fast phase were found to depend on the bilayer
thickness. However the contribution of the slow phase increases with increasing chain
length and it could affect the accuracy of the determination of the fast phase in
biexponential fits. Further the error margin of the kF values between the different bilayers
did not really justify the chain length dependence of the fast phase. However, the
accuracy of the slow phase data would not be affected and the error margins were also
low. Hence I conclude that the kinetics of the slow phase was chain length dependent.
The kinetics was faster when the lipid chain length was shorter in the order diC10:0PC >
diC12:0PC ≥ diC14:0PC > diC16:0PC, and this was in agreement with the observed
fluorescence intensity and λmax changes.
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3.4.6 Effect of head group
The outer membrane of mitochondria is composed of ~48 % phosphatidylcholine
(PC), 31% phosphatidylethanolamine (PE), ~9% cardiolipin, ~9.9 % phosphatidylinositol
and ~1% phosphatidylserine. To examine the effect of the phospholipid headgroup on the
folding kinetics of hVDAC1 into lipid bilayer, folding experiments with bilayers
containing mixtures of diC12:0PC and diC12:0PE (1.6 mol/mol) were performed.
The folding kinetics of hVDAC1 in diC12:0PC/PE mixture was monitored by
fluorescence spectroscopy at 25, 35 and 40 °C. Figure 10 shows that hVDAC1 in
diC12:0PC/PE mixtures had a lower fluorescence intensity maximum and the rate
constants derived from the experiments (Table 4) revealed a very slow kinetics when
compared to the pure PC lipid bilayers.

Figure 10 Kinetics of folding and insertion of hVDAC1 into diC12:0PC/PE mixtures at 25 (), 30 () and
at 40 °C (hour glass). Changes in fluorescence intensity (F) at 330 nm are plotted as a function of time. The
hVDAC1 concentration was 1.3 M at all temperatures. For comparison, F at 330 nm obtained in diC12:0PC
bilayers was shown. To the right side of the figure is the table showing the rate constants obtained for the
kinetic data.
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The rate constants (Table 4) obtained from the double-exponential fits of the kinetic data
were plotted against temperature for the Arrhenius plot (Figure 11). The Arrhenius plot
showed that both the slow and fast phase of folding of hVDAC1 required a minimum
energy for its insertion into diC12:0PC/PE mixtures. The calculated activation energies
were EA = 4.5 ±0.6 kJ/mol for the slow phase and EA = 3.1 ±2 kJ/mol for the fast phase.

Figure 11 Arrhenius plot in which the logarithm of the rate constant of fast phase (k2,) or slow phase
(k1,) of hVDAC1 folding is plotted as a function of reciprocal temperature (in Kelvin scale). The rate
constants of both phases were calculated from kinetic data of Figure 10. The calculated activation energies
from the plot were given in the text.

To determine if hVDAC1 obtained secondary structure typical to β-sheet in these
lipid bilayer mixtures, CD spectroscopy was performed. hVDAC1 was incubated with
diC12:0PC/PE mixtures for 5 h (at 25 or 35 °C), dialyzed and CD spectra were then
recorded. CD spectroscopy revealed that the spectral line shape was not similar to the
typical β-sheet spectra observed in diC12:0PC bilayers but it resembled and matched with
the spectrum of hVDAC1 which was incubated in aqueous buffer for 5 h at 25 °C and
dialyzed (Figure 12).
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Figure 12 Circular Dichroism spectra of hVDAC1 incubated for 5 h at 25 ( ) and 35 °C (- - - -) in
diC12:0PC/PE mixtures. For comparison spectra of hVDAC1 incubated for 5 h in pure diC12:0PC (−⋅⋅ −⋅⋅)
bilayers and in aqueous buffer (⋅⋅⋅⋅⋅⋅⋅) at 25 °C were shown. Spectra of hVDAC1 in PC/PE mixtures
resembled more the buffer state than the diC12:0PC form. In all cases, hVDAC1 concentration was 1.3 M.

Table 5: Analysis of the CD spectra of hVDAC1
Sample

Algorithm

α-helix
(%)

β-strand
(%)

β-Turns
(%)

Random Coil NRMSD
(%)

PC/PE
25 °C

SELCON3
CONTIN
CDSSTR
Average

15.7
14.9
10.7
13.8

34.1
31.7
32.4
32.7

22.1
24.4
24
23.5

29
29
33
30.3

0.290
0.101
0.049

PC/PE
35 °C

SELCON3
CONTIN
CDSSTR
Average

16.5
14.6
11.6
14.2

30.5
38.6
31.3
33.4

23.2
21.2
26
23.4

30.6
25.5
31
30.8

0.202
0.205
0.097

Also, analysis of the CD spectra of hVDAC1 in diC12:0PC/PE mixtures (Table 5)
with various algorithms resulted in secondary structural content which resembled the
detergent solubilized form of hVDAC1 (refer Chapter 2 Table 1) and the β-sheet content
was ~ 4 % lower than that observed for diC12:0PC bilayers. Pepsin digestion experiments
on hVDAC1 incubated with diC12:0PC/PE mixtures showed that hVDAC1 was not
protected and got digested completely within 30 min of pepsin treatment. These
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experiments together confirmed that hVDAC1 did not really insert into the diC12:0PC/PE
vesicle mixtures and did not attain the native conformation similar to pure diC12:0PC
bilayers.

3.5

Discussion

3.5.1 hVDAC1 forms most of its β -barrel structure in aqueous solution
Results of Figure 1A showed a strong change in the λmax of hVDAC1 in aqueous
buffer to about 333 nm. This is in marked contrast to OmpA, where the λmax in aqueous
buffer was only about 343 nm, which was obtained only after an extended period (8 h)
presumably in part attributable to aggregation. The more pronounced shift in λmax of
aqueous hVDAC1 suggested that the environment around the Trp residues was much less
polar than the unfolded form, which could be due to folding or aggregation. Here, a
folded state is more likely since solubility of hVDAC1 is increased at pH 3 due to a
positive net-charge of VDAC (pI 8.6) and aggregation is less likely because of
electrostatic repulsion between positively charged VDAC molecules.
Data from acrylamide quenching experiments and the derived Stern-Volmer
constants (KSV) revealed that in hVDAC1, the Trp residues are less accessible to
acrylamide quenching already in aqueous solution (KSV =3.4 M–1) and even less
accessible in membranes (KSV =1.4 M–1). This is in contrast to bacterial OmpA which is
strongly quenched in aqueous solution at pH 8.5 and at 40 °C (KSV =11.7 M–1) and only
shielded against aqueous quenchers like acrylamide when inserted into diC18:1PC vesicles
(KSV =1.8 M–1) (Kleinschmidt and Tamm 1999). This in turn shows that in hVDAC1,
locally around the Trp residues a more rigid hydrophobic environment (probably
structured) is present in aqueous buffer shielding it against the acrylamide quencher. CD
spectra of hVDAC1 in aqueous buffer and its analysis by DICHROWEB presented in the
preceding chapter (Chapter 2 - Figure 2A and Table 2) also reveal that hVDAC1 acquires
most of its β-sheet content in the aqueous state. Hence in conjunction with the results of
previous chapter, the present kinetic experiments and acrylamide quenching results
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demonstrate that the form obtained in aqueous buffer is not an aggregated state but a
structure that is already largely folded (pre-folded), but not completely folded.
This formation of a pre-folded structure in aqueous buffer could be of biological
significance for proteins of mitochondria that follow a post-translational pathway. Since
in vivo, the translocation of polypeptides across biological membranes and targeting into
the respective membrane (protein import into mitochondria) requires the maintenance of
the protein in a translocation competent conformation which likely involves chaperones.
This translocation competent conformation (a loosely folded state) might still be
maintained in the inter membrane space in vivo by proteinaceous factors like sTIM
(Hoppins and Nargang 2004) until it inserts into the outer membrane. The loosely folded
structure speculated to form in vivo could be compared with the native-like pre-folded
structure obtained here in vitro in aqueous buffer. The role of chaperones/sTIM to confer
solubility and maintain the hVDAC1 in a folded form may possibly be conferred in the
present study by the buffer used (pH 3) which at this pH protonates amino acids’ side
chains and results in a positive net charge of hVDAC1 (pI 8.6) and thereby increasing the
solubility.

3.5.2 Membrane insertion of hVDAC1 has a low energy barrier
Experiments on the temperature dependence of hVDAC1 folding into lipid
bilayers showed that the rate constants derived for both the slow and fast phase are
largely independent of temperature. The rate constant of the slow phase (insertion) of
hVDAC1 do not differ between temperatures and was found to be independent of the
temperature. This is in contrast to the results from OmpA where the slow phase of
insertion is temperature dependent (Kleinschmidt and Tamm 1996). In case of OmpA, the
kinetics of folding and membrane insertion was performed using small unilamellar
vesicles of diC18:1PC and is different from the lipid bilayer used in the present study
(LUVs of diC12:0PC). Inspite of the difference in the system used, both the proteins refold
and insert quantitatively into their respective bilayers and the basic mechanism behind
insertion can be compared. The slow phase of OmpA requires an activation energy (EA)
of 46 ± 4 kJ/mol since this phase involves a major conformational change in OmpA
(Kleinschmidt and Tamm 1996). It is likely that the higher activation energy observed in
the case of OmpA is a consequence of the viscosity of the environment, since OmpA
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folding is coupled to insertion into a more viscous lipid bilayer. However, in hVDAC1
the major part of the barrel is found to form in water and hence the slow phase of
insertion into lipid bilayer does not involve a major conformational change. Therefore,
this phase requires comparably small activation energy. If VDAC folds in solution, lower
activation may be needed than for folding within the membrane/water interface, i.e. what
has been observed for OmpA.
In OmpA the fast phase, which is a membrane-adsorbed intermediate phase does
not require any EA whereas in hVDAC1 kinetics, the fast phase requires EA of ~3.0
kJ/mol. A possible reason for the observation of this effect can be due to a partially
performed membrane-insertion process. The fast phase in hVDAC1 kinetics actually
corresponds to the appearance of a membrane-associated state of hVDAC1 which can be
either a membrane-adsorbed or partially membrane-inserted intermediate. Between these
two states, a membrane insertion phase is supposed to require a relatively higher EA than
the membrane-adsorbing phase simply because the physical process of adsorption is
considered to be relatively fast and spontaneous compared to insertion and occurs mainly
by collision between the molecules. Hence this fast phase which is found to be dependent
on the EA can be more likely attributed to a partially membrane-inserted state instead of a
membrane-adsorbed intermediate state. Complete insertion of hVDAC1 (the slow phase)
into the hydrophobic bilayer may also require activation but was not observed in the
kinetic data presented here. It is possible that there is an even slower phase of insertion of
hVDAC1 which could not be detected by the fluorescence kinetic measurements here.

3.5.3 Kinetics of membrane insertion of hVDAC1 is lipid chain length
dependent
Insertion and folding of hVDAC1 into lipid bilayers of LUVs of carbon chain
length C10 to C14 were spontaneous in vitro. The energy barrier for insertion increases
with increasing thickness of the lipid bilayer. Above 16 or more carbon atoms where
spontaneous insertion and translocation was no longer observed. Results show that in
hVDAC1, higher fluorescence intensity was obtained quickly in thinner bilayers due to
fast changes in the polarity of the environment of Trp residues. This observation depicts
an insertion into these bilayers. The rate constants of the slow phase was found to depend
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on the lipid chain length used and the rates increased on decreasing thickness of the
bilayer. The slow phase attributed to the insertion of hVDAC1 is well reasoned to depend
on bilayer thickness. Similar chain length dependence was noticed for prokaryotic OMPs
like OmpA of E. coli (Kleinschmidt and Tamm 2002a) and FomA of F.nucleatum
(Pocanschi et al. 2006a) where in both OMPs thinner bilayers facilitated faster kinetics of
insertion and folding. It was demonstrated in previous studies that insertion and folding
of membrane proteins depend on bilayer flexibility (Booth et al. 1997; Marsh et al.
2006)* and surface curvature stress, and therefore indirectly on lipid chain length. A
more flexible thinner bilayer might support conformational changes of surface adsorbed
folding intermediates that lead to insertion of the protein.
However, there are some noted differences between the kinetics of OmpA and
hVDAC1 with respect to lipid bilayers of varying thickness. The lipid chain length
dependence for OmpA folding into lipid bilayers was very significant and more
pronounced than observed here for hVDAC1. In case of OmpA the rate constants from a
mono-exponential fit decreased in order of magnitudes for thicker bilayers in comparison
to thinner bilayers (k = 0.5 min-1 for diC10:0PC, 0.088 min-1 for diC11:0PC and 0.007 min-1
for diC12:0PC) (Kleinschmidt and Tamm 2002a). However, in hVDAC1 this pronounced
difference was not seen for rate constants of insertion into bilayers of different thickness,
although there is a chain length dependence (Table 3 of Results section). In addition the
kinetics of hVDAC1 is faster with rate constant of slow phase, k = 0.5 min-1 in diC12:0PC
whereas it is k = 0.007 min-1 in OmpA in the same vesicle system.
Apart from the kinetics and rate constants, hVDAC1 is found to differ from
OmpA with respect to a limiting chain length dependence for membrane insertion, as
hVDAC1 can spontaneously fold into LUVs of diC14:0PC whereas OmpA could not.
This may be the consequence of a pre-formed structure of hVDAC1 in an aqueous buffer
before insertion, whereas in OmpA folding and insertion processes are synchronized and
require considerable EA for its insertion.

* This paper is the result of collaborative work of my group with Prof. Derek Marsh (MPI-Göttingen) in which the
effect of lipid bilayer thickness on membrane proteins are explored in detail and is included as Chapter 5 in this thesis.
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3.5.4 hVDAC1 inserts into lipid bilayer via membrane-associated
intermediates
Results of Figure 1A and 1B show a more pronounced fluorescence intensity
changes and blue shift with λmax = 331 nm in hVDAC1 in the presence of lipid bilayer
membranes. Together with these data, the acrylamide quenching experiments clearly
demonstrate that more structural changes took place in hVDAC1 in presence of lipid
bilayers than in aqueous buffer. Also the double-exponential fit for the kinetics of
hVDAC1 folding into lipid bilayers indicated two phases, a fast membrane-associated
intermediate phase and a slow insertion phase. However, pepsin digestion results reveal
that the structures formed in hVDAC1 in 2 min, 20 min and 5 h incubation with lipid
vesicles were different since their level of protection against pepsin were different. The
result hinted about the possible presence of two intermediates, one membrane-adsorbed
(structure in 2 min) and the other a partially membrane-inserted intermediate (structure in
20 min) before actually forming the native membrane-inserted protected state (structure
formed in 5 h). Even though the protection level decreased in the 5 h sample after 1 h,
this decrease was less and still 60 % remained protected even after an extended period of
4 h. The decrease could have occurred due to an extended time period and the protein
remained at 37 °C (the temperature at which pepsin digestion was performed) for the
entire duration which is sufficient to alter the stability and conformation in the protein.
In another experiment, both the slow and fast phase of hVDAC1 kinetics were
found to be independent on the lipid concentration but the fluorescence intensity changes
showed a dependence on the concentration of the lipid used i.e., the intensity increased
on increasing lipid concentration (results of section 3.4.3 and figure 4). This intensity
changes might have occurred due to membrane-adsorption of hVDAC1 after addition of
lipid bilayer membranes. This is because in a closed system, the increase in concentration
of lipid vesicles increases the chances of the protein to meet the membrane quickly and
thus favor membrane-adsorption. Therefore, at higher lipid concentration a greater
number of hVDAC1 must have adsorbed to the membrane resulting in a higher intensity.
This indicates a membrane-adsorbed intermediate state whereas only one intermediate
state (the fast phase in kinetics) is detected in the fluorescence kinetics and that fast

73

Kinetics of folding and insertion of the human VDAC1
intermediate phase has been attributed to a partially membrane-inserted state from the
discussion on previous section 3.5.2. Hence the other speculated membrane-adsorbed
intermediate, which formed early within 2 min and before the partially membraneinserted state, is perhaps not well resolved in the kinetic phases obtained from the present
experimental set-up.
Thus, the pepsin digestion results at different incubation times and the experiment
on hVDAC1 kinetics with varying lipid concentrations hints together to the presence of
two membrane-associated intermediates.

3.5.5 Folding and membrane insertion of hVDAC1 is partially
uncoupled and involves several kinetic phases.
In this study I observed a first step of hVDAC1 folding in aqueous solution,
which is fast and takes place immediately upon urea dilution. This folding intermediate in
aqueous buffer has a large content of β-sheet secondary structure and acquires a
conformation corresponding at large to the folded β-barrel. In the next step after addition
of lipid bilayers, the hVDAC1 inserts and folds into native conformation via a partially
membrane-inserted intermediate and most likely involves a membrane-adsorbed
intermediate prior to the membrane-inserted intermediate stage. Thus three steps should
lead to completely folded hVDAC1 in lipid bilayer membranes. First step is a very fast
folding stage in the aqueous buffer in which the β-barrel start to form. The second step
should be a fast membrane-adsorbed intermediate stage followed by a partially
membrane-inserted intermediate stage and the third slow step is the membrane insertion
in which the rest of the barrel and the α-helix will be completed. A tentative scheme for
the kinetics of folding of hVDAC1 into lipid bilayers is depicted below

where U, A, IM and N stands for Unfolded, Aqueous, Intermediate and Native state of
hVDAC1. Thus folding and insertion takes place in sequential steps in hVDAC1. The
large degree of uncoupling between folding of hVDAC1 into a β-barrel and insertion into
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the lipid bilayer is in contrast to the previous results observed for β-barrel formation of
OmpA. For in OmpA, formation of β-sheet secondary structure and of a compact barrel
form were correlated with the same rate constant and coupled to the insertion of the
protein into the lipid bilayers suggesting that folding and insertion processes are
synchronized (Kleinschmidt and Tamm 1999; Kleinschmidt et al. 1999b; Kleinschmidt
and Tamm 2002a; Kleinschmidt and Tamm 2002b). However in OmpA, the process of
insertion takes place in steps of two intermediates (Surrey and Jähnig 1995; Kleinschmidt
and Tamm 1996) and this is similar to the observation here for hVDAC1 where the
folding pathway is found to involve two membrane-associated intermediates.

3.5.6 Effect of PE and the biological significance
The mitochondrial outer membrane has considerable amount of PE (~31%) and is
expected to facilitate the folding of hVDAC1. Instead hVDAC1 failed to show insertion
into the mixtures of PC/PE bilayers when it could spontaneously insert into pure PC
bilayers. Bilayers containing PE have a strongly dehydrated headgroup region because
the phosphate and amine of the phosphoethanolamine form inter-PE hydrogen bonding
networks and this may be a reason why the insertion of hVDAC1 is retarded in PC/PE
mixtures. The fluid-to-liquid crystalline phase-transition occurs at much higher
temperature than the phase transition of a PC with the same chain composition, and is
also likely to affect insertion kinetics.
The observation that hVDAC1 failed to insert into PC/PE mixtures should have
an in vivo significance. In physiological condition, the role of the Tob55/Sam50 complex
can be appreciated at this point. This complex present in the outer membrane of
mitochondria is known to be involved in the assembly of the β-barrel membrane protein
(Wiedemann et al. 2003) but the exact stage and extent of its role is not clearly
demonstrated. The present study shows that hVDAC1 kinetics in PC/PE mixtures can be
fitted well with a double-exponential function and it involves a partially membraneinserted fast phase and a slow insertion phase although the complete insertion fails.
Hence, I speculate that this partially membrane-inserted state may perhaps be picked up
by the assembly complex (Tob55/Sam50) and released into the outer membrane of
mitochondria, possibly without contributing to any changes in the structure. Since
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observations from the present kinetic study and the previous study (Chapter 2), show that
hVDAC1, once inserted to the membrane, was found to complete barrel formation and
acquire native conformation spontaneously without the requirement of any proteinaceous
machinery. A recent study (Habib et al. 2007) has shown that the N-terminal domain of
Tob55 facing the inter-membrane space (of mitochondria) has a receptor-like function
that recognizes the β-barrel precursor and facilitates its import into the outer membrane.
This β-barrel precursor could be compared with the partially membrane-inserted state
observed here in PC/PE mixtures. The in vivo significance of the PC/PE effect is stated as
speculative because the outer membrane of mitochondria also contains 20 % charged
lipids (~10 % phosphatidyl inositol and 9 % cardiolipin and both are negatively charged)
and their effect has not been investigated in the experiment. In the physiological
condition it is also possible that these lipids enhance folding since the charge is opposite
to that of VDAC when pH is below the pI of VDAC, likely resulting in attraction of
hVDAC1 to the membrane surface.
Alternatively, increase in PE content is found to increase the stability of α-helix
bundle of bacteriorhodopsin (Booth et al. 2001). Hence this stability reason might be a
possible basis for the occurrence of PE content in the mitochondrial outer membrane
composition as the major porin VDAC also includes a single α-helix domain which is
membrane-associated.
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4

Probing the topology of hVDAC1 in lipid bilayer by
site-directed mutagenesis and fluorescence labeling

4.1

Abstract
VDAC is an outer membrane protein of mitochondria (~30 kDa) with diverse

functions and found in the eukaryotic kingdom. To date there is no high resolution
structure available for VDAC. At present there are two models proposed for the structure
of VDAC and both the models show differences in their structural prediction. Therefore
the transmembrane topology of VDAC is yet to be firmly established. Hence here the
topology of hVDAC1 (human VDAC isoform-1) was probed using site-directed
mutagenesis and fluorescence labeling techniques. Preliminary experiments revealed the
position and distance of certain Cys and Trp residues in the lipid bilayer. Fluorescence of
Trp-209 was quenched by lipids carrying vicinal bromines in the sn-2-acyl chain,
suggesting a location of this tryptophan in the hydrophobic core of the lipid bilayer. This
result for human hVDAC1 is in contrast to homology modeling based on the
experimentally derived topology of an 13-stranded β-barrel for N. crassa VDAC
(Colombini 2004) and suggests similarity to the membrane topology implicated by the
theoretically predicted 16-stranded model for VDAC of N. crassa (Casadio et al. 2002)

4.2

Introduction
In contrast to typical membrane proteins that span the lipid bilayer via

transmembrane α-helices, all bacterial outer membrane (OM) proteins with known
structures adopt a β-barrel architecture composed of an even number of antiparallel
transmembrane β-strands (Koebnik et al. 2000; Schulz 2000; Tamm et al. 2001; Wimley
2003). Proteins found in the OM of mitochondria and chloroplasts also adopt similar βbarrel folds (Paschen et al. 2003) and one of the most abundant outer membrane protein
(OMP) of mitochondria found in the eukaryotic kingdom is the Voltage Dependent
Anion-selective Channel, VDAC (Colombini 2004). While DNA sequencing has enabled

77

Probing the topology of hVDAC1
the derivation of the amino acid sequences of VDAC from various sources, structural
information on them is limited. The three-dimensional structures of several bacterial
OMPs have been determined by X-ray crystallography and NMR methods. However, to
date there is no high-resolution structure available for any VDAC or other mitochondrial
outer membrane protein.
Biophysical methods like Circular Dichroism spectroscopy (Guo et al. 1995; Shao
et al. 1996), ATR- FTIR spectroscopy (Abrecht et al. 2000), combined with biochemical
methods, for example using peptide-specific antibodies as probes (De Pinto et al. 1991;
Stanley et al. 1995) and deletion mutant studies on the N and C-terminal domains of this
mitochondrial porin (Popp et al. 1996) have demonstrated the presence of amphipathic βstrands and one single N-terminal α-helix in VDAC. As the above mentioned methods do
not report on the transmembrane (TM) arrangement of the predicted β-strands and the αhelix, other studies were performed to determine the VDAC/Porin transmembrane
topology and structure. Two models have been proposed on the TM folding pattern of
VDAC. The topology of VDAC as probed by biotin modification and streptavidin
binding (Blachly-Dyson et al. 1990; Thomas et al. 1993; Song et al. 1998) pointed to 1
transmembrane α-helix and 13 transmembrane β-strands in VDAC of N. crassa (see for a
review Colombini 2004 and refs. therein). Whereas neural-network based predictor
resulted in a low resolution 3D model of the porin, in which VDAC of N. crassa or
Saccharomyces cerevisiae folds as a β-barrel with 16 β-strands and 1 α-helix at the Nterminus protruding outside or interacting with the membrane surface (Casadio et al.
2002). Unfortunately, both these models show differences in the number of TM β-strands
and location of N-terminal α-helix.
All these studies were performed on N.crassa or yeast or plant VDAC and there is
no study yet to demonstrate the TM arrangement of β-strand or α-helix in human VDAC
(hVDAC), which so far is the most highly evolved and important experimental system.
Hence in the present study an attempt was made to probe the topology of hVDAC
isoform-1 in lipid bilayers using site-directed mutagenesis to prepare mutants useful for
unique fluorescence labeling and for topological analysis by fluorescence spectroscopic
methods.
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hVDAC1 is 30.6 kDa in molecular weight and contains 282 amino acid residues.
The site-directed mutagenesis and fluorescence labeling strategies require insertions or
substitutions of cysteine and/or tryptophan residues at selected positions in the protein,
and subsequent labeling of the cysteine residue with a thiol-specific reagent to either
introduce a fluorophor or a fluorescence quencher for investigations on structure and
folding mechanisms. Local structure of the protein relative to the transmembrane
environment can be obtained by testing the surface accessibility of the labeled
fluorophore, by studying the intramolecular distances by fluorescence resonance energy
transfer (FRET), which can reveal both absolute distances and conformational changes in
proteins and by fluorescence quenching of natural fluorophores present in the protein,
mainly tryptophans (Trp). This combined approach of site-specific mutagenesis and
fluorescence labeling is a powerful technique for probing the structure and functions of
proteins and has been successfully used earlier for membrane proteins like cytochrome
b5 (Markello et al. 1985), colicin A (Lakey et al. 1991), acetylcholine receptor channel
(Akabas et al. 1992) and recently for PapC, an outer membrane protein required for the
assembly and secretion of P pili in uropathogenic E.coli (Henderson et al. 2004).
Colombini et al. extended their model of 13 β-strands and 1 TM α-helix,
experimentally deduced for N.crassa VDAC, to human hVDAC1 by homology modeling
(Colombini 2004). Since this model on N.crassa VDAC was the only model based on
experiments, I designed experiments here to elucidate the validity of the extension of this
model to the actual TM arrangement of the residues in hVDAC1. The figure below shows
the topology of hVDAC1 based on homology modeling with N. crassa VDAC
(Colombini 2004) used for the experimental design in the present study. The residues
shaded in gray represent the selected sites for mutation and are mutated to the
corresponding residues which are given beside them in bold. Double-mutants studied are
indicated by specifically colored arrowheads.
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To investigate the transmembrane topology and folding of hVDAC1 by site
directed tryptophan fluorescence and site-directed tryptophan fluorescence quenching, I
first replaced all native tryptophans in hVDAC1 by phenylalanines, except for Trp-209.
In addition, Cys-126 was replaced by alanine to obtain hVDAC1 mutant W209-C231.
Similarly, other single-Trp or single Trp-single-Cys mutants were prepared (Table 1).
Mutant W209-C231 was prepared to determine the location of the tryptophan and the
proximity between residue 209 and residue 231. Mutant A13C-L276W and A13CL278W were prepared mainly to determine the distance between 13 and 276 or 13 and
278 residues and the table below lists the complete aim of the study using these mutants.
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Table 1: Mutants prepared in this study
The following single-site tryptophan or single-site tryptophan/single-site cysteine
mutants of hVDAC1 were prepared for this study. Texts indicated in bold within the
parenthesis were the short forms of the mutants and would be used throughout the text.
Mutant

Mutations with respect to wt-hVDAC1

W209-C231
(W209C231)

W63F, W74F, W148F, C126A

locate 209, determine
proximity of 209 and 231

A13C-L276W
(W276C13)

W63F, W74F, W148F, W209F,
C126A, C231A, A13C, L276W

Proximity of 13 and 276,
locate 276

A13C-L278W
(W278C13)

W63F, W74F, W148F, W209F,
C126A, C231A, A13C, L278W

Proximity of 13 and 278,
locate 278

4.3

Aim

Materials and methods

4.3.1 Materials
All phospholipids both unlabelled and brominated phospholipids were purchased
from Avanti Polar Lipids (Alabaster, AL). Coomassie Brilliant Blue and Protein
standards were from BIO-RAD (Hercules, CA, USA), 2-mercaptoethanol and glycerol
were from Merck (Darmstadt, Germany), acrylamide, bis-acrylamide and urea were from
Serva (Heidelberg, Germany), MTSL was from Toronto Research Chemicals (TRC,
Canada), IPTG was from Fermentas (St.Leon-Rot, Germany), SDS was from Roth
(Karlsruhe, Germany), Pepsin was from Fluka (Buchs, Switzerland), DEAE and CM
Sepharose columns were from Amersham Biosciences (Sweden) and all other chemicals
were purchased from Sigma.
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4.3.2 Construction and expression of hVDAC1 mutants
The plasmid pTMVDAC1, containing the gene for hVDAC1 in the expression
vector pET22b (+) (refer Chapter 2 section 2.3.2 for details of the plasmid and vector)
was used as the template for construction of mutants at selected specific places. Sitedirected mutagenesis was performed using the Quick-change site directed mutagenesis
kit (Stratagene LA, California) according to the manufacturer’s instructions. The
mutagenesis was carried out in a thermocycler (BIO-RAD) with mutagenic
oligonucleotides (primers) containing mismatches for the desired amino acid
replacements. The oligonucleotides used for site-directed mutagenesis were purchased
from MWG-Biotech AG, Ebersberg, Germany and were listed in Table 2. After
mutagenesis the PCR product was transformed into XL1-Blue supercompetent cells
according to the protocol of the manufacturer, Stratagene. Two to three independent
clones obtained from XL1-Blue transformants were selected and their plasmids were
isolated using the QIA prep Spin Miniprep kit (QIAGEN GmbH, Hilden, Germany). All
mutations were then verified by nucleotide sequencing (GATC Biotech AG, Konstanz,
Germany) of the plasmids. The plasmid harboring the right mutation was then selected
and transformed into E.coli BL21(DE3) cells using the TSS method (Ausubel et al 1999)
for the expression of hVDAC1 mutants.

4.3.3 Purification of hVDAC1 mutants
hVDAC1 mutants were purified using the same procedure described previously
for wild type (wt)-hVDAC1 in Chapter 2, Section 2.3.2. All the mutants expressed and
purified were Single Trp – Single Cys mutants and the details were given in Table 1.
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Table 2: Primers used for site-directed mutagenesis

Amino acids are denoted by their single-letter abbreviations. The number denotes the
position of the amino acid residue in hVDAC1 sequence. Residue to the left of the
number denotes the selected amino acid and the residue to the right represent the amino
acid to which it is mutated. And the nucleotides used for mutation are in bold and
underlined in the primer sequence.
Mutation

Primer sequence

W63F

GGA AAC CAA GTA CAG ATT CAC TGA GTA CGG CCT G

W74F

GAC GTT TAC AGA GAA ATT CAA TAC CGA CAA TAC AC

W148F

CTA GGT TAC GAG GGC TTC CTG GCC GGC TAC CAG ATG

W209F

GTC AAT CTT GCC TTC ACA GCA GGA AAC AG

C126A

GCA CAT TAA CCT GGG GGC TGA CAT GGA TTT CGA C

C231A

GAT TGA CCC TGA CGC TGC CTT CTC GGC TAA AGT G

L276W

GGC CAC AAG CTT GGT TGG GGA CTG GAA TTT C

L278W

GCT TGG TCT AGG ATG GGA ATT TCA AGC

F280W

GTC TAG GAC TGG AAT GGC AAG CAT AAC TCG

A13C

CTT GGC AAA TCT TGT AGG GAT GTC TTC ACC

F40C

GAG AAT GGA TTG GAA TGC ACA AGC TCA GGC TCA G

4.3.4 Cysteine methylation
The reactive SH group of the single cysteine residue was found to act as a natural
quencher of the fluorescence emission of the protein, an effect that can be eliminated by
preparation of the methylthioether derivative. A free sulfhydryl group may also lead to
unwanted dimerization via disulfide bond formation, interfering with folding. Hence the
reactive SH group was protected from participating in any reaction by S-methylation
using methyl 4-nitrobenzene sulfonate (MNB) (Heinrikson 1971; Hunziker 1991).
hVDAC1 mutants were incubated with the reducing agent TCEP for 30 min at RT and
then diluted with 50 mM borate buffer to adjust the pH to ~9-10. The correct pH was
essential for efficient methylation of the reactive SH groups. MNB (10 fold) was then
added to the samples, flushed with nitrogen gas and incubated at 37 °C for 2 h in a sealed
condition. Excess MNB were dialyzed out from the sample and the degree of protection
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was determined using the Ellman’s reagent (detailed procedure is described in section
4.3.6 in this chapter).

4.3.5 Cysteine labeling
The cysteine residues of the purified mutants A13C-L276W and A13C-L278W
were modified with a highly reactive thiol specific label MTSL. Approximately 3-4 mg
of hVDAC1 mutant was diluted in 1ml of 10 mM Tris-HCl, 8 M urea buffered at pH 7.2
and incubated for 30 min at RT with 10 fold molar excess of TCEP solution for complete
reduction of disulphide bond. This step was always done prior to the labeling of the
protein. The reduced protein sample was then mixed with 20 fold molar excess of MTSL
(MTSL stock was prepared in absolute ethanol) and the labeling reaction was allowed to
proceed in the dark at RT for 20-24 h. Excess label was removed by exhaustive dialysis
against 1l of 8 M urea, 10 mM Tris-HCL buffer (pH 7.2) with atleast 5 buffer
replacements. The labeled protein was concentrated using Amicon-Microcon YM-10 kDa
membranes (Millipore GmbH, Schwalbach, Germany) and the final concentration was
determined using the Lowry Assay. The degree of labeling was determined using
Ellman’s reagent described in the following section.

4.3.6 Determination of degree of SH methylation/labeling using
Ellman’s reagent
The content of free thiols (SH groups, which were neither protected nor labeled)
was estimated using Ellman’s reagent, 5, 5’-dithiobis (2-nitrobenzoic acid), DTNB
(Riddles et al. 1983). A 5 fold molar excess of DTNB dissolved in 10 mM Tris-HCl
buffer (pH 7.2) was added to hVDAC1 samples and absorbance at 412 nm was measured
to estimate the free thiol content. The concentration of thiols originally present in the
sample was then evaluated according to the procedure described in ref. Riddles et al
1983. Only protein samples with >95 % labeling were used in the spectroscopic
experiments.
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4.3.7 Preparation of lipid bilayers
Phospholipids were dissolved in chloroform, dried under a stream of nitrogen and
in a dessicator under high vacuum to prepare thin lipid films. Lipid films were hydrated
in citrate buffer (10 mM, pH 3.0, with 2 mM EDTA) and dispersed by vortexing. Large
Unilamellar Vesicles (LUVs) were prepared by seven cycles of freeze-thawing the
hydrated lipids in liquid nitrogen and in a water bath at 35 °C. Lipid dispersions were
then extruded 30 times through 100 nm pore size polycarbonate membranes (Nucleopore,
Whatman, Clifton, NJ) using a mini-extruder (Avanti, Alabaster, AL). For measurements
involving x,y-diBrPC, vesicle samples consisting of diC12:0PC and diBrPC with
30 mol % of each of different dibromo lipids were codissolved in chloroform and
proceeded with the next steps to prepare LUVs. Similarly diC12:0PC with 30 mol % of
diC18:0PC were co-dissolved to prepare lipid films. Freshly prepared LUVs were used for
all experiments.

4.3.8 Fluorescence spectroscopy
Fluorescence spectra of hVDAC1 mutants were recorded at 25°C on a Spex
Fluorolog-3-22 fluorometer. The hVDAC1 concentration was 4.4 M in all experiments.
Background spectra were measured before and subtracted for every spectra. The
excitation wavelength was 295 nm. The bandwidths of the excitation and emission
monochromators were 2 nm 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 305–400 nm. Three scans
were averaged for each spectrum.

4.3.9 Folding of hVDAC1 into lipid bilayers, CD spectroscopy, Proteolysis and
Sucrose density gradient centrifugation were performed according to procedures
described previously in Chapter 2 Section 2.3.3, 2.3.4, 2.3.5 and 2.3.8 respectively.
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4.4

Results

4.4.1 Single Trp - Cys mutants of hVDAC1 refold into its native form
in lipid bilayers
Folding of denatured hVDAC1 mutant, W209C231 or W276C13 or W278C13
was initiated by urea dilution in presence of diC12:0PC lipid bilayers and CD spectra were
recorded (Figure 1A). CD spectra of all the hVDAC1 mutants in diC12:0PC bilayers were
very similar to the spectra of wt-hVDAC1 and indicated predominantly β-sheet
secondary structure. Deconvolution analysis of the CD spectra of hVDAC1 mutants also
indicated β-sheet (~ 36 %) secondary structural content similar to that of wt-hVDAC1
(Table 3). However the α-helix content of the mutants varied from the wt-hVDAC1 and
the possible reason is discussed in section 4.5.
In another experiment, folding of W209C231 mutant was initiated in
diC12:0PC/diC18:0PC vesicle mixture and the CD spectrum was measured. The CD
spectrum of the mutant in the lipid vesicle mixture indicated β-sheet secondary structure
(Figure 1B) and was similar to those that obtained in pure diC12:0PC bilayers. This
experiment was needed to confirm that hVDAC1 mutants could natively fold into
diC12:0PC/x,y diBrPC since the diBrPCs used here in the study for fluorescence
measurements were synthesized from distearoyl phosphatidylcholine (diC18:0PC).
However the deconvolution analysis of the CD spectrum in diC12:0PC/diC18:0PC was not
very accurate, because of increased light scattering and decreased signal/noise ratios at λ
< 210 nm. Pepsin digestion experiments on all mutants showed pepsin protection for at
least 2-4 h and indicated the hVDAC1 mutants’ insertion into lipid bilayers (Figure 1C).
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Figure 1 A) Circular Dichroism spectra of W209C231 (−⋅⋅ −⋅⋅−⋅⋅), W276C13 (⋅⋅⋅⋅⋅⋅⋅⋅⋅), W278C13 (--------)
and wt-VDAC ( ) incubated at 25 °C in diC12:0PC bilayers. All spectra show similar line shape typical to βsheet secondary structure. B) CD spectra of W209C231 incubated at 25 °C in diC12:0PC/diC18:0PC bilayer
mixtures. C) SDS PAGE gel shows pepsin protection of W209C231 (Panel 1), W276C13 (Panel 2) and
W278C13 (Panel 3). Lane 1 in all the panels corresponds to protein standards (kDa). Lane 2 in Panel 3
denotes the mutant hVDAC1 without pepsin treatment. Other lanes from left to right (in all the panels)
represent the time points 5, 30, 60, 120 and 240 min after pepsin addition.
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Table 3: Analysis of the CD spectra of hVDAC1
Sample

Algorithm

α-helix
(%)

β-strand
(%)

β-Turns
(%)

Random Coil NRMSD
(%)

W209C231
(LDAO)

SELCON3
CONTIN
CDSSTR
Average

19.3
17.9
15.1
17.4

29.3
30.5
33.7
31.1

24.3
25.6
22
23.9

28.1
26.1
29
27.7

0.185
0.071
0.037

W209C231
(diC12:0PC)

SELCON3
CONTIN
CDSSTR
Average

12.7
12.5
12.7
12.6

33.7
38.5
33
35.1

23.9
22.3
24
23.4

28.2
26.7
31
28.6

0.227
0.078
0.046

W276C13
(diC12:0PC)

SELCON3
CONTIN
CDSSTR
Average

13.4
13.7
13.7
13.6

35.8
37.2
37
36.7

24.6
22.9
25
24.1

25.6
26.1
30
27.2

0.237
0.115
0.097

W278C13
(diC12:0PC)

SELCON3
CONTIN
CDSSTR
Average

17.8
16.3
14.7
16.2

34
39
34
35.7

21.7
21.9
23
22.2

26.2
22.7
28
25.6

0.155
0.096
0.046

4.4.2 Sucrose density gradient centrifugation
To analyze homogeneity and folding yields of mutant hVDAC1 (W209C231) in
bilayers of diC12:0PC, sucrose density gradient centrifugation was performed. A broad
single layer was obtained. This layer contained the folded mutant hVDAC1 (Figure 2) as
analyzed by CD spectra. For comparison, the spectrum of the mutant folded in diC12:0PC
bilayers and taken before sucrose gradient was shown in the figure. ~98 % of mutant
hVDAC1 was folded, since 0.45 mg of the protein was found in the layer compared to
0.46 mg of the protein loaded before gradient separation. Concentrations of the protein
before and after gradient centrifugation were determined using the assay by Lowry et al.
As all the mutants depict similar refolding pattern it was assumed that the homogeneity
of the yield should also be similar for all the mutants.

88

Probing the topology of hVDAC1

Figure 2 Circular Dichroism spectra of W209C231 incubated at 25 °C in diC12:0PC bilayers and measured
before ( ) and after (⋅⋅⋅⋅⋅⋅⋅⋅⋅) sucrose density gradient centrifugation. Both the spectra line shape
representative of β-sheet secondary structure.

4.4.3 Acrylamide Quenching experiments
To probe Trp accessibility (W209 in W209C231 mutant) in the aqueous phase, I
performed quenching experiments with acrylamide as a soluble quencher Figure 3 shows
the Stern – Volmer plots of unfolded W209C231 mutant in urea, after urea dilution in
aqueous buffer and after incubation with diC12:0PC vesicles at 25 ºC for 5 h. The
strongest quenching of Trp fluorescence was observed for unfolded hVDAC1 in urea.
After urea dilution in aqueous buffer, the Trp in W209C231 mutant was less accessible to
the aqueous quencher indicating that Trp was present in a less polar environment. The
quenching efficiency of acrylamide was further reduced after the mutant hVDAC1 was
incubated with lipid bilayers, indicating membrane insertion of W209. Stern-Volmer
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constants of 9.6 M–1 (unfolded), 1.4 M–1 (in aqueous buffer) and 0.77 M–1 (in lipid
bilayers) were calculated from the slopes of the linear fits.

Figure 3 Stern-Volmer plots of W209-C231 Trp fluorescence quenching by acrylamide in 8 M Urea (),
in aqueous buffer () and in diC12:0PC bilayers (). F and F0 are the fluorescence intensities in the
presence and in the absence of acrylamide, respectively. F has been corrected for the inner filter effect for
absorption, Fcorr = F meas × 101/2 (0.55[acrylamide]). The inner filter effect at the emission wavelength was
negligible. The derived Stern-Volmer constants are given in the text.

4.4.4 Characterization of W209 position in lipid bilayers
To determine the position of W209 in lipid bilayers, fluorescence quenching
experiments were performed using three lipids which were brominated either at carbons 6
and 7, at carbons 9 and 10, or at carbons 11 and 12 along the sn-2-stearoyl chain of 1palmitoyl-2-(x,y-dibromo)-stearoyl-phosphatidylcholine, x,y-DiBrPC, with x and y
indicating the locations of the bromines. These brominated lipids act as quenchers at
different depths in the lipid bilayer. The average positions of the bromine atoms were
previously determined by X-ray diffraction to 11.0 Å (6,7-DiBrPC), 8.3 Å (9,10-DiBrPC)
and 6.5 Å (11,12-DiBrPC), respectively, from the center of the lipid bilayer (McIntosh
and Holloway1987).
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Fluorescence at 330 nm was measured for the W209C231 hVDAC1 mutant, which
was incubated either in diC12:0PC, in 7:3 mixtures of diC12:0PC and diC18:0PC, or in 7:3
mixtures of diC12:0PC and x,y-diBrPC for overnight at 25 °C (Figure 4A). Among the
fluorescence spectra of hVDAC1 in these membranes, the Trp fluorescence emission of
hVDAC1 was lowest in membranes of 11,12-diBrPC/diC12:0PC which indicated
quenching of the fluorescence intensity and correspondingly the close proximity of the
Trp to 11,12-diBrPC/diC12:0PC. The relative fluorescence was obtained by dividing the
fluorescence intensity of the mutant measured in a x,y-diBrPC/diC12:0PC membrane over
the fluorescence of the mutant measured in pure diC12:0PC vesicles. For comparison, the
relative fluorescence emissions were plotted as bar graphs in Figure 4B. When the
relative fluorescence of W209C231 mutant in diC12:0PC/x,y-diBrPC lipid bilayers were
compared with pure diC12:0PC or diC12:0PC/ diC18:0PC mixtures , it was found to be lower
in 11,12-diBrPC/diC12:0PC lipid bilayers. This indicated maximum quenching in 11,12diBrPC. Further, an almost equivalent effect was observed in bilayers containing 6,7diBrPC.

(The above is figure 4A, and its continuation is given on the next page).
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Figure 4 A) The fluorescence spectra of 4.4 M of W209C231 mutant in 8 M urea ( ), aqueous buffer pH
3 (−⋅⋅−⋅⋅), diC12:0PC bilayers ( ), 7:3 diC12:0PC/diC18:0PC mixture (⋅⋅⋅⋅⋅⋅⋅⋅), diC12:0PC/6,7-diBrPC (blue ),
diC12:0PC/9,10-diBrPC (green ) and in diC12:0PC/ 11,12-diBrPC (pink ) measured at 25 °C. B) Relative
Fluorescence of W209C231 mutant incubated at different conditions are shown. F is the fluorescence
intensity at 330 nm measured for the mutant in 8 M urea, buffer (pH 3), diC12:0PC bilayers, diC12:0PC/
diC18:0PC (12/18-PC) mixtures and in diC12:0PC/x,y-diBrPC mixtures (represented as diBrPC in the figure)
and Fdl is the fluorescence intensity of the mutant at 330 nm in diC12:0PC bilayers. The numbers 6-7, 9-10,
11-12 represent the position of bromination in diBrPC.

4.4.5 Fluorescence Quenching studies on C13 labeled mutants
The Cys residues in W276C13 and W278C13 mutants were labeled with MTSL
and folded in diC12:0PC to measure the distance dependent quenching of the Trp
fluorescence. Fluorescence spectra of labeled and non-labeled (Cys - methylated but not
labeled with MTSL) W276C13 (Figure 5A) and W278C13 (Figure 5B) mutants were
shown. For a better understanding of the spectra, the relative fluorescence for the labeled
and non-labeled mutants were shown in Figure 5C as bar graphs. The relative
fluorescence was obtained by dividing the fluorescence of the mutants in diC12:0PC
bilayers over the fluorescence of the mutants in 8 M urea. The result showed that there
was no difference between the Trp fluorescence emission between the labeled and nonlabeled form of the mutants and indicated that there was no quenching of the Trp
emission by the MTSL label in either W276C13 mutant or W278C13 mutant.
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Figure 5 A) Fluorescence spectra of W276C13 and B) Fluorescence spectra of W278C13 are shown. In
the panels A and B, the spectra of the labeled mutant are shown in red color whereas the non-labeled
mutant spectra are shown in black. The line symbols in black in both the panels A and B represent the
spectra of the non-labeled mutant in 8 M urea (− − −), in buffer (⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅) and in diC12:0PC bilayers ( ) and
the same line symbols in red color are used for the spectra of labeled mutant in urea, buffer and in
diC12:0PC bilayers. C) Relative Fluorescence of MTSL labeled and non-labeled W276C13 or W278C13
mutants are compared. F is the fluorescence intensity at 330 nm measured for the labeled and non-labeled
mutants in diC12:0PC bilayers at 25 °C and Fd is the fluorescence intensity of the labeled and non-labeled
mutants in 8 M urea (denatured) at 330 nm. Solid and dotted bars represent the non-labeled and labeled
mutants respectively.
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4.5

Discussion
Results of CD spectra of hVDAC1 mutants in diC12:0PC bilayers show that the

mutants are refolded to their native β-sheet secondary structure similar to wt-hVDAC1.
The analysis of the CD spectra (Table 3) also reveals ~36 % β-sheet in hVDAC1 mutants
in lipid bilayers and the content is identical to the percentage of β-sheet obtained for wthVDAC1 in bilayers. However a slight in increase in α-helical content (~2-4 %) in lipid
bilayers were observed in all the mutants when compared to wt-hVDAC1. The 2%
difference in the mutant is even less than the 5% difference observed between detergent
refolded and lipid refolded wt-hVDAC1. Further the difference was observed only for the

α-helical content, while the β-sheet content of 36 % remained unaltered in all the
mutants when compared to the wt-hVDAC1. The problem with the quantitative analysis
of the CD spectra, very likely arises from the noise below 205 nm which perhaps be the
reason for the slight increase in α-helical content. Nevertheless the amplitude of the CD
spectra between 210 and 225 nm was similar for hVDAC1 mutants and wt-hVDAC1
refolded into lipid bilayers, but smaller than the amplitude of CD-spectra of wt-hVDAC1
in LDAO (see chapter 2, Figure 1A) with no change in the β-sheet content. Hence it is
concluded that the mutants refold similar to the wt-hVDAC1 but requires a well resolved
CD spectra below 200 nm for accurate analysis of α-helical content.
The acrylamide quenching experiment on W209C231 mutant and the derived
Stern-Volmer constants (KSV) reveal that in the mutant, the Trp residue (W-209) was less
accessible to acrylamide quenching already in aqueous solution (KSV =1.4 M–1) and even
less accessible in membranes (KSV =0.77 M–1). This clearly shows that the W-209 is
membrane inserted and not exposed outside for soluble quencher. The outcome of the
study is in contrast to the proposed model (13 β-strands, 1 TM α-helix model by
(Colombini 2004)) which shows that the W-209 is located out in the loop. The result
obtained from the present study would also suggest an increase of at least 1 TM β-strand
in the existing model (Colombini 2004). Interestingly, the result is in agreement with the
other model predicted from neural network procedure with 16 β-strands (Casadio et al.
2002) in which the W-209 is predicted to be membrane inserted. To my knowledge my
present study is the first experimental proof for a membrane location of W-209 in
hVDAC1.
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As a next logical step, experiments on W209C231 mutant were performed to
locate W-209 within the lipid bilayer by using diC12:0PC / x,y-diBrPC. My results (Figure
4) indicated that W209 fluorescence quenching was strongest in presence of 11,12diBrPC. Therefore, W-209 should be located close to 11,12-diBrPCs and thereby ~6.5 Å
away from the centre of the lipid bilayer. Since there is only a little difference between
the result of 6,7-diBrPC and 11,12-diBrPC, the W209 can be closer to 6,7-diBrPC and
the position can also be 11 Å in distance from the centre of the bilayer. It may well be
that the Trp side-chain could be in two different orientations within the bilayer.
However, the confirmation that W-209 of hVDAC1 is membrane located
advances the information on membrane topology/structural aspect of hVDAC1 and
indicate us that the model on N.crassa cannot be fitted and extended to human VDAC
though the functional aspect of VDACs are highly conserved. In another study, on
cloning and functional expression of human VDAC isoforms 1 and 2 in yeast (BlachlyDyson et al. 1993), it was proposed that the model developed for yeast VDAC may not
apply to the human counterparts and this possibility is observed here in the present study
too.
The fluorescence quenching experiments on W276C13 and W278C13 mutants
showed that the nitroxyl label on the Cys residue 13 (C-13) does not quench the Trp
fluorescence (W-276 and W-278) (Figure 5). This indicates that the nitroxyl quencher is
not in close proximity to Trp residues 276 or 278. Hence it is clear that the Cys residue is
located at least 15-20 Å away from the last β-strand which contains W276 and W278. To
measure the exact distance by FRET, usage of long distance donor / acceptor fluorophore
pair is needed, for example Trp and dansyl label or its derivatives. This will be performed
as an extension of the present study in the near future. The results of Figure 5 also
showed that the intensity of the folded W278C13 was lower than the intensity of the
folded W276C13 whereas the intensities of the unfolded forms (denatured in 8 M urea)
were similar for the mutants. This suggests that W276 might be located deeper in the
membrane than W278. It could also be that the fluorescence emission of W278 is
quenched by polar residues located near in the same or in the neighboring strand.
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Further studies are also planned to first label the Cys in C13 mutants with a
fluorophore 6-bromoacetyl-2-dimethylamino naphthalene (BADAN) and next to try
folding in diC12:0PC/ NBD labeled phosphatidylcholine(1-myristoyl-2-[6-[(7-nitro-2-1,3benzoxadiazol-4-y)amino]caproyl]-sn-glycero-3-phosphatidylcholine) lipid mixtures so
as to find information on its location (transmembrane or outside the membrane) utilizing
the principle of FRET. The present study has revealed new information on the position
and distance of certain residues in hVDAC1 in lipid bilayers. It is the first experimental
step in solving the complete transmembrane topology of hVDAC1 in lipid bilayer
membranes. The mutants prepared in this work will be instrumental to obtain more
information on folding intermediates, for example in kinetic experiments.
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5

Membrane elastic fluctuations and the insertion
and tilt of β -barrel proteins

5.1

Abstract
Folding of porin-like β-barrel outer membrane proteins can be achieved in the

presence of phospholipid vesicles, and takes place concurrently with incorporation into
the membrane. The pronounced dependence found for the insertion of the protein OmpA
on membrane thickness (Kleinschmidt and Tamm 2002a) is analysed in terms of the
effects of out-of-plane elastic fluctuations on the area dilation modulus (Evans and
Rawicz 1990). For unstrained large unilamellar vesicles, the elastic free energy for
membrane insertion is predicted to depend on the fourth power of the membrane
thickness. The influence of thermally induced bending fluctuations on the effective tilt of
the OmpA β-barrel in disaturated phosphatidylcholine membranes of different
thicknesses (Ramakrishnan et al. 2005) is also considered. A contribution to the
orientational order parameter that scales as the inverse second power of the membrane
thickness is predicted.

5.2

Introduction
The insertion of proteins into membranes is fundamental not only to membrane

biogenesis and traffic, but also to virus and toxin entry into cells. In refolding
experiments with the major outer membrane protein from Escherichia coli (OmpA),
spontaneous insertion of the porin-like β-barrel domain into lipid bilayers has been
demonstrated on dilution of the urea-denatured protein into aqueous lipid suspensions
(Surrey and Jähnig 1991; Surrey and Jähnig 1992; Surrey and Jähnig 1995). The original
experiments were carried out with small unilamellar phospholipid vesicles that are
produced by sonication (i.e., SUVs). These extremely curved vesicles are highly strained,
but were found necessary to achieve spontaneous membrane insertion (see also
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(Kleinschmidt and Tamm 1996; Kleinschmidt et al. 1999a)). Subsequently, it was shown
that the spontaneous insertion of OmpA into unstrained, large unilamellar vesicles
(LUVs) depends sensitively on the membrane thickness (Kleinschmidt and Tamm, 2002).
OmpA was found to fold and insert into LUVs of disaturated phosphatidylcholines with
chainlengths of 12 C-atoms or less, but not into LUVs of dimyristoyl or dioleoyl
phosphatidylcholine (diC14:0PC and diC18:1PC, respectively). Correspondingly, it is found
in aligned membranes that the effective tilt of the OmpA barrel increases strongly for
lipid chainlengths shorter than that of diC14:0PC (Ramakrishnan et al., 2005).
Here, we explore the possible role of thermally driven membrane bending
fluctuations (see Figure 1) in the protein insertion process and in the time-averaged
effective tilting of the protein in the membrane.

Figure 1 Thermal elastic fluctuations of a lipid membrane. The amplitude of the local deviation from the
flat membrane is u(r) and the wavevector of one of the independent constituent harmonic modes is q. The
local director tilt is θ, which is equal to the angle that the local membrane plane makes with the horizontal.

The effect of the out-of-plane membrane fluctuations is to reduce the elastic
modulus, KA, for the change in membrane area of unstrained membranes, because these
area changes can be absorbed by changes in amplitude of the thermal fluctuations (Evans
and Rawicz, 1990). This favours therefore the insertion of transmembrane proteins by
reducing any elastic penalty involved in membrane compression. Because the bending
fluctuations depend on the membrane flexibility, it is expected that these will be
enhanced for thinner membranes which are characterised by reduced values of the
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bending modulus, kc (Evans and Skalak 1980; Cevc and Marsh 1987). This, thus forms a
possible basis for the dependence of the protein insertion and effective tilt on lipid
chainlength. Comparison of these predictions is made with the results of experimental
incorporation studies performed to augment those of Kleinschmidt and Tamm
(Kleinschmidt and Tamm 2002a) and with the infrared dichroism studies of barrel tilt that
are reported in Ramakrishnan et al (Ramakrishnan et al. 2005).

5.3

Results and Discussion

5.3.1 Elastic cost of membrane insertion
Because unstressed membranes are tension-free in their natural state (Evans and
Waugh 1977), lateral pressure or membrane tension contributes to the energetics for
insertion of amphiphilic molecules into the membrane only in second order, via elastic
compression of the lipids (see, e.g.,(Marsh 1996b)). If the protein causes a compression
of the lipid area by an amount A, on insertion in the bilayer, its chemical potential at
mole fraction Xb in the membrane is given by (Marsh 1996b):
~
µ b = µ bo + k B T ln( X b ) + K A (∆A) 2 / AP

(1)

~
where K A is the area dilation modulus allowing for thermal fluctuations, AP is the

membrane area per protein molecule, and other symbols have their usual meaning. The
chemical potential of the protein in water is given simply by:

µ w = µ wo + k B T ln( X w )

(2)

At equilibrium partitioning, these two chemical potentials are equal. The mole-fraction
partition coefficient for protein insertion into the membrane, KP = Xb/Xw, is therefore
given by:

~
 − K A (∆A) 2

K P = K o exp
 k B TAP






(3)

where Ko is the notional value of KP in the absence of compression of the lipids. Insertion
of the protein into the membrane is therefore expected to decrease exponentially with
~
increasing values of the renormalised area expansion modulus, K A .
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5.3.2 Renormalised membrane expansion modulus
The effect of membrane fluctuations is to renormalize the area expansion
modulus, KA, to an extent that depends sensitively on the bending modulus, kc (Evans and
Rawicz 1990). In the plane-wave approximation, for a tension-free membrane, the
renormalised elastic modulus is (Marsh, 1997):

~
KA =

8π 3 k c2
KA
≈
K A k B TA
k B TA
1+
3 2
8π k c

(4)

where A is the total membrane area of the vesicle. The second equality holds for
KAkBTA/8π³kc² >> 1, i.e., when A >> 104 nm², which is at the limit for LUVs of 100 nm
diameter. The curvature modulus scales as kc ∼ (1/4)KAd2, where d is the thickness of the
hydrophobic region of the bilayer (Evans and Skalak 1980; Cevc and Marsh 1987). (The
exact numerical prefactor depends on the distribution of lateral pressure across the bilayer
(Helfrich 1974; Rawicz et al. 2000).) Therefore, from Eq. 4, the renormalized expansion
modulus scales as the fourth power of the membrane thickness:

π 3 K A2 4 π 3 K A2 (∆d ) 4
~
KA ≈
d ≈
( N c − 1) 4
2k B TA
2k B TA

(5)

where d is the increment in membrane thickness per lipid CH2 group, and NC is the
number C-atoms in the lipid chains. This extremely steep dependence on the lipid
chainlength therefore could possibly account for the high sensitivity of spontaneous
insertion of OmpA to membrane thickness. Note that, for realistic membrane tensions,
Eqs. 4 and 5 are insensitive to the precise value of the short-wavelength cutoff for the
elastic fluctuations (Marsh 1997b).

5.3.3 Chainlength dependence for spontaneous membrane insertion of
OmpA
Combining Eqs. 3 and 5, the contribution of bending fluctuations to the
chainlength dependence of the partition coefficient is given by:

100

Membrane elastic fluctuations and the insertion and tilt of β-barrel proteins
2
2

3
4  K A   ∆A   X P

 
 
K P ≈ K o exp − π (∆d ) 

k B T   a L   n L





(N C − 1)4 




(6)

where nL is the number of lipids in a vesicle monolayer, and aL is the membrane surface
area per lipid molecule, i.e., A = nLaL and AP ≈ aL/(2XP), for XP<<1. The partition
coefficient therefore depends both on the vesicle size (via nL or A), and on the final mole
fraction of protein in the membrane, XP. Typical values for the other quantities are: aL ≈
0.6 nm2, d ≈ 0.2 nm/CH2, and KA ≈ 140 mN.m-1 (Marsh 1990). These values correspond
to a curvature modulus of kc ∼ 2×10-19 J for diC14:0PC, which is in reasonable agreement
with experiment (Meleard et al. 1997).
We have performed refolding experiments for OmpA with 100 nm extruded
vesicles of short-chain phosphatidylcholines at different protein/lipid ratios. Results for a
lipid/protein ratio of 100:1 mol/mol are shown in Fig. 2. Quantitative insertion of OmpA
into diC10:0PC, diC11:0PC, and diC12:0PC vesicles is achieved at this lipid/protein ratio.
Similar results were obtained at a lipid/protein ratio of 200:1, except that the kinetics of
incorporation are faster in each case. In contrast, no insertion or folding of OmpA into
diC14:0PC vesicles was observed at the higher lipid/protein ratio of 400:1 mol/mol, which
would be expected to favour incorporation.
The maximum value for the condensation, A, of the lipid membrane area is given
by the cross-sectional area of OmpA, if tilting of the barrel is ignored. From the crystal
structure of OmpA, the diameter of the cylindrical β-barrel is 2.6 nm (Pautsch and Schulz
1998). Using this, together with the above values, it is predicted from Eq. 6 that the
OmpA partition coefficient for diC10:0PC bilayers (at XP = 1/100) is reduced by a factor
of 2×10-9 on increasing the lipid chainlength to NC = 14. Correspondingly, the prediction
for diC12:0PC bilayers (at XP = 1/100) is a reduction in partition coefficient by a factor of
3×10-6 for a lipid chainlength of NC = 14. These estimates ignore any possible change in
Ko (or equivalently in the standard chemical potential, µ bo ), which might arise from
hydrophobic matching or other influences on the energetics and stability of the inserted
protein. Nevertheless, both estimates - which are made for protein/lipid ratios at which
insertion is quantitative for the lipid of shorter chainlength – are of such a size as to
suggest that reduction in the membrane flexibility (and correspondingly in thermal
fluctuations) could well be the reason why OmpA is unable to insert spontaneously into
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LUVs of diC14:0PC or lipids of longer chainlength, even above the chain-melting
transition temperature (Kleinschmidt and Tamm 2002a). At the very least, it might be
expected that bending fluctuations make a significant contribution to the spontaneous
insertion of β-barrel proteins into thin and flexible bilayers as originally suggested in
Kleinschmidt and Tamm (Kleinschmidt and Tamm 2002a).

Figure 2 OmpA folding into large unilamellar vesicles composed of phosphatidylcholines with different
chainlengths: C10, C11 and C12, at a lipid/protein ratio of 100:1 mol/mol; and C14 at a lipid/protein ratio of
400:1 mol/mol. Left panel: polyacrylamide gel electrophoresis in sodium dodecyl sulphate of samples taken
at time t after dilution of urea-unfolded OmpA (17 M final concentration) into diCNPC lipids, at 20oC for N =
10-12 and 30°C for N = 14. Right panel: fractions of folded OmpA obtained by densitometry of the gels in
the left panel. For further details of experimental methods see Kleinschmidt and Tamm (2002).

5.3.4 Bending fluctuations and protein tilt
To the extent that the bending fluctuations are not suppressed by the inserted
protein, they should give rise to a time-averaged net tilt of the protein, relative to an
orienting substrate, for aligned multilamellar samples. The origin of such a tilt is the
distribution of local director (i.e., bilayer normal) axes that is depicted schematically in
Fig. 1. As such, this type of tilt would not be registered in conventional order parameter
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measurements on non-aligned samples by magnetic resonance spectroscopy, because
these tend to reflect only the time-dependent fluctuations about the local director (cf.,
e.g., (Strandberg et al. 2004)). The lipid chainlength dependence of the OmpA tilt that is
determined from polarised infrared spectroscopy of aligned samples mirrors very closely
that of the spontaneous protein insertion that is described above (Ramakrishnan et al.
2005). The tilt of the OmpA β-barrel decreases steeply on increasing the lipid chainlength
from diC13:0PC to diC14:0PC and then increases much more gradually with increasing
chainlength. It is therefore worthwhile to enquire to what extent the lipid chainlength
dependence of the effective tilt of membrane-inserted OmpA may be influenced by
bending fluctuations in phosphatidylcholine bilayers.
Here, we present a very simplified treatment which is intended merely to establish
how the local director tilt is expected to scale with lipid chainlength. From Fig. 1, it is
seen that the director tilt angle,θ is related to the transverse displacement amplitude, u(r),
of the fluctuating membrane and the associated wavevector, q, of the fluctuating mode.
For small angular amplitudes: sin θ q ≈ 2uqmax q / π , and the power spectrum of the meansquare displacement amplitudes is given by the equipartition theorem (Helfrich 1978;
Cevc and Marsh 1987):

u q2 =

k BT
Ak c q 4

(7)

An approximate scaling relation for the mean angular fluctuation is therefore:

sin 2 θ q ≈

8k B T
π Ak c q 2

(8)

2

Summation over all modes is performed by the usual integration over q-space (Helfrich
and Servuss 1984):

∑... →
q

qmax

A
(2π )

2

∫ ...πd ( q 2 )

(9)

qmin

where the cut off wavevectors are given by qmax ≈ π/√aL and qmin ≈ π/√A. The
approximate result for the order parameter associated with the director fluctuations is
then:

P2 (cos θ ) =

1
2

(3 cos

2

)

θ −1 ≈ 1−
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3
π kc aL
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This analysis therefore predicts contributions to the orientational order parameter that
scale as 1/kc, i.e., as the inverse second power of the membrane thickness. In the case of
multilayer stacks, A is no longer determined by the vesicle size. The cutoff wave vector
is then limited by the transverse excursions of the undulations: qmin ¼ π/ξ//. The
correlation length is then given by ξ// ~ √(kc/kBT).d, where d is the interlayer spacing
(Servuss and Helfrich 1989; Roux et al. 1992; Lei and Lei 1998) . Note that the precise
choice of values for the cutoff wave vectors does not change the functional dependence
on lipid chain length.
Figure 3 shows the chainlength dependence of the order parameters of the βbarrel domain of OmpA in aligned membranes of diCN:0PC lipids. The steep increase in
order parameter between diC13:0PC and diC14:0PC is clearly evident. The solid line in the
figure represents a non-linear least-squares fit of a function: P2 ∼ 1 – B/(NC-1)2, which has
the chainlength dependence that is predicted by Eq. 10 for the director fluctuations.
Clearly there are contributions other than fluctuations of the lipid director to the tilt of
OmpA in phosphatidylcholine membranes, for instance from hydrophobic mismatch to
which

originally

we

attributed

the

chain-length

dependence

in

disaturated

phosphatidylcholines (Ramakrishnan et al. 2005).

Figure 3 Dependence of the order parameters <P2(cosα)> of the β-barrel domain of OmpA on the
chainlength, NC, of the disaturated phosphatidylcholine fluid-phase membrane in which OmpA is
incorporated (data from Ramakrishnan et al 2005). The solid line represents a non-linear least-squares fit
(χ2 = 0.003) of a chainlength dependence with the form given by Eq. 10. The vertical dashed line
corresponds to the lipid chainlength that gives approximate hydrophobic matching with OmpA. The
continuous dotted line is a non-linear least-squares fit (χ2 = 0.023) for simple geometric hydrophobic
matching, which yields P2(cosα) = 1 for Nc = 18.

104

Membrane elastic fluctuations and the insertion and tilt of β-barrel proteins
Nonetheless, the phenomenological fit given in Figure 3 suggests that bending
fluctuations of the membrane could make significant contributions to the steep increase in
tilt of the protein that is found for lipid chainlengths lying in the region of those expected
to give hydrophobic matching with OmpA (cf. (Ramakrishnan et al. 2005). For
comparison, simple geometric hydrophobic matching predicts that the tilt of OmpA
relative to the bilayer normal is given by:
cos θ = d/dp (NC – 1),

(11)

where dp is the hydrophobic thickness of OmpA. For membranes of thickness less than
dp, the order parameter would therefore increase with the square of the lipid chain length.
A nonlinear least-squares fit of a function with the form P2 ~ B’(NC - 1)2 - 1/2, is included
as an illustration in Figure 3. This yields P2 = 1 for NC ≅ 18, which rather exceeds the
hydrophobic thickness of OmpA. Hydrophobic matching most probably makes
significant contributions to the tilt of β-barrel proteins, but is unlikely to make the
dominant contributions to the chain-length dependence of the tilt in disaturated
phosphatidylcholines.

5.3.5 Effects of intrinsic lipid curvature
In this final section, we consider the possible influence of intrinsic lipid curvature,
because this depends on lipid chain length and also manifests its energetic effects via the
bending modulus, kc. At those parts of the intramembranous surface where the central
region between the two aromatic belts is not filled up by bulky hydrophobic side chains,
OmpA presents an approximately hourglass-shaped transmembrane profile to the lipid
chains (see Fig. 4 and (Hong and Tamm 2004)). Membrane insertion of OmpA, if
affected by lipid curvature, would therefore be favored by lipids with negative intrinsic
curvature, which tend to form inverted lyotropic phases. Such a mechanism could not
explain the chain-length dependence for spontaneous insertion of OmpA into LUVs of
disaturated phosphatidylcholines because decreasing chain length reduces negative
intrinsic curvature (Seddon et al. 1983) or favors positive intrinsic curvature
(Kleinschmidt and Tamm 2002b). Note also that OmpA is unable to insert spontaneously
into LUVs of diC18:1PC, which has a membrane thickness similar to that of diC14:0PC
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(Nagle and Tristram-Nagle 2000), but a larger lipid cross-sectional area that is expected
to produce a more pronounced negative intrinsic curvature (Marsh 1996a).

Figure 4 Van der Waals surfaces of OmpA: (a and b) NMR olution structure (PDB 1G90 (Arora et al.
2001)); (c and d) X-ray crystal structure (PDB 1BXW (Pautsch and Schulz 1998)). Surfaces a and b, c and
d, represent orthogonal views from within the membrane plane. Horizontal lines indicate the approximate
location of the polar-apolar interface.

Although unable to explain the direction of the chainlength dependence for OmpA
insertion, it is instructive to consider the energetic consequences that intrinsic lipid
curvature might have on protein insertion. The contribution of local elastic curvature free
energy to the chemical potential of the protein in the membrane (i.e., to Eq. 1) is given by
(see, e.g., (Cevc and Marsh 1987)):

b

curv

= 1/2 nb aL kc (c - co)2

(12)

where nb is the number of lipids at the intramembranous perimeter of the protein, c is the
effective local membrane curvature of these lipids, and co is their spontaneous or intrinsic
curvature. The latter can be expressed in terms of the dimensions of the (fluid) lipid
molecules by (Marsh 1996a):
co = 1/Ro = 2/l (1-V/Al),

(13)
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where V is the total volume and l the total length of the lipid molecule, and A is the
molecular area at the lipid-water interface. The packing parameter (V/Al) in Eq. 13 is
close to unity for phosphatidylcholines of moderate chain length (Marsh 1996a). In terms
of the hydrophobic membrane thickness introduced previously, the length of the lipid
molecule is given by:
l = lHG + d = lHG + (Nc – 1) d,

(14)

where lHG is the thickness of the lipid headgroup region. The sign convention in Eq. 13 is
that lipids favoring inverted lyotropic phases have negative curvature.
As regards protein insertion, the elastic curvature will be energetically
unfavorable if the intrinsic lipid curvature, co, does not match the value (cp) which is
required for the lipid to fit best at the protein surface. The maximum elastic stabilization,
relative to a lipid with co = 0, is therefore:

b

curv

= -(1/2) nb aL kc c02, for co = cp.

Thus, the chainlength dependence of the intrinsic curvature (Eq. 13) tends to compensate
that of the bending modulus, in the curvature energy. The end result is that the
stabilization of the curvature free energy is given by:

b

curv

= - nb aL KA ( (1-V/Al)/(1+ lHG /d))2

(15)

Because V/Al ≈ 1 for phosphatidylcholines, the stabilization is intrinsically small for this
lipid species; and the chain-length dependence of the denominator in Eq. 15 is not large
for d > lHG. If the radius of curvature is referred to the polar-apolar interface, which is
close to the neutral or pivotal plane, rather than to the lipid-water interface, then this term
in lHG even drops out entirely (cf. (Marsh 1997a)). Thus, the chain-length dependence of
the contribution from intrinsic curvature to the chemical potential of the inserted protein
is expected to be much smaller than that from bending fluctuations.
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5.4

Conclusions
The analysis given here suggests that membrane flexibility, in the form of out-of-

plane bending fluctuations, may well play a very significant role in the spontaneous
insertion and folding of β-barrel proteins into lipid membranes. This arises from the very
strong dependence on membrane thickness that is predicted for the elastic free energy
cost of lateral membrane compression accompanying protein insertion. In comparison,
transverse elastic membrane distortions that arise from hydrophobic mismatch are
expected to have a free energy that depends only quadratically on the membrane
thickness (see, e.g., (Jähnig 1981)). For somewhat similar reasons, thermally excited lipid
director fluctuations additionally may make significant contributions to the time-average
effective tilt of β-barrels in membranes. In contrast, a simple geometric model of tilt
induced to achieve hydrophobic matching would predict a direct quadratic dependence of
order parameter on membrane thickness, and that an order parameter of unity (i.e., zero
tilt) would be reached already for the lipid chainlength that corresponds to hydrophobic
matching. These latter predictions deviate considerably from the data presented in Figure
3.
Finally, it may be surmised that the kinetics of protein insertion and folding may
also depend on the intensity of the out-of-plane membrane fluctuations. The rate
constants for insertion and folding of OmpA increase very appreciably on decreasing the
lipid chainlength (see Fig. 2, and Kleinschmidt and Tamm, 2002), and Eq. 7 predicts an
inverse quadratic dependence of the mean square fluctuation amplitudes on membrane
thickness.
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Summary
All membrane proteins of plasma and endoplasmic reticulum-derived membranes
are α-helical, whereas the proteins of the outer membranes of Gram-negative bacteria
and a fair number of proteins of the outer membranes of mitochondria and chloroplasts
are of the β-barrel type. These membrane proteins play key roles in cell biology e.g. as
ion channels, drug receptors, and solute transporters. Indeed, it has been estimated that
over 30% of human genes code for membrane proteins and that 50% of potential new
drug targets are membrane proteins. Despite their importance, membrane proteins are
notoriously difficult to prepare in pure, correctly-folded form in sufficient quantity for
drug discovery purposes and structural studies. Understanding the mechanism of correctfolding in a protein has gained much attention recently due to the wide range of human
diseases caused by protein misfolding. Knowledge on the structure, folding and assembly
of bacterial β-barrel proteins are much more advanced than that of mitochondrial or
chloroplast outer membrane proteins and facts on these eukaryotic β-barrels needs to be
investigated. Hence this study was performed to explore the mechanism of folding of a
eukaryotic β-barrel membrane protein in particular which would also extend the
information on β-barrel proteins in general.
The entire thesis work presented here concerns the structure, folding and
assembly of human mitochondrial outer membrane protein, VDAC and the major
outcome of this thesis was summarized in separate sections below.
In the first study, initially a protocol for isolation of hVDAC1 in pure form with
high yield was established. Next, the hVDAC1 purified in denatured form was
successfully refolded to its native conformation and a single-step folding protocol for
hVDAC1 was established. During the refolding trials, several important observations
were made and the findings are listed below;
1. Folding of hVDAC1 into lipid bilayers was spontaneous and did not require
any proteinaceous machinery or energy in the form of ATP to assist folding.
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This would list hVDAC1 as the first eukaryotic β-barrel to spontaneously fold
into lipid bilayers.
2. Also the result implied the earlier finding for soluble proteins that the ‘fold of
a protein appears to be solely encoded in the primary amino acid sequence of
the protein’ and this was found to be applicable even to membrane proteins of
human origin provided the conditions are not denaturing.
3. An interesting and important outcome from this study was that correct-folding
of hVDAC1 occurred only in lipid bilayers and not in detergent micelles. Mild
detergents like LDAO, DDM and C8E4 commonly used for solubilizing and
crystallizing purposes did not allow proper folding of hVDAC1 and this
required subsequent reconstitution into membranes.
4. hVDAC1 was found to always insert in one direction into the membrane and
the finding concluded oriented membrane insertion for hVDAC1.
In the next study, the mechanism behind and steps involved in folding and
membrane insertion of hVDAC1 were explored. In this study, the kinetics of membrane
insertion was analyzed mainly by fluorescence spectroscopy. The results revealed some
similarities and several notable differences from OmpA, the existing well established
model for prokaryotic β-barrel. The major conclusions are listed below;
1. hVDAC1 was largely folded in aqueous buffer and thus further folding and
membrane insertion had less restrictive requirements (listed in next points).
Further, kinetics of folding and membrane insertion was faster when
compared with bacterial β-barrels.
2. Most obvious outcome was membrane insertion of hVDAC1 into
phosphatidylcholine bilayers like diC12:0PC and diC14:0PC had a low energy
barrier and required only low activation energy.
3. Membrane insertion of hVDAC1 was found to proceed via two membraneassociated intermediates, first a membrane-adsorbed and second a partially
membrane-inserted intermediate.
4. Folding and insertion was found to take place independent of the lipid
concentration but dependent on lipid bilayer properties like membrane
thickness and head group.
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5. Folding and insertion was found to be sequential and occurred in separate
steps. All the above results indicated strong differences in the mechanism and
folding pathway for hVDAC1 when compared with bacterial β-barrels. The
work also established hVDAC1 as a first model of eukaryotic origin to study
the principles of folding and assembly of β-barrel membrane proteins.
In the third study, an attempt was made to probe the structure / the transmembrane
topology of hVDAC1 in lipid bilayer. The study needed further experiments to analyze
the topology. Nevertheless it yielded valuable information regarding the location of a
tryptophan residue which is disputed until recently.
1. It was found that the tryptophan-209 has a membrane location and inserted
into the lipid bilayer. To our knowledge the study was the first experimental
proof to confirm the location of tryptophan in hVDAC1 and differed from the
existing 13 β-strand model (Colombini 2004) on hVDAC1.
2. In addition, the work showed that the intramolecular distance between the αhelix and last β-strand in the barrel was at least greater than 15-20 Å. The
results would be helpful and be a necessary input for future structural studies
on VDAC.
In the final study, the effect of lipid bilayer thickness and flexibility was
investigated in detail on the example of OmpA. Since membrane thickness was found to
largely affect insertion of β-barrel proteins (Kleinschmidt and Tamm 2002a), this study
was conducted. The study showed that flexibility, surface curvature and elastic moduli of
the lipid affect the activation energy of insertion of proteins.
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Zusammenfassung
Alle integralen Membranproteine der Plasmamembranen und der Membranen des
endoplasmatischen Retikulums sind α-helical, während diejenigen der äußeren
Membranen Gram-negativer Bakterien sowie einige Transmembranproteine der äußeren
Membranen von Mitochondrien und Chloroplasten

zum β-Fasstyp gehören. Diese

Membranproteine spielen eine Schlüsselrolle in der Zellbiologie, z.B. als Ionenkanäle,
Enzyme, Rezeptoren und Transporter für gelöste Substanzen. Tatsächlich ist geschätzt
worden, dass über 30% der menschlichen Gene Membranproteine kodieren und dass 50%
der auf dem Markt befindlichen Arzneistoffe auf Membranproteine gerichtet sind. Trotz
ihrer Bedeutung gibt es verglichen zu löslichen Proteinen nur wenige Informationen über
ihre Struktur und Funktion von Membranproteine, da diese notorisch schwierig isolierbar
und stabil zu halten sind. Für die Entwicklung von Wirkstoffen ist es notwendig,
Membranproteine in korrekt gefalteter Form zu isolieren und sie strukturell und
funktionell zu analysieren.
Es ist seit langem von großem wissenschaftlichen Interesse, die Prinzipien der
Proteinfaltung zu einem funktionell aktiven Zustand zu verstehen. Erstens aus
wissenschaftlichen Gründen, aber auch, um zu verstehen, wie es zu Erkrankungen
kommt, die auf eine Protein-Fehlfaltung zurückzuführen sind. Bis heute ist über die
Struktur und Faltung von bakteriellen Außenmembranproteinen mehr bekannt als über
die Struktur und Faltung von Außenmembranproteinen von Mitochondrien und
Chloroplasten, für die bis heute noch keine hochauflösenden Strukturen existieren.
In der vorliegenden Dissertations wurde der Mechanismus des Membraneinbaus
und der Faltung eines eukaryotischen Außenmembranproteins untersucht, dass nach allen
vorliegenden Informationen wie die bakteriellen Außenmembranproteine eine β-Fass
Transmembranstruktur ausbildet. Die hier vorliegende Dissertation behandelt die
Struktur,

die Faltung,

und

den Einbau

des

humanen,

spannungsabhängigen

mitochondrialen Anionen-selektiven Kanals (VDAC, Voltage-Dependent Anion-selective
Channel) in Lipidmembranen. Eine Reihe von Studien wurden dazu durchgeführt, die in
einzelnen Abschnitten separat zusammengefasst sind.
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In der ersten Studie habe ich zunächst ein Protokoll für die Reinigung und
Isolation des humanen VDAC, isoform 1 (hVDAC1) implementiert und dann ein
Einzelschritt-Rückfaltungsprotokoll in Lipid-Doppelschichten mit hohen Ausbeuten
entwickelt.

Während

der

Faltungsexperimente

wurden

eine

Reihe

wichtiger

Beobachtungen gemacht:
1. Die Faltung des hVDAC1 zu seiner funktionell aktiven Form war spontan und
weder Proteinfaltungshelfer oder Faltungsmaschinerie noch Energielieferanten wie ATP waren für die Faltung erforderlich. hVDAC1 ist das erste
eukaryotische Protein, das spontan in Lipid-Doppelschichten faltet, die als
Modellmembranen dienen.
2. Die Resultate zeigten auch, dass das früher für lösliche Proteine gefundene
Prinzip, dass die 3-D Struktur eines Proteins durch seine Primärstruktur
festgelegt ist, auch für Membranproteine eukaryotischer Membranen wie
hVDAC1 gilt, solange die Umgebung des Proteins nicht-denaturierend ist.
3. Die korrekte Faltung von hVDAC1 fand in meinen Experimenten nur in
Lipid-Doppelschichten statt, nicht aber in Detergens-Mizellen. Milde
Detergenzien wie LDAO, DDM, und C8E4, die weit verbreitet sind und für
Solubilisierung sowie für strukturelle und funktionelle Untersuchungen zum
Einsatz kommen, waren für die korrekte Faltung des hVDAC1 nicht
ausreichend. Es war stattdessen notwendig, eine nachfolgende Rekonstitution
aus Detergenzmicellen in Membranen durchzuführen, um die korrekte
Sekundärstruktur zu erhalten.
4. Die direkte Insertion und Faltung des hVDAC1 in Membranen resultierte in
nur einer Orientation dieses Kanals in Lipid-Doppelschichten.
5. In Einzelkanal-Leitfähigkeitsmessungen wurde die Spannungsabhängigkeit
der Leitfähigkeit von zurückgefaltetem hVDAC1 demonstriert.
In einer zweiten Studie habe ich den Mechanismus und die Stufen der Faltung
und des Einbaus von hVDAC1 in Lipidmembranen mittels Fluoreszenzspektroskopie,
Circulardichroismusspektroskopie und Pepsin-katalysierter Proteolyse untersucht. Die
Ergebnisse zeigen, dass für hVDAC1 die Faltung und die Insertion zu einem großen Teil
entkoppelt sind und im Gegensatz zu dem für bakterielles Außenmembranprotein A
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(OmpA) gefundenen Mechanismus große Teile der Sekundärstruktur bereits vor der
Membraninsertion ausgebildet werden. Für OmpA wurde hingegen zuvor eine starke
Kopplung der Ausbildung von Sekundärstruktur an den Membraneinbau beobachtet. Die
wesentlichen Beobachtungen waren:
1. Die Sekundärstruktur des hVDAC1 war zu einem sehr großen Teil bereits in
der wässerigen Phase ausgebildet. Deshalb waren die Bedingungen für den
nachfolgenden Einbau in eine Membran weniger restriktiv als für bakterielles
OmpA. Die beobachteten Faltungskinetiken waren auch entsprechend
schneller für hVDAC1 verglichen zu OmpA aus E. coli.
2. Der Membraneinbau und die Faltung von hVDAC1 in Phosphatidylcholin
Lipid-Doppelschichten war für diC12:0PC und diC14:0PC durch eine niedrige
Aktivierungsenergie charakterisiert.
3. Der Membraneinbau von hVDAC1 erfolgte unabhängig von der LipidKonzentration über zwei Membran-gebundene Intermediate von denen das
erste Membran-assoziert war und das zweite offenbar etwas tiefer in die
Membran inseriert war.
4. Die Faltung und der Membraneinbau waren in einer Minuten-Zeitskala
unabhängig von der Lipid-Konzentration, jedoch abhängig von der Struktur
der Lipide (Kettenlänge, Art der polaren Kopfgruppe) und den physikalischen
Eigenschaften der Lipid-Doppelschicht.
5. Sowohl Faltung als auch Insertion fanden in mehreren Schritten statt und
waren teilweise entkoppelt, was einen Unterschied zu den bisher studierten
bakteriellen Membranproteinen wie OmpA darstellt. Diese Studie etablierte
VDAC

als

das

erste

mitochondriale

und

das

erste

menschliche

Membranprotein, für das die Prinzipien des Einbaus und der Faltung
untersucht werden können.
In der 3. Studie habe ich weitere Eigenschaften der Struktur und der
Transmembrantopologie

in

Lipiddoppelschichten

untersucht

und

interessante

Informationen über die Position von Tryptophanresten des hVDAC1 in der Membran
erhalten, die bisher zur Diskussion standen.
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1. Trptophan 209 von gefaltetem und Membran-inserierten hVDAC1 befindet
sich in der hydrophoben Region der Lipid-Doppelschicht. Meines Wissens ist
dies ist die erste experimentelle Studie zur Position des Tryptophanrestes.
Diese Position ist im 16-strängigen theoretischen Modell des homologen N.
crassa VDACs vorhergesagt und entspricht nicht der auf Experimenten
beruhenden Vorhersage der Position in dem 13-strängigen Modell des N.
crassa VDAC (Colombini, 2004).
2. Ich konnte in Fluoreszenzlöschungs-Experimenten auch zeigen, dass der
intramolekulare Abstand zwischen der α-helix des hVDAC1 und dem letzten
β-Strang relativ groß ist, da keine Fluoreszenzlöschung beobachtet wurde.
Diese Resultate werden zur Zeit ergänzt.
In einer weiteren Studie wurde der Effekt der Flexibilität einer LipidDoppelschicht auf die Faltung des OmpA untersucht. Da die hydrophobe Schichtdicke
einer Membran die Einbau- und Faltungskinetiken des OmpA beinflusst, habe ich zu
dieser Studie Experimente durchgeführt, und an der Entwicklung eines Modell für die
Beziehung zwischen Membranelastizität und Oberflächenkrümmung einer Membran und
der Insertion und Faltung von OmpA mitgewirkt.

115

References

References

Abrams, F. S. and E. London (1992). "Calibration of the parallax fluorescence
quenching method for determination of membrane penetration depth:
refinement and comparison of quenching by spin-labeled and brominated
lipids." Biochemistry 31(23): 5312-22.
Abrecht, H., E. Goormaghtigh, J. M. Ruysschaert and F. Homblé (2000). "Structure
and orientation of two voltage-dependent anion-selective channel isoforms.
An attenuated total reflection fourier-transform infrared spectroscopy study."
J. Biol. Chem. 275(52): 40992-9.
Abu-Hamad, S., S. Sivan and V. Shoshan-Barmatz (2006). "The expression level of
the voltage-dependent anion channel controls life and death of the cell." Proc
Natl Acad Sci U S A 103(15): 5787-92.
Adams, V., L. Griffin, J. Towbin, B. Gelb, K. Worley and E. R. McCabe (1991).
"Porin interaction with hexokinase and glycerol kinase: metabolic
microcompartmentation at the outer mitochondrial membrane." Biochem.
Med. Metab. Biol. 45(3): 271-91.
Akabas, M. H., D. A. Stauffer, M. Xu and A. Karlin (1992). "Acetylcholine receptor
channel structure probed in cysteine-substitution mutants." Science 258(5080):
307-10.
Allen, S. J., A. R. Curran, R. H. Templer, W. Meijberg and P. J. Booth (2004).
"Folding kinetics of an alpha helical membrane protein in phospholipid bilayer
vesicles." J Mol Biol 342(4): 1279-91.
Arora, A., F. Abildgaard, J. H. Bushweller and L. K. Tamm (2001). "Structure of
outer membrane protein A transmembrane domain by NMR spectroscopy."
Nat Struct Biol 8(4): 334-8.
Atkins, P. W. (1994). Physical chemistry, Oxford Unviersity Press, Oxford
Ausubel, F. M., R. Brent, R. E. Kingston, D. Moore, J. G. Seidman, J. A. Smith and
K. Struhl (1999). Short protocols in molecular biology. New York, John Wiley
& Sons.
Benz, R. (1990). "Biophysical properties of porin pores from mitochondrial outer
membrane of eukaryotic cells." Experientia 46(2): 131-7.
Benz, R. (1994). "Permeation of hydrophilic solutes through mitochondrial outer
membranes: review on mitochondrial porins." Biochim Biophys Acta 1197(2):
167-96.
116

References

Benz, R., K. Janko, W. Boos and P. Lauger (1978). "Formation of large, ionpermeable membrane channels by the matrix protein (porin) of Escherichia
coli." Biochim Biophys Acta 511(3): 305-19.
Benz, R., M. Kottke and D. Brdiczka (1990). "The cationically selective state of the
mitochondrial outer membrane pore: a study with intact mitochondria and
reconstituted mitochondrial porin." Biochim Biophys Acta 1022(3): 311-8.
Blachly-Dyson, E., S. Peng, M. Colombini and M. Forte (1990). "Selectivity changes
in site-directed mutants of the VDAC ion channel: structural implications."
Science 247(4947): 1233-6.
Blachly-Dyson, E., E. B. Zambronicz, W. H. Yu, V. Adams, E. R. McCabe, J.
Adelman, M. Colombini and M. Forte (1993). "Cloning and functional
expression in yeast of two human isoforms of the outer mitochondrial
membrane channel, the voltage-dependent anion channel." J. Biol. Chem.
268(3): 1835-41.
Bollag, D. M. and S. J. Edelstein (1991). Protein Methods. New York, Wiley-Liss.
Booth, P. J. (2005). A paradigm of membrane protein folding: Principles, Kinetics
and Stability of Bacteriorhodopsin Folding. Weinheim, Wiley-VCH.
Booth, P. J. and H. Paulsen (1996). "Assembly of light-harvesting chlorophyll a/b
complex in vitro. Time-resolved fluorescence measurements." Biochemistry
35(16): 5103-8.
Booth, P. J., M. L. Riley, S. L. Flitsch, R. H. Templer, A. Farooq, A. R. Curran, N.
Chadborn and P. Wright (1997). "Evidence that bilayer bending rigidity
affects membrane protein folding." Biochemistry 36(1): 197-203.
Booth, P. J., R. H. Templer, W. Meijberg, S. J. Allen, A. R. Curran and M. Lorch
(2001). "In vitro studies of membrane protein folding." Crit Rev Biochem Mol
Biol 36(6): 501-603.
Buchanan, S. K. (1999). "β-barrel proteins from bacterial outer membranes: structure,
function and refolding." Curr. Opin. Struct. Biol. 9(4): 455-61.
Casadio, R., I. Jacoboni, A. Messina and V. De Pinto (2002). "A 3D model of the
voltage-dependent anion channel (VDAC)." FEBS Lett 520(1-3): 1-7.
Cevc, G. and D. Marsh (1987). Phospholipid Bilayers. Physical principles and
models, Wiley-Interscience, New York.
Chacinska, A., S. Pfannschmidt, N. Wiedemann, V. Kozjak, L. K. Sanjuan Szklarz,
A. Schulze-Specking, K. N. Truscott, B. Guiard, C. Meisinger and N. Pfanner
(2004). "Essential role of Mia40 in import and assembly of mitochondrial
intermembrane space proteins." Embo J 23(19): 3735-46.

117

References
Cobessi, D., H. Celia, N. Folschweiller, I. J. Schalk, M. A. Abdallah and F. Pattus
(2005). "The crystal structure of the pyoverdine outer membrane receptor
FpvA from Pseudomonas aeruginosa at 3.6 angstroms resolution." J Mol Biol
347(1): 121-34.
Colombini, M. (1979). "A candidate for the permeability pathway of the outer
mitochondrial membrane." Nature 279(5714): 643-5.
Colombini, M. (1989). "Voltage gating in the mitochondrial channel, VDAC." J.
Membr. Biol. 111(2): 103-11.
Colombini, M. (2004). "VDAC: the channel at the interface between mitochondria
and the cytosol." Mol Cell Biochem 256-257(1-2): 107-15.
Compton, L. A. and W. C. Johnson, Jr. (1986). "Analysis of protein circular
dichroism spectra for secondary structure using a simple matrix
multiplication." Anal Biochem 155(1): 155-67.
Cowan, S. W., R. M. Garavito, J. N. Jansonius, J. A. Jenkins, R. Karlsson, N. Konig,
E. F. Pai, R. A. Pauptit, P. J. Rizkallah, J. P. Rosenbusch and et al. (1995).
"The structure of OmpF porin in a tetragonal crystal form." Structure 3(10):
1041-50.
Crompton, M. (1999). "The mitochondrial permeability transition pore and its role in
cell death." Biochem. J. 341 ( Pt 2): 233-49.
De Pinto, V., G. Prezioso, F. Thinnes, T. A. Link and F. Palmieri (1991). "Peptidespecific antibodies and proteases as probes of the transmembrane topology of
the bovine heart mitochondrial porin." Biochemistry 30(42): 10191-200.
Elkeles, A., A. Breiman and M. Zizi (1997). "Functional differences among wheat
voltage-dependent anion channel (VDAC) isoforms expressed in yeast.
Indication for the presence of a novel VDAC-modulating protein?" J Biol
Chem 272(10): 6252-60.
Engelman, D. M., Y. Chen, C. N. Chin, A. R. Curran, A. M. Dixon, A. D. Dupuy, A.
S. Lee, U. Lehnert, E. E. Matthews, Y. K. Reshetnyak, A. Senes and J. L.
Popot (2003). "Membrane protein folding: beyond the two stage model."
FEBS Lett. 555(1): 122-5.
Evans, E. and W. Rawicz (1990). "Entropy-driven tension and bending elasticity in
condensed-fluid membranes." Physical Review Letters 64(17): 2094-2097.
Evans, E. A. and R. Skalak (1980). Mechanics and thermodynamics of
biomembranes, CRC Press, Boca Raton, FL.
Evans, E. A. and R. Waugh (1977). "Mechano-chemistry of closed, vesicular
membrane systems." Journal of colloid interface science 60: 286-298.

118

References
Faham, S., G. L. Boulting, E. A. Massey, S. Yohannan, D. Yang and J. U. Bowie
(2005). "Crystallization of bacteriorhodopsin from bicelle formulations at
room temperature." Protein Sci 14(3): 836-40.
Forst, D., W. Welte, T. Wacker and K. Diederichs (1998). "Structure of the sucrosespecific porin ScrY from Salmonella typhimurium and its complex with
sucrose." Nat Struct Biol 5(1): 37-46.
Gray, M. W., G. Burger and B. F. Lang (1999). "Mitochondrial evolution." Science
283(5407): 1476-81.
Guo, X. W., P. R. Smith, B. Cognon, D. D'Arcangelis, E. Dolginova and C. A.
Mannella (1995). "Molecular design of the voltage-dependent, anion-selective
channel in the mitochondrial outer membrane." J Struct Biol 114(1): 41-59.
Habib, S. J., T. Waizenegger, A. Niewienda, S. A. Paschen, W. Neupert and D.
Rapaport (2007). "The N-terminal domain of Tob55 has a receptor-like
function in the biogenesis of mitochondrial {beta}-barrel proteins." J Cell Biol
176(1): 77-88.
Heinrikson, R. L. (1971). "The selective S-methylation of sulfhydryl groups in
proteins and peptides with methyl-p-nitrobenzenesulfonate." J Biol Chem
246(12): 4090-6.
Helfrich, W. (1974). "Blocked lipid exchange in bilayers and its possible influence on
the shape of vesicles." Z.Naturforsch 29c: 510-515.
Helfrich, W. (1978). "Steric interaction of fluid membranes in multilayer systems." Z.
Naturforsch 33: 305-315.
Helfrich, W. and R. Servuss (1984). "Undulations, steric interaction and cohesion of
fluid membranes." Nuovo Cimento 3D: 137-151.
Henderson, N. S., S. S. So, C. Martin, R. Kulkarni and D. G. Thanassi (2004).
"Topology of the outer membrane usher PapC determined by site-directed
fluorescence labeling." J Biol Chem 279(51): 53747-54.
Hong, H. and L. K. Tamm (2004). "Elastic coupling of integral membrane protein
stability to lipid bilayer forces." Proc Natl Acad Sci U S A 101(12): 4065-70.
Hoppins, S. C. and F. E. Nargang (2004). "The Tim8-Tim13 complex of Neurospora
crassa functions in the assembly of proteins into both mitochondrial
membranes." J Biol Chem 279(13): 12396-405.
Hunziker, P. E. (1991). "Cysteine modification of metallothionein." Methods
Enzymol 205: 399-400.
Hwang, P. M., W. Y. Choy, E. I. Lo, L. Chen, J. D. Forman-Kay, C. R. Raetz, G. G.
Prive, R. E. Bishop and L. E. Kay (2002). "Solution structure and dynamics of

119

References
the outer membrane enzyme PagP by NMR." Proc. Natl. Acad. Sci. U. S. A.
99(21): 13560-5.
Ishikawa, D., H. Yamamoto, Y. Tamura, K. Moritoh and T. Endo (2004). "Two novel
proteins in the mitochondrial outer membrane mediate beta-barrel protein
assembly." J Cell Biol 166(5): 621-7.
Jähnig, F. (1981). "Critical effects from lipid-protein interaction in membranes. II.
Interpretation of experimental results." Biophys J 36(2): 347-57.
Kleinschmidt, J. H. (2006). "Folding kinetics of the outer membrane proteins OmpA
and FomA into phospholipid bilayers." Chem. Phys. Lipids 141(1-2): 30-47.
Kleinschmidt, J. H., T. den Blaauwen, A. J. Driessen and L. K. Tamm (1999a). "Outer
membrane protein A of Escherichia coli inserts and folds into lipid bilayers by
a concerted mechanism." Biochemistry 38(16): 5006-16.
Kleinschmidt, J. H. and L. K. Tamm (1996). "Folding intermediates of a β-barrel
membrane protein. Kinetic evidence for a multi-step membrane insertion
mechanism." Biochemistry 35(40): 12993-3000.
Kleinschmidt, J. H. and L. K. Tamm (1999). "Time-resolved distance determination
by tryptophan fluorescence quenching: probing intermediates in membrane
protein folding." Biochemistry 38(16): 4996-5005.
Kleinschmidt, J. H. and L. K. Tamm (2002a). "Secondary and tertiary structure
formation of the beta-barrel membrane protein OmpA is synchronized and
depends on membrane thickness." J. Mol. Biol. 324(2): 319-30.
Kleinschmidt, J. H. and L. K. Tamm (2002b). "Structural transitions in short-chain
lipid assemblies studied by (31)P-NMR spectroscopy." Biophys J 83(2): 9941003.
Kleinschmidt, J. H., M. C. Wiener and L. K. Tamm (1999b). "Outer membrane
protein A of E. coli folds into detergent micelles, but not in the presence of
monomeric detergent." Protein Sci. 8(10): 2065-71.
Koebnik, R., K. P. Locher and P. Van Gelder (2000). "Structure and function of
bacterial outer membrane proteins: barrels in a nutshell." Mol Microbiol 37(2):
239-53.
Koppel, D. A., K. W. Kinnally, P. Masters, M. Forte, E. Blachly-Dyson and C. A.
Mannella (1998). "Bacterial expression and characterization of the
mitochondrial outer membrane channel. Effects of N-terminal modifications."
J. Biol. Chem. 273(22): 13794-800.
Kozjak, V., N. Wiedemann, D. Milenkovic, C. Lohaus, H. E. Meyer, B. Guiard, C.
Meisinger and N. Pfanner (2003). "An essential role of Sam50 in the protein
sorting and assembly machinery of the mitochondrial outer membrane." J Biol
Chem 278(49): 48520-3.

120

References
Lakey, J. H., D. Baty and F. Pattus (1991). "Fluorescence energy transfer distance
measurements using site-directed single cysteine mutants. The membrane
insertion of colicin A." J Mol Biol 218(3): 639-53.
Lei, N. and X. Lei (1998). "Fluid membrane thermal fluctuations and bending
curvature modulus determination." Langmuir 14: 2155-2159.
Lemasters, J. J. and E. Holmuhamedov (2006). "Voltage-dependent anion channel
(VDAC) as mitochondrial governator--thinking outside the box." Biochim
Biophys Acta 1762(2): 181-90.
Linden, M., P. Gellerfors and B. D. Nelson (1982). "Purification of a protein having
pore forming activity from the rat liver mitochondrial outer membrane."
Biochem J 208(1): 77-82.
Liu, M. Y. and M. Colombini (1992). "Regulation of mitochondrial respiration by
controlling the permeability of the outer membrane through the mitochondrial
channel, VDAC." Biochim. Biophys. Acta 1098(2): 255-60.
Lorch, M. and P. J. Booth (2004). "Insertion kinetics of a denatured alpha helical
membrane protein into phospholipid bilayer vesicles." J Mol Biol 344(4):
1109-21.
Lowry, O. H., N. J. Rosebrough, A. L. Farr and R. J. Randall (1951). "Protein
Measurement with the Folin Phenol Reagent." J. Biol. Chem. 193: 265-275.
Ludwig, O., R. Benz and J. E. Schultz (1989). "Porin of Paramecium mitochondria
isolation, characterization and ion selectivity of the closed state." Biochim
Biophys Acta 978(2): 319-27.
Luecke, H., B. Schobert, H. T. Richter, J. P. Cartailler and J. K. Lanyi (1999).
"Structure of bacteriorhodopsin at 1.55 A resolution." J. Mol. Biol. 291(4):
899-911.
Markello, T., A. Zlotnick, J. Everett, J. Tennyson and P. W. Holloway (1985).
"Determination of the topography of cytochrome b5 in lipid vesicles by
fluorescence quenching." Biochemistry 24(12): 2895-901.
Marsh, D. (1990). Handbook of Lipid bilayers, CRC Press, Boca Raton Fl.
Marsh, D. (1996a). "Intrinsic curvature in normal and inverted lipid structures and in
membranes." Biophys J 70(5): 2248-55.
Marsh, D. (1996b). "Lateral pressure in membranes." Biochim Biophys Acta 1286(3):
183-223.
Marsh, D. (1997a). "Nonlamellar packing parameters for diacylglycerols." Biophys J
72(6): 2834-6.

121

References
Marsh, D. (1997b). "Renormalization of the tension and area expansion modulus in
fluid membranes." Biophys J 73(2): 865-9.
Marsh, D., B. Shanmugavadivu and J. H. Kleinschmidt (2006). "Membrane elastic
fluctuations and the insertion and tilt of beta-barrel proteins." Biophys J 91(1):
227-32.
Meleard, P., C. Gerbeaud, T. Pott, L. Fernandez-Puente, I. Bivas, M. D. Mitov, J.
Dufourcq and P. Bothorel (1997). "Bending elasticities of model membranes:
influences of temperature and sterol content." Biophys J 72(6): 2616-29.
Model, K., C. Meisinger, T. Prinz, N. Wiedemann, K. N. Truscott, N. Pfanner and M.
T. Ryan (2001). "Multistep assembly of the protein import channel of the
mitochondrial outer membrane." Nat Struct Biol 8(4): 361-70.
Mueller, P., D. O. Rudin, H. T. Tien and W. C. Wescott (1962). "Reconstitution of
cell membrane structure in vitro and its transformation into an excitable
system." Nature 194: 979-80.
Nagle, J. F. and S. Tristram-Nagle (2000). "Structure of lipid bilayers." Biochim
Biophys Acta 1469(3): 159-95.
Neupert, W. (1997). "Protein import into mitochondria." Annu Rev Biochem 66: 863917.
Oomen, C. J., P. Van Ulsen, P. Van Gelder, M. Feijen, J. Tommassen and P. Gros
(2004). "Structure of the translocator domain of a bacterial autotransporter."
Embo J 23(6): 1257-66.
Paschen, S. A., T. Waizenegger, T. Stan, M. Preuss, M. Cyrklaff, K. Hell, D.
Rapaport and W. Neupert (2003). "Evolutionary conservation of biogenesis of
β-barrel membrane proteins." Nature 426(6968): 862-6.
Pautsch, A. and G. E. Schulz (1998). "Structure of the outer membrane protein A
transmembrane domain." Nat Struct Biol 5(11): 1013-7.
Pautsch, A. and G. E. Schulz (2000). "High-resolution structure of the OmpA
membrane domain." J Mol Biol 298(2): 273-82.
Pebay-Peyroula, E., G. Rummel, J. P. Rosenbusch and E. M. Landau (1997). "X-ray
structure of bacteriorhodopsin at 2.5 angstroms from microcrystals grown in
lipidic cubic phases." Science 277(5332): 1676-81.
Peng, S., E. Blachly-Dyson, M. Colombini and M. Forte (1992). "Determination of
the number of polypeptide subunits in a functional VDAC channel from
Saccharomyces cerevisiae." J. Bioenerg. Biomembr. 24(1): 27-31.
Pfanner, N. and A. Geissler (2001). "Versatility of the mitochondrial protein import
machinery." Nat Rev Mol Cell Biol 2(5): 339-49.

122

References
Pocanschi, C. L., H.-J. Apell, P. Puntervoll, B. T. Høgh, H. B. Jensen, W. Welte and
J. Kleinschmidt (2006a). "The major outer membrane protein of
Fusobacterium nucleatum (FomA) folds and inserts into lipid bilayers via
parallel folding pathways." J. Mol. Biol. 355: 548-561.
Pocanschi, C. L., H. J. Apell, P. Puntervoll, B. Hogh, H. B. Jensen, W. Welte and J.
H. Kleinschmidt (2006b). "The major outer membrane protein of
Fusobacterium nucleatum (FomA) folds and inserts into lipid bilayers via
parallel folding pathways." J Mol Biol 355(3): 548-61.
Pocanschi, C. L., G. J. Patel, D. Marsh and J. H. Kleinschmidt (2006c). "Curvature
elasticity and refolding of OmpA in large unilamellar vesicles." Biophys J
91(8): L75-7.
Popot, J. L. and D. M. Engelman (1990). "Membrane protein folding and
oligomerization: the two-stage model." Biochemistry 29(17): 4031-7.
Popp, B., D. A. Court, R. Benz, W. Neupert and R. Lill (1996). "The role of the N and
C termini of recombinant Neurospora mitochondrial porin in channel
formation and voltage-dependent gating." J Biol Chem 271(23): 13593-9.
Prilipov, A., P. S. Phale, P. Van Gelder, J. P. Rosenbusch and R. Koebnik (1998).
"Coupling site-directed mutagenesis with high-level expression: large scale
production of mutant porins from E. coli." FEMS Microbiol Lett 163(1): 6572.
Provencher, S. W. and J. Glockner (1981). "Estimation of globular protein secondary
structure from circular dichroism." Biochemistry 20(1): 33-7.
Ramakrishnan, M., J. Qu, C. L. Pocanschi, J. H. Kleinschmidt and D. Marsh (2005).
"Orientation of beta-barrel proteins OmpA and FhuA in lipid membranes.
Chain length dependence from infrared dichroism." Biochemistry 44(9): 351523.
Rawicz, W., K. C. Olbrich, T. McIntosh, D. Needham and E. Evans (2000). "Effect of
chain length and unsaturation on elasticity of lipid bilayers." Biophys J 79(1):
328-39.
Reinsberg, D., P. J. Booth, C. Jegerschold, B. J. Khoo and H. Paulsen (2000).
"Folding, assembly, and stability of the major light-harvesting complex of
higher plants, LHCII, in the presence of native lipids." Biochemistry 39(46):
14305-13.
Riddles, P. W., R. L. Blakeley and B. Zerner (1983). "Reassessment of Ellman's
reagent." Methods Enzymol 91: 49-60.
Rissler, M., N. Wiedemann, S. Pfannschmidt, K. Gabriel, B. Guiard, N. Pfanner and
A. Chacinska (2005). "The essential mitochondrial protein Erv1 cooperates
with Mia40 in biogenesis of intermembrane space proteins." J Mol Biol
353(3): 485-92.

123

References
Rostovtseva, T. and M. Colombini (1996). "ATP flux is controlled by a voltage-gated
channel from the mitochondrial outer membrane." J. Biol. Chem. 271(45):
28006-8.
Rostovtseva, T. K., T. T. Liu, M. Colombini, V. A. Parsegian and S. M. Bezrukov
(2000). "Positive cooperativity without domains or subunits in a monomeric
membrane channel." Proc Natl Acad Sci U S A 97(14): 7819-22.
Rouser, G., S. Fleischer and A. Yamamoto (1970). "Two dimensional then layer
chromatographic separation of polar lipids and determination of phospholipids
by phosphorus analysis of spots." Lipids 5(5): 494-6.
Roux, D., F. Nallet, E. Freyssingeas, G. Porte, M. Bassereau, M. Skuori and J.
Marignan (1992). "Excess area in fluctuating-membrane systems. ."
Europhysical Letters 17: 575-581
Schatz, G. and B. Dobberstein (1996). "Common principles of protein translocation
across membranes." Science 271(5255): 1519-26.
Schein, S. J., M. Colombini and A. Finkelstein (1976). "Reconstitution in planar lipid
bilayers of a voltage-dependent anion-selective channel obtained from
paramecium mitochondria." J Membr Biol 30(2): 99-120.
Schulz, G. E. (2000). "beta-Barrel membrane proteins." Curr Opin Struct Biol 10(4):
443-7.
Seddon, J. M., G. Cevc and D. Marsh (1983). "Calorimetric studies of the gel-fluid (L
beta-L alpha) and lamellar-inverted hexagonal (L alpha-HII) phase transitions
in dialkyl- and diacylphosphatidylethanolamines." Biochemistry 22(5): 12809.
Servuss, R. and W. Helfrich (1989). "Mutual adhesin of lecithin membranes at
ultralow tensions." Journal of Phys. France 50: 809-827
Shao, L., K. W. Kinnally and C. A. Mannella (1996). "Circular dichroism studies of
the mitochondrial channel, VDAC, from Neurospora crassa." Biophys J 71(2):
778-86.
Shimizu, S., M. Narita and Y. Tsujimoto (1999). "Bcl-2 family proteins regulate the
release of apoptogenic cytochrome c by the mitochondrial channel VDAC."
Nature 399(6735): 483-7.
Singer, S. J. and G. L. Nicolson (1972). "The fluid mosaic model of the structure of
cell membranes." Science 175(23): 720-31.
Smack, D. P. and M. Colombini (1985). "Voltage-Dependent Channels Found in the
Membrane Fraction of Corn Mitochondria." Plant Physiol 79(4): 1094-1097.

124

References
Song, J., C. Midson, E. Blachly-Dyson, M. Forte and M. Colombini (1998). "The
topology of VDAC as probed by biotin modification." J. Biol. Chem. 273(38):
24406-13.
Sreerama, N., S. Y. Venyaminov and R. W. Woody (1999). "Estimation of the
number of alpha-helical and beta-strand segments in proteins using circular
dichroism spectroscopy." Protein Sci 8(2): 370-80.
Stanley, S., J. A. Dias, D. D'Arcangelis and C. A. Mannella (1995). "Peptide-specific
antibodies as probes of the topography of the voltage-gated channel in the
mitochondrial outer membrane of Neurospora crassa." J Biol Chem 270(28):
16694-700.
Stojanovski, D., M. Rissler, N. Pfanner and C. Meisinger (2006). "Mitochondrial
morphology and protein import--a tight connection?" Biochim Biophys Acta
1763(5-6): 414-21.
Strandberg, E., S. Ozdirekcan, D. T. Rijkers, P. C. van der Wel, R. E. Koeppe, 2nd, R.
M. Liskamp and J. A. Killian (2004). "Tilt angles of transmembrane model
peptides in oriented and non-oriented lipid bilayers as determined by 2H solidstate NMR." Biophys J 86(6): 3709-21.
Surrey, T. and F. Jähnig (1991). "Oriented reconstitution of an integral membrane
protein " Biological Chemistry 372: 766.
Surrey, T. and F. Jähnig (1992). "Refolding and oriented insertion of a membrane
protein into a lipid bilayer." Proc. Natl. Acad. Sci. USA 89(16): 7457-61.
Surrey, T. and F. Jähnig (1995). "Kinetics of folding and membrane insertion of a βbarrel membrane protein." J. Biol. Chem. 270(47): 28199-203.
Surrey, T., A. Schmid and F. Jähnig (1996). "Folding and membrane insertion of the
trimeric β-barrel protein OmpF." Biochemistry 35(7): 2283-8.
Tamm, L. K., A. Arora and J. H. Kleinschmidt (2001). "Structure and assembly of
beta-barrel membrane proteins." J Biol Chem 276(35): 32399-402.
Thomas, L., E. Blachly-Dyson, M. Colombini and M. Forte (1993). "Mapping of
residues forming the voltage sensor of the voltage-dependent anion-selective
channel." Proc. Natl. Acad. Sci. U. S. A. 90(12): 5446-9.
Thomas, L., E. Kocsis, M. Colombini, E. Erbe, B. L. Trus and A. C. Steven (1991).
"Surface topography and molecular stoichiometry of the mitochondrial
channel, VDAC, in crystalline arrays." J. Struct. Biol. 106(2): 161-71.
Vandeputte-Rutten, L., R. A. Kramer, J. Kroon, N. Dekker, M. R. Egmond and P.
Gros (2001). "Crystal structure of the outer membrane protease OmpT from
Escherichia coli suggests a novel catalytic site." Embo J. 20(18): 5033-9.

125

References
Voulhoux, R., M. P. Bos, J. Geurtsen, M. Mols and J. Tommassen (2003). "Role of a
highly conserved bacterial protein in outer membrane protein assembly."
Science 299(5604): 262-5.
Wallace, B. A. and R. W. Janes (2003). "Circular dichroism and synchrotron radiation
circular dichroism spectroscopy: tools for drug discovery." Biochem Soc
Trans 31(Pt 3): 631-3.
Werner, J. and R. Misra (2005). "YaeT (Omp85) affects the assembly of lipiddependent and lipid-independent outer membrane proteins of Escherichia
coli." Mol. Microbiol. 57(5): 1450-9.
Whitmore, L. and B. A. Wallace (2004). "DICHROWEB, an online server for protein
secondary structure analyses from circular dichroism spectroscopic data."
Nucleic Acids Res 32(Web Server issue): W668-73.
Wiedemann, N., V. Kozjak, A. Chacinska, B. Schonfisch, S. Rospert, M. T. Ryan, N.
Pfanner and C. Meisinger (2003). "Machinery for protein sorting and
assembly in the mitochondrial outer membrane." Nature 424(6948): 565-71.
Wiedemann, N., K. N. Truscott, S. Pfannschmidt, B. Guiard, C. Meisinger and N.
Pfanner (2004). "Biogenesis of the protein import channel Tom40 of the
mitochondrial outer membrane: intermembrane space components are
involved in an early stage of the assembly pathway." J Biol Chem 279(18):
18188-94.
Wimley, W. C. (2003). "The versatile beta-barrel membrane protein." Curr Opin
Struct Biol 13(4): 404-11.
Wu, T., J. Malinverni, N. Ruiz, S. Kim, T. J. Silhavy and D. Kahne (2005).
"Identification of a multicomponent complex required for outer membrane
biogenesis in Escherichia coli." Cell 121(2): 235-45.
Zalk, R., A. Israelson, E. S. Garty, H. Azoulay-Zohar and V. Shoshan-Barmatz
(2005). "Oligomeric states of the voltage-dependent anion channel and
cytochrome c release from mitochondria." Biochem J 386(Pt 1): 73-83.

126

List of publications

List of publications
Shanmugavadivu B., Apell, H.J., Meins T., Zeth K. and Kleinschmidt, J.H. (2007)
Correct folding of the β-barrel of the human membrane protein VDAC requires the lipid
bilayer. Journal of Molecular Biology 368, 66-78.
Shanmugavadivu B. and Kleinschmidt, J.H. (2007) Kinetics of folding and insertion of
the human VDAC into lipid bilayers indicate partial uncoupling of the folding and
membrane insertion. (in preparation)
Shanmugavadivu B. and Kleinschmidt, J.H. (2007) Probing the topology of hVDAC1
by site-directed mutagenesis and fluorescence labeling. (in preparation)
Marsh D., Shanmugavadivu B. and Kleinschmidt, J.H. (2006)

Membrane elastic

fluctuations and the insertion and tilt of β-barrel proteins. Biophysical Journal 91, 227232.

127

