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Abstract

Membrane proteins (IMPs) are embedded into a complex lipid environment. For
the majority of biophysical studies it is necessary to extract them from the natural
lipid bilayer by solubilisation using detergents. The surrounding detergent micelle,
however, is a bad mimic of the lipid bilayer, which often lead to protein instability
and reduced activity. Nano-lipoprotein complexes have become a valuable tool for
biophysical studies in a native-like lipid environment. These discoidal protein-lipid
complexes consist of a lipid bilayer surrounded by an amphipathic protein, yielding
a membrane protein incorporated in a lipid environment with a defined size that
is soluble in aqueous solution. This carrier systems has been successfully used for
functional studies of a variety of different membrane proteins. In the framework of
this thesis structural and functional studies on two membrane proteins were carried
out using these protein-lipid complexes.

In a first project, a comparitive study of two nano-lipoprotein particles showed that
both systems are equally stable and stabilization effects of incorporated membrane
proteins are comparable.

In a second project, the activation process of plasma-membrane Ca?" ATPases (PMCA)
was analysed in great detail. PMCAs are key regulators of the Ca** homeostasis in
eukaryotic cells. They export calcium ions (Cay.) from the cytosol to the extracellu-
lar milieu and are tightly regulated. Calmodulin (CaM), as its main activator, binds
to a unique regulatory domain which releases the autoinhibition and activates the
pump. In this thesis, the PMCA from A. thalina, ACAS8, was characterized. The re-
sults revealed that two CaM molecules can bind to the full-length enzyme, which is
in good agreement with previous studies on the isolated regulatory domain. Activ-
ity assays of ACA8 in nanodiscs further supported the bimodular activation model
and showed that negativly charged lipid headgroups are able to stabilize the acti-
vated state.

In a third project, the recently developed "stealth carrier" nanodiscs (sSND) were
applied to membrane proteins for the first time. Fractionally deuterium labelled
nanodisc components lead to discs that are effectively invisible to small-angle neu-
tron scattering (SANS), which enables low-resolution structural characterization of
membrane proteins in a native-like lipid environment without the contribution of
the nanodiscs to the scattering signal. Small-angle neutron scattering data of the
bacterial ATP-binding casette (ABC) transporter incorporated into sND revealed a
distinct conformational state in the nucleotide free form, which could not be seen in
small-angle X-ray scattering experiments. In addition, subtle conformational differ-
ences upon nucleotie binding could be detected reliably from the SANS data.

The stealth nanodisc technique was used to characterize the activation process of

the plasma-membrane Ca?* ATPase ACAS8. The data revealed large conformational
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changes and flexible regulatory domain upon CaM binding. A model of the CaM-
activated ACAS8 could be generated from the SANS data, which, together with the
functional data, revealed the structural basis for the activation of PMCAs.
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Zusammenfassung

Membranproteine (IMPs) sind von einer komplexen Lipidschicht umgeben. Fiir die
meisten biophysikalischen Studien ist es jedoch notwendig, sie mittels Detergenzien
aus der natrlichen Lipiddoppelschicht zu extrahieren. Durch die Verwendung von
Detergenzien ist die Proteinstabilitat und haufig auch die Aktivitdt herabgesetzt. Die
Entwicklung von Nano-Lipoprotein-Komplexen hat sich fiir biophysikal-ische Stu-
dien in einer nativen Lipidumgebung als wertvolles Werkzeug herausgestellt. Diese
Protein-Lipid-Komplexe bestehen aus einer Lipiddoppelschicht, die von einem am-
phipathischen Protein umgeben ist und stabilisiert wird. In diesen Komplexen kon-
nen Membranproteine eingebaut werden und sind so von einer Lipiddoppelschicht
umgeben die eine definierte Gro besitzt und Membranproteine in wéssriger Losung
stabilisiert. Diese Technik wurde erfolgreich fiir funktionelle Studien einer Vielzahl
von verschiedenen Membranproteinen eingesetzt. Im Rahmen dieser Arbeit wur-
den strukturelle und funktionelle Untersuchungen an zwei verschiedenen Mem-
branproteinen mit Hilfe dieser Protein-Lipid-Komplexen durchgefhrt.

Im ersten Teil der Arbeit wurden die beiden gidngigsten Nano-Lipoprotein Systeme
systematisch miteinander verglichen. Es konnte gezeigt werden, dass beide Systeme
gleich stabile Komplexe bilden und in einem dhnlichen Umfang die eingebauten
Membranproteine stabilisieren.

In einem zweiten Projekt wurde der Aktivierungsprozess von Plasmamembran Ca**
-ATPasen (PMCA) detailliert analysiert. PMCAs nehmen eine Schliisselrolle in der
Ca?"-Homdostase in eukaryotischen Zellen ein. Sie transportieren Calciumionen
(Ca?*) aus dem Cytosol in das extrazelluldre Milieu. Zudem ist ihre Aktivitit streng
reguliert. Durch die Bindung von Calmodulin (CaM) an die regulatorische Doméne,
wird die Inhibierung durch die regulatorische Doméne aufgeldst und die Pumpe ak-
tiviert. In dieser Arbeit wurde die PMCA aus A. Thalina, ACAS8, untersucht und es
konnte gezeigt werden, dass zwei CaM-Molekiile and das Volllangenenzym binden,
welches ein zuvor postulierten bimodularen Aktivierungsmechanismus bestatigt.
Diese Ergebnisse konnten durch Aktivitdtsstudien in Nanodiscs weiter untersucht
werden und es wurde gezeigt, dass negativ geladene Kopfgruppen der Lipide die
Konformation des aktivierten Zustandes stabilisieren und dadurch die Aktivitit weiter
moduliert wird.

Im dritten Projekt wurden die kiirzlich entwickelten "Stealth Carrier" -Nanodiscs
(sND) erstmals mit eingebauten Membranproteinen angewendet. Die deuterierten
Nanodiscbestandteile bewirken das die Nanodiscs im SANS-Experiment nicht zum
Streusignal beitragen. Dies ermoglichte eine niedrigauflosende strukturelle Analyse
von Membranproteinen in einer nativen Lipidumgebung, ohne das die Nanodiscs
in die Analyse mit einbezogen werden miissen. SANS-Daten vom bakteriellen ABC
Transporter MsbA, welcher in "Stealth Nanodiscs" eingebaut wurde, ergaben einen
deutlichen konformationellen Unterschied zu publizierten Kristallstrukturen ohne
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gebundene Nukleotide. Des Weiteren konnten feine konformationelle Unterschiede
durch die Bindung von Nukleotide detektiert werden.

Die "Stealth Carrier" -Nanodiscs (sSND) wurden aurdem verwendet um den Ak-
tivierungsprozess der Plasmamembran Ca?* ATPase ACAS8 zu charakterisieren. Die
Daten zeigten, dass durch die Bindung von Calmodulin grofle Konformationsan-
derungen ausgelost werden. Des Weiteren konnte gezeigt werden, dass die regula-
torische Domaéne flexibler wird. Zusammen mit der funktionellen Charakterisierung
konnten weitere Informationen iiber den Aktivierungsmechanismus von PMCAs

gewonnen werden.
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Chapter 1

Membrane proteins

1.1 Overview of model membrane systems for the study of

membrane proteins

Intergral membrane proteins (IMPs) are embedded in different types ofcellular mem-
branes of the cell. Intergrated into the membrane, IMPs are of major physiological
relevance in diverse cellular processes, such as, e.g. cell-cell communication, signal
transduction, ion and nutrient transport, mechanosensation and energy metabolism
[1-6]. Around 30 % of all open reading frames (ORF) in eukaryotic cells encode for
IMPs [7] with nearly 50 % of them represents potential targets for pharmacological
drugs [8, 9], illustrating the importance of this class of macromolecules. Membrane
proteins have evolved to be located in the hydrophobic environment of the mosaic
lipid bilayer, which is a complex and dynamic system and, hence, detergents have to
be used to extract those proteins and keep the soluble in aqueous solution. This lim-
its the use of many biophysical techniques to characterize the structure and function,
like X-ray crystallography, circular dichroism, ligand-binding studies and kinetic
characterization, as most of them are difficult to perform in the native membrane.
For this reason, it is important to stabilize the hydrophobic transmembrane domain
and mimic the lipidic environment, in order to perform in vitro studies on IMPs out-
side their native environment. Several systems have been developed with the most
common systems being detergent micelles, bicelles, liposomes and nanolipoprotein
particles (Fig. 1.1). Their structural and functional properties are summarized in the

following sections.

1.1.1 Detergents

Detergents are amphipathic molecules consisting of a polar head group and a hy-
drophobic tail. The overall geometry of detergents are conic and due to the hy-
drophobic effect, they self-assemble into spherical micelles in aqueous solution with
the head grpoups facing the hydrophilic solvent (Fig. 1.1 b). Although the hy-

drophobic effect drives the aggregation process into micelles, detergents also exist as
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Figure 1.1: Schematic representation different model membranes. (a) Detergents
and lipids reveal a different geometrical structure. As detergent show a conical
structure they form spherical micelles in solution (b). In contrast, Lipids have
a cylindrical structure and assemble to a bilayer (a). Lipids in a complex with
detergents like cholate forms bicelles (c). Without detergents lipids they might
assemble into large vesicles (d). (a) The lipid bilayer encircled with amphipathic
proteins, such as MSP or SapA form discoidal nanolipoprotein complexes.

monomers in solution. The formation of aggregates only begins once the monomer
concentration reaches a certain concentration, known as the critical micelle concen-
tration (CMC). The cmc varies between the different detergents and depends on the
length of the hydrophobic chain as well as the chemical nature of the headgroup. De-
tergents can be classified, according to the nature of their headgroup, into ionic, non-
ionic, zwitterionic and bile acid salt detergents. Besides the different headgroups
many different chain length exists as well, increasing the diversity of detergents.
Nevertheless, due to their conic structure detergents form micelles, which do not
properly represent the overall geometry of a lipidic bilayer. Thus, many IMPs show
reduced activity and stability in detergents [10].

1.1.2 Bicelles

Bilayered micelles, often refered to as bicelles, are a versatile class of model mem-
branes that resemble the natural lipid bilayer more closely than detergents. In this
system, a bilayer composed of long-chain lipids is formed which is edge-stabilized
by either detergents or short chain lipids [11] (Fig. 1.1 c¢). Lipids contain two hy-
drophobic chains and the overall geometry is cylindric. Therefore, they form a bi-
layer structure, which is surrounded by micelle forming detergents or short chain
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lipids. This discoidal lipid-detergent assembly represent an intermediate morphol-
ogy between lipid vesicles (liposomes) and detergent micelles [11]. Incorporated
into bicelles membrane proteins are sourounded by a bilayer which more closely
resembles the the natural membrane environment. It could be shown that the dia-
cylglycerol kinase (DAGK) is more active in bicelles than in detergents alone [12],
emphasizing the importance of a lipid invironment for the functionality of mem-
brane proteins. Bicelles were originally developed for solid state NMR [13] but were
sucessfully used for crystallization of membrane proteins in a more native-like envi-
ronment [14, 15].

1.1.3 Lipid vesicles

Lipid vesicles are large spherical structures formed by lipid bilayer. This structure
results in a hydrophilic inner compartment which is seperated from the outer aque-
ous solution by the surrounding bilayer (Fig. 1.1 d). Vesicles offer a native-like
environment as well as compartmentalization which is a powerful tool for transport
studies through the membrane performed by, for example ion pumps or channels
[16, 17]. The size of vesicles can be easily controlled and reconstitution of membrane
proteins into these systems are well established [18], making it a versatile tool for

functional studies of membrane proteins.

1.1.4 Nanolipoprotein particles

Another model membrane system are nanolipoprotein particles which are composed
of a lipid bilayer which is stabilized by a sourounding amphipatic protein (i. e. mem-
brane scaffold protein or saposinA) (Fig. 1.1 e) [19, 20].

Phospholipid bilayer nanodiscs were developed in the past decade and are a promis-
ing new platform for the studies of IMPs. Originally, the scaffold protein used in
this technique derived from the apolipoprotein A (apo-A1l) which is known to form
high-density lipoproteins (HDL) particles in the cells [21, 22]. Further biological
engineering of the apo-Al protein of members of the Sligar lab resulted in the for-
mation discoidal homogenous lipoprotein particles [23]. The optimized apo-Al is
usually refered to "membrane scaffold protein” (MSP1D1) in the literature. Apo-Al
contains a globular domain at the N-terminus followed by ten amphipatic helices
which are crucial for lipid binding. The globular domain together with the first 11
amino acids of helix 1 were removed from the apo-Al [23]. Instead, a His-tag tag
with a tobacco etch virus (TEV) protease cleavage site was introduced to facilitate
the purification of the protein. Assembled MSP1D1 nanodiscs consist of a lipid bi-
layer and two MSP1D1 molecules bind to the hydrophobic part of the lipids in order
to stabilize the complex and keep the whole complex soluble. Usually an assembled
MSP1D1 nanodiscs consists of about 90 -120 phospholipids [23]. This number might
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vary with different types of lipids[23, 24]. The size of the formed nanodiscs can be
adjusted by repeating several helices of the MSP1D1, which extends the size of the
MSP molecule and, therefore, the size of the nanodiscs. The nanodisc system was
successfully used to reconstitute a variety of membrane proteins and perform func-
tional studies in a native-like environment under defined experimental conditions
[25-28]. Since the size of the nanodiscs can be precisely controlled by varying the
length of MSP it is possible to selectively reconstitute either monomers or oligomers
of the target IMP [23, 29].
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Figure 1.2: Schematic representation of the assembly process of nanodiscs. (a)
Cartoon representation of saposinA (pdb: 4ddj) compared to MSP1D1 (pdb: 6clz)
showing the size differences. (b) Representation of the nanodiscs assembly pro-
cess. Detergent-solubilized lipids and MSP molucules are mixed together. Nan-
odiscs are formed in a self-assembly process once detergents are removed. To
incorporate membrane proteins into nanodiscs, they were added to the lipid-
MSP mixture before detergent removal. If the IMP:MSP:lipid ratio is right, sta-
ble monodisperse nanodiscs are formed and can be purified on a size-exclusion
column using buffer without detergents.

The assembly of nanodiscs follows a so called direct-self-assembly process [24], which
is a two-step process. First, the phospholipids are solubilized in detergents to form
a mixed lipid-detergent micelles. Second, the lipids are transformed into a lipid bi-
layer by detergent removal. The transition of the detergent from a spherical to a
planar bilayer geometry is driven by the hydrophobic effect and the formed bilayer
is subsequently stabilized by the surrounding MSP molecules [30]. At an optimized
molar MSP:lipid ratio, the MSP molecules covers the whole hydrophobic area of the
bilayer and thus stable nanodiscs can form (Fig. 1.2 b).
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Recently, another lipid carrier has been developed, the saposin nanoparticles (Sap-
NPs) [19]. Similar to MSP nanodiscs, SapNP form disc shaped lipid bilayers, sur-
rounded by saposinA (SapA), an amphipathic lipid binding protein [19, 31, 32].
SapA is further stabilized by a disulfide bond, forming a rigid ipid-binding molecule.
Due to the smaller size of SapA (8 kDa) compared to MSP1D1 (22 kDa) (Fig. 1.2 a),
several saposin molecules are needed to form a disc shaped nanoparticle. Similar
to MSP nanodiscs membrane proteins can be stabilized in a lipid bilayer and it is
likely that the assembly follows a comparable mechanism [19]. In contrast to MSP
nanodiscs, saposin nanoparticle are formed by several saposinA molecules, which
increase the degree of freedom during the assembly process. This in turn enables
the SapNP to form different sizes of particles without the need of changing the size
of the saposin construct. Therefore, the SapNP can easily adapt to different size of

intergral membrane proteins.



Chapter 2

Structural studies of membrane proteins
using small-angle scattering techniques

2.1 Basic concept of small-angle scattering

Probing conformational changes of biological macromolecules, complexes and as-
semblies in different environments has become an important aspect in modern sytems
structural biology. Methods for high-resolution structure determination like X-ray
crystallography, NMR spectroscopy and cryo electron microscopy (cryo-EM) pro-
vide atomic details of biological macromolecules. However, structural analysis of
large confomational changes and complex formation or oligomerization becomes
increasingly difficult to analyse using these techniques. Small-angle scattering tech-
niques (SAS) have become a powerful alternative to study dynamic processes in
proteins [33-35]. The method analyse macromolecular samples directly in solution
and can be applied to a vast array of different sample environments [36-39]. The
particles are randomly distributed in solution and the rotational averaging of the
molecules limits the resolution of SAS but it enables the dynamical structural char-
acterization. Moreover, global structural parameters like the radius of gyration (Rg),
the maximal particle dimension (Dmax) and the distribution of distances within a
particle can be extracted directly from the experimental data [40].

In the following chapters, small-angle scattering using either X-ray photons (SAXS)
or neutrons (SANS) were applied to study membrane proteins incorporated into
nanodiscs. Even though, the interaction of X-rays or neutrons with matter is rather
different, the theory and the interpretation of the data is essentially similar. There-
fore, the theory described below applies to both, SAXS and SANS.

Figure 2.1 shows a typically setup for a small-angle scattering (SAS) experiment of
biological macromolecules. After the collimation section the beam illuminates the
macromolecule in solution, which is usually placed in a quartz capillary (SAXS) or
quartz cuvette (SANS). When the X-ray photons or the neutrons pass the sample a
small portion will be scattered by the sample. The scattered particles are recorded
on a 2D position sensitive detector. In an X-ray scattering experiment the X-ray pho-

tons are scattered by electrons, whereas in neutron scattering, neutrons are primarily
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scattered by the atomic nuclei of the sample. Since macromolecules in solution are
randomly oriented, the resulting scattering pattern is centrosymmetric and the in-
tensities at each angle can be radially averaged. The yielding a scattering intensity
can be plotted as a function of the scattering angle 26. The wavelength dependent
scattering angle 26 can be converted into the wavelength independent scattering

vector

_ 47msin®
A
where 26 is the angle between the scattered beam and the incident beam (Fig. 2.1),

2.1)

and A is the wavelength of the incident radiation [41].
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Figure 2.1: Schematic representation of a small-angle scattering experimental
set up. A highly collimated X-ray or neutron beam is illuminates the macro-
molecule in solution and the scattered radiation is detected on a 2D detector.

The main objective of SAS experiments is the low-resolution structural analysis of
macromolecules in solution. For coherent scattering the resulting scattering pattern
is related to the size and the shape of the investigated sample. If a sample contains
n randomly oriented particles the relationship of the angular-dependent scattering
intensity I to the structure of the macromolecule in solution can be expressed as

follows:
1(q) = 5(q) ) [(Ap:Vi)*Pi(q)] (2.2)

where I(g) is the scattering intensity at certain angle (g), S(g) is the structure fac-
tor, P;(q) is the form factor, Ap; is the contrast and V; is the volume of each particle.
Equation 2.2 shows that the scattering intensity is a sum of the scattering of each
individual particle, 7, in the measured sample and is proportional to aforementioned
factors.

The measured scattering intensity consists of scattering from the molecule of inter-
est and the surrounding solvent. By substracting the scattering intensity of the sol-
vent from that of the sample, the resulting scattering intensity derives only from the

10
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molecule of interest. These differences in scattering-length density (SLD) between
the molecule of interest and the solvent is defined as the contrast, Ap. In a SAXS
experiment the contrast dependes on the difference between the averaged electron
density of the particle of interest and that of the solvent. The X-ray scattering length
is proportional to the number electrons in the atom and the measured scattering
intensity is therefore a difference in electron density. The contrast in a neutron scat-
tering experiment is discussed in detail in section 2.1.2.

The structure factor (S(g)) encodes information which are related to interparticle dis-
tances. In an ideal, stable, homogeneous and diluted sample the contribution from
interparticle interactions become negligible and S(g) = 1. In this case, equation 2.2
can be simplified to

I(q) = N(ApV)*P(g)] (2.3)

with N describing the number density of homogeneous particles in the sample. This
means, that under non-interacting conditions the magnitude of I(g) only depends
on the particle concentration, the volume (V), the contrast (Ap) and the form factor
(P(q)). The form factor (P(q)) describes the overall structural information of the par-
ticles and is, therefore the most interesting to the structural biologist. Since all atoms
in the measured solution contribute to the scattering signal, the solvent scattering
contributions needs to be accurately substracted from the sample scattering in order
to calculate a reliable P(q) from the macromolecule.

2.1.1 Model free size parameter
2.1.1.1 Pair-distance distribution function

The scattering intensity profile contains the overal structural information in the re-
ciprocal space. This information is related to the probable real-space distance distri-
bution (p(r)) within a molecule by a Fourier transform. The p(r) function describes
the probable frequency of intraparticle distances and defines the maximal particle
dimension ((Dmax). Hence, this function provides information about the shape of
the molecule as well as its the volume [42].

Since I(g) can only be measured over a finite g-range, the p(r) function is calculated
by an indirect Fourier transform method [43]. This method depends on several as-
sumptions: (i) p(r) is zero at r = 0 and at the maximal particle dimension (Dmax) and
(ii) the proposed p(r) function should be smooth.

2.1.1.2 Size determination

Two parameters can be directly determined from the experimental scattering data;
the radius of gyration (Ry) and the forward scattering intensity at zero angle (I(0)).
The Ry is the radial distance (root-mean squared distance) from the center of mass

11
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of the macromolecule. For particles with homogenous contrast the Ry provides in-
formation on the size and mass distribution within a particle. For example, objects
that have the same volume but differ in shape have different Ry values [44].

The scattering intensity at an angle of zero (6 = 0), I(0), represents the sum of all
correlated distances weighted by the contrast squared. The I(0) is proportional to
the squared volume of the macromolecule, the number of scattering particles (N)
and the contrast (Ap)) and can be expressed as follows:

1(0) = N(ApV)? (2.4)

Due to technical restrictions the I(0) cannot be measured directly but it is deter-
mined by extrapolation to zero angles [45]. The I(0) can be related to the molecular
weight of the particle by normalizing it to I(0) values of molecules with defined size
and concentration. Both values, the Ry and I(0) can be calculated from the Guinier
approximation
%R}
I(q) =1(0)e 3 (2.5)
A plot of InI(g) versus ¢ yields a linear fit in the low-q range and the slope of the fit
yields the Rg, whereas the I(0) is calculated from the y-intercept [46].

2.1.2 SANS contrast variation

X-ray scattering derives from the interaction of X-rays with electrons, while neu-
trons interact with the nuclei of an atom. The X-ray scattering length is, therefore,
dependent on the number of electrons of an atom. In contrast, the neutron scatter-
ing length varies non-systematically and, is isotope dependent [47]. Examples of
neutron scattering lengths of elements frequently found in proteins and lipids are
shown in Table 2.1.

Table 2.1: Neutron scatterin lengths of the most abundant elements found in

proteins and lipids.
Element Scattering length
(Zb/10754)
Hydrogen -3.74
Deuterium 6.671
Carbon 6.646
Nitrogen 9.36
Oxygen 5.803
Phosphorus 5.13
Sulfur 2.847

Notably, the values of the scattering length can be either positive or negative. By
definition, isotopes have a positive neutron scattering if the scattered neutrons show

12
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a phase inverion proportionally to the incident beam [48-50]. Together with deu-
terium (H), the most commonly occurring biological isotopes have a positive scat-
tering length density. In contrast, in the case for hydrogens (*H) this phase inversion
does not occur, resulting in a negative neutron scattering length. In a solution con-
taining both isotopes, 'H and ?H, neutrons scattered from 'H are 180 ° out of phase
with scattered neutrons from 2H [50].

The contrast (Ap) in a neutron scattering experiment is defined as the difference be-
tween the summed coherent scattering length of a macromolecule (per unit volume)
compared with that of the solvent. Due to the vast different neutron scattering length
of 'H and 2H the contrast (Ap) can be manipulated by varying the 'H : 2H ratio of
the solvent (by substitution with 2H) [50]. At a certain ratio of '"H,O : 2H,O in the
solvent the neutron scattering length density of the macromolecule equals that of the
solvent. After buffer substraction the contrast would be zero (Ap = 0) and effectively
no net coherent scattering will be obtained from the macromolecule. At this point,
the macromolecule does not contribute to to the scattering signal and is rendered
"neutron invisible". This point is defined as the "contrast match point" [51]. The
match point of a particular macromolecule depends on the averaged 'H concentra-
tion within the molecule. Consequently, each class of macromolecules have a match
point at a different percentage of 2H in the solvent. This effect is exploited in studies
on macromolecular complexes composed of molecules of different classes, typically
protein-DNA or protein-lipid complexes [51]. In these experiments, individual com-
ponents can be matched out and the conformation of the other components can be
characterized seperately. This can greatly simplify data analysis of small-angle scat-
tering data on complex systems [51].

2.2 Small-angle scattering of membrane proteins

The improvement of synchrotron radiation and neutron sources have been reduced
the required amounts of samples to about 10-20 ul in a range of few mg/ml pro-
tein concentration for SAXS and to 100-300 pl at the similar protein concentration
for SANS [45, 52]. This low sample consumption enables the analysis of membrane
proteins by small-angle scattering, since the yield of IMPs during purification lie in
the range of the required amount for data collection [53, 54].

Detergents are the most common approach for stabilizing membrane proteins dur-
ing the purification process [10, 55]. However, the analysis of detergent-solubilized
membrane proteins using small-angle scattering can be difficult. Most membrane
proteins are prurified in detergent close or above the critical micelle concentration,
which results in a mixed population containing membrane protein / detergent mi-
celles as well as pure detergent micelles. The concentration of pure detergent mi-
celles co-purified with the IMPs are difficult to estimate. This makes it difficult to
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provide an optimal buffer match for SAS measurements. Therefore, the resulting
scattering signal will contain information about membrane protein/ detergent mi-
celle complex and the pure detergent micelles. Both of these populations have to
be taken into account during structural analysis. Amphipols are amphipatic poly-
mers which can be used to stabilize membrane proteins in solution. Due to their
much lower CMC, the amount of free amphipols are greatly reduced. This property
is beneficial fo background substraction as no or only minor amounts of amphipols
in the buffer are present. Nevertheless, in some case the amphipol environment can
significantlyreduce the activity of IMPs [56, 57].

To overcome this effect, IMPs can be reconstituted into liposomes. In this native-like
environment, the functional activity of the IMP can be restored. However, the molec-
ular mass of the liposomes are much higher compared to the membrane protein.
Consequently, the scattering signal originating from the liposomes will be much
stronger than that derived from the IMP, making structural analysis challenging.
Bicelles might be a compromise between detergent micelles and liposomes, as they
are much smaller. This produces disc shaped lipid bilayer with the the long chain
lipids in the center surrounded by the short chain lipids. Membrane proteins have
been incorporated into bicelles and successfully used for structure determination of
IMPs [11, 14, 15]. However, due to the large structural dispersity of bicelles, analysis
of SAS data of an IMP can be challenging.

The negative effect of the size dispersity can be overcome by using Nanolipoprotein
particles (NLP). NLPs form disc shaped particles like bicelles. Due to the surround-
ing amphipatic protein molecules (MSP or Saposin) the diameter of the discs can
be precisely controlled. As shown in section 3, assembly of these lipid carrier sys-
tems yield a highly homogenous sample, which are well suited for structural stud-
ies using SAS. The controlled disc size enables the control of the oligomeric states
of the membrane proteins as well. The membrane proteins incorporated into these
lipid carriers generally show an increased activity, indicating the importance for a
more native-like lipid environment [58, 59]. The lipid environment together with
the homogenous disc make the nano lipidprotein particles an ideal candidate for
SAS studies of membrane proteins in solution.

2.2.1 Stealth-carrier nanodiscs for small-angle scattering experiments

The major advantage of SANS in the study of biological macromolecules is the possi-
bility to alter the contrast by changing the solvent from 'H to H. This makes it pos-
sible to reach the match point at which the scattering length of the molecule matches
that of the solvent background, making it "neutron invisible". The required ?H con-
centration to reach the match point depends on the 'H concentration within the
macromolecule and, therefore, depends on the chemical background of the molecule.
Nanodiscs are a promising tool for studying mmebrane proteins in native-like lipid
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environment using small-angle scattering. However, the large signal contribution
of the nanodiscs makes data analysis and structural characterization of the incor-
porated IMP extremely challenging [60]. The use of contrast variation in a SANS
experiment makes it possible to match out different parts of the nanodiscs. How-
ever, the lipid carrier consist of a phospholipid bilayer which is encircled by two
membrane scaffold proteins and both components are of different chemical nature
with different match points, making it impossible to match out both components
at the same 2H concentration. By altering the 'H concentration within a molecule,
the scattering length density of the specific molecule can be modified, which in turn
changes the match point of the molecule. By perdeuteration of both components
the match point of both molecules can be specifically adjusted to become neutron
invisible at the same 2H concentration in the solvent. Maric et al. described the pro-
duction of selectively deuterated nanodiscs which are effectively neutron invisible
at 100 % 2H [61]. In order to produce perdeuterated phosphatidylcholine lipids with
a matchpoint at 100 % 2H, a genetically modified E. coli strain was employed to yield
a deuteration level of 78 % in the headgroup and 92 % in the acyl chain of the phos-
pholipids [62]. The matchpoint of MSP was adjusted by introducing H into 70 % of
the non-exchangeable hydrogen positions during the recombinant expression in E.
coli by using deuterated growth media [61].

Due to the large incoherent neutron scattering cross-section of 'H, the use of 'H,O
in biological SANS experiments increases the background signal resulting in the de-
crease of the coherent scattering signal of the sample. In order to increase the signal-
to-noise ratio SANS experiments are typically performed in 100 % D,O. Selective
deuteration of the nanodisc components are, therefore, designed to obtain a match
point at 100 % D,O. In a first SANS study, Maric et al. showed that both deuter-
ated nanodisc components are ectively matched out at 100 % 2HO, resulting in a
minimal SANS scattering [61]. The use of this "stealth carrier nanodiscs" enables the
structural characterization of IMPs embedded in native-like environment without
the contribution of the lipid carrier to the scattering signal (Fig. 2.2).
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Figure 2.2: Schematic representation of SANS studies of a membrane protein
in stealth nanodisc. A membrane protein incorporated into stealth nanodisc in
buffer solution with increasing 2H,O (decreasing greyscale). Deuterated nan-
odisc components (shown in grey) do not contribute to the scattering signal at
100 >H,0 (right structure) and only the membrane protein (blue cartoon model)
can be "seen" in the point of view of neutrons. Figure adapted from Maric et al.

[61].



Aim of the thesis

The aim of this study focusses on the characterization of different intergral mem-
brane proteins in a native-like lipid environment. The surrounding lipidic bilayer
can be crucial for the function and dynamics of membrane proteins [10, 63]. Hence,
the need for lipid carrier for in vitro studies on membrane proteins has raised. Nan-
odiscs provide a lipid bilayer of a defined size which is able to stabilize IMPs in
aqueous solutions and is, therefore, well suited for functional studies. Since the size
of the nanodisc is well defined, this carrier system enables structural characteriza-
tion of IMPs using small-angle scattering (SAS), which is a powerful technique to
analyse large conformational changes.

The results of this thesis are subdivided into two parts (II + III). In the first chapter of
Part II the differences between the two main lipid carrier should be explored. Both
carriers provide a lipid bilayer, which is either surrounded by a membrane scaffold
protein (MSP, nanodiscs) or the lipid-binding protein SapA (Saposin nanoparticles,
SapNP). These two proteins bind differently to the lipid bilayer [64, 65]. MSP con-
tains 11 amphipathic a-helices which wrap around one bilayer leaflet in a belt-like
shape. In contrast, SapA is a much smaller protein containing only two amphipatic
a-helices, which are stabilized by a disulfid bond, forming a very rigid molecule
[66]. Several SapA monomers are needed in order to form a saposin nanoparticle
(SapNP). Due to the structural differences of both carrier systems, the first part in-
tended to systematically compare both lipid carriers in terms of long-term-stability
and homogeneity, as these two parameters are crucial for studies on membrane pro-
teins incorporated into one of these systems.

The second chapter of the first part focusses on the activation mechanism of the
plasma-membrane Ca?*-ATPase (PMCA), ACA8. PMCAs are located in the plasma-
membrane and extrude calcium iones (Ca®*) from the cytosol. They are of major
physiological relevance and are, therefore, tightly regulated. At low Ca?* conen-
trations in the cytosol, these pumps are autoinhibited, which is facilitated by an
intrinsical domain, the regulatory domain (RD). The ubiquitous Ca?* sensor protein
calmodulin (CaM) is one of the major activators of PMCAs and the binding of CaM
to the regulatory domain activates the pump. Previous studies on the regulatory
domain suggested a more complex bimodular activation mechanism [67]. However,
the structural basis of this activation process remains to be investigated. In order to
characterize the activation process the different binding events during the activation
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of ACAS are investigated by using fluorescence polarization and native mass spec-
trometry. Moreover, the effect of lipids on the activation and overall activity should
be characterized by incorporation of ACAS8 into nanodiscs. The nanodiscs enabled
to vary the lipid content in a controlled manner. Due to the defined size of the nan-
odiscs it should be able to analyse the structural changes using small-angle X-ray
scattering (SAXS).

The second part of this thesis aims to investigate conformational changes of mem-
brane proteins in nanodiscs using small-angle neutron scattering (SANS). The main
advantage of using SANS is the possibility of specifically varying the contrast of
different components within a macromolecular complexe. The recently described
stealth carrier nanodiscs (sSND) are composed of selectively deuterated MSP molecules
and phosphatidylcholine lipids, which does not contribute to the SANS scattering
signal. The use of these discs enables the investigation of membrane proteins in a
lipidic environment, without taking the discs components into account. In a first
experiment the suitability of the stealth nanodiscs should be probed on a test case.
The bacterial ABC-transporter MsbA is a well expressed and very stable membrane
protein. The structure of MsbA is well characterized in different conformational
states. These differences are expected to be big enough to be detected by SANS. In a
second experiments the stealth carrier nanodiscs/ SANS method should be applied
to ACAS in order to further characterize the activation process. Due to the lack of
structural models of full-length PMCAs in the activated state this result might pro-
vide important information on the structural basis of the activation process of this

pump.
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Biochemical and biophysical
studies on integral membrane

proteins in lipidic carrier systems

19






Chapter 3

Comparison of lipidic carrier systems

Results of comparative studies shown in this chapter were mainly obtained during a master
thesis from Dominique-Maurice Kehlenbeck under my supervision.

3.1 Introduction

The most common approach for studying integral membrane proteins in solution is
the use of detergent micelles [68]. Detergents are amphipatic molecules consisting
of a polar headgroup and a hydrophobic chain. Above the cmc they spontaneously
form spherical micellar structures in aqueous solutions. The hydrophobic chains of
detergents are capable of binding to the transmembrane part of membrane proteins
and thereby mimic the hydrophobic environment of the lipid bilayer [69-71]. Nev-
ertheless, they often show adverse effects on the stability, activity and function of
IMPs [10, 71-73]. IMPs often require specific lipids for their activity [74]. Due to the
dissociation properties of detergents important lipids might be washed off from the
membrane protein in a process called delipidation [75], which in turn might lead to
a decreased activity.

To overcome the problems associated with the use of detergents several nanolipopro-
tein particles (NLP) have been evolved. Nanodiscs, as one of the developed NLPs,
are discoidal protein-lipid complexes that consist of two "membrane scaffold pro-
teins" (MSPs), which encircle a lipid bilayer due to their amphipatic nature (see
Chapter 1.1.4) [20, 76]. Due to the length of the MSP molecule the size of the nanodisc
is precisely defined and the lipids inside the formed complex are stable and soluble
in aqueous solutions. Membrane proteins can be incorporated into nanodiscs, which
offers the possibility to render a membrane protein soluble in a detergent free aque-
ous solution, whilst incorporated into a lipidic environment. Using these particles
diverse structural studies of integral membrane proteins in a native-like lipid envi-
ronment are possible, like in cryo-electron microscopy [77], NMR [78] or X-ray and
neutron scattering [79, 80]. It has been shown that many membrane proteins incor-
porated into nanodiscs posses a higher activity [63], suggesting the importance of
surrounding lipids for their function.
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Recently, a new lipid carrier system has been described, which uses of the lipid bind-
ing protein saposin (SapA) [19, 81]. In the presence of lipids these saposin molecules
form disc-shaped particles (saposin-like nanoparticles, SapNPs) comparable to nan-
odiscs, which have been successfully used to incorporate membrane proteins [81,
82]. In contrast to nanodisc, SapNPs can be formed with varied numbers of saposin
molecules to adjust the size of the assembled disc, which enables the incorporation
of membrane protein assemblies of various sizes. Flayhan et al. [82] have charac-
terized the SapNPs and demonstrated their advantage over IMPs in detergent. In
this chapter both lipid carrier systems were systematically compared with respect to
long-term stability, thermal stability and homogeneity.
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3.2 Material and methods

3.2.1 Expression and purification of MSP1D1

For expression of MSP1D1 a pET28a plasmid harbouring the gene for MSP1D1 was
transformed in E. coli BL21 (DE3) cells and incubated on LB plates supplemented
with kanamycin ((25 ng/ml)). A single colony was used to inoculate 10 ml precoul-
ture with terrific broth (TB) media, which was grown for approx. 16 h at 37 °C. The
expression culture (TB media) was inoculated with an ODgq of 0.05 and grown at
37 °C. At an ODg of 1.5 the protein expression was induced by adding 1 mM IPTG
and cells were further grown for 4 h at 37 °C. Cell paste was collected by centrifuga-
tion at 3000 x g for 25 min.

Protein purification was carried out according to a modified protocol established by
Sligar and co-workers [83]. Cells were resuspended in lysis buffer containing 50 mM
Tris pH 8.0, 500 mM NaCl, which was supplemented with 1 % (v/v) Triton X-100,
0.5 ml Lysozyme (100 mg/ml) (Gallus gallus, Sigma-Aldrich) and DNAse (1 mg/ml)
and broken using sonication. The lysate was cleared by centrifugation at 40,000 x g
for 45 min and the supernatant containing MSP1D1 was loaded on a HisTrap col-
umn. Subsequently the column with bound MSP1D1 was washed with ten column
volumes (cv) of lysis buffer each containing 1 % Triton X-100 and 50 mM cholate,
respectively, to wash off bound endogenous lipids. Unspecifically bound proteins
were eluted with lysis buffer containing 25 mM imidazol and MSP1D1 was eluted
with 500 mM imidazol. Fractions containing MSP1D1 were pooled and incubated
with TEV protease overnight to cleave off the Hisg-tag. During the incubation with
TEV protease the buffer was exchanged to 30 mM Tris pH 8.0 and 150 mM NaCl. To
remove the protease and the cleaved Hise-tag a second IMAC chromatograpy step
was applied. MSP1D1 without Hisg-tag was concentrated up to 400 uM and stored
at -80 °C until further use.

3.2.2 Expression and purification of SapA

Saposin A (SapA) was expressed with an N-terminal His¢-tag and a TEV protease
cleavage site. For expression SapA in pNIC28-Bsa4 vector was transformed into E.
coli Rosetta-gami 2 cells. Freshly transformed cells were used to inoculate 10 ml
preculture with TB media. Subsequently, the preculture was used to inoculate the
expression culture (as well in TB media) and cells were grown at 37 °C until an ODgq
of 1 - 1.5. By adding 0.1 mM IPTG (final concentration) the expression of SapA
was induced and cells were grown at 20 °C overnight (approx. 16 h). Cells were
harvested by centrifugation at 3000 x g for 25 min and resuspended in lysis buffer
(20 mM Na-phosphate, 300 mM NaCl, 15 mM imidazole, 5 % (v/v) glycerol). The
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lysate was supplemented with 0.5 ml lysozyme (100 mg/ml) (Gallus gallus, Sigma-
Aldrich) and DNAse (1 mg/ml) and cells were broken by sonication. Subsequently,
lysate was incubated at 70 °C for 20 min, which leads to an enrichment of the thermo-
stable SapA. The lysate was cleared by centrifugation at 16,000 x g for 20 min and
SapA in the supernatant was bound to an IMAC column. After washing the column
with 10 column volume of lysis buffer with 30 mM imidazole SapA was eluted with
400 mM imidazole. Elution fractions containing SapA were pooled and incubated
with TEV protease over night. A second IMAC column was applied to remove the
Hise-tag and the TEV protease. Pure SapA was further purifies on a Superdex75 size
exclusion column and the fractions corresponding to monomeric SapA were pooled
and concentrated. The pure SapA sample were stored at -80 °C in buffer containing
20 mM phosphate pH 7.4, 300 mM NaCl, 5% glycerol and 2 mM DTT

3.2.3 Preparation of nanodiscs and saposin nanoparticles

In order to compare the effect of different headgroups as well as different chain
length following lipids were tested: (1) POPC, (2) POPG, (3) DOPC and (4) DMPC.
Lipid powder was resuspended in buffer containing 30 mM Tris pH 7.5, 150 mM
NaCl, 1 mM B-mercaptoethanol and 100 mM cholate to a final lipid concentration
of 50 mM. Lipid suspension was solubilised using freeze-thaw cycles until the so-
lution became clear. For the assembly of "empty" nanodiscs MSP1D1 were mixed
with lipids in a molar ratio of 1:30 (protein:lipid) and for assembly of "empty" Sap-
NPs SapA was mixed with lipds in a molar ratio of 1:12. To reconstitute MsbA into
MSP nanodisc DDM-purified MsbA was mixed with MSP1D1 and corresponding
lipids in a ratio of 1:1:25 (MsbA:MSP1D1:lipid). For reconstitution of MsbA into
SapNPs MsbA (in DDM), SapA and lipids in a ratio of 1:4:20 were mixed. All assem-
bly mixes were supplemented with cholate to ensure a final cholate concentration
of 20 mM. After a pre-incubation time of 45 min the assembly reaction was initiated
by adding 0.8 g/ml biobeads to the solution. Reactions were incubated overnight
(approx. 16 h) at 4 °C under constant agitation. Assembly reactions were further
purified on a Superdex200 column (GE Healthcare) in a buffer containing 30 mM
Tris pH 7.5, 150 mM NaCl and 1 mM B-mercaptoethanol. Fractions containing ei-
ther empty nanodiscs/SapNPs or nanodiscs/SapNP- embedded MsbA were pooled
and concentrated up to 3-8 mg/ml.

3.2.4 Differential scanning fluorimetry using Prometheus

The thermal stability of MsbA in either MSP1D1 nanodiscs or SapNPs was mea-
sured using the nDSF differential scanning fluorimeter (Prometheus, NanoTemper
Technologies, Munich). The emission spectra as well es the emission intensity of
the intrinsic fluorescence of tryptophan residues changes with differences in the
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surrounding environment (see Chapter 4.2.7). Once MsbA unfolds intrinsic tryp-
tophanes within MsbA gets solvent exposed and the change in fluorescence was
measured, which is an indirect measure of MsbA unfolding. Tryptophanes were
excited at 280 nm and fluorescence emission were measured at 330 nm and 350
nm. The first derivative of F350/330 was used to calculate the transition midpoint
(Tm), which in turn was used to characterize and compare the thermal stability of
MsbA in different lipid carrier systems. 12 ul of each sample were loaded in a cap-
illary and the fluorescence was measured at a heating rate of 1 °C/min. To reduce
temperature-dependent pH changes in the buffer, all different MsbA samples were
dialysed against buffer containing 20 mM HEPES pH 7.5 and 150 mM NaCl. All
experiments were performed as triplicates.

3.2.5 Small-angle X-ray scatering (SAXS)

Homogeneity of both lipid carrier systems was analysed by using small-angle X-ray
scattering. All data were acquired using the Bio-SAXS instrument P12 on the stor-
age ring Petra III (DESY, Hamburg, Germany). Assembled "empty" MSP1D1 nan-
odiscs and saposin nanoparticles (SapNPs) were purified on a Superdex200 column
(10/300) using buffer containing 30 mM Tris pH 7.5 and 150 mM NaCl. All peak
fractions were concentrated, dialysed and measured individually. SAXS measure-
ments were carried out at 10 °C in 30 mM Tris (pH 7.5), 150 mM NaCl, and 0.5 mM
TCEP at protein concentrations ranging from 0.5 - 3 mg/ml. The scattering intensity
of each fraction was recorded as a function of the scattering vector g with

‘ = 4715in®
7= 7

(3.1)

using a wavelength (A) of 0.124 nm. The total exposure time was 1s, measured in
20frames each with an exposure time of 50 ms. All samples were normalized, back-
ground substracted. Subsequently, corresponding buffer were substracted from the
normalized scattering intensity using automatic procedures on the beamline [84].
Scattering intensities were calibrated into absolute units (cm™) using the forward
scattering intensity of bovine serum albumin at known concentrations. All data pro-
cessing was performed using PRIMUS [84]. Different peak fractions were compared
using difference plots. Fractions from a size-exclusion run were scaled and sub-
stracted from each other and plotted.
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3.3 Results and discussion

3.3.1 Reconstitution of MSP1D1 nanodiscs and SapA nanoparticles

Lipid carrier nanoparticles, such as MSP1D1- based or saposin- based, are formed
in a direct self-assembly process [24]. This is a two-step process where the lipids are
tirst dissolved by detergent to form a mixed detergent-lipid micelle and afterwards
transformed into a lipid bilayer. The bilayer is stabilized either by the amphipatic
MSP1D1 or the lipid-binding protein saposin A. The self-assembly process is started
by detergent removal using biobeads. If the lipid to MSP1D1/SapA ratio is correct
the majority of formed particles will be stable nanoparticles.

Since, the assembly efficiency of lipid carrier systems is ratio dependent, the optimal
MSP1D1/SapA to lipid ratios were screened and analysed on a size-exclusion col-
umn (Superde200, 5/150 (for MSP1D1 nanodiscs), 10/300 (for SapA nanoparticles))
(Fig. 3.1). The phosphatidylcholine lipid POPC was used for screening for both lipid
carrier systems. POPC has a phase transition temperature of -2 °C and assemblies
in the cold at 4 °C, which results in a liquid crystalline phase of the lipids, that is re-
quired to successfully assemble nanoparticles. Ata MSP1D1 to POPC ratio of 1:30 or
1:50 the chromatogram showed a single peak at around 2.1 ml, which corresponds
to stable assembled nanodiscs (Fig. 3.1 a). By increasing the lipid concentration to
1:80 and 1:100 the peak shifts towards lower elution volume, indicating an increase
in the hydrodynamic radius. As the lipid concentration is increased more lipids
might pack in a nanodisc which results at some point in a partly opening of the
MSP1D1 belt around the bilayer, which in turn increases the overall size. The open
MSP1D1 belt cannot fully shield the hydrophobic chains which therefore destabi-
lizes the overall nanodisc conformation. This effect is seen in MSP1D1:lipid ratios
with even higher POPC concentrations. At a ratio of 1:100 or 1:150 more peaks with
a much bigger hydrodynamic radius start to appear and at a ratio of 1:200 most of
the MSP1D1 protein elutes at the void volume, indicating that much larger particles
are assembled. These results show that a ratio of 1:30 to 1:50 leads to stable and ho-
mogenous nanodiscs. This ratio is in good agreement with the published data [85].
Monomeric SapA (ratio 1:0) showed a single peak with an elution volume at 17.6 ml
(Fig. 3.1b). Ataratio of 1:6 (SapA:POPC) the peak intensity at 17.6 ml is significantly
decreased and a second peak at 14.7 ml appeared, indicating that saposin nanopar-
ticles (SapNP) started to form. By increasing the Sap A:POPC ratio to 1:12 the peak
at 14.7 ml shifted further to an elution volume of 14.2 ml. This peak corresponds
to SapNP with bigger hydrodynamic radius. Since, no peak at 17.6 ml was visible
the result suggests that the assembly efficiency was higher compared to the 1:6 ra-
tio. Increasing the SapA:lipid ratio even further (1:15 or 1:25) resulted in a peakshift,
showing that the size of the assembled nanodiscs further increase. Moreover the
shape of the peak gets broader, which indicates that the saposin nanoparticles get
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more heterogenous with the elution of several sub-populations. Based on the elu-
tion profiles the results show that at a Sap A:POPC ratio of 1:12 homogenous saposin

nanoparticles are formed.
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Figure 3.1: Optimization of ratios for nanodisc and SapNP assembly. (a) Size-
exclusion chromatography (SEC) profiles of MSP1D1 nanodiscs assemblies at dif-
ferent MISP1D1 to lipid ratios. Samples were analysed on a 5200 5/150 column. (b)
SEC profiles (Superdex200, 10/300 column) of saposin nanoparticles assembled at
different SapA:lipid ratios.
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3.3.2 Biophysical properties of nanodiscs and SapA nanoparticles
3.3.2.1 Long-term stability

Lipid carrier systems (MSP nanodiscs or saposin nanoparticles, hereafter denoted
as ND or SapNP) are designed to stabilize integral membrane proteins (IMPs) in a
native-like lipid environment, as they are surrounded by lipid bilayer [86]. In or-
der to stabilize the incorporated IMP the "empty" NDs or SapNPs need to form a
stable complex on their own. In this context, "empty" describes lipid carrier with-
out any IMPs incorporated. However, they are filled with lipids. If these empty
NDs or SapNPs are not stable they are not suited to stabilize incorporated IMPs.
Therefore, long-term stability tests with both lipid carrier systems have been carried
out. The effect of different lipid chain length (14C/16C/18C), saturation state and
headgroups (choline and glycerol) were screened by using following lipids: DMPC,
DOPC, POPC, POPG (Fig. 3.2) [86].

o g)K/\Aﬁ/ﬂ/\/\/\/ POPC

DMPC

Figure 3.2: Structures of lipids used for studies.

NDs or SapNPs were assembled with the different lipids, purified on a size ex-
clusion column (Superdex200, 10/300) and incubated for up to 70 days at 4 °C. Fol-
lowing ratios were used, which showed the best results in the optimization (see
Chapter 3.3.1): (1) 1:30 for MSP1D1 nanodiscs and (2) 1:12 for SapNPs. All samples
were analysed after 1 day, 14 days, 36 days and 70 days by loading them on an ana-
lytical size-exclusion chromatography column (Superdex200, 10/300). Based on the
chromatogram the size, shape and position of the main elution peak were monitored
over the time (Fig. 3.3). These parameters were used as indicators for the sample di-

mension, homogeneity and aggregation state, which in turn gave information about
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the general stability of each carrier system in the corresponding lipids [86].
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Figure 3.3: Long-term stability of empty MSP1D1 nanodiscs and saposin
nanoparticles (SapNP). MSP1D1 nanodiscs (a, ¢, e, g) and saposin nanoparticles
(b, d, £, h) were assembled in different lipids (DMPC, DOPC, POPC, POPG) and
long-term stability was analysed on a Superdex200 (10/300) size-exclusion col-
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MSP1D1 nanodiscs assembled with DMPC, a saturated short-chain (14C) phospha-
tidylcholine lipid, showed a single peak at 13.8 ml. This elution volume was un-
changed over the time course of the 70 days (Fig. 3.3 a). However, the peak intensity
was significantly reduced after 70 days (data not shown) [86]. Since, no void peak
was visible, the nanodisc is likely aggregated and spun down before loading on the
size-exclusion column. SapNP:DMPC particles showed a single peak at 14.2 ml af-
ter 1 day, but this peak intensity is significantly reduced over time (Fig. 3.3 b). At
the same time a second peak started to appear after 14 days, which corresponds
to monomeric SapA, showing that the nanoparticles fall apart. After 70 days most
SapA eluted as a monomer and only small amounts still formed nanoparticles. These
results showed that both lipid carrier systems did not form stable nanoparticles with
DMPC as the lipid [86].

Nanodiscs prepared with the double unsaturated DOPC lipid show already a shoul-
der in the elution peak after one day. After 14 days the shoulder gets more pro-
nounced and two peaks were clearly visible (Fig. 3.3 ¢). In contrast, SapNPs formed
with DOPC show one peak, which stays unchanged throughout the time course of
the experiments (Fig. 3.3 d). Both lipid carrier systems form a very stable complex
with POPC, with neither a change in the elution volume nor the shape of the peak
(Fig. 3.3 e-f). Nanodisc containing POPG showed a shift in the peak position (Fig.
3.3 g). This might be due to dimerization of the discs caused by a slight opening
of the belt protein. In contrast, saposin nanoparticles containing POPG showed no
peak shift but after 14 days a small peak at 18 ml appeared (Fig. 3.3 h). This re-
sult indicates that small amounts of the formed complex fell apart and, therefore,
monomeric SapA appears in the chromatogram [86].

In summary, these results indicated that saposin nanoparticles seem to be more flex-
ible with respect to lipids compared to nanodiscs. SapNPs often tended to dissociate
rather than aggregate. In contrast, MSP1D1 nanodiscs often showed more sample
heterogeneity as well as aggregation over the time course of these experiments. The
differences in the organization of both carrier systems might explain these effects.
Several saposin monomers are bound around the lipid bilayer, which increases the
degree of freedom making the whole complex more flexible to adapt to different
lipid packing. In contrast, two MSP1D1 molecules needs to wrap around the bilayer
completely in order to form a stable complex. Differences in lipid packing, there-
fore, need a more precise optimization of the ratios during the assembly. Notably, in
all cases were shifts in peak elution volumes appeared the chromatogram after one
day already showed indications for sample heterogeneity, suggesting that already
the initial assembly did not form a stable complex [86].
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3.3.2.2 Thermal stability

In order to test the ability of both lipid carrier systems to stabilize incorporated mem-
brane proteins, the thermal stability of the complex was analysed by differential
scanning fluorimetry (nDSF). This method measures changes in the emission spec-
tra of intrinsic tryptophanes once they get solvent exposed due to unfolding of the
proteins. Veith et al. [87] successfully applied this method to membrane proteins. As
a test case the bacterial ABC transporter MsbA was incorporated into both lipid car-
rier systems containing different lipids (DMPC, DOPC, POPC, POPG). MsbA over-
expresses well, is stable and homogenous in DDM micelles and could be successfully
incorporated into both carriers (Supplementary Fig. A.10), making it a good test case
for comparative studies .

For all tested MsbA-carrier combinations, the nDSF traces showed a clear minimum
in first derivative plots of the ratio Fz5onm/F330nm, allowing unambiguous assign-
ment of a transition mid-point (Ty,) (Fig. 3.4 a). A representatitve nDSF measure-
ment of MsbA incorporated in POPC-based carrier systems is shown in Figure 3.4a.
The Ty of MSbA in MSP1D1 nanodiscs is slightly higher (increase by around 4
°C) compared to MsbA in SapNPs. A comparison of Ty, values of MsbA in either
nanodiscs or SapNPs containing DOPC and POPG showed a similar trend, with a
slightly increased Ty, of MsbA in MSP1D1 nanodiscs (Fig. 3.4). In contrast, tests
with MsbA in DMPC-SapNP showed a slightly higher T, compared to MSP1D1
nanodiscs with the same lipid. Empty carrier systems were measured as a control
and both showed a significant increase in T, compared to samples with incorpo-
rated MsbA. This result indicates that the measured transition derived from MsbA,
due to more tryptophanes in the MsbA sequence. Therefore, the obtained differ-
ences in Ty, values of MsbA in different lipids derived from the differences in the
stability of the lipid carrier systems. Two MSP1D1 molecules are wrapped around
the bilayer in belt-shaped manner. In contrast, several saposin monomers are orga-
nized around the lipid bilayer, allowing a higher degree of freedom and therefore
more flexibility to adapt the size of the nanoparticles. This higher flexibility might
result in a lower thermal stability. However, the differences between both carrier are
relatively small and whether the structural differences of both carrier systems lead
to these differences in thermal stability remains to be investigated. Nevertheless,
MsbA was significantly more stable in both carrier systems compared to MsbA in
amphipols, which highlights the importance of surrounding lipids for the stability
of membrane proteins [86].
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Figure 3.4: nDSF measurements to investigate the thermal stability of MsbA in-
corporate in different lipid carrier systems. (a) First derivative analysis of MsbA
incorporated in MSP1D1 nanodiscs and saposin nanoparticles. The minimum rep-
resents the transition temperature (Ty). (b) Bar plot showing melting tempera-
tures (Tm) of MsbA in nanodiscs (blue) and SapNPs (grey) with different lipid as
well as Ty, values of empty NDs and SapNPs as comparison.

3.3.3 Structural effects of different lipids on nanodiscs and SapA-nanoparticles
3.3.3.1 SAXS-analysis

Previous studies suggested that the small-angle scattering profiles of nanodiscs change
with different lipids as well as throughout a size-exclusion peak, indicating struc-
tural heterogeneity of the discs [64]. In this chapter, small-angle X-ray scattering
(SAXS) was used to characterize the conformational heterogeneity of empty lipid
carrier systems, like nanodiscs and saposin nanoparticles. Therefore, MSP1D1 nan-
odiscs and saposin nanoparticles were assembled with either DOPC, POPC or POPG
and purified on a size-exclusion chromatography column (Superdex200, 10/300).
Subsequently, each individual fraction was concentrated and analysed individually
by SAXS. Small-angle X-ray scattering (SAXS) does not provide high-resolution in-
formation but it is a suitable technique to determine flexibility as well as overall
conformational changes.

Comparison of overall structural parameters of both carrier systems showed that
MSP1D1-based nanodiscs had a significant larger radii of gyration (Ry between 3.9
nm and 4.9 nm) compared to saposin-based nanoparticles (R of 3.4 nm for all differ-
ent lipids) (Table 3.1). The same trend is visible in the maximum particle dimension
(Dmax)-

The SAXS profiles of individual fractions (fraction 17 - 21) of MSP1D1:POPC nan-
odiscs showed a minimum in the mid-q range which is gradually shifted between 0.6
nm! - 0.8 nm™! throughout the individual peak fractions (Fig. 3.5 a). A similar trend
was visible for SapA:POPC nanoparticles, showing a minimal shift between 0.7 nm!
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Table 3.1: Overall structural parameter of empty MSP1D1 nanodiscs and
saposin nanoparticles.

Rg [nm] Dmax [nm]
MSP1D1:POPC 4.6 10
MSP1D1:POPG 3.9 9.5
MSP1D1:DOPC 4.9 12
SapA:POPC 3.4 8.4
SapA:POPG 3.4 8.4
SapA:DOPC 3.4 8.5

-1 nm™ (Fig. 3.5b). To visualize and analyse the differences, different plots were
calculated for each carrier-lipid combination. For all MSP1D1 nanodiscs a minimum
at around 0.4 nm™! and a maxima at around 0.8 nm™ was visible (Fig. 3.5 c e, g). In
all different SapA nanoparticles the minimum was around 0.6 nm™ and the maxima
at around 1.2 nm™! (Fig. 3.5 d, g, h). These differences get more pronounced with
higher fraction numbers, showing increasing structural differences within the peak
fractions. Notably, the intensities of the difference plots were higher for all tested
saposin nanoparticles compared to MSP1D1 nanodiscs, indicating that the structural
heterogeneity might be more pronounced in SapNPs. Since, saposin nanoparticles
are composed of several individual SapA monomers the degree of freedom might be
slightly increased. This increase in flexibility might lead to a higher heterogeneity.
Comparing the different plots of MSP1D1 nanodiscs and SapA nanoparticles
containing different lipids showed that the differences in scattering profiles are much
more pronounced in carrier systems containing POPG. This effect is visible for both
carrier systems indicating that the negative net charge of POPG’s headgroup might
affect the homogeneity of both carrier systems.
In summary, these results illustrate the structural heterogeneity of both lipid car-
rier systems. This effect is slightly more pronounced in saposin nanoparticles, most
likely due to the different organization of the complex of SapA and lipids. Moreover,
the structural flexibility makes analysis and modelling of both lipid carrier systems
extremely challenging [88].
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Figure 3.5: Analysis of SEC fractions of empty nanodiscs and SapNPs by small-
angle X-ray scattering. Empty MSP1D1 nanodiscs and SapNPs were assem-
bled with DOPC, POPC, POPG and purified on a Superdex200 column (10/300).
Fractions of each carrier system - lipid combination were analysed individu-
ally by SAXS. (a-b) Semi-log plot showing differences in scattering profiles of
MSP1D1:POPC nanodiscs (a) and SapA:POPC nanoparticles (b) throughout the
peak fractions. (c-g) Ditference plots were calculated for each chromatogram of
each lipid carrier system - lipid combination.
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3.4 Conclusion

It has been shown that integral membrane proteins (IMPs) often show a reduced ac-
tivity in detergent compared to those in lipid bilayer [10, 58, 63], which illustrates
the need of a lipid carrier system for in vitro functional studies of IMPs. MSP- and
saposin-based carriers both encircle a lipid bilayer of defined size to keep it soluble
in aqueous solution. In MSP nanodiscs the amphipatic membrane scaffold protein
wraps around the hydrophobic part of the lipid bilayer, forming a rather rigid scaf-
fold system with defined size. In contrast, several of the much smaller saposinA
molecules are needed to form the saposin-based nanoparticles, which provides a
larger flexibility to adopt different sizes. Comparison of both systems in a long-
term stability assay showed that MSP1D1 nanodiscs are slightly more sensitive to
the lipid composition. The different packing parameters, which are influenced by
the length and the saturation state of the hydrophobic chain of the lipids, might
be better compensated by the more flexible structure of SapNPs, whereas the ratio
needs to be adjusted in MSP nanodiscs. In contrast, the more rigid nanodisc com-
plex seems to be slightly more stable as seen in the nDSF experiments. All effects are
in good agreement with the SAXS studies, showing that the saposin nanoparticles
are structurally more flexible compared to the nanodiscs. Nevertheless, both carrier
systems showed structural heterogeneity throughout the size-exclusion chromatog-
raphy peak. In general, both lipid carrier systems seem to be equally well suited to

analyse IMPs in a native-like lipid environment.
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Chapter 4

Studies on the activation of
plasma-membrane Ca**-ATPase ACAS8

Native mass spectrometry data presented in this chapter has been performed in collabora-
tion with Dr. Johannes Heidemann (Uetrecht lab, Heinrich-Pette-Institute, Hamburg, Ger-
many).

4.1 Introduction

4.1.1 Calcium as a second messenger

Calcium ions (Ca?*) are a ubiquitous intracellular signal, which affects numerous
cellular processes (reviewed in [89, 90]). The basic principle of calcium signaling
relies in the establishment of a steep concentration gradient of Ca** between the cy-
tosol and the extracellular space and/or intracellular stores. Cells in a resting state
have a very low Ca" concentration in the cytosol (~ 100 nM) compared to the extra-
cellular space with Ca?* concentrations of around 1-2 mM [90, 91]. Internal calcium
stores like the endoplasmatic reticulum (ER) or Golgi apparatus contain a luminal
Ca?* concentration of around 60-800 uM [92, 93], which is still above that of the
cytosol. However, the ER is considered the main Ca?* pool inside the cell. Upon ac-
tivation, the cytosolic Ca?* concentration transiently rises up to 1000 nM [90]. Ca2*
can enter the cytosol either from the extracellular space, through channels located in
the plasma-membrane, or from intracellular Ca?* stores [94, 95].

The calcium signalling process can be divided into three functional phases: (1) a
stimulus generating various Ca?* mobilizing signals, (2) the "ON mechanism" lead-
ing to the real Ca?" influx into the cytosol and (3) the "OFF mechanism" includ-
ing exporters, which pumps Ca?" out of the cell or back into internal Ca>* storage
[90]. The Ca?" mobilizing signals are generated by stimulated cell-surface recep-
tors. These generated signals include inositol-1,4,5-triphosphate (IP3), cyclic ADP
ribose (CADPR) and nicotinic acid dinucleotide phosphate (NAADP), which in turn
leads to Ca®* influx into the cytosol from internal and external sources by various

channels, including IP3-receptors, ryanodine receptors, voltage-operated channels
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and receptor operated channels. The Ca?* release into the cytoplasm activates var-
ious Ca*-sensitive processes which translate this signal into a cellular response
[94, 95]. In order to maintain the low Ca?" concentration in the cytosol various
pumps and exchangers are expressed, which rapidly remove Ca?*. The plasma
membrane Ca?"-ATPase (PMCA) and the Na*/Ca®* exchanger are located in the
plasma-membrane and extrude Ca?* to the extracellular environment. In contrast,
the sarco-endoplasmic reticulum ATPase (SERCA) transports Ca”* into the internal
stores [95].

4.1.2 P-type ATPases

P-type ATPases constitute an important family among actively transporting ATPases
which covers a wide range of cationic and lipid substrates. Based on their substrates
they are grouped into five subfamilies, P to Py [96-98]. All P-type ATPases share a
common overall domain architecture of the main catalytic subunits. They are com-
posed of 4 domains: the transmembrane domain and three soluble domains called
the N-domain (nucleotide binding), P-domain (phosphorylation) and A-domain (ac-
tuator) (Fig. 4.1).

One of the best-studied P-type ATPase is the sarcoplasmic endoplasmic reticulum
Ca?" ATPase (SERCA), which belongs to the Py, subfamily. They are important
for restoring the low Ca®* levels in the cytoplasm of activated cells (see chapter
4.1.1) and are particular important for Ca?*-mediated signalling [99-101]. Crystal
structures of SERCA in many different states revealed the catalytic pumping mecha-
nism of P-type ATPases [102, 103]. The P-domains contains a highly conserved Asp
residue, which gets phosphorylated during the reaction cycle, forming a phospho-
enzyme intermediate state (4.1). The nucleotide binding domain (N-domain) per-
forms the ATP binding and phosphorylates the P-domain. The A-domain performs
the dephosphorylation and functions as a built-in phosphatase. The transmembrane
domain accomplishes the ion transport through the membrane. In the transport pro-
cesses the TMD alternates between two main conformational states, denoted E1 and
E2. In the E1 conformation, the ion binding site has a high affinity to the substrate.
In contrast, in the E2 conformation, the same sites have low-affinity for the substrate
ion [1, 104-106], which releases the cations on the other site of the membrane. The
vectorial transport of the cations is coupled to intermediate phosphorylation of the
enzyme by the soluble domains. This phosphorylation as well as the conformational
changes are split between the soluble domains (Fig. 4.1) [103].

Despite a low sequence homology between the P-type ATPases of the different sub-
groups crystal structures of representatives pumps from different groups have shown
a similar overall domain architecture, suggesting a comparable reaction cycle among
all P-type ATPases [1].
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A-domain

CazE1-ATP

Figure 4.1: Comparison of SERCA structures showing key states of of the reac-
tion cycle. Cartoon representation of SERCA structures in different representative
states throughout the pump cycle. The transmembrane domain (TMD) is shown
in grey, the A domain in red, the N domain in blue and the P domain in yel-
low. Bound Ca?* is shown as magenta spheres and ATP as pink spheres. Figure
adapted from Bublitz et al. [103]

4.1.3 Plasma-membrane Ca?t-ATPases

Plasma-membrane Ca?"-ATPases (PMCA) belong to the Pyp subfamily of P-type AT-
Pases [96]. They are located in the plasma membrane and export Ca?* from the cy-
tosol to the extracellular environment of eukaryotic cells [107-109]. Together with
SERCA and the Na*/Ca?* exchangers (NCX), PMCAs are the major plasma mem-
brane transport system. They are of major physiological importance for the regula-
tion of the low Ca?* concentration of the intracellular resting state [109]. It has been
shown that they are essential for sperm motility, pre- and post-synaptic Ca2+ regula-
tion in neurons and feedback signalling in the heart [107]. PMCAs share the common
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domain architecture with other P-type primary ion transport ATPases, including a
transmembrane domain, and three soluble domain (P-, N-, A-domain), which are
essential for the pumping cycle (see section 4.1.2). In addition PMCAs contain an
autoinhibitory or regulatory domain, which is located either at the N-terminus (in
plants) [110] or the C-terminus (in mammals) [111]. This regulatory domain (RD)
contains a calmodulin (CaM) binding site and once calcium-loaded CaM binds to
the RD both the Ca?*-affinity and the pump rate is substantially increased. Based on
these findings it has been proposed that binding of CaM to the regulatory domain
induces conformational changes that displaces the RD from the pump core structure
[112-114].

PMCAs are expressed in several isoforms to functionally adapt to the physiolog-
ical needs of particular cell types. Alternative splicing further increase the func-
tional variety. Two main locations in plasma-membrane C**-ATPases are affected
by alternative splicing, including the regulatory domain and the first intracellular
loop, which forms the A-domain. It has been recently suggested that the diversity
of PMCA isoforms and splice variants are able to regulate the basic Ca2+ home-
ostasis (in the 100 nM range) and the high Ca?* concentration during cell stimula-
tion (in the uM range) [67, 115]. The crystal structure of the regulatory domain of
ACAS, a plasma-membrane Ca?*-ATPase from A. thaliana, revealed two calmodulin
binding sites (CaMBS) with different affinities suggesting a more complex activation
mechanism [67], which enables a precisely tuning of the activity of PMCAs to cover
a broad range calcium concentrations in the cytoplasm (see Fig. 4.2). Combining
both alternative splicing, generating different length of the regulatory domain, with
the two calmodulin binding sites shows that the precise regulation of PMCAs are
of major physiological importance. However, the structural changes leading to the
activation of PMCAs are not well understood. A recent published cryo-electron mi-
croscopy structure of the human PMCAT1 revealed the structural homology to the
family of P-type ATPases, but could not resolve the regulatory domain [116]. Stud-
ies using a photoactivatable phosphatidylcholine analogue showed major confor-
mational changes in the transmembrane domain during the activation of PMCAs
by calmodulin [117-119], however, structural data about the full-length enzyme re-
main to be elusive. In order to investigate the structural basis for the activation of
PMCAs by CaM this chapter aimed to characterized the different binding events by
a combination of biochemical and biophysical methods. To further analyse the bi-
modular mechanism the A. thaliana ACA8 was used. Since Bonza and Luoni [111]
showed that plant and mammalian PMCAs share a common autoinhibitory mecha-
nism findings on the activation mechanism should apply for both PMCAs.
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Figure 4.2: Proposed model of PMCA activation by Tidow et al. [67]. At low
Ca** calcium-loaded calmodulin (CaM) bind first to the high affinity site of the
regulatory domain. With increasing Ca?* CaM binds to the low affinity binding
site which completely replaces the regulatory domain leading to maximal pump-
ing rate. Figure adapted from Tidow et al. [67].

4.2 Material and methods

4.21 Cloning of ACAS8 constructs

Full-length ACA8 was cloned with an N-terminal Hisg-tag in the pYES2 vector by
Dr. Henning Tidow and was modified in this study. The Hise-tag was elongated
by additional two histidine residues. In addition, a TEV protease cleavage site was
introduced between the His-tag and the ACAS8 gene via site-directed mutagenesis.
ACAS8 gene was cloned in a pDDGFP-LEU2d vector [120], which was a gift from
Simon Newstead (Addgene plasmid # 58352), by homologous recombination as de-
scribed in [121], which creates an ACAS8-yEGFP fusion construct. The pDDGEFP-
LEU2d vector consists of a sequence for yEGFP [122] with a C-terminal octa-His
tag and a TEV protease site upstream of GFP-Hisg. Moreover, the vector contains
two marker genes and allows for dual selection using either the URA3 or LEU2D
marker. The LEU2D promoter was shortened and therefore weaker, which induces,
growing in leucine-depleted medium, an additional selective pressure which in turn
leads to a higher plasmid copy number in the cell and sometimes to an increase in
the protein expression level [120]. An ACAS8 construct with a C-terminal Hisg-tag
was obtained by removing the yEGFP sequence from the pDDGFP-LEU2d-ACAS8
construct via site-directed mutagenisis resulting in a pDD-LEU2d-ACAS8 construct.
The ACAS8core, a construct which lacks residues 1-138 of ACA8 (which contain the
regulatory domain) were obtained from the pDD-LEU2d-ACAS8 construct by site-
directed mutagenesis. The regulatory domain of ACA8 (aa 1-130) (ACA8RD) con-
tains fusion at the N-terminus composed of Hiss-lipoamyl-TEV-tag. The fusion con-
struct was cloned into pET28a vector by Dr. Henning Tidow [123]. In this study a
cysteine was introduced N-terminal of the regulatory domain via site-directed mu-
tagenesis to allow site specific labeling with thiol-reactive probes.
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4.2.2 Small-scale expression screening of ACAS8

Expression conditions of ACA8 were screened by whole-cell fluorescence analysis.
ACAS8-yEGFP construct was transformed (see B) into S. cerevisiae strains K616, In-
vScl and BJ5460 (see B) [124] and grown on either uracil- or leucine-depleted SC-
plates (-URA or -LEU) for 72 h at 30 °C. Colonies from transformed BJ5460, InvScl
and K616 cells were inoculated in 10 ml SC-media with 2% glucose (see B) (-URA
or -LEU) and incubated overnight in an orbital shaker at 30 °C with 220 rpm. The
following day the starter culture was used to inoculate 10 ml expression culture with
SC-media with 0.1 % glucose (either -URA or -LEU) to an ODgg of 0.12, and incu-
bated at 30 °C with 220 rpm. At an ODgq of 0.6 (after approx. 6-7 h) expression
was induced by adding 20 % (w/v) galactose to a final concentration of 2 % (w/v),
again incubated at 30 °C with 220 rpm. 22 hours post-induction the cells were har-
vested by centrifugation at 3,000 x g and resuspended in 300 pl buffer containing
50 mM TrisHCl pH 7.6, 5 mM EDTA, 10% glycerol. GFP fluorescence of the cell
suspension was measured on a Tecan Infinite® 200 microplate reader at Aexcitation =
488 nm, Aemission = 912 nm. In order to compare the expression level per cell all cell
suspensions were adjusted to the same ODgg. To estimate background fluorescence
transformed cells were grown in the presence of 2 % glucose (instead of 2 % galac-
tose) from all different expression tests and used as negative control samples. In-cell
concentration of expressed yeGFP (in mg/ml) were calculated as described in [121]
using following equation:

(4.1)

[YEGFPexpressed = <[yEGFP] , F(+GAL) — F(+GLU)> « DF!

F(yEGEP)

where F(+GAL) is the fluorescence of cells grown in 2 % galactose, F(+GLU) the
fluorescence of cell grown in 2 % glucose, F(yeGFP) the fluorescence of purified
yEGFP with a known concentration ([yeGFP]) and DF the dilution factor. The cal-
culated value for the amount of expressed yEGFP was used to calculate the amount
of expressed ACAS as followed:

MWACAg(kD(Z)

[ACAS]expressed = []/ eGF P]expressed * MWyeGFP (kD a)

(4.2)

For further improvements each media and strain combination was tested with or
without additional dimethylsulfoxide (DMSO) as a chemical chaperone at a final
concentration of 0.04 % (w/v).

4.2.3 Fluorescence-detection size exclusion chromatography

Fluorescence-detection size exclusion chromatography (FSEC) was used for a first
detergent screening. The method uses a construct with GFP fused to the membrane
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protein of interest. The membrane fraction is solubilised with different detergents
and the soluble fraction of detergent-solubilised membranes are analysed on a size
exclusion column. The GFP fluorescence can be easily detected and the quality of
the tested detergent can be judged by analyzing the shape of the chromatogram.
Yeast-enhanced GFP (YEGFP) was fused to full-length ACAS to perform FSEC anal-
ysis (see 4.2.1). Membrane fractions from 2 L expression culture were used, resus-
pendended in TBS buffer (50 mM Tris pH 7.6, 150 mM NaCl) and adjusted to 3.5
mg/ml total protein concentration. For each detergent tested, 100 ul freshly pre-
pared detergent solution was added to 900 pul membrane suspension (final 3 mg/ml)
and incubated for 1 h at 4 °C with constant agitation. The final detergent concentra-
tion was adjusted to 1 % unless otherwise stated. Subsequently, non-solubilized
material were pelleted by ultracentrifugation at 100,000 x g for 45 min. GFP fluo-
rescence was measured from samples before and after the ultracentrifugation and
used to calculate the detergent solubilization efficiency. 500 pl of cleared detergent
solubilized sample were injected on a Superdex 200 10/300 GL (GE Healthcare) col-
umn, pre-equilibrated in buffer containing 30 mM Tris pH 7.6, 150 mM NaCl, 0.03
% DDM and 100 ul sized fractions were collected throughout the run. GFP fluores-
cence were measured for each fractions (Aexcitation = 488 NM, Aemission = 512 nm) on a
Tecan Infinite® 200 microplate reader and plotted against the corresponding elution
volume.

4.2.4 Expression of full-length ACA8, ACA8core and ACASRD

Full-length ACA8 with an N-terminal Hisg-tag (in pYES2) or with an C-terminal
Hisg-tag (in pDD-LEU2D) as well as ACA8core (in pDD-LEU2d) were transformed
in B]J5460 S. cerevisiae cells [124] and grown on SC-agar plates (-URA). 10 ml SC me-
dia with 2 % glucose (-URA) starter culture was inoculated with freshly transformed
BJ5460 cells and incubated in an orbital shaker for 24 h at 30 °C and 220 rpm. The
starter culture were diluted into 100 ml SC media with 2 % glucose (-URA) and in-
cubated for 8-10 h at 30 °C and 220 rpm and diluted afterwards again into 500 ml SC
media with 2 % glucose (-URA). After approx. 16 h the 500 ml pre-culture were used
to inoculate 12 x 900 ml SC media with 0.1 % glucose (-URA) to an ODgg of 0.12 and
incubated in an orbital shaker at 30 °C and 220 rpm (approx. 6-8 h). At an ODgq
of 0.7 the expression was induced by adding 20 % galactose to a final concentration
of 2 % and incubated for 20 h at 30 °C and 220 rpm. The cells were harvested by
centrifugation at 3,000 x g for 10 min and were resuspended in 30 mM Tris pH 8.0,
300 mM NaCl, 20 % (v/v) glycerol, 3 mM B-mercaptoethanol, 20 mM EDTA.

ACASRD (in pET28a) was cotransformed together with CaM7 (in pET42a) in E.coli
strain C41 [125]. Cells harbouring the both plasmids were used to inoculate 20 ml
preculture with LB-medium containing ampicillin and kanamycin and grown for 16

h at 37 °C at 180 rpm. The expression culture (6 L 2xTY media)were inoculated using
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the preculture to an ODggg of 0.1 and cells were grown at 37 °C and 180 rpm to an
ODgp of 1.0. Subsequently, the temperature was shifted to 20 °C and the expression
was induced by adding 0.1 mM IPTG and grown for approx. 16 h. The cells were
harvested by centrifugation at 4,000 x g for 30 min and the pellet was resuspended
in lysis buffer (30 mM Tris pH 7.5, 300 mM NacCl, 10 % glycerol, 2 mM CaCl,, 1 mM
Tris-(2-carboxyethyl)-phosphin (TCEP)).

4.2.5 Purification of full-length ACAS8, ACA8core and ACASRD

For purification of full-length ACA8 and ACAS8core the resuspended cell pellet was
supplemented with 1 mM PMSE. The Cells were broken with 0.5 mm sized glass-
beads in a BeadBeater for 6 x 30 s. In a first low speed centrifugation step at 10,000
x g all cell debris were spun down. Membrane fractions were isolated with an ul-
tracentrifugation step at 180,000 x g for 100 min and the pellet was resuspended
in buffer containing 30 mM Tris pH 8.0, 300 mM NacCl, 10 % (v/v) glycerol, 1 mM
CaCly, 2 mM B-mercaptoethanol. The membranes were solubilized in either 1 % lau-
ryl maltose neopentylglycol (LMNG) or 1 % dodecyl-B-D-maltopyranoside (DDM)
for 1.5 h with gentle stirring, depending on the experiments afterwards. To remove
insoluble material the solubilized membranes were centrifuged at 100,000 x g for 45
min. Ni-affinity chromatography using a Ni-NTA column was applied. The cleared
solubilized membrane fraction were incubated with Ni** affinity resin for 1 h at4 °C
with gentle stirring. The resin was pre-equilibrated with buffer containing 30 mM
Tris pH 8.0, 300 mM NaCl, 2 mM CaCl,, 1 mM B-mercaptoethanol, 0.005% LMNG
(buffer A). In a first step the column was washed with 10 column volume (cv) of
buffer A. Subsequently, unspecific bound proteins were gradually eluted with 10
mM and 40 mM imidazole ACA8 was eluted with 150 mM imidazole. The purity of
ACAS8 was judged by SDS-PAGE and suitable fractions were combined. The com-
bined fraction were either used directly to incorporate ACAS8 into nanodiscs (see
4.2.8) or a second purification step using size exclusion chromatography (SEC) was
applied. For SEC, combined elution fraction were concentrated to a suitable vol-
ume and loaded on Superdex 200 (10/300) column (GE Healthcare) which was pre-
equilibrated with buffer containing 30 mM Tris pH 8.0, 150 mM NaCl, 1 mM CaCl,
0.5 mM TCEP, 0.003 % LMNG [126].

For purification of ACA8RD the resuspended pellet of co-expressed ACARD and
CaM7 was supplemented with 0.5 ml Lysozyme (100 mg/ml) (Gallus gallus, Sigma-
Aldrich) and DNAse (1 mg/ml) and incubated for 30 min under gentle agitation
at 4 °C. The cells were lysed using a high-pressure homogenizer (EmulsiFlex-C3,
Avestin) and lysate was cleared by centrifugation at 40,000 x g for 45 min. A metal
ion affinity chrmatography step using HisTrap column (GE Healthcare) was applied
as a first purification step in buffer containing 30 mM Tris pH 7.5, 300 mM NaCl, 10 %
glycerol, 2 mM CaCl,, 1 mM TCEP. Unspecifically bound proteins were eluted with
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20 mM imidazole before the ACASRD-CaM complex was eluted with 200 mM imi-
dazole. The combined elution fractions were dialyzed against imidazole free elution
buffer at 4 °C and incubated with TEV protease overnight. A second nickel affinity
chromatography step was applied to remove the His-lipoamyl-TEV tag [123] and the
flow-trough containing the ACA8RD-CaM complex was analysed on a SDS-PAGE
and concentrated to a suitable volume before fluorescence labeling (see 4.2.11) [126].

4.2.6 Expression and purification of CaM7

CaM7 was cloned in pET42a vector with an N-terminal fusion consisting of Hisg-
tag and a TEV protease cleavage site by Dr. Henning Tidow and provided for this
study. The plasmid containing CaM7 was transformed into E.coli B121 Gold (DE3).
A single colony was used to inoculate 10 ml preculture with LB-medium contain-
ing kanamycin (25 ug/ml), which was incubated for approx. 16h at 37 °C and 180
rpm. The preculture was used to inoculate the expression culture in LB-medium to
an ODgp of 0.05. Expression were induced with 0.5 mM IPTG at an ODgg of 0.6 and
grown for another 16 h at 20 °C. Cells were harvested by centrifugation for 30 min
at 3000 x g.

For purification cell pellet was resuspended in 30 mM Tris pH 7.5, 50 mM NaCl,
1 mM ME, 2 mM CaCl,, supplemented with 0.5 ml Lysozyme (100 mg/ml) (Gal-
lus gallus, Sigma-Aldrich) and DNAse (1 mg/ml) and incubated for 30 min under
gentle agitation at 4 °C. The cells were broken using three cycles at a high-pressure
homogenizer (EmulsiFlex-C3, Avestin). The lysate was cleared by centrifugation for
45 min at 40,000 x g and the supernatant was bound to HiTrap Phenyl HP column,
pre-equilibrated with buffer containing 30 mM Tris pH 7.5, 50 mM NaCl, 1 mM ME,
2 mM CaCl,. CaM7 was eluted with 5 mM EDTA and purity of the sample was
judged on a SDS-PAGE. Fractions containing pure CaM7 were pooled, concentrated
to 10 mg/ml and stored at -80 C until further use.

4.2.7 Differential scanning fluorimetry using Prometheus

In order to optimize buffer conditions and screen for detergents with stabilizing
effects, thermal unfolding behavior of ACA8 was investigated using a nanoDSF
differential scanning fluorimeter (Prometheus, NanoTemper Technologies). This
method monitors the protein’s intrinsic fluorescence upon temperature induced de-
naturation. The fluorescence emmision of tryptophan residues in a protein is sol-
vatochromic and therefore strongly depends on the environment. Upon unfolding
the tryptophan becomes solvent exposed and changes its fluorescence intensity. In
addition, the emmision peak usually shifts from 330 nm to 350 nm (red shift). The
change of intrinsic fluorescence of tryptophan residues at 330 nm and 350 nm after
excitation at 280 nm was measured and the ratio of F330/350 was plotted against
the temperature. The melting temperature (T,,) was determined by first derivative
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analysis. The Ty, is defined as the temperature at which 50 % of the protein is already
unfolded. This value was used as a measure to characterize the protein stability in
different buffer conditions.

For additive screening ACAS8 was purified in dodecyl-B-D-maltopyranoside (DDM)
(see 4.2.5) in a buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, 0.017 % DDM
(2x CMC) and for buffer screening was purified in the same buffer but containing
0.01% lauryl maltose neopentylglycol (LMNG) instead of DDM. Size exclusion frac-
tions containing pure ACA8 were concentrated to 2.5 mg*ml! and subsequently
diluted to 0.5 mg*ml™ in new buffer (buffer screening) or the same buffer with dif-
ferent detergents (detergent screening) prior to analysis. 10 ul ACA8 was loaded in
a capillary and the unfolding was measured at a heating rate of 1 °C/min from 20
°C to 90 °C. The tested additives and buffer conditions are listed below in Table 4.1.

Table 4.1: Prometheus screen

additive screen buffer screen
additive conc. buffer conc.
MgCl, 5 mM acetate pH 4.5 119 mM
CaCl, 5mM Mes pH 6.0 119 mM
EDTA 10 mM K-phosphate pH 6.0 119 mM
Mg-AMP 1mM citrate pH 6.0 119 mM
Mg-ADP 1mM Bis-Tris pH 6.5 119 mM
Mg-ATP 1 mM Mes pH 6.5 119 mM
Mg-AMPPCP 1 mM Na; -phosphate pH7.0 119 mM
POPC 5mM K-phosphate pH 7.0 119 mM
POPG 5mM Hepes pH 7.0 119 mM
soyPC 5mM Ammonium-actetate 119 mM
pH?73

UDM 1 mM Tris-HCl pH 7.5 119 mM
w-UDM 1 mM Na; -phosphate pH7.5 119 mM
DTM 1 mM Imidazol pH 7.5 119 mM
LMNG 1 mM Hepes pH 8.0 119 mM
DMNG 1 mM Tris-HCI pH 8.0 119 mM
OGNG 1mM Tricine pH 8.0 119 mM
CHS 1 mM Bicine pH 8.0 119 mM
GDN 1 mM Bicine pH 8.5 119 mM
C12E8 1 mM Tris-HCI pH 8.5 119 mM
Cymal-5 1 mM Ches pH 9.0 119 mM
Cymal-6 1 mM
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4.2.8 Reconstitution of ACAS8 into MSP nanodiscs

In order to characterize the activation process in a native-like lipid environment
ACAS8 and ACAS8core were reconstituted into nanodisc. The size of the nanodisc
was controlled by the use of different membrane scaffold protein (MSP) constructs.
In this study MSP1D1 as well as MSP1E3 were used. To analyse the effect of different
lipid-headgroups on the activity, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1"-rac-glycerol) (POPG) or L-
a-phosphatidylinositol (soy-PI) (Avanti Polar Lipids) were used for the assembly.
Lipid mixtures contained 70% POPC and 30% POPG or 70% POPC and 30% soy-PI,
respectively [126].

Lipid powder was resuspended in storage buffer (30 mM Tris pH 8.0, 150 mM NaCl,
100 mM cholate) to a final concentration of 50 mM and solubilised using freeze-
thaw cycles until the solution became clear. ACA8 or ACA8core were purified in
LMNG (Lauryl maltose neopentyl glycol) and used directly after affinity chromatog-
raphy (see 4.2.5). For reconstitution of ACA8 or ACAS8core into nanodiscs, ACAS,
the membrane scaffold protein (MSP1D1 or MSP1E3) and the lipids were mixed in
a molar ratio of 1:5:150 (for MSP1D1 nanodisc) or 1:5:400 (for MSP1E3 nanodisc) in
30 mM Tris pH 8.0, 150 mM NaCl, 2 mM CaCl,, 1 mM B-mercaptoethanol and in-
cubated for 1 h at 4 °C. The cholate concentration within the mixture was adjusted
to 20 mM and it was important to keep the LMNG concentration in the mix below 1
x CMC (< 0.001 %). Nanodisc assembly was initiated by adding detergent removal
beads (Thermo Fischer Scientific) in a 1:1 (v/v) ratio. The assembly mix was incu-
bated overnight (approx. 12 h) at 4 °C under constant agitation. Detergent removal
beads were removed by centrifugation (1,000 x g, 2 min) and subsequently aggre-
gates were spun down at 20,000 x g for 10 min. ACAS8 or ACAS8core containing
nanodisc were separated from ‘empty’ nanodisc (nanodisc containing only lipids
and MSP) on a Superdex200 column (GE Healthcare) in a buffer containing 20 mM
Tris pH 8.0, 150 mM NaCl, 1 mM CaCl,, 1 mM B-mercaptoethanol. The purity of
the sample was judged on a SDS-PAGE and fractions containing ACAS8 in nanodiscs

were pooled, concentrated and stored at 4 °C until further use [126].

4.2.9 Native mass spectrometry

Native mass spectrometry was performed by Dr. Johannes Heidemann (Uetrecht
Lab, HPI, Germany). ACA8 was solubilized and purified in Dodecyl-p-D-maltopyra-
noside (DDM). After affinity chromatography and size exclusion chromatography
(SEC) (see 4.2.5) fractions containing pure ACA8 were pooled and concentrated to 1
mg/ml and mixed with five-fold excess of purified CaM (see 4.2.6). Subsequently,
the buffer of purified ACA8-CaM complex as well as ACAS8 alone was exchanged to
200 mM ammonium acetate pH 8.3, 0.018% DDM (2xCMC) using centrifugal filter
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units (Vivaspin 500, 10,000 MWCO, Sartorius) at 4 C and 15,000 x g [126].

Nano electrospray ionization (ESI) capillaries were prepared by Dr. Johannes Heine-
mann (Uetrecht lab) and subsequently gold-coated using a sputter coater (Q150R;
Quorum Technologies Laughton, UK, 40 mA, 200 s, tooling factor 2.3, end bleed
vacuum 8 * 102 mbar argon) [127].

Native MS experiments were performed with a nanoESI source in positive ion mode
on a QToF2 (Waters and MS Vision) mass spectrometer that was modified for the
analysis of high-mass ions [127, 128]. Capillary and sample cone voltage were used
at 1700 V and 190 V, respectively. 7 mbar source pressure and 1.7 * 102 mbar argon
as collision gas were used. Capillary and cone voltages were set to 1.7 kV and 190V,
respectively. The collision energy was gradually ramped to 400 V to release protein
complexes from detergent micelles. Gas pressures were 10 mbar in the source region
and 1.70-2 mbar argon in the collision cell. Illustrated spectra were recorded at 200
V [126, 127].

Csl (25 mg/ml) spectra were acquired and used to calibrate raw data using Mass-
Lynx software (Waters). Data was analyzed using MassLynx and Massign [129].
Average measured masses of protein complexes, standard deviations of replicate
measurements and average full width at half maximum (FWHM) values as a mea-
sure of the mass resolution are listed in Table A.2 [126, 127].

4.2.10 Activity measurements

ACAS activity was assessed by measuring the ATPase activity using the Baginsky
assay [130, 131]. The method measures the production of inorganic phosphate, a
result of ATP hydrolysis. The produced inorganic phosphate forms a complex with
ammonium heptamolybdate, which can be quantified colorimetrically.

Activity was measured from purified ACA8 or ACA8core (ACAS construct lacking
the regulatory domain), either in LMNG or nanodiscs composed of different lipids
(see 4.2.5 & 4.2.8). Mixed lipids contained 70% POPC and 30% POPG or 70% POPC
and 30% soy-PI, respectively. All measurements were performed in the presence
or absence of the major PMCA activator CaM7 to ensure full functionality. ATPase
activity was analysed in either a CaM-dependent or ATP-dependent manner. The
CaM concentration was varied between 5 nM and 10 uM and ATP concentration be-
tween 50 uM and 4 mM. The enzyme concentration as well as the incubation time
with ATP was adapted to perform all measurements under initial velocity condi-
tions. In general, reactions were performed in buffer containing 30 mM Tris-HCl
(pH 7.4 at 25 °C), 150 mM NaCl, 2 mM MgCl,, 1.95 mM EGTA, and 2 mM CaCly, in
order to get 50 uM final free Ca?* concentration. 3 ug of purified ACA8 in LMNG
and 2 pg ACA8-nanodiscs complex were used. The reaction volume was 50 ul. The
ATPase reaction was started by adding the corresponding ATP concentration and
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incubated for 10 min at 25 °C. The reaction was stopped by adding 50 ul ascorbic
acid solution (140 mM ascorbic acid, 0.5 M HCl, 0.1% SDS, 5 mM ammonium hep-
tamolybdate). After 10 min the addition of 75 pl containing 75 mM sodium citrate,
2% (w/v) sodium metaarsenite and 2% (v/v) acetic acid stopped the colorimetric
reaction and the absorbance at 860 nm was read on a Tecan Infinite® 200 microplate
reader after 30 min. The spontaneous and non-enzymatic hydrolysis of ATP just in
buffer was subtracted from the measurements with ACAS8. A calibration curve us-
ing sodium phosphate in a concentration range from 0.01 mM to 0.6 mM was used
for determining the concentration of released phosphate [126]. In ATP titration and
CaM titration experiments all measured activities were normalized to the protein
concentration and incubation time with ATP to get the specific activity ([hydrolysed
ATP]*min*mgACA8!), which was plotted against the ATP concentration. In ATP
titration experiments reactions were assumed to follow the Michealis-Menten kinet-
ics and the data was fitted using following equation:

__ Umax * [S]

= Kot 19 *3)

where [S] is the ATP concentration, K, is the the Michaelis constant. Ky, defines the
substrate concentration at which the reaction rate is half maximum, which in turn
describes the substrate’s affinity to the enzyme. Vay is the maximum reaction rate.
All reactions were measured as triplicates [126].

4211 Fluorescence anisotropy titration

Fluorescence anisotropy was used to characterize the binding of CaM to the regula-
tory domain of ACA8 (ACAS8RD), as well as the binding of ACA8SRD to ACAS8core
(ACAS construct lacking the regulatory domain). For titration experiments Alexa
Fluor™488 C5 maleimide (Thermo Fischer Scientific, USA) was used to label CaM
or the regulatory domain from ACA8 (ACA8RD), respectively. The maleimide en-
ables the thiol-specific labeling of proteins. Wildtype CaM?7 contains only one cys-
teine at position 27, which was used to introduce the fluorescent dye at a specific
position. For ACA8RD a cysteine was introduced between the TEV cleavage site
and the regulatory domain.

For fluorescence labeling Alexa Fluor™488 maleimide was added to 40 uM purified
ACAS8RD-(CaM?7), (see 4.2.5) or 40 uM purified CaM (see 4.2.6), respectively, in a
molar ratio of 10:1 and incubated overnight (approx. 16h) at 4 °C. The reaction was
stopped by adding 5 mM B-mercaptoethanol. Free fluorescein isothiocyanate (FITC)
was separated with a PD10 column. Afterwards the ACASRD-(CaM), complex was
dissociated by adding 10 mM EDTA followed by binding of ACA8RD to a cation
exchange chromatography column to further purify FITC-ACA8RD. Fractions con-
taining FITC-ACA8RD were pooled, concentrated and flash frozen in liquid nitrogen
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until further use. FITC-labeled CaM was used directly after PD10 column [126].
Measurements were performed on an Agilent Cary Eclipse fluorescence spectropho-
tometer. Fluorescence anisotropy was measured with excitation at 480 nm and emis-
sion at 520 nm and slit width of 10 nm. Each measurement was integrated over 5 sec
and the photomultiplier voltage was set to 700 V [126].

The fluorescence anisotropy r was calculated from fluorescence intensities that were
measured with a vertically oriented excitation polarizer and vertically (I,») or hor-
izontally (I,;,) oriented emission polarizer [reviewed 132, chapter 10] from the fol-

lowing equation:
;= Im, — G * Ivh
L+ 2% Gy

(4.4)

The G-factor (G) is a correction for the instrument sensitivity towards vertically and
horizontally polarized light. It is defined as

G= Iho (4.5)
Inp

and was measured for each sample immediately before the experiment using the
same sample and instrument settings as used for the experiment [126].
All Reactions were carried out at 20 °C in buffer containing 30 mM Tris pH 8.0, 150
mM NaCl, 2 mM CaCl,, 0.5 mM TCEP. In the binding experiments, 25 uM ACA8core
(in POPC nanodiscs)(see 4.2.8) were titrated into 50 nM fluorescein-labeled ACASRD
or full-length ACAS8 (in POPC nanodiscs)(see 4.2.8) was titrated into 15 nM FITC-
labeled CaM. In the competition binding assay ACA8core (in POPC nanodiscs) were
titrated into labeled ACA8RD until r did'nt further increase and subsequently 50 nM
CaM was titrated into the preformed complex. After each titration the solution was
stirred for 30 s before horizontally and vertically emmision were measured. Dissoci-
ation constants were obtained by fitting anisotropy data to the equation correspond-
ing to a one-site binding model with

Ar x [P]

Kot [P] (*.6)

Tops = 10 +

where r( is the initial anisotropy value of the unbound labeled CaM or ACA8RD,
Ar is the change in anisotropy upon binding of full-length ACAS8 (flACAS8) or CaM
(to the complex of labeled ACASRD and ACAS8core), [P] is the concentration of the
titrant and the dissociation K equals Psq [126].

4.2.12 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) was used to characterize the activation process
of ACAS. All data was aquired on the Bio-SAXS instrument P12 on the storage ring
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Petra III (DESY, Hamburg, Germany) [133]. All SAXS measurements were carried
out at 10 °C in 30 mM Tris pH 7.5, 150 mM NaCl, 2 mM CaCl,, 2 mM MgCl, and
0.5 mM TCEP at protein concentrations ranging from 1-8 mg/ml [126]. ACA8 was
reconstituted into nanodisc to reduce negative side-effects from buffer mismatch
due to empty detergent micelles. Different membrane scaffold protein constructs
were used to control and optimize the size of the nanodisc. In the present study
MSP1D1 (nanodisc diameter of 9.7 nm) and MSP1E3D1 (nanodisc diameter of 12.7
nm) were used (see 4.2.8). ACAS8 was reconstituted in nanodiscs composed of dif-
ferent lipid composition as described in 4.2.8. ACA8-CaM complex were formed by
mixing ACA8-ND with excess of CaM which was subsequently purified from excess
of CaM on a Superdex200 (10/300) column (GE Healthcare, USA) and concentrated
before measurements.

The scattered intensity was recorded as a function of the scattering vector g with
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using a wavelength (A) of 0.124 nm. The scattering from the corresponding buffer
was collected before and after each protein sample. A total of 20 frames, each with an
exposure time of 50 ms, were collected for each buffer and samples exposure. The
average of the data was normalized and background subtracted using automatic
procedures on the beamline [84]. An average of buffer scattering was substracted
from the samples scattering. Inter-particle interference was inspected by analysing
the Guinier region of each scattering curve in the concentration series. If needed,
low-angle scattering data obtained for the lowest concentration of the protein was
merged with high-angle data obtained from the highest concentration of the same
protein to reduce the contribution of inter-particle effects to Ry determination. Cal-
ibration of the scattering intensity into absolute units of cm™ was performed using
the forward scattering intensity of bovine serum albumin [126].

All data processing was performed using PRIMUS [84]. The distance distribution
function, p(r), was obtained by indirect Fourier transform (FT) of the scattering in-
tensity using GNOM [43], which provides the maximal particle dimension, Dmax,
and the radius of gyration (Rg). The radius of gyration was also evaluated from
the experimental SAXS pattern using the Guinier approximation (In I(q) vs g?). The
Guinier-derived Ry was compared with the Ry determined by the indirect FT over
the whole scattering range in order to make sure no aggregation was present in the
sample [126].
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4.3 Results and discussion

4.3.1 Optimization of expression and purification of ACAS8
4.3.1.1 GFP-based expression screening of ACA8

The natural abundance of membrane proteins is generally too low to obtain suffi-
cient amounts from natural sources for biochemical and biophysical studies [134,
135]. Therefore, membrane proteins often need to be overexpressed to yield mil-
ligram amounts of pure and functional protein for downstream analysis. One of the
most abundantly used expression hosts for the overexpression of membrane pro-
teins is Escherichia coli, an organism which can be handled and genetically modified
with ease [136]. For that reason, E. coli was tested as a first expression system to
produce ACAS8. The corresponding gene were cloned into the pNEK vector to cre-
ate a fusion construct with an N-terminal Hisg-tag. ACA8 expression was screened
by varying E. coli strains, the expression temperature (37 °C or 20 °C) and the IPTG
concentration (ranging from 0.05 mM to 1mM). Tested E. coli strains included BL21,
C43 [125], Lemo [137] and Rosetta-Gami2 cells. The selected E. coli strains, like C43,
Lemo or Rosetta-Gami2, provide different advantages for recombinant expression
of challenging proteins and were therefore chosen to screen a broad range of proper-
ties. For example, proliferation of intracellular membranes in the C43 strain helped
improving the expression of subunit b of the F;FyATP synthase [138] which make
this strain a suitable candidate for membrane protein overexpression. In some cases
the overexpression of membrane proteins can be toxic to E. coli cells. The Lemo strain
enables the precise control of T7 RNA polymerase activity, which in turn prevents
the SEC translocon from a overload and therefore helps reducing the toxicity of over-
expression. The Rosetta-gami2 strain are designed for overexpression of eukaryotic
proteins, as it able to express tRNAs from codons rarely used in E. coli. Moreover
due to a less reducing cytoplams disulfide bonds are able to form, which are often
important for eukaryotic proteins [139].

For each strain and growth-condition combination, 50 ml expression culture was
grown and a pulldown experiment was undertaken. For this, corresponding mem-
brane fractions were purified and solubilised in DDM, bound to Ni?*- affinity chro-
matography resin and the elution fraction were analysed on a SDS-PAGE. None of
the tested combination showed a significant expression level of ACAS, indicating
that no protein was properly expressed and inserted into the membrane to yield a
functional protein. All selected strains are engineered to optimize either the expres-
sion of membrane proteins or eukaryotic proteins but did not show any expression
of ACAS8. The lipid structure of E. coli membranes as well as the composition dif-

fers significantly from eukaryotic cells. The recombinant expression of membrane
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proteins requires a proper membrane environment [140]. However, as a prokary-
otic expression system, E. coli may lack essential lipids, molecular chaperons, and
post-translational modifications that are required for the correct membrane inser-
tion, folding, and function of eukaryotic IMPs, such as ACAS8 [136, 141].

Eukaryotic membrane proteins has been successfully expressed in S. cerevisiae [121].
Yeasts are simple eukaryotes that combine the ease and cost effectiveness of E. coli
but come with the added benefit of eukaryotic folding pathways [142]. Therefore
three different S. cerevisiae strains were used to screen for the overexpression of
ACAS in a eukaryotic expression system. Tested yeast strains included the K616,
InvScl and BJ5460. The K616 strain lacks the endogenous active Ca®* transport sys-
tems [143] and is widely used for functional studies of Ca%* ATPases. Yeast strain
BJ5460 is a protease deficient strain and showed reasonable high expression lev-
els when expressing eukaryotic membrane proteins [142]. The gene encoding full
length ACA8 was cloned into the pDDGFP-LEU2D vector through which the pro-
teins are expressed with a C-terminal TEV-cleavage site, GFP-tag and a Hisg-tag.
GFP fusion has several advantages; the C-terminal GFP folds and thus becomes flu-
orescent only if the fused membrane protein is properly folded and integrated into
the membrane. Thus, the resulting fluorescence can be used as a fast and accurate
measure of membrane-integrated expression level [144-146] as it is easily detected
in liquid culture, standard SDS-gels and detergent-solubilized membranes. Addi-
tionally, the vector harbours two metabolic markers which enables the growth in
either uracil or leucine depleted medium. The leucine marker, LEU2D, is under the
control of a truncated promotor, which leads to a higher plasmid copy number in
the cell and was demonstrated to increase the expression level of several membrane
proteins [142].

To identify potential expression conditions for large-scale expression, a small-scale
expression test in 50 ml media was carried out using either uracil or leucine de-
pleted medium or full medium (YPG). For each type of media the effect of DMSO
as a chemical chaperone were tested as well. The in-cell fluorescence of ACA8-GFP
for each strain and media combination were measured as described in 4.2.2 and
the amount of expressed ACAS8-GFP was calculated. In general, the BJ5460 strain
showed the highest expression level over all different conditions, whereas the K616
strain expressed much less ACA8-GFP (see Fig. 4.3 a+b).
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Figure 4.3: In-cell expression screening of ACA8. ACA8-GFP was expressed in
either K616 (grey), InvScl (blue) of BJ5460 (red) S. cerevisiae cells under different
conditions. Cells were grown in either full-media (YPG) or selective media (ei-
ther -URA or -LEU). Each cell and media combination were tested with addition
of 0.04% DMSO as chemical chaperone. (a) In-cell fluorescence intensities nor-
malized by ODggg given the expression rate per cell. (b) Amount of expressed
ACAS8-GFP per liter expression medium.

As the endogenous active Ca** transport systems are altered in the K616 strain the
calcium signalling might be disturbed, which in turn might have a negative effect on
the expression rate. In contrast, in BJ5460 three endogenous proteases are deleted,
which might have a positive effect on the lifetime of overexpressed proteins and
therefore on the expression level of ACAS. In leucine-depleted media the expression
level per cell is four times higher in BJ5460 cells compared to expression condition
under uracil depleted media (Fig. 4.3 a). This indicates that the additional selective
pressure, due to the truncated LEU2D promoter, indeed leads to a higher plasmid
copy number and in turn to a much higher expression level in the cell. Interestingly,
this effect is much less pronounced in the tested K616 or InvScl strains, where the
expression rate in leucine-depleted media is almost the same as in uracil-depleted
media. However, the cells grew significantly slower in leucine-depleted media, as
already described in [142], and therefore the amount of expressed ACA8-GFP per
liter expression medium was only 30% of that in uracil-depleted medium (Fig. 4.3
b). In contrast, the expression level per cell in YPG medium is the lowest which is
compensated by a much higher ODgq, which leads to almost the same amount of ex-
pressed ACAS per liter expression medium as in uracil depleted medium. It seems
that, due to the loss in selective pressure in YPG media, the plasmid copy number
in the cell is significantly reduced, which explains the low expression rate per cell.
The addition of DMSO showed no positive effect in none of the tested expression
condition.

Overall, the BJ5460 strain in uracil-depleted as well as in YPG media expressed the
highest amount of ACA8-GFP, but in uracil-depleted media the concentration of
ACAS in the cell is significantly increased. More biomass can have negative side
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effects in downstream processes. Therefore large-scale expression of ACA8 was car-
ried out in BJ4560 strains in uracil-depleted media.
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4.3.1.2 Optimization of purification of ACAS8
GFP-based detergent screening

The GFP moiety in the ACA8-GFP fusion enables a fast screening of different de-
tergents. In order to screen for solubilization efficiency, ACA8-GFP was expressed
in 2L uracil-depleted selective media as described above in 4.3.1.1 and membrane
fraction were purified by differential centrifugation (see 4.2.5). In-gel fluorescence
analysis of all membrane purification steps showed a single fluorescent band at 150
kDa in the membrane fraction sample (lane 4), which correspond to the ACA8-GFP
fusion (Fig. 4.4) and no degradation is visible.
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Figure 4.4: In-gel fluorescence showing the expression of ACA8 ACA8-GFP was
expressed in BJ5460 cells, membrane fractions were isolated and all samples were
loaded on a 15% SDS-PAGE. Fluorescent bands were detected by a CCD camera
system. Bands; 1 = molecular weight marker, 2 = non-induced cells, 3 = cell debris
after centrifugation at 10,000 x g, 4 = membrane fraction

Purified membrane fractions were solubilized with 1% final detergent concentration
for 1h and cleared with an ultracentrifugation step afterwards. Solubilization ef-
ficiency was calculated by measuring the GFP fluorescence of samples before and
after the centrifugation step. Figure 4.5 shows the solubilization efficiency of all
screened detergents. This screen included different classes of detergent, where the
charge state and the nature of the head group as well as the length of the hydropho-
bic chain were varied. The dodecyl-B-D-maltopyranoside (DDM) clearly showed
the best solubilization efficiency with 90-97 % solubilized ACAS8-GFP.
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Figure 4.5: Solubilization efficiency of ACA8-GFP ACAS8-GFP were expressed
in BJ5460 cells and membrane fractions were isolated. For solubilization 1 % de-
tergent (final concentration) was added to the membrane fraction and cleared by
ultracentrifugation after 1h. GFP fluorescence was measured before and after the
centrifugation step to calculate the solubilization effieciency.

The ability of detergents to stabilize the native conformation of IMPs is even more
important than the solubilization efficiency. To determine the stability of ACAS-
GFP in different detergents, fluorescence-detection size-exclusion chromatography
(FSEC) was performed. SEC is one of the most useful tool for monitoring the monodis-
persity and stability of the target protein [147, 148]. In an FSEC experiment the GFP
fluorescence, and therefore the protein of interests which is fused to GFP, can be fol-
lowed easily on a gel filtration chromatography column. Based on the shape of the
chromatogram the protein behavior can be evaluated to judge the ability of the de-
tergent to stabilize the IMP [149]. Membrane fractions of expressed ACA8-GFP were
solubilized in 1 % detergent and the soluble portion were separated from the non-
solubilised protein by ultracentrifugation. FSEC experiments were performed by
loading the supernatant of the cleared membrane fraction onto a size exclusion col-
umn (Superdex 200 10/300) and following the fluorescence of GFP over time. Figure
4.6 shows chromatograms of ACA8-GFP in all tested detergents. Chromatograms of
ACAS8-GFP solubilized in either DDM or C12E8 both showed only minor peaks at
the void volume and a major peak between 11.5 ml and 11.7 ml , which might corre-
spond to monomeric ACAS8-GFP (4.6 a + b). Whereas, in chromatograms of UDM, a
maltoside with shorter hydrophobic chains than DDM, the main peak is shifted to-
wards lower elution volumes, indicating an increase in hydrodynamic radius, prob-
ably due to aggregation/unfolding (4.6 c). This effect is more pronounced in DM a
detergent which has even shorter hydrophobic chain than UDM. The chromatogram
shows a second peak at even lower elution volumes (4.6 e). All other tested deter-
gents could not stabilize ACA8-GFP more than DDM or C12E8 did. The void peak

was higher or the main peak was shifted towards lower elution volumes in all other
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chromatograms (4.6 d + f-i). Since, DDM shows the highest solubilisation efficiency
as well as gave a rather homogenous sample in the FSEC experiment, large-scale
purification of ACA8 was performed in DDM.
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Figure 4.6: Fluorescence detection size-exclusion (FSEC) profiles of ACA8-GFP
in various detergents. (a-i) Membrane fractions of ACA8-GFP were solubilized in
1% of corresponding detergent and cleared solubilized membranes were loaded
on a 5200 (10/300) column, the GFP fluorescence of each fraction was measured
and plotted against the elution volume.
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Purification of ACAS8 in DDM

Based on the results from pre-screening of detergents of ACA8-GFP, large-scale pu-
rification was carried out in DDM. Briefly, membrane fractions of expressed ACAS8-
GFP were purified and solubilized in DDM. After solubilisation non-solubilised pro-
teins were removed via ultracentrifugation and further purified over a Ni-NTA col-
umn. Elution fractions containing ACA8-GFP were pooled and the GFP/His-tag
was cleaved off through TEV-cleavage overnight. A second His-trap clumn was ap-
plied to bind the His-GFP and TEV protease to the column whereas the ACAS8 did
not. Purified ACA8 was loaded on a gel filtration column (5200 10/300) to judge the
stability and homogeneity.

The proteins showed similar and reproducible solubilisation efficiency in DDM rang-
ing from 80 % to 95 %. Similar observations could be made for their binding effi-
ciency to the Ni-NTA resin (60-80 %). After the second His-Trap column only mi-
nor contaminants were present in the sample, which were further purified by size-
exclusion chromatography (Fig. 4.7 b). However, the size-exclusion profile revealed
a concentration dependent aggregation (Fig. 4.7 a). At low concentration (1 mg/ml)
the chromatogram showed two main peaks, one at the void volume (8.5 ml) and one
at 12 ml, which corresponds to monomeric ACAS8. Increasing the concentration up
to 2.5 mg/ml, the 12 ml peak is nearly vanished and nearly all ACA8 was aggre-
gated and eluted in the void peak (Fig. 4.7 a).
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Figure 4.7: Size-exclusion chromatography (SEC) of ACAS8 in DDM. (a) ACAS
were purified in DDM and concentrated to either 1 mg/ml (blue) or 2.5 mg/ml
(grey) and loaded on a 5200 (10/300) column to analyse the stability. (b SDS-
PAGE analysis of SEC chromatogramm of ACA8 (DDM) - 1 mg/ml. Bands; load
= Ni-NTA elution fraction, M = molecular weight marker, 1 = void volume, 2 =
elution fraction of second peak

The results are contradictory to the FSEC experiments indicating that major changes

in the ACAS8 sample occured. The concentration of ACAS in the membrane fraction

was certainly below 1 mg/ml and therefore much lower in the FSEC experiments

59



Chapter 4. Studies on the activation of ACAS8

than for the experiments with purified ACA8. As Fig 4.7 shows higher protein con-
centration clearly drives the aggregation/unfolding process. Concentration depen-
dent aggregation is often seen in cases where the detergent does not fully cover the
transmembrane part of the protein and therefore badly mimics the membrane envi-
ronment. During the FSEC experiments the cleared membrane fraction was loaded
onto the column. It is likely that ACA8 contained much more bound lipids in the
membrane fraction than in purified fractions. Lipids can be crucial for stabilizing
the native conformation of a membrane protein. As it seems that DDM is not able
to cover the whole transmembrane part of ACA8 completely, lipids become more
important. With each purification process more and more lipids get washed off and
the lack in surrounding lipds might further destabilize ACA8. Many parameters
changed from FSEC experiments to full purification experiments. This results show,
although the screening of the homogeneity of IMPs in crude lysates using FSEC is a
cheap and time saving method, it is a relatively poor mimic of preparative purifica-
tion and was not suitable for ACAS8. Moreover, these results clearly show that DDM
is not a suitable detergent for ACA8 and further screening was neccessary.

Buffer and detergent optimization using differential scanning fluorimetry

One of the major factors that can influence the stability and homogeneity of a mem-
brane protein is the detergent it is solubilised and purified in [150-153]. A bad cov-
erage of the hydrophobic part of an IMP by the detergent micelle can contribute to
increased sample heterogeneity and a dramatically reduced thermodynamic stabil-
ity [154, 155]. A widely used method to assess the thermal stability of a protein
is differential scanning fluorimetry [156, 157]. This methods often use fluorescent
dyes such as 7-diethylamino-3-(4-maleimidyl-phenyl)-4-methylcoumarin(CPM) and
SYPRO Orange, which can be problematic with IMPs [157-159]. Therefore, ther-
mal unfolding was measured by monitoring changes in intrinsic fluorescence of the
aromatic residues upon heat unfolding by using the Prometheus NT.48 (see section
4.2.7), a method, which has been successfully applied to membrane proteins [87,
160]. By using the intrinsic fluorescence the transition midpoint (Tm) values can
be determined without the need for additional dyes [87, 157, 161]. In contrast to
the performed FSEC experiments, detergent screening using DSF was carried out
with purified ACAS8, which better mimics preparative purification conditions and
therefore greatly accelerates the transition from analytical results to large-scale pu-
rification.

In order to optimize the buffer condition as well as the detergent micelle around
the hydrophobic transmembrane part of ACAS, a high-throughput additive and de-
tergent screen was designed. To reduce side effects coming from the fused GFP
molecule ACA8 was expressed with a C-terminal Hisg-tag but without GFP (see
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4.3. Results and discussion

4.2.1) and purified in DDM with a concentration close to the cmc. Subsequently, con-
centrated ACAS8 was diluted fivefold in buffer containing the new detergent and in-
cubated for 1 h before the measurements. A broad range of detergents was screened
including the detergents already used in the FSEC experiments. In addition, more re-
cently developed detergents such as the neopentylglycol based detergents (LMNG,
DMNG, OGNG) as well as steroid based detergents like CHS or GDN were screened
[162, 163]. For all of the investigated detergents, the DSF traces allowed unambigu-

ous assignment of a transition mid-point (Tr).
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Figure 4.8: Thermal stability analysis of ACA8 by nDSF to optimize detergent
and additive conditions. Overview of melting temperatures (Tp,) of ACAS in
buffer constaining different additives as well as different detergents/lipids. ACA8
was purified in DDM and concentrated to 2.5 mg/ml. Concentrated ACA8 was
diluted in buffer containing new additives or detergents (as listed in Table 4.1).

The thermal stability of purified ACA8 in DDM is very low with a Ty, of 30 °C.
The neopentylglycol (NG)- based detergents LMNG and DMNG increased the ther-
mal stability by 16 °C or 11 °C, respectively (Fig. 4.8). On the other hand, the sta-
bilizing effect of OGNG, a NG-based detergent with a shorter hydrophobic chain
than LMNG, was much less pronounced. Sterol-based detergents such as CHS and
GDN are well known to be important for stabilizing eukaryotic membrane proteins
[164]. The stabilizing effect of theese two detergents was slightly weaker than for
LMNG (AT, = 14°C, AT, = 12°C) but significantly increased the thermal stability
of ACAS as well. Whereas, the addition of maltoside based detergent did not show
any stabilizing effect. Previous experiments already suggested the importance of
surrounding lipids in order to stabilize ACA8. Therefore, different lipds with neg-
atively charged headgroups as well as zwitterionic lipids were screened. All tested
lipds significantly increased the thermal stability (AT, = 15°C) but no major differ-
ences between the head groups were visible.

Approximately 50 % of ACAS are cytoplasmic domains. These soluble domains are
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Chapter 4. Studies on the activation of ACAS8

not stabilized by the detergent micelle but might have an impact on the overall ther-
mal stability of ACAS8. The domains are involved in nucleotide binding and hydrol-
ysis. Therefore, different nucleotides as well as divalent ions were screened for their
ability to stabilize the soluble domains. All nucleotides showed stabilizing effects
with ADP showing the highest Ty, of 43 °C amongst them. The addition of divalent
ions (Mg2+ or Ca?*) leads to an increased thermal stability (AT, = 8°C or AT, =
14°C). Almost the same effect is visible after the addition of EDTA (AT, = 13°C),
which binds all co-purified divalents. Whether the stabilizing effect of divalent ions
to ACAS is significant is therefore not clear. Overall, the screen found different de-
tergent as well as additives, which all on their own are able to significantly increase
the thermal stability in contrast to DDM alone.

The detergent micelle is a critical parameter for optimizing the stability of ACA8s
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Figure 4.9: Thermal stability analysis of ACA8 by nDSF to optimize buffer pH
conditions. Overview of melting Temperatures (Ty,) of ACAS in buffer cwith dif-
ferent pH values. Standard buffer components (a) or complex buffer (b) in a pH
range from 4.0 - 9.0 were used. ACA8 were purified in LMNG and concentrated
to 5 mg/ml. Concentrated ACAS8 were diluted in buffer containing new buffers
(as listed in Table 4.1).

transmembrane domain. As around 50 % of ACA8s mass are soluble domains the
buffer pH might be a critical parameter for the stability and homogeneity as well.
For that reason, a pH screen, based on the developed RUBIC thermofluor screen
[165] was used to further optimize the buffer. ACA8 was purified in LMNG (see
4.2.5) and a buffer pH ranging from pH 4.5 - pH 9.0 was screened. Figure 4.9 a
shows the results from the screen with standard buffer components. The transition
midpoints above pH 4.5 and below pH 8.5 scatter around the reference line (Ty, of
ACAS8 in LMNG). None of the condition showed a significant stabilizing effect. To
ensure that the Ty, values are not affected by the components itself rather than the
pH, the same pH range was screened with complex buffer systems. The combina-
tion of succinic acid, sodium phosphate monobasic monohydrate and glycine (SPG)
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4.3. Results and discussion

covers a large pH range and enables to screen for optimal buffer pH without see-
ing buffer effects. SPG buffer revealed similar results, showing that a change in the
buffer pH does not increase the thermal stability.

Purification of ACAS8 in LMNG

ACAS8 showed the highest thermal stability in LMNG, a neopentyl glycol - based de-
tergent. This relatively new class of amphiphiles binds much stronger to the protein
as the CMC is an order of magnitude lower than that of DDM. It has been shown
that they are able to extract IMPs from native membranes as well as stabilizing a
variety of different eukaryotic membrane proteins [162]. As DDM greatly destabi-
lized ACA8, LMNG was kept throughout the whole purification, including solubi-
lization. After solubilisation non-solubilised proteins were removed via ultracen-
trifugation and further purified over a Ni-NTA column. Elution fractions containing
ACAS8 were pooled and purified ACAS8 was loaded on a gel filtration column (5200
10/300) to judge the stability and homogeneity. LMNG was added to the SEC buffer
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Figure 4.10: Size-exclusion chromatography (SEC)of ACAS8 in maltoside
neopentyl glycol detergents. (a) ACA8 was solubilized with LMING (blue, solid
line) and either kept for further purification or changed during Ni-NTA purifica-
tion to DMNG (grey, dashed line). Affinity-purified ACA8 was concentrated to
5 mg/ml and loaded on a S200 (10/300) column to analyse the stability. (b SDS-
PAGE analysis of SEC chromatogram of ACA8 (LMNG). Bands; load = Ni-NTA
elution fraction, M = molecular weight marker, 1 = elution fraction of SEC peak

(30 mM Tris pH 8.0, 150 mM NaCl, 1 mM CaCl, 0.5 mM TCEP) to a final concen-
tration of 0.003 % - 0.01 % (3 - 10 x cmc). The chromatogram of ACAS8 in LMNG
showed a single, highly symmetrical peak with an elution volume of around 13 ml,
suggesting that the molecule behaves as a monodisperse species (Fig. 4.10 a). In
contrast, the chromatogram of ACA8 in DMNG shows three peaks; one small void
peak, a main peak at 13.2 ml and a third one at around 11.5 ml. This indicates that
changing the detergent to DMNG ACAS starts to unfold, which yields a slightly
more polydisperse solution. It is likely that the slightly shorter hydrophobic chain
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Chapter 4. Studies on the activation of ACAS8

does not fully cover the transmembrane domain and therefore induced the unfold-
ing process. SDS-PAGE shows minor impurities in the affinity elution fraction and
a highly pure sample after SEC with 95-98 % pure sample (Fig. 4.10 b).

Three different constructs were tested to further improve the yield of purified and
stable ACAS8. In addition to the already described ACA8-GFP-Hisg construct, the
GFP was deleted which produced ACA8 with a C-terminal Hisg-tag. Moreover, a
construct with N-terminal Hisg-tag was tested as well. The solubilization efficiency
was almost the same for all constructs but ACA8 with N-terminal Hisg-tag binds
more efficiently to the Ni-NTA resin, suggesting that the N-terminal region is more
accessible. The higher binding efficiency leads to the highest yield of 0.5 mg ACAS8
per 11SC medium, whereas the ACA8-Hisg construct yield 0.3 mg ACAS8 per 11
SC medium. Due to the lower binding efficiency as well as the general loss during
TEV-cleavage the ACA8-GFP-Hisg yield the lowest amount of purified ACAS8 (0.1
mg ACAS per 11SC medium). Combining all results, expressing ACA8 with N-
terminal Hisg-tag in BJ5460 cell in uracil depleted selective media (SC media) and
solubilizing as well as purifying in LMNG yields the highest amount of pure ACAS.

Table 4.2: Purification specification of different ACAS8 constructs

Construct Solubilisation Binding ACAS from 1
efficiency [%]  efficiency to L SC media
resin [%] [mg]
ACAS8-GFP-Hisg 80 -90 60-70 0.1
ACAS8-Hisg 80 - 95 60-70 0.3
Hisg-ACAS8 80 - 95 70-80 0.5
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4.3. Results and discussion

4.3.2 Reconstitution of ACAS8 into nanodiscs

Detergents do not mimic the natural lipid environment and often result in reduced

activity of IMPs and may also lower membrane protein stability [10, 86, 166, 167].
Moreover, the presence of specific lipids is often essential for the activity of IMPs,
and due to their dissociating properties, detergents can strip off structurally and
functionally important lipids [168]. It has been previously demonstrated that phos-
pholipids, both the hydrophobic chain as well as the head group are important for
human PMCA activity and also stability [169, 170]. Phospholipid bilayer nanodiscs,
developed in the last decade, have proven a promising new platform for studies of
membrane anchored and integral membrane proteins under defined experimental
conditions [76]. Several types of nanodiscs, like MSP-based and saposin-based ones,
have been established in order to perform structural studies of integral membrane
protein in a native-like lipid environment. Systematic comparison of both systems
showed that they perform equally well in terms of stability and activity (see Chap-
ter 3) and are both suited for structural and functional studies of IMPs in solution.
The use of nanodiscs has enabled investigations of lipid dynamics, molecular rela-
tionships between lipids and proteins and other small molecules [17, 82, 171] and is
therefore well suited to study the activation process of ACAS8 in a native-like lipid
environment.

The goal was to incorporate ACAS8 into MSP-based nanodiscs, as they showed slightly
higher thermal stability (see chapter 3.3.2.2). Assembly of membrane proteins into
nanodiscs follows the rules for empty nanodiscs. Additional parameters to consider
are the choice of detergent to initially solubilize the IMP from its membrane, choice
of nanodisc size, and the lipid to MSP to membrane protein ratio. Since, it is usually
not known how many lipids a particular protein will displace in the fully assem-
bled nanodisc, a titration at various target:MSP:lipid ratios is usually needed [24,

172]. Importantly, a critical number of phospholipids associated with the nanodisc—-
protein complex may be necessary for the successful assembly [29]. For that reason
ACAS8 was first incorporated into the bigger nanodiscs based on MSP1E3 protein to
ensure enough lipids are surrounded. The used ACA8:MSP1E3 ratio was high (1:10),
as the excess of MSP molecules keeps the MSP1E3:lipid ratio almost unaffected from
that of empty nanodiscs (nanodiscs without IMP), which reduces the parameters
that need to be screened. ACA8 was affinity-purified in LMNG and elution frac-
tions were pooled and used directly for assembly. The zwitterionic lipid POPC was
used as a starting point as its phase transition temperature enables the assembly in
the cold (at 4 °C).

SEC chromatograms of all tested ratios showed the presence of several peaks (Fig.
4.11). The leading peak at 8.5 ml corresponds to high molecular weight aggregates,
which is followed by a broad peak at around 11 ml and two at 11.9 ml to 14 ml.
ACAS co-elutes together with MSP1E3 between 9.5 ml to 13 ml, whereas in the last
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Figure 4.11: Size-exclusion chromatography of assembly of ACA8 into MSP1E3
nanodiscs. ACAS8 was affinity purified in LMNG and mixed with MSP1E3 and
POPC in a molar ratio of either 1:10:800 or 1:5:400 (ACA8:MSP1E3:POPC). Sam-
ples were loaded after biobead incubation on a 5200 10/300 column to analyse
the assembly rate. Reference line (dotted gray line) marks peaks corresponding to
either the void volume (8.5 ml) or ACA8 monomer in MSP1E3 nanodiscs.

peak only MSP1ES3 is visible, which corresponds to empty MSP1E3 nanodiscs. The
peaks at 10 ml and 11.9 ml might correspond to assembled nanodiscs with either
monomeric (peak at 11.9 ml) or dimeric (peak at 10 ml) species of ACA8 but could
also correspond to partly assembled discs with partly aggregated ACAS8. Previous
studies on human PMCAs showed potential dimeric species after unfolding of in-
dividual functional domains, which illustrates the ability of PMCAs to form dimers
[173]. Whether the peak at 10 ml corresponds to a fully assembled and stable nan-
odisc with an ACAS8 dimer or to partly aggregated species cannot be distinguished
based on the chromatogram. However, the overall shape of the chromatogram does
not change significantly by varying the ACA8:MSP:lipid ratio, especially the peak
intensity at 10 ml. Only minor changes in the peaks at 11.9 ml and 13 ml are visible,
indicating that MSP1E3 nanodisc might enable the incorporation of a significant pro-
portion of ACAS8 dimers. For that reason the size of the nanodisc was changed from
12 nm to 9.7 nm by varying the size of the MSP molecule from MSP1E3 to MSP1D1
to selectively incorporate monomeric ACAS.

To optimize the incorporation of ACA8 into MSP1D1 nanodisc a broad range of dif-
ferent ratios was screened. The optimal MSP1D1:POPC ratio for the assembly of
empty nanodiscs is 1:30 (see chapter3). This ratio was kept in high ACA8:MSP1D1
ratios and was gradually reduced together with lower ACA8:MSP1D1 ratios. De-
tergents were removed with BioBeads to start the assembly reaction. All SEC chro-
matograms showed two main peaks at 8.5 ml and 13.8 ml, respectively (Fig. 4.12
a). In the peak at the void volume mostly aggregated ACAS eluted and the peak
intensity increased with lower ACA8:MSP1D1 ratios. The second peak at 13.8 ml
corresponds to empty nanodisc. With lower ACA8:MSP1D1 and therefore lower
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Figure 4.12: Size-exclusion chromatography of assembly of ACA8 into MSP1D1
nanodiscs. ACAS8 were affinity purified in LMNG and mixed with MSP1D1 and
POPC in different molar ratios. Detergents were removed with either BioBeads (a)
or cyclodextrine (b). Samples were loaded afterwards on a S200 10/300 column to
analyse the assembly rate. Reference line (dotted gray line) marks elution volume
where peaks corresponding to either ACA8 monomer in MSP1D1 nanodisc (b) or
empty nanodiscs elutes (a).

MSP:lipid ratios a third peak at 16 ml appeared, which corresponds most likely to
MSP1D1 molecules alone. However, in none of the tested ratios a peak which cor-
responds to assembled ACA8-MSP1D1 nanodiscs was visible, indicating that given
conditions are not sufficient to efficiently incorporate ACAS8 into MSP1D1 nanodiscs.
Detergent removal is one of the driving forces during the assembly of nanodiscs and
incorporation of IMPs in the aforementioned. The lipids were always solubilized
in cholate, a detergent with a high CMC, which binds rather weakly and is easy to
remove. In contrast to that, ACAS8 was purified in LMNG which has a very low cmc
and binds much stronger to ACAS8 and hence is more difficult to remove. During the
assembly it is likely that cholate is much faster removed than LMNG, which in turn
favors the assembly of empty nanodiscs rather than the assembly of ACA8-MSP1D1
nanodiscs. For that reason, in another screen detergents were removed with cy-
clodextrin instead of BioBeads. Cyclodextrin is composed of a sugar ring with a
hydrophobic core inside which has a higher affinity for detergents and is applicable
to a wide range of detergents [174]. Bigger cyclodextrin rings (like - -cyclodextrin)
are able to bind more voluminous detergents such as LMNG, which is likely to im-
prove the assembly kinetics of LMNG-purified ACAS into nanodiscs.
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Detergent removal with cyclodextrin reduced the intensity of the void peak signifi-
cantly, indicating an improved incorporation rate of ACA8 into MSP1D1 nanodiscs.
SEC chromatograms of all tested ratios showed a peak at 12.2 ml, which corresponds
to monomeric ACAS incorporated into MSP1D1 nanodiscs (Fig. 4.12 b). The peak
intensity at 13.8 ml gradually decreased with lowering the ACA8:MSP1D1 ratio,
whereas the peak intensity at 12.2 ml increases at the same time. A molar ratio of
1:5:120 (ACA8:MSP1D1:POPC) showed the best result with almost no void peak and
a major peak at 12.2 ml (ACA8-MSP1D1 nanodiscs). Reducing the ACA8.MSP ratio
further void peak significantly increased, which indicates that more ACAS started to
aggregates as the ratio is slightly off. These results show that detergent removal of
LMNG is much more efficient using cyclodextrin, which in turn enables a sufficient
incorporation of monomeric ACA8 into MSP1D1 nanodiscs. Size-exclusion chro-
matography of ACA8-MSP1D1 nanodiscs after 5 days showed a single symmetrical
peak at 12.2 ml, indicating that stable nanodiscs were formed. Moreover, the native-
like lipid environment further stabilizes ACAS, giving a thermal stability of almost
60 °C (Fig. 4.13).
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Figure 4.13: Stability of ACA8-MSP1D1 nanodiscs. ACA8 was incorporated into
MSP1D1 nanodiscs and corresponding size-exclusion fractions were loaded on a
5200 10/300 column after 5d (a). Stability of ACAS8 in nanodiscs was measured
using nDSF techniques and the transition midpoint (Ty,) were calculated from first
derivative analysis (b).
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4.3.3 Biochemical characterization of the activation process of ACAS8 by
CaM

4.3.3.1 Native mass spectrometry confirms a bimodular mechanism

Previous crystallization studies on ACAS8’s regulatory domain showed two calmod-
ulin binding sites with different affinities suggesting a two-step activation mech-
anism of ACAS8 [67]. Native mass spectrometry is able to determine protein stoi-
chiometries in soluble and membrane protein complexes [126, 175]. Therefore, na-
tive mass spectrometry experiments were carried out in order to investigate the sto-
chiometry of bound calmodulin during the activation process of ACAS, in the con-
text of the full-length protein. Full-length ACAS8 was solubilized in DDM, and fur-
ther purified (see 4.2.5 4.3.1.2). The complex was formed by mixing purified ACAS8
with excess of CaM/ right before the buffer exchange to ammonium acetate (see
4.2.9). The resulting spectra revealed masses of ions that correspond to apo ACA8
(without bound CaM), as well as ACA8 with one (ACA8-CaM) or two bound CaM
molecules (ACA8-CaMy;) (see Fig. 4.14, theoretical and measured masses in Table
A.2)[126, 127].
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Figure 4.14: Native mass spectrometry experiments of ACA8-CaM complex.
DDM-purified ACA8-CaM complex was analysed by native mass spectrometry.
Spectrum shows masses that correspond to apo-ACAS (black), ACA8 + CaM (light
blue) and ACA8 + 2CaM (dark blue). Reprinted from Nitsche et al. [126, 127]

Notably, the ratios of apo-ACAS8 and the different ACA8-CaM complexes, indicated
by the signal intensities does not reflect the distribution of the aforementioned species
in solution. The detergent micelle around the transmembrane part was released for
MS analysis. This release required high collision energies during the measurements,

meaning that analyte ions were accelerated and collided with argon molecules in the
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collision cell. By such high energy, protein-protein interactions can be disrupted as
a negative side effect, causing collision-induced dissociation. In the full m/z range
spectrum clear signs of CaM dissociation from ACAS are visible (Fig. 4.15) [126, 127].
In the spectrum all species were identified. Free CaM can be found in the low m/z-
range. Based on the charge state of CaM and ACAS it was possible to judge whether
they were dissociation products or never formed a complex. The expected charge
nnumer of dissociated CaM was higher compared to "unbound" CaM (CaM that did
not dissociate) [126, 127, 176]. Therefore, CaM was analysed seperatly to analyse the
charge state of unbound CaM and it carried either +6 or +8 charges (Supplementary
A.1). In the analysis of the ACA8-CaM complex charge states ranging from +5 to +12
were observed (Fig. 4.15). This indicates that detected CaM molecules derives from
a dissociation event.Due to the charge partitioning effect [176] ACA8 was expected
to carry less charges after a dissociation event. In the spectrum only low-charged
masses corresponding to ACAS8 with one bound CaM was found. This indicates that
the maximum of two CaM molecules are able to bind to ACAS8 [126, 127]. This data
is in good agreement with the proposed bimodular activation mechanism of PMCAs
[67].

DDM proved to be a suboptimal detergent which significantly destabilizes ACAS8
and certainly made data acquisition more challenging. Native mass spectrometry
experiments with ACAS8 purified in LMNG, a more stabilizing detergent, did not
yield applicable data. The critical micelle concentration (cmc) from LMNG is almost
an order of magnitude lower than those for DDM, which results in a stronger in-
teraction with ACA8’s transmembrane part. Native mass spectrometry experiments
with ACAS8 purified in LMNG were not successful as the release of detergent mi-
celles needed even higher activation energies, which in turn increased the collision
induced dissociation events.
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Figure 4.15: Full m/z ratio of native mass spectrum of DDM-purified ACAS8-
CaM. In addition to the identified masses for apo-ACAS (black, solid line), ACAS8
+ CaM (light blue, solid line) and ACAS8 + 2CaM (dark blue, solid line), ACAS8
in a low charged state (black, dotted line) and low-charged ACAS8 + CaM (light
blue dotted line) were found. CaM (green, solid line) can be found in the ow m/z-
range. Reprinted from Nitsche et al. [126, 127]

4.3.3.2 Activity measurements

In order to gain functional insights into the activation process of ACA8 ATPase ac-
tivity measurements were carried out using the Baginsky assay [130]. The method
measures the production of inorganic phosphate, a result of ATP hydrolysis, which
is correlated to ACAS8’s pump rate. For functional studies ATPase activity was mea-
sured in the presence or absence of CaM,, its major activator. THe ACA8-CaM com-
plex in LMNG showed a two-fold higher ATPase activity compared to the activity
in the absence of CaM (basal activity) (Fig. 4.16 a), indicating the functionality of the
pump in LMNG [126].

Since previous studies showed that lipids affects the pump stability as well as the
activity [169, 170], ATPase activity assays were carried out in ACAS reconstituted in
nanodiscs containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as
lipid, which enables the controlled variation of the lipidic environment surround-
ing the pump. ATP hydrolysis assays of ACA8 in POPC-nanodiscs showed a much
higher activity in the presence of CaM compared to the activity in detergents (Fig.
4.16 a). This result shows the importance of a lipidic environment for the activation
process of ACAS [126] as previously demonstrated for human PMCAs [170, 177].

Previous studies on human PMCAs suggested that acidic phospholipids increase the
enzymes apparent affinity for Ca®" and its turnover whereas neutral phopholipids

71



Chapter 4. Studies on the activation of ACAS8

a b 400
e POPC
4 POPC +CaM7
g 300 g e POPC/soyPI
() () 4 POPC/soyPI + CaM
< < 30 F
250
o o -
£ £ - -
= 200 =
£ = 200 F
~ 150 E +
= = g
< 100 <
5 S 100F N .
£ 2 - m—
c 50 c
¥ = 3
0 0 TR S Y P PEITS S ET PSS
00 05 10 15 20 25 30 35 40 45 50 55
ATP (mM)
C Lo 200 d
T Reaction Km (ATP
S e POPC % % . (ATP)
3 ©  POPC/soyPI -0
o] 300 [ 150 S % ACA8-POPC - CaM 70.4 uM
= 1S
ca =<
E 8 & 2 ACA8-POPC + CaM 173 uM
& 2 200 f 100 < g:) ACA8-POPC/soyPI - CaM | 39.1 uM
[]
502 st EP ACA8-POPC/soyPI - CaM | 368 uM
Eg :
100 5 o
3 () i
o 3 ) EI iigni [
° & og 03P
0 . R . . L
0.1 1 10 100 1000 10000
[CaM]/ nM

Figure 4.16: ATPase activity of ACA8 in MSP1D1 nanodiscs. (a) ATPase activity
assay of ACAS in detergent micelles (LMNG) and nanodiscs containing different
lipids (POPC, POPG, soyPl) with (blue bars) or without (black bars) calmodulin
. (b) ATP-titration activity measurements of ACAS8 in nanodiscs containing ei-
ther POPC (grey) or POPC/soyPI mix (black). ATP titrations were performed in
the presence and absence of CaM and resulting Km values are listed in d . (c)
CaM titration activity assay of ACAS incorporated in nanodiscs containing POPC
(black) or POPC/soyPI (grey).

(PL) like PC and PE were without effect [177-179]. In order to analyse the effect
of anionic lipids, ACA8 was reconstituted in MSP1D1 nanodiscs (ND) using lipid
mixtures containing POPC with either POPG or soyPl. All differetn ACA8-nanodisc
complexes showed similar profiles on a size-exclusion chromatography profiles, in-
dicating no major structural changes due to the different lipids leading to different
hydrodynamic radius (Supplementary Fig. A.2) [126]. Reconstitution of ACAS into
nanodiscs containing 30 % POPG or 30 % soyPI showed a drastic increase in ATPase
activity (3-5 fold) compared to ACA8 POPC-nanodics (Fig. 4.16 a). These results sug-
gest that the negatively charged head groups are able to further increase the ATPase
activity, and most likely the pump rate [126]. The specific activities of CaM-activated
ACAS in this study are in good agreement with previous published activities in mi-
crosome preparations [111, 180-182]. Notably, the tested composition with acidic
PLs does not show any stimulating effect in the absence of CaM, showing that these
lipids are not able to activate the pump independently.
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The role of acidic PLs in ACAS8 activation by CaM were further analysed by per-
forming a CaM-titration to the apo-ACA8 in POPC and POPC/soy-PI NDs. Both
curves show a CaM-dependent increase in the ATPase activity rate. In addition,
two transition were observed for both curves, whereas the first transition is much
less pronounced compared to the second one. Nevertheless, these results further
supports the bimodular activation mechanism [67, 126]. Moreover, above CaM con-
centrations of 500 nM ( second transition) a significant differences in ATPase activity
between ACAS8 in POPC-nanodiscs and POPC/soyPI-nanodiscs is shown. In the
presence of soyPI in the nanodiscs the ATPase activity was much higer (above 500
nM CaM). This results indicates that once two CaM molecules are bound, the head
group of soyPl is able to further stimulate the activity [126]. Studies on PMCAs with
a photo-activatable phosphatidylcholine analog showed that CaM and phosphatic
acid (PA) have both independently effects the enzyme activity as well as transmem-
brane conformation [117]. These findings are in good agreement with the results
presented in this study [126].

Acidic PLs have no significant effect on the affinity of Ca?* for sarcoplasmic/ endo-
plasmatic reticulum Ca?* ATPase (SERCA), but do reduce the level of ATP binding,
thereby inhibiting the enzyme activity [183]. The effect of acidic phospholipids on
ATP affinities on ACA8 was investigated. Therefore, ATP was titrated to apo-ACA8
in POPC and POPC/soyPI NDs in the presence and absence of CaM. Enzyme activ-
ity increased with [ATP] along a hyperbolic curve and reached saturation between
2 mM and 3 mM ATP. The presence of CaM increased the V., which is further
increased by soyPl. In general, neither the presence of CaM nor acidic PLs affect the
apparent affinity of ATP.

Altogether, these results support the bimodular activation mechanism and further
show the importance of diverse surrounding lipids for the activation process [126].
Although acidic PLs are not able to independently activate ACAS, it is likely that
the negative head groups interacts with the regulatory domain (RD) after it is re-
placed from the core enzyme by CaM. This interaction may stabilize the activated

conformation and, thus, increase the maximal velocity (Vimax) of the pump.

4.3.4 Biophysical characterization of the activation process of ACAS8 by
CaM

4.3.4.1 Fluorescence anisotropy titration

In order to investigate the structural changes leading to the activation of ACAS8 by
CaM, the different binding events were analysed by fluorescence polarization spec-
troscopy [126]. Fluorescence polarization (FP) measurements provide information
on molecular orientation and molecular mass. Fluorescent molecules, which are ex-

cited with linearly polarized light, will emit polarized light as well. The polarization
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state is proportional to the molecular volume and therfore to the mass, when the
viscosity and temperature are kept constant [132, 184]. Small fluorescent molecules
tumble rapidly in solution resulting in depolarized emmited light. Upon binding of
a larger molecule the tumbling speed of the fluorescent molecules significantly de-
creases (if the size difference is big enough), which increase the amount of polarized
light (increase in FP). The sensitivity of the fluorescent dye makes FP a sensitive an
powerful technique in protein-protein interaction studies of membrane proteins, as
they are generally overexpressed to much less extend [185, 186].

Activation of ACA8 by CaM has been proposed to occur by binding of CaM to the
regulatory domain (RD), which is then displaced from the core enzyme (ACAS8core),
removing the self-inhibition of the enzyme and thereby enables full conformational
changes during the pump cycle [180, 187-190]. Previously, the activation of PM-
CAs has been characterized only indirectly by detection of enzyme activity in the
presence or absence of CaM [191]. Here, by fluorescence labeling of either RD or
CaM it was possible to carefully dissect the different binding affinities of the various
protein-protein interactions during activation [126].

Titration experiments

All experiments were performed using ACAS8 constructs reconstituted in POPC-
nanodiscs (see chapter 4.3.2) to ensure the mass differences in the different binding
events are big enough to be detected by FP [126]. In a first experiment full-length
ACAS (fIACAS8) was titrated into fluorescein-labelled CaM (FITC-CaM) (Fig. 4.17
a). Thiol-specific fluorescein label was used to label CaM. As CaM harbors only one
cysteine, the label was site-specificly introduced in a position which is neither in-
volved in RD nor in Ca?* binding. Titration of fIACAS into labeled CaM lead to an
increase in the steady state anisotropy of FITC-CaM, as it is bound to larger fIACA8
(measured fluorescence polarization values was converted into anisotropy values,
which will be used in throughout the following section). Dissociation constants (Ky)
were obtained by fitting the data to the equation corresponding to a one-site binding
model, revealing a tight binding with an apparent K4 of 18 nM (Fig. 4.17 a).

In Tidow et al., 2012 [67] two independent CaM binding sites with different affinities
to CaM were described. In this setup, only the binding of CaM to the high-affinity
CaM binding site (CaMBS) is detected as the mass differences after binding of a sec-
ond CaM molecule are too small. The obtained dissociation constant are in good
agreement with previously published affinities determined for the isolated RD [67,
126]. To characterize the structural changes of the regulatory domain (RD) during
the activation process, the regulatory domain of ACA8 (ACAS8RD, residues 1-130)
was expressed and purified in E.coli. To ensure fluorescence labeling a cysteine was
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Figure 4.17: Fluorescence anisotropy to characterize binding affinities within
ACAS8-CaM complex. (a) Titration of of fluorescein-labeled CaM to full-length
ACAS. Increase in FP indicate a binding with an Ky of 18 nM. (b) ACA8core
was titrated into fluorescein-labeled RD. Binding curve shows a much weaker
bining (K4 = 1.7 uM). (c) Competition assay. Complex composed of ACAS8core
fluorescein-labeled RD were formed as described in (b) and CaM were titrated to
the complex. Decrease in anisotropy indicates displacement of RD from ACA8core
through CaM-binding to RD. All experiments were performed using protein re-
constituted in nanodiscs. Reprinted from Nitsche et al. [126]

introduced at the N-terminus of the ACA8RD sequence. Titration of the fluorescein-
labelled ACA8RD to the core of ACAS (residues 131-1074, a construct lacking the
regulatory domain) yielded a dissociation constant (Kq) of 1.7 uM (Fig. 4.17 b), in-
dicating a much weaker affinity of ACA8RD to the core of the pump [126]. In a
competition experiment unlabeled CaM were titrated to the preformed complex, re-
sulting in a decrease in steady state anisotropy (Ko5 approx. 120 nM). This shows
that ACA8RD forms a much smaller complex after titration of CaM, which is most
likely due to the displacement of the RD from the core. This curve further shows that
the displacement of ACA8RD from the core of ACAS8 is dependent on CaM-binding
to ACAS8RD (Fig. 4.17 c) [126]. The displacement setup described in Fig. 4.17 c and
the calculated K5 shows indirectly binding a affinity of the low affinity CaMBS, as
ACAS8RD is only displaced once two CaM molecules are bound. This is in good
agreement with the previously described bimodular mechanism [67, 126]. Overall,
these binding experiments indicate that the regulatory domain binds weakly to the
core of the ACA8 pump. CaMBS in the regulatory domain or regions in proximity
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to those also binds to the core enzyme of ACAS8. The binding of CaM to the reg-
ulatory domain results in the displacement of the RD from the core enzyme [180].
The regulatory domain has a lower affinity to the core enzyme than to Ca**-loaded
CaM, suggesting that the availability of CaM is one of the dominant factors in the
regulation of the activity of ACAS8 [126].

4.3.4.2 Small-angle X-ray scattering analysis

Previous experiments showed that binding of CaM replaces the regulatory domain
from the core enzyme rearranging the overall conformation of ACAS8 (see Chap-
ter 4.3.4.1). These conformational changes can be observed by size-exclusion chro-
matography (SEC) as well. The chromatogram of the ACA8-CaM complex showed
a shift in the elution volume by almost 1 ml on a Superdex200, 10/300 column (11.1
ml for complex vs. 11.9 ml for ACAS alone) (Fig. 4.18 a). This significant increase
in the hydrodynamic radius upon CaM binding cannot be explained by the binding
of two CaM molecules. However, this shift suggest a drastic change in hydrody-
namic radius due to large conformational changes [126]. (Fig. 4.18 a). Studying such
large conformational changes by X-ray crystallography are complicated, whereas
small-angle X-ray scattering (SAXS) can easily provide low resolution structural in-
formation. Therefore, SAXS was used to study the activation process of ACAS8 by
CaM.

SAXS measurements were carried out using ACAS8 alone as well as in complex with
CaM. ACAS8 was incorporated into nanodiscs composed of the zwitterionic lipid
POPC to perform measurements in a native-like lipid environment. Each sample
was measured with varying protein concentration (1-8 mg/ml) and no inter-particle
interference was observed (see Supplementary Fig. A.3). Therefore, the dataset
which corresponded to the most concentrated sample was chosen for further analy-
sis (Fig. 4.18 b-d). Inspection of the Guinier region showed a linear line, indicating
that the sample was free of aggregates. Binding of CaM lead to an increase in radius
of gyration (Rg) from 5.3 nm for the apo ACAS8 to 5.88 nm for the CaM-activated
state and a slight increase in maximum diameter (Dmax) (20 nm / 22 nm) once CaM
is bound (Fig. 4.18 b-d) [126]. The measured I(0) gave an estimate of M, of 259
kDa for apo-ACAS8 which is close to the theoretical M, of 256.2 kDa calculated from
a complex composed of IxXACAS8 + 2x MSP1D1 +124xPOPC molecules (Table A.3).
This assumption is based on a homology model of ACAS8 incorporated into MSP1D1-
POPC nanodisc using the CHARMM GUI web server [192]. The good agreement of
both M; values implied that the sample was monodisperse and ACA8 was incorpo-
rated into nanodiscs as a monomer.

In order to study the effect of anionic lipids on the activation process of ACA8 SAXS
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Figure 4.18: Small-angle X-ray scattering (SAXS) analysis of nanodisc-
incorporated ACAS8 and its complex with CaM. (a) Size-exclusion chromatog-
raphy profile of ACAS8 in nanodiscs (black line) and in complex with CaM (blue
line) showed an expansion once CaM is bound (b) Scattering curve obtained for
ACAS8 in nanodiscs in apo conformation (black) as well as in complex with CaM
(blue). (c) Guinier fit to the scattering data in the Guinier region of the data shown
in (a) showed that the Rg is increased from 5.3 nm to 5.88 nm when CaM is bound.
Linearity of the data points indicated the absence of inter particle interference.
(d) Distance distribution plot of ACAS8 in MSP1D1 nanodiscs in apo conformation
(black) and in complex with CaM (blue) indicating that Dmax increased once CaM
is bound. [126]

measurements were carried out using ACAS8 incorporated into MSP1D1 nanodiscs
containing either POPG or soyPl. The Rq values of these samples were comparable to
those obtained from apo-ACAS8 in POPC-nanodiscs (Supplementary Fig. A.4). Upon
binding of CaM leads to an increase in Rg values, indicating that the anionic lipids
cannot activate the pump without the binding of CaM to the regulatory domain.
However, combining these data with the results from the activity assays suggest
that anionic lipids might function in later stages of CaM activation. Therefore it is
likely that anionic lipids might stabilize an intermediate conformation that can read-
ily be activated by CaM-binding leading to high activity gain (see Chapter 4.3.3.2)
[126].

Experimental data from fluorescence polarization as well as from SAXS experiments
suggest that the regulatory domain is displaced from the core enzyme during activa-
tion by CaM leading to major structural changes. Secondary structure analysis of the
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regulator domain alone (ACAS8RD, residues 1-130) were performed using far-UV cir-
cular dichroism spectroscopy. These experiments indicated that this domain consists
partly of random coil segments with some degree of a-helicity, presumably spanning
residues 4095 as observed in the ACA8RD-(CaM); crystal structure [67] (pdb:4aqr)
(Fig. 4.19b) [126]. Due to the random coil region in ACA8RD it is likely that the regu-
latory domain becomes flexible in the activated state. Since SAXS provides structural
information about the macromolecular flexibility and conformational heterogeneity
of a molecule, the molecular flexibility of ACAS in its CaM-activated state was in-
spected [193]. The Kratky plot reflects the global overall particle flexibility and is
related to the particle volume as well as the scattering contrast between the pro-
tein and the buffer components. When the particle is flexible, the scattering contrast
becomes poor and the scattering at high angles increases. Inspection of the dimen-
sionless Kratky plot ((ng)ZI(q)/ I(0) vs gRg) revealed that both the apo state as well
as the activated state showed increased scattering at high angles. Due to the multiple
contrast situation in the nanodisc alone, empty nanodisc showed increased scatter-
ing at high angles as well, making analysis of flexibility using Kratky plots more
complicated. Nevertheless, the dimensionless Kratky plot showed and additional
peak in the mid g-range where usually domain movements are visible, indicating
conformational rearrangement. Combining both, Fluorescence polarization studies
with SAXS measurements, these conformational changes are most likely due to the
displacement of the regulatory domain upon CaM binding (Fig. 4.19 a) [126].

Since the multiple contrast of empty nanodissc makes flexibility analysis of ACAS8
more complicated, the flexibility of the regulatory domain in the activated state was
analysed using the Porod-Debye plot (q*I(q) vs. q*) [126]. This plots depicts the
decay of scattering intensity with the fourth power of q (the momentum transfer).
Typically, for a compact molecule a hyperbolic curve with a plateau is observed. A
significantly decreased particle contrasts, due to flexibility, will result in a loss of the
plateau. A clear plateau is visible for ACAS in its autoinhibited state (Fig. 4.19 c). In
contrast, the ACA8-CaM complex does not show a plateau in the low g-range of the
Porod-Debye plot (q* < 0.1 nm™), indicative of a more diffuse contrast that is consis-
tent with a flexible conformation. For flexible particles a plateau would be reached
under a different (usually smaller) power law that reflects a more rapid scattering
decay [194]. The Kratky-Debye plot (q°I(q) vs. %) showed the expected plateau for
ACAB8-CaM complex, confirming the presence of the flexible molecule (Fig. 4.19 d).
Altogether, the analysis of the scattering intensity decay showed that the activated
state of ACAS exists as a flexible molecule in solution, most likely due to the flexible
nature of the displaced regulatory domain [126].
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Figure 4.19: Flexibility analysis of the ACA8-CaM complex using scattering in-
tensity decay power laws. (a) Dimensionless Kratky plot of the apo state and
the activated state, highlighting the conformational change of the regulatory do-
main upon CaM binding to ACAS. (a) Far-UV CD spectrum of ACAS8 regulatory
domain (residues 1-130). (c) Porod-Debye-Plot plot without plateau for the ACAS-
CaM complex indicating a decrease in the overall contrast due to a more flexible
conformation. (d) The Kratky-Debye plot showed that the hyperbolic character of
the scattering intensity decay is achieved much later (power of 2) than in compact,
more rigid molecules

4.4 Conclusion

Plasma-membrane Ca** ATPases (PMCA) are key regulators of the calcium home-
ostasis in the cell and need to be tightly regulated. One major activator is CaM,
which binds to the regulatory domain and thereby activates the pump. In Tidow
et al., 2012 [67], a study on the isolated regulatory domain, a more complex activa-
tion mechanism was proposed as two independent CaM binding sites (CaMBS) were
found. In this chapter, a comprehensive analysis of the activated state of full length
ACAS, a PMCA from A. thaliana, is presented. The results show that ACAS8 can be
expressed in yeast and purified to homogeneity in LMNG. The proposed bimodular
mechanism was confirmed by native mass spectrometry showing that the maximum
of two CaM can bind to the full-length ACAS8. Consistent with these results, activity
assays showed that two CaM are required to fully activate the pump. These results
are in good agreement with fluorescence polarization studies showing a replacement
of the regulatory domain (RD) from the core enzyme with an apparent dissociation
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constant, which is consistent with the previously published affinities for the low
affinity binding site [67]. Moreover, fluorescence polarization studies carefully dis-
sected the different binding events of the regulatory domain during activation and
showed that calcium-loaded CaM binds to the RD with higher affinity than the RD
to the core enzyme, indicating that the concentration of calcium-loaded CaM is the
major driving force for the activation of ACAS8.

ACAS8 was successfully incorporated into MSP1D1 nanodiscs, which enabled analy-
sis of the activated state in a more native-like lipid environment. The overall activity
was significantly higher in nanodiscs compared to detergent micelles, illustrating
the importance of lipids for the activity. Nevertheless, ACAS activity is futher mod-
ulated by the presence of anionic lipids. They are able to increase the maximal ve-
locity of the enzyme once CaM is bound, but are not able to activate the pump on
their own. The results suggest that anionic lipids further stimulate the pump rate of
CaM-activated ACAS8 by stabilizing an intermediate state of the activated conforma-
tion. At the N-terminus of the RD of ACAS a stretch of positively charged residues
supports the theory and might be crucial for this interaction. Interestingly, in dif-
ferent isoforms of PMCAs the length of the aforementioned region varies [107, 114,
195], which might lead to different sensitivities to surrounding acidic PLs, which
in turn leads to varying Vmax. The activated state was further analysed by small-
angle X-ray scattering (SAXS), showing large conformational changes upon CaM
binding, due to the rearrangement of the regulatory domain. Moreover, the SAXS
data suggested that ACA8 becomes more flexible in the activated state, which is in
good agreement with CD spectroscopy data of the isolated RD, showing significant
portions of unstructured regions. The results add further structural insights to the
previously proposed bimodular activation mechanism [67] showing that binding of
two CaM molecules leads to full activation of this Ca** pump via displacement of
the regulatory domain and characterized the activated state [126].
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Stealth carrier nanodiscs
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Chapter 5

Stealth carrier nanodiscs for structural
investigation of membrane proteins in a
lipid environment using small-angle
neutron scattering — MsbA as a case study

Experiments reported in this chapter were designed and performed together with Dr. Inoken-
tijs Josts (Tidow lab). Deuteration of PC lipids and MSP1D1 were accomplished in collab-
oration with Dr. Selma Maric (ESS MAXIV, Sweden) and the Deuteration Laboratory at
ILL (Grenoble, France).

5.1 Introduction

ATP-binding cassette (ABC) transporters are integral membrane proteins that ac-
tively transport a wide range of chemically diverse molecules across the lipid bilay-
ers of cellular membranes [196-199]. In general, movements of lipids are energeti-
cally unfavorable and often require active transport by specific flippases [200-202].
The bacterial ABC transporter MsbA transports lipid A, glycolipids and lipopolysac-
charides (LPS) from the inner to the outer leaflet [203].

All ABC transporters share a common architecture. They are composed of two
transmembrane domains (TMDs) that are spannig the lipid bilayer and two water-
exposed nucleotide binding domains (NBDs), which are located in the cytoplasm.
MsbA forms a homodimer with each monomer, where each monomer consists of
one transmembrane domain and one nucleotide-binding domain. The two TMDs
form the LPS translocation pathway and the two NBDs perform the hydrolysis of
ATP. Previous studies suggested an alternating-access mechanism with MsbA, al-
ternating between inward-facing and an outward facing conformation [204-206].
Highly conserved residues among the NBDs suggest that ABC transporters share
a common transport mechanism. During the transport cycle NBDs have shown to
transiently form a sandwich dimer in a head-to tail fashion, trapping two ATP mole-
cues at their interface [207, 208]. This closed conformation can also be stabilized by
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vanadate-induced ADP trapping. Previously published 3D structures and electron
paramagnetic resonance (EPR) spectroscopy experiments suggest that large confor-
mational changes occur during the catalytic cycle, with the transporter oscillating
between the apo, open and closed conformation (Fig. 5.1 a-c) [205, 209, 210]. The
conformational heterogeneity of the protein as well as transitions between confor-
mational states of MsbA have, however, remained elusive [60].

Figure 5.1: Models of MsbA in different states. Structure of MsbA in three differ-
ent conformations. (a) V-shapes open (inward facing) (pdb: 3b5w) (b) apo MsbA
(pdb: 4g4h) (c) closed state (outord facing) (pdb: 3b6o). Each monomer is coloured
either in green or blue. Each nucleotide-binding domain (NBD) binds one ATP.
Binding of ATP to the NBDs leads to dimerization of the NBDs and hydrolysis of
ATP leads to conformational changes in the transmembrane domain (TMD) via a
power stroke mechanism.

Kawei et al., 2011 have shown that ATPase activity of MsbA is significantly increased
in lipid bilayer compared to the activity in detergent, indicating the importance of
surrounding lipids [63]. Due to the improved background substraction of nanodiscs,
these lipid bilayer scaffolds became an important tool for SAS studies of IMPs in a
native-like lipid environment. The MSPmolecule form belt like structure and sur-
rounds the hydrophobic part of the lipid bilayer. These protein-lipid complex yields
a discoidal lipid bilayer that is soluble in aqueous solution [20, 76]. However, nan-
odisc have shown to be structurally heterogenous (see Chapter 3.3.3.1) [211], which
makes structural analysis and modelling of SAS data extremely challenging. While,
shortening of helix 5 of MSP1D1 resulted in a more homogenous nanodisc [85], the
complex multi-contrast scattering contribution of the scaffold disc still makes data
analysis and structural analysis of the incorporated IMP difficult [60]. Maric et al.
published recently an elegant nanodisc system that renders the discs effectively in-
visible to neutron scattering, called stealth-carrier nanodiscs (sND). A combination
of deuterated MSPs and selectively deuterated phosphatidylcholine results in a neg-
ligible SANS signal when measured in 100% D20 solvent (see Chapter 2.2.1) [60,
61].
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Data in this chapter present the successful incorporation of a first membrane pro-
tein into stealth carrier nanodisc. The ATP-binding cassette (ABC) transporter pro-
tein MsbA has been already assembled into nanodiscs of various sizes [63] showing
that MsbA-nanodiscs form a stable complex. Moreover, MsbA undergoes large con-
formational changes during the transport cycle with distinct confomational states,
which can be detected by small-angle neutron scattering. This made MsbA a very
promising test sample to probe the stealth carrier nanodisc system. Therefore, the
goal was to incorporate MsbA into stealth nanodisc and investigate different confor-
mational states in 100% D,0O using small-angle neutron scattering (SANS) (Fig. ??).
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5.2 Material and methods

5.2.1 Expression and purification of deuterated MSP1D1

Matchout-labeled MSP1D1 (d-MSP1D1) was overexpressed in E.coli strain BL21 (DE3)
in minimal medium as described in Chapter [61, 212]. In order to remove all hydro-
gens, hydrogenated metal salts were disolved in D,0, dried in a rotary evaporator
and dissolved in minimal media. The cells were adapted to growth in minimal me-
dia using a stepwise process in which cells were inoculated into minimal media,
grown for 36 h and then transferred into fresh minimal media. This was repeated
until a sufficient growth rate was obtained [213]. After adaption of the strain to
minimal deuterated medium [214] cultures were grown in flaks in 85% deuterated
minimal medium with glycerol as a carbon source [215]. The culture was induced
with 1 mM IPTG at an ODggg of 0.8-1 and incubated overnight at 30 °C [61].

The protein was purified according to a modified protocol established by Sligar and
co-workers [83]. Briefly, cells were harvested by centrifugation at 3000 x g, resus-
pended in lysis buffer (50mM Tris pH 8.0, 500mM NaCl) with 1% Triton X-100 and
broken using sonication. The cleared lysate was loaded onto a HisTrap column and
washed with lysis buffer containing 1 % Triton X-100 and 50mM cholate, respec-
tively. Impurities were washed off the beads with lysis buffer containing 25 mM
imidazole before MSP1D1 was eluted with 500mM imidazole. Fractions contain-
ing pure protein were pooled and incubated with TEV protease overnight. Sub-
sequently, the protease and cleaved His-tag were separated by applying a second
IMAC chromatography step and MSP1D1 without His-tag was concentrated up to
300uM and stored at 80°C until further use [60].

5.2.2 Expression and purification of MsbA

A pNEK vector containing the gene for E. coli MsbA was transformed into E.coli
strain C43 (DE3). Cells were grown in 2xTY medium at 37 °C until an ODgg of
1.0 was reached. Expression was induced by adding 0.25 mM isopropyl £-D-1-
thiogalactopyranoside (IPTG) at 20 °C and cells were harvested 6 h postinduction by
centrifugation at 4,000 x g for 20 min. Cell paste was resuspended in 30 mM Tris (pH
7.5), 300 mM NacCl, 1 mM fs-mercaptoethanol (buffer A) and disrupted in 3 cycles in
a high-pressure homogenizer (EmulsiFlex-C3, Avestin), followed by centrifugation
at 20,000 g for 25 min. The membrane fractions were isolated by centrifugation at
100,000 g for 1.5 h. Membranes were solubilized in 1% DDM for 1.5 h with gentle
stirring and incubated with Ni-NTA resin for 1.5 h. The resin was washed with 10
column volumes of buffer A containing 1% DDM to wash off all endogenous lipids.
Subsequently, impurities were eluted by washing the Ni-NTA resin with 20-30 col-
umn volumes of buffer A + 30 mM imidazole and 0.03% DDM. MsbA was eluted
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with buffer A supplemented with 0.03% DDM and 200 mM imidazole. Purity was
judged by SDS-PAGE and fractions containing MsbA were pooled together and con-
centrated to 2-5 mg/ml before reconstitution into nanodiscs [60].

5.2.3 Expression and purification of deuterated phosphatidylcholine lipids

In order to match out all nanodisc components at 100% D,O, PC lipids with a scat-
tering length density that matches those for the buffer need to be produced. There-
fore, selectively deuterated PC lipids were expressed with 78% deuteration in the
head group and 93% in the fatty acyl chain. Expression of selectively deuterated
PC (dPC) has been performed in collaboration with the D-lab in Grenoble. Pu-
rification of dPC was carried out in collaboration with Dr. Selma Maric, Sweden.
Selectively deuterated mixed acyl phosphatidylcholine, d-PC, was produced in the
E. coli strain AL95 carrying the plasmid pAC-PCSlp-Sp-Gm which allows for the
expression of PC synthase [216]. Cells were adapted to growth in minimal media
according to established protocols (see Chapter 5.2.1) [214]. Expression of selectivly
deuterated match-out labeled PC was achieved by amplifying the adapted starter
culture in minimal 100% deuterated medium supplemented with 5 % deuterated
glycerol (1,1,2,3,3-ds, 99%; Eurisotop) and 2 mM partially deuterated choline chlo-
ride (trimethyl- d9, 98%; Eurisotop) as previously described [62]. After incubation at
37 °C for 24 h cells were harvested by centrifugation and washed with MiliQ water.
Total phospholipids were extracted using the method of Bligh and Dyer [217]. Sub-
sequently, lipid extracts were separated into individual phospholipids using silica-
gel chromatography with varying ratios of chloroform and methanol [9:1 (0.2 1), 4:1
(0.21),1:1(0.21), 1:4 (0.2 1) and 100 % methanol (0.3 1)] to purify phosphatidyl choline
lipids [62].

5.2.4 Reconstitution of MsbA into stealth carrier nanodiscs

Purified match-out deuterated PC-lipids were resuspended from a dry lipid film in
30 mM Tris (pH 7.5), 150 mM NaCl, ImM B-mercaptoethanol and 100 mM cholate
buffer to yield a 50 mM stock solution. Solution was solubilized using freeze-thaw
cycles until the solution became clear. DDM-purified MsbA, deuterated MSP1D1
and deuterated lipids were mixed in a molar ratio of 1:1:25 to reconstitute MsbA
into stealth carrier nanodiscs and the assembly mixture was pre-incubated for 1h at
4 °C. Additional cholate was added to keep the final concentration above 20 mM.
The nanodisc formation was initiated by adding 0.8 g/ml biobeads to the reaction
and the assembly was incubated overnight at 4 °C under constant agitation. Re-
constituted MsbA was separated from aggregates on a Superdex200 column (GE
Healthcare) in a buffer containing 30 mM Tris (pH 7.5), 150 mM NaCl and 1 mM
B-mercaptoethanol and fractions containing nanodisc-embedded MsbA were con-
centrated up to 3-6 mg/ml. All buffer during the assembly contains H,O and prior
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to the SANS measurements the H20O containing buffer used during nanodisc prepa-
ration was exchanged by a D20-based buffer solution using dialysis with a 50 kDa
cutoff membrane for at least 20 h to ensure full replacement. For samples in the
ADP and ADP+vanadate state, MsbA-sND was dialyzed in the presence of 1 mM
Mg-ADP and 1 mM vanadate [60].

5.2.5 Activity measurements

MsbA activity was measured either in DDM or stealth carrier nanodiscs using the
Baginski assay [130, 131]. The method measures the production of inorganic phos-
phate due to ATP hydrolysis, which was used as measure for the overall activity of
MsbA. 2 ug of purified MsbA in DDM and 1 pg MsbA in stealth carrier nanodiscs
were incubated in 50 1 30 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl,, 1 mM g-
mercaptoethanol. By adding 1 mM ATP to the sample the reaction was started and
incubated for 10 min at 25 °C (room temperature) before the reaction was stopped
by adding 50 ul ascorbic acid solution (140 mM ascorbic acid, 0.5 M HCI, 0.1% SDS,
5 mM ammonium heptamolybdate). The addition of 75 ul 75 mM sodium citrate,
2% (w/v) sodium metaarsenite and 2% (v/v) acetic acid stopped the calorimetric re-
action and absorbance at 860 nm was detected using a Tecan Infinite200 microplate
reader after 30 min [60, 86]. A calibration curve using sodium phosphate in a con-
centration range from 0.01 mM to 0.6 mM was used to determine the concentration
of released phosphate during the ATPase reaction. The non-enzymatic hydrolysis of
ATP in buffer was substracted from the measurements with MsbA. All experiments
were performed as triplicates.

5.2.6 Small-angle X-ray scattering (SAXS)

MsbA incorporated in stealth nanodiscs (sSND) were characterized in a combined
SAXS/SANS experiment. Small-angle X-ray scattering (SAXS) data were aquired
using the Bio-SAXS instrument P12 on the storage ring Petra III (DESY, Hamburg,
Germany) or the beamline BM29 at the European Synchrotron Radiation Facility
(ESRF, Grenoble), respectively. All SAXS measurements were carried out at 10 °C
in 30 mM Tris (pH 7.5), 150 mM NaCl, and 0.5 mM TCEP at protein concentrations
ranging from 1-6 mg/ml. Samples were purified on a Superdex200 (10/300) column
to separate the aggregates, concentrated and subsequently dialysed for 24 h before
measurements were carried out. The scattered intensity was recorded as a function

of the scattering vector g with
_ 47msin®

using a wavelength (A) of 0.124 nm. The scattering from corresponding buffer was

(5.1)

collected before and after each protein sample and the average of the data was nor-
malized and background substracted using automatic procedures on the beamline
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[84]. The total exposure time of 1 s was measured in 20 frames each with an expo-
sure time of 50 ms. Calibration of the scattering intensity into absolute units of cm'!
was performed using the forward scattering intensity of bovine serum albumin. All
data processing was performed using PRIMUS [84]. The radius of gyration (Rg) was
evaluated from the experimental SAXS pattern using the Guinier approximation (In
I(q) vs g%) and as well from the entire scattering curve using the program GNOM
(Svergun, 1992). The latter also provided the distance distribution function, P(r),

and maximal particle dimension, Dmax [60].

5.2.7 Small-angle neutron scattering (SANYS)

Different conformations of MsbA incorporated into stealth carrier nanodisc (sND)
were analysed by small-angle neutron scattering (SANS). Apo-MsbA was measured
in the absence of substrates and nucleotides. Additionally, MsbA was anlysed in the
presence of ADP and ADP-vanadate to mimic the post-hydrolysis states. MsbA was
incorporated into sND as described above (see Chapter 5.2.4) and dialysed in 100%
D, 0O buffer (30 mM Tris pH 7.5, 150 mM NaCl) with corresponding additives for at
least 20 h. Empty sND (nanodisc composed of MSP and lipids) were assembled and
dialysed in the same buffer and measured as a control. All samples were measured
in concentrations ranging from 1-6 mg/ml to optimize the signal-to-noise ratio as
well as to exclude inter-particle effects. All measurements were carried out at 10 °C
[60].

SANS data from empty sND, apo MsbA-sND and MsbA-sND (ADP) were collected
using the small-angle scattering instrument D11 at the Institut Laue - Langevin (ILL,
Grenoble, France), while data from ADP and ADP-vanadate bound MsbA-sND were
collected at the SANS-1 instrument at Heinz Maier-Leibnitz Zentrum (MLZ) in Mu-
nich [218]. All reported measurements from D11 at ILL were performed at a fixed
neutron wavelength (1) of 4.6 A. A combination of two different configurations of
1.5m / 1.5 mand 8 m / 8 m (collimation length / sample-detector distances) were
used to cover a sufficiently wide g-range (0.03 < g > 0.581&71). Measurements at
SANS-1 were performed at 5 A with a sample-detector distance of 5.5 m and 20 m
0.01 < g > 0.58A_1) and the detector was moved by 400 mm perpendicular to
the beam in both detector distances. Water reference sample (H,O + D,0), buffers,
empty cell, the direct beam and the total absorber boron-cadmium were measured
to perform data reduction [60]. Radial avaraging, background substraction and ab-
solute scale calibration to convert the data into scattering intensities I(g) in units of

1

cm™ as a function of momentum transfer with

47Tsind
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where 0 is the half scattering angle and A is the wavelength of the incoming beam,
were carried out using the GRASP software (D11) or BerSANS (SANS-1). Tha data
reduction has been performed in collaboration with Dr. Sylvain Prevost (D11) or Dr.
Sebastian Busch (SANS-1). Scattering curves of all samples were buffer subtracted
using the software PRIMUS [84] and the radii of gyration (Rg) extracted by the
Guinier approximation. The Ry and scattering intensities were back-calculated from
the atomic models of MsbA using the program CRYSON [219] and scored in a x? fit
against the respective experimental SANS data. Molecular masses (Mr) from data at
100% D, 0O were calculated from the forward scattering (1(0)). The contrast as well as
the partial specific volume was determined for the solution components and protein
sequences using the MULCH server (http://smb-research.smb.usyd.edu.au/NCV
Web/).

All SANS and SAXS scattering parameters are listed in Supplementary Table A.5
[220].

5.2.8 Model calculation from SANS data

Model calculation has been performed in collaboration with Dr. Inokentijs Josts.
Based on the SANS scattering data of apo-MsbA-snD a low resolution ab initio mod-
els were generated with the programm DAMMIF [221]. Dammif applies simulated
annealing to dummy atoms in order to generate models that fit the data. P2 symme-
try constraints were applied to DAMMIEF. 10 independent DAMMIF models were
generated and aligned using SUPCOMB [222]. After alignment using DAMAVER
the generated models were filtered for the highest consistency using DAMFILT [222—
224].

The mixed elastic network modelling program PATH-ENM [225] was used to model
a theoretical conformational transition starting from the V-shaped open conforma-
tion to the closed apo conformation. Ry values from generated models were derived
using CRYSON [219] and compared with the experimentally derived Ry values of
apo-MsbA-sND sample.

Rigid-body modelling was applied using SASREF [226] to further improve the apo-
MsbA model. Several constraints were applied, including P2 symmetry between the
monomerric MsbA model as well as several spacial restraints to ensure that both
transmembrane domains (TMD) keep in close proximity. Therefore, Residues 51
and 55 of monomer #1 and residues 251 and 255 of monomer #2 were selected to
stay within a 7 A distance from each other. All the models were fitted against the
experimental data using the program CRYSON [219] and the x* was used to judge
the quality of the generated model [60].
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5.3 Results and discussion

5.3.1 Reconstitution of MsbA into stealth nanodiscs

In stealth carrier nanodiscs (sND) the scattering length densities (SLD) of all nan-
odisc components are optimized to become "invisible" to neutrons in 100% D,O
based buffer due to selective deuteration [61, 62]. This makes structural analysis
of membrane proteins much easier, as the contribution of the complex multi-phase
nanodisc to the SANS scattering signal can be neglected. The ABC transporter MsbA
was overexpressed to sufficient milligram amounts and purification in DDM yielded
a stable, monodispers sample, well suited for incorporation into nanodisc (see Chap-
ter 3), making this a good test sample for the stealth carrier nanodisc system.

It is important to minimize the concentration of non-deuterated endogenous lipids
during the assembly, to exclude scattering signals coming from non-deuterated lipids.
Therefore, the amount of co-purified lipids in the MsbA sample, was examined be-
fore incorporation of MsbA into stealth carrier nanodiscs. To test this, MsbA was
mixed with MSP1D1 without addition of external lipids and assembly were initi-
ated by detergent removal. Subsequent analysis on a Superdex200 (10/300) size-
exclusion column showed two major peaks at 8.5 ml and 12.2 ml (dashed grey line),
where the latter corresponded to assembled nanodiscs with incorporated MsbA (Fig.
5.2, lower chromatogram). This elution volume is in good agreement with previous
assemblies, indicating that stable fully assembled nanodisc are formed. The results
showed that during MsbA purification enough endogenous lipids are co-purified to
fully assemble into stable nanodiscs.

In order to wash off residual co-purified lipids in the MsbA sample an additional
washing step with 1% DDM during Ni-NTA affinity column was introduced. Af-
terwards the assembly without external lipds was repeated and analysed on the Su-
perdex200 column. The peak intensity at 12.2 ml was greatly reduced, showing that
concentration of co-purified endogenous lipds in the MsbA sample is not sufficent
to assemble stable nanodiscs (Fig. 5.2, middle chromatogram). The fact that the void
peak at 8.5 ml is much bigger showed that the majority of MsbA is aggregated dur-
ing detergent removal due to the lack of surrounding lipids.

MsbA was incorporated into stealth carrier nanodisc (composed of d-PC and d-
MSP1D1) after washing the sample with 1% DDM and purified on the size-exclusion
column (5200, 10/300). The chromatogramm shows two peaks, with a main peak at
12.2 ml and a smaller peak at 8.5 ml (Fig. 5.2, upper chromatogram). MsbA eluted
in both peaks, but deuterated MSP1D1 (d-MSP1D1) only eluted in the second peak
indicating the assembly was incomplete. Perdeuteration is known to affect the phase
transition temperature of phospholipids [227, 228] as well as high resolution struc-
tural composition of lipid systems [229, 230]. Moreover, the deuterated PC lipids
used for the assembly are composed of a mixture of different acyl chain length,
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Figure 5.2: Reconstitution of MsbA into MSP1D1 nanodiscs without endoge-
nous lipids. Size-exclusion profiles of MsbA reconstituted into MSP1D1 nanodisc
under various conditions. Additional washing step with 1% DDM reduces the
concentration of co-purified endogenous lipids to optimize MsbA sample quality
for incorporation into stealth carrier nanodiscs.

which might affect the transition temperature as well. The altered phase transition
temperatures might have an effect on the lipid packing, which in turn might affect
the optimal MSP:lipid ratio. Nevertheless, based on the profile of the chromatogram
the incorporation rate was sufficient enough to yield milligram amounts of MsbA-
sND sample.

To investigate the stability of the formed complex, the peak fraction containing MsbA
incorporated into stealth nanodiscs were pooled and reloaded onto the size-exclusion
column after several days. The chromatogram showed one major peak with nearly
no void peak, indicating that the assembly yielded in a stable and monodisperse
sample suitable for SAXS and SANS experiments. To investigate whether the deuter-
ated disc components affect the functional properties of MsbA, ATPase activity as-
says were performed. MsbA displays much higher activity when incorporated in
stealth nanodisc compared to its activity in DDM (17 fold increase), illustrating
the need for lipidic environment for MsbA function. MsbA incorporated into non-
deuterated nanodiscs showed almost the same activity, which demonstrates that the

protein activity is not affected by the deuterated disc constituents [60].
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Figure 5.3: Stability and activity of MsbA in stealth nanodisc. (a) Size-exclusion
chromatography (5200) profile of reloaded MsbA-sND complex. (b) SDS-PAGE
gel electrophoresis of peakfraction, containing MsbA (60 kDa) and deuterated
MSP1D1 (22 kDa). (c) ATPase activity assay of MsbA in DDM or reconstituted
in either POPC nanodisc or stealth nanodisc. MsbA reveals much higher activity
in lipid environment compared to detergent. [60]

5.3.2 Structural characterization of MsbA by combined SAXS / SANS

Small-angle neutron scattering was carried out in 100% D,O-based buffer to fully

match out the selctively deuterated disc components. The residual scattering in-

tensity of stealth nanodiscs (sSND) alone was determined by measuring empty sND

(containing only deuterate MSP1D1 and deuterated PC). These data were compared

to scattering intensities of MsbA in sNDs (Fig. 5.4 a).
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Figure 5.4: Small-angle neutron scattering of MsbA incorporated into stealth
nanodisc. (a) SANS scattering curves of empty stealth nanodiscs (containing
deuterated lipids and deuterated MSP1D1 only) (grey squares) as well as from
MSsbA incorporated into sND (black dots). The scattering intensity from MsbA-
sND is much stronger than that from empty stealth nanodiscs indicating that con-
tribution from sND constituents to the scattering signal can be neglected. (b)
Guinier fit to the raw scattering data in the Guinier region determines an Rg of
40.11 A . Linearity of the residuals indicates the absence of inter-particle interfer-
ence. [60]

Scattering profiles of empty sNDs show an almost flat line with only minor scat-

tering signals in the low g-range (0.01-0.5 nm!), which is comparable to previously
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published SANS data of empty sND [61]. The residual signal is likely to derive
from the statistical fluctuations in the deuteration level of the lipids and MSP1D1.
Nevertheless, the scattering intensity in the low g-region is only slightly above that
of the experimental background, showing that the stealth nanodiscs are effectively
matched out. In contrast to that, the scattering signal from MsbA-sND shows a typi-
cal profile for biological macromolecules and the intensity is more than two orders of
magnitude stronger than that from empty stealth nanodiscs (Fig. 5.4 a) [60]. The ex-
perimentally derived radius of gyration (Rg) using the Guinier aproximation is 40.0
A, which is smaller than those obtained for the MsbA-sND complex by SAXS (Rg of
47.7 A ) further showing the minimal scattering contribution of the nanodiscs to the
SANS data (all parameters listed in Supplementary Table A.5). This data suggests
that measured scattering intensities only derive from MsbA and the contribution of
sND components to the scattering signal is neglectabl,e which enables data analysis
as well as structural modelling without the need to consider complex multi-phase
and contrast effects from the nanodisc [60, 231].

a, b

. SAXS curve of MsbA in sND —  SAXS-derived p(r) function
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Figure 5.5: Comparison of X-ray and neutron scattering data from MsbA-sND.
(a) Semi-log plot of identical MsbA-sND sample investigated by SAXS (grey) and
SANS (light blue). (b) Distance distribution plots (p(r)) of data shown in (a).

Small-angle X-ray scattering was performed on the identical sample of MsbA-sND
and compared to the measured SANS data (Fig. 5.5). The SAXS profile shows typical
feature in the mid q-range of around 0.9 nm™! which derives from the nanodisc, and
is not present in the SANS curve (Fig. 5.5 a). The radius of gyration was 47.5 A
and significantly bigger than that derived from the SANS data. Besides a bigger
Ry the maximal particle dimension is increased as well (Supplementary Table A.5).
The maximal particle dimension is 160 A in SAXS measurements and 130 A in the
SANS data. The pair distance distribution function (p(r)) derived from the SANS
data has a biloped shape with two peaks at 3.5 nm and 7.5 nm, which is consistent
with a multi-domain particle, seen in the crystal structures (Fig. 5.5 b) [204, 232].
In the p(r)-function derived from the SAXS data the main peak at 3.5 nm is shifted
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towards larger distances and the second peak is much less pronounced. Due to the
significant contribution of the disc constituents to the SAXS data, the overall size
parameters are much larger than those from the same sample as obtained by SANS
in "stealth conditions" (100% D,O). Moreover, scattering signals derived from MsbA
are less pronounced in the SAXS data. This shows that contribution of nanodisc
to the SAXS scattering signal overlay those derived from MsbA, making structural
characterization much more difficult [60].
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Conformational states of MsbA in solution

The Rq derived from the indirect Fourier transform of the entire SANS curve is 40.11
A and in good agreement with the value calculated from the Guinier approxima-
tion, showing a high quality of the SANS data of MsbA-sND [60]. The Kratky plot
shows one major peak in the low-g-range and no increase in scattering in the high-q-
range which indicats a compact domain structure (Supplementary Fig. A.7). High-
resolution structures of MsbA in the open as well as in the closed conformation were
used to calculate theoretical radii of gyration. The calculated Rg of the closed crys-
tal structure from Vibrio cholerae [204] is 38.0 A and is in good agreement with the
recently determined cryo-EM structure POPG containing nanodisc [232] (calculated
Rg 37.7 A). In contrast to that, the calculated Ry from the V-shaped open apo struc-
ture from E. coli [204] is significantly higher (calculated Ry 45.9 A ). The comparison
of the calculated Ry values with that from the SANS data reveals that MsbA confor-
mation in solution resemble those of the closed structures [60].

To ascertain the fit between the SANS data and the aforementioned MsbA struc-
tures, theoretical scattering curves were computed using CRYSON [219] and plotted
against the SANS data of apo MsbA-sND (Fig. 5.6 a). These data showed a sim-
ilar trend. The open apo state produces a very poor fit with a x? of 280.3, ruling
out this conformational state. A much better fit is obtained for the closed model of
MsbA from Vibrio cholera [204] with a x? of 2.99. The curve fits the entire q-range
well, suggesting that our conformation of MsbA in the disc resembles this closed
state. However, the curve of the closed model shows local discrepancies in the mid-
g-range, and the experimental Ry of MsbA in stealth nanodisc is larger than that of
the closed model. Due to both mentioned discrepancies, a distinct structural state
of MsbA is likely to be present in solution [60]. This is further supported by re-
cent cryo-EM studies as well as previous EPR and MS studies, showing structural
flexibility in the nucleotide binding domains of MsbA [205, 233, 234].

The same analysis was carried out of identical MsbA-sND samples from the SAXS
data. Theoretical scattering intensities of high-resolution structures of MsbA in the
open and closed conformation were computed using CRYSOL [219] and plotted
against SAXS data of MsbA-sND (Fig. 5.6 b). Since sND contributes to the scatter-
ing signal, nanodisc were included in the calculations. Therefore, models of MsbA
were theoretically assembled into MSP1D1 nanodisc using the CHARMM-GUI web
server [192]. Different models in the open state as well as in the closed state were
generated based on published structures (pdb (apo open): 3b5w , pdb (closed): 3b6o)
[204, 232]. The model of apo MsbA in its open conformation, with a x? of 75.1 can
be clearly distinguished from the closed conformation (x? of 4.8). The model of the
closed conformation fits well in the low-q-range, showing that the overall conforma-
tion of the model fits the SAXS data. Nevertheless, the fit shows large inconsistencies
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Figure 5.6: Conformational analysis of MsbA-sND. Scattering intensities were
back-calculated from high-resolution structures of MsbA in different conforma-
tions and plotted against the SANS data (a) or SAXS data (b). Fits could be used to
discriminate between the open (grey) or closed (purple) conformation. The closed
apo model (red) produces a better fit to the experimental data (black dots) than the
open apo model (grey). [60]

in the mid-g-range. Structural heterogeneity arising from the nanodisc (see Chap-
ter 3.3.3) could lead to differences of the scattering intensities in the mid-g-range as
well as a distinct conformation of MsbA in solution. Significant contributions of the
stealth nanodisc to the scattering signal makes it difficult to confidently differenti-
ate whether the differences arise from distinct conformational changes in MsbA or
are due to structural heterogeneity coming from the nanodiscs. Moreover, the dif-
ferent nanodiscs components possess different electron densities, which changes the
contrast (Ap) making the nanodiscs a multi-phase scattering system in a SAXS ex-
periment

citeJosts2018. Since, the deuterated nanodisc components are "neutron invisible"
in 100% D,0O, SANS analysis enabled to unambiguously determine conformational

changes from the membrane protein of interest more precisely [60].

Conformational changes of MsbA upon ATP hydrolysis

MsbA is a member of the lipid flippase ABC exporters and changes its conforma-
tion upon ATP binding, hydrolysis and ADP release. Thereby, the conformational
changes of the nucleotide binding domains (NBD) during the ATP hydrolysis cy-
cle are tightly coupled to the transmembrane domains (TMD) from inward- to out-
ward facing conformation by a "power stroke mechanism [235]. In previous pub-
lished structures of MsbA in complex with ADP and the phosphate mimetic vana-
date, as well as the structure of the multidrug ABC transporter Sav1866 with the
non-hydrolysable ATP analogue AMP-PNP bound show similiar conformations of
transporters with an outward open TMD and a closed inward-facing NBD dimer
[204, 236]. The studies suggested this conformation as post-hydrolysis intermediat
state in the reaction cycle [235]. Since, small-angle scattering of MsbA in stealth
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carrier nanodisc is able to detect conformational changes more precisely than SAXS
can, it was tested whether it is possible to determine conformational changes in the
post-hydrolysis state. Therefore, MsbA SANS data were aquired of MsbA in com-
plex with ADP + vanadate and scattering profiles were compared with the apo state
[60].
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Figure 5.7: Differences in SANS profiles of MsbA-sND in different confor-
mational changes. (a) Difference curve of SANS-derived scattering data of
MsbA(ADP+vanadate) minus MsbA(apo) (blue points) compared to of a calcul-
taed difference curve based on existing structures (orange line). SANS data of
MsbA were acquired with MsbA incorporated into sND. (b) Scattering data from
either MsbA(ADP+vanadate) (blue points) or MsbA(ADP) (yellow points) were
substracted from MsbA(apo) to yield the corresponding difference curves. ADP
leads to structural changes, but to much lower extend. Figure reprinted from Josts
et al. [60]

To clearify changes in the scattering profile, scattering curves from the apo state of
MsbA were substracted from the MsbA(ADP+vanadate), resulting in a scattering
difference curve (Fig. 5.7 a). The scattering difference curve possesses a positive
difference peak between q of 0.5 and 1.0 nm’!, as well as a small negative scatter-
ing peak around q of 1.5 nm™. These data are in good agreement with a change in
the radius of gyration from 40 A for the apo state to 38.57 A for the complex with
ADP + vanadate, showing as well that the binding of both ADP + vanadate induces
conformational changes [60]. A theoretical difference curve was calculated based
on the structural models, using the semi-open rigid body model as well as the apo
state and the outward-open structure of MsbA [204]. Both the experimental scatter-
ing difference as well as the calculated difference curve showed a positive peak in a
g-range between 0.5 - 1.0 nm™! indicating that structural re-arrangements are similar
in solution to that in the model structures [60]. This is further supported by a x? of
1.48. Moreover these data suggest that small-angle neutron scattering of membrane
proteins in stealth nanodiscs is sensitive enough to pick out conformational differ-
ences between the different states [60].

Scattering difference curves were calculated for the MsbA-ADP complex in the same
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fashion and a consistent difference was observed (Fig. 5.7 b). These differences were
of much smaller magnitude, suggesting that the structural changes are of similiar
nature but less pronounced in the presence of ADP. It is known that ADP is not able
to induce the dimerization of the nucleotide binding domains [237], which might
explain the less pronounced structural changes [60]. In the recently published cryo-
EM structure of MsbA, no conformational changes were observed in the presence
of ADP [232], which is contradictory to the presented SANS data. However, crystal
structures of the NBD of homologs of MsbA in the presence and absence of ADP
(pdb: 5IDV,5DGX) reveal that small structural changes within the domain are visi-
ble, showing that ADP is able to interact with the NBDs [238]. Further studies on
the nature of conformational changes induced by ADP remain to be investigated.
Nevertheless, these data showed that SANS data of MsbA in stealth nanodisc are
sensitve enough to observe even subtle structural changes [60].

5.3.3 Structural modelling of MsbA in nucleotide-free state

The SANS data of apo MsbA-sND was used for an ab initio reconstruction of the
particle using the program DAMMIF [221]. Since, the functional state of MsbA is
a dimer, P2 symmetry was used as a structural restrain for ab initio modelling. The
output model shows a symmetrical shape, as expected for a P2 symmetry, which fits
very well with the molecular shape of the closed MsbA structure published by Ward
et al. [204] (Fig. 5.8 a-b) [60]. The produced models were verified by a cluster analy-
sis. All ab initio models showed similar shapes and do not show any shape features
of the stealth nanodiscs (Supplementary Fig. A.9). This illustrates, once more, that
the stealth nanodisc were invisible from the point of view of neutrons. These data
are in good agreement with analysis based on the radius of gyration, which shows
that MsbA in stealth nanodisc resembles the closed state in solution. [60]

However, the CRYSON fit of the closed model shows local discrepencies in the mid-
g-range and together with a larger experimental Ry value it was speculated that a
distinct conformational state is likely to be present in solution. The conformational
state of apo MsbA in sNDs was further investigated by using the mixed elastic net-
work modeling (MENM) technique [225] . For this purpose, the open apo V-shaped
structure was used as a starting point and a theoretical transition path of MsbA was
calculated towards the closed apo state. Ry values of each individual MsbA model
along the pathway were calculated using CRYSON [219] and plotted against the in-
dividual models (Fig. 5.9 a). The experimentally derived Ry value of MsbA-sND
fits in a region of the path were the nucleotide-binding domains (NBD) of MsbA
are slightly apart, rather than in contact as seen in the closed structure (indicated
by a red star in Fig. 5.9 a). Since changes in the mid-g-region are often due to struc-
tural differences in the domain architecture, the differences in the NBD conformation
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Figure 5.8: Ab initio modelling of apo MSbA.(a) DAMMIF wasused for ab initio
shape reconstruction based on the SANS data of MsbA-sNDs in the nucleotide-
free state (grey surface representation). The ab initio model was superimposed
with the crystal structure of MsbA in the closed apo state (blue cartoon model)
[204]. (b) Comparison of the ab initio DAMAVER model with the occupancy fil-
tered and most probable model obtained using DAMFILT. Figure reprinted from
Josts, Nitsche et al. [60]

might explain the discrepancies in the CRYSON fit of the closed structure. [60]

To further probe the conformational state of apo MsbA in solution rigid body mod-
eling was undertaken using the program SASREF [226]. A single MsbA monomer
was used and P2 symmetry was applied. Besides, several distance restraints were
used; residues in the trans membrane domain of both monomers (residues 51 and
55 of monomer # 1; residues 251 and 255 of monomer # 2) were kept within 7 A dis-
tance from each other. The modelled conformation fits the scattering data well, with
a x? of 1.68, and a calculated Rg of 39.4 A and the discrepancies in the mid-q-range
are much less pronounced (Fig. 5.9 d). In this model the NBDs are approximately
20 A apart from each other (Fig. 5.9 b), as already suggested above. A rather similar
conformation was observed for the structure of P-glycoprotein (pdb: 4Q9H) [239] as
well as for its homologues ABCB1/ABCB10 (pdb: 4AYX) [240]. The recently pub-
lished cryo-EM structure of MsbA in POPG nanodisc from Mi et al. [232] showed
that in a subset of particles the NBDs of MsbA are slightly open, which is consistent
with the other structures. This findings are all in good agreement with the measured
SANS data of apo MsbA in stealth nanodisc. Whether this conformation is due to

the native-like lipid environment of the nanodisc remains to be investigated [60].
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Figure 5.9: Modelling of MsbA in its nucleotide free state. (a) Using the mixed
elastic network modeling [225] structures along a theoretical transition path of
MsbA from the open apo V-shaped conformation to the closed apo state was
computed. THe experimental Ry of apo MsbA-snD sample was used to iden-
tify the overall conformational state of MsbA in the sND-nanodiscs. (b+d) Rigid-
body modelling usng SASREF was carried out to model dimeric MsbA from a
monomeric template. A P2 symmetry were applied as well as residues in the trans-
membrane domain involved in the dimerization were kept within 7 A distance.
The theoretical scattering intensity of the rigid-body model (b) were computed
using CRYSON. The model produces a very good fit of the experimental scatter-
ing data (d). (c) Rigid-body model of MsbA superimposed with crystal structure
of MsbA in the closed apo state. Individual figure reprinted from Josts, Nitsche et
al. [60].

5.4 Conclusion

Nanodiscs have improved the solution state studies of IMPs. These discoidal protein-
lipid complexes keep the IMP soluble in aquous solution, while being located in a
native-like lipid environment [20, 76]. While nanodiscs improved the signal to noise
ratio during small-angle scattering (SAS) experiments, due to the lack of empty de-
tergent micelles, the complex scattering contribution of the nanodiscs make struc-
tural analysis of incorporated IMP extremely challenging. In contrast to that, the
recently developed stealth carrier nanodiscs, which effectively render the bilayer
scaffold invisible [61] in 100 % D,O, enable structural modeling of IMPs without
taking the nanodisc into account. This significantly improves the data interpretation
of IMPs in SAS experiments [60].
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The data presented in this chapter show for the first time a successfull analysis of an
IMP using the combination stealth-carrier nanodiscs/ SANS technique. Measure-
ments in 100 % D,O minimized the incoherent scattering from H,O and enabled
the collection of high signal-to-noise neutron scattering data of MsbA. The over-
all molecular conformation of the ABC transporter MsbA has been described and
the SANS data were sensitive enough to characterize a distinct conformational state
in solution [60]. ATPase activity assays showed that the deuteration of nanodisc
components doesn’t affect the functional state of MsbA. Whether the distinct con-
formational state of the rigid-body model is an effect of the lipid environment in
the nanodisc remains to be investigated. In addition, it was possible to study sub-
tle conformational changes in the post-hydrolysis state, adding valuable structural
informations. The Ry values of MsbA in sND were much higher in the SAXS exper-
iment compared to data of the same sample in SANS, which illustrates the signifi-
cant scattering contribution of the nanodisc components [60]. Fitting the rigid-body
model against the SAXS data, slightly improved the x? but it still shows discrep-
ancies in the mid-q range (Supplementary Fig. A.8). Compared to the fit of the
open state model the differences are smaller but still significant. These discrepan-
cies most likely derive from differences in the nanodisc conformation. The confor-
mational heterogeneity of the nanodiscs as well as the complex contrast situation,
makes it difficult to precisely differentiate between subtle conformational changes
of MsbA in the discs. However, SAXS data provide important control informations
[60]. Overall, this study demonstrates the suitability of the SND/ SANS technique
to analyse conformational states of membrane proteins embedded into a native-like

environment [60].
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Chapter 6

Small-angle neutron scattering of ACAS8 in
stealth nanodiscs — modelling of the
CaM-activated state

6.1 Introduction

Calmodulin (CaM) is one of the main activator of the tightly regulated plasma-
membrane Ca®* ATPases. The binding of two CaM to the regulatory domain (RD)
of ACAS8, a PMCA from A. thaliana, releases the binding of the RD from the core
enzyme and significantly increases the overall pump rate (see 4.3.3.2). Fluorescence
anisotropy data shown in Chapter 4.3.4.1 suggested that the presence of calcium-
loaded CaM is the major driving force of the pump activation, as the RD binds much
weaker to the core enzyme compared to the affinity of CaM to the regulator domain.
In small-angle X-ray scattering experiments ACAS8 incorporated into nanodisc were
analysed in different states (apo and CaM-activated state) (see Chapter 4.3.4.2). The
data suggested that binding of CaM to the regulatory domain of ACAS8 induces
large conformational changes. However, in depth analysis of the conformational
changes leading to the activation remain to be investigated. Modelling of either the
apo state or the activated state based on the SAXS data were not successful, due to
the heterogeneity and the complex contrats sitution of the nanodiscs. Moreover, the
lack of high-resolution structural models of full-length PMCAs made modelling of
ACAS8 even more challenging. The recently published cryo-EM structure of a human
PMCA did not resolve the regulatory domain [116] and modelling of neither the apo
state nor the activated state of ACA8 was possible.

In order to probe the structural changes of ACAS8 during the activation process the
recently developed stealth nanodisc (sND) technology was used [61, 62]. Stealth
nanodiscs consists of selectively deuterated phosphatidylcholine lipids and fraction-
ally deuterated MSP1D1. These nanodisc does not contribute to the SANS scatter-
ing signal in the appropriate solvent contrast sitation (100 % D,O). The use of stealth
nanodiscs allows measuring small-angle neutron scattering (SANS) signals of ACAS8
without the contribution of the scaffold scattering signal (see Chapter 5). Using this
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stealth nanodisc (sND) / SANS method structural changes involving in the activa-
tion of ACAS8 are expected to be easier to detect and to model compared to the SAXS
data. Therefore, ACAS8 incorporated into stealth nanodiscs was analysed in the au-
toinhibited state (apo) as well as in the activated state, in complex with CaM. The
ACAS8-CaM complex was analysed with two different CaM variants: (1) deuterated
and (2) non-deuterated. Using perdeuteration of CaM with a deuteration level of
73 % the scattering length density (SLD) of d-CaM equals that of 100 % D,O based
buffer, rendering it neutron invisible [241]. This enables analysis and modelling of
ACAB8 in its activated state without contribution of CaM to the scattering signal.

sND
CaM

ACA8 d-CaM

Figure 6.1: Cartoon illustration of used stealth nanodisc technique to study ac-
tivation process of ACAS. Perdeuterated nanodisc components (shown in semi-
transparent grey spheres) are fully matched-out at 100 % D,O (grey background)
and only ACAS (blue) contributes to the scattering signal. ACAS in stealth nan-
odisc in the activated state was measured in complex with deuterated CaM (trans-
parent grey cartoon) or non deuterated (hydrogenated) CaM (grey cartoon).
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6.2 Material and methods

6.2.1 Expression and purification of deuterated CaM

Deuteration of CaM7 was performed by the Deuteration Laboratory (D-lab, ILL,
Grenoble). A deuteration level of 73% of non-hydrolysable hydrogens was needed
to produce deuterated CaM7 (d-CaM7) with the relevant scattering length density.
Plasmid pET42a harbouring the A. thaliana CaM7 gene was transformed into E. coli
strain BL21 (DE3) and cells were adapted to growth in deuterated minimal media
(see above) [213]. Cells were grown in a 1.8 L (final volume) high-cell-density fed-
batch fermenter at 30 °C [126, 212]. At an ODgg value of about 5 feeding with
glycerol was started. Expression of d-CaM7 was induced at an ODgqy of about 12
by addition of IPTG (0.5 mM final concentration) and cells were pelleted at an ODgqy
of 19, yielding 100 g wet weight of matchout-labeled cell paste. For purification cells
were resuspended in buffer containing 30 mM Tris pH 8.0, 100 mM NaCl, 1 mM
CaCl2, supplemented with 0.5 ml lysozyme (100 mg/ml), DNAse (1 mg/ml) and
lysed using high-pressure homogenizer (EmulsiFlex-C3, Avestin). The lysate was
cleared by centrifugation at 40,000 x g for 45 min and d-CaM7 was bound under
low salt condition on a HiTrap Phenyl HP column. d-CaM?7 was eluted with 5 mM
EDTA and the purity of the sample was judged on a SDS-PAGE. Fractions containing
pure d-CaM7 were pooled and concentrated to 10 mg/ml and stored at -80 °C until
further use [126].

6.2.2 Reconstitution of ACAS into stealth carrier nanodisc

Stealth carrier nanodiscs (SND) were reconstituted using the deuterated version of
MSP1D1 (see Chapter 5.2.1) together with selectively deuterated PC (see Chapter
5.2.3) through self-assembly based procedure [83]. Reconstitution of ACAS8 into
sND was carried out as for normal MSP1D1 nanodiscs. Briefly, affinity purified
ACAS (described in Chapter 4.2.5), the deuterated MSP1D1 membrane scaffold pro-
tein (described in Chapter 5.2.1) and the deuterated PC lipids (described in Chapter
5.2.3 ) were mixed in a molar ratio of 1:7:200 in 30 mM Tris pH 8.0, 150 mM NacCl, 1
mM CaCl,, 1 mM B-mercaptoethanol buffer with 20 mM cholate and incubated for
1 h at 4 °C to ensure a proper distribution of all components. The assembly process
was initiated by adding detergent removal beads (Thermo Fischer Scientific) in a
1:1 (v/v) ratio. The assembly mix was incubated over-night at 4 °C under constant
agitation. Detergent removal beads were separated and the sample was cleared by
centrifugation at 20,000 x g for 10 min before subsequent purification of the ACAS8-
sND complex on a Superdex200 column (GE Healthcare) (buffer: 20 mM Tris pH 8.0,
150 mM NaCl, 1 mM CaCl2, 1 mM B-mercaptoethanol).

Prior to SANS measurements, the H,O-based buffer used for nanodisc preparation
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was substituted for a 100% D,O-based buffer solution by dialysis with a 50 kDa
cut-off membrane [126].

6.2.3 Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) with ACAS8 incorporated in stealth carrier
nanodiscs (sSND) was used to characterize the activated state without contribution
of the carrier system to the scattering signal. SANS data were acquired for ACAS8 in
its autoinhibited state (apo) as well as in its activated state (in complex with CaM).
The activated state was measured with two different types of CaM7, hydrogenated
and matchout-deuterated CaM7 (see Chapter 6.2.1), of which the latter is effectively
invisible to neutrons in 100% D,O. ACA8-CaM complexes were formed by mixing
ACAB8-sND with excess of either hydrogenated (h-CaM) or deuterated CaM7 (d-
CaM?7), which were subsequently purified on a Superdex200 (10/300). All SANS
data were collected at the SANS-1 beamline at Forschungs-Neutronenquelle Heinz
Maier-Leibnitz (FRMII) in Munich [218]. Measurements were performed in 100%
D20 buffer (30 mM Tris pH 7.5, 150 mM NaCl, ImM MgCl2, 1 mM CaCl2) at 10 °C,
using a sample concentration of 3.0-3.5 mg/ml [126].

Measurements at FRMII were performed at 5 A wavelength with a sample-detector
distance of 5.5 m (0.01 < g > 0.231&71), while the detector was moved by 404 mm in
direction perpendicular to the beam. Water reference sample (H,O + D,0), buffers,
empty cell, the direct beam and the total absorber boron-cadmium were measured
as well to perform data reduction [126]. Radial averaging background substraction
and absolute scale calibration (in cm™) to convert data into one-dimensional scat-
tering intensities I(q) were carried out using the BerSANS software. The scattering
curves of all samples were buffer subtracted using the software PRIMUS [84]. The
radii of gyration (Rg) were extracted either by the Guinier approximation In I(q)
vs @°) or from the distance distribution function, p(r) using the program GNOM
[43]. For SANS data sets at 100% D20 molecular mass estimates were obtained
from the forward scattering (I0), with the contrast and partial specific volume as
determined from the solution components and protein sequence using the MULCH
server (http://smb-research.smb.usyd.edu.au /NCVWeb/) [126].

6.2.4 Model calculation from SANS Data

SANS data from ACA8-sND in complex with matchout-labeled CaM7 were used to
model ACAS in its activated state. Due to the lack of structural information of full-
length ACAS8, a homology model of ACA8core (130aa-1074aa) was generated based
on the SERCA structure in E2 conformation (pdb:3b9b) using the program Phyre2
[242]. The homology model was combined with the crystal structure of the regula-
tory domain (RD) (40aa-95aa) (pdb:4aqr) and was used as input domains. Residues
at the N-terminus (laa-39aa) as well as between the regulatory domain and the

106



6.2. Material and methods

core enzyme (69aa-129aa) were modelled as dummy atoms to generate a full-length
model of ACA8. A pool of 10,000 ACAS full-length models with different confor-
mations of the regulatory domain was generated using RANCH [243]. Thereby the
conformation of the core enzyme was kept constant and different conformations of
the RD with respect to ACAS8core were generated. The conformational flexibility
of ACAS8 in its activated state was probed using the ensemble optimized modelling
(EOM) program [244]. Therefore, theoretical scattering intensity of each model was
computed with CRYSON [219] and fitted against the experimental scattering data.
A modified script from the EOM package was used to create the intensity files (con-
taining theoretical intensities from all 10,000 models) and the size file (list of all R,
and Dpax values) (see Chapter A.3). The genetic algorithm method, GAJOE [243],
from the EOM package was subsequently used to select a subset of models, whose
weighted average scattering curve showed the best fit to the data of ACA8-dCaM
complex. Structural models were displayed using PyMOL [126]. The structural data
has been deposited Small Angle Scattering Biological Data Bank (SASBDB) with ac-
cession codes SASBDB: SASDES4, SASDET4, SASDEUA4.
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6.3 Results and discussion

6.3.1 Reconstitution of ACAS into stealth nanodiscs (sND)

The calcium pump ACA8 was reconstituted into stealth carrier nanodiscs by mixing
MsbA with deuterated MSP1D1 (d-MSP1D1) and deuterated phosphatidylcholine
lipids (d-PC) in a molar ratio of 1:7:200 (ACA8:d-MSP1D1:d-PC). After detergent re-
moval using cycledextrin (see Chapter 4.2.8) the assembly was further purified on a
size-exclusion chromatography column (Superdex200 10/300). The chromatogram
shows three peaks, at 8.5 ml, 11.8 ml and 13.5 ml (Fig. 6.2 a). The peak at the void
volume (8.5 ml) shows the highest intensity and mostly ACAS eluted at this vol-
ume. The second peak corresponds to incorporated ACAS8 into sND (see Fig. 6.2 d,
lane 2) and has a much higher intensity compared to the third peak (empty sND).
Compared to previous elution profiles of empty stealth nanodiscs the third peak is
shifted to lower elution volumes, indicating that the assembly ratio was sub-optimal.
Since the transition temperature of deuterated PC lipids might be different, the op-
timal assembly ratio might be different as well (see Chapter 5.3.1). Nevertheless, the
assembly effinciency was good enough to yield milligram amounts of ACA8-sND
sample, which is sufficient for SANS experiments.

The state of inhibition of ACAS8 in sND was assessed by the basal ATPase activity.
Binding of CaM to the CaM-binding domain of ACAS8 in sND leads to an almost
two-fold increase in ATPase activity compared to the basal activity in the absence of
CaM (Fig. 6.2 b) showing full functionality of ACAS8 in deuterated nanodisc [126].
The overall ATPase activity of fully activated ACA8 in sND was two-fold higher
compared to detergent solubilized ACAS8 (in LMNG) and slightly reduced compared
to ACAS8 incorporated in non-deuterated POPC-nanodisc. Stealth nanodiscs contain
a mixture of deuterated PC lipids with different chain length and this might explain
the small differences in the overall activity of ACA8 in sND. Nevertheless, the re-
sults show a full functionality of ACAS8 in deuterated nanodiscs [126].

In order to investigate whether the deuteration level of d-CaM affects the activa-
tion process, the elution profiles of ACA8 in sND with and without d-CaM were
compared (Fig. 6.2 ¢). The SEC-profile of the ACA8+CaM complex in sND reveals
a shift of the elution peak (11.0ml for complex vs. 11.8ml for ACAS8 alone). This
drastic increase in hydrodynamic radius indicates drastic conformational changes
as observed for ACAS8 in non-deuterated POPC-nanodisc. These results suggest that
neither the deuterated disc components nor the deuterated CaM affect the activation
process of ACAS [126].
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Figure 6.2: Reconstitution of ACAS in stealth nanodissc. (a) LMNG-purified
ACAS8 was mixed with d-MSP1D1 and d-PC and assembled by detergent removal
using cyclodextrin. Reconstitution was analysed on a size-exclusion chromatog-
raphy column (Superdex200 10/300). (b) ATPase activity of ACAS8 in stealth nan-
odiscs was analysed using the Baginski assay in the presence (blue) and absence
(black) of CaM7. The activity of ACA8-sND was compared to activity in detergent
(LMNG) and POPC nanodiscs. (c) Size-exclusion chromatography of ACA8-sND
in complex with d-CaM (blue) showing the same increase in hydrodynamic ra-
dius. (d) SDS-PAGE of size-exclusion fractions of ACAS8 incorporated into sND

with and without d-CaM?.

6.3.2 Structural characterization of ACA8 by SANS

Small-angle neutron scattering measurements were carried out with ACAS, recon-

stituted in stealth nanodisc, in its auto-inhibited state (apo, in absence of CaM) as

well as in its activated state (in complex with CaM). Two configurations of the ac-

tivated state were measured, (1) ACAS8 in complex with protonated CaM and (2)
ACAS in complex with perdeuterated CaM (d-CaM) (see Chapter 6.2.1) where the
contrast of matched-out CaM is the same like the buffer. Therefore, d-CaM is invisi-

ble in the point of view of neutrons and only ACAS in its activated state contributes

to the scattering signal (Fig. 6.3 a). The complexes with either d-CaM or proto-

nated CaM were purified before mesurements to seperate excess of CaM. Deuter-

ated CaM was measured as control sample as well. All samples were measured in
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100 % D,0O to match-out all deuterated nanodisc components. The radius of gyra-
tion was calculated from the Guinier aproximation and showed a clear expansion
upon CaM-binding (Supplementary Table A.4). The experimentally derived radius
of gyration for the apo conformation was 4.0 nm and once d-CaM binds to ACAS8
the R increase significantly to 4.3 nm. The increase in Ry is in line with the SAXS
data shown above (see chapter 4.3.4.2). The Ry increases even more to 5.0 nm for the
complex of ACA8 with protonated CaM which indicates that the deuterated CaM
is effectively matched-out. This is in good agreement with the scattering profile of
d-CaM alone, showing a flat line with no increase in scattering intensity (Fig. 6.3
a). The Guinier region of all three ACA8 samples show a linear distribution with
enough data points, showing that the detector distance covered a sufficient g-range.
Notably, experimentally derived Ry of ACA8 in sND in all conformations are signif-
icantly smaller than those obtained by SAXS measurements (Supplementary Table
A.3), showing the minimal scattering contribution of all nanodisc components to the
SANS data. This is in line with the comparison of scattering profiles of apo ACAS-
sND with "empty stealth nanodisc" (Supplementary Fig. A.5) showing much higher
scattering intensity of the ACA8-sND sample. [126]
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Figure 6.3: Small-angle neutron scattering of ACAS8 incorporated into stealth
nanodiscs. (a) SANS scattering curves of deuterated CaM?7 (d-CaM, 73% deuter-
ated) are shown in grey, show no significant scattering in 100% D,0O and thus do
not contribute to the scattering signal. Scattering profiles of ACAS8 incorporated
into sND in apo conformation (black) were compared with data for the corre-
sponding complex with hydrogenated CaM7 (h-CaM) and selectively deuterated
CaM (d-CaM) (light blue and dark blue, repectively). The deuterated nanodisc
components do not contribute to the SANS scattering signal in 100 % D,O (Sup-
plementary Fig. A.5) [60] (b) Guinier region of the SANS data obtained for ACAS8
incorporated in stealth nanodiscs in apo form and in complex with deuterated
and hydrogenated CaM. First data points were affected by parasitic scattering and
removed for data analysis. Individual figures reprinted from Nitsche et al. [126].

The pair distance distribution function (p(r)) describes all interatomic distances and
determines the maximal particle dimension (Dmax). This was computed for ACAS8-
sND samples in all conformations (Fig. 6.4). The p(r) function of ACAS in its apo
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conformation shows a maximal particle dimension of 13 nm and a bi-lobed shape
with two distinct peaks at 3.6 nm and 7.0 nm (Fig. 6.4 a). This is consistent with
a rather compact, multi-domain particle. Once d-CaM binds to ACAS8 the Dax
increases to 15 nm and the peak at 7 nm becomes less pronounced and is shifted
to larger distances, which indicates a protein expansion. As in the ACA8-(d-CaM)
complex only ACAS contributes to the scattering signal, the obtained particle expan-
sion suggest large conformational changes in the calcium pump during the activa-
tion. Combining the SANS data with the fluorescence polarization data (see Chapter
4.3.4.1), the observed expansion is likely due to the release of the regulatory domain
from the core enzyme. In the complex of ACA8 with protonated CaM the D,y in-
creases further to 18 nm, showing that CaM contributes to the scattering signal. The
p(r) function shows further expansion with an even less pronounced second peak.
All these data are consistent with the model that the binding of regulatory domain
to the core is released once CaM is bound and the ACAS8 structure becomes less
compact compared to the apo conformation. The SAXS data, showing an increase
in flexibility once CaM binds are in good agreement with the shown SANS data.
Since all nanodisc components are effectively matched-out, the effects are more pro-
nounced in the SANS data. [126]
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Figure 6.4: Analysis of SANS scattering of ACA8-sND. (a) Distance distribution
(p(r))-plot of the SANS data of ACAS8 in apo conformation (black) and of data in
complex with deuterated CaM (dark blue) and hydrogenated CaM (light blue),
indicating that binding of d-CaM to ACAS leads to an increase of Dmax. The
Dmax value is further increased when hydrogenated CaM is bound, showing that
deuterated CaM is matched-out. (b) Scattering intensity of the homology model of
ACAS8core was computed and fitted against the scattering data of ACA8-(d-CaM)
complex.

6.3.3 Structural modelling of ACAS in its activated state

SANS scattering data allowed modelling of full-length ACA8 without taking the
nanodisc components into account. No structural model of the full-length ACA8
was available and even the previously published cryo-EM structure of human PMCA1
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didn’t resolve the regulatory domain [116]. Therefore, a homology model of ACA8core
(130aa - 1074 aa) based on the sarco/endoplasmatic reticulum Ca®* - ATPase (SERCA)
structure in E2 conformation (pdb: 4aqr) was generated and used for futher mod-
elling. Fitting the calculated scattering intensity (using CRYSON) of the homology
model shows major discrepancies in the mid-q-range (Fig. 6.4 b) with a x? of 25.2,
which is most likely due to the lack of the regulatory domain. To generate a model
of full-length ACAS8 the previously determined crystal structure of the ACAS8 regu-
latory domain (40aa - 95aa) [67] was used and combined with the ACA8core model.
The N-terminal residues (laa - 39aa) and the linker residues (96aa - 129aa) were
placed as dummy atoms. Since no structural informations about the interaction area
of the regulatory domain with ACA8core were available, modelling of full-length
ACABS in its auto-inhibited state was extremely challenging. However, the available
structural data allowed modelling of ACAS in its activated state using the SANS
data of ACA8-sND in complex with deuterated CaM (d-CaM). In order to model
the activated state, 10,000 full-length models of ACAS8 were generated with the reg-
ulatory domain (laa - 130aa) in various conformations using the program RANCH
[243, 244]. Scattering intensities of each model were calculated using CRYSON [219]
and fitted against the experimental SANS data of the ACA8-(d-CaM) complex. The
overall size of the full-length models describe the low-q region of the SANS data
well, but no single model was found which provide a reasonable fit to the experi-
mental data across the entire g-range. Since, SAXS and SANS data suggested that
the regulatory domain becomes more flexible in the activated state, ensemble op-
timized modelling (EOM) analysis was performed in order to quantitatively assess
changes in the ensemble-avaraged conformations in the activated state [126].
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Figure 6.5: Ensemble optimized method to model the activated state of ACAS.
The Ensemble Optimization Method (EOM) [244] was used to generate and select
a pool of models with different conformations of the regulatory domain (a) that
were subsequently used to fit the experimental SANS data (acquired in stealth
nanodiscs) (b). Scattering intensity of a selcted pool of ACAS8 with the RD in differ-
ent conformation were computed using CRYSON and fitted against the scattering
data of ACAS8-(d-CaM) complex (b).
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The pool of generated ACA8 models with different conformations of the regulatory
domain was used for EOM. A genetic algorithm of the program GAJOE was used
to select an ensemble of conformers (sub-ensemble) of the regulatory domain. Sub-
sequently, the weighted average theoretical scattering curve is compared with the
experimental scattering curve. The sub-ensemble whose theoretical scattering curve
best describes the experimental SANS data was selected [243, 244].

In the size distribution plot the Ry values of the generated models were ranging
from really compact molecules (Rg of 3.9 nm) to much more extended ones with
an Ry of around 5 nm (Fig. 6.5 a, yellow bars). As the conformation of the ho-
mology model (ACAS8core) was kept constant, the size differences displayed de-
rive from differences in the conformations of the regulatory domain proportional
to the ACA8core. The selected sub-ensemble fits the experimental scattering data
very well, with an x? of 1.0 (Fig. 6.5 b). The R, distribution of the selected best
fitting sub-ensemble is shifted to smaller Ry values compared to the random pool
(Fig. 6.5 a, blue bars), revealing that complex occupies a restricted range of confor-
mations that tend towards the more compact rather than extended conformations,
relative to the random pool. This is also reflected in the three representative mod-
els (Fig. 6.6) [126]. These models, with Ry values between 4.0 - 4.4 nm, showed
different orientations of the regulatory domain and none of the selected conformers
contains a fully extended regulatory domain. The R, distribution plot from EOM
analysis against the apo ACA8-sND scattering data shows that selected ensembles
are shifted to smaller Ry values compared to analysis of the activated state, indicat-
ing more compact molecules (Supplementary Fig. A.6).

The metric Rpey provides a quantitative measure for the flexibility of the system.
This data shows an Ry of 68.1% for the selected ensemble and 86.1% for the pool,
indicating that the regulatory domain posseses’ some degree of flexibility in the ac-
tivated state but the whole molecule still shows a more compact arrangement. The
fit of the selected sub-ensembles has a perfect x? of 1.0. Nevertheless, the data in the
mid-q region are slightly noisy. Conformational changes are expected to produce
differences in the scattering profile in the same region. Notably, different confor-
mations of the RD could also produce a similar fit. A more concentrated sample
would be able to show more details in the mid-q region and a more precise analysis
would be possible. Nevertheless, the Guinier approximation shows a very good fit,
indicating a reliable Ry and most likely, the EOM analysis would produce a simi-
lar Rg-distribution, with comparable compact conformations of the RD. Moreover,
the conformation of the core enzyme was kept constant during the EOM modelling.
However studies on human PMCAs using a photoactivatable phosphatidylcholine
lipid suggested conformational changes in the transmembrane domain during the
activation process [117, 118, 189]. Therefore, for a more in-depth analysis of the con-

formational changes in the core enzyme, high-resolution structural data of PMCAs
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in different conformations are needed.

Taken together, these data supported previous results showing that CaM-binding to
ACABS leads to displacement of the regulatory domain from the ACAS core enzyme,
which releases the autoinhibiton and allows the enzyme to undergo its conforma-

tional cycle required for the pumping of Ca?* ions [126].

b C

Figure 6.6: Ensemble optimized method to model the activated state of ACAS —
selected models. (a-c) Representative models for the activated ACA8-CaM com-
plex are shown as spheres. Models derived from the best-fitting sub-ensemble.
ACAScore is shown in gray and the regulatory domain in different conformations
(cyan, green and orange) which are part of the best-fitting sub-ensemble. (d-f)
Selected models shown in (a-c) but rotated by 90 degrees.
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6.4 Conclusion

In summary, the use of stealth nanodiscs combined with small-angle neutron scat-
tering enabled the modelling of full-length ACAS in its activated state for the first
time. The data showed that all nanodisc components are effectively matched out at
100 % D,0O, where the incoherent scattering of H,O is minimized. Control exper-
iments showed that the ATPase activity as well as the elution profile of activated
ACAS in sND are comparable to those of ACAS8 obtained in non-deuterated nan-
odiscs, suggesting that stealth nanodiscs do not affect the activation process. Due to
the fact, that only ACAS8 contributes to the neutron scattering signal the differences
between apo state and the activated conformation are more pronounced, although
the scattering intensity in SANS is much weaker. By using perdeuteration of CaM
to match-out the signal derived from CaM the structural changes during activation
within ACAS8 could be studied more precisely. These data illustrate that the binding
of CaM to ACAS leads to displacement of the regulatory domain from the core en-
zyme, which is in good agreement with the data shown above (see Chapter 4). In
combination with the biochemical and biophysical studies shown in Chapter 4, the
structural model for activated ACAS sets the structural basis for activation of ACAS8

in a native-like lipid environment.
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Appendix A

Supplementary Data

A.1 Supplementary Figures

A.1.1 Native mass spectrometry of CaM7
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Figure A.1: Native mass spectrometry of CaM?7. a + b M/z ratio of monomeric
state of CaM7 showing mainly +6 to +8 charges. Reprinted from Heidemann, 2018
[127].
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Appendix A. Supplementary Data

A.1.2 Incorporation of fTACAS into nanodisc composed of various lipids
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Figure A.2: ACAS incorporated into MSP1D1 nanodisc composed of differ-
ent lipids. a Size-exclusion profile of purified ACAS8 in nanodiscs formed with
MSP1D1 and different lipids (POPC, POPC/POPG, POPC/soyPI).
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A.l3

Relative log 1(q)

I*q2

ACA8-ND - 1 mg/mli
ACA8-ND - 2 mg/ml
ACAB8-ND - 4 mg/ml
ACAB8-ND - 8 mg/ml

@
>

Relative log I(q)
w » a
©® o N

o

Relative log 1(q)

SAXS analysis of ACAS8 and its complex with CaM

ACAB8-ND + CaM - 1 mg/ml
ACA8-ND +CaM - 6 mg/ml

1 2

q(m)

Figure A.3: Small-angle scattering analysis of ACA8-ND at different concentra-
tions. (a + b) Overlay of SAXS profiles obtained for ACA8-ND (a) and ACAS-
ND+CaM (b) in concentrations ranging from 1-8 mg/ml (a) or 1-6 mg/ml (b). The
curves superimpose very well, indicating there is no for concentration dependence

interparticle interaction. [126]
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Figure A.4: Small-angle scattering analysis of ACA8 in nanodisc with anionic
lipids. Kratky plots of ACAS8 incorporated in nanodiscs containing soy-PI (a) or
POPG (b) showing changes in gthe mid-q range upon CaM binding to ACAS. (c)
Comparison of radii of gyration for various ACA8-nanodisc samples illustrating
that the presence of anionic lipids does not lead to expansion in the absence of
CaM. Rq values are comparable to those of ACA8 in POPC-nanodiscs. [126]
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A.14 SANS analysis of ACAS in stealth carrier nanodisc
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Figure A.5: Comparison of SANS curves of empty sSND with ACA8-sND. Semi-
log plot of SANS scattering of apo ACAS in stealth nanodiscs compared to scatter-
ing profil of "empty" stealth nanodisc.
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Figure A.6: Rg distribution of ACA8-sND in apo conformation. EOM analysis
illustrating the Rtextsubscriptg distribution plot of ACAS in apo conformation in
comparison with the data of ACA8 in complex with CaM, showing that the se-
lected sub-ensemble is significantly smaller and thus the Rg-distribution is shifted
to smaller radii for ACAS in the autoinhibited state.
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A.1.5 SANS analysis of MsbA in stealth carrier nanodisc
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Figure A.7: Kratky analysis of MsbA in stealth carrier nanodisc. Kratky plot of

MSsbA incorporated in stealth carrier nanodisc analysied by small-angle neutron
scattering (SANS) reveals that MsbA forms a compact multi-domain particle in

solution.
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Figure A.8: Cryson fits of MsbA ind different conformation. CRYSOL analysis
illustrating the fit of the closed as well as the rigid-body model for MsbA nanodisc

complexes.
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146

Figure A.9: Cluster analysis of ab initio models derived from sND/SANS ex-
periments. Five potential cluster with similar shapes could be observed from 20
models. All shapes are consistent with MsbA and do not show any contribution
of stealth nanodiscs. Analysis has been performed using DAMCLUST [224].
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A.1.6 Incorporation of MsbA in lipid carrier with different lipids
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Figure A.10: SEC profiles of MsbA incorporated into MSP1D1 nanodiscs and
SapNP composed of different lipids. Size-exclusion chromatography profiles of

(a) MsbA-nanodisc samples and (b) MsbA-SapNP samples. Figure reprinted from
Kehlenbeck et al. [86].
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A.2 Supplementary Tables

A.21 Sequences of Proteins used in this Study

Table A.1: Aminoacid sequences of proteins used in this study.

Protein

Organism

Sequence

ACAS

CaM7

A. thaliana

A. thaliana

MHHHHHHHHHHENLYFQGATSLLKSSPGRRRG
GDVESGKSEHADSDSDTFYIPSKNASIERLOQQWRK
AALVLNASRRFRYTLDLKKEQETREMRQKIRSHA
HALLAANRFMDMGRESGVEKTTGPATPAGDEFGIT
PEQLVIMSKDHNSGALEQYGGTQGLANLLKTNPE
KGISGDDDDLLKRKTTYGSNTYPRKKGKGFLRFLW
DACHDLTLIILMVAAVASLALGIKTEGIKEGWYDG
GSIAFAVILVIVVTAVSDYKQSLQFQNLNDEKRNI
HLEVLRGGRRVEISIYDIVVGDVIPLNIGNQVPADG
VLISGHSLALDESSMTGESKIVNKDANKDPFLMSG
CKVADGNGSMLVTGVGVNTEWGLLMASISEDNG
EETPLQVRLNGVATFIGSIGLAVAAAVLVILLTRYF
TGHTKDNNGGPQFVKGKTKVGHVIDDVVKVLTV
AVTIVVVAVPEGLPLAVTLTLAYSMRKMMADKA
LVRRLSACETMGSATTICSDKTGTLTLNQMTVVES
YAGGKKTDTEQLPATITSLVVEGISQNTTGSIFVPE
GGGDLEYSGSPTEKAILGWGVKLGMNFETARSQS
SILHAFPENSEKKRGGVAVKTADGEVHVHWKGA
SEIVLASCRSYIDEDGNVAPMTDDKASFFKNGIND
MAGRTLRCVALAFRTYEAEKVPTGEELSKWVLPE
DDLILLAIVGIKDPCRPGVKDSVVLCQONAGVKVR
MVTGDNVQTARAIALECGILSSDADLSEPTLIEGKS
FREMTDAERDKISDKISVMGRSSPNDKLLLVQSLR
RQGHVVAVTGDGTNDAPALHEADIGLAMGIAGT
EVAKESSDIILDDNFASVVKVVRWGRSVYANIQK
FIQFQLTVNVAALVINVVAAISSGDVPLTAVQLLW
VNLIMDTLGALALATEPPTDHLMGRPPVGRKEPLI
TNIMWRNLLIQAIYQVSVLLTLNFRGISILGLEHEV
HEHATRVKNTIIFNAFVLCQAFNEFNARKPDEKNI
FKGVIKNRLEMGIVITLVLQVIIVEFLGKFASTTKL
NWKQWLICVGIGVISWPLALVGKFIPVPAAPISNK
LKVLKFWGKKKNSSGEGSL

MHHHHHHENLYFQGAADQLTDDQISEFKEAFSL
FDKDGDGCITTKELGTVMRSLGONPTEAELQDMI
NEVDADGNGTIDFPEFLNLMARKMKDTDSEEELK
EAFRVFDKDOQNGFISAAELRHVMTNLGEKLTDEE
VDEMIREADVDGDGQINYEEFVKVMMAK

Continued on next page
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Protein Organism Sequence

MsbA E. coli MHNDKDLSTWQTFRRLWPTIAPFKAGLIVAGVAL
ILNAASDTEMLSLLKPLLDDGFGKTDRSVLVWMP
LVVIGLMILRGITSYVSSYCISWVSGKVVMTMRRRL
FGHMMGMPVSFFDKQSTGTLLSRITYDSEQVASSS
SGALITVVREGASIIGLFIMMFYYSWQLSIILIVLAPI
VSIAIRVVSKRFRNISKNMONTMGQVTTSAEQML
KGHKEVLIFGGQEVETKRFDKVSNRMRLQGMKM
VSASSISDPIIQLIASLALAFVLYAASFPSVMDSLTA
GTITVVESSMIALMRPLKSLTNVNAQFQRGMAAC
QTLFTILDSEQEKDEGKRVIERATGDVEFRNVTFTY
PGRDVPALRNINLKIPAGKTVALVGRSGSGKSTIAS
LITRFYDIDEGEILMDGHDLREYTLASLRNQVALVS
QNVHLENDTVANNIAYARTEQYSREQIEEAARM
AYAMDFINKMDNGLDTVIGENGVLLSGGQRQRI
ATARALLRDSPILILDEATSALDTESERAIQAALDEL
QKNRTSLVIAHRLSTIEKADEIVVVEDGVIVERGTH
NDLLEHRGVYAQLHKMQFGQ

MSP1D1 H. sapiens GHHHHHHHDYDIPTTENLYFQGSTFSKLREQLGP
VTQEFWDNLEKETEGLRQEMSKDLEEVKAKVQPY
LDDFQKKWQEEMELYRQKVEPLRAELQEGARQK
LHELQEKLSPLGEEMRDRARAHVDALRTHLAPYS
DELRQRLAARLEALKENGGARLAEYHAKATEHLS
TLSEKAKPALEDLRQGLLPVLESFKVSFLSALEEYT
KKLNTQ

MSP1E3 H. sapz'ens MGHHHHHHHDYDIPTTENLYFQGSTFSKLREQL
GPVTQEFWDNLEKETEGLRQEMSKDLEEVKAKV
QPYLDDFQKKWQEEMELYRQKVEPLRAELQEGA
ROKLHELQEKLSPLGEEMRDRARAHVDALRTHL
APYLDDFQKKWQEEMELYRQKVEPLRAELQEGA
ROQKLHELQEKLSPLGEEMRDRARAHVDALRTHL
APYSDELRQRLAARLEALKENGGARLAEYHAKAT
EHLSTLSEKAKPALEDLRQGLLPVLESFKVSFLSAL
EEYTKKLNTQ

SapA H. sapiens SEQUENCEMGSLPCDICKDVVTAAGDMLKDNAT
EEEILVYLEKTCDWLPKPNMSASCKEIVDSYLPVIL
DIIKGEMSRPGEVCSALNLCES
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A.2.2 Masses of ACA8-CaM complexes measured by NMS

Table A.2: Comparison of theoretical and experimental M, of ACA8 CaM?.
Experimentally derived masses (Mexp) as well as theeoretical masses (Mye,) are

listed together with standard deviations and average full width half maximum
(FWHM), all values in Da. [126]

Protein/-complex Miheo Mexp SD [Da, Avg.
Na > b3] FWHM
CaM 18,593.5 18,869.9 0.8 11
ACAS8 118,194.2 118,520 60 804
ACAS8 + CaM 136,787.7 137,500 110 700
ACAS8 +2 CaM 155,381.2 156,600 200 730
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A.2.3 SAXS/SANS parameters

Table A.3: SAXS parameters —- ACA8-ND.

ACAS8-ND (apo) ACAS8-ND +

CaM
Data collection parameters
Instrument EMBL P12 (PETRA-III, Desy, Hamburg)
Beam geometry 0.2 x 0.12 mm?
Wavelength A) 1.24
g range (nm™) 0.05-4.6
Exposure time (s) 1(20x0.05 s)
Concentration range (mg/ml) 1-8 1-6
Temperature (K) 283 283
Structural parameters
1(0) (cm™) [from p(r)] 0.093 0.129
R(g) (A) [from p(r)] 53.8 60.0
1(0) (cm™) [from Guinier] 0.094 0.128
R(y) (A) [from Guinier] 53.0+ 0.9 58.8+ 1.9
Dinax (A) 200 220
Porod volume estimate (A®) 626450 805590
Molecular-mass determination
Partial specific volume (cm? g™?) 0.816% 0.810%
Contrast (Apx10'°cm?) 1.808 1.876
Molecular mass M; (Da) [from 1(0)] 259000 334000
Molecular mass M; (Da) [from 391531 503493
Porod volume (Vp,/1.6)]
Calculated M, from sequence (Da) 2562402 2882402
Software employed
Primary data reduction RADAVER
Data processing PRIMUS/Qt

Computation of model intensities CRYSOL

@ Calculated for a complex composed of 1xACAS8 + 2xMSP1D1 + 124xPOPC molecules. This as-
sumption is based on the homology model of ACAS8 incorporated into MSP1D1-POPC nanodisc.
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Table A.4: SANS parameters — ACA8-sND.

ACA8-sND  ACAS8-sND + ACAS8-sND +

(apo) d-CaM CaM
Data collection
parameters
Instrument SANS-1 (MLZ, Munich)
Wavelength (A) 5.0
g range (nm™') 0.12-2.4
Exposure time (s) 7200
Concentration range 3.5 3.2 3.0
(mg /ml)
Temperature (K) 283 283 283
Structural parameters
1(0) (cm™) [from p(r)] 0.11 00.1 0.15
R(g) (A) [from p(r)] 425 45.8 52.9
1(0) (cm™) [from Guinier] 0.11 0.092 0.1
R(g) (A) [from Guinier] 40 428 50
Dmax (A) 130 150 180
Porod volume estimate 202000 217000 297000
(A%)
Molecular-mass
determination
Partial specific volume 0.744 0.744 0.739
(cm® g1)
Contrast (Apx10'%cm2) -3.320 -3.320 -3.320
Molecular mass M; (Da) 126250 135625 185625
[from Porod volume
(Vp/1.6)]
Calculated M, from 118000 118000 150000
sequence (Da)
Software employed
Primary data reduction BerSANS BerSANS BerSANS
Data processing PRIMUS/Qt PRIMUS/Qt PRIMUS/Qt
Ab initio analysis EOM
Computation of model CRYSON CRYSON CRYSON
intensities
3D graphics PyMOL PyMOL PyMOL
representation
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A.3 Scripts

Skript to combine theoretical intensities of generated models in one file

#! /usr/bin/python

# modInt.py, HDTM 12-01-2017

# GENERATES EOM intensities file based on precomputed *.int files from CRYSOL
# TODO: use dictionaries to make this better

import sys, re, os, glob

def modInt(path):

""Generate EOM jun file from many *.int files
# Dif/ Atom/Shape/Bord 10000ks5eh.p Dro: 0.030 Ra: 1.2914 Rg: 52.68 Vtot: 633690.
# 0.000000E+00 0.135150E+10 0.336283E+11 0.224324E+11 0.996598E+07

# 0.100000E-01 0.123210E+10 0.309074E+11 0.206368E+11 0.869969E+07

nn

outfile = open(‘juneom.eom’,' w’)

# READ in list of intensity files
fnames = glob.glob(os.path.join(path, "*.int’))

# HEADER for s-axis
head =’S values 51’

# Extract S values from first file
for line in open(fnames[0]):

list = line.split()

s = list[0]

i=list[1]

if s[0].isalpha():

print » outfile, ":>18".format(head)
else:

print » outfile, ":>14".format(s)

# Extract intensities from each file
for infile in fnames:

try:

count = infile[2:7]

count = count.Istrip("0")

except IndexError:
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print ‘empty’

for line in open(infile):

list = line.split()

s = list[0]

i=list[1]

if s[0].isalphay):

i =count

print » outfile, ":>10 :>5".format(’Curve no.’, i)
else:

print » outfile, ":>14".format(i)

def main():

if len(sys.argv) != 2:

print ‘usage: ./modInt.py <path>’,
sys.exit(1)

path = sys.argv[1]
modInt(path)

if name__y

mmn’:main()

Skript to combine size parameter of generated models in one file

#! /usr/bin/python

# modSize,py, HDTM 01-11-2017

# GENERATES EOM Sizejist XX X.txt filebasedonprecomputed x .log files fromCRYSOL/CRYSON
#TODO : usedictionariestomakethisbetter

sys, re,0s,glob

defmodInt(path) :

""" GenerateEOMSizejist frommany x .log files
#147.42159.800.00629100.00#254.74188.700.00633500.00#348.38155.300.00643400.00
outfile = open(’'Sizejist XX X.txt', w')

1771177

#READinlistofintensity files
fnames = glob.glob(os.path.join(path, x.log"))

#Extract filenumber, Rg, DmaxandVolume fromlog files
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forinfilein fnames :

try .

count = infile[2 : 7]
count = count.Istrip('0)
exceptIndexError :
print’ empty’

forlineinopen(infile) :

i = count

ifline.startswith(’Shellwidth') :

Dmax = line[—10 :]

Dmax = Dmax.strip()

elifline.startswith(' ExcludedVolume') :

Vol = line[—11 :]

Vol = Vol.strip()

elifline.startswith('Rgfrom’) :

Rg = line[—7 :]

Rg = Rg.strip()

print >> outfile, :> 6:> 7:> 7:> 8:> 9.2f' format (i, Rg, Dmax,' 0.00', float(Vol)),
#print >> outfile, :> 6:> 8'.format (i, Dmax),
#print >> outfile,line[—7 :],

#else :

#print' Line' + line,

defmain() :

iflen(sys.argu)! =2

print'usage : ./modSize.py < path >’,
sys.exit(1)

path = sys.argu[1]
modInt(path)

: 1
ifname == ain,
smain ()
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Table A.5: SAXS/SANS parameters — MsbA-sND.

MsbA-sND MsbA-sND MsbA-sND

(apo) SAXS  (apo) SANS  (ADP) SANS
Data collection
parameters
Instrument EMBL P12 ILL D11 (Grenoble, France)

(PETRA-III,

Hamburg)
Beam geometry 0.2x0.12

mm?
Wavelength (A) 1.24 .
g range (A™) 0.005-0.46 0.01-0.3
Exposure time (s) 1(20x0.05s 3600
Concentration range 2.7
(mg /ml)
Temperature (K) 283 283 283
Structural parameters
1(0) (cm™) [from p(7)] 230.20 0.8931 1.166
+ 0.003 + 0.003
R(g) (A) [from p(r)] 475 +1 40.11 +1 38741
1(0) (cm™) [from Guinier] 231.45 0.89 £ 0.003 1.15 £ 0.003
=+ 0.001

R(g) (A) [from Guinier] 47.7+ 0.2 40.04+ 1 38.57 £ 3.3
Dmax (A) 160 130 125
Porod volume estimate 607200 189000 173000
(A%)
Molecular-mass
determination
Partial specific volume 0.745 0.745 0.745
(cm® g)
Contrast (Apx10'%cm2) 2.724 -3.13 -3.13
Molecular mass M; (Da) n.d. 145000 144980
[from 1(0)]
Molecular mass M; (Da) 379500 118125 109000
[from Porod volume
(Vp/16)]
Calculated M; from 130000 130000 130000
sequence (Da)
Software employed
Primary data reduction RADAVER GRASP GRASP
Data processing PRIMUS/Qt
Ab initio analysis DAMMIF
Rigid-body modeling SASREF
Computation of model CRYSOL CRYSON CRYSON
intensities
3D graphics PyMOL PyMOL PyMOL
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General Sample Preparation Techniques

Buffer and solution preparation

Buffers and solutions were prepared in de-ionized water from a Milli-Q ultrapure
lab water system (Merck Millipore, Germany). The pH of the buffer was adjusted
using a peqMeter 1.14 (peqlab via VWR, United Kingdom). All buffers for protein
purifications were filtered through a 0.22 um Millex-GP filter (Merck Millipore, Ger-
many) and degassed prior to usage. Solutions for expression were either autoclaved
(20 min, 121 °C) or filtered through 0.45 pm Millex-GP filter (Merck Millipore, Ger-

many).

Maintenance and growth of yeast

Wild-type yeast cells (without a plasmid transformed) were grown on YPD (Yeast
Peptone Dextrose) media, whereas cells harbouring a expression plasmid were grown
in synthetic complete (SC) media with 2 % glucose with drop-out media either de-
pleted of uracil or leucine (all receipes are provided in Table B.1). For overexpression
culture 900 ml of SC media with 0.1 % glucose were grown and expression were in-
duced by adding 2 % galactose. All cells were grown at 30 °C unless otherwise
stated.

Table B.1: Yeast growth media.

Media composition

YPD 20 g/l tryptone
10 g/1 yeast extract
20 g/1 glucose

SC 6.7 g/1 yeast nitrogen base (w/o0 amino acid)
20 g/1 glucose (2%)

Maintenance and growth of bacteria

Baceterial cells without a plasmid were grown in lysogenic broth (LB) media (for
recipe see Table B.2). Overexpression were carried out in different media (Table B.2)
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and starter culture were grown in LB media at 37 °C unless otherwise stated. Ex-
pression culture were grown at 37 °C until the desired ODggg was reached. After
induction using IPTG cells were frown either at 20 °C or 37 °C. Different antibiotics
were used to select for the presence of the expression-plasmid. Ampicilin was used
at concentration of 100 pg/ml, kanamycin at 25 pg/ml and chloramphenicol at 34
ug/ml.

Table B.2: E. coli growth media.

Media composition
LB media 10 g/1 tryptone
5 g/l yeast extract
0.17 M NaCl
TB media 12 g/1 tryptone
24 g/1 yeast extract
0.5 % gylcerol
0.017 M KH,POy4
0.072 M K,;HPOy4
2x YT media 16 g/1 tryptone
10 g/1 yeast extract
5 g/INaCl
Minimal media 6.86 g/1 (NH4)»SO4
1.56 g/1 KH,PO4
6.48 g/l NazHPO4
0.49 g/1 (NHy),-H-citrate
0.25 g/1MgSO,
5 g/1 Glycerol
1 ml/11000x trace elements

Preparation of electrocompetent E. coli cells

For prepartion of elektro competent cells, desired E. coli strains were inoculated LB
media and grown at 37 °C until an ODgg of 0.4-0.6. Subsequently, culture was cooled
on ice for 20-60 min. Cold cells were pelleted by centrifugation at 4000 x g and 4 °C
for 15 min and the pellet was washed with ice-cold ddH,O and pelleted again by
centrifugation at 4000 x g for 15 min. The washing step was repeated 2 times and
after the last centrifugation step the pellet was resuspended in 20 ml 10 % glycerol.
The 20 ml cellsuspension were pelleted by centrifugation at 3800 x g for 15 min at
4 °C. Cellspaste was resuspended in 2-4 ml 10 % glycerol and aliquoted into 50 pl
fractions, which were frozen in liquid nitrogen and stored in -80 °C until further use.
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Protein sample concentration

THe concentration of protein samples were increased by reducing the volume. This
were achieved using Amicon centrifugal filters with a appropriate molecular weight
cut-off MWCO). Al filters were used according to the operation instrustions.

Protein concentration were determined by UV- spectroscopy on a Thermo Fischer
Nanodrop 2000 device. The absorption at 280 nm were used to calculate the concen-

tration with following equation:

__ Aa80M,,

= (B.1)

where My, is the theoretical molecular weight and ¢ as the extinction coefficient. The
e is protein specific and was calculated based on the sequence using the ProtParam
tool. A list of calculated ¢ values for all individual proteins can be found in Table B.3

Table B.3: Properties of proteins used in this study.

Protein Molecular weight [kDa] Extinction coefficient e [M~Tcm 1]
ACAS 118.468 102330

CaM7 18.593 2980

MsbA 64.460 46870

MSP1D1 24.661 21430

MSPE3D1 32.730 29910

SapA 10.024 8480

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis was used to seperate
protein samples according to their size. Samples were mixed with sample buffer (50
mM Tris-HCI pH 6.8, 10% (v/v) SDS, 0.1% (v/v) bromphenol blue, 50% glycerol,
125mM DTT) in a 1:1 ratio and incubated for several minutes before loaded on a 15
% SDS-gel. Gels were run in in Tris-glycine running buffer (190 mM glycine, 24.8
mM Tris-HCL, 0.1% (w/v) SDS) for 45-60 min at 200 V (constant). Subsequently, the
gel was stained using Coomassie stain (PhastGel Blue R tablets in 40% (v/v) ethanol,
25% (v/v) 2-propanol, 10% (v/v) acetic acid), incubated for 15-60 min and destained
with destain solution (10% (v/v) acetic acid, 24% (v/v) 2-propanol).

Polymerase chain reaction (PCR)

Polymerase chain reaction was used to amplify DNA fragments or perform quick
change mutagenesis. A 50 pul reaction contained 1 ul Phu DNA polymerase (Thermo
Fisher, USA), 10 ul 5x Phu buffer, 100 pmol of forward and reverse primer, respec-
tively, 0.05 ug (Quickchange mutagenesis) or 0.1 ug template DNA and 0.2 mmol
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of each nucleotide (dATP, dGTP, dCTP, dTTP, NEB). The reaction was carried out
in a peqlab peqSTAR 2x gradient thermocycler. For amplification 30 cycles and for
mutagenesis 25 cycles were carried out. Each cycle consists of denaturation (95 °C,
30s), annealing (58 °C, 30s) and elongation (72 °C, time varying with the length of
the construct) and a final extension step at 72 °C for 10 min. The amplified prod-
ucts were separated agarose gel electrophoresis. For mutagenesis reations, 0.5 ul of
the restriction enzyme Dpnl was added and incubated for 1 h at 37 °C. Afterwards,

digested product were transformed into E. coli cells.

Bacterial and Yeast strains

Table B.4: Bascterial and yeast strains.

Strain Genotype Description
E. coli XL1blue EndA-endAl Optimized for
gyrA96(nalR) thi-1 plasmid

E. coli BL21 (DE3)

E. coli
Rosetta-gami2

E. coli C41

S. cerevisiae BJ5460

S. cerevisiae InvScl

recAl relAl lac ginV44  amplification
F'[ :Tn10 proAB+ laclq
A(lacZ)M15]|hsdR17 (rK —

mK+)

EndA-, F-ompT gal Used for protein
dcm lon hsdSB(rB- overexpression of
mB-) (DE3 [lacl MSP1D1 and

lacUV5-T7 gene 1ind1 ~ CaM7
sam?7 ninb])
A(ara-leu)7697 AlacX74 Used for protein

AphoA Pvull phoR overexpression of
araD139 ahpC galE SapA
galK rpsL (DE3) F[lac+

laclq pro] gor522::Tn10
trxB pRARE2 (CamR,

StrR, Tet®)

F-ompT gal dem Used for

hsdSB(rB- mB-)(DE3) overexpression of
ACA8RD

MATa ura352 trpl Used for

lys2801 leu2deltal overexpression of

his3delta200 ACA8 and

pep4:HIS3 ACA8core

prbldeltal.6R canl constructs

GAL

MATa his3D1 leu2 Used for

trp1-289 ura3-52 MAT  overexpression of

his3D1 leu2 trp1-289 ACA8 and

ura3-52 ACAB8core
constructs
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Transformation of electrocompetent E. coli cells

For transformation into E. coli cells, aliquots with 50 pl of elektrocompetent cells
were used. The plasmid (about 100 ng/ ul) were mixed with cells and the mix were
electro-shocked using a Bio-Rad MicroPulser (BioRad, USA). Subsequntly, 300 ul of
autoclaved LB media (without antibiotics) was added and the suspension were incu-
bated at 37 °C for 45 min and plated out on LB agar plates containing the appropriate
antibiotics. Agar-plate were incubated over night (approx. 16 h) at 37 °C.

Transformation of S. cerevisiae cells

Transformation into Yeast cells (S. cerevisiae) were carried out using the LiAc method
[245]. 10 ml YPD media was inoculated with a single colony of Yeast cells (from YPD
agar-plate) and incubated at 30 °C for approx. 16 h. Subsequently, 50 ml YPD media
were inoculated with an ODgg of 0.1 using the 10 ml pre-culture. At an ODgg of 0.6
cells were spun down at 3,000 x g for 5 min. Cell pellet were washed twice with 50
ml dH,O (autoclaved) and pelleted. Cells were resuspended in 500 ul 100 mM LiAc
solution and 50 pl cell suspension were used for one transformation reaction. 240 ul
50 % (w/v) PEG 3350, 36 ul 1 M LiAc, 25 ul single stranded DNA (2 mg/ml), 5 ul
plasmid DNA (10 ng/ul) were added to the cells, vortexed for 1 min and incubated
at 42 °C for 20 min. Afterwards, the cells were spun down on a table top centrifuge
and resuspended in 100 pl dH,O before plated out on SC agar-plates (leucin- or
uracil-depleted). Agar-plates were incubated for 72 h at 30°C.
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Instrumentation and Chemicals

C.1 Instrumentation

Table C.1: Instrumentation (listed alphabetically).

Instruments Manufacturer
AktaTMpure GE Healthcare, USA
Akta™start GE Healthcare, USA

Analogue tube rollers: SRT6

Analytical balance: AB]
Autoclave: VX-120
Beamlines

Centrifuge: 5415 R
Centrifuge: 5810 R
Centrifuge: Avanti J-26SXP
Centrifuge rotor: 70 Ti UZ
Centrifuge rotor: JA 25.50
Centrifuge rotor: JLA-8.1
CD-Spectrometer: J-815
DLS instrumentation:
Spectrolight300
Electrophoresis system: Mini
Protetra Cell
Electroporation system:
MicroPulser

Stuart Equipment, United
Kingdom

Kern, Germnay

Systec, Germnay

P12, EMBL, PETRA III, DESY,
Hamburg

BM29 BioSAXS, ESRF, Grenoble
D11, ILL, Grenoble

SANS-1, MLZ, Miinchen
Eppendorf, Germany
Eppendorf, Germany
Beckman & Coulter, USA
Beckman & Coulter, USA
Beckman & Coulter, USA
Beckman & Coulter, USA
Jasco, UK

XtalConcepts, Germany

Bio-Rad, USA

Bio-Rad, USA

Continued on next page
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Instruments

Manufacturer

Fluorescence Spectrophotometer:
Cary Eclipse

Gel documentation: Gel Doc 200
Gel tray for SDS-PAGE

Heat block: MKR13
High-pressure homogeniser:
Emulsiflex-C3

Homogenizer: BeadBeater
Incubator: Ecotron

Incubator: Multitron Standard
ITC: MicroCal iTC200
Laminar airflow cabinet: BDK
Magnetic stirrer: Hei-Mix L
Mass spectrometer: QToF2
modified for high mass
experiments

Micropipette puller: P-1000
equipped with a squared box
filament (2.5 x 2.5 mm)
Microplate reader: Infinite® 200
Pro

Microscope: SZX12 with camera
DP10

Microwave

nanoDSF: Prometheus NT.48

PCR instrument: Thermocycler
peqSTAR2x Gradient
pH-Meter: peqMeter 1,14

Pipetting aid: accu-jet pro
Platform shaker: Polymax 1040
Power supply unit: peqPower

Precision balance: EG
Scanner: LiDE 110

Agilent echnologies, Inc., USA

ChemiDoc MP & Bio-Rad, USA
Precision mechanics, University
Hamburg, Germany

HLC, Germany

Avestin, Canada

BioSpec Products, USA

Infors HT, Germany

Infors HT, Germany

Malvern, United Kingdom
Weiss Technik, Germany
Heidolph Instruments, Germany
Waters, USA MS Vision,
Germany

Sutter Instruments, USA

Tecan, Switzerland
Olympus, Japan

Bosch (via Carl Roth), Germany
NanoTemper Technologies,
Germany

Peqlab (via VWR International),
USA

Peqlab (via VWR International),
USA

Brand, Germany

Heidolph Instruments, Germany
Peqlab (via VWR International),
USA

Kern & Sohn, Germany

Canon, Japan

Continued on next page
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Instruments

Manufacturer

Spectrophotometer: Nanodrop
2000

Spectrophotometer: SmartSpec
Plus

Spectrophotometer: QE Pro
spectrometer and a DH-2000
light source

Ultracentrifuge: Optima XE-90
Ultrasonic cell disruptor:
Sonopuls

UV hand lamp: H466.1
Vacuum pump: BVC control
Vortexer: Vortex-Genie 2

Thermo Fisher Scientific, USA
Bio-Rad, USA

Ocean Optics, United Kingdom
Beckman & Coulter, USA
Bandelin, Germany

Carl Roth, Germany

Vacuubrand, Germany
Scientific Industries, USA
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C.2 Chemicals used (GHS Classification)

Table C.2: Chemicals (listed alphabetically).

Compound  CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
4-Benzoyl-L- 104504- Bachem - - -
phenylalanine 45-2
5,5'- 69-78-3  Sigma- GHS07 HB315, P261,
Dithiobis(2- Aldrich H319, H335 P305+P351+P338
nitrobenzoic
acid)
Acetic acid, 64-19-7 Carl GHS02, H226,H314 P280,
96% Roth GHS05 P305+351+338,
P310
Acetone 67-64-1 Carl GHS02, H225, P210, P280,
Roth GHS07  H319,H336 P304+P340+P312,
P305+P351+P338,
P337+P313,
P403+P235
Active 7440-44- Carl - - -
carbon 0 Roth
Acrylamide 79-06-1 Carl GHS06, H301, P201, P280,
37% Roth GHS08  H312, P301+310,
H315, P305+351+338,
H317, P308+313
H319,
H332,
H340,
H350,
H361f,
H372
Adenin 73-24-5  Carl GHS06  H301 P270,
Roth P301+P310
Agar-Agar 9002-18- Sigma- - - -
0 Aldrich
Agarose 9012-36- Sigma- - - -
6 Aldrich

Continued on next page
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Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
Albumin 90604- Carl - - -
Fraktion V 29-8 Roth
(BSA)
Alexa 500004- Thermo GHS05 H302, P260, P264,
Fluor™488  82-0 Fischer H314, H317 P270, P272,
Cs- Scien- P280,
maleimide tific P301+P312,
P301+P330+P331,
P303+P361+P353,
P304+P340,
P305+P351+P338
Ammonium  631-61-8 Carl - - -
acetate Roth
Ammonium  540-69-2 Sigma GH202 H315, P261,
formate Aldrich H319, H335 P305+351+338
Ammonium  12054- Sigmal- GHS07  HB315, P261,
heptamolyb-  85-2 Aldrich H319, H335 P304+P340,
date P305+P351+P338,
tetrahydrate P405
Ampicillin 69-52-3 Carl GHS08  H334,H317 P280, P261,
Roth P302+352,
P342+P311
AMPPCP 7414-56- Jena GHS06  H301, P261, P280,
4 Bio- H311, P311,
science H315, P301+P310,
H319, P305+P351+P338
H331, H335
APS 7727-54-  Carl GHS03  H272, P280,
0 Roth GHS07  H302, P305+P351+P338,
GHS08  H315, P302+P352,
H317, P304+P341,
H319, P342+P311
H334, H335
Arabinose 5328-37- Carl - - -
0 Roth
ATP 34369- Sigma- - - -
07-8 Aldrich

Continued on next page
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Compound CAS- Supplier GHS Hazard Precautionary
No. hazard  Statements Statements
beta- 60-24-2  Sigma- ~GHS05, H301+H331, P260, P262,
Mercapto- Aldrich GHS06, H310, P273, P280,
ethanol GHS08, H315, P301+P310+P330,
GHS09 H317, P302+P352+P310,
H318, P305+P351+P338
H373, H410 +P310, P391,
P403+P233
Brilliant blue  6104-58- Carl - - -
G 250 1 Roth
Bromphenol  115-39-9 Sigma- - - -
blue Aldrich
CaCl, 10043- Sigma- GHS07  H319 P305+P351+P338
52-4 Aldrich
Chlor- 56-75-7  Sigma- ~GHS08  H351 P280
amphenicol Aldrich
Citric acid 77-92-9  Carl GHS05 H318 P305+P351+P338,
Roth P311
Coomassie 6104-59- Sigma- - - -
Brilliant Blue 2 Aldrich
R250
Copper (1) 7758-98- Sigma-  GHS05, H302, P264, P273,
sulphate 7 Aldrich GHS09 H315, P280,
H319, H410 P337+P313,
P391, P501
Cymal-5 250692-  Anatrace - - -
65-0
D,O 7789-20- Sigma- - - -
0 Aldrich
D(+)-Glucose 50-99-7  Carl - - -
Roth
D(+)- 59-23-4  Carl - - -
Galctose Roth
DDM 69227- Anatrace - - -
93-6

Continued on next page
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C.2. Chemicals used (GHS Classification)

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
Di- 16788- Carl - - -
Potassium 57-1 Roth
hydrogen
phosphate
Dimethyl- 68-12-2 Carl GHS02, H226, P201, P210,
formamid Roth GHS07, H312+H332, P261, P280,
GHS08  H319, P308+P313,
H360D P370+P378
DM 82494- Anatrace - - -
09-5
DMNG 1257852-  Anatrace - - -
99-5
Dnase I - Sigma- - - -
Aldrich
DTT 578517 Carl GHS07  H302, P302+352,
Roth H315, P305+351+338
H319, H335
EDTA 60-00-4 Carl GHS07  H319 P305+351+338
Roth
EGTA 67-42-5 Carl GHS07  H315, P261, P264,
Roth H319, H355 P271, P280,
P302+P352,
P04+P340,
P305+P351+P338,
P312, P321
Ethanol 64-17-5 Carl GHS02  H225 P210
Roth
Glycerol 56-81-5  Carl - - -
Roth
Hydrochloric 7647-01- Carl GHS05, H290, P260, 280,
acid, 6 N 0 Roth GHS07  H314,H335 P303+P361+P353,
P304+P340+P310,
P305+P351+P338
HEPES 7365-45-  Carl - - -
9 Roth

Continued on next page
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Appendix C. Instrumentation and Chemicals

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard  Statements Statements
Imidazole 288-32-4  Carl GHS05, H301, P260, P281,
Roth GHS06, H314,H361 P303+361+353,
GHS08 P301+P330+P331,
P305+P351+P338,
P308+313
IPTG 367-93-1 Carl - - -
Roth
Isopropanol 67-63-0 Carl GHS02, H225, P210, P233,
Roth GHS07  H319,H336 P305+P351+P338
KCl 7447-40- Carl - - -
7 Roth
Kanamycin 25389- Carl GHS08  H360 P201,
sulfate 94-0 Roth P308+P313
LB-medium - Carl - - -
Lennox Roth
L-Alanine 56-41-7 Carl - - -
Roth
L-Arginine 74-79-3 Carl GHS07  H319 -
Roth
L(+)- 50-81-7  Sigma- - - -
Ascorbic Aldrich
acid
L- 5794-13- Carl - - -
Asparagine 8 Roth
L-Aspartic 56-84-8  Carl - - -
acid Roth
L-Cysteine 52-90-4  Carl GHS07  H302 -
Roth
L-Glutamic 56-86-0 Carl - - -
acid Roth
L-Glutamine 56-85-9 Carl - - -
Roth
L-Glycine 56-40-6  Carl - - -
Roth
L-Histidine 71-00-1 Carl - - -
Roth

Continued on next page
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C.2. Chemicals used (GHS Classification)

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
L-Isoleucine  73-32-5 Carl - - -
Roth
L-Leucine 61-90-5 Carl - - -
Roth
L-Lysine 39665- Carl - - -
12-8 Roth
L- 63-68-3 Carl - - -
Methionine Roth
L- 63-91-2 Carl - - -
Phenylalanine Roth
L-Proline 147-85-3 Carl - - -
Roth
L-Serine 56-45-1 Carl - - -
Roth
L-Threonine  72-19-5 Carl - - -
Roth
L- 73-22-3 Carl - - -
Tryptophan Roth
L-Tyrosine 60-18-4 Carl - - -
Roth
L-Valine 72-18-4 Carl - - -
Roth
Lithium 546-89-4 Carl - - -
Acetate Roth
LMNG 1257852-  Anatrace - - -
96-2
Lysozyme 12650- Sigma- - - -
(Gallus 88-3 Aldrich
gallus)
MES 4432-3-9 Carl - - -
Roth
Methanol 67-56-1 Sigma-  GHS02, H225, P210, P280,
Aldrich GHS06, H301+H311 P302+P352+P312,
GHS08  + H331, P304+P340+P312,
H370 P370+P378,
P403+P235

Continued on next page
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Appendix C. Instrumentation and Chemicals

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
MgCl, 7786-30- Carl - - -
3 Roth
Milk powder  68514- Carl - - -
61-4 Roth
Myo-inositol =~ 87-89-8  Sigma- - - -
Aldrich
NaOAc 127-09-3  Sigma-  GHS07  H319 P305+P351+P338
Aldrich
NaCl 7647-14- Carl - - -
5 Roth
Na-meta- 7784-46- Sigma-  GHS06, H300, P301+P310,
arsenite 5 Aldrich GHS08, H310, P280, P361,
GHS09 H331, P322, P321,
H350, P403+P233,
H400, H410 P201, P281,
P308+P313
NaOH 1310-73- Carl GHS05 H314 P280, P310,
2 Roth P305+P351+P338
Ni-NTA- Sigma-  GHS02, H226, P201, P273,
Agarose Aldrich GHS07, H317, 280,
GHS08  H350i, P308+P313,
H360D, P333+P313,
H373, H412 P370+P378
Ni(II)SO4 10101- Carl GHS07, H302+H332, -
97-0 Roth GHS08, H315,
GHS09  H317,
H334,
H341,
H350i,
H360d,
H372 H410
oG 29836- Anatrace - - -
26-8
p- UniversityGHS05 ~ H318 P280,
Aminobenzoic Ham- P305+P351+P338,
acid burg P313
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C.2. Chemicals used (GHS Classification)

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
PEG 3350 25322- Sigma- - - -
68-3 Aldrich
Penicillin- - Gibco GHS07, H315, P280, P261,
Streptomycin GHS07  H317, P264, P284,
H334, H335 P271,
P302+P352,
P333+P313,
P304+P340,
P342+P311,
P312,
P403+P233,
P501
PMSF 329-98-6  ApplichenGHS06 ~ H301, H314 P280,
GHS05 P305+P351+P338,
P310
POPC / 26853- Avanti  GHS06, H302, P201, P202,
POPG / 31-6 / Polar GHS07, H315, P260, P264,
DOPC / 268550-  Lipids GHS08  H319, P270, P271,
DMPC / 95-4 / H331, P273, P280,
soyPI 4235-95- H336, P301+P312+P330,
4/ H351, P302+P352,
18194- H361d, P304 + P340 +
24-6 / H372, H402 P311, P305 +
383907- P351 + P338,
36-6 P308 + P313,
P332 + P313,
P337 + P313,
P362, P403 +
P233, P405,
P501
Potassium 584-08-7 Sigma- GHS07 H315, P302+P352,
Carbonate Aldrich H319, H335 P305+P351+P338
Potassium 7778-77- Carl - - -
di-hydrogen 0 Roth
phosphate
Roti-GelStain - Carl - - -
Roth
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Appendix C. Instrumentation and Chemicals

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard  Statements Statements
SDS 151-21-3  Carl GHS02  H228, P210, P261,
Roth GHS06  H302, P280, P312,
H311, P305+P351+P338
H315,
H319, H335
Sodium 1545832  Sigma- - - -
citrate Aldrich
Sodium- 7784-46- Sigma-  GHS06, H300, P301+P310,
meta- 5 Aldrich GHS08, H310, P280, P361,
arsenite GHS09  H331, P322, P321,
H350, P403+P233,
H400, H410 P201, P281,
P308+P313
Sodium 13721- Carl GHS07  H302 + P280
vanadate 39-6 Roth H312,
H332, H402
Succinic acid  110-15-6  Carl GHS05 H318,H319 P280,
Roth P305+P351+P338,
P310
TCEP 51805- Sigma- GHS05 H314 P280,
45-9 Aldrich P305+P351+P338,
P310
TEMED 1185-53- Carl GHS07  H315, P261,
1 Roth H319, H335 P305+P351+P338
Tris base 77-86-1 Carl GHS07  H315, P261, P264,
Roth H319, H335 P280,
P304+P340,
P305+P351+P338,
P337+P313,
P405
Tris hy- 1185-53- Carl - - -
drochloride 1 Roth
Triton X 100 9002-93- Carl GHS05  H302, P280,
1 Roth GHS07  H315, P301+P312+P330,
GHS09 H318,H410 P305+P351+P338+
P310
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C.2. Chemicals used (GHS Classification)

Compound CAS- Supplier GHS Hazard Precautionary
No. hazard Statements Statements
Tryptone/ 8952.4 Carl - - -
Peptone Roth
Trypsin 9002-07- Carl GHS07  H315, P261, P280,
7 Roth GHS08  H319, P284,
H334, H335 P304+P340,
P337+P313,
P342+P311
UDM 253678-  Anatrace - - -
67-0
Yeast Extract  8013-01- Carl - - -
2 Roth
Yeast- - Carl - - -
Nitrogen- Roth
Base
(without
Amino
Acids)
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C.3 GHS Hazard Statements

H225
H226
H228
H272
H290
H301
H302
H303
H311
H312
H313
H314
H315
H316
H317
H318
H319
H330
H331
H332
H333
H334

H335
H336
H340
H341
H350
H350i
H360
H360D
H360F
H360Fd

H360FD
H361
H361d
H361f

176

Highly flammable liquid and vapour

Flammable liquid and vapour

Flammable solid

May intensity fire; oxidizer

May be corrosive to metals

Toxic if swallowed

Harmful if swallowed

May be harmful if swallowed

Toxic in contact with skin

Harmful in contact with skin

May be harmful in contact with skin

Causes severe skin burns and eye damage

Causes skin irritation

Causes mild skin irritation

May cause an allergic skin reaction

Causes serious eye damage

Causes serious eye irritation

Fatal if inhaled

Toxic if inhaled

Harmful if inhaled

May be harmful if inhaled

May cause allergy or asthma symptoms or breathing
difficulties if inhaled

May cause respiratory irritation

May cause drowsiness or dizziness

May cause genetic defects

Suspected of causing genetic defects

May cause cancer

May cause cancer by inhalation

May damage fertility or the unborn child

May damage the unborn child

May damage fertility

May damage fertility. Suspected of damaging the unborn
child

May damage fertility. May damage the unborn child
Suspected of damaging fertility or the unborn child
Suspected of damaging the unborn child
Suspected of damaging fertility



C.4. GHS Precautionary Statements

H370 Cause damage to organs

H372 Causes damage to organs through prolonged or repeated
exposure

H373 May cause damage to organs through prolonged or
repeated exposure

H400 Very toxic to aquatic life with long-lasting effects

HA410 Very toxic to aquatic life with long lasting effects

H411 Toxic to aquatic life with long lasting effects

H412 Harmful to aquatic life with long lasting effects

EUHO032 Contact with acids liberates very toxic gas

EUHO66 Repeated exposure may cause skin dryness or cracking

C.4 GHS Precautionary Statements

P101 If medical advice is needed, have product container or
label at hand

P201 Obtain special instructions before use

P210 Keep away from heat/sparks/open flames/hot surfaces —
No smoking

P233 Keep container tightly closed

P260 Do not breathe dust/fume/gas/mist/vapours/spray

P261 Avoid breathing dust/fume/gas/mist/vapours/spray

P264 Wash thoroughly after handling

P270 Do not eat, drink or smoke when using this product

P273 Avoid release to the environment

P280 Wear protective gloves/protective clothing/eye
protection/face protection

P281 Use personal protective equipment as required

P284 Wear respiratory protection

P309 If exposed or you feel unwell

P310 Immediately call a POISON CENTER or doctor/physician

P311 Call a POISON CENTER or doctor/physician

P312 Call a POISON CENTER or doctor/physician if you feel
unwell

P321 Specific treatment (see respective MSDS)

P330 Rinse mouth

P362 Take off contaminated clothing and wash before reuse

177



Appendix C. Instrumentation and Chemicals

P391
P405
P501
P301+P310

P301+P312

P301+P330+P331

P302+P352

P303+P361+P353

P304+P341

P305+P351+P338

P308+P313
P309+P311

P332+P313
P333+P313

P337+P313
P342+P311
P370+P378
P370+P378

P370+P378
P403+P233

P403+P235
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Collect spillage

Store locked up

Dispose of contents/container in accordance with
local/regional /national /international regulations

IF SWALLOWED: Immediately call a POISON CENTER or
doctor/physician

IF SWALLOWED: Call a POISON CENTER or
doctor/physician if you feel unwell

IF SWALLOWED: Rinse mouth. Do NOT induce vomiting
IF ON SKIN: Wash with soap and water

IF ON SKIN (or hair): Remove/Take off immediately all
contaminated clothing. Rinse skin with water/shower

IF INHALED: If breathing is difficult, remove victim to
fresh air and keep at rest in a position comfortable for
breathing

IF IN EYES: Rinse cautiously with water for several
minutes. Remove contact lenses if present and easy to do -
continue rinsing

IF exposed or concerned: Get medical advice/attention

IF exposed or you feel unwell: Call a POISON CENTER or
doctor/physician

If skin irritation occurs: Get medical advice/attention

If skin irritation or rash occurs: Get medical
advice/attention

If eye irritation persists: Get medical advice/attention
Call a POISON CENTER or doctor/physician

In case of fire: Use for extinction: Alcohol resistant foam
In case of fire: Use for extinction: Fire-extinguishing
powder

In case of fire: Use for extinction: Carbon dioxide

Store in a well-ventilated place. Keep container tightly
closed

Store in a well-ventilated place. Keep cool



C.5. Disposal

C.5 Disposal

All chemicals used during the experimental phase were handled and disposed ac-
cording to their H- and P-Sentences. Solvents and contaminated waste was stored
in the specific boxes and disposed according to the safety instructions. Genetically
modified organisms and related waste were autoclaved according to the “Gentech-

nikgesetz” before disposal for 20 min at 121C and 2 bar.
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