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Abstract

The isolation of membrane proteins is still major challenge. Most of the time detergent
molecules are used to purify and reconstitute membrane proteins. This method is prone to
unfolding or missfolding of the protein and labour intensive. In this work a detergent free
method to reconstitute proteins is introduced. Glyco-DIBMA is a amphiphilic polymer
which is able to dissolve liposomes as well as cell membranes into so called nanodiscs.
These are disc shaped particles, where the hydrophobic core of the lipid is shielded by
Glyco-DIBMA from the aqueous surrounding. The formation of nanodiscs from liposomes
and membrane fractions containing the protein Gloeobacter Ligand-gated Ion Channel
is verified via fluorescence correlation spectroscopy. The insertion of nanodiscs with
and without protein into giant unilamellar vesicles is checked via a single molecule

fluorescence microscope.
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1 Introduction

About 20 % to 30 % of all open reading frames are predicted to encode membrane pro-
teins [1]. They play crucial roles in basic cell functions including signal transduction,
energy production, nutrient uptake, and cell—cell communication [2]. More than 50 %
of the currently marketed drugs treat diseases by targeting membrane proteins [2, 3].
Nevertheless, the isolation of membrane proteins from cells remains a major challenge [4,
5]. Different methods to achieve this goal exists, some of them will be introduced in the

following sections.

1.1 Detergents

Often detergents are used to extract and reconstitute membrane proteins into artificial
systems [5]. Detergents are amphiphilic molecules and remove the lipid surrounding
the protein almost completely [6]. They form protein-detergent-lipid complexes (PDLC)
containing the protein [7]. In figure 1.1 the whole process of solubilization of membrane
proteins with detergents is depicted. Detergents are added to the sample until the critical
micelle concentration (CMC) is reached. After adding it to a membrane preparation the
micelles extract membrane proteins from the lipid bilayer, forming PDLCs [7].
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Figure 1.1: Detergent solubilization of membrane proteins. Free detergent monomers a associate to
form micelles b at a concentration above the CMC. The micelles extract membrane pro-
teins from the lipid bilayer c yielding a solution containing PDLCs, free lipid detergent
micelles and detergent monomers d. Figure taken from [7] and edited.

Membrane proteins are susceptible to unfolding and aggregation when solubilized in
detergents [8]. This may result in alteration of their native structure and a disruption in
the biological function [9]. Therefore the proteins need to be reconstituted into artificial
lipid systems, like Large Unilamellar Vesicles (LUVs) [10] or so called bicelles [11]. To
achieve this goal, the detergent needs to be removed. The method of choice depends on
the detergent. Detergents with a high CMC value are removed by dialysis [12]. Detergents
with a low CMC value are adsorbed onto beads [10]. This whole process is labor intensive
and bears a risk that the protein is not functional, since it is ripped of its native membrane

surrounding [13].

1.2 Amphipols

Another way to extract membrane proteins from the cell are short amphiphilic polymers,
so called amphipols. They adsorb tightly onto the hydrophobic part of the membrane
protein and remove the surrounding lipid completely [14]. They increase the stability of
membrane proteins in general. Furthermore, relatively low concentrations of amphipols
are needed to solubilize a membrane protein, compared to detergents [15]. A major draw
back is still the lack of lipid surrounding the proteins.
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1.3 Nanodiscs

A novel approach is to incorporate membrane proteins into nanodiscs [16]. These nan-
odiscs contain the membrane protein in a lipid bilayer. The bilayer is surrounded by
amphiphilic molecules like proteins [17, 18], peptides [19] or synthetic polymers. Two
different approaches to form nanodiscs exist. The first one is to use so called membrane
scaffold proteins (MSP), which were first introduced by [18]. However to incorporate
membrane proteins, the use of detergent is still needed [20]. Since MSPs are not capable of
dissolving a membrane. To reconstitute a protein into a nanodiscs stabilized with MSPs the
cell membrane is solubilized with the detergent at the presence of MSPs. After removing
the detergent a MSP-supported nanodisc is formed with the target protein incorporated in

it [20]. In figure 1.2 the whole process is depicted.

Figure 1.2: A cell membrane preparation containing the target membrane protein is solubilized
with detergent in the presence of (MSPs). Upon removal of the detergent, by dialysis
or Bio-Beads, a soluble MSP-supported nanodisc is formed with the target protein
incorporated into the resulting phospholipid bilayer. Figure taken from [20].
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The second approach is to directly dissolve the membrane with polymers. The advantage
of this method is that these nanodiscs represent a more native environment compared to
the convectional way of using detergent or amphipols. It has been shown that such an
environment is essential for the function and stability fo membrane proteins [21]. Different
polymers which are suitable to solubilize lipid membranes and incorporate membrane
proteins into nanodiscs such as styrene-maleic acid (SMA) [22], diisobutylene-maleic acid
(DIBMA) [23, 24] and glyco-diisobutylene-maleic acid (Glyco-DIBMA) [25] have been
found. The different types of polymers will be discussed in section 2.1. Glyco-DIBMA
(figure 2.2) is used in this work. All of these polymers have the ability to directly dissolve
a cell membrane [23, 24, 25, 26] with the protein directly incorporated into nanodiscs. This
of course has the advantage, that no reconstitution into artificial systems is needed and

the protein is never stripped of its native lipid environment.

The membrane mimetic system explained above except of vesicles are shown in figure 1.3.
Only the use of polymer nanodiscs ensures, that the protein is always surrounded by its
native environment.
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Figure 1.3: Membrane mimetic systems for membrane protein solubilization. The protein is dis-
played in blue the lipid in green. Panels in the red border are non bilayer systems, there
is no lipid molecules around the protein. Panels in the green border are bilayer systems,
there are lipid molecules around the protein. a: Protein in detergent (red) micelle. b:
Protein stabilized by amphipol (orange). c: Protein in lipid detergent (red) bicelle. d:
Protein in nanodisc stabilized by a protein (purple). e: Protein in nanodisc stabilized by
a polymer (yellow). Figure taken from [15].

1.4 Goals

The main goals of this work are:

1. Preparation of L-a-PC polymer-nanodiscs.

2. Formation of Giant Unilamellar Vesicles (GUVs) containing lipids from polymer-
nanodiscs

3. Reconstitution of a membrane protein, namely Gloeobacter Ligand-gated Ion Chan-
nel (GLIC) into polymer-nanodiscs.

4. Use protein-containing nanodiscs for protein reconstitution into GUVs.
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2 Theory

In this chapter different polymers will be discussed and what advantages and disadvan-
tages they have compared to each other. Furthermore a short insight in the formation of
nanodiscs will be given. At last methods to control efficiency of extraction into nanodiscs

will be discussed.

2.1 Polymers

Three polymers which are suitable for dissolving lipid bilayers and the formation of
nanodiscs will be introduced in this section. A common one is SMA. It is displayed in
figure 2.1 in panel a in the upper part. SMA consists of styrene, an aromat, and maleic
acid. The capability of SMA to dissolve lipid bilayers and capture membrane proteins
has been shown by various publications [27, 28, 29, 30, 15]. Furthermore, the insertion of
a membrane protein into planar bilayers [26], as well as vesicles [31] has been achieved.
However, SMA consists of styrene, which is an aromat, hence there is an absorption of
ultraviolet (UV) light (see figure 2.1 panel b). This can become problematic, because some
detection methods for proteins rely on UV absorption and can not be used accurately, if
the polymer itself has a high absorbance at the desired wavelength.

Another suitable polymer is DIBMA. It is also shown in figure 2.1 in panel a. DIBMA
does not contain an aromat, therefore the absorption in the UV range is smaller compared
to SMA. In figure 2.1 in panel b the two absorption curves for different wavelengths are
observable. The overall absorbance for DIBMA in the range of 230 nm - 320 nm is smaller.
This brings the advantage that protein detection methods which rely on UV absorbance
are accessible now. However, DIBMA has decreased lipid solubility, which is of course a
drawback.
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Figure 2.1: a: Chemical structures of SMA (3:1) (number average m ~ 9, x =~ 3, M;, = 4.0kg mol~1)
and DIBMA (number average ~ 37, M,, = 8.4kgmol~1). SMA (3:1) means that there
are about 3 times more styrene molecules than maleic acid molecules (x ~ 3) b: Molar
extinction coefficients € of SMA (3:1) and DIBMA as functions of wavelength A. Figure
taken from [23]

Glyco-DIBMA (figure 2.2) presents an alternative to SMA and DIBMA. It has no aromatic
ring as DIBMA and hence is suitable for UV absorption experiments. Moreover, the

solubility of lipid bilayers is increased, compared to DIBMA.

Figure 2.2: Schematic representation of Glyco-DIBMA taken from [25] and edited.
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2.2 Nanodisc Formation

In this section the formation of nanodiscs is explained for the polymer SMA. The model is
taken from [15] and describes the process of nanodiscs formation as a three-step model. In
the first step SMA binds to the surface of the lipid bilayer. This process is modulated by
the concentration of polymer, the present salt concentration and the presence of anionic
lipid. Since SMA is negatively charged (figure 2.1), the presence of anionic lipid impairs
the binding. Whereas an increased ionic strength promotes the binding of SMA. In the
second step SMA inserts into the hydrophobic core of the membrane. This process is
affected by the bilayer thickness and the lipid packing. The thicker the bilayer and tighter
it is packed, the more the insertion of SMA is impaired. The last step is the complete
solubilization into nanodiscs. If sufficient polymer is bound to the membrane, the kinetics
mainly depend on the second step. An insertion into the hydrophobic core of the bilayer
bears a large enthalpic penalty for the polar/charged carboxyl groups. Therefore, as soon
as anionic SMA reaches the hydrophobic core of the bilayer, the formation of nanodiscs

will occur. The process of nanodiscs formation with SMA is depicted in figure 2.3. For

Figure 2.3: Schematic representation of nanodisc formation. The yellow string represents SMA
with its negative charges. The lipid bilayer is schon in green. In the first step SMA binds
to the membrane. This is driven by the concentration of polymer, salt and charged lipid
head groups. In the second step SMA inserts itself into the hydrophobic core of the
bilayer. The third step is the actual formation of nanodiscs. Figure taken from [15] and
edited.

DIBMA and Glyco-DIBMA similar results are obtained. With an increasing concentration
of polymer the diameter of nanodiscs gets smaller, however at a certain concentration a
plateau is reached. Furthermore it is shown that not only the salt concentration has an
impact on the formation of nanodiscs but the pH as well. For DIBMA an increased ionic
strength facilitates the formation of nanodiscs. For Glyco-DIBMA however this result is

not observed. Anionic lipids hamper the formation of nanodiscs with DIBMA, as it is
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stated for SMA. Since Glyco-DIBMA has a lower charge density compared to DIBMA
the effect of anionic lipid is less high as compared to DIBMA. Not only the presence of
negatively charged lipids modulates the formation of nanodiscs, but the acyl chain length
and the saturation as well. For DIBMA an increasing acyl length and unsaturation is
unfavorable for the formation of nanodiscs [25, 24, 23]. In a negative-stain transmission
electron microscope (TEM) experiment it is shown that LUVs out of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), which are solubilised with DIBMA at a mol fraction
of i’;’% = 0.10 form actual disc shaped particles [23]. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and DMPC vesicles are mixed with Glyco-DIBMA to a polymer
lipid mass ratio of 1.5 and 2 respectively. TEM experiments show the formation of disc
shaped particles [25]. A similar result is obtained for SMA. POPC vesicles and SMA are
mixed at a weight ratio of 1:1.5 respectively. TEM shows the formation of disc shaped

particles [32].

2.3 Measuring Size and Number of Nanodiscs

In this section the diffusion of a sphere and a disc through a viscous liquid at low reynolds

numbers will be introduced.

2.3.1 Hydrodynamic Radius of a Sphere

In figure 2.4 a sphere falling through a liquid is depicted. The acting forces are gravity Fg,
which pulls the sphere down and stokes drag F; which counteract on F;. The force of a

viscous fluid on a spherical particle is given by the so called Stoke’s drag [34][35]:
F; = 6mnRsv = (o (2.1)

Where 7 is the dynamic viscosity of the fluid, R; is the radius of the spherical object and
v is flow velocity relative to the object. ( is called the drag coefficient. The diffusion

coefficient D is known as [36]:
D=— (2.2)
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Figure 2.4: Schematic representation of a sphere in red falling through a liquid. In blue the
streamlines. F; is the gravity force which pulls the sphere down. F; is the stokes drag
which counteracts gravity. Figure taken from [33].

Where kj, is Boltzmann’s constant and T the absolute temperature. By combining equation

2.1 and 2.2 one gets:
ky T
D= 2.
67T R 23)

By rearranging equation 2.3 one gets the so called hydrodynamic radius of a sphere:

kT
* " 6mnD

(2.4)

2.3.2 Hydrodynamic Radius of a Disc

The drag coefficient  of a disc moving due to Brownian motion through a liquid with
viscosity # can be written as [37]:
¢ =12yRy (2.5)

Where R is the radius of the disc. Hence the hydrodynamic radius of a disc can be written

as:
k,T

~ 124D

d (2.6)

Equations 2.5 and 2.6 only hold for actual 2D particles. Nanodiscs of course have height
and are therefore more like flat cylinders then actual discs. The thickness of a lipid
bilayer depends on the acyl chain length [38]. Molecular simulations indicates a bilayer
thickness for E.Coli of (38.15+ 0.03) A [39] and (38.67 = 0.07) A [40]. However, there
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are no analytical solutions for a cylinder moving at random through a viscous liquid.

Therefore the simplified approach of a two dimensional discs is used.
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3 Materials and Methods

3.1 Nanodiscs from Large Unilamellar Vesicles

LUVs are prepared with L-a-PC from soybean Type IV-S. Atto 655 DPPE is a lipid dye.
This dye is added to 0.0002 m% to observe the sample with fluorescence correlation spec-
troscopy (FCS) (section 3.4). The lipid with the dye is dissolved in buffer to a concentration
of 5mgmL~! and vortexed until all of the lipid is completely dissolved. This procedure
results in so called Multilamellar Vesicles (MLVs). MLVs, LUVs and Small Unilamellar

Vesicles (SUVs) are depicted in figure 3.1.

Figure 3.1: This figure shows the difference between MLVs, LUVs and SUVs. As shown the MLV
contains multiple bilayers, whereas the LUV and the SUV just have one bilayer. The
difference between the LUV and the SUV is only in size. The diameter of each vesicle is
written beneath each image. Figure taken from [41] and edited.

MLVs have multiple bilayers whereas LUVs have just one. To get LUVs from MLVs the

suspension containing the MLVs is extruded through a 200 nm filter. This procedure results
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in LUVs with approximately 200 nm in diameter. Glyco-DIBMA, DIBMA or Mcb120n is
added to a mass ratio of various concentrations (section 4.1). The suspension is incubated
over night at room temperature. The whole process results in nanodiscs of different sizes

depending on the added polymer concentration.

3.2 Nanodiscs Incorporation into Giant Unilamellar Vesicles

The protocol of [42] is used and adapted to produce GUVs. Glasslides are coated with
1% w/v of agarose and dried for 1h at 55 °C in an oven at atmospheric pressure. MLVs
out of 2,3-Di-O-phytanyl-sn-glycero-1-phosphocholine (DPHPC) (figure 3.2) with 0.01 m%
Atto 488 DPPE and 0.000 05 m% Atto 633 DPPE, which are both lipid dyes, are prepared
as described in the section above to a concentration of 3mgmL~!. A low salt buffer
containing 5mM KCIl, 2 mM Trehalose and 1 mM HEPES is used. The pH of the buffer is
adjusted to 7.4. To get SUVs from MLVs the suspension is sonificated until the turbidity is

significantly reduced.
CHsy CH, CHj CH; O (I:I}
07N oo~
OH O I
Ha CHs Hs CH; O

Figure 3.2: Structure of the lipid DPHPC. From [43]

SUVs and Nanodiscs with 0.1 m% Atto 633 DPPE are mixed to a mass ratio of 1:10 of L-o-
PC to DPHPC. This results in a 1:1 ratio of Atto 633 DPPE from nanodiscs to Atto 488 DPPE
from SUVs. Around 60 pL of the suspension is spreaded on the agarose glassslide and
put into a vacuum desiccator for 1h to partially dehydrate the solution. 1 mL of a growth
buffer containing 5 mM KCl, 400 mM Sucrose and 1 mM HEPES is put on the glassslide.
The buffer is adjusted to pH 7.4. The slides are put into a fridge and rehydrated for 2 h at
4°C. GUVs will swell out of the lipid film.
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The whole process of gel-assisted swelling is depicted in figure 3.3.

Figure 3.3: This figure shows the whole process of gel-assisted swelling of GUVs. A solution
(light blue) containing SUVs (dark blue with a green lipid bilayer) is spread onto an a
glassslide coated with an agarose gel (black lines). The solution is partially dehydrated.
The buffer evaporates and a lipid film sticks onto the agarose gel. The film is rehydrated
and GUVs (green circle) swell out of the lipid film. Figure taken and adapted from [42].

3.3 Protein Purification

The membrane protein GLIC is purified after the following protocol. The media, buffer
and stock solutions which are used, are displayed in table 3.1 and table 3.2.

First of all an overnight culture is made. Therefore LB-Medium and 100 pg mL~! kanamycine
are put into a flask together with the cells. Kanamycine is an antibiotic which the cells
are resistant against. Hence all other bacteria will be killed. The whole sample is incu-
bated over night at 37 °C with ~ 160 rpm. The overnight culture as well as 100 pgmL !
kanamycine are put into 1L LB-Medium in a 2 L flask. The mixture is incubated at 37 °C
with 150 rpm and grown until ODggpp ~ 0.8. OD stands for optical density and 600 stands
for the wavelength of the light in nm. To measure ODgy 1 mL of sample is pipetted
into a cuvette. A spectrometer shines light with a wavelength of 600 nm on it. The light
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will be scattered and absorbed by the sample. The scattered light is measured as the
OD value. After ODgg reaches 0.8 the protein production is induced by 0.25 mM IPTG
and the sample is incubated over night at 20 °C with 150 rpm. IPTG stands for Isopropyl
B-D-1-thiogalactopyranoside which removes a repressor on the lac operon to induce gene
expression. The cells are harvested by centrifugation of the sample at 4 °C with 5000 g
for 20min. The supernatant is autoclave waste. The remaining cell pellet can be put
into a tube and stored in a freezer or further processed. The frozen pellet is thawed and
then resuspended in lysis buffer. The mixture of pellet and buffer is homogenized three
times with an Emulsiflex-C5 from AVESTIN. The homogenized solution is centrifugated at
4 °C with 6000 g for 15min. The supernatant is put under ultracentrifugation at 4 °C with
100000 g for 1 h. Supernatant can be thrown away. The remaining membrane fraction is
weighed and resuspended in standard buffer to a concentration of 100 mg ml . It can be
stored in a freezer.The membrane fraction and Glyco-DIBMA (figure 2.2) are mixed to a
mass ratio of 1:1. The mixture is put under agitation over night at 4 °C. The suspension is
ultracentrifugated with 100000 g at 4 °C for 1 h. The supernatant contains the solubilised
proteins.

Figure 3.4: Schematic picture of a NTA resin with a N2* jon bound to it and a protein (R) with
to histidines also bound to it. The NTA occupies 4 binding sites of the N>* and the
histidines 2 binding sites. Figure taken from [44] and adapted.

The proteins are purified with nickel affinity chromatography and labeled with a fluores-
cent dye. The schematic mechanism of nickel affinity chromatography is depicted in figure
3.4. A His-tag (multiple Histidines) are covalently bound to the protein. Nitrilotracetic
acid (NTA) is bound on a sepharose bead. This whole NTA complex occupies only four
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out of six binding sites to a Ni** ion. The other two can be occupied by two histidines.
Hence only the protein of interest, which is labeled with a His-tag, will stay on the column.
All other proteins will be washed away. To eluate the wanted protein from the column a
buffer with a high imidazole (figure 3.5) concentration is used. Imidazole mimics histidine
and competes for binding to the beads.

Figure 3.5: a: The structure of the amino acid histidine. b: The structure of imidazole on the right
side. Figure taken from [45] and edited.

1 ml of nickel resin is put in to a column. It is washed with water and standard buffer. The
solubilised proteins are put into the column and incubated over night under agitation at
4°C. Then washed with wash buffer. Tris (2-carboxyethyl) phosphine (TCEP) is added
and incubated with the sample for 15 min. TCEP breaks disulfide bonds which are needed
for labeling. TCEP is washed away and a suited maleimide dye is added. The sample is
incubated for 1h at room temperature to ensure the binding of the dye onto the target
protein. The process of the binding of the dye is depicted in figure 3.7. A fluorescent
molecule is attached to a maleimide molecule. The maleimide molecule binds covalently
to a thiol group. To ensure a thiol group exists a point mutation to a cysteine (figure 3.6) is
carried out on the desired place. Then the dye is washed away with wash buffer and the

sample eluated with the elution buffer.

Figure 3.6: Structure of L-Cysteine. Cysteine is the only amino acid which contains a thiol group.
Figure taken from [46].
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Figure 3.7: Process of the binding of an maleimide molecule with a dye to a thiol group. Figure
taken from [47] and adapted.

LB-Medium
10gl™! | trypton
5g 1T yeast extract
10g1~T | NaCl
pH72

Table 3.1: Used medium for overnight culture and cell culture

Buffers
standard buffer | 50 mM Tris, 150 mM NaCl, pH 7.4
lysis buffer standard buffer + cOmplete

washing buffer | standard buffer + 25 mM imidazole
elution buffer standard buffer + 500 mM imidazole

Table 3.2: Used bulffers for the purification
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3.4 Fluorescence Correlation Spectroscopy

The underlying principle of fluorescence correlation spectroscopy (FCS) is confocal mi-
croscopy. The principle of confocal microscopy is depicted in figure 3.8. A laser is focused
through an objective onto a sample. The fluorescence light is collected by the same objec-
tive and is imaged through an emission filter and a lens onto a pinhole. This pinhole blocks
light which does not originate from the confocal volume. The resolution in z direction
is enhanced compared to conventional microscopes. Light which passes the pinhole is

collected by a detector.

Figure 3.8: Schematic setup of a laser scanning confocal microscope. Laser light is focused through
an objective and a dichroic mirror (DM) onto a sample (specimen). The fluorescence
light from the sample is collected by the same objective and imaged on a pinhole. Light
which does not originate from the focal plane is cut of. The light which passes the
pinhole is collected by a detector. Figure taken from [48] and adapted.

In a FCS setup (figure 3.9) a laser beam is focused through an objective onto the sample.
The sample gets illuminated and the fluorescence of the sample is collected by the same
objective. After passing a dichroic mirror and an emission filter the light is focused through
a lens on a pinhole, which blocks the fluorescent light not originating from the focal region.
After the pinhole a detector detects the signal. [49]
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Figure 3.9: Schematic representation of a confocal FCS setup. A laser beam is focused on the
sample. The excited fluorescence light is collected by the same objective. After passing
through a dichroic mirror and an mission filter it is imaged onto a confocal pinhole, to
block light which is out of focus. After the pinhole the light is imaged on a detector.
Figure taken from [49] and adapted.

The signal collected by the detector F(f) is autocorrelated with itself. In figure 3.10 an
example trace from a low concentration (A) and a high concentration (B) sample with
their corresponding autocorrelation functions is depicted. The autocorrelation function is
defined as:

(SF(H)OF(t + 1))
(OF(t))?

G(t)=1+ (3.1)
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Where F(t) is the collected fluorescence signal, 0F (t) = F(t) — (F(t)). () denotes the time
average. If the the fluorescence is only caused by the diffusion of an identical ensemble of

particles the autocorrelation function can also be written as [50]:

G(r) =1+ %GD(T) (3.2)
Where
-1 2 2
G (1) = (1 + ;) (1 + ZZOTTD> (3.3)
0

N is the average number of fluorescent particle in the excitation volume, 7p is the diffusion
time, r¢ is the width of the confocal volume and zy the height of the volume. The obtained
autocorrelation function (equation 3.1) from the measurement is fitted with the analytical
solution (equation 3.2). Since the confocal volume V¢ is known one can obtain the particle

concentration from:

1
N= o1 (3.4)

The diffusion coefficient can be calculated from the diffusion time tp with the following
relation [50]:

D=0 (3.5)

Figure 3.10 illustrates how the signal and the autocorrelation curve change for different
conditions. In A a single particle, hence low concentration, is diffusing through the
confocal volume. An example fluorescent trace is displayed next to it as well as the
corresponding autocorrelation function. It is indicated in the sketch that with slower
diffusion the curve is shifted to the right. Hence the diffusion time 7p increases. It is
directly proportional to the width of the autocorrelation curve. In B multiple particles are
diffusing through the confocal volume. The fluorescence trace shows a higher intensity
compared to A, but the amplitude of the correlation curve is shifted downwards with
a higher concentration. The concentration is indirectly proportional to the height of the

amplitude of the autocorrelation curve.
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Figure 3.10: Schematic representation of a confocal FCS measurement. In A a low concentration
sample diffusing through the confocal volume is depicted together with the corre-
sponding fluorescence trace and its autocorrelation function. In B a sample with a
high concentration is depicted together with the corresponding fluorescence trace and
its autocorrelation function. Figure taken from [51] and adapted.

Fluorescent molecules are exited from a ground state Sy to an excited state S;. Both of
these states are singlet states. If the molecule converts to ground state again, fluorescence
occurs. However, it is also possible for the molecule to reach a long lived triplet state T;
after excitation. In this triplet state the molecule stops fluorescing. In figure 3.11 the three

states are depicted with their rate constants k;;.

k17 is the rate constant for exiting the molecule from Sy to Sy. kp1 denotes the rate constant
for fluorescence. k3 is the rate constant for entering the triplet state and k3; is the rate con-
stant from triplet state to ground state. If this process is accounted for, the autocorrelation

function can be written as [50]:

G(1) =1 +% <1 +3 fTeXp<—TTT>) Gn(7) (3.6)
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S

0

Figure 3.11: Simplified Jabtoniski diagram, with the ground state Sy, the excited state Sy , the triplet
state T7 and the corresponding rate constants. Figure taken from [50] and adapted.

Where N is the number of fluorescent particles in the observation volume, T is the frac-

tional population of the triplet state in the observation volume, 7r is the triplet state

blinking time, Gp is the correlation function for free diffusion (see equation 3.3).
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3.5 Single Molecule Fluorescence Microscopy

The Single Molecule Fluorescence Microscope (SMFM) is a simple inverted microscope
where the sample can be either illuminated with white light, a polychrome and three
different lasers. The lasers have either a wavelength of 640nm, 532nm or 488 nm. A

scheme of the setup can be seen in figure 3.12. The laser light is guided through different

Figure 3.12: Schematic representation of the SMFM setup. Mirrors indicated as lines are simple
mirrors, which just reflect the laser light. The mirrors displayed as block also includes
some lenses to focus the laser. Figure kindly provided from Rohit Yadav.

lenses and pinholes and projected on the objective. As well as collected with a electron
multiplying charge-coupled device (EMCCD) and imaged on a camera.
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4 Results and Discussion

4.1 Nanodiscs out of LUVs

LUVs are produced as described in 3.1. DIBMA, Mcb120n and Glyco-DIBMA are added to
the LUV suspension. DIBMA and Mcb120n are added to the following mass concentration
fractions Cc—’]’ =0, CC—’Z’ =22, %’I’ =45and CC—’I’ = 11.2. Glyco-DIMBA is added to the following
mass concentration fractions %’ =0, CC—'I’ =1.1, %’ = 2.2 and CC—’;’ = 11.2. ¢, denotes the mass
concentration of polymer and c; the mass concentration of lipid. To check if nanodiscs
have formed, the sample is measured via FCS (section 3.4). Figures 4.1, 4.2 and 4.3 show
the measured autocorrelation curves. With the values from the fitting parameters the
tables 4.1, 4.1 and 4.1 are obtained. The diffusion coefficients are calculated with equation
3.5. Set parameters, which are independent from the fits are V=8 - 10710 L, ry=265nm,
k=138 -10"22JK!, T=297K and n=1- 1073 Pas. Where V. is the confocal volume, 7y is
the radius of the confocal volume, kj, is Boltzmann’s constant, T is the absolute temperature

and 7 is the viscosity of water.
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Figure 4.1: Plot of the correlation functions and the corresponding fits for different concentration
ratios of lipid to DIBMA. Red corresponds to CC—’I’ = 0, green to i—’; = 2.2, blue to
% — 4.5 and purple to i—’; = 11.2. The lag time in seconds is plotted on the x-axis. The

c
autocorrelation function is plotted on the y-axis.

The autocorrelation curve in 4.1 is fitted with equation 3.6. The hydrodynamic radius in

table 4.1 is calculated with equation 2.4.

% pinps N | cinnM Dincm?s™! Rpinnm
0 3645 0.8 1.7 48-10°8 44.9
2.2 3586 1.7 3.4 49.10°8 441
4.5 2579 2.0 4.0 6.8-1078 31.7
11.2 1752 3.1 6.3 1-1077 21.6

Table 4.1: This table shows the diffusion time 7p from the fit in figure 4.1, the number of particles
N form the fit in 4.1, the calculated concentration c, the calculated diffusion coefficient
D and the hydrodynamic radius R for different DIBMA to lipid mass fractions.
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Figure 4.2: Plot of the correlation functions and the corresponding fits for different concentration
ratios of lipid to Mcb120n. Red corresponds to i—’l’ = 0, green to CC—’I’ = 2.2, blue to
CC—’I’ = 4.4 and purple to CC—’Z’ = 11.2. The lag time in seconds is plotted on the x-axis. The
autocorrelation function is plotted on the y-axis.

The autocorrelation curve in 4.2 is fitted with equation 3.6. The hydrodynamic radius in
table 4.1 is calculated with equation 2.4.

CC—’Z’ pinps N | cinnM Dincm?s™! Rpinnm
0 3645 0.8 1.7 48-10°8 44.9
2.2 4515 1.5 3.1 39-10°8 55.6
4.5 4213 2.4 49 42-10°8 51.9
11.2 1502 49 9.8 1.2-1077 18.5

Table 4.2: This table shows the diffusion time 7p from the fit in figure 4.2, the number of particles
N form the fit in 4.2, the calculated concentration c, the calculated diffusion coefficient
D and the hydrodynamic radius Ry for different Mcb120n to lipid mass fractions.
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Figure 4.3: Plot of the correlation functions and the corresponding fits for different concentration
ratios of lipid to Glyco-DIBMA. Red corresponds to CC—’Z’ = 0, green to %’ = 1.1, blue to
CC—’[’ = 2.2 and purple to %’: = 11.2. The lag time in seconds is plotted on the x-axis. The

autocorrelation function is plotted on the y-axis.

Equation 3.2 was used to fit the autocorrelation curve in figure 4.3. For % = 0. Equa-
tion 2.4 has been used to calculate the hydrodynamic radius Ry, since the LUVs can be
assumed to be spherical. Whereas for all other ratios equation 2.6 was used to calculate

the hydrodynamic radius, since these particles can be assumed to be disc shaped.

%’Z’ pinps N | cinnM Dincm?s™! Rginnm
0 5116 9 18 3.10°8 62.6
1.1 346 36 73 5.1077 6.6
2.2 275 34 69 6-1077 5.3
11.2 251 20 40 7-1077 4.8

Table 4.3: This table shows the diffusion time 7p from the fit in figure 4.3, the Number of particles
N form the fit in 4.3, the calculated concentration ¢, the calculated diffusion coefficient
D and the hydrodynamic radius Rq for different Glyco-DIBMA to lipid mass fractions.

As it can be seen in tables 4.1, 4.1 and 4.1 with an increasing amount of the corresponding
polymer the particle size decreases. However only for Glyco-DIBMA it is obvious that
nanodiscs have formed. Furthermore smaller amounts of Glyco-DIBMA is needed to
form nanodiscs, compared to the other polymers. The difference between DIBMA and
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Mcb-120n is small. For i—’l’ = 11.2 the measured size difference for these two polymers
is only 3.Inm. For Glyco-DIBMA no significant reduction between the mass fraction
CC—*I’ =22to CC—FI’ = 11.2 is observable. Dynamic light scattering (DLS) measurements of
DMPC LUVs mixed with DIBMA, yield a similar result. However, DIBMA nanodiscs
seem to be larger, with a diameter of 20nm under similar conditions [23, 24]. Glyco-
DIBMA seem to produce smaller nanodiscs as it is shown in this experiment as well as
in DLS experiments [25]. The DLS experiments show that Glyco-DIBMA do not only
produce smaller nanodiscs, diameter around 10 nm, but also the sizedistribution of the
nanodiscs is smaller. SMA produces nanodiscs at almost the same diameter ((13 £ 6) nm)
[52] as Glyco-DIBMA. The sharp increase in concentration from CC—’Z’ =0to Z—’]’ = 1.1 can
be explained by the solubilization of LUVs into nanodiscs. One LUV is dissolved into
multiple nanodiscs, hence the concentration increases. The decrease of the concentration
from %’1’ =11to %’ = 11.2 might be explained by the greater dilution of the sample due to
the higher titration volumes of the Glyco-DIBMA stock. The radius of 62.2, seems inline
with literature [53, 54] for a poresize of 200 nm. Overall the experiment seems to be inline
with the literature and furthermore provides an alternative method (FCS) to determine the
radius of nanodiscs. Since in the cited literature above only DLS is used to determine the
size of the nanodiscs. From this experiments it can be concluded that only Glyco-DIBMA

produces nanodiscs with a small radius at low polymer concentrations.
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Figure 4.4: Plot of the normalized correlation functions without fits for Glyco-DIBMA (figure 4.3).
Red corresponds to %F; = 0, green to CC—’I’ = 1.1, blue to %’ = 2.2 and purple to i—’; =11.2.
The lag time in seconds is plotted on the x-axis. The autocorrelation function is plotted
on the y-axis.

4.2 Lipid Nanodiscs Incorporation into GUVs

GUVs with and without nanodiscs are produced as described in section 3.2. GUVs from
SUVs with 0.01 m% Atto 488 DPPE and 0.000 05 m% Atto 633 DPPE are prepared as a
control. GUVS from SUVs with 0.01 m% Atto 488 DPPE and 0.000 05 m% Atto 633 DPPE
as well as nanodiscs with 0.1 m% Atto 633 DPPE are prepared, to check if nanodiscs incor-
poration into GUVs is possible. The GUVs are checked in a Single Molecule Fluorescence
Microscope (section 3.5). A glassslide is coated with 5 mg ml betacasein, which passivate
the glass, to ensure that GUVs do not adhere, spread and rupture on the chamber surface
[42]. 500 pL of an observation buffer, which contains 100 mM KCl, 200 mM Glucose and
20mM Tris. The pH is adjusted to 7.5. 5 pL of the GUV sample are put into the observation
buffer. The whole sample is put onto the objective of the microscope. The results of this
experiment are shown below. In figure 4.5 a GUV without nanodiscs is shown in white
light. In figure 4.6 a GUV without nanodiscs is shown in blue light (left part of the image)
and red light (right part of the image). The laser power for the blue laser (wavelength
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of 488 nm) is 1 mW. The power for the red laser (wavelength of 640nm) is 25 mW. The
exposure time for both wavelengths is 50 ms.

Figure 4.5: Control GUV in white light. The black arrow indicates the GUV

The figures 4.5 and 4.6 show the expected result. There is a strong fluorescence in the
blue channel, from Atto 488 DPPE and basically no fluorescence in the red channel, since
there is such a small amount (0.000 05m%) of Atto 633 DPPE. Although the laser power is
significantly higher in the red channel compared to the blue one, there is still no significant
fluorescence observable.
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Figure 4.6: Control GUV in blue light and red light. The left part of the image corresponds to
the blue laser. The excitation wavelength of the blue laser is 488 nm. The power of
the blue laser is 1 mW. The right part of the image corresponds to the red laser. The
excitation wavelength of the red laser is 640 nm. The power of the red laser is 25 mW.
The exposure time for both images is 50 ms.

Then GUVs which are made out of SUVs and nanodiscs are observed. The set power of
the blue laser is 1 mW and the exposure time is 50 ms. These are the same settings, as for
the GUV without nanodiscs. For the red laser however the power has been significantly
reduced from 25 mW to 0.5 mW. The exposure time is the same, namely 50 ms. The figures
4.7 and 4.8 show the results. Figure 4.7 shows a GUV made out of SUVs and nanodiscs in
white light. In figure 4.8 a GUV out of SUVS and nanodiscs exposed to blue and red light
is displayed.

The laser power of the red laser in the control sample with GUVs without nanodiscs
(figure 4.8) is significantly reduced compared to the red laser power in the sample with
GUVs with nanodisc (figure 4.6). However, the fluorescence in the red channel is increased
a lot compared to the control experiment. The blue fluorescence is high in both samples.
There is almost no fluorescence in the control sample, although the laser power is high.
This is expected, since there is only little amount (0.000 05 m% Atto 633 DPPE) red dye in
the sample. Whereas there is a high red fluorescence in the sample with nanodiscs. Since
only the nanodiscs are labeled with a high amount (0.1 m%) of red dye and mixed with a
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Figure 4.7: GUV out of SUVs and nanodiscs in white light. The black arrow indicates the GUV.

lipid ratio of 1:10 of nanodiscs to SUVs it can be concluded that the fluorescence in the red

channel in figure 4.8 comes from nanodiscs and they indeed incorporated into GUVs.
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Figure 4.8: GUV out of SUVs and nanodiscs in blue light and red light. The left part of the image
corresponds to the blue laser. The excitation wavelength of the blue laser is 488 nm.
The power of the blue laser is 1 mW. The right part of the image corresponds to the red
laser. The excitation wavelength of the red laser is 640 nm. The power of the red laser
is 0.5 mW. The exposure time for both images is 50 ms.

In general the yield of GUVs is low in the sample and also aggregates appeared in the
sample. An aggregate is shown in white light in figure 4.9 and in blue and red light in
figure 4.10. The low yield of GUVs and the occurrence of aggregates could be explained,
by the presence of Glyco-DIBMA in the sample. In successful reconstitutions of protein
nanodiscs into LUVs Mg?* is used to get rid of SMA [31]. Although Glyco-DIMBA is used
and not SMA the approach of using Mg?* could still be worth a try.
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Figure 4.9: Aggregate in white light. The black arrow indicates the aggregate.

Figure 4.10: Aggregate in blue light on the left side. Same aggregate in red light on the right side.
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4.3 Protein Reconstitution into Nanodiscs

The membrane Protein GLIC is reconstituted as described in section 4.3. The protein
is labeled with Alexa Fluor 647 maleimide dye. The sample is measured via FCS the
recorded curve with fit is shown below (Figure 4.11).

Figure 4.11: Plot of the autocorrelation functions and the corresponding fit for the labeled GLIC in
Nanodiscs. A triplet state fit was used. The lag time in seconds is plotted on the x-axis.
The autocorrelation function is plotted on the y-axis.

The obtained parameters from the fit and the resulting values are displayed in table 4.3.
To calculate the diffusion coefficient the triplet state is taken into account and equation 3.5

is used. To calculate the hydrodynamic radius 2.6 is used.

2.1

Tpinps N ‘ cinnM Dincm“s™ Rpinnm
1006 51| 102 2-1077 194

Table 4.4: This table shows the diffusion time tp from the fit in figure 4.11, the number of particles
N form the fit in 4.3, the calculated concentration ¢, the calculated diffusion coefficient
D and the hydrodynamic radius Rp.

The radius of nanodiscs with the protein is about 3 times higher compared to nanodisc
which purely consists out of lipid (tables 4.1 and 4.3). In an experiment where proteolipo-
somes are dissolved into nanodsiscs with the aid of DIBMA as well as pure liposomes no
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difference in size between the 2 types of nanodiscs is observed [23]. However, the lipid
composition has an impact on the solubility of the used polymer [23, 24, 25, 52]. Further
experiments need to be carried out to really make sure the size difference is due to the
lipid composition.

In the above experiment (section 4.2) lipid nanodiscs are incorporated into GUVs, the
lipid mass ratio of nanodisc to SUVs is 1:10. The lipid concentration of the nanodiscs with
GLIC needs to be estimated to have an insight about how much of the nanodiscs with
GLIC sample has to be mixed with the SUVs. In the following paragraph the calculations
to estimate the lipid concentration of the sample are shown. Fist of all the area of the
disc is calculated. The area of the discs is 1181.8 nm?, calculated from the hydrodynamic
radius Ry. To estimate the area of lipid particles the area of the the protein needs to be
subtracted. Therefore PyYMOL is used to measure the diameter of GLIC. In the figure 4.12
below screenshots from PyMOL can be seen. The left panel shows the whole protein. The
right panel shows a topview on the transmembrane part of the protein and its diameter.

Figure 4.12: X-ray structure of the GLIC protein. The picture is a exported from PyMOL. The PDB-
file is taken from [55]. a: the protein is displayed in side view. GLIC is a pentameric
channel. Each subunit has four helices, where helix tow is forming th pore. The
periplasmic part is on top of the membrane part. b: a plan view on th transmembrane
part of the protein is shown. The distance calculated in PyMOL is 63.1 A and can be
seen as yellow dashed line.
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In figure 4.12 it can be seen that the diameter is 63.1 A. Hence the area of the protein is
31.3nm?. The area of the protein is subtracted from the whole area of a nanodisc to end
up with the area that is occupied by lipids. This area is 1150.5nm?. Up to 80 % of the
composition of E. Coli phospholipids is Phosphatidylethanolamine (PE) [56]. The surface
area of EggPE is (71.4 £ 4.4) A? [57]. Since nanodiscs are bilayer systems the area of lipid
has to be multiplied by 2 before dividing it by the surface area of the lipid. The result is
3577 + 136 lipid molecules per disc. The concentration of nanodiscs is 102 nM (from table
4.3). Therefore the concentration of lipid is (365 £ 14) ptM. The molecular weight of a PE
lipid from Avanti Polar lipid is 744.03 g mol~! [58]. This gives a lipid mass concentration
of (0.27 +0.01) mgmL ™. This calculation assumes that only nanodiscs with a protein are
present in the sample and that all of these proteins are sufficiently labeled. Furthermore,
it should be noted that not all phospholipids in E. Coli are PEs [56]. Hence to calculate
the concentration assuming only PEs bears room for errors. It is unlikely that the used
surface area and the molecular weight perfectly matches the present lipids. Therefore the
calculated value might deviate from the real one, but to estimate the order of magnitude it
should be sufficient. The mass concentration of lipid is needed to prepare proper GUVs.
In section 4.2 it is noted that the mass concentration of nanodiscs to SUVs is 1:10. That
is why the above calculation is carried out to obtain the lipid mass concentration and to
proceed with the preparation of GUVs from SUVs and protein nanodiscs. This process is
described in the next section (4.4).

4.4 Protein Nanodiscs Incorporation into GUVs

GUVs with protein nanodiscs are produced as described in section 3.2. SUVs contain
0.01m% Atto 488 DPPE are mixed with GLIC nanodiscs to a lipid mass ratio of 1:20 of
nanodiscs to SUVs. The protein is labeled with Alexa Fluor 647. The GUVs are checked in
a Single Molecule Fluorescence Microscope (section 3.5).

In figure 4.13 a GUV with GLIC nanodiscs is shown in white light. In the next picture
(figure 4.14) snapshots from a video at different times are displayed. The left part of the
images is illuminated with a blue laser (wavelength 488 nm) at a power of 2mW. The
right part of the images is illuminated with a red laser (wavelength 640 nm) at a power
of 6.4mW. The exposure time is 50 ms and the frame rate of the video was 12 frames per
second. Figure 4.14a is a snapshot of the GUV at 0s. The fluorescence of the GUV in blue
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Figure 4.13: GUV out of SUVs and nanodiscs in white light. The black arrow indicates the GUV.

light is bright. Comparable to the GUV out of SUVs and the GUV out of nanodiscs and
SUVs in section 4.2. The brightness in the red channel is really low, although the power of
the red laser is higher than the power of the blue laser. Nevertheless a fluorescence in the
red channel is observable, which indicates that some GLIC molecules are reconstituted into
the GUV. Figure 4.14b is a snapshot of the GUV at 1s. The image is really similar to figure
4.14a, where the GUV was captured at 0s. Also here the GUV in the red channel is really
faint, whereas the fluorescence in the blue channel is quite bright. The low fluorescence
from the red dye indicates a low amount of protein in the GUV. Figure 4.14c is a snapshot
of the GUV at 4s. Compared tho the images above figure 4.14a and figure 4.14b, the
brightness of the GUV in the red channel significantly decreased. It is almost non existent
anymore, whereas the GUV in the blue channel is still clearly visible. Figure 4.14d is a
snapshot of the GUV at 35s. There is no GUV observable anymore in the red channel,
whereas the blue channel still shows a lot of fluorescence. The red dye is completely
bleached, but also the blue fluorescence is less bright compared to the image at 0s (figure
4.14a). The yield of GUVs in this experiment is even lower than in the experiment where
only lipid nanodiscs are incorporated into GUVs (section 4.2). Also the GUVs are smaller
in size. This is observable from figure 4.8 and figure 4.14. The objective is the same in both
tigures, but the GUV from protein nanodiscs is smaller in size. The low yield of GUVs
and there small size might be explainable due to the presence of Glyco-DIBMA in the
sample. Also here the approach of using Mg?* to get rid of Glyco-DIBMA might be useful.
Furthermore in the nanodiscs with protein are present in the elution buffer which contains
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50mM Tris, 150 mM NaCl and 500 mM imidazole at a pH of 7.4. The estimated lipid
concentration of the nanodiscs sample is (0.27 £ 0.01) mgmL~! (section 4.3). The lipid
concentration of the SUVs is 3mg mL~! (section 3.2). For a lipid ratio of 1:20 the volume
of nanodisc sample is V, = 0.56 - V;, where V; is the volume of nanodisc sample and V;
is the volume of SUV sample. A mixture of the low salt buffer and the elution buffer in
this ratio, will result in a buffer that contains 3.2 mM KCl, 1.3 mM Tris, 0.0 mM HEPES,
53.8 mM NaCl, 17.9 mM Tris and 179.5 mM imidazole. This is of course no low salt buffer
anymore, but for the formation of GUVs a low salt buffer is required [42]. Therefore the
low amount of GUVs and there small size might be explained by the missing of a low
salt buffer. To tackle the problem the amount of nanodiscs could be decreases. However,
the amount of protein is already low in the present GUVs. Another method would be for

example to exchange the buffer via dialysis to a low salt buffer.
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Figure 4.14: The left part of the images corresponds to the blue laser (wavelength 488 nm). The

July 2022

power of the blue laser is 1 mW. The right part of the images corresponds to the red
laser (wavelength 640 nm). The power of the red laser is 6.4 mW. The exposure time
for both images is 50 ms. a: snapshot of the video at 0s. b: snapshot of the video at 1s.
c: snapshot of the video at 4 s. d: snapshot of the video at 35s.
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5 Conclusion

1. In this work it is shown that it is possible to dissolve L-o-PC LUVs into nanodiscs
with the aid of Glyco-DIBMA. Different concentrations of Glyco-DIBMA in the LUV
sample are tried out. The used mass fractions are CC—’I’ =0, %’l’ =11, CC—’I” = 22and

CC—’; = 11.2. Nanodiscs formation is observed at CC—’[’ = 1.1. For higher concentrations of
polymer a decrease in size is observable. All of the samples are checked in a FCS

setup to verify the formation of nanodiscs.

2. Lipid only nanodiscs are mixed together with DPHPC SUVs to a lipid ratio of 1:10
of nanodiscs to SUVs. Gel assisted swelling is used to grow GUVS. Both SUVs are
labeled with Atto 488 DPPE a blue lipid dye. GUVs are labeled with Atto 633 DPPE
a red lipid dye. The sample is checked in a SMFM microscope and nanodiscs have
formed GUVs togehter with SUVs.

3. Furthermore, it is possible to purify a membrane protein, namely GLIC, into nan-
odiscs with the aid of Glyco-DIBMA. The protein is purified via nickel affinity
chromatography. The protein is on column labeled with Alexa 647 maleimide dye.
Also here the sample is checked in a FCS setup to verify the formation of nanodiscs
and the insertion of a protein into them.

4. Then these protein containing nanodiscs are also inserted into GUVs. The same
aproach as for lipid only nanodiscs is used. The nanodisc to SUV lipid ratio is 1:20.
The insertion of protein containing nanodiscs is observed and verified via a SMFM

microscope.

Although these results look promising, further work needs to be done. A SDS-PAGE or
Western-Blot of the protein nanodisc sample should be carried out, to verify if the protein
of interest really inserted into nanodiscs. The low yield of GUVs and their small size is a
problem. To tackle this issue Mg?* could be used to get rid of Glyco-DIBMA. Furthermore
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the buffer which contains the protein nanodiscs should be exchanged to a low salt buffer.
This two approaches might lead to a suitable amount and size of the GUVs. Moreover, a
method to check the labeling efficiency of the proteins should be developed to get a better
estimate of the protein concentration and the lipid concentration in the sample. At last
electrophysiology experiments with GUVs and inserted proteins should be carried out
to verify if the protein is really functional. GUVs are useful biomimetic system as they
are suited for microscopy and electrophysiology measurements. The reconstitution of
membrane proteins into GUVs allows to investigate protein membrane interaction under
controlled conditions. Like lipid composition, buffer composition inside and outside of
the GUVs.
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