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Abstract

The structure and dynamic of membrane proteins can provide valuable information about
general functions, diseases and effects of various drugs. Studying membrane proteins are a
challenge as an amphiphilic environment is necessary to stabilise the protein in a functionally
and structurally relevant form. This is most typically achieved through the use of detergent
based reconstitution systems. However, time and again such systems fail to provide a suitable
environment causing aggregation and inactivation.

Nanodiscs are self-assembled lipoproteins containing two membrane scaffold proteins and a
lipid bilayer in defined nanometer size, which can act as a stabiliser for membrane proteins. This
enables both functional and structural investigation of membrane proteins in a detergent free
environment which is closer to the native situation. Understanding the self-assembly of
nanodiscs is important for understanding the key mechanisms duting reconstitution of
membrane proteins in these lipoproteins. In this project the self-assembly of nanodiscs has
been structurally characterized with small angle X-ray scattering (SAXS) in a time resolved
fashion. This brought knowledge about the structural development as detergent is removed
from the solution. This also provided valuable information useful for optimal reconstitution of
membrane proteins in nanodiscs. The knowledge was utilized in the reconstitution of
proteorhodopsin in nanodiscs where buffer compositions and reconstitution detergents were
varied. The different reconstitutions of proteorhodopsin were subsequently analysed by small
angle X-ray scattering to evaluate the structural impact of these factors. This shed light on
influences that are important to consider in the reconstitution process. In regards to the
structure analysis of membrane proteins in nanodiscs it is desirable to acquire structural
information supplementary to that obtained through SAXS. Such information can in theory be
obtained using small angle neutron scattering (SANS) by using a D2O based buffer system.
Unfortunately D>O induced aggregation is a commonly observed problem for biomolecules
which also hampered SANS studies in this project. For this reason nanodiscs were systematically
analysed at different D>O buffer compositions varying salt, PH etc. to clarify this problem.
Unfortunately, a solid solution was not found but an influencing factor identified.

The experiences from the proteorhodopsin experiments provided the basis for obtaining a
successful reconstitution of magnesium transporter CorA and of disulphide bond forming
protein DsbB.

Reconstitution of CorA in nanodiscs allowed for structural investigation of the membrane
protein by SAXS. It was possible to obtain high quality structural information of two
conformations of CorA, providing interesting new insights. A conformation of CorA which has
so far only been structurally characterized by molecular dynamics simulations was explored.
Surprisingly it was also found that the nanodisc is able to assemble from four MSPs to
accommodate membrane protein needs. The outcome of the structural analysis clearly exposed
the potentials and future perspectives of this method.

Reconstitution of DsbB in nanodiscs allowed for improved activity and inhibition assays of the
disulphide bond forming machinery. Additionally membrane protein activity could be kept for
substantially longer in nanodiscs compared to the usual conditions. This enables new types of
assays where protein stability is not a time limiting factor. The experiment evidently
demonstrated the superiority of using nanodiscs in membrane protein assays.
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To enable structural dynamics studies of membrane proteins new methods need to be
developed. Low sample consumption is crucial when working with this type of proteins and has
to be taken into consideration when developing new techniques. To accommodate this, a
microfluidic chip for time resolved SAXS of proteins was developed and investigated. It was
possible to collect information of kinetic processes with sub-millisecond time resolution of
simple protein systems with minimal sample consumption. The obtained results show very
promising prospects for this method and for future applications in studying the dynamics of
membrane proteins, using nanodiscs as stabilising agent.
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Resumé

At have kendskab til struktur og dynamik af membranproteiner kan bidrage med vigtig
information omkring deres generelle egenskaber, funktioner i sygdomme og forskellige
legemidlers virkning. At studere membranproteiner er udfordrene, da de er athangige af et
amfifilt miljo for at opretholde deres native struktur og funktion. Dette opnéet oftest ved at
oplose proteinet med detergenter. Gentagende gange observeres det dog, at detergenter ikke kan
reproducere det nedvendige miljo, hvilket resulterer i udfxldning og inaktivering af proteinet.
Nanodiske er selvansamlende lipoproteiner bestaende af et lipid dobbelt lag, omringet af to
membrandefinerende proteiner i nanometer storrelse, som kan fungere som stabilisator for
membranproteiner. Membranproteiner kan herved undersoges bade strukturelt og funktionelt i
et detergentfrit miljo, som bidrager med et mere nativt miljo for membranproteiner. Det er
vigtigt at fi forstdelse for selvansamlingen af nanodiske, da dette bidrager til viden om de
essentielle mekanismer der foregar, nir membranproteiner indbygges i nanodiske. I dette projekt
er selvansamlingen af nanodiske blevet tidsoplost strukturelt karekteriseret med smiévinkel
rongten spredning (SAXS). Denne karakterisering bidrog til viden om den strukturelle udvikling
af nanodiske, hvilket foregar ved fjernelse af detergent. Desuden gav dette brugbar information,
der er nyttig for optimering af indbyggelsen af membranproteiner i nanodiske. Denne indsigt
blev udnyttet til at indbygge proteorhodopsin i nanodiske, hvor ogsd buffersammensztningen
og detergenten brugt til selvansamlingen, blev varieret. De forskellige proteorhodopsinprever
blev derefter undersogt med SAXS, for at finde den strukturelle inflydelse af disse variationer.
Dette belyste hvilke faktorer der er vigtige i selvansamlingsprocessen. Med hensyn til strukturel
analyse af membranproteiner i nanodiske, er det attraktivt at fi supplerende strukturel
information udover SAXS data. Denne inforation kan teoretisk set tilegnes med smévinkel
neutron spredning (SANS) ved at anvende en DO baseret buffer. Desvarre er det ofte
observeret at D2O foresager udfaldning af biologiske molekyler, hvilket desuden har fort til
foringelser af SANS data i dette projekt. Derfor blev nanodiske systematisk analyseret i
forskellige D>O buffersammensatninger med varierende salt, pH osv., med henblik pi at lose
dette problem. Desvarre var dette ikke muligt, men en vigtig faktor for denne aggregering blev
fundet.

Erfaringerne fra proteorhodopsinforsegene gav grundlaget til at indbygge magnesium
transportor CorA og disulfidbinding protein DsbB, i nanodiske med gode resultater.

Indbygning af CorA i nanodiske muliggjorde strukturel undersogelse af membranproteinet ved
hjzlp af SAXS. Det var mulig at fi strukturel information af hoj kvalitet af to forskellige
konformationer af CorA, hvilket resulterede 1 ny spendende viden. En konformation der ind til
nu kun har veret strukturelt karekteriseret med molecular dynamics simulering, blev undersogt.
Derudover blev det forbavsende observeret, at nanodiske er i stand til at selvansamle med fire
membrandefinerende proteiner for at tilfredsstille membranproteiners behov. Den strukturelle
analyse viste tydeligt potentiale og fremtidsperspektiv for denne metode.

Indbygning af DsbB i nanodiske muliggjorde forbedrede aktivitets og inhibitor analyser af
disulfidbindingsmekanismen. Derudover var det mulig at bibeholde aktiviteten af
membranproteinet i vasentlig lengere tid i nanodiske nir man sammenligner med normalt
benyttede betingelser. Dette muliggor nye typer af analyser, hvor proteinaktivitet ikke er en
tidsbegreendsende faktor. Eksperimenterne tydeliggjorde hvor suverene nanodiske er i brugen til

membranproteinaktivitetsanalyser.



For at studere strukturdynamik af membranproteiner er der behov for at udvikle nye metoder.
Et lavt proveforbrug er afgorende nir man arbejder med denne type proteiner, som er vigtigt at
tage hensyn til, nir der udvikles nye metoder. For at imgdekomme dette blev der udviklet en
microfluid chip til tidsoplest SAXS, som blev karakteriseret. Det var muligt at indsamle
information af kinetiske processer af simple proteiner med en tidsoplosning lavere end 1
millisekund og med et minimalt preveforbrug. Resultaterne viser lovende usigter for denne
metode og fremtidig brug til undersogelsen af membranproteindynamik, hvor nanodiske kan

benyttes som stabilisator.
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Introduction

Introduction

Membrane proteins contribute to about 30% of the cell’s proteome (Stevens & Arkin, 2000).
These proteins serve a variety of important roles in the body, such as regulation of blood
pressure, fertilization and nerve excitation. Besides from the fact that many diseases are known
to be caused by mutations in these proteins (Ashcroft, 2006), membrane proteins are central for
pharmaceutical applications. 59% of the United States Food and Drug Administration (FDA)
approved drug target proteins are predicted membrane proteins (Uhlen et al, 2015).

Unfortunately, very little is known about the structure-function relationships of membrane
proteins. Only 2.5% of the total number of protein structures found in the Protein Data Bank
(PDB) (Bernstein et al, 1977) is classified as membrane proteins (PDB, 2015b). The reason for
this low fraction is presumably attributable to the general accepted fact that membrane proteins
are very hard to handle and crystalize. For this reason, there is a great demand for alternative
methods applicable to study the relationship between structure and function of membrane

proteins.

During the last three years, I have been involved in different projects related to the application
of nanodiscs for structural studies of membrane proteins, using small angle scattering. The
overall aim of my PhD project was to combine this knowledge with microfluidics and time
resolved small angle scattering to investigate the structure, action and dynamics of membrane
proteins under physiological conditions. This has been a collaborative project where my focus
mainly has been on optimising sample preparation for these studies. The project has shown to
be very ambitious and still needs much work to reach the intended goal. The thesis will cover

the developments that I have been involved in during this project.

The thesis is divided into two parts. First part will give a scientific introduction to the
background and methods applied in the work presented in thesis, while results of the work will
be presented in part two.

Part one — Scientific background and methods, is divided into four chapters

Chapter 1 - Protein structure and dynamics: A general introduction to protein dynamics and
methods for studying protein structures and dynamics. The main focus will be on the use of

small angle scattering in this context.

Chapter 2 - The cell membrane: An introduction to lipids and proteins in the biological
membrane and the arrangement and packing of lipids.

Chapter 3 - Methods in protein isolation: Methods for bacterial protein expression and
purification is introduced as well as methods for solubilising membrane proteins including the

nanodisc.



Chapter 4 - Small angle scattering of biological systems: A short description of the theory

behind small angle scattering, instrumentation and simple data analysis.

Part two — Results, is divided into four chapters covering six projects and a final remarks
chapter covering discussion, perspectives and a final conclusion.

Chapter 5 - Understanding the reconstitution process of nanodiscs
A. Optimising reconstitution of membrane proteins in nanodiscs
B. The self-assembly of nanodiscs — time resolved

C. Investigating aggregation of biomolecules in D>O

Chapter 6 - Reconstitution of membrane proteins in nanodiscs
D. Solution structure of magnesium transporter CorA in nanodiscs
E. Activity and inhibition of disulphide bond protein DsbB in nanodiscs

Chapter 7 - Probing protein dynamics
F. Developing a microfluidic chip for time resolved SAXS

Chapter 8 — Final Remarks

All projects will be presented in individual sections including results, discussion and conclusion.
The essence of the different projects will be wrapped up in a final remarks section. Chapter 5
covers different aspects of understanding the reconstitution of nanodiscs with and without
membrane proteins. This includes optimising sample preparation and understanding which
important factors are involved, and studying structural features in the self-assembly process of
nanodiscs. Project A is a time resolved study of the self-assembly process of nanodiscs. This
study elucidates the structural development of nanodiscs during detergent removal, to a better
understanding of the self-assembly process. Project B examines important factors in the
reconstitution of membrane proteins in nanodiscs aimed for optimisation of sample preparation
for small angle scattering. Project C investigates aggregation of biomolecules when kept in D2O
buffer, based on aggregation of nanodiscs. This study was necessitated as exchanging to a D2O
buffer is an important tool for small angle neutron scattering and aggregation is a frequently
observed problem diminishing data quality.

The three projects presented in Chapter 5 are presented as individual research reports.

Chapter 6 concerns two case studies of reconstituting membrane proteins in nanodiscs using
the tools and knowledge obtained from the projects in chapter 5. Project D is a sophisticated
structural study of a large membrane protein undergoing a subtle structural transition during
ligand binding. The study proves the power of combining nanodiscs and small angle scattering
for elucidating unknown structural conformations. Project E explores a membrane protein
important in folding bacterial virulence proteins and clearly demonstrates the superiority of
nanodiscs in membrane protein assays.

The two projects in Chapter 6 will be presented in the form of paper drafts.

Chapter 7 deals with research using a microfluidic chip for time resolved structural studies of
proteins. Project I is an excellent example towards developing a sophisticated method for



Introduction

studying protein dynamics with small angle scattering. The aim is to be able to study a system
like the presented in Project D and using this setup to obtain time resolved structural
information of the action of membrane proteins. This project will be presented as a research
report.

Chapter 8 gives a final discussion and conclusions based on the presented projects.

In addition to the six presented projects, a project concerning optimising membrane protein
expression in E. co/i can be found in Appendix 3. The aim with this project was firstly to
improve my skills in molecular biology and secondly to identify and optimise expression of
possible membrane protein candidates for other projects. However, it was not possible to obtain
a good candidate within the three months project. The report found in Appendix 3 summarizes
the work carried out during this period.

Part one — Scientific background and methods will now follow. This will eventually lead to

presentations of the before mentioned projects and a final discussion in Part two - Results.






Part one - Scientific background and methods







Chapter 1 - Protein structure and dynamics

Chapter 1 - Protein structure and dynamics

Proteins are responsible for most functions in the cell. The three dimensional structure of a
protein is crucial for its functionality which makes the obtained protein structures fundamental
for understanding cellular function and diseases. Knowing the structure of a protein can help us
understand basic mechanisms taking place in the cell and in advanced drug design (Bunney et al,
2014; Kolli et al, 2015; Mabanglo et al, 2014; McCusker et al, 2012).

Methods for determination of protein structure

For decades, X-ray crystallography has been and still is the method of choice for obtaining high
quality structural information about proteins, recently marked by celebrating 2014 as
international year of crystallography (IYCr2014) (Su et al, 2015). This technique provides
detailed visualization with a resolution down to atomic level revealing the position of most
atoms within the protein. In order to obtain these data, one first needs a crystal. This can be a
bottleneck as some proteins require multiple screenings for optimising their crystallization
process, and some proteins are natively too disordered and unstable to be crystalized (Tickle et
al, 2004). For one type of proteins, namely membrane proteins, crystallization has shown to be a
major challenge. First of all, obtaining the quantities needed for crystallization can be a challenge
itself because of low expression and next, more sophisticated crystallization screening conditions
need to be applied. It is a long and tedious process which in many cases leads to failure, and
other complementary techniques may be considered (Kang et al, 2013).

Predicting the function of a specific protein based on its amino acid sequence alone is close to
impossible as the function, as before mentioned, is determined by their 3D fold. Even though
most proteins with similar sequences hold similar structures, it is shown that proteins holding
similar structures and functions may have very low sequence homology (Onuchic et al, 1997). In
order to overcome this problem, a number of computational methods have been developed to
predict the structure of proteins from their amino acid sequences, each using different strategies
(Schmidt et al, 2014; Shenoy & Jayaram, 2010). Of course, the result of such prediction is not a
certain answer, but it may be used as a guideline for categorizing proteins. A successful example
is the Rosetta project that is based on structure prediction by identifying the structure holding
the lowest free-energetic state, based on the protein’s amino acid sequence. This method has
created several blindfolded protein structures with accuracy down to less than 2 A (Das &
Baker, 2008).

Other experimental “in solution” structural techniques can be applied in order to obtain the
needed information and eliminate the need of a crystal. This also allows studying more flexible
proteins which cannot undergo crystallization. Nuclear magnetic resonance (NMR) is such a
technique, which within the last decade has made impressive advances (Kay, 2005; McDermott,
2009). This technique can provide high resolution structural information comparable with
crystal structures, but is generally most applicable for smaller proteins <20 kDa (Yee et al, 2014).
The reason for this is that with increasing protein size more crowded correlation spectra are
obtained, creating a higher chance of overlaps between peaks and thereby a difficulty to
distinguish protons from each other.



Low resolution techniques can be applied as well. Within recent years, cryo-EM has advanced
significantly and a 3.2 A resolution structure has now been solved using this strategy (Bartesaghi
et al, 2014). The method is best suited for symmetrical larger proteins >100 kDa (Glaeser &
Hall, 2011; Kuehlbrandt, 2014); however, it is a rapidly developing field that will be interesting
to follow within the coming years.

Also small angle scattering is a low resolution method where a resolution of about 10 A can be
obtained. The technique has the advantage of being non-invasive and proteins can therefore be
studied in a close to physiological environment. Also structural dynamics can be followed as a
response to environmental changes (Bernado et al, 2007; Levantino et al, 2015). Small angle
scattering has been the central structural technique for this thesis and will be explained in more

details in Chapter 4 - Small angle scattering from biological systems.

Common for the mentioned experimental techniques is that a pute homogeneous protein
sample is crucial. This may pose a major problem for many membrane proteins because of
handling difficulties. Some of the challenges regarding membrane proteins will be addressed in
Chapter 2 — The cell membrane and Chapter 3 — Methods in protein isolation.

Proteins are dynamic

Proteins are not static molecules, but can be built from multiple flexible domains able to move
in relation to each other. The action of proteins is linked to certain changes in the local
environment, such as calcium selective channels activated by voltage change over the
membrane, caused by local calcium increase (Neely & Hidalgo, 2014). Activation of GPCR 8-
adrenergic receptor is associated with a structural change when binding to catecholamines,
initiating a signal cascade (Zhang et al, 2010). The response or activation from this impact is in
the form of structural changes, observed at time scales from picoseconds to milliseconds (van
den Bedem & Fraser, 2015). Protein dynamics influence all protein function, among other
things, protein complex formation, cell signaling and regulation, and the catalysis of different
processes (Bu & Callaway, 2011). Put simply, studying the dynamics of a protein can provide
valuable information about general function, disease or mutation, but also the effect of different
drugs or environmental changes.

Studying protein dynamics on the structural level is a developing field and still many challenges
apply, not least to derive different structural states from the obtained data. Circular dichroism
(CD) is a method widely used in this field due to its high sensitivity to minor structural changes
in a molecule (Whitmore & Wallace, 2008). Another powerful tool is NMR spectroscopy which
can provide detailed information about dynamic regions in a molecule (Markwick et al, 2008).
However, these techniques cannot provide specific information about the geometric motions
alone. Combining biophysical, experimental and computational techniques can be necessary to
obtain sufficient structural information (Ward et al, 2013). This does not only set high demands
for sample control and quality but also require sophisticated computational models and
interdisciplinary collaborations.



Chapter 1 - Protein structure and dynamics

Probing structural dynamics of proteins

To trigger a conformational change in a protein, a change in the local environment must occur.
This can be by introducing a ligand which interacts with the protein, a change in pH, jump in
temperature or for photo sensitive proteins, by irradiating the protein with light of a specific
energy. Probing protein structure changes can be achieved statically by trapping a protein in its
different conformations and obtaining structures of each conformation, or time resolved in the
sense of following the whole dynamic process of the conformational changes in real time. A
great example is from the Nissen group who have been able to capture and crystalize Ca?*-
ATPase, active in calcium transport, in three different stages of the process (Olesen et al, 2007).
Another example is Montoya and coworkers who have specialized in a method to capture
catalytic intermediates of enzymes in a crystal, by slowing down the reaction rate. This allows
them to obtain detailed structural information on the mechanism with high resolution (Molina et
al, 2015).

Obviously, real time studies are more challenging because of the requirement of advanced
instrumentation able to follow movements within an extremely short time frame. Another
obstacle is to introduce the agent that induces the structural response, faster than the time scale

of the kinetic process of interest.

Time resolved small angle scattering
Small angle scattering can be used for probing time resolved structural dynamics of proteins,
though some challenges are associated to this.

- The experimental setup

- Sample environment for triggering a structural response

- Sample homogeneity and a detectable structural response
The experimental setup for these kinds of studies puts on high demands for beam line scientists
and instrumental technicians. Fast detectors are essential in these experiments and a narrow
beam with high flux is preferred. However, a few beam lines have met the challenges and
optimised their instruments to allow obtaining time resolved data, such as ID02 (Angelov et al,
2015) and ID09 (Wulff et al, 1997) at ESRF, Grenoble and BioCAT at APS, Chicago (Graceffa
et al, 2013).
Instantaneous triggering a structural change of a protein sample is where great challenges still
remain. Various approaches are taken: For photo sensitive proteins, it is in principle easily done
as photons will reach all proteins simultaneously when irradiating the sample. Using small angle
X-ray scattering (SAXS) it has been possible to obtain nanosecond time resolution, probing the
structural dynamics of human hemoglobin and inducing a conformational change by laser
(Cammarata et al, 2008). This method has also been applied on more challenging proteins,
namely the seven helical transmembrane protein bacteriorhodopsin and its closely related
proteorhodopsin probing the structural shifts during proton pumping (Malmerberg et al, 2011).
Coordinating a photon flash with rapid measurements and also achieve high time resolution is a
challenge which has been solved with a sophisticated experimental setup. Finding good light
sensitive protein candidates is now the real challenge in these kind of studies as the number of
light sensitive proteins is limited (Reddington et al, 2013).



Studying ligand triggered structural changes is significantly more challenging than photo induced
triggered, as fast mixing of ligand and protein is crucial for obtaining a simultaneous response.
Operating in the narrow time frame of structural changes means that the ligand must be
delivered homogeneously to the entire exposed sample within this window. One efficient
method is to take advantage of the principle of photo sensitive reactions using photochemical
cages. Here the ligand of interest is trapped inside the cage and released by flash photolysis. The
caged ligand can be mixed into the protein solution, radiated at energies were the photochemical
cage is sensitive, and the ligand is released in the solution within milliseconds, thereby ensuring
rapid mixing and a simultaneous release (Giovannardi et al, 1998).

For SAXS, active mixing techniques have generally been used for studying protein dynamics,
using stopped flow and continuous flow methods. In a stopped flow experiment, two solutions
are rapidly pushed through a mixing chamber and into an observation chamber (see Figure 1).
Here the flow is stopped or flowed at low speed, and measurements are recorded as a function
of time. The great advantage of this method for SAXS is that the whole observation chamber is
filled with mixed solution and therefore a relatively large beam can be applied and a high signal
can be obtained. Meanwhile, stopped flow measurements are limited by the dead time of the
instrument detector (Grillo, 2009). If a time resolution below this dead time is desired the
mixing procedure must be repeated several times, resulting in a high sample consumption of
about 150 pl protein solution of typically 10 mg/ml per mixing (Giladi et al, 2012). However,
this is a well-established technique and somehow straight forward to apply (Angelov et al, 2015).
Continuous flow mixing relies on mixing by passive diffusion, therefore requiring small
diffusion distances for a fast mixing process, which can be achieved using a microfluidic device
(Park et al, 2008). Solutions of protein and ligand are injected into a channel where they form a
laminar flow with a thin sample sheet of protein solution surrounded by sheets of ligand
solution. The sample is mixed as ligand diffuses into the sample sheet, where it induces a
structural change that can be followed by collecting scattering data at different positions
downstream in the channel (see Figure 1). This is a much less applied technique compared to
stopped flow as a more sophisticated sample environment is required and much development is
still needed. The major advantage of this method is that very little sample is required, with a
sample consumption down to 0.55 pl/min protein solution of typically 10 mg/ml (Brennich et
al, 2011). The drawback is that it can be quite challenging to achieve adequate measurement
signal from the narrow sample sheet and requires an X-ray beam of comparably small
dimensions. Further, only small ligands such as ions can be used to obtain rapid mixing, as their
diffusion is fast enough. Figure 1 explains the principle of the two mentioned active mixing
techniques.

Fast mixing by turbulence can be applied as well, but high flow rates are needed, which again
requite large sample volumes of 10-20 ml/min, and at least 2-3 mg protein pet data point
(Graceffa et al, 2013).

Large sample consumption is a general problem in time resolved SAXS, which is rather
unfortunate when working with fragile biological samples. To limit sample consumption
microfluidic devises can be applied and short mixing times obtained by simple diffusion (Pollack
et al, 1999).
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Chapter 1 - Protein structure and dynamics

Figure 1. Active mixing techniques. Stopped flow is based on a mixing chamber into which a protein solution
and ligand solution are injected and mixed before transferred to an observation chamber. For continuous flow,
the solutions are injected into a narrow channel, thereby creating a thin protein sheet surrounded by a ligand
solutionthat will diffuse into the protein sheet. Time resolved structural changes can thereby be recorded
downstream the channel.

In the present thesis, different methods for studying time resolved protein dynamics with SAXS
have been applied, including the following:
e  Self-assembly of lipoprotein nanodiscs, found in Project A.
e  Structural investigation of magnesium transporter CorA, trapped in its ligand-bound
and ligand-free state, respectively, in Project D.
e Probing the structure of soluble proteins in real time using a microfluidic chip,
presented in Project F.
Especially the last mentioned project has been a somewhat more technical challenge, than first
expected, however, it has now started to show promising results, and it will be very exciting to

discover the full potential of this method.
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Chapter 2 — The cell membrane

The barrier protecting the cell has been studied for more than 100 years. This barrier consists of
a lipid bilayer which was first discovered in 1925 by Gorter and Grendal, who at the same time
proposed that the membrane lipids were directed with their polar group to the inside of the cell
(Gorter & Grendel, 1925). In 1972, Singer and Nicolson proposed the famous “fluid mosaic
model” which has been an inspiration for most of the knowledge we have about the
biomembrane architecture today. Their hypothesis was that the membrane consists of a lipid
matrix containing many different types of integral and peripheral proteins in copies of more
than 10,000 per cell. They also illustrated the membrane as highly protein crowded (Singer &
Nicolson, 1972). The presented model was laid out as a homogeneous fluid with proteins
diffusing in two dimensions.

The solving of the first structures of membrane proteins led to the proposition of the “mattress
model”. This refined model considered the hydrophobic and hydrophilic protein-lipid
interaction in more details. The interaction was believed to be energy associated with matching
amphipathic features in the lipids and protein, meaning mismatch in hydrophobic length of the
protein is compensated by local deformation of the lipid bilayer (Mouritsen & Bloom, 1984).
Later, evidence was found for the inhomogeneity on lipid composition within the membrane
leaflets, so-called lipid rafts, caused by specific lipid-lipid and lipid-protein interaction (Harder et
al, 1998). Raft domains are formed in the lipid membrane from clusters of specific membrane
components creating a local environment with optimised biophysical properties.

Lipids of the membrane

The nature of biological membranes is very complex, and the membranes are composed by
numerous kinds of different lipids, membrane proteins and a small amount of carbohydrates.
The distribution of lipid species varies between cell types and also within the different
compartments of a cell in order to obtain the unique functionality needed for the membrane and
the proteins embedded. Furthermore, the lipid composition in a membrane often has an

asymmetric distribution on the two leaflets on the same membrane (Heimburg, 2007a).

Lipids are, in this thesis, defined as amphiphilic molecules with a hydrophilic head group and
hydrophobic hydrocarbon chains or tail group with a significant variation in head and tail
structure, as described by Heimburg (Heimburg, 2007b). The lipid composition of
biomembranes is dominated by different types of phospholipids but does also contain a high
number of cholesterols and glycolipids. This membrane composition has a substantial
physiological effect on the membrane in regards to environmental changes such as temperature,
pH and pressure (Lindblom & Rilfors, 1992).

As mentioned above, the predominant type of lipids in biomembranes is phospholipids, that are
often classified by their head group composition, bound to two hydrocarbon chains varying in
length and saturation level. The phospholipids found in E. ¢/ membranes are mainly
phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) in a molar ratio of 73:27
(Sweetman et al, 1996). In mammalian cells, three main types of phospholipids are found in the
membranes, namely phosphatidylcholine (PC), PE and phosphatidylserine (PS). The
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Chapter 2 — The cell membrane

phospholipid composition of the human erythrocyte membrane, the most studied type of
mammalian cells, consists of 77% PC, 20% PE and less than 3% PS; 65-75% of the PC is found
in the outer leaflet while the inner contains 80-85% of the PE and more than 96% of the PS
(Zachowski, 1993).

Self-organisation of lipids

Lipids do not only form into bilayers in aqueous solutions, they aggregate into various phases to
shield their hydrophobic tail groups from water, so only the hydrophilic head groups are
exposed. Different types of lipids have different aggregation preferences depending on their
specific packing parameter, mentioned later in this chapter. The lipid aggregation is strongly
concentration dependent, and the formation of larger aggregates is more favourable at high lipid

concentrations.

Figure 2. Selection of various lipid phases. From the left, spherical lipid micelle, hexagonal phase consisting of
cylindrical micelles, lipid cubic phase, consisting of flexible bilayers aggregating into a cubic structure, and
lamellar phase lipid bilayers.

At low concentrations lipids exists as isolated monomers, but above a certain concentration
micelles will form. This is called the critical micelle concentration (CMC). The formation of

simple spherical micelles may be approximated to simple equilibrium law K = % where [L,] is

the concentration of lipids consisting of n lipids and [L] the concentration of monomeric lipids
(Heimburg, 2007b). Though this is much more complex in reality due to the constant
competition between hydrophobic attraction and repulsion within the molecules, and several
models to describe micelle aggregation have been proposed (Wennerstrom & Lindman, 1979).
At higher concentration lipids typically grow into more extended lamellar phases, like the earlier
mentioned bilayers found in biological membranes. However, some types of lipids prefer to
aggregate into non-lamellar phases such as lipid cubic phases or hexagonal phases. These types
of lipids are all present in the cell membranes in lower concentrations, which is of great
importance for structure and function (Lindblom & Rilfors, 1992). The mentioned lipid phases
are illustrated in Figure 2.

Lipid packing parameter

The packing parameter describes the molecule shape and structures that a certain type of lipid
will form above CMC. This parameter is defined as v/ayl; , whete v is the volume of the
hydrocarbon chain or chains, @y the optimal sutface area and [ the critical chain length that sets
a limit for how long the chains can extend. Different forms of packing parameters are illustrated
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in Figure 3. Molecules will pack into structures consistent with these geometric constrains. With
this said, higher entropy will always favour the smallest aggregation number. However, smaller
structures where the surface area is forced above ay will be energetically unfavoured
(Israelachvili, 2007b; Israelachvili et al, 1976).

Figure 3. Different lipid shapes and how this relates to the lipid packing parameter v/ayl,, v is the volume of
the hydrocarbon chain or chains, @, the optimal surface area and [, the critical chain length . The lipid shapes
illustrated are from left: cone, forming spherical micelles; truncated cone, forming cylindrical micelles; less
truncated cone, forming flexible bilayers; cylinder, forming planar bilayers; and inverted truncated cone,
forming inverted micelles.

Membrane proteins

Membrane proteins have been given much attention the last decade especially in relation to
pharmaceutical aspects. The reason is their potential as drug targets mainly because of their
central roles in cell signalling and transport of nutrients into the cell. Within recent years the
importance of this research area has been given much attention as Robert Lefkowitz and Brian
Kobilka were awarded the Nobel Prize in chemistry in 2012 for their studies in G-protein
coupled receptors (GPCRs) (Lefkowitz & Kobilka, 2012). However, this is not the first time
structural membrane protein research has been granted a Nobel price. As early as in 1988 Johan
Deisenhofer, Robert Huber and Hartmut Michel received the Nobel Prize in Chemistry “for the
determination of the three-dimensional structure of a photosynthetic reaction centre”
(Deisenhofer et al, 1988) and several studies have since followed (Agre & MacKinnon, 2003;
Axel & Buck, 2004; Carlsson et al, 2000; Gilman & Rodbell, 1994; Neher & Sakmann, 1991;
Skou, 1997).

Ten to fourteen percent of the proteins encoded in the human genome are predicted drug
targets, meaning they have structural features favouring interaction with drug-like chemical
compounds. Half of these drug targets can be categorized as membrane proteins (Hopkins &
Groom, 2002; Russ & Lampel, 2005). About 30% of a cell’s proteome is membrane proteins
with a very small variance in ratio from organism to organism, regardless of proteome size
(Stevens & Arkin, 2000). However, considering the large fraction, very little is known about this
class of proteins, because of the difficulties in the work with membrane proteins. In the Protein
Data Bank (Bernstein et al, 1977), only 2.5% of the total number of protein structures can be
classified as membrane proteins. Furthermore, according to the Structural Biology
Knowledgebase only 525 unique structures are available (PDB, 2015b; White & Laboratory,
2015).
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Membrane proteins are extremely dependent on the lipid membrane, not only because it offers
the amphiphilic environment needed to keep the protein in its native fold, but in many cases
membrane proteins are also highly dependent on the specific lipids and lipid composition in
order to maintain their functionality and activity.

As carlier mentioned, the membrane is highly protein crowded, but differ in the content for
different organelles, though the plasma membrane typically contains 50% protein of the total
cell mass. Membrane proteins serve an endless number of functions; channels, pores and
transporters maintaining the influx and outflow of nutrition, ions and metabolites across the
membrane, receptors detecting chemical signals, enzymes catalysing specific reactions and many
more.

Proteins can be associated with the membrane in different ways and are in general classified as
integral or peripheral membrane proteins. Integral membrane proteins can be transmembrane,
extending throughout the membrane with parts of their mass on both sides of the membrane, or
membrane associated, located only in the cytosol integrated in the inner leaflet of the membrane.
Peripheral membrane proteins are bound to the membrane by polar interactions, present only
on one side of the membrane. The binding can be as lipid linked, anchored to lipids by covalent
bonds, or protein bound to surfaces of integral proteins (Alberts, 2004; Berg et al, 2012).
Different types of membrane proteins are illustrated in Figure 4.

Figure 4. Different types of membrane proteins. From left, a transmembrane integral membrane protein, a
membrane associated integral membrane protein with a peripheral protein bound and a peripheral lipid linked
membrane protein.

Membrane protein structure

Different classes of integral membrane proteins possess different overall structures; however,
there are some common structural features that they all share. The membrane exposed residues
are on average more hydrophobic than their interior residues that are opposite to water soluble
proteins. The residues exposed to the membrane are mainly Isoleucine, Leucine, Valine and
Phenylalanine, which all contain hydrophobic side chains. Transmembrane segments are usually
ordered in the form of helixes or beta sheets, as part of beta barrels (Voet & Voet, 2004).

Studying and handling membrane proteins represent major challenges because of their special
requirements. The main reason for these difficulties is the amphipathic nature of membrane
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proteins. Hydrophobic regions must be scavenged from water for the protein to keep its 3D
fold and some proteins have higher restrictions to the type of scavenging molecules than others.
Some proteins require interaction with specific lipid types to remain active while others have yet
unknown needs to be discovered. This all explains the great challenges associated with working

with and studying membrane proteins and is the reason for the many unsolved structures.
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Chapter 3 — Methods in protein isolation

Overexpression of proteins

In general, studying proteins in any kind of research requires large quantities of the isolated and
purified protein of interest. In some cases, these large quantities of usually 1-1000 mg protein
can be obtained from the original host, usually stable, fully characterized proteins. However, in
most cases, it is an impossible task to obtain these amounts and it is therefore necessary to
produce the protein recombinant. For this purpose Escherichia coli (E. coli) is by far the most
popular and efficient host. 76,125 protein structures out of 98,443 in the Protein Data Bank
derive from proteins expressed in E. co/i, compared to 1,634 from human sources (PDB, 2015a).
However, E. /i cannot be the go-to-organism in all cases as some proteins need more
sophisticated expression routes, such as many eukaryote proteins that need a eukaryotic
expression host. Examples of such a host are yeast, insect cells or even mammalian cells. These
more advanced hosts are needed when for instance expressing glycoproteins as glycosylation
takes place in organelles that are nonexistent in prokaryotes, namely endoplasmic reticulum and
golgi (Paulson & Colley, 1989). These higher expression hosts are, unfortunately, much more
time consuming, and the yields are lower compared to bacterial expression. For this reason they
are also more expensive, and they are only used if it is necessary.

As much of the bacterial proteome remains unexplored in relation to the projects of this thesis,
E. coli has been the applied expression host. This section will therefore solely focus on using E.

colj as the expression host.

Figure 5. Overall design of a pET vector. The T7 promoter (pink) is followed by the lac operon (turquoise),
then a multiple cloning site (orange) for insertion of the expression gene and the T7 terminator (green). The
ribosomal binding site (RBS) is found between the lac operon and the expression gene. DNA coding for the
lacl protein (blue) and antibiotic resistance (red) is also present as well as an origin of replication (black) and
the F1 origin of replication (purple).
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In order to utilize E. coli as expression host, a plasmid containing the gene for expression is
needed. The plasmid is taken up by the host organism, supplementing its existing genome and is
copied with every cell division. Most common are the pET vectors; the basic design of such a
plasmid is illustrated in Figure 5. An expression vector contains everything needed for
producing the protein: an appropriate promoter, a sequence terminating the transcription and a
ribosomal binding site. A strong promoter is needed for high level expression, as it has to be
able to accumulate protein in amounts up to 10-30% of the total cellular protein (Makrides,
1996).

Promoters are controlled by a regulatory gene present in the plasmid itself or in the host
chromosome. pET vectors use a T7 expression system, originating from the T7 bacteriophage,
and it is widely used because of its high specificity. In this expression system a T7 promoter
controls the transcription of the expression gene. Driving the transcription is the T7 RNA
polymerase, expressed from the T7 gene encoded in the host genome. Because of a highly
conserved nucleotide sequence, the binding of the T7 RNA polymerase to the T7 promoter is
highly selective. The polymerase also has the ability to direct most of the cells resources towards
transcription of DNA underlying its promoters (Studier & Moffatt, 1986). However, this high
expression activity can create a problem as limited resources will be available for the production
of the cell’s own proteins, and therefore the T7 polymerase is, in most applied cells, regulated by
a lac promoter. This means, only when lactose or a similar molecule is present, the polymerase
will be transcribed. However, regulating the gene by the promoter alone has shown to be
insufficient leading to a “leaky” expression, which can be very harmful for the cell if toxic
proteins are expressed (Mertens et al, 1995). To solve this problem, a lac operon sequence is
inserted between the promoter and the gene for the polymerase in the cell genome as well as the
expression gene in the expression plasmid. The operon is regulated by a lac repressor protein
(Dubendorff & Studier, 1991) encoded in both host and vector DNA for sufficient repression
(Glascock & Weickert, 1998). The lac repressor gene also recognizes lactose and in the absence
of lactose it will bind the operon blocking access to the promoter. When lactose binds to the lac
repressor it falls off the operon leaving access to the promoter. Isopropyl B-D-1-
thiogalatopyranoside (IPTG) is most commonly used for mimicking lactose as this molecule
cannot be broken down or metabolized by the cell (Hansen et al, 1998).

Other plasmids than pET vectors can be used, such as pBAD vectors. In pBAD vectors, the
DNA transcription is tightly controlled by a promoter regulated by arabinose. The advantage of
using this vector is very low levels of uninduced expression, which is rather favorable for
expression of toxic proteins. Also the level of expression can be highly controlled by the
concentration of arabinose added to the medium. However, expression yields cannot match
those obtained by using pET vectors (Guzman et al, 1995).

Expression strains

Quite a few E. co/i strains have been optimised for recombinant protein overexpression, many
derived from the K12 strain; which genome was the first E. co/i strain to be fully sequenced
(Blattner et al, 1997). Expression strains should be deficient in harmful proteases and maintain
the expression plasmid stable. BL21 and derivatives hereof are the most common strains
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because of their robustness and their ability to grow vigorously in minimal media; and they have
shown a wide range of applications in standard recombinant expression. BL.21(DE3) is the most
popular variant for most protein expression. It carries a bacteriophage DE3 DNA fragment,
coding for the before mentioned Lacl gene (Studier et al, 1990).

Despite successful overexpression of thousands of different proteins in BL21(DE3), significant
overproduction cannot be achieved for some certain proteins, due to toxicity of the expression
protein that consequently kills the host cell. This is a problem often related to overexpression of
membrane proteins. Strains optimised for overexpression of membrane proteins have been
developed, including the so-called “Walker strains”. The strains C41(DE3) and C43(DE3), both
derived from BL21(DE3), have been optimised for overexpression of membrane proteins by
random mutation selection (Miroux & Walker, 1996). These strains have shown resistance to
toxicity associated with overexpression of several different membrane proteins. Also instability
of certain plasmids observed in BL21(DE3) can in many cases be overcome or minimized by
C41(DE3) and C43(DE3) (Dumon-Seignovert et al, 2004).

A different approach to decrease plasmid instability is to introduce a plasmid coding for T7
lysozyme, referred to as pLysS. T7 lysozyme inhibits the T7 RNA polymerase and the small
amount of pLysS provides a reduction of the basal activity of the polymerase, ensuring that

expression of the target protein will not occur prior to induction (Studier et al, 1990).

Protein Purification

As mentioned eatlier, in order to study proteins, structurally or functionally, a large quantity of
purified protein is usually needed. After successful overexpression of a protein in cells, the
protein needs to be isolated from the cell material with a reasonable high purity, depending on

the experiment.

Affinity tags

For most proteins, introducing an affinity tag is an efficient and easy strategy, as this will allow
purification using generalized protocols. Many fusion tags are available. Among popular tags are
His, FLAG, Strep II and GST. The choice of tag highly depends on priorities among quantity,
purity and cost (Lichty et al, 2005). Polyhistidine (His) tag is frequently used because of its low
cost and high yields. His tags consist of 4-10 histidine repeats fused to the N- or C-terminal of
the protein, which allows purification by one simple chromatographic step. Including this
histidine repeat to the protein of interest, will allow formation of a strong metal complex with
Ni. These may in turn be immobilized, once solid supported, such as a metal chelate absorbent
charged with nickel ions (Ni*2-NTA) (Hochuli et al, 1988), and protein can be purified by so
called metal ion affinity chromatography IMAC), as shown in Figure 6. Protein can be released
from Ni*2-NTA either at denaturing conditions by lowering pH or at native conditions by
adding imidazole, a molecule having the same structure as the histidine side chain. At higher
concentrations, imidazole efficiently competes with the binding of Ni-NTA and elutes the
bound fusion protein (Janknecht et al, 1991).
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Figure 6. Metal ion affinity chromatography (IMAC) by Ni?**-NTA. Proteins containing a histidine tag can be
bound to Ni?* ions. NTA, bound to resin, complex Ni and keeps it coordinated in such a way that it strongly
binds histidine and thereby makes it possible to hold back a target protein for purification.

Usually the affinity tag has no effect on the protein but in some cases the tag needs to be
removed from the protein. This may be done by enzymatic cleavage using site specific
proteinases which recognize a specific amino acid sequence; that is introduced between the
protein sequence and the affinity tag. Trypsin, Trombin and Tobacco etch virus (TEV) protease
are commonly used proteases. TEV is particular popular because of its high specificity,
preventing cleavage at cryptic sites within the target protein (Polayes et al, 1998). As the name
states, the 49 kDa TEV proteinase originates from the tobacco etch virus, a plant potyvirus; this
proteinase naturally catalyzes the cleavage of TEV polyproteins. It recognizes the amino acid
sequence Glu-Xaa-Xaa-Tyr-Xaa-Gln-Ser/Gly and cleaves between Gln and Ser/Gly (Carrington
& Dougherty, 1988; Dougherty et al, 1989). TEV protease can be produced recombinant in E.
coli with high activity containing a histidine tag and is thereby easily removed from the target
protein by the use of Ni*2-NTA after cleavage (Parks et al, 1994).

In many cases, a single Ni*2-NTA purification step is not sufficient to achieve the required
protein purity. Here a second Ni*>-NTA purification step may be introduced or obtained by
introducing a different chromatographic method, such as size exclusion chromatography (SEC).

Size exclusion chromatography

SEC or gel filtration is a commonly used method in protein purification and characterization.
The chromatographic method is applied for separating water soluble molecules, typically
proteins or larger polymers, according to their hydrodynamic radius. The stationary phase, i.c.
the column, consists of spherical porous particles with a controlled pore size. Through this
stationary phase molecules diffuse based on their size difference, using an aqueous buffer as
mobile phase. In general, the molecules do not react with the spherical particles in the column,
but diffuse through the pores of the particles. Smaller particles diffuse into more pores than

larger particles and will for that reason have a longer retention time than larger particles. As
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most of the size separation occurs within the particle pores, the highest resolution is obtained at
large pore volumes (Bouvier & Koza, 2014; Fekete et al, 2014).
Various column matrixes are available to obtain a high separation within the relevant protein

sizes.

Solubilisation of membrane proteins

There are many difficulties in studying membrane proteins due to their very special amphipathic
nature. Most techniques used for studying proteins are developed for soluble proteins and must
be further modified if applied for membrane proteins. Despite great efforts, the handling of
these proteins still presents a major problem to researchers. For scientists to apply the methods
available for soluble protein characterization and analysis, the membrane proteins ideally have to
be kept in solution. Solubilisation of membrane proteins is generally achieved with detergents;
nevertheless, detergents offer a somewhat harsher environment than lipids. Evidently, this may
have an unfortunate impact on the structure and function of membrane proteins. Low stability,
inactivation and aggregation are often observed over time for membrane proteins kept in
detergent solution (more about detergents in Project C) (Bowie, 2001). More ideal conditions for
working with membrane proteins are met by the application of a lipid bilayer, and here the so-
called nanodisc can offer close to natural conditions. Nanodiscs are disc shaped lipoprotein
particles based on high density lipoprotein (HDL) particles, holding a lipid bilayer with a
diameter around 10 nm. Engineered for the purpose of stabilising membrane proteins, the
nanodisc provides a native like membrane environment with much higher particle homogeneity
than other bilayer particles, such as liposomes and micelles (Bayburt et al, 2002). In addition to
nanodiscs, also bicelles and peptide discs are somewhat monodisperse particles suitable for

solubilisation of membrane proteins, as illustrated in Figure 7.

Figure 7. Solubilisation of membrane proteins. Monodispersity and stability of particles increases from left to
right, where micelles are more polydisperse than bicelles etc. In opposite direction, from right to left,
elementary, where micelles are more straightforward to use than bicelles etc.

These particles are more straightforward to work with than nanodiscs, but do also hold a more
polydisperse structure. The forthcoming section will describe the nanodisc in detail following a
brief comparison to these other patticle types in Figure 7.
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From high density lipoprotein to nanodisc

HDL is a complex particle consisting of different proteins and lipids and is responsible for the
so-called reverse cholesterol transport in the human body (Glomset, 1968).

Apolipoprotein A-1 (ApoA-1) is the major protein player in HDL and in association with
cholesterol and phospholipids pre-3 HDL is formed (Kawano et al, 1993). ApoA-1 is usually
present in two to four copies per HDL particle, depending on the particle state. ApoA-1 forms
various stable structures with lipids, where pre-3 HDL is an early state, discoidal, lipid poor
particle. This particle is able to interact with plasma lecithin cholesterol (LCAT) to form
spherical and more lipid rich HDL which then can be transported to the liver (Jonas et al, 1990).

Human ApoA-1 is a 30 kDa large protein consisting of 267 amino acids produced and excreted
from the liver. In its lipid free form, it structurally consists of two helical domains forming a half
circle with a height of ~17 A and a diameter of ~110 A; its crystal structure is shown in Figure
8. The N-terminal domain of ApoA-1 forms an w«-helix followed by an extended strand
connected to a second short helix. This short helix connects to a third long helix and a fourth
helix formed at the C-terminal. The N-terminal helixes are crucial for maintaining its lipid free

structute as they scavenge hydrophobic amino acids in the molecule (Mei & Atkinson, 2011).

Figure 8. Crystal structure of human Apolipoprotein A-1. The structure consists of two helical domains
forming a half circle with a height of ~17 A and a diameter of ~110 A [pdb entry 3R2P].

The ability of ApoA-1 to form discoidal particles in the presence of lipids caught the interest of
Sligar and coworkers, who started investigating the structure of reconstituted HDL (tHDL)
from purified ApoA-1 and synthetic phospholipids, by imaging (Carlson et al, 1997). They
suggested that these tHDLs could be used as a self-assembling phospholipid bilayer support for
trapping molecules of interest. Furthermore, they managed to incorporate the integral
membrane protein P450 reductase (Bayburt et al, 1998).

In order to optimise the particle they produced a truncated version of ApoA-1 that lacked the
globular N-terminal domain. This modified protein, also called membrane scaffold protein
(MSP), is also able to self-assemble into discoidal monodisperse particles in the presence of
synthetic phospholipids (Bayburt et al, 2002).
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200 amino acid long amphipathic MSPs form together with phospholipids into 10 nm diameter
nanodiscs. Each nanodisc consists thereby of two MSPs surrounding a phospholipid bilayer. A
molecular dynamics simulation of such a nanodisc is shown in Figure 9.

Moreover, MSP has been optimised for expression in E.co/; the protein is purified by simple
affinity chromatography and can easily be obtained in large quantities.

Figure 9. Simulated nanodisc structure. Two MSPs (green) surround a lipid bilayer, forming the nanodisc in
which a membrane protein is embedded (blue). The illustrated structure is a combined molecular dynamics
simulation of a nanodisc (Shih et al, 2005) and an NMR structure of proteorhodopsin [pdb ID 2L6X].

Self-assembly of nanodiscs can be obtained in a few simple steps: phospholipids self-assemble
into mixed micelles when dissolved in detergent solution and mixed with a proper ratio of MSP.
The detergent is removed by incubation with non-polar polystyrene beads. Subsequently,
homogeneous nanodiscs are purified from the reconstitution mixture by gel filtration (Ritchie et
al, 2009). Reconstitution of membrane proteins into nanodiscs basically follows the same
procedure; this is illustrated schematically in Figure 10. Various lengths of MSPs have been
developed in order to form different sizes of nanodiscs, and lipid composition may be varied to

provide the optimal conditions for the relevant membrane protein (Denisov et al, 2004).
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Figure 10. Reconstitution of membrane proteins into nanodiscs. Phospholipids solubilised in a detergent
solution are mixed in appropriate ratios with MSP and membrane proteins, ideally containing an affinity tag,
in detergent solution. Detergents are removed by polystyrene beads, and nanodiscs are formed. The sample is
then passed through an affinity column to separate membrane protein loaded nanodiscs from discs without
membrane protein. The loaded discs are purified from any kind of aggregate by gel filtration.

In several studies, the nanodisc has been applied as a stabilising sample holder for membrane
proteins, primarily in activity and functional studies, leading to a higher or longer activity of the
protein comparted to detergent micelles (Bayburt & Sligar, 2010). A broad selection of these can
be found on Sligar Labs webpage (Sligar, 2015). On the other hand, structural studies have
shown to be far more challenging than expected and this issue will strongly influence the present
thesis. However, by the application of small angle scattering it is now possible to determine low
resolution structures of membrane proteins employing nanodiscs as sample holders (Kynde et

al, 2014). More details on this issue are given in the following section on small angle scattering.

Bicelles and peptide discs

Bicelles are discoidal lipid aggregates formed from long chain phospholipids and detergent or
short chain phospholipids. The long chain phospholipids form a lipid bilayer while the short
chain lipids or detergents form a rim shielding the long chain lipid tails, as shown in Figure 7.
The size of bicelles is controlled by the short chain to long chain phospholipid ratio and the
total lipid concentration (Whiles et al, 2002). Bicelles have been successfully used for structure
NMR studies of membrane proteins, for review see (Duerr et al, 2012), and have also proven to
be useful in crystallization (Rasmussen et al, 2007). Though, nanodiscs have shown to provide a
more stable environment for membrane proteins compared to bicelles (Lyukmanova et al,
2012).

Peptide discs atre closely related to nanodiscs, containing a lipid bilayer, but are held together by
peptides with the affinity to line up or self-assemble into disc shaped particles, as seen in Figure

24



Chapter 3 — Methods in protein isolation

7. A type of peptides called 18A is synthesized from the sequence of a single a-helix from
ApoA-1. Using these peptides overcome the reservations that must be taken when working with
proteins. These discs show promising features for stabilising membrane proteins but does also
appear to change their stoichiometry over time (Midtgaard et al, 2014). This is an unfavorable
feature for small angle scattering studies of membrane proteins as homogeneous samples are

desired
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Chapter 4 - Small angle scattering from
biological systems

The following chapter describes basic theory and instrumentation of small angle scattering and
is based on material written by Svergun (Koch et al, 2003; Svergun & Koch, 2003), Als-Nielsen
& McMorrow (Als-Nielsen & McMorrow, 2011) and Glatter & Kratky (Glatter & Kratky, 1982).

Small angle scattering (SAS) is a method that may be used for determining patticle size and
shape of structures at nm length scales. This gives the possibility to study the structure of
biological systems in solution and thereby close to their native-like state at physiological
conditions. It also makes it possible to study structural changes in response to environmental
variations in e.g. temperature, pH or salinity. Two types of radiation sources are used in SAS,
namely neutrons (SANS) and X-rays (SAXS).

X-rays are electromagnetic waves. The wavelength A typically applied in SAXS is around 1 A
setting the lower limit for the resolution that can be obtained through scattering-based
techniques like SAXS. Neutrons are uncharged particles released from the atomic nuclei,
travelling with velocities corresponding wavelengths in the same region as X-rays and with a
half-life of about 10 minutes (Christensen et al, 1967).

The interaction with matter is very different for photons and neutrons. While X-ray photons will
interact with the electrons of the atoms, neutrons interact with the nuclei of the atoms. When
this interaction occurs, a fraction of the photons or neutrons will be scattered. The ability of an
atom to scatter X-rays and neutrons is expressed by their scattering length. Because the
scattering length of all electrons is the same, the atomic scattering length for X-rays is given by
fx = NgT1g, whete N, is the number of electrons in the atom and 7y is the scattering length of an
electron, given by the Thomson radius (2.28 X 10™*3cm). This implies that the X-ray scattering
length of an atom increases linearly with the number of electrons, and therefore with the atomic
number. For neutrons it is far more complicated as the scattering length for the different
isotopes varies more and is not easily predicted. For most biological relevant atoms, such as
carbon with a scattering length of 6.651 X 107'3cm, oxygen with 5.803 X 107*3cm and
phosphorous with 5.130 X 10™'3cm, the scattering lengths are similar except from hydrogen
with —3.739 x 10~ 3¢cm, that is, a negative scattering length. A commonly used approach is to
exchange selected hydrogen atoms in the scattering molecule to its heavier isotope deuterium
having a scattering length of 6.671 X 10™*3cm, which interestingly changes the scattering
length significantly and thereby makes a huge difference in the visibility of different components
in the scattering pattern (NIST, 2015).

Basic SAS theory

SAS is one of many scattering based techniques. The resolution of SAS is typically in the range
of 1-100 nm, depending on the scattering angles that data is collected for, typically 0.1° to 10°.
In SAS the features at larger scattering angles contain information on the smaller details of the
scattering particles, and the smaller angels contain information on the larger structures. It is
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hereby a combination of the measured angles and the wavelength which determines the
resolution in SAS

It is possible to extend the resolution by decreasing or increasing the measured angle, but both
ways will need special setups. Above about 10°, also called wide angle scattering, the distance to
the detector must be decreased significantly from a classic setup. Here the features in the
scattering pattern are typically very weak. Measuring at small angles (ultra-small angle scattering)
requires increased distance to the detector and a very well-collimated beam. However, these two

methods have not been applied in this project.

Basic instrumentation

The basic construction of a modern synchrotron based BioSAXS instrument is summarized in
Figure 11. It typically holds a tunable double crystal monochromator, for selecting an
appropriate wavelength, followed by multilayer mirrors that focus the beam. Multiple slits, made
from highly absorbing material, are placed in several positions along the instrument to reduce
parasitic scattering around the beam and to narrow the beam size if necessary. The sample cell is
typically a capillary made from boron or quartz glass and at most beamlines made as
temperature controlled flow cells, keeping the sample at controlled conditions and lowering
beam damage. The scattering pattern is typically collected by a solid state pixel detector with a
rapid readout, protected from the direct beam by a beam stop and with a photodiode

monitoring the direct photon flux.

Figure 11. Basic SAXS instrument setup. An X-ray source provides photons for the instrument; the photons are
reduced to a monochromatic beam by a monochromator and then focused and sorted for harmonics by a
mirror in the instrument optics. Slits are placed along the instrument to reduce beam dispersion and scattering
around the beam. The beam passes a sample cell and the scatteting of the beam by the sample is detected by a
pixel detector with a beam stop protecting the detector from the direct beam. Take notice that the different
features are simplified and not drawn to scale.

SANS requires a high flux of neutrons that can only be obtained at large scale facilities with a
reactor or spallation source. For SAXS an X-ray source is needed; at large scale facilities,
synchrotrons deliver high photon flux to the instruments in the order of 10'2 photons/s (ESRF,
2015), while smaller “home sources” rely on less powerful sources such as the rotating anodes,
which can create a flux up to 108 photons/s or the newer liquid metal jet sources delivering up
to 10° photons/s (Pedersen, 2015). The significant lower flux from “home sources”, compared

to synchrotrons, means that substantial longer measurement times are necessary.
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For biological samples that are often very delicate, a high flux is crucial as low measuring time is
needed due to the fact that these kind of samples are unstable over time. High quality data from
a weakly scattering sample at a synchrotron beamline can be obtained within a few seconds
while it may require hours of measurement time at a home source instrument. The high flux
obtained at synchrotron facilities also allows smaller beam size leading to reduction in sample

consumption that is often a limiting technicality when working with biological samples.

Scattering geometry
The basic principle behind a SAXS experiment is described in the following. An incoming beam,

. T 2T . . . . . .
with a wave vector ky = - that has passed a collimation section illuminates a sample solution
containing particles with random orientation. This scatters the beam with an angle of 26 in

relation to the incoming beam. The scattered beam, with the wave vector Ky, is then detected by

a 2D detector and represented by the scattering vector g which is related to the momentum

transfer between ko and ky, as illustrated in Figure 12. The detector records the number of
photons received in a given time in such a way that the detector image is built from the
scattering intensity I as a function of g, 1(q), containing all scattering information in reciprocal

space from the investigated object.

Figure 12. Basic setup of a SAXS experiment. An incoming beam with wave vector K illuminates a sample
that scatters the beam with an angle 20. The scattered beam with wave vector k; is detected by a 2D detector.

The difference between E and kT, is described by the scattering vector q.

When a monochromatic beam illuminates an object the atoms will interact with the radiation
giving rise to scattering in spherical waves. Given the relatively low energy of X-rays, used in
SAXS, only elastic scattering (Thomson scattering) is considered. This means that no energy is

transferred when the incoming beam interacts with the object, therefore the wavelength and

frequency remain unchanged for the scattered beam, hence |k0| = |k1|.
Due to the geometry of a SAXS experimental setup, as shown in Figure 12, the scattering vector
2 4msing
e ]
2m/A A
In order to be “visible” in SAS, a molecule must have a non-zero scattering contrast compared

is desctibed trigonometrically with the sine relation; sinf =

to the surrounding solvent, given by the excess scattering length density relative to solvent. As
X-rays interact with electrons this means that a molecule must hold a different electron density
than the surrounding solution in SAXS measurements. In SANS, the atoms of the molecule
need to hold different scattering lengths densities than the surrounding solvent.
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For SAS a sample of relatively monodisperse particles is preferred as a large sample volume is
investigated and an average scattering pattern of all structure parameters present is obtained.
Therefore, the presence of a wide variety of particles will result in a scattering pattern where the
features of the individual species are not obvious. However, for a monodisperse sample the
features are clearly visible and can be associated with particle structure. The detected scattering
density is also an average of all orientations of the object, which is associated with observation
of isotropic, circular scattering patterns and a high loss in scattering information.

Due to the fact that the scattering intensity does not depend on the direction of the scattering
vector g, but only its length, scattering data are presented as intensity plotted against the length

of the scattering vector .

Preliminary data analysis - Indirect Fourier transformation

By indirect Foutier transformation of the data, the pair distance distribution function p(r) of
the scattering particles can be obtained. It contains, in principle, the same information as 1(q),
but in real space and is effectively a histogram representing the distances found in the particle;
this means that most frequently occurring distances will appear as maxima. It follows that
characteristic particle shapes, such as spheres, dumbbells, or elongated particles, can be
identified as these will result in very distinct p(7) functions, as illustrated in Figure 13. The

distances are represented from O to maximum distance, D, defining the maximum distance

maso
within the particle. The distances are weighted by contrast in each of the end-points meaning
that p(r) functions do only apply for patticles merely consisting of molecules with a contrast
significantly different from that of the solvent, such as amino acids. Negative values in the pair
distribution function can appear for particles built from multi-contrast molecules. If the contrast
in one region is negative, that is with a lower scattering length density than the solvent, such as
for X-ray scattering from the hydrocarbon tails of phospholipids, which has an electron density

lower than water.

Figure 13. I(q) vs p(z) in relation to characteristic shapes. Key features for a few characteristic shapes outlined
in a scattering intensity plot I(q) (left) on a log-lin scale and in its cortesponding p(z)-function (right) in a lin-
lin scale. Dpmax is the largest distance for all three particles.
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The pair distance distribution function can be applied as a quick guide for describing sample
quality. The reason for this is that aggregation and polydispersity are easily detected, which

shows as a larger D, than expected and a change in shape of the characteristic p(r) function,

max

respectively.

Preliminary data analysis - Radius of gyration
The radius of gyration Ry of a particle is the root mean square distance from the end-points in

the particle to the center of gravity of the particle, and is determined by using the Guinier
2p 2
approximation, which for low q values applies I(q) = 1(0) exp <— %). That is, the radius of

gyration can be obtained from monodisperse particles by plotting InI(q) as a function of g2, a
so-called Guinier plot, which a low ¢ results in a linear dependency with a slope equal to
—Rg2 /3 and intercepting in I(0). The linearity of the Guinier plot and the obtained value for Ry
may be used as a test for sample quality, in this case sample homogeneity, as well as the pait-
distance distribution function. However, as the obtained radius of gyration is also weighted by
the contrast of the individual points, this method is less straightforward to interpret for multi
contrast particles. Though, it does still contains valuable information about structure, such as
particle-particle interaction (Whitten et al, 2007).

Advanced data analysis

A more advanced SAS data analysis approach, frequently used for protein structures is, ab-initio
methods for shape determination. Using these methods, it is possible to recover three
dimensional structures from a one dimensional scattering pattern of a particle solution. One of
the most popular models for protein structure determination is DAMMIF, which builds a
dummy atom model from the scattering data. First, the model forms a sphere of a radius equal
to that of the D, of the particle (obtained from indirect Fourier transformation) with small
dummy beads. Subsequently one dummy is moved at the time and a theoretical scattering
pattern is calculated for this newly formed structure. All dummies must be interconnected to
form a single body. Dummies are randomly selected and moved around until a satisfactory fit

between the calculated and measured scattering pattern is obtained (Franke & Svergun, 2009).

As ab-initio methods are based on a two phase output, solvent or particle, it is not suitable for
multi contrast particles, such as nanodiscs. To obtain structural information from the scattering
patterns from these objects, a geometrical model describing the nanodisc has been developed in
the Structural Biophysiscs group at the Niels Bohr Institute. Briefly, this model describes the
nanodisc as a cylinder with an elliptical cross section built from a combination of form factors
fitted to the data. The phospholipid interior of the cylinder is divided into a stack of cylinders
with different heights and contrasts, representing head group regions, alkyl chains and methyl
end groups. The MSPs surrounding the phospholipids is represented by a hollow cylinder, and
when combined with the stack of cylinders representing the phospholipids, the nanodisc model
is built. Detailed information about the model can be found in (Skar-Gislinge & Arleth, 2011).

To describe a membrane protein in a nanodisc, the geometrical model for the nanodisc may be

combined with a dummy bead model that represents an embedded membrane protein and is
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fitted to the data. This so-called hybrid approach has been used to model bacteriorhodopsin
(bR) in nanodiscs, built on the nanodisc model with a few modifications, such as introducing
curvature in the disc, and a dummy model built from a bR pdb structure, in which each bead
corresponds to one residue. For a detailed description of this model, see (Kynde et al, 2014).

Synchrotron facilities

For the projects presented in this thesis, experiments at multiple large-scale X-ray facilities have
been conducted to obtain the required high quality data. Facts about the different facilities and
beamlines are listed in Table 1; however, the specific settings for each experiment will be stated

in the relevant method sections.

Table 1. The different SAXS beamlines where data has been collected. Important specifications for each
beamline are listed, obtained from (APS, 2015; Diamond, 2015; EMBL, 2015; ESRF, 2015; MaxLab, 2015; PSI,
2015; Soleil, 2015). Brackets in the energy range column states the applied energies in the experiments
described in this thesis.

Beamline | Energy range g-range beam size | max flux Detector Special
Facility [keV] [A " [um] [photons/s] feature
ESRF BM29 07-15(125) | 00025-05 |700x700 | 10™ Pilatus M1 | BioSAXS
PETRAIN | oy 4-125(125)  |0.003-0.5 | 200x120 | 10" Pilatus M2 | BioSAXS
Maxlab | 19174  |135 001-05  |300x300 | 5x10" PilatusM1 | Location
Soliel | swinGg [ 5-17(12) 0.006-0.7 | 450x20 8x10" AVIEX* SECSAXS
Diamond | g1 6-23(12.4) 0.0025-0.4 |250x250 | 10" Pilatus 2M | BioSAXS
SLS C-SAXS | 4-19 0.005-0.5 | 20x5 10 Pilatus 2M | Microbeam
APS BioCAT |35-35(12)  |0011-05 |20x5 2x10" Pilatus 100k | Microbeam

*Gas detector

Pros and cons based on personal experiences

BM29 and 1911-4 have been the most used facilities; BM29 because of its excellent bioSAXS
setup specifically engineered to handle small biological samples. With its cooled sample
environment, fully automated sample changer and flowed sample capillary, it is possible to
obtain high quality data of hundreds of biological samples within a single shift (8 hours) of
beamtime. Also the advantage of the neighboring neutron facility (ILL) has made this beamline
ideal for combined SAXS/SANS expetiments.

I911-4 has been much used for less complicated samples and for prescreening of more
complicated samples prior to other beamtime experiments. The facility is a multipurpose setup
and not optimised for biological samples, though some add-ons are being developed for this
purpose. The photon flux is considerably lower than for the other mentioned beamlines, but
because of the favorable location in relation to the Niels Bohr Institute this beamline has been
visited many times.

P12 does as well as BM29 have an excellent bioSAXS setup with a fully automated cooled
sample environment. A sophisticated setup at this beamline allows measurements at several
different detector distances. Unfortunately I have only had few opportunities to visit this
beamline.
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The SWING beamline has been pioneering the SEC-SAXS approach, though this is by now
also available on most of the other bioSAXS beamlines. However, these beamlines still lack the
experience necessary for optimising the setup as it is at the SWING beamline. Using the online
gel filtration, a more monodisperse sample can be obtained compared to a normal setup. The
drawbacks of this beamline are its old and easily overloaded detector and unstable sample
changer for non SEC samples.

B21 is a recently established bioSAXS beamline, much inspired by P12. Consolidation and few
optimisations are still necessary, but the facility will most likely become a high-end bioSAXS
beamline in the near future.

CSAXS and BioCAT both have the advantage of a micro focus beam that permits more
specialized sample environments, such as microfluidic devices. Though, the BioCAT staff is
much more experienced and the setup optimised for these specific types of experiments. Both
beamlines are less user friendly in terms of software and automated data analysis, compared to
the above mentioned beamlines.

All the beamlines visited in this project, regardless of specialization, have delivered great support
thanks to enthusiastic beamline scientists. Especially regarding the BioSAXS beamlines, it has
been a pleasure for me to follow due to the optimisations that were made for users within the
short time frame of my PhD.
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Chapter 5 - Understanding the reconstitution
process of nanodiscs

This chapter covers three projects aimed to understand different aspects of the self-assembly of
nanodiscs. The following projects will be presented in individual reports:

A. The self-assembly of nanodiscs — time resolved
B. Optimising reconstitution of membrane proteins in nanodiscs

C. Investigating aggregation of biomolecules in D>O

Project A structurally elucidates the time dependent self-assembly process of nanodisc. This
project was a collaboration with Grethe Vestergaard Jensen who performed the data analysis.
Project B concerns reconstitution of nanodiscs with membrane proteins for sample optimisation
and identification of important factors in this process.

Project C tests variations in sample preparation of nanodiscs to decrease and ideally remove
sample aggregation observed in D20 based buffers. This project was carried out in collaboration
with Seren Roi Midtgaard.

All three projects are based on structural characterization by SAXS.
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A. The self-assembly of nanodiscs — time resolved

Abstract

Lipoprotein nanodiscs self-assemble from membrane scaffold protein and phospholipid-sodium
cholate micelles, when cholate is removed. The structural development of this assembly has
been exploited. Following the assembly over time using small angle X-ray scattering (SAXS) it
has been possible to obtain information on the assembly process by fitting a structural model to
the data.

Introduction

The nanodisc is a disc-shaped phospholipid bilayer surrounded by two «-helical amphipathic
membrane scaffold proteins (MSPs) derived from human Apo lipoprotein A-1. MSPs keep the
nanodisc in its defined shape and size. With its lipid bilayer, its diameter of approximately 10
nm, and monodispersity, the nanodisc serves as an excellent tool for stabilising and studying
membrane proteins (Bayburt et al, 2002; Bayburt & Sligar, 2010; Denisov et al, 2004).

The self-assembly of nanodiscs is carried out in a few simple steps. Phospholipids dissolved in
detergent solution, forming mixed micelles, are added a proper amount of MSP. The detergent
can subsequently be removed by incubation with non-polar polystyrene beads leading to
formation of nanodiscs (Ritchie et al, 2009).

Macroporous divinyl benzene cross-linked polystyrene beads such as Bio-Beads or Amberlites
XAD have high surface area for absorbing organic materials from aqueous solutions. They can
be used to remove detergents of both high and low critical micelle concentrations (CMC)
(Rigaud et al, 1998).

Removal of the detergent molecules from the MSP-lipid solution results in self-assembly of
nanodiscs; a kinetic process which has not before been structurally characterized. Using SAXS
we have been able to describe the assembly process to a certain extend by the use of a structural
model, optimised to fit the data. The model includes a combination of nanodiscs and micelles
consisting of cholate and lipids.

Methods

Sample preparation
MSP1D1 was expressed and purified as earlier described (Ritchie et al, 2009) and measured by
SAXS.

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids) was solubilised
in Ttis buffer (20 mM Tris/HCl pH 7.5, 0.1 M NaCl) containing 0.1 M sodium cholate, to a
concentration of 50 mM. POPC was mixed with MSP1D1 in Tris buffer in a 65:1 molar ratio
giving a final concentration of 11.8 mM POPC, 182 uM MSP1D1 and 23.5 mM sodium cholate.
Immediately after mixing, a 30 ul sample was taken from the mixture and measured by SAXS.
This was repeated 20 and 60 min after mixture.
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The mixture was then added Ambetlite XAD-2 (SUPELCO) ~0.5 ml/ml sample and 5 min
after mixing, a 30 ul sample was taken from the mixture, filtered through a 0.22 pm syringe filter
and measured by SAXS. This was repeated after 10, 16, 24, 39, 55, 78, 112 and 137 min.

Additionally, POPC was solubilised in Ttis buffer (20 mM Tris/HCl pH 7.5, 0.1 M NaCl)
containing 0.1 M sodium cholate. The mixture was diluted with Tris buffer to a final
concentration of 11.8 mM POPC, and 23.5 mM sodium cholate. A 30 pl sample was taken from
the mixture, and measured by SAXS. This was repeated 20 and 60 min after mixture. Amberlite
XAD-2 was added ~0.5 ml/ml sample and left for incubation for 5 min before filtered through
a 0.22 um syringe filter and measured by SAXS. This was repeated after 10, 15, 25, 40, 55, 80,
115 and 140 minutes.

SAXS
The SAXS-data were recorded at the 1911-4 beamline at Maxlab (Labrador et al, 2012). The

SAXS data were converted to scattering intensity units as a function of the length of the
4msind
A
wavelength. Samples were exposed for 120 s using a nominal X-ray wavelength of 0.91 A.

Experiments were conducted at 10°C and data detected using a PILATUS 1M-detector located

scattering vector g, 1(q), where q = | |, 20 is the scattering angle and A is the X-ray

1.98 m from the sample. Data reduction and treatment were performed using the BioXtas raw
software (Nielsen et al, 2009).

Data analysis

Data analysis was handled by Grethe Vestergaard Jensen from the structural biophysics group at
the Niels Bohr Institute. Data for the MSP alone could be described by a model of aggregated
ellipsoidal particles. At # = 0, the data were described by the same ellipsoidal particles (now not
aggregated) and core-shell particles, introducing a contribution from phospholipid-cholate
micelles. Data sets collected after addition of Amberlites (# > 0) were fitted by a structural model
combined of a nanodisc model based on eatlier developements (Skar-Gislinge & Arleth, 2011)
and the same core-shell particles. This will be described in more detail in the results section. The

POPC-sodium cholate micelles were not modelled.
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Results

To follow the structural development of the self-assembly of nanodiscs by detergent removal,
scattering data were obtained from the sample mixture at different time points. This was
compared to a sample not containing MSP, but treated in the same way and under the same

conditions.

1(g) (arb. units)
1(q) (arb. units)

T
10 10" 10 10
-1
a.A q A

Figure 1. Left: SAXS data at different time points in the self-assembly process of nanodiscs. Time 0 represents
the sample before adding Amberlites while the remaining times are minutes after addition of Amberlites. Data
were collected at 1911-4 in March 2013. Right, SAXS data of mixed cholate-lipid micelles. Time 0 represents
before adding Amberlites while remaining time is after adding Amberlites. Data were collected at 1911-4 in
August 2014.

The measurements obtained at different times before adding Amberlites showed identical
scattering patterns (data not shown), and it was concluded that no structural development is
taking place during this incubation step. The scattering patterns obtained at different time points
after addition of Amberlites together with a dataset before adding Amberlites are presented in
Figure 1 and clearly show a structural change of the samples over time. The largest structural
change for the nanodisc self-assembly is observed just after adding Amberlites, from #= 0 to # =
5 min. The structural development of the sample without MSP show much less structure change
at the first time points as compared to the sample with MSP. At the latest time points for the
nanodisc self-assembly only minor structural change takes place. At 137 minutes the assembly
process appears to have finalized, and the data have the characteristic nanodisc features (Skar-
Gislinge et al, 2010). For the sample without MSP, it is clearly seen that the later scattering
pattern are very different, indicating transition from globular micelles to extended lamellar
structures, probably in large vesicles at the late time points. The scattering data of MSP alone
(data not shown) was used for determining the scattering contribution from MSP in the

nanodisc self-assembly sample at t=0.

Data analysis using a structural model

The obtained scattering data from the nanodisc self-assembly were fitted by a structural model.
The following information was implemented in the model: Before the addition of Amberlites, at
¢t = 0 min, the solution contains two different particle types; MSP described as ellipsoidal
particles as in a solution of MSP alone, and mixed micelles consisting of cholate and POPC in
the form of core-shell particles. After the addition of Ambetlites, for # > 0, the model contains
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three different particle types; MSP given by the same ellipsoidal particles, mixed micelles in the
same core-shell as obtained for # = 0, and nanodiscs. The model applied was therefore based on
the assumption that the micelles in the sample do not change their structure or composition
over time. The concentration of micelles decreases as cholate is removed and phospholipids are
associated with the MSP to form the nanodiscs. In the model, the remaining fraction of micelles
is given by the fraction of lipids that are not included in nanodiscs. Thus, the assumption is that
the lipids are either present in nanodiscs or in micelles of the original composition and structure.
The concentration of nanodiscs is 95% of the total MSP concentration, as determined for the
latest data frame. The concentration of nanodiscs was therefore fixed at this value for all data
sets, and the concentration of MSP in form of the ellipsoidal particles was correspondingly fixed
at 5 % of the total MSP concentration.

The structural parameters of the nanodiscs were introduced as free fitting parameters: The
number of POPC included in nanodiscs, Nipigs, the height of the hydrophobic section of the
lipid bilayer (the traditional nanodisc model (Skar-Gislinge & Atrleth, 2011) was simplified
slightly so that it did not include a methyl layer with a separate contrast), Hhydrophob, the height of
the curved end caps of the nanodiscs, Hendeap, and the height of the MSPs, Hysps. The height of
the MSPs was fixed at 24 A. These parameters together determine the two radii of the elliptical
nanodisc, Rminor and Rmajor. An attempt to include cholate molecules into the nanodiscs were
made, however leading to insignificant contributions. The slight aggregation observed at low ¢ in
the scattering data in Figure 1 is included in the model as the presence of nanodisc dimers with a
distance of ~170 A between the nanodiscs, for 10% of the nanodiscs.

From this model different structural parameters could be obtained, shedding light on the

assembly of the nanodiscs.

Nanodisc structure
As described above, fitting the data to a structural model results in values describing
developments over time of various structural parameters related to the nanodisc. The obtained

parameters are plotted in Figure 2.
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Chapter 5 - Understanding the reconstitution process of nanodiscs

Figure 2. Nanodisc parameters over time. A, changes in thickness of the MSPs (Twmsps). B, changes in number
of lipids per disc (Niipias). C, changes in radius of the two disc axis. D, changes in axis ratio of the discs, based
on C. E, changes in height of the hydrophobic layer of POPC. F, changes in hydrophobic mismatch between
the MSPs and the lipid bilayer (black), in smearing of the nanodisc (red) and in the height of end caps
(curvature change) (green) of the nanodisc. Mismatch and endcaps are illustrated in Figure 4. G, micelle
concentration of the total sample, based on the number of lipids (Niipias) in nanodiscs shown in B. A mismatch
between the model fit (Qmiceties i) and the calculated micelle concentration for the first data point was found
and is shown as Qmiceltes_cate. H, nanodisc polydispersity (onp), shown as the relative lipid distribution given by
the fraction of nanodiscs in the solution divided by the number of lipids per nanodisc. A, B, E and F are
derived fitting parameters while C, D, G and H are calculated parameters, based on fitting parameters.

The thickness of the MSPs decreases over the first 24 minutes (Figure 2A) while the number of
lipids increases drastically (Figure 2B). Since the MSPs consist of alpha-helical protein, one
might have expected a constant thickness. For the lowest numbers of lipids, this would result in
very elongated, asymmetric nanodiscs of high axis ratio, which is not observed. Instead, the
MSPs are slightly less stretched, resulting in a larger width (under the applied assumption of a
constant MSP height). As the number of lipids increases, the MSPs are stretched. This is
associated with an increase in axis ratio as seen in Figure 2C and D. After 24 minutes, the
number of lipids increases only moderately (Figure 2B). No further stretching of the MSPs is
observed, indicating that they are fully stretched. Instead, the nanodisc becomes more circular to
accommodate the higher number of lipids, and the axis ratio decreases and ends close to 1.1.
The structural changes of the nanodisc are illustrated in Figure 3, based on the parameters
presented in Figure 2.

Figure 3. Top view illustration of the self-assembly of nanodiscs. Disc dimensions are based on axis ratio and
MSP thickness obtained from the structural model, shown in Figure 2A&C.

The nanodiscs become less curved (less lens-shaped) over time as the height at the rim of the
nanodisc increases and the height of the end caps, Hendeap, decteases (Figure 2F). The height at
the rim of the nanodisc is given by Hysps + Hmismacch, Where Husps is the height of the MSPs
(fixed at 24 A) and Hmismaceh 18 the discrepancy between the MSP height and the lipid height. The
negative value of Hmismatch indicates that the MSPs more than cover the hydrophobic part of the
lipids, however less over time. The total height of the hydrophobic part of the bilayer at the
highest point of the curved nanodisc is given by Hhydrophob = FHmsps + Hmismatch + 2Hendeap, this is
illustrated in Figure 4 and plotted in Figure 2E and decreases continuously.
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Figure 4. Hydrophobic height of the nanodisc. Hiim is the hydrophobic height of the lipids at the rim of the
nanodisc. Hendcap is the height of the curvature on the hydrophobic height of the lipids at the center of the disc.
Hosps is the height of the MSPs.

Smearing of the nanodisc interfaces was included in the model, resulting in the smearing widths

presented in Figure 2F as Ximear.

A certain degree of polydispersity might be expected for the final nanodiscs, especially
considering that no sample purification steps are taken. Polydispersity in the number of lipids
per nanodisc was therefore included in the model as a flat distribution of width & = onpNipids.
It was only necessary to include polydispersity for the later stages of the assembly process.

The relative width of the distribution of number of lipids in nanodiscs, oxp, is shown in Figure
2H. It appears to grow over time to a value of about 25%, corresponding to a distribution of
Niipigs of £ 25% of the values given in Figure 2B

The fraction of micelles compared to the starting concentration, Omicelles_cale, decreases quickly
over time as lipids are built into the nanodisc, down to ~8% of the starting concentration as
shown in Figute 2G. @micclies_calc is equal to the fraction of lipids that is not insetted in nanodiscs,
and is therefore given by the total concentration of lipids, the concentration of nanodiscs, and
the number of lipids per nanodisc. However, for the dataset collected at # = 5 minutes, it was
necessary to increase the micelle contribution beyond this value, and a fit parameter, @icelies_ e

was introduced. The mismatch between @micelles_cale, 20d Phicelles_tie, 18 seen in Figure 2G.

Discussion

The obtained scattering data and the fitted structural model show the slow self-assembly of
nanodiscs. The obtained scattering data from nanodiscs show over time very different structures
from those of lipid micelles, as seen in Figure 1.

The first dataset of both the nanodisc mixture and the micelles (solution without MSP) look
very similar indicating the dominating structure in the nanodisc mixture derives from micelles.
However, following data points, the structures deviate strongly for the two solutions as
nanodiscs are formed with MSP and a transition to lamellar structures takes place at the late time
points without MSP, as seen in Figure 1. The structure change of the lipid micelles just after
addition of Amberlites is almost negligible. For the nanodisc self-asembly the largest structure
change is found at this point; as soon as Ambetlites are added nanodiscs are formed with a
relatively high number of lipids. This suggests that the cholate may be more tightly bound in the
micelles compared to the nanodisc self-assembly mixture. However, when lipids are built into

the nanodisc, cholate may become easily accessible for binding to the Amberlites and removed
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from the solution faster. At the later time points very little structural changes are observed for
the nanodisc self-assembly while the MSP free solution drastically changes shape. This may be
caused to that little or no cholate is left in the solution to influence the lipid micelles resulting in

lamellar structures.

The structural parameters in Figure 2 obtained from the model fitted to the nanodisc data
reveals how the nanodisc grows over time as more lipids are added to the disc. It is interesting
to notice that the nanodisc holds a less elliptical shape in the beginning of the assembly process
than later on. As mentioned above, the early state nanodisc appear to arrange its MSPs in a less
stretched manner when only few lipids are included in the disc, as illustrated in Figure 3. As
lipids are added to the disc the MSPs stretches, resulting in a larger circumference, and the disc
turns more elliptical. As the number of lipids increases further, the disc again turn less elliptical
to increase its area while maintaining the width of the stretched MSPs, as seen in Figure 2D.

The change in axis ratio show good agreement with a recent study on nanodisc shape and
stoichiometry (Skar-Gislinge et al, 2015). Here it was shown that the axis ratio decreases as more
lipids are reconstituted into the nanodisc, until a saturation point. However, our model suggests
a relatively higher axis ratio at some of the lower lipid stoichiometries. This may be due to the
fact that their data were acquired from titration studies. The study presented here concerns
structures during a kinetic transition, which do not necessarily correspond to the equilibrium

states.

Here we have studied the decrease in cholate concentration in nanodisc self-assembly. The
effect of different cholate concentrations on nanodisc structures has eatlier been studied. A
molecular dynamics (MD) simulation study approaching the inverted scenario of the here
presented, adding cholate to the nanodisc, show some different results than the here presented
study. The simulation builds cholate into the nanodisc particle, and as cholate concentration
increases more globular/sphete-like shapes are formed (Shih et al, 2007). Based on these results,
one might also speculate that nanodiscs contain cholate during the process of cholate removal.
However, the results presented here indicate that this is not the case. Our model does not
include cholate in the nanodisc at any time. The inclusion of cholate in the nanodisc structure
was attempted, but only lead to insignificant numbers of cholate per lipid molecule (less than
0.02). However, in the MD simulation, the model is built in such a fashion that cholate can only
be introduced in the nanodisc and cannot form detached micelles. It would be interesting to fit a
similar model of the one used in the study presented here to the SAXS data included in (Shih et
al, 2007).

At the initial states the discs has a high curvature which is associated with a low rim resulting in
high mismatch and these parameters are observed to move closer to counterbalance over time.
Figure 2E&F shows that the height of the hydrophobic layer and the curvature of the lipid
bilayer reduce over time giving a more flat disc. As POPC holds a lipid packing parameter of ~1
it prefers to form flat bilayers. This means that during the assembly process some of the lipids
cannot maintain their preferred curvature, creating a stress in the bilayer. As the curvature
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decreases the lipids drive towards more favourable packing strains and a more energetically
favourable state (Israelachvili, 2007b).

For the later times, increasing polydispersity of the nanodiscs was observed. This is not
surprising as it is quite plausible that the discs will contain a distribution of lipids and therefore a
variation in disc structure will occur. Exactly this variation in lipid number between discs show
to vary up to 25% as seen in Figure 2H. This means that the dispersity in lipid distribution is
relatively high between the discs. This is a little unexpected as nanodiscs are assumed relatively
homogeneous particles. However, it must be kept in mind that nanodiscs normally, in contrast
to this experiment, are purified by gel filtration, decreasing the polydispersity. See Appendix 1

for a standard nanodisc protocol.

The fraction of micelles left in solution at different time points, shown in Figure 2G were
calculated on the background of number of lipids per disc obtained from the model presented in
Figure 2B. These calculated fractions of micelles decreases over time, as more and more lipids
are built into nanodiscs, decreasing the number of lipids left in solution. The calculated fractions
determine the contribution of the micelle scattering in the model, resulting in very good
agreement with the data, except from the first dataset at 5 minutes. In order to obtain an
acceptable fit to the data, about 30 percentage point increase in micelles must be added the
model, compared to the calculated fraction. The reason behind this discrepancy is unclear, but
might be related to an overestimate of the number of lipids in the nanodiscs, which in turn
might be related to deviations of the nanodisc structure or concentration from the model at this
point.

For the later times, the assumption of a constant structure of the lipid-cholate micelle might lead
to errors in the determined structural parameters: If the micelles in fact change their shape in a
way comparable to the transitions (or part of the transitions) observed for the samples without
MSP, this would affect the determination of all other patameters in the model. However, the
excellent fits to the data obtained, indicate that the applied approach is in fact valid. In order to
test this, experiments for determining the cholate content of the micelles in the sample without
MSP, as well as in the micelles in the nanodisc samples are planned. This will be done by #C
radiolabelling of cholate which will enable quantification of cholate concentration in the sample
at each time point. From the obtained results, the parameters of the assembling of nanodiscs can
be determined on a solid ground. Furthermore, knowledge of the cholate content can help to
determine the scattering contrasts for the cholate molecule in the micelle (using estimates for the
specific volume of cholate together with assumptions of its location in the lipid-cholate micelle
did not result in contrasts matching the observed scattering patterns from the micelles) and
verify that the cholate content in the nanodiscs is negligible during the entire assembly process.

Conclusion

We have for the first time structurally characterised the self-assembly of nanodiscs in a time
resolved manner. This assembly process was found to have a time course of less than 137
minutes. No structural development was observed prior to addition of Amberlites implying this

incubation step is unnecessary for the nanodisc formation.
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[

A model based on containing nanodiscs and mixed micelles of lipids and sodium cholate was
applied to obtain different structural parameters of the nanodiscs at the different measured time
points. It was found that nanodiscs grow from elliptical lipid poor discs to discs with decreasing
ellipicity as more lipids are included in the discs and that this causes stretching of the MSPs.
According to our model, no cholate is included in the nanodisc at any time point. Quantification
of the cholate concentration at each time point would help to determine the cholate contrast
and location in the micelles, and thereby to give a final conclusion for the self-assembly process
of nanodiscs. Experiments to do this are under planning.

45



B. Optimising reconstitution of membrane proteins in
nanodiscs

Abstract

Reconstitution of membrane proteins in nanodiscs, for structural studies, has proven not to be a
trivial task and many parameters may contribute to this. In structural small angle scattering
studies, the most common problem observed is the presence of aggregates resulting in scattering
data with a D, larger than expected. Varying the buffer or lipid compositions have been
explored for solving this problem, in the reconstitution of two types of rhodopsins in nanodiscs.
Using POPC lipids, compared to a POPC-POPG mix and adding EDTA to the buffer show
positive improvements.

As the choice of reconstitution detergent earlier has shown minor structural influence on
nanodiscs without membrane proteins, this was also addressed for membrane protein nanodisc
complexes. The reconstitution detergent used for reconstituting membrane proteins into
nanodiscs appear to have substantial impact for the structural features and should be carefully
considered. Furthermore, the impact of a D>O based solvent was examined and found to have a

significant destabilising effect.

Introduction

Membrane proteins can be reconstituted into nanodiscs and studied in a stabilising native-like
environment. While several publications report studies of membrane proteins utilizing the
nanodisc as sample holder, the large majority of these studies are on functionality (Bayburt &
Sligar, 2010). Obtaining the high quality samples that are needed for structural studies such as
small angle scattering has proven not to be a trivial matter. The most common problem

max

observed in scattering data obtained from these complexes is a D, larger than expected,
indicating the presence of aggregates. So far, only one publication reports to have obtained
scattering data of sufficiently quality for structural modelling of a membrane protein in
nanodiscs, namely of bacteriorhodopsin (Kynde et al, 2014).

In order to reduce the aggregation observed in scattering data and analyse the structural effects
of various parameters, variations in the reconstitution process has been studied using small angle
X-ray scattering (SAXS). To optimise the reconstitution of membrane proteins in nanodiscs, the
lipid and buffer composition were varied as well as the reconstitution detergent. Finally, applying
a D20 based solvent, which is widely used in small angle neutron scattering (SANS), was

evaluated.

Background to the project
The following background covers brief introductions to detergents and rhodopsins.

Information about DO and its effect on biomolecules can be found in Project C.
Detergents

In order to study structure or function of membrane proteins, these must first be isolated from

the cell membrane and somehow kept stable and functional without its surrounding membrane.
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This is where detergent comes into play. Detergents are one of the most important handling
tools in the studies of membrane proteins and are in most cases used in the isolation and
purification process. They are extensively used for storage, crystallization, NMR and functional
studies (Bowie, 2001).

Detergents or surfactants are amphiphilic molecules consisting of a hydrophilic head group and
hydrophobic tail. These molecules, just like lipids, spontaneously self-assemble into aggregates in
aqueous solutions and share many physical properties with lipids. Detergents can in general be

classified into four major categories according to their structure:

e Jonic detergents, containing a cationic or anionic head group and a hydrocarbon or
steroidal tail.

e  Bile acid salts, which are ionic but with a tail consisting of rigid steroidal groups.

e Non-ionic detergents, which has uncharged head groups of polyoxyethylene or
glycosidic groups.

e Zwitterionic detergents, which have combined properties of ionic and nonionic
detergents and are generally more deactivating for membrane proteins than non-ionic
detergents (le Maire et al, 2000; Seddon et al, 2004).

Examples from the different detergent classes can be found in Figure 1. Non-ionic detergents
are in general preferred for working with membrane proteins as they are considered mild and
non-denaturating (le Maire et al, 2000; Seddon et al, 2004). Bile salt, non-ionic and zwitterionic
detergents have been applied in this project, and their influence on reconstitution of membrane

proteins in nanodiscs explored.

HO

HO

Figure 1. Examples of the four major detergent classes. Top left, the ionic detergent sodium dodecyl sulfate
(SDS). Top right, the non-ionic detergent dodecyl maltoside (DDM). Middle, the bile salt sodium cholate.
Bottom, the zwitterionic 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS).
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Solubilisation of membranes happens as detergent monomers penetrate into the bilayer until
saturation and from here mixed micelles of lipids and detergent are formed. How the detergents
interact with the bilayer is highly dependent of the hydrophobicity and CMC. The more
hydrophobic and the lower CMC, the higher affinity for penetrating lipid bilayers at low
concentration (Jones, 1999).

The forces holding amphiphilic molecules together in micelles are weak, compared to
conventional colloid particles held together by strong ionic and covalent bonds. Hydrogen and
hydrophobic bonds, Van der Walls, and electrostatic interactions hold amphipathic molecules
together and make them soft and flexible. Moreover, this also implies that changes in pH or
electrolyte concentration in the surrounding solution will affect the interactions of the

molecules, modifying the shape or size of the micelles (Israclachvili, 2007a).

Rhodopsins

Rhodopsins are a family of photosensitive membrane proteins containing seven membrane
spanning helixes, found in both eukaryotes and prokaryotes. They can be divided into two
classes, characterized by their function and presence in different organisms. Class I are light
driven ion transporters or sensory transducers found in microbial membranes, such as
bacteriorhodopsin, the best understood ion transport protein, found in Halobacterium salinarinm
(Luecke et al, 1999).

Class II thodopsins function as light sensing receptors through interaction with G proteins in
higher eukaryotic organisms, such as rhodopsin found in the mammalian eye, responsible for
vision and a member of the so-called G-protein coupled receptor family (GPCRs) (Palczewski et
al, 2000).

Rhodopsins are all coupled to a retinal chromophore responsible for the light sensing ability,
and when exposed to light a conformational change is induced in the protein (Jung, 2007).

Two class I rhodopsins have been studied in this project, namely proteorhodopsin originating
trom Halobacterinm salinarinm and sensory rhodopsin Il from Halobacterium halobinm. The three
dimensional structures of the two proteins, determined from NMR and crystallization

respectively, are shown in Figure 2.

Proteorhodopsin (pR) is a growth stimulating light dependent proton pump found in marine
proteobacteria and bacteroidetes. The protein holds a strong red pigmentation easily visible in
overexpressed cells and absorbs green light, with a maximum absorption wavelength Amax = 530
nm (Giovannoni et al, 2005).

Sensory thodopsin II (sRII) is a phototaxis receptor found in halobacteria, with a high
functional similarity to the animal rhodopsin. It has an orange pigmentation and is slightly blue
shifted in its absorption maximum compared to proteorhodopsin with a Amax = 487 nm

(Takahashi et al, 1990).
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Figure 2. Left, NMR structure of proteorhodopsin from marine y-proteobacterium [pdb entry 2L6X]. Right,
crystal structure of sensory rthodopsin from Natronomonas pharaonis [pdb entry 1H68].
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Methods

The structural and stabilising effects of different parameters has been tested in this project,
including variation in lipid and buffer composition in the reconstitution of membrane proteins
in nanodiscs. The effect of type of reconstitution detergent, centrifugation and DO based
buffer has as well been studied, using SAXS. The experimental details of the different parameter
variations will be described following.

All nanodiscs were prepared using a molar ratio 1:20:1300 for membrane protein:MSP:lipid.
Membrane protein and phospholipids were solubilised in detergent prior to mixing. Following
mixing of the three components, detergent was removed and membrane protein loaded
nanodiscs were purified using affinity chromatography and gel filtration. A detailed protocol for
reconstitution of membrane proteins in nanodiscs can be found in Appendix 2. All nanodiscs
were prepared in accordance to this protocol and any variations from the protocol are described

here.

Proteorhodopsin expression and purification

PR was expressed and purified as earlier described (Gourdon et al, 2008), except from cells were
grown in 5 I shaker flasks, without monitoring airflow and pH and at 200 rpm. Cultures were
incubated for approximately 4 hours to an ODgoo am ~1 before induction and stirring speed
reduced to 150 rpm post induction.

Lysozyme (0.1 g/g cells), all-trans retinal (10 pg/g cells), 1 mM PSMF and DNase (5 ul/40 g
cells) were added harvested cell mass kept on ice and sonicated 4x4 min. at 50% output with a
tip sonicator.

Following IMAC purification, the concentrated pooled fractions were loaded onto a column

containing 7 ml SP Sepharose high performance beads (GE healthcare).

The purified pR was added glycerol to a final concentration of 10%, flash frozen in liquid
nitrogen and stored at -80°C.

POPC-POPG mix vs POPC

Two samples of pR reconstituted in nanodiscs were prepared, using a 1:2 ratio of POPG:POPC
lipid mix for one of the samples. The lipids solubilised in chloroform (Avanti Polar Lipids) were
mixed and dried to a lipid film and resuspended in cholate containing buffer. The applied gel
filtration buffer was without EDTA. One fraction of the POPG-POPC mix sample was flash
frozen using liquid nitrogen immediately after preparation and thawed on ice just before SAXS
measuments, while another was kept in solution on ice until measurements. The samples were
measured at the 1911-4 beamline at MaxLab.

EDTA
pR was reconstituted in nanodiscs and purified with and without 1 mM EDTA in the gel
filtration buffer. The samples were measured by SAXS at the 1911-4 beamline at MaxLab.

pH and NaCl variation
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Four different samples of pR reconstituted in nanodiscs were prepared. At pH 6.5 (100 mM
MOPS, 100 mM NaCl), pH 7.5 (20 mM Tris/HCIl, 10 mM NaCl), pH 7.5 (20 mM Tris/HCI,
100 mM NaCl) and pH 8.5 (20 mM Tris/HCI, 100 mM NaCl). SAXS data were recorded at the
1911-4 beamline at MaxLab.

Reconstitution detergent

Four different samples of pR reconstituted in nanodiscs were prepared using different
solubilisation detergents for the lipids for three of the samples. 0.1 M n-dodecyl-3-D-maltoside
(ODDM), 0.1 M CHAPS or 0.2 M Octyl-B-glycoside (OG) was applied. All samples were
measured by SAXS at BM29 at ESRF.

Centrifugation

pR and sRII were reconstituted in nanodiscs and measured by SAXS. The two samples were
following centrifuged for 10 minutes at 10000 rpm and the top fraction immediately measured
by SAXS. Data were collected at BM29 at ESRF.

HzO VS DzO

pR and sRII was reconstituted in nanodiscs and measured by SAXS before solvent exchanged to
a D>O based buffer by spin filtration using a 10 kDa cut off (Amicon). The samples were
measured by SANS (data not included in this report) and immediately followed by a SAXS
measurement. SAXS data were obtained at BM29 at ESRF.

SAXS

Samples were measured at BM29 or 1911-1. In both cases the SAXS data were converted to
. . . . . . -~ in6

scattering intensity units as a function of scatteting vector q, 1(q), whete ¢ = |4n;m |, where 260

is the scatteting angle and A is the X-ray wavelength

BM29

SAXS-data were recorded at the BM29 BioSAXS beamline (Pernot et al, 2013) at ESRF,
Grenoble. 10 frames of both samples and buffers, each exposed for 1 s, were recorded to ensure
that the sample was not damaged by the radiation. The experiments were conducted at 10 °C,
and the samples were irradiated using a nominal x-ray wavelength of 1 A. The instrument uses a
PILATUS 1M-detector located 2.85 m from the sample; and the tasks of data reduction and

treatment were performed using in-house software at the instrument.

19114

Scattering data were recorded at the 1911-4 beamline at MaxLab (Labrador et al, 2012). Samples
were exposed for 120 s using a nominal X-ray wavelength of 0.91 A. Experiments were
conducted at 10°C and data detected using a PILATUS 1M-detector located 1.98 m from the
sample. Data reduction and treatment were performed using the BioXtas raw software (Nielsen
et al, 2009).
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Results

POPC-POPG mix vs POPC

Small angle scattering data of bacteriothodopsin (bR) has eatlier been obtained with great
success using a POPG-POPC lipid mix (Kynde et al, 2014). However, earlier studies of
nanodiscs without membrane proteins, has shown that using POPC lipids show different
scattering pattern than nanodiscs containing a POPG-POPC mix (Kynde et al, 2014; Skar-
Gislinge et al, 2010). From personal experience, POPC has shown greater stability for nanodiscs
than other tested lipid types. The difference in using these two lipid compositions where for this
reason studied.

pR was reconstituted with a 2:1 POPC:POPG lipid mixture and compared to reconstitution
with POPC alone. The sample containing the lipid mix was also compared to a sample fraction

kept frozen and thawed just before measurements.
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Figure 3. Purification and SAXS data of pR reconstituted in nanodiscs. Top left, IMAC purification using a 1
ml HisTrap column, absorption monitored at 280 (black) and 530 (red) nm. Top right, SEC chromatogram
using a Superdex 200 10/300 GL column with absorption monitored as for IMAC. Middle SAXS data (left) of
reconstitution with a 2:1 POPC:POPG mix (black) and POPC only (red) with corresponding p(r)-functions
(right). Bottom, SAXS data (left) of reconstitution with 2:1 POPC:POPG mix which had been frozen (red)
compared to a sample maintained in solution on ice (black) with corresponding p(r)-functions (right).
Scattering data were obtained at 1911-4 in May and June 2012.

As seen on the chromatogram from the IMAC purification in Figure 3, only discs containing pR
(arbsorbing at 530 nm) is bound to the column while empty discs passes through. From the gel
filtration it is seen that some larger aggregates are formed containing pR, aside from the defined
nanodisc peak eluting at ~12.7 ml. Some aggregation during concentration prior to gel filtration
was observed as the sample turned cloudy, causing loss in sample yield.

The reconstitution with POPC only, showed a chromatogram close to identical with that for the
POPC-POPG mix (data not shown). Furthermore, diluting the imidazole concentration
immediately after IMAC, eliminated the cloudy aggregation eatlier observed.

Using a POPC-POPG lipid mixture gives rise to light aggregation while using POPC lipids
decreases the aggregation, judged from the low g¢-region of the scattering data shown in Figure

3. This is even clearer from the change in D, in the corresponding p(r)-functions. The lipid

masc
composition also impacts the structure as the “bumps” following the minima in the scattering
data have slightly different shapes for the two samples.

Flash freezing the lipid mixture sample does not appear to influence the structure, as the two
samples look close identical judged from the scattering data in Figure 3. However, a little

aggregation is observed after freezing, seen as an increase in D, in the p(r)-function of the

max

frozen sample compared to the sample kept in solution on ice.

EDTA

Divalent ions, represented as impurities in the solution, may interact with lipid bilayer, causing
instability. It has earlier been shown that low concentrations of Ca?* can interfere with lipids
changing thermodynamic properties, though this can be prevented by adding EDTA to the
solution (Riske et al, 2003).

Gel filtration purification of pR nanodiscs with and without EDTA in the elution buffer were

compared.
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Figure 4. SEC purification chromatograms of pR in naodiscs with (solid) and without (dashed) EDTA, in the
elution buffer, using a Superdex 200 10/300 GL column.

As it can be deduced from the chromatogram shown in Figure 4, that adding EDTA to the

elution buffer slightly changes the elution time of larger aggregates, and thereby a separation of
nanodiscs from aggregates is more easily obtained.

pH and NaCl variation

Varying pH or NaCl concentration can have a protein stabilising effect by changing the ionic
interactions in the protein (discussed further in Project C). Though, this did not have any
structural effect on nanodiscs without membrane proteins, as shown in Project C.

To address whether this could have a stabilising effect for membrane protein loaded nanodiscs,
pH and NaCl concentration were varied in the reconstitution and purification. At pH 6.5 the
sample aggregated, hence no reconstitution at this pH was obtained.
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Figure 5. Gel filtration chromatograms of pR containing nanodiscs at 10 mM NaCl, pH 7.5 (dashed) and 100
mM NaCl, pH 8.5 (dotted), compatred to the usual 100 mM NaCl, pH 7.5 (solid). A Superdex 200 10/300 GL
column was used for the purification and absorbance monitored at 280 nm.

From the chromatogram, shown in Figure 5, of nanodiscs reconstituted in 10 mM NaCl it can
be seen that very little aggregates are formed compared to using 100 mM NaCl. The elution
peak looks nice and symmetrical. In the chromatogram from nanodiscs reconstituted at pH 8.5,
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[

larger aggregates are formed but in a much lower amount than observed from nanodiscs
reconstituted at pH 7.5. Again the peak looks nice and symmetrical.

These samples were measured by SAXS together with a sample reconstituted in 100 mM NaCl,
pH 7.5 and scattering data compared in Figure 6.
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Figure 6. SAXS data of pR containing nanodiscs at different buffer conditions. Black is 10 nM NaCl, pH 7.5,
red is 100 mM NaCl, pH 8.5 and blue is 100 mM NaCl, pH 7.5. Scattering data were obtained at 1911-4 in June
2012.

From the scattering data, in Figure 6 it can be seen that both lowering the salt concentration and
increasing pH result in some aggregation compared to the usual reconstitution conditions. This

is seen as a slight upturn in the low-¢ region

Reconstitution detergent

The choice of reconstitution detergent has earlier shown to have a great impact on the nanodisc
structure (Skar-Gislinge et al, 2015) and was therefore interesting to examine in what degree this
would affect reconstitution of membrane proteins in nanodisc. Also the fact that many
membrane proteins are fragile and only tolerate very mild detergents, could dictate the detergent

to use for the reconstitution in future experiments.

Reconstitution detergent was varied, using DDM, OG or CHAPS besides from the “usual”
sodium cholate. CHAPS appeared to destabilise the sample leading to visible aggregation and
turned colourless due to unfolding and loss of the bound retinal of proteorhodopsin, hence no

sample was obtained.
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Figure 7. SEC purification chromatograms and SAXS data of pR in nanodiscs using different reconstitution
detergents. Top, chromatogram using sodium cholate (solid), DDM (dashed) or OG (dotted) for
reconstitution. A Superdex 200 10/300 GL column was used for SEC and absorbance at 280 monitored.
Bottom, SAXS data (left) of pR nanodiscs reconstituted using sodium cholate (black), DDM (red) or OG
(blue) with corresponding p(r)-functions (right). Scattering data were obtained at BM29 in September 2012.

The chromatograms obtained using the three different detergents, found in Figure 7, show very
different profiles. Using DDM as reconstitution detergent results in an earlier elution time and
thereby a worse separation from larger aggregates. Using OG for reconstitution gives rise to a
higher degree of large aggregates and consequently losses in sample yield. Also the elution time
is slightly longer than from what observed using sodium cholate and the nanodisc elution peak
looks asymmetrical.

From the obtained SAXS data it is clear that the structural features of the three different
samples are very different. However, it is possible to obtain samples with all three detergents
without any clear signs of aggregation, judged from the scattering data in Figure 7. Hence, it can
be deduced from the p(r)-functions that D,,,. is largest when using DDM and smallest using OG,
as suggested from the gel filtration.

Centrifugation
It is commonly known that macromolecyles can be separated according to mass by

centrifugation. It was therefore interesting to analyse if centrifuging the sample prior to SAXS

56



Chapter 5 - Understanding the reconstitution process of nanodiscs

measurements could reduce aggregation. Reconstituted pR and SRII was measured by SAXS
before and after centrifugation (10 min at 10000 rpm).
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Figure 8. Left, SAXS data of pR (top) and sRII (bottom) before (black) and after (red) centrifugation. Right,
corresponding p(r)-functions. Scattering data collected at BM29 in June 2012.

From both the scattering data and the corresponding p(r)-functions, shown in Figure 8, it is clear
that centrifuging the sample before measurement reduces aggregates. The p(r)-functions show a

smaller D, for both samples as well as change in shape at short distances.

Hzo Vs Dzo

Using a D0 based solvent has favourable properties in SANS measurements, as this alters the
scattering contrast significantly compared to H>O (this is discussed further in project C). But as
also observed, D20 has some destabilising consequences for the nanodisc. To evaluate the
consequences of keeping a nanodisc sample with membrane protein in D>O for SANS
measurements, pR and sRII reconstituted in nanodiscs were measured by SAXS before, in H>O,
and after SANS, in D,O.
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Figure 9. SAXS data of pR (left) and sRII (right) in nanodiscs in H2O (black) and in D20 after SANS
measurement (red). Data collected at BM29 in September 2012.
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From the scattering data in Figure 9 it is clear to see that pronounced aggregation occur over
“short” time when using DO as solvent compared to H>O. a very clear upturn is observed at

low ¢ for both samples in D>O.

Discussion
The idea with this project was to evaluate stability and the structural effects of different variables
on reconstitution of membrane proteins in nanodiscs. In structural studies, the most common

problem observed is the presence of aggregates giving rise to scattering data with a D, larger

max

than expected. Various experiments have been carried out to optimise the reconstitution and to

understand which factors impact the structure.

POPC-POPG mix vs POPC

pR was reconstituted in nanodiscs with a 2:1 ratio of POPC:POPG lipids based on a previous
reconstitution of bR (Kynde et al, 2014). Using MSP without a His-tag, utilizing the His-tag of
pR, only nanodiscs with membrane proteins are retained on the HisTrap column. This was
confirmed by the obtained chromatogram from IMAC in Figure 3. Absorption at 530 nm was
only detected for the fraction bound to the HisTrap column. The collected fraction from the
HisTrap column was concentrated by spin filtration prior to gel filtration. Noticeable
aggregation was observed during this process. It was assumed that containing the sample in a
high concentration of imidazole might have led to some destabilisation of the protein complex,
as this has before been observed for membrane proteins (Pollock et al, 2014). The observed
aggregation was later prevented by diluting the imidazole immediately after IMAC. A different
approach to decrease the imidazole concentration could be employed, by using a different type
of IMAC than Ni-NTA. Using TALON, a cobalt based IMAC, a lower imidazole concentration
is needed for protein elution than Ni-NTA. This is due to its lower affinity for polyhistidine,
compared to Ni-NTA, which on the other hand can result in a lower yield (Bornhorst & Falke,
2000).

The following purification by gel filtration in Figure 3 showed larger aggregations followed by a
dominating symmetrical peak. Judged from the defined peak a monodisperse pR nanodisc
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sample could be collected. However, a better separation from larger aggregates would be
preferred as well as a decrease in amount of these large aggregates.

Using POPC only for reconstitution did not show any difference for the purification and it was
not possible to evaluate if the choice of lipids had any structural influence from the

chromatograms.

SAXS data were obtained of the samples to evaluate if using POPC lipids would make any
difference from the POPC-POPG mix. Using POPC alone reduced aggregation observed for
the lipid mix and suggests that using POPC alone acts more stabilising. This was seen as lower
D,,.. was observed from the p(r)-functions in Figure 3 of the POPC discs. A minor difference in
shape of the two samples with different lipid composition were observed, which is in good
agreement with what has earlier been seen for nanodiscs without membrane protein (Kynde et
al, 2014; Skar-Gislinge et al, 2010). This means that the choice of lipid should be carefully
considered and stability of this evaluated. Also, the structural influence means the type of lipids

may contribute to some challenges when analysing the data, using a structural model.

Keeping protein samples at soluble conditions over time is not ideal and experimenting at large
scale X-ray or neutron facilities means extensive travelling time and transport of samples.
Sample quality will for this reason always be a compromise between favouring sample
preparation in an in house lab and the travelling time to the facility. In order to limit the time a
sample is kept in solution before a SAS measurement, the sample must be prepared as close as
possible to departure. This puts a pressure on experimentalists as there is no time for mistakes.
Also the use of lab facilities and instruments among lab users must be coordinated in detail. This
unfavourable work situation may be avoided by preparing frozen samples as the sample can be
prepared much eatlier in advance. Though transporting frozen samples do also open up for
other problems as not all airlines allow dry ice on their flights, while using a courier for
transportation can be risky in terms of disappearance of samples.

pR in nanodiscs were measured by SAXS, one sample had been kept in solution while another
was flash frozen after preparation and thawed at the beamline. No structural differences
between the two samples were observed judged from the obtained scattering data in Figure 3.
Minor aggregation was observed from the deduced p(#)-function, which may be removed simply
by centrifugation and definitely by gelfiltration. This means that flash freezing and transporting
samples frozen may be a solution, however, this should be investigated more extensively for

more membrane proteins before any further conclusion can be made.

EDTA

EDTA was added to the gel filtration elution buffer to remove potential divalent ions present as
impurities, which could interact with the lipid bilayer and cause destabilisation. This resulted in a
better separation of larger aggregates from the nanodisc fraction as seen in the chromatogram in
Figure 4. pR nanodiscs could easier be purified by gel filtration without risking the inclusion of
unwanted aggregated in the final sample.

pH and NaCl variation
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Varying pH or NaCl concentration can have a protein stabilising effect, but have no structural
effect on nanodiscs without membrane proteins, as shown in Project C. pR nanodiscs were
prepared at pH 6.5 and 8.5 containing 100 mM NaCl as well as a sample at pH 7.5 and 10 mM
NaCl and compared with the usual pH 7.5 and 100 mM NaCl. The sample prepared at pH 6.5
could not be obtained due to aggregation. As it has been possible to prepare nanodiscs at these
conditions (Project C), pH 6.5 must have been too acidic for keeping pR stabilised.

Reconstituting pR in nanodiscs at pH 8.5 led to a dramatic decrease in larger aggregates from at
the usual condition, judged from the obtained chromatogram from gel filtration in Figure 5.
Preparing the sample at 10 nM NaCl did decrease the amount of larger aggregates even more.
This was very promising results. Unfortunately, the following SAXS measurements did not
deliver an optimal outcome. Minor aggregations could be observed for both the sample at pH
8.5 and at 10 nM NaCl, not present in the sample prepared under usual conditions. Also a minor
structural change could be observed for both samples compared to the usual sample, expressed
as a less pronounced minima in the obtained scattering data in Figure 6. This means that pH and
NaCl concentration does have a minor impact on the scattering data and hence structure of
nanodiscs containing membrane proteins. In which level these conditions affect other
membrane proteins in nanodiscs is uncertain and should be investigated if relevant. Also a larger
variation of pH and NaCl concentration should be investigated in order to find optimal

conditions for purification and scattering data, as purification can be optimised.

Reconstitution detergent

The choice of reconstitution detergent has earlier shown to have a great impact on the nanodisc
structure (Skar-Gislinge et al, 2015). On the other hand, certain detergents may have
unfavorable effects on membrane proteins and dictate which detergent to use. pR was
reconstituted in nanodiscs using four different detergents, namely CHAPS, DDM, OG and
sodium cholate. Reconstitution in CHAPS could not be achieved despite several attempts and
led to visible aggregation. This detergent is clearly too harsh for pR, as reconstitution of
nanodiscs without membrane protein has been succeeded with CHAPS (Skar-Gislinge et al,
2015). The reason for this may be that Chaps is a zwitterionic detergent causing the
destabilisation of pR (Seddon et al, 2004).

The chromatograms, obtained from gel filtration in Figure 7, using the three other detergents
showed very different profiles. For DDM an eatlier elution time of the pR nanodiscs were
observed and thereby a worse separation from larger aggregates, compared to cholate. This
suggests that nanodiscs formed with DDM, as reconstitution detergent, are larger than those
formed using sodium cholate. For OG as reconstitution detergent, a higher amount of larger
aggregates was present, compared to sodium cholate. This gave losses in sample yield. Also the
elution time was slightly longer than from what observed using sodium cholate, suggesting
smaller nanodiscs are formed using this detergent. Furthermore, the nanodisc elution peak was
asymmetrical indicating an inhomogeneous sample. Judged from the three chromatograms,
sodium cholate is the preferred reconstitution detergent giving the best separation and highest
yield.

The scattering data collected from the three samples in Figure 7 showed great structural variety.
Not much can be concluded about the structures of the different samples other than choice of
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reconstitution detergent matters significantly for the structure formed. The scattering data was
attempted analysed by a structural model also used for bacteriorhodopsin in nanodiscs (Kynde
et al, 2014), but was not fully successful. If a different reconstitution detergent than sodium
cholate is applied, new structural characterization and modelling parameters must be

implemented before any structural work can be carried out with membrane proteins.

Centrifugation

pR and sRII was reconstituted in nanodiscs and left for a few days before measured by SAXS.
This clearly illustrates that aggregation is a typical problem with these kind of samples. In order
to remove this, the samples were centrifuged for ten minutes which resulted in a clear reduction
of these minor aggregates, as seen in the obtained scattering data and corresponding p(7)-
functions in Figure 8. It was found that sRII was more prone to aggregation than pR and this is
definitely something that will vary from protein to protein. Leaving samples in solution over

time clearly has a destabilising effect but minor aggregations can be reduced by centrifugation.

H,O0 vs DO

To evaluate the consequences of changing the buffer from H>O based to D20 based, pR and
sRII were reconstituted in nanodiscs and measured by SAXS before and after SANS
measurement. Samples were first measured by SAXS and then solvent exchanged to DO based
buffer before SANS measurement. After ended SANS measurement the samples were again
measured by SAXS, now in D>O. From the scattering data in Figure 9, it is very clear the
samples in D>O contain aggregates and this solvent is destabilising the sample. It must also be
kept in mind that this aggregation is a time dependent factor and that the time frame for a SANS
measurement is relatively long, because of the low flux and change of detector distance. This
may have an influence on the collected data as the sample may change during the actual
measurement. It is therefore really important to find a solution for this problem by adding some
kind of stabilising agent or somehow modify the protein to become less affected by D»O. For
now, trying to obtain SANS data of membrane proteins in nanodiscs should be carefully

considered if worth doing, until a solution is found.

Conclusion

From these studies with rhodopsins in nanodiscs it is clear that many things influence the
structure. Any variation from the usual protocol must be carefully evaluated. Changing one
variable can lead to unexpected structural changes nanodisc membrane protein complex which
might not be possible to model with the tools available. Using POPC lipids and sodium cholate
should be employed if possible in order to improve scattering data quality. Adding EDTA to the
gel filtration buffer improves purification by better separation of larger aggregates and the
nanodisc elution peak. Centrifuging the sample immediately before SAXS measurements
improves data quality.

D>O based buffers have a destabilising effect on proteins compared to H>O based buffers,
clearly detected in small angle scattering experiments. As D20 is the preferred solvent for SANS
measurements, SANS data from membrane proteins in nanodiscs must be critically evaluated if

worthwhile obtaining at this point. It is clearly a problem that needs to be solved.
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C. Investigating aggregation of biomolecules in D,0

Abstract

Destabilisation of proteins in D»O is a general problem observed as mild protein aggregation or
coagulation. This is among other things observed for nanodiscs in SANS experiments when
using a DO based buffer, leading to poor data collection. Protein aggregation gives rise to larger
particles in the sample solution, clearly noticeable at low g-values in SAS data and significantly
hampers the data quality due to the inhomogeneity of the measured sample.

Here SAXS has been applied to study different approaches to prevent or remove coagulation of
nanodisc samples in DO based buffer. Adjustable parameters such as varying buffer
composition or filtration does not improve sample stability. In contrast, the method for buffer

exchange highly impact sample stability and in turn data quality.

Introduction

D20 based solvent for bioSANS is preferred over H2O based solvent because of a reduction in
incoherent background scattering (NIST, 2015). For nanodisc studies SANS is very valuable as a
supplementary contrast to SAXS, for increasing the number of constrains in the subsequent data
analysis. Unfortunately is mild aggregation of nanodiscs in D2O based buffers a general problem
in these SANS experiments, leading to poor data quality. Larger particles, caused by
destabilisation of proteins, leading to aggregation, can clearly be observed at low g-values of SAS
data and makes the scattering data less useful as information, such as the non-aggregated
molecule size, is lost. Different approaches to decrease or ideally remove the observed
aggregation of nanodisc samples in D>O based buffer, has been investigated in this project using
SAXS. SAXS was used rather than SANS as SAXS is more accessible, measurements are faster
and the structural information which can be obtained just as useful for this study. Varying the
buffer composition in means of pH (pD) and NaCl concentration has been evaluated as well as

the addition of methanol or acetonitrile.

Deuterium and proteins

Hydrogen and deuterium behave very similar in molecular compounds, though deuterium holds
twice the mass of hydrogen, which is useful for various applications in structural biology.
Deuteration of proteins is widely used in neutron diffraction and NMR, for obtaining multiple
contrasts and thereby more structural information, and is based on the assumption that
deuterium has no influence on protein structures. In 1962 Tomita and coworkers published a
paper that challenged this hypothesis by examining the effect of deuteration of the alpha helix.
Their findings showed a smaller elongation of the hydrogen bonds of 0.03 A, and concluded this
should not result in any immediate structural change of the overall protein (Tomita et al, 1962).
This assumption was indeed supported in a review published in 2008 comparing 23 different
proteins in their hydrogenated and deuterated crystal structures, concluding that no significant
differences could be found (Fisher & Helliwell, 2008).
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Solvent exchange from H>O to D:O is a very valuable tool in SANS to increase signal to noise
ratio. D20 is a preferable solvent as background scattering is decreased because of the low
incoherent scattering compared to H,O (NIST, 2015).

D20 and H>O are known to hold very similar biophysical properties, due to the similar chemical
behaviour of hydrogen and deuterium, and are therefore also expected to possess similar solvent
effects. However, it has been observed that biological molecules are affected by this solvent
exchange, resulting in change of essential molecular properties. It has been found that the
enthalpy and protein denaturation temperature changes in D>O solvent from H»O resulting in
increased destabilisation of the proteins (Chen et al, 1984; Makhatadze et al, 1995; Meilleur et al,
2004).

The mentioned elongation of hydrogen bonds observed by Tomita can also be observed for
molecules when subjected to the so-called isotope effect, caused by solvent exchange. This was
discovered and extensively studied in the 1930s by Ubbelohde and co-workers. They concluded
that the small elongation of the hydrogen bonds, when hydrogen is exchanged for deuterium,
would result in a weakening of the bonds (Robertson & Ubbelohde, 1939). The observed
destabilisation of proteins when solvent is exchange to D2O may be coursed by this isotope
effect, altering hydrogen bonds. Interestingly are the hydrogen bonds in D>O molecules shorter
than in H>O and in addition to that is the bond angle between two heavy water molecules larger
(Soper & Benmore, 2008). Furthermore, it is a fact that D2O holds a higher freezing and boiling
point from that of H>O as well as enthalpy and entropy of vaporization. Also, the viscosity of
D-O is higher than of H>O and DO holds in comparison a more ordered structure (Holtzer &
Emerson, 1969). Some other properties of heavy water are a higher neutral pH (pD)
(Covingto.Ak et al, 1968) and acids are in general weaker in D20 than H>O (Robinson et al,
1969). With these many minor differences it is not surprising that H>O and D2O cannot act as

identical solvents.

Methods

The different approaches investigated in this project, to decrease nanodisc aggregation in D>O,
were varying ionic strength, adding organic additives, filtration, varying the D>O concentration

and lastly, evaluating the buffer exchange method.

All nanodiscs were prepared by mixing MSP and POPC in the ratio 1:65. Prior to mixing, POPC
was solubilised in a cholate containing buffer. After mixing, cholate was removed and nanodiscs
purified by gel filtration. A detailed protocol for nanodisc self-assembly can be found in
Appendix 1. Any variation from this protocol is described here.

Varying ionic strength

Nanodiscs were prepared using different conditions for gel filtration, varying pH from 6.5 to 8.5
or NaCl concentration from 10 mM to 500 mM. pHs at 6.5 and 7.0 was prepared in 0.1 M
NaPOy, while 7.5, 8.0 and 8.5 was in 20 mM Tris/HCL

Samples were measured by SAXS, then exchanged to D2O based buffers with same buffer
compositions as in HxO, using a 10 kDa cut off spin filter (Amicon) and again measured by
SAXS.
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SAXS data were collected at BM29 at ESRF

Addition of organic solvents

Solvent was exchanged to a D;O based buffer, added different concentrations of deuterated
methanol or deuterated acetonitrile, using a 10 kDa cut off spin filter (Amicon). Buffers
contained methanol or acetonitrile in concentrations 0, 1, 5 or 10%.

SAXS data were following collected at BM29 at ESRF.

Removing aggregates by filtration

Solvent was exchanged on a nanodisc sample to a D>O based buffer at 20 mM Ttris/HCl pH
7.5, 100 mM Nacl using a 10 kDa cut off spin filter (Amicon). Three different samples were
prepared, where one did not get any further treatment. A second sample was filtered using a
centrifugal filter with 50 nm pore size (Nanosep) centrifuged for 10 minutes at 5000 rpm. The
third sample was filtered using a 100 kDa cut off spin filter (Amicon) centrifuged for 30 minutes
at 5000 rpm. Data were collected at 1911-4 at MaxLab.

Varying DO concentration

Nanodiscs were concentrated to ~ 15 mg/ml using a 10 kDa cut off spin filter (Amicon) and
diluted with H,O and D,O based buffer to D>O concentrations from 50-95% to a nanodisc
concentration ~ 1 mg/ml. One sample was exchanged to 100% D-O buffer using a 10 kDa cut
off spin filter (Amicon).

SAXS data were following collected at 1911-4 at MaxLab.

Method for solvent exchange — spin filtration vs dialysis

Solvent was exchanged on a nanodisc sample to a D2O based buffer at 20 mM Ttis/HCl pH
7.5, 100 mM Na(l either by using a 10 kDa cut off spin filter (Amicon) or by dialysis using a 8-
10 kDa membrane pore size (Spectra/Por). The samples were measured by SAXS and the
dialyzed sample was following centrifuged for 10 min at 5000 RPM and again measured by
SAXS. Data were collected at 1911-4 at MaxI.ab.

SAXS

Samples were measured at BM29 or 1911-1. In both cases, the SAXS data were converted to
. . . . . . - 4msin®

scattering intensity units as a function of scatteting vector q, I(q), whete q = |T|

BM?29

Scattering data were recorded at the BM29 bioSAXS (Pernot et al, 2013) at ESRF, Grenoble.
Samples and buffers were exposed for a total of 10 s each during which, 10 frames were
recorded to ensure that the sample was not damaged by the radiation. The experiments were
conducted at 10 °C, and the samples were irradiated using a nominal x-ray wavelength of 1 A.
The instrument uses a PILATUS 1M-detector located 2.85 m from the sample; and the tasks of

data reduction and treatment were performed using in-house software at the instrument.

19114

64



Chapter 5 - Understanding the reconstitution process of nanodiscs

Scattering data were recorded at the 1911-4 beamline at MaxLab (Labrador et al, 2012). Samples
were exposed for 120 s using a nominal X-ray wavelength of 0.91 A. Experiments were
conducted at 10°C and data detected using a PILATUS 1M-detector located 1.98 m from the
sample. Data reduction and treatment were performed using the BioXtas raw software (Nielsen
et al, 2009).

Results and discussion

Varying ionic strength

Changing the ionic strength of a protein solution can contribute to stabilisation or
destabilisation of the proteins, depending on the different ionic interactions in the molecules.
Simply changing the salt concentration or pH in a solution will affect the ionic interactions.
Increasing salt concentration in the solution increases screening of electrostatic interactions
(Kohn et al, 1997), while changing pH will change the electrostatic free energy and the net
charge of a protein. A protein can hereby be stabilised by changing the charge of ionisable
groups, moving the net charge in relation to its isoelectric point (Yang & Honig, 1993). Also the
fact that heavy water holds a different neutral pH (pD) could suggest the ideal ionic strength for
a protein differs from H>O and D»O. For this reason, changing the ionic strength of the D>O
buffer, by varying NaCl concentration of pH, was investigated to evaluate if this had any effect

on the nanodisc stability.

Nanodiscs were prepared at different NaCl concentrations at pH 7.5 in H>O and measured by
SAXS. Solvent was changed to DO based buffers at same buffer conditions by spin filtration.
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Figure 1. SAXS data and derived p(r)-functions of nanodiscs in H2O (top) and D.O (bottom) based buffers
with varying NaCl concentrations. Left are the obtained scattering data, and cortesponding p(x)-functions to
the right. Data obtained at BM29 ESRF, June 2012.

Judged from the scattering data, seen in Figure 1, varying the NaCl concentration does not
affect the aggregation problem in D>O. All samples in DO look aggregated when compared to
H>O samples, which becomes very clear looking at the derived p(#)-functions. 500 mM NaCl
appears to influence the structure or scattering contrast slightly in both H>O and D>O judged
from the p(r)-functions.

Nanodiscs prepared at different pH with 100 mM NaCl in H>O was also measured by SAXS.
Solvent was changed by spin filtration to D>O based buffer at the same buffer conditions.

66



Chapter 5 - Understanding the reconstitution process of nanodiscs

H,0 D,0
10°4 10°4
) )
'c 'c
> >
o 10'4 S 10" 4
8 kS
2 2
‘@ ——pH6.5 @ ——pH6.5
& 10°{—pH70 & 10°y—pHTO
£ ——pH75 £ ——pH75
——pH8.0 ‘ ——pH 8.0
——pH85 ——pH85
10" AL . ] 10" Prs .
10? 10" 10° 10"
q, A q, A

Figure 2. SAXS data of nanodiscs in H2O (left) and D20 (right) based buffers with varying pH. Data obtained
at BM29 ESRF, June 2012.

Changing pH does not have any effect on the aggregation of the D>O samples, which still look
aggregated compared to the H>O samples, judged from the scattering data in Figure 2. This is
clear from the pronounced upturn in the low-g region. However, using pH 6.5 and 7.0 have
some structural effect, as the minima of both the H>O and D>O samples are changed slightly
toward a lower 4. These two samples were prepared in 0.1 M NaPOy buffer compared to 20
mM Tris for the remaining, which may cause this difference.

The idea with changing the ionic strength was that nanodiscs contained at a certain ionic
strength, could hold a higher stability and maybe suffer less from the adverse effects coursed by
the surrounding D>O, though this was unfortunately not observed.

Interestingly it was found, that nanodiscs in a D2O based buffer subjected to a significant
increase in radiation damage as compared to nanodiscs in a H>O buffer. The X-ray beam had to
be attenuated in order to obtain reproducible data frames. Radiation damage in SAXS
experiments are observed as irreversible aggregation of protein samples (Kuwamoto et al, 2004).
The interaction between X-rays and the solvent water can lead to radiolysis and thereby
formation of free radicals which undergo reactions with the proteins at solvent accessible sites
(Maleknia et al, 2001). The observed increase in radiation damage may be caused by weaker
hydrogen bonds of exchanged deuterium in the sample making the protein more susceptible to
reactions with free radicals. Addition of radical scavengers such as dithiothreitol (DTT) to the
samples should be considered to decrease this effect.

Addition of organic solvents

Organic solvents are commonly used as additives in protein crystallization and NMR to increase
protein stability. In the presence of methanol, hydrogen bond interaction of the protein
backbone is strengthened and side chain hydrophobic interactions weakened. This should lead
to stabilising the secondary structure and a lower protein-water interaction (Hwang et al, 2011).
Acetonitrile has previously been shown useful as additive in NMR studies for proteins
aggregating in water. Acetonitrile should contribute to a destabilisation of quaternary structures
while preserving the tertiary protein structure (Bocian et al, 2008).

Adding methanol or acetonitrile in different concentrations were investigated to find if this
could have some positive impact on the aggregation problem.
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Nanodiscs were exchanged to a D>O buffer containing different concentrations of acetonitrile

or methanol.

Acetonitrile Methanol

Intensity (arb. units)
Intensity (arb. units)

q, A" q A"

Figure 3. SAXS data of nanodiscs in D20 added varying concentrations of acetonitrile (left) and methanol
(right), compared with a sample in HO without additives. Data obtained at BM29 ESRF, July 2012.

No positive effects were observed from the use of any of the two additives, aggregation is still
observed in the scattering data shown in Figure 3. Adding methanol was found to affect the
structure of the particles, in a concentration dependent manner, as seen on the scattering data in
Figure 3. This was observed as a less pronounced minima at higher methanol concentration.
This effect is most likely caused by alcohol interacting with the lipid bilayer and not a structural
change in the protein. Short chain alcohols have amphiplilic character and interact with lipids.
Methanol contains only a single CH3 group and will interact less with lipids than alcohols with a
more CHz groups, such as ethanol. Methanol is not able to penetrate the lipid bilayer because of
the hydrophobicity of the bilayer but some interaction still occurs. Structural influences such as
increase in average lipid area is found for POPC lipids in the presence of methanol (Patra et al,

2006).

Removing aggregates by filtration
Nanodiscs in D>O buffer was passed through a 50 nm centrifugal filter or filtered through a 100

kDa spin filter in an attempt to move some of the observed aggregates.

Intensity (arb. units)
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Chapter 5 - Understanding the reconstitution process of nanodiscs

Figure 4. SAXS data of nanodiscs in DO filtered through a 50 nm or 100 kDa spin filter, compared to an
unfiltered sample. Data obtained at 1911-4 MaxLab, October 2012.

Filtering the sample in D>O through a 50 nm filter makes a slight improvement, as some of the
larger particles are removed, judged from the scattering data in Figure 4. However, using a 100
kDa spin filter does not remove any aggregation and does also impact the nanodisc structure.
This can be seen as the minima as well as the following “bumps” are less pronounced in the
scattering data, compared to the other samples.

As nanodiscs are only ~10 nm in diameter, passing a sample through a 50 nm filter was
obviously not sufficient. To remove even more aggregates, the sample was filtered through a
100 kDa spin filter, though this showed to have consequences for the nanodisc structure and did
worsen the aggregation as seen in the data in Figure 4. A 100 kDa filter may be too small and a
filter with pore size in-between the two applied filters may be attempted.

Varying DO concentration
In order to examine how much D>O needs to be present before this aggregation occurs, a
concentration variation series was prepared. Nanodisc samples containing 50-100% D>O were

analysed by SAXS to monitor aggregation levels.

Nanodiscs wete concentrated to ~15 mg/ml in H>O buffer and added H>O and D»O buffers to
a nanodisc concentration ~1 mg/ml and D20 concentrations from 50-95%. A sample in 100%

D20 buffer was prepared by spin filtration.
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Figure 5. SAXS data of nanodiscs in buffers with varying D20 concentration. Data obtained at 1911-4 MaxLab,
October 2012.

Adding up to 60% D20 does not seem to have any impact on the nanodisc structure, judged
from the scattering data in Figure 5. From 70-95% the samples start to look slightly aggregated,
judged from the scattering data, while at 100% D>O, the sample look aggregated as previously
observed.

100% D2O showed significantly more aggregation compared to 95% which may lead to the
assumption that proteins only need a small amount of H>O to keep stabilised. Looking at the
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derived p(r)-functions in Figure 5, the difference between 100% and the other concentrations are
even more striking questioning if this is a consequence of D>O alone.

The only other difference between the 100% sample and the other concentrations, except for
D20 concentration, was the method used for buffer exchange. While the 50-95% samples were
prepared by concentration in H>O followed by dilution with D2O to the desired concentration,
the 100% sample had been exchanged to D>O by spin filtration, i.e. concentrated in the
presence of D2O. For this reason the two methods were tested and compared for obtaining a
95% D»O sample.

Nanodiscs were exchanged to a 95% D>O buffer by spin filtration or concentrated in H>O and
diluted with D>O buffer to 95% as in the previous experiment.
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Figure 6. SAXS data of nanodiscs in 95% D20. One sample has been prepared by buffer exchange to DO
using a spin filter (black), while the other was concentrated in H2O followed by dilution with D2O (red). Data
obtained at 1911-4 MaxLab, October 2012.

It appears to have a great impact whether the sample has been concentrated in H>O or D-O,
which shows on the scattering data and p(7)-function in Figure 6. Obtaining a very concentrated
sample in H>O followed by D>O dilution to 95% lead to considerable less aggregation compared
to a sample gone through solvent exchange by spin filtration. A different strategy than spin
filtration for solvent exchange to 100% D>O should for this reason be used.

Method for solvent exchange — spin filtration vs dialysis

Solvent exchange by dialysis was compared to spin filtration as this may act as a milder
alternative. Samples in 100% DO was prepared by using a 10 kDa cut off spin filter or by
dialysis and analysed by SAXS. The dialysed sample was after measurement subjected to
centrifuged at 5000 RPM for 10 min to imitate spin filtration conditions and measured again.
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Figure 7. SAXS data (left) and corresponding p(r)-functions (right) of nanodiscs in D20 buffer exchanged by
spin filtration (red), dialysis (blue) and dialysis followed by centrifugation (pink), compared to a sample in
H:O (black). Data obtained at 1911-4 MaxLab, October 2012.

Exchange of solvent from H;O to D;O by dialysis appeats to have less impact on the sample
compared to using spin filtration, as judged from the scattering data and in Figure 7. Solvent
exchange of samples by dialysis caused less aggregation compared to samples prepared by spin
filtration. This suggested that the aggregation could somehow be caused by centrifugation of the
sample in D>O.

The dialyzed sample was following centrifuged in an Eppendorf tube at same speed and
duration normally used for the spin filters to test if this could cause aggregation. The centrifuged
sample showed no further aggregation as can be seen on both scattering data and the detived
p(r)-functions in Figure 7. The minor aggregation observed after dialysis was even removed by
the centrifugation of the sample, showing close to identical scattering pattern of a nanodisc
sample in 100% H>O buffer. However, a less pronounced minimum in the p(7)-function of the

sample in D>O compared to that in H>O suggests some asymmetry in the particles.

Conclusion

Investigating the effect of different factors for decreasing nanodisc aggregation did not lead to
any direct solution. Though it could be concluted that spin filters, used for buffer exchange to
D0 based solvent, somehow has a destabilising effect on nanodisc. How this occurs and which
interactions are taking place is uncertain but should be examined. Dialysis is clearly a much more
gentle method for solvent exchange to D>O and should be considered.

Protein samples in D>O solvent are much more subjected to radiation damage from SAXS
compared to in H»O. Caution must be taken by attenuating the beam or considering the
addition of radical scavengers to the sample.

From this study it cannot be concluded if varying buffer composition can have a stabilising
effect on samples in a D2O solvent. The effect of changing ionic strength or adding organic
solvent should once again be evaluated for dialyzed samples for impact on the long term stability
of proteins in D20 based solvent. Also the D>O concentration variation should be re-evaluated
if adding a small fraction of H2O can improve long term stability.
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Chapter 6 - Reconstitution of membrane proteins
in nanodiscs

This chapter will elucidate some sophisticated examples of using nanodiscs for studying
membrane proteins. The project is divided into two projects each focusing on a specific
membrane protein.

D. Solution structure of magnesium transporter CorA in nanodiscs

E. Activity and inhibition of disulphide bond forming protein DsbB in nanodiscs

Project D presents an investigation of the solution structures of magnesium transporter CorA in
its open ligand free state and closed ligand bound state, obtained from SAXS.

Project E concerns the reconstitution of DsbB disulphide bond forming protein in nanodiscs
for activity and inhibition assays. This protein is an important player in bacterial toxin folding
and therefore an interesting target for inhibition. The project focuses on utilizing the nanodisc

for stabilising the protein and retaining protein activity.

Both projects will be presented as paper drafts.
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D. Solution structure of magnesium transporter CorA in
nanodiscs

Preface

This project has been a collaboration with Martin Cramer Pedersen from Australian National
University and Mikaela Rapp from Stockholm University. Martin has been responsible for SAXS
data analysis while Mikaela has provided the purified CorA for nanodisc reconstitution.

The following draft has been co-written with Martin Cramer Pedersen and Lise Arleth.
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Chapter 6 - Reconstitution of membrane proteins in nanodiscs

Abstract

Membrane protein mediated ion transport mechanisms and in particular how cells obtain
gradient sensitivity and selectivity towards different cations are not yet well understood. The
pentameric CorA is an important and widely studied Mg?* transporter in prokaryotes. The five
subunits form a centrally located ion-conducting pore facilitating Mg?* transport. The crystal
structure of CorA in the closed, Mg?*-bound conformation became available almost a decade
ago and has provided the basis for molecular dynamics based extrapolations to better
understand the Mg?*-free open conformation. This recently lead to two rather different
hypotheses for the open conformation of CorA: One, where the cytoplasmic part of the
pentamer reorganize in a symmetric, iris-opening fashion, and one, where the pentameric
subunits are displaced in relation to each other to form an asymmetric bended bell-like shape.
Until now, there has not been biophysical data of sufficient structural resolution to critically
evaluate these two hypotheses. In the presented work, a recently developed approach combining
small-angle scattering and nanodisc was applied to further investigate the structure of CorA
under solution conditions. Surprisingly, it was also found that the reconstituted CorA in
nanodiscs, have a stoichiometry of four nanodisc belts to one CorA pentamer. This suggests
that the CorA acts as a scaffold to form larger discs that what is usually observed. Regarding the
solution structure of CorA, it was found that scattering data supported the symmetry-broken,
bended bell-conformation of the open, magnesium-free CorA. Furthermore, it could be
deduced that magnesium bound CorA in solution holds a conformation different from that of

the crystal structure.

Introduction

Magnesium ions are the most abundant divalent cations in living cells and is essential for growth
and maintenance of the cell (Lusk et al, 1968). Magnesium serves as regulator for various
metabolic enzymes as well as a required cofactor for ATP activity. It is necessary for stabilising
structural components such as the ribosomes and the plasma membrane (Moncrief & Maguire,
1999; Moomaw & Maguire, 2008). Magnesium ions are unique compared to other biological
relevant cations, as it has the smallest ionic radius, the highest charge density, and the largest
hydrated radius, which is 400 times larger than the dehydrated ion. This change is many times
greater than for other cations such as Na*, K¥, and Ca?" and in addition to that, hydration
waters are bound 3-4 times more tightly to Mg?" creating an exceptional challenge for Mg?*

transporters (Martin, 1990).
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The membrane protein CorA is the most abundant Mg?* transporter found in Archaea and
Bacteria and is a prokaryotic homologue to the eukaryotic Mrs2-Alrl Mg?* channel (Moncrief &
Maguire, 1999; Payandeh et al, 2013). Three crystal structures from T. maritima are available
showing CorA is a homopentamer, where each monomer holds two transmembrane helixes
oriented in fivefold symmetry about a central pore. This forms a 40 A long funnel with an
interior diameter of 5 A at the cytosol end increasing to a much wider diameter of 20 A at the
cytoplasmic site. In extension of the funnel, on the cytosol interface, a large intracellular domain
is found (Eshaghi et al, 2006; Lunin et al, 2006; Payandeh & Pai, 2006). Given the available
crystal structures of CorA are all found in its Mg?*-bound, closed conformation, suggests a more

ordered (or less flexible) structure in this conformation than in the ligand-free, open state.

Speculations of the open unbound state conformation have led to different proposals on the
structure. One suggests a simple gating mechanism resembling opening and closing of the pore
based on a crystal structure of the isolated funnel domain from Archaeoglobus fulgnidus CorA
(Dalmas et al, 2010). MD-simulations of this mechanism gives an iris-like opening when seen
from the cytosolic side (Dalmas et al, 2014). Another more surprising proposal for the open
structure, also widely based on MD simulations, suggests an asymmetric structure leading to a
tilt of individual pore forming helixes influenced by the formation of salt bridges and resulting in

shape resembling a bended bell (Pfoh et al, 2012).

Small-angle scattering (SAS) can elucidate the structure of macromolecules in solution with
resolution down to about 10 A. This allows studying proteins in a close-to-natural environment
giving users the possibility of obtaining structural information about proteins that are not easily
crystallized as well as indicating whether the crystal structures also represent the solution
structures or not. Membrane proteins must be reconstituted in a carrier system in order to be
compatible with solution studies. It was recently shown that the nanodisc platform (Bayburt et
al, 2002; Bayburt & Sligar, 2010) is a very homogenous and optimal carrier system for small-
angle X-ray and neutron scattering studies of membrane proteins, and that the methods can be
used in combination with advanced modelling to provide detailed structural information about
both the nanodiscs and the incorporated membrane proteins (Kynde et al, 2014; Skar-Gislinge

et al, 2010)

In the present work, the combined nanodisc and small-angle scattering approach was used to

investigate the solution structute of CorA in the presence or absence of Mg?*-ions. In terms of
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Chapter 6 - Reconstitution of membrane proteins in nanodiscs

information content, high quality data were obtained from the system. This allowed for critically
investigating the different structural hypotheses for the CorA under close-to-native conditions

with respect to the bilayer membrane environment and the solution conditions.

To our surprise, it was found that CorA, when reconstituted with MSP1D1, formed lipid-
protein complexes with a stoichiometry of one CorA pentamer to four MSP1Dl1s.
Consequently, the disc diameter was significantly larger than what is normally observed for the
discs based on the 8-alphahelical MSP1D1 (Bayburt et al, 2002). This phenomenon has to our
knowledge not been previously observed with MSP1D1. However, the MSP1D1 is directly
detived from human ApoAl, which is a ptimary component of HDL/LDL and therefore
known to be highly flexible. When CorA was reconstituted with the 11-alphahelical MSP1E3D1
(Denisov et al, 2004), complexes with the expected stoichiometry of one CorA pentamer to two

MSP1E3D1 belts were obtained.

Results

CorA can be reconstituted in nanodiscs

Pentameric CorA was reconstituted into POPC nanodiscs and separated from the disc fraction
without incorporated CorA through size exclusion chromatography (see Fig. 2 (A)). The heavy
fraction of the CorA ND peak, marked in Fig. 2(A), was used for SAXS measurements. Fitting a
Gaussian curve to the peak without CorA showed that the fraction used for SAXS

measurements should only include insignificant amounts of nanodiscs without CorA.

SDS PAGE indicates that MSP1D1:CorA nanodiscs have a four MSP1D1 to one CotrA
pentamer stoichiometry

Sample and a known gradient of purified CorA and MSP were run on SDS PAGE and coomasie
stained (see Fig. 2 (D)). Quantification of the coomassie stain intensity of each protein band
based on the known protein gradients allowed for determinations of the concentrations of MSP
and CorA in the sample as well the ratio between these. For the MSP1D1 nanodiscs, the protein
ratio of MSP1D1 to CorA pentamer was 3.7 £ 0.6 suggesting that each nanodisc contained one
CorA pentamer and four MSPs. This was quite surprising as nanodiscs are normally expected to

contain only two MSPs (Bayburt et al, 2002).

A native PAGE would disclose the presence of different disc sizes in the sample and was run on

in order to control that the curious finding of four MSP1D1s to one CorA pentamer was not
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simply a result of the presence of nanodiscs without CorA. MSP1D1-CorA nanodisc sample was
applied on the native gel and compared to a MSP1D1 nanodisc sample without CorA. The gel is
shown in Fig. 2 (C) and indicates that there is no visible amount of nanodiscs without CorA in
the sample. This supports that the results from protein quantification are purely based on
nanodiscs containing CorA. Based on these results, the disc stoichiometry of four MSP1D1 to

one CorA pentamer was accepted and applied in the following analysis.

In order to obtain further insight along with an independent control of the experiments, CorA
was reconstituted in the slightly larger MSP1E3D1 nanodiscs. Here, a similar SDS PAGE based
quantification, showed a protein ratio of 2.0 £ 0.3 in discs without Mg and 2.5 * 1.1 with Mg.
Interestingly, this implied that these CorA containing nanodiscs contain one CorA pentamer and

two MSP1E3D1s in agreement with the expected stoichiometry.

POPC contents in the MSP1D1-CorA nanodiscs

The total protein concentration was determined through UVagy absorption, the extinction
coefficients from MSP1D1 and CorA, and the assumption of a stoichiometry of four MSP1D1s
per CorA pentamer (see Table 1). The POPC contents of the samples were determined through
a phosphate analysis (Rouser et al, 1966) by exploiting that each POPC contains one phosphate
atom. By combining the information about protein concentration and POPC concentration and
assuming four MSP1D1’s per disc, a CorA loaded MSP1D1-nanodisc was found to contain 198
1+ 21 POPC molecules per disc. On the other hand, if the nanodiscs were assumed to hold two
MSP1D1s per disc the number would be 174 + 19 POPC molecules per disc. This is
significantly higher than normally found for POPC:MPS1D1 nanodiscs even without membrane
protein (Denisov et al, 2004; Skar-Gislinge et al, 2015; Skar-Gislinge et al, 2010). Therefore, it is
physically unrealistic that an MSP1D1 nanodisc with two MSPs could contain this amount of

lipids as well as the CorA pentamer; again in favour of a structure with four MSPs per disc.

SAXS shows that well-defined MSP1D1-CorA nanodiscs can be prepared

An initial inspection of the SAXS-data presented in Fig. 2 (B) indicated that the sample
consisted of well-defined non-aggregated particles with well-defined shape and size; a
conclusion, drawn from the presence of Guinier-regions in the low-¢ part of the data, as well as
from the fairly sharp features in the intermediate and high-g part of the data. This claim was

further substantiated by the p(r)-distributions determined from the SAXS-data using the Indirect
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Fourier Transformation (Glatter, 1977; Hansen, 2012) (Fig. 2 (E)). These showed that the CorA-
loaded MSP1D1 nanodiscs had sizes in terms of the D, . of around 150-170 A, which is

significantly larger that the value of around 120 A that was previously obtained for

bacteriorhodopsin-loaded MSP1D1 nanodiscs (Kynde et al, 2014).

Mg?* introduces a structural transition of CorA visible in SAXS data

A small but significant difference was observed between the SAXS-data from CorA with and
without Mg?* (Fig. 2 (B)). This does indeed imply a subtle structural transition the samples in
between. We hypothesize that this difference in the recorded scattering patterns is caused by the
structural change in CorA induced by the presence of Mg?*-ions. Similar structural transitions
could be introduced by introducing the excess MgCly (100mM MgCly) both to the Mg?*-free
sample of reconstituted CorA (see SI Fig. 1(A)) and by introducing the 100mM MgCl; already
from the beginning of the reconstitution process (see SI Fig. 1(B)). However, the former
strategy led to a weak aggregation of the sample. For this reason, our structural analysis was

based on the data obtained using the latter strategy.

Analysis of the SAXS data indicates that nanodiscs with four MSP1D?’s per CorA are
formed and suggests that CorA without Mg?* is in a bended bell-conformation.

As an investigation of the surprising finding of four MSP1D1’s per CorA containing nanodisc,
two different models were refined from the SAXS data from the Mg?* free CorA embedded in
the nanodisc: one, where the nanodisc was assumed to contain two MSP1D1, and one, wherein
the nanodisc contained four MSP1D1. Some controversy can be found in the literature on the
topic of the conformation of CorA in absence of Mg?* (Dalmas et al, 2010; Pfoh et al, 2012) and
in particular whether or not the CorA is in a symmetry broken state without Mg2*. In line with
recent MD predictions (Pfoh et al, 2012), it was assumed that CorA is in the symmetry-broken
state in the absence of Mg?*, the so-called bended bell-conformation (see Fig. 1(B)). The fits and
the refined models are shown in Fig. 3. The obtained results for the fit-parameters are listed in
Table 2. The fit-quality is excellent for both the model with two and four MSP1D1 (see fig. 3).
However, physically realistic fit-parameters can only be obtained for the model with four
MSP1D1 per disc. In particular, the number of POPC per disc is found to be 262 per disc in the
model with two MSP1D1. This should be compared to the value of around 130 POPC per disc
in the case of empty POPC-MSP1D1 discs and is clearly not realistic. Based on this in
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combination with the above findings, the model with two MSP1D1 per CorA containing disc

was finally ruled out.

The data for the open conformation (i.e. Mg?* free) CorA were also attempted fitted with the
crystal structure of CorA in its so-called closed Mg?" bound conformation (PDB entry 2BB]J,
(Lunin et al, 2000)), see Fig. 1(A). The rationale for this was that recent suggestions for the open
conformation CorA, the Coiled-coil mutant [4EED] by Pfoh et al (Pfoh et al, 2012), the
CryoEM structure [4CY4] by Cleverly et al (Cleverley et al, 2015) along with the recent iris-
opening model (Dalmas et al, 2014) based on EPR and MD all bear very great structural
resemblance with this closed conformation structure, in particular within the resolution of
SAXS. It was not possible to obtain physically reasonable fits with this symmetric upright model
for CorA (data not shown). A large mismatch between the lipid bilayer and the hydrophobic
parts of the CorA was obtained, and fits with a low X° could only be achieved if the CorA was

allowed to tilt unphysically in relation to the bilayer plane (data not shown).

From this analysis, it was deduced that the bended bell-conformation is in significantly better
agreement with the obtained SAXS-data than the above mentioned suggestions for five-fold

symmetric Mg?*-free CorA structures.

Investigation of the Mg?* induced structural transition

Similarly, the model for the Mg?*-bound CorA crystal structure was refined against the SAXS
data from the Mg?*-bound state. Based on the evidence above, only the case of four MSP1D1s
per nanodisc was considered. Interestingly, it was not possible to obtain physically meaningful
fits to the SAXS-data based on this structure (see figs 4 (A) and (B)). While the overall fit quality
is good, the values for the fit-parameters appear unphysical and in particular it is only possible to
fit the data if the pentamer is allowed a significant tilt, hence leaving major parts of the
hydrophobic domains exposed to water. Interestingly, a much better but still not perfect model
fit could be obtained based on the symmetry-broken bended bell-conformation which should
otherwise only be applicable to the Mg?*-free conformation (see figs 4 (C) and (D)). This
disagreement between the crystal structure of CorA and the obtained SAXS data, suggests that
the crystal structure for Mg?*-bound CorA does not provide a complete description of its

solution structure.
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Cross-check of CorA reconstitution and sample homogeneity with size-exclusion-
chromatography SAXS

As a final check, CorA was reconstituted in MSP1E3D1-POPC discs and analysed by size-
exclusion-chromatography SAXS. This provided an additional control of the sample
homogeneity and allowed for investigating whether discs based on two MSPs could be prepared
with these extended MSP’s. Data are plotted in Fig. 5. SEC-profiles obtained in the absence and
presence of Mg?* (Fig. 5 (A) and (B)) indicate high sample homogeneities with only a single
species. SAXS-data were acquired based on a scan across the SEC-peak (Fig. 5 (C) and (D)). It is
clearly seen that the overall structure of the SAXS data changes only very little over the SEC
peak. Guinier-regions can be identified at the low-g part of all SAXS-data sets, as well as distinct
features in the medium-4 values. In combination, the data indicate that the samples are mono-

disperse and well-defined.

As for the data obtained from the MSP1D1-based CorA discs (Fig. 2 (B)), a slight difference is
observed between the samples with and without magnesium, specifically in the I-range from
0.05 A1 to 0.1 A1, Once again, this suggests that the presence of magnesium induces a structural

transition in the sample.

Indirect Fourier Transformation analysis indicate that the size of the particles, in terms of the

largest intra-particle distance in the sample, D,,., decreases only slightly (Fig. 5 (E) and (F)), as

we scan across the SEC-peak. This confirms the previous observation of well-defined particles
but show that both samples contain slightly differently sized particles. This structural dispersity

is probably related to a smaller intrinsic variation of the lipid-MSP contents within the sample.

Discussion

The crystal structure of CorA in its magnesium-bound conformation has been known for nearly
a decade, and several close to identical structures are available (Eshaghi et al, 2006; Lunin et al,
2006; Payandeh & Pai, 2000). However, the structure of the unbound, open conformation of
CorA has not yet been solved. The general agreement is that the open conformation is a more
flexible structure while the binding of magnesium stabilises the structure, which in turn enables
crystallization (Palombo et al, 2012; Pfoh et al, 2012). Hence CorA is an excellent example of
the need for developments of complementary solution-based structural techniques to elucidate

structures including the general validity of crystallographic conformations in solution.
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Combining the nanodisc-platform and SAXS, the structure of CorA was evaluated in its open
(Mg?*-free) and closed (Mg?*-bound) conformations. The data from the open conformation
were in agreement with a recent MD-based suggestion for a symmetry-broken bended bell-
conformation of CorA (Pfoh et al, 2012), but not with a structure resembling the different
upright symmetric conformations also suggested for the open state (Lunin et al, 2000).
Interestingly, the SAXS-data also suggested that the crystal structure of the closed magnesium-
bound CorA did not correspond to the solution conformation. Actually, a better agreement was
found between the SAXS-data and the bended bell-conformation suggested for the open
conformation. This is highly interesting and suggests that the crystal conformation is not the
dominating state in solution. While an upright fivefold symmetry conformation of CorA might
be a criteria for crystallization, the data suggest that a larger flexibility or even a breaking of
symmetry is present in solution and therefore possibly also when CorA is in its functional state.
Hence, while protein crystallography is essential for obtaining the high-resolution structure of a
protein, it is also highly relevant to complement crystallography with solution data such as those
obtained by SAXS. This consideration of flexibility is probably particularly relevant for

membrane proteins with large soluble domains as CorA.

The modelling in this paper was performed based on what we believe is the current state-of-the-
art approach to this type of problems. However, several interesting options come to mind,
which would improve the overall framework for this type of refinement — i.e. rather than
rejecting models based on visual (and thus inevitably subjective) quantization of hydrophobic
mismatches or disagreement between the refined parameters and chemical analysis such as the
phosphate analysis conducted in this study, one could include this as a priori knowledge in a
more elaborate Bayesian optimisation framework. This would allow for a more complete and
concise refinement taking all the presented evidence and data into account during the

refinement.

In this study, the structure from a molecular dynamics simulation was adopted as a likely
solution structure of CorA, yet other techniques might be equally feasible, when it comes to the
task of producing probable candidates for solution structures of non-crystallisable proteins, in
particular CryoEM and NMR are obvious candidates for such studies. However, the lower limit
for CryoEM presently lies at around 170 kDa (Lu et al, 2014), while the upper limit for NMR

presently lies around 30 kDa. However, with the recent advances made within particularly
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CryoEM, it may be possible to obtain high quality data from a larger range of protein sizes with

these techniques in the not so distant future.

Currently, the criteria for submissions and acceptance of a structure into the Protein Data Bank
(Bernstein et al, 1977) excludes structures proposed from molecular dynamics simulations,
small-angle scattering, and chemical determination studies based on e.g. cross-linking and
FRET. However, in the phase of developing a hypothesis for an unknown structure, these
structures are highly relevant, and we emphasise that a forum for sharing these structures would

be highly desired and relevant.

Interestingly, it was found that the nanodiscs with CorA contained four and not the usual two
MSP’s when using the MSP1D1 variant. This has not been observed earlier and may imply that
nanodiscs are more flexible to accommodate the needs of membrane proteins than expected
(Bayburt et al, 2002). In this context, it might be more prudent to think of nanodiscs as capable
of forming larger supporting structures in order to accommodate larger membrane proteins
unable to fit in a nanodisc with 2 MSPs — an effect not unlike the one observed with so-called
peptide discs (Midtgaard et al, 2014) yet likely in a more constrained manner. In an recent study
of a large tetrameric aquaporin membrane protein, it was observed that it was not possible to
carry out the reconstitution with the MSP1D1 variant, whereas using the slightly larger
MSP1E3D1 variant was possible (Jarva et al, 2015). This suggests that despite the flexibility

demonstrated by the CorA study, there are still size limitations.

As mentioned, the literature holds several proposals for the structure of CorA in the absence of
Mg, which has yet to be crystallised (Dalmas et al, 2014; Pfoh et al, 2012). While this article
focuses on the differences between the two structures in Fig. 1, the study and applied
methodology ate easily expanded to include any other relevant structures of CorA. As a final
comment, we will emphasise the necessity of state-of-the-art bio-laboratories present at the
large-scale facilities necessary to carry out this type of experiment: the larger a part of the sample
production and purification that can be done on-site, the better the chances for a successful
experiment. When working with fragile biological systems such as membrane proteins, stability
is a constant concern, and sample transportation and unnecessary delays should be kept to an

absolute minimum, as this enhances the risk of hampered data quality.
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Conclusion
CorA was successfully reconstituted in MSP1D1 based phospholipid bilayer nanodiscs and

investigated using SAXS and a range of supplementary techniques. It was found that the
conformation of a recently proposed MD-simulation for the Mg?*-free open structure of CorA
is in agreement with the obtained SAXS-data (Pfoh et al, 2012). Following this result, it was
surprisingly found that the well-established crystal structure for CorA was unable to fit the
SAXS data from a sample of Mg?*-bound CorA in nanodiscs. This suggested that also Mg?*-
bound CorA has a much higher flexibility in solution than suggested by its crystal structure. This

flexibility may be the key to better understand the functioning of CorA.

Together with a quantification of the protein-ratio, the analysis also showed that the nanodisc
stabilising the CorA-pentamer in solution is composed of four MSP1D1-proteins rather than the
two, usually observed for the nanodisc. When MSP1E3D1 was used in the reconstitution
process, CorA could be reconstituted with the usual two MSPs per nanodisc as was

demonstrated from a SECSAXS analysis.

Materials and methods
Cloning

The CorA gene from Thermotoga maritima (TmCorA) was cloned with an N-terminal 6xHis
affinity tag and TEV protease cleavage site (MHHHHHHENLYFQGM) into pGFPi (a
modified version of the pGFPe expression vector (Daley et al, 2005; Rapp et al, 2004). The
coding region was under the control of the T7 promoter. Primers were obtained from (MWG,
Germany). Cloning was performed in MACH1 cells. The coding region of the his-TEV-
TmCorA plasmid was confirmed by sequencing (MWG, Germany).

Protein purification

MSP1D1 and MSP1E3D1 were expressed and purified as described in (Ritchie et al, 2009).
CorA protein expression and purification were performed as described by Palombo et al
(Palombo et al, 2012) with some adjustments. The his-TEV-TmCorA plasmid was transformed
into the E. co/i strain BL21(DE3) and grown at 37 °C in Terrific broth (IB). When ODgoo 0.8
was reached, protein expression was induced by the addition of IPTG (0.4 mM) and grown over

night at 20 °C.
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In the morning, cells were harvested and resuspended in lysis buffer [20mM Tris-HCl pH 7.9,
0.3 M NaCl with EDTA-free Complete Protease Inhibitor Cocktail (Roche), Benzonase
Nuclease (Sigma), and Lysozyme from hen egg white (Boehringer Mannheim)]. All subsequent
steps were carried out at 4 °C. Cells were broken by sonication. Unbroken cells were removed
by centrifugation at 9300g for 20 minutes, and membranes were isolated by centrifugation at

142000g for 35 minutes. Membranes were washed in 20mM Tris-HCl pH 7.9, 0.3 M NaCL

Membrane proteins were solubilised with 1% n-Dodecyl-8-D-Maltopyranoside (DDM)
(Affymetrix) in 7 ml solubilisation buffer [20 mM Tris-HCI pH 8, 0.3 M NaCl, and 20 mM
imidazole] for 1 hour. Insolubilised material was removed by centrifugation at 142000g for 30

minutes.

The supernatant containing the solubilised proteins was applied to 2 ml Ni-NTA Agarose
(Invitrogen) and incubated for 30 minutes to allow for His-tag binding to the resin. The column
was washed with wash buffer [20 mM Tris-HCI pH 8, 0.3M NaCl, 40 mM imidazole, and 0.03%
(w/v) DDM] before elution with 3 ml elution buffer [20 mM Ttis-HCI pH 8, 0.1 M NaCl, 0.3 M
imidazole, and 0.03% (w/v) DDM]. The elution buffer was changed to gel filtration buffer [20
mM Ttis-HCl pH 8, 0.3 M NaCl, and 0.03% (w/v) DDM] using pre-packed PD-10 columns
(GE Healthcare). Amicon Ultra Centrifugal Filters 30K (Millipore) were used to concentrate the

proteins to approximately 5 mg/ml.

The purity and integrity of the concentrated proteins were verified by denaturing PAGE
(NuPAGE 4-12% Bis-Tris Gels (Invitrogen)). The protein was snap frozen in liquid nitrogen
and stored at -80 °C.

Reconstitution in nanodiscs

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine  (POPC) (Avanti Polar Lipids) was
solubilised in 20 M Tris/HCl pH 7.5, 0.1 M NaCl and 0.1 M sodium cholate to a lipid
concentration of 50 mM. CorA was mixed with lipids in a 1:650 molar ratio for MSP1D1 and

1:1300 molar ratio for MSP1E3D1 and left for incubation at 4 °C in approximately 10 minutes.

MSP was added the mixture in a 1:650:4 molar ratio for MSP1D1 and 1:1300:4 for MSP1E3D1

and left for incubation in approximately 30 minutes at 4 °C. This was added approximately 0.5
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ml amberlite XAD-2 (SULPECO) to 1 ml sample and left for incubation and continuous stirring

for approximately 3 hours at 4 *C. Amberlites were removed by centrifugation and filtration.

The sample was applied to a Superdex 200 10/300 GL (GE) column using 20 mM Ttis/HCl pH
7.5, 0.3 M NaCl, and 5 mM EDTA as eluent at a flow rate of 0.5 ml/minute.

Likewise, CorA was incubated in 0.1 M MgCl for 1 hour and mixed with lipids as described
above. However, for gel filtration, 20 mM Ttis/HCl pH 7.5, 0.3 M NaCl, and 0.1 M MgCl was

used as eluent.

Amicon Ultra Centrifugal Filters 30K (Millipore) was used to concentrate the purified nanodiscs

and the absorption was measured at 280 nm.

Quantification of MSP:CorA ratio

MSP and CorA were loaded on a 14% SDS PAGE gel in known concentrations of 0.1-1 pg
followed by 1 and 2 ul of the nanodisc sample. All wells were added a total volume of 3 pl
including 1 pl loading buffer. The gel was made in triplicates and run at 150 V for 90 min.

The gels were stained in a coomassie staining solution and destained with 30% ethanol and 10%

acetic acid in deionized water.

Gels were analysed using a Typhoon Trio variable mode imager (GE). Each band was analysed
by colour intensity using the standard curve with known concentrations of MSP and CorA for

protein quantification of the nanodisc samples.

Native PAGE

Nanodiscs with CorA were loaded on a 4.5% native gel together with empty nanodiscs. Each

well was added 2 ul of sample and 2 pl DTT-free loading buffer and run in a DTT-free running
buffer at 150 V for 1 hour and 45 minutes. The gels were stained in coomassie staining
solution and destained with 30% ethanol and 10% acetic acid in deionized water.

Phosphate analysis

A standard concentration series from Na;HPOy was prepared from 0-150 nM in glass tubes. 400

ul 72% perchloric acid was added to each tube, subsequently cooked for 30 minutes at 180 °C.
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After cooling to room temperature, 4 ml of molybdate reagent [2.2 ¢ (NH4)sMo7024 - 4 H>O in
14.3 ml conc. HoSO4 in 1 1 H2O] were added to each tube and mixed thoroughly. Fach tube was
added 500 pl ascorbic acid (10% w/v) and cooked for 10 minutes at 80 °C. The tubes were
cooled in ice water and absolute concentrations of phosphate were obtained through

measurements of the absorption at 812 nm.

Likewise, 10 pl of CorA nanodisc sample was treated as the concentration series and the number
of lipids was determined on the basis of the absorptions from the concentration series. All

solutions were made in duplicates.

Sample preparation — SAXS

Before injection in the SAXS-capillary, the protein concentrations of the samples were assessed
using a NanoDrop UV-spectrophotometer with a wavelength of 280 nm. Absorptions of 1.65
and 1.30 were recorded for the samples without and with Mg, respectively. The path length of
this instrument is 1 cm, and we used 254320 M-lcm? and 21430 M'lcm! as extinction

coefficients for the CorA-pentamer and for MSP1D1, respectively.

SAXS

The SAXS-data shown in Fig. 2 were recorded at BM29 (Pernot et al, 2013) at ESRF, Grenoble.
Samples and buffers were exposed for 10 s each during which, 10 frames were recorded to
ensure that the sample was not damaged by the radiation. The experiments were conducted at
10 °C, and the samples were irradiated using a nominal x-ray wavelength of 1 A. The instrument
uses a PILATUS 1M-detector located 2.87 m from the sample; and the tasks of data reduction
and treatment were performed using in-house software at the instrument versus a standard of

bovine serum albumin.

The WillltFit framework (Pedersen et al, 2013) and models based on the one introduced in
Kynde et al. (Kynde et al, 2014) (however with CorA instead of bacteriorhodopsin) were refined
from the presented sets of data, and the resulting structures are shown in Fig. 3 and Fig. 4. As
shown in Fig. 3, models were refined models assuming two or four MSP1D1-proteins per disc

in order to assess the impact of each of these assumptions.

As described in the literature (Skar-Gislinge & Arleth, 2011; Skar-Gislinge et al, 2010), the

nanodisc can be described by a series of form factor amplitudes describing the scattering from
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cylinders with elliptic cross-sections (Pedersen, 1997). The scattering from the phospholipid
bilayer is described by five continuous slabs describing the headgroups, the CHz-groups and the
CHj;-tails of the molecules. The scattering from the belt of MSP1D1 is described by an elliptical
hollow cylinder.

The N-terminal domains of the MSP1D1 were modelled as a statistical average of Gaussian
random coils as done e.g. by Skar-Gislinge et al. (Pedersen, 1997; Skar-Gislinge et al, 2010). The
values of their radii of gyration were fixed at 12.2 A in line with the studies of Kohn et al. (KKohn

et al, 2004) during the analysis.

The scattering contribution from CorA was calculated by coarse-graining one of the high-
resolution structures to amino acid residue level. The form factor amplitudes of these as well of
those of the individual parts of the nanodisc were expanded on a basis of spherical harmonics,
from which the scattering intensity is easily calculated — see Kynde et al. (Kynde et al, 2014) for

details.

The refined parameter values along with estimates of the statistical uncertainty, with which they
have been refined, are shown seen in Table 2. We refer to the literature for descriptions of the
methods behind these estimates (Pedersen et al, 2014).

The source code for the applied software and the described model can be found online as

described by Pedersen et al. (Pedersen et al, 2013).

Sample preparation — SECSAXS

Samples were concentrated to an absorbance of approximately 2.0 using Amicon Ultra
Centrifugal Filters 30K (Millipore) as measured by a NanoDrop UV-spectrophotometer with a

wavelength of 280 nm.

The sample was then applied on a BioSEC3 (Aligent) column using 20 mM Tris/HCl, 0.3 M
NaCl and 20 mM Ttis/HCl, 0.3 M NaCl, 0.1 M MgCl; as eluent for the sample without and with

Mg?*, respectively and a flow rate of 0.2 ml/minute.

SECSAXS

In Fig. 5, data recorded at the SECSAXS-beam-line SWING (14) at Synchrotron SOLEIL,
Paris, are shown. The eluate from the aforementioned column was irradiated directly using a

nominal X-ray wavelength of 1 A. The instrument uses an AVIEX-detector, which was
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positioned 1.79 m or 3.59 m from the sample in these experiments for the sample without and

with Mg2+, respectively.

Once again, the data reduction and treatment were done using software readily available at the
beam-line. As indicated in Fig. 5 (A) and (B), the capillary is continuously irradiated as the eluted

sample flows through. Frames were collected every 2 s during exposure.

Software

The presented data analysis was performed in the WillltFit-framework presented by Pedersen et
al. (Pedersen et al, 2013) and the BayesApp-webpage by Hansen (Hansen, 2012). The figures in
this manuscript were created using Gnuplot (Williams & Kelley, 2015) and PyMOL
(Schrédinger, 2015).
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Chapter 6 - Reconstitution of membrane proteins in nanodiscs

Figures

Fig. 1. In (A), the structure of the Mg-bound state of the membrane protein CorA published by Lunin et al.
(Lunin et al, 2006) is shown. The structure was refined from x-ray protein crystallography data and can be
found in the Protein Data Bank (Bernstein et al, 1977) as structure 2BB]. In (B), the structure of the same
protein in the absence of Mg is shown as published by Pfoh et al. (Pfoh et al, 2012). This structure was
produced using molecular dynamics simulations. The structures are coloured by hydrophobicity: red
corresponds to a hydrophobic residue, whereas blue corresponds to a hydrophilic residue. Rough estimates of

the membrane-spanning regions of the structures are shown with dashed lines.
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Fig. 2. In (A), full lines: SEC-data from the purification of CorA incorporated in nanodiscs (with and without
Mg?*). Dashed: Fit of a Gaussian the empty nanodisc peak. Collected CorA loaded fractions highlighted in
opaque blue and red. (B), SAXS-data from CorA incorporated nanodisc (with and without Mg?*). (C), native
PAGE of nanodiscs with and without incorporated CorA. (D), SDS-PAGE of CorA and MSP standards in
known concentrations, a protein standard, and CorA loaded nanodisc samples. (E), p(x)-distributions

determined from the SAXS data in (B).
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Fig. 3. In (A), SAXS-data from the sample without magnesium are shown along with a fit of a model based on
the assumption of two MSP1D1s per nanodisc. For CotA, we use the symmetry-broken structure introduced by
Pfoh et al. (Pfoh et al, 2012). In (B), a graphical representation of the model is shown. The protein structure is
colored as in Fig. 1. The horizontal surfaces represent the sutfaces of the hydrophobic and the hydrophilic
parts of the phospholipid bilayer. Similarly in (C) and (D), however, here we use the assumption of four

MSP1D1 per nanodisc.
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Fig. 4. In (A), SAXS-data from the sample containing magnesium are shown alongside a fit of a model, which
assumes four MSPS1D1 per nanodisc. For the CorA itself, here, we use the crystal structure from Lunin et al.
(Lunin et al, 2006). In (B), a graphical representation as the ones in Fig. 4 is shown. Similarly in (C) and (D),
yet here we assume that the protein structure is described by the previously introduced symmetry-broken

structure from Pfoh et al. (Pfoh et al, 2012).
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Fig. 5. In (A) and (B), the SEC-data recorded during the SECSAXS-experiment are shown. The fractions,
which were exposed in order to generate the data below, are highlighted in opaque blue and red. In (C) and
(D), the SAXS-data recorded during the SECSAXS-experiment at the beam-line SWING at Soleil, Paris, are
shown. In (E) and (F), values of the largest intra-particle distance, Dy, refined from the data above are
plotted as a function of run number. Once again, these refinements were done using the BayesApp-software

(Hansen, 2012).
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Tables

Table 1: Characteristics of the investigated samples. The concentrations and stoichiometries in the two

uppermost rows in the table have been computed under the assumption that each nanodisc is constituted of

four MSP1D1-belts. The concentrations have been calculated using 254320 M-cm™ and 21430 M-cm as

extinction coefficients for the CorA-pentamer and for MSP1D1, respectively. Dm.x and N, for the MSP1E3D1-

nanodiscs were refined from the peak fraction in the SEC-data in Fig. 5. The quantity NN, is described in detail

in the literature (Hansen, 2000).

MSP1D1 w/o MSP1E3D1  w/o | MSP1E3D1 w/
Characteristic MSP1D1 w/ Mg

Mg Mg Mg
Absorbance at 280

1.65 1.30 - -
nm
Concentration of

4.72 3.72 - -
nanodiscs, uM
Phospholipids per

PROTpIEs P 198 £ 21 - - -

nanodisc
MSPs per nanodisc | 3.7 + 0.6 - 20+03 25+ 1.1
Dy A 164 £ 2 174 £ 2 171 £ 0.87 162 +£2.99
N, 140+ 0.3 14.6 £ 0.3 7.38 = 0.02 6.18 £ 0.07
100), 1/ cm 0.191 0.140 - -
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Table 2: Values of model parameters refined from SAXS-data. Apart from the reported parameters, a constant

background and a term accounting for surface roughness were also refined.

Parameter

2 belts w/o Mg
Fig. 3 (A) and (B)

4 belts w/o Mg
Fig. 3 (C) and (D)

Straight w/ Mg
Fig. 4 (A) and (B)

Bended w/ Mg
Fig. 4 (C) and (D)

Axis ratio of the

1.60 1.60 1.00 1.60
bilayer patch
Hydrophobic height

29.8 29.1 29.9 31.3
of bilayer, A
Height of belt of

19.9 17.5 17.0 19.0
MSP1D1, A
Number of lipids

262 195 393 233
per disc
Volume of

26600 32700 35500 32900
MSP1D1, A3
Volume of POPC,

1270 1290 1240 1300
A3
Cotrection to
volume of amino | 1.03 1.00 1.01 1.00
acid residue in CorA
Horizontal
displacement of | 16.8 15.8 -6.43 -14.0
CotA, A
Vertical
displacement of | -6.80 -5.96 -12.3 -18.2
CotA, A
Rotation of CorA
around vertical axis, | -0.209 -0.247 -0.671 -0.307
radians
Rotation of CorA
around  horizontal | 0.332 0.484 0.541 -0.0493

axis, radians
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Supporting Information

SI Fig. 1. SAXS-data from CorA incorporated nanodisc (with and without Mg?*). Inserts illustrate the structural
difference in scattering data between the two conformations. (A) For w/Mg data MgClz was added after CorA
reconstitution in nanodiscs. (B) MgCl: was added from beginning of the reconstitution in nanodiscs.
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E. Activity and inhibition of disulphide bond forming protein
DsbB in nanodiscs

Preface

This project has been a collaboration with people from the Chemistry and Structural Biology
Division, Institute for Molecular Bioscience, at The University of Queensland, Australia. The

experiments were carried out during my research stay abroad in Professor Jenny Martin’s group.

The following draft has been co-written with Patricia Walden and Maria Halili.
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Abstract

Disulphide bond forming protein B (DsbB) is an integral membrane protein and required for
the folding machinery of many Gram negative and positive bacteria. In Escherichia colz, DsbB is
involved in oxidation of its partner protein DsbA to subsequently fold their substrates for
function and activity in the periplasm of Gram-negative bacteria. Inactivating these two enzymes
will affect folding of proteins associated with virulence vectors. As such, DsbB is a valuable
target for the design of novel antimicrobiotic drugs. However, to study DsbB biochemically
presents a demanding task, not only because of the immense quantity that is needed for most

biochemical assays, also, its stability and function must be retained.

To date, detergents are the means of choice to extract the membrane protein out of its “comfort
zone”. However, detergents can also be unfavorable for the membrane protein because the
micelle’s tendency to aggregate, leaving the membrane protein exposed to the harsh extracellular
environment. The Nanodisc (ND) has been developed as an alternative and surfactant free
approach to solubilise membrane proteins. In this study, we show that ND-embedded DsbB
trom Escherichia coli (EcDsbB) has been produced in substantial amounts for activity assays, and
with drastically increased functionalities in two oxidation assays. EcDsbB prepared in NDs will
aid in the screening for potential DsbB/DsbA inhibitors and the development of novel

antimicrobial drugs.
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Introduction

The growing resistance to antibiotics is a concerning problem worldwide. According to the
World Health Organization’s latest report it is clear that antimicrobial resistance has reached
alarming levels in many parts of the world (WHO, 2014). Bacteria express a wide range of
virulence factors such as toxins, adhesins, pili, biofilms and proteases in order to establish an
infection in a host (Finlay & Falkow, 1997). To accommodate the growing antibiotics resistance,
alternatives to the classic treatment are needed. One approach is to block these virulence factors

by inactivating the proteins involved.

After synthesis, proteins must fold into their three-dimensional structure to become biologically
active, and for numerous proteins the formation of disulphide bonds is crucial for their stability
and activity (Rietsch & Beckwith, 1998). Disulphide bond formation takes place between two
cysteine residues, enabled by the removal of two protons and two electrons from two
participating cysteines, thus catalysing oxidative folding. This is necessary for the function of a
number of proteins and is especially common in bacterial virulence factors (Collet & Bardwell,

2002; Heras et al, 2009).

A family of proteins called disulphide bond (Dsb) proteins, found in many prokaryotes,
facilitates the formation of these cysteine bonds (Bader et al, 1998). Two central players are the
23 kDa soluble DsbA, and the 20 kDa four helical transmembrane protein DsbB (Bader et al,
2000). DsbA serves as the primary catalyst of disulphide bond formation by transferring a
cysteine bond from its active site to the target protein, which leaves DsbA in its reduced form
(Kadokura & Beckwith, 2002). DsbB reoxidizes DsbA by transferring electrons to ubiquinone
(UQ-1) and further to cytochrome oxidases localized in the membrane (Bader et al, 1999).
Inhibiting this oxidative folding machinery may be a possible alternative to antibiotics treatment.
It has been shown that E. /i mutants lacking Dsb proteins are not able to colonise their host
and are thereby rendered non-infectious (Totsika et al, 2009). Inhibiting either DsbA or DsbB
could ideally turn infectious bacteria into non-virulent pathogens. With this in mind, Duprez
and co-workers were able to synthesize a peptide that is able to inhibit the activity of DsbA by

targeting the DsbA/DsbB intetface (Duptez et al, 2015).

However, studying membrane proteins such as DsbB is challenging due to their amphipathic
nature. Most techniques require solubilisation of the membrane proteins, typically achieved

through the use of detergents. However, the environment provided by detergents is less ideal
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than the native cell membrane, impacting both structure and function of the protein (Garavito
& Ferguson-Miller, 2001). Consequently, alternatives to detergents for studying inhibition of the

Dsb machinery are highly desirable.

The use of nanodiscs (NDs) suggests a useful alternative to detergents for studying the
DsbA/DsbB intetface (Borch & Hamann, 2009). NDs are discoidal lipoprotein particles, which
self-assemble from a so-called membrane scaffold protein (MSP) and phospholipids. Each ND
consists of two MSPs surrounding a phospholipid bilayer, together holding a diameter of
approximately 10 nm (Bayburt et al, 2002). Membrane proteins can be reconstituted into NDs
to provide a native-like stable environment (Bayburt & Sligar, 2010) and is superior to detergent

micelles for maintaining functional properties of membrane proteins (Lyukmanova et al, 2012).

In the presented study we have successfully incorporated Escherichia coli DsbB (EcDsbB) into
NDs in large quantities, which enabled us to elucidate the potential of NDs in DsbB/DsbA
oxidation and inhibition assays. We compared the ND embedded EcDsbB activity with that of
EcDsbB preparations in detergent micelles and crude cell membranes. We were able to show
that the EcDsbB-ND complex is highly active in oxidating EcDsbA and that the measured
EcDsbB activities in NDs were significantly higher compared to that of micelle-contained
EcDsbB. This facilitated us to obtain results comparable with EcDsbB in its native cell
membrane environment. Furthermore, activity of EcDsbB could be maintained for substantial
longer time than in both detergent micelles and native cell membrane. The study shows that
EcDsbB can be prepared in large quantities in NDs, which will contribute immensely to the
screening for potential DsbB/DsbA inhibitors and the development of novel antimicrobial

drugs.

Results

DsbB can be reconstituted in nanodiscs

EcDsbB embedded in the nanodisc (denoted as EcDsbB:ND) was separated from NDs without
EcDsbB (nanodisc without EcDsbB, denoted as MSP1D1(-):ND) by affinity chromatography,
and the fraction containing EcDsbB:ND was subsequently purified by size exclusion to obtain a
homogeneous and monodisperse sample. A symmetric peak could be obtained from the gel
filtration, which indicated that the sample was monodisperse and not aggregated (Figure 1A).
The entire peak fraction contained both MSP1D1(-) and EcDsbB, demonstrating EcDsbB was
successfully inserted into nanodiscs (Figure 1B). The final absorbance of EcDsbB:ND at 280
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nm was 0.35, corresponding to a concentration of 1.4 uM EcDsbB, assuming each nanodisc

contained one EcDsbB.

Increased activity of DsbB in ubiquinone reduction assay

EcDsbA is oxidized by EcDsbB to assist in disulphide bond formation, which is associated with
a reduction of UQ-1 by EcDsbB. The activity of EcDsbB can therefore be measured by UQ-1
reduction by monitoring its absorbance at 275 nm. In this assay, we compared EcDsbB activity

in nanodiscs to EcDsbB protein prepared in 3-DDM detergent micelles.

Our results demonstrate that EcDsbB activity was higher when reconstituted in NDs compared
to B-DDM micelles as a higher rate of UQ-1 reduction was observed (Figure 2). UQ-1 was half
dissociated at a rate of 0.619 £0.001 minutes in NDs compared to 1.174 £ 0.002 minutes in
detergent micelles. This implies a higher degree of UQ-1 was reduced in EcDsbB:NDs,

corresponding to an increased rate of EcDsbA oxidation by EcDsbB.

NDs prolongs catalytic ability of EcDsbB

We further analysed the catalytic ability of EcDsbB:NDs with reference to its application in
rapid screening inhibitor studies. A synthetic peptide containing two cysteines at the C- and N-
terminus with N-terminal europium-DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) and C-terminal methylcoumarin, respectively, was used for fluorescence monitoring in this
assay. We compared peptide oxidization catalysed by EcDsbB:NDs to that of EcDsbB
embedded in native E. /i crude membranes. Peptide oxidation using crude cell membranes of
E. coli has been studied earlier and is known to retain a significantly higher activity than EcDsbB
in B-DDM detergent micelles. In this assay, EcDsbB:ND was able to oxidize the substrate at a
similar rate as EcDsbB embedded in crude cell membranes, but with significantly less protein
required when using EcDsbB:ND (80 nM) as compared to EcDsbB in cell membranes (1.6 uM)
(Figure 3A and 3B). The reaction also continued for longer using EcDsbB:ND as an external
source of UQ-1 was present, whereas the EcDsbB in crude membrane extract relies on the UQ-

1 present in the membrane fraction.

As a further proof of concept, we investigated whether EcDsbB:ND could be used for rapid
inhibitor screening using the same peptide oxidation assay and additional inhibitors added to
each reaction. Previous studies of EcDsbB in membrane preparations lead to the discovery of a

number of inhibitors for EcDsbA and EcDsbB (Duprez et al, 2015; Halili et al, 2015). The
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peptide inhibitor PEFATCDF is based on the peptide binding sequence of EcDsbA into the
active site of EcDsbB and has been shown to bind in the peptide binding groove of EcDsbB,
with a Kd 5.9 £ 0.4 uM (Duprez et al, 2015). Using the peptide oxidation assay, we observed
that EcDsbB:NDs can be used for inhibitor assays (Figure 3C), and we were able to obtain ICso
values for the peptide inhibitor of 3.2uM * 0.5 for EcDsbB:ND and 4uM * 0.9 for EcDsbB

crude membrane.

We noted that significantly less EcDsbB:ND was required to obtain the same result as with
EcDsbB embedded in crude membranes. Also the activity of EcDsbB:ND was maintained for a
week at 4°C which is substantially longer than what we have observed for micelle contained

EcDsbB or crude membrane preparations.

Discussion

EcDsbB is a crucial membrane protein in the oxidation process of many virulent factors in the
periplasm of E. co/i. It is therefore important to screen for inhibitors against this protein to
minimize or eliminate bacterial virulence. However, purifying and maintaining a membrane
protein such as EcDsbB is an immense challenge to ensure its activity and stability is
maintained. The nanodisc provides many advantages over detergent-prepared membrane
proteins due to its membrane mimicking properties. They offer a close to native environment to
maintain activity of membrane proteins which otherwise become inactive or functionally
crippled when kept in detergent micelles (Ding et al, 2015; Lyukmanova et al, 2012; Ranaghan et
al, 2011). Nanodiscs have also shown to be able to restore folding of transmembrane domains
(Shenkarev et al, 2013). We were able to show that EcDsbB can be successfully incorporated in
NDs and obtained in large quantities, thus providing pure and active material for the application

in important oxidation and inhibitor assays.

In the UQ-1 reduction assay, the rate of reduced UQ-1 and thus the rate of EcDsbA oxidation
could be almost doubled when EcDsbB:ND was used compared to 8-DDM detergent micelles.
This is a great advantage, because a smaller yield and concentrated sample of EcDsbB:ND was
used to obtain a better UQ-1 reduction rate than previously described (Walden et al, 2013).
Additionally, in the peptide oxidation assay, the same rate of peptide oxidation was observed in
both EcDsbB:ND and EcDsbB prepared in crude cell membranes, using significantly less

protein in the EcDsbB:ND samples. The ability to use less protein in assays is advantageous due
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to the difficulty in purifying membrane proteins, often resulting in low yields. The use of NDs

allows us to conserve protein, as well as greatly improving stability of the protein.

Another advantage of using NDs in this assay was that the assayed sample composition in
EcDsbB:ND is known in contrast to using crude cell membranes. In crude cell membranes,
multiple unknown cofactors could influence the fluorescence reading and may impact the results
of this assay to give false-positive or higher readings. Also, quantification of EcDsbB in crude
membranes is challenging, as the exact ratio of EcDsbB to crude cell membranes is difficult to
estimate. Furthermore, EcDsbB reconstituted in NDs had a prolonged activity compared to
EcDsbB prepared in crude cell membranes. In fact, EcDsbB:ND was stored at 4 °C for up to a
week with no signs of aggregation or loss of activity in the applied assays. The stability of
EcDsbB:ND will allow for more time depending assays where the membrane protein activity is

not a limiting factor in the future.

As EcDsbB:ND was found to hold a catalytic effect at similar levels to EcDsbB contained in
crude cell membrane in the peptide oxidation assay we were interested in applying this system in
an inhibition assay. The 1Csp values we obtained are similar to the Kd value previously reported

for this peptide, giving proof that the EcDsbB-NDs can be used for inhibitor screening.

Earlier experiences exploiting nanodiscs for studies of EcDsbB has shown promising results for
the use in inhibition assays. When comparing inhibition screening results of EcDsbB in NDs
and 3-DDM micelles it was possible to identify false positives from 3-DDM micelles (Friih et al,
2010). This further demonstrates that NDs can serve as an excellent tool in membrane protein
assays. Additionally, the fact that EcDsbB:ND can be stored for longer periods at 4 °C and
shows a higher activity will help to rule out false negatives as an effect of detergent influence
and inactivation and will efficiently allow the identification of inhibiting ligands. This will aid in

the development of new anti-virulence drugs in the future.

Materials and Methods

Protein expression and purification

MSP1D1 was expressed and purified as eatlier described (Ritchie et al, 2009). After purification
the N-terminal polyhistidine tag was removed by enzymatic cleavage using Tobacco Etch Virus

(TEV) protease. MSP1D1 without the His-Tag (MSP1D1(-)) was further purified by affinity
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chromatography using a 5 ml HiTrap HP column (GE Healthcare, Australia). EcDsbA and
EcDsbB were expressed and purified as earlier reported (Bader et al, 1998; Duprez et al, 2015).

EcDsbB reconstitution in nanodiscs

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) (Avanti Polar Lipids, Australia)
was solubilised in buffer containing 20 mM Tris/HCl pH 7.5, 100 mM NaCl and 100 mM
sodium cholate (Sigma Aldrich, Australia) to a final lipid concentration of 50 mM. EcDsbB was
mixed with lipids in a 1:260 molar ratio and left for incubation at 4°C for 10 min. MSP1D1(-)
was added to the mixture at a molar ratio of 1:260:4 and the mixture was incubated for 30 min at
4°C. 0.5 mL of damp amberlite XAD-2 beads (SUPELCO, USA) were added to the MSP1D1(-
):DsbB:POPC mixture and left for incubation at 4°C and continuous stirring for ~3 houts.
Amberlite beads were removed by centrifugation at 14,000 RPM and the sample filtrated
through a 0.2 pm syringe filter (Whatman, UK). The sample was further applied to a 1 mL
HiTrap HP column (GE Healthcare, Australia) that was equilibrated with buffer containing 20
mM Tris/HCl pH 7.5, 100 mM NaCl and 40 mM imidazole. The EcDsbB:ND mixture was
eluted from the column with buffer containing 20 mM Ttis/HCl pH 7.5, 100 mM NaCl and 400
mM imidazole. The eluted sample was applied onto a Superdex 200 10/300 GL column (GE
Healthcare, Australia) which was equilibrated with buffer containing 20 mM Tris/HCl pH 7.5,
0.1 M NaCl. EcDsbB:ND was putified at a flow rate of 0.5 mL/min from the same buffer.

Fractions containing EcDsbB:ND were collected and concentrated for redox assays.

Ubiquinone reduction assay

EcDsbB activity in nanodiscs and in 3-DDM detergent (Avanti Polar Lipids Inc., USA) micelles
were quantified by measuring the capacity of the enzyme to reoxidize the protein EcDsbA. The
simultaneous reduction of the cofactor ubiquinone-1 (UQ-1) was monitored at 275 nm.
EcDsbA was reduced using 10 mM dithiothreitol (Sigma Aldrich, Australia) for 10 minutes on
ice, which was subsequently removed on a PD-10 column pre-equilibrated with degassed assay
buffer containing 300 mM sodium phosphate, 100 mM NaCl and 0.03% B8-DDM. For detergent
solubilised EcDsbB, the reduction of UQ-1 at a concentration of 30 uM was monitored at 275
nm and 30°C immediately after mixing with 30 pM of EcDsbA and 80 nM of EcDsbB in assay
buffer. ND-embedded EcDsbB at a concentration of 20 nM was mixed with same

concentrations of UQ-1 and DsbA. The activity of EcDsbB in terms of moles ubiquinone
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reduced/moles EcDsbB min—1 was calculated by using the slope of absorption dectease at 275

am upon reduction of UQ-1 using PRISM®.

Peptide oxidation assay

The assay buffer conatined 50 mM MES, 50 mM NaCl, 2 mM EDTA at pH 5.5. EcDsbB:ND
(40, 80 or 140 nM) or EcDsbB in E. co/i membrane (1.6 uM) were mixed with DsbA (80 nM)
and UQ-1 (10 or 100 pM). The peptide substrate CQQGFDGTQNSCK with an N-terminally
attached europium-DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and a C-
terminally attached methylcoumarin (AnaSpec, USA) was added to the protein mixture at a
concentration of 8 uM. Formation of the disulphide bond in the peptide substrate was
monitored via time-resolved fluorescence using excitation wavelength of 340 nm and emission
of 615 nm with a delay of 150 ms before reading and 100 ms read time, in a Synergy H1 Multi-
mode plate reader (Biotek, USA). The assay was conducted in a 384-well white reaction plate
(OptiPlate, Perkin Elmer). Samples containing buffer only, EcDsbA without substrate or
EcDsbB without substrate were used as controls. The initial rate of the reaction was calculated

over the linear portion of the curve (first 10-20 minutes of reaction).

For the inhibition of EcDsbB using the same assay, the EcDsbA-inhibiting peptide PFATCDF
was added to the protein mixture in a two-fold serial dilution starting at 1 mM down to 0.5 pM,
diluted in assay buffer. The peptide substrate CQQGFDGTQNSCK was added last to a
concentration of 8 uM. The assay was monitored as mentioned above. Reactions were run in
duplicates or triplicates per plate, and tested twice on separate occasions. Data was plotted and
analysed using GraphPad Prism version 6.0 (GraphPad Software, Inc. USA). For calculating the
1Cso values, the initial rates of the reaction were calculated over the linear portion of the curve
(the first 10 or 20 min of each reaction) and normalized as a percentage relative to no inhibitor

present.
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Figures

Figure 1. Purification of DsbB nanodiscs. A) Gel filtration of EcDsbB:ND using a Superdex
200 10/300 GL column, 200 pL fractions marked 1-10 was applied on SDS gel. Insert, IMAC
purification using 1 ml HisTrap column prior to gel filtration. Second peak was collected and
applied on the gel filtration column. B) SDS PAGE of gel filtration fraction, marked 1-10 in
chromatogram on A. Top band row shows MSP1D1(-) and bottom band row corresponds to

EcDsbB.
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Figure 2. Ubiquinone reduction assay. The UQ-1 reduction assay was performed to measure
the ability of EcDsbB to reduce UQ-1. The reduction of UQ-1 either catalyzed by the
EcDsbB:ND (square) or EcDsbB prepared in B-DDM micelles (triangle) was monitored at 275

nm over time. The assay was performed in triplicates indicated by the mean (black line).
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Figure 3. DPeptide oxidation assay
fluorescence spectra. A) Fluorescence
curves showing peptide oxidation of 80
nM of EcDsbB:ND (circle), 1.6 uM of
EcDsbB in crude cell membranes (square),
and the buffer as blank (cross). B) Rates
of each component in the peptide
oxidation assay. Protein alone (EcDsbA or
EcDsbB) or UQ-1 does not cause
significant  oxidation of the peptide
substrate, as compared to the buffer
baseline. Only when all components are
mixed together does the oxidation reaction
occur. EcDsbB-ND at 80nM and EcDsbB
in crude membranes at 1.6uM are able to
oxidize the peptide substrate at a similar
rate.

C) EcDsbB-ND can be used for testing
inhibitors. The peptide-based inhibitor
PFATCDF  was added to  the
corresponding protein mixtures, and was
able to  inhibit = EcDsbA-mediated

oxidation of the substrate. ICsy values
were calculated to be 3.2uM * 0.5 for

EcDsbB-ND (filled citcles) and 4uM *
0.9 for EcDsbB crude membrane
(squares). For A and B, assays were
performed in triplicate and shows the
mean +/- SEM, and was performed on
two separate occasions. For C, assays
were performed in duplicate and shows
the mean * SEM, run on two separate

occasions.



Chapter 7 - Probing protein dynamics

One project will be presented in this chapter concerning probing structural dynamics of

proteins:
F. Developing a microfluidic chip for time resolved SAXS

Preface to the project

This has been a collaborate project together with Grethe Vestergaard Jensen and Seren Skou
Nielsen at the Niels Bohr Institute. My responsibility in this project has mainly been sample
preparation and participation in data collection together with Grethe and Seren, who were
responsible for chip design and manufacturing. In addition to the experiments presented in this
report an experiment was carried out at the cSAXS beamline at the Swiss Light Source.

However, due to alignment problems no useful data could be obtained.

The following report has been co-written with Grethe Vestergaard Jensen.
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F. Developing a microfluidic chip for time resolved SAXS

Abstract

The three-dimensional structure of a protein determines its functionality which makes studying
of protein structures fundamental for understanding cellular function and diseases. Proteins are
dynamic and their actions linked to structural transitions caused by certain changes in the local
environment. Probing the structural dynamics of proteins can give valuable information about
structure-function relationship.

A microfluidic mixing chip for time-resolved SAXS studies has been developed, aimed at
investigations of structural dynamics of proteins in solution. Whereas ligand-induced structural
transitions are an important aspect of the functioning of numerous proteins, only limited
knowledge on these processes is currently available. By introducing a microfluidic platform for
fast mixing of protein and ligand solutions, which is compatible with micro-focus synchrotron
SAXS, it is possible to obtain information on the kinetic processes with sub-millisecond time

resolution and a minimal sample consumption.

Introduction

Proteins fulfil most vital functions in the cell. Their three-dimensional structure is essential for
their function and their actions are coupled to structural transitions, such as calcium binding of
calmodulin inducing a structural change, seen in Figure 1, activating or regulating a number of
other proteins by its conformational change (Chin & Means, 2000).

Calmodulin is one of the most prominent Ca?* sensing proteins and is expressed in all
eukaryotic cells. Here it participates in signalling pathways regulating crucial processes such as
cell growth, cell division and cell movement. Calmodulin contains only 148 amino acids and is
highly conserved (Chin & Means, 2000). It adopts very distinct conformations in the presence
and absence of Ca?*, as shown in Figure 1, making it a good candidate for structural time

resolved studies.
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Figure 1. Calmodulin structure in absence and presence of Ca?*. Left without Ca?* [pdb entry 1CFD]. Right
Ca*2 bound structure [pdb entry 1CLL].

The structural transition of calmodulin upon binding to calcium has previously been studied
using a microfluidic chip and structural changes probed by fluorescence. The rapid mixing
technique applied enabled times from 40 ps to 2 ms to be probed, and using a different setup
for stopped flow mixing, times from 1 ms to 2 s resolution could be obtained. From this
combination of techniques it was possible to identify two distinct events during Ca?* binding at
~490 us and ~20 ms (Park et al, 2008).

The structural kinetics have subsequently been probed by SAXS, by collecting data after photo-
induced release of caged Ca?* from a photo sensitive Ca?* chelator. Times from 0.5 to 180 ms
were covered with this method, revealing the presence of a compact intermediate
conformational state (Yamada et al, 2012). The advantage of using small angle scattering, over
e.g. fluorescence based techniques, is that this kind of structural details about the protein can be

obtained in addition to the various kinetic rates.

The action of proteins in form of structural changes varies extensively in time scale and can be
observed from picoseconds to milliseconds (van den Bedem & Fraser, 2015). Both method and
protein candidates for structural dynamics studies must be carefully evaluated to meet the
relevant time frames.

For this study a microfluidic mixing chip has been designed for studying structural dynamic of
proteins using SAXS. The chip design allows for easy and cheap manufacturing and is inspired
by the work of Pollack and co-workers (Park et al, 2008). Protein and ligand solutions enter the
chip through inlet channels in a continuous flow, determined by a set of pumps. The solutions
meet at a mixing point and flow in sheets, side by side in a laminar fashion. A structural
transition of the protein is triggered by the ligand diffusing into the protein solution sheet. Any
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position downstream of the mixing point represents a certain time after mixing. The structural
protein transition can therefore be followed time-resolved by probing the structure at different
channel positions by SAXS. In this project it is shown that controllable widths of the protein
sheet can be formed, down to 5 um (giving a typical time of ligand diffusion into the centre of
the sheet of ca. 4 ms for a Ca?" ligand (Ander et al, 1979)). Flow velocities between 3 and 20
mm/s can be obtained by tuning the pump speeds, resulting in a time resolution down to 0.5 ms
for the fastest flow rate for a beam size of 10 um. The longest time that can be probed is given
by the slowest flow rate and the length of the channel (here 2.5 cm), resulting in a time of 55

In the effort to make a microfluidic platform for fast mixing of protein and ligand solutions
easily accessible to relevant users within structural biology, some reflections were made
concerning the chip design. First of all, the manufacturing of the chip must be cheap and easy.
This implies that the fabrication method should be generally available and the chip and window
materials relatively cheap. Designing the chip to hold a relatively wide channel (> 200 um)
allows for simple manufacturing methods such as milling or casting of the chip, opposed to
etching techniques which require clean room facilities. This also facilitates easy mass production
increasing prospects for commercialization, which is the essential key to accessibility.

Secondly, low sample consumption is essential as biological samples in most cases are hard to
obtain in large quantities. This can be achieved by creating a narrow sample sheet within the
channel of the chip. In a wide channel this is only possible with a stable well-controlled sample
flow. This means the channel must be well characterized to ensure a stable sample sheet can be
maintained. Reliable pumps are crucial for delivering a steady continues flow of solutions to the

inlets, down to pl/min precision.

Methods

All chemicals were purchased from Sigma Aldrich.

Proteins and solutions

Bovine serum albumin (BSA) was purchased from Sigma Aldrich and solubilised in 20 mM
Tris/HCI pH 7.5, 100 mM NaCl. Concentrations around 5-7 mg/ml were applied. SDS solution
for mixing contained 20 mM Tris/HCI pH 7.5, 100 mM NaCl, 40 mM SDS.

Insulin lithocholyl-y-desB30, obtained from Novo Nordisk, was solubilised in milliQQ water and
added NaOH to a pH >10 and pH lowered to pH ~7.5 with HCl. The solution was added
Zn(OAc)2, phenol, NaPOy4 (pH 7.5) and NaCl to final concentrations at 0.1 mM, 32 mM, 0.7
mM and 30 mM respectively. A Protein concentration of 0.6 mM was applied. NaCl solution for
mixing contained 10 mM Ttis/HCl pH 7.5, 150 mM NaCl, 32 mM phenol.

Calmodulin (CaM) was expressed and purified as earlier described (Singla et al, 2001). In short
CaM cDNA from sea Urchin inserted in a pET23d vector was transformed into E. co/i
BL21(DE3). Cells were grown in TB media and expression induced with IPTG. A 5 and 15 ml
phenyl-sepharose column equilibrated in 10 mM Tris/HCL pH 7.5, 0.5 M NaCl, 1 mM EDTA
and 10 mM Ttris/HCI pH 7.5, 0.5 M NaCl, 10 mM CaCly, respectively. CaM was eluted from the
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15 ml column with 10 mM Tris/HCI pH 7.5, 0.5 M NaCl, 50 mM EGTA and dialysed against
10 mM Tris/HCI pH 7.5, 10 mM NaCl, 1 mM EGTA. Calcium solution for mixing contained
10 mM Tris/HCl pH 7.5, 10 mM NaCl, 100 mM CaCl,. Prior to applying CaM solution on the
chip, the channel was flushed with 10 mM EGTA. A protein concentration of 11 mg/ml was
applied.

Concentrations of all protein solutions were measured by UV absorbance at 280 nm using a
nanodrop-1000.

Chip description

The microfluidic chip has five inlets, as shown in Figure 2, where protein and ligand solutions
can be applied. For all experiments inlet 3 in the chip was used for the protein sample solution
and either inlet 2 and 4 or 1 and 5 were used for ligand solution while the remaining two inlets
were kept blocked. The additional inlets are designed to enable introduction of a thin buffer
sheet between the protein and ligand solution, preventing uncontrolled mixing at the inlets (Park
et al, 2006). The inlets are designed in such a way that buffer laminates top and bottom of the
protein sheet, so-called 3D focusing, protecting the windows from the protein sample (Park et
al, 2000). This means that the protein sheet does not cover the entire X-ray path length of 1
mm. 1 mm path length was chosen for optimal scattering signal. In the chip protein and ligand
solutions enter the inlet channels in a continuous flow, determined by a set of pumps. The
solutions meet at a mixing point and flow side by side in a laminar fashion. The mixing occurs
passively by diffusion of ligand into the protein sheet. Any position downstream of the channel
represents a certain time after the mixing point. The chip can be mounted and aligned on an X-

ray beamline, as seen in Figure 3.

1 2 3 4 5

Figure 2. Photo of the microfluidic chip with a schematic illustration of the laminar flow in the microfluidic
chip. The protein and ligand solutions meet at the mixing point (circled), followed by diffusion of the ligand
into the protein sheet. Different times after the mixing point are sampled by measuring at different positions
on the protein sheet, with time increasing downstream the flow direction. Inlets are numbered 1-5.
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Figure 3. The chip mounted at the BioCAT beamline. Left image show the chip connected to the three syringe
pumps holding 5 syringes in total. Right image, a close up of the mounted chip. The chip is placed in a chip
holder with an opening around the exposure channel in such a manner that the X-ray beam only passes the
sample and the thin chip window.

Two different chip designs were used for the two presented experiments both using step motor

syringe pumps (ProSense). The specifications were as followed.

Chip specifications P12

Chip material: Poly(methyl methacrylate) (PMMA)
Window material: 25 pm polystyrene

Fabrication method: milling

Channel width: 500 pm
Channel length: 10 mm

X-ray path length, total: 1000 pm
X-ray path length through protein sheet: 600 pm

Chip specifications BioCAT

Chip material: UV-curing thiol-ene

Window material: 25 pm polystyrene
Fabrication method: moulding

Channel width: 200 pm

Channel length: 25 mm

X-ray path length, total: 1000 pm

X-ray path length through protein sheet: 600 pm

Beamline specifications

Scattering data were recorded at the P12 beamline at PETRAIII (Blanchet et al, 2015) in
September 2013 and the BioCAT beamline at APS (Fischetti et al, 2004) in December 2014. All
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experiments were conducted at room temperature. Acquisition times are specified in figure
legends of presented data in the results section.

P12

Beam size: ~70x40 pm (Full Width Half Maximum (FWHM))
Wavelength: 1 A

Detector: Pilatus M2

Detector distance: 3 m

BioCAT

Beam size: ~11x6 um
Wavelength: 1.033 A
Detector: Pilatus 100k
Detector distance: 2821.6 mm

In both cases the SAXS data were converted to scattering intensity units as a function of
4msing
A
performed using the BioXtas raw software (Nielsen et al, 2009).

scattering vector ¢, 1(q), where ¢ =| | Background subtraction of the data was

Results and discussion

The following sections will cover the two experiments catrried out at the P12 beamline at
PETRAIII and the BioCAT beamline at APS, respectively. The experiment at P12 enabled basic
characterizations of the chip, using a relatively large beam. From the experiment at the BioCAT
beamline a more detailed characterization of the channel and the protein sheet could be

obtained due to a much narrower beam.

P12 - basic characterization of the chip

W ater measurements and background measurements

To allow for data calibration at different positions and to test if reproducible data of good
quality could be obtained throughout the channel of the chip, different measurements of empty
chip and water were measured at different positions downstream the channel. The empty
background data were subtracted from the water data, which should result in a flat scattering
pattern.
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Figure 4. Background subtracted water measurements at different positions downstream the channel.
Background measured at each position was used for subtraction. Acquisition time 10 x 0.5 s at each point.
Label shows distance from mixing point.

Reproducible background subtracted data can be obtained for different positions in the channel
as seen in Figure 4, using backgrounds measured at each position, resulting in acceptable results
for ¢ > 0.01 A-l. That is, with this chip data can be collected for ¢ > 0.01 A-L. This is except
from the mixing point of the chip, where the intensity for some reason is higher. This may be
caused by a scattering contribution from the edge of the channel even though this was not
deducible from the 2D detector images. Another reason could be a slightly larger path length in
this area of the chip giving a higher intensity. The fact that the channel does not have any sides
at the top of the mixing point (since the buffer inlets are coming in from the sides) might also
explain the higher intensity, if the tails of the beam cover the entire channel width. This
explanation seems plausible based on the results obtained for varying protein sheet width

presented below.

Varying protein sheet width

The width of the sample sheet needs to behave predictably for a good control of the mixing and
sample consumption. This is controlled by changing pump speed of the different solutions,
resulting in expected protein sheet widths, which can be calculated from the flow rates of the
different solutions. Different sheet thicknesses of BSA solution were applied in the chip,
surrounded by a buffer solution, and SAXS data were collected to test if this was fully
controllable. No structural transition of the protein was introduced in this experiment, which
was only used to test the performance of the chip. Data were collected at a single position on
the chip and normalized by the expected protein sheet widths, which should result in
overlapping scattering patterns.
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Figure 5. Varying sheet widths of BSA, measured 2 mm downstream the channel from the mixing point. Pump
rates for buffer and protein were varied to obtain the different widths. The acquisition time is 10 x 0.5 s for

each measurement. Intensities are normalized by the expected protein sheet width. Label shows applied
predicted sheet widths.

Reproducible data can be obtained for all widths according to data in Figure 5, showing the
scattering patterns normalized by the expected sheet widths. The normalized intensity for the
400 pm sheet is slightly lower than for the other measurements. This is caused by the fact that
the 400 pum sheet is wider than the X-ray beam, and the full sheet width is therefore not in the
beam. It may be expected that this had occured already at a sheet width of 200 um, considering
the beam width of 70 um, but as the beam size is specified as FWHM, the total beam width
extends beyond this value, possibly with significant intensity outside the 70 um. The fact that the
normalized intensity only decreases for the 400 um sheet implies that the beam is actually quite

wide with significant intensity beyond a width of 200 um.

Varying flow rate

It is expected that the total flow rate in the channel does not affect the sheet width. In order to
be confident about the performance and reproducibility of the pumps, and thereby the control
over the flow profile and mixing, this expectation was put to the test. Data were collected at a
single point in the chip for different flow rates while keeping constant mixing ratio of BSA and
buffer solution. Ideally this should result in overlapping scattering patterns.
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Figure 6. Varying total flow rate (buffer and protein) measured at mixing point and a protein sheet width kept
at 50 pm. Acquisition time 10 x 0.5 s at each flow rate.

The intensity was relatively constant at the different flow rates as shown in Figure 6, though a
minor increase in intensity was observed for a flow rate of 20 mm/s. This may be caused by the
fact that the data were collected close to the mixing point and this can have caused some

inaccuracy in controlling the protein sheet width at high flow rates.

Varying distance from mixing point

Ideally and theoretically, the protein sheet will remain centered downstream the channel. To test
if this was the case, data were collected downstream the chip by decreasing the distance from the
mixing point with 2 mm per measurement. The protein sheet thickness and the flow rate were
kept constant at 50 pm and 10 mm/s respectively. For a well-centered protein sheet it is
expected that the protein is remained within the beam implying that consistent intensities can be
collected down the channel. However, it is expected that protein eventually diffuses out of the

sheet over time and will happen faster the narrower protein sheet applied.
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Figure 7. BSA measured downstream the channel. Protein sheet was kept at 50 pm and flow rate at 10 mm/s.

Position given in distance from mixing point. Acquisition time 10 x 0.5 s at each point. Label shows distance
from mixing point.
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From the data in Figure 7 it is noticed that the intensity is higher at the mixing point, as it was
observed for the water measurement.

It can be seen that most measurements resulted in similar intensities, as expected, though at 10
mm the intensity decreases slightly. This is probably caused by some protein has diffused far out
from the sheet at this point and the total protein sample is no longer within the beam width.
However, from the data it cannot be determined if the protein sheet width equal 50 pm as

expected, since the applied beam size is several times greater as concluded earlier.

Kinetics studies of BSA unfolding by SDS

Once the ability to control flowrates and mixing ratios was confirmed, the next step was to
collect data for a protein system undergoing a structural transformation. Unfolding of BSA by
complexation with the surfactant sodium dodecyl sulphate (SDS) is a well-known phenomenon,
and the complexes are structurally well-characterized by SAXS. (Santos et al, 2003). Additionally
the system is easy accessible and was therefore an ideal candidate for testing the performance of
the chip for time resolved studies. BSA solution was applied as the protein sheet while a 40 mM
SDS solution was used as surrounding ligand leading to unfolding of BSA as SDS diffuses into
the protein sheet. 40 mM SDS was used as this concentration is known to be sufficient for
inducing unfolding and form complexes with BSA (Santos et al, 2003). A BSA concentration of
approximately 7 mg/ml was applied to acquite high intensity while avoiding effects associated
with protein interactions, such as oligomerisation or structure factor contributions to the
scattering pattern. Data were collected in the center of the mixing channel at positions
downstream from the mixing point. The applied protein sheet width was kept constant at 50
pm, and the total flow rate was fixed at 10 mm/s. As the protein sheet was mixed with a SDS

solution, the structural transition associated with the unfolding of the protein was hoped to be

observed.
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Figure 8. Mixing of BSA and SDS for kinetic studies. left, scattering data collected at different distances from
the mixing point, cotresponding to different time points after mixing. A 50 pm protein sheet and a 10 mm/s
flow rate were applied. Acquisition time 40 x 0.5 s at each point. Right, corresponding p(z)-functions.

As seen in Figure 8 the scattering pattern changes with increasing distance from the mixing
point, indicating a structural transition corresponding to the unfolding of BSA. Closest to the
mixing point (distance 0.1 mm), the intensity is much higher than for the following points, as it
was also observed for the measurements on water. Again, this was related to the fact that the
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beam tails cover the entire channel width, resulting in additional signal at the mixing point where
the channel does not have sides but rather inlets. A further very slight decrease in intensity is
also observed with increasing distance from the mixing point, due to dilution of the protein
(diffusion out of the beam centre).

To study the kinetics of BSA unfolding, the diffusion of SDS into the BSA sheet must occur
faster than the kinetic times wished to probe. Due to the wide beam and the correspondingly
wide protein sheet, this is not the case here. The BSA sheet width of 50 um together with the
diffusion constant of SDS (4.4x10-1" m?/s (Chen et al, 1995)) implies that it will take an SDS
molecule 0.71 seconds to diffuse half the sheet width. At a flow rate of 10 mm/s, this
corresponds to a position in the channel at 7.1 mm from the mixing point, almost the entire
channel length. This means that the mixing is simply too slow for studying any kinetics and the
observed structural transition is an effect of a steadily increasing SDS concentration rather than
a kinetic response to an instantaneous increase of concentration. The slow diffusional mixing
also means that at any measuring point, some of the protein is unfolded (at the edge of the BSA
sheet) whereas some have not yet been mixed with SDS and remains folded (at the centre of the
sheet), as illustrated in Figure 9, and the data actually represent a collection of different
structures of SDS, folded BSA and unfolded BSA as a function of SDS concentration down the
channel. In order to follow an actual kinetic process, it is necessary to obtain faster diffusional
mixing, either by reducing the sheet width (requiring a smaller X-ray beam) or by studying a
system with a faster diffusing ligand.

Figure 9. Inhomogeneous mixing in a measuring point of the protein sheet (dashed line indicates beam area).
The BSA protein sheet is mixed with SDS. Due to slow mixing, the closer to the center of the sheet (indicated
with arrow), less SDS has diffused into the sheet, implying some of the BSA in the center remains unmixed
and folded. Channel and beam size are not drawn to scale.

Kinetic studies with insulin and NaCl

To attempt kinetic studies with another protein system (other than BSA-SDS), which has also
been well characterized by SAXS, a specific type of insulin was applied. Lithocholyl-y-desB30
insulin is known to be able to self-assemble into a characteristic structure at certain NaCl
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concentrations. This insulin is formulated as hexamers, in the presence of phenol at low NaCl
concentration. When exposed to physiological NaCl concentration the hexamers oligomerize in
a specific manner into rod shaped particles (Nygaard et al, 2015). As NaCl is a considerable
smaller molecule than SDS the diffusion is much faster and it was therefore expected that some
kinetics could be observed for this system. Insulin was applied on the chip and mixed with a
physiological saline buffer in order to observe this self-assembly. The protein sheet was kept at a
constant width of 50 pm. Data were recorded at different positions in the channel at flow rate
10 mm/s.
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Figure 10. Mixing of insulin and NaCl for kinetic studies. Measurements downstream the channel at distances
from the mixing point corresponding to different time points. A 50 pm protein sheet and a 10 mm/s flow rate
were applied. Acquisition time 40 x 0.5 s at each point. Left, data points from 0 to 8 mm with 2 mm increment.
Right, data points from 0 to 1.1 mm with 0.1 mm increment. Positions in the chip is given in mm distance from
the mixing point.

From the mixing study of insulin and NaCl a decrease in intensity and a small change in
scattering pattern are observed in the data from 0 to 2 mm down the channel, as seen in Figure
10. It is noticed that the observed change is due to both structural changes and mixing, as the
scattering pattern changes both shape and decreases in intensity over time.

Investigating this reaction at shorter time steps, it can be deduced from Figure 10 that most of
the reaction happens within the first 1 mm corresponding to 0.1 s. For NaCl it takes a molecule
0.21 seconds to diffuse half the sheet width (NaCl diffusion constant 1.5x10- m?/s (Vitagliano
& Lyons, 1956)). This corresponds to a position in the channel of 2.1 mm from the mixing
point at a flow rate of 10 mm/s. Mixing at 1 mm from mixing point is therefore not complete
and so no kinetics can be observed at this point. First after 2.1 mm can any potential kinetics be
observed, though here would be a mix of structural stages present due to inhomogeneous
mixing times. Over subtraction of the data is unfortunately observed in the high g-region. The
reason for this is unclear but may be related to combinations of impurities in the chip and low

intensities giving bad statistics in the high g-region.

To evaluate the degree of structure change in relation to mixing, radius of gyration R, and zero
angle intensities I(0) obtained from Guinier plots of the data were calculated at each data point.
As R, is related to particle size it was expected to grow as a function of time due to the
oligomerization of insulin. Dilution of the protein will cause a decrease in I(0) as the scattering
intensity is dependent on the protein concentration.
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Figure 11. Radius of gyration (left) and zero angle intensities (right) of insulin over time after mixing with
NaCl

It is seen that the R, in Figure 11 grows over the first 1 mm showing that the patticles grow in
size, implying some structural change. However, due to the mixing is not complete at this point
we have different structures present where insulin in the edge of the sheet have been mixed with
NaCl while insulin in the centre remain unmixed, similar to the earlier BSA-SDS study. I(0)
decreases at the first time points as dilution occurs decreasing the scattering intensity. It is
noticed that the change in scatteting pattern at the first time points is mainly caused by dilution
due to the large decrease in I(0). Though, the high intensity observed at the first point is again in
the mixing point which for the earlier experiments also showed an elevated intensity. R, does not
increase drastically meaning the final oligorimization state is not reached at this short time frame
as a rod-like structure of length ca. 300 A and an Ry of 95 A is observed for this type of insulin
at conditions corresponding to the final state (Nielsen, 2013). Only a minor structural change or
growth in particle size is observed, indicating that the further oligomerization takes place at a
longer time scale than 0.8 s, which cannot be covered with this chip and might be more suitable
to investigate using a stopped-flow approach.

BioCAT - detailed sheet characterization

A much smaller beam was available at the BioCAT beamline, compared to the P12 beamline,
which allowed for a more detailed characterization of the protein sheet profiles in the chip. The
smaller beam also enabled the use of a much narrower sheet of protein solution without loss of
signal, since the width of the sheet covers the size of the beam. The narrow sheet leads to lower
sample consumption and much faster mixing. Faster mixing times ate enabled using a narrower
protein sheet due to the fact that diffusion time scales with squared diffusion distance. A chip
holding a narrower channel was applied, compared to the one used at P12, and the buffer
consumption was therefore also decreased. Additionally, the channel was longer allowing for

data collection at positions corresponding to longer reaction times.

Characterization of the channel

The small beam applied at the BioCAT beamline allowed for a detailed scan of the chip to
characterize the channel dimensions and determine the coordinates giving the position in the
chip relative to the mixing points and the channel walls. Transmission scans across the chip

channel at three different positions along the channel were performed to confirm similar
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dimensions along the channel. This was supplemented with scans performed later during the
beamtime to evaluate eventual changes in chip position. A transmission scan along the channel
was also performed.
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Figure 12. Left, transmission across (y-direction) the chip at three positions over 23 mm downstream (x-
direction) the channel, showing the width of the channel. Dashed line is a transmission scan of the channel
later in the experiment compared to the first scans. Highest transmission shows the channel width. Right,
transmission along the channel (x-direction), showing the height of the channel.

Seen on the obtained transmission scans of the chip in Figure 12, the channel has a well-defined
width of 200 pm as determined at each end of the channel and at a point close to the centre.
The coordinates for the channel position is the same at all three positions, indicating that the
channel is oriented horizontally as expected, without any significant tilt. It can be seen that the
chip is in fact not centred in the chip holder, but since the channel is still placed within the
holder opening, this will not influencing the measurements. The absolute value of the
transmission appears to differ along the channel, which could indicate that the height is not
constant (slightly larger path length due to window deformation, increasing with distance from
the channel ends), as it is also seen in Figure 12 in the right panel. This might be improved by
optimisation of the manufacturing procedure. However, this difference in transmission will not
affect the results obtained as all data are normalized by transmission measured in the same
position. Furthermore, buffer measurements are performed in the same position to use for
subtraction of background scattering, compensating for any difference in background scattering
at the different positions.

In addition to the dimensional characteristics, it is noticed that the channel position subjects to
minor movements over time. The profile of a transmission scan across the channel, performed
at a later time during the beamtime is also shown in Figure 12 and reveals a slight position
change compared to the earlier transmission scans. This may be caused by minor inaccuracy
from the xy robot on where the chip is mounted or by instabilities of the chip holder. Regular
transmission scans were for this reason necessary during the beamtime to inspect potential
movements of the channel position in relation to the beam, enabling an adequate determination

of the coordinates for each measurement relative to mixing point and chip walls.

Characterization of sheet width
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A narrow protein sheet is favourable for fast mixing and low sample consumption. It was
therefore interesting to test how narrow a sample sheet could be obtained with the chip, also
determining the lowest possible mixing time. As for the tests at P12, a BSA solution together
with a buffer solution was applied for testing the performance of the pumps and chip. It was
evaluated if sheet widths could be controlled by changing pump speeds. Different BSA protein
sheets widths were applied surrounded by buffer and characterized by scanning across the
channel width in 5 pm steps. Sheets with expected widths of 5, 10 and 20 um were formed, and
BSA scattering signal was expected within a well-defined width of the channel, when performing
the measurements close to the mixing point. No structural change of the protein was induced, as
this experiment was only intended to test the performance of pumps and the chip.
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Figure 13. Characterization of different protein sheet widths. Varying BSA flowrate, while keeping the total
flow rate at 10 mm/s, to obtain protein sheets corresponding to 5, 10 and 20 pm. Measurements were taking
across (y-direction) the channel with 5 pm increments for 100 pm in the center of the channel. Acquisition time
0.2 s at each point. Bottom right show intensity as a function to distance in y-direction of the three different
measurements.

From the collected data across the channel presented in Figure 13 it is seen that the protein
sheet can more or less be controlled in widths of 5-20 pm. This can limit the protein sample
consumption to 1.8 pl/min when using a 5 um protein sheet and a 10 mm/s flow rate. This also
means that fast mixing times can be obtained, of cause depending on the size of the molecules
as diffusion rate decreases with increasing molecule size. However, the sheets are not perfectly
centered in the channel but shifted approximately 10 um to one side, implying a slightly higher
pressure from one side of the inlets. Very bad background subtractions for many of the
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measurements were unfortunately obtained for the 5 and 20 um protein sheet. This
inconsistency may be due to the chip setup as it was noticed that the chip did not remain fixed
at the exact positions in relation to the beam. It implies that the chip could have moved in
relation to the beam during measurements causing that the sample and background

measurements are not in the exact same position, giving rise to over subtracted data.

Unfolding of BSA

To test the performance of the chip for kinetic measurements, the unfolding of BSA by SDS
was applied as at P12. Due to the much smaller beam, a narrower protein sheet could be
applied, giving much faster mixing times. The faster mixing time would hopefully allow for
kinetic studies of the BSA unfolding after complete mixing, as opposed to the results from P12,
which mainly showed the structural response upon increased SDS concentration as the mixing
progressed with increasing distance from the mixing point. The flow rate was kept at 10 mm/s
and the protein sheet width at 10 um for faster mixing. Data were collected at different positions

along the channel, corresponding to different time points from the mixing point.
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Figure 14. Mixing of BSA and SDS. Left, measurements downstream the channel for a 10 pm protein sheet,
with a 10 mm/s flowrate, corresponding to different time points, compared to a premixed final state
containing 6 mg/ml BSA and 40 mM SDS (dashed). The distance from the mixing point, Ax, can be translated
into a time after the mixing point, At by Az = vAx, where v is the flow rate, v = 10 mm/s. Right, comparison of
0.15 s after mixing using a 10 vs 50 pm protein sheet. Acquisition time 0.2 s at each point.

The scattering data in Figure 14 show that mixing of BSA and SDS occurs over time. Using a 10
pm sheet, it takes SDS 0.028 s to diffuse half a sheet width, meaning that mixing is reached at
approximately 0.28 mm from the mixing point, when using a 10 mm/s flow rate. This implies
that any structural transition beyond this point reflects structural kinetics. It can be seen that
some structural changes happens over the probed times as the scattering pattern slightly
changes. However, the final state of the BSA-SDS complex is not reached, when compared to a
premixed sample in Figure 14. The transition to the final state is apparently too slow to be
caught within the timescales of the chip.

In Figure 14, data obtained at a certain distance from the mixing point are compared for a 10
and a 50 pm protein sheet. It is seen that the two structures are not identical, which is caused by
the fact that mixing is much slower in the wider sheet, estimated to be 0.71 s, corresponding to
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7.1 mm from the mixing point, and therefore, the mixing is not finished at the position where

the data were collected.

Calcium binding of calmodulin

To address a structural transition of a protein due to ligand binding, calcium free calmodulin and
a calcium containing buffer was mixed on the chip. Calmodulin’s structural dynamics have
earlier been investigated both by using a microfluidic mixer and by SAXS and should have a
structural transition events at 490 us and 20 ms after ligand binding (Park et al, 2008). For a 10
pm wide protein sheet, mixing will take approximately 10 ms, assuming a diffusion constant for
CaCl, of 1.2x10? m?2/s (Hall et al, 1953). However, calcium at lower concentrations will be
present with the calmodulin also at carlier times, and we can therefore expect to be able to
follow the slowest of the transitions. Flow rate and protein sheet width were varied to find the

ideal mixing rate.

5mm/s, Ax=1mm (t=0.35s)
1024 > 4mm/s, Ax=0.3 mm (t=0.075s)

10°

Figure 15. Mixing of calmodulin and calcium with a 50 pm protein sheet. Measurements at two different
positions downstream the channel, corresponding to 300 and 75 ms after mixing point. Acquisition time 50x0.2
s at each point for 1 mm and 1s for 0.3 mm.

It was unfortunately not possible to observe any kinetics in this experiment. According to the
literature one transition event of calmodulin from its unbound to its calcium bound state should
happen within 20 ms. Probing this structural event was not feasible due to diffusion of
calmodulin out of the beam, leading to dilution of the scattering signal. From the obtained
scattering data in Figure 15 it is seen that low scattering intensity is obtained even for very long
acquisition times at only 1 mm from the mixing point, using a relatively wide protein sheet of 50
pm width, which was necessary to decrease the speed of protein diffusion out of the X-ray
beam. However, this also leads to unacceptably slow mixing. For CaCly it takes 0.26 s to diffuse
an average distance of 25 pm corresponding to half a sheet width. Calmodulin is a relatively
small protein ~17 kDa and diffuses much faster than for instance BSA ~66 kDa. For SAXS
microfluidics we therefore need a larger protein with slow diffusion time to achieve substantial

scattering signal throughout the channel to probe a structural transitions.
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General method discussion

Using a microfluidic chip for diffusional mixing of protein and ligand for induced structural
transition probed by SAXS is challenging and not yet much applied. The desctibed method is
still new and unestablished and some development remains for its standard implementation in
structural dynamics studies. However it is a very sophisticated method which could give

important insights in the structure-function relationship of proteins.

The chips designed for this project meet the criteria for cheap manufacturing and low sample
consumption mentioned in the introduction. However, some limitations do apply to this setup.
The narrow sample sheet required for fast mixing and low sample consumption does set some
restrictions to the protein sample. As diffusion rate is related to size of a molecule, small
proteins will obviously diffuse out of the sheet faster than larger proteins. This limits the time
resolution which can be obtained for small proteins compared to large proteins. The problem is
cleatly observed from the data collected of calmodolin, as the protein intensity in the sheet
becomes too low for any actual structural changes to be probed. Proteins of a considerable size
are therefore better suited for this method, such as BSA, where protein kinetics could be
observed when mixed with SDS. A small beam size is necessary to be compatible with the
narrow sample sheet in order to obtain an adequate signal compared to background scattering
from the surrounding solution/buffer.

Also, the described method shows very promising results and further characterization and

developments should be continued. Experiments using larger proteins are under planning.

Conclusion

A microfluidic mixing chip for time-resolved SAXS studies has been developed for investigating
structural dynamics of proteins. It has been designed with a motive for uncomplicated and
cheap manufacturing enabling easy accessibility to the method. The performance of the chip has
been tested delivering satisfactory results. Flowrates can be controlled by syringe pumps, and a
controllable protein sheet width down to 5 um can be obtained, giving mixing times of a few
milliseconds, depending on the diffusion constant of the ligand, and assuring limited sample
consumption. The limitation for the method is the applied protein size, as small proteins diffuse
out of the X-ray beam within the probed time scales. The method is moreover depended on a
sophisticated instrument setup able to deliver a high flux micro-focus beam, such as the
BioCAT beamline.
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Discussion and perspectives

A central focus of this thesis has been to optimise reconstitution of membrane proteins in
nanodiscs for small angle scattering studies. Different aspects of sample optimisation were
investigated in order to obtain new knowledge about the nanodisc and the reconstitution
process. Firstly, the self-assembly of nanodiscs were structurally explored to gain a fundamental
understanding of this process. D2O buffer conditions were investigated with the interest to
decrease aggregation of nanodiscs to permit collecting high quality non-aggregated SANS data.
Secondly, reconstitution conditions were varied for proteorhodopsin to identify general
influences on the nanodisc-membrane protein complexation. These experiences provided
valuable information leading to successful reconstitution of CorA, which was structurally
characterised. This was also adopted for the successful reconstitution of DsbB, used in protein
assays. Finally, to accommodate the need of new methods for studying protein dynamics with
SAS, a microfluidic chip was developed and tested. Very promising results were obtained from
these experiments towards enabling more sophisticated future structural dynamic studies of
membrane proteins.

Many of the projects presented in this thesis demonstrate examples of how nanodiscs can be
utilized. The reasons for using nanodiscs, in contrast to detergent micelles, when studying
membrane proteins, are many. Firstly, membrane proteins in detergent micelles do not
necessarily reflect their native state due to a very unnatural environment. Secondly, many
detergents compromise protein activity by destabilising the native structure of the membrane
proteins (Bowie, 2001). The lipid bilayer offered by the nanodisc is more native like and
stabilising for a membrane protein compared to detergents (Lyukmanova et al, 2012).

From a structural aspect, the size of the detergent-protein aggregate vaties highly with type of
detergent and membrane protein. Ideally detergents form perfect spheres but can also be found
as oblate or rod like structures with large size distributions (Lichtenberg et al, 1983; Lin et al,
1986; Lin et al, 1987). The shape of detergent-protein micelles is less well defined as the size and
structure highly depends on the size and shape of the transmembrane domain of the protein
(Moller & Lemaire, 1993). This makes the micellar structure around a membrane protein hard to
predict theoretically and numerically, whereas the nanodisc on the contrary has proved only

minor variance regardless shape of membrane protein.

Contrast variation important for sufficient scattering information

When studying structures of membrane proteins in nanodiscs it is desirable to collect additional
scattering contrasts. This is mainly due of the very sparse information obtained of the lipid
bilayer from SAXS due to the low contrast of the lipids. A powerful solution is to collect
complementary SANS data of the sample in DO buffer revealing substantial more information
about the lipids and the sample in general. This strengthens the subsequent data analysis of the
nanodisc-membrane protein complex by minimizing the freedom in the structure modelling
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process (Pedersen et al, 2014; Skar-Gislinge et al, 2010). In theory obtaining a SANS contrast
seems straightforward but experiences show that biomolecules tend to coagulate or aggregate in
D:0. In Project C, in this thesis, this problem was addressed, though no sustainable solution
was found for stabilising nanodiscs in D2O. This was aside from finding that the buffer
exchange method has a great impact on the sample stability.

Aggregation is an unfortunate problem with serious impacts on the scattering data and in turn
data analysis. This is due to the fact that aggregation hampers the scattering data, observed as a
slight upturn in the low g-region. The information which can be derived from SANS scattering
data of aggregated biomolecules is very sparse if not trivial. This problem has to be solved for
SANS experiments to serve as supplementary strategy to SAXS for these types of samples. A
strategy differently from the one treated in Project C could be to modify the MSP towards
increasing stability in D2>O. Systematically changing the solvent exposed amino acids may result
in a combination stabilising the nanodisc. To increase the prospect of such project,
collaborations with experts in D>O and proteins should be initiated. The deuteration laboratory
in Grenoble is an excellent proposal for such collaboration, who has proved great expertise
within this field (Compton et al, 2014; Maric et al, 2014).

Another approach is to obtain different SAXS contrasts as substitution for a SANS contrast. By
adding a contrast agent to the buffer, different contrasts of the investigated protein can be
obtained. This has been approached adding suctrose to the solution and a 65% (w/v) sucrose
concentration has experimentally shown to match out proteins (Grishaev et al, 2012). This could
be useful in nanodisc studies and is already being investigated by Seren Roi Midtgaard at the
Niels Bohr institute. He has found that sucrose unfortunately causes disruption of the nanodisc.
Replacing sucrose for glucose stabilised the nanodisc but creates a very visible exclusion zone
around the nanodisc. However, very promising results have been obtained using cesium iodide
and it is currently investigated how much information that can be retrieved at different
concentrations (Midtgaard, 2015).

As a comment to contrast variation experiments one may ask if analysing a protein in a DO
based solution or at 65% sucrose is still a native-like environment? This considering the fact that
high D>O concentrations are poisonous to most organisms and we observe destabilising effects
on proteins. This is an interesting reflection when claiming SAS is used for structural

characterization of proteins in close to natural environment.

Reconstitution of membrane proteins in nanodiscs

Despite the great advantages of using nanodiscs in membrane protein studies, obtaining quality
samples for structural studies remain somewhat challenging. Though, taking advantage of
experiences obtained from Project B, D and E will certainly make it less complicated for future
projects. The key essentials for successful reconstitutions are high quality starting materials (pure
proteins) and practice. Nevertheless, the projects presented in this thesis demonstrated that the
nanodisc system still may possess unknown properties. When nanodiscs are prepared without
membrane proteins they form from two MSPs. This is also assumed to be the rule for nanodiscs
prepared with membrane proteins. However, in Project D this surprisingly showed to depend
on the embedded membrane protein. What mechanisms creating this assembly is unclear but
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may be related to the size of the transmembrane domain of the membrane protein.
Nevertheless, it is to my knowledge not before observed. A recent study of a membrane protein
containing a slightly larger transmembrane domain than CorA, namely aquaporin, could not be
reconstituted in nanodiscs using MSP1D1, though possible using the slightly larger MSP1E3D1
(Jarva et al, 2015). CorA is a large protein and from the dimensions of its crystal structure it
should be able to fit in 10 nm diameter nanodiscs whereas for aquaporin this is more doubtful.
This implies that an additional factor other than the actual “fit” within the disc size may have
triggered this curious outcome of four MSPs per nanodisc. CorA is believed to hold high
flexibility (Pfoh et al, 2012; Rapp et al, 2004) which may have been a contributing factor. It
would be interesting to study membrane proteins in a range of sizes to further explore this
phenomenon. In addition to that, a self-assembly study similar to the one presented in Project
A, including a membrane protein, would be very helpful. Studying the time dependence of how
the membrane protein is reconstituted in nanodiscs would be useful to understand what
mechanisms govern this process. Though, this would be a very advanced study setting high
demands to the data analysis. The project may be a good MD simulation study, implementing
some of the knowledge obtained from the self-assembly study in Project A.

Nanodiscs in drug discovery

Nanodiscs have been used in numerous biochemical studies, assaying function, activity and
ligand binding of membrane proteins (Bocquet et al, 2015; Laursen et al, 2014; McCoy et al,
2014). The reconstitution of DsbB in Project E clearly showed the force of nanodiscs in
membrane protein assays. Though, using the nanodisc for drug based screening is not yet as well
established. Due to the fact that many membrane proteins are drug targets, nanodiscs may serve
as a useful tool in drug screening. DsbB had before been reconstituted in nanodiscs and applied
in the screening of fragment ligands of small molecule drugs (Frith et al, 2010). Here nanodiscs
provided a stabilising environment for DsbB during ligand screening and DsbB maintained its
ligand binding capacity for multiple rounds of screenings. In addition, a higher signal to noise
ratio could be obtained using nanodiscs as well as higher specific binding, when compared to
conventional methods (Frith et al, 2010). Nanodiscs have also been used in drug screening of
cytochrome P450 3A4. Cytochrome P450s are important membrane proteins in drug-drug
interactions that potentially can lead to drug toxicity as they are major contributors in drug
metabolism (Guengerich, 2008). Nanodiscs were successfully used for stabilising the membrane
protein which normally tends to denature or inactivate when membrane bound or kept in
detergents. The nanodisc enabled rapid screening for binding of multiple drug candidates (Das
et al, 2009). Recently nanodiscs have been used to discover compounds blocking Alzheimer’s
disease related toxins. Membrane proteins from the central nervous system synapsis were
reconstituted in nanodiscs and used for identifying targets of neural binding cell-secreted
oligomers implicated in Alzheimer’s disease. Subsequently, this allowed screening of antagonists
from a small molecule compound library (Wilcox et al, 2015).

In the mentioned studies, together with Project E presented in this thesis, it is shown that
nanodiscs provide a stabilising membrane protein solubilising environment which allows for
sophisticated drug screening. It enables screenings of membrane proteins usually not possible
due to denaturation or inactivation using conventional methods. Many of the studies rely on
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surface based techniques, fixing the membrane proteins to surfaces. This is advantageous as it
allows for whole library screening containing thousands of molecules using minimal protein
material (Cooper, 2004). However, as some proteins tend to inactivate on the classical used
surfaces, such as cytochrome P450s (Das et al, 2009), developing techniques that can stabilise
membrane proteins on surfaces are needed. It is clearly demonstrated that nanodiscs could

accommodate this problem in drug screenings.

Nanodiscs for drug delivery

In addition to drug discovery, nanodiscs have been investigated for their potential use in drug
delivery. A few studies suggest that nanodiscs could be useful in the application to low soluble
drugs. A glycoprotein from the viral genome of influenza A virus, important in virus
transmission, has been inserted in nanodiscs and used for immunization of mice (Bhattacharya
et al, 2010). This elicited a broad effective protective immune response which could not be
produced by administering the protein alone.

The acetycholine receptor found in skeletal muscle has also been inserted into nanodiscs and
used as “antibody traps” for autoantibodies playing a critical role in the autoimmune disease
myasthenia gravis (Meriggioli et al, 2011). This significantly decreased autoantibody levels and
reduced signs of disease weakness in mice. Interesting when this protein was administered alone,
appeared to aggravate the disease.

To further evaluate the potential of using the nanodisc for drug delivery the biodistribution of
nanodiscs have been investigated (Huda et al, 2015). Nanodiscs were %Cu radiolabelled and the
biodistribution followed by positron emission tomography (PET) in tumour bearing mice. The
nanodiscs showed no signs of inducing any immune response and could be detected in the
tumours 48 hours post injection.

The mentioned studies indicate that nanodiscs can act as a potent drug delivery system for

membrane protein based drugs and may have great potential for anti-cancer drugs.

In solution protein dynamics

The motivations for studying dynamics of proteins are many, as mentioned several times in this
thesis. Most importantly it can boost knowledge about the structure-function relationship of
proteins. Spectroscopy techniques are among most commonly used methods for studying
protein dynamics due to accessibility and sensitivity (Schmid, 2001). However these methods do
not provide information of the structural details of the protein movements.

In solution techniques are preferred as a direct response can be monitored by the addition of a
reactant. NMR is a very powerful technique in this context as high resolution structures can be
obtained. Flexible protein segments can be visualized in detail and in multiple conformations.
This is a highly developed technique used for numerous dynamics studies. For an interesting
review on methods in protein dynamics and the advantages of NMR in this relation see
(Henzler-Wildman & Kern, 2007). The drawback of NMR is that it is generally best suited
smaller proteins as larger proteins subject to crowded correlation spectra and peak broadening
(Yee et al, 2014). A few advances can be made to address these problems, allowing for studying
proteins up to 100 kDa size. These include, among other things, "N labelling and
perdeuteration of the protein (Kainosho et al, 2006; Tzakos et al, 2006), creating multiple
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dimension correlation spectra. Though, this is costly and complex as proteins must be
synthesized from modified amino acids or by cells grown in labelled media, for the proteins to
obtain these modifications.

Using SAS for studying protein dynamics can be applied for a large range of protein sizes and
no modifications of the proteins are needed. The drawback is the somewhat lower, structural
resolution compared to NMR and the lack of techniques available for low sample consumption.
Time resolved SAXS/WAXS experiments of proteorhodopsin, bactetiothodopsin and lately
visual rhodopsin show very interesting and promising applications of this technique
(Malmerberg et al, 2015; Malmerberg et al, 2011). Here the structural conformation change was
induced by a laser due to the light sensitivity of these proteins. While time resolved SAS
primarily has been applied for light sensitive proteins, most proteins are not stimulated by light
(Reddington et al, 2013). New methods are needed to accommodate structural dynamics studies
of non-light sensitive proteins.

The method described in Project F is a sophisticated development for structure dynamic studies
using SAXS. This method could become a very valuable tool as very little sample is needed,
crucial when working with complicated and fragile samples. It enables studies of proteins
stimulated by the presence of a ligand and relies on fast mixing by diffusion. However, the
technique is still in the developmental stage and has yet to reveal its full potential. Further
advances to the microfluidic chip would be interesting and could include additional techniques
than SAXS, such as spectroscopy techniques. This would increase the information which can be
obtained from the dynamic study.

Collecting data using low sample consumption is achieved through a high energy micro focus X-
ray beam. With the current development of synchrotrons toward high flux and small beam
dimensions, not to mention the free electron lasers, are large step forward in this field (Boutet et
al, 2012; Chapman et al, 2011). The developments point towards great advances within the next

10 years and will be very interesting to follow.

Combining SAS with MD silulations is a different and promising approach for structural
dynamics studies. This was clearly demonstrated in Project D as SAXS data were used to
evaluate the MD structure of CorA in its open conformation. The combination of SAS and MD
gives the possibility to validate MD structures by experimental determination. In addition to that
it enables obtaining structures with a level of detail usually impossible with SAS.

Structure determination using nanodiscs

In this project the focus has been to optimise the nanodisc for SAS, but nanodiscs have also
been utilized for structural studies of membrane proteins by other techniques. The
developments and experiences obtained in this project may thus also have significance to other
methods.

Nanodiscs have been successfully applied in solution NMR structure determination of smaller
membrane proteins (Glueck et al, 2009; Raschle et al, 2009; Shenkarev et al, 2010; Susac et al,
2014). A size optimised version of the nanodisc has even been developed for this purpose
(Hagn et al, 2013). The advantage of using nanodiscs in NMR studies is that the effective
molecular size can be kept fairly constant compared to detergent micelles. This means that the
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NMR relaxation properties are kept constant whereas it for detergent micelles varies with the
size of the membrane protein (Raschle et al, 2009). It has been found that diffusion rates of
nanodiscs with or without membrane protein are nearly identical implying that the
hydrodynamic properties of nanodiscs are only affected very little by the embedded membrane
protein. This suggests that it may be possible to obtain high quality NMR spectra of large
membrane proteins in nanodiscs (Susac et al, 2014). Though, this would only apply for proteins
mainly positioned in the bilayer as a large soluble domain inevitable would add to the
hydrodynamic radius. Furthermore, it must be kept in mind that studying large membrane
proteins still rely on protein modifications as earlier mentioned.

Cryo-EM is a fast developing technique and seems very promising in future structure
determination, but is at the moment limited by the need of large symmetrical proteins (Glaeser
& Hall, 2011; Kuehlbrandt, 2014). Only a couple of cryo-EM studies using nanodiscs are
published, applied in the structure determination of large membrane protein complexes
(Frauenfeld et al, 2011; Gogol et al, 2013). It is unclear if nanodiscs hold some special
advantages to cryo-EM aside from the fact that membrane proteins can be studied in a native
like bilayer environment. However, I am convinced that nanodiscs could be very useful in future
cryo-EM studies for this reason alone, as the technique gradually evolves towards the handling
of smaller proteins.

In all cases, sample quality and data quality are closely connected regardless of method. SAS is a
sensitive method for testing sample quality of different reconstitution conditions and could be
used as a precursor for both NMR and cryo-EM studies. This could aid the sample optimisation

of membrane proteins in nanodiscs for various structural studies.

Importance of cross-disciplinary collaborations

Reconstitution of membrane proteins in nanodiscs for structural studies is challenging and every
new experiment needs optimisation specifically for the membrane protein in focus. It is difficult
to imagine the nanodisc becoming a simple tool for structure studies of membrane proteins in
the very near future, but the experience and knowhow obtained during this project contribute
towards this goal. The developed protocol in Appendix 2 can be used as a guideline, but
additional optimisation of parameters, such as salt concentrations and pH, should be considered
for the individual membrane proteins. From my own experience, this protocol has been used for
successful reconstitution of several membrane proteins. One of the most important factors for
success with nanodisc reconstitution for structural studies relies on practise and experience.
During my project I have taught several fellow researchers this method. This includes, among
other, collaborations with Jeremy Lakey’s group from Newcastle University in the reconstitution
of E. coli ion transporter OmpF. Claus Loland’s group at the University of Copenhagen, on
Aguifexc aeolicus amino acid transporter LeuT. Anja Fuglsang’s group at the University of
Copenhagen, on Arabidopsis thaliana AHA2 proton pump. Ozman Mirsa’s group from the
University of Copenhagen, on E. co/i dipeptide transporter YbgH. Susanna Térnroth-
Horsefield’s group from University of Gothenburg, on spinach leaf aquaporin. Obtaining a
sample of sufficient quality for small angle scattering studies has only succeeded for the few who

spent substantial amount of time practising and developing the method for their specific
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membrane protein (Jirva et al, 2015). Several have made good attempt but unfortunately with
poor sample quality.

The successful projects were I have been more directly involved have been collaborations with
groups who have specialized in certain families of membrane proteins. Collaborations with labs
focusing on specific membrane proteins, able to deliver protein for nanodisc reconstitution, are
necessary for continuation of this project. Purity of the membrane protein used for
reconstitution is crucial for obtaining a nanodisc sample of adequate quality for small angle
scattering. It is simply not possible to be self-contained with high quality membrane proteins in
the group as we neither have the experience nor facilities for expressing and purifying various
membrane proteins. On the other hand we have the experience in nanodisc reconstitution which
I have seen failed for structural studies numerous times in other labs. The interplay between
membrane protein experts, nanodisc experts and structure modelling experts are for this reason

essential for future perspectives of this project.

As a last comment, I am convinced that combining cross-disciplinary techniques is a necessaty
precedency to study complicated biological systems. A close collaboration between biophysicists
and biologists is crucial for success in these types of experiments. From own experiences this
means that special effort must be taken from all collaborators to ensure recognition of diverse

expectations in such as sample quality and method limitations.
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Final conclusions

In this project nanodiscs have been applied and evaluated as a platform for studying membrane
proteins in a detergent-free environment. They have been applied for both structural and

functional studies of different membrane proteins.

Successful reconstitution of membrane proteins in nanodiscs for structural studies relies heavily
on practice and protein purity. Protein purity is crucial to obtain a sample of adequate quality for
small angle scattering as this method is very sensitive to minor impurities or partly degradation
of the sample. This was for instance showed in Project C where future challenges lies in
decreasing aggregation of biomolecules in D2O. Currently this problem limits the information
which can be obtained from SANS data when using D20 as solvent, leaving the data analysis
relying on a SAXS contrast alone, where the lipids are not highly visible.

Nanodiscs are very valuable for functional studies of membrane proteins. Reconstitution of
DsbB showed that the protein could be contained in nanodiscs with higher activity and kept for
substantial longer time compared to detergents and crude cell membrane. Using nanodiscs,
membrane protein assays can be improved and broaden the possibilities in relation to assay
design. For structural studies of membrane proteins it is somewhat more challenging. Higher
demands are set to the sample quality and quantity and thereby the reconstitution process.
However, this can succeed by following some general guidelines and through optimisation to the

protein in focus.

New insights regarding the nanodisc were found in this project as it surprisingly showed that
nanodiscs are able to form containing 4 MSPs, when reconstituting CorA. The mechanisms
causing this assembly are unclear and would be interesting to study more closely. If this could be
obtained for other membrane proteins, it would give a better understanding of the interplay
between the nanodisc and membrane protein, such as size of the membrane domain or protein

flexibility.

In relation to flexible proteins, this project indicated that solution structures are highly relevant
to study, as crystal structures of such proteins may not always be the dominating conformation
in solution. Crystal structures of flexible proteins may be constrained in the highest ordered
conformation required for crystallization. CorA is an interesting example of such a flexible
protein where, from our data, it appears that the solution structure is not the dominating found
in the crystal. The project also showed that combining nanodiscs and small angle scattering

show promising results for future use for studying flexible membrane proteins in solution.

A central goal in this project was to obtain time resolved insight on structural dynamic of
membrane proteins. This was a rather ambitious goal where part of the road has now been
paved. It has been carried out by means of developing a new method for studying protein
dynamic by SAXS using a microfluidic chip for fast mixing. Also, it has been possible to

characterise an interesting membrane protein system for such experiment, namely CorA.
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However, significantly future efforts are still required to perform an experiment combining these
two.

Throughout this project, cross-disciplinarily collaborations have been vital in order to access
high quality sample material and sophisticated data analysis, among other things. High level
expertise in several subdisciplines was necessary to clucidate the complex nature of the open
conformation of CorA. This included experts in the expression and purification of CorA,
experiences and expertise in the reconstitution of membrane proteins in nanodiscs and in SAXS
data collection. For the data analysis the modelling relied on expertise in MD simulation and
state of the art SAXS data analysis of multi contrast particles.

For the time resolved chip study several disciplines were fundamental to reach the level of
advances made. Expertises in microfluidiscs and chip manufacturing as well as knowledge about
relevant biological systems were needed. Immense support from beamline scientists and
beamline technicians were also extremely important in this project for carrying out and
customize the desired experiments. These examples clearly show that special efforts must be
taken to work together interdisciplinary, also in the future, to strive towards obtaining further
knowledge about challenging biomolecular problems generally and membrane proteins

specifically.
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