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Abstract
A research topic within the field of molecular biophysics is the structure-function relationship of proteins. Membrane
proteins are a large, diverse group of biological macromolecules that perform many different and essential functions for the
cell. Despite the abundance and importance of membrane proteins, high-resolution 3D structures from this class of proteins
are underrepresented among all yet determined structures. The limited amount of data for membrane proteins hints about
the higher difficulty associated with studies of this group of molecules. The determination of an atomic resolution structure
is often a long process in which several obstacles need to be overcome, in particular for membrane proteins.

Solution-state nuclear magnetic resonance (NMR) is a powerful measurement technique that can provide high-resolution
data on the structure and dynamics of biological macromolecules, and is suitable for studies of small, dynamic membrane
proteins. However, even with solution-state NMR, the membrane proteins need to be investigated in environments that
are sometimes severely compromising for the protein’s native structure and function. In order to evaluate the biological
significance of results obtained under such artificial conditions, supporting data from experiments in more realistic
membrane models, obtained using NMR and other biophysical methods, is of great importance.

The work presented in this thesis concerns studies of four membrane proteins: WaaG, Rcf1, Rcf2 and TatA. These
proteins have very different characteristics in terms of their sizes and expected membrane interactions, and were accordingly
found to be differently affected by the model membranes in which they were studied. Our results illustrate both the
current possibilities and limitations of solution-state NMR for studying membrane proteins, and highlight the benefits of
an approach where several membrane mimicking systems and measurements techniques are used in combination to arrive
at correct conclusions on the properties of proteins.
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APH   amphiphilic helix 
CI-V   complex I-V 
CD   circular dichroism 
CL   cardiolipin 
CMC   critical micelle concentration 
CSA   chemical shift anisotropy  
cyt.   cytochrome 
CytcO  cytochrome c oxidase 
DGDG  digalactosyldiacylglycerol 
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DLS   dynamic light scattering 
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EM   electron microscopy 
ETC   electron transport chain 
FCS   fluorescence correlation spectroscopy 
FRET  fluorescence resonance energy transfer 
GT   glycosyltransferase 
GUV   giant unilamellar vesicle 
HIG   hypoxia-inducible gene 
IMS   intermembrane space 
LPS   lipopolysaccharide 
LUV   large unilamellar vesicle 
MD   molecular dynamics 
MGDG  monogalactosyldiacylglycerol 
MIR   putative membrane-interacting region of 
MO   molecular orbital 
NMR   nuclear magnetic resonance 
NOE   nuclear Overhauser enhancement 
PA   phosphatidic acid 
PC   phosphatidylcholine 
PE   phosphatidylethanolamine 



PG   phosphoglycerol 
PI    phosphatidylinositol 
POPE  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
PRE   paramagnetic relaxation enhancement 
PS    phosphatidylserine 
Rcf   respiratory supercomplex factor 
RDC    residual dipolar coupling 
ROS   reactive oxygen species 
SC   supercomplex 
Sec   secretory pathway 
SH   soluble helix 
SQDG  sulfoquinovosyl diacylglycerol 
Tat   twin-arginine translocase 
TDM   transition dipole moment 
TM   transmembrane 
TMH   transmembrane helix 
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1 Introduction 

Despite being the most basic unit of life, the cell is a very complex object. 
The cell requires a large number of different proteins and nucleic acids to 
perform an equally large number of functions, the most fundamental ones 
being related to e.g. gene expression, metabolism, cellular structure, etc. 
Under the most favorable laboratory conditions, i.e. when nutrition is 
plentiful, there is no competition or environmental stresses, only about a 
hundred genes are necessary to sustain a very basic form of life [1]. 
However, in order to deal with the challenges of the real world, the average 
bacterium’s proteome consists of a couple of thousands of proteins [2]. 
Adding to the complexity, the amounts of each protein vary with e.g. 
external conditions and growth phase. A typical eukaryotic cell expresses 
about 15 000 proteins based on the hundreds of yet characterized eukaryotic 
genomes. In multicellular organisms, another layer of complexity is added 
by the fact that different cell types express only a subset of the genome. 

The great complexity of most biological systems constitutes a problem for a 
scientist who wants to study them to answer specific questions in detail. 
Ideally, studies should be carried out in vivo i.e. measurements done directly 
on the living cell. However, to acquire deeper, mechanistic knowledge on 
the cause-effect relationship on the molecular level, the scientist needs to 
interact with the system through different biochemical or biophysical assays 
that often cannot be carried out in vivo. Properties of the native system 
which may not be compatible with the conditions required by the in vitro 
method are physiological concentrations of the studied protein, pH, 
temperature, or the overall crowded cellular environment. The need to move 
towards increasingly artificial conditions always comes with an associated 
risk of interfering with or oversimplification of the biological system in 
question. However, much of recent advances in biology can be attributed to 
the ability of specific measurement techniques to determine 3D structures of 
biological macromolecules with atomic resolution, at conditions far from the 
protein’s natural environment. The structures have, for example, been used 
to prove and discover new protein interactions, or to allow understanding of 
the catalytic mechanism of an enzyme based on the precise environment of 
the catalytic site. The structures have also greatly benefited society through 
structure-based drug-discovery, where the protein constitutes a therapeutic 
target and is modelled in silico together with drug-like molecules to find new 
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pharmaceuticals [3,4]. Thus it is often but not always so that the data 
obtained from these in vitro experiments bear enough resemblance to the 
native system that it can explain or predict the biomolecules behavior also in 
a living cell. Accordingly, an important consideration is how to find 
conditions and perform the experiments so that data acquisition is allowed, 
as well as the results extrapolation to the native system. 

Membrane proteins are a class of proteins involved in a wide range of 
biological processes, including signal transduction, transport of ions and 
other molecules across membranes, energy conservation, etc. Membrane 
proteins account for about one third of the cell’s proteins and are often drug 
targets [3]. Despite their importance and the fact that membrane proteins 
represent a large fraction of the cell’s proteome, only about 3-4% of the 
solved structures in the Protein Data Bank represents membrane proteins. 
The low number suggests that the protein–membrane system is more 
complex and difficult to study as compared to soluble proteins. Ideally, 
membrane proteins should be studied in their natural environment, the 
membrane. However, because of the limitations of the biophysical and 
biochemical methods, the membrane often needs to be replaced by 
mimicking systems. The requirements on a membrane mimetic is that it 
should be compatible with the used assay and preserve specific properties of 
the protein. The work described herein is centered around the approach in 
which membrane proteins are transferred into simplified environments to 
obtain detailed structural and dynamics data. 

In this thesis, four proteins derived from three different membranes were 
investigated: the first polypeptide is derived from a bacterium and takes part 
in the production of the bacterium’s outermost defensive layer. The second 
and third proteins are found in the yeast mitochondrion where they 
participate in regulation of cellular respiration. The fourth protein is involved 
in transport of other proteins across a membrane in plant chloroplasts. 
Except for being membrane-associated, the proteins have little in common in 
terms of biological function. However, the proteins share the property that 
they are small enough (under certain conditions) to be studied with a specific 
measurement technique – solution-state nuclear magnetic resonance (NMR). 
In addition to being one of the few methods which allow determination of 
high-resolution 3D structures of macromolecules, NMR is able to provide 
information on different types of dynamics that occur on a wide range of 
timescales. This is of great importance since proteins are often rather flexible 
objects that can undergo significant conformational transitions as a part of 
their functions. 

As any measurement technique, solution-state NMR has its limitations. The 
most severe drawback in studies of membrane proteins is that the overall 
size of the system must be kept small. The consequence of this limitation is 
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that the membrane has to be approximated by means that compromise many 
of the in vivo membrane’s properties. We began our studies of the four 
membrane proteins using one of the simplest but most frequently used 
mimetics, detergent micelles. In order to validate our results obtained 
together with this basic mimetic, we replaced the membrane model with a 
slightly more realistic one, bicelles, which also includes lipids. Even such a 
small change in mimetic composition often comes at the expense of 
resolution in NMR data, but is yet useful to indicate a potential directionality 
of change in protein properties as the mimetic becomes more native-like. 
The NMR experiments were complemented by measurements using other 
high-sensitivity techniques in even more realistic membrane models to 
support NMR results extrapolation to native systems, and to obtain 
additional information about the protein-membrane interactions. 

1.1 Biological membranes 

Biological membranes are barriers that separate the cell’s interior from the 
outside world as well as the internal walls that compartmentalize cells with 
organelles. Most membranes are however not rigid structures, but rather 
highly dynamic “sheets” of molecules that assemble due to their common 
higher degree of hydrophobicity as compared to water-soluble molecules. 
The bulk of the membrane consists of lipids that arrange into a bilayer, and 
immersed into or attached to this lipid matrix are membrane-associated 
proteins. Membrane proteins are important constituents of the membrane and 
perform many essential functions for the cell, including signal transduction 
and transport across the bilayer. Proteins account for 50-75% of the 
membrane’s mass. The width of a lipid bilayer is approximately 4 nm, but 
the average thickness of the in vivo membrane is several nanometers larger 
due to protrusions from lipid-conjugated groups and soluble domains of 
membrane proteins [5]. 

1.1.1 Lipids 

Lipids are a heterogeneous group of molecules that fulfill many roles in 
cells. Apart from being the bulk matrix of the membrane, lipids function as 
substrates or are substrate carriers, take part in signaling, recognition and 
trafficking, and provide structural support to the membrane [6]. The typical 
lipid is an amphiphilic molecule in which a hydrophilic headgroup and two 
hydrophobic acyl chains are connected to a glycerol backbone (Figure 1). 
This type of lipids spontaneously form bilayers where the acyl chains from 
the two layers face each other, allowing the headgroups to interact with 
water on either side of the hydrophobic region. Lipids can be divided into 
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bilayer- or non-bilayer-forming depending on their tendency to cause 
undulations of the membrane. This property depends on the relative sizes of 
the headgroup and acyl chain regions: bilayer-forming lipids have a 
cylindrical overall structure, while non-bilayer-forming lipids have either 
larger or smaller headgroups than their acyl chain regions, resulting in 
tendencies for hexagonal or inverted hexagonal phases to form respectively. 
Besides their size, lipid headgroup charge is an important property as it 
provides a basis for electrostatic interactions with membrane proteins. 
Although the majority of lipids in a membrane belongs to a small number of 
lipid species, some have functional groups that can be modified in several 
different ways to regulate a number of processes.  

In general, lipids undergo many different types of motions on a broad range 
of timescales, except when bound to membrane proteins. The glycerol 
backbone is typically the most rigid part of the lipid, followed by the 

 

Figure 1. Examples of chemical structures of lipids and detergents used in 
this thesis. A) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
(POPE), a non-bilayer-forming lipid that contains a zwitterionic headgroup 
and two acyl chains of different length with one unsaturation. B) 1,2-
dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG), a lipid with an 
anionic headgroup and two slightly shorter than normal acyl chains. C) 
cardiolipin (CL), a non-bilayer-forming lipid, which can be viewed as a 
fusion between two PG lipids. CL has the potential to carry two negative 
charges under certain conditions. D) monogalactosyldiacylglycerol 
(MGDG), a non-bilayer-forming lipid containing a galactose moiety in its 
headgroup. A mixture of several acyl chains with different degrees of 
unsaturations is obtained when purified from natural sources.  E) 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC), a detergent with a 
zwitterionic headgroup and two shorter acyl chains. F) 
dodecylphosphocholine (DPC), a detergent containing a single acyl chain 
bound to a phosphatidylcholine headgroup. 
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headgroup region [7,8]. The flexibility of the acyl chains increases towards 
the center of the bilayer where the terminal hydrocarbons undergo fast, 
unrestricted motions on the picosecond timescale. Acyl chain unsaturations 
and chain modifications result in local decreases in chain flexibility, leading 
to less efficient packing of chains from several lipids, with an overall 
increase in bilayer fluidity as a result [9,10]. Lipids wobble and rotate 
around their longitudinal axes on the nanosecond timescale, and undergo 
lateral diffusion in the membrane at rates of 10 µm2/s [11]. For comparison, 
the surface area of an E. coli cell is on the order 10 µm2 [12].  

1.1.2 Membrane protein classes 

Membrane proteins can be divided into classes based on how they interact 
with bilayers (Figure 2). Integral membrane proteins have transmembrane 
domains that typically consist of one or several 𝛼-helices, giving bitopic and 
polytopic membrane proteins respectively [13]. Helix formation allows the 
polar protein backbone to span the hydrophobic part of the bilayer by 
intrahelix hydrogen bonding of the amino hydrogen to the carboxyl oxygen 
four residues earlier in sequence. An 𝛼-helix is characterized by 3.6 residues 
per turn, each residue giving a helical rise of 1.5 Å. Thus the typical 
transmembrane 𝛼-helix consists of at least 20 residues in order to to span the 
membrane’s apolar region of about 30 Å. Polytopic, 𝛼-helical membrane 
proteins assemble their helices into helix bundles. The transmembrane 
domain residues are mostly hydrophobic, with van der Waals-interactions 
both within the bundle and to the surrounding lipid acyl chains. Inclusion of 
polar and charged residues in the central transmembrane domain is unusual 
and signals that the residue is important for the protein’s function, e.g. for 
participation in conducting pathway formation [14]. Towards the end of the 
helices, the amino acid type distribution changes as compared to in the 
middle. The long-chained, positively charged residues lysine and arginine, as 
well as the aromatic residues tryptophan and tyrosine appear more frequently 
for interactions in the bilayer’s apolar to polar transition region [13]. The 
helices can be connected either by short linkers or longer sequences that e.g. 
fold into extramembrane domains with characteristics of soluble proteins. 

A less common strategy for integral membrane proteins to arrange their 
transmembrane domain is through antiparallel 𝛽-strands that form a self-
enclosing sheet, a 𝛽-barrel, with the number of strands being even and 
ranging between 8 and 24 [13,15]. 𝛽-barrels are found almost exclusively in 
the outer membrane of bacteria, and in bacteria-derived membranes of 
eukaryotic organelles. The barrel structure is stable since it is formed from a 
large number of interstrand hydrogen bonds of the protein’s backbone. 𝛽-
barrels are often involved in passive transport of soluble compounds, and 
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their interiors are thus lined with polar and charged residues, while the 
barrel’s exterior is covered with hydrophobic residues for interaction with 
the hydrocarbon phase of the membrane [15].  

Monotopic and peripheral membrane proteins interact with only one leaflet 
of the bilayer. The monotopic proteins have a higher affinity for the 
membrane than the peripheral ones, and monotopic proteins are more or less 
permanently anchored to the membrane, but can be released by the aid of 
detergents or organic solvents [15,16]. For the dissociation of peripheral 
membrane proteins from the bilayer, high ionic strength or alkaline buffers 
are sufficient. For both types of proteins, hydrophobic and/or electrostatic 
interactions convey the interaction with the lipid’s acyl chain and headgroup 
regions respectively. In-plane amphiphilic helices are commonly found in 
membrane-interacting regions of proteins. Furthermore, post-translational 

Figure 2. Different types of membrane proteins. From left to right: A 
polytopic, a bitopic, a monotopic and a peripheral membrane protein. The 
bitopic and polytopic membrane proteins contain one or several hydrophobic 
transmembrane helices respectively that are deeply embedded in the bilayer. 
The monotopic membrane protein is permanently anchored to one leaflet of 
the bilayer, e.g. through a combination of hydrophobic and polar interactions 
close to the membrane-water interface. The peripheral membrane protein 
associates only temporarily with the membrane, e.g. by electrostatic 
interactions with negatively charged lipid headgroups at the membrane’s 
surface. 
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modifications such as fatty acylations of proteins can function as a 
mechanism of membrane anchoring [17].  

1.1.3 Membrane systems 

The membranes of special interest for this thesis are the inner membrane of 
Gram-negative bacteria, the mitochondrial inner membrane, and the 
thylakoid membrane of plant chloroplasts. The membranes are characterized 
by their own unique lipid and protein compositions introduced below. 

The Gram-negative membrane 

The Gram-negative inner membrane separates the cytoplasm from the 
periplasm. The three major lipid constituents of the membrane are 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin 
(CL), present at the approximate concentrations given in Table 1. The Gram-
negative inner membrane is characterized by a large fraction of negatively 
charged lipids and high curvature stress. The relative concentrations of lipids 
with the respective headgroups vary e.g. with the growth phase of the 
bacterium [9]. In the stationary phase CL is increased at the expense of PG. 
The bacterium regulates the degree of acyl chain unsaturation and other 
chain modifications in response to temperature to keep the membrane in the 
liquid-crystalline phase. About 20-30% of the E. coli proteome is localized 
to the inner membrane [18]. Most of these proteins are polytopic, α-helical 
membrane proteins, while about half as many are bitopic. They participate in 
functions such as transport, envelope biogenesis, metabolism and signaling. 
Interestingly, about one third of all membrane proteins do not yet have 
assigned functions. Furthermore, many proteins other than the ones predicted 
to have transmembrane helices co-purify with the inner membrane, and these 
proteins thus associate to the membrane by other means.  

The mitochondrial inner membrane 

The mitochondrial inner membrane separates the intermembrane space 
(IMS) from the matrix, the core compartment of the mitochondrion. The 
lipid composition of the inner membrane varies between species and tissues, 
but in S. cerevisiae the dominant lipids are phosphatidylcholine (PC), PE, 
CL and phosphatidylinositol (PI) [19]. The membrane also contains small 
amounts of phosphatidylserine (PS) and phosphatidic acid (PA). The protein 
to lipid content in the membrane is very high, 4:1 by weight [20] with 
significant contribution from proteins that take part in energy conservation, 
metabolism and mitochondrial biogenesis [21]. The proteins often form large 



8 

complexes. The inner membrane is highly curved at cristae junctions which 
folds the membrane into a lamellar structure, serving to increase its surface 
area [22]. Ion transport across the membrane is highly regulated, which 
allows for an electrochemical potential of 180 mV to be established over the 
membrane, with intermembrane space and matrix pHs of ~7.3 and ~8 
respectively.  

Thylakoid membrane 

The thylakoid membrane separates the stroma from lumen in plant 
chloroplasts. The lipid composition of the thylakoid is very different from 
the two previously described membranes as it includes 

Table 1. Lipid compositions of the three membrane types from which the 
proteins studied in this thesis were derived. See Figure 1 for examples of 
lipid structures. Some characteristic properties of the lipids are given, such 
as zwitterionic (zi) or anionic (ai) headgroups, and non-bilayer-forming 
overall shape (nb). 

Membrane Lipid Fraction (%) Property 
Gram-negative inner 
membrane of 
Escherchia coli [19] 

PE 75a zi, nb 
PG 20 ai 
CL 5 ai, nb 

Mitochondrial inner 
membrane of 
Saccharomyces cerevisiae 
[19] 

PC 38a zi 
PE 24 zi, nb 
CL 16 ai, nb 
PI 16 ai 
PS 4 ai 
PA 2 ai 

Thylakoid membrane of 
Spinacia oleracea [182] 

MGDG 52b nb 

DGDG 26 - 
PG 9.5 ai 

SQDG 6.5 ai 
PC 4.5 zi 
PI 1.5 ai 

a) mol-%
b) wt-%
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monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol 
(DGDG), sulfoquinovosyl diacylglycerol (SQDG), which do not contain 
phosphate groups. Due to their high relative abundance in plants, MGDG 
and DGDG are believed to be the most common lipids in nature [23]. 
SQDG, PG and small amounts of PI provide the thylakoid membrane with 
negative surface charge density. The lipid composition of the thylakoid 
membrane is stable under normal growth conditions, but can change, e.g. in 
response to phosphate deprivation, during which galactoglycerolipids 
replace phosphatidylglycerolipids [24]. Similarly to the inner membrane of 
mitochondria, the thylakoid membrane can contain a very high concentration 
of proteins, most of which are related to photosynthesis and energy 
metabolism [25]. 
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2 Methods 

2.1 Spectroscopy and microscopy 

This thesis deals with the structure and dynamics of membrane proteins. 
Several biophysical techniques can be used to obtain such information about 
the proteins, at different levels of detail, and the methods most frequently 
used in this thesis are outlined in the following sections. 

2.1.1 NMR 

NMR is a technique used to measure properties of atomic nuclei that have an 
intrinsic angular momentum 𝐒, the “spin” [26-28]. Spin is a quantum 
mechanical property, the magnitude of which is given by 

|𝐒| =
ℎ

2𝜋
√𝑆(𝑆 + 1) (1) 

where ℎ is Planck’s constant and 𝑆 is the nuclear spin angular momentum 
quantum number. Upon measurement of the component of S in a given 
direction, e.g. along the z-axis, only certain, discrete values can be obtained 

 𝑆𝑧 =
ℎ

2𝜋
𝑚 (2) 

where 𝑚 is the magnetic quantum number and 

  𝑚 ∈ {−𝑆, −𝑆 + 1, … , 𝑆 − 1, 𝑆}. (3) 

For a spin S, there are thus 2𝑆 + 1 possible outcomes in a measurement of 
its component in a given direction. Only certain isotopes of an element have 
spin, and examples of isotopes of nuclei that also frequently occur in 
biomolecules are 1H, 13C, 15N and 31P. These are furthermore examples of 
𝑆 = 1/2 nuclei that can only take on two different orientations upon 
measurement. 

A magnetic moment 𝛍 = 𝛾𝐒 is associated with the spin and its magnitude is 
dependent on an isotope specific constant called the gyromagnetic ratio 𝛾. 
When a nucleus is placed in a strong magnetic field 𝐁𝟎, its magnetic moment 
has a small tendency to align with the direction of the field, the longitudinal 
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direction. Alignment of the magnetic moment with the field gives the ground 
state, denoted the 𝛼 state, while and any other orientation of the spin is an 
excited state. The 𝛽 state is an antiparallel orientation of the magnetic 
moment relative to the magnetic field. Assuming a magnetic field in the z-
direction, the energy of the system is given by 

𝐸 = −𝛍 ∙ 𝐁𝟎 = −𝜇𝑧𝐵0 = −
𝑚ℎ𝛾𝐵0

2𝜋
(4) 

and the energy associated with a transition from the α to the β state becomes 

∆𝐸 =
ℎ𝛾𝐵0

2𝜋
. (5) 

The energy separations between the ground and excited states are very small 
in NMR, much lower than the thermal energy at room temperature, and as a 
consequence the 𝛼 and 𝛽 states are almost equally populated according to 
the Boltzmann distribution. This results in a tiny net alignment of the spins 
and a net magnetization of the sample which can be studied by NMR. The 
energy differences encountered in NMR correspond to energies of waves in 
the radio frequency range of the electromagnetic spectrum. Nuclei can be 
made to resonate with the radio waves at a frequency 

𝜐0 = −
𝛾𝐵0

2𝜋
(6) 

if the waves are tuned to the specific resonance frequencies of the nuclei. 
Thus radio transmitters and receivers are used to investigate samples in 
NMR. Excitation of the spins is achieved by a radio frequency pulse which 
rotates the net magnetization away from the longitudinal direction and into 
the transverse plane (the xy-plane). Due to a torque exerted on the magnetic 
moments by the magnetic field, the individual spins as well as net 
magnetization vector begin to rotate, or precess, around 𝐁𝟎 with an angular 
or Larmor frequency given by 

𝜔0 = 2𝜋𝜐0 = −𝛾𝐵0 (7) 

and measured in radians/second. Furthermore, once displaced from its 
equilibrium alignment with the magnetic field, the net magnetization vector 
undergoes gradual relaxation towards the ground state. In the meantime a 
decaying oscillating signal can be received from the sample due to the 
precession, the free induction decay. The signal as a function of time is 
transformed to a signal as a function of frequency via the Fourier transform, 
giving an NMR spectrum. 
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Nuclei of the same isotope but in different chemical environments 
experience slightly different local magnetic field strengths 𝐁loc, and as a 
consequence they have different resonance frequencies 

𝜐𝑙𝑜𝑐 = −
𝛾𝐵𝑙𝑜𝑐

2𝜋
= −

𝛾𝐵0(1 + 𝛿)

2𝜋
(8) 

where 𝛿 is the chemical shift. The different positions of nuclei in amino 
acids have large effect on the chemical shifts of the spins, which can be 
further influenced by e.g. the local secondary structure. Despite the fact that 
𝐵0𝛿 is very small compared to 𝐵0, 𝛿 being measured in parts per million, the 
chemical shift is of great importance as it allows signals from the same 
isotope but in different chemical environments to be simultaneously 
recorded but individually resolved in spectra. However, even in small 
proteins, the number of nuclei in different environments is so large that 
many signals will overlap and resolution of data is lost unless different 
tactics are employed to increase it. 

One such approach to obtain an increased resolution takes advantage of the 
long-lived excited states in NMR together with the fact that nuclei do not 
only interact with the external magnetic field and radio frequency pulses, 
they also interact with each other. A unique feature of NMR among 
spectroscopic methods is that the excited state can be controlled and 
manipulated extensively before it decays. Using radiofrequency pulses, the 
excited state can be transferred between nuclei and several resonance 
frequencies can thus be correlated in the finally detected free induction 
decay. The experiments result in multidimensional spectra with enhanced 
resolution as signals are distributed over several frequency dimensions. A 
vast number of experiments can be designed to correlate frequencies of 
nuclei of the same or different isotopes, in order to increase the data 
resolution. 

A significant part of any NMR investigation of a large, complex biomolecule 
such as a protein is the process of assigning as many of the detected signals 
as possible to unique nuclei. The process is carried out using data from 
experiments that correlate chemical shifts of nuclei that are either chemically 
linked through a small number of covalent bonds (J-couplings) and/or found 
close in space to one another (dipolar couplings). Together with the known 
primary sequence of the protein under investigation and data bases 
containing characteristic chemical shifts of spins in different environments, 
the signals can be assigned to specific nuclei in the protein. Larger proteins 
require experiments that correlate a combination of 1H, 13C and 15N 
resonances. The latter two nuclei have low natural abundances and the 
protein needs to be produced from materials enriched in these isotopes. More 
advanced schemes aim to reduce the spectral overlap of resonances through 
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isotope labeling of only certain positions in proteins using special substrates 
with specific metabolic pathways. The reader is referred to [26] for 
descriptions of the many experiments needed to assign the protein’s 
backbone and side chain resonances. 

In addition to the drawback that enrichment and/or depletion of certain 
isotopes are needed in NMR studies to increase resolution, the low net 
magnetization due to the small energy separation between ground and 
excited states leads to low sensitivity as compared to other methods. This 
can however sometimes be compensated for by higher concentrations of the 
studied object. Furthermore, some unfavorable interactions between nuclei 
and/or between nuclei and the magnetic field lead to line broadening, 
increased spectral overlap and loss of resolution. In solution-state NMR, the 
fast molecular reorientation of small molecules minimizes or averages out 
such interactions, with sharp signals in spectra as a result. However, for 
larger biomolecules the reorientation is not fast enough which leads to line 
broadening and loss of signal. The overall size of the system and its intrinsic 
dynamics thus determine whether a protein can be studied by solution-state 
NMR. 

The following sections introduce some experiments from which parameters 
related to protein structure, dynamics and lipid interactions can be obtained. 
The experiments are often similar to the ones used to assign the protein, with 
no or only small modifications in their pulse sequences that allow the 
experiments to report on different properties of the nuclei in addition to their 
chemical shifts. 

Structures by NMR 

In general, an NMR structure is generated from a list of experimentally 
derived structural constraints. The constraints are usually related to torsion 
angles of chemical bonds, and short distances between nuclei observed to be 
close in space to each other. Several softwares have been developed to solve 
NMR structures from this type of data [29-32]. The basic principles are 
however the same: the program tries to fold an extended polypeptide chain 
to fulfill as many of the constraints as possible. Since many structures with 
only slight differences can simultaneously fulfill the list of constraints, the 
final structure is usually given as an ensemble of the 15-20 conformations 
with the smallest number of violations and the statistically most favorable 
bond lengths and angles. 

Constraints for the protein backbone 𝛷 and 𝜓 angles are derived from 
chemical shifts or J-couplings. Chemical shifts are not only sensitive to the 
chemical environment provided by the overall structure of the amino acid, 
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but also to the secondary structure of the residue. The difference between the 
observed and expected chemical shift for random coil conformation is called 
the secondary chemical shift ∆𝛿 [33]. Nuclei whose secondary chemical 
shifts together report on the protein’s local backbone conformation are 1HN, 
1Hα, 13Cα, 13C’, 15N, as well as 13Cβ of the side chain [34,35].  

J-couplings between nuclei are sensitive to the geometry of the bonds that 
connect the spins. For a three-bond J-coupling, the magnitude of the 
coupling is a function of the dihedral angle. The relationship is described by 
the Karplus equation [36-38], which is an empirically derived function with 
nuclei pair-specific parameters. The magnitudes of  𝐽 

3
H𝑁−Hα report on the 𝛷 

angles of the protein’s backbone. Dihedral angles calculated from chemical 
shifts and J-couplings are usually considered reliable only in regions of 
ordered secondary structure, and thus not used as structural constraints 
outside these regions. 

Distance constraints are derived from experiments that correlate resonances 
of two spins I and S that are close in space to one another. The correlation is 
a cross-relaxation effect whereby a 𝛽 → 𝛼 transition of one nucleus is 
coupled to the opposite transition in the other spin via dipolar coupling. The 
dipolar coupling constant is  

𝐷𝐼𝑆 =
𝜇0𝛾𝐼𝛾𝑆ℎ

8𝜋2𝑟3
(9) 

where 𝜇0 is the permeability of vacuum and 𝑟 the inter-nuclear distance. The 
likelihood of transition is proportional to the square of the dipolar coupling 
constant, and thus inversely proportional to the sixth power of inter-nuclear 
distance. Even for 1H—1H spin pairs, which have the highest product of 
gyromagnetic ratios 𝛾𝐼𝛾𝑆, relaxation by dipolar coupling is inefficient over 
distances 𝑟 > 5-6 Å. Cross-peaks due to relaxation by dipolar coupling are 
referred to as NOEs (nuclear Overhauser enhancement). Although all NOEs 
indicate nearby spatial positioning between the nuclei they correlate, NOEs 
are called short-, middle- and long-range depending on the separation of 
spins with respect to primary sequence. In addition to almost being a 
prerequisite for structure determination by NMR, NOEs are also useful for 
the positioning of different parts of the protein relative to solvent and 
membrane mimetic. Intermolecular 1H—1H cross-peaks between protein and 
water or membrane mimetic resonances report on immediate proximity 
between the spins of these molecules [7]. 

Another observable which reports on relative orientation of structural 
elements in a protein is the residual dipolar coupling (RDC) [39]. As the 
name suggests, the RDC is a remnant of the strong dipolar coupling that in 
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isotropic solution averages to zero due to molecular tumbling. However, in 
weakly aligned systems, the tumbling is incomplete and spin pairs in rigid 
elements will show an orientation dependent RDC. Weak alignment of 
membrane protein-micelle complexes can be achieved e.g. by absorbing the 
sample into a stretched polyacrylamide gel. For the I—S spin pair, the 
observed RDC is given by 

𝐷RDC = 𝐷𝐼𝑆𝐴𝑎 [(3cos2𝜃 − 1) +
3

2
𝐴𝑟sin2𝜃cos2φ] (10) 

where 𝜃 and φ are the polar coordinates that describe the orientation of the 
I—S vector relative to the alignment frame, while 𝐴𝑎 and 𝐴𝑟 are the axial 
and rhombic components of the alignment tensor [40-42]. For the amide 
1H—15N, nearly free tumbling inside the weakly aligned medium reduces 
dipolar coupling interactions from several kHz down to a few hertz, and 
𝐷RDC can thus be measured as a contribution to cross-peak splitting 
superimposed on the splitting by J-coupling [41].  

In an -helix, the amide 1H—15N bond vectors make a small angle 𝛿=15.8° 
with the helix axis, and this small discrepancy results in different RDCs for 
residues of the same helix [41,42]. The repeating nature of the helical 
structure gives rise to RDCs that vary periodically along the helix, and the 
harmonic pattern is referred to as a dipolar wave. Sudden or gradual changes 
in the phase and amplitude of the dipolar wave patterns are indicative of 
helices that are kinked or curved. Furthermore, the periodicity of the wave 
pattern can be used to detect other types of helical structures, such as the 310- 
and 𝜋-helices. 

Dynamics by NMR 

Different types of molecular motion occur on a very broad range of 
timescales, from the vibrations of chemical bonds on the sub-picosecond 
timescale, up to protein unfolding events that may occur over days [43]. The 
motions affect different NMR observables that can thus be used to 
investigate protein dynamics. At the faster end of the molecular motion 
range, on the pico- to nanosecond timescale, the intrinsic flexibility of 
chemical bonds causes reorientations of the groups they connect. These 
movements of nuclei relative one another cause local, fluctuating magnetic 
fields that can provoke spin transitions. For the S spin of the I—S spin pair, 
three parameters sensitive to these motions are the longitudinal relaxation 
rate R1, the transverse relaxation rate R2, and the steady-state NOE 
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𝑅1
𝑆 = 𝐷𝐼𝑆

2 [
3

20
𝐽(𝜔0,𝑆) +

3

10
𝐽(𝜔0,𝐼 + 𝜔0,𝑆) +

1

20
𝐽(𝜔0,𝐼 − 𝜔0,𝑆)] (11) 

𝑅2
𝑆 = 𝐷𝐼𝑆

2 [
1

10
𝐽(0) +

3

20
𝐽(𝜔0,𝐼)] +

𝑅1
𝑆

2
(12) 

NOE𝑆𝑆 = 1 +
𝛾𝐼

𝛾𝑆

𝐷𝐼𝑆
2

𝑅1
𝑆 [

3

10
𝐽(𝜔0,𝐼 + 𝜔0,𝑆) −

1

20
𝐽(𝜔0,𝐼 − 𝜔0,𝑆)] (13) 

where 𝐽(𝜔) is the spectral density function that describes the distribution of 
molecular motions expressed in angular frequencies [27,44]. The spectral 
density function is evaluated at different combinations of Larmor 
frequencies of the spin pair to determine a molecular motion’s influence on 
spin transitions and relaxation. The longitudinal and transverse relaxation 
rates are measured in series of experiments that incorporate time delays of 
increasing length during which the respective relaxation mechanism is active 
[43]. The steady-state NOE carries information about the cross-relaxation 
rate, and is measured as the maximum magnetization enhancement of the S 
spin that can be obtained through continuous irradiation of the dipolar 
coupled I spin. 

In the so called model-free approach to analysis of relaxation data, 
expressions for 𝐽(𝜔) are used that do not explicitly trace the movements of 
inter-spin vectors, but instead treat the motion as a random process to which 
a correlation time and an amplitude confinement are associated [45,46]. For 
a spherical, rigid body, the reorientation of the object as a whole due to 
Brownian motion gives a spectral density function 

𝐽(𝜔) =
2𝜏𝑐

1 + (𝜔𝜏𝑐)2 (14) 

where 𝜔 is the angular frequency of the spin(s) and 𝜏𝑐 the correlation time. 
For Brownian motion there is no amplitude confinement but the object 
tumbles freely. Proteins are not rigid objects, but display a range of motions 
for the different sites of the macromolecule. To account for the local 
differences in flexibility, an extended form of the spectral density function is 
given by 
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𝐽(𝜔) =
2

5
[𝑆2

2𝜏𝑐

1 + (𝜔𝜏𝑐)2
+ (1 − 𝑆2)

𝜏

1 + (𝜔𝜏)2] (15) 

with 𝜏−1 = 𝜏𝑐
−1 + 𝜏𝑒

−1 where 𝜏𝑒 is the local correlation time of a bond vector 
restricted in its amplitude of motion, expressed as the local order parameter S 
[44]. Models can be made yet more sophisticated, e.g. by addition of 
parameters that take into account more than one local correlation time and/or 
chemical exchange [43]. Since the Larmor frequencies 𝜔0 are magnetic field 
strength dependent, relaxation rates are also affected by 𝐁𝟎. Measurements 
of several relaxation parameters at more than one field strength give 
sufficient number of constraints so that the model-free parameters can be 
obtained through fitting to data. 

For the amide group 15N, the primary source of relaxation is dipolar coupling 
to the covalently bound 1H, and this interaction is commonly used to 
determine the dynamics of the protein’s backbone. For macromolecules such 
as proteins, 𝑅1 rates decrease towards zero while 𝑅2 rates increase 
indefinitely with increased correlation time. The transverse relaxation rate’s 
dependency on correlation time and object size is one of the major problems 
of solution-state NMR as linewidths in spectra are proportional to 𝑅2. 

The overall relaxation rate of a nucleus is the sum of contributions from all 
interactions that influence the spin. Another source of relaxation for the 
amide group 15N is chemical shift anisotropy (CSA). The CSA arises due to 
an orientation dependency of chemical shifts on molecular orientation 
relative to 𝐁𝟎. The spin experiences a local field fluctuation due to molecular 
reorientation, which can provoke spin transitions and relaxation. The CSA’s 
contributions to longitudinal and transverse relaxation rates are 

𝑅1 = 𝑐2
1

15
𝐽(0) (16) 

𝑅2 = 𝑐2 [
2

45
𝐽(0) +

1

30
𝐽(𝜔0)] (17) 

where 𝑐 = 𝛾𝐵0(𝜎∥ − 𝜎⊥) and 𝜎 denotes the components of the chemical 
shielding tensor, here assumed to be axially symmetric [27,44]. It turns out 
that in systems that experience relaxation due to both dipolar coupling and 
CSA, there is also cross correlation contributions to total relaxation rates. 
Interestingly, the cross correlation’s contributions to relaxation for the two 
peaks of a doublet have opposite signs. For transverse relaxation 
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specifically, cross correlation is not field strength dependent. At high 
magnetic field strengths, cross correlation significantly reduces the 
contributions to relaxation from dipolar coupling and CSA for one of the 
doublet’s components. In theory, it is possible to find conditions were 
relaxation due to dipolar coupling, CSA and their cross correlation cancel 
out completely to give infinitely narrow linewidth for this component. 
Although the ideal conditions cannot be achieved simultaneously for all the 
amide 15N of a protein in practice, the invention of transverse relaxation-
optimized spectroscopy experiments, where only the narrowest cross-peak 
components are selected for, have significantly increased the applicability of 
solution-state NMR to studies of larger protein complexes [27,44,47,48]. 

Lipid interaction and membrane topology by NMR 

Paramagnetic relaxation enhancement 

Due to the much larger gyromagnetic ratio of an electron as compared to 
nuclei, an unpaired electron interacts strongly with nearby nuclear spins even 
over longer distances and contributes to their relaxation. The phenomenon is 
called paramagnetic relaxation enhancement (PRE). By incorporation of 
water-soluble or hydrophobic paramagnetic compounds that partition into 
the soluble phase or associate with a membrane mimetic respectively, the 
relaxation rates of different parts of the protein are affected according to 
their respective vicinity to the unpaired electron. The PRE Γ2 is given by 

Γ2 =
1

15
(

𝜇0

4𝜋
)

2

𝛾𝐼
2𝑔2𝜇𝐵

2 𝑆(𝑆 + 1)[4𝐽𝑆𝐵(0) + 3𝐽𝑆𝐵(𝜔𝐼)] (18) 

where 𝐽𝑆𝐵 is the Solomon-Bloembergen spectral density function, 𝑔 the 
electron g-factor, 𝜇𝐵 the magnetic moment of the free electron and 𝑆 the 
electron spin quantum number [49]. The PRE can be determined 
experimentally as the difference between the observed relaxation rate in the 
presence and absence of the paramagnetic species  Γ2 = 𝑅2,para − 𝑅2,dia. 
Although it is in principle possible to quantify distances from the above 
equation, PREs are also commonly used to get qualitative information on 
relative proximity between different parts of the protein and the probes. In 
such applications, the ratio of signal intensities with and without the 
paramagnetic species is calculated. 
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1H exchange experiments 
1H exchange rates between solvent and amide groups of proteins depend on 
several factors, including accessibility of water to these sites in 
macromolecules, and on the stability of the intramolecular hydrogen bonding 
networks [50]. These factors give rise to differences in 1H exchange rates 
that vary several orders of magnitude even for exchange sites within the 
same protein. Different types of 1H exchange experiments can thus be used 
to map solvent exposed and ordered structure regions of proteins. 

Two experiments that report on solvent exposure are the H/D exchange and 
CLEANEX experiments, although both are also highly influenced by 
presence of ordered structure. In H/D exchange experiments the solvent is 
changed for 2H2O whereupon 2H can begin to replace amide 1H. The gradual 
disappearance of amide 1H—15N signal with time reflects on accessibility of 
2H to the amide sites on a longer timescale, larger than seconds. In the 
CLEANEX experiment, 1H of solvent is selectively excited followed by a 
delay during which exchange between solvent and amide groups can take 
place [51]. Dephasing of transverse magnetization due to exchange at 
different time points during the delay is prevented by a rapid succession of 
pulses that temporarily stalls precession, a spin-lock. The appearance of 
1H—15N signals in the spectrum reports on protein-solvent exchange up to 
the hundreds of milliseconds timescale. Together with knowledge on 
relaxation rates of 1H in solvent and in the protein respectively, exchange 
rates can be determined from measurement series of signal intensity as a 
function of delay time. 

Pulsed field gradient diffusion NMR 

Pulsed field gradient diffusion NMR can be used to determine the size of an 
object via its diffusion rate, or the association of two objects if they 
separately have dissimilar diffusion rates [52]. The experiment utilizes a 
gradient magnetic field that can be superimposed on B0 by the use of 
electromagnets. A gradient field applied for a short duration, 𝛿, encodes a 
relative position-dependent phase shift into the spin’s precession. At a time ∆ 
later, another gradient pulse of equal duration, 𝛿, but opposite orientation 
decodes the new relative positions of the nuclei. Because of diffusion during 
the delay ∆, the cancellation of phase shifts due to gradient pulses is 
incomplete, which leads to signal reduction. A modified Stejskal-Tanner 
equation describes the signal attenuation 𝐼𝑖 as a function of gradient 
strength 𝑔𝑖 
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𝐼𝑖 = 𝐼0 ∙ exp (−𝐷(𝛾𝑔𝑖𝛿)2 (∆ −
𝛿

3
))  (19) 

where 𝐼0 is the intensity in absence of gradients and 𝐷 the diffusion rate [53]. 
By appropriate choices of gradient duration and delay time, a signal 
attenuation curve can be recorded through a measurement series with 
different gradient strengths, and 𝐷 obtained by curve fitting. Once the 
diffusion rate of a molecule has been determined, it can be used to calculate 
the hydrodynamic radius 𝑅𝐻 using the Stokes-Einstein equation 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
(20) 

where 𝑘𝐵 is Boltzmann’s constant, 𝑇 the absolute temperature and 𝜂 the 
viscosity of the solution. 

2.1.2 Fluorescence 

Electrons are found not only in atomic orbitals but also in molecular orbitals 
(MOs) that bind atoms together into molecules. An electron’s spatial 
distribution in a MO is described by a wave function 𝜓(𝒓) where 𝒓 denotes a 
set of coordinates in Cartesian space. The electron’s energy varies with 
orbital 𝜓0, 𝜓1, … where the indices indicate orbitals of increasing energy. 
The overall configuration of the systems is also denoted S0, S1, …. for the 
ground state, first excited state, etc. Light can interact with the electron 
through the electric field component of the electromagnetic wave. The 
field’s and electron’s interaction potential is described by the operator �̂�(𝒓). 
The electric field exerts a force on the electron, displacing it from 
𝜓0 towards an excited state MO, e.g. 𝜓1. If the perturbed ground state �̂�𝜓0 
overlaps in space with 𝜓1, a transition of the electron between the ground 
and excited state MOs is possible. The transition dipole moment (TDM) 
describes the redistribution of charge in the molecule upon transition 

TDM = 𝑞 ∫ 𝜓1
∗𝒓𝜓0

𝑅

𝑑𝒓 (21) 

where the asterisk indicates the complex conjugate of the wave function and 
the integral is calculated over all space R. If the light’s energy corresponds to 
the difference in energy of the electron in the respective orbital, a photon is 
absorbed and the electron is transferred to the electronically excited state. 
Due to a redistribution of charged particles in the molecule from equilibrium 
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positions upon transition, a part of the energy becomes vibrational energy of 
the molecule, a vibronic excited state. 

Once the electron is in an excited state MO, several processes compete for 
its relaxation to S0 [54] Relaxation by emission of a photon is called 
fluorescence. Examples of other mechanisms are internal conversion, where 
the electron’s potential energy in S1 is converted to vibrational energy, and 
non-radiative transfer of the excited state to other nearby molecules. The 
ratio between the number of fluorescence and excitation events is the 
quantum yield 𝛷. Following excitation of a sample of fluorophores, the 
observed fluorescence intensity 𝐼(𝑡) decays mono-exponentially according 
to 

𝐼(𝑡) = 𝐼0𝑒−𝑡/𝜏 (22) 

where 𝜏 is the fluorescence lifetime. Due to the high energies associated with 
MO transitions, the fluorescence lifetime is typically short, on the order of 
nanoseconds, and the lines in fluorescence spectra are broad. On the other 
hand, the high energies of transition make fluorescence a very sensitive 
technique as almost all electrons are found in the ground state at the 
beginning of an experiment, where they can be excited by incident light. 
Furthermore, the low UV/visible background radiation from samples of 
biological molecules contributes to the method’s sensitivity. 

The naturally occurring fluorophores in proteins are the aromatic side chains 
of tryptophan, tyrosine and phenylalanine [54]. The absorption coefficients 
and quantum yields of Trp and Tyr make them amenable to many 
fluorescence experiments. In comparison, the quantum yield of Phe is low, 
and its fluorescence is detectable only in the absence of the former two 
residues. In experiments that require low protein concentrations, the proteins 
need to be labeled with synthetic, intense fluorophores in order to give 
sufficient signal intensities. Labeling can be achieved either site-specifically, 
e.g. by reaction with a surface-exposed cysteine, or more ubiquitously by
reactions with several amine groups. The labeling of proteins always come
with the associated risk that the often large and hydrophobic dye molecules
may significantly change the properties of the proteins they bind to.

Membrane interaction by fluorescence 

Fluorescence intensity and wavelength changes of surface exposed 
chromophores can be used to study binding of proteins to membranes. Trp 
shows a blue-shift as well as an increase in quantum yield when it is 
transferred from solution to an apolar environment. The latter property is 
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observed also for Tyr residues. The dissociation constant 𝐾𝐷 for the 
fluorophore-membrane interaction can be determined through fitting of 
fluorescence intensity as a function of lipid concentration (surface area) in 
titration experiments at relative concentrations around the dissociation 
constant. 

Membrane interaction by quenching 

Quenchers are molecules that allow a fluorophore to relax by other means 
than emission of a photon. The energy of the excited state can e.g. be used to 
drive a photo-chemical reaction, or be transferred to become an excited state 
of the quencher. Collisional quenchers can convert the excited state of the 
fluorophore to vibrational energy of the quencher. While quenching from 
e.g. O2 or halogen ions usually constitutes a problem for fluorescence
studies, quenching can also be used to study the solvent exposure of
fluorophores and to detect binding. In solution containing quencher at a
concentration [𝑄], the flurophore’s emission 𝐼𝑞 is given by the Stern-Volmer
equation

𝐼0

𝐼𝑞
= 1 + 𝐾𝑆𝑉[𝑄] (23) 

where 𝐼0 the fluorescence in absence of quencher and 𝐾𝑆𝑉 the Stern-Volmer 
constant [54,55]. 𝐾𝑆𝑉  is obtained through fitting of measured fluorescence 
intensities at different quencher concentrations, and reports on the ability of 
the quencher to access and contribute to non-radiative relaxation of the 
fluorophore. This property is expected to change e.g. if a protein in solution 
binds to a membrane mimetic, and a previously solvent exposed fluorophore 
becomes buried. 

Insertion depth by quenching 

Quenching can also be used to measure insertion depths of fluorophores into 
membranes. Lipids in which collisional quenching properties have been 
introduced, e.g. by moieties containing unpaired electrons in their 
headgroups or acyl chains, or unsaturations that have been brominated, can 
be used for this purpose. Membrane-inserted fluorophores are affected 
dissimilarly by lipids with quenching groups at different positions since 
these groups are restricted to a plane in the bilayer, with variation only due 
to molecular motion. The parallax method measures the insertion depth of a 
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fluorophore based on the differential effect of two quenchers. The equation 
relating insertion depth to measured intensities is 

𝑍𝑐𝑓 = 𝐿𝑐1 + {
−ln (𝐹1/𝐹2)

𝜋𝐶
− 𝐿12

2 } 2𝐿12⁄ (24) 

where 𝑍𝑐𝑓 is the distance between the fluorophore and the center of the 
bilayer, 𝐿𝑐1 the distance between the center of the bilayer and the shallow 
quencher, and 𝐿12 the distance between the shallow and the deep quenchers 
[56,57]. 𝐹1 and 𝐹2 are the fluorescence intensities together with the shallow 
and deep quencher respectively. 𝐶 is the fraction of area occupied by 
quencher in relation to the total bilayer area. In order for the parallax method 
to give reliable results, the quencher pair needs to be chosen carefully so that 
the fluorophore has an insertion depth in between the locations of the two 
quenchers, or several quencher pairs need to be experimentally tested. 

Membrane interaction by dynamics 

Fluorescence can be used to measure dynamics of fluorophores [54,58]. The 
dynamics report on the size of the fluorophore, or size of the macromolecule 
to which it is attached if the motion of the fluorescent group is relatively 
restricted within the macromolecule. Changes in apparent size can be used to 
detect binding of proteins to membrane mimetics, and the fluorescence is 
most sensitive to motions on the same timescale as the fluorescence 
lifetime 𝜏. Dynamics data can be obtained through steady-state experiments 
where polarized light is used for excitation, and the orientation of the emitted 
light’s polarization is measured. Absorption and emission of polarized light 
is the most and the least probable when the electric field vector of the 
radiation is oriented parallel and perpendicular to the TDM respectively. The 
fluorescence anisotropy 𝑟 is defined as  

𝑟 =
𝐼∥ − 𝐼⊥

𝐼∥ + 2𝐼⊥
(25) 

where 𝐼∥ and 𝐼⊥ are the fluorescence intensities detected with the emission 
and excitation polarizers set parallel and perpendicular respectively. The 
maximum anisotropy 𝑟0 is given by 
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𝑟0 =
2

5
(

3cos2𝛽 − 1

2
) (26) 

where 𝛽 is the angle between the absorption and emission TDMs [54,59]. 
The maximum anisotropy is 0.4 and -0.2 for parallel and perpendicular 
absorption and emission TDMs respectively. The emission TDM changes 
with the movement of the fluorophore during the fluorescence lifetime. As a 
consequence, the anisotropy will be reduced from its maximum value 
towards zero. In the case of rotational diffusion due to Brownian motion, the 
Perrin equation relates the dynamics to the steady-state fluorescence 
anisotropy 

𝑟(𝜏) =
𝑟0

1 + 𝜏
𝜑⁄

 (27) 

where 𝜑 is the rotational correlation time [54,59]. 

Membrane interaction by fluorescence correlation spectroscopy 

Fluorescence correlation spectroscopy (FCS) studies the diffusion properties 
of a small number of fluorescent molecules inside a small detection volume 
[54]. The fluorescence intensity as a function of time increases and decreases 
as fluorophores move in and out of the detection volume. The characteristic 
times of the fluctuations in recorded intensity traces depend on the sizes of 
the molecules. The fluctuations as a function of time are converted to a 
function of lag time 𝜏 by the use of the autocorrelation function 𝐺(𝜏). The 
autocorrelation function describes how similar a system is to a previous state 
after a time 𝜏 has passed 

𝐺(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
− 1 (28) 

where 𝐼 denote the intensities detected at times 𝑡 and 𝑡 + 𝜏. The angle 
brackets indicate time averages. In a simple application, when there is only 
one type of fluorophore in solution that diffuses according to Brownian 
motion, the correlation time 𝜏𝐷 can be obtained by fitting  
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𝐺(𝜏) = 𝐺(0)
1

(1 + (𝜏/𝜏𝐷))(1 + 𝑎−2(𝜏/𝜏𝐷))1/2
− 𝐺(∞) (29) 

to autocorrelation data from Equation 28 [60]. In Equation 29, 𝑎 =
𝜔𝑧 𝜔𝑥𝑦⁄  is a measure of the detection volume, a ratio between the distance at 
which the detected intensity has been reduced to 𝑒−2 of its initial value in the 
axial and radial dimensions respectively. The maximum amplitude of the 
autocorrelation function is the inverse of the average number of fluorophores 
in the detection volume 𝐺(0) = 1 〈𝑁〉⁄ , and the inflexion point represents 
the correlation time 𝜏𝐷 of diffusion in and out of the detection volume. If 
more than one population of differently sized fluorophores is present in 
solution, Equation 29 requires expansion to a series of terms similar to the 
right-hand side of the same equation, where each term describes the fraction 
of fluorophore that diffuses with the respective correlation time [60]. 

Fluorescence resonance energy transfer 

Fluorescence (or Förster) resonance energy transfer (FRET) is the non-
radiative relaxation of a donor fluorophore coupled to the excitation of an 
acceptor fluorophore via dipole-dipole interaction [61,62]. The transfer is 
most likely to occur from S1 of the donor to a higher vibronic state in the 
acceptor. After transfer, the acceptor relaxes to the first electronically 
excited state, where it may undergo fluorescence. The effect of FRET is thus 
a longer wavelength emission than what would have been observed from the 
donor alone. In order for FRET to be effective, the emission wavelength 
(range) of the donor needs to overlap with the excitation wavelength of the 
acceptor [61,63,64]. Furthermore, the emission and excitation TDMs of the 
donor and acceptor respectively need to have similar orientations to increase 
the strength of the coupling. The efficiency of the transfer 𝐸𝑅𝐸𝑇 is highly 
dependent on the distance 𝑟 between fluorophores according to 

𝐸𝑅𝐸𝑇 =
𝑅0

6

𝑅0
6 + 𝑟6

(30) 

where 𝑅0 is the Förster radius. FRET is most sensitive to inter-fluorophore 
distance at separations between acceptor and donor close to 𝑅0. The Förster 
radius for a typical donor-acceptor pair is ~5 nm, which is similar to the 
dimensions of proteins, and this makes FRET a useful tool for investigations 
of conformational changes of proteins and macromolecular interactions [64]. 
In conjugation with FCS, FRET functions as a filter for the non-interacting 
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fraction of fluorophores, so that properties of the donor-acceptor containing 
complex can be exclusively detected and studied [65].   

2.1.3 Circular dichroism 

Circular dichroism (CD) spectroscopy measures the differential absorption 
of right- and left-hand circularly polarized light as electrons make transitions 
between MOs. As a consequence of the circular polarization, for a transition 
to be allowed in CD, it must involve both a rotation and translation of the 
electron’s charge distribution upon transition. This is in contrast to regular 
absorption spectroscopy where only the latter is required. In general, such 
transitions are expected to exist between MOs of chiral molecules, i.e. 
molecules that cannot be superimposed on their mirror image and thus 
possess intrinsic asymmetry [66,67]. Alternatively, a symmetric molecule 
can acquire some chirality when positioned in an asymmetric environment. 
Many biomolecules fulfill at least one of these characteristics and are thus 
CD optically active to some extent. The CD described here concerns 
transitions in proteins with energies corresponding to energies of light in the 
far-UV region. In this region, the dominant chromophore is the carbonyl 
group of the peptide bond, with minor contributions also from aromatic side 
chains. The carbonyl group can absorb UV light to undergo the transitions 
𝜋 → 𝜋∗ and 𝑛 → 𝜋∗. Both of these are intrinsically forbidden in CD as they 
constitute only a translation of electrons in the former transition, and only a 
rotation of electrons in the latter transition. However, the amide group as a 
whole is asymmetric which mixes the characters of the transitions and makes 
them weakly allowed. What makes CD spectroscopy useful for 
investigations of proteins is that the sign and magnitude of the differential 
absorption of the transitions depend on the secondary structure of the 
protein. Each secondary structure places the amide groups in a unique 
environment where differences in coupling between groups influence the 
appearance of the spectrum. 

Although CD instruments measure a differential absorption of left- and 
right-hand circularly polarized light, the results are usually reported as the 
ellipticity 𝜃. It is furthermore common to normalize the measured ellipticity 
for protein concentration 𝑐, the number of residues per protein N, and 
cuvette path length 𝑑 to increase comparability between samples and 
equipment. The mean residue molar ellipticity can thus be calculated as 

[𝜃] =
𝜃

𝑐 ∙ N ∙ 𝑑
(31)
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and expressed in units of deg∙cm2∙dmol-1 [66,67]. In a basic application of 
CD to study protein secondary structure content, the normalized spectrum is 
visually compared to spectra of polypeptides of a single, known ordered 
structure to obtain a crude estimate of secondary structure content. In more 
advanced applications that aim to accurately quantify the secondary structure 
content, the acquired spectrum is decomposed using basis sets constructed 
from proteins of known structures and CD spectra [68,69]. 

CD spectroscopy offers a convenient way to obtain estimates of protein 
secondary structure content in solutions of low concentrations, with only 
moderate requirements on other sample constituents which should not give 
significant contributions to the far-UV spectrum [66,67]. 

2.1.4 Dynamic light scattering 

Dynamic light scattering (DLS) is a technique that studies diffusion of 
macromolecules, a property which is affected by the sizes and shapes of the 
objects [70]. DLS can thus be used to determine the oligomeric state of a 
protein or to detect complex formation of two macromolecules. Due to their 
Brownian motion, molecules in solution scatter light that can be detected at 
an angle relative to the incident light. The scattered light from several 
molecules interferes either constructively or destructively at the detector and 
the motions of the molecules lead to fluctuations in detected intensity 
[70,71]. Multiple scattering events can be filtered out by the use of cross-
correlation between detectors. The intensity fluctuation as a function of time 
is converted to a function of lag time 𝜏 by correlation analysis 

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
(31) 

where 𝐼 denotes the intensity detected at times 𝑡 and 𝑡 + 𝜏, and where angle 
brackets indicate time averages [70,72]. The expression that relates 𝑔2 to 
molecular motion for a polydisperse sample is complex, but for a 
monodisperse solution it is simplified to  

𝑔2(𝜏) = 1 + 𝛽𝑒−2𝐷𝑞2𝜏 (32) 

where 𝛽 is a sample and spectrometer dependent constant, and 𝐷 the 
diffusion coefficient of the molecules [70,73]. The Bragg wave vector 𝑞 is 
defined as 
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𝑞 =
4𝜋𝜂

𝜆
sin (𝜃 2⁄ ) (33) 

where 𝜂 is the viscosity of the medium, 𝜆 the wavelength of the 
monochromatic light and 𝜃 the scattering angle. Several mathematical 
procedures have been developed to solve for 𝑔2 from polydisperse samples 
[70,74,75]. The obtained diffusion coefficients are converted to 
hydrodynamic radii by the use of the Einstein-Stokes equation for Brownian 
motion (Equation 20). The results are usually displayed as an intensity-
weighted distribution, %𝐼, as a function of hydrodynamic radius, 𝑅𝐻. For a 
system containing two populations of particles, the intensity from one of the 
populations is 

%𝐼𝑎 =
𝑎6𝑁𝑎 ∙ 100

𝑎6𝑁𝑎 + 𝑏6𝑁𝑏

(34) 

where 𝑎 and 𝑏 are the sizes of particles in relative numbers 𝑁𝑎 and 𝑁𝑏 
respectively [70,76]. The exponents in Equation 34 reflect on the 
proportionality between scattered intensity and size. Volume- or number-
weighted distributions are also possible due the approximate relationships 
between scattered intensities, particle masses, volumes and densities [70]. 

DLS provides a way to quickly obtain information on the size distribution of 
molecules from small amounts of sample and at low concentrations. 
However, for polydisperse solutions, relatively large differences in 
hydrodynamic radii are required to resolve the populations [70]. 
Furthermore, the samples need to be highly pure, as scattering from large 
dust particles may mask the scattering from the smaller macromolecules of 
interest. 

2.1.5 Electron microscopy 

Electron microscopy (EM) utilizes electrons and electromagnetic fields 
instead of light and lenses to obtain images of biological macromolecules 
[77]. The electrons are accelerated by high voltages in vacuum, giving 
velocities that approach the speed of light. At these velocities, the electrons 
form a particle wave with a very short wavelength as given by the de Broglie 
equation 
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𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
(35) 

where ℎ is Planck’s constant, 𝑚 and 𝑣 the mass and speed of the electron 
respectively. The minimum distance 𝑑 between two points that can be 
resolved (the resolution) by any imaging technique is given by 

𝑑 = 𝜆/2n sin 𝜃 (36) 

where  is the diffraction angle,  the wavelength of the diffracted wave or 
particle, and n the refractive index of the medium. At accelerations of a few 
kilovolts, the electron wavelength is already smaller than the minimum 
distance between two covalently bound atoms, ~1 Å. Thus in theory, already 
at relatively low voltages, EM has the resolving power needed to study the 
structure of any macromolecule. In practice, however, the efficiency with 
which electrons can be focused by electromagnetic lenses sets the limit of 
resolution, and hundreds of kV are needed to obtain a resolution of a couple 
of Å. Furthermore, a homogenous specimen is required for data averaging 
over many observed objects. In negative stain transmission EM, the 
specimen is stained with a contrast agent, such as uranyl acetate, which 
contains heavy atoms that scatter strongly. The spatial differences in electron 
transmission through the sample, via the macromolecules or the crust formed 
around these by the contrast agent, form an image which can be viewed 
immediately on a fluorescent screen or digitally recorded [78]. 

2.2 Membrane mimetics 
As outlined previously, biological membranes are often far too complex 
systems to be studied directly. In order to investigate a membrane protein in 
detail, it needs to be extracted from its natural environment, which is then 
replaced by a membrane-mimicking system. The choice of membrane 
mimetic is often a compromise between the need to fulfil certain 
characteristics of the native membrane that are known, or expected, to be 
important for the behavior of the protein, and the limitations imposed by the 
biochemical or biophysical assay, e.g. in terms of mimetic size, 
concentration, stability, etc. While the presence of proteins other than the 
one studied is certainly of great importance for the overall behavior of the 
membrane, e.g. in terms of macromolecular crowding, local changes in 
bilayer thickness, fluidity, lipid accumulation, etc., these effects are difficult 
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to imitate and most mimetics thus often aim only to simulate the properties 
of the membrane’s lipid constituents. The following sections introduce the 
membrane mimetics that have been used in this work. 

2.2.1 Micelles 

Detergents are a non-uniform group of molecules that vary in sizes, shapes 
and functional groups. However, detergents have an overall amphiphilic 
structure in common. In contrast to lipids, the size difference between the 
polar and hydrophobic parts of the detergent molecule is much more 
pronounced, which gives detergents an overall conical shape and as a result 
they do not form bilayers (Figure 3). Instead, detergent molecules self-
assemble into small spherical monolayers called micelles, although more 
elongated structures may also form under certain conditions [79]. Two 
characteristics of a particular detergent at a given set of conditions are the 
critical micelle concentration (CMC) and the aggregation number. The 
former is the concentration above which the exceeding fraction of detergent 
forms micelles, and the latter is the number of detergent molecules per 
micelle [7,80]. Both the CMC and aggregation number vary greatly between 
detergents, but it is possible to find detergents that form relatively low 
molecular weight aggregates at low concentrations. These may also provide 
the mimetic with characteristics of the native membrane’s lipids, e.g. 
presence of acyl chains and naturally occurring headgroups. The low 

Figure 3. Illustrations of membrane mimetics with approximate dimensions 
indicated. A) A small micelle composed of conical detergent molecules. B) 
An ideal isotropic bicelle as viewed from different angles. The bicelles is 
composed of cylindrically shaped lipids that cluster into the mimetic’s 
bilayer region, and with detergent localized in the rim. C) Cross-section of a 
LUV composed of a self-enclosing lipid bilayer. The former two types of 
mimetics are displayed inside the LUV for size comparisons. 
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molecular weight contribution to the overall protein-micelle complex has 
made micelles a very important membrane mimetic for membrane protein 
investigations by solution-state NMR. However, micelles have been shown 
to sometime distort the structures and functions of the proteins that they 
interact with [80-85], and conclusions from results obtained with micelles 
must thus always be drawn with caution. 

The detergents used in this work are dodecylphosphocholine (DPC) and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC), which both contain a 
naturally abundant zwitterionic lipid headgroup, bound to one or two short 
acyl chains in DPC and DHPC respectively, the latter also having a glycerol 
backbone (Figure 1). The aggregation numbers of DPC and DHPC are 70 
and 35, with micelles being formed above CMCs of 1.5 and 15 mM, 
respectively [80]. 

2.2.2 Bicelles 

Bicelles are mixtures of detergent and lipid molecules. The overall structure 
of bicelles is a function of the q-value, i.e. the lipid to detergent 
concentration ratio, which together with temperature greatly affect the 
behavior of the membrane mimetic [7,80,86]. At q-values lower than about 
0.25, the mimetic resembles the characteristics of micelles, with no or low 
separation in spatial distribution between detergent and lipid molecules, and 
these bicelles may instead be referred to as mixed micelles [7,81,87]. At q-
values higher than about 0.25, a separation between detergent and lipid 
molecules has been suggested, which creates disc-shaped objects where a 
central lipid bilayer region is solubilized by a rim of detergent molecules. In 
this way the bilayer’s hydrophobic interior is sequestered from water 
[7,81,87]. At q-values larger than about 2, bicelles begin to have a tendency 
to align in magnetic fields [88,89]. At q-values greater than 3, and at high 
temperatures, bicelles lose their disc-like shape and become lipid sheets 
whose structures rather resemble multilamellar vesicles (see liposomes 
below) [80,90]. 

The fast-tumbling, isotropic bicelles obtained at q-values around 0.5 have 
been used extensively as mimetics for membrane protein studies by solution-
state NMR due to their more native-like properties as compared to micelles. 
These differences have been shown to affect the structure and function of 
membrane proteins [82,84-86,91,92]. The bicelle’s bilayer region can be 
given different properties by varying the lipid composition. The thickness 
and fluidity of the mimetic’s hydrophobic region can be tuned by changing 
the acyl chain lengths and degree of unsaturation [93,94]. Different 
headgroups can be used to introduce specific functional groups or charge 
[95]. In this way it is for example possible to design bicelles that mimic the 
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lipid composition of chloroplasts [10] or E. coli inner membranes [9]. 
Depending on their composition, small isotropic bicelles have diameters that 
range between 5 and 15 nm [7], and lipid-dependent thicknesses comparable 
to those of lipid bilayers [96,97]. The dynamics of lipids in several types of 
bicelles have been characterized by NMR [8-10]. Standard bicelles such as 
q=0.5 DMPC/DHPC bicelles form readily as lipid powder is added to a 
solution containing detergent [7]. For more demanding lipid mixtures, 
additional preparation steps are required for bicelles to form [9]. A 
disadvantage of bicelles as membrane mimetics is that membrane proteins 
may interact with the detergent rim instead of the lipid bilayer region. 
Bicelles also only form at concentrations above the CMC of the detergent, 
and in applications where a low total amount of lipid is required this reduces 
the number of amenable detergents to the ones having low CMCs [7,98]. 

2.2.3 Liposomes 

Liposomes or vesicles are lipid bilayers that form spherical objects with an 
enclosed interior space [80]. In general, liposomes are much larger than the 
previously described membrane mimetics, and have a low surface curvature. 
The lipid composition can be varied extensively to give the vesicle specific 
properties of membranes, such as surface charge, fluidity, thickness of the 
hydrophobic region, etc. Liposomes of different sizes can be achieved 
depending on the method of preparation [80]. Small unilamellar vesicles are 
usually made through tip-sonication of the lipid containing solution, 
resulting in particles with diameters around 20 nm. Large unilamellar 
vesicles (LUVs) are formed by extrusion through a membrane with pores of 
the desired LUV size, typically 100 nm [99]. Applying a low frequency 
alternating current to the lipid solution gives giant unilamellar vesicles 
(GUVs) with sizes on the order of 10 µm [80,100]. 

Liposomes are ideal mimetics for membrane studies together with high-
sensitivity techniques for which a lower total concentration of lipids and/or 
protein is acceptable as compared to with smaller membrane mimetics that 
usually need higher concentrations. For assays that require concentration 
gradients across a bilayer, vesicles are perhaps the only amenable mimetic 
option. GUVs have the additional benefit over smaller liposomes that their 
diameters are larger than the wavelengths of visible light. Using fluorescence 
confocal microscopy, it is thus possible to directly visualize the internal 
structure of a GUV that for example contains or interacts with fluorescently 
labeled lipids or proteins. A potential drawback of vesicles as membrane 
mimetics is their rather low stability over longer timescales. Furthermore, 
any residual degree of vesicle multilamellarity after preparation is difficult to 
assess without the use of imaging techniques. 
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3 Glycosyltransferases and WaaG 

3.1 Glycosyltransferases 
A glycosyltransferase (GT) is an enzyme that catalyzes the transfer of a 
saccharide from an activated donor to an acceptor molecule. While the donor 
molecules often belong to a rather narrow group of substrates, the acceptor 
molecules vary extensively as sugars are very common building blocks in 
molecular biology. The Carbohydrate Active Enzymes database 
(http://www.cazy.org/) [101] lists over 500 000 GTs divided into 106 
families. The GTs within the same family are expected to acquire very 
similar 3D structures. Despite the many families, there are only three 
different major overall folds of GTs, named the GT-A, -B and -C folds 
[102]. Recently, an extension of the GT-A-type fold has been suggested to 
constitute a fourth major fold, GT-D [103]. 

Enzymes of the GT-A and GT-B folds have domains containing the 
nucleotide-binding Rossman-motif and the substrate is thus a nucleotide 
phosphate [102,104]. The motif consists of alternating 𝛽-strands and 𝛼-
helices that when extended produces a 𝛽-sheet sandwiched between two 
layers of 𝛼-helices. Enzymes of the GT-C fold do not use nucleotide sugars 
as donors, but rather lipid phosphate-activated sugars. In contrast to enzymes 
of the GT-A and -B folds, GT-C proteins are integral membrane proteins 
with large transmembrane domains [102]. Glycosyltransferases of either 
major fold are further classified into inverting or retaining GTs depending on 
the stereochemistry of the product formed. The inverting mechanism is 
better understood and often involves coordinated divalent cations (GT-A) or 
positively charged side chains (GT-B).  

GT-B enzymes possess two Rossman-fold domains where the N-terminal 
domain is involved in recognition of the acceptor molecule while the C-
terminal domain binds the donor (Figure 4) [105,106]. As a consequence of 
the diversity of acceptor molecules, the N-terminal domain is less conserved 
than the C-domain. The catalytic site is located between the two domains 
connected by a flexible linker. Large domain movements from “open” to 
“closed” states are important to allow donor and acceptor molecules to enter 
the active site before catalysis [16,107,108]. GT-B GTs may also undergo 
intradomain structural rearrangements as part of their functions. For 
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example, PimA exists simultaneously in two populations with significant N-
terminal domain differences in the positioning of a helical hairpin referred to 
as the “compact” and “extended” states [109]. Binding of donor substrate 
leads to shuffling of ordered secondary structures in PimA, while an 
acceptor substrate analog instead promotes more disorder in the same region.  

3.2 Membrane interaction of GT-Bs 
Some GT-B GTs can catalyze reactions between polar donor and 
predominantly hydrophobic acceptor molecules such as lipids or membrane 

 

Figure 4. Three membrane-interacting GT-B glycosyltransferases and a 
putative membrane anchoring region. A) M. smegmatis PimA (4N9W) 
[109], B) A. thaliana DGD1 (4X1T) [180], C) E. coli WaaG (2IW1) [123], 
D) zoom-in on MIR-WaaG encircled in C. In D, hydrophobic residues are 
colored in gray, positively and negatively charged in blue and red 
respectively, polar in purple, and glycine in green. Panels A-C exemplify the 
overall structural similarities between GTs of the GT-B fold, consisting of 
two Rossman-like domains, with the catalytic site found in the clefts 
between the two domains. However, the structures also illustrate apparent 
differences in the presumed primary membrane-interacting regions of GTs 
found in their N-terminal domains (the lower left region of A-C). 

 



37 

proteins [16]. The GTs able to perform this task are often membrane-
associated proteins, but their classifications vary from monotopic to 
peripheral membrane proteins depending on their affinity for the membrane 
[110]. In order to position the donor and acceptor in a correct relative 
orientation for catalysis, it is expected that a particular region of the N-
terminal domain participates in binding the GT to the membrane. Like other 
monototopic membrane proteins, the GT-B GTs have N-terminal domains 
enriched in surface-exposed hydrophobic and positively charged residues 
that can contribute to free energy of binding by desolvation and electrostatic 
interactions with anionic lipids [111,112]. Aromatic residues are also 
common in membrane-interacting regions [112]. The residues that 
participate in binding are often found in amphiphilic helices. Two well-
studied monotopic GT-B GTs are MGS from Acholeplasma laidlawii and 
MGD1 and MGD2 from Arabidopsis thaliana. The numerous studies on 
these enzymes exemplify the importance of the aforementioned types of 
residues in membrane-interacting regions [113,114], and demonstrated that 
interaction with specific lipids [115-117] and surface curvature stress can 
influence enzyme activities [118]. Interactions between the membrane and 
the C-terminal domain of GT-B GTs have also been studied and may 
influence the “open” to “closed” domain conformational changes [118]. Few 
studies on the binding of peripheral GT-B GTs to membranes have been 
done, and the mechanisms of association are less characterized than for 
monotopic GTs. Furthermore, classification into peripheral or monotopic 
proteins is difficult since only a few dissociation constants have been 
reported for GTs in general [119,120]. There are however clear examples of 
peripheral GTs that partition both into solution and to the membrane [121], 
and GTs that can even alternate their sub-cellular localization [122]. 

3.3 Membrane interaction of WaaG 
The enzyme WaaG belongs to the GT4 family, the largest and likely also 
most ancestral family of retaining GTs [123]. WaaG is a membrane-
interacting GT-B GT involved in the synthesis of the lipopolysaccharide 
(LPS) found in the outer leaflet of the outer membrane in Gram-negative 
bacteria [123,124]. The LPS consists of a membrane anchor lipid A, 
followed by inner and outer core regions mostly composed of 
oligosaccharides, and a glycan polymer referred to as the O-antigen repeat. 
The exact composition of the core and O-antigen regions of the LPS is 
highly diverse between bacterial species [125]. WaaG is responsible for 
catalyzing the transfer of glucose from UDP-glucose onto an inner core 
heptose of the LPS. The LPS provides the Gram-negative bacterium with 
structural integrity and protects the bacterium against antibiotics. In strains 
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lacking WaaG, the LPS synthesis is disrupted which renders the bacterium 
immobile and with increased susceptibility to antibiotics [124,126]. As a 
consequence, WaaG has been investigated as a drug target for LPS synthesis 
inhibition [127]. 

We investigated the membrane-interacting properties of WaaG from E. coli. 
Based on the crystal structure of WaaG (Figure 4C) [123] together with the 
sequence characteristics reported as important for membrane interaction of 
other glycosyltransferases [16], a segment of WaaG likely to participate in 
the enzyme’s membrane binding was identified (encircled region of Figure 
4C). The putative membrane-interacting region of WaaG (MIR-WaaG) is 
located in the N-terminal domain, surface exposed and is not part of the 
Rossman-like fold. In order to obtain as detailed data as possible on MIR-
WaaG’s membrane binding, structure and dynamics, MIR-WaaG was 
studied isolated from the remainder of the protein. 

3.4 Results and discussion 

In Paper I MIR-WaaG’s association to different membrane mimetics was 
initially investigated using NMR and fluorescence experiments. The 
recorded pulsed field gradient diffusion NMR data showed that MIR-WaaG 
binds strongly to micelles and bicelles containing either only zwitterionic 
lipids or a fraction of anionic lipids. However, fluorescence quenching data 
on MIR-WaaG’s four Tyr residues indicated no or weak association of MIR-
WaaG to zwitterioinic LUVs. Fluorescence anisotropy data showed no 
change in MIR-WaaG’s dynamics together with zwitterionic LUVs as 
compared to in solution. This discrepancy in binding to micelles, bicelles 
and zwitterionic lipid-containing vesicles suggests that the large curvature of 
micelles and the rim of bicelles may be responsible for MIR-WaaG’s 
attraction to these membrane models. The binding results thus illustrate the 
potential problem of increased affinity of proteins for detergents as 
compared to lipids, which is sometimes encountered in studies using 
detergent-containing mimetics. 

As zwitterionic lipids were gradually replaced by anionic lipids in 
liposomes, the fluorescence indicated stronger binding and slowed dynamics 
in MIR-WaaG. Spectra from a series of CD experiments with the same 
change in LUV composition with respect to headgroup charge showed an 
induction of increasingly α-helical secondary structure in MIR-WaaG with 
anionic lipid content. From both fluorescence and CD data, the strongest 
interactions between MIR-WaaG and the liposomes were seen together with 
a vesicle designed to mimic the lipid composition of the E. coli inner 
membrane. The E. coli membrane contains a high amount of negative 
surface charge density, highlighting the importance of electrostatic 
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interactions for binding. From fluorescence intensity changes, a dissociation 
constant in the micromolar range was obtained for MIR-WaaG together with 
the E. coli-like LUVs, indicating that the interaction between the protein and 
membrane is relatively weak even in the presence of anionic charge. 
Fluorescence quenching and PRE NMR experiments were used to 
investigate the mode of binding of MIR-WaaG to E. coli-like LUVs and 
micelles respectively. Data obtained with both methods indicate a shallow 
binding of the protein to each type of membrane mimetic. 

Using 1H and natural-abundance 13C NMR experiments, the solution-state 
NMR structure of MIR-WaaG in DPC micelles was determined. The NMR 
ensemble consists of three short helices arranged in a “b”-shape, and the 
structure is thus very similar to the corresponding segment in the X-ray 
structure of full-length WaaG. This result is important because it shows that 
MIR-WaaG can bind to membranes in a conformation which is compatible 
with the structural constraints imposed on MIR-WaaG by the overall 
enzyme’s fold. Furthermore, it suggests that, even in the absence of lipids, 
the MIR-WaaG segment of WaaG crystallizes in a conformation which is 
relevant for its membrane interaction. The MIR-WaaG segment is thus most 
likely responsible for a large part of WaaG’s ability to bind to membranes. 
The results support the model where membrane-interacting GTs bind to 
membranes using a combination of hydrophobic and anionic residues in their 
acceptor recognizing N-terminal domain. In the case of MIR-WaaG, Trp 
residues do not appear necessary to convey the interaction. 
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4 Supercomplexes and respiratory supercom-
plex factors 

4.1 The electron transport chain 

The mitochondrial electron transport chain (ETC) is formed by large 
membrane-bound protein complexes that transfer electrons from the electron 
donors nicotinamide adenine dinucleotide (NADH) and succinate via mobile 
electron carriers ubiquinone and cytochrome c (cyt. c) to the final acceptor 
molecular oxygen, which is then reduced to water [128]. In general, these 
redox reactions take place at NADH:ubiquinone oxidoreductase (complex I, 
CI), succinate dehydrogenase (CII), ubiquinol-cytochrome c reductase (CIII, 
Cyt. bc1), and cytochrome c oxidase (CIV, CytcO) which are embedded in 
the mitochondrial inner membrane. Part of the energy released in the redox 
reactions is coupled to proton translocation from the mitochondrial matrix to 
the IMS, and the energy is thus conserved in the form of a proton 
electrochemical gradient across the inner membrane. In the process of 
oxidative phosphorylation, the proton gradient drives ATP synthase (CV) to 
produce ATP from ADP and inorganic phosphate. 

4.2 Respiratory supercomplexes 

The enzyme complexes of the ETC can be found either as individual 
components in the membrane, or in assemblies called supercomplexes (SCs) 
[128]. The logic behind SC formation appears to be the possibility of more 
efficient channeling of electron carriers between complexes, increased 
activity and/or increased stability of the components when part of a SC. 
Under conditions of hypoxia, i.e. at low oxygen concentration, SCs may 
allow the cell to use more of the limited oxygen available to maintain ATP 
levels. Furthermore, SCs may stabilize the concentration of reactive oxygen 
species (ROS), a group of partially reduced oxygen derivatives [128]. Higher 
than normal levels of ROS can be especially harmful to the cell if they react 
with mitochondrial DNA, which is found in the matrix and in close vicinity 
to the ETC components. Mitochondrial DNA damage leads to decreased 
regulatory function in general, and is tightly associated with ageing and age-
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related diseases. Another benefit of SC formation may be that quinary 
interactions of respiratory complexes are decreased [129]. In general, many 
different SCs have been reported, that consist of dissimilar constellations of 
components and at different stoichiometries [130]. In mammals, all 
complexes I-V have been observed to participate in at least one kind of SC 
formation. However, in S. cerevisiae which does not possess CI, SCs consist 
of either III2IV1 or III2IV2, a central Cyt. bc1 dimer, which is flanked by 
either one or two monomers of CytcO (Figure 5) [131-133]. 

4.3 Functions of Rcf1 and Rcf2 
Two S. cerevisiae proteins belonging to the hypoxia-inducible gene (HIG) 1 
family have been found to influence SC formation [134]. The proteins were 
thus renamed the respiratory supercomplex factor (Rcf) 1 and 2. However, 
the growing amount of data suggests yet more multifaceted roles of the Rcfs. 
In addition to being supercomplex promotors, the Rcfs may participate in 
cyt. c channeling [135], and may function as assembly factors [134] and 
activity enhancers of CytcO [135-137]. While the effects of Rcf1 and Rcf2 
gene deletions are readily measureable in various biological and biochemical 

 

Figure 5. EM structure of S. cerevisiae supercomplex III2IV2 (6HU9) [132]. 
One half of the C2 symmetrical supercomplex is colored in green and cyan 
for Cyt. bc1 and CytcO respectively. The CytcO subunits Cox3, Cox12 and 
Cox13, for which Rcf1 interactions have been reported, are colored in red, 
orange and yellow. The electron carrier substrate cyt. c (4MU8) [181] is also 
shown in magenta, close to the CIII-CIV interface. Approximate membrane 
boundaries are indicated by horizontal lines. 

 



43 

assays, neither of the two proteins has been observed in any of the available 
EM structures of SCs [132,133]. 

Rcf1 is a small integral membrane protein of 18 kDa. According to topology 
predictions it has two transmembrane helices (TMHs) in its N-terminal part 
[134,138] while the C-terminus is only conserved in fungi and predicted to 
be disordered or to form coiled-coils [134,139,140]. The mammalian 
homologs of Rcf1 are Higd1a and Higd2a. Rcf2 is another small membrane 
protein of 25 kDa which is only conserved within fungi. Based on 
predictions Rcf2 has four TMHs [138]. The Rcf2 C-terminal shows 
homology to Rcf1, while its N-terminal resembles a third identified 
supercomplex factor Rcf3 [141]. It has been found that Rcf2 can be 
proteolytically matured into N- and C-terminal parts where the latter has the 
stronger association to CytcO and contains the HIG1 domain. Rcf2 is to date 
much less characterized than Rcf1, but due to their sequence similarities, the 
function of Rcf2 (or its cleavage product) is expected to coincide with that of 
Rcf1. Both Rcf1 and Rcf2 have been found to associate foremost with 
CytcO, but have also been reported to bind Cyt. bc1 [134,136,137,142,143]. 
Although SC formation is primarily dependent on the presence of Rcf1 
[134,136,137], the amount of SC decreases significantly further when both 
Rcfs are absent [134]. These observations suggest that the Rcfs can act as 
“glue” between complexes CIII and CIV. Additionally, Rcf1 has been found 
to bind S. cerevisiae cyt. c [135], which favors a substrate channeling 
property of Rcf1 between CIII and CIV. 

Despite the significant support for a model where the Rcfs promote SC 
formation by acting as “bridges”, which can also mediate electron transfer 
by cyt. c binding,  Rcf1 has been found to interact primarily with CytcO 
subunits Cox3, Cox12, Cox13 (Figure 5) [134,136,137]. According to the 
EM structures of SCs, these subunits are located in the lateral parts of the 
SCs, i.e. distant from the CIII-CIV interfaces [131-133,144]. The reported 
dual association of Rcfs to both CIII and CIV [134,136,137,142,143] may 
thus be of limited relevance for SC formation. Furthermore, the positioning 
and contacts between CIII and CIV vary significantly between EM structures 
from different organisms. As a result, the distance between the cyt. c 
reduction and oxidation sites at the respective complex also varies. In all SC 
structures, the distances are too large for direct electron transfer to occur via 
a permanently bound cyt. c [133]. Thus there appears to be a need for cyt. c 
to diffuse between these sites, challenging the hypothesis of increased 
electron carrier channeling efficiency of SCs. If the roles of the Rcfs are not 
to act as “bridges” between CIII and CIV, it can be speculated that they 
instead allow correct assembly of CIV which in turn leads to SC formation. 
While there are many protein assembly factors described for both Cyt. bc1 
[145] and CytcO [137], the Rcfs do not appear essential for CytcO assembly 
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in S. cerevisiae [134,137], and the link between the presence of Rcfs and 
SCs thus remains to be fully understood. 

The peripheral positioning of Rcf1 in SCs suggested by interactions with 
Cox3, Cox12 and Cox13 indicates a different or additional role of the Rcfs, 
i.e. as activity-modulators. Rcf1 deletions have indeed been shown to result 
in reduced CytcO activity [134,135,137] and growth deficiencies [136]. This 
is also true for a Rcf1 homolog, Higd1a, which is expressed under anaerobic 
conditions, binds to CytcO, with increased ATP production and improved 
cardiac muscle cell viability as a result [146]. The CytcO activity increase 
together with Rcf1 or Higd1a is partially attributed to structural changes 
around the catalytic site of CIV, as indicated by spectral changes of CytcO’s 
heme groups [135,146]. 

The interaction between CytcO and Higd1a motivated in silico docking 
studies, which demonstrated Higd1a binding near the catalytic site of CytcO, 
supporting the proposed activity-altering mechanism of Higd1a [146]. The 
docking was carried out using the solution-state NMR structure of Higd1a 
which consists of the two predicted TMH with a small connecting loop, the 
HIG1 domain [147]. Higd1a was observed to bind CytcO with its N- and C-
termini exposed to the IMS, which is in agreement with the orientation 
expected for Rcf1 (and Rcf2) from protease studies of isolated inner 
membranes [134,137]. However, the details of the interaction between 
CytcO and Higd1a may not be representative for Rcf1 as it contains an 
additional 66 amino acid fungi-specific C-terminus of unknown structure. 
Interestingly, Higd1a has no effect on SC formation, but this function is 
instead provided by Higd2a [136]. Thus it appears as if evolution has 
separated the activity enhancing and SC stabilizing properties of Rcf1 into 
several component proteins in higher eukaryotes. 

We determined the structures of Rcf1 and Rcf2 in micelles using solution-
state NMR in order to gain information on the structure-function relationship 
of the Rcfs. The Rcf1 structure was complemented by additional 
measurements in bicelles, as well as experiments in other mimetics using 
additional spectroscopic techniques, and by in silico methods. Furthermore, 
the interaction between Rcf1 and cyt. c was investigated using NMR. For 
Rcf2, the NMR structure was complemented by dynamics measurements, 
and structural changes together with lipids were studied using bicelles. 

4.4 Results and discussion 
In Paper II the solution-state NMR structure of Rcf1 in DPC micelles was 
initially determined. Size exclusion chromatography elution profiles 
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indicated that Rcf1-DPC is composed of a detergent solubilized dimer. 
Secondary chemical shifts derived from backbone assignment experiments 
show that each Rcf1 subunit consists of six α-helical regions, α1-6, where α2 
and α3 are the predicted TMHs. The high α-helical structure content is 
supported by CD data. From dihedral angle and intramolecular distance 
constraints it was determined that each Rcf1 subunit consists of a helix 
bundle composed of five TMHs. When viewed from the C-terminus, these 
are positioned in the clock-wise order TM5, TM1, TM4, TM3, TM2, with 
short connecting loops between all TMHs except between TM4 and TM5 
that are linked by a short soluble helix (SH) α5 (Paper II, Figure 2). 

The Rcf1 dimer structure in DPC was solved using intermolecular distance 
constraints. Helices TM4 and TM5 contain several charged residues, and the 
positioning of these implicates that dimer formation between subunits A and 
B is mediated through charge-pairing between TM4A-TM5B, TM4B-TM5A 

(Paper II, Figure 3). TM1A-TM1B is found in the middle of the dimer 
interface, but does not form intermolecular salt bridges. The two predicted 
TMHs TM2 and TM3 are found on the lateral sides of the dimer. PRE 
experiments using both water-soluble and hydrophobic probes, H/D 
exchange experiments, as well as NOE cross-peaks between backbone amide 
groups and detergent acyl chain protons confirmed the topology of the dimer 
relative to the surrounding micelle, and the stability of the TMHs on a longer 
timescale. 

In order to improve the native-like properties of the membrane mimetic, 
lipids were titrated to the Rcf1-DPC complex to a final lipid to detergent 
concentration ratio characteristic for isotropic bicelles. Small chemical shift 
changes were seen for residues in the TMHs, indicating small local and/or 
environmental changes as lipids replaced detergent at these positions. Using 
amino-reactive fluorescent tags and confocal microscopy, it was shown that 
Rcf1 can be exchanged from DPC into GUVs. Furthermore, CD spectra 
showed that Rcf1 can be refolded into small unilamellar vesicles with a 
maintained high degree of α-helix secondary structural content. Although 
these experiments provided no information on the tertiary and quaternary 
structure of Rcf1 in liposomes, data from the latter indicates that more 
ordered secondary structure is present in Rcf1 than the previously predicted 
TMHs. 

To investigate the stability of the dimeric NMR structure in different 
mimetic environments, molecular dynamics (MD) simulations were 
performed using the NMR structure as the starting point. Firstly, the Rcf1 
structure was confirmed to be stable on the timescale of hundreds of 
nanoseconds in DPC miclles. Interestingly however, the DPC molecules 
associated predominantly with the hydrophobic TMHs in the lateral parts of 
the structure, and were also seen to interact with the SHs on top of the dimer. 
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The edges of the charged dimer interface have a higher exposure to solvent 
and the results thus indicate that the micelle may not have the standard 
spherical shape under our experimental conditions. In a POPC bilayer, the 
Rcf1 dimer interface underwent significant structural rearrangements, but 
most notably, the lipids around the interface’s edges were perturbed to 
accommodate the edges with polar contacts. Finally, Rcf1 was positioned in 
an octane/water mixture, a mimetic shown to allow for faster protein and 
membrane relaxation as compared to in lipid bilayers for a given simulation 
time [148]. A large fraction of the initial contacts of the dimer interface did 
not endure the octane/water simulation. These in silico predictions indicate 
that the dimeric Rcf1 NMR structure is only metastable in lipid bilayers on 
the relatively short timescale on which detailed MD simulations are feasible. 

To obtain more details on the binding of cyt. c to Rcf1, the electron carrier 
was titrated to the NMR sample. Chemical shift changes occurred for a 
number of Rcf1’s charged residues in the SH and in the loop connecting the 
two hydrophobic TM2 and TM3. Together these residues constitute a well-
defined area on the top of the NMR structure which indicates a binding site 
of cyt. c to Rcf1. 

In Paper III and Paper IV the topology and solution-state NMR structure of 
Rcf2 in DPC micelles were investigated. Similarly to Rcf1, Rcf2 also eluted 
from a size exclusion column at an apparent molecular weight corresponding 
to a DPC solubilized dimer. Furthermore, a fraction of Rcf2 migrated as a 
dimer in SDS-PAGE. Secondary chemical shifts show that Rcf2 in DPC 
micelles consists of seven -helices, α1-7, connected by short loops, 
revealing more ordered structure throughout Rcf2 than the predicted four 
TMHs. The high α-helical content was confirmed by CD experiments. NMR 
signal intensity reductions together with paramagnetic water-soluble and 
hydrophobic compounds clearly indicate that only helices 3 and 7 are 
solvent exposed while the remaining helices are folded into micelles. While 
helices 1, 2, 4 and 5 are the predicted TMH regions, the positioning of 
α6 inside micelles was unexpected since this helix contains a number of 
charged residues, suggesting that α6 participates in dimer formation via 
charge-pairing. H/D exchange experiments confirmed the stability and 
apolar positioning of the TMHs on the timescale of days. 

The solution-state NMR structure of dimeric Rcf2 in DPC micelles was 
solved using dihedral bond angle constraints, and intra- and intermolecular 
distance constraints. The TMHs from each Rcf2 subunit form a bundle with 
TMH positioning in the clock-wise order TM1, TM2, TM5, TM4, TM3 
when viewed from the C-terminus (Paper IV, Figure 2). The Rcf2 tertiary 
and quaternary structures are stabilized by intra- and intermolecular polar-
charge and potential salt bridge interactions between TM2 and TM5, the 
latter containing many charged residues (Paper IV, Figure 3). The soluble 
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helices SH1 and SH2 do not have well-defined positions on the N- and C-
terminal sides of the Rcf2 bundle respectively. 

Relaxation experiments for the protein’s backbone amide groups confirmed 
that the TMH regions constitute the most rigid part of the structure, and that 
loops and SHs undergo more extensive motions on the pico- to nanoseconds 
timescale, in agreement with the trends in root-mean-square deviations 
obtained for the respective region in NMR structure calculations. The overall 
correlation time for the protein-detergent complex estimated from dynamics 
results is furthermore consistent with the size of a DPC solubilized Rcf2 
dimer. 

To investigate the effects of more native membrane-like properties on the 
Rcf2 structure, lipids were titrated to Rcf2-DPC complex to form bicelles. 
The observed chemical shift changes were confined to residues in the TMH 
regions. The changes were however relatively small, and indicative of local, 
structural and environmental alterations rather than tertiary structure 
rearrangements. 

In summary, it was found that both Rcf1 and Rcf2 consist of dimeric helix 
bundles in DPC micelles. For both proteins, the dimer formation is mediated 
to a large extent by charge and other polar interactions in regions that would 
be hydrophobic if the structures were extrapolated into native membranes. It 
is very rare that membrane proteins position charged residues in the apolar 
region of membranes, unless the residues are part of a conducting pathway 
[14]. However, an exception is the mistic protein, which in micelles was 
found to position charged residues in the micelle’s hydrophobic interior. 
Mistic allows other membrane proteins to fold through charge interactions 
[14]. Although not strictly required for CytcO assembly, the Rcfs may have 
a similar function to mistic, i.e. to facilitate incorporation of certain subunits 
of CytcO into the complex. However, especially for Rcf1, the protein’s 
NMR structure may be significantly influenced by a mimetic with high 
plasticity, in combination with a previously disregarded tendency of large 
fractions of Rcf1 to adopt amphiphilic helices, and it is not clear that the 
determined dimer structure in DPC is highly populated in vivo. In detergent, 
these helices align with the hydrophobic, predicted TMHs to form helix 
bundles. In vivo however, the amphiphilic helices may instead be positioned 
in the membrane-water interface, or participate in interaction with either Cyt. 
bc1 or CytcO outside the membrane region. In contrast to the Rcf1 results, it 
is plausible that the Rcf2 structure bears large resemblance to its presumed 
native form as Rcf2’s C-terminal TMH may be transferred out of the 
membrane with the remainder of the helix bundle unchanged. Lipid addition 
to either Rcf-DPC complex to form bicelles did not have any major impact 
on the tertiary or quaternary structure of the proteins. It is however not 
known whether disc-like bilayer regions formed around the Rcfs as lipids 
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were added. Similarly to the detergent’s lateral positioning in the MD 
simulations of the Rcf1-DPC complex, the lipids may be incorporated in 
selected positions only. However, our results show that both Rcf1 and Rcf2 
have more ordered secondary structure content than previously known, and 
support a specific interaction between Rcf1 and cyt. c. 
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5 Protein transport and the twin-arginine 
translocase 

5.1 To fold or not to fold before transport 

Evolution has designed several complex and diverse machineries that 
transport proteins across membranes [149]. In bacteria, proteins that utilize 
these machineries are exported from the cytoplasm into the periplasm, or 
secreted from the cell altogether. In eukaryotes, similar machineries are used 
for protein import into different organelles. The secretory pathway (Sec) and 
twin-arginine translocase (Tat) pathway are two routes by which proteins 
can be transported between the cytoplasm/periplasm in bacteria or between 
the stroma/lumen in algae and in plants. During evolution Tat has been lost 
from the mitochondria of most eukaryotes, except in some rare cases where 
the system or a reduced variant thereof still exists [150-152]. Both the Sec 
and Tat systems can also be used for insertion of membrane proteins into 
lipid bilayers. 

Of these two pathways, the Sec mechanism is better characterized based on 
several available structures of individual subunits as well as the assembled 
functional complex [149]. The polypeptide is continuously “threaded” in an 
unfolded state across the membrane through a narrow channel in the Sec 
translocon. This process can take place either co- or post-translationally, and 
in both cases the energy used to push the polypeptide through the SEC 
translocon is provided mainly by ATP. In contrast, Tat transports already 
folded proteins across membranes. Although this strategy for protein 
translocation is less frequently utilized than threading by Sec [153], it is not 
unique for Tat but also used by the import machinery of the peroxisome 
[154] and the ESX secretion system of Gram-positive bacteria [155]. 
However, similarities between Tat and the latter two systems appear limited 
[156]. The reason why transport by Tat is less common than by Sec may be 
the larger mechanistic challenge associated with transport of a folded protein 
across the membrane. The diameters of proteins targeted by Tat range 
between 25-70 Å which puts a high demand on flexibility of the translocase 
in order to accommodate passage of protein and avoid leakage of ions and 
small molecules during transport [157]. In comparison, the 12-Å Sec channel 
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can be sealed after transport by small translocon structural rearrangements 
[156]. 

The Tat system has developed because of the necessity to fold certain 
proteins on the cis-side of the membrane, e.g. in order to insert cofactors at a 
location different from the protein’s final destination [158]. These cofactors 
are mainly classified as either metal-sulphur clusters or nucleotide-based 
cofactors, and need to be incorporated in the cytoplasm or stroma by 
dedicated machineries before protein transport. Some metal ions are also 
inserted before transport by Tat. Since these types of cofactors are used in 
many different biological processes, Tat constitutes an important protein 
translocation pathway in the species where it occurs. Most notably, Tat is 
essential for import of component proteins used in photosynthesis [159] and 
is also required for the virulence of many pathogenic bacteria [160]. 

5.2 The Tat machinery 
Despite the broad range of target protein dimensions, components from only 
two different families are needed to assemble the Tat translocon. Family A 
consists of TatA and TatB, while Family C has a single member, TatC. In 
plants, alternative names for TatA and B are Tha4 and Hcf106 respectively 
[156]. The NMR structures of bacterial TatA [161-163] and TatB [164] 
determined in micelles, show that these are small bitopic membrane proteins. 
In their core regions TatA and TatB consist of an N-terminal TMH of 
unusually short length, followed by a short linker region referred to as the 
“hinge”, and then an amphiphilic helix (APH). Full-length TatA has an 
unstructured C-terminal domain while TatB has a couple of additional 
soluble helices, but these regions of TatA and B are not essential for protein 
transport [165,166]. The structure of TatC from Aquifex aeolicus has been 
determined by X-ray crystallography and consists of a helix bundle with four 
regular and two short helices, and is capped at the periplasmic side by a 
soluble helix [167,168]. The overall structure resembles a glove with a 
cavity reaching into the bundle from the cytoplasmic (stromal) side. In 
general, the Tat translocon consists of all three subunits, a TatABC system. 
In some bacteria however, the functions of TatA and TatB have been 
combined into a single component, e.g. TatAd, and these bacteria thus 
contain a reduced TatAC system. 
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5.3 Roles of TatB and TatC 

TatB and TatC are found in equimolar amounts in oligomeric TatBC 
translocons with molecular weights of several hundred kDa. During the 
initial part of the Tat transport cycle, the function of this complex is to bind 
the N-terminal signal peptide of the target protein which codes for transport 
by Tat [169-171]. The signal peptide contains a stretch of conserved 
residues, among which there are two adjacent and highly conserved 
arginines that have provided the name “twin-arginine” to the pathway. The 
binding of the signal peptide happens in steps, and deep binding requires a 
proton motive force. Low-resolution negative stain EM structures have 
shown that substrate proteins can bind in at least two peripheral positions on 
the central TatBC oligomer [172], possibly indicating that the TatBC 
complexes operate independently of each other. In later stages of the cycle, it 
is believed that TatC functions as the route by which the signal peptide can 
reach the periplasmic/lumenal side of the membrane [173]. The role of TatB 
may be to block this route in early stages of the transport cycle. Furthermore, 
it is believed that TatC constitutes at least part of the conducting pathway 
that is used by the proton motive force to drive protein translocation, e.g. by 
means of the hydrated cavity of TatC, which extends into the cytoplasmic 
side of bilayer [167,168]. The polar residues that precede TatB’s (and 
TatA’s) TMH may provide part of a proton conducting pathway in the 
periplasmic leaflet of the membrane. 

5.4 Role of TatA 
After binding of the signal peptide to TatBC, TatA can be recruited to the 
translocon at higher stoichiometric ratios relative to TatBC. TatA has been 
found to form oligomers of different sizes in micelles, liposomes [174], as 
well as in vivo [175], and is likely to keep some of its oligomeric 
characteristics also after association to TatBC. The flexibility of Tat with 
respect to target protein dimensions is likely achieved by incorporation of an 
appropriate number of TatA subunits into the translocon. The mechanism of 
the translocation step is yet unknown, but after completed transport the Tat 
translocon disassembles to retain the membrane’s integrity against leakage 
of ions and small molecules. 

The intrinsic flexibility of the Tat system in terms of size and dynamics has 
so far prevented determination of the mechanism of the translocation step. 
However, the main hypotheses for how transport occurs revolve around the 
structural properties of TatA. Research focus has thus been directed towards 
structure determination of TatA, both in monomeric and oligomeric states, in 
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order to understand its role in protein translocation. Interestingly, the 
structures of oligomeric bacterial TatA in micelles differ significantly. Based 
on NMR and electron paramagnetic resonance structural constraints and at 
relatively high protein to detergent concentration ratios, the hydrophobic 
TMHs from several E. coli core region TatA are seen to form a central helix 
bundle, with the APHs radiating outwards along the micelle surface [162]. In 
EM images of full-length TatA however, the detergent solubilized oligomers 
have an aqueous center large enough to accommodate the known Tat 
substrates, indicating that the polar faces of TatA’s APHs are oriented to 
participate in aqueous channel formation [176]. In vivo fluorescence 
measurements of YFP-tagged TatA shows a distribution of oligomer sizes 
centered at 25 subunits, and the diffusion coefficients of these complexes 
indicate ring-like arrangements of subunits [175]. 

The short transmembrane helices of several TatA subunits (as well as of 
other Tat components) have been suggested to provide a membrane 
pertubing property, which may facilitate protein transport through the 
membrane [149,162]. A problem with this model is that the channel formed 
by the TatA oligomer’s TMHs is hydrophobic while the substrate protein’s 
surface is typically polar. In response to this issue it has been suggested that 
the APH of TatA can coat the target protein and line the channel with 
hydrophilic residues during transport [176,177]. The differences in TatA 
oligomer structures obtained in micelles may thus reflect upon the 
oligomer’s conformation at different stages of the transport cycle. However, 
in order to combine the two models, TatA would be required to undergo 
considerable structural rearrangement during transport. 

Many of TatA’s structural features believed to be important for its function 
have been determined in micelles, and verification of these findings in more 
realistic mimetics are thus highly desirable. Furthermore, all structural 
studies of TatA have been carried out on bacteria-derived protein. In order to 
elucidate similarities and potential differences to Tat systems of plant origin, 
we studied the core region of A. thaliana TatA using solution-state NMR and 
CD spectroscopy. The structure, dynamics and positioning of the protein 
relative to the membrane mimetic were investigated in micelles and bicelles. 
In addition, the effect of anionic and thylakoid specific lipids on secondary 
structure was investigated using CD spectroscopy and liposomes. 

Despite being considered an integral membrane protein, TatA is also found 
in a water-soluble form in both bacteria and plants [174,178,179]. It can be 
speculated that the reason for this ability of TatA to partition into solution is 
the protein’s small size, amphiphilic character, and conformational 
flexibility provided by the hinge. Although the function of soluble TatA is 
unknown, this form can be re-inserted into the membrane to resume 
transport halted by lack of available membrane-bound TatA [178]. Soluble 
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TatA is thus functional and of biological significance. Little is known about 
the structure of TatA in solution, but negative stain EM on soluble Bacillus 
subtilis TatAd showed that the protein forms large, round oligomers with 
distinct diameters of 12 or 25 nm [174]. Elongated objects were interpreted 
as a tendency for the round, possibly disc-shaped particles to align. 

We investigated the overall structure of soluble core region A. thaliana TatA 
using imaging and scattering techniques, as well as its ordered structure 
content using CD spectroscopy. Changes in the latter were monitored upon 
bilayer re-incorporation to assess similarities between the soluble and 
membrane-bound forms. In order to gain knowledge on oligomeric TatA’s 
hypothesized function, e.g. the membrane perturbing and/or channel-like 
properties, we also performed experiments that probe the membrane’s 
integrity upon and after insertion of soluble TatA. The oligomeric state of 
TatA in membranes was investigated using FRET-FCS experiments. 

5.5 Results and discussion 

In Paper V, DHPC micelles were initially used to study TatA’s structure, 
dynamics and mimetic interactions. Constraints for NMR structure 
calculations were obtained from chemical shifts, J-couplings and NOEs, 
which showed that TatA consists of two ordered structure regions: it has the 
unusually short TMH also seen in bacterial proteins, but the APH region has 
only a tendency to form helix under our experimental conditions and does 
not appear to be well-defined. Dipolar wave patterns were, however, 
observed for both regions, and the helicity of the APH was thus confirmed. 
RDCs also revealed a kink in the APH, similarly to in its bacterial 
counterparts. The hinge and terminal regions are unstructured. No evidence 
for close contacts between the TMH and APH was found in NOE data, with 
a non-uniform NMR structure ensemble as a result. However, PRE 
measurements using water-soluble probes showed that the TMH is the most 
solvent protected region of TatA, followed by the hinge and APH, while the 
termini are solvent exposed. The hinge and APH are thus positioned in the 
micelle-water interface, which limits the number of possible tertiary 
structures of TatA. 1H exchange experiments on the 100 ms timescale 
revealed substantial solvent exposure and loose hydrogen-bonding in the 
APH, in agreement with the only partially developed secondary structure 
seen for the region in NMR structural constraints. It is thus plausible that the 
interaction between the APH and the micelle’s curved surface prevents ideal 
α-helical geometry. H/D exchange experiments showed a surprisingly weak 
interaction between the TMH and the detergent molecules, with exchange 
rates on the timescale of hours. The dynamics of TatA’s backbone were 
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studied by relaxation NMR in combination with model-free approach data 
analysis. TatA’s TMH was found to be rigid, with only slight decreases in 
order parameters over the hinge and APH regions. The C-terminal residues 
are significantly more flexible than the other regions of TatA. Relaxation 
data gave no indication of chemical exchange contributions to TatA’s 
dynamics. 

Lipid addition to the protein-micelle complex to create mixed micelles and 
small bicelles, had large effects on TatA’s chemical shifts and decreased its 
longitudinal relaxation rates. These changes are indicative of structural 
rearrangements towards more ordered structure in the N-terminus, hinge and 
APH regions. Furthermore, incorporation of lipids containing a 
paramagnetic moiety at position 5 in one of the lipid’s acyl chains into 
bicelles resulted in lower signal intensities for residues in the N-terminal and 
hinge regions. These residues are thus located close to the spin-label in the 
two leaflets of the bilayer respectively. This shows that TatA’s TMH does 
not span the apolar bilayer region in bicelles, and provides support for a 
hydrophobic mismatch also in native membranes. 

CD spectroscopy was used to investigate TatA’s secondary structure content 
in liposomes. As compared to in purely zwitterionic LUVs, more α-helical 
structure was induced in TatA in liposomes containing a fraction of anionic 
lipids or the non-bilayer-forming lipid MGDG, abundant in the plant 
thylakoid membrane. No change in secondary structure content was seen in 
LUVs containing bilayer-forming DGDG. 

Our results show that TatA can undergo large structural rearrangements in 
response to a change in its environment. Although TatA’s TMH becomes 
longer in a more realistic membrane mimetic, it still makes a mismatch with 
the hydrophobic region of the bilayer. The membrane perturbing hypothesis 
on TatA function is thus not contradicted by our data. Furthermore, the APH 
appears to bind tightly to the membrane-water interface, especially together 
with anionic and non-bilayer-forming lipids, and anchoring of this part of the 
protein to the stromal/cytoplasmic membrane leaflet may be important for 
membrane weakening by the TMH. In contrast, a model where the APH 
would undergo large movements in order to solvate the polar surface of the 
target protein during translocation appears less likely based on the increased 
helicity and rigidity of the hinge and APH regions in bilayers as compared to 
in micelles. 

From the methodological point of view, our results provide further evidence 
for the improved membrane mimicking properties of small bicelles as 
compared to micelles, in terms of increased thickness and decreased 
curvature of the mimetic, for interaction studies with small membrane 
proteins. Unfortunately it was not possible to further investigate TatA in 
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larger bicelles with maintained high resolution. The large spectral changes of 
TatA at higher q-values are perhaps indication of a tendency of TatA to 
oligomerize in the bilayer environment provided by bicelles. 

In Paper VI the soluble oligomers formed by TatA were investigated with 
respect to their structure in solution, the structural changes that take place 
upon re-insertion into the membrane, and the effect of this transition on the 
membrane’s integrity. Negative stain EM images show that soluble TatA 
forms round or slightly elliptical objects that have an average diameter of 12 
nm, which was confirmed by DLS experiments. CD spectroscopy revealed 
that soluble TatA has a high content of α-helical secondary structure. Based 
on these findings, a model can be proposed in which soluble TatA consists 
of discs constructed from TatA helical hairpins, where the TMH interacts 
with the hydrophobic part of the APH, and with the polar face of the APH 
facing water in the lateral part of the disc. However, a ring of hairpins of the 
observed oligomer diameter leaves a large area unaccounted for in the 
middle of the oligomer, and this space is thus occupied by additional TatA 
subunits. 

As zwitterionic or anionic liposomes were added to soluble TatA, the 
helicity increased for the first few minutes before it reached a maximum and 
subsequently retraced some of the initial secondary structure change. This 
sequence of spectral changes is interpreted as an initial adaption of the 
oligomer to the membrane environment upon insertion, followed by a 
subsequent structural relaxation taking place on a longer timescale. The 
series of changes is faster together with liposomes containing anionic lipids 
than with purely zwitterionic vesicles. The results indicate that electrostatic 
interactions between protein and lipid headgroups modulate the speed of 
soluble TatA’s association to the membrane, and subsequent structural 
changes. However, the final structure of TatA appears to be the same in the 
two membrane types. 

Soluble TatA’s effect on bilayer integrity was investigated using leakage 
experiments with calcein containing LUVs. Calcein is a strong dye but its 
fluorescence self-quenches at high concentrations, e.g. inside liposomes. 
Following TatA addition to zwitterionic and anionic liposomes, a time-
dependent release of fluorophore from vesicles was observed, with a new 
steady state reached faster for anionic liposomes. Furthermore, full leakage 
was obtained at higher protein to lipid concentration ratios for anionic 
liposomes. The combined data indicate that negatively charged lipids 
promote a faster structural rearrangement of the proteoliposomes, likely due 
to the anionic headgroup’s differential interaction with the amphiphilic helix 
as compared to zwitterionic ones, with less leakage as a result. This 
interpretation of vesicle leakage data is supported by the CD results. 



56 

In order to use FRET to investigate soluble TatA’s oligomeric state after 
insertion into membranes, TatA-S39C was added to LUVs and subsequently 
labeled with a donor-acceptor fluorophore pair. FCS intensity traces 
obtained using simultaneous excitation of both dyes showed that a fraction 
of each fluorophore diffuses with zwitterionic LUVs, and that the remaining 
fractions were free, unreacted dyes. The cross-correlation between the traces 
showed that the overall degree of label per liposome was low. However, 
using only excitation of the donor fluorophore, a strong FRET signal was 
obtained from acceptor dye that resided within LUVs. Considering the low 
amount of fluorophores per vesicle, the FRET signal is highly indicative of 
labeled membrane-bound TatA oligomers. Although it was not possible to 
quantify the size of the oligomers in LUVs, the results provide evidence for 
core region TatA oligomers also in membranes, and thus that 
oligomerization only requires this region of the protein. 
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6 Concluding remarks 

The proteins studied in this thesis vary with respect to their overall sizes, 
structures, and mechanisms of membrane association. A set of membrane 
models together with several measurement techniques were used to 
investigate each of the proteins. Comparison of results between studies allow 
for generalization on how a specific type of membrane protein may be 
affected by the mimetics employed to investigate them. 

The starting point of each project was experiments in micelles, as this 
mimetic greatly increases the chances for high resolution data to be obtained. 
Indeed, micelles gave sufficient spectral quality to investigate the properties 
of each of the studied proteins. For the peripheral protein (MIR-WaaG), the 
structure in micelles is very similar to the corresponding segment in the X-
ray structure of the full-length protein (Paper I). Furthermore, the shallow 
positioning of the protein in the membrane-water interface was reproduced 
in micelles. For the bitopic protein (TatA) however, the structural features in 
micelles show similarity to data obtained in more realistic mimetics, 
although the details vary significantly (Paper V). For the large, polytopic 
proteins (Rcfs), the structures obtained in micelles raise yet unanswered 
questions on their similarities to the biologically relevant forms in native 
membranes (Papers II-IV). An overlooked problem with micelles as 
membrane mimetic in studies of large, complex proteins appears to be that 
the typical spherical shape associated with micelles may not form around the 
proteins. If possible, data from experiments with micelles should be 
complemented with measurements in more realistic mimetics to obtain 
supporting evidence. 

Bicelles are in general observed to reduce some of the problems associated 
with micelles in studies of membrane proteins. However, for the small, 
peripheral membrane protein, a non-native-like interaction with the bicelle’s 
detergent rim rather than its bilayer region was observed to account for its 
binding to the mimetic (Paper I). In contrast, for a bitopic membrane 
protein, even a very small bicelle was seen to significantly improve the 
results by giving the mimetic a bilayer region with reasonable hydrophobic 
thickness, and a lower surface curvature (Paper V). However, the changes in 
protein structure and/or dynamics with increasing q-value have not yet 
reached an endpoint in these small bicelles. In comparison, the large 
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polytopic membrane proteins, were almost unaffected by lipid addition to the 
protein-micelle complexes, although it is uncertain whether a disc-like 
bilayer region actually formed around them (Papers II, IV). Anyhow, the 
latter results show that larger proteins that are held together by stronger 
intra- and intermolecular interactions may not be affected significantly by 
lipid addition, in contrast to the influence of mimetics on smaller membrane 
proteins. Combined, the studies show that bicelles may be more suitable 
mimetics for studies of integral membrane proteins than for monotopic and 
peripheral ones, and that also with bicelles the results need to be carefully 
evaluated before they are extrapolated to properties of the protein in the 
native system. 

Throughout this thesis, CD and fluorescence measurements on the proteins 
in liposomes were used to assess the relevance of NMR results obtained in 
smaller mimetics. Furthermore, the high-sensitivity techniques enabled 
additional information to be obtained about the proteins and their membrane 
interaction in areas where NMR is not applicable. However, often these 
high-sensitivity techniques left some important questions unanswered due to 
their limited resolution. As a complement to either experimental technique, 
MD simulations constitute very useful tools for interpreting results since 
they offer a detailed visualization of the predicted system (Paper II). As 
computing resources increase, longer simulations of larger systems can be 
made. In vitro experiments together with in silico modelling will thus 
constitute a powerful combination. 

Despite some of the limitations of solution-state NMR for membrane protein 
investigations, NMR is likely to remain an important tool in structural 
biology also in the future. Technical advances such as higher magnetic field 
strengths, and cheaper and more specific labeling schemes will shift the size 
limitation of solution-state NMR and make structural studies of proteins in 
larger bicelles and nanodiscs feasible more frequently. Developments in 
solid-state NMR may soon allow routineous acquisition of high-resolution 
data for membrane proteins in liposomes, greatly reducing the risk of 
artefacts introduced by smaller mimetics, and further extend NMR’s 
applicability to larger proteins. Also, the emerging field of in-cell NMR will 
enable measurement of protein properties in near-native environments, to 
begin with atleast for soluble proteins. 

In the end, to achieve a complete understanding of how a biological system 
works, several different assays from different parts of the in vivo to in vitro 
scale of experimental methodology must be applied, and the interpretations 
of their results should coincide. This highlights the need for more 
cooperation between research groups that study the same biological 
questions but from different angles, each group having expertise in the 
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techniques they use to study the system, not least when it comes to 
knowledge about its potential drawbacks and pitfalls. 
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7 Populärvetenskaplig sammanfattning 

Cellmembranets beståndsdelar 

Trots att en cell är så liten så har den en stor mängd olika funktioner att 
sköta. För att utföra dessa funktioner har cellen tusentals olika proteiner, alla 
med dedikerade arbetsuppgifter. Proteiner består av en lång kedja av 
sammankopplade aminosyror. Aminosyrornas egenskaper, och i vilken 
ordning dom kommer i kedjan, bestämmer tillsammans proteinets funktion. 
Dom viktigaste egenskaperna hos aminosyrorna är om dom är positivt eller 
negativt laddade, om dom är hydrofila (vattenlösliga) eller hydrofoba 
(fettlösliga). Trots att det bara finns ett tjugotal olika, vanligt förekommande 
aminosyror inom biologin så är mängden av olika proteiner som kan 
tillverkas utifrån dessa oändlig. Genom att göra proteinkedjan längre och 
längre, och genom att ändra ordningen på aminosyrorna inom denna, så 
testar evolutionen hela tiden nya proteiner med nya egenskaper för att 
förbättra cellens funktioner. Membranproteiner är en särskild typ av 
proteiner som sitter i cellens membraner eller binder till membranets ytor. 
Membranproteinerna deltar i många för cellen viktiga uppgifter, så som att 
transportera olika ämnen in och ut ur cellen, ta emot signaler från 
omgivningen, tillverka och sköta om cellmembranets struktur, osv. 

Utöver membranproteinerna så består cellens membran av lipider. En typisk 
lipid består av en hydrofil huvudgrupp till vilken flera fettlösliga kedjor är 
kopplade. I membranet så bildar lipiderna ett dubbelt lager, ett bilager, 
genom att dom hydrofoba kedjorna vänds mot varandra i membranets mitt, 
medan dom hydrofila huvudgrupperna är vända mot vatten på var sida om 
membranet. Ett membran består av en blandning av olika lipider, och 
variationer i deras huvudgrupper och fettkedjor bestämmer tillsammans med 
proteinerna membranets karaktär. 

Proteinstrukturer och forskningsmetodik 

Mycket molekylärbiologisk forskning går ut på att bestämma hur proteiner 
ser ut och hur dom rör på sig. För proteiner som sitter i eller binder till 
cellmembranen är det också viktigt att veta hur dom gör detta. Kunskap 
inom dessa områden ger ledtrådar till vad ett visst protein har för funktion 
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för cellen, hur den utför sin arbetsuppgift, vilket är mycket användbar 
information t. ex. inom medicinsk forskning och vid framtagning av nya 
läkemedel. Med några specifika mätmetoder går det att bestämma hur 
proteiner ser ut ända ner på atomär skala, en mycket hög nivå av 
detaljrikedom. Kärnmagnetisk resonans (nuclear magnetic resonance, NMR) 
är en av dessa högupplösta mätmetoder. Inom NMR används radiovågor för 
att undersöka atomerna via deras magnetiska egenskaper, vilka påverkas av 
deras lokala miljöer och förändringar i dessa. Genom en kombination av 
många olika NMR experiment så går det att identifiera till vilken atomkärna 
en viss radiosignal härstammar. På så vis kan ett pussel läggas som i 
slutändan resulterar i en tredimensionell struktur av proteinet. För att uppnå 
bra signalstyrka från atomkärnorna så måste dessa röra på sig fort i 
vattenlösning. För stora proteiner, eller för små proteiner i cellmembraner, så 
är detta kriterium inte uppfyllt. Det är därför en utmanande process att 
bestämma 3D-strukturen av ett protein med NMR, särskilt för 
membranproteiner. För att kunna undersöka ett membranprotein med NMR 
så måste detta först tas ut ur cellmembranet, vars egenskaper då måste 
ersättas med en typ av modellsystem som efterliknar dom viktigaste av 
membranets egenskaper. 

Membranmodeller 

Detergenter är molekyler som på flera sätt liknar lipider i deras strukturer 
med en hydrofil del och en hydrofob del. Till skillnad mot lipider så bildar 
detergenterna i vattenlösning små, runda objekt, miceller, istället för bilager. 
Miceller kan stabilisera membranproteiner genom att vända sina hydrofoba 
delar mot proteinernas motsvarigheter, och på så vis minska kontakten 
mellan dessa och vattenlösningen. Ett komplex mellan ett membranprotein 
och en micell är ofta litet nog för att god signalstyrka ska kunna uppnås vid 
NMR-mätningar på proteinet. Det är dock känt att miceller kan påverka 
membranproteiners struktur och funktion, så slutsatser från undersökningar 
av membranproteiner i miceller måste dras med stor försiktighet. 

Biceller bildas från blandningar av detergent och lipider, och bicellens 
egenskaper beror på proportionen mellan dessa molekyler, och på 
egenskaperna hos lipiderna. I biceller som innehåller små mängder lipider så 
grupperar sig lipiderna i bicellens mitt och bildar där ett bilager, medan 
detergentmolekylerna ansamlas i bilagrets ytterkanter. Bicellen får på så vis 
en diskliknande struktur. En bicell behöver inte vara mycket större än en 
micell, men kan ändå ha en positiv påverkan på membranproteiners struktur 
och funktion i jämförelse med i miceller. Priset för denna förbättring av 
proteinets egenskaper i biceller kommer i form av sämre NMR-signalstyrka 
på grund av membranmodellens större storlek. 
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Vesiklar är bilager av lipider som bildar en struktur som påminner om ett 
cellmembran i miniatyr. Vesiklar utgör på så vis den ideala 
membranmodellen. Tyvärr är vesiklar betydligt större än miceller och 
biceller, och kan inte användas inom NMR-studier för att med hög 
upplösning undersöka proteiner. Vesiklar fungerar dock bra som 
membranmodeller tillsammans med andra, kompletterande mättekniker som 
saknar NMRs storleksbegränsning. 

Cellmembranet och WaaG 

En viss typ av bakterier har utöver det vanliga cellmembranet ett extra, yttre 
membran som till stor del består av så kallade lipopolysackarider (LPS). LPS 
ger stabilitet till det yttre membranet och skyddar bakterierna mot 
antibiotika. Antibiotikaresistens är ett växande problem för samhället och 
mycket forskning är inriktad på att hitta en lösning på detta. Många proteiner 
deltar i uppbyggnaden av LPS, och kanske är det möjligt att försvaga 
bakteriers moståndskraft mot antibiotika genom att stoppa något eller några 
av dessa proteiner från att utföra sina arbetsuppgifter. Ett av proteinerna som 
deltar i konstruktionen av LPS är WaaG. WaaG är ett enzym som kan ta en 
hydrofil byggsten och sammanfoga denna med LPS under dess uppbyggnad. 
För att kunna utföra denna uppgift så måste WaaG hitta till membranet där 
LPS finns. 

I detta projekt studerade vi med hjälp av NMR och andra kompletterande 
metoder hur WaaG och andra liknande proteiner binder till cellmembranet. 
För att möjliggöra högupplösta mätresultat så studerade vi endast en liten del 
av WaaG, WaaG-peptiden, som har en aminosyresammansättning som 
antyder att denna del av proteinet är viktig för dess membranbindning. Vi 
fann att WaaG-peptiden binder starkt till dom små membranmodellerna 
miceller och biceller, men för dom mer realistiska vesiklarna så var det 
också nödvändigt att dessa innehöll negativt laddade lipider för bindning. 
Detta är ett exempel på att proteiner kan ha en onaturligt hög attraktion för 
dom små membranmodellerna, vilket ibland utgöra ett problem i studier av 
membranproteiner. Vi bestämde WaaG-peptidens struktur i miceller och 
upptäckte att denna är nästan identisk med motsvarande del av WaaG i dess 
sedan tidigare kända struktur av hela proteinet i en kristalliserad form. Våra 
resultat stödjer tidigare studiers slutsatser kring hur andra liknande proteiner 
binder till bilager. Våra resultat antyder också att WaaG inte ska 
klassificeras som ett protein som är permanent förankrat till membranet, och 
denna flexibilitet i WaaGs positionering kan vara viktig för proteinets 
funktion vid LPS-bygget. 
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Andningskedjan och Rcf 

Mitokondrien är en organell som brukar kallas för cellens ”kraftverk”. I 
mitokondrierna omvandlas energin från maten vi äter till en specifik 
molekyl, adenosintrifosfat (adenosine triphosphate, ATP) som övriga delar 
av cellen kan använda för sina energibehov. Som en del av denna process så 
överförs elektroner mellan fyra stora membranproteinkomplex, via 
elektronbärarmolekyler, för att slutligen kombineras med syret vi andas och 
vätejoner och bilda den stabila slutprodukten vatten. Denna serie av 
elektronöverföringar kallas för andningskedjan, och energin från strömmen 
av elektroner används för att driva produktionen av ATP. 

När det råder brist på syre i cellen så kan flera proteinkomplex gå samman 
för att bilda olika typer av superkomplex. Syftet med 
superkomplexbildningen tros vara att göra överföringen av elektronerna 
mellan proteinkomplexen så effektiv som möjligt. En effektiv 
elektronöverföring hindrar möjligen uppkomsten av molekyler som är 
mycket reaktiva och kan skada det DNA som också finns i mitokondrierna. 
Denna typ av skador leder på lång sikt till åldrande och åldersrelaterade 
sjukdomar. 

Rcf1 och Rcf2 (respiratory supercomplex factor, Rcf) är två proteiner som 
produceras i jästsvampar och som stimulerar till uppkomsten av 
superkomplex. Det är fortfarande en olöst gåta hur dessa proteiner påverkar 
uppkomsten av superkomplex. Det finns experimentella data som tyder på 
att Rcf1 och Rcf2 binder samman superkomplexen genom att fungera som 
ett ”lim” mellan proteinkomplexen. 

I detta projekt studerade vi strukturerna hos Rcf1 och Rcf2 i miceller med 
hjälp av NMR. Båda strukturerna bjöd på överraskningar då dom visade att 
proteinerna bildar komplex med två Rcf1 eller två Rcf2 i varje, och där 
komplexbildningen sker med hjälp av attraktionen mellan laddade 
aminosyror. De laddade aminosyror är placerade i en region av komplexen 
som i membranet skulle motsvara dess hydrofoba del. Det är mycket 
ovanligt att proteiner placerar laddade aminosyror i en sådan miljö, och 
resultatet indikerar att miceller här inte fungerar optimalt som 
membranmodeller. Datorsimuleringar av Rcf1-strukturen placerad i ett 
bilager antyder att strukturen inte är stabil. För Rcf2 behövs förmodligen 
endast små justeringar i delar av strukturen för att bli stabil i ett membran. Vi 
studerade även inbindning av elektronbärare till Rcf1, en interaktion som 
föreslagits göra elektronöverföringen i andningskedjan mer effektiv, och 
kunde påvisa till vilken del av Rcf1 bindning sker. 
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Proteintransport och TatA 

Vanligtvis transporteras proteiner genom cellmembran i icke-fungerande 
tillstånd, där aminosyrakedjan rätats ut från sin 3D-struktur. Detta möjliggör 
att många proteiner kan använda sig av samma transportsystem, som består 
av en trång kanal avsedd för just detta ändamål. Denna transportkanal kan 
enkelt förslutas när transport inte sker, och cellen undviker på så vis att joner 
eller små molekyler läcker in och ut ur cellen. Det finns dock proteiner som 
måste transporteras i sina fungerande tillstånd, när dom redan antagit sin 
struktur. Anledningen kan exempelvis vara att proteinet måste modifieras i 
en viss del av cellen för att sedan användas på en annan plats i eller utanför 
cellen. Tat (twin-arginine translocase) är ett transportsystem i bakterier och 
växter som på ett okänt vis tillåter proteiner att passera genom membranet i 
deras fungerande former. Tat transporterar proteiner som deltar i många 
olika biologiska processer, exempelvis inom fotosyntesen. 

Eftersom proteiner har varierande storlekar och former så måste Tat anpassa 
sig efter varje protein så att inget läckage av joner och små molekyler 
uppstår under eller efter transporten. TatA är ett litet membranprotein och 
den komponent av Tat som tros vara förklaringen till Tats förmåga att 
anpassa sig. TatA består i huvudsak av två ”domäner”: en liten hydrofob del, 
och en del med amfifil karaktär, dvs. med en blandning av vatten- och 
fettlösliga egenskaper. Det har tidigare visats att TatA kan bilda stora 
ringliknande strukturer. En teori för hur detta protein fungerar är därför att 
ett antal proteinenheter går samman och bildar en tillfällig kanal i 
membranet. Som en del av denna process har det föreslagits att TatA lokalt 
försvagar membranet genom att ha en hydrofob domän som inte matchar 
vidden av membranets fettlösliga kedjor, och därför stör membranets 
struktur. En annan teori är att TatA genomgår en stor strukturell förändring 
under transporten, så att TatAs amfifila domän hjälper till att bilda den kanal 
som proteinet behöver för att kunna ta sig igenom membranet. Efter avslutad 
transport löses TatA-kanalen upp för att undvika hål i membranet. 

Mycket av kunskapen om Tat-systemets struktur kommer från experiment på 
Tat-komponenter från bakterier, och likheter mellan dessa och motsvarande 
komponenter från växter har hittills bara förmodats. I detta projekt 
undersökte vi för första gången strukturen och dynamiken hos TatA från en 
växt för att upptäcka likheter och skillnader mellan Tat från bakterier och 
växter. Resultaten från våra NMR-mätningar på TatA i miceller visar att 
växt-TatA har  strukturella likheter med dess motsvarighet från bakterier, 
även om detaljerna skiljer något. När vi förbättrade membranmodellen 
genom att tillsätta lipider, så att biceller bildades, så kunde vi observera att 
TatA ändrar längden på sin hydrofoba domän för att bättra matcha 
fettkedjornas längd i bicellen, vilket talar emot den förmodade 
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membranförsvagande egenskapen. Resultaten i både miceller och biceller 
visar att proteinet är ganska stelt och att den amfifila delen binder starkt till 
membranmodellernas yta. Det förefaller därför inte heller sannolikt att den 
amfifila delen av proteinet skulle genomgå en större strukturförändring för 
att delta i bildandet av en hydrofil kanal under transportprocessen. Vi visade 
också genom kompletterande mätningar i vesiklar att TatAs struktur 
påverkas av membranets lipidsammansättning. Laddade huvudgrupper, eller 
huvudgrupper som i hög grad återfinns i växtmembraner, tycks främja en 
mer ordnad, stelare struktur hos TatAs amfifila domän. 

En ovanlig egenskap hos ett utpräglat hydrofobt membranprotein som TatA 
är att det även förekommer utanför membranet där proteinet utför en ännu 
okänd uppgift. Det var sedan tidigare känt att bakterie-TatA kan bilda stora, 
vattenlösliga proteinkomplex där många TatA-enheter gått samman. En 
intressant fråga är om dessa strukturer på något sätt liknar formen som TatA 
antar i membran, och när TatA deltar i proteintransport. 

Vi undersökte strukturen hos den vattenlösliga formen av växt-TatA, hur 
denna förändras när TatA återinförs i membranet, och hur detta påverkar 
bilagrets förmåga att motstå läckage. Resultaten visar att växt-TatA i likhet 
med bakterie-TatA bildar stora objekt. I lågupplösta bilder av TatA tagna 
med ett elektronmikroskop ses cirkelformade objekt med olika diametrar. 
Trots denna storleksvariation hos TatA kunde vi fastställa att proteinet har en 
hög grad av ordnad struktur, och att denna inte ändras mycket när TatA 
återinsätts i membranet. Vidare upptäckte vi att TatA påverkar vesiklarna så 
att små molekyler kan läcka ut och det kan därför spekuleras i att 
vattenlösliga TatA har en temporär, kanalliknande struktur efter införandet i 
membranet. Denna egenskap tros vara viktig för TatAs funktion under 
respektive efter proteintransport. 
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