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Abstract

Tau protein is a microtubule-associated protein. Under
pathological conditions, abnormal posttranslational modifications
(PTMs) and misfolding of tau occurs and leads to aggregation into
tangles, the histopathological hallmark of Alzheimer’s disease (AD).

The discovery of naturally occurring antibodies directed to tau
protein (nTau-Abs) in body fluids of AD and healthy subjects and
their presence in intravenous immunoglobulin (IVIG) products has
begun the investigation of their therapeutic potential. The deep
characterization of nTau-Abs is a crucial step in understanding their
physiological role and possible involvement in AD pathogenesis.

The main goal of the thesis was determination of character
and reactivity profile of nTau-Abs isolated from plasma of AD and
healthy subjects as well as from IVIG product. We mainly focused on
IgG subclass distribution, their avidity and reactivity with various tau
forms. In relation to nTau-Abs project, epitope mapping method to
determine the precise localization of binding site between tau and
nTau-Abs also were optimized. Especially, tau fragment that forms
during proteolytic cleavage and possesses pro-aggregation motif and
the most hydrophobic region was investigated due to its abnormal
unspecific adsorption.

Since phosphorylation is the main important PTM of tau
tightly connected with AD pathology, the preparation of tau protein
phosphorylated at specific residues in high purity was the next goal.
Thus, kinase-loaded magnetic beads were prepared and characterized.
This system was applied for sequential in vitro tau phosphorylation.



Abstrakt

Tau protein se fadi mezi s mikrotubuly asociovanymi
proteiny. Za patologickych podminek je tau protein neobvykle post-
translacné modifikovan a nespravné sbalovan, coz vede k jeho
agregaci do  tzv. neurofibrilarnich smotki, hlavniho
histopatologického ttvaru typického pro Alzheimerovu chorobu (AN).

Detekce ptirozené se vyskytujicich protilatek reaktivnich s tau
proteinem (nTau-Abs) v télnich tekutinach pacientd s AN i zdravych
jedinc a prikaz jejich pfitomnosti také v intravendznich
imunoglobulinovych (IVIG) preparatech zapocaly vyzkum jejich
vyznamu a mozného vyuziti v terapii AN. Samotna charakterizace
téchto protilatek je klicovym krokem k pochopeni jejich fyziologické
role a stejné jako jejich tlohy v rozvoji patogeneze AN.

Hlavnim cilem piedkladané prace byla charakterizace a
studium reaktivniho profilu nTau-Abs izolovanych z plazmy pacientti
S AN, zdravych kontrol a z IVIG preparatu. Zaméfili jsme se na
zastoupeni jednotlivych IgG podtiid, jejich aviditu a reaktivitu
S riznymi formami tau proteinu. Pro pokracujici charakterizaci téchto
protilatek jsme dale optimalizovaly metody epitopového mapovani
S tau proteinem, které nam budou slouzit k pfesnéjsi lokalizaci tau
epitopti  reagujicich s nTau-Abs. V souvislosti s epitopovym
mapovanim, kdy je tau protein pfed vlastni analyzou fragmentovan,
jsme v elucnich frakei opakované nachazeli fragment, ktery obsahuje
pro-agregacni motiv a nejvice hydrofobnim tsekem a ktery vykazoval
vysokou miru nespecifické sorpce. Proto jsme dale vice prozkoumali
jeho vlastnosti a navrhly feseni, jak jeho nespecifickou sorpci potlacit.

Dal$im tématem této prace byla pfiprava tau proteinu
S definovanymi fosforylacnimi misty predevSim proto, ze fosforylace
je jednou znejvyznamnéjSich post-translaéni modifikaci tzce
spojovana stau patologii u AN. K tomuto ucelu jsme pripravili
magnetické Castice s vazanou aktivni formou vybranych kinaz.
Nasledné jsme tento systém aplikovaly pro postupnou in vitro tau
fosforylaci.
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1. ENGLISH PART




la. Introduction

Tau protein is a microtubule-associated protein present in
axonal projections in neurons where is involved in formation and
stabilization of microtubules. Tau protein is also a representative of
natively unfolded proteins, also termed as “intrinsically unstructured
proteins”, characterized by a random structure in solution and minimal
content of secondary structure (Schweers et al., 1994; Skrabana et al.,
2006). Some of transient secondary conformation structures may
participate in tau physiological functions as well as its pathological
aggregation (Gamblin, 2005).

Under pathological conditions, tau protein is abnormally
posttranslationally modified and misfolded. The human full-length
form of tau contains 85 putative phosphorylation residues and is
considered as an ideal substrate for multiple kinases and phosphatases.
Thus, phosphorylation is the most studied PTM of tau linked to AD
pathology (Gong et al., 2006; Martin et al., 2013). Abnormal
phosphorylation of tau gradually leads to formation of oligomers and
paired helical filaments, which are deposited into neurofibrillary
tangles — one of the main histopathological hallmarks of AD (Wang et
al., 2013).

Numerous studies have shown that AD belongs to protein
conformational disorders. Thus, one of the leading therapeutic
approaches is immunotherapy based on antibodies that are able to
specifically eliminate altered, structurally modified, and aggregated
forms of proteins. A relatively new encouraging strategy for AD
therapy is an administration of 1VVIG products prepared from plasma
of healthy donors representing a huge reservoir of natural antibodies.
Numerous beneficial immunomodulatory and anti-inflammatory
effects of IVIG and their application in the treatment of several
immune-mediated neurological disorders has been described



(Durandy et al., 2009; Zivkovic, 2016). Unfortunately, the clinical
trials phase Il with IVIG in AD treatment has not supported the
promising results obtained in the initial phases | and Il (Relkin et al.,
2014). Despite these disappointing results so far, several other IVIG
clinical trials are ongoing (Cummings et al., 2017). Moreover, a
considerable effort is devoted to the investigation of the potential
mechanisms of action of IVIG and better characterization of AD-
specific antibodies occurring in various IVIG products. To the best
knowledge, to date, five studies regarding the presence of nTau-Abs
in IVIG products have been published (Smith et al., 2013; Smith et al.,
2014; Loeffler et al., 2015; Hromadkova et al., 2015; Krestova et al.,
2017a). To evaluate the significance of nTau-Abs under physiological
conditions as well as pathological circumstances is a difficult task. In
general, their presence in body fluids of healthy individuals as well as
AD patients suggests that they are unlikely to be harmful (Smith et al.,
2013).

The isolation and subsequent characterization of nTau-Abs
present in body fluids or in commercially IVIG products, which is
crucial to better understand their occurrence, had not been published
elsewhere. Thus, we focus on nTau-Abs that were successfully
isolated from IVIG product Flebogamma and pooled plasma samples
from AD patients and age-matched healthy controls (Hromadkova et
al.,, 2015; Krestova et al.,, 2017ab). We assume that their
characterization and reactive profile mapping with any possible
differences, which are the main goal of this work, could help us better
understand their function in both physiological and AD-associated
pathological conditions. Due to this main task, epitope mapping
method with tau protein was introduced and system with immobilized
active kinase forms was developed for sequential in vitro tau
phosphorylation.
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1b. Hypothesis and aim of the thesis

The main histopathological hallmarks of AD brain are senile
plaques containing amyloid beta peptides and neurofibrillary tangles
forming by conformational modified forms of tau protein. Thus, AD
also belongs to the group of so-called protein conformational
disorders. The clearance of modified and misfolded molecules,
blocking their polymerization, degrading aggregates, and/or inhibiting
oligomer neurotoxicity could be the crucial players in beneficial
mechanisms of action in therapeutic approaches. Especially,
immunotherapy directed to pathological forms of amyloid beta or
toxic tau species have been at the forefront of scientific interest in
recent years. Tau pathology of AD is likely to be independent on
amyloid beta metabolism and tau abnormalities occurring in specific
brain regions better correlates with AD progression. Thus,
characterization of naturally occurring tau-reactive antibodies, which
are also present in IVIG products applied in clinical trials, is a very
important task.

To fulfill these tasks, specific sub-goals were set:

To evaluate the basic characteristics and reactivity of tau-reactive
antibodies isolated from different pooled plasma samples utilizing
various tau protein forms.

To optimize methods of epitope mapping considering specific
aggregation-prone properties of tau protein enhanced after in vitro
fragmentation.

To prepare kinase-loaded magnetic beads as a reusable system for
sequential in vitro tau phosphorylation to produce highly pure
defined product for further applications.
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Materials and methods

The basic characteristics and reactivity of isolated natural tau-directed
antibodies (nTau-Abs)
n-Tau-Abs isolation from IVIG Flebogamma® (5% DIF, 5g/ml, Grifols
Biologicals Inc., Los Angeles, USA) and pooled plasma from seven health
controls and from four AD patients by low-pressure affinity
chromatography.
His-tagged recombinant tau proteins (tau 1-4441 and two truncated forms
155-421 and 13-391 aa) as well as their in vitro phosphorylation are
described in (Hromadkova et al., 2015). Sections of left hemisphere
hipocampi were homogenized according to (Krestova et al., 2017a).
Isolation efficiency and purity: SDS-PAGE electrophoresis, ELISA protocol
(Hromadkova et al., 2015; Krestova et al., 2017a,b)
1gG isotyping: 1gG Subclass ELISA kit (Invitrogen, Camarillo, USA).
Reactivity and avidity of nTau-Abs: Western blot, ELISA protocol
(Krestova et al., 2017a), and dot-blot immunoassay (Hromadkova et al.,
2015).

Non-specific sorption of tau fragment with specific aggregation-prone
properties and hydrophobic region occurring in methods of epitope
mapping with MS analysis
Recombinant full-length tau (Enzo Life Sciences, Farmingdale, USA),
synthetic peptide correspond to 299H-317K of tau sequence (Apronex,
Prague, CZ) monoclonal anti-tau antibody clone 7E5 (AJ Roboscreen,
Leipzig, Germany).
Epitope extraction: covalently immobilized 7E5 anti-tau Abs to Sera-Mag
carboxylate-modified magnetic SpeedBeads (referred to MPs, Thermo
Fisher Scientific, Waltham, USA) using carbodiimide one-step method.
Procedure of epitope extraction described in (Jankovicova et al. 2014;
Hromadkova et al. 2016)
Proteolytic digestion of tau protein: TPCK-treated trypsin and/or a-
chymotrypsin covalently immobilized to MPs according to (Hromadkova et
al., 2016) in molar ratio to tau 1:20 (w:w).



>

Approaches to avoid non-specific sorption of tau fragments: (1) coating of
MPs by BSA, modification of MPs surface by (2) ethanolamine/Tris or (3)
PEG, (4) additional incubation step with 8M urea

MS analysis and RP-LC separtion described in (Hromadkova et al., 2016)
ThS fluorescence measurement in the absence or presence of heparin sodium
salt as an inducer

Kinase-loaded magnetic beads as a reusable system for sequential in vitro

tau phosphorylation
Oriented immobilization of His-tagged rabbit GSK-3p (Sigma-Aldrich) by
affinity to SIMAG-IDA MPs (Chemicell GmbH, Berlin, Germany)
decorated by Ni?* and Co®*" (Hromadkova et al., 2018)
Non-oriented immobilization of active rabbit muscle GSK-3B (New England
Biolabs, Ipswich, USA) and active human ERK2 (Biaffin GmbH & Co KG,
Kassel, Germany) to aldehyde-modified BcMag MPs (BioClone Inc., San
Diego, USA) or carboxylated SeraMag MPs (Hromadkova et al., 2018)
Phosphorylation of LMW substrates: LMW phosphopeptides CREB (New
England Biolabs) and e-elF2B (Enzo Life Sciences) for GSK-3p activity
evaluation and TH24-33 (Enzo Life Sciences) for ERK2 activity evaluation
Operational and storage stability of kinase loaded onto SeraMag MPs
Semi-quantitative evaluation of phosphorylation rate: the relative intensities
of unphosphorylated and phosphorylated LMW substrate forms were
extracted from MS spectra, summed and set as 100%, to which the
proportion of unphosphorylated/phosphorylated forms was normalized
(Hromadkova et al., 2018)
In vitro sequential tau phosphorylation using GSK-33-loaded and ERK2-
loaded MPs
Tau phosphorylation analysis by western blot and MS (tau fragmentation,
enrichment by using TiO, and MS data analysis) are described in
(Hromadkova et al., 2018)

For more detailed information, all materials and methods are described in
published papers related to the topic of the thesis.



1d. Results and discussion

I.  The basic characteristics and reactivity of isolated natural tau-
reactive antibodies (nTau-Abs)

The latest therapeutic approaches to AD are using intravenous
immunoglobulin (IVIG) products. Therefore, the characterization of
target-specific antibodies naturally occurring in IVIG products is
beneficial. We focused on characterization of antibodies isolated against
tau protein (nTau-IVIG abs) from Flebogamma IVIG product
(Hromadkova et al., 2015; Krestova et al., 2017a). Moreover, the presence
of tau-reactive Abs was reported in human body fluids as well
(Rosenmann et al., 2006; Fialova et al., 2011; Bartos et al., 2012; Klaver
et al., 2017; Krestova et al., 2017a; Kuhn et al., 2018). Thus, we isolated
and characterized tau-directed antibodies also from pooled plasma samples
of patients with AD (nTau-AD Abs) and age-matched control subjects
(nTau-Ctrl Abs) (Krestova et al., 2017a).

The isolation process was assessed by ELISA in all fractions of
isolation (Fig 1A) and purity of isolated antibodies by SDS-PAGE
electrophoresis (Fig 1B). The elution fractions of nTau-AD Abs and nTau-
Ctrl Abs contained contaminant proteins, but we did not applied additional
purification steps before their basic characterization due to 1gG subclass
distribution maintenance.

The IgG subclass distribution was also investigated. The values of
individual 1gG subclasses in human plasma and IVIG products are
approximately: ~ 60% of IgG1, ~ 30% of 1gG2, ~ 6% of 1gG3, and < 4%
of 19G4 (Skvaril et al., 1977; French and Harrison, 1984). In initial pooled
AD plasma, we could observe less content of 1gG2 compared to 1gG2
levels in human plasma and IVIG Flebogamma. The isolated n-Tau Citrl
Abs were enriched with 1gG4 subclass and, interestingly, the 1gG3
subclass was present in the nTau-AD and nTau-Ctrl Abs only in trace
amount. In nTau-1VIG Abs fraction, the 1gG3 levels were elevated (Fig 2).



The 1gG3 subclass belongs to potent pro-inflammatory antibodies in early
response to protein and viral antigens with a shorter half-life (Vidarsson et
al., 2014). It is also suggested that natural IgG Abs are predominantly
IgG3 subclass-specific (Panda and Ding, 2015). Thus, differences in IgG
subclass distribution among isolated nTau-Abs may indicate altered
response to pathological forms of tau, but this hypothesis has to be
investigated in more details.
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Fig 1: (A) Isolation efficiency of natural anti-tau antibodies from 1VIG Flebogamma, plasma pools of
AD patients and control subjects estimated by ELISA. Serial dilution of each fraction was probed
against His-tagged tau 1-441 aa antigen. The detected signal is expressed as absorbance at 450nm
depending on the logarithm of sample dilution. (B) Verification of purity of isolated antibodies by
SDS-PAGE electrophoresis (4-15% Mini-PROTEAN® TGX™ Precast Protein Gel, Bio-Rad). Elution
fractions containing nTau-1VIG Abs (1: non-reducing, 1' reducing conditions), nTau-AD Abs (2, 2,
and nTau-Ctrl Abs (3, 3").

The reactivity of isolated nTau-Abs was evaluated against various
recombinant tau forms by Western blot (Fig 3). We also assessed the
specificity of isolated nTau-Abs for selected tau forms by ELISA and the
results confirmed the findings from Western blot where the preference of
nTau-AD Abs toward the tau 1-441 aa was observed confirmed as
compared to nTau-Ctrl and nTau-1VIG (Table 2).



We also evaluated the strength of binding of nTau-Abs expressed
as avidity index by dot-blot immunoassay (Svobodova et al., 2013).
Suprisingly, the avidity of nTau-AD Abs against tau 1-441 aa was found
to be low in contract to tau fragment 155-421 aa, whereas nTau-Ctrl and
nTau-IVIG showed comparable high avidity against both forms of tau
protein (Table 2).

IVIG Flebogamma Pooled AD plasma
4.3%_\13‘% 65%_ ST
61.7% 74.2%
nTau-IVIG Abs nTau-AD Abs nTau-Ctrl Abs
23% 0.13%__16% 0.6%_ 52%
64.0% 75.8% 74.8%

Fig 2: The distribution of 1gG subclasses in initial samples of IVIG Flebogamma and pooled plasma
from AD patients, and eluted fractions, nTau-1VIG, nTau-AD, and nTau-Ctrl antibodies, respectively.

Reactivity of all the isolated plasma nTau Abs was also verified
against native proteins present in the homogenates of human hippocampi
obtained from two AD and one control subject (Krestova et al., 2017a) by
Western blot. All isolated nTau Abs reacted similarly with brain-derived
proteins from tissue homogenates with a preference toward higher
molecular weight (HMW) proteins (Fig 3A, C, and E). Biotinylated
isolated nTau Abs showed an attenuation of the signal against HMW
proteins in brain homogenates (Fig 3B, D, and F). Especially, biotinylated



nTau-AD Abs showed similar staining pattern as rabbit polyclonal anti-tau
antibody, which was raised against the recombinant His-tagged tau 1-441
aa (Fig 3D, G). The detection of HMW proteins with nTau-Ctrl Abs was
comparable to monoclonal Ab AT180 which has specificity to phospho-
T231 of tau molecule (Fig 3F, H).

Table 1: The quantitative data of isolated antibodies reactivity with different tau
antigens established by ELISA nad Dot-blot immunoassay

Isolated nTau-Abs against

Tau 1-441 His-tag Tau 155-421 His-tag

Reactivity: nTau-1VIG Abs 1:195 1:173
ELISA dilution at nTau-AD Abs 1:756 1:595
0D 0.52 nTau-Ctrl Abs 1:67 N/A

nTau-1VIG Abs 1.54 1.78
Avidity index:

nTau-AD Abs 0.29 1.50
Dot-blot?

nTau-Ctrl Abs 1.27 1.56

2 The results are expressed as a dilution of antibodies reacting with antigen (0.1pg/well) to reach OD
0.5 at 450nm; ° Avidity index is expressed as molarity of ammonium thiocyanate (M) that causes the
decrease of initial sample signal (in the absence of thiocyanate) on the value of 50%. N/A = not
applicable

The findings of different reactivity profile, 1gG subclass
alterations, and avidity of natural tau-reactive antibodies isolated from
IVIG Flebogamma and pooled plasma samples from AD patients and
control subjects may indicate the participation of humoral immune system
in clearance of altered tau molecules. But more experiments are needed to
prove our data and suggested hypothesis.
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Fig 3: Reactivity of isolated nTau antibodies against recombinant full-length tau 1-441 aa and tau
fragment 155-421 in non-phosphorylated/phosphorylated forms (left panel) and against brain-derived
proteins in human brain homogenates (right panel). Adapted from (Krestova et al., 2017a).

Il.  Non-specific sorption of tau fragment with specific
aggregation-prone properties and hydrophobic region
occurring in methods of epitope mapping with MS analysis

Mass spectrometry (MS) coupled with bioaffinity separation
techniques is considered a powerful tool for studying protein interactions.
We focused on epitope analysis of tau protein, which contains two
VQIXXK pro-aggregation motifs regarded as crucial elements in the



formation of PHFs, the main pathological characteristics of AD. To
identify major immunogenic structures, the epitope extraction technique
utilizing protein fragmentation, magnetic microparticles functionalized
with specific antibodies and final MS analysis was applied (Jankovicova et
al., 2008).

The human full-length recombinant tau protein (1-441 aa) was cleaved
by immobilized TPCK-trypsin and the generated mixture of tryptic
fragments represent the starting material for epitope extraction procedure.
To implement the epitope extraction procedure for tau, the immunosorbent
with anti-tau mAb clone 7E5 (epitope 155R-A166) was prepared
(Jankovicova et al., 2014; Hromadkova et al., 2016). Regardless of the
applied immunosorbent specificity, we repeatedly found in MS spectra of
elution fractions a tryptic fragment correspond to tau amino acid sequence
299-HVPGGGSVQIVYKPVDLSK-317, whose natural adhesiveness
devaluated the experimental results (Fig 5A).

Therefore, we introduced several conventional alternations to avoid
this nonspecific adsorption. An additional coating of MPs surface by inert
protein BSA was applied. We also blocked the remaining reactive groups
on MPs surface by ethanolamine/Tris or we reduced the hydrophobicity of
beads by polymers m-PEG-NH; (Hermanson 2013; Kucerova et al., 2014).
But none of these approaches prevent the non-specific sorption of the
tryptic fragment (Fig 4). Also, the additional incubation step with 8M urea
during the washing steps has no effect (Fig 5B).

Moreover, the tryptic fragment pro-aggregation and hydrophobic
properties that might contribute to adsorption phenomenon were
confirmed by Thioflavin S assay (Friedhoff et al., 1998) and reversed-
phase chromatography (Hromadkova et al., 2016) (data not shown).
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Fig 4: Representative MS spectra show that conventional approaches of modification of magnetic
particles surface are not able to prevent the nonspecific adsorption of tryptic fragment 299-
HVPGGGSVQIVYKPVDLSK-317 (m/z 1980.0912, in red circle). Additional coating of beads
surface by BSA (A), blocking of the remaining reactive groups on beads surface by ethanolamine (B)
or Tris (C), and reduction of beads hydrophobicity by polymers m-PEG-NH, (D) were insufficient to

avoid non-

specific sorption.



As an alternative step, we tested the effect of tau fragmentation
simultaneously by two immobilized proteases, TPCK-trypsin and o-
chymotrypsin (Hromadkova et al.,, 2016). Tryptic digestion was
maintained to obtain fragments of a length appropriated for MS analysis
and chymotrypsin was selected based on its cleavage preferences that
enable to cleave peptide bond 310-YK-311 solely in the PHF6 minimal
interaction motif (Table 2). This multi-enzymatic approach appeared to be
efficient for the elimination of the non-specifically interacting tau
fragment in eluted fractions, whereby fragments encompassing the epitope
specific for anti-tau antibody 7E5 (m/z 1423.7461 and 1449.6355)
remained detectable in spectra (Fig 5C).

Table 2: Basic characteristics of adhesive tau fragment generated after tryptic
digestion and newly-formed fragments after tryptic/chymotryptic digestion

Immobilized Generated peptide sequence [M+H]* Missed pl

enzymes cleavage

TPCK-trypsin 299-HVPGGGVQIVYKPVDLSK-317 1980.0912 0 8.5
299-HVPGGGVQIVYKPVDL-315 1764.9643 1 6.7
299-HVPGGGVQIVY-310 1212.6371 0 6.7

TPCK-trypsin +

a-chymotrypsin 301-PGGGSVQIVY-310 976.5098 0 6.0
311-KPVDLSK-317 786.4720 1 8.6
311-KPVDL-315 571.3450 0 5.8

Theoretically estimated peptide fragments of tau protein (human tau-F isoform) including aggregation
PHF6 motif and generated by in-silico enzymatic digestion. The amino acid sequence of the PHF6
motif is highlighted in bold.
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Figure 5: (MALDI)-Orbitrap spectra of elution fractions obtained by epitope extraction using 7E5
monoclonal anti-tau Ab in combination with: (A) tau digested by immobilized TPCK-trypsin, (B) tau
digested by immobilized TPCK-trypsin and an additional 8M urea washing, and (C) tau digested by
immobilized TPCK-#rypsin and a-chymotrypsin. Peptides belonging to adhesive fragment 299H-317K
are marked with asterisk. Amino acid sequence 156-GAAPPGQKGQANATR-170 with theoretical m/z
1423.75 (circled) contains the epitope 155R-A166 specific to mAb, clone 7ES5.

This study shows pitfalls of epitope extraction technique with tau
protein. We provided information about the adhesive character of the
tryptic tau fragment 299-HVPGGGSCQIVYKPVDLSK-317 containing
PHF6 minimal aggregation protein and the most hydrophobic tau region.
Our findings show the significance of negative controls and offer the
solution how to effectively overcome the difficulties associated with the
adhesiveness of peptides linked with specific sequence motifs. This
optimized protocol will be applied in determination of epitopes interacting
with antibodies of unknown tau epitope specificity.



I11.  Kinase-loaded magnetic particles as a reusable system for
sequential in vitro tau phosphorylation

ERK2 and GSK-3B immobilization onto magnetic particles (MPs)
either by affinity to beads decorated by Ni?*/Co®" or by covalently bonding
of amine groups in proteins to beads functionalized with carboxylic or
aldehyde groups was successfully achieved since the immobilized forms
of kinases are still active (Table 3).

Table 3: Kinase activity after immobilization to magnetic particles, as measured
against low-molecular-weight substrates

Recombinant Magnetic particles Enzyme Phosphorylation Phosphorylation
kinase bound? conditions rate [%]°
GSK-3p His-tag SiIMAG-IDA/Ni?* 20U 5h, 30°C ~90.0

GSK-38 His-tag SiMAG-IDA/Co®* 20U 5h, 30°C ~90.0

GSK-3B (NEB) BcMag beads 1667U 5h, 30°C ~95.0

GSK-38 (NEB) SeraMag SpeedBeads 1667U 6h, 30°C 96.6 £2.79
ERK2 SeraMag SpeedBeads 275U 6h, 30°C 91.9+3.78

2Same as the amount of enzyme bound to beads, since no kinase activity was detected in the
supernatant collected after immobilization
®Calculated according to (Hromadkova et al., 2018) as described in section 3a Materials and Methods

The six days storage stability was subsequently tested with all
kinase-loaded MPs, but only systems with covalently attached kinases
onto BcMag beads or SeraMag SpeedBeads were stable after these six
days storage at 4°C (data not shown). Thus, we therefore selected
ERK2/GSK-3p loaded SeraMag MPs (referred to ERK2-loaded/ GSK-3§-
loaded MPs) as the immobilized kinase system to test their operational and
storage stability. After 10 assays of operational stability test, the activity
of immobilized GSK-3B was essentially intact at 95.5 £+ 0.34% in the tenth



cycle (Fig 6A). In contrast, ERK2-loaded MPs were less operationally
stable, with activity decreasing to 36.2 + 2.01% in the tenth assay (Fig
6B). Due to great operational stability of GSK-3p-loaded MPs, we also
investigated its storage stability that showed the activity remains fully
active even after 42 days at 4°C (Fig 6C).

Finally, kinase-loaded SeraMag MPs were applied to
phosphorylate full-length recombinant tau protein (1-441 aa). Altered
GSK-3B activity is associated abnormal phosphorylation of tau,
highlighting its suitability as a model substrate (Magbool et al., 2016). In
addition, GSK-3f has enhanced affinity for pre-phosphorylated substrates
with motif SXXXpS (Dajani et al., 2001; Buch et al., 2010). Accordingly,
pre-phosphorylation by ERK2, for instance, may influence GSK-3f3
activity against Ser/Thr residues in tau (Martin et al., 2013). Thus, tau was
phosphorylated sequentially with SeraMag beads loaded with ERK2 and
GSK-3p. Phosphorylation of specific positions T231, S356, and S396 in
tau was confirmed by western blot (data not shown). In addition, tryptic
digestion, TiO, enrichment, and microgradient separation of the final
product generated 26 phosphopeptides on mass spectrometry, 20 of which
contained two or more phosphorylations (data not shown). Mapping of
phosphorylation is ongoing.

In the published article (Hromadkova et al., 2018), we reported for
the first time that covalent immobilization of ERK2 and GSK-3p produces
highly reusable, stable kinases. This system with active forms of kinases
loaded to SeraMag MPs were tested with tau protein to obtained
sequentially phosphorylated product of high purity.
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Figure 6: Operational stability of SeraMag beads loaded with (A) GSK-3p and (B) ERK2, and the
storage stability of GSK-3B-loaded SeraMag beads at 4°C (C). Activity was measured by
phosphorylation of low-molecular-weight substrates and calculated according to (Hromadkova et al.,
2018) as briefly described in section 3a Materials and Methods.



le. Conclusion

The thesis is mainly focused on basic characterization of naturally
occurring tau-reactive antibodies (nTau-Abs). We successfully isolated
nTau-Abs from pooled plasma samples obtained from AD patients, control
individuals, and from IVIG product Flebogamma. Among these three
groups, the basic characterization showed differences in reactivity with
applied tau forms varied in their most pathologically relevant post-
translational modifications; truncation, phosphorylation, and aggregation,
respectively. Our results support the concept that the repertoire of nTau-
Abs is a natural part of the humoral immune system. This project is
ongoing to confirm our hypothesis that the function of nTau-Abs is rather
protective via their participation in clearance of putative toxic tau forms
and this system is altered in AD as may indicate these results so far.

Thus, introduction and optimization of epitope mapping methods,
which may unravel the main antigenic structure of modified and misfolded
tau, are also included. We showed that pro-aggregation and hydrophobic
properties of tau regions may be enhanced by tau fragmentation which is
widely used in proteomic studies and may lead to non-specific sorption of
such fragments and erroneous interpretation of results. Thus, we suggested
disturbing the key pro-aggregation sequences by a combination of
proteases to suppress non-specific sorption of such fragments to obtain
more relevant results.

The last sub-project of this thesis was to develop a reusable
system for sequential in vitro phosphorylation to produce highly pure
defined phosphorylated forms of tau protein applicable in isolation
procedures and sensitive immunoassays with nTau-Abs. We introduced
the preparation of kinase-loaded magnetic beads with numerous
advantages, such as their reusability with respect to economic aspect, the
more controllable process of phosphorylation, and a high purity of final
phosphoprotein. This system was shown to be successfully applied with
tau protein. This part of the project is ongoing and is promisingly
developed.



2. CESKA CAST




2a. Uvod

Tau protein je s mikrotubuly asociovany protein nachazejici se
témet vyhradné v axonech nervovych bunek, kde napomaha pti formovani
mikrotubult a jejich stabilizaci. Tau protein se mimo jiné fadi do skupiny
tzv. ptirozené nesbalenych proteini, které nemaji tercialni strukturu a
pouze n¢kolik malo usekd v jejich molekule ma tendenci utvaiet
uspotadani o-helixu nebo B-skladaného listu (Schweers et al., 1994,
Gamblin, 2005; Skrabana et al., 2006).

Za patologickych podminek je tau protein abnormalné post-
translacné modifikovan a nabyva nespravné konformace. Nejdelsi forma
lidského tau proteinu obsahuje 85 aminokyselin, které mohou byt
fosforylovany. Proto je fosforylace nejvice studovanou post-translacni
modifikaci (PTM) ve vztahu ke tvorbé toxickych forem tau proteinu u
Alzheimerovy nemoci (AN) (Gong et al., 2006; Martin et al., 2013).
Abnormalni fosforylace az hyperfosforylace tau proteinu postupné vede
Kk tvorbé oligomerti a parovych helikalnich filament (PHFs), které se
ukladaji ve formé& nerozpustnych intracelularnich neurofibrilarnich
smotkd. Tyto agregaty jsou jednim z hlavnich histopatologickych nalezi u
AN (Wang et al., 2013).

Mnoho studii dokazuje, ze AN lze fadit mezi nemoci zplsobené
tzv. patologickou konformaci proteint. Z tohoto dtivodu se stale vice do
popiedi zajmu v terapeutickych pristupech dostdva imunoterapie zalozena
na protilatkach, které by cilené¢ eliminovaly poskozené, strukturné
pozménéné a agregované formy proteind. Jednim znovych trendd je
vyuZziti preparati intraven6znich imunoglobulind (IVIG), dnes bé&zné
pouzivanych v 1é¢bé nekterych neurologickych onemocnéni (Durandy et
al., 2009; Zivkovic, 2016). Mozné vyhody 1écby AN pomoci IVIG
preparati lze spatfovat v jejich imunomodulaénich a protektivnich
ucincich. Provedené klinické studie s IVIG prozatim vSak nepfinesly



oc¢ekavané vysledky a nemély zadny nebo pouze minimalni efekt na
zmirnéni klinickych ptiznakiit AN (Relkin et al., 2014; Cummings et al.,
2017). IVIG jsou koncentrované preparaty imunoglobulinti podtiidy G
(IgG) ziskané z plazmy tisicii darcti. Prevdzna vétsina téchto IgG patii do
skupiny tzv. pfirozené¢ se vyskytujicich protilatek, jejichz funkce jsou
pouze CasteCné popsany. Pfirozené protilatky reagujici stau proteinem
byly popsany také v IVIG preparatech (Smith et al., 2013; Smith et al.,
2014; Loeffler et al., 2015; Hromadkova et al., 2015; Krestova et al.,
2017a). Mimo IVIG byly detekovany také v séru a mozkomisnim moku
zdravych lidi a pacientd s AD (Rosenmann et al., 2006; Fialova et al.,
2011; Bartos et al., 2012; Klaver et al., 2017; Krestova et al., 2017a; Kuhn
et al., 2018). Jejich izolace a charakterizace, ktera by 1épe poodkryla jejich
vyznam, vSak stale chybi. Z tohoto diivodu jsme se zaméfili na pfirozené
tau-reaktivni protilatky, které jsme uspésné izolovali z IVIG preparatu
Flebogamma, zplazmy pacientt s AD a stejné starych kontrol
(Hromadkova et al., 2015; Krestova et al., 2017a,b). Domnivame se, Ze
jejich charakterizace a zmapovani jejich reaktivniho profilu i s ptipadnymi
rozdily, které jsou pfedmétem této prace, pomohou lépe pochopit jejich
funkci ve vztahu Kk patologii tau proteinu. V navaznosti na toto téma jsme
také zavedli metodu epitopové extrakce s tau proteinem a navrhly systém
imobilizovanych kinaz pro postupnou in vitro fosforylaci tau proteinu.



2b. Hypotézy a cile prace

Uvazime-li, ze hlavnimi histopatologickymi znaky v mozkové tkani AN
pacientl jsou senilni plaky tvofené peptidy amyloidu beta a neurofibrilarni
smotky obsahujici konformaéné pozménéné formy tau protein, Ize AN
pokladat za nemoc zpisobenou patologickou konformaci proteinti. Prave
eliminace vzniku a ukladani toxickych forem proteinti s pozménénou
konformaci nebo jejich odklizeni by mohly byt klicovymi mechanismy
viécbeé AN. V duchu této hypotézy se nyni zkoumaji moznosti
imunoterapie zalozené na podavani protilatek namifenych proti
patologickym formam amyloidu beta a/nebo tau proteinu. Tau patologie u
AN je z velké ¢asti na poruchach metabolismu amyloidu beta nezavisla a
jeho anomalie 1épe koreluji sprogresi AN v mozkové tkani.
Charakterizace ptirozené€ se vyskytujicich protilatek namifenych proti tau
proteinu, které byly detekovany také v IVIG preparatech objevujicich se
v klinickych studiich, je velice dilezitym tématem.

wr 7

V praci byly stanoveny tyto dil¢i cile:

1) Jednim z hlavnich cilii této prace byla charakterizace tau-reaktivnich
ptirozené se vyskytujicich protilatek izolovanych z plazmy pacientl
s AN, kontrolnich subjektd a z IVIG preparatu.

2) V souvislosti s predeslym cilem bylo také nutné peclivé optimalizovat
podminky analyz vyZadujicich fragmentaci tau proteinu (napf.
epitopové mapovani), kdy se mohou vlastnosti nékterych jeho useki
negativné projevit na interpretaci dat z hmotnostni spektrometrie.

3) Dalsim podprojektem byla pfiprava imobilizovanych kindz a jejich
pouziti k fosforylaci rekombinantnich tau forem pro aplikace
v citlivych imunoanalytickych metodach slouzicich k charakterizaci
ptirozenych tau-reaktivnich protilatek.
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Material a metodika

Zakladni charakteristika a reaktivita izolovanych prirozenén se

vyskytujicich tau-reaktivnich (nTau) protilatek
n-Tau protilatky izolované z IVIG Flebogamma® (5% DIF, 5g/ml, Grifols
Biologicals Inc., Los Angeles, USA) a smésnych vzorkil plazmy od sedmi
zdravych kontrol a &tyi pacientd s AN nizkotlakou afinitni chromatografii
Piiprava rekombinantnich tau proteint s 6x histidinovou kotvou (tau 1-441 a
zkracena forma 155-421) a jejich in vitro fosforylace jsou popsany v praci
(Hromadkova et al., 2015). Levé hemisféry hipokampi od dvou AN
pacienti a jedné kontroly byly homogenizovany dle (Krestova et al., 2017a)
Utinnost izolace a Cistota eluénich frakci: SDS-PAGE elektroforéza a
ELISA (Hromadkova et al., 2015; Krestova et al. 2017a,b)
19G izotypizace: IgG Subclass ELISA kit (Invitrogen, Camarillo, USA)
Reaktivita a aviditni index nTau protilatek: Western blot, ELISA (Krestova
etal., 2017a) a dot-blot imunoesej (Hromadkova et al., 2015)

Nespecificka sorpce tau fragmentu, obsahujiciho pro-agregacni

motiv a hydrofobni oblast, ktera ovliviiuje vysledky metod

epitopového mapovani spojené s MS analyzou
Rekombinantni nejdelsi forma lidského tau (Enzo Life Sciences,
Farmingdale, USA), syntetizovany peptid odpovidajici 299H-317K tau
sekvence (Apronex, Praha, CZ) monoklonalni anti-tau protilatka, klon 7ES
(AJ Roboscreen, Leipzig, Némecko)
Epitopova extrakce: kovaletné navazané 7ES5 anti-tau protilatky na
magnetické partikule Sera-Mag carboxylate-modified magnetic SpeedBeads
(dale zavedena zkratka MPs, Thermo Fisher Scientific, Waltham, USA)
pomoci karbodiimidové jednokrokové metody. Metoda epitopové extrakce
blize popsana v (Jankovicova et al., 2014; Hromadkova et al., 2016)
Proteolyza tau proteinu: TPCK-oSetieny trypsin a/nebo a-chymotrypsin
kovalentné vazané na MP dle (Hromadkova et al., 2016) v molarnim poméru
k tau 1:20



>

Metody potlaceni nespecifické sorpce tau fragmentu: (1) inkubace MPs
s BSA, modifikace povrchu MP (2) ethanolaminem/Tris nebo (3) PEG, (4)
pridavna inkubace s 8M mocovinou

MS analyza and RP-LC separace pospana v (Hromadkova et al., 2016)

ThS méfeni fluorescence bez nebo v pfitomnosti heparinu

Magnetické c¢astice s vazanymi kindzami jako opakovatelné

pouzitelny systém pro postupnou in vitro fosforylaci tau proteinu
Orientovana vazba krali¢i GSK-3 s histidinovou kotvou (Sigma-Aldrich)
pomoci afinity na SIMAG-IDA MPs (Chemicell GmbH, Berlin, Némecko),
které nesly Ni?* nebo Co%* ionty (Hromadkova et al., 2018)
Neorientovana imobilizace aktivni formy kralici GSK-3p (New England
Biolabs, Ipswich, USA) a aktivni lidské formy ERK2 (Biaffin GmbH & Co
KG, Kassel, Némecko) na BcMag MPs s aldehydovymi skupinami
(BioClone Inc., San Diego, USA) nebo SeraMag MPs s karboxylovymi
skupinami (Hromadkova et al., 2018)
Fosforylace nizkomolekularnich substrati: fosfopeptid CREB (New England
Biolabs) a e-elF2B (Enzo Life Sciences) pro stanoveni aktivity GSK-3p a
TH24-33 (Enzo Life Sciences) pro stanoveni aktivity ERK2
Operacni a skladovaci stabilita kindz vazanych na MPs
Semi-kvantitativni  stanoveni miry fosforylace: relativni intensity
nefosforylované a fosforylované formy nizkomolekularniho substratu
ziskané z MS spekter byly secteny jako 100% a procentudlni zastoupeni
obou forem bylo poté vztazeno k této hodnoté (Hromadkova et al., 2018)
In vitro postupna fosforylace tau protein s vyuzitim GSK-3f a ERK2
imobilizovanych na MPs
Analyza tau fosforylace pomoci Western blot a MS (tau fragmentace,

obohaceni na TiO- casticich a MS analyza dat) jsou detailnéji popsany v
(Hromadkova et al., 2018)

v

Pro detailngjsi informace tykajicich se materidlu a metodiky odkazuji na
publikované ¢lanky souvisejici s tématem disertaéni prace (citace).



2d. Vysledky a diskuze

I.  Zakladni charakterizace a reaktivita izolovanych prirozené se
vyskytujicich tau-reaktivnich protilatek (nTau-Abs)

Mezi posledni trendy v terapii AN patii také aplikace IVIG preparatu.
Charakterizace protilatek z IVIG namifenych proti specifickym cilovym
proteinum by dozajista pomohla 1épe pochopit jejich funkce. V této praci
jsme se zaméfili na charakterizaci pfirozenych protilatek izolovanych proti
tau protein z IVIG preparatu Flebogamma (nTau-1VIG Abs) (Hromadkova
et al., 2015; Krestova et al., 2017ab). Byly publikovany prace
vypovidajici o pfitomnosti téchto protilatek také v lidském biologickém
materialu u kontrol a pacientd s AN AD (Rosenmann et al., 2006; Fialova
et al., 2011; Bartos et al., 2012; Klaver et al., 2017; Krestova et al., 20173a;
Kuhn et al., 2018), proto jsme provedli izolaci a charakterizaci nTau
protilatek ze smésnych vzorki plazmy AN pacienti (nTau-AD Abs) a
kontrolnich darct (nTau-Ctrl Abs) (Krestova et al., 2017a).

Samotny proces izolace byl sledovan metodou ELISA, kterou bylo
detekovdno mnozstvi nTau-Abs ve vSech izola¢nich frakcich (Obr 1A).
Cistota elu¢nich frakci byla hodnocena pomoci SDS-PAGE elektroforézy
(Obr 1B). Elu¢ni frakce s nTau-AD a nTau-Ctrl Abs obsahuji necistoty,
ale pro zakladni charakterizaci jsme se snazili vyhnout pfidavnym
precistovacim krokiim, aby nedoSlo k ovlivnéni napiiklad zastoupeni
jednotlivych IgG podtiid.

Nasledovalo hodnoceni zastoupeni jednotlivych IgG podtiid.
Procentualni zastoupeni individualnich IgG podtfid v lidské plazmé a
IVIG preparatech je nasledujici: ~ 60% IgG1, ~ 30% IgG2, ~ 6% IgG3 a <
4% 19G4 (Skvaril et al., 1977; French and Harrison , 1984). V ptivodnim
smésném vzorku AN plazmy jsme naméfili niz8i hodnoty pro 19G2 v
porovnani s hodnotami IgG2 bézné udavanymi pro lidskou plazmu a nez v
preparatu IVIG Flebogamma. Izolované nTau-Ctrl Abs obsahovaly vyssi
procentudlni podil IgG4 molekul. Zajimavy vysledek jsme naméfili pro



IgG3 zastoupeni u izolovanych nTau-AD a nTau-Ctrl Abs, které zde byly
detekovatelné pouze ve stopovém mnozstvi. U frakce nTau-1VIG Abs byl
naopak podil IgG3 frakce zvySen (Obr 2). Podtfida IgG3
obsahuje potencialni prozanétlivé protilatky, které maji kratkou zivotnost
a podileji se na ¢asné odpovédi proti proteinovym a virovym antigentim
(Vidarsson et al., 2014). Je také diskutovano, Ze pravé protilatky pattici do
IgG3 podtridy tvoii znacnou Cast pfirozené se vyskytujicich protilatek
(Panda and Ding, 2015). Zjisténé rozdily v zastoupeni jednotlivych IgG
podtiid mezi izolovanymi frakcemi protilatek mohou poukazovat na
probihajici zmény v odpovédi na pfitomnost patologickych forem tau
proteinu. Ale K potvrzeni této hypotézy musi byt v budoucnu provedeno
vice experimentalnich méfeni.

A. B
20 -~ IVIG Flebogamma L
--- Smisny vzorek plazmy od kontrol -
-
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Obr 1: (A) Efektivita izolace pfirozenych nTau protilatek z IVIG Flebogamma, smésnych vzorki
plazmy od AN pacientii a kontrol hodnocena metodou ELISA. Postupné fedéni jednotlivych frakci
bylo zkouméno proti tau 1-441 aa s histidinovou kotvou jako antigenu. Detekovany signal je vyjadien
jako absorbance pii 450nm v zavislosti na logaritmu fedéni vzorkd. (B) Ovéfeni &istoty izolovanych
nTau protilatek pomoci SDS-PAGE elektroforézy (4-15% Mini-PROTEAN® TGX™ Precast Protein
Gel, Bio-Rad). Elu¢ni frakce obsahujici nTau-IVIG protilatky (1: neredukujici, 1' redukujici
podminky), nTau-AD protilatky (2, 2'), and nTau-Ctrl protilatky (3, 3).

Reaktivity izolovanych nTau-Abs s riznymi rekombinantnimi
formami tau proteinu byla vySetfena metodou Western blot (Obr 3). K
hodnoceni reaktivity byla aplikovana také ELISA, ktera vysledky z



Western blot potvrdila. Protilatky nTau-AD se preferenéné vazou S
nejdelsi formou lidského tau 1-441 v porovnani s nTau-Ctrl a nTau-IVIG
Abs (Tabulka 1).

IVIG Flebogamma Smésna AN plazma
43% Wli% 65%._ sis
6L7% T4.2%
nTau-IVIG Abs nTau-AD Abs nTau-Ctrl Abs
2.3% 0.13%_ L6% 0.6%. 5:2%
|l 4 A
64.0% 75.8% 74.8%

Obr 2: Zastoupeni IgG podttid v piivodnim vozrku IVIG Flebogamma a smésném vzorku plazmy od
AN pacientii a v eluénch frakcich obsahujicich nTau-AD, nTau-IVIG a nTau-Ctrl protilatky.
(Abs = protilatky)

Silu vazby mezi izolovanymi nTau-Abs a tau proteinem jsme
vyjadiili  hodnotou aviditniho indexu méfeného metodu dot-blot
imunoeseje (Svobodova et al., 2013). V piipadé nejdelsi lidské formy tau
proteinu (1-441 aa) byl aviditni index nTau-AD Abs Vv porovnani
s aviditnimi indexy nTau-Ctrl a nTau-IVIG Abs nizsi. Zatimco s tau
fragmentem 155-421 mély vSechny tfi izolované vzorky protilatek aviditu
srovnatelnou (Tabulka 1).



V neposledni fad€ nés zajimala reaktivita izolovanych protilatek s
nativnimi formami tau proteinu. K tomuto Gcelu jsme vyuzili Western blot
s homogenaty z lidskych hipokampt ziskanych od dvou AN a jednoho
kontrolniho subjektu (vlastni pfiprava homogenatl je popsana v Krestova
et al., 2017a). VSechny tii frakce izolovanych nTau-Abs vykazovaly
podobnou reaktivitu s proteiny vyssich molekularnich hmotnosti (Obr 3A,
C a E). Biotinylované formy izolovanych nTau-Abs davaly obecné s
vysokomolekuldrnimi proteiny niz$i odezvu signalu (Obr 3B, D a F).
Hlavni rozdil byl u biotinylovanych nTau-AD Abs, které mély reaktivitu
s nizkomolekularnimi formami tau podobnou jako polyklonalni krali¢i
protilatky ziskané z kralika imunizovaného rekombinantni formou tau 1-
441 aa (Obr 3D, G). Reaktivita biotinylovanych nTau-Ctrl Abs byla
srovnatelna s reaktivitou AT180 protilatek, které jsou specifické pro tau
fosforylovany na pozici T231 (Obr 3F, H).

Tabulka 1: Kvantitativni data o reaktivité izolovanych nTau protildtek s riiznymi
formami tau jako antigenu, které byly ziskany z ELISA a dot-blot imunoeseje

Izolované nTau protilatky proti

Tau 1-441 His-tag Tau 155-421 His-tag

Reaktivita: nTau-1VIG 1:195 1:173
ELISA — fedéni pfi nTau-AD 1:756 1:595
0D 0.52 nTau-Ctrl 1:67 N/A

nTau-IVIG 1.54 1.78
Aviditni index:

nTau-AD 0.29 1.50
Dot-blot?

nTau-Ctrl 1.27 1.56

2 Vysledky vyjadieny jako fedéni protilatek reagujicich s antigenem (0.1pg/jamka), kdy dosahnou OD
0.5 pti absorbanci 450nm; ® Aviditni index je vyjadien jako molarita thiokyanatanu amonného (M),
ktera zpusobi pokles signalu v porovnani se signalem pocateéniho vzorku (absence thiokyanatanu
amonného) na hodnotu 50%. N/A = nezméfeno.
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Obr 3: Reaktivita izolovanych nTau protilatek s rekombinantni nejdelsi lidskou formou tau 1-441 a
tau fragmentem 155-421 (levy panel) a s proteiny piitomnymi v homogenizované tkani lidskych
hipokampii (pravy panel). Pievzato z (Krestova et al., 2017a), kde je metoda detailn&ji popséna.

Nalezené rozdily v reaktivnim profilu, zastoupeni jednotlivych IgG
podtiid a avidité pfirozenych tau-reaktivnich protilatek izolovanych z
IVIG preparatu Flebogamma a smésnych vzorkl plazmy z AN pacientt a
kontrol mohou poukazovat na ulohu humoralni sloZky imunitniho systému
v odstraniovani patologickych forem tau proteinu. Ale pro blizsi odhaleni
presnych mechanismii, jak se prirozené tau-reaktivni protilatky podileji na
tau biologii, bude potieba vice experimentt.



I1.  Nespecifickd sorpce tau fragmentu, obsahujiciho specificky
pro-agregacni motiv a hydrofobni oblast, ktera ovliviiuje
vysledky metod epitopového mapovani spojené s MS analyzou

Hmotnostni spektrometrie (MS) spojena s bioafinitnimi separa¢nimi
technikami je povazovédna za uzite¢ny nastroj pro Studium proteinovych
interakci. Zaméfili jsme se na epitopovou analyzu tau proteinu, ktery ma
ve své molekule dva VQIXXK pro-agregaéni motivy povazované za
klicové aminokyselinové sekvence pii vzniku PHFs — hlavnich
patologickych znaka charakterizujicich AN (citace). Metoda epitopové
extrakce vyuzivajici proteolytické fragmentace proteinu, magnetické
mikroc¢astice funkcionalizované specifickymi protilatkami a MS analyzu
byla zavedena pro identifikaci hlavnich imunogennich struktur tau
proteinu (Jankovicova et al., 2008).

Rekombinantni lidsky tau protein 1-441 byl §tépen imobilizovanym
TPCK-trypsinem a smés nové vzniklych tryptickych tau fragmentt
reprezentovala pocate¢ni material pro epitopovou extrakci. Pro zavedeni
tohoto protokolu s tau jsme pouzili imunosorbent s anti-tau protilatkami,
klon 7E5 proti epitopu 155R-A166 (Jankovicova et al., 2014;
Hromadkova et al., 2016). T pfes pouziti protilatky o znamé epitopové
specifité, jsme v MS spektrech elucnich frakci opakované nachazeli
trypticky fragment odpovidajici aminokyselinové sekvenci 299-
HVPGGGSVQIVYKPVDLSK-317 tau proteinu, jehoz pfirozena
adhezivita znehodnocovala experimentalni vysledky (Obr 5A).

Dalsim krokem byla proto snaha potlacit jeho nespecifickou sorpci
nékolika bézné zavedenymi metodami. Byly aplikovany metody pokryti
povrchu MPs pomoci BSA, dale blokace zbylych reaktivnich skupin na
povrchu MPs pomoci etanolaminu/Tris nebo snizeni hydrofobity castic
jejich pegylaci (Hermanson, 2013; Kucerova et al., 2014). Ale zadny z
téchto pristupl nezabranil nespecifické sorpci tryptického fragment (Obr



4). Ani pfidavnd inkubace s 8M mocovinou nepiinesla potladeni
ptitomnosti tohoto fragmentu v eluénich frakci (Obr 5B).
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Fig 4: MS spektra ukazujici nea¢innost b&zné pouzivanych pfistupli na potlaceni nespecifické sorpce
tryptického tau fragment 299-HVPGGGSVQIVYKPVDLSK-317 (m/z 1980.0912, ¢ervené). Piidavné
modifikace povrchu magnetickych castic BSA (A), blokace zbylych reaktivnich skupin na ¢asticich
etanolaminem (B) nebo Tris (C), snizeni hydrofobity ¢astic polymerem m-PEG-NH, (D).

Navic pro-agregaéni a hydrofobni vlastnosti tohoto tryptického
fragmentu, které se na adsorbénim fenoménu mohou podilet, byly neptimo



potvrzeny Thioflavin S eseji (Friedhoff et al., 1998) a chromatografii na
obracené fazi (data neukazana) (Hromadkova et al., 2016).

Jako alternativni pfistup zamezeni sorpce fragmentu na povrch
MPs byl testovan vlastni efekt fragmentace tau proteinu dvéma
imobilizovanymi  kinazami  soucasné, TPCK-trypsinem a «a-
chymotrypsinem (Hromadkova et al., 2016). Tento systém byl vybran,
protoze proteolyza trypsinem zajiStuje vznik fragmentd optimalni délky
vhodnych pro MS analyzu a chymotrypsin $tépi mezi aminokyselinami
310-YK-311 nachéazejicimi se vyhradn¢ v PHF6 minimalnim
interagujicim motivu (Table 2). Pouziti tohoto vice enzymového systému
pro fragmentaci tau proteinu se ukazal jako dostateCny pro vlastni
eliminaci nespecifické sorpce tau fragmentu, ktery se jiz v elu¢nich frakci
stejné jako nové vzniklé fragmenty neobjevovaly. Useky tau proteinu
obsahujici epitope specificky pro protilatku 7E5 (m/z 1423.7461 and
1449.6355) byly v MS spektrech stale detekovatelné (Obr 5C).

Tabulka 2: Zdkladni viastnosti adhezivniho tau fragmentu generovaného po
Stepeni trypsinem a nové vzniklych peptidii po Stépeni systémem
trypsin/chymotrypsin

Imobilizované Sekvence vzniklych fragment [M+H]* VCI}ybCJ,lCl pl

enzymy Stépeni

TPCK-trypsin 299-HVPGGGVQIVYKPVDLSK-317  1980.0912 0 8.5
299-HVPGGGVQIVYKPVDL-315 1764.9643 1 6.7
299-HVPGGGVQIVY-310 1212.6371 0 6.7

TPCK-trypsin +

a-chymotrypsin 301-PGGGSVQIVY-310 976.5098 0 6.0
311-KPVDLSK-317 786.4720 1 8.6
311-KPVDL-315 571.3450 0 5.8

Teoreticky odvozené peptidové fragmenty tau proteinu (izoforma F lidského tau) zahrnujici pro-
agregatni motiv PHF6 a vzniklé in-silico enzymatickou fragmentaci. Aminokyselinova sekvence
PHF6 motivu je zvyraznéna.



Tato studie ukazuje na mozna uskali, se kterymi se lze potykat béhem
epitopového mapovani s tau proteinem, konkrétné u tehnik epitopové
extrakce. Dale poskytuje informace o adhezivnim charakteru tryptického
tau fragmentu 299-HVPGGGSCQIVYKPVDLSK-317 obsahujiciho PHF6
minimalni interakéni motiv a nejvice hydrofobni usek tau proteinu.
Experimntalni vysledky dale vyzdvihuji vyznam negativnich kontrol a
tento Clanek nabizi alternativni feSeni, jak efektivné ptedejit problémiim
spojenych s adhezivitou peptidd nesoucich specifické aminokyselinové
sekvence. Nové optimalizovany protokol je postupné zavadén pro ucely
nalezeni tau epitopd reagujicich s anti-tau protilatkami o neznamé
epitopové specificité, které je tfeba charakterizovat.
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Obrazek 5. (MALDI)-Orbitrap spektra elucnich frakci ziskanych epitopovou extrakci s vyuzitim
imunosorbentu s monoklondlni protilatkou 7E5 v kombinaci s:(A) tau fragmentaci imobilizovanym
TPCK-trypsinem, (B) tau fragmentaci imobilizovanym TPCK-trypsinem a pfidavnou inkubaci s 8M
mocovinou, (C) tau fragmentaci imobilizovanym TPCK-trypsinem a a-Chymotrypsinem. Peptid
odpovidajici adhezivnimu fragmentu 299H-317K je oznacen hvézdickou. Aminokyselinova sekvence
156-GAAPPGQKGQANATR-170 s teoretickou m/z 1423.75 (v krouzku) obsahuje epitope 155R-A166
specificky pro monoklondlni anti-tau protilatku TES.
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I11. Kinazy vazané na magnetické ¢astice jako opakované pouzitelny
system pro postupnou in vitro fosforylaci tau proteinu

V tomto podprojektu jsme uspésné imobilizovaly dvé kinazy, ERK2 a
GSK-3B, na magnetické castice (MPS). Byla pouzita vazba pomoci afinity
histidinové kotvy rekombinantnich forem kinaz k Ni?*/Co®* iontim na
povrchu ¢astic nebo kovalentni imobilizace ptes aminové skupiny protein
s Casticemi majicimi karboxylové nebo aldehydové skupiny na svém
povrchu (Tabulka 3).

Tabulka 3: Aktivita kindz bezprostiedné po imobilizaci na magnetické cdstice
mérend mirou fosforylace nizkomolekularnich substratii

Rekombinantni Magnetické ¢astice Mnozstvi Podminky Mira fosforylace
kinaza enzymu ? fosforylace [%6]°

GSK-3p His-tag SiMAG-IDA/Ni?* 20U 5h, 30°C ~90.0

GSK-3p His-tag SiIMAG-IDA/Co%* 20U 5h, 30°C ~90.0

GSK-3B (NEB) BcMag beads 1667U 5h, 30°C ~95.0

GSK-33 (NEB) SeraMag SpeedBeads 1667U 6h, 30°C 96.6 £2.79
ERK2 SeraMag SpeedBeads 275U 6h, 30°C 91.9+3.78

#Vyjadfeno jako aktivita enzymu, kterého bylo pouzito k vazbé na magnetické Castice, protoze
kinazova aktivita v supernatantu sbiraného po imobilizaci byla neméfitelna.

® Mira fosforylace vypoétena na zéklad& vypoéti uvedenych v ¢lanku (Hromadkova et al., 2018) a
popsana v sekci 2¢ Material a metodika.



Nésledné byla testovana u vsSech systémt v Tabulce 3 jejich
skladovaci stabilita pti 4°C po dobu Sesti dnti. Pouze kovalentné vazané
formy enzyma na BcMag a SeraMag SpeedBeads byly stale aktivni (data
neukazana). Pro nasledujici aplikace byly proto vybrany ERK2 a GSK3f
kinazy vazané na SeraMag MPs (dale pro zjednoduseni uvadény jako
ERK2 a GSK3p vazané na MPs). Operacni stabilita méfena v deseti za
sebou jdoucich cyklech ukazala, ze aktivita GSK-3B vazan¢ na MPs se s
opakovanim témét nemeéni (95.5 £ 0.34% aktivita v 10. cyklu, Obr 6A).
Kdezto u ERK2 véazané na MPs byl patrny pokles aktivity s postupnym
navySovanim opakovanych meéteni (36.2 + 2.01% aktivita v 10. cyklu, Obr
6B). Na zikladé¢ velmi dobrych vysledkii operacni stability GSK-3f3
vazané na MPs byla vysetiena také skladovaci stabilita této kinazy v
imobilizované form¢. GSK-3f vazana na MPs zistava pIn¢ aktivni i po 42
dnech skladovani pii 4°C (Obr 6C).

Po ptedchozi charakterizaci imobilizovanych kindz a vySetfeni
jejich stability byly kinazy vazané na SeraMag MPs pouZity k vlastni
fosforylaci tau proteinu. Systém postupné fosforylace tau proteinu jako
modelového proteinu kindzami ERK2 a GSK-38 byl vybran hned
znckolika dbavodl. Zména v aktivite GSK-3 kindzy je spojovana
s abnormalni fosforylaci tau proteinu (Magbool et al., 2016). Navic ma
GSK-3B vyssi afinitu k predfosforylovanym substratim obsahujici motivy
SXXXpS (Dajani et al., 2001; Buch et al., 2010) a piedfosforylaci
substratu prave napiiklad ERK2 kinazou ovliviiuje GSK-3f specificitu pro
nékteré Thr/Ser aminokyseliny v tau molekule (Martin et al., 2013). Na
zaklad¢ téchto informaci byl tau protein fosforylovan ERK2 vazanou na
MPs a nasledné¢ GSK-3p vazanou na MPs. Fosforylace na konkrétnich
pozicich T231, S356 a S396 byly potvrzeny Western blotem (data
neukdzana). Pomoci MS analyzy, které pfedchazela tau fragmentace,
obohaceni fosfoproeini na TiO» matrici a mikrogradientova separace
fosfopeptidti, bylo nalezeno 26 fosfopeptidd, z nichz 20 obsahovalo dv¢ a
vice fosforylaci (data neukazana). Presné urCeni lokalizace
fosforylovanych Thr/Ser mist na tau proteinu nyni pokracuje.
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Obrazek 6: Operacni stabilita SeraMag magnetickych ¢astic vazanych s (A) GSK-3f8 a (B) ERK2;
skladovaci stabilita GSK-3p vazané na SeraMag magnetické Castice pii 4°C (C). Aktivita kindz
méfena na zakladé fosforylace pro kinazu specifickych nizkomolekularnich substrati a vypocitana dle
(Hromadkova et al., 2018) a popsana v sekci 2¢ Material a metodika.

Clanek (Hromadkova et al., 2018), jehoz hlavni vystupy jsou zde
shrnuty, pojednava o prvné popsané a publikované kovalentni imobilizaci
ERK?2 a GSK-3p kinaz, které si zachovavaji aktivitu a mohou slouzit jako
systém pro opakované reakce. Fosforylace témito imobilizovanymi
kindzami byla testovana na tau proteinu, Kktery bude slouzit jako
rekombinantni fosforylovany tau protein ve vysoké Cistoté pro dalsi
metody vyzadujici tau protein s pesné popsanymi fosforylaénimi misty.



2e. Zaveér

Ptedkladana prace mé jako hlavni cil zdkladni charakterizaci
pfirozené se vyskytujicich tau-reaktivnich protilatek (nTau-Abs). Tyto
protilatky byly uspésné izolovany ze smésnych vzorkli plazmy od AD
pacientll a zdravych kontrol a také z IVIG preparatu Flebogamma. Pfi
porovnani zakladnich charakteristik izolovanych nTau protilatek u téchto
tii skupin byly zjistény nckteré rozdily. K témto experimentim slouzily
rizné formy tau proteinu ve smyslu jeho nejvyznamnéjSich post-
translacnich modifikaci: zkraceni, fosforylace a agregace. Ziskané
vysledky podporuji koncept, ze nTau-Abs jsou pfirozenou soucasti
humoralniho imunitniho systému. Prace na tomto projektu i nadale
pokracuji, abychom mohli potvrdit nasi hypotézu, ze funkce nTau-Abs je
spiSe protektivniho charakteru, které se podileji na odstraiiovani
potencialné Skodlivych forem tau proteinu, a Ze tento systém mize byt
poskozen v ptipadé AN, jak naSe vysledky zatim naznacuji.

V navaznosti na vySe zminéné jsme také zavadéli a optimalizovali
metodu epitopového mapovani, ktera budou slouzit k identifikaci hlavnich
antigennich struktur jak fyziologickych tak i patologicky modifikovanych
forem tau proteinu. Prokédzali jsme, Ze pro-agregacni a hydrofobni
vlastnosti nékterych peptidovych usekd tau proteinu mohou byt vice
patrné po jejich uvolnéni béhem tau fragmentace, kterd je nezbytnou
preanalytickou fazi vétSiny proteomickych studii. Pfedev§im nespecificka
sorpce téchto fragmentl Vizce souvisejici s jejich vlastnostmi mtze vést
K nespravné interpretaci dat MS analyz. Po nelspéS$nych pokusech
potlaceni nespecifické sorpce bézné¢ uzivanymi metodami jsme navrhli
rozruseni kliové pro-agregacni sekvence vyuzitim kombinace dvou
imobilizovanych protedz, ktera problém nespecifické sorpce vyfesila a
pomohla nam ziskat vice relevantni data.

Poslednim podprojektem, ktery je také soucasti predkladané prace,
je vyvoj opakovatelné pouzitelného systému imobilizovanych kinaz pro
postupnou in vitro tau fosforylaci. Cilem je pfiprava rekombinantnich



fosforylovanych tau forem ve vysoké Cistot¢ s definovanymi
fosforylacnimi misty pro nasledné aplikace v senzitivnich imunoesejich
nejen v ramci projektu sizolovanymi nTau-Abs. Je popsana ptiprava
kindz vazanych na magnetické Ccastice jakozto systému s mnoha
vyhodami. Systém lze opakované vyuzivat a tak snizit ekonomické
naklady spojené s dostupnosti rekombinantnich kinadz v aktivni formé.
Dale je vlastni proces fosforylace 1épe kontrolovatelny co do vymeény
K kinaz a reaktivniho prostfedi. V neposledni fadé lze ziskat produkt o
vysoké Cistot¢ bez kontaminace vlastnimi kindzami. Tento systém
imobilizovanych kinaz byl nasledné pouzit k fosforylaci tau proteinu. I
tento projekt nadale pokracuje s velice slibnymi vysledky, které budou
predmétem dalSich publikaci na toto téma.



3. Abbreviations / Zkratky

aa
AD /AN
BSA
CREB
ELISA
ERK2
GSK-3p
HMW
[o] €

IVIG
LMW
MP

MS
nTau-Abs

PEG
PHF
PTM
RP-LC

TH24-33
ThS
TPCK
e-elF2B

amino acid / aminokyselina

Alzheimer’s disease / Alzheimerova nemoc

bovine serum albumin / hovézi sérovy albumin

CAMP response element-binding protein

enzyme-linked immunosorbent assay

extracellular signal-regulated kinase

glycogen synthase kinase-3beta

high-molecular-weight / vysokomolekularni
immunoglobulin G / imunoglobulin G

intravenous immunoglobulins / intravenézni imunoglobuliny
low-molecular-weight / nizkomolekularni

magnetic particle / magneticka ¢astice

mass spectrometry / hmotnostni spektrometrie

natural tau-reactive antibodies / ptirozené protilatky reagujici
s tau proteinem

polyethylene glycol

paired helical filament / parovy helikalni filament
posttranslational modification / post-transla¢ni modifikace
reverse-phase liquid chromatography / kapalinova
chromatografie na obracenych fazich

tyrosine hydroxylase 24-33 fragment

Thioflavine S / Thioflavin S

N-tosyl-L-phenylalanine chloromethyl ketone

eukaryotic initiation factor 2B epsilon
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