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Abstract

Iron accumulation in the human brain has been associated with neurodegenerative diseases like Alzheimer
disease. The iron storage protein ferritin is of special interest, as its amount and iron load is directly
affected by an alteration of intracellular iron level. Today it is commonly excepted that ferritin molecules
isolated from different tissues have iron cores of different average size. However, little is known if there
are differences in the distribution of ferritin iron load between brain regions and if neurodegenerative
diseases could be linked to an alteration of that distribution.

A purification procedure capable of isolating all ferritin species from different brain regions would offer
unprecedented insight in their iron load distribution and could contribute in elucidating the appearance
of neurodegenerative diseases.

A method was established with pig brain tissue that enabled almost complete isolation of ferritin, in a
purity that made reliable identification of its iron core possible. The final purification procedure was then
tested on human brain tissue and included homogenization of the tissue sample with the Turrax
Homogenizer, heat treatment of the resulted supernatant and protein separation with density gradient
centrifugation using a linear glycerine gradient. Once isolated, the iron cores of the ferritin molecules were
rendered visible with transmission electron microscopy (TEM) and then automatically identified, counted
and geometrically measured. Subsequently, the ferritin iron load distribution was highlighted by
generating histograms.

The established purification procedure was capable of isolating almost all ferritin species with an excellent
purity, which could be proved with Native-Page and with TEM using negative stained samples. The mean
maximal diameter of the ferritin iron core was 4,8 + 2,1 nm for frontal cortex samples and 5,2 £ 2,2 nm for
occipital cortex samples.

The introduced method is capable of isolating ferritin molecules out of brain tissue with an excellent purity
in a short period of time (4 days from tissue disruption until the pure concentrated sample). Hence, it can
be used for analysing even higher sample numbers, which are commonly required for a statistical relevant

statement.



Zusammenfassung

Vermehrte Eisenanreicherung im Gehirn wird mit neurodegenerativen Erkrankungen, z.B. Alzheimer
assoziiert. Hierbei kommt dem Eisenspeicherprotein Ferritin besonderes Augenmerk zu, da dessen Gehalt
und Eisenbeladung direkt mit der intrazelluldren Eisenkonzentration im Zusammenhang steht. Die
Tatsache, dass Ferritin Molekiile, die aus verschiedenen Geweben isoliert wurden, unterschiedliche
EisenkerngroRen aufweisen, wird heute als gegeben angesehen. Allerdings besteht wenig Wissen dariiber,
ob es Unterschiede in der Ferritin Eisenbeladungsverteilung zwischen verschiedenen Gehirnregionen gibt
und ob mégliche Anderungen dieser Verteilung mit neurodegenerativen Erkrankungen zusammenhingen.
Ein Reinigungsverfahren, das geeignet ist alle Ferritin Spezies aus verschiedenen Gehirnregionen zu
isolieren, wiirde neue Einblicke in dessen Eisenbeladungsverteilung ermoglichen und wiirde dazu
beitragen das Auftreten von neurodegenerativen Erkrankungen aufzuklaren.

Es wurde eine Methode auf Basis von Schweinehirnen etabliert, die eine fast vollstandige Isolierung von
Ferritin erzielte und zwar in einer Reinheit, die eine zuverlassige Identifizierung dessen Eisenkerne maoglich
machte. Das finale Reinigungsverfahren wurden anschlieBend auf menschliches Gehirngewebe
Ubertragen und war wie folgt aufgebaut: Homogenisierung der Gewebeprobe mittels Turrax
Homogenisator, eine Hitzebehandlung des gewonnenen Uberstandes und eine anschlieRende
Proteinseparation mittels Dichtegradientenzentrifugation, die auf einen linearen Gradienten aufbaute.
Nach erfolgter Isolierung, konnten die Eisenkerne der Ferritin  Molekile mittels
Transmissionselektronenmikroskopie sichtbar gemacht werden, worauf dessen automatisierte
Identifikation, Zahlung und geometrische Vermessung folgte. Die Ferritin Eisenbeladungsverteilung wurde
anschlieRend Uber Histogramme aufgezeigt.

Das hier etablierte Reinigungsverfahren erméglichte uns fast alle Ferritin Spezies in einer exzellenten
Reinheit zu isolieren, welche mittels Native-Page und TEM unter der Verwendung von Negativkontrast
aufgezeigt werden konnte. Es konnte ein mittlerer, maximaler Eisenkerndurchmesser von 4,8 £ 2,1 nm in
Proben vom Frontallappen und 5,2 = 2,2 nm in Proben vom Occipitallappen nachgewiesen werden.

Die eingefiihrte Methode ermdglicht eine schnelle Isolierung (4 Tage vom Gewebeaufschluss bis zur
reinen, konzentrierten Probe) von Ferritin aus Gehirngewebe in einer exzellenten Reinheit. Daher kann sie
auch fir eine groRere Probenzahl herangezogen werden, die als Basis fir statistisch relevante Aussagen

bendtigt wird.
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1 Introduction

Iron is an essential element for all living organisms. It is capable of providing several physiological
functions: it is involved in oxygen transport, respiration, lipid metabolism, gene regulation and DNA-
synthesis [1], [2]. Most of the iron can be found in the blood, tightly bound to hemoglobin [3]. A big
proportion of the remaining iron is securely stored in ferritin, the major iron storage protein [4]. These
proteins serve as an iron reservoir, ensuring supply for metabolic processes and functioning as a buffer in
case of iron deficiency [5]. However, both its excess and deficiency have severe consequences for human

physiology [2], [6] and iron therefore offers an interesting field of study.

1.1 Role of iron in the human brain

Iron plays an important role in human brain development and is involved in many metabolic processes,
that when altered can lead to cognitive impairment. Prior the 1970’s, it was thought that neurological
alterations during brain development are primarily caused by anaemia and its adverse effect on cerebral
oxygenation. Newer findings show that low brain iron concentrations (independently of anaemia) can
influence the cerebral energy metabolism through loss of cytochromes and inefficient ATP production and
electron transport. Moreover, iron deficiency acutely effects the synthesis of myelin, monoamine
neurotransmitter and their receptors, as iron is a cofactor of the involved enzymes [7], [8]. Various studies
showed, that iron concentrations differ between different brain regions. Most iron is found in the globus
pallidus, putamen, substantia nigra and red nucleus [9], [10].

1.2 Current research & motivation

As one of the first, Fleming et. al demonstrated that brain samples from Alzheimer patients contain more
ferritin and iron than brain samples from healthy controls [11]. Thus, iron accumulation may be associated
with neurodegenerative diseases [10]. To get further insight, current research tries to answer the following
guestions: how is the intracellular iron level regulated and how is it transported to other cells [6], [12]-
[14]; how is iron incorporated into the ferritin shell [15]-[18] and how is iron released from the iron core,
when needed [3], [5].

Itis already known that ferritin being isolated from various tissue samples have different iron loading [19],
[20], which is in good correlation with the finding that different brain regions have different iron contents
[9], [10]. However, little is known if there are differences in the distribution of ferritin iron levels between
different brain regions and if neurodegenerative diseases, like Alzheimer could be linked to an alteration
of that distribution. The easiest way to enable analysis of ferritin iron loading distribution is to isolate all
possible ferritin variants, from apo-ferritin with missing iron core to ferritin molecules with highest iron

load.



So far, the most used purification procedure for ferritin is based on the publication of Linder et al. [21].
They utilized the heat stability and the relatively high molecular weight (separation with size exclusion
chromatography) of ferritin. Other groups used a similar purification procedure with slight modifications:
they added an acidic precipitation step (pH= 4,6 - 4,8) [4], [11], [22]-[24], or combined the heat
precipitation with methanol precipitation [25], [26]. Highest purity could be reached by including a
polishing step in the purification procedure (preparative electrophoresis [22]-[24], [27] or anion exchange
chromatography [28], [29]). Only two groups were found to use ultracentrifugation for purifying ferritin
[30], [31]. However, their described procedures were time consuming, as one is based on two
ultracentrifugation runs, using different gradients, while the other needed a subsequent step (size
exclusion chromatography). To our knowledge, we were the first who achieved sufficient ferritin purity
with a short heat precipitation step and only one ultracentrifugation run, making use of a linear density

gradient.

Isolated ferritin was the subject of several studies: a lot of research ran into structural characterization of
the protein shell and its tissue related composition, thereby elucidating the functions of the two subunits
[17], [271-[29]; other groups focused on stability tests and subjected the ferritin molecules to heat [23],
[32], [33], acidic pH [33]-[36] and chaotropic agents [32], [33], [37]. Wang and Fei showed the general
function of ferritin in vivo: they described neuroprotective and even immunological properties [38], [39].
However, only a few publications were found concerning the determination of the mean ferritin iron core
size in different tissue samples [19], [20], and even less data was available towards analysis of ferritin iron
load distribution in dependence of neurodegenerative diseases.

This master thesis provides a method for an efficient isolation of ferritin out of different brain regions,
which enables further analysis of their iron load distribution. The purification procedure was established
with pig brains and once it met our requirements, transferred to human brain tissue. Two samples of the
frontal cortex and two of the occipital cortex were analyzed from three different brains. The purification
procedure included a fast heat precipitation step and a subsequent separation of the protein mixture by
density gradient centrifugation using a linear glycerin gradient. The pooled ferritin fractions were
visualized to detect differences in their iron load with transmission electron microscopy. Automated
identification, count and geometric measurement of the ferritin iron cores were done with the

CellProfiler™ program and the iron load distribution statistically evaluated with SPSS®.

1.3 Background

Since iron resorption from diet is very poor (10 - 15 % of total iron intake), human physiology is geared
towards iron retention. Nevertheless, the human body is vulnerable to significant iron loss, caused either
by an injury or menstrual bleeding [3]. That is may be the reason, why excess of iron is stored in ferritin
molecules. Another reason is that unbound iron ions, also known as the “labile iron pool (LIP)”, are toxic

for the human body [6]. Hence, there are several regulation mechanisms, with a complex connection to



each other, keeping the LIP on a constant level. An overview about this complex regulation process is given

in the following sections and rendered visible in Figure 1.

As free iron is toxic, it must be transported in a secure bound state. This is accomplished with transferrin
(Tf), a glycoprotein transporter, which circulates in the blood until it is recognized by transferrin receptor-
1 (TFR-1). Cells with embedded TFR-1 on their surface then take up the Tf-TFR-1 complex by receptor
mediated endocytosis. Once internalized, the evolved endosome is acidified, which facilitates iron release
from TFR-1. After reduction to Fe?, iron is delivered to the cytosol by divalent metal transporter 1 (DMT1).
These iron ions are part of the LIP, being either used for metabolic purposes or stored securely in ferritin.
Excess iron can be transported back into the blood via ferroportin (FPN), another divalent-iron transporter,
where it again bind to transferrin after oxidation to Fe3* by transferrin itself or by another ferroxidase [5],
(6], [12].

Another way to release iron into the blood circle is the secretion of cytosolic ferritin, thereby contributing
to the serum ferritin level. In contrast to cytosolic ferritin, serum ferritin molecules consist predominantly
of truncated light chain ferritin subunits, which are also found in lysosomal fractions. Cohen et al.
hypothesized that the truncated light chain may be a product of lysosomal processing and that processed

ferritin is secreted via a non-classical lysosomal secretory pathway [40].

heme and Fe-S
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Figure 1. Intracellular iron trafficking: this picture gives an overview about well-known iron homeostasis pathways (adapted from
[41]).

At subcellular level, the expression of TFR-1, FPN, DMT1 and ferritin (Ft) is modulated by the iron response
element (IRE)/ iron response protein (IRP)-system, thereby balancing the LIP. The m-RNA of many iron
regulating proteins possesses an IRE sequence, which is either located at their 5° untranslated region
(5" UTR) in case of ferritin and FPN, or at their 3" untranslated region (3° UTR) for TFR-1 and DMT1. When
the IRE at the 5° UTR is bound by one of the iron response proteins, 1 or 2 (IRP-1 or 2), the ribosome



binding sequence is blocked, resulting in the repression of protein-expression. Binding to the 3° UTR
renders the m-RNA even more stable against nuclease caused degradation, thus raising the capability for
protein translation. Iron deficiency triggers IRP binding to IRE sequences, thereby stimulating TFR-1 and
DMT1 expression, which facilitates iron influx, while FPN and Ft production is repressed. The opposite
process takes place with excess iron [5], [6], [12].

In addition to iron uptake from the environment, intracellular iron levels can be restored by making use of
iron filled ferritin molecules. It is already known, that iron can be released from ferritin molecules via
lysosomal degradation of their protein shell [5]. Other mechanisms need to be investigated in further
detail. Under in vitro conditions, iron can be easily solubilized from isolated ferritin molecules by treatment
with reducing- and/ or chelating agents [42]. However, this process has not been observed in vivo. La et
al. showed, that treatment of cells with reducing- and/ or chelating agents do not influence the LIP at all.
Hence, they concluded, that lysosomal degradation is the major route for iron release out of ferritin

molecules [3].

In case of an iron deficiency, iron filled ferritin molecules can bind to the autophagic cargo receptor
NCOA4, which mediates its entry into autophago-lysosomes. Once internalized, the protein shell is
degraded by lysosomal proteases and the iron core solubilized by treatment with reducing agents being
present in relatively high concentrations. Freed iron ions are transported back to the cytosol via DMT1 [3],
[5]. Interestingly, ferritin binding to NCOA4 and DMT1 association with autophago-lysosomes are
modulated by the iron-ion concentration in the cytosol and in the lysosome, respectively [3], [43].

Apart from that, it seems that the iron core protects ferritin molecules against proteasomal degradation,
as degradation of ferritin in the cytosol does not contribute to the LIP [5].

Although iron is essential for the human metabolism, its excess and deficiency contributes to various
pathological states ranging from anemia to toxicity due to reactive oxygen species production via fenton
reaction [2], [44]. Novel studies have further demonstrated that iron accumulation in the brain, especially
in basal ganglia, could be linked to neurodegenerative diseases and aging [10], [45]. Iron retention in
various cell types, such as neurons, is the result of a dysregulated iron homeostasis. This triggers lipid
peroxidation and aggregation of proteins, which eventually lead to neuronal cell death via ferroptosis [6].
In addition to that, uncontrolled iron levels can directly induce DNA damage [46], can disable p53 mediated
DNA repair [47] and have the potential to alter the epigenome via DNA hypomethylation and mobilization

of transposable elements [48], [49]. An overview of these mechanisms is given below.

Membrane lipids are not evenly distributed across the lipid bilayer, but two lipids, cholesterol and
sphingomyelin, form ordered microdomains, the so-called lipid rafts. These domains contain a subset of
plasma proteins, which are crucial for neurotransmission and iron efflux [6], [50]. Mitochondria associated
membranes (MAMs) also house the main actors of Alzheimer disease (AD), Parkinson disease (PD),
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), such as amyloid precursor protein
(APP), tau, alpha synuclein and TAR DNA binding protein 43 (TDP-43) [51]. Since membrane rafts,

4



endoplasmic reticulum (ER) rafts and MAMs manly consist of lipids, they are vulnerable to lipid
peroxidation, leading to membrane distortion and damage and thereby impairing neurotransmission [52],
[53]. Another process caused by lipid peroxidation is ferroptosis, which defines a regulated iron dependent
cell death being associated with neurodegeneration [6].

Mollet et al. showed in cultured endothelial cells that iron induce direct DNA damage, triggering rapid
changes in RNA expression profiles and p53 mediated DNA repair mechanisms [46]. This result highlights
the role of p53 in maintaining genome integrity, hence it is called “guardian of the genome”. However, a
recent study showed, that p53 possesses an iron binding site, which enables excess iron to inactivate this
protein, thereby impairing genome repair [47]. This mechanism is equivalent to what was found in
mitochondria, where iron-p53 inactivation promotes iron accumulation, leading to mitochondrial DNA
damage, which eventually disrupts these organelles as noted in many neurodegenerative disorders [13],
[54]. Apart from inactivating this protein, recent studies documented an iron promoted conformational
change of p53 and its association with amyloid aggregates, a process known as p53 amyloidogenesis. This

process is possible linked with neurodegeneration [14], [55]

Elevated iron levels are not only capable of damaging DNA, but also of affecting the epigenome by altering
DNA methylation [46]. A novel study reported lipid peroxidation to trigger cellular senescence through
upregulation of DNA methyltransferase 3A and 3B, thereby altering global and promotor specific
methylation [56]. Sturm et al. connected genomic hypomethylation with the mobilization of transposons
or transposable elements, a process which is associated with aging, cancer [48] and neurodegeneration
[6].

Taking these points under consideration, the accumulation of free iron must be prevented among each
cell-type. One possibility to do so, is the storage of free iron in ferritin.

Ferritin has a hollow symmetrical structure made up of 24 subunits, resulting from a self-assembly of
heavy- (~ 21 kDa) and light (~ 19 kDa) chain subunits to an ~ 480 kDa oligomer. The protein shell has an
outer diameter of ~ 12 nm and an inner diameter of ~ 8 nm. The hollow space can be used for iron
mineralization, allowing iron to enter through 8 hydrophilic channels along the 3-fold symmetry axes until
reaching a maximum of 4500 - 5000 atoms. Overall the ferritin molecule has a cubic point group symmetry
of 432 [16], [18], [57]. The two types of subunits can co-assemble in various ratios, thereby determining
how fast and how much iron is incorporated into the protein shell to form the iron core. Carmona and his
team demonstrated that there is a preference of certain subunit ratios for certain types of tissue. Tissues
that exhibit high metabolic activity (e.g. heart and brain) have ferritin molecules with high proportion of
the heavy-chain subunit, while ferritin molecules present in tissues responsible for iron storage (e.g. liver
and spleen) have higher proportion of the light-chain subunit. Moreover, ferritin molecules that have up
to 90 % light-chain subunits have a low turnover for iron oxidation but can house a relatively high amount
of iron (> 1500 iron atoms per protein shell). In contrast, molecules with high heavy-chain proportion show

a high iron oxidation turnover, but a low average iron content (< 1000 iron atoms per protein shell) [15].



The heavy-chain subunit has a hydrophilic region, the di-nuclear ferroxidase center, where rapid pairwise
oxidation of Fe?* to Fe3* in presence of molecular oxygen occurs [15], [17]. On the other side, the light-
chain subunit lacks an enzymatic activity, but has a high number of carboxyl groups on the inner surface,
which provide efficient sites for iron nucleation and mineralization [16]. Mehlenbacher et al. provided
further evidence, that light-chain ferritin subunit is not only responsible for nucleation and mineralization,
but also for facilitating iron oxidation at the heavy- chain ferroxidase center. Hence, a complex interaction
between both subunit- types seems necessary for an efficient iron core formation.

The general iron core formation process involves binding of two Fe?*-ions to the ferroxidase center, a p-
1,2-peroxo-diFe(lll) intermediate is formed in the presents of molecular oxygen. The evolving of a p-
oxo(hydroxo)-bridged diiron(lll) complex and eventually the formation of small iron clusters which finally
merge to the iron core itself. The evolving iron core then serves as nucleation site, where incoming Fe?
can be alternatively oxidized and deposited. Commonly the iron core formation is based on the following

reactions [15]:

2Fe?* + 0, + Hy0 — 2Fe(0)O0H corey + Hy 0, + 4H*

(ferroxidation reaction)

4Fe** + 0, + 6H,0 — 4Fe(0)OHcorey + 8HT

(mineral surface reaction)

2Fe®* 4+ Hy0, + 2H,0 = 2Fe(0)OH orey + 4H*

(detoxification reaction)

High annular dark field (HAADF) imaging in combination with single particle analysis on isolated ferritin
molecules revealed a subunit structure of the iron cores, which were assembled in a cubic array (eight
subunits in total). This type of arrangement reflects the eight, three-fold symmetry channels, showing their
purpose for iron entry into the protein shell. It was also demonstrated that the iron core subunits are not
uniformly crystalline, but are made of crystalline domains surrounded by more disordered material. The
disordered fraction is likely to crystallize over time with ongoing iron influx [16]. When the ferritin shells
are not fully loaded, an absence of density in the center of the iron core can be expected, as it was
observed by the groups of Pan and Jian with the 2D-projection of the iron cores [16], [57].

Since the physiological body temperature of humans is ~ 37 °C, it is unusual for human proteins to have
high thermal stability. However, Stefanini et al. showed that equine spleen apo-ferritin (~ 90 % light-chain
proportion), is stable up to 93 °C (= Tm, melting temperature), whereas recombinant human heavy-chain
apo-ferritin is stable up to 77 °C, both at physiological conditions (pH= 7). Moreover, the denaturation
process of ferritin seems to be partly reversible. Destabilization with 2M guanidine-HCI, a chaotropic agent,
or acidification to pH= 4, decreased the melting temperature only to 82 or 90 °C for equine spleen ferritin
and to 60 or 67 °C for recombinant heavy-chain ferritin. However, there is a considerable difference

between heavy- and light-chain rich ferritin molecules [32]. The groups of Stefanini and Santambrogio
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hypothesized that a salt bridge inside the four-helix bundle of the light chain subunit confers further
stability to light-chain rich ferritin molecules [32], [33]. These initial results indicate not only thermal
stability, but also stability against low pH and presence of chaotropic agents. Kim et al. concluded via small
angle X-ray spectroscopy (SAXS) that equine spleen apo-ferritin is stable up to pH= 3,4 and noting a partial
reassembly properties for denatured ferritin [34]. Interestingly, Listowsky et al. demonstrated that iron
filled equine spleen ferritin is less stable in presence of 7M guanidine-HCI, than apo-ferritin with missing
iron core, thus iron not only confers stability against proteasomal degradation, but also against treatment
with denaturizing agents [37].

By considering these results, it should not be surprising that the relatively high stability of human ferritin

(compared to other proteins in the human body) can be utilized for its purification.



2 Principle

This chapter describes the general principles of methods for protein purification and ultrastructural
characterization, exploited during this work. When purifying proteins, the purity that needs to be achieved
depends on the type of further analyses. Ultrastructural characterization of the ferritin iron load demands
no highly pure protein. Nevertheless, high enrichment and purity concerning the monomeric state of
ferritin should be aimed for. There is no standard protocol for protein purification, because each cell type,
each tissue type, and each protein requires special treatment. Size and cell wall characteristics of cells as
well as chemical and physical properties of proteins must be considered, when thinking about the
purification strategy [58], [59]. According to Hubert Rehm, it is advisable to use up to four purification
steps that meet the following requirements: no step must have a purification factor (enrichment of the
protein of interest compared to the impurities) under five, no step must have a yield under 30 % and their

overall duration should not exceed 24 h [60].

2.1 Homogenization

Except for extracellular proteins, a homogenization step is indispensable to make proteins accessible.
However, two points must be considered concerning homogenization: first, the method/ tool used for the
homogenization process, and second, an appropriate lysis buffer for efficient cell disruption and
stabilization of the target protein. Both depend on the protein’s location, their physical properties, and
the desired yield [58]. As we are interested in the comprehensive isolation of each ferritin species,
complete liberation should be aimed for, regardless of organelle integrity. Here a one-step
homogenization process was compared with a two-step one. Since physiological conditions get lost

through the homogenization process, the lysis buffer should provide the following characteristics [59]:

e Protection from proteases
e Preserving the native state of the protein (pH, ionic strength, ...)

e Prevention of aggregation
e No interference with further analysis

2.1.1 Utilizing Turrax Homogenizer

The tool of choice here, for disintegrating cell-cell contacts and subsequently disrupting their membrane
structures was the Turrax Homogenizer. This rotor-stator homogenizer works by means of shear forces
applied to the sample. A rotor-stator is composed of two parts: an outer stationary tube (stator) and an
inner turning shaft (rotor), which is connected to a motor. Shear forces are generated by slots located at
the bottom of the rotor-stator on both, the stator and the rotor. Sample components entering these slots
are effectively sheared by fast rotor-rotation. The Turrax Homogenizer enables production of uniform
sample-suspensions in a short period of time. However, heat generation through the homogenization

process must be reduced at least by continuously cooling sample on ice. When working with fibrous
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material, connective tissue can be get caught within the shaft assembly, leading to reduced

homogenization efficiency, which requires repeated cleaning of the assembly [58].

2.1.2 Sonication

In the two-step homogenization approach, ultrasonic waves are directed at the remaining cell components
after initial protein extraction with the Turrax Homogenizer. Here, the disruption process is based on
cavitation. Cavitation describes a process where microscopic shock waves are produced through rapid
oscillation of piezoelectric crystals being attached to a metal probe. During crystal contraction, small
vacuum cavities are formed, which subsequently implode when the crystal expands, generating so-called
micro jets that destroy membrane structures. Compared to shear forces, even more heat is released during

cavitation. Thus, only short recurring pulses of oscillation should be applied [58], [59].

2.2 Ammonium sulfate precipitation and -fractionation

The utilization of ammonium sulfate in protein purification provides various benefits. It can be used either
for protein stabilization, -concentration or -fractionation (in terms of purification) [61], [62]. Protein
solubility decreases with higher concentration of a certain salt, showing antichaotropic properties. The so-
called “salting out” effect is based on the competing nature of antichaotropic salts for water molecules.
Hence, the proteins lose their hydration shell, which results in an increase of hydrophobic interactions,
promoting aggregation [59], [62]. The ability of a certain salt to precipitate proteins is described in the
Hofmeister series. Wingfield has proposed that the likelihood of precipitation of proteins increases with
higher molecular weight. This under consideration, the first step in protein fractionation is usually to
precipitate as many impurities as possible, before the protein of interest is precipitated with an even
higher salt concentration. Subsequently, the protein of interest can be resolved in the buffer of choice. A
relatively high ionic strength remains, which can interfere with further purification steps. Thus an
additional desalting step might be necessary [59], [61].

2.3 Size Exclusion Chromatography (SEC)

Size exclusion- or gel filtration chromatography describes a separation method based on the
hydrodynamic volume of proteins, which corresponds to their molecular weight. The stationary phase
used for separation is made of porous beads. Low-molecular weight proteins can permeate into the pores
of the stationary beads, while bigger proteins are excluded and elute in the void volume of the column.
Additionally, small proteins that exhibit a high permeation coefficient, spend even more time within the
pores than bigger ones. The bigger/ heavier a protein, the lower their permeation coefficient. A major
advantage of size exclusion chromatography is the use of a non-binding porous stationary phase, which
makes harsh elution conditions expendable. Two different operating types are known: group separation
and high-resolution fractionation. In group separation, small molecules are removed from big molecules,

thus making this method predestined for desalting or bugger exchange processes. As we aim to purify,



high-resolution fractionation has been the method of choice [61], [63]. Proteins with known molecular
mass/ column depended retention time can be used for calibration to estimate the molecular mass of
other proteins [50]. Some parameters may be considered to enhance the resolution of separation: sample
volumes under 2 % of the column volume are desired (at least 5 %); utilizing a lower flow-rate; avoiding
protein concentrations above 70 mg/ mL; a low salt concentration is recommended to eliminate possible
electrostatic interactions [61].

2.4 Density Gradient Centrifugation (DGC)

Ultracentrifugation can be used either analytically for sedimentation rate measurements or preparatively
for separation of particles. Protein purification via centrifugation is based on size and density depended
separation of particles. Three different variations for separation are known: differential-, zonal- and
isopycnic centrifugation. Briefly, separation characteristic of differential centrifugation is based on
different sedimentation rates of particles only. Zonal- and isopycnic centrifugation both are based on a
density gradient that enhances the separation of particles that do not differ sufficiently in sedimentation
rates. All particles have the same starting point in contrast to differential centrifugation, as the protein
mixture is layered on the top of the gradient [59], [64]. Sedimentation rates of particles in viscous fluids,
such as density gradients, can be described by Stokes-‘law, where v is the sedimentation rate, g is the
relative centrifugal acceleration, d is the particle diameter, p, and pm are the density of particle and
medium, respectively, and n is the viscosity of the medium:

b= dz(pp = Pm)g
18n

(Sedimentation rate)

While differential- and zonal centrifugation are suitable for separation of particles that differ in size, equal
sized particles with different density are poorly separated. For such a case, isopycnic centrifugation is the
technique of choice. Proteins show relatively homogenous density and sedimentation coefficient
properties, but differ in size. Here, zonal centrifugation was selected for ferritin purification, as viscosity
and density of the medium can be adjusted for selective separation [59].

2.5 Determination of protein concentration

When establishing a method, it is essential to assess each step for effectiveness and efficiency. Advisable
points during protein purification, which should be monitored, are yield and relative enrichment of the
target protein. One opportunity to meet this recommendation is a reliable and robust protein
guantification assay. Here, the Lowry assay was selected, as it tackles the challenges accompanied with
tissue extracts [60]. The assay is a modification of the biuret assay. In an alkaline environment, Cu2+ ions
become complexed between two molecules presenting at least two peptide bonds giving a purple color,
referred to as biuret reaction. The next step involves reduction of the Cu2+ to Cul+ ions through tyrosine,

tryptophan, cysteine, cysteine and histidine residues of the protein to be measured. This supports the
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reduction of molybdate, a component of the Folin Ciocalteau phenol reagent. The end result is an intense
blue color, whose absorption value corresponds in a linear manner (at 620 nm) to the amount of protein
present in the sample. The additional color reaction is responsible for its higher sensitivity compared to
the biuret assay [60], [65].

2.6 Electrophoresis

Electrophoresis describes the migration of charged particles exposed to an electric field. As migration
characteristics of particles depends on their level of charge, size and structure. Differences, regarding
these points can be utilized for separation of protein mixtures into singular zones. Basically, three different
variations are available: zone electrophoresis employing a homogenous buffer system, isotachophoresis
with a discontinuous buffer system and isoelectric focusing with a pH gradient. Furthermore, a subdivision
into SDS-Page and Native-Page exploiting denaturing and native conditions, respectively, is possible [66].

2.6.1 Sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-Page)

SDS-Page belongs to the isotachophoresis techniques and their gel matrix consists of two distinct parts: a
stacking gel layered on a resolving gel, which are made with buffers that differ in pH, hence, it is called
discontinuous buffer system. Compared to zone electrophoresis, the additional stacking gel is responsible
for the so called “stacking effect”. Proteins get ordered according to their net charge or electrophoretic
mobility, providing several benefits, such as prevention of protein aggregation and the production of
sharper bands [66]. In general, sodium dodecyl sulfate (SDS) is added to the protein mixture and covers
the intrinsic charges of each protein with a constant negative charge per mass unit (appr. 1,4 g SDS per g
protein). Thus, only their size difference (~ molecular weight) remains for separation. In combination with
areducing agent, such as B-mercaptoethanol and heat, SDS lead to complete denaturation of each protein.
Glycosylated proteins must be considered separately, as they bind much less SDS, slowing down migration
through the gel and thus, leading to overestimation of their molecular weight [60], [66].

2.6.2 Blue-Native-Page

Native-Page electrophoresis is based on the same general principle as SDS-Page, except that the native
state of the proteins is preserved. Negatively charged proteins are separated according to their net charge
and size. The required negative charge can either be produced by pH shift, considering the isoelectric point
of the proteins to be separated, or similar to SDS-Page, by a charged dye, that specifically binds to proteins.
In case of the Blue-Native-Page, the anionic dye Coomassie Brilliant blue shows a strong binding affinity to
hydrophobic areas of proteins. Since the dye binds preferable to hydrophobic areas, cytoplasmic proteins,
such as ferritin are almost excluded. Thus, the negative charge per mass unit is not constant throughout
the protein mixture. Both, hydrodynamic diameter (~ molecular mass) and charge therefore influence

protein migration pattern [60], [66], [67].
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2.7 Western Blotting

Western blotting provides a sensitive technique for specifically detecting the target protein among other
proteins present and can be used for relative quantification. Thus it is an essential tool to assess the
relative enrichment of the target protein [68], [69]. Furthermore, degradation products can be easily
visualized, which may emerge due to proteolytic degradation during purification, highlighting
inappropriate conditions (e.g. too little protease inhibitor, too high temperatures) or due to autolytic

processes within the brain tissue during storage.

2.7.1 Electroblotting

Since the proteins separated by electrophoresis are enclosed in the gel matrix, they are not directly
accessible for immunodetection and must be transferred onto a suitable carrier membrane. Nitrocellulose
membranes for example exhibit a higher binding affinity for low molecular weight proteins and have a
strong retention ability. In contrast, poly-vinylidene fluoride (PVDF) membranes provide better mechanical
properties, as nitrocellulose is brittle, and higher binding capacities. However, their background signal is
higher, which makes the subsequent blocking and washing steps even more important. The membrane is
placed onto the gel, sandwiched between buffer-soaked filter papers and sponges and eventually fixed in
a grid cassette, which is inserted vertically into the transfer tank filled with transfer buffer, as depicted in
Figure 2. The transfer is proceeded by applying a constant electric field perpendicular to the surface of the
gel, causing the negatively charged proteins to be pulled out of the gel matrix and moving towards the
anode until they are trapped onto the membrane. The bigger the protein, the longer the transfer takes
[60], [66], [68].

+H++EFH+EF A F

Sponge
Filter Paper
PYDF membrane
Gel
Filter Paper
Sponge

Figure 2. Arrangement of the components for western blot transfer: separated proteins are forced from the gel onto the
membrane after applying an appropriate voltage.

2.7.2 Blocking, antibody concentration and washing

Ideally, the selected primary antibody should only recognize target protein epitopes. In practice however,
unspecific binding properties for impurities and even binding to the membrane itself remain challenging.
For the latter it is indispensable to block antigen-free areas with an appropriate blocking solution, like
bovine serum albumin (BSA) or non-fat dry milk diluted in Phosphate- or Tris Buffered Saline with Tween
(PBST or TBST). The blocking reagent must not interfere with the detection method [68], [69]. Different
antibody concentrations should be tested to further reduce unspecific binding while preserving their

specific binding affinity, thus optimizing the signal to noise ratio [70]. In addition to that, subsequent
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washing steps after each antibody incubation step remove unbound and even unspecific weakly bound

antibodies, as the washing buffer contains a nonionic detergent (e.g. Tween) [60], [68]—[70].

2.7.3 Immunodetection

The primary antibodies bound to the target proteins are incubated with so-called secondary antibodies,
which exhibit high specificity for the primary antibody. Secondary antibodies are labeled such as the
antigen-antibody binding can be visualized through fluorescence-, luminescence-, radioactivity-, chemical-
or enzymatic color reactions. The obtained signal indirectly reflects the amount of antigen. An enhanced
chemiluminescence system (ECL) has been selected for this project. Briefly, horseradish peroxidase is
linked to the secondary antibody and catalyzes the cleavage of a chemiluminescent agent resulting in

emitted light. The intensity can be measured with a charge coupled device camera (CCD) [60], [69], [70].

2.8 Transmission Electron Microscopy (TEM)

The use of TEM enables us to analyze even the smallest structures, such as proteins, at near-atomic
resolution, which would not be possible with conventional light microcopy. The relatively high wavelength
of visible light limits the resolution of conventional light microscopes to ~ 200 nm [50], based on the

following equation (defined as the Abbe-limit):

A
"~ 2n * sina
(Abbe-limit)

Here, d denotes the observable distance between two points, which should be as small as possible to
obtain an image with high resolution. The resolution is determined by the wavelength of light (or
electrons), reflected by A, by the refractive index of the viewed object, outlined by n, and a denotes half
of the aperture angle (beam width) of the object lens. The term n * sina, known as numeric aperture is in
the order of 1 for light microscopy, but only ~0,01 in case of electron microscopy, thus limiting their
possible resolution 100-fold. However, owing to the extremely small wavelength of an electron beam,
which is approximately 0,0037 nm at 100 keV (= accelerating voltage), the theoretical resolution obtained
with TEM is 0,005 nm [71]. Spherical and chromatic aberrations limit the reachable resolution in practice
to 0,1 — 0,2 nm, which is nevertheless 1000 — 2000 times higher than with light microscopy [50].

In general, TEM and light microscopes share a similar construction, as can be seen in Figure 3, except that
an electron beam is used instead of visible light and magnetic lenses rather than glass lenses serve for
focusing purposes. The samples (=object) are placed on copper grids, with meshes of 30 — 100 um, which
are covered with a thin carbon film (5 — 10 nm). Since the carbon coat is hydrophobic, it must be rendered
hydrophilic with the aid of ionized gas molecules through glow-discharging. Eventually, the grids can be
placed in an object holder and inserted into the microscope, thereby reflecting the object plane. Emitted

electrons from a filament (the cathode) are accelerated towards an anode making use of a potential
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difference of 100 kV or more. Then the emitted electron beam is focused by the condenser lens into the
object plane, where it passes through the object and is further directed towards the image plane with
subsequent objective- and projective lenses. The lenses are made of iron-sheathed coils and generating a
magnetic field directed towards the inner space, when current is applied. In contrast to a light microscope,
the focus length can be adjusted by varying the applied lens current, thus altering the magnification does
not require another objective lens [71]. The generated image can be visualized on a fluorescence screen
and recorded with special sensor systems (e.g. with a CCD camera). Since the image information relies on
the interaction of the electrons with the object, the electron microscope must be operated under vacuum

to prevent interaction with gas molecules [50], [71].

Transmission
Electron Microscopy
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Figure 3. Light microscopy vs. transmission electron microscopy: In general, light- and transmission electron microscopy share
similar construction features. Both have condenser- and objective lenses, and project the image of the object on the opposite of
the light- or electron source. In contrast to the light microscope, TEM uses electrons and magnetic lenses instead of visible light
and glass lenses. TEM also has a projective lens, which is comparable to the eyepiece lens of the light microscope. Adapted from
[72].

Two different interactions of the electrons with the object are known, elastic- and inelastic scattering. An
electrostatic interaction of a beam electron with an object atomic nucleus leads to a deflection of the
electron path. Even stronger deflection occurs when the electron passes the nucleus, when the nucleus
positive charge is high (with heavy elements) and when the velocity of the electron is low (based on the
acceleration voltage). Strongly deflected electrons are blanked out by the objective aperture, thereby
enhancing the contrast of the image. Since the energy of the deflected electrons remains constant, this
process is called elastic scattering. Inelastic scattering takes place when the accelerated electrons of the

beam hit the electrons of the object, thereby losing kinetic energy, which is accompanied with an
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increasing wavelength. As the energy loss of the beam electrons correlates with the energy uptake by the
object atoms, the scattered electrons contain information of the interacting object. The in-elastically
scattered electrons may be analyzed to determine the element composition of the object, as it can be
done with electron energy loss spectroscopy (EELS). As no energy can be lost in total, the lost energy of
the beam electrons is transferred to the object electrons, thereby increasing their energy level. When the
transferred energy is high enough, the electrons get ejected from their corresponding shell, serving
information about the object surface, which can be analyzed with scanning electron microscopy (SEM).
The removed electrons leave behind a gap, which is eventually filled with an electron of a higher energy
level, thereby emitting the energy difference by radiation (= X-rays), that can also be used for element

analysis with energy dispersive X-ray spectrometer (= EDX) [71].

2.8.1 Negative Staining

Although the iron core of ferritin can easily be visualized by TEM, uncontrasted proteins are difficult to
visualize. Proteins consists mainly of low weight atoms, such as H, C, N and O [50], thus, interaction of the
beam electrons with these atoms leads only to a weak deflection, resulting in a weak contrast of these
structures. Negative staining with heavy metal salts, such as uranyl acetate, is a simple and quick method
to assess the purity of isolated protein samples. A droplet of the protein sample is applied on a glow-
discharged, carbon coated grid. After a certain time (15 — 60 sec.), most of the proteins have settled down
onto the grid surface and the rest of the suspension is removed with a filter-paper [71]. Subsequently, the
sample is stained with 0,5 - 2 % heavy metal salt solution. The heavy metals cover the surface of the grid
and fill cavities and depressions of the proteins. When the sample is examined with TEM, actually the
heavy metal layer is observed, which gives us indirectly information about the specimen structure itself
“negative staining” [71], [73].
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3 Methods

The aim of this project was to isolate the iron storage protein ferritin from different human brain regions,
so as to analyze the tissue specific iron load distribution with TEM, form apo-ferritin with missing iron core,
up to ferritin molecules with highest iron load. First of all, an efficient method had to be established by
extracting pig brains for ferritin, while preserving its native state. That included the testing of different
purification steps with subsequent evaluation in terms of ferritin enrichment and its overall yield. Ferritin
enrichment and its yield were monitored by measuring the iron correlated absorbance value at 315 and
420 nm at different purification steps, by determining its concentration conducting the Lowry assay and
by visual evaluation including SDS-Page, Native-Page, corresponding western blotting and bright field

imaging via TEM.

Once the purification process was established with pig samples, two different human brain regions
(occipital- and frontal cortex) from three deceased patients are assayed for their ferritin iron load
distribution (see Table 1 for details).

Table 1. Human brain samples obtained from autopsy: in-house number includes the date, when the samples were received. Time
until storage represents the time between the death of the patient and the start of storage in the freezer.

in-house number time until storage (in frozen state) [h]  age of the deceased patient gender

Fe180323 20 86 male
Fe180326 15,5 74 female
Fe180418 = -

3.1 Sample dissection and storage

Fresh pig brain samples were obtained from a local slaughterhouse and transported in a cooling bag to
minimize autolytic processes/ protein degradation within the tissue. All brains were rinsed with water to

remove attached blood and stored in plastic bags at -20 °C until further processing.

Human brain regions from three deceased patients were dissected during autopsy at the Department of
Pathology of the Medical University of Graz. Samples were transported in physiological saline on ice,
transferred into closable tubes and stored at -20 °C until further processing. The protocol was in

accordance with the ethics department of the Medical University of Graz vote number 28 - 549 ex15/16.
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3.2 Homogenization
3.2.1 Turrax Homogenizer

Brain samples were slightly thawed, cut into small pieces with a ceramic knife and transferred into falcon
tubes. Up to 3 - 4 volumes of a buffer consisting of either 0,1 M Tris-HCI (for pig brain samples) or 10 mM
Tris-HCl + 150 mM NaCl (for human brain samples) containing protease inhibitor (+ 0,5 mL of the stock
solution diluted 1:100) were added to the tissue before homogenization was carried out with a Turrax
Homogenizer IKA T-10. Samples were constantly cooled on ice during the homogenization process to avoid
uncontrolled heat denaturation of proteins. Afterwards the homogenized samples were centrifuged at
10000 g for 30 - 60 min at 4 °C, retaining the supernatant for further purification.

Some approaches (see Figure 5) included two homogenization steps with the Turrax Homogenizer. The
tissue pellet after centrifugation was re-suspended in 10 mL buffer (as used for homogenization),
homogenized again to ensure complete breakup of the tissue and cells, and centrifuged again.

3.2.2 Sonication

The samples were homogenized as described above, the pellets re-suspended in 1 volume of buffer and
subjected to sonication for 2 min using the Branson Sonifier 250 at power level 6 under constant cooling
with ice. Afterwards the homogenized samples were centrifuged at 10000 g for 30 - 60 min at 4 °C retaining

the supernatant for further purification.

3.3 Heat precipitation

The supernatant was heated up to 70 - 75 °C for 10 min on a heating plate under constant stirring and
afterwards immediately cooled on ice. After heat precipitation the samples were centrifuged at 10000 g
for 30 - 60 min at 4 °C and the pellet discarded.

Depending on the approach (see Figure 4), the supernatant was further processed or stored overnight at

4 °C with or without anti-aggregation agents.

One approach included heat precipitation in presence of 40 % [v/v] methanol (see Figure 4). For this, the

methanol was added slowly under constant stirring to the supernatant and heated.

3.4 Acidic precipitation

The pH of the supernatant was adjusted with 1 M citric acid to 4,6 under constant stirring by monitoring
the pH with a Mettler Toledo SevenMulti pH-Meter and incubated for 1 h at 4 °C. The acidic precipitated
sample was centrifuged at 10000 g for 30 - 60 min at 4 °C.
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3.5 Ammonium sulfate precipitation

The proteins in the supernatant were precipitated with 75 % saturated ammonium sulfate. The required
amount of ammonium sulfate was calculated by using the online calculator from EnCor [74]. Solid
ammonium sulfate was slowly added under constant stirring at 4 °C and precipitation performed overnight
at 4 °C. The precipitated proteins were collected by centrifugation at 10000 g for 60 min at 4 °C and the

supernatant discarded.

In one approach, fractionated precipitation was tested (see Figure 4), by precipitating at first with 50 %
saturated ammonium sulfate, collecting the pellet and then increasing the saturation to 75 %.

3.6 Concentration and desalting of the protein sample via ultra-filtration
3.6.1 Concentration

Vivaspin® concentrators with a molecular weight cut-off of 100 kDa were used for concentrating protein
samples prior application on SEC or density gradient centrifugation. Membranes fitted to Vivaspin®
concentrators were pre-rinsed with the same buffer as used for the samples to remove glycerin and
sodium azide. Subsequently, the concentrators were filled with the protein sample up to their maximum
volume according to the manufacturer’s instruction. Concentration was carried out with maximum g-force
considering rotor-type and molecular weight cut-off. Centrifugation was stopped from time to time for
mixing the sample to avoid a concentration gradient and/ or precipitation of proteins.

3.6.2 Desalting

Ultra-filtration devices can be also used for desalting purposes. Therefore, the protein sample is
concentrated to a desired level, refilled with buffer and concentrated again until contaminating solutes

are sufficiently reduced. Usually, two wash cycles were appropriate for our requirements.

3.7 Size Exclusion Chromatography (SEC)

A pre-packed Sepharose CL-6B column was equilibrated with 50 mM NaPOQ, buffer. Afterwards, the column
was loaded with the protein sample, used with the settings listed in Table 2 and fractions were collected
according to the monitored chromatogram at 280 nm, which reflects the protein content. Afterwards, the
column was either rinsed with buffer, preparing the column for the next run or with ethanol for storage

purpose.
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Table 2. Size Exclusion Chromatography parameters: the setting listed below was used for brain 1, 3 and 5, with variation in
attached protein amount.

Parameter
buffer 50 mM NaPO4 (pH=7,4)
resin material Sepharose CL-6B
column dimension 1,5*32cm
flow-rate 0,33 mL/min
volume per fraction 1mL

monitored wavelength 280 nm

Different amounts of protein samples were tested for estimating the upper capacity limit of the column
(see Table 3):

Table 3. Attached protein amount concerning size exclusion chromatography

V(sample) [uL]  m(protein) [mg]

1. brain 2700 48,15
3. brain (1. approach) 100 4,62
3. brain (2. approach) 400 18,50
5. brain 710 10,86

3.8 Density Gradient Centrifugation

Initially, a 4-step gradient was prepared. This was done by pipetting 2,5 mL of a 60 % glycerin solution onto
the bottom of the centrifugation tube. Before the next glycerin solution (45 %) could be layered on top,
the gradient had to be frozen at -80 °C for 1 h. Afterwards, it could be proceeded the same way with the
remaining glycerin solutions (30 and 15 %). Glycerin solutions were either prepared in 50 mM Sodium
Phosphate buffer or in 10 mM Tris-HCl + 150 mM NaCl, both at physiological pH. Creation of a linear
gradient was achieved by thawing the 4-step gradient in the cooling room at 4 °C. Eventually, concentrated
protein samples were carefully layered on top of the gradients and subjected to ultracentrifugation for
16 h at 34000 rpm at 4 °C.
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Table 4. Conditions tested for density gradient centrifugation: the whole sample volume, retrieved after ferritin enrichment, was
layered on top of the linear gradients

buffer sample  M(DTT) [mmol/L]
1. Condition 50 mM NaPO4  10/F -
2. Condition 50 mM NaPO4  10/11 5
3. Condition 50 mM NaPO4 10/D 10
4. Condition 10 mM TBS 10/CS -
5. Condition 10 mM TBS 10/ES 5
6. Condition 10 mM TBS 10/AS 10

Fraction collection was performed as follows:

A needle was inserted on the bottom of each centrifugation tube to create a connection between gradient
and detector. Fresh buffer was applied continuously on top and forcing the gradient through the needle
towards the detector. Protein containing fractions were selected by monitoring UV absorption at 280 or
290 nm (due to problems with 280 nm detection) and collected in a 96-well deep well plates. Ferritin
fractions could be distinguished from other proteins due to their iron core related absorption characteristic
at 315 nm.

3.9 Measuring absorbance values of samples via NanoDrop®

The NanoDrop® ND-1000 spectrophotometer was chosen for our needs as only 2 uL of sample are required
for one measurement and it enabled us to estimate ferritin concentration. Blank measurements based on
sample buffer are essential as absorbance spectra of buffer components could overlap with the sample.
All measurements were done in duplicate. The ferritin concentration within the samples could be
estimated, by interpolating the iron related absorbance values at 315 and 420 nm with a calibration that
was created with equine spleen and human liver ferritin in known concentrations. Table 5 highlights that
high concentrations of non-iron containing proteins also absorb light in the range usually used for

estimating the ferritin content.

Table 5. BSA related absorbance values measured with NanoDrop®

Absorbance
R(BSA) [mg/ml] 280 nm 315 nm 420 nm
50 1,988 0,077 0,018
20 1,050