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Zusammenfasstng

Zusammenfassung

Kleine Hitzeschockproteine, einschliellich beider alpha-Kristallin-Gene der menschlichen
Augenlinse, alphaA- und alphaB-Kristallin, spielen eine wichtige Rolle bei der
Proteinhomoostase, weil ihre ATP-unabhéngige Chaperon-Aktivitdt eine unkontrollierte
Proteinaggregation verhindert. alphaAund alphaB haben ~58% Sequenzhomologie und bilden
heterogene und hochdynamische oligomere Ensembles bis zu einem Molekulargewicht von 1
MDa. lhre monomere Untereinheit setzt sich aus der zentralen alpha-Kristallin-Doméane (AKD)
und den flankierenden N- und C-terminalen Regionen (NTR bzw. CTR) zusammen. Die CTR
beherbergt ein hochkonserviertes IXI-Motiv, das wesentlich ist flir die Oligomerisierung. alphaA
kommt am haufigsten in der Augenlinse vor. Im Gegensatz dazu wird alphaB ubiquitar in
mehreren Geweben exprimiert. Hier zeigen wir unter Verwendung moderner NMR-
Spektroskopie, dass der alphaB-Komplex aus asymmetrischen Bausteinen zusammengesetzt
ist, und dass alphaB durch seine inharente strukturelle Plastizitdt mit einer breiten Palette von
strukturell unterschiedlichen Klienten interagiert. Interaktionsstudien mittels Immunogold
markierter und negativ kontrastierter Proben bestatigten, dass alphaB das Fibrillen bildende
AlzheimerAbeta40-Peptid vorzugsweise an seinen Kanten bindet, wahrend die Bindung eines
amorph aggregierenden Klienten durch den partiell unstrukturierten NTR erfolgt. Dartber
hinaus deuten Phosphorylierungs-imitierende alphaB-Mutanten darauf hin, dass
Phosphorylierung zu einer Verminderung des Molekulargewichts fuhrt. Obwohldie CTRvon a-
Kristallinen hochflexibel, unstrukturiert und Losungsmittel zugdnglich ist, zeigen CTRs hoch-
aufgeloste Losungs-NMR-Spektren. In  der vorliegenden Arbeit fihren wir NMR-
Untersuchungen Uber die Konformation und Dynamik des ungeordneten CTR des menschlichen
alphaA Proteins durch, das zwei natlrlich vorkommende Cysteine enthélt, die flir seine Redox-
Empfindlichkeit verantwortlich sind. Wir haben das Rickgrat von *°N, 3C-markiertem alphaA,
sowie die Seitenketten, zugeordnet und beobachteten mehrere zuséatzliche NMR-Signale flr
Reste in der Nahe von Prolin 160, 167 und 171. Wir stellten fest, dass alle detektierten
Konfomere unstrukturiert sind und die zusatzlichen Resonanzen aus der cis-trans-Peptidyl
Prolyl-lsomerisierung um die 1159-P160 (IPV-Motiv), K166-P167 und A170-P171
Peptidbindungen entstehen. Die Population der cis-P160, cis-P167 und cis-P171 Konformation
betragt bei physiologischen Temperaturen etwa 6%, 15% bzw. 5%, und die cis-P160
Konformation zeigt insbesondere eine Tendenz zur Ausbildung einer beta-Strang-
Konformation. Zusammengefasst zeigen diese Daten eine potentielle Rolle fir die cis-trans-
Prolin-Isomerisierung bei der Regulierung der Oligomerisierung von kleinen
Hitzeschockproteinen. Weiterhin haben wir paramagnetische Relaxationsverstarkungs-
Experimente durchgefiihrt, durch die wir bestatigen konnten, dass sich ein geringer Anteil von
ca. 15-20% des CTRvon alphaAin einem Domanenaustauschzustand befindet, und dasssowohl
transiente inter- als auch intramolekulare Wechselwirkungen mit benachbarten Oligomeren
ausgebildet werden kénnen. >N Relaxationsexperimente zeigten auch, dass die oxidierte Form
von alphaA geringfligig flexibler ist als die reduzierte Form, und dass im Allgemeinen alphaA,
reduziert oder oxidiert, im Vergleich zu alphaB, in ihrer CTR dynamischer zu sein scheint.
Unsere Untersuchungen wurden schlieRlich erweitert durch biochemische und NMR Daten
Uber ein verklrztes Konstrukt des menschlichen alphaA Proteins, die zeigen, dass die
Gesamtgrofle von alphaAoxea.165) im Vergleich zu alphaAreds,.166) erhoht ist und
hohermolekulare oligomere Ensembles gebildet werden, die in einem tetrameren Zustand zu
sein scheinen, entsprechend eines Molekulargewichts von 80 kDa, wohingegen alphaArede,.
166) Womoglich nur als Dimer vorliegt.



Summary

Summary

Small heat shock proteins (sHsps), including the two alpha-crystallin genes of the human eye
lens, alphaA- and alphaB-crystallin, play an important role in protein homeostasis, because
their ATP-independent chaperone activity inhibits uncontrolled protein aggregation. alphaA
and alphaB have ~58% sequence homology and they form heterogeneous and highly dynamic
oligomeric ensembles of molecular weights up to 1 MDa. Their monomericsubunit is organized
into the central alpha-crystallin domain (ACD) and the flanking N- and C-terminal regions (NTR
and CTR), respectively. The CTR harbours a highly conserved IXI-motif important for
oligomerization. alphaA is mostly predominant in the eye lens. By contrast, alphaB is
ubiquitously expressed in several tissues. Here, by using state-of-the-art NMR spectroscopy,
we show that the alphaB complex is assembled from asymmetric building blocks and suggest
that alphaB with its structural plasticity interacts with a wide range of structurally variable
clients. Interaction studies usingimmunogold-labeling negative stained samples demonstrated
that alphaB binds the fibril-forming Alzheimer’s disease Abeta40 peptide preferentially to its
edgesand anamorphously aggregating client by the partially disordered NTR. Phosphorylation-
mimicking alphaB mutants suggest that the protein upon phosphorylation yields a decreased
molecular weight. Although, the CTR of alpha-crystallins is highly flexible, unstructured and
solventaccessible, CTRs give rise to well-resolved solution-state NMR spectra. Here, we report
solution-state NMR investigations of the conformation and dynamics of the disordered CTR of
human alphaA, which contains two naturally occurring cysteines responsible for its redox
sensitivity. We assigned the backbone of 15N, 13C-labeled alphaA, as well as the side chains,
and observed multiple additional NMR signals for residues in the vicinity of prolines 160, 167
and 171. We determined that, while all observed forms are highly disordered, the extra
resonances arise from the cis-trans peptidyl-prolyl isomerization about the 1159-P160 (IPV
motif), K166-P167 and A170-P171 peptide bonds. The cis-P160, cis-P167 and cis-P171 are
populated to 6%, 15% and 5%, respectively, at physiological temperatures and cis-P160 in
particular shows a tendency to adopt beta-strand conformations. These findings indicate a
potentialrole for cis-trans proline isomerization in regulating the oligomerization of sHsps. We
further carried out paramagnetic relaxation enhancement experiments, where we could
confirm that a small amountof ca. 15-20% ofthe CTR of alphaA is in a domain swapping state,
and that it can form both, transient inter- and intra-molecular interactions with neighbouring
oligomers. 15N relaxation experiments showed that the oxidized form ofalphaAis slightly more
flexible than the reduced, and in total, alphaA, reduced or oxidized, appears to be more
dynamic in its CTR compared to alphaB. Our investigations were finally extended by
biochemical and NMR data on the truncated construct of human alphaA, which showed that
the overall size of alphaAox(62-166)is increased compared to alphaAred(62-166), and it forms
higher molecular weight oligomeric ensembles that appear to be in a tetrameric state,
corresponding to a molecular weight of 80 kDa, while alphaAred(62-166) seems to be only
dimeric.
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1. Introduction

1.1. Protein Homeostasis and Folding

The ability of organismsto detect, respond, adapt and defent any environmental stressors, was obtained
duringevolutionanditis afundamental capability of the living cells that grow and reprodu ce (Badyaev et
al. 2005). Mammalian cells typically express more than 20,000 different proteins with varying structure
and function (Kim et al. 2013). Proteins are the chief actors within the cells and are essential constituents
of all organisms as they participate in every biological process. Cells count on specific mechanisms that
regulate protein homeostasis to maintain a stable and functional proteome as it plays a very important
role to the health of the cell and to all the cellular processes ensuring proper protein synthesis, folding,
translocation and clearance (Hartl et al. 2011; Morimoto et al. 2009). The process that proteins need to
followinordertoadopttheirnative,three-dimensional structure from the synthesized polypeptide chain
is termed protein folding (Dobson and Karplus 1999). However, the huge number of possible
conformations of a polypeptide chain makes protein folding a complex process and coordinated
interactions must be performedin order for the process to succeed. For thisreason the development of
energy landscapes allows the folding reaction to be described and visualized in a meaningful manner
(Dinner et al. 2000). The energetic component of this process is depicted by funnel-shaped energy
surfaces. From the unfolded state, represented at the top pf the funnel, proteinsfold along multiple,
parallel downhill routestothe native state, which isthermodynamically more stable ( Fig. 1.1). Although
much of the information required for the folding of polypeptide chains into functional native
conformationsis encodedinthe primary sequence, in the cellular environment that controls the stability
and function of newlysynthesized proteins, proteinsare at great risk of misfoldingand aggregation (Hartl
et al. 2011). As mentioned, many parallel paths down the funnel might overlap and this can trap the
proteinsinthese intermediate, misfolded or aggregated states (Fig. 1.1, Udgaonkar 2008). Aggregation is
a concentration dependent process and is greatly enhanced in the highly viscous and crowded
environment of the cytosol (300-400g/1) (Ellis and Minton 2006; Zimmerman and Trach 1991), which
results in excluded volume effects that substantially favors the intermolecular interactions between
folding intermediates (Ellis and Minton 2006; Ellis 1996).
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Fig. 1.1. Schematic illustration of the funnel-shaped free-energy surface of protein folding, while moving to their native state (green). Potential
overlap of the free-energy landscape with that of intermolecular aggregation, arises the formation of amorphous aggregates, pre-fibrillar
oligomeric states or amyloid fibrils (red). Adapted from Hartl et a/. 2011.
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In order for the cells to avoid these dangers, they developed various strategies to prevent aggregation
and promote efficient folding, including molecular chaperones and the ubuiquitin-dependent
proteasome, which assist newly synthesized proteins to ensure their fold correctly or their degradation,
and transport maschieneries and autofagic activities that help to localize and degrade proteins as
necessary (Fig. 1.2) (Diaz-Villanuevaet al. 2015; Morimoto et al. 2012; Hartl et al. 2011). Stressand aging,
however, such as heat shock, oxidants, and metabolic or chronis stress, can unbalance this proteostasis
network, thus increasing the risk of cellular pathology and disease. Most challenging diseases to be
affected by the misfunctionallity of the proteostasismachinery are diseases like Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), metabolic
diseases and cancer. Each of the mentioned diseases has its own clinical and/or aging profile, but all of
them share the fact that the expression of one or more aggregation-prone proteins can be causative for
the disease (Morimoto et al. 2009). Protein misfolding should be a well-studied field in order to get to
know a protein’s nature, therefore, the understanding of these molecular mechanismsis a keystone for
the development of pharmacological treatments of diseases associated to this (Diaz-Villanueva et al.
2015). In this study the main focus will rely on the mechanism of action of molecular chaperones and
especially on small heat shock proteins (sHsps).
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Fig. 1.2. Molecular and cellular mechanisms to maintain native protein structure. Adapted from Kim et a/. 2013.

1.2. Molecular Chaperones

Protein folding, maintenance of proteome integrity and proteostasis require the assistance of a complex
network of molecular chaperones (Hendrick and Hartl 1995). The investigation of chaperoneshasa long
history (Ellis 1996). Molecular chaperones were firstlyintroduced in the literature to describe the ability
of a nuclear proteinto prevent the aggregation of folded histone proteins with DNA during the assembly
of nucleosomes (Laskey et al. 1978). Later, in 1987, the term was extended to describe proteins that
mediated the post-translational assembly of protein complexes (Ellis 1987) both in prokaryotic and
eukaryoticcells(Hemmingsen et al. 1988), and the ATP-dependent protein folding was additionally shown
in vitro (Goloubinoff et al. 1989).
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Proteins with complex structures and high molecular weights during folding, may expose hydrophobic
residues and regions of the polypeptide backbone that are not normally exposed to solvent, when the
correct conformation is achieved. This makes them susceptible to non-native interactions that lead to
aggregation and misfolding (Ellis and Minton 2006; Dobson and Karplus 1999). Thisis where the molecular
chaperones play a key role to prevent protein aggregation. However, the molecular chaperone network
functions are diverse during protein quality control, including procedures like protein unfolding and
disaggregation and targeting terminally misfolded proteins for proteolyticdegradation (Kim et al. 2013).
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Fig. 1.3. Organization of chaperone pathways in the cytosol. In bacteria (a), archaea (b), and eukarya (c). Protein folding may start co-
translationally and finish post-translationally upon chain release fromthe ribosome or after transfer to downstream chaperones. Adapted from
Kimetal. 2013.

Molecular chaperones are found in the cytosol and the endoplasmicreticulum (ER) (Hartl 2002). The
cytosolic pathways are highly conserved in all domains of life (bacteria, archea and eukarya) and
presented in Fig. 1.3. Chaperone involvement begins as newly synthesized proteins exit the ribosome,
where thereisan increased tendency to aggregate at this stage, due to exposure of non-native features,
and the close proximity of nascent polypeptides of the same type at the polyribosome complex (Hartl
2002). In this phase ribosomebinding chaperones interact with the nascent polypeptide chain, followed
by a second set of chaperones withno direct affinity for the ribosome, i.e. the classical Hsp70system (Kim
et al. 2013). After release from the ribosome, small proteins usually do not require additional
modifications, in contrast to larger polypeptide chains that might require the help of Hsp70 chaperone
family tofold correctly as an additional post-translational modification (Sharp and Workmann 2006; Hartl
2002).

Molecular chaperones are classified into several families according to the molecular weight of their
monomers, although most of them exist as oligomers and since all members of this protein class are up-
regulated in response to cellular stress, e.g. elevated temperatures, they are also known as heat-shock
proteins (HSPs) (Hartl et al. 2011; Schlesinger 1990). The main families are usually divided into Hsp100,
Hsp90, Hsp70, Hsp60 (also known as chaperonins), Hsp40and small heat shock proteins (sHsps) (Buchner
1996) and theirmechanismsareillustratedin Fig. 1.4. Their molecularweights are in the range of 12-43
kDa (Vabulasetal. 2010). Thereis no homology between the different families of chaperones, however,
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proteins from the same class often showsequence homology, and are functionallyand structurally related
(Walterand Buchner 2002). Chaperones can be further differentiated by their mode of action to the client
protein. The ATP-dependent ones are termed as ‘foldases’ and they are directly involved in protein
folding, whilethe ATP-independent are known as ‘holdases’ and they can recognize and stabilize partially
folded proteins, preventing their aggregation and presenting client proteins to foldases (Bosl et al. 2006;
Slepenkov et al. 2002; Hartl 1996). These two types of chaperones are outlined separately in the next
chapters with a focus on the sHsp family.
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Fig. 1.4. Molecular chaperones mechanisms.
Chaperone model:Proteins fold via increasingly structured intermediates (11, 1) from the unfoldedstate (U) to the folded state (N), a process
that under heat shock conditions can be reversed. Molecular chaperones bind proteinsin non-native conformations. The shift from the high-
affinity binding state to the low-affinity release state is often triggered by ATP binding and hydrolysis.
GroE: The GroE machineryin bacteria, mitochondria, and chloroplasts consists of two identical rings that enclose a central cavity each. Non-native
protein is bound by the apical domains of the rings, and upon binding of ATP and the cochaperone GroES, the protein is encapsulated and released
into the cavity. ATP hydrolysisin onering resultsinthe release of GroES and substrate protein from the opposite ring. During encapsulationthe
protein may fold partially or completely, depending on the characteristics of the respective substrate protein.
Hsp70: The Hsp70 system comprises two co-chaperones: an activating protein (Hsp40/J-protein) and a nucleotide exchange factor (NEF). The
activating protein canbind the non-native proteinand deliveritto Hsp70. It forms a complex with Hsp70 and stimulates its ATPase activity. Hsp70
binds a stretchof seven amino acids in the substrate protein. The NEF will induce the exchange of nucleotide. The substrate proteinis released
presumablyin a non-native form.
Hsp90: Hsp70 delivers the substrates to Hsp90. More than a dozen co-chaperones of Hsp90 existin eukaryotes. One of them, Sti1/Hop, binds
both Hsp70 and Hsp90and at the sametime inhibits Hsp90s ATPase (in yeast). In this complex, which also contains an additional PPlase co-
chaperone, the substrate protein is transferred from Hsp70 to Hsp90. Stil/Hop is released once Hsp90 binds nucleotide and a further co-
chaperone, p23. The proteinin complex with Hsp90 is bound and released as a structured intermediate (l2).
ClpB/Hsp104: In bacteriaand yeast, CIpB/Hsp104 is able to dissolve aggregates by actively pulling proteins through a central channel of the
hexamericstructure. During passage throughthe chaperone complex, the substrate proteinis unfolded. Refolding canoccur upon release, and,
to some extent, it can also occurin cooperation with other chaperones.
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sHsps: sHps are oligomeric complexes that are often activated by heat or modifications. Many are believed to dissociate into smaller oligomers
to become active.sHsps can bind many non-native proteins per complex. Release requires cooperation with other ATP-dependent chaperones
such as Hsp70. Reproduced with permission from Elsevier (Richter et a/. 2010).

1.3. Heat Shock Proteins and Stress Response

HSPs are a well-studied “stress response” of all organisms when subjected to rapid changes in their
environment. Changes in the expression of the HSPs are controlled by a set of transcription factors
referred to as heat shock factors (HSFs) (Bukau et al. 2006; Haslbeck et al. 2005; Hartl et al. 2002; Santoro
et al. 2000). The first observation of the heat shock response was the discovery of heat-induced
chromosomal puffings on the Drosophila buscii salivary gland chromosomes (Ritossa 1962). Later it was
observed that heat shock treatment led to the synthesis of new proteins that were similar in different
tissues of Drosophila melanogaster, whilethe levelsof other proteinswerereduced (Tissiereset al. 1974).
The optimum temperature range of HSP induction varies within species. For example, for birds and
mammals the optimum temperature is around 40-50 °C, for Drosophila 35-37 °C, for yeast 33-35 °C and
for plants 35-40 °C. However, it has been found that the induction temperature can vary between
different cell types of a single organism and between individual HSPs from even one cell type ( Burdon
1986). In additionto increased temperatures, otherinsultsalsoresultinincreased HSP e xpression, such
as exposure of cells to various metals, amino acid analogues, hypoxia, and a large number of
agents/treatments, which result in reduced ATP levels. HSPs or stress proteins are synthesized in cells
grown under normal conditions and their expression increases (i.e. is induced) after metabolic stress
(Tkacova and Angelovicova 2012). In addition totheir critical role in proteostasis, HSPs are implicatedin
human disease. Various medical conditions including fever, ischemia, hemodynamic overload or
neurological injuries are well-known activators of HSPs in vivo. Ininfectious diseases, HSPs present within
different pathogens are known to be major targets of our immune system and that’s why the study of
them is very important (Macario et al. 2005).

HSP70 isone of the most conserved and stress-inducible proteins known to date (Hartl etal. 2011), with
~60% phylogeneticsimilarity between microbesand mammals (Bardwell et al. 1984). The ATP-dependent
reaction cycle of HSP70 is regulated by chaperones of the HSP40 (also known as DNalJ) family and NEFs
(Nucleotide Exchange Factors) (Mayer et al. 2010; Kampinga et al. 2010). HSP70 binding and release is
achieved by an allosteric coupling between a conserved amino-terminal ATPase domain with a carboxy-
terminal peptide-binding domain, the latter consisting of a B-sandwich subdomain and a a-helical lid
segment (Mayer et al. 2010). During this reaction, hydrolysis of ATP to ADP is strongly accelerated by
HSP40, leadingto a stable peptide binding. HSP40also interacts directly with unfolded polypeptidesand
can recruit HSP70 to protein substrates (Kampinga et al. 2010). After ATP hydrolysis, a nucleotide-
exchange factor binds to the HSP70 ATPase domain and catalyses ADP-ATP exchange, resulting in
substrate release (Sharma et al. 2010).

Chaperonins are large double-ring complexes of around 800-900 kDa that function by globally enclosing
substrate proteins up to ~60 kDa forfolding (Hartl et al. 2011). Chaperonins consist of two groups. Group
| involves HSP60 (eukaryotes) and GroEL (bacteria). These proteins have seven-membered rings in
bacteria, mitochondria and chloroplasts, and functionally cooperate with HSP10 proteins (GroES in
bacteria). GroEL interacts with at least 250 different cytosolic proteins (Raineri et al. 2010; Kerner et al.
2005). The misfolded proteins are encapsuled in the apical domains of GroEL, bindingtoits hydrophobic
amino-acid residues in the centre of the ring. GroES binding is ATP regulated and GroEL gets negatively
charged initsinnerwall, while the client proteinis bound to it. The encapsulated proteinis free to fold,
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during ATP hydrolysisin the GroES-boundringand itis subsequently releasedafter GroES dissociation and
rebound to GroEL forfinal refolding attempts (Hartl et al. 2009; Xu et al. 1997). The group Il chaperonins,
i.e.thermosome (archaea)and TRiC (eukaryotic cytosol), usually have eight-membered rings and they are
independent of HSP10 factors (Munoz et al. 2011; Douglas et al. 2011; Frydman et al. 2001). The apical
domains of these proteins, compared to the GroEL system, contain finger-like protrusions, which act as
an iris-like, built-in lid and replace the function of GroES. TRiC reaction cycle is much slowerthan that of
GroEL and TRiC interacts with approximately 10% of the newly synthesized cytosolic proteins, such as
actin and tubulins (Munoz et al. 2011).

HSP90 is the most abundant of the HSPs. It functions downstream of HSP70and exhibits some selectivity
for a distinctset of “client” proteins. Most notably, HSP90 interacts with a variety of protein kinases and
transcription factors important for growth and development. Additionally, it cooperates with several
regulators and co-chaperones (Taipale et al. 2010; McClellan et al. 2007). HSP90 functions as a dimer of
subunits that are assembled by their C-terminal domains and it undergoes an ATP-driven reaction cycle
that is accompanied by structural rearrangements (Mayer et al. 2010). After ATP hydrolysis, the HSP90
monomers separate N-terminally and until the release of the client protein, various co-factors regulate
the cycle like CDC37,HOP, AHAland p53, each one playing adifferentrole. However, how HSP90recruits
different types of substrate protein with the help of various co-chaperones remains enigmatic. HSP90
though, has several substrate-interaction regions, and its binding strength is influenced by the structural
flexibility of the substrate (Wandinger et al. 2008).

1.4. Small Heat Shock Proteins

Small heat shock proteins (sHsps) are a widespread and diverse class of molecular chaperones. Their
monomer molecular weight varies from 12 to 43 kDa, but the most predominant number of
representativesisinthe range of about 20 kDa (Haslbeck et al. 2005; Narberhaus 2002). sHsps are often
considered as non-essential chaperones, as under optimal conditions forthe cell, most bacteria produce
either no or negligible amounts of sHsps and only under stress conditions there is an increase at mRNA
and protein level observed (Narberhaus 2002). They were first discovered in Drosophila melanogaster in
1974 together with other HSPs, like HSP70s and HSP40s, as proteins with small molecular mass that
become activated rapidly in response to heat shock (Tissieres et al. 1974). Members of the sHsp family
have been found throughout all kingdoms (Fig. 5A) with an exception of some pathogenic bacteria such
as Mycoplasma genitalium and Helicobacter pylori(Kappe et al. 2002; Narberhaus 2002). In general, from
bacteria (except Rhizobia) to higher eukaryotes there is asubstantial increase in the number of sHsps per
organism observed (Mycobacterium tuberculosis: 1, Escherichia coli: 2, Drosophila melanogaster: 4, Homo
sapiens: 10, Arabidopsis thaliana: 19). This expansion is not yet clear, but the diversification must have
occured during differentiation in certain sHsps for functional reasons. Proteins belonging to the sHsp
family are conserved and might be diverse in sequence and size, however, they share some common
features, which distinguishthem as a protein family, including: (i) a conserved a.-crystallin domain of
around 90 residues, (ii) formation of large oligomerswith dynamic quaternarystructure,and (iii) induction
of chaperone activity by stressin suppressing protein aggregation and misfolding ( Haslbeck et al. 2005).

The sHsps constitute the ‘firstline of defense’ in terms of cellular stress. In fact, the cellular concentration
of many sHsps is strongly increased in response to a variety of stresses, but they can also function
constitutivelyin many organisms and tissues (Basha et al. 2012; Haslbeck et al. 2005; Narberhaus 2002).
They were shown to act as ATP-independent molecular chaperones. Once activated, they function as
holdases by partially binding exposed hydrophobic patches on non-native protein conformations and
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through those actions prevent misfolded proteins from clumping together and forming aggregates
(Horwitz 1992). When non-stress conditions resume, bound client proteins are released for refolding
assisted by foldases (HSP40-HSP70 and HSP100) (Fig. 1.5B) (Haslbeck et al. 2005; Hoffmann et al. 2004).
Generally, molecular chaperones existin two states: aninactive (orlow) and an active (or high) substrate
affinity state (Haslbeck et al. 2005), and upon ATP binding and hydrolysis the transition between the two
states can be triggered (Hartl 1996). In contrast, in sHsps, ATP has no direct role in the regulation of their
chaperone activity and the equilibrium between these two models is controlled in a temperature-
dependent manner.Upon heat-shock, theequilibriumis shifted to the high affinity state, where the active
oligomer binds to the non-native substrate proteinto form a stable sHsp-substrate complex that allows
the prevention of irreversible substrate aggregation. Here then, together with the ATP-dependent
chaperone families such as HSP70-HSP40 or HSP100, follows the release of the active substrate from the
complexintoits functional stateforthe cell. HSP70-HSP40 or HSP100 (has beenidentified onlyin bacteria,
fungi and plants) can act directly on protein aggregation, however, the presence of sHsps increases the
efficiency of the process (Haslbeck et al. 2005).

Methanocaldococcus jannashil Archasa Activation
Pyroceccus furlosus Innm:tinn
Sulfolobus tokodail Lo
Synechocystis sp. | Bacteria state
Mycobacterium tuberculasis | "y
Escherichia coll 0
Bradyrhizoblum japonicum : Dimar

Plasmodium berghel I Lower
[
Chlamydomonas reinhardtil eukaryotes
I

Schizosaccharomyces pombe
[

Saccharomyces cerevisiae
I

Danie rerio Higher

i
Drosophila melanogaster eukaryotes

|

Homeo sapiens |

Zea mays | aHap

Caenorhabditls elegans I
Triticum aestivum |

A Arabidopsis thallana I B

I
[ I | I
o 5 10 15 20

Number of sHsps
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The universal occurrence of sHsps might be indicative of an early phylogeneticoriginof this protein family
(Basha et al. 2012; Haslbeck et al. 2005). Based on the results of the Human Genome Project, there are
tendifferent sHsps specified in humans (HSPB1-HSPB10) (Gray et al. 2016; Kappe et al. 2003) (Table 1.1),
each characterized by the presence of a conserved a-crystallin domain of about100 residues. The primary
sequence alignment of all ten human sHsps is presented in Fig. 1.6. The most representative sHsps are
aA- and aB-crystallin, while little is known about the cellular function and regulation of the rest of the
human sHsps. The human sHsps can be divided into two groups: the ubiquitous ones and the ones, whose
expression and localization are restricted to distinct tissues (Table 1.1).
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The clinical importance of sHsps is highlighted by anincreasing number of fundamental cellular processes,
in which they have been foundto be involved. Among them are protection against oxidative stress and
aging, interference with apoptosis, neurological disorders and neuroprotective effects (Hsu et al. 2003;
Latchman 2002; Clarket al. 2000; Stege et al. 1999). It is importantto mentionthatthe common theme
in all these events is protein misfolding and that sHsps carry out a protective function by preventing

protein aggregation.
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Fig. 1.6. Primary sequence alignment of members of the human sHsp family. The ACD (grey) is composed of 8 B-sheets (orange arrows). Serine
residuesin the N-terminal regionthat undergo phosphorylation in vivo are highlighted in green. The C-terminal IXI/V motif (purple) is not present
in HspB3 (HspL27), HspB6 (Hsp20) and HspB8 (Hsp22). Adimer interface arginine (R120 of aB), mutation is shownin red. The cysteine (C137)
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involved in forming disulfide-linked dimersis shownin cyan. The site of point mutations and an inversion mutation of the N-terminal region of
oB (residues 54-60) are highlighted in yellow. Sequences were aligned using ClustalW multiple sequence alignment software as suggested by
Thompson et al. 1994.

Table 1.1 | Overview of the human small heat shock proteins expression incells and tissues. Currently accepted nomenclature from the HUGO
Human Genome Nomenclature Database (http://www.gene.ucl.ac.uk/cgi-bin/nomenclature/searchgenes.pl) (Gray et al. 2016). The ten different
human sHspmembers are depicted along with their synonyms, mass, number of residues, specifications of localization a nd associated diseases.

HUGO Synonyms | Mass Number Localization Diseases
(kDa) of residues

HSPB1 HSP27 22.3 205 Ubiquitous Neuropathy, Cancer, Ischemia

HSPB2 MKBP 20.2 182 Heartand muscle | Myopathy, Ischemia

HSPB3 HSPL27 17.0 150 Heartand muscle

HSPB4 CRYAA 19.9 173 Eye lens Cataract

HSPB5 CRYAB 20.2 175 Ubiquitous Neuropathy, Myopathy, Cancer, Ischemia, Cataract

HSPB6 HSP20 17.1 160 Ubiquitous Neuropathy, Ischemia

HSPB7 cvHSP 18.6 170 Heartand muscle | Cardiomypathy

HSPB8 HSP22 21.6 196 Ubiquitous Neuropathy, Ischemia, Cancer

HSPB9 CT51 17.5 159 Testis Cancer

HSPB10 ODF1 28.4 250 Testis

1.5. The o -Crystallins: Structural Organization of Primary Sequence

The most widely studied family member, a-crystallin (Horwitz 1992), is a major constituent of the human
eye lens, where the protein concentration may reach up to 450 mg per ml (Horwitz 2003). Initially, the
isolation of these proteins proved to be intriguing, as these proteins were isolated as alarge water-soluble
highly dynamic oligomeric ensembles with a mass range from 200 kDa to > 1 MDa (Ecroyd and Carver
2008; MacRae 2000; Haley etal. 1998), like in the case of a.A-crystallin (atA) and aB-crystallin (aB) (Horwitz
2003). The two a-crystallin genes in the mammalian eye lenses, oA and a.B have amino acid sequence
homology of about 58% and make up approximately one-third of the protein content of the eye lens
(Tikhomirova et al. 2017; Horwitz et al. 1999; van der Ouderaa et al. 1974). Evidence that a-crystallin is
essential for lens transparency and prevents protein aggregation in vivo comes from aA-crystallin—
knockout mice, which develop severe cataracts at an early age (Horwitz 2003; Brady et al. 1997).

A characteristicthat all sHsps share is the common structural organization. sHsps are organizedinto three
regions: a conserved and central o-crystallin domain (ACD) flanked by a variable N-terminal and C-
terminal domain (NTD and CTD, respectively) (Fig.6) (Kriehuberet al. 2010; van Montfortet al. 2001; Kim
etal 1998). Dimerization of the ACD forms the basic building block of higher-order assemblies, which are
established by intermolecular linkage via the terminal anchors. The sHsps exchange subunits (primarily
dimers) ina constant manner(Stengel et al. 2010). The polydispersity of the a-crystallinsis abolished by
extensive deletion (~50%) of the N- and C-terminal domains (Laganowsky et al. 2010; Bagneris et al. 2009).
Due to this subunit exchange, except for homo-oligomers, also hetero-oligomers may form, at higher
temperatures (50°C), in compartments with different types of a-crystallins, as in the case of the eye lens,
where aA performsits functionin a hetero-oligomer complexwithaBina3to 1 ratio of aAto aB(Srinivas
et al. 2010; Ghahghaei et al. 2009; Posner et al. 2008; Horwitz 2003).

The ACD has a sequence of around 90 residues and isthe most importantcriterion forthe integration of
proteinsinthe a-crystallin family (Kappe et al. 2010). The sequentialhomology, however, varies from 20%
to 60%, dependingon the phylogeneticrelationship(Kriehuberet al. 2010). Multiple sequence alignments
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revealed that only a few amino acids are conserved, despite this structural organization (de Jong et al
1998). The one is part of the sequence motif A-x-x-x-n-G-v of the ACD, which is the most significant
indicator for this domain, and two further consensus motifs can be found: F-x-R-x-x-x-L, also in ACD, as
well as an IXI motif in the CTD (Fig. 1.7). The average length of the ACD is around 161 amino acids,
corresponding to about 18 kDa as shown by bioinformatics studies (Kriehuber et al. 2010).

F-x-R-x-x-x-L
f X

[ NTD a-crystallin domain -

A-X-X-X-N-G-V-

Fig. 1.7. Domain Organizatzion of q.-crystallins. The central a-crystallin domain (a) is shown in orange. The flanking Nterminal domain (NTD) and
C-terminal domain (CTD) are depicted ingreenand blue, respectively. The approximate locations of consensus sequences are indicated by dotted
lines. The figure was designed using Adobe Illustrator CS6.

The NTD is highly variable both in sequence and length. Therefore, the NTD is more responsible for the
sequence variation of different a.-crystallins within an organism. The average length of the NTD is about
56 residues, but it can range from 24 residues in HSP12 proteinin C. elegans up to 247 residuesin S.
cerevisiae HSP42 (Haslbeck et al. 2005). In addition, the aromatic amino acids Trp and especially Phe, as
well as Pro residues are overrepresented in the NTD (Kriehuber et al. 2010). The N-terminal regions are
only partially resolved in the available crystal structures, suggesting increased flexibility (van Montfort et
al. 2001; Van Montfort et al. 2001) and most of the post-translational sites for modifications are located
within this region (Peschek et al. 2013; MacCoss et al. 2002).

A Surface

V¥ Interior

Fig. 1.8. Side view of the hexameric ring formed by three asymmetricdimers (Braun et al. 2011). CTD.« (gold) is involved in interactions with
NTDext, whereas CTDwent (purple) is fairly solvent accessible. Reproduced with permission fromthe Nature Publishing Group (Mainzet al. 2015).

The C-terminal domain (also refered to as C-terminal extension), like the NTD, varies considerably in
sequence.TheCTDhasanaverage length of 10residuesand does not exceedtypically 20 - 25 amino acids.
However, in some sHsp family members, i.e. human HSP20, the CTD is missing completely. The CTD
harbors alsothe highly conserved, amongsHsps, IXI/V-motif, in which the X is typically a proline residue
(Garrido et al. 2012; de Jong et al. 1993) and can be critical for chaperone activity (Morris et al. 2008;
Treweek et al. 2007; Fernando and Heikkila 2000; Kamei et al. 2000; Lindner et al. 1998) and for the
stabilization of the high molecular oligomers (Basha et al. 2012; Hilton et al. 2013a; Jehle et al. 2010;
Treweeketal 2007; White et al. 2006; van Montfort et al. 2001a). Existing studies suggestthatthe whole
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C-terminal regionisflexible (Narberhaus et al. 2002; van Montfort et al. 2001; Van Montfort et al. 2001;
Kimet al. 1998) (Fig.1.8) (Mainz et al. 2015). Charged and polaramino acids are overrepresented in the
C-terminal extension, while aliphaticand aromaticresidues are underrepresented (Kriehuber et al. 2010).

Although the a-crystallin domain is necessary for dimer formation, thus it assembles the basic building
block, both flanking regions promote the formation of higher-order structures.

1.6. Structure and Function of aB —Crystallin

a.B-crystallin, also called HSPBS5, is a ubiquitous sHsp of 175 amino acid residues found on chromosome
11 (Ngo et al. 1989; Quax-Jeuken et al. 1985) and each monomeric subunitis 20 kDa. aB is strongly
inducedinresponse to avarietyof cellular stresses and certain pathological states (Sun and MacRae 2005;
Bloemendal et al. 2004; Clark and Muchowski 2000; Horwitz 1992). Its function is to maintain the
transparency and high refractive index of the eye lens (Delaye and Tardieu 1983), thereby counteracting
cataract formation and visual impairment (Bloemendal et al. 2004). a.B-mouse knockout studies revealed
that the presence of a.B is not necessary for normal lens development (Brady et a/. 2001). However, a
surprising finding was the decreased life span of the knockout mice compared to the wild -type mice with
the aB gene. Knockout mice lost weight, developed degenerative osteoarthritis and died prematurely
(Brady et al. 2001). An additional finding from Andley et al. (2001), found that cells lacking the aB gene
had a tendency to hyperproliferate.

A Tail  IXI Extension

C-terminal region

N-terminal region a-crystallin domain

p2 [ g3 p4 B5 p6+p7 p8 )

Fig. 1.9. Subunit assembly of aB-crystallin. (A) The domain organization of aB is illustrated. The ACD is composed of eight 3-strands (Stengel et
al. 2010). The C-terminal region is splitintotwo parts, referredto hereas the “tail” and “extension”, separated by an IXI motif. The N-terminal
region by contrast has no obvious subdivisions. Modified from Hilton et al. 2012. (B) Crystal structure of wheat HSP16.9 illustrating the topology
of the monomericsubunit. The conserved ACD (red) adopts animmunoglobulin-like fold with two anti-parallel 3-sheets forminga [3-sandwich
structure. The ACD is flanked by variable N- (green) and C-terminal sequences (blue), which accomplish the higher-order assembly. (C)
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Dimerization of the ACD via the strands f6and 37 forms the building block of oligomeric assemblies. The two monomers of wheat HSP16.9 are
colored in cyanandgrey, respectively. Adapted fromvan Montfortet al. 2001. (D) The 12-mer assembly of wheat HSP16.9 is shown with three
dimeric building blocks coloredin red, blue andyellow. Modified fromvan Montfortet al. 2001. Two hexameric rings with three-fold symmetry
arrange in a double-disk fashion. (E) For comparison, HSP16.5 of Methanococcus jannashiiis depicted. Adapted from Kim et al. 1998. Three
dimeric building blocks are highlighted in red, blue and yellow, respectively. Four of such hexamericrings are arranged with tetrahedral geometry
inthe 24-mer. The C-terminal anchors interact with neighboring monomers and thereby stabilize the complex.

Besides this specificlenticular function, the biologicalrole of human aBis manifold as o.B was also shown
to interact with a wide range of substrate proteins that either aggregate amorphously or form amyloid
fibril structures (Cox et al. 2016; Mainz et al. 2015; Kuligand Ecroyd, 2012; Ahmad et al. 2008; Nakamoto
etal 2007; Narayanan et al. 2006; Rekas et al. 2004; Horwitz 1992). Therefore, a.B functions constitutively
in multiple cell types, as it is expressed in several other tissues except the eye lens, such as the lung,
kidney, brain, cardiac and skeletal muscles (Kato et al. 1991; Iwaki et al. 1990) and it is involved in
neurodegenerative diseases like Parkinson’s or Alzheimer’s disease, in multiple sclerosis, cardiomyopathy
or cancer (Steinman 2009; Sun and MacRae 2005; Vicart et al. 1998).

Fig. 1.10. Three-dimensional model of the aB-crystallin 24-mer. (A) Surface representations of the cryo-EM density mapviewedalong a two-
(Left) and a threefold symmetry axis intercepting the area harboring a “window” (30, openarrows) (Center), and mass accumulation (3¢, closed
arrows) (Right). Mass-rich domes surrounding 30 are highlighted by stars. (B) Domainorganization of human aB-crystallin: N-terminal domain
(residues 1-68) (brown), ACD (residues 69-150) (blue), C-terminal region (residues 151-175) (lime green). The heterogeneous region 1 (HR1) and
the IXI motif are indicated. (C) Views of the oligomer with the docked hybrid model of aB-crystallin 24-mer in a ribbon representation is
superimposed. Ribbon colorcoding same asin B. (D) Close-up view of the density map atthe area 3c(Left). The positions of the rod-like densities
are schematically indicated by cylinders. Surface near helices in the pseudoatomic model (Center) superimposed on the cryo-EM density map
(Right). Copyright from the National Academy of Sciences (Braun et al. 2011).

The a-crystallin domain of a.Bis flanked by the variable N- and C-terminal regions, while the CTD is divided
into the tail, the IXI-motif region and the C-terminal extension (Fig. 1.9A). Structural studies of aB have
been difficult, as the protein forms polydisperse oligomers (Jehleet al. 2011) of differentsizes, which are
too heterogenous to crystallize for X-ray diffraction studies and too large to yield resonable linewiths in
conventional solution NMR (Baldwin et al. 2011a; Aquilina et al. 2003; Horwitz 1992). Crystal structures
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of sHsps have been determined firstly for HSP16.9 from wheat and HSP16.5 from Methanococcus
jannashii, revealing 12-merand 24-merassemblies, respectively as presented in Fig. 1.9 (van Montfort et
al. 2001; Kim et al. 1998). These oligomers have an average mass of about 650 kDa with partides
composed of 10 monomers up to more than 30 as assessed by analytical-SEC (Aquilina et al. 2003).
Oligomers may exchange dimers (after activation) and therefore grow and shrink in size. The
polydispersity of aB is attributed to the equilibrium between associated and dissociated forms of these
building blocks. Numerousstudies have suggested that this dissociated (monomericand/or dimeric) form
of sHsps is believed to be the ‘chaperone-active’ unit (Hochberg et al. 2014; Baldwin et al. 2011b).
However, it has not been conclusively shown thatthe dimeris solely responsible for chaperone activity.
Thus, more work is needed to explore the structure-function relationship of aB.

Despite the size limitation in solution NMR approaches, solution NMR has been used in examining
truncated forms (Jehleet al. 2009) or regions of marked flexibility (Carveretal. 1992). Furthermore, large
oligomericspecies have been studied by solid-state NMR (Mainzetal. 2012; Jehle etal. 2011; Jehleetal
2010) or via selective labeling of amino acids in methyl transverse relaxation optimised spectroscopy
(TROSY) solution NMR (Baldwin et al. 2011c) and electron paramagnetic resonance (EPR) approaches
(Alexander at al. 2008; Koteiche et al. 1999; McHaourab et al. 1997). All different strategies provide
information, ensemble-averaged onto the monomer level, so in order to translate this onto the
quaternary structure, studies such as solid-state NMR (Jehle et al. 2009), electron microscopy (EM) (pdb
ID: 2YGD) (Braun et al. 2011; Jehle etal. 2011; Baldwinet al. 2011a), small-angle X-ray scattering (SAXS)
(Jehle et al. 2011; Jehle et al. 2010) and ion-mobility spectrometry (IM-MS) (Baldwin et al. 2011a) have
been combined, and all report on the oligomeric form of aB.
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Fig. 1.11. (A) Three-dimensional reconstructions of aB-crystallin oligomers and their distribution using EM and IM-MS. Oligomers were found
ina “small” (A), ina “24-mer” (B)and ina “large” (C) dataset. The insets show different oligomer models. Copyright from the National Academy
of Sciences (Braun et al. 2011). (D) Full oligomeric distribution using MS experiments shows that the protein exists as a range of oligomeric forms
containing between approximately 10and 40 subunits. The heterogeneity in size observed by IM is independently confirmed by the diversity in
the sizes of particles observed by EM. Reproduced with permission from Elsevier (Baldwin et a/. 2011a).
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Oligomers of a.B well-studied by single particle analysis of EM data have revealed the envelope of a 24-
mer with tetrahedral symmetry (Fig. 1.12C) (Pescheketal. 2013; Braun et al. 2011; Pescheketal. 2009;
Haley et al. 1998) and according to the reconstructed aB 24-mers, a.B is a hollow, spherical complex of
approximately 13.5nm diameter (Fig. 1.10) (Braun et al. 2011). The combination of solid-state NMR (Jehle
et al. 2011), EM and cross-linking MS (Braun et a/. 2011), led to the generation of a model based on
hexamericsub-complexes (Braunetal. 2011; Jehle etal. 2011). Moreover, the analysis revealed a broad
range of oligomericsizes and masses with variable symmetries (Haley et al. 1998). However, IM-MS and
cross validation with EM data, releaved a broad distribution of stoichiometries centered around 28
subunits and alternative structuresforthis proteinsystem (Fig. 1.11) (Baldwin et al. 2011b; Aquilinaetal
2003).
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Fig.1.12.Structuralinformation ofthe a.Bassembly. (A)Crytsalstructureofthe isolatedaBACD dimer (residues67-157). Adaptedfrom Bagneris
etal. 2009. (B) Solid-state NMR structure of the ACD dimer as present in full-length aB multimers (residues 64-152 are shown). Adapted from
Jehle et al. 2010. Inboth Aand B the two monomers are colored cyanand gray, respectively, while B-strands are alsolabeled. In comparison to
the isolated ACD, the shared groove becomes more accessible as the dimeris much more curved in the context of aB multimers. (C) EM density
map of the a.B24-mer showing the tetrahedral arrangement of four hexamericrings, each formed by three dimericbuilding blocks. Adapted from
Peschek et al. 2009. (D) Structural model of the 24-merof aB as obtained by combined data from solid-state NMR, EM and SAXS. Adapted from
Jehle etal. 2011. Three dimeric building blocks are highlighted in red, blue and yellow, respectively. The flexible C-terminal extensions are
excluded for clarity. (E) After synthesis and folding, aB monomers associate toform dimers, whichare stabilised by electrostatic interactions and
disulphide bonds. Dimers of aB can adopta range of elongated antiparallelinteraction (AP) registries (termed API, APII, API1l) along the dimer
interface. Figure designed based on Hochberget al. 2014 and Bagneris et al. 2009.

The defining element and most highlyconserved region of asHsp sequence isthe ACD. The ACDis flanked
in aB by a variable ~60 residues NTD and a 25 residues CTD that accomplish the multimeric assembly.
Structures for dimers of the core domain exist from either X-ray crystallography (truncated constructs
without NTD or CTD) (pdb ID: 3L1G, pdb ID: 2WJ7) (Fig. 1.12A) (Laganowsky et al. 2010; Jehle et al. 2010;
Bagnéris et al. 2009) or from solid-state magic-angle spinning (MAS) NMR (in the context of full-length
oligomers, pdb ID: 2KLR) (Fig. 1.12B) (Jehle et al. 2010). Jehle etal. (2010) showed, usinga combination
of solid state-NMR, EM and SAXS (Fig.1.12D) (Jehle etal. 2011) that human aB is a curved dimerwitha
~121° angle between aseries of B-sheets (B4-B5-p6+7) presentinthe ACD (Jehle etal. 2010). In all atomic-
level structures the ACD of aB forms an immunoglobulin-like B-sheet sandwich of two layers with three
antiparallel B-strands each (Fig. 1.12A,B) (Mainz et al. 2012; Jehle et al. 2009). The dimer interface is
formed by an antiparallel (AP) (Laganowsky et al. 2010) B-sheet of strands B6+7, which forms hydrogen
bondsto strand B6+7 of another core domain, hence called aB dimer. The separated B6 and B7 strands,
as observed for HSP16.5 and HSP16.9, have mergedinto one strand f6+7 in aB. The two top sheets (2
[33-B9-p8) form a shared groove above the AP interface. The variable B2 strand was refined only for two
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of five molecules in the asymmetric unit (Bagneris et al. 2009). This point-symmetric, dimeric building
block shows in the solid-sate NMR structure a characteristic bent that is absent in the X-ray diffraction
structures and therefore, might be of functional importance (Jehle et al. 2010). In both sides of the dimer
there are regions of ionicinteractions, leading to the hypothesisthat specificresidue pairs (e.g. G99-H119
and G117-H101) form pH-dependent electrostaticinteractions on both sides of the dimer, resultingin its
curvature and increased stability(Jehle et al. 2010). Later structures of the ACD confirmed thatthe dimer
iscurved andindicated thatthe dimerinterface can adoptthree different elongated AP registries (termed
API, APII, APIIl) (Fig. 1.12E), which resultin ashift of two residuesin the f6+7 sheet (Hochbergetal. 2014;
Laganowsky et al. 2010; Bagneris etal. 2009). All these structural variations may play arole indetermining
the chaperone efficacy.

The ‘hybrid’ approaches except for helping to address the structural heterogeneity of aB, highlighted also
that the NTD (residues 54-70) of one a.B dimerappearstointeract with aneighbouring o.B dimer through
a yet to be determined process (Jehle et al. 2011). Additionally, the NTD is thought to play a key role in
binding to partially folded clients, as determined by limited proteolysis-MS (Aquilina and Watt 2007;
Sreelakshmi and Sharma 2005) and solid-state NMR (Mainz et al. 2015).

1.6.1. The Role of Post-Translational Modifications on o B-rystallin

sHsps undergo extensive post-translational modifications (PTMs) and as they do not possess ATPase
activity their chaperone function is regulated from early on the orgamism’s lifespan by PTMs ( Ito et al.
1999). The modifications include phosphorylation, truncation (especially within the unstructured CTD),
deamidation and glycation (Treweek et al. 2015). The mechanisms and functional roles of the alterations
mentioned remain still unclear.

1.6.1.1. Phosphorylation of a B

Most common modification, occurring both intra- and extra-lenticularly in response to various kinds of
stresses, e.gtemperature or pH(Kato et al. 1998; Ito et al. 1997), ischemia (Golenhofenetal. 1998), and
hypoxia(Kase etal. 2010), is phosphorylation (Kampinga and Garrico 2012). The levelsof phosphorylation
increase with age and stress conditions (van den ljssel et al. 1998; Ito et al. 1997; kato et al. 1994; Landry
et al. 1991). a.B undergoes phosphorylation at three key serine residues (Ser19, Ser45 and Ser59) (Fig.
1.13) (Katoetal 2001; ltoet al. 1997; Smithetal. 1992; Voorteret al. 1989). The majority of these post-
translational changes are performed by mitogen activated protein kinase activated protein (MAPKAP)
kinases (Landry et al. 1992a). In particular, phosphorylation at Ser45 is mediated by p44/p42 MAP kinase
(ERK) and at Ser59 by MAPKAP kinase-2 (p38) (Kato et al. 1998; lto et al. 1997), while the signalling
pathway responsible for the phosphorylation of Ser19is presently not known. Upstream of p38, RhokK,
PKCand PKA are selectivelyinvolved in the activation of p38and phosphorylation of aBatSer59 (Launay
et al. 2006). Phosphorylation is also common to other sHsps such as HSPB4 (Ser122) (Takemoto 1996),
HSP27 (Serl5, Ser78 and Ser82) (Landry et al. 1992) or HSP20 (Serl6, mediated by cyclic nucleotide-
dependent protein kinases) (Edwards et al. 2012; Beall et al. 1999).

Serine phosphorylation of aB primarily occurs within the NTD (Kato et al. 1998; Ito et al. 1997). The
introduction of a strong negative charge at serine residues alters the oligomerization state of aB.
Numerous structural and functional studies investigated the effect of phosphorylation on the chaperone
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activity, polydispersity and oligomeric state of aB (Ecroyd et al 2007; Aquilina et al. 2004).
Phosphorylation mimics of aB (S19D/E, S19/45D/E and S19/45/59D/E) have been shown to either
increase ordecreaseits chaperone activity compared to the wild-type protein (Peschek et a/. 2013; Ahmad
et al. 2008; Ecroyd et al. 2007; Aquilina et al. 2004). The overall effect of phosphorylation remainsin
general controversial, as some of the existing studies have reported conflicting data. For example, Peschek
et al. (2013), Ahmad et al. (2008) and Ecroyd et al. (2007) have demonstrated that phosphorylation
enhances chaperone activity, while others that it reduces it (Aquilina et al. 2004; Ito et al. 1997). In
particular, phosphorylation of aB at the three serine residues (aB-3E mutant) does not result in the
complete dissociation of oligomers, nor reduceits polydispersity (Peschek et al. 2013; Peschek et al. 2009;
Ecroyd et al. 2007), but in an increase in the rate of subunit-exchange that leads to an increase in the
abundance of the dissociated species (mainly 12-mers) (Fig. 1.14), enhancing its interaction with
destabilised substrate proteins (Peschek et al. 2013; Ecroyd et al. 2007).
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Fig. 1.13. Domain organization of human o B. (A) NTD (orange) withthe three majorphosphorylationsites (S19, S45and S59), ACD (blue) and
CTD (green) are shown. (B) The cryo-EM density map of the aB 24-merwiththe docked pseudoatomic model according to Braun etl. (2011). .
(C) Zoom into the 3c area of the pseudoatomic model. The colored spheres depict residues S19 (green), S45 (blue) and S59 (cyan). Modified from
Pescheket al. 2013.

This variation in the results, however, could be explained by the fact that the effect of phosphorylation
on the chaperone activity of aBis specificto the client protein being used and depends on the number of
sites of phosphorylation (Ecroyd et al. 2007), as client proteins possess different tertiary and quaternary
structuresanditis thoughtthat the binding affinityof aBforclient proteinsis higherfor clients, which are
more destabilised, resultinginincreased chaperone activity (Ecroyd et al. 2007; Koteiche and McHaourab
2003). In addition, phosphorylation affects the cellular distribution of some sHsps, likefor a.Band Hsp27,
where phosphorylation causes them to be translocated into the nucleus (Bryantsev et al. 2007; den
Engelsman et al. 2005; Adhikari et al. 2004; van den ljssel et al. 2003; Voorter et al. 1992), in order to
protect nuclear proteins from the stress conditions. Therefore, phosphorylation has been characterized
as a ‘molecular switch’ that activates oligomeric dissociation and/or enhances subunit-exchange (by
destabilisation of inter-dimer contacts), and thus, regulating the structure and alsothe cellularlocalization
of the sHsps during stress periods.
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Fig. 1.14. Phosphomimicking mutants of aB. (A) 3D reconstructions of aB-3E oligomers observed incryo-EM. The isosurface threshold was set
to enclosea molecular mass of 485 kDa for the 24-mer, 242 kDa for the 12-mer, and 121 kDa for the 6-mer. (B) Distribution of the main oligomer
populationsin aB-WT (black) and aB-3E (i.e. S19E, S45E and S59E) (red) showing that the mostabundant population for the wild-type proteinis
the 24-mer, while for the a.B-3E mutant the 12-mer. Adapted from Pescheket a/. 2013.

1.6.1.2. Other Post-Translational Modifications

There are additional PTMs, except for phosphorylation, like truncation, deamidation and glycation that
influencethe lens. They usually occur with age and are mostly associated with aggregation of the crystallin
proteins, thus cataract formation. Forexample, four residues ofthe CTD of a.B undergo truncation in vitro,
when the C-terminal extension is exposed and this decreases the solubility of both oA and aB, reduces
their protective ability and increases cataract formation (Treweek et al. 2007; Kamei et al. 2000). Further
studies have shown by enzymatictruncation of the CTD in vitro with calpain Il or trypsin (Takemoto et al
1993; Kelley et al. 1993) or immobilization of the flexibility of the CTD by mutagenesis (Smulders et al
1996) that there is a reduction in its chaperone ability against amorphously aggregating client proteins.
Altogether, however, suggest that the C-terminal extension plays an important role in the chaperone
function. Deamidationis another common PTM that occurs extensively to aA and a.B and may be a key
factor in the age-related denaturation of such lifelong proteins (Hains and Truscott 2010). During
deamidation an additional negative charge from aspartic or glutamicacidisintroduced to the protein and
this leads to potential destabilising structural changes(\Wilmarth et al. 2006). Moreover, during glycation,
whichis accosiated with diabetes, where the blood glucose isincreased ( Blakytny et al. 1997; Stevens et
al. 1978), occurs formation of covalent cross-links, aggregation and compromised chaperone activity of
a-crystallins that can lead to diabetic cataract (Kumar et al. 2007).

1.6.2. Disease-related Mutations in the a B-Crystallin Sequence

In orderto understand the role of aBin various diseases many studies tried to identify mutations directly
associated with specific pathologies as seenin Table 1.2. R120G is a natural missense mutation occurring

in the conserved ACD, in the aB dimerinterface and it is identified as being responsible for a form of
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desmin-relared myopathy (DRM) and for cataract (Vicart et al. 1998). oB-R120G is associated with
aggregation of the chaperone with the intermediate filament protein, desmin, in the cytoplasm of
myofibrils (Xiao et al. 1999). Desmin is essential for tensile strength in myofibrils of muscles and this
results to progressive muscle weakness. This mutation causes an increase of the oligomericsize and a
decrease inthe in vitro chaperone efficiency (Bova et al. 1999). Co-precipitates of desmin and a.B-R120G
are foundin cardiac muscle tissue of patients suffering from desmin-related cardiomyopathy (Vicart et al
1998). Similarly, aB-D140N mutation exhibits abnormal oligomerization and impaired chaperone activity,
causingcataract (Liu et al. 2006; Berry et al. 2001). Mutations inthe ACD of aB interfere with important
interactions between subnunits and they have a great impact on the association and dissociation
properties of the oligomericform (Hilton et al. 2013b). The locations of natural occurring disease-related
mutations are presented in the a.B model in Fig. 1.15.
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Fig. 1.15. Homology model of human a.B monomer. The model shows approximate locations of naturally-occurring disease-causing mutations.
Reproduced with permission from Clearance Center’s RightsLink® service (Treweek et al. 2015).

Table 1.2 | Known disease-related mutations of aA- and aB-crystallin in humans. Numerous point mutations as well as deletions and
truncations, have been associated with congenital diseases. These mutations alter the chaperone function and provide a link between the
molecular chaperone action and disease manifestation.

a-crystallin Mutant Disease References
aA W9X, R12C,R12W, Cataract Litt et al. 1998; Devi etal. 2008; Gu et al. 2008; Richter et
(HspB4) R21L, R49C, R45H, al. 2008; Hansenet al. 2007; Graw et al. 2006; Sanithiya
G98R, R116C, R116H et al. 2006; Xia et al. 2006; Mackay et al. 2003
aB R120G Desmin-related myopathy, | Vicartetal 1998
(HspB5) cataract
P20S, R56W, D140N, Cataract Safieh et al 2009; Liet al. 2008;Liuet al. 2006; Berryet
450delA al. 2001
R157H, G154S Dilated cardiomyopathy Inagaki etal. 2006; Pilottoet al. 2006
Q151X (STOP) Desmin-related myopathy | Selcenetal.2003
454delCT CRYAB gene | Desmin-related myopathy | Selcenetal.2003
450delA CRYAB gene Cataract Berry et al. 2001

Additional mutations associated with diseases are also presented in the NTD and the CTD regions (Fig.
15). The only cataract-causing mutation in the NTD of aB occurs in residue 20, where Pro is mutated to
Ser. This mutation impairs also the chaperone function of aA (Li et al. 2008). Furthermore, in the C-
terminal region mutations aB-R157H and a.B-G154S lead to dilated cardiomyopathy (Selcen et al. 2003).
In addition, another form of DRM arises from a deletion mutation (Q151X) and several other naturally-
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occuring mutations/deletions have been identified to cause distributions in various tissues as shown in
Table 1.2.

1.7. Structure and Function of o A —crystallin

As opposedto human aB, human aA-crystallin (also termed as HSPB4) is a not well-studied protein and
not much is known regardingits structure or mechanism of action. The oA gene isfound on chromosome
21 (Ngoetal. 1989; Quax-Jeuken et al. 1985), encodesa 173 aminoacid residue protein and possesses a
monomer mass of 19.9 kDa (Haslbeck et al. 2016; Groenen et al. 1994). In addition, oA has two cysteines
at positions C131 and C142, which can form disulphide bonds. oA performsits functionin the eyes in a
hetero-oligomeric complex with a.B (800 kDa) (Fig. 1.16) (Horwitz et al. 1999) and for this interaction it
was suggested earlier that residues 42-57 and 60-71 are involved forthe oligomerformation (Sreelakshmi
etal. 2004). The aA/aBratioin the a-crystallincomplex may differ for different organisms(Ghahghaeiet
al. 2009; Posner et al. 2008). Furthermore, a recent study has shown that oA has many interaction
partners. The use of microchips revealed 127 target proteins associated with phosphorylation, alternative
splicing, acetylation, bindingto DNA and RNP, cell cycle, membranetransport, transcription, GTP-binding,
and cell response to unfavorable conditions of the surrounding (Fan et al. 2014).
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Fig. 1.16. aA and a aB oligomers. 0A and a aB form dynamic homo-(A) oA (purple)and (B) aB (blue)and hetero-oligomers (C) of varying
stoichiometries. Adapted from Haslbeck et al. 2016.

aAand aB have also a differential tissue distribution. clA was initially thought to be lens specific, but its
non-lenticular expression was also described as it is expressed additionally in the spleen, thymus, brain
andretina (Horwitzetal. 1992; Srinivasanetal. 1992; Katoetal. 1991) in concentrations noless than 40%
of all proteins (Bloemental et al. 2004). In the eye lens, increased concentrations of aA provides its
transparency (Delaye and Tardieu 1983) and protects epithelial cells of the lens from adverse effects of
the surrounding by preventing aggregation of damaged eye lens proteins (Horwitz et al. 1992). Defectsin
the oA gene are associated with lens turbidity thus, early cataract formation (Wei et al. 2016; Sun and
MacRae 2005; Brady etal. 1997). The role of A is easilydemonstrated in gene knockout studiespublished
by Brady et al. (1997), where aA knock out mice resulted in cataract development startingin the nuclear
area with progressioninvolvingthe entire lens. In addition to cataract formation, dense inclusion bodies
were alsodiscovered, consisting of aB (Brady et al. 1997). This study concluded that the expression of oA
is necessary not only for the maintenance of lens transparency, but also for controlling the solubility of
other crystallins in the lens (Xi et al. 2003; Brady et al. 1997).
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Table 1.3 | Sequential holology of o A- and a.B-crystallin for different representatives of Chordota. The pair alignmentand calculations of the
identity of amino acid sequences were made using the Jalview v.2.9.0b2 program.
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Ingeneral, the molecular mechanismof the chaperone-like propertiesof alAisto be clarified, as the three-
dimensional structure of full-length human a.Ais notyet determined. Until now, due to the heterogeneity
and the difficulty in purifying and crystallizing aA homo-oligomers, two crystal structures have been
solved. The one of the truncated bovine alA, i.e.residues 59-163 (Laganowsky et al. 2010a) and the one
of the truncated zebrafish oA, i.e. residues 60-166 (Laganowsky et al. 2010b). Both constructs are lacking
the NTD, but they contain part of the C-terminal extension. Electron microscopy of negatively stained
human recombinant oA suggests that alA appears as almost globularassemblies with size heterogeneity
and with a small fraction of elongated particles, which are almost absentin aB (Peschek et al. 2009).
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Fig. 1.17. (A) Domain organization of aA-crystallin. N-terminal region (NTR) (orange), a-crystallindomain (ACD) (blue), C-terminal region (CTR)
(green). The conserved IPV motif and the majorphosphorylationsites (Ser45 and S122) areindicated. (B) Structure of the respective ACD-dimer
(X-ray, pdb ID: 3L1F). Modified from Haslbeck et al. 2016.

The three-dimensional structure of the A monomer is similar to the aB monomer as their homology is
high (Table 1.3). oA is organized into three regions like all sHsps: the central a.-crystallin domain (ACD),
and the flanking N-terminal and C-terminal regions (NTRand CTR, respectively) (Fig. 1.17A) (Haslbeck et
al. 2016). The ACD of A looks also like a 3-sandwich of seven -strands stabilized by hydrogenbonds and
hydrophobicinteractionsof amino acid residues (Fig. 1.17B), where dimers are formed by bonds between
B6+7 strands. The bovine C-terminal region contains an IPV motif and a pseudopalindromic sequence
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ERAIPVSRE, which indicates that the interaction between olA monomers can proceed in two directions
(Fig. 1.18A,B) (Laganowsky et al. 2010a). In contrast, in the aB structure the same region is a true
palindrome. In the crystal structure of the truncated zebrafish oA, which is dimeric in solution, two
moleculesdimerize via their f6+7 strands and two such dimers form a tetramers by approaching of the
[32-strands of the ACD, as Ser67 in 2-strands form hydrogen bonds with histidine and lysine residues in
unstructured regions between B6+7 and B5 strands of neighbouring monomers (Fig. 1.18C,D). The IPV
motifis not involved inintermolecularinteractions within the tetramerin zebrafish oA, but it binds into
the B4/B8 pocket formed by the same chain. Therefore, truncated zebrafish aA representsso farthe only
non-domain swapped configuration among the a-crystallins of known structure (Haslbeck et al. 2016;
Laganowsky et al. 2010b). Taken together, the oligomer formation and structure of oA seems similar to
the modular architecture of a.B.

AP, Interface

bovine cA zebrafish oA

Fig. 1.18. Crystal structures of truncated a A-crystallin. (A) The bovine a A (residues 59-163) reveals C-terminal tail binding to adjacent chains
and protrude fromeachendofthe central dimer. The extended C-terminal extensions bind toadjacentdimers. (B) The C-terminal extensions of
the bound adjacent chains (colored blue andyellow) can interact with differing adjacent dimers (Laganowsky et al. 2010a). (C) In the zebrafish
o.A (residues60-166)fourchainsforma closed tetramermediated througha previously unobserved dimericinterfac e (AB), whereeach C-terminal
extensionbinds to its own domain (DS). The inset isanenlarged view of the dimericinterface, AB, created by 32-strand and the loop, located in
betweenstrands $5and 36. Hydrogen bonds are shown by dashed yellow lines. (D) A90° rotation of the closed tetramerabouta horizontal axis.
Adapted from Laganowsky et al. 2010b.

1.7.1. The Role of Post-Translational Modifications on ot A-Crystallin

The reason for the loss of the functional activity of aA can be different mutations and post-translational
modifications. This may resultinits aggregation, lens turbidity, and cataract development.

1.7.1.1. Phosphorylation of ol A

Unlike a.B-crystallin, detailed studies for oA phosphorylation are rare. Earlier in vivo studies showed that
the phosphorylation sites of aA in the lens are at Ser122 and Ser148 (Chiesa et al. 1987; Voorter et al.
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1986) and the major phosphorylation site (Ser122) is age regulated (Takemoto 1996). Regarding the
phosphorylation sites of oA there are different studies. Schaefer et al. (2006) identified eight different
phosphorylation sites (Thr4, Ser20, Ser45, Ser59, Ser148, Ser155 and Ser172 or 173) in mouse lenticular
samplesinvivo, while Chiou et al. (2010) identified in vivo from porcine nine (Ser20, Ser59, Ser62, Ser66,
Ser81, Ser86, Ser148, Serl55 and Serl73) sites. Further, very little is known about the function of the
phosphorylation sites and of the mechanism of phosphorylation, however, it is believed that serine-
specificphosphorylationis occurring viacAMP-dependent protein kinase pathways (Spectoret al. 1985).

1.7.1.2. Other Post-translational Modifications

Acetylation of Lys70, Lys99and Lys166 in oA sequence leadsto achange in the surface charge and affects
the conformation and functional activity of aA (Nagaraj et al. 2012; Lin et al. 1998). Another type of
modificationis isomerization of aspartic acid, where due to conformational transitionsin the secondary
structure of the chaperone, there is partial loss of its functional activity (Fujii et al. 2003). oA undergoes
also spontaneous deamidation of asparagine and glutamine residues. Asn101in human oA undergoes
deamidation duringtheinitial 30years (Takemoto 1998). Deamidation has no real effect on the chaperone
like activity, butthere is adecrease inthe activity uponisomerictransition of Asn123(Chaves et al. 2008).
The amino acid sequence of aA includes Cys131 and Cys142, but no S-S bond is formed in the native
water-soluble form of the protein. Upon deamidation however, conformational changes draw together
the cysteine residues resulting in the formation of adisulfide bond, which tranfers aA to a water-insoluble
state (Lund et al. 1996).

1.7.2. Disease-related Mutations in the o A-crystallin Sequence

The mutation aA-R116C in the ACD resultsin hereditary cataract (Litt et a/. 1998) and can also leadto a
reduction in its protective ability against epithelial cell apoptosis in the lens (Andley et al. 2002).
Specifically, the substitution of an arginine for a cysteine at position 116 exposes a previously buried
residue that seems to disrupt salt bridges and potentially leads to the formation of non-native,
intersubunit disulphide bonds. Therefore, this perturbation causes a decrease in chaperone activity and
subsequent aggregation of the naturaltarget proteins of alAinthe lens (Clark etal. 2000) and is the reason
for the abnormal oligomeric assembly (Berengian et al. 1997). The same residue is affected in the aA-
R116H mutant, which also causes cataract (Gu et al. 2008). A number of other site-specific mutations
within the ACD have been shown to be responsible for the development of either whole (lenticular) or
nuclear cataract in humans (aA-R49C and aA-G98R) (Sanithiya et al. 2006). Other disease-related
mutations of oA occurring also in the NTD (i.e. aA-W9X, R12C, R12W, R45H and R21L) are presented in
Table 1.2.

1.8. Alzheimer’s Disease

Alzheimer’s disease (AD) is named after Dr. Alois Alzheimer, who in 1906 noticed changes in the brain
tissue of a woman that had died of an unusual mental illness. ADisthe most common form of dementia
resulting in the loss of memory and intellectual abilities. It is an irreversible, progressive
neurodegenerative disease affecting millions of people worldwide. The greatest risk factor for this
neurodegenerative disorderis age (Mao and Reddy 2011). Therefore, the number of AD patients the last
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century has increased dramatically, due to the extended life spanin modern countries. The pathology of
AD is characterized by extracellular accumulation of amyloid plaques and intracellular neurofibrillary
tangles (Selkoe 1994a), which are referred to as senile plagues and neurofibrillary tangles, respectively
(Findeis 2007). Amyloid plaques are composed primarily of amyloid fibrils of self-assembled AB-peptides
(Glenner and Wong 1984). In Fig. 1.19A a healthy and a diseased AD brain is shown.

A Healthy Severe B
Brainy AD ﬁ\,

Fig. 1.19. Alzheimer’s Diease. (A) The left side shows a healthy and the right side a diseased with Alzheimer brain
(https://www.nia.nih.gov/alzheimers/scientific-images). (B) Transmission Electron Microscopy (TEM) image of amyloid fibrils formed by the
human AB4o peptide, negatively stained with uranyl acetate. The image was modified from Petkova et al. 2005.

1.8.1. The A Amyloid Peptide

The two major forms of AB in human brain are peptides AR, and AB.,, differing from each otheronly by
two amino acids. The AB,, fragment is the dominant AP species in the amyloid plaques of AD patients
(Gravinaetal 1995; lwastuboetal 1994; Selkoe 1994b; Roheret al. 1993) and typically displays a higher
propensity to form amyloid fibrils in vitro (EI-Agnaf et al. 2000; Jarrett et al. 1993a; Jarret et al. 1993b),
while it appears to be a more toxic species than AB4,. However, most high-resolution structural studies
have been performed on AB,, amyloid fibrils (Schutz et al. 2015; Bertini et al. 2011; Petkova et al. 2006;
Petkova et al. 2002). The AP protein is a 4 kDa proteolytic cleavage product (Glenner et al. 1984) of the
transmembrane B-amyloid precursor protein (APP), which is a ubiquitously expressed, 110-130 kDa
receptor-like protein (Haass and Selkoe 2007; Selkoe 2001). The cleavage of APP is primarily mediated by
B- and y-secretase, which generate the two major cleavage products AP, and AP, (Fig. 1.20)
(Lichtenthaleretal. 2011). The different fragments possess different self-aggregating potentials, but only
A4, showsa strong oligomerization propensity in vivo. Ina healthy individual, the shorter fragment AB4
is the most abundant species (>85%) (Younkin 1998), whereas the production of the elongated peptide
AB,, increases by a factor of 1.5-1.9 in patients with familial forms of AD (Suzuki et a/. 1994). The early-
onset familial AD can be ascribed to mutationsin the genes for APP (chromosome 21), presenilin-1
(chromosome 14) and presenilin-2 (chromosome 1) (Tilley etal. 1998; Hardy et al. 1997). Those mutations
result either in elevated levels of total AP peptides or an increase of AB,, only (Jankowsky et al. 2004;
Tomita et al. 1994).
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Fig. 1.20. Metabolic processing of the transmembrane protein APP by the endoproteases o.-, f-and y-secretase. Processing by the $-and y-
secretases yields the fragment AP (red), which is a 39-42 residue peptide. The figure was designed using Adobe Illustrator CS6.
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1.8.2. The Structure of A Amyloid Fibrils

The amyloid fibrils of AP are a pathological hallmark of AD disease and may play a central role in cell-to-
cell transmissibility (Costanzo et al. 2013). Although their precise rolein toxicity is unclear, the oligomeric
entity of AB is known to be most neurotoxic (Selkoe et al. 2016). The structure of AB fibrils is therefore
importantfora detailed understanding of the aggregation process and a molecular understanding of the
progression of the disease, aswell as for the development of therapeuticand diagnosticapproaches. AB
belongs to the class of intrinsically disordered proteins (IDPs), meaning that these polypeptides are
inherently devoid of any structural order in solution (Babu et a/. 2011). AD is thus, referred to as a
misfolding or conformational disease (Uversky 2009).
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Fig. 1.21. Levels of molecular structure within an amyloid fibril. (A) Secondary structure refers to the identities of B-strand and non-B-strand
segments (arrows andtubes). Non-B-strand segments can be either ordered or disordered. (B) Tertiary structure refers to the organization of B-
strand segmentsintoparallel or antiparallel B-sheets. (C) Quatemary structure refersto the stacking or interactions among B-sheets, mediated
by amino acid sidechains. Adapted from Tycko 2016.
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The hydrophobicnature of the AB peptide causes the self-associationinto soluble oligomers, protofibrils,
and finally mature filaments of 10-20 nm diameter (Sachse et al. 2008). Fibril formation is controlled by
two kinetic parameters: the nucleation rate and the elongation rate (\Wu and Shea 2011; Lomakin et al.
1997) and the fibrils are typically straight, filamentous aggregates with lengths of 100 nm to several um
(Tycko 2006; Sipe 1992). They can be visualized by Transmission Electron Microscopy (TEM) with negative
staining, as shownin Fig. 1.19B and they are associated with several diseases, exceptfor AD, such as type
2 diabetes and Parkinson’s disease (Sacchettini and Kelly 2002). In additon, AB has been identified as a
metalloprotein binding specifically Cu(ll) in the N-terminal region (Atwood et al. 2000) and the Cu(ll)- A
complex has been shown to generate ROS in vitro (Tabneretal. 2002; Huangetal. 1999). Increased levels
of lipid peroxidation, as well as DNA and protein oxidation products in AD brains, point towards a
significant role of oxidative stress in AD pathology. Furthermore, the production of free radicalsmost likely
provokes oxidation of A residues M35 and Y10 (Jomova et al. 2010; Smith et al. 2007).
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Fibri axis

fibril axis

Fig. 1.22. The 3D structure of A (142 solved by solid-state NMR. (A) The structure of A3 4z fibrils represented with the conformer showing the
smallest CYANA target function. The backbone of the two symmetric molecules is shownas yellow and orange. The N-terminal regionis indicated
bydashedlines,while thesidechainsofthe positivelycharged residuesareshowninred, thenegativelychargedinblue, t hehydrophobicresidues
in white, and polar residues in green. (B) A ribbon-based cartoon of the AP (1.4 fibrils showing nine molecules of Af 1.4z along the fibril axis.
Adapted from Walti et a/. 2016. (C) Stick model representation of the 10 lowest energy structures (one monomer isin bright and one in pale
colors). (D) Ribbon representation of the lowest energy structure showing the alignment of the dimers along the fibril axis. Modified from Colvin
etal 2016.

A fibrilsare visible in electronmicroscopeimages, butitis very difficult to go to an atomiclevel of detail.

The standard high-resolution methods used in structural biology to achieve this, such as X-ray
crystallography and solution-state NMR spectroscopy, assume that the macromoleculeis present as a

single crystal or in the form of individual molecules that are dissolved in water. However, fibrils are
elongated structures thatadhere to each other and neitherform crystals, nor can be dissolved in water.

Due tothe insolubility of thefibrils, solid-state NMR spectroscopy became aninvaluable tool for structural
investigations, capable of offering a view of the fibrils at atomiclevel. New developmentsin methods in
solid-state NMR made it possible to measure a network of distances between the atoms in the protein
moleculesthat make up afibril. The levels of molecular structure within an amyloid fibril are summarized
in Fig. 1.21. Extensive calculations enabled the atomic structure of the fibril to be reconstructed from

these measurements (Tycko 2016). For AP fibrils, complete structural models that are based primarily on
solid-state NMR data now exist (Waltiet al. 2016; Colvin et al. 2016; Xiao et al. 2015; Sgourakis et al. 2015;
Schutz et al. 2014; Bertini et al. 2011; Paravastu et al. 2008; Petkova et al. 2006) and an additional
complete model for AR, fibrilsis derived from human brain tissue (Lu et al. 2013). The two most recent
models, however, arise from Griffin’s (Colvin et al. 2016) and Riek’s (Walti et al. 2016) groups. The two
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teamsin these studies confirm each other, and have caused excitementin expertcircles, as they enable
a targeted, structure-basedsearch for medicine that could attack the 3-amyloid fibrils. In the 3D structure
the A4, peptide is composed of two molecules perfibrillar layer, forming a doublehorseshoe-like 3-sheet
entity with maximally buried hydrophobic side chains, while pairs of identical molecules form layers,
which are stacked onto each othertoforma longfibriland numeroushydrogenbonds parallelto the long
axis lend the fibrils their high stability (Fig. 1.22) (Colvin et al. 2016; Walti et al. 2016). Solid state NMR
data show that amyloid fibrils are frequently polymorphic, with structural variations that can include
variations in symmetry and in the nature of B-sheet structures (Tycko 2011).

1.8.3. The Role of aB-Crystallin in Alzheimer’s Disease

Several members of the sHsp family have been attributed a protective role in the development of
neurodegenerative diseases. aBis expressed at high levelsinthe neurons and glial cells of patients with
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Huntington’s, Creutzfeldt-Jacob and
amylotrophic sclerosis (Carra et al. 2013). Interestingly, the expression of a.B has been shown to be up-
regulated in brains of patientssuffering from AD compared to thatin the normal human brain ( Renkawek
etal 1994; Iwakietal 1992), presumably because of the cellularstress caused by the disease. Despite its
protective roleas amember of the protein quality control machinery, a.B has been found to be colocalized
with AP peptides in AD’s amyloid plaques (Wilhelmus et al. 2006; Muchowski and Wacker 2005; Liang

2000; Stege et al. 1999). Interestingly, aB is associated with AP deposition in supranuclear cataracts in
lenses from patients with AD (Goldstein et al. 2003).

The observation that AP and aB are colocalized in vivo (Liang 2000; Stege et al. 1999) has led to several

independent investigations to study the effect of aB on AP} aggregation under in vitro experimental
conditions (Shammas et al. 2011; Wilhelmus et al. 2006; Raman et al. 2005; Santhoshkumarand Sharma

2004; Liang 2000; Stege et al. 1999). Some of these studies showed that uponinteraction, aBenhanced
B-sheetstructure in AP (Liang 2000; Stege etal. 1999) and stabilized AP into toxic 3-sheet rich oligomers
as evidenced by increasedtoxicity in culturedrat neuronal cells (Stege et al. 1999). In addition, Narayanan
etal. (2006) found thatinstead of preventing the cell fromtoxicity of AR, aBinduced an increasedtoxicity,
which could arise from the oxidation of the side chain of the Met35in AP by a.B. Moreover, it has been
reported that aBinhibitedfibrilformation (Shammas et al. 2011; Dehle et al. 2010; Wilhelmuset al. 2006;
Ramanetal. 2005) and presentedevidence fora protective effect of aBin AB-induced cytotoxicity (Dehle
etal 2010; Wilhelmusetal. 2006). Allinall, there is controversy regarding the ability of a.Btoinhibitthe
toxicity associated with AB fibrilformation (Ecroyd and Carver 2009) and the existingdata dependon how
experiments were perfomed, including the method of preparation, purification and handling of the A3
peptide, the incubation conditions and in particular whether A and a.B were pre-incubated.

1.9. Nuclear Magnetic Resonance Spectroscopy in Structural Biology

Structural biology aims at determining the structures of macromolecules, such as proteins and nucleic
acids, and their complexes in order to provide a mechanistic understanding of biological systems. The
knowledge of high resolution structural studies of biomolecules is very important in understanding the
functional dynamics of different protein systems. In recent years, Nuclear Magnetic Resonance (NMR)
spectroscopy and X-ray crystallography are well-established techniques for obtaining atomic-resolution
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structures. Each of these methods hasits own strengths and limitations. However, they both yield highly
similarstructures (Wagneretal. 1992). Within the domain of eukaryotes, up to now, 81% and 13% of the
structures were solved by X-ray diffraction (resolution <3 A) and solution-state NMR spectroscopy,
respectively, accordingto the RCSB Protein Data Bank. The first X-ray structures were determined in the
late 1950s (Blake et al. 1965; Muirhead and Perutz 1963; Kendrew et al. 1958), whereas first NMR
structures were reported in the early 1980s (\Wagner et al. 1987; Clore et al. 1985; Kaptein et al. 1985;
Williamsonetal. 1985; Braun et al. 1983). Therefore, however X-ray has in principle atime lead over NMR
spectroscopy of about 20 years, nowadays thousands of structures have been solved by X-ray and NMR,
hinting a faster access to three-dimensional structures of biomolecules.

As opposed to X-ray, where obtaining diffraction-quality crystals can be challenging or in many cases
impossible, or where the structures can be influenced by crystallization conditions and crystal-packing
forces (Chayenand Saridakis 2008; Durbin and Feher 1996), in solution-state NMR this stepis avoided, as
it requires only sample solubility at sufficient concentrations for data collection. NMR spectroscopy is a
unique methodthat allows characterization of the structure and theircomplexes at atomic- and residue-
resolution, either in a soluble or aggregated state. In addition, yielding information on kinetics and
dynamics can be used to identify specificinteractions. However, solution-state NMR studies are limited
by the size of the molecule. Therefore, for the validation of structures itis necessary to combine different
structural biology methods (such as X-ray, solution- and solid-state NMR, cryo-EM, SAXS or SANS) in an
integrated structural biology approach complemented with functional data in order to provide a more
precise understanding of biological systems.

NMR spectroscopy has evolved to a highly sophisticated method and many research groups are
continuously improving the theories behind NMR. This chapterintroduces the basics of nuclear magnetic
resonance (NMR) spectroscopy with respect to relaxation properties and the investigation of large
biomolecules. Foracomprehensive understanding of the physical principlesof NMR, the readerisreferred
to the literature (Levit 2013; Keeler 2011; Cavanagh et al. 2010; Claridge 2009; Ernst et al. 1999).

1.9.1. The Basic Principles of NMR

The nucleus consists of neutrons and protons, which contain an intrinsic property called spin. Nuclei of all
atoms may be characterized by a nuclear spin angular momentum quantum number, /, which may have
valuesgreater (i.e. 2H) than or equal to zero (i.e *2C, 2*0) and that are multiple of 4 (i.e. 13C, °N). Atomic
nuclei with even mass numbers of protons and neutrons have zero spin and all the otheratoms with odd
mass numbers have a non-zero spin. Furthermore, all molecules with a non-zero spin have a magnetic
moment, Y, related to the angular momentum by

p=yl (Eq. 1.9.1)

where yis the gyromagnetic ratio, a characteristic constant between the magnetic dipole momentand
the angular momentum, specific to each nucleus (Table 1.4) (Cavanagh et al. 2010).
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Table 1.4 | Properties of selected common nuclei (Cavanagh et al. 2010).

Nucleus ) &l Natural
abundance (%)
H % 2.6752x 108 99.99
2H 1 4,107 x 107 0.012
13C % 6.728 x 107 1.07
14N 1 1.934x107 99.63
15N % -2.713 x107 0.37
170 5/2 -3.628 x 107 0.038
19p % 2.518x 108 100.00
31p A 1.0839 x 108 100.00

The magneticmoment of the nucleusforcesthe nucleusto behave as a tiny bar magnet. In the absence
of an external magneticfield, each magnetisrandomly oriented. Duringthe NMR experiment the sample
is placed in an external magneticfield, By, which forces the bar magnets to align with (low energy) or
against (high energy) the B, (Fig. 1.23A). During the NMR experiment, a spin flip of the magnets occurs,
requiring an exact quanta of energy. To understand this rather abstract concept it is useful to consider
the NMR experiment usingthe nuclearenergy levels (Cavanagh et al. 2010). In the presence of an external
magnetic field, the spin states of the nucleus have energies given by

E=—uB (Eq. 1.9.2)

inwhich Bisthe magneticfield vector. At equilibrium, the different energystates are unequally populated
because lower energy orientations of the magnetic dipole vector are more probable. The relative
population of a state is given by the Boltzmann distribution:

Ng YhBg
N_ﬂ ~1 —? (Eq 193)
with N,and Ngnumberof spinsin a- or B-state, k =Boltzmann constant, T=temperature. An exact quanta
of energy must be used to induce the spinflip or transition. For any m, there are 2m+1 energy levels. In
particular, in the presence of an external magnetic field (B,) for a spin 1/2 nucleus two spin states exist.
The m =+1/2, whichis referred to as the lowerenergy or a.-state thatis parallel to By, and the state with
m =-1/2, referred to as the higherenergy or 3-state (antiparallel to the magneticfield). Each energy level
is given by

E = —mhyB, (Eq. 1.9.4)

where m is the magnetic quantum number, in this case +/- % and £ is the Planks constant. The energy
difference between the two states depends on the strength of the external magneticfield anditis given
by

AE = —hyB, (Eq. 1.9.5)

A schematicshowing howthe energylevels are arranged foraspin=+/-1/2nucleusis shownin Fig.1.23B.
Inthe absence of anapplied field the nuclear energy levels are degenerate. The splitting of the degenerate
energy level due tothe presence of amagneticfieldis known as Zeeman splitting (Cavanagh et al. 2010).
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Fig. 1.23. (A) Application of a magneticfieldto a randomly orientedbarmagnet. The redarrow denotes magnetic moment of the nucleus.The
application of the external magneticfield aligns the nuclear magnetic moments with or against the field. (B) The splitting of the degenerate
nuclearenergy levels under anapplied magnetic field. The greenspheres representatomic nuclei, whichare eitheraligned with (low energy) or
against (high energy) the magnetic field. The figure was designed using Adobe Illustrator CS6.

As shown in Fig. 1.24, in equilibrium the difference between spins aligned to the external field and
opposed to, create a net magnetization that is aligned to the external magnetic field (z-axis). Upon
application of radio frequency (rf) pulses, the net magnetization vectortilts away from the z-axis. A static
magnetic field applied to the nucleus causesit to precess at a rate dependent on the field strength and
on the gyromagnetic ratio of the spin. A spinning particle precesses about the external field with an
angular frequency known as the Larmor frequency (with w; = yBy Eq. 1.9.6) of a nucleus. Larmor
frequency is measured in Hertz.

Fig. 1.24. A nucleus of spin 1/2in a magnetic field Byis represented. This nucleusisin the lowerenergylevel (i.e. its magnetic moment does not
oppose the applied field). The nucleusis spinning on its axis. In the presence of a magneticfield, this axis of rotation wi ll precess around the
magnetic field. The frequency of precession is termed the Larmor frequency. The figure is adapted from Claridge (2009).

In the NMR spectrometer the bulk magnetization is manipulated with an electromagneticfield in the
transverse plane, x-y. The spectrometer consists of large superconductive magnet, not applicable to
alternate sodrastically the field. Therefore, an additional B, field perpendicularto B, is applied to create
frequency pulses at near-Larmorfrequency. This B; field generates radio frequency in form of a rf pulse.
As long as this pulse is applied, the vector deviates accordingly, but as soon as this external influence is
stopped, the vector will return to the z-axis, at equilibrium state. This decay from the equilibriumto the
rotating state gives rise to free induction decay (FID), which is recorded. At the end, this time -domain
signal is converted to frequency-domain by Fourier Transformation (FT).

1.9.2. Chemical Shift

The NMR spectrashould appearidentical foreach nucleus type. However, thisis not the case since every
nucleus experiences aslightly different chemical environment. The observed resonance frequencies then
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differslightly from the frequencies predicted by Eq. 1.9.6. These differences in resonance frequencies are
referred to as chemicalshifts and offerthe possibility of distinguishing between otherwise identical nudei
in different chemical environments. The chemical shift is measured in parts per million (ppm). NMR
resonance frequency is directly related to the energy gap between the ground state and the excitedstate

of the respective nuclear spin by
AE
R

v= (Eq. 1.9.7)
with v being the NMR resonance frequency and AE the difference between energylevels (Keeler 2011).
In order to be able to compare chemical shift values from differentinstruments, the reference molecule
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) is used to calibrate the chemical shifts for *H and 3C
atoms (Eq. 1.9.8).

= 106 x LSS (Eq. 1.9.8)

VDSS

‘Sppm

with 8,,,m beingthe chemical shiftin parts per million (Keeler 2011). The ppm value is calculated as the
ratio of the detected frequency from the sample and the absolute resonance frequency of a standard
reference compound (Fig. 1.25) (Levit 2013; Keeler 2011; Cavanagh et al. 2010). The phenomenon of
chemical shift arises because of motions of electrons, induced by the external magnetic field, generate
secondary magnetic fields. The net magnetic field for a specific nucleus depends on the static magnetic
field and the local secondary fields. This effect is called ‘nuclear shielding’ and can increase or diminish
the effect of the mainfield (Cavanagh et al. 2010). In proteins, the *H chemical shift typically results from
a combination of electric fields due to charges, aromatic ring currents and magnetic anisotropy around
bonds (Williamson 2013).
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Fig. 1.25. NMR signal. The freeinductiondecay ( FID) (I) is Fourier transformed toyield a signalinthe frecuencydomain. The resonance
frequencyisgivenin ppmwith respectto areference. The figure was designed using Adobe Illustrator CS6.

In general, the electronic charge distribution in a molecule is anisotropic. For this reason, the chemical
shiftis also anisotropic and changes the orientation of a molecule with respect to the magnetic field
changes. In solution NMR, this anisotropy is averaged out by fast molecular tumbling and only a single
isotropicchemical shift value is observed. This, however, does not apply torigidsolids, in which molecular
reorientation is absent (see Chapter 1.9.6.). Chemical Shift Anisotropy (CSA) is defined as the chemical
shift difference between the isotropic and anisotropic states. Thus, chemical shifts can provide useful
structural information due to their anisotropy.

The observed chemical shiftsin a protein are divided into the sum of two components: the so-called
random coil chemical shifts, 8., and the conformation-dependent secondary chemical shifts, Ad. The
random coil chemical shift is the chemical shift, which is observed in a conformationally disordered
peptide, while the secondary chemical shift contains the contributions from secondary and tertiary
structures. All in all, secondary chemical shifts display characteristic patterns for structural elements that
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provide structural information for the system studied (Cavanagh et al. 2010) and chemical shifts can be
used to predict backbone torsion angles, e.g. with TALOS+ (Shen et al. 2009) and proteinstructures, e.g.
with CS-ROSETTA (Shen et al. 2008).

The precise chemical shift of aresonanceis notalwayseasy to determine as often there is spectral overlap
that blocks the determination of the chemical shiftandin orderto resolve this problem, scientists exploit
multidimensional experiments, use higher magnetic fields or design experiments that improve spectral
resolution.

1.9.3. Protein Dynamics in NMR Spectroscopy

Dynamicsis one of the major interests of modern NMR spectroscopy. In biomolecules, dynamics involve
conformational changes, which can be traced by NMR. Motions in globular proteins that are typically
tightly packed, have atime scale ranging from pico- to milliseconds. Often thismotionis linked to function
(Markwick et al. 2008; Henzler-Wildman et al. 2007; Henzler-Wildman and Kern 2007; Karplus and Petsko
1990; Levy et al. 1981a). On the NMR timescale protein motions can be divided into a fast (ps-ns) and
slow motional (ms-ms) regime, respectively as presented in Fig. 1.26. Methyl rotations occur next to
moleculartumbling on a fasttime scale, while folding and loop or domain motions on slower. Further, X-
ray diffraction samples have a larger range of motions compared to NMR, reaching a time scale of
femtoseconds (Kleckner and Foster 2011; Henzler-Wildman and Kern 2007).
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Fig. 1.26. Functional Relevant Time Scales of Protein Dynamics. The different processes (top) and biophysical methods (bottom) are relatedto
a time scale of femto-to kiloseconds. The figure was modified from Kleckner and Foster 2011 and Henzler-Wildman and Kern 2007.

1.9.3.1. Paramagnetic Relaxation Enhancement (PRE)

Paramagnetic NMR has emerged as an alternative and powerful tool to investigate various dynamic
processes involving macromolecules. In particular, the PRE phenomenon arises from magnetic dipolar
interactions between a nucleus and the unpaired electrons of the paramagnetic center that result in an
increase in nuclearrelaxation rates. PRE can provide structural information depending on the distance of
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the paramagnetic center and the nucleus of interest. In contrast to NOE for example, where the effects
are small and limited to short-range (6 A) interactions between protons, the PRE effect is very large,
permitting distancesup to 35A (depending on the paramagneticgroup)to be detected ( Clore and Iwahara
2009). PRE can be used as awayto investigatelowlypopulatedstates of intermediatesin macromolecular
binding eventsand the observed PRE ratesin the fast exchange regimeare population weightedaverages
of the PREs for the majorand minorspecies (Iwahara and Clore 2006). Therefore, PRE providesstructural
information on the minor species to be extracted that cannot be obtained by any other biophysical
technique (Xu et al. 2008; Suh et al. 2007; Iwahara and Clore 2006; Tang et al. 2006; Volkov et al. 2006).

The use of PRE is dependent on the introduction of an extrinsic paramagnetic tag via conjugation to a
specific, solvent exposed site (Kosen 1989). Chemical probes used for paramagneticNMR can be divided
intotwo classes: (i) nitroxide stableradicals and (i) metal chelators (such as EDTA, DTPA, and metalbinding
peptides) that bind paramagnetic metal ions with very high affinity. These two classe s of paramagnetic
probes can be covalently attached to both, proteins and nucleic acids, and used for the observation of
intramolecular or intermolecular PREs (Fig. 1.27A,B). Free probes, in the form of paramagnetic cosolute
molecules, are also useful to identify solvent accessible regions of the molecular surface of a
macromolecule (Fig. 1.27C) (Clore and lwahara 2009).
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Fig. 1.27. Three types of PRE. (A) Intramolecular PREs arising from the paramagnetic group within the same molecule . (B) Intermolecular PREs
arisingfromthe paramagneticgrouplocated ontheinteractionpartner. (C)Solvent PREsarisingfrom random collisionsbetweena macromolecule
and paramagnetic cosolute molecules. Modified from Clore and Iwahara 2009.

1.9.3.2. Relaxation

Any excited by radiofrequency pulses magnetic moment relaxes back to equilibrium on the z-axis. This
recovery of a spin into its lower energy state is called relaxation. Relaxation needs four principle
mechanisms that will induce the spin transitions, as it is not a spontaneous process. These mechanisms
include dipole-dipole interaction, CSA, spin rotation (SR) and quadrupolar mechanisms. Magneticdipole-
dipole interaction occurs between the magnetic moment of a nucleus and the magnetic moment of
another nucleus or other entity (electron, atom, ion, and molecule). This interaction depends on the
distance betweenthe pair of dipoles (spins), but also on their orientation relative to the external magnetic
field. The CSA relaxation mechanism arises when the electronic environment around the nucleus is non
spherical. The magnitude of the electronic shielding of the nucleus then will be dependent on the
molecular orientation relative to the external magnetic field. CSA has greater significance at higher B,.
The SR relaxation mechanism arises from an interaction between the nuclear spin and a coupling to the
overall molecular rotational angular momentum. Small, symmetric molecules or freely rotating methyl
groupsina proteintumble fasterand thisincreasesthe SR relaxation. SR relaxationis thus, dependent on
the temperature of the sample. Nucleiwith spin | 2% will not only have a nuclear dipole but a quadrupole.
The nuclear quadrupoleisinfluenced by electricfield gradients and depends onthe interaction with the
electric and not the magneticfield (Cavanagh et al. 2010; Claridge 2009).
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There are two types of relaxation: spin-lattice and spin-spin. The longitudinal (or spin-lattice) relaxation
time T, describesthe returnto equilibriuminthe z-direction (Fig. 1.28A) and it is also responsible for the
loss of signal intensity. Alternatively, T, can be measured by the decay of a signal under spin-lock
conditions that generate arotating magneticfieldnearthe resonant frequency perpendicular to the static
magneticfield (conventionally the x-y plane, Fig. 1.28A). In this case the T, is termed as T, or spin-lattice
relaxation in the rotating frame. The transverse (or spin-spin) relaxation time T, describes the decay of the
excited magnetization perpendicularto the applied magneticfield, B, (Fig. 1.28A) (inthe x-y plane). The
line width of an NMR signal is determined by T, (short T, means broaderlinesinthe NMR spectra), while
the maximum repetitionrate duringacquisition of an NMRsignal is governed by T, (short T, means signal
can be acquired faster). Both T; and T, depend onthe rate of molecularmotions. T, is less than or equal
to T, (T, relaxationisthe same as or fasterthan T, relaxation, R=relaxationrate, R,=1/T,, R, = R,), since
return of magnetization to the z-direction causes loss of magnetization in the x-y plane (Fig. 1.28B).
Moreover, for T; relaxation to occur there must be magnetic field fluctuations in the x-y direction. Such
fluctuations are most effective when they occurat the Larmor precession frequency (v,). T; relaxation is
thus field dependent, since v, varies with the field. T, relaxationis caused by fluctuations in any direction
and T, values are unrelated to field strength (Levitt 2013; Keeler 2011; Cavanagh et al. 2010; Becker
1999).
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Fig. 1.28. (A) Relaxation of magnetization vectors after a 90° pulse. T; relaxationalong the z-axisis shown ingreen, T, relaxation inthe x-y plane
inred and T;, withthe spin-lockin the x-y planein purple. (B) Schematic illustration of the dependence of T; and T, on the correlation time, T,
the magnetic field and the molecular weight of the system studied.

1.9.4. Diffusion-Ordered NMR Spectroscopy (DOSY)

The translational motion of molecules in solution is in contrast to rotational motion and is often called
diffusion. The diffusion NMR technique is referred to as Diffusion-Ordered SpectroscopY (DOSY). This is
achieved by combining radiofrequency pulseswith magneticfield gradients.2D DOSY dependsonalot of
physical parameters like size and shape of the molecule, temperature and viscosity. By using a gradient
molecules can be spatially labelled, i.e. markeddepending on their positioninthe sampletube. While the
molecules move during a diffusion time D that follow the pulse sequence, their new position can be
decoded by a second gradient (Fig. 1.29). The measured signal is the integral over the whole sample
volume and the NMR signal intensity is attenuated depending on the diffusion time A and the gradient
parameters (g, 8). The intensity change is given by
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where listhe observed intensity, I, the reference intensity, D the diffusion coefficient, g the gyromagnetic
ratio of the observed nucleus, g the gradient strength, d the length of the gradient and A the diffusion

time.
GZ

3.1.29. Effect of a magnetic field gradient pulse. Modified from Claridge 2009.

1.9.5. Assignment Experiments in Solution-state NMR Spectroscopy

For assignment experiments chemical shifts need to be assigned to the respective atomsin a protein and
until now 3D heteronuclearcorrelation experiments have been well-established. Assigment experiments
in proteins are classified into two kinds of interactions that are characterized by the magnetization
transfer between the nuclei: the through-bond and the through-space interaction. Both interactions
correlate amide 'H and amide **N with 3C dimension, therefore, >N and *3C labeled nuclei are required
(Sattleretal. 1999). The *H dimensionis usedfor detection due to highsensitivity. >Nis used as additional
dimension to increase dispersion and *3C (*3C can be either **Ca., **Cp or *3CO) dimensions are used to
establish sequential contacts. The most standard experiments used for backbone assignment, based on
through-bond interactions, are: 2D 'H, ®N HSQC (Kay et al. 1990) and standard triple resonance
experiments like HNCA, HNCO (Kay et al. 1990), HNCACB (Wittekind et al. 1993), CBCA(CO)NH (Grzesiek
etal. 1992) and HNCACO (Clubb et al. 1992). The through-space interactions can be probed employing
the Nuclear Overhauser Effect (NOE) to yield distances between atoms (Fesik et al. 1988; Marion et al.
1989). Once backbone resonances are assigned, side chains assignment can be completed using 3D
TOCSY-based experiments, which correlate amide *H and **N with all *H and *3C side chain resonances,
respectively (Ulrich et al. 2008). Combination of the mentioned types of assighment experiments and
various isotope-labeling enhances the possibility to obtain information about biomolecules’ structure,
interaction and dynamics.

1.9.6. Investigation of Large Biomolecules by NMR Spectroscopy

The application of conventional NMR in solution is limited to smaller sizes of about 50 - 110 kDa. The
larger the molecule in the sample the broader the spectra. The increased number of signals resultsin
crowded spectraand the nuclei relax faster due to slow tumbling, so exceptforoverlappingand broader
lines, sensitivity and S/N ratio are alsoinfluenced. Therefore, new methods (e.g. Transverse Relaxation
Optimized Spectroscopy [TROSY], methyl-TROSY), hardware (e.g. cryoprobes, higher magnetic field
magnets) or labeling strategies (e.g. deuteration, selectiveisotope labeling) have been evolvedin order
to optimize to the relaxation properties of larger proteins.
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Relaxationis affected by the dipole-dipoleinteraction and the CSA. By deuterating a protein, the protons
of the studied protein are replaced by deuterium. There are two approaches for deuteration:
perdeuteration and random fractional deuteration. Perdeuterationis the removal of all (95%) side chains
protons. The deuteration level is as high as possible and everywhere in the protein there is an identical
labeling pattern. In the second approach, random fractional deuteration, the side chains’ protons are
removed toa certain percentage, 0-80%, and this results to a mixture of differentisotopomers (Gardner
and Kay 1998; Sattler and Fesik 1996). Both approaches however, drastically weaken the dipolar
interactions network, and thus, decrease the transverse relaxationof nearby nucleiresulting to increased
spectral sensitivity (sharper lines) and resolution.

Anotherway to study even higher molecular weight proteins up to 120kDais to use the TROSY experiment
(Pervushinetal. 1997). In general TROSY is more efficientin combination with deuterationand generates
spectra with greater S/N and improved resolution (Ollerenshaw et al. 2003). TROSY uses a modified
conventional HSQC pulse sequence with no decoupling and at leasttwo different interfering relaxation
mechanisms must contribute to relaxation (dipole-dipole/CSA) (Pervushin et al. 1997; Wider and
Wuthrich 1997). If the interference is additive, the effective relaxation is reduced and this gives rise
to narrower linewidths (Fernandez and Wider 2003). The development of TROSY-type techniques
enabled the characterization of supramolecular protein assemblies like GroEL-GroES (Fiaux et al. 2002),
p53/HSP90 (Tugarinov et al. 2003), ClpP (Sprangers et al. 2005; Tugarinov et al. 2003), L7/L12 of the
ribosome (Christodoulou et al. 2004), the 13 MDa viral capsid protein (Szymczyna et al. 2007), and the
20S proteasome (Religa et al. 2010; Sprangers and Kay 2007).

Besides the above mentioned methods, there are additional approaches to study larger biomolecules.
Methyls localizedat the peripheries of the side chains tendto be dynamic, so they have slower relaxation
rates compared to the backbone. Therefore, methyl-TROSY uses a HMQC instead of a HSQC pulse
sequence and takes the advantage of a TROSY effect. The HMQC pulse sequence contains less pulses and
thus, less magnetization is lost due to the homogeneity of the radiofrequency coil. Additionally, the line
narrowing appears because two dipolar interactions interfere, but only in the carbon dimension.
Furthermore, the methyl-TROSY isindependent of the field, therefore the sensitivity is more increased in
a HMQC than in a HSQC spectra (Tugarinov and Kay 2003).

Recentexamplesthatillustrate nicely the utility of isotope labeling for detailed NMR structural studies of
proteins between 40 and 50 kDa involves Stereo-Array Isotope Labeling (SAIL, addition of stereo-spedific
labels achievesstereospecific protonation/deuteration of protein side chains) (Kainosho et al. 2006), Label
Expressand Generate Oligomers(or LEGO NMR, applicableforeukaryoticcells, a sequential co-expression
method for the preparation of large asymmetric complexes that combines the advantages of in vivo
reconstitutionand the benefits of partial NMR isotope labeling to reduce NMR spectral complexity) (Mund
et al. 2013) and Sequence-Specific Assignment of Methyl (SeSAM, assignment of methyl groups by
mutagenesis) (Crublet et al. 2014).

1.9.6.1. Solid-state NMR Spectroscopy

Methyl-based experiments, new labeling techniques or higher magnetic fields, however they low the
molecular tumbling rates, they still limit the applicability of solution-state NMR in the investigation of
large systems. In particular, backbone assignments become increasingly difficult for macromolecular
complexes beyond 200 kDa. Therefore, solution-state NMR is still restricted in studying supramolecular
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complexes due to its dependence on rotational diffusion rates, and a promising approach to overcome
these size-limitations of large assembliesis the application of solid-state NMR. Additional solid-state NMR
has become a popular tool for the investigation of heterogeneous or insoluble systems, like protein
aggregates and amyloid fibrils that are difficult or impossible to be studied by other high-resolution
techniques.

1.9.6.2. Magic-Angle-Spinning (MAS)

Solid-state samples do not undergo molecular reorientations, like in solution NMR, as molecular tumbling
is absent in rigid solids (i.e. crystals, powder, precipitates). The molecules in solids will be normally
oriented in all possible directions with respect to B, and superposition of all possible chemical shifts is
observedforeach nucleus. This givesrise to broad peaks with very characteristicshape. The averaging of
these anisotropicinteractions, in order to circumvent the problem, is achieved actively by Magic-Angle-
Spinning (MAS) (Fig. 1.30) (Lowe 1959; Andrew et al. 1958). This method removes all contributions from
anisotropicinteractions and only the isotropic chemical shift is observed (Duer 2008). The CSA and the
dipolar coupling Hamiltonian depend on the second Legendre polynomial P,(cosf) = %(360529— 1),

where 6 is the angle between the magnetic field B, and the z-axis in the principal axis frame of the
shielding tensor (for CSA) or the internuclear dipole vector (for the dipolar coupling), respectively.
Therefore, for averaging of anisotropicinteractions, the sample is rotated at the magic angle 64 =
(arcoss1/+/3 = 54.7°C) at which P,(cos6y;,) = 0. The CSA Hamiltonian reduces to its isotropic part
and the dipolar coupling to zero, as the dipolar coupling tensor is traceless (Duer 2008). The extent, to
which the anisotropicinteractions are averaged, depends on the frequency of the rotation w, (Herzfeld
and Berger 1980). Nowadays, MAS probes are available, which enable spinning frequencies up to 60-70
kHz, which efficiently average dipole-dipole interactions, as well as CSA (Baldus 2006). However, higher
rotation frequencies of up to 100-150 kHz are required to average the strong H, *H dipolar coupling
network, which predominantly limits the resolution in a solid-state spectrum (Marchetti et al. 2012;
Samoson etal. 2001). Due to the high gyromagneticratio, *Hspinsare a source of strong dipolar couplings,
which cannot be easily removed by MAS. Protein solid-state NMR thus, of uniformly protonated samples
is essentially based on 3C- and '*N-detection, respectively, since heteronuclear dipolar couplings are
sufficiently averaged at currently available rotation frequencies.

B A

0

solid sample

Fig. 1.30. Representation of the principle of MAS in solid-state NMR. The sample rotates inthe magnetic field (Bo) underan angle of 54.7°and
dis the angle between the static magnetic field (Bo) and the axis of rotation. The figure was designed using Adobe Illustrator CS6.
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1.9.6.3. Proton-Driven Spin Diffusion (PDSD) Experiments

PDSD stands for Proton-Driven Spin Diffusion (Manolikas et al. 2008; Szeverenyi et al. 1982). In this
experiment magnetizationis transferred from the hygrogento *Cnuclei, and fromthereitis transferred
to other 3C nuclei, which are close in space. PDSD is the most standard experiment in solid-state NMR
and can be considered as the equivalent of the HSQC in solution NMR. Basically, all 3C atoms within a
certain distance of one another are correlated to cross-peaksin the solid spectrum. In such a spectrum
short mixing times show all carbons within a spin-system (residue) which are coupled to one another,
while longer mixing times give also rise to correlations between residues (Bloembergen 1949).
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2. Aim of the Study

The sHsps play a very importantrole inthe cellular proteostasis network. Therefore, itis critical that their
structure and molecular mechanisms by which they act as molecular chaperones is better understood.
The overall aims of thiswork were to use a combination of different approaches, like solution- and solid-
state NMR Spectroscopy, Electron Microscopy and other biophysical techniques in order to interrogate
the structure and function of these dynamic and polydisperse proteins. In order to investigate the
structure, function and interactions of the human aB- and atA-crystallin, this work had the following aims:

o.B — crystallin:

e To focus in particular on the substrate binding of a.B with different client proteins (Alzheimer's
disease AB peptide, lysozyme).

e Interactions of the AP(1.40) amyloid peptide in complex with aB and Cu?" using titration
experiments.

e To probethe role of a post-translational modification (i.e. phosphorylation) on the structure and
chaperone function of aB. Phosphorylation-mimicking mutants (S19E, S21E, S43E, S45E, S53E,
S59E) of a.B were shown to have enhanced chaperone activity and resultina protein complex of
an average molecularweight of ca. 120 kDa, pavingthe way for a solution-state NMR analysis of
aB-6E and aB-6D mutants.

e EM analysis of aB-WT and aB-6E with respect to fibrillar substrate.

e PEGylationof aB, inorderfortheoligomerto getahigher molecular weight and give well-resolved
spectrain solid-state NMR.
oA — crystallin:
e Sequential assignment in solution — NMR of the wild —type aA-crystallin.
e Study the flexible C-terminal region of the oA, either in its reduced or oxidized state, using
Paramagnetic Relaxation Enhancement and !°N relaxation experiments in solution and
comparison with a.B.

e Proline cis-/trans isomerization in the C-terminal regions of oA reduced and oxidized.

e Preliminary biochemical assays and NMR studies on the truncated reduced and oxidized aA-
crystallin construct (containing residues 62-166).
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals

If not indicated otherwise, chemicals and supplementary materials were supplied by Sigma-Aldrich
Chemie (Taufkirchen, Germany), Merck KGaA (Darmstadt, Germany), VWR international (Ismaning,
Germany), SERVA Electrophoresis GmbH (Heidelberg, Germany), Roche Diagnostics (Unterhaching,
Germany) and Carl Roth (Karlsruhe, Germany), unless otherwise stated. PEGs were purchased from
JenKem Technology (Texas, USA). Isotopically labeled chemicals and D,0 were supplied by Cambridge
Isotope Laboratories (Massachusetts, USA) and Sigma-Aldrich Chemie (Taufkirchen, Germany),
respectively.

3.1.2. Equipment and Software

NMR spectrometers and associated equipment were manufactured by Bruker BioSpin GmbH
(Rheinstetten, Germany). The rotor filling tool for the ultracentrifuge was provided by Giotto Biotech
(Florence, Italy) (Bertini et al. 2012). Akta Purifier systems (organic, H,0) for liquid chromatography, as
well as the UNICPRN 3.51 software were purchased from GE Healthcare GmbH (Munich, Germany). The
used columns comprise analytical Superose6 10/300 GL (24 ml), HiLoad Superose6 (500 ml), Superdex200
prep grade (320 ml) all produced by GE Healthcare and Q Sepharose FF (200 ml) and Source30 RPC (65
ml), which were self-packed. Thermomixer Comfort and PCR Mastercycler Pro were provided by
Eppendorf (Hamburg, Germany). SDS-PAGE from Bio-Rad Laboratories GmbH (Miinchen, Germany),
NanoDrop 2000/2000c Spectrophotometer and benchtop centrifuges both from Thermofisher Scientific
(Darmstadt Germany), and Ultracentrifuge from Beckmann Coulter (Indianapolis, USA).

The NMR data were acquired and processed using TopSpin 2.1 or 3.2 (Bruker BioSpin, Rheinstetten,
Germany). Spectra analysis, peak picking and assignment was performed with CcoNMR Analysis 2.4.1
software (University of Cambridge, United Kingdom) (VVrankenet al. 2005). PDB structures were analysed
using PymolL (Delano etal. 2002). Protein sequencealignments were calculated using Clustal W ( Larkin et
al. 2007). NMR analysed data were fitted with in-house scripts. Data were plotted with GraphPad Prism
(GraphPad Prism version 5.0b for Mac OS, GraphPas Software, San Diego California USA,
www.praphpad.com) and figures were created with Adobe lllustrator CS5 (Adobe Systems Inc., San Jose,
USA).

3.1.3. Bacterial Strains, Plasmids and Primers

In all experiments the expressing strain Escherichia coli (E. coli) BL21 (DE3) or Rosetta 2 (DE3), both
containing as antibiotic resistance marker, kanamycin, was supplied by Novagen (Merck Millipore,
Darmstadt, Germany). The cloning E. coli XL1-Blue cells were purchased from Stratagene (Agilent
Technologies Deutschland GmbH, Waldbronn, Germany).
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The wild-type human aA-crystallin (CRYAA, UniProtKB - P02489) plasmid and the atA-ACD-CTE mutant,
both cloned into a pET28b+ vector (Novagen-Merck, Darmstadt, Germany), were kindly provided by Dr.
Christoph Kaiser (TU Miinchen, Germany). The wild-type human oaB-crystallin (CRYAB, UniProtKB -
P02511) plasmid and its variants, were cloned into a pET30 EK/LIC vector (Novagen-Merck, Darmstadt,
Germany), and kindly provided by Dr. AndiMainz (TU Berlin, Germany).Allthe vector maps and sequences
of the proteins can be found in Appendix, Supp. Table S1. The aB-6NTD, a.B-3CTE, a.B-6E and a.B-6D
mutants were PCRamplified using the primers listed in Appendix, Supp. Table S2. The primers were used
in a concentration of 10 pmol/pl for PCR reactions. For sequencing the concentration of the primers was
2 pmol/pl. ABy1.40) Was cloned into a pET28a(+) vector with a kanamycin resistance gene (the vector was
kindly provided by Dr. Muralidhar Dasari). The construct was preceded by an N-terminal methionine,
which does not alter the biochemical properties of the peptide (Walsh et al. 2009).

3.1.4. Cell Growth Media

Luria Bertani (LB) medium, which was autoclaved prior to use, was used for expression of unlabeled
proteins, minipreps, precultures ortest expressions. MOmedium forlabelled proteins was supplemented
with **NH,CI (0.5 gr/L) as a nitrogen source and with uniformly-labeled-'*C D-glucose (2 gr/L) as carbon
source, respectively. Otherwise, unlabeled NH,Cl and unlabeled D-glucose were added to the media. In
case of ILV labeling, in the M9 medium Isoleucine (0.05gr/L) and Valine/Leucine (0.1 gr/L) precursors were
added around an hour before cellsinduction with IPTG. When deteurated protein was prepared thenall
M9 components were dissolved instead of ddH,0, in deuterium oxide (D,0) and 3C D-glucose was
substituted by 2H, *3C-glucose at the same concentrations. Isotopes, biotin and thiamin-HClwere prepared
freshly and sterilefiltered. Allother M9 components were autoclaved priorto use. Table 3.1 summarized

the media components.
Table 3.1 | Recipes for bacterial growth media and their composition.

Media Components (per Liter (L))
LB medium 10 gr Peptone
(pH7.5) 5 gr Yeast Extract
(A) | 10grNaCl
ad 1L ddH,0
10x M9 Medium 60 gr Na;HPO,
(pH 7.0) 30 gr KH2PO4
(A) | 5erNacl
ad 1L ddH,0

100x Trace Elements

(A)

1x M9 Medium

5gEDTApH 7.5
0.83 gr FeCls.6H.0
84 mgr ZnCl,
13 mgr CuCl,.2H,0
10 mgr CoCl,.6H,0
10 mgr H3BO3
1.6 mgr MnCl,.6H,0
ad 1L ddH,0
100 ml 10x M9 salts
10 ml 100xtrace elements
1 ml 1M MgSOs (A)
0.3 ml1MCaCl; (A)
1 ml Thiamin-HCI (1 mgr/ml) (SF)
10 ml Biotin (0.1 mgr/ml) (SF)
5 ml NH4Cl (10% w/v) (SF)
10 ml Glucose (20% w/v) (SF)
ad 1L ddH,0
A =autoclaved, SF =sterile filter



3.1.5. Buffer Solutions

Materials and Methods

All buffers used forthe protein purifications on the Akta purifier were filtered and degassed prior to use.

Table 3.2 | Buffer solutions used in this work and their respective composition are listed below.

Buffer Application Buffer Composition

Resuspension Cell Resuspension 20 mM Tris-HCl, pH8.5; 2 mM MgCl,

Purification buffers for o B-crystallin WT (ot B-WT) and o, B-crystallin 6D (o B-6D)

Lysis Buffer Cell lysis 20 mM Tris-HCI, pH8.0; 2 mM MgCl,; 1x Complete Protease Inhibitor; 1mgr/mLDNase
AEC Buffer A AEC 20 mM Tris-HCl, pH8.5; 1 mM EDTA

AEC Buffer B AEC 20 mM Tris-HCl, pH8.5; 1 MM EDTA; 1 M NaCl

SEC Buffer Gel filtration 20 mM Tris-HCl, pH8.5; 1 mM EDTA; 50 mM NaCl

Buffer B-6D HIC 20 mM Tris-HCI, pH8.5; 1 mM EDTA; 1 M (NH4),SO4

Purification buffers for o B-crystallin 6E (o B-6E)

Lysis Buffer Cell lysis 50 mM Tris-HCI, pH8.0; 2 mM MgCl,; 2x Complete Protease Inhibitor; 1mgr/mLDNase
AEC 1 Buffer A AEC 50 mM Tris-HCI, pH8.5; 2 mM EDTA

AEC 1 Buffer B AEC 50 mM Tris-HCl, pH8.5; 2 mM EDTA; 1 M NaCl

SEC Buffer Gel filtration 50 mM Tris-HCl, pH8.5; 2 mM EDTA; 400 mM NaCl

UAEC Buffer A Urea AEC 20 mM Tris-HCI, pH8.5; 2 MM EDTA; 5 M Urea

UAEC Buffer B Urea AEC 20 mM Tris-HCl, pH8.5; 1 MM EDTA; 1 M NaCl; 5 M Urea

Buffer R Protein refolding 250 mM Tris-HCl, pH 8.5;10 mM EDTA; 100 mM L-Arginine

Lysis Bufferhis-tag | Cell lysis 50 mM Tris-HCI, pH8.0; 100 mM NaCl; 20 mM Imidazole; 2x Complete Protease Inhibitor
Wash buffer Ni-purification 50 mM Tris-HCI, pH8.0; 100 mM NaCl; 20mM Imidazole

Elution Buffer

Ni-purification

50 mM Tris-HCI, pH8.0; 100 mM NaCl; 250 mM Imidazole

Purification buffers

for AB (140 amyloid peptide

Lysis Buffer Cell Lysis 20 mM Tris-HCl, pH8.0; 1x Complete Protease Inhibitor; 1mgr/mL DNase
Tris/Triton Wash of Inclusion Bodies 20 mM Tris-HCI, pH8.5; 0.4 % Triton-X (v/v)

Buffer A Reverse—phase HPLC 10 MM NH4OH

Buffer B Reverse—phase HPLC 80 % Acetonitrile; 0.3 % TFA

GdHCI Reverse—phase HPLC 20 mM Tris-HCl, pH8.5; 8 M Guanidine hydrochloride
Other buffers

TAE Agarose gelelectrophoresis 40 mM Tris-acetate, pH 8.0; 0.1 mM Na,EDTA

Buffer CC 1 Competent cells preparation 39 mM NaAc, pH 5.5; 100 mM CaCl2; 70 mM MnCI2
Buffer CC 2 Competent cells preparation 82.5 % Buffer CC1; 17.25 % Glycerin (87 %)

PBS Sample buffer for NMR 50 mM Na;HPO4/ NaH,PO.; 50 mM NaCl, pH 7.4
HEPES Sample buffer for NMR 10 mM HEPES/KOH pH 7.4; 1mM EDTA; 2 mM DTT
TBS Sample buffer for EM 50 mM Tris-HCI, pH7.5, 50mM Nad

10x Running Buffer

SDS-PAGE Electrophoresis

0.25 M Tris; 2 M Glycerin; 1% (w/v) SDS

4x LoaderBuffer

SDS-PAGE Electrophoresis

0.25 M Tris-HCl, pH 6.8; 8% SDS; 40% Glycerol; 5% B-mercaptoethanol; 0.04% Bromoph. blue

Fixing Buffer

SDS-PAGE Electrophoresis

50% Methanol; 10% Acetic acid

Staining Buffer

SDS-PAGE Electrophoresis

0.1% Coomasie; 40% Methanol; 10% Aceticacid

Destaining Buffer

SDS-PAGE Electrophoresis

10% Methanol; 7% Acetic acid

Gel Buffer Tricine-SDS-PAGE Electrophoresis | 3 M Tris; 1 MHCI, 0.3% SDS
4x LoaderBuffer Tricine-SDS-PAGE Electrophoresis | 200 mM Tris-HCI, pH 6.8;400 mM DTT; 8% SDS; 40% Glycerol; 0.4% Bromoph. blue
Fixing Buffer Tricine-SDS-PAGE Electrophoresis | 50% Ethanol; 20% Acetic acid

Staining Buffer

Tricine-SDS-PAGE Electrophoresis

0.025% Coomasie blue; 10% Acetic acid

Destaining Buffer

Tricine-SDS-PAGE Electrophoresis

10% Aceticacid

10x Anode Buffer

Tricine-SDS-PAGE Electrophoresis

1 MTris; 0.225 MHCI, pH 8.9

10x Cathode Buffer

Tricine-SDS-PAGE Electrophoresis

1 MTris; 1 M Tricine; 1% SDS, pH8.25
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3.2. Methods

3.2.1. Molecular Biology and Microbiological Methods

3.2.1.1. Plasmid Purification

The plasmid DNA was purified from the E. coli LB overnight (O/N) cultures using the the Wizard® Plus SV
Miniprep kit (Promega, Mannheim, Germany). The isolation was done according to the manual of the kit.
The procedure consists of three basic steps: (i) preparation and clearing of a bacterial lysate, (ii) binding
of DNA into the spin column membrane, and (iii) washingand elution of plasmid DNA. The DNA wasalways
elutedin 50 pl mQH,0. The DNA was sequenced by GATC Biotech AG (Konstanz, Germany) and stored at
-20° C. Pure plasmid concentration was determined by measuring the UV absorbance at 260 nm. The
sequences were analyzed by using the Clone Manager Suite software (version 1.3.0.0.).

3.2.1.2. Preparation of Competent Cells

In order to chemically prepare competent E.coli cells for the DNA-transformation, a small amount of
bacteriaof afrozen culture weresteaked out on a LB plate containing kanamycin and they were incubated
at 37 °C O/N. The next day a few colonies were picked, given in 5 mL falcon LB culture with kanamycin
and incubated again at 37 °C O/N. When ODgq, of this O/N culture reached 0.4 — 0.6, then it was diluted
in 500 mL LB with 1 mL kanamycin, and the cells were grown at 37 °C until ODgo, reached 0.4 — 0.7.
Afterwards 10 mL sterile and filtered 1 M MgCl, was added and it was again incubated, firstly 10 min at
37 °C and then 60 minon ice. The culture was splitin 50 mL falcons and spun down (Sorvall GSA rotor) at
6000 rpm for 10 min at 4 °C. The supernatant was discarded and the pellet of each falcon was gently
resuspendedin 10 mL of buffer CC 1. The falcons were cooled on ice for 60 min, again spun down at the
same conditions and the supernatant was discarded. Each pellet was afterwardsresuspendedin 1mL ice-
cold buffer CC 2. Distribute the cell suspensionin 100-200 ul aliquots in 0.5 or 1.5-ml microfuge tubes.
Flash freeze the cell suspension in liquid nitrogen and store the tubes at -80°C.

3.2.1.3. Polymerase Chain Reaction and Site — directed Mutagenesis

The polymerase chain reaction (PCR; Erlich 1989) is a technique that amplifies specific DNA fragments,
evenwhenthat source DNA is of relatively poor quality. PCRwas performed as shown in Table 3.3, with
200 ng template DNA, 1x Pfu buffer, 0.25 uM dNTPs, 2-5 uM of each primerand 1 pl Pfu Ultra Polymerase
(New England Biolabs) in atotal volume of 50 pl. The cyclerwas run with an initial step of 5 min at 94 °C,
followed by 25 cycleswith 1min 94 °C, 1 min 56 °C and 2 min/kb at 68 °C. Final extension for 10 min at 68
°C followed and then the PCR products were cooled down to 4°C. Samples containing 500 ng DNA and the
T7 forward primerwere sentto GATC to perform sequencing. After PCR, the templates were digested by
adding1 ul Dpnlandincubatingfor2hrsat 37° C.5 pl of the each product were used for transformations.

Mutagenesis primers for point mutationsor deletions of singleamino acids or whole protein regions were
designed by adjusting the DNA sequence to the aimed mutation and considering codon bias ( Maloy 2002).
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Upstream and downstream of the mutation site, 20 nucleotides from each side were added to complete
the primer designing. The mutagenesis protocol was adapted from the QuikChange site-directed
mutagenesis kit from Stratagene (Santa Clara, USA). The mutagenesis for the aB-6D mutant was
performedintwo steps.Inthe first PCR the mutations E19D, E21D, E43D, E45D and E53D were introduced,
and in the second PCR the last mutation, E59D, was also inserted.

Table 3.3 | The PCR reactions were prepared in the following schemeina total volume of 50 pl. The cydling steps are highlighted in light grey.

PCR Reaction Mixture (nL) Temperature | Time
dd H,0 fill up to a Viina =50 pl 94 °C 5 min (initial denaturation)
1x Pfu Ultra Buffer 5.0 94 °C 1 min
Template x pl (200 ng) 56 °C 1 min
2-5 uM forward primer 1.0 68 °C 2 min/kbp of template plasmid
2-5 uMreversed primer 1.0 x 25
0.25 uM dNTPs 0.4 68 °C 10 min (final elongation)
Pfu Ultra DNA polymerase 1.0 40°C oo

3.2.1.4. Transformation of E. coli Cells

For transformation 200 ng plasmid DNA were added to one 50-100 pl frozenaliquot of competentcells.
Forplasmid amplification the plasmid was transformed to competent XL1blue cells, for protein expression
the plasmid was transformed to competent BL21 (DE3) cells. Incubation onice for 30 min to allow plasmid
adhesion on cell surface was followed by heat shock at 42 °C was performed for45s. Then the cells were
incubated 10 min on ice and 750 pl LB medium was added. Cells were incubated for 1 hr at 37 °C under
shaking (650 rpm) to allow expression of antibioticresistance. The cellswere centrifuged for 1 min at 4000
xg. Cells were pelleted, supernatant was discarded and cell pellet was resuspended in 100 ul LB. Cells
were plated in LB agar petri plates containing 50 mg/l kanamycin incubated O/N at 37° C.

3.2.1.5. Glycerol Stocks

750 pl of an O/N LB culture of BL21 (DE3) cells were mixed with 250 ul of sterile 80% glycerol (Roth). The
mixture was gently vortexed, immediately flash frozen in liquid nitrogen and stored at -80 °C.

3.2.1.6. Agarose Gels Electrophoresis

Depending on the size of the PCR bands produced and the discrimination needed, band
visualization was accomplished by 1.2% agarose gel electrophoresis and analyzed under UV light.
The separation here occurs because smaller molecules pass through the pores of the gel easier
than larger ones, i.e. the gel is sensitive to the physical size of the molecule. DNA samples were
analysed by 1.2% agarose gel electrophoresis. Samples were mixed with SYBRsafe for DNA and
6x loading buffer. For separation 1.2% agarose in 1x TAE buffer was used. The gel was run at 120
V/200 mA for 30 min.
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3.2.1.7. Determination of DNA Concentration

DNA concentration was assessedby measuring the absorption at a wavelength of 260nm ( A,5, nm). Drops
of 1-2 ul were measured in triplicate using the NanoDrop.

3.2.1.8. Recombinant Protein Expression

The E. coli strain BL21 (DE3) was used as the expression host for recombinant production of a.B-WT, aB-
6E and its variants, a.B-6D, a.B-ONTD, aB-6CTE, ol A-WT, atA-ACD-CTE and A4o. Protein expression always
started with freshly transformed cells. A well-separated signle colony was picked from LB agar plates and
used for inoculation of 5 mL pre-cultures in LB-Kan medium. These were grown aerobically at 37 °C for
approximately 3 h and their growth was monitored by measuring the cell density (ODgy ~ 0.6). LB-Kan
medium of 50 mL was then inoculated with the pre-culture. Protein expression was induced by the
addition of isopropyl-b-D-thiogalactopyranoside (IPTG, SERVA) to a final concentration of 1 mM. After
induction, a.Band its variants were shaken O/N at 150 rpm at 22 °C, oA and its variants were shaken O/N
at 150 rpm at 20 °C, and AP, cells were shaken for another 4—6 hrs at 150 rpm at d 37 °C in order to
achieve maximal proteinyields. In the following, the expression protocols forunlabeled, **C, *>N- and H,
13C, 15N-enriched proteins are separately described.

3.2.1.8.1. Unlabeled Protein

Expression was performedin LB-medium with 50 mg/ml kanamycin. Cultures were inoculatedfrom afresh
overnight culture toan ODgy, 0f 0.1 and grown in 2 L baffled shake flaskswith constant shaking (150 rpm)
at 37 °C to an ODg of 0.6 - 0.8. Afterinduction with 1mM IPTG, cells were shaken O/N at 150 rpm at the
desired temperature, and subsequently harvested by centrifugation at 6000 xg for 20 min at 4 °C. The
pellet was resuspendedin resuspension buffer and centrifugedat 4000 xg for 20 min. Pellets werefrozen
in liquid nitrogen and stored at -80 °C.

3.2.1.8.2. °N or 13C, 1°N Enrichment in Proteins

For the expression of °N- or 13C, 1*N-labeled proteins, 25 mL of the LB-Kan O/N culture was gently
centrifuged for 10 min at 4000 xg and 10 °C. The cell pellet was carefully resuspended in unlabeled 1x M9
minimal medium. The cells were grown O/N and the fresh cell pellet was used afterwards forinoculation
of the mainlabeled 1L 1x M9 culture (starting ODgo, 0f 0.15). The 2 L baffled shake flasks used contained
500 mL of the labeled 1x M9 culture and they were incubated at 37 °C with constant shaking at 150 rpm
for aerobic cell growth. When cell density reached an ODgq of 0.6-0.8, IPTG was added to a final
concentration of 1 mM. Protein expression was performed according to the protocol for each protein
sample, mentioned inchapter3.2.1.7.1. Forfull-length a.Band oA, the expression period was on the order
of 18 hrs, whereas fortheirmutants the expression was aborted earlier, after 14 hrs, in order to prevent
proteolytic degradation.
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3.2.1.8.3.2H, 13C, °N and ILV — Labeling

Perdeuteration of aB demanded careful adaptation of the expression host cells to the cell-toxic D,O.
Therefore, freshly transformed cells were used to inoculate a 10 ml LB-Kan pre-culture, which was
transferred to 100 ml LB-Kan and further incubated O/N at 37 °C until OD¢o, reached 0.8. After 10 min
centrifugation at 4000 xg, the cell pellet was gently resuspendedinanother 100 ml freshly made LB-Kan
culture, containing 50% D,0 and was grown O/N at 37 °C at 160 rpm. The next day the cells were again
spun down for 10 min at 400 xg, and the pellet was resuspended in 100 ml D,0-based 1x M9 minimal
medium containing, glucose and NH,Cl with natural abandunce of isotopes. The cells were grown O/N at
37 °Cshaking at 160 rpm and the main 1 L culture, containing 100% D,0 1x M9, **N-labeled NH,Cland 2H,
13C-labeled glucose, was finallyinoculated from the previous culture tillODgyo reached 0.2—0.3. Cells were
grown all day till ODgy, was around 0.6 — 0.8 and induced with ImM IPTG. Protein expression was
performed according to the protocol for aB, shown in chapter 3.2.1.7.1. Overnight expression gave rise
to afinal ODgy, of approximately 1.2 — 1.9. For the ILV-labeled a.B-WT and a.B-6E samples, 100% D,0 1x
M9 medium was used and the precursors were added before the IPTGinduction. It should be noted that
all employed solutions and additives were D,0-based and that contamination by H,0 was rigorously
avoided. The ILV precursors used are listed in Appendix 7.5 and also their structure is shown.

3.2.1.9. Cell Harvest and Storage

Following protein expression, cells were transferred in 500 ml buckets (Nalgene) and harvested by
centrifugation at 6000 xg for 30 min and at a temperature of 4 °C. The supernatant was discarded and
since all a-crystallinconstructs were purified via anion exchange chromatography as theinitial purification
step, the pellet was resuspended in resuspension buffer on ice and centrifuged further in 50 mL falcon
tubes for 20 min at 4000 xgand 4 °C. Pellets were weighted, frozenin liquid nitrogenand stored at -80 °C.

3.2.2. Biochemical Methods and Sample Preparation

Protein sequences and parameters are summarized in the Appendix in Supp. Table S3 and S4,
respectively. a A-WT and aA-ACD-CTE were expressed in our group and purified by Christoph Kaiser (TU
Minchen, Germany).

3.2.2.1. CellLysis

Celllysisforall different protein samples was accomplished with a sonicator SonoPlus (Bendelin) keeping
the cells onice. Frozen cell pellets were thawed, subsequently resuspendedin approximately 35 ml cell
lysis buffer and stirred for 30 min on ice. a-crystallin cellswere disrupted by applying 40% amplitude
(Amp) for 30 minwith pulse on1 s to pulse off 15 s. The lysate was then diluted to 80 ml, centrifuged for
30 min at 24000 xg and the supernatant was filtered overa0.22 um filter (Pall Corporation) and kepton
ice for subsequent protein purification. A continuous work flow was especially important for the
degradation-prone aB variants.
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Following the expression protocol described before, the major fraction of AB,, was expressed into
inclusion bodies (Dasariet al. 2011). In this case the previouslyfrozen AP, cell pellet was thawed at +4 °C
and aftercell pellet resuspension in thelysis buffer, the inclusion bodieshad to be washed out. Therefore,
afterincubatingthe cellsfor 1h at 4°C, the suspension was sonicated (30% Amp; pulse on 1s; pulse off 1s;
total sonication time 3-5 mins) onice and afterwards centrifuged for 1 h at 24000 xg and 4 °C. The pellet
was resuspended in about 40 mL Tris/Triton buffer. The inclusion bodies were subsequently dissolved by
sonication onice (30% Amp; pulse on 1s; pulse off 1s; total sonication time 3-5 mins) and again centrifuged
for 30 min at 24000 xg and 4 °C. The new pellet was dissolved in 40 ml ice cold 20 mM Tris-HCI, pH 8.5
buffertoremovethe Triton-X, sonicatedand centrifuged as before. Thisstep wasrepeated3-4 more times
inorder toremove all Triton-X remaining. Afterthe last washing step, the final pellet was resuspended in
freshly prepared GdHCI buffer, centrifuged for 20 min at 24000 xg and 4 °C and the supernatant was
collected for purification by reverse-phase HPLC chromatography (Dasari 2011).

3.2.2.2. Purification of a -crystallins

3.2.2.2.1. Anion-Exchange Chromatography (AEC)

Anion-exchange chromatography was the initial purification step after lysis forfull-length a.B-WTand its
mutants. In AEC negatively charged patches of the proteininteract withthe positively charged be d matrix
in the column. The theoretical isoelectric points (pl) are 6.8 for aB-WT, 6.5 for aaB-ONTD, and 5.7 for a.B-
6E and a.B-6D, as obtained from the ExPASy ProtParamtool (Gasteigeretal. 2003). All proteins are thus
negativelycharged at the provided pH of 8.5. Whilst a.B-6D was first subjected to weak and subsequently
to strong AEC, full-length a.B was directly applied to strong AEC, since its large Mw ensured effident
separation during thefinal size-exclusionchromatography (SEC). All buffers contained 1 mMMEDTA in order
to chelate divalent metal ions.

3.2.2.2.1.1. Weak Anion-Exchange Chromatography

The weak anion-exchanger HiPrep 16/10 DEAE-(diethylaminoethyl)-Sepharose column (90 um partide
size, GE Healthcare) was employed as a first attempt to purify the aB-6D mutant. The column was
equilibratedin buffer A, and then 10 ml of 2.3 mg/ml sample were loaded onto the columnusinga17 ml
superloop. The column was washed with buffer A until the A,z signal reached a baseline. Then the
gradientwas applied as follows: 0- 60 % bufferBin 20 CV at a flow rate of 4 ml/min followedby asecond
gradient 60 - 100 % bufferBin 10 CV. Eluted protein was collected in 6 mL fractions, which were analyzed

by SDS-PAGE. Respective fractions containing a.B-6D were pooled and diluted threefold in buffer A for
subsequent application to strong AEC.

3.2.2.2.1.2. Strong Anion-Exchange Chromatography

A preperative 200 ml Q Sepharose FF column at 4 °C on an Akta purifier system was used for string AEC.
The columnwaswashed with 3 CV buffer Band equilibrated with 3CV buffer A. The program for a.B-WT
and a.B-ONTD elutionwas as follows: wash with buffer A (12 CV), gradient of buffer Bfrom 0% to 18% (8.5
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CV) and a final wash with 100% buffer B (2 CV). The program for aB-6E and a.B-6D elution was as follows:
wash with buffer A (6 CV), gradient of buffer B from 0% to 60% (8.5 CV), gradient of buffer Bfrom 60% to
100% (2 CV) and a final wash with buffer B (1 CV). By linearly increasing the NaCl concentration on the
column, the Cl-ionsdisplace the proteinsthat are bound to the column. The strongerthe proteinsinteract
with the column (depending on the surface exposed negative charges), the higher NaCl concentrations
are necessary fordisplacing the protein from the column. The flowrate was 3- 4 ml/min, the fraction size
was 15 ml, and maximum pressure was 0.5 MPa. Eluted protein was collected in 6-8 mL fractions and
analyzed by SDS-PAGE. Fractions containing the target protein with reasonable purity were pooled and
concentrated for subsequent SEC.

3.2.2.2.2. Size Exclusion Chromatography (SEC)

In the final purification step, SEC separated the proteins with respect to their molecular size. SEC was
performed using either a 500 ml Superose 6 column for aB-WT and a.B-6NTD, or a 300 ml Superdex200
prep grade o.B-6E and o.B-6D on an Akta purifier system at 4 °C. Each column was equilibrated with SEC
buffer. The fractions derived from the AEC were pooled and concentrated with a 400 ml stirred cell
concentrator (Fisher Scientific) up to a total volume of 10 ml. The sample was loaded into a 17 ml
superloop and injected on the SEC column. The columns were equilibrated with 2 CV of SEC buffer and
the elution volume was 1.5 CV. The flow rate was 1 ml/min with a maximum pressure of 0.5 MPa. The
eluted volume was collected in 7 ml fractions, which were analyzed by SDS-PAGE. Pure fractions
containing the target protein with low protein background were pooled and concentrated to a final
concentration of approximate 20 mg/ml. After the size exclusion chromatography further purificationwas
necessary for aB-6D to exclude residualimpurities, whilefor aB-WTand a.B-ONTD an additional analytical
SEC was performedin order to finalize the sample purity and to buffer exchange it to the NMR buffer.

3.2.2.2.3. Strong Anion-Exchange Chromatography Il

Another attempt to further purify the aB-6D mutant was by using a 6 ml ResouceQ column (GE
Healthcare). The column containsstronganion exchange material with average particle size of 15 um and
guaternary ammonium as ligand. The column was equilibrated on buffer A, 10 ml of 2.3 mg/ml sample
were loaded onto the column and washed with buffer A until a baseline was reached. Afterwards a
gradient was set as described above (chapter 3.2.2.2.1).

3.2.2.2.4. Strong Anion-Exchange Chromatography with Urea (uAEC)

Inorderto find the right purification protocol for a.B-6E mutant after AECand SECruns, an additional AEC
with Urea step was added. In this case the sample was diluted in 8 M Urea in order to reach 5M Ureain
the final UAEC buffers A and B. The same gradient described in chapter 3.2.2.2.1.2. was used and the
eluted fractions were collected and analysed further with SDS-PAGE. The sample was refolded in buffer
R, concentrated againtill10ml andinjected into the 500 ml SEC column. The desired 7ml eluted fractions
were run on an SDS gel and the final sample was run on the analytical SEC for buffer exchange.



Materials and Methods

3.2.2.2.5. Hydrophobic Interaction Chromatography (HIC)

Furthermore, hydrophobicinteraction chromatography (HIC) was performed usinga 5 ml Phenyl column
(GE Healthcare) at 4 °C to further purify a.B-6D. The protein was precipitated slowly adding ammonium
sulfate untilreaching25% of saturation at4 °C (0.139 g/ml) and incubated overnight. The proteinsolution
wasfiltered witha 0.22 um filterand loaded to an appropriate loop andinjected on a Phenyl column with
0.5 ml/min, which was pre-equilibratedfirst withbuffer A, and subsequently with buffer B(AS) witha flow
rate of 1 ml/min. Agradient was run from 100 to 20 % B(AS)in 2 CV, and thenfrom 20 to 0 % B(AS) in 16
CV. Fraction size was 2ml and flow rate was 1 ml/min. The fractionscontaining the protein were analyzed
with SDS-PAGE, and pure fractions were pooled and concentrated with an Amicon 30K concentrator
(Merck Millipore).

3.2.2.2.6. Analytical Size Exclusion Chromatography (aSEC)

A 24 ml analytical Superose 6 Increase 10/300 GL column was employed in orderto assessthe molecular
weight of all protein samples and do buffer exchange. The column was pre-equilibrated with 2 CV of PBS
buffer. Afterfiltration (0.2 um), samples of 500 pul were injected and eluted ata flow rate of 0.5 mL/min.
The fraction size was 0.5 ml. Fractions containing protein wereanalyzed by SDS-PAGE, and pure fractions
were pooled and concentrated with an Amicon 30K concentrator. Standard proteins (GE Healthcare) and
mixtures of those were applied to the columns for calibration. The observed retention volumes were
correlated with the known molecular weights of standard proteins (bovine Thyroglobulin 669 kDa, horse
Ferritin 440 kDa, rabbit Aldolase 158 kDa, hen Ovalbumin 43 kDa, bovine Chymotrypsinogen 25 kDa,
bovine Ribonuclease-A 13.7 kDa).

3.2.2.2.7. Ni— NTA Purification of o B-6E

Inordertofind the best purification protocol a.B-6E was also mutated by adding a his-tagin the C-terminal
region of the protein by PCR and purifiedby Ni —=NTA column. Cells werelysed in 40 ml lysis buffer (50mM
Tris-HCl pH 8.0; 100mM NaCl; 20mM Imidazole; 2 tablets EDTA Protease Inhibitor). 1 mg/ml DNAsel was
added to the suspension and then cells were incubated for 30 min at 4°C while rotating. After cell
disruption with the sonicator (40% Amp; 30 min; pulse on 1 s —pulse off 15 s), the cells were centrifuged
at 24000 xgfor 1 h at4 °C. The beads were equilibrated in 25ml H20 4x and then washed 3x with the lysis
bufferbeforeapplying the supernatant. Flow-throughwas collectedin falcons. After the lysate was added
slowly to the beads, the beads were washed with the wash buffer 5x. The wash followed addition of 10
ml elution buffer. The mixture was let for 10 min to incubate and then the protein was collected. The
procedure was repeated 2x and the whole purification took place at 4 °C. Protein purity was analysed by
SDS-PAGE and by mixingin 2-4 pl of eluted sample, 20 pl of 4x loader. In the nextstep usinga desalting
column the imidazole was removed and a gel filtration equilibrated in PBS, using a Superose 6 column,
followed to reach maximum purity of the sample. Fractions of 1.5 ml volume were collected and loaded
in SDS-gel for analysis.



Materials and Methods

3.2.2.3. Dialysis

For bufferexchange, exceptforaSEC, also dialysis was performed. Protein solutions were usuallydialyzed
against5 L of the desired buffer. Typical samplevolumes was around 30-80 ml. The regenerated cellulose
membranes were chosen according to the desired molecular weight cut-off (MWCO) and incubated in
deionized waterfor 30 min before use. Dialysis was performed over night at4 °C under constant stirring.

3.2.2.4. SDS-PAGE Electrophoresis

Polyacrylamide gel-electrophoresis (PAGE) was performed under denaturing conditions employing
sodium dodecyl sulfate (SDS). The proteins were separated accordingto theirsizes by SDS-page (Laemmli
1970). Polyacrylamide percentage of 15% was used for analysis of the samples. The composition of the
gelsisgiveninTable 3.4. Samples were mixed with 4x loaderand followingincubation at 95 °C for 5 min,
they were chilled at room temperature, and 12 pl from each sample was loaded onto the stacking-gel.
Electrophoreticseparation of proteins was accomplished in an electrophoresis chamber (BioRad) and by
applying a voltage of 230V and 20 W per gel until the sample reached the end of the separating gel (at
least45 min) and subsequentlyfixedfor 20min and stained by Coomasie Blue staining solutionfor at least
30 min (Merril 1990). After destaining the gels were analyzed.

Table 3.4 | Composition of SDS gels. The volumes are given for 11 gels.

Components Seperating gel 15% Stacking gel 4%
H20 34 mL 37.8 mL
40% Bisacrylamide 36 mL 6 mL
1.5M Tris (pH 8.8) 24 mL 15 mL
10% SDS 960 ul 600 pl
10% APS 960 wl 600 wl
TEMED 96 pl 60 pl

3.2.2.5. Determination of Protein Concentration

The concentration of protein solutions was assessed by measuring the absorption of aromatic residues at
a wavelength of 280 nm (A, nm). Drops of 2 pl were measured in triplicate using the NanoDrop
spectrophotometer. Sample purity was judged fromthe ratio A,so nm / A, nm (protein contamination)
being optimal in the range of 0.5-0.7. In case of very high A,s, nm values, e.g. for FROSTY sample
preparation, protein solutions were diluted before the measurement. Relevant parameters, were
obtained from the ExPASy ProtParam tool (Gasteigeret al. 2003) and used to calculate the concentration
of the respective protein, are summarized in Appendix in Supp. Table S4.

3.2.2.6. Concentration of Protein Samples by Ultrafiltration

Protein samples were concentrated by ultrafiltration. Large volumes (> 20 mL), e.g. during protein
purification, were concentrated in 400 ml stirred concentrator cell (Millipore, Amicon Model 8400) with
ultrafiltration-membranes (Millipore). During application of 2-3 bar pressure, the solution was gently
stirred at4°C. Small samplevolumes were concentratedin centrifugal filter units (Millipore, Amicon Ultra-
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0.5/4/15) according to the manufacturer’s instructions. The MWCO was selected depending on the size
of the target protein (MWCO < Mw/2).

3.2.2.7. Storage of Protein Samples

Aliquots of 300 - 500 pL of each protein sample in PBS were flash-frozen in liquid nitrogen and directly
stored at —80 °C. For A, the flashfrozen samples were subsequently sealed with meshed caps and
subjected to lyophilisation. Lyophilization was performed at approximately —80 °C and 0.014 mbar for 3
days. The dry protein powder was then tightly sealed and stored at —80 °C.

3.2.2.8. Mass Spectroscopy

The integrity of the final protein sample was confirmed by MALDI-TOF. Acquisition of MALDI data was
kindly performed by Martin haslbeck (TU Munich, Germany).

3.2.2.9. Monitoring Degradation

Degradation of aB-6D was monitored to obtainits stability at room temperature. Therefore a batch of
protein after SECwas incubated at room temperature and samples weretaken every 24 h and analyzed
by SDS-PAGE.

3.2.2.10. Limited Proteolyis

Limited proteolysis was performed using the protease a-chymotrypsin (Sigma-Aldrich, Taufkirchen,
Germany) to compare the proteolytic stability of aB-6D to the stability of aB-WT. a-Chymotrypsinis a
protease that cleaves proteins selectively afterthe aromaticamino acids Trp, Tyr, Phe and also afterthe
big hydrophobicamino acids Met and Leu. Limited proteolysis uses small amounts of protease to have a
slow digestion and potentially allowing identification of stabilized fragments. Proteins with destabilized
sequences are more prone to degradation by proteases at these regions.

The assay was performed ssimilarto Kumar et al. (2004). The total sample volume was 200 pl containing
50 uM aB and 1 mM CaCl, in PBS buffer. a.-chymotrypsin was dissolved to 1 mg/ml in 1 mM HCl. The
reaction was started by adding 2 pl of protease to a final concentration of 0.4 uM a-chymotrypsin
(molecularweight 25kDa). Samples were taken and immediately boiled in Lammli buffer at the following
times: 0 (before addition of a-chymotrypsin) and 1, 5, 30 and 60 minutes after addition of the protease.
Results were monitored by SDS-PAGE.

3.2.2.11. Analytical ultracentrifugation (AUC)

For sedimentation velocity experiments all proteins were buffer exchanged to phosphate buffer. The
concentration of the proteins was 1 mg/ml (aB-WT and aB-6D) and 0.4 mg/ml (aB-6E). 450 pl of each
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sample was filled in a standard double-sector Epon charcoal-filled centerpiece sample cell with quartz
windows. The AUC experiments were carried out usinga Beckman XL-I with a rotor speed of 34 000 rpm
at 20 °C measuring absorbance at 280 nm and they were measured by Philipp Schmid (TU Minchen,
Germany).

3.2.2.12. PEGylation Reaction of the Full-length aB-Crystallin

A linear 10 kDa methoxy PEG Succinimidyl Carboxymethyl Ester (M-SCM-10K, JenKem, USA) is a higly
gualityamine PEG product with astrong non-degradable linker between the PEG polymericchain and the
NHS ester. M-SCM-10K reacts with the amine group of lysines increasing the size of the protein. Before
using the PEG, the bottle containing the reagent was allowed to warm at room temperature slowly. A
stock solution of PEGylation reagent M-SCM-10K was prepared, dissolving 15 mg of reagent in 100 pl of
DMSO. The PEGwas then addedintothe proteinsamplein a 10x fold excess with respect to the a.B, which
was dissolved in PBS buffer pH 7.4. The mixture was leftstirring for 1 h at room temperature under slow
shaking. The reaction followed a purification with PD10 columnin orderto remove the non-reacted and
the hydrolyzed PEGylation reagent. Products and yield of the reaction were evaluated by SDS-PAGE and
mass spectrometry. The final sample was purified by analytical SEC and the result was evaluated again
with SDS-PAGE.

3.2.2.13. Purification of Recombinant A3 4 Amyloid Peptide

The inclusion bodies were purified using an Akta purifier system. The xtract was loaded in a 40 ml
superloop and injected into a reverse-phase (RP) HPLC column (material: source 30RPC). Initially, the
column was equilibrated with 20% B for 5 CV. The sample was loaded in 0.6 CV, and the column was
washedfor4CV, both at 20% B. This was followed by a gradient from 20% B to 60% B over 15 CV, in which
A4 usually elutes at around 42% B. Fractions of 11 ml were collected throughout the gradient. The
concentration of B was increased to 100% in 1.5 CV and remained at 100% B for 1.5 CV until the
completion of the run. A constant flow of 4 ml/min was used forthe entire HPLC run. Protein elution was
monitored by UV at 280 nm. The protein content of the fractions was analyzed by Tricine-SDS-PAGE.
Fractions containing AB., were gathered in glass tubes, flash frozen in liquid nitrogen, lyophilized and
stored at -80 °C until further use.

3.2.2.14. Tricine-SDS-PAGE Electrophoresis

Tricine-Sodium Dodecyl Sulfate-Polyacrilamide Gel Electrophoresis (SDS-PAGE) was carried out in order
to analyse protein content of AB;.40) Samples based on Schagger (2006) (Table 3.5). This method is
optimized forthe separation of small (<30 kDa) and hydrophobicproteins. 30 ul of the fractions collected
fromthe RP-HPLCrun, were mixed with 10l of sample loading buffer (4x). The samples were incubated
at 95 °C for 15 minwith 800 rpm. Around 5 pl of samplesfrom bacterial cell pelletsamplesand 10 pl of
samples from RP-HPLC fractions wereloaded onto the gels. The Ultra-low Range Molecular Weight Marker
(Sigma-Aldrich) was loaded onto the gels as a reference for molecular weight. Gels were run with a
constantvoltage of 100 V. Afterthe run was completed, gels wereincubated in fixing solution for 30 min,
transferred to staining solution for at least 1 h and incubated in destaining solution.
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Table 3.5 | Composition of Tricine-SDS gels. The volumes are given for 10 gels.

For 10 gels Seperating gel 16% Stacking gel 4%
H20 16.6 mL 52 mL
ProtoGel (40%) 40 mL 8mL
Gel Buffer (3x) 33.4mL 20 mL
Glycerol 10 ml -

10% APS 40 pl 80 pl
TEMED 1ml 800 pl

3.2.2.15. Transmission Electron Microscopy (TEM)

3.2.2.15.1. Preparation of APy Fibrils

Lyophilized AB4, was initially solubilized in 10 mM NaOH and sonicated for 15 min. Subsequently, an
equivalentvolume of TBS was added to ensure a physiological pH of 7.4. Afterfinal sonication for 15 min,
the solution was filtered (0.2 um) and its concentration determined. The preparation was done onice
with pre-cooled solutions. The procedure assured that the peptide and possible aggregates were
completelydissolved. After preparation of monomeric A, the peptides wereincubated for 4days at 37
°C under slow agitationin order to provoke fibril formation. The concentration of A 3,0 amounted to 150
UM in TBS to a final volume of 100 pl. Co-incubation with aB was performed at different chaperone
concentrations (150 uM, 30 uM, 10 uM, 5 uM, 2.5 uM) and the structural changes of the APq, fibrils were
odserved. Amyloid samples had to be sonicated for 2 min in order to disrupt clusters of fibrils. The
preparation of grids was similar for all samples.

3.2.2.15.2. Negative Staining

Protein samples were prepared for TEM visualization by negative staining on a formvar coated grid
stabilized with carbon film. The hydrophilization of the grids was enhanced by glow dischargingin argon
atmosphere for 30 s and 2 mA (the grids should be used within 30 min after the glow-discharging), to
increase sample adsorption on the grids. Sample volumes of 3.5 pul were placed on the grid and incubated
for60s to achieve particleadsorptionto the surface. For negative staining, the excesssolutionwas blotted
off from the grids carefully usingfilter paper. The sample was stained with 3.5ul 2% (w/v) uranylacetate
for 30 s. Finally, the extra uranylacetate was again removed usinga filter paper. The data were acquired
by Andre Heuer (Gene Center, LMU, Munich) on an AN 100 KV transmission electron microscope (Zeiss)
and the samples were viewed under different magnifications and images were captured on a side-
mounted SIS Megaview 1K CCD camera.

3.2.2.15.3. Immunoelectron Microscopy

The fibril-chaperone complex forimmuno-EMwas obtainedby the addition of aBto A fibrils in buffer A,
with final concentrations of 30 uM and 150 uM, respectively. The mixture wasincubated for as described
(in3.2.2.14.1.) and then spun at 16000 x g for 30 min. The supernatant was carefully aspirated to remove
free aB and the pellet was resuspended in one volume of PBS buffer, prior to dilution for immunogold
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labelling as required. The grids were prepared by the addition of 4 ul of a 100-fold dilution of the fibril-
chaperone complexin PBS. Samples were deposited onto grids immediately following dilution. Grids were
washed 3x with 10 pl H,0, blocked with 15 pl 0.1% (w/v) bovine serum albumin-BSAin 10 mM PBS/100
mM NaCl (BSA/PBS buffer) buffer pH 7.4 for 15 min, then incubated for 30 min with the aB monoclonal
primary 2 antibody (100 pg/ml, Assay Designs, Michigan, USA) diluted 250-fold in 0.1% BSA/PBS buffer.
The grids were blotted with filter paper between each washing step. Next, the grids were 3x washe d with
50 pl 0.1% BSA/PBS buffer, for 4 min each time, before a 30 min incubation at room temperature with
goat anti-mouse 10 nm immunogold conjugate (GMHL10, BBInternational, Cardiff, UK), diluted 150-fold
into 0.1% BSA/PBS buffer. The grids werethen 3x washed with 50 ul 0.1% BSA/PBS buffer, again for 4 min
each time, then 3x with 50 pl H,0 and negatively stained with 20 ul of 2% uranyl acetate.

3.2.3. NMR Spectroscopy

NMR experiments were carried out employing Bruker Avance spectrometers operating at a 'H Larmor
frequency of 950 (22.3T), 900 (21.1T), 750 (17.6T), 600 (14.1T) or 500 (11.7 T) MHz that were all (except
for the 750 MHz) equipped with CPTI triple-resonance (*H/**C/**N) cryoprobes.

3.2.4.Solution—-state NMR Spectroscopy

All 1D 'H spectra contained a watergate pulse sequence for solvent suppression (Liu et al. 1998). 2D H,
15N correlations were recorded as SOFAST heteronuclear multiple quantum coherence (HMQC) (Schanda
and Brutscher2005) or as heteronuclear single quantum coherence (HSQC) (Kayet al. 1990) experiments.
2D H, 13C correlations were recorded as HSQC experiments.

3.2.4.1. Sample Preparation

Most of the NMR experiments were performed using a shigemi tube (Shigemi, Tokyo, Japan), where the
sample volume was 280-300 pl. In all samples the bufferfor aB, its variants and A contained PBS pH7.4,
while for oA the NMR buffer contained HEPES/KOH pH 7.4, but both in 95% H,0 and 5% D,0 (unless stated
otherwise). Buffer compositionis showninTable 3.2. Samplesconcentrationin all case werevarying from
500 pl =3 mM. For titrations, the molecules of interest were added directly to standard NMR tubes
(Norell, Landisville, USA) filled with ca. 500 ul of sample, mixed gently and measured immediately. For
filling 3 mm or shigemi tubes an electrical syringe eVol XR (SGE Analytical Science) was used.

3.2.4.2. Peak Integration and Chemical Shift Perturbation (CSP)

Unless otherwisestated 2D spectrawere integrated using CcoNmr. Protein amide signals wereintegrated
in the region between 6.0 ppm to 10.0 ppm in 1D 'H spectra.

Chemical shift perturbations obtained from 'H, >N HSQC spectra were calculated using the following
formula:

ASNH = \/i[(gle +2_155125N] (Eq. 3.2.3.1.)
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with 40 = difference of chemical shift in different spectra.

3.2.4.3. DOSY Experiments

The samples used for DOSY were allin the same conditions (buffer, T, concentration) and the exp eriments
were recorded with unlabeled proteins using the following parameters: gradient strength g of 2- 98 %, A
=300 ms, 6 =3 ms. DOSY experiments were recorded at 950 MHz and 300 K.

3.2.4.4. Resonance Assignment Experiments

For the backbone resonance assignment of the CTR of aA, a 3C, ®*N-labeled sample with 3 mM
concentration was added in ashigemitubein afinal volume of 300 ul 10mMHEPES/KOH pH 7.4. Standard
triple resonance experiments were recorded: HNCA, HNCO (Kay et al. 1990), HNCACB (Wittekind et al
1993), CBCA(CO)NH (Grzesieketal. 1992), HNCACO (Clubbetal. 1992) and *N-edited *H, *HNOESY (Trmix
= 120 ms) (Fesik et al. 1988; Marion et al. 1989). Assignment of aliphatic side-chain resonances was
accomplished using 2D *H, 3C HSQC, 3D (H)CCCONH and 3D H(C)CCONH experiments (Montelione et al
1992; Grzesieketal 1993; Lyonsetal 1993; Logan etal. 1993). DSS was used as direct *H chemical shifts
reference and indirect reference for >N and 3C chemical shifts (Wishart et al. 1995). The assignment
experiments wererecordedat 27°C, 950 MHz and in 5% D,0. Table 3.6 summarizes the NMR experiments
and relevant acquisition parameters.

Table 3.6 | NMR experiments performed for a A-WT assignment. Spectral widths and carrier frequencies are given for the indirect dimensions,
whereasthatofthe direct 1H dimensionwas setto 10 ppmand 4.7 ppm, respectively, inall cases. Complex data points are gi venin the order of
acquisition times t3, t2, t1. The recycle delay was setto 1.2 s.

Experiment Data Number Spectral Carrier

points of Scans Widths Frequencies

1H, 15N HSQC 4096 x 1024 8 18 ppm (*>N) 119 ppm (**N)
1H, 13C HSQC 2048 x512 4 80 ppm (*3C) 36 ppm (*3C)
HNCA 2048 x76x 170 4 18 ppm (25N) 119 ppm (25N)
30 ppm (*3C) 54 ppm (*3C)

HNCO 2048 x76x128 4 18 ppm (*>N) 119 ppm (*>N)
22 ppm (13C) 176 ppm (13C)

HNCACB 2048 x 80 x 150 16 18 ppm (25N) 119 ppm (15N)
75 ppm (13C) 40 ppm (13C)

CBCA(CO)NH 2048 x80x 150 8 18 ppm (**N) 119 ppm (°N)
75 ppm (13C) 40 ppm (13C)

HNCACO 2048x76x128 4 18 ppm (1°N) 119 ppm (°N)
22 ppm (13C) 176 ppm (13C)

15N-edited H,'HNOESY | 2048 x 128 x 150 8 18 ppm (15N) 119 ppm (15N)
13 ppm (*H) 4.7 ppm (*H)

(H)CCCONH 2048 x84 x128 4 18 ppm (15N) 119 ppm (15N)
11.5 ppm (*H) 4.7 ppm (1H)

H(C)CCONH 2048x84x128 4 18 ppm (°N) 119 ppm (°N)
75 ppm (13C) 39 ppm (13C)

The datawere usually processed with a square sine-bellapodization in direct and indirect dimensions with
SSB (shift of the sine-bell) values of 2.0-3.0, depending on spectral resolution and sensitivity. Zero filling
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was applied to yield data matrices of 2048x512x512. Linear forward prediction was applied to improve
the spectral quality, when required.

3.2.4.5. Secondary Structure Prediction

The secondary structure of the C-terminal domain of oA was predicted from the difference between the
chemical shift values of 3Ca., 3C atoms (Spera and Bax 1991), the corresponding chemical shift index
(CSI 3.0; Hafsa et al. 2015) calculated using the following equation

csi = (862, — 5@ (858 ervea = Bre

observed randomcoil/ — \ “observed random coil) (Eq' 3.23.2)

and the random coil index (RCl) (Berjanskii and Wishart 2005; Shen et al. 2009; Shen and Bax 2012),
against the residue number. Negative values for ASCa (ppm) and ASCa-ASCB (ppm) indicate B-strand,
positive valuesindicate a-helical structural elements, while values around Oindicate random coil . At least
4 consecutive positive values are required to definea helix and at least 3 consecutive negative values are
required to define a B-strand.

3.2.4.6. Titration Experiments

NMR titrations were carried out using uniformly **N-labeled samples in PBS bufferand pH 7.3. For all AB
titration experiments either with copper, aB-WT or a.B-6E, the concentration of A was 50 uM and in a
step-wise manner the titrated protein was added in different molar ratios. *H, *°N HSQC spectra were
recorded after each addition.

3.2.4.7. NMR Relaxation Analysis

NMR N transverse relaxation experiments (TZ, TIp and heteronuclear NOE) were recorded oin two
differentfields, 950 and 500 MHz at 300 K. The H, >N heteronuclear NOE values were determined as the
ratio of peak intensitiesin two experiments, with and without proton saturation. >N T1and T1p relaxation
times were determined from pseudo-3D HSQC-based experiments recorded inan interleaved fashion with
different relaxation delays (varying from 2 — 350 ms). For relaxation data peaks were integrated and fit
with in house python scripts. Peaks with severe overlap were omitted from further analysis. Error
estimation was calculated based onthe signalto noise ratio. R1and R1p rates were calculated by dividing
1/T1and 1/ Tip.

3.2.4.8. Paramagentic Relaxation Enhancement

In spin labeling experiments 3-(2-iodoacetamido)-proxyl (IPSL) (Sigma — Aldrich, Germany, 50 mM stock
dissolvedin DMSO) was used for the spin-label reaction. Before titration of a 5-fold molar excess of IPSL,
500 uM of the protein solution was completely reduced by adding 2 mM dithiothreitol (DTT). The buffer
was exchanged afterwards to 1 M Tris-HCI (pH 8.0), 200 mM NaCl using a protein desalting spin column
(Thermo FisherScientificinc., USA). Followingan overnight reactioninthe dark at 4°C, the IPSL — tagged
protein was passed two times through a desalting spin column to remove all unreacted spin label and
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change the bufferto 10 mM HEPES/KOH (pH 7.4) and 1 mM EDTA. Two different samples were employed,
which are referred to as >N atA-IPSL and *N a.A-*N alA-IPSL. To prepare the mixed sample, *N-o.A was
added in the reaction mixture to **N-alA-IPSL, ina 1:1 ratio, yielding a final concentration of 300 uM for
each protein component. The mixed sample was subsequently incubated for 4 hrs at 37 °C. In both
samples reduction of the protein-bound IPSL was achieved with a 10 molar excess of freshly prepared
ascorbic acid in HEPES/KOH buffer to yield the diamagnetic species.

PREs arising from the spin label were determined using the ratio of peak intensities of the *H, **N-HSQC
spectra obtained for the paramagnetic (oxidized) and the diamagnetic (reduced)state (I, qrq/ I4iq), in the
absence and presence of 10 molar equivalents of ascorbic acid. Peak volumes were extracted by box
integration, using in-house Python scripts.

3.2.4.9. H" R; Relaxation Rates

IHN R, relaxation rates were determined usingamodified *H, 2*N HSQC pulse sequence with a saturation
recovery element priortothe firstINEPT step with the following relaxation delays: 0.05, 0.11, 0.26, 0.46,
0.73, 1.10, 1.59, 2.25, 3.15, 4.36 and 6.00 s. PREswere calculated as the difference of the R, rates (PRE =
Ri (para) - Ri1 (ain))- Peak volumes were extracted by box integration, using in-house Python scripts. The
experimental error was setto two times the standard deviation of the noiseand the uncertainty of the T;
values was estimated by 1000 Monte Carlo runs. R, rates were determined by fitting decay curves by an
exponential function.

3.2.4.10. Methyl-TROSY Experiments

13C methyl-TROSY NMR spectroscopy has emerged as a powerful method for studying the dynamics of
large systems such as macromolecular assemblies and membrane proteins. Well-resolved multi-
dimensional NMR spectra are essential for obtaining structural and dynamicinformationon backboneand
sidechain within proteins. However, such spectra of large macromolecules have poor peak dispersion and
line broadening due to rapid transverse relaxation of nuclear magnetization and spectral crowding. To
overcome this problemwe perfommethyl NMR, which utilizes the advantageous spectroscopic properties
of CH;-groups (Kay and Gardner 1997) thatarise fromtheirthree-fold symmetry and fast rotation around
the connecting C—Cbond. Thisresultsin highlyfavorable relaxation properties that are exploitedin methyl
TROSY HMQC experiments (Ameroetal. 2009; Ollerenshaw et al. 2003; Tugarinov et al. 2003) that yield
well-resolved and sensitive NMR spectra even for high-molecular weight systems. Introduction of NMR-
active methyl groups can be achieved with metabolic precursors to label the lle-61 or Leu-6 and Val-y
positions in proteins expressed in Escherichia coli (Goto et al. 1999; Gardner and Kay 1997). However,
labeled methyl groups canalso be introducedinThr (Velyvisetal. 2012; Sinha et al. 2011), lle-y2(Avyala
etal. 2012; Ruschak et al. 2010), Ala (Ayalaetal. 2009; Isaacson et al. 2007) and Met residues (Zheng et
al. 2009; Jones et al. 2007; Fischeretal. 2007; DellaVecchiaet al. 2007; Beatty et al. 1996), and in Leu and
Valin a residue-specificand stereospecificmanner (Miyanoiri et al. 2013; Mass et al. 2013; Lichtenecker
et al. 2013; Gans et al. 2010). When paired with selective protonation in an otherwise deuterated
background (Rosen et al. 1996), this approach takes advantage of the favorable relaxation properties of
13C-methyl groups with the application of Transverse Relaxation Optimized Spectroscopy (TROSY)
(Ollerenshaw 2003; Pervushin 1997).
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3.2.4.11. 13C, 3C NOESY-type Experiments in Solution —state NMR

The advantage of using 3C-13C NOESY experiments for systems of higher molecular weight was proposed
some years ago and illustrated by the comparison of the spectrafor monomeric(16 kDa) and dimeric (32
kDa) forms of the protein superoxide dismutase (SOD) (Bertini et al. 2004b; Bertini et al. 2004c). 3C-13C
NOESY isan alternative approach to *H-detected NMR by using *C-direct detection experiments (Bermel
et al. 2006b; Bermel etal. 2006a; Bermel et al. 2005; Bertini et al. 2004a; Bertini et al. 2004b; Bertini et
al. 2004c; Bermel et al. 2003). Inthese case the smaller magneticmomentof 3C withrespect to 'H reflects
in a reduction of signal linewidth. 13C-13C NOESY-type experiments (Bertini et al. 2004b; Bertini et al.
2004c) can be usedto study large molecularsystemsin solution-state NMR, therefore, we decided to test
the use of 3C-13C NOESY for the detection of one and two-bond carbon correlations in aA- and a.B-
crystallins (about 500 kDa). The purified protein was 95% deuterated for a.B and not deuterated for oA,
but for both samples 50 mM PBS pH 7.4 dissolved in 100% D,0 was used. The 3 C-3C NOESY experiments
were carried out on a 21.1 T Bruker AVANCE 900 MHz spectrometer equipped with a triple-resonance
cryo-probe optimisedfor 3C-direct detection experiments, at 300 K on a sample that was around 1.3 mM
in monomer concentration. Composite pulse decoupling on *H and *H was applied during the whole
duration of the experiments (Bertini et al. 2004b). 1*C-13C NOESY maps were recorded at different mixing
times (50 ms, 100 ms, 200 ms, 300 ms, 400 ms) on the full spectral width and on the aliphaticregion. The
best compromise between signal to noise and number of cross-peaks was found at a mixing time of 200
ms. Experimentson a sample, 1.3 mM in monomer, lasted about 40 hrs each to achieve good signal-to-
noise ratios.

3.2.5. Magic-Angle Spinning in Solid — state NMR Spectroscopy

3.2.5.1. Sample Preparation — Packing of Rotors

Approximately 2-5 mg of oA and 6-10 mg of aB was used in all solid-state NMR studies. Samples were
packed into a 3.2 mm thin wall ZrO, rotor with vespel caps without spacers, using a filling tool (Bruker
BioSpin, Fig. 3.1), an Optimal-100 XP Ultracentrifuge and a SW 32 Ti swinging rotor (Beckman Coulter
GmbH, Krefeld, Germany). The proteins (a.B or atlA) were sedimented into the NMR rotor (Bertini et al
2012) for 4 days at 4 °C at a rotation frequency of the centrifuge setto 28000 rpm. The supernatant was
carefully removed afterwards. Samples packed into rotors were stored at 4 °C.

funnel funnel holder rotor fully
(polycarbonate) (@aluminium) rotor housing bottom assembled

Fig. 3.1. MAS rotor filling tool for ultracentrifuges. Tools were kindly provided by David Osen (Brucker BioSpin).
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All experimentswere conducted at anominal temperature of about 0°C (MAS thenincreases temperature
slightly above freezing temperature).

3.2.5.2. 3C, 3C-Correlation PDSD Experiments

13C, 13C-Correlations were acquired as proton driven spin diffusion (PDSD) (Grommek et al. 2006). The
PDSD mixingtime were setto 50 ms for intraresidue correlations. A recycle delay of 3s was used forboth
aBand oA, while settemperature was 275K. The acquisition times were 8 ms and 15.6 ms forthe indirect

and the direct 3*C dimensions for a.B, and 10.3 ms and 15.6 ms for oA, respectively. MAS frequency was
set to 12 kHz. This frequency was adjusted to avoid rotational side bands in the signal region.
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4. Results

4.1. Growth Curves of A 4, aB-WT, aB-6E and a A-WT in Different Media

In order to compare and analyze the growth behavior of the four strains (AB4o, aB-WT, aB-6E and ot A-WT)
in different growth media: LB, unlabeled M9, 13C, *N-labeled M9and in unlabeled M9 medium with 100%
D,O (Fig. 4.2), we recorded the growth curves of each protein. In comparison to the measured growth
curvesanideal curve of bacterial growth is additionallyshownin Fig. 4.1, where the four phases that take
place during growth of cells are presented: lag phase, log phase, stationary phase and death.

1 /7
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10 104 -
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109 -

108 |- =
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108 |- -

lag
108 | =

log of numbers of bacteria

1041111111[11//111
5 1077 15 20 25 30
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Fig. 4.1. Generalized bacterial growth curve showing the phases in the growth of bacterial cultures. In the lag phase no growth occurs. In the
log phase there is anexponential growth, where the culture theoretically doubles every 20 minutes. Whenthe stationary phase is reached, the
bacterial disrupts until it comes to cell death. Adapted from Encyclopedia Britannica, Inc..

The starting ODggonm for each kind of cells was similar (about ODgggnm=0.15 - 0.17) and the measurements
were used as a rough estimation of the cells’ growth useful for protein expression later on. The curves
were recorded over a time period of 10 h till they reach close to stationary phase. The general growth
behaviourwas betterin every medium for aB-WT and poorerfor the aB-6E mutant. The double-labeled
cellsin M9 medium grew slower thaninunlabeled M9. Cellsin LB grew forall proteins rapidly, compared
for example to deuterated M9 medium were the cells were grownin a much slower rate. This indicates
that forlargerscale cultures the starting ODgoonm fOr deuterated proteins should be higher (about ODggonm
=0.2-0.3).
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Fig. 4.2. Growth curves for (A) ABao, (B) aA-WT, (C) aB-WT and (D) aB-6Ein LB (black), unlabeled M9 (blue), 13C, 1>N-labeled M9 (red) and in
unlabeled M9 with 100% D0 (green) media.

4.2. Expression and Purification of AB 4o

The AR, peptide was recombinantly expressed and purified via RP-HPLC (Fig. 4.3B). The purification
protocol produced ayield of around 5- 7 mg per 1 L of *3C, >N-labeledculture. The expression and purity
of the recombinantly produced peptide was controlled by tricine SDS-PAGE (Fig. 4.3A). Elution fractions
(F1-F8), which showed high purity on the tricine SDS-PAGE gels (Fig. 4.3C), were pooled, lyophilized and
analyzed by mass spectrometry. A single peak was obtained in the mass spectrometric analysis at a
peptide mass of 4709.1 Da for uniformly 3C, **N-labeled AB,, (theoretical mass = 4714.0 Da).

The monomeric entity of AB, gives rise to well defined solution-state NMR spectra as shown in the !H,
15N HMQC (Fig. 4.4). Backbone and side chain resonances of the peptide were assigned, although no
backbone assignments were found for D01, HO6 and H14, and some of the assignmentsin the side chains
are ambiguous. Assigned AB4o resonances were published by Mainz et al. (2015). It iswell known that the
monomeric AB,, peptide adopts a random coil conformation in solution (Riek et al. 2001), which is
conformed also by the lack of dispersionin the Hdimension of the *H, *>N HMQC that demonstrates this
unstructured character of AB,,. Additionally, several residues (Q15-F19) show a tendency to the formation
of B-strands based on the secondary chemical shifts of ASCa (ppm) and ASCa- ASCB (ppm) of AB.,
indicating the presence of transient intermediates, as these residues are part of the hydrophobic cor
(Zhang et al. 2000).
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4.3. Expression and Purification of a B-WT and a.B-ANTD

Overexpression of full-length o.B (Fig. 4.4A) and aB-ANTD (Fig. 4.5A) revealed to be highly efficient,
presumably due totheir pronounced solubility. lon-exchange chromatographyemploying a 200 ml strong
anion exchange Q-Sepharose yielded a well-separated, though broad o.B fraction (Fig. 4.4B,C; 4.5B,C).
Negative charges of proteins bind to the bead material and are displaced by Cl-ions with increasing NaCl
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concentration in the buffer. Fig. 4.4B,C and 4.5B,C showed that both proteins elute at similar NadCl
concentrations (about 5-8% buffer B). The SDS-PAGE gels showed thatthere is a large amount of protein
purified in both cases. The theoretical isoelectric point (pl) of the proteins was calculated using ExPasy
ProtParam software (Gasteiger et al. 2003). The pl values for a.B-WT and a.B-ANTD are 6.7 and 6.5,
respectively, indicating that they should elute at around the same NaCl concentration as shown here.
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Fig. 4.4. Representative protein purification of human aB-WT. (A) Representative gels of aB-WT expression. Lanes are labeledas marker (M),
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Subsequent size-exclusion chromatography (superose6, 500 ml for a.B-WT and Superdex200 pg, 320 ml
for aB-ANTD) of the eluted fractions ensured a high purity grade for both samples (Fig. 4.4D,E; 4.5D,E). In
this step proteins are separated according to their hydrodynamic radius. Several peaks were eluted for
both proteins aftergel filtration, however, in the SDS-PAGE gels it was easy to discriminate between the
desired proteins and impurities. The pooled pure fractions wereloaded to an analytical SEC column of 24
ml with a separation range from5 kDa to 5000 kDa, where noimpurities could be seen andthe samples
were furtherused in NMR spectroscopy. Based onthe column calibration aB-WT elutes where a 24-mer
should be in terms of molecular weight and the same applies to the a.B-ONTD mutant. Protein yields of
unlabeled aB-WT were on the order of 40-50 mg a.B/L cell culture. For 3C, **N-aB and 2H, 3C, *N-a.B,
proteinyields decreased to approximately 10-20 mg a.B/Lcell culture forthe protonated and about 10mg
a.B/L for the deuterated protein. Protein yields of unlabeled a.B-ANTD were on the order of 10-20 mg
aB/L cell culture. For 3C, *N-aB-ANTD protein yields decreased to approximately 5-10 mg o.B/L cell

culture.
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with a gradient till 1 MNaCl in 20 mM Tris-HCl pH 8.5 (buffer B). The absorption at280 nm (A280nm) is shown in blue. The flow-through (FT)
containedonly small amounts of aB. Fractionsin the elution profile referto lanesin (C). (C) SDS-PAGE of the elution profile shownin (B). a.B-
ONTD eluted ina fairly broad peak (lanes C-D). There were negligible amounts of aB in fractions of high-salt washing steps. The molecular weight
marker (M) is labeled and bands of aB are indicated with a black arrow. (D) Size-exclusion chromatogram (Superdex200 pg, 320 ml colume
volume) of the AEC pool. The elution profile shows a majorpeak atapprox. 125 ml. (E) SDS-PAGE of purified aB after AEC and SEC. LanesB to D
were loaded toevaluate sample purity. The molecularweight marker (M)is labeled and bands of aBare indicated with a blackarrow. (F) Analytical
size-exclusion chromatogram (Superose 6) of the SEC pool. The elution profile shows a major peak at approx. 13 mlcorresponding to full-length
aB. (G) SDS-PAGE of purified aB afteranion-exchange and size-exclusion chromatography. Lanes B to C were loaded to evaluate sample purity.
The molecular weight marker (M) is labeled and bands of aB are indicated with a blackarrow.

1H, >N HSQC solution-state NMR spectra of temperature screening of the deletion mutant of a.B was
measured at 280, 290, 300 and 310 K at 600 MHz (Fig. 4.6). The ANTD mutant consists of 117 residues,
containing the W60 as the second residue in the mutant’s sequence after the methionine (Met) in the
beginning. Based onthe recorded spectrahowever, the mutant seemsto be similarinsize with the full-
length protein (Fig. 4.7) supporting that the absence of the NTD does not affect the structural
rearrangement of the protein after the deletion. Furthermore, in higher temperature the spectral
resolution improves and also the W02 is seen (Fig. 4.6C,D).
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Fig. 4.6. 1H, 15N HSQC spectra of the ANTD mutant. Atemperature screening of the mutant at (A) 280K, (B) 290 K, (C)300 K and (D) 310K,
recorded at 600 MHz.

In a typical aB-WT 'H, N HSQC spectra (Fig. 4.7A, shown in black) only residues arising from the C-
terminal region are observed (residues: G154-K175). Inthe case of aB-ANTD overlapped with the a.B-WT
spectra (Fig. 4.7A) some additional with lower intensity peaks are appearing except the W02 at around
10.00 ppm, but most of the part of the mutant is overlapping with the CTD of the full-length protein in
the H, *"N HSQC spectra. Moreover, in the H, 13C HSQC spectra peaks that doe not overlap with the wild-
type protein (around 25, 35, and 50-60 ppm) should arise fromthe N-terminal region thatis not present
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in the mutant (Fig. 4.7B). A zoom into the methyl region of the same spectra, but in very low contour
levels is shown also in Fig. 4.7C.
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Fig. 4.7. Solution - state NMR spectra recorded at 300K and 500 MHz. (A) 1H, 15N HSQC of aB-WT, (B) 1H, 33CHSQC a.B-ANTD, and (C) zoom into
the methyl region of the 'H, 13C HSQC spectra. The concentration of each protein was 500 uM.

4.4. Expression and Purification of aB-6E with and without Urea

The a.B-6E plasmid, where 6 serines are replaced by glutamate (S19, S21, S43, S45, S53 and S59), was
kindly provided by Prof. Buchner (TU Miinchen) and was firstlyindroduced by Peschek et al. (2013) were
it was presented as a phosphomimicing mutant of the full-length a.B appearing to form lower oligomeric
states compared to the wild-type protein. Here, we try to find the best expression and purification
protocol in orderto use the sample lateron for NMR studies. Fig. 4.8 shows a test expression of aB-6Ein
LB and M9 minimal mediaand usinga variety of competent cells: BL21, BL21 (DE3), BL21 (DE3) pLys and
Rosetta 2 (DE3). Inaddition, an overnight or4 h incubation after ImMIPTG induction was tested in order
to find the bestyields forthe protein. Finally, Rosetta 2 (DE3) cells and overnightincubation appearedto
give a better yield, therefore, in the next studies the aB-6E sample is expressed into Rosetta 2 (DE3)
competent cells.
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In order to find the best purification protocol for the aB-6E mutant different approaches were tested.
With the basic purification protocol of a.B-WT (see chapter4.3.), a.B-6E is not pure enough (Fig. 4.9A-D),
as in all fractions there is a significant degradation band (proved with mass-spectrometry) at about 15
kDa, and an additional purification step was added after the first AEC and SEC columns. The pl point of
a.B-6E is 5.7 and that’s why the protein is eluted at higher NaCl concentrations compared to o.B-WT (at
about 35-45% bufferB). The additional negative chargesin the N-terminus of a.B-6E support the fact that
the protein is forming stronger interactions with the bead material of the column.
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Fig. 4.9. Representative protein purification of the aB-6E mutant. (A) AEC (Q-Sepharose) of cell-lysate eluted with a lineargradient of 1 M NaCl
in 50 mM Tris-HCI pH 8.5. aB eluted in a very broad peakataround 42% buffer B (lanes C-G). The absorption at 280 nm (A280nm) and the fraction
of buffer B during elution (%B) are shown in blue and green, respectively. (B) SDS-PAGE of the elution profile shown in (A). (C) SEC (Superose6)
of the AEC pool. The elution profile shows a major peak at approx.350 ml. The degradationbands are labeled with a red box. (D) SDS-PAGE of
purified a.B-6E after size-exclusion chromatography. Lanes B to E were loaded to evaluate sample purity. (E) Urea-anion-exchange chromatogram
(Q-Sepharose) of the eluted proteinafter SEC with a stepwise gradient of 1 M NaCl in 5M Ureaand 50 mM Tris-HCI pH 8.5.a.B elutedin a very
broad peak at around 18% buffer B (lanes A-D). The absorption at280 nm (A280nm) and the fraction of buffer B during elution (%B) are shown
in blue and green, respectively. (F) SDS-PAGE of the elution profile shownin (E). (G) SEC (Superose 6) of the Urea-AEC pool. The elution profile
shows a major peak at approx. 350ml. (H) SDS-PAGE of purified aB-6E after the second anion-exchange andsize-exclusion chromatography.
Lanes DtoE were loaded to evaluate sample purity. In all the gels the molecular weight marker (M) is labeled and the bands of oB-6E are indicated

with a blackarrow.
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In the subgequent gel filtration run aB-6E was eluted later than the full-length protein as expected, at
about 350 ml. Based on the SEC chromatogram presented on Fig. 4.9C, the mutant seems to be more
heterogeneous than aB-WT and the degradation band is still present. Therefore, as a next purification
step 5 M Ureain 50 mM Tris-HCl pH 8.5 (forboth buffer Aand B) were used to unfolded the proteinand
an Urea-AEC run was perfomed after the protein was diluted in Urea-TE buffer, followed by protein
refolding and by a second SEC and a final analytical SEC, all presented in Fig. 4.9E-H. In this case a big
amount of proteinislost, due to the sequential purification steps, unfolding and refolding, but also at the
end, the SDS gels show that the sample is still not pure enough for NMR (Fig. 4.9D,F,H). However, as
indicated in Fig. 4.10A there is a clear shift of the molecular weight from the full-length protein to the
mutant, suggesting smalleroligomersizes. Calibration of the analytical column suggests that a.B-WTis a
24-mer and o.B-6E appears to be a hexamer, elutingataround 19 ml of the column. In addition, based on
the chromatogram, a.B-6E seemed again to be more heterogeneous (manypeaks were additionallyeluted
after the desired protein). a.B-6E in this figure looks quite pure. However, this is a low concentrated
sample and when the sample was highly concentrated for NMR experiments the protein was fast
degraded. The lower oligomeric state of aB-6E was further supported by the 2D MAS PDSD 3C-C
correlation spectrapresentedin Fig.4.10B as we observe very few cross-peaksintherigid region of the
mutant, indicating that the molecule is smaller than the wild-type protein.
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Fig. 4.10. (A) Comparison of the analytical SEC run of aB-WT and aB-6E. The aB-6E mutantelutes later than aB-WT at around 19 ml, while oB-
WT elutes at 13 ml indicating a smaller oligomer molecular size. (B) 2D MAS PDSD 13C-13C correlation spectra of aB-6E FROSTY sample. The
experiments were measuredat 273 Kand 750 MHZ in a 4 mm rotor and 50 ms mixingtime.

4.5. Expression and Purification of the C-terminal His-tagged o.B-6E

The previously described purification protocol did not give rise to a higly pure aB-6E sample for NMR
analysis. Therefore, and in order to improve the purification, a his-tag sequence was added by side-
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directed mutagenesis at the C-terminal part of the protein and a.B-6E was expressed in BL21 (DE3) cells
and purified usinga Ni-NTA column followed by SEC and analytical SEC (Fig.4.11A-F). The flow-through,
the wash and the elution profile of the Ni-NTA column are shown intheSDS gel in Fig.4.11A. A bigamount
of protein was lostin the flow-through, however, in wash there were only small concentrations of o.B-6E.
The final a.B-6E sample was used for subsequentsize exclusion chromatography, as it was not pure enough
in thisfirst purification step. Before the SEC column, the sample was loaded to a HiPrep 26/10 desalting
column (53 ml) in orderto remove the remainingimidazole from the buffer ( Fig. 4.11B). Forthe SEC a 320
ml Superdex200 pg column was used and the protein was eluted at around 170 ml, while during the
analytical size exclusion a.B-6E was eluted at 15 ml, indicating a high molecular weight oligomer like the
wild-type protein.
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analytical SEC. Lanes B to C were loadedto evaluate sample purity. In all the gels the molecularweight marker (M) is labeledandthe bands of
aB-6E-C-term-histagare indicated with a blackarrow.

Although on the SDS gels of the final samples for aB-6E (Fig. 4.9H) and o.B-6E-C-term-histag (Fig. 4.11F)
shown here were not 100% pure, this was a random phenomenon, and there were samples that were
pure enoughinorderto record a first 'H, 1>N SOFASTHMQC spectra of the different samplesin solution
and test whether there are changes between the two purifications and which givesthe best resolution.
The spectra are presented in Fig. 4.12, where the numerous dispersed cross peaks in each spectrum
indicate a lower oligomeric state for every kind of purification as compared to the wild-type protein. In
Fig.4.12A, the sample was purifiedusing the wild-type protocol and the spectrum shows a well-dispersed
proteinindicating thatitisfolded. When purified with the ureastep (Fig. 4.12B) or with a Ni-NTA column
(Fig. 4.12C), o.B-6E appeared to have a higher molecular weight as in the solution spetra less peaks are
observed duetothe slower moleculartumblingof the protein. Moreover, the proteins seemto be partially
unfolded compared to Fig.4.12A, as there is aclustering of residues in the centre of the spectraindicating
unstructured regions. However, the his-tagged sample gives amore reasonable result of how the mutant
isexpectedtolooklike insolution, as based on analytical SEC or AUC experiments (see chapter4.5.3) aB-
6E mutant is around 120 kDa (6-mer).
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Fig. 4.12. Solution - state NMR H, N SOFAST HMQC spectra recorded at 300 K and 900 MHz. (A) aB-6E purified with AEC and SEC only, (B) aB-
6E purified withurea and (C) a.B-6E-C-term-histag purified with Ni-NTA columnand SEC. The samples were measured at a concentration of 1.2
mM for (A) and (B) and 600 uM for (C).

Inthe *H, >N SOFASTHMQC spectra, due to the degradation band that existsin the SDS gel from the final
purification step, part of these peaks that do not overlap with a.B-WT (Fig. 4.13A) or the truncated a.B
construct (Fig. 4.13B), might come from the degraded part of a.B-6E or could also be a substrate tightly
boundto the proteinthat couldn’tbe removed during AEC or SEC, as it could have similar plor it can be
eluted atthe same position with aB-6Ein gel filtration. Another option would be that after mutagenesis
the proteinisfoldedinadifferent conformation thatallows residues to be more flexible, and thus visible
in a 'H, *"N HSQC spectrum. Additionally, assignment experiments that were performed for this sample
were not useful as the sample seemed to be really heterogeneous making it impossible to assign. Only
residues arising from the C-terminal region and the two tryptophans of the N-terminal region (W9 and
W60), which usually appear around 9-10 ppm were able to be assigned and are given here by
superimposing the a.B-6E spectrum with the wild-type protein (Fig. 4.13A). Fig. 4.13B shows an overlay of
the truncated a.B-10m mutant (containing only the ACD residues: 64-152) (Mainzetal. 2012) and the aB-
6E sample. Residuesthat could overlap in both spectra are labeled with grey boxes suggesting a few
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tentative assignments for these amino acids, however, in total there are not many similarities between
the two samples. Differences also in peak position are attributed to slight temperature differences and
shifts atthe oligomericinterface.Plotting the *H, 2*CHSQC methyl spectra of auB-10m grown in H,0-based
medium and ILV-labeled a.B-6E grown in D,0-based medium (Fig. 4.13C), enables the transfer of a few
tentative assignments (shown in figure in green) and the identification of resonances belonging to the
ACD in the aB-6E.
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Fig. 4.13. Overlay comparison of o.B-6E, . B-WT and a.B-10m. (A) Overlay of 'H, >N SOFAST HMQC spectra of aB-6E (purified with AEC and SEC
only, shown in red) and aB-WT (black). The samples were measured ata concentrationof 1 mMat 300 Kand 900 MHz. (B) Overlay of 'H, ®N
SOFAST HMQC spectra of aB-6E (red) and o.B-10m (black). Grey boxes are indicating residues that could overlap with the truncated a.B mutant.
The samples were measured at a concentration of 600 uM at 300K and 600 MHz. Assignments and spectra of a.B-10m were kindly providedby
Dr. Andi Mainz (TU, Berlin). (C) Overlay of the 'H, 13C methyl spectra of ILV-labeled aB-6E (red) and aB-10m (black) grown in D,0-based medium
with 2H, 13C-gloucose as carbon source and in H,0-based medium with *H, 13C-gloucose, respectively. Residues that could overlap betweent he
two spectra are shown in green boxes. The spectra were recorded at 300 Kand 600 MHz.

Transmission electron microscopy (TEM) images of the aB-6E mutant in high (25 uM) and low (2.5 puM)
concentration and different magnifications are presented in Fig. 4.14A,C, showing that the mutant
appears more heterogeneous compared to the full-length protein (Fig. 4.14B). Additionally, the oligomer
size distribution of the mutant seems to be concentration dependent as at higher concentration large
aggregates of the protein are formed in comparisonto the lowerconcentrated sample, whichis not the
case for aB-WTthat can be concentrated forexample up to 10 mM for a solid-state NMR measurement.

Additional SAXSand CD data were recorded in orderto compare the full -length with the mutant protein,
presented in Fig.4.15. The CD spectrashowed that the two proteins have a high similarity, as the 3-sheet
structure is predominant in a.B-6E like in a.B-WT. Furthermore, looking at the SAXS data (Fig. 4.15A,C),
recorded for both samples atthe same conditions and concentration (about 1 mg/ml), aB-WT appears as
globular, folded protein, while a.B-6E due to the ‘tail’ it has in the graph (region between 150— 300 r(A)),
seems to be partially folded. So it either has unstructed regions or that it is more heterogeneous
(multidomain) than the wild-type.
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Fig. 4.14. Transmission electron micrographs of the aB-6E and a.B-WT. (A) 25 uM a.B-6E at two different magnifications (56 and 110 k). (B) 2.5
uM aB-6E at thr two ee different magnifications (56 and 110k). (C) 2.5 uM aB-WT at two different magnifications (56 and 110k). Scale barsfor
oB-6Eare at0.2 pmand 0.1 pm for 56 and 110 k, respectively, while for aB-WTare at 0.2 um.
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Fig. 4.15. SAXS and CD data of aB-6E. (A) Kratky plot of scattering data, illustrating changes in the behaviour of the curve for the folded (or
spherical) aB-WT (black) and for the partially folded (sphere-random coil) a.B-6E (red). (B) High similarity was observed also by CD spectroscopy,
showing the predominant presence of B-sheet structuresin aB-6E. (C) Experimental SAXS merged intensity distribution curves, collected for 5
different aB-6E concentrations (0.25,0.5,1, 5 and 10 mg/ml).

4.6. Expression and Purification of aB-6D

Peschel etal.(2013) showed thatthe a.B-6D mutantforms smalleroligomers likethe a.B-6E mutantthan
the wild-type protein. Therefore, in orderto be able to study the phosphomimicking mutants of a.B with
NMR, we tried to purify the a.B-6D mutant, as it might be more stable that the a.B-6E. For this reason, site-
directed mutagenesis was used and the 6 mutations (serines were mutated to asparticacid: S19, S21, S43,
S45, S53, S59) were introduced in the wild-type protein. As a starting point the protocol and conditions
shown in chapter 4.3. for purification were applied (Fig.4.17). To estimate whether the desired protein
was well-expressed, SDS-PAGE was performed for unlabelled and **N-labeled aB-6D using cells lysed in
Ldmmli buffer as shown in Fig. 4.16.
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Fig. 4.16. Representative expression SDS-PAGE gels. (A) unlabeled aB-6D and (B) 1*N-labeled aB-6D. the wild-type proteinis not loaded on the
gel. Arrows indicate the overexpressed protein bands, Mthe marker and +or —symbols denote the induced and uninduced cells.

The theoretical pl of aB-6D mutant is 5.7 and the protein in the AEC was eluted at similar NaCl
concentration to aB-6E. However, in the SEC the protein was eluted similar to the wild-type, but with
much more impurities shownin the SDS gel (Fig. 4.17B-D,F). For NMR experiments only fractions D1-D4
fromthe SEC were used andin orderto find out additional purification steps that will increase the purity
of the sample fractions D5-D11 were pooled.In contrast to the a.B-6E mutant, o.B-6D showed a drastically
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decreased degradationband ataround 15 kDa that suggests that aspartate as a phosphomimetic mutation
results in a more stable protein in terms of degradation. Furthermore, a.B-6D in analytical gel filtration
using again either PBS or HEPES buffer (Fig. 4.18), shows a marked difference in the elution profile. The
0.B-6D mutantin PBS elutesat 14.5 ml in PBS and at 12 mlin HEPES. Of great interestis that the protein
seems largerunder no salt conditions, as generally underlow saltinteraction with the column, matrixis
stronger and proteins appear smaller. However, either aB-6D interacts less strongly with the column
whensalt is absent, or it becomesindeed larger, whichis counterintuitive when saltto shield chargesis
absent.
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Fig. 4.17. Purification of unlabeled aB-6D. (A) Chromatogram of the AEC of aB-6D. Black, absorbance at280 nm; green, percentage of buffer B-
6D (contains 1M Nad); red bar, pooled volume for SEC. (B, C, D) Corresponding SDS-Gels from AEC. The red boxes markthe pooled fractions. (E)
Chromatogram of the SEC of aB-6D. Black, absorbanceat 280nm; red bar, pooled volume for NMR; black bar, pooled for further purification
attempts. (F) SDS-Gel corresponding to the SEC run. The red box marks the pooled fractions; the black box marks a second pool for further
purifications experiments.
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Asitiscomplicated toseparate the protein from the impurities two additional strategies were tried. First
by using an additional AECcolumn either (i) a DEAE column or (ii) aResourceQcolumn, and the other by
using hydrophobicinteraction chromatography (HIC). The DEAE columnis a weak anion exchange column.
The ligand has hydrophobicethyl-sidechains resultingin sterical hindrance for the interaction of protein
and column material. The ResourceQcolumnis another strong anion exchange column with a significant
decreased particle size (15um instead of 90 um in diameter). Asmaller particle sizein the bead material
of AEC columns results in improved peak separation.
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Fig. 4.18. Analytical size exclusion chromatography of unlabeled aB-6D (pool from Figure 9F, SEC fractions D1-D4, red box). (A) Chromatogram
of the aSEC run with phosphate buffer. Black, absorbance at 280 nm; red bar, pooledvolume. (B) Corresponding SDS Gel of the aSEC run with
phosphate buffer. The red box marks the pooled fractions. (C) Chromatogram of the aSEC run with Hepes buffer. Black curve, absorbance at 280
nm; red bar, pooled volume. (D) Corresponding SDS-Gel form the aSEC run with Hepes buffer. The red box marks the pooled fractions.

Fig. 4.19 shows that none of the AEC columns resulted in satisfying purity increase. Both columns
separated the protein from the smaller 15 kDa degradation band in the end of the descending branch
(fractions 25-28 in Fig. 4.19B and fractions 20-22 in Fig. 4.19D) with intermediate success. Bigger
impuritieswere not separated.The weak anion exchange columndid not distinguish between the protein
and the impurities. The ResourceQ column resulted in several peaks over the gradient of buffer B (Fig.
4.19C) as it was expected. Unfortunately, aB-6D, its degradation product and otherimpurities were found
inall fractions (Fig.4.19D), which means that not even theveryfine 15 um bead material of the ResourceQ
column was able to separate protein and impurities. This might be due to very similarionicproperties of
all present proteins. Therefore, another strategy was chosen, the hydrophobic interaction
chromatography (HIC).
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Fig. 4.19. Purification approaches with different AEC columns. (A) Chromatogram of weak AEC DEAE column. (B) Corresponding SDS Gel form
DEAE column. (C) Chromatogram of ResourceQcolumn with particle size of 15 um. (D) Corresponding SDS Gel from Resource Qcolumn.

Due to the fact that aB-crystallinassemblesinto oligomers, itis possible thatit has hydrophobicsurface
patches that can interact with the hydrophobic bead material of a phenyl column. This column has a
hydrophobic phenyl ligand and is the least hydrophobic column from GE Healthcare. Before loading aB-
6D ontothe columnitwas incubated overnightin buffer B, containingeither 1M NaCl or 1 M (NH4),SO.,.
(NH4),S0, is more kosmotropic (stronger ‘salting out’ effect) than NaCl, and should, compared to NaCl,
leadto a stronger hydrophobicinteraction betweenthe column materialand the protein. From Fig. 4.20A
and B it is evident that the NaCl gradient is not appropriate for further purification of aB-6D. The
chromatogram shows that most of the protein elutesat 0 % bufferB. On the SDS gel one can see aB-6D
eluting with most of the impurities and together with its degradation band.



=

80 —

50 —
35 -

25 —

Results

M 39 40 41 42 43 44 45 46 47 48 FT W

W - PP —

124

M 0 Offilt) 4344 45 46 47 48 49 50

70 | ) - T =

50 — :‘ y Abeat

35 — -

359

20 — - -aPwe— — —

15-‘3 '3‘ i‘

™

M fem 8 9 10 11 12 48 4950 51 52 53 54 55
80—
50—
20

:

o

g
- =

- B e

e

Fig. 4.20. Precipitation of aB-6D and subsequent phenyl column approaches. (A) Chromatogram of aB-6D. NaCl was potentiallyaddedto 1
M and the solutionapplied to the column, which was equilibrated with buffer B-6D (at pH 8.8). A gradientfrom 100-0% buffer B-6Din 16
CV was run. (B) Corresponding SDS gel from the phenyl column with Nad gradient. (C) Chromatogram of aB-6D precipitated with 25 % (NH4),SOs
saturation and buffer B(AS) gradient 100 —0 % in 16 CV. (D) Corresponding SDS gel from the phenyl column with (NH4),SO4 gradient. (E)
Chromatogram of aB-6D prepared asin C but two gradients: 100 -20 % B(AS)in 2 CV, then 20-0 % in 16 CV. (F) Corresponding SDS gel fromthe
phenyl column run with two (NH4),SO4 gradients. Red boxes indicate pooled fractions.
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Using strong salting out salt ammonium sulfate resulted in better separation of aB-6D and its 15 kDa
degradation band, as shown in Fig. 4.20D. The degradation band significantly disappears at fraction 46.
To furtherincrease the separation between aB-6D and its degradation band the gradientwas dividedin
a fastgradient 100 — 20 % B(AS)in2 CV, and areallyslow gradient20 -0 % Bin 16 CV. Fig. 4.20E shows
thatincreasingthe gradientslope resultsina first A,s, peakin the chromatogram. The main peak elutes
again at 5 — 0 % bufferB. The corresponding SDS gel (Fig. 4.20F) showed thatthe first peak has high kDa
impurities, whereas the main peak coming later contained aB-6D protein and the degradation band.
Fraction 51 contains much aB-6D, but negligible amounts of both, degradation product and high kDa
impurities. This shows that a 2-gradient-strategy using a phenyl column is the most promising approach
to increase the purification result of the phospho-mimetic mutant aB-6D.
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Fig. 4.21. Overlay of 1H, 15N HSQCspectra of a.B-6D and a.B-WT in phosphate buffer. (A) 15N-labeled a.B-6D (red) and aB-WT (black) in high and
(B) in low contours. Assignments corresponding tothe C-terminal region of the full-length protein are shownin blackin bothspectra. (C) Overlay
of 1H, >N HSQC spectra in phosphate buffer of aB-6D (red) and aB-6E (blue). The spectra were recorded at 300 Kand 600 MHz.
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The final sample purified with the HIC column was concentrated and used to record an HSQC spectrum of
the aB-6D phosphomimicking mutant. In Fig. 4.21A-B >*N-labeled aB-6D mutant is superimposed to the
assigned '*N-labeled aB-WT in high and low contours, respectively. The well-dispersed peaks in the
spectra indicate a folded protein, howeverin the region between 7.8 — 8.5 ppm, in the middle of the
spectrum in Fig. 4.21B the severly overlapped peaks that include also the C-terminal region, suggest
unstructured partsinthe protein. Furthermore, thereare more resonances coming up in the spectrum of
the aB-6D mutantand some residuesthatare assigned forthe wild-type and nolongervisible or maybe
shifted for aB-6D, as for example residues E156, T170, A171. This indicates that phospho-mimicking
mutagenesis changes the oligomer’s behavior and has also an impact on the chemical environment and
structure around the C-terminal region.

4.6.1. Monitoring Degradation of a.B-6D at Room Temperature

When studying a new protein sample it is important to know if the protein can be handled at room
temperature orneedsto be placed on ice continuously, while working with it. Therefore, the stability of
the aB-6D mutant was tested by monitoring degradation upon long-term incubation at room
temperature. Samples were taken every 24 hours, mixed with Lammlibufferand placed in the freezer for
SDS-PAGE.

Fig. 4.22 shows the SDS gel of the degradation assay at room temperature. At the beginning of the
experiment (day 0), already some degradation to the first degradation product (1) was visible. This
degradation product ran at about 19 kDa, 1 kDa less than our target protein. The fraction of full length
aB-6D decreased over time and at the end the ratio between full length protein and the degradation
product (1) was approximately 1 to 1. Additionally, aB-6D was further degraded to degradation product
(2), whichranataround 15 kDa. Thisisin asimilarrange as the degradation product seen inall purification
steps (including a.B-6E mutant), emphasizing that the smaller band is a degradation product of aB-6D. The
gel shows many impurities of the sample and it is not excluded that one of these impurity-bands could
contain any E. coli protease capable of degrading aB-6D. This assay demonstrates that it is necessary to
store aB-6D continuously on ice in order to avoid degradation of the protein as far as possible.
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Fig. 4.22. SDS gel of the degradation of unlabeled aB-6D at room temperature. Arrows indicate the full length protein (6D), the first degradation
band at 19 kDa (1) and a second degradation band at 14 kDa (2).
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4.6.2. Limited Proteolysis of o B-6D with o.-chymotrypsin

4.6.2.1. Comparing the Stability of aB-6D and o B-WT

For investigations on the conformational features of aB-6D, limited proteolysis was used. In this assay the
stability of aB-WTand aB-6D against the protease a-chymotrypsin was compared. In general, disordered
or flexible regions of proteins are more susceptible for proteolytic degradation compared to folded
regions of the protein. The decline of aB during time was monitored by SDS-PAGE.

The SDS gel shows that both proteins were completely degraded after 30 minutes ( Fig. 4.23). For aB-6D
this process is evenfasterthan for the wild-type protein. Both proteins had a concentration of 20 uM in
the beginningand the bands decreased according to their degradation. After 1 min the 20 kDaand 19 kDa
bands of aB-6D were paler than the bands of aB-WT. After 5 minutes the wild-type had stronger bands
than aB-6D. Furthermore, the second degradation fragment (2) was more stable for aB-WT, as indicated
by the darker band after 5 min.

Toidentify wherethe proteinwas cleaved, N-terminal sequencingand/or MS approaches wouldbe a good
idea to get the amino acid sequence of peptides. This assay was done in a similar way by Peschek et al.
before with aB-WTand aB-3E mutant (Pescheck et al. 2013). Theirresult was comparable to this, having
a 1 kDa less degradation band and another degradation band around 14 kDa. They performed LC-MS to
identify the peptide and showed that degradation fragment (1) corresponds to amino acids 10-175 and
the smallerfragment (2) corresponds to amino acids 48-175. This means that degradation of aB happens
specifically from the N-terminus and furthermore, the phospho-mimetic mutants are more susceptible
for degradation by a-chymotrypsin. The decreased stability of the 14 kDa fragment (2) indicates that the
N-terminus in the aB-6D mutant gains flexibility around the residue F47, and thereby, becomes more
prone for degradation, as described for the aB-3E mutant (Pescheck et al. 2013).
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Fig. 4.23. SDS gel of aB-6D and aB-WT after limited proteolysis with a-chymotrypsin. Arrows indicate the full length protein (aB), a degradation
fragment of 19 kDa (1) and a degradation fragment of about 14 kDa (2).
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4.6.2.2. Influence of Lysozyme on Proteolytic Digestion of o B-6D

Inthe work published by Aquilinaand Watt (2007) it was stated, that binding of a substrate would stabilize
the N-terminus of aB crystallin. To investigate the influence of the phospho-mimetic mutants on this,
interaction proteolysis was repeated adding lysozyme as substrate to aB and destabilizing it with DTT. The
results were monitored with SDS-PAGE. The used aB concentration was 20 uM and lysozyme was 40 uM
(stoichiometry 1:2).
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Fig. 4.24. SDS gels of lysozyme (Lyso), aB-6D, as well as aB-wt and aB-6D with lysozyme after proteolytic degradation with a-chymotrypsin.
(A) Lysozyme and aB-6D pre-incubated 1 min with additional 1 MM DTT. (B) aB-WT +lysozyme and aB-6D + lysozyme pre-incubated 1 min with
additional 1 mM DTT.

Lysozyme itself proves to be a stable protein against a-chymotrypsin even after incubation with the
reducingagent DTT (Fig. 24A). This indicates that Lysozyme was either not denatured by DTT or assembled
itselfin stable aggregates with hydrophobicresidues (targets of a-chymotrypsin) oriented away from the
surface of the aggregates. The A;,, of the degraded lysozyme sample had increased signal, indicating
aggregates. The aB-6D mutant without lysozyme, but pre-incubated with DTT showed the same
degradation pattern as describedabove (see Fig. 23): strong degradation after 5 min, fully degraded after
30 min. So DTT had noinfluence on the stability of aB-6D. The wild-type protein was as well degraded as
described above (see chapter 4.5.2.1) suggesting that aB-WT was not stabilized by lysozyme against
degradation by a-chymotrypsin. It was expected to be stabilized as described by Aquilina and Watt (2007),
because lysozyme is asubstrate thatis known to bind the N-terminal region of aBand aBis N-terminally
degraded. The binding of lysozyme should shield de gradation prone regions of aB-WT from the attack by
a-chymotrypsin. This indicates that lysozyme was (i) either not bound to aB-WT, or (ii) only bound to
regionsthatare too far away fromthe cleavage sites, or (iii) only transiently bound, so that the protease
was still able to gain access to the cleavage sites.

Comparing the degradation pattern of aB-6D without lysozyme and the degradation pattern of aB-6D
with lysozyme, the major difference was that aB-6D was not fully degraded after 30 min in presence of
lysozyme. The degradation fragment (1) was still there after 30 min. Also after 5 min of incubation the
ensemble of bands at 20 kDa and 19 kDa of aB-6D was stronger visible in presence of lysozyme. This
suggests that aB-6D was able to form stable complexes with degrading lysozyme and this protected the
mutant protein from proteolyticdegradation by a-chymotrypsin. Nevertheless, theseresults are not too
convincing, as the differences between the bands were not too strong. These experiments should be
repeated with an additional sample taken after 15 min and it could be considered to perform this assay
at 25 °C and slightly increased pH (e.g. pH 7.8) as described by Peschek et al. (2013).
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4.6.3. Analytical Ultracentrifugation (AUC) of the Phospho-mimicking Mutants

Analytical ultracentrifugation experiments (AUC) were used for investigations of the quaternary
structures of the full-length and mutant proteins. The sedimentation coefficients, determined by AUC,
correlate with the molecular mass and the diffusion coefficient of the oligomers.
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Fig. 4.25. Sedimentation velocity AUC analysis of aB-wt, aB-6E and aB-6D. The S-value distributions were obtained by c(s) analysis.

Sedimentation velocity AUC experiments (Fig. 4.25) revealed ashift of the weight average sedimentation
coefficientfrom 14 S (Svedberg) for aB-WT (24-mer) towards smallervalues forthe mutants. The aB-6D
mutant hat a sedimentation coefficient of 5S, corresponding to a 6-merora 4-mer, and the aB-6E mutant
had a maximum in the distribution of its sedimentation coefficient at 7.5 S, corresponding to a 12-mer.
Additionally, itis observed that the phospomimicing mutantsare more heterogeneous than the wild-type
protein, as the samples displayed an asymmetric distribution indicating the presence of at least three
populations of different oligomeric species.

4.6.4. 'H DOSY Experiments of the Phospho-mimicking Mutants

To furthervalidate the aUC results, *HDOSY experiments were performed for aB-WTand the phosphor-
mimicking mutants, aB-6D and aB-6E (Fig. 4.26) in order to monitor the diffusion behaviour of each
proteininsolutionusingapulse gradientfield. This method gives information about the oligomericstate
of each sample. To be comparable all samples were measuredat the same conditions (concentration: 200
1M, temperature: 300 K, field: 900 MHz, 50 mM PBS buffer, little 3: 3 ms, big 3: 300 ms). The DOSY
experiments show, that aB-6D consists of a smaller number of oligomers as compared to wild-type and
the aB-6E mutant, and based on the simulated curvesshowninthe figure, itis suggestedto be atetramer
(4mer) asit diffuses between the hexamericand the dimer simulatedcurves. Thisindicates that the overall
size of the protein is significantly decreased (corresponding to a molecular weight of 80 kDa). However,
due to the calculated error bars aB-6D could also be a 6mer. In addition, aB-6E mutant diffusesina
manner corresponding toahexamericoligomer (i.e. 120kDa) or a 12mer (i.e. 340 kDa), while aB-WTtoa
12mer, 24mer (i.e.480 kDa) or even higher ordered oligomer.
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Fig. 4.26. DOSY correlation curves of 1N-labeled aB-WT (black), aB-6D (blue) and aB-6E (blue) in phosphate buffer. Simulation of attenuation
profiles (dashed lines) for various aB n-mers asindicated in the legend: 2mer (orange), 6mer (dark blue), 12mer (magenta) and 24mer (light
green). Samples were concentrated to 200 uMin a shigemi tube, and recorded at 300 Kand 900 MHz.

4.7. Interaction Studies in Solution-state NMR

4.7.1. Binding Interactions of AB 4 with aB-WT

The concomitant exposure of hydrophobicresiduesin proteins causes non-native interactions that finally
resultin protein aggregation. As a general protective mechanism, the cell enhances the expression of
small heat-shock proteins(sHsps) (Haslbeck et al. 2015; Horwich 1997). These ATP-independent molecular
chaperones, canform soluble complexes with partially-unfoldedclient proteins and thereby rescue them
from irreversible aggregation.

The major constituents of the extracellular plaques in Alzheimer’s disease are amyloid -4, (AB4) peptides
(Danielssonetal 2007). Other proteins, including sHsps, like aB-crystallin (aB), are also foundcolocalized
with AB4 peptides in extracellular plaques, functioning as molecular chaperones (Mainz et al. 2012).
Therefore, withthe following combination of experiments (solution-state NMR and transmission electron
microscopy, TEM), we set out to characterize the interaction between aB and AB., peptideand obtain an
understanding of the atomic mechanisms, which yield the disaggregation of Alzheimer's disease -
amyloidfibrilsinduced by the small heatshock protein. As presented in the TEM images of the negative-
stained sample (Fig. 4.27), AB., fibrils were grown from monomeric AB,, and upon incubation under
agitationfor 4 days in the row at 37 °C, in absence and presence of aB, TEM images were obtained at 2
different magnifications, 28and 110 k. In absence of the chaperone maturefibrillar structures are formed.
However, in presence of aB, and despite the 30-molar excess of AB4o to the sHsp, aB binds to A4 and
efficiently inhibits thefibril elongation in vitro, revealing formation of large aggregates (Fig. 4.27B) instead
of mature fibrils, which are considered to be causative for AD pathogenesis. Because the most effective
means of extending the lag phase foramyloid fibril growthis to reduce the elongation(or fragmentation)
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rate (Knowles et al. 2009), this is likely to represent a highly successful chaperone mechanism for
suppressingfibril proliferation. Additionally, in Fig. 4.27B, there are much less aB oligomers on the surface
than it would be expected from the concentration (5 uM) and as compared to Fig. 4.27C (2.5 uM). This

could be explained by the fact that a.B is mostly bound to the fibrils and this overlapping does not allow
us to observe the 5 uM concentration.

Ap, 4 (150 uM) AR, 4 (150 uM) + 6B (5 uM) aB (2.5 uM)

Magnification: 28k

Magnification: 110k

& e

Fig. 4.27. aB-Mediatedinhibition of ABao fibril formation in vitro. (A, B) Negative-stained Transmission Electron Microscopy (TEM) images of
ABao samples incubated for 4 days under agitation,at 37 °Cin the absence (A) and presence of aB (B), in two different magnifications: 28k (left)
and 110k (right). The following concentrations were employed: 150 uM solubilized ABsgand 5 uM aB. Incubation of AB4o only, as shownin (A),
usually results in mature fibrillar structures. Despite a 30-molar excess of the client AB4, the chaperone aB efficiently inhibits the fibril formation,
revealing formation of large aggregates instead of mature fibrils (as shown in B). (C) TEM images of negatively-stained aB, as a reference, were
incubated for 4 days under agitation, at 37 °C, in a concentration of 2.5 uM. Two different magnifications were obtained: 28k (left) and 110k
(right). All samples were preparedin TBS buffer (50 mM Tris, 50 mM NaCl, pH 7.5). Scale bars of 500 nm (for 28k) and 200 nm (for 110Kk) are
shown at the bottom.

To look at the interaction at atomic resolution we employed also solution-state NMR spectroscopy to a
15N-labeled ABso sample. Therefore, werecorded*H, °N SOFAST HSQC spectra (Fig. 4.28), whereforevery
residue we expecttosee one peakforthe backbone. AB,is a4 kDa protein consisting of 40 amino acids
and its assignment is already known (Mainz et al. 2015). Solution-state NMR spectra of >N-labeled ARy
and unlabeled aBinamolarratio of 1:7.5, revealed a N-terminal binding site from Phe4till Ser8 and from
His13 till Leul7 (regions labeled with grey boxes in Fig. 4.28A). Additionally, looking at the intensities
versus residues graph (Fig. 4.28E), we observe a drop of peak intensities, upon addition of aB. The fact
that we see signal/intensity drop, means that AB,, binds the oligomer, and thisinduces chemical shifts in
the spectrum. The pronounced chemical shifts obtainedin this specificregion, indicatess firstly, that there
is interaction between the two proteins and also that the binding of AB,, with a.B, despite the excess of
the chaperone, isin alow oligomeric state, as binding to the fullyassembled oligomer would induce severe
line broadening. Based on Williamson (2013), we calculated the chemical shift perturbation (CSP) of AP
upon aB binding (Fig. 4.28C) and the CSPs as a function of residues were plotted. Clearly a clustering of
perturbations atthe N-terminusis observed, indicating furthera bindinginterface between AB4, and aB.
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Fittingthe concentration dependent chemical shift changes, yields the dissociation constant, whichis on
the order of 100-400 uM for the AB4o/a.B complex.
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Fig. 4.28. 1H, 1*N chemical shift perturbations (CSPs) of AB4o upon aB-WT binding. (A) 1H, 1N SOFAST HMQC 2D spectra of solubilized AB4o
monomersin absence (black) and presence of aB (red). The firstincrements of both spectra are representedin (B) The molar ratio of copper to
Abeta is shown in blue. (C) The CSP at a molarratio of 7.5 to 1 [aB/ABa4o] is plotted as a function of the primary sequence of AB4o. Clearly, a
clustering of perturbations was observedat the N-terminus of ABao, indicating the binding interface between AB4o andaB, in a low oligomeric
state. (D) The CSP of AB4o was obtained as a function of the concentration of aB. The Kq (Williamson 2013) was determinedto bein the range of
100-400 x 10-6 M. (E) Normalized intensities of the two samples showing also a dropping of signal inthe N-terminus of AB4o. The samples were
all preparedin a 100 mM PBS buffer, pH 7.3. The monomeric AB4 concentration was 50 uM andis presented inall graphs inblack, while the ABso
+oaBsampleinred. In(A)and (C) the interacting residues are labeled with greyboxes. All experiments were performed at a *H Larmor frequency
of 500 MHz (11.7 T)and 277 K.
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Fig. 4.29. *H, >N chemical shift perturbations (CSPs) of A4 upon pH titration. (A) The CSP plotted as a function of the primary sequence of ABs.
Clearly, a clustering of perturbations was observed atthe N-terminus of AB4. (B) *H, 1N SOFAST HMQC 2D spectra of solubilized A4 monomers
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inpH 7.5 (black)and pH 6.0 (red). The monomeric AB4o concentration was 50 uM. All experiments were performed ata *H Larmor frequency of
500 MHz (11.7 T)and 277 K.

In order to confirm that the chemical shifts in the NMR spectra are not a arising from a pH effect upon
addition of a.B, we additionally performed a pH titration experiment were A4, was titrated with PBS
bufferinorderto end up froma pH of 7.5 to a 6.0. The CSP and HSQC form this experimentis presented
in Fig.4.29. The overall motif of the CSP plot versus theresidues appears to be similarto the initial titration
with a.B, however, we observethat the chemical shiftsin Fig.4.28, are not arising from the pH change as
in Fig. 4.29 its obvious that the is an high effect of pH in the primary sequence of A4, in almost all the
residues of the N-terminus (i.e resonacnes A2-F19), but also forresidues of the C-terminus, like D23, D27
and V40.

4.7.2. Binding Interactions of Af 4o with aB-WT and Cu**

It was shown previously (Ahmad et al. 2008; Danielsson et al. 2007), that copper targets both AB,, and
a.B. Itisknown thatin AD, the ion homeostasisis damaged, and high concentrations of copper are present.
AP, isa metalloprotein, which binds copper with an affinity of nanomolarat the N-and C-terminus. This
binding induces the redox chemistry and neurotoxicity. Additionally, AB;, produces ROS through the
reduction of copperll to copperl (Hatcheret al. 2008; Danielsson et al. 2007). Moreover, coppercan act
as modulator of the chaperoneactivity of a.B, which has a picomolar affinity to copper. Copper affectsthe
secondary structure and the oligomeric size of aB, which is also able to reduce copper-mediated
formation of ROS, and that way to promote cytoprotection under conditions stressful forthe cells (Mainz
etal 2012; Prabhuetal. 2011; Biswas and Ras 2008; Ahmad et al. 2008; Reif and Narayanan 2007; Ganadu
et al. 2004). Therefore, titration studies of AB,, with Cu(Gly), were carried out in the presence and the
absence of aBin order to understand the mechanism of interaction between the three molecules.

As shown in the representative 1D and 2D spectra in Fig. 4.30A-C, increasing copper concentrations are
bleaching the majority of the peaks, which could be explained by the solvent PRE phenomenon induced
by copper. Solvent PREs arise from random collisions between a macromolecule and paramagnetic
molecules, inthis case, Cu(ll). The enhanced relaxationin case of interaction, causes line broadening and
peaks disappear or bleach. The 1D spectrum on top of each spectra shows directly that there is a signal
drop in intensity in absence of aB, which however, remains less affected in presence of a.B.

By observingthe shiftin the infection point (presented as adashed black line in ( Fig. 4.30D,E) resonances
get bleached with higher molar ratios in the presence of aB. Employing only monomeric AB, we plotted
the relative peakintensities as a function of copperto AP molarratio and a significant signal loss already
at equimolar concentrations of the complex was observed (Fig. 4.30F). Further, looking at specific residues
revealed that residues in the N-terminus are stronger affected by the copper interaction in the titration
series. However, in the presence of 7.5 fold aB, signal attenuation was detected only at molar ratios
beyond 1 to 4 (AB:Cu(Gly),) (Fig. 4.30G). The drop of intensityin the presence of four fold Cu(Gly), is
attributed to to an altered equilibrium between of the molecules and an interaction of soluble AP with
Cu?* complexed to a.B. Ap chemical shifts do not change in the presence of Cu?*, indicating that Cu?* might
stabilize aBinits high-oligomericstate. In turn, Ap moleculesassociate to and dissociate from the a.B/Cu?*
complex, which induces a signal drop due to line broadeningas a result of the slow tumbling regime.
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Continuous addition of Cu?*to the complex increasesthe the PRE phenomenon, which further attenuates
A signal intensities.
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Fig. 4.30. Quantification of ABo titrations with Cu(Gly).. (A) 1H, 1N SOFAST HMQC overlay of the 1Dand 2D titrationspectra of AB 4 reference
spectrum (50 uM, black) with Cu(Gly), (48 uM), (B) Cu(Gly), (40 uM)and aB (375uM), and (C) Cu(Gly), (189 uM)andaB (375 puM). On the top of
the figures, thefirstincrements of the respective 2D spectra are plotted. In (B) 375 uM of aB was added to a monomeric AB 40 sample. Addition
of Cu(Gly), ina ~1 to 1 molarratiodisplayed no significant spectral changes, as opposedto (A). Bleaching of resonances were observed at molar
ratios beyond ~1 to 4 (AB4o:Cu(Gly),), asshownin (C). In (D) and (E) the relative peak intensities for several residues are plotted as a function of
the Cu(Gly), concentration for two AB4 samples (50 uM), in the absence and presence of aB (375 uM), respectively. As apparent fromthe shift
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ofthe inflection pointandfrom curve fitting, the dissociation constant, K4, was determined to be about 20x 10-6 Min (D, ABsoonly) [5] and 200
x 10-6 Min (E, ABso/aB). In(F) and (G) the relative peak intensities are plotted as a function of the primary sequence of AB 4, using either the Ay
or the ABso/aB sample, respectively. Evidently, the drop of signal intensities occurs already at a ~1:1 molar ratio (AB40:Cu(Gly);), employing the
ABao sample, whereas signals disappear inthe ABso/aB sample at amolarratiolarger than 1:4. Furthermore, both reference curves in(F) and (G)
show intensity differences in absence of Cu(Gly),. However, the most severe signal attenuations occur for N-terminal residues, in both samples.
All intensities were extracted from 2D spectra. The error bars were set to two times the standard deviation of the spectral noise. The experiments
were performed ata H Larmor frequency of 500 MHz (11.7 T)and 277 K, and the samples were prepared ina 100 mM PBS buffer.

4.7 3. Binding Interactions of A with a.B-6E

Because AP binds to a.B-WT, we would like to investigate whether the amyloid peptibe binds also the oB-
6E mutant. Therefore, atitration of aB-6E to A was also performedin solution-state NMR using different
ratios (8x, 4x, 2x, 1x and 0.5x a.B-6E to A}) between the two proteins, starting with 50 uM for the amyloid
peptide in 100 mM PBS buffer. In this case H, >N SOFAST HSQC spectra were recorded and presented
hereinan8to 1 molarratio of aB-6Eto AP (Fig.4.31A) showing that there are chemical shiftsfor residues
A2, D7, S8, Q15, H14, K16 and L17 and that the peaks for residues R5, S26 and N27 disappeared upon
addition of the mutant. Theintensity ratios and the relative intenisties of the two proteins are also plotted
(Fig. 4.31B,C) and suggest that there is a signal loss of about 50% from the reference data indicating a
binding whichisfurthersupported by calculating the CSP as a function of residues ( Fig. 4.31D) especially
in the N-terminus in the region V12 - L17.
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Fig. 4.31. 1H, 1*N chemical shift perturbations (CSPs) of AB4o upon aB-6E binding. (A) 1H, >N SOFAST HMQC 2D spectra of solubilized A4
monomersin absence (black) and presence of aB-6E (red). The molar ratio of aB-6E to Abeta isshownin blue. (B) The intensityratio of aB-6E to
ABao is presented here as a function of residues. (C) Relative peak intensities versus the residue number of the twosamples show also anabout
50% dropping of signal of AB4o+aB-6E sample. (D) The CSP at amolarratio of 8 to 1 [aB-6E/ABaq] is plotted as a function of the primary sequence
of ABao. Clearly, a clustering of perturbations was observed atthe N-terminus of ABo, indicating the binding interface between AB4oand aB-6E,
in a low oligomericstate.Residues involvedin the binding interaction are labeled with grey boxes. The monomeric AB4o concentration was50,
while the ABso +aB sample had an eight times fold higher concentration. The samples wereall prepared ina 100 mM PBS buffer, pH 7.3. All
experiments were performed at 600 MHzand 277 K.
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4.8. o.B uses Different Interfaces to Capture an Amorphous and an Amyloid
Client

Due to the large molecular weight and the heterogeneity of a.B, solution-state NMR and crystallographic
approaches are not, however, suited to address questions regarding the protein’s binding sites with
substrates. On the other hand, solid-state NMR requires a co-precipitate to obtain a suitable sample. As
the interaction between a misfolding peptide or proteinand achaperone is rather weak, co-precipitation
works only in case an excess of the amyloidogenic protein is employed. It was established therefore an
approach, termed FROSTY (Freezing Rotational diffusion Of protein Solutions at low Temperature and high
viscositY), which allows us to investigate soluble protein complexes in solution employing magic-angle
spinning (Mainz et al. 2009).

Amorphous Amyloid
aggregate aggregate

Native

Client
Misfolded Misfolded
client S\j% P2 i client

r__ N’ N\ r
aB*
Stable Transient
aB-client aB-client
complex complex
NTD 33-34-38

Coprecipitate Protofibril capping

Fig.4.32.Model ofa.B-mediatedinhibition ofamorphousand amyloid aggregation. Destabilized proteinsmayself-associate duetotheexposure
of hydrophobicsegments. The asteriskdenotes that aB potentially undergoes subunit exchange (monomers/dimers), which has been reported
to be an importantproperty for chaperone function. The structural plasticity of aB, in particular thatof its partially disordered NTD, facilitates
binding of structurally undefined clientsin a stable and soluble aB—client complex, and therebysuppresses amorphous aggregation. Saturation
of the holdase causes larger aB—clientclusters that may finally co-precipitate. Amyloidogenic clients have pronounced 3-strand propensity. oB
targets the hydrophobic 3-strand core of amyloid species by interacting transiently with protomers as well as with pre -fibrillar assemblies thereby
impeding fibril nucleation and fibril elongation, respectively. The B-sandwich core of aB (in particular the edge strands 33, 4 and 38) canbe
viewed asa structurallyrelated unit that mimics the cross-f structure of amyloid systems andthat is well suited to adhere, e.g. to the ends of
protofibrils asillustrated inthe showcase docking model (top and side view). The three-fold symmetric Ao fibril adopts B-strand conformation
for residues 11-22 (light blue), including the hydrophobic core LYVFFA2L, and residues 30-37 (dark blue). For simplicity, a.B is shown ingreyand
the B4—-B8strands of the extended conformers of one hexamer are highlighted in red. Reproduced with permission from the Nature Publishing
Group (Mainzet al. 2015).

Previous studies have shown that aB interacts with a wide range of client proteins that either form
amorphous (disordered) or amyloid (ordered) aggregates (Treweek et al. 2015; Shammas et al. 2011;
Houck et al. 2011; Reginietal. 2010; Waudby et al. 2010; Ghosh et al. 2007; Rekas etal. 2004). It has been
suggested that the chaperone mechanism is distinct for amorphous and amyloid aggregation pathways
(Treweeketal 2015; Kuliget al. 2012; Raman et al. 2005). Several regions of aB have been identified to
be involvedinclient binding, e.g. residues W9—P20 and S43—P58 of the NTD, as well as residues D73—K92
(B3—B4) and L131-V142 (p8) of the ACD (Ghosh et al. 2006; Bhattacharyyaetal. 2006; Ghosh et al. 2005).
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Those results have been obtained either by site-directed mutagenesis or by studying the chaperone
capabilities of isolated peptides. The large molecular weight and conformational diversity, however, have
hampered further structural insights into a.B—client complexes.

Fig. 4.33. Representative immunoelectron microscopy images of AR« fibrils in the presence of aB. Inthe figure aB is bound (A) to the oneend
and to (B) both ends of the fibrils, while in (C), aB binds along the entire ABofibrils. 150 uM of ABao fibrils were prepared and incubated in
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presence of 15 molarexcess of ABsoto a.B. The mixtures were centrifugedat 16.000 xg for 30 min, and the pellets were resuspendedand treated
as described inMaterials and Methods section. Red arrows indicate the presence of a.B as a small black dot. All scale bars represent 0.15 um and
the magnification was setat 71 k for all images.

We found that proton detected *H,'*N correlation spectrayield two sets of resonances, which reflect the
heterogeneous architecture of aB and the possible role of asymmetry in its dimeric building block.
Heteronuclear correlation spectra yielded only degenerate chemical shifts. CSP and PRE interaction
studies showed that the fibril-forming Alzheimer’s disease AB,, peptide preferentially binds to a
hydrophobic edge of the central B-sandwich of aB. By contrast, the amorphously aggregating client
lysozyme is captured by the partially-disordered N-terminal domain of a.B (Fig. 4.32). We suggest that o.B
utilizesitsinherent structural plasticity to exposedistinct binding interfacesto interact with awide range
of structurally variable clients (Mainz et al. 2015).

Based on thisstudy we decided toinvestigate furtherthe interaction of these species, and whether fibril
binding servesasa genericchaperone mechanism. So, we tried to prove in vitro, if aB actually binds the
AB4o amyloid protofibrils by capping them at the end of each fibril as suggested in Mainz et al. (2015).
Therefore, starting with monomericand not seeded A B4, (as shown by Shammas et al. 2010), fibrils were
grown at 37 °C under agitation for 4 days in presence (various ratios were used) and absence of the
chaperone. The samples were negatively stained with uranyl acetate and observed under TEM. The fibrils
showed a morphology similar to that typically observed for A fibrils (Fandrich et al. 2009) (Fig. 4.27A).
By contrast, the aB oligomer was less readily resolved, due to its smaller relative size, and the fact that
many o.B molecules were overlapped with the fibrils. Therefore, the samples were immunolabeled with
an antibody directed against a.B, which was then stained with a secondary antibody conjugated to 10 nm
gold nanoparticles (see also Chapter 3.2.2.15.3). Representative immunoelectron micrographs of A,
fibrils incubated with oB (Fig. 4.33) show a.B to be associated with the fibrils, with gold nanopartides
(labeled as a black dot in the images) restricted mostly at the one end of the fibrils (Fig. 4.33A), with
apparent periodicity, whilethereis also occasional binding along the entirelength ( Fig. 4.33C), or capping
to both ends of the fibrils (Fig. 4.33B), observed.

4.9. PEGylation of wild-type o B-Crystallin

Duringthe process of PEGylation, the covalent conjugation of a PEG derivative onto molecules, improves
the water solubility and biocompatibility of those molecules, which can be a beneficialfeature for protein
drug development (Hutanu et al. 2014). There are currently about one dozen of PEGylated
pharmaceuticals on the market with FDA approval. These products include PEGylated enzymes,
monoclonal antibodies, glycoproteins, cytokines, humangrowth hormones, aptamers, synthetic peptides,
and liposomes.

Here, a 10 kDa linear methoxy PEG Succinimidyl Carboxymethyl Ester that enables simple and effident
modification of proteins and other biological agents that contain lysines, was dissolved in DMSO and
attached to the amines of the lysines of a.B-crystallin. Full-length a.B has in total 10lysines. Upon addition
of the PEG, the exact amount of lysines that will bind to the PEG are now known, however, itis expected
that the size of the molecule should increase and solid-state NMR could be applied in order to test the
sample.
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In this case the reaction of the PEG with a.B was performedfor 1 hr at room temperature as described in
chapter3.2.2.12. The reaction mixturewas runonaSDS gel (Fig. 4.34A) that showed that three additional
bands higher than the wild-type protein (20 kDa) appear at about 45, 60 and 120 kDa each. In addition,
mass spectroscopy suggested that the reaction was carried out successfully ( Fig. 4.34B). The sampel was
further purified by analytical size exclusion (Fig. 4.34C,D), which also showed that compared to the wild-
type protein there is a shiftin the elution of the PEGylated-aB. PEGylated-aB elutes at about 10 ml,
whereas the non-PEGylated protein at 14 ml, indicating again that the molecular size of the protein
increased. Therefore, a FROSTY sample of the PEGylated-aB was prepared in a 3.2 mm rotor and
measured at 750 MHz, however, the spectrashowed thatthe sample could not sedimentand the 3C-13C
PDSD there were no corss-peaks at all (data not shown). The same sample was reused afterwards in
solution-state NMR. An overlay of the PEGylated-aB and the a.B-WTis presented in Fig. 4.34E and shows
thatthe PEGylated-o.B appears smallerinsizethan the full-length proteinand this could be an explanation
why in the solid-state spectra we do no observe any cross-peaks. If the protein is too small then the
molecular tumbling is faster and it cannot sediment into the rotor, while it is being ultra-centrifuged. In
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the wild-type spectra we observealwaysonly the C-temrinaldomain thatis unstructured in a.B. However,
here, while the PEG binds the lysines’ amines, itseemsthat it isunfoldingthe proteininthe N-terminus
as we can observe inthe HSQC spectraatabout 10 ppmthe two tryptophans (W9 or W60) that the whole
aB-WT contains. N-terminusis then exposed, becomes more flexible and therefore, we detect additional
peaks in the spectrum.

4.10. aA-crystallin: NMR Study of the Dynamic Part of a Redox-sensitive sHsp

The study of human aA-crystallin was carried out in collaboration with Prof. Weinkauf’s group (TU,
Munich). Labeled samples used in this work, were grown and expressed in our group, while the
purification of the wild-type or truncated oA was performed by Dr. Christoph Kaiser (TU Munich). The
data presented here are to be published.

4.10.1. Biochemical Studies on the Reduced and Oxidized state of . A

Cryo-TEM micrograph of the human aArecorded on a FEI Titan TEM with Gatan K2 GIF suggested that the
protein is polydisperse and displayed mostly elongated, as well as round classes compared to oB-
crystallin. After reconstruction of D3-, D4- and D5-symmetric barrel-shaped oligomer states, assuming a
rod-like basic architecture, it was concluded that the aA oligomer is a barrel-shaped assembly of
tetrameric building blocks, where each tetramer consists of two N-terminally linked dimers and at the
equator, the tetramers are linked by C-terminalinteractions, whose abundance depends on the oligomer
size (Kaiser et al. in preparation).

Oxidation is considered to be a major physiological challenge to lens proteins. The lens appears to be
subjected to increasing oxidative stress with aging because of the progressively weakening antioxidant
system. alA-crystallin, as mentioned previously, contains only two cysteine residues susceptible to
oxidation, at positions 131and 142, in a distance of about 8.78 A from each other (Fig.4.35A). These Cys
are oxidized in advanced cataracts and studying the role of oxidationin lens agingis possible by oxidation
of SH-groups in aA in vitro, where anintramolecular disulfidebondis formed at a sufficiently high redox
potential. In this case, the oxidation reaction is very slow, however, the chaperone is more active and
intramolecular disulfide-bonded aA is differentially active towards the model substrates malate
dehydrogenase (MDH), citrate synthase (CS) orthe p53 DNA-binding domain. Moreover, it has a different
tertiary and quarternary structure andis largerand more dynamicthan the reduced form of aA (Kaiser et
al. in preparation).
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Fig. 4.35. Biochemical experiments comparing reduced and oxidized o A. (A) The two cysteines (131and 142) are located ata distance of 8.78
A. (B) EM images of the reduced (left) and the oxidized (right) state of alA. (C) CD spectra shows that the overall secondary structure of aAy is
preserved. (D) Elution profile of the analytical SEC of the reduced and oxidized oA shows that alAox elutes earlier than its reduced form. (E, F)
Disulfide formation affects the oligomer state. The oligomer diameterincreases by 30 %, correlating well to a doublingin ap parent molecular
weight andan increase from 13Sto 25S in SV-AUC experiments is observed. Inall figures the reduced and oxidized forms are presented inblack
andred, respectively. The data were kindly provided by Dr. C. Kaiser (TU Miinchen).

CD spectrasuggest that both states of oA are folded and its overall secondary structure is preserved (Fig.
4.35C), while innegative stainedelectron microscopyimages of thereduced (aA,.s) and the oxidized (aA.)
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form of aA at the same scaling (50nm), the oxidized state appreas to have a higher molecular weight than
the reduced (Fig. 4.35B). These data are further supported by analytical SEC (Fig. 4.35D), where the
oxidized formis elutingearlier at about 10.5 ml than the reduced form that elutes at around 13 ml, and
by sedimentation velocity (SV) —AUC experiments (Fig. 4.35F), where the sedimentation coefficient of
aA,, is shifted to 25S, while the aA 4 is shifted to 13S. Additionally, the disulphide bond affects the
oligomerstate as the oligomerdiameterisincreased by 30 %, correlatingwell toa doublinginapparent
molecular weight and the increase from 13S to 25S in SV-AUC experiments (Fig. 4.35E) (Kaiseretal. in
preparation).

4.10.2. Backbone and Side-chain Assignments of the wild-type clA

Recently, two crystal structures of truncatedbovine (Laganowskyet al. 2010a) and zebrafish alA-crystallin
(Laganowsky et al. 2010b), lacking the NTD, but containing part of the C-terminal extension, have been
solved. However, human oA is a not well-studied protein and not much is known regardingits structure
or mechanism of action.
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Fig. 4.36. Assignment of the backbone resonances of the human wild-type aA-and o B-crystallin in solution. *H - :>N HSQC spectra of (A) aA-
crystallin and (B) a.B-crystallin (assignment for a.B is taken from Mainz et al. (2015) showing the assignment of the flexible part of the C-terminal
domain of each chaperone. The assignments are labeled bythe one-letter code of amino acids accompanied by a sequence number. The assigned
resonances (G149-S173 and S153-K175 for oA and a.B, respectively) are drawnin black, while non-visible residues are ingrey (inset, top). Residues
S$162,R163 and S169 that were assigned differently by Carver and coworkers are highlighted by red dashed boxes. All measureme nts were
recorded at 950 MHzand 300 K.
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Since a-crystallins existin very large molecular weight oligomeric complexes, conventional solution-state
NMR is not appropriate to vyield high-resolution structural information to understand the
structure/function aspects of these chaperones. However, as the CTD of a-crystallins is highly flexible,
unpolar, unstructured and solvent accessible, CTDs give rise to well-resolved solution-state NMR spectra
and have been the focus of various studies (Carver 1999; Carver and Lindner 1998; Carver et al. 1994,
1992). The CTDs are critical for chaperone activity (Morris et al. 2008; Treweek et al. 2007; Fernando and
Heikkila 2000; Kamei et al. 2000; Lindner et al. 1998) and for oligomer formation assembly (Treweek et
al. 2007; White et al. 2006; van Montfort et al. 2001a).

Asa first step towards the structural characterizationof the CTR of the human a.A and in orderto examine
the backbone dynamics of alAin solution, we recombinantly expressed and purified human oA uniformly
labeled ([U-]) with *3C and *°N. We next interrogated the conformations and dynamics of the CTR using
NMR spectroscopy. Using [U-13C, °N]-aA, we recorded a two-dimensional (2D) H, *N heteronudear
singlequantum coherence (HSQC) spectrum at pH 7.4, which correlates the chemical shifts of *H nudei
that are covalently attached to **N nuclei (e.g., amide and amine bonds) (Fig. 36A). The protein samplein
this study consists of 173 native residues and contains no additional affinity tags or extra residues. The
buffer chosen for the assignment experiments was 10 mM HEPES/KOH pH 7.4, 1 mM EDTA and 2 mM
DTT.
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Fig. 4.37. HNCA (orange) and CBCA(CO)NH (grey) strip plots. Residues G149 - 1159 (A), V161-K166 (B), T168-A170 (C) and S172-5173 (D)
constituting the beginning of the CTD are shown. The >N chemical shift of residue i is shown on the top of each plot. The sequential walk along
the proteinbackbone isillustrated by black solidlines representing the inter-residual connectivities to Ca -1 of the preceding residue. Dashed
lines complete the trace by connecting the two HNCA correlations for the Coj and the Caii-1 atoms. All measurements were recorded at 950 MHz
and 300 K.

We observed sharp resonances with limited dispersionin the 'H dimension, indicating that these
resonances arise from dynamically disordered residues lacking afixed tertiary structure.In orderto assign
the observed resonancesto specific oA residues, we recorded three-dimensional (3D) NMR spectrafrom
[U-13C, *>N]-labeled alA that correlate *3C, N, and *HN chemical shifts of neighboring amino acids, whose
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nuclei are linked through a network of covalent bonds (Sattler et al. 1999). This allowed us to
unambiguously assign the observed resonances toresidues G149-5173 (Fig.36A), i.e.the complete CTD,
and part of the ACD. Proline residues at positions 160, 167 and 171 could not be assigned due to the lack
of an amide proton and the application of *H" based assignment experiments. In contrast, in a previous
study by Carver and co-workers (Treweek et al. 2010), only residues A158-S173 had been assigned using
a >N-labeled sampleandH, *H TOCSY, *H, *H NOESY and *H, >N HSQC-TOCSY experiments (Sattleretal.
1999). The sequential assignment of the CTD of oA is presented in Fig. 4.37, showing representative
HNCA/CBCACONH strips of the G149-1159. Fig. 4.37B-D show the sequential assignments for residues
R163, S169 and S172 (highlightedin Fig.4.36A in red dashed boxes), which were differently assigned by
Carverand coworkers (Treweeketal. 2010). For a comparison between the two human sHsps, Fig. 4.36B
represents additionally the 2D 'H, **N HSQC spectrum of the human wild-type aB-crystallin at pH 7.4.
Cross peaks are labeled with their respective backbone resonance assignments, which are obtained for
the flexible C-terminal region that comprises the last 20-25 residues of each protein. NMR assignments
for aB were provided from Mainz et al. (2015).
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Fig.4.38.Side chainassignmentsofthe humanwild-type a A-crystallinin solution.Assignmentswereobtained from H(C)CCONHand (H)CCCONH
experiments. Tentative assigned residues are represented in red. Assignments experiments were recorded at 950 MHzand 300 K.
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In Fig. 4.38, we further presentthe side chain assignment of full-length atA involving the CTR that will be
important forsubstrate binding experimentsin the future. Atable withthe *H, 2*Cand >N chemical shifts
for Hy, Ny, Ha, Ca, CB, C' is presented in the appendix in Supp. Table S5. The unassigned cross-peaksin
both HSQC spectra (Fig. 4.36, 4.38) presumably arise from residues with enhanced flexibility within or
outside of the CTD of aA. The amino acids G149-A158 are of particular importance as they are in direct
proximity to the IPV motif, responsible for chaperone function. These datatherefore revealthatthe final
23 residues of aA, including the IPV motif, are predominantly disordered in solution.

The secondary structure of the CTD of oA was predicted from the difference between the chemical shift
values of *Cal, 1*CP atoms (Fig. 4.39A) (Speraand Bax 1991) and the corresponding chemical shiftindex
(CSI13.0; Hafsa et al. 2015) (Fig.4.39C). Fig. 4.39B shows a plot of the predicted order parameters (S2), on
the basis of the random coil index (RCI) (Shen and Bax 2012; Shen et al. 2009; Berjanskii and Wishart
2005), againstthe residue number.Based onall three plots, the predictionsstronglyindicate that the CTD
resonances exhibit stretches of unstructured and disordered elements, suggesting arandom coil pattem

(Fig. 4.39B, S2 > 0.8 for almost all residues), as it is also known for aB-crystallin.
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Fig. 4.39. Carbon chemical shifts and secondary structure prediction for the C-terminal domain of A-crystallin plotted as a function of residue
number. (A) Difference of Ca. and C3 secondary chemical shifts (A3Co - A 33CB) for alA. Astretch, having negative values of ACa - ACP, indicates
B-strand sheet structure, whereas positive values indicate a regular B-helical region. (B) Random coil index (RCl) based order parameters (S2)
predicted by the RCI webserver based on Berjanskii and Wishart 2005. (C) Consensus chemical shift index (CSI) plot. Positive and negative CSI
valuesindicate B-strand and a-helical segments, respectively, while values at0 indicate random coil (Hafsa et a/. 2015). The proteinsequenceis
shown on the bottom for all plots.

4.10.3. Interactions of oo A- with o B-crystallin in Solution-state NMR

a.-Crystallins exhibit exceptional structural features and dynamics as they can assemble into large
oligomersthat exchange subunits and form polydisperse and dynamicensembles. aAand aBare known
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to form these kind of hetero-oligomeric species of a stoichiometry of 3to 1 (oA to aB) in the eye lens.
However, thisratio can differasitis possible that different oA and a.B splice variantscan be incorporated.

The about 20 amino acids long C-terminal region (CTR) contains the highly conserved I-x-1/V motif (IXI),
Ile159-Pro160-Vall161 in aA and lle159-Pro160-1le161 in aB, that acts as an “anchor” in oligomer
formation and contributesto the polydispersity of a-crystallins (Delbecg and Klevit 2013). A common to
many sHsps feature, are the flexible, polarand solvent accessible CTRs. This flexibilityincreases at the so-
called C-terminal extension (CTE) of auA and a.B, coveringthe residuesdownstream of the IXI-motif (E164-
S173 inaA, E164-K175 in aB).H, >N NMR spectra of human oA and aB revealed sharp resonances from
the last 9 amino acids in aA (E165-S173) and the last 11 amino acids in aB (E165-K175) consistent with
their flexibility and solvent accessibility (Carver et al. 1998; Carver et al. 1992). NMR experiments
monitoring backbone dynamicsindicateagreater overall flexibility of the CTR of aA as compared to aB.
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Fig. 4.40. Hetero-oligomers of labeled-a.A and unlabeled-oB in solition-state NMR. (A) 1H, 15N HSQC overlay of oA (black) and atA+a.B samples
(red) recorded at300 K and 950 MHz. (B) Relative peak intensities of A (black) and aA+aB samples (red) versus residues ata 1 to 1.1 molar
ratio, showing a significant dropping of the signal. (C) Intensity ratio of of aAand aA+a.B is shownin a bar plot versus the amino acids number.
(D) Chemical shift perturbation (CSP) calculation of the two samples versus residue number. Analysed data suggest thatthe IXI-motif and part of
the CTE are afftected, indicating that the two molecules form hetero-oligomeric species.
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In this study, in order to observe if there is any hetero-oligomer formed between the two proteins, we
firstly, recorded a *H, N HSQC spectra of 3C, *N-labeled oA as a reference at an about 800 puM
concentration (presentedin Fig.4.40A in black), and titrated inthe same sampleina 1 to 1.1 molarratio
unlabeled aB-crystallin. After incubating the mixed sample for a couple of hours at room temperature,
we recorded a second HSQC at 300 K and 950 MHz. Based on the fact that the IXI-motifis responsible for
the oligomerization of a-crystallins, and the CTR is giving rise to high resolution spectrain solution NMR,
we expected tosee important chemical shift changes in the spectra. However, inthe overlay of the two
samples notso many shifts were observed atleast by eye. Though, looking at the intensities of each peak
(Fig.4.40B) and the intensity ratio of alAto the mixed sample versusthe residues (Fig. 4.40C), someone
can conclude thatthere is significant dropping of signal around the IXI-motif,and furtheraround residues
E165 — S169, which are part of the CTE. Additionally, in the chemical shift perturbation plot ( Fig. 4.40D),
although the chemical shiftsare not so pronounced, the CSPsupports further that the IXI-motif isafftected
togetherwith partof the CTE of oA, indicating that the two proteinsinteract with each other forming the
expected hetero-oligomer.

4.10.4. Paramagnetic Relaxation Enhancement Experiments of a A

The cryo — EM results suggested that the human a.A-crystallin oligomer adopts a 16-mer (consisting of
four tetramers) quaternary assembly. In addition, 3D classification analysis revealed minor structural
heterogeneity inthe equatorial N-terminal contact region, but clear structural variance inthe equatorial
C-terminal contact site. This indicates a C-terminal flexibility and supports CTR domain swapping of the
human oA, which could further be confirmed by paramagnetic relaxation enhancement (PRE)
experiments in solution-state NMR (Kaiser et al. in preparation).

B "NoA+"NaA-IPSL ?
N oA e
C
+ <
+ < g 4+ intra- and/or intermolecular q
C

A "“NaA-IPSL

C

ﬁ < + only intermolecular
15 c ﬁ, state is observed
C state is not distinct
v A . i = - !
o # [ N -
= 1Y L HT - - T 1/ P i e -
o = [ 5 =™
o & O = e ™
2 transient contact
3
£
= 05
@
o
0.0
150 155 161 165 170 150 155 161 165 170
Residue number Residue number

Fig. 4.41. Intramolecular versus intermolecular CTD-ACD interactions, using spinlabeling and reduced aA. (A) *H, >N HSQC peak intensity ratio
for oxidized (paramagnetic) versus reduced (diamagnetic) 15N aA-IPSL (B) and 15N aA-14N aA-IPSL (C) as a function of the residue number. (B,
inset) Intra-andintermolecular PREs arising fromthe paramagneticspinlabel are notdistinguishable. (C, inset) Intermolecular PREs arising from
the spinlabeled “N aA-IPSL sample can be observed. All NMR experiments were recorded at 300 Kand 950 MHz.
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It has beenshown recentlythat the C-terminus of aB-crystallinisin fast equilibrium between a majorand
minor populated state thatis associated with the B4/B8 strands of the crystallin domain (ACD) (Balwin et
al. 2012). PREs can be observed in asystem afterintroducing asuitable paramagnetictag into the protein
sequence by attachingit to cysteines. PREspinlabeling has been already used toidentify intermolecular
contacts in aB-crystallin (Balwin et al. 2011). There, the spin label was attached to residues S135C and
N146C.

Here we carried out PRE measurements at 300 Kand 950 MHz, to yield informationabout transient inter-
and/orintra-proteininteractionsof the CTR of alA. atA-crystallin containstwo naturallyoccurring cysteins,
Cys-131 and Cys-142. The 3-(2-iodoacetamido)-proxyl (IPSL) spin label, used in this case, attaches to the
sulfhydryl groups of cysteine residues (Gillespie and Shortle 1997). We titrated the IPSLto reduced atAto
obtain information about potential involvement of the C-terminus of oA in domain swapping to
concatenate oligomericsubunits. The paramagneticspin label was eithertitrated to labeled >N oA (Fig.
4.41A) or to unlabeled *N oA that was subsequently mixed and incubated with °N oA (Fig. 4.41B). The
paramagnetic tag yields an increase on the nuclear relaxation rates of residues within20 A from the
unpaired electron (lwahara and Clore 2006; Battiste and Wagner 2000). The sample in which the ISPL is
directly connectedto >N oA showed a significant decrease (of about 40 - 50 %) in peakintensity ratios in
particularforresidueslocatedclosertothe spinlabel, atthe beginning of the CTR, such as residues G149,
D151 or T153, as well as for the residues around the IPV-motif (A158, 1159 and V161) (Fig. 4.41A). The
drop of the intensity ratios indicates that the spin label transiently interacts with the crystallin domain.
Furthermore, from this reaction we cannot discriminate between inter- or intra-molecular interactions,
therefore, the dropping of the signal is an average of both reactions, as both binding oligomers are *N-
labeled (Fig. 4.41A, inset).
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Fig. 4.42. Absolute intensities of the PRE samples. (A) Absolute intensities of the N aA-IPSL (left) and >N aA+1“N oA-IPSL (right) samples versus
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residues D151 and S173. The PRE rates were calculated as the difference of R1pam) —R1(¢ia) and plotted as a function of the residue number. Al
NMR experiments were recorded at 300 Kand 950 MHz.

To differentiate if the CTR interacts intramolecularly with its own crystallin domain, or with the crystallin
domain of a neighboring crystallin oligomer, we performed also another experiment, in which the spin
label was attached to 1*N oA (i.e. unlabled alA). This sample was subsequentlyincubated at 37 °C fora few
hours with >N a/A. In this case, the droppingof signal intensity was less than before, however, only the
signal arisingfrom the >N oA is detected with NMR, indicating that the only interactionthat we observes
isintermolecular (Fig. 4.41B, inset). More specifically, we find that only a small amount of ca. 15-20 % of
the CTR is involved inintermolecular contacts (Fig. 4.41B), whichis in agreement with the cryo-EM data.
The absolute intensities for both experiments are represented in Fig. 4.42A (left, right). Upon addition of
ascorbic acid, the spin label gets reduced and the intensity of the signal should be recovered. We find,
however, thatthe signalis not totally recoveredin comparison to the reference spectra. Thiscould be due
to the fact that the spin labeled protein has a higher affinity to the CTR, which is then not detected by
solution-state NMR.

The PRE effect was additionally probed directly through the measurement of *H" R; relaxation rates
(Simonetal. 2010) forall assigned residues (Fig. 4.42B). R, rates are less affected by sample concentration
effectsand pose acomplementary probeforinvestigatingthe C-terminaltail dynamics in the presence of
a paramagnetictag. The contribution of the PRE to R; relaxation was quantified by taking the difference
of R; rates before and after addition of ascorbic acid. Mainly the residues G149 —A152 and R157-V161
show elevated R; rates, which is in accordance with the analysis of intensity ratios (Fig. 4.41A,B). The
insets of Fig. 4.42B show the decay curves fortwo representative residues(D151, S173). The decay in both
samplesisfasterin presence of IPSLin comparisonto the curve obtained upon addition of ascorbic acid.
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Fig. 4.43. Intramolecular versus intermolecular CTD-ACDinteractions, using spinlabeling and oxidized aA. Peak intensityratiofor >N aAox+“N
aA-IPSL as a function of the residue number. The oxidized protein is shown with grey bars, while the reduced data from Fig.4.40 are presented in
black bars. Error bars are shown in red. All NMR experiments were recorded at 300 Kand 950 MHz.

The same experiments were repeated using in the mixed sample >N-labeled a.Aox (oxidized) instead of
reduced in order to compare the two states of the protein and investigate whether the oxidized form is
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more flexible and/or is participating more in inter- than intra-molecular interactions than the reduced.
The analysis of the peakintensity ratios forthe two different experimentsis plottedin Fig. 4.43 (shownin
grey-bars), while the experimentsusing the reduced protein (presented with black-bars) are added in the
same plotinorderto compare the results easier. Therefore, compared to Fig. 4.41A, the °*N-labeled oA,
upon addition of IPSL has a much lower peak intensity ratio than the reduced form, revealing that the
CTRs of the proteinareinvolvedininter- andintra-molecularinteractions ata percentage of about 70 %
and the binding sites are similar, but there is a significant drop of intensity around the IPV-motif. This
suggests that the oxidizedform is much moreflexiblethan thereduced. In the case where * N oA, reacted
with IPSL and subsequently mixed and incubated with *N-labeled aA, however, the oxidized form
appearedto be also involvedininter-molecularinteractions asthere is a drop of intensity ratio of about
10-15% (Fig.4.43B). Thisis slightly lessthanthe reduced form. Though, the error bars for a few residues
(like G149, H154 or A155) are relative big, sothisisjustarough estimate anditis possiblethatthe CTR of
both the reduced and the oxidized form of oA participatesin a similar way in domain swapping with
neighboring oligomers.

4.10.5. Chemical Shift Perturbation Calculations for reduced and oxidized aA

In orderto investigate whether oxidization affects oligomerization of A to higher ordered oligomers (as
shown in chapter 4.9.1.), we measured at 300 K and 950 MHz in the same conditions (buffer, pH,
concentration etc), reduced and oxidized human*>N-labeled oA and the chemical shift perturbation (CSP)
forboth was calculated based on Williamson 2013. NMR spectra of the a A, looked mostly similar to that
of the wild-type aA, though due to line-broadening a few peaks disappeared (mostly seenin lower
contours, data not shown), indicating that the oligomer has a higher molecular weight than the wild -type
protein. Fig. 4.44A shows a H, >N HSQC overlay spectrum of the reduced and oxidized alA. *H" and >N
backbone resonances (for G149-S173 of the native sequence) have been assigned. In the H, >N HSQC
experiment, there were afew resonances that shifted in the oxidized compared to the reduced protein,
suchas A152, T153, H154, E156, $S169 and A170. However, *H" and **N assignmentswere transferred from
the reduced to the oxidized form, as no additional peaks appearedin the spectrum. >N assignments for
proline residues have not been obtained neitherin reduced or oxidized aA.
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Fig. 4.44. Chemical Shift Perturbation Mapping of 0. Areq and alAa. (A) *H, >N HSQC overlay of alArq (black) and alAox (red) recorded at 300 K and
950 MHz. Peak assignments for backbone amides of residues G149-5173 of the native sequence areindicated. Peaks labeled with blue boxes
indicate combined chemical shift difference observed between the two oxidation states. (B) Chemical shift perturbation changes observed
betweenthe reduced and the oxidized states of a.A are plotted as a function of amino acid sequence. Regions with most shift changes are shown
in grey-blue boxes. Chemical shift changes were small, with the most prominentchanges atS169and A170. (C) Peak intensity ratio of aAx to
aArq as a function of residues.

Next, we analyzed the CSPsintroduced by oxidation to the spectrain orderto investigate, which residues
are affected by the disulphide bond formation. The combined chemical shift difference in 'H, **N
dimensionsis plotted as afunction of sequence and displayed in Fig. 4.44B. Residues showingachemical
shift difference greaterthan 0.02 ppminvolveresidues S169and A170, while negligible shifts are observed
for A152 - E156 resonances (CSPs ~0.01 ppm) and the rest of the residues are not affected uponoxidation
(with CSPs <0.004 ppm) as suggested by the HSQC already. Additionally, although the CSPs for most
residues were insignificant, the majority of the resonanceshave decreased peak intensityratio ( Fig. 4.44C)
of about 40 %, with an exception of part of the C-terminal extension, i.e. residues E164-T168. This is
associated with the disulphide bond and the signal dropping strongly suggest that changesin local protein
conformation alter the magnetic shielding and/or that the residues might be in direct contact with the
cysteine resonances.
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function of residues.

When the oxidized sample was measured at a highertemperature a small number of peaks showed line-
broadening due to exchange. However, the quality of the spectra were improved by increasing the
temperature from 300 K to 318 K, and hence, shifting the binding kinetics from intermediate to fast-
exchange (Fig.4.45A). Alarge number of peaks arising from the 318 K spectrum, are exchange-broadened
inthe aA,,measured at300 K. CSPsin this case are associated with the temperature change (Fig. 4.45B).
However, most resonances’ signal decreased in the peak intensity ratio plot of the oxidized protein
measured at 300 K to 318 K (Fig. 4.45C) suggesting that the oligomer at higher temperature becomes
more flexible as expected and gives better resolution spectra. For comparison reduced oA was also
measured at low (300 K) and higher (318 K) (Fig. 4.46A), and gave a similar motif for the peak intensity
ratioin the two temperatures (Fig. 4.46C), however, the residuesat the CTE appearto be less affected by
the temperature increase compared to the oxidized form of aA. Additionally, chemical shift changes
arising fromthe temperature change are observed (Fig.4.46B), and R157 and A158 seem to be significant
affected by this, which means that there can be a conformational change in the chaperone upon 318K
that makes the residues solvent accessible and more flexible than in lower temperature.
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state of aAattwodifferent temperatures are plotted as a function of amino acid sequence. (C) Peak intensity ratio of otAred 300k t0 OlAred_318kaS @
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4.10.6. NMR Relaxation Analysis of ot Areq, 00 Aox and oL B

In this study, uniform *N-labeling of wild-type ctA.q-, 0 A, and aB-crystallins allowed us to study the
backbone dynamics and quantify the flexibility of the C-terminal regions of all samples via measuring the
'H, >N heteronuclear Nuclear Overhauser Effect (hetNOE), and the R1 and R1g,, relaxation times at 300
K and in two different fields. A low field, 500 MHz (Fig. 4.47) and a higher, 950 MHz (Fig. 4.48)
spectrometer. Such NMR studies are a powerful tool for examining the backbone dynamics of proteinsin
solution (Redfield et al. 1992; Clore et al. 1990; Kay et al. 1989). Upon uniform *N-labeling of proteins,
data can be obtained on the motion of the backbone amides (Clore et al. 1990). The set of three
experiments described in thisstudy (*H, > N T1 and T1g,, relaxation timesand hetNOE) are routinely used
to investigate the amplitude and range of local molecular motions of backbone amides (Cho et al. 1996;
Barbato et al. 1992). T1 relaxation times and hetNOE, are sensitive to faster timescales and provide
information on motions occurring with a pico-to nanosecond frequency, whereas T1g,,, relaxation times
are sensitiveto slower motions occurring over micro-to milliseconds,and therefore they reflect molecular
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motion overa large timescale (Kay et al. 1989). Havingassigned the *H, N cross-peaksinthe C-terminal
extension of °N-labeled atA- and a.B-crystallin (Fig. 4.36), hetNOEs, R1 and R1g,, relaxation times were

determined foreach residuein thisregion. The R1and R1g,, valueswerecalculatedasthe 1/T1and 1/T1,.,
fraction.

1H, 15N hetNOE measurements provide information on the motion of individual N-H bonds with their sign
and magnitude being indicative of their mobility relative to the overall molecular tumbling rate of the
protein and alsotointernal dynamics. Thus, positive hetNOE values occur for N-H bonds that are tumbling
with a correlation time comparable to the overall protein, i.e. theyare reflective of folded or structured
regions within the protein. Large negative hetNOE values from the other side, are indicative of large
amplitude motions for N-Hbonds that occur on a fastertimescale and arise from unstructured regions of
the proteini.e., regions with correlation times that are much shorterthan those from structured regions
of proteins.

HetNOE values are field dependent and sensitive to the effects of the backbone motion, much more than
R1 and Rz, values, since dipolarinteractions between attached *Hand >N nuclei are being observed. In
Fig. 4.47A and 4.48A, the hetNOE values were plotted against C-terminal residues. All three experiments
show that the C-termini of the constructs are highly flexible as expected, and negative and large values
are consistentto high mobility regions, i.e large amplitude motions. Furthermore, itisapparentthat the
greatest degree of flexibility increases at the distal end of the C-terminal extension (i.e. 5173 for oA and
K175 for aB) indicating higher mobility the further the distance from the tethering point along with
significant mobilityinthe region of 1159to E164 for otA and 1159 to E165 for aB. Overall, the sampleswere
measured atthe same conditions, however, aA,, appears to be slightly more dynamicthan therest, as it
shows lowerthantheaverage hetNOE values, with A following and a.B being the lastwith less mobility.
For example, the hetNOE value forS173 of alA,,is -3.5 at 500 MHz and -0.87 at 950 MHz compared to the
average value of -0.9 and 0.15 at 500 and 950 MHz, respectively for the entire C-terminal extension.
Interestingly, S173 of alA,q has a higher hetNOE value of about -2.5 measured at 500 MHz in a average of
-0.67 and the same hetNOEvalue (i.e -0.87) compared though to an average of 0.09 at 950 MHz. On the
otherside, K175 of aB has a value of -1.7 and -0.3 at an average of -0.67 and 0.19 at 500 and 950 MHz,
individually, with both values being higher than aA-crystallin, either reduced or oxidized.



Results

B oA-WT red 300K, 500 MHz
B oA-WT ox
B oB-WT
2.
L
@]
=z
s
Ko}
S 0]
c
o
g
Q
e
-2
_4IIllIIIllIIIlllIIlllIIllllllIlIllIlIIlIllIlIlIIIIllIIIllIIIl
B 3
Hl 0 A-WT red 300 K, 500 MHz
I oA-WT ox
B oB-WT
24
b
14
04
12
c Bl oA-WT red 300K, 500 MHz
119 B A-WT ox
1o aB-WT
9
8
7+
!~.§ 6+
[a's
5
4-
3
2
1-
(]_

Residues
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Experimentally determined R1 values for each residue in all samples were significantly larger than
corresponding R1g,, values in both fields (Fig. 4.44B,C; 4.45B,C), which is consistent with significant
conformational flexibility in the C-terminal extension of acAand aB. The R1 values were generally similar
throughoutthe extensionwith the exceptionof S162and S173 foraAand K175 for a.B. Ingeneral, R1and
R1zn, valuesforeach proteinincreased toward the extreme C-terminusindicating greater conformational
mobility in this region, i.e. upon moving further away from the ‘tethering point’ to the structured, less
conformationally mobile,domain core.In particular, relaxation times for the ultimate residue of oA, S173,
but also for S162 were considerably longer than for the remaining residues in the C-terminal extension,
indicating greater mobility of this residue compared to the remainder of the extension, which could be
explained by the fact that it is structurally maybe more solvent accessible that its neighbouring
resonances. In addition, thereis an offset of the R1g,, valuesdropping forthe reduced formin both fields,
indicating that the oxidized form appearstobe insome part (i.e.around residues A158-T168) more rigid
than the reduced. T1 and T1g,, curves versus the recovery delay for reprepsentatine residues (i.e G149,
1159, T168, A170 and S173) for oAy and aA,, are presented further in Fig. 4.49. As G149 and 1159 are
closer to the bulky and big protein core, cannot be therefore too flexible. On the other hand, A170 and
S$173 are much further away from the folded part and experience almost no steric hindrance, therefore
they are more flexible than the rest of the residues. The overall tumbling correlation time (t.) or the order
parameterwere not estimated as the samples are too flexibleand non-globular, facts that make it difficult
to calculate the desired values.
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4.11. Solid - state NMR PDSD Spectra of a B-WT and a A-WT

The EMimages revealedhigh-ordered oligomers for alA-crystallin. Additionally, in solution-state NMR only
the flexible parts of aA are detectable, i.e. the C-terminal region (residues: G149-S173). Therefore, solid-
state NMR could be the besttechnique to study the structure of this human protein at atomic resolution
as crystallization of the wild-type protein was until now not successful. As outlined in the introductory
part, MAS solid-state NMR requires rotationally immobilized biomolecules, as in the case of
microcrystalline or precipitated protein samples. The preparation of homogeneous samples is thus, the
essential step to yield high-quality spectra, but often fails. In this case, we performed MAS NMR
experiments employing the FROSTY (Freezing Rotational diffusion Of protein Solutions at low
Temperature and high viscositY) approach. In contrast to conventional solid-state MAS NMR, the protein
was not precipitated, but investigated in solution.

As the projectisat an early stage in orderto access the nitrogen line widths of the full-length human aA,
a NCA spectra was recorded (Fig. 4.50) on an about ~30 mg/ml concentration sample, packedinto a 3.2
mm rotor. In this case, magnetization is transferred from *H to >N via cross polarization and then
selectively to the 3 Ca using specificcross polarization. The chemical shiftis evolved on the **N nuclei and
detected onthe *C nuclei. This experiment may also provide a means for assigning the nitrogenchemical
shifts.
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Fig. 4.50. 2D NCAspectra of the human aA-crystallin recorded at 0°Cand 750 MHz.

As an additional model system, the large homo-oligomers of aB (~600 kDa) were employed at high
concentration (~100 mg/ml). The pellet, which was obtained after centrifugation of the turbid solution,
was subjected to asolid-state thin-wall 3.2 mm rotor. MAS NMR spectroscopy yielded high-quality 33C-3C
correlation spectrafor the viscous protein solutionat 0 °C and 12 kHz spinning speed (Fig. 4.51A, shown
is black). The 2D spectrum was obtained within four days. 2D 3C-13C correlation spectrafor aA-crystallin
were alsorecorded and presentedinanoverlay with aB in Fig. 4.51A. The spectrum showed reasonable
resolutionindicatingasample possible to be assigned at higher concentration later on as the insufficient
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amount of material hindered resonance assignment, which isrequired to furtherdescribe the structural
state of alA-crystallin. Notably, the comparison of the spectra obtained in solution for aBand a.A revealed

many overlappingregions showninazoom-ininFig.4.51B. In particular, assignments of aB-crystallin for
Ile, Thr and Ala are indicated.
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Fig. 4.51. MAS NMR on (A) a.B (black) and o A (red) oligomers in solution. 2D PDSD spectrum obtained for full-length aB and oA at a
concentration of 100 mg/mL (*6 mM)and 30 mg/ml (~2 mM), respectively in PBS buffer. The spectrum was recorded at 0 °C with a spinning
frequency of 12 kHz. The PDSD mixing time was set to 50 ms. The aliphatic regions are shown. (B) Zoom into Ile, Thr and Ala regions. Assignments

of aB are indicated.
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4.12. 3C,BC- CorrelationSpectraof a A-and a.B-crystallinin Solution-state NMR

Molecular size has limited solution NMR analyses of proteins. Here, in collaboration with Dr. Asami (TU
Munich), we report an alternative and complementary approach, *C-13C NOESY experiments on a 580
kDa, a.B and on a 320 kDa (as suggested by the cryo-EM model) protein, aA, respectively (Fig.4.52A,B,
red). The 13C-1*C NOESY experimentswere carried out on a950 MHz spectrometer equipped with a triple-
resonance probe optimised for 1*C direct detection experiments, at 300 K on samplesthatwere about 2
mM in monomer concentration each, at pH 7.4. 3C-13C NOESY maps were recorded at different mixing
times (100 ms, 150 ms, 200 ms, 300 ms, 500 ms, 1 s) on the full spectral width and onthe aliphaticregion
in order to increase resolution. At a mixing time of 200 ms, in the 3C-3C NOESY map the maximum
intensity for interresidue connectivities could be detected for most residues (Fig.4.52A,B, red).
Experimentsonasample, 2 mM in monomer concentration, lasted 40 h each to achieve good signal -to-
noise ratios.
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Fig. 4.52. Overlay of the aliphatic region of 13C, 15N (A) a.B- and (B) aA-crystallin in solid- (black) and solution-state (red) NMR. The 2D PSDS
solid-state spectra wererecorded at 275 Kand 750 MHz, while the 13C-13C NOESY spectra at 300 Kand 950 MHz with 200 ms mixing time.

These results show the potential of 3C-*3C NOESY for solution studies of molecularassemblies >100 kDa.
In a large system such as aB-crystallin for example, the 3C-13C NOESY solution spectra are rich in
information, as emphasized by the large number of resolved peaks compared to the solid -state spectrum,
where the sample concentration was three times higher (Fig.4.52A, black). Therefore, residues assigned
inthe solid spectrum could be transferred to the solution one, like resonances A57, 198, 1124, T144, T158
orT162. Furthermore, alA-crystallin gives also high-resolution spectra when *C-13C NOESY experiments
are superimposed to the solid-state spectrum (Fig.4.52B, black). Thr, lle or Ala regions are overlapping
nicely in the spectrum, indicating that for initial studies of a large system, before goingfor a solid-state
sample, someone couldtry totest how it would looklike using solutionNMR in order to save material and
time. Additionally, atitration with different substrates is more feasible this way compared to a solid -sate
sample.



Results

However, the quality of the *3C, *3C NOESY spectra in solution is very good and the resolutionis now
absolutely comparable to the solid spectrum, the spectral quality can be significantly improved by
employinga deteurated instead of a protonated sample. The two kinds of spectra (*H and 2H) could not
be superimpored due to the isotope effect of deuterium, as for each methyl-d; substitution the isotope
effecton the B-carbons is around -0.0 till -0-3 ppm (Servisand Shue 1980). The sample usedin this case
was an a.B sample of about 1.3 mM in concentration, that is almost half the protonated sample and the
impact of deteuration in spectral resolution and sensitivity is presented in Fig. 4.53.
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Fig. 4.53. 13C, 13C NOESY solution-state NMR spectra of the aliphatic region of 13C, 1°N a.B- crystallin (A) protonated and (B) deteurated. The
spectra were recorded at 300 Kand 950 MHz with 200 ms mixing time.

4.13. Solution-state NMR Investigations of the Truncated oA Conctruct

It was shown that X-ray crystallography, as wellas solution-state NMR spectroscopy have been successful
to study the central ACD of aB by using N- and C-terminally truncated aB variants, which adopts a f3-
sandwich structure and forms only dimers in solution (Mainz et al. 2012; Bagneris et al. 2009).
Additionally, the structure of truncated human oA is so far not known, and only the crystal structures of
truncated bovine (Laganowsky et al. 2010a) and zebrafish alA (Laganowsky et al. 2010b), lackingthe NTR,
but containing part of the C-terminal extension (CTE), have been solved.

Untill now we focused on studying the CTR of oA in solution-state NMR. However, we carried out
preliminary biochemical assays and solution-state NMR experiments to structurally characterize the
truncated human aA. The first construct we tested, i.e. residues 62-166, contained as in the zebrafish and
bovine studies, also part of the CTE. We measured both, truncated aA reduced (aAreds;-1¢6)) and
truncated aA oxidized (Aoxs2-16¢)) - HPLC data of the full-lengthand truncated samples showan important
shiftinthe elution volume of the truncated variants (Fig. 4.54A). Full-length aAred elutes at about 11 ml,
aAox at 8 ml, while aAreds;. 166 17ml and finally, aAoxs, 166 at 16 and 14 ml, as two peaks are detected.
The HPLC suggests that the oxidized aA forms higher molecular weight oligomeric ensemblesin both wild-
type and truncated aA than the reduced form. However, for the truncated aA, it is proposed, based on
the column calibration with standard samples that the protein is dimeric in its reduced form
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(correspondingtoamolecularweight of 40kDa), while it appearsto have two different populations inthe
oxidizedform, a dimeric, and a higher molecular weight one, possibly tetrameric (corresponding to a
molecular weight of 80 kDa).
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Fig. 4.54. HPLC and DOSY of the WT and truncated aA. (A) HPLC of the elution volumes of the full-length aA reduced (black) and oxidized (red)
compared to the truncated aA reduced (blue) and oxidized (light green). (B) *H DOSY correlation curves of aB-WT (grey), aA-WT reduced (black)
and oxidized (red), andtruncated oA reduced (blue) and oxidized (light green). Simulation of attenuation profiles (dashedli nes) for various oA n-
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These results were furthersupported using *H diffusion ordered NMR spectroscopy (DOSY) experiments,
which showed that both aAred;.1¢6) and 0 Aox s,-166) cONsist of a smaller number of oligomers as compared
to theirwild-type proteins, and based on the simulated curves showninthe Fig.4.54B with dashed lines,
itisalsohypothesized thatthe overall size of oxidized aAisincreased comparedto the reduced forms. In
the DOSY experiements reduced and oxidized wild-type aA diffusein a higher molecular weight that
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corresponds to a 16-mer oligomer, whereas the truncated versions diffuse to smaller oligomeric states,
either dimeric, tetrameric or hexameric, a results that is in agreement with the HLPC data.

The 'H, **N HSQC spectra of aAreds,.165)8ive betterresolved spectra (Fig.4.55, blue) with narrower peaks
than the wild-type protein, indicating a partially folded protein containing unstructured regions.
Compared to aAoxs,-166) (Fig. 4.55, light green), the signals are overlapping, proposing that it’s a more
heterogeneoussample, containing oneor more differentspecies as also seenbythe HPLC data. Probably,
inthis case, the CTEfoldstothe ACDinawaythatthe protein obtains a different conformation. And based
on our current hypothesis, aAox, 16, can maybe form a tetramer by domain swapping of the CTE to
neighboring dimer and therefore, its molecular weight is increased and the spectral resolution is
decreased. Fig. 4.55 represents the overlay of the to samples in high and low contours for easier
comparison.
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Fig. 4.55. Reducedversus oxidize aA. (A, B) 1H, >N HSQC overlay spectra of the reduced (blue) and oxidized (light green) truncated oA, in low
(A) and high (B) contours, showing that the oxidized state has a higher molecular weight than the reduced and itis more heterogeneous.

Due to the signal crowding in the presented spectra (and the existence of the CTE), assignment
experiments for this sample were not feasible by now. As shown by the superposition of aAred;.16 t0
the wild-type protein (Fig. 4.56A) only resonances arising from the CTE (L150 — K166) could be
distinguished and assigned.
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The truncated aB mutant, containg residues 64-152 (Fig. 4.56B) was further plotted together with the
truncated olA construct to show possible regions of overlap, as oA and a.B have also a 58% sequence
similarity. Possible overlapping assignments are indicated with boxes, covering aregion betweenresidues
H83 till E117. Small chemical shifts in the overlay can be clarified by the different fields that the two
sampleswhere measuredand the temperature. The 'H, **N HSQC assignment spectrum of the trunctated
aB was kindly provided by Dr. A. Mainz (Mainz et al. 2012) and gives very well dispersed spectra,
implicating astructured and folded a.B core domain (Fig. 4.56B, black). In orderto have a similarlevel of
spectra for the truncated oA mutant, in the future plans, we would like to use another truncated
construct, containing only the ACD resonances of aA (like the one used for aB by Mainz et al. 2012) in
order to improve the spectral resolutionand assignment, and be able to structurally characterize the
possibly dimericoligomerin boththe reduce dand oxidizedstate. Forthatreason a new truncated mutant
of aAwascloned (containing residues 62-152) and its expression was alreadytested using 13C, °N-labeled
M9 medium. Inthe near future we will have the sample purified to use it for assignment experiments in
solution-state NMR.

4.14. Prolines Isomerization of the C-terminal Region of a A

The CTR of aA, like othersHsps, is subdivided into the tail and the extension, which respectively indude
residues up to a well-conserved I-X-1/V-motif, and beyond (Fig. 4.57). Crystal structures of non-
mammalian sHsps revealed that the I-X-I/V motif docks into a hydrophobic groove in the ACD of a
neighbouring subunit (Haslbeck and Vierling 2015; Hilton et al. 2013b; Mchaourab et al. 2009), while
crystal structures of mammalian truncated constructs suggested that docking of the CTR can occur bi-
directionally (Laganowsky et al. 2010) and intra- or inter-monomer (Laganowsky and Eisenberg 2010).
However, it was shown that the CTRs are overall being predominantly disordered in solution (Treweek et
al. 2015; Hochberg and Benesch 2014; Delbecq and Klevit 2013; Carver and Lindner 1998). Evidence for
this flexibility ofthe CTR of atA has come primarily fromsolution-state NMR as shown inpreviouschapters,
which is well-suited to studying unstructured regions within proteins. Disordered CTRs have been
observed through different studies in human aA- and aB-crystallin (Carver et al. 1992), murine Hsp25
(Carveretal 1995a), HSP27 (Carver and Lindner 1998), murine Hsp20 (van de Klundert et a/. 1998) and
Saccharomyces cerevisiae Hsp26 (Benesch et al. 2010).
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Fig.4.57.The disorderedC-terminal regionofa A-crystallin containsan abundance ofcharged and prolineresidues. c Acomprisesthree regons:
the NTR, ACD and the CTR, which is further seperatedinto the C-terminal tail and the C-terminal extension (ext., starting from end of the |-X-
1/V motifthroughthe C-terminus). The figure depicts an amino acid sequence alignment of CTRs from various mammalian sHSPs. Shown here are
human aA-crystallin (aA), human aB-crystallin (aB), human HSP27 and murine Hsp25. The I-X-I/V motif is boxed, while positively charged residues
are coloured red, negative charged residues are blue, polarresidues are purple and proline residues are green.
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The CTR of oA contains an abundance of charged, polarand proline residues (Fig. 4.57), which are known
to promote disordered backbone conformations in other sHsps (Theillet et al. 2014). Additionally, in
crystal structures of aA, aB and HSP27 ACD-CTR complexes, the CTR forms an extended conformation,
where the |-P peptide bond in the I-P-1/V motif adopts the trans-conformation, enabling penetration of
the adjacent residues into the hydrophobic groove of the ACD. Here we report that the CTR of aA is
predominantly disordered, and adopts distinct unfolded structural ensembles via cis-trans peptidylprolyl
isomerization atitstwo proline residues, in bothits reduced or oxidized state and the same implies to the
CTD of a.B at its three proline residues.
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Fig. 4.58. Cis-trans proline isomerization in aA- and aB-crystallin. 2D 1H, 15N HSQC spectrum of [U-13C, *N]-o.A (A) and B (B) at 300K, 900 MHz
andin 10 mMHEPES, 2mM DTT, ImMEDTApH 7.4and 50 mM PBS, 100mM Nad pH 7.4 buffers, respectively. Each peak corresponds to an N-
H bond and resonance assignments are listed next to each peak. The CTR sequence isshown at top. In the insets non-visible residues are shown
in grey, NH visible residuesin black and the doubled peaks in red (for alA) and blue (for a.B) indicate the second set of peaks arising from the C-
terminus for both proteins. Assignments for aB were obtained by Mainzet al. (2015).
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Lookinginourassignments of oA at lower contour levels, we noticed that asubset of CTR residues yielded
two unique signals per residue, with appreciably different signal intensities. The same was observed for
a.B by Mainz et al. (2015), where 11 additional residues were observed for the entire C-terminal stretch
S$153-K175 (Fig.4.58B). In case of aA, 6 additional CTR resonances were observed forresidues 1159, S162,
T168, S169, A170 and S172, shownin Fig.4.58A inred. Interestingly, the subset of residues withtwo NMR
signalsin olA are mostly clustered neara single proline residue, P171 (Fig. 4.58A, inset). Thisreveals two
CTR conformational ensembles that interconvert with each other relatively slowly, on probably a
timescale of seconds orlonger. Importantly, this sequencealso includes the conserved IPV motif, of which
isoleucine methyl moieties have beenreported to primarily populate aflexible, unbound state in case of
a.B-crystallin (Baldwin et al. 2012; Baldwin et al. 2011). Our results integrate and confirm previous
solution-state and solid-state NMR dataforaB (Baldwin et al. 2012; Baldwinetal. 2011; Jehle et al. 2010)
and demonstrate that the IPI/V motif should exist for oA also in both a flexible and a rigid state.
Furthermore, we can exclude the possibility that these doubled peaks are smaller oligomers or
degradation products causing one of the two resonance sets for the CTR, because both conformational
states possessed similar translational diffusion coefficients (Fig. 4.59).
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Fig. 4.59. Diffusion attenuation profiles. The major-a (black) and minor-b conformers (red) of the oA CTR are plotted for representative
residues (T168 and A170). In all cases, both conformers decay equally. The average translational diffusion coefficient amounts to 5.43*1011 m%/s
anditis the same within the error due to the spectral noise. The profiles were recorded at 300 K and an external magnetic field of 21.1 T.
Simulation of attenuation profiles (dashed lines) for various oA n-mers as indicated in the legend.

In a disordered chain, the majority of the peptide bond conformationsin protein structures are expected
to predominantly adopt the trans conformation (>99.5%), while the cis conformation is about 0.5% for
non-prolineresidues (X-non-Pro) (Ramachandran and Sasisekharan 1968) (Fig.4.60A, right). For prolines,
however, the situation is different. Peptide bonds involving proline residues (X-Pro) have an increased
population of the cis conformation (5-15%) (Theillet et al. 2014; Weiss et al. 1998; MacArthur and
Thornton 1991; Stewart et al. 1990) (Fig. 4.60, left). This rearrangement of the covalent bond is a very
slow process, in a timescale of seconds or slower (Wedemeyer et al. 2002; Weiss et al. 1998; Grathwohl
and Withrich 1981).
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Fig. 4.60. Schematic depicting the propensity for X-Pro peptide bonds to form either trans- (black) or cis-proline (red) conformations. (A) An
X-X-Pro peptide bond and (B) an X-X-non-Pro bond for comparison. Modified from Alderson et al. 2017.

Our observation of multiple resonances for residuesin the vicinity of P171, hence alluded to potential cis-
trans proline isomerization about the A170-P171 peptide bond. We directly assessed the possibility of a
cis-Pro conformation in the A170-P171 peptide bond by analysing the *3C side-chain chemical shifts in
P171 (Fig. 4.61A,B). The difference in '3C chemical shifts between Pro-CB and Pro-Cy nuclei is highly
diagnosticof cis (~10 ppm) or trans (~5 ppm) peptide bond conformations (Shen and Bax 2010; Schubert
et al. 2002). We correlated adjacent side-chain 3C chemical shifts employing a 3D C(CO)NH experiment
(Grzesiek et al. 1993), in orderto show clear relations between resonances. Such an experiment reveals
that the two resonances from S172 can be attributed to being directly adjacentto eitherthe cis or trans
form of P171. Similarly, additional minor peaks from otherresidues near P171, P167 and P160 arise from
the formation of the cis-P171, cis-167 and cis-P160 bonds (Fig. 4.61C-E).

Asthereisaminorsetof peaks existingfor1159and S162 inthe *H, *>N HSQC, which are in close proximity
with P160, but no second set of peak is assigned to the cis-conformer for V161, and in order to address
the likelihood of isomerization about the P160-V161 peptide bond, we therefore lookedalso at the *H, 3C
HSQC methyl region of atA. alA-crystallin contains only one Val in thisregion, and in the methyl region of
the H, 13C HSQC of the peptide, we would actually expect only two peaks in absence of isomerization for
V161. However, we observed more than two peaks arising from methyl-bearing residues (Fig. 4.62A,
shown with red dashed boxes for V161 and 1159). This indicates that there is cis-isomerization for P160
also, but the signal intensity of this minor population of V161 is maybe insufficient to be detectedin a
typical *H, >N HSQC spectrum. The appearance of additional resonances demonstrate that the peptide
adopts multiple structural ensembles, with the most probable cause being proline isomerization. Given
that the IPV motif is largely unbound in the oligomers, it is highly likely that P160 exists in both cis and
trans forms. Together, these data clearly demonstrate that proline isomerization occurs for all proline
residues of the CTR of alA.
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Fig. 4.61. 2D strip plots from 3D NMR spectra that were used to assign the cis-and trans-Pro conformations of the a.A-crystallin C-termina
region. 2D strip plots from 3D HNCACB and 3D C(CO)NH spectra from [U-13C,!5N]-alA. The 2D strips were taken at the N frequency of the residue
listed above the HNCACB strip. For the C(CO)NH sstrips, the N frequency isatS172 (A,B), T168 (C,D) and V161 (E). (A, C, E) Strip plots from trans-
P171, P167andP160 showing the sequential assignment of residues that existin the trans-P171, P167 and P160 conformation (B, D) Depictsthe
same stripsasin (A, C), exceptthat theseresonances arise from cis-P171 and cis-P167.In the HNCACB, black peaks indicate the 13Ca. from the
preceding and presentamino acid and red peaks the 3Cf3. The C(CO)NH strip indicates the 13C side-chain chemical shifts of each proline. The
difference between 13CBand*3Cy chemical shiftsin proline residues is diagnostic of cis- or trans-proline bonds. In the minor state, the 13CBand
13Cy chemical shift differenceis ~10 ppm, indicative of a cis-conformation, whereas inthe major state this difference is only~5 ppm, indicative of
a trans-conformation.

The NMR intensity signal is directly related to the nucleiresonatingat a given chemical shift and reflects
the population of a given conformation, provided that the two isoforms undergo similar dynamics. Using
CCPN analysis software we extracted the peak intensities from both the trans- and cis-P171, P167 and
P160 conformations, and calculated the population of the cis state in equimolar samplesfor both reduced
or oxidized alA at 27 °C (Fig.4.62B). The population for cis-P160 was about ~6 %, for cis-P167 about ~15
% and for cis-P171 about ~5 %. Differences however, in cis-isomerization between the two kinds of
samples are insignificant, as almost most of the peaks have a similar population percentage of the cis-
state, except for A170, which is in about 17 % in the reduced and around 14 % in the oxidized form.
Additionally, as the formation of cis-Pro can introduce B-hairpin conformations (\Wedemeyeretal. 2002),
and because NMR chemical shifts from backbone and side-chainnucleican be highly sensitive to dihedral
angles, hydrogen bonds and secondary structure, we further characterized the effect of the cis-
isomerization onthe backbone conformationsinthe CTR of oA (Fig.4.62C). Therefore, we calculated the
secondary chemical shift (Ad) difference between the observed chemical shiftand the predicted chemical
shift for a givenresidue ina random coil, and testedin either trans or cis form, if they adopt an entirely
random coil conformation, orif they haveatendency to adoptresidual local order. We observed relatively
large AS values for residues in the vicinity of the conserved IXI/V motif, which we can attribute to their



Results

adjacencyto a proline residue (Shen and Bax 2010) and cis-P160 and P171 induced a small population of
B-strand, whereasthe trans-prolineensemble is more disordered in this region. For mostresiduesin the
trans-state, however, the A& values are near zero, indicating that both states remain dynamically
disordered, but itis suggested for the residues in the cis-form that the A values report on secondary
structure, with significant deviations from zero over multipleresidues reflecting mostly atendency for -
strand conformation in the C-terminal extension. Furthermore, since the CTR is known to interact with
the ACD in a B-strand conformation, the formation of residual B-strand structure in the CTR would be
expectedtoinfluence bindingtothe hydrophobic B4-B8groove (Hochbergetal. 2014; Laganowsky et al.
2010; Laganowsky and Eisenberg 2010).
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Fig. 4.62. Cis/trans isomerisation of reduced and oxidized clA. (A) Methyl region of the H, 3C HSQC spectrum of aA-crystallin. Red dashed boxes
indicate additional Val andlle peaks. (B) The populationof cis-P171, P167 and P160at 300K is shown for each residue with well-resolved cis and
trans peaksin the 1H, >N HSQC spectrum for reduced (black) and oxidized (red) aA. (C) Carbon chemical shifts of the C-terminal region of oA
plotted asa function of residue number for cis- (blue) and trans- (black) states. Difference of Co. and C} secondarychemical shifts (A*3Ca -
ABCB) for aA. Astretch, having negative values of ACa - ACB, indicates B-strand sheet structure, whereas positive values indicate a regular o-
helical regions.

To further characterize the potentialimpact of cis-prolineformation on the internal dynamics of the CTR,
we acquired °N spin relaxation data that probe motions on the piconanosecond timescale (Jarymowycz
and Stone 2006). As the relaxation data of the reduced and oxidized form of otA are already presented in
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Fig. 4.47, 4.48, here we plotted only the resonancesthat are affected by proline isomerization for both
trans- and cis-states. For each residue in the CTR, we measured the hetNOE value, and R1 and R1,,, °N
relaxation rates (Fig. 4.63A) at a 500 MHz spectrometer. For folded proteins, hetNOE values typically
range from 0.65 to 0.85, while relatively flexible loops and regions with enhanced picosecond dynamics
exhibit lower values. In the cis-state however, it is obvious that while for the reduced protein the two
populations are similar, for oxidized oA the overall hetNOE values are significantly lowerin the cis-state
compared to the trans, a fact, whichindicates thatthe minor population seemstobe in a rigid state and
not so flexible asthe majorone. The mostimportant hetNOE value was obtained for 1159, which reached
near zero, and is the preceding residue of P160 (i.e.in the IPV motif)) and suggests that there is a
conformational rearrangement of the protein structure upon cis-isomerization in oxidized acA. The overall
resemblance of hetNOE values for both proline isomer states in the reduced oA demonstrates similar
dynamical behavior, with picosecond-timescale motions throughout the CTR that increase toward the C-
terminus for both conformations. Thisenhanced flexibility withincreased distance from the ACD is similar
to observations made in aB-crystallin (Mainz et al. 2015).
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of the experimental relaxation data. In panels (A) the H, 15N nuclear Overhauser enhancement (hetNOE), (B) 1>N longitudinal relaxation rate (R1),
and (C) the 15N spin-lattice relaxation in the rotating frame (T1mo) are shown. All data were recorded at 500 MHzand 300 K.

5N relaxation R1and R1,,, values obtained forthe cis-P160form show a significantincrease compared to
the trans, around the IPV motif (residues 1159 - T168) (Fig. 4.63B,C), suggesting differential dynamics of
the minor state for both reduced and oxidized a.A. This observation was not however, prominent for the
amide resonances of the C-terminal extension (i.e. residues S169 - S173). Taken together, ourdata have
revealedthatthe CTR, includingthe IPV motif, is highly flexibleand populates at least two different states
that undergo very slow chemical exchange (on the picosecond-nanosecond timescale), with the
magnitude of these motions increasing upon moving away from the ACD towards the C-terminus.
Interestingly, amide resonances of N-terminal residues were not observed in the solution-state spectra,
which underlines that the extreme N-terminus is fairly rigid. Given the importance of the CTRs of
mammalian sHSPs in assembly and recognition (Treweek et al. 2015; Hochberg and Benesch 2014,
Delbecq and Klevit 2013), we speculate that proline isomerization may play a role in regulating the
assembly of sHsps.



Discussion

5. Discussion

5.1. The Effect of Phosphorylation on aB Structure and Chaperone
Function

The sHsp aB-crystallinisanimportant member of the cells network thataids in maintainingintracellular
proteostasis under conditions of proteotoxic stress (Basha et al. 2012; Eyles et al. 2010; Haslbeck et al.
2005). The majority of sHsps, amongthem also human aB, show an unusual structural plasticity (Horwitz
2009). To understand the contribution of sHsps to the chaperone machinery of the cell,itis a prerequisite
touncoverthe mechanisticlinkbetween theirstructure, dynamics, and the regulation of substrate binding
and chaperone activity. One key PTMthat occurs in some human sHsps, including aB, is phosphorylation.
Phosphorylation is often coupled to conformational changes and all major in vivo phosphorylation sites
of aBare located within itsNTD. This PTMchanges the quaternary structure and dynamics of aB, whereby
phosphorylation at either the three or six serine residues of the N-terminal region decreases the size of
aBoligomers (Peschek et al. 2013), as it was also shown forother sHsps (McDonald et al. 2012; Hayeset
al. 2009; Rogalla et al. 1999). However, there is no comprehensive survey performed on the specific
effect(s) phosphorylation at each serine residue has on the oligomer size, oligomer distribution and
chaperone function of a.B. Consequently, the first aim of this thesis was to study the phosphomimicking
aB-6E mutant with solution-state NMR.

In order to ascertain the role phosphorylation has on aB structure and chaperone function, a aB-6E
mutant was produced, in which phosphorylatable serine residues were substituted with glutamates
residues, i.e. S19E, S21E, S43E, SASE, S53E and S59E. The negative chargesintroduced by phosphorylation
(mimetics) in the NTD do not seem to negatively influence client interactions. Hence, the existence of
multiple sites, which undergo differential phosphorylationin response to diverse stress conditions, might
allow tuning of the binding affinity of aB toward unfolded proteins according to the demands of the cell.
To assess the effect of phosphorylation on a.B quaternary structure, AUC experiments together with
analytical SECand SAXS were performed to examine how the PTMchanges the oligomericdistribution of
a.B. This work showed that substitution at six serine residues had a significant impact on oB
quaternary structure, reducing the size of aB oligomers, and led to dissociation of oligomers with
the most predominant species composed of hexameric building blocks, i.e 6-mers and 12-mers.
When the oB-6D mutant was used, were serines residues were substituted by aspartic acid, i.e. S19D,
$21D, S43D, S45D, S53D and S59D, the results were similar, but the stability of the protein was improved,
as it was less aggregating compared to aB-6E mutant. This overall surface hydrophobicity of the
phosphomimicking mutants, is the so-called order-to-disorder transition that has also been foundin the
context of clientinteractions for otherchaperones(Reichmannetal. 2012; Chenetal. 2011; Tapleyetal.
2009). In this case the proteins are more confined when engaged in intersubunit interactions in higher-
order oligomers and more disordered when exposed to the solventin smaller species.

Solution-state NMR was further employed to identify potential differences in the conformation of a.B
oligomers. However, due to sample heterogeneity, assignment of the observed resonances on the *H, N
HSQC spectrawere not yet possible, but this study found that phosphorylation makes o.B oligomers more
unstructured (i.e. more flexible)in the N-terminaldomain, lessstable and concentration dependent. This
may be favourable for the recognition of misfolded proteins since the lower molecular weight
oligomers are more adaptable and flexible. The increase in flexibility of the NTD of the oB
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dissociated oligomers observed may facilitate subunit-exchanging with the wild type protein and
would therefore explain the observed promiscuity in adapting to multiple clients.

A strong correlation between oligomer dissociation and enhanced chaperone activity against amorphous
and fibrillar client proteins was also observed using AP, as a substrate of a.B-6E. The results of this work
support a model whereby the lower oligomeric states are more effective chaperones than the larger
oligomers. This enhanced function, combined with dissociation, suggests that the inter-dimer contacts
maintained in oligomeric aB are disrupted by the negative charges introduced by phosphorylation. It
appears that the large oligomers act as reservoirs of these chaperone-active smallers oligomers. As a
result, it is proposed that phosphorylation acts as a molecular switch, activating o.B under conditions of
cellular stress in order to boost the overall protein quality control network in the cell.

Many studies have structurally and functionally characterisedvarious point mutations of aB that have led
to an apparent increase or decrease in chaperone function (Peschek et al. 2013; Santhoshkumar et al.
2009; Biswas etal. 2007; Sreelakshmiand Sharma 2006; Sreelakshmi and Sharma 2005; Bova et al. 1999;
Horwitz et al. 1998a). The generally accepted mechanism of action by which sHsps become chaperone-
active is by oligomeric dissociation and enhanced rate of subunit-exchange, whereby the population of
smaller 'chaperone-active' species (i.e. monomers and dimers) are responsible for inhibiting protein
aggregation. In contrast to Hsp27, where dimerization occurs via inter-molecular disulfide bonding of
Cys137 that is located along the B6 sheet of the ACD (Hochberg et al. 2014), aB dimer is mediated only
by a charged network alongthe B6+7 sheets (Hochbergetal. 2014; Bagneris et al. 2009). Previous studies
of other human sHsps, have also shown that phosphorylated forms of Hsp27, are more efficient at
inhibiting the amorphous and fibrillar aggregation of client proteins compared to Hsp27-WT (Jovcevski et
al. 2015; McDonald et al. 2012; Hayes et al. 2009; Rogalla et al. 1999).

Future directions with this aspect of the project should focus on investigating the conformation of aB
oligomers subunit-exchange using additional methods, except for solution- and solid-state NMR, such as
FRET, native MS, SAXS or cryo-EM. This would help furtherto define whether the presence of dissociated
speciesiseitherenhanced or diminished with mutation. In addition, chaperone activity assays to test the
chaperone function of the N-terminal aB mutants against amorphous and fibrillar client proteins (such as
k-casein, AB4ou2, creatine phosphatase kinase, alcohol dehydrogenase and a-lactalbumin) should be
performed to determine whether aB becomes ‘hyperactive’ across a range of client proteins. The
chaperone system used in our study cannot completely mimic the sophisticated cellular folding
machinery. However, such approaches may also provide information on role of the N-terminal domain in
substrate bindingand in orderto find out whether N-terminal mutations significantly weaken/destabilize
the inter-dimer contacts that maintain aBoligomers. Puttogether, these studies would reflect a greater
physiological relevance inthe cell as the population and abundance of all these potential protein species
are likely to occur and interact in vivo. Overall, the results of the work presented in this chapterindicate
that upon phosphorylation, the unstructured N-terminal domain of aB plays a key role in dictating
oligomericstructureand dynamics of the protein and acts as atunable conformational sensorinregulating
aB activity against non-native proteins. Itremains to be determined whetherothertriggers also activate
the chaperone function of aB or sHsps according to this principle.
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5.2. The Interaction of A, with a.B and the Cu(ll) Metal lon

Despite more than a decade of intense studies, the roles of metal ionsinthe process of aggregation and
amyloid formation by the amyloid-B peptideinvolved in Alzheimer’s disease are stillnot wellunderstood.
However, ABwas reported to be in affinity to Cu(ll) ina micromolarrange (Ghalebanietal. 2012). Given
the proposed connection between metal ions and A3 amyloid formation, metal chelation therapy has
beentried and evaluated as a potential therapyagainst AD (Choiet al. 2010). However, the understanding
is limited and the results are not conclusive, showing the need for further studies of the metal binding
properties of the AP peptide. Additionally, solution- and solid-state NMR investigations have shown that
0B also is able to coordinate Cu(ll) with high affinity and that the potential binding site is between 3-
sheets 5 and 6+7 (Fig. 5.1), thereby suppressing the redox-chemistry and the cytotoxic effects of the
transition metal (Ahmad et al. 2008).

In this study, we carried out titration experiments by adding Cu(ll) to *>N-labeled AR, that suggested the
major binding site, common for Cu(ll)to be located withinthe N-terminus, closeto positions H6, H13 and
H14. We further added Cu(ll) to the AB4-aB complex and observed a competitioninthe copperbinding
betweenthe two proteins. Inthe future, we would like to characterize this ternary complex consisting of
AB4o-aB and Cu(ll), using solid-state NMR experiments. The binding site of Cu(ll) in the complex of both
molecules couldbe used to determine the structure of A4, inthe bound state. In addition, solution-state
titrations should be performed using labeled aB in combination with methyl-TROSY experiments to
elucidate the effects of copper and A4, (unlabeled) binding with respect to aB.

Fig. 5.1. Copper binding site betweenthe -sheets 5 and 6+7 in the ACD of a.B-crystallin. The figure was designed using Adobe Illustrator CS6.

5.3. The Interaction of a B-Crystallin with Different Clients

The quaternary dynamics and high polydispersity of aB are considered to be essential for its chaperone
function (Hochberg et al. 2014), but have hindered atomic-level structural analysis. The NMR data

presented here show that monomers within the aB complex are not equivalent, supporting previous
structural modelsinwhich an asymmetricdimer builds up the tetrahedral a.B 24-mer (Braun et al. 2011,
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lehle et al. 2010). For example, peak doubling of 1133 can be rationalized by its different chemical
environment in the bent and extended conformer (Fig. 1.8). Structural heterogeneity is induced by the
different arrangement of NTDs and CTDs in a.B oligomers.

Solution-state NMR and detailed *3C secondary chemical shift analysis demonstrated that the sequence
Q;5KLVFFA,; of monomeric A4, exhibits considerable propensity for 3-strand conformation. Intriguingly,
the region Q;sKLVFFAEDV,, has been reported to be involved in intermolecular contacts AR, molecules
inoligomericassemblies of the peptide. Inaddition, the sequence Q;sKLVFFAEDV,, was also identified as
the major interaction site with the molecular chaperone aB (Narayanan et al. 2006).

Previous NMR studies have shown that aB competes for AB4 monomer-monomer interactions by
transiently binding to the hydrophobic core of AR, (Narayanan et al. 2006). Our NMR titration
experiments yielded small CSP upon addition of B to monomeric AB4. These effects occurred in a
defined region of the ACD and hence point towards the interaction site with the amyloid peptide.
Accordingly, the B4-B8 groove of the ACD was unambiguously identified as the binding site for monomeric
A4 (Mainz et al. 2015). This region is one of the reported candidate binding sites for client proteins
(Ghosh et al. 2005). The B-sandwich of a.B resembles the B-strand assembly of AR, fibrilsand appeared
to playan important role in molecular recognition of amyloid aggregates. In fact, the excised ACD inhibits
fibril formationof AB,, butalso of otheramyloid clients such as k-caseinand AB,, (Hochbergetal. 2014).
Likewise, a.B-ONTD was capable of inhibiting amyloid formation of A, similarly to aB WT. This
demonstrates that aB-ONTD, despite its potentially altered oligomer architecture, retained chaperone
function toward an amyloidogenic client, thus highlighting the importance of the ACD in this process.
Binding of the ACD to these B-rich species might be governed by the accessibility of B-strand edges in the
growing aggregate, so that a.B can compete for fibril growth. Our results hintat an intervention of aBin
both phases of amyloidogenesis: (i) transient interaction withamyloid building blocks, which may possibly
be sufficient to hinder the slow fibril nucleation process (Cohen et al. 2015) and (ii) inhibition of fibril
elongation through binding of a.B to the termini of protofibrillar structures, as suggested previously
(Shammasetal 2011). Athigherabundance, aBalso adheres to the wallsof A, fibrils, thereby affecting
theirelongation(Shammas et al. 2011). In order to prove this protofibril capping of a.B bound to A4, we
recorded additionally negative stained EM images, with immunogold labeled B and observed that the
chaperone is mostly bound on at the edges of (capping) the amyloid client, but it was also found to be
only at the one side of the fibril (Fig. 4.33) or all along the fibrils in different positions. Therefore, an
additional statistical analysis of different ratios between the twointeracting proteinsis required in order
to evaluate the results better.

In this work, EM images revealed that AB4o, which is co-incubated with aB, is impaired in generating
mature amyloid fibrils. The presence of aBinhibits the propagation of large A4, aggregates and mature
fibrils. lthas been shown that the intervention of auBand the accompanyinginhibition of fibrilformation
can increase the toxic effects of AP, in cultured neurons (Stege et al. 1999). Extending the incubation
time finally leads to the formation of insoluble aggregates and protofibrillar structures. This observation
might reflect the diagnostic finding of co-aggregated aB in amyloid plaques in the brains of AD patients
(Wilhelmus et al. 2006). These ‘a.B-mediated’ aggregates of A4 were investigated using MAS solid-state
NMR spectroscopy. The obtainedspectra demonstrate that catalyticamounts of aB force AR, tofollowa
different aggregation pathway orto pause atan intermediate stage and multiple sets of resonances were
observed, e.g. forresidue S26. The structural state of A3,0and its higher-orderassembliesis thus altered
by the chaperone. Further studies are envisaged to characterize the architecture of these assemblies in
more detail and to understand the role of aBin their formation. Moreover, the addition of a.B to fibril
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seeds will be a key aspect for solid-state NMR investigations in the future. These experiments will allow
to elucidate the chaperone mechanism of aB with respect to the inhibition of A fibril elongation.

In contrastto binding of an amyloid client, binding of the amorphously aggregating lysozyme occurred at
the partially disordered NTD of aB. Intervention of aBin amorphous aggregation of lysozyme and in fibril
formation of AP, has fundamentally different mechanisms. These findings may not be applicable forthe
entire interactome of aB,i.e., conformational ensemblesof hundreds of misfolded proteins, but they may
disclose some general principles in antiaggregation strategiesof sHsps. The picture of achaperone, which
captures destabilized proteins by structurally mimicking their key conformational properties, appears to
be intuitive, but needs to be validated in future experiments with a wider range of clients.

5.4. Dynamic Fluctuations of the C-terminal Region of the Human a A-crystallin

The number of solution structures determined by NMR has been growing rapidly since the first NMR
protein structure determination in 1985 (Kaptein et al. 1985; Williamson et al. 1985). However, the
structure of the human aA-crystallinis yet to be elucidated. aA-crystallinis a protein of 173-residues with
amass of 19.9 kDa (Groenen et al. 1994), containing two naturally occurring cysteines(Cys-131, Cys-142)
responsible foritsredox sensitivity. Here, we have probed the conformation and dynamics of the flexible
and unstructured C-terminal region of oA by means of solution-state NMR spectrsoscopy using non-
deuterated samples. In this study, we were able to observe and assign an additional 10 residues within
the disordered CTR of aA over those described previously (Treweek et al. 2010), likely due to our usage
of modern hardware, a higher magnetic field strength, and [U-3C, °N]-labeled samples, and we could
thus probe the conformations and dynamics of the final 24 residues. Similarly, a recent NMR
investigation of the CTR in human aB and HSP27 was able to extend the number of observed residuesto
~25 (Mainz et

al. 2015) and to ~28 (Alderson et al. 2017), respectively. The extensions of the above mentioned sHsps
are therefore predominantly disordered at physiological solution conditions. Interestingly, the IPI/V
motifs in all cases are primarily detached from the oligomers, and therefore only make transient
interactions with their own ACD or adjacent ACDs.

As the CTRs of a.-crystallins are highly flexible, unstructured and solvent accessible, they giverise to well-
resolved solution-state NMR spectra. The detailed analysis of chemical shifts and relaxation properties,
reveals that the CTR of oA is also highly dynamic and that rapid motions take place on the pico-
nanosecond timescale, as shown previouslyfor aB (Treweeket al. 2010) and HSP25 (Esposito et al. 1998).
Moreover, the presence of unassigned cross-peaks in the HSQC spectrum that arise from residues outside
of the flexible C-terminal extension of oA is consistent with a-crystallins being highly dynamic and
malleable species, and these conclusions are in agreement with previous NMR studiesof the flexible CTRs
of mammalian sHsps aA and aB (Mainz et al. 2015; Delbecqetal. 2015; Baldwinetal. 2012; Treweek et
al. 2010; Carver and Lindner 1998; Smulders et al. 1996; Carver et al. 1995b; 1992), HSP27 (Carver and
Lindner 1998), Hsp20 (van de Klundertet al. 1998), and Hsp25 (Lindneretal. 2000; Carveret al. 1995a),
inwhichthe final 10-15 residues were amenable to NMR investigation under non-heat-shock conditions.

Detailed interrogation of the CTR in aB has revealed that in solution and above 0 °C, the IPI/V motif is
transiently bound to the ACD (Baldwin and Kay 2012; Baldwin et a/. 2011a), and that the independent
binding of two CTRs, eitherin anintra- orinter-molecular manner, triggersthe dissociation of a monomer
from an oligomer (Baldwin et al. 2012; 2011b). These interactions appear to be finely tuned to regulate
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both sHsp assembly and hetero-oligomerization (Delbecq et al. 2015; Hochberg and Benesch 2014). In
addition, mutations for example in the CTR of HSP27 are implicated in neuromuscular and
neurodegenerative diseases including amyotrophic lateral sclerosis (Capponi et al. 2016) and Charcot-
Marie-Tooth disease (Ylikallio et al. 2015; Chalova et al. 2014). The high density of PTMs and disease-
associated mutationsinthe CTR of differentsHsps allude to a significant functional role for this region in
health, and malfunction in disease.

In thiswork as a first step towards the structural characterization of the human oA by NMR spectroscopy
and in order to examine the backbone dynamics of atAin solution, we were able to assign the backbone
of 1°N, 13C-labeled oA, i.e. residues G149 — S173, as well as the side chains, and additional NMR signals for
residues in the vicinity of prolines 160, 167 and 171. We looked at both, its reduced and oxidized form.
However, the oxidized formin our biochemical assays appears to be much biggerthan the reduced, our
NMR spectra have shown that there is no significant chemical shift alteration of resonances in the C-
terminal extension between them. The highest observed chemical shift change arises particularly for
residues A170 till S173, which show higher flexibility. Flexibility in the C-terminal extension plays a key
role in maintaining the solubility of the a-crystallin oligomeritself, and also that of the chaperone complex
(Carver 1999).

The considerableflexibilityin the region fromA158to S173 of alAis evident with hetNOE values. The A158
to R163 region (that contains the IPV-motif) acts as a ‘hinge’ for the C-terminal extension and is critical
foroligomericassemblyof wheat Hsp16.9 (van Montfort et al. 2001a). The IXI motifin aB (1159, P160 and
1161) also interacts with residues towards the end of the ACD in adjacent subunits in the absence of a
target protein (Pasta et al. 2004). The **N T1/T1,, ratio for 1159, for instance, is about 3.52, which is
consistent with respective ratios previously determined for highly mobile regions of other proteins, e.g.
insulin-like growth factor-1 (Laajoki et al. 2000). The greatest degree of flexibility is seen in the ultimate
C-terminal residue of aA, with a*>N hetNOE value of -2.54 forthe reduced and -3.44 for the oxidized aA.
This value is significantly large when compared with studies on interleukin-4, where >N NOE value of
approximately -0.4was reported, for mobileregions of the protein (Redfield et al. 1992). Flexibility of the
C-terminal extension of wild type a.Bis reduced compared to that of wild type oA (hetNOE value of K175
of about -1.69) and is only observed for E164 to K175, i.e. the preceding residues encompassing the IPI-
motif, which is additionally confirmed by the detection of more residues for aA (G149-S173) than oB
(G154-K175) inthe NMR spectra. The greater flexibility and length of alA-crystallin’s C-terminal extension
can be explained by its enhanced thermostability compared to aB (Abgar et al. 2000; Liang et al. 2000;
Sun et al. 1997). These observations combined however, show that the motions at the end of several
mammalian CTRs are effectively uncoupled from the slowly tumbling oligomers, and behave like an
unstructured peptide.

5.5. Cis-trans Proline Isomerizationin the CTR of ot A-crystallin

Furthermore, we observed multiple NMR signals for residues in the vicinity of prolines 160, 167 and 171,
and the CTRs of alA appeared non-equivalent and populated a minimum of one mobile, as well as one
immobileconformer. This reflects a heterogeneous architecture of aAand the possible role of asymmetry
initsdimericbuilding block. We determinedthat, whileall observedforms are highlydisordered, the extra
resonances arise from cis-trans peptidyl-prolyl isomerization of the peptide bonds at the positions of the
proline residues (about the 1159-P160 (IPV motif), K166-P167 and A170-P171 peptide bonds). Similar
results were also shown previously for aB-crystallin(Mainz et al. 2015) or recently for HSP27 (Alderson et
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al. 2017). Regarding a.B, the occurrence of multiplesets of resonancesforthe ACDand CTD insolid-state
and solution-state NMR spectra of o.B raised the question of whetherthese observations originate from
the same structural feature. In the tetrahedral 24-mer model, the extreme N- and C-termini of the bent
conformer (CTD,.:) are accessible for proteolytic degradation, whereas both termini of the extended
conformer (CTD.,) reside in the inner cavity of the complex. The observation of mobile and immobile
states mightthus reflect the variable flexibility of CTDpen: and CTD,,: (Mainz et al. 2015). In case of HSP27
the inter-conversion between cis- and trans-Pro conformations within the G193-P194 peptide bond was
shown to be slow and the cis-P194 conformation is populated to ~15% at near-physiological solution
conditions (Alderson et al. 2017).

The cis-Pro state is populated to near 6 % at physiological temperatures, and, although both cis- and trans-
P160 forms of the CTR are highly dynamic, we determined that the cis-Pro state of the CTR ensembiles has
the tendency adopt B-strand conformations betweenresidues 159and 162, encompassing the IPV motif.
Formation of residual B-strand structure in residues 159-162 could facilitate both docking of the
hydrophobic IPI/V motif and hydrogen bonding between the ACD and CTR. Alternatively, the residual
structure could also enable inter-molecularinteractions with another sHsp CTR, or a substrate proteinin
a similar conformation. In addition, we notethat cis-P1711eadsto asimilarincreasein B-strand propensity
between residues 169 and 172, while P167 and residues around it have a small tendency to a-helical
conformations.

For the proline residue in the CTR of aA situated within the highly conserved IPV motif, we cannot
certainly conclude that cis-trans isomerization of P160 takes place since the chemical shifts near this
residue are weak, rendering a lowly populated and unobservable cis conformation. However, looking at
the methyl region of oA in the *H, 3C HSQC spectra, we observed more NMR signals than would be
expected from the amino acid sequence, which likely indicates cis-trans isomerization about the 1159-
P160-V161 peptide bonds. This is further supported for residues near P160 and P182 in the IXI motif of
human aB (Mainz et al. 2015) and HSP27 (Alderson et al. 2017), respectively. This combined evidence
suggests that aA, o.B and HSP27 undergo cis-trans proline isomerization in the IPI/V motif. Cis-trans
proline isomerization about the 1159-P160 bond could play a significant role in oA oligomerization and
based on other studiesitis expectedthatthe conformation of the CTR has a higheraffinity to be bound
inthe hydrophobicgroove of the ACD in its trans-P160 form (Hochberg et al. 2014; Hilton et al. 2013b).

5.6. Possible Roles for Cis-trans Proline Isomerization in the Cells

In the cells, cis-proline isomerization plays a fundamental role within a variety of biological implications
(Sarkaret al. 2007) as it was found that it often regulates the rates with which proteins fold (\Wedemeyer
etal. 2002) or thatcaninduce structural changesin membrane-embedded receptors (Lummis etal. 2005).
For example, acis-Probondin HSP70 has been proposed thatregulates the allosterictransition between
nucleotide- and substrate-bound states (Vogel et al. 2006; Alderson et al. 2016). Therefore considering
the evidence of allostericcommunication between the contact the CTR transiently makes with the ACD,
and the dimer interface in HSP27 also (Delbecq et al. 2012; Hochberg and Benesch 2014), the cis-P182
and cis-P194 bonds affect the oligomerization and its interactions with cellular targets (Alderson et al
2017).

Furthermore, changesbetween cis and trans conformations are foundto be associated with the evolution
of new functions facilitated by local structural changes. This is most frequent in enzymes, where new
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calalyticactivity emerges with local changesin the active site. Cis-trans changes are also seen to facilitate
inter-domain and inter-protein interactions. As in the case of folding, cis-trans conversions have been
used as an important driving factor in evolution (Pahlke et al. 2005). The possible biological role of the
cis/trans isomerization, especially for prolines, in protein folding, splicing, active transport through
membranes, and energy reservoiris still a matter of some debate (Andreotti 2003; Fischerand Aumuller
2003). Collectively, the existing data indicate a potential role for cis-trans proline isomerization in
regulating the oligomerization of sHsps.

5.7. The Polydispersity of o A-crystallin

The crystallins are the major proteins of the eye lens, the refractive power of which is achieved by their
enormously high protein concentration (human 400 mg/mL, rat 900 mg/mL, and blue eyed trevally fish
1100 mg/mL). Therefore, much study has been devoted to understanding how the lens remains
transparent, despite its high protein concentratons, and on how crystallins prevent aggregation
(Pierscionek and Augusteyn 1995; Benedek 1993; Delaye and Tardieu 1993; Veretout et al. 989; Philipson
1969). Additionally, crystallization of proteinsin the eye lenses destroys lenstransparency and must be
prevented in functional lenses. However, although pure substances readily crystallize from solutions at
high concentrations, polydisperse and heterogeneous substances tend notto crystallize. Thus, evolution
of molecular mechanisms to ensure polydispersity of the crystallins would be one type of protection
against lens crystallization.

It was shown that X-ray crystallography, as well as solution-state NMR have been successful to study the
central ACD of a.B by using N- and C-terminally truncated a.B variants (Mainz et al. 2012; Bagneris et al.
2009). Moreover, the structure of truncatedhuman alAis so far not known, and only the crystal structures
of truncated bovine (Laganowsky et al. 2010a) and zebrafish aA (Laganowsky et al. 2010b), lacking the
NTR, but containing part of the C-terminal extension (CTE) that functions in chaperone action and
oligomericassembly, have beensolved. Inthe bovine case, the crystal structure of the truncated form of
bovine oA (residues: 59-163) was presented, where the CTE swaps into neighboring molecules, creating
runaway domain swaps. This interface enables crystallin polydispersity because the CTE is palindromic
and thereby allows the formation of equivalent residue interactions in both directions (Laganowsky et al
2010a). In contrast to the bovine aA, the zebrafish crystal structure releaved that the CTEs are in a non
three-dimensional (3D) domain swapped, “closed” state and the extension here is quasi-palindromic,
bound within its own zebrafish core domain (Laganowsky et al. 2010b).

Regardless of whether the CTE of human oA isin a swapped or closed state, the C-terminal hinge loop
maintains structural rigidity, while offering enough structural flexibility to enable various oligomeric
interactions. In this work we carried out paramagnetic relaxation enhancement (PRE) experiments with
the full-length protein, where we could confirm the cryo-EM hypothesis that a small amount of ca. 20%
of the CTR of aAisina domain swappingstate, indicating that it can form both, transientintra- and inter-
molecularinteractionswithadjacent oligomers. Ourobservation, together with the workof Eisenberg and
co-workers (Laganowsky etal. 2010a; Laganowsky et al. 2010b) that the CTEs can be foundin eithera3D
domain swapped or closed state, and that the palindromic nine amino acid sequence centredaround P160
enables equivalent inter-subunit interactions when aligned in opposite directions, provides another
molecular mechanism by which oa-crystallins facilitate polydisperse oligomeric assemblies. This evolved
polydispersity is crucial for eye lens transparency.

)
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Untill now ourfocus was instudying the CTR of atAin solution-state NMR. In the future, ourinvestigations
should be extended on the structural characterization of the truncated human aA. Therefore, we already
carried out preliminary biochemical assaysand solution-state NMR experiments on a construct containing
residues 62-166, which showed that the overall size of aAoxidizeds.16¢ is increased compared to
aAreduceds.165), and it forms higher molecular weight oligomeric ensembles that appear to possibly be
in a tetrameric state (of about 80 kDa). Furthermore, 'H, >N HSQC spectra indicate a partially folded
protein, howeverthe presence of the CTR makes the sample more heterogeneous and based on our PRE
hypothesis, the CTE may be domain swapped to a neighboring oA oligomer. Due to the existence of the
CTE, assignment experiments for this sample were not feasible till now. Therefore, we suggest to use later
on another aA construct containing only the ACD resonances, i.e.residues 62-152, in orderto simplifythe
spectral resolution and make the assignment of the NMR spectra possible. Finally, recording assignment
experiments with PEG-precipitated sample on the full-length protein will allow us to contribute in the
structural characterization of the wild-type aA-crystallin.
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6. Conclusions and Future Remarks

Defining the structure-function relationship of sHsps is crucial to understanding the mechanisms involved
in maintainingintracellular proteostasis. More importantly, delineating this relationship has the potential
to informtherapeuticdesign, whereby the activation of sHsps is enhanced to combat neurodegenerative
diseases that are associated with protein aggregation. For example, drugs could potentially be designed
that trigger the dissociation of large sHsp oligomersinto chaperone-active dimers, which would be ideal
to inhibit and prevent protein aggregation.

There is much more work that needs to be done to furtherour understanding of the structure, function
and interactions of sHsps within the cell. It is well-known that various sHsp family members undergo
subunit-exchange in vitro and in vivo and form large hetero-oligomers. Some of these hetero-oligomers
have been previously studied, predominantly Hsp27/aB (Aquilina et al. 2013; Bova et al. 2000), aA/aB
(Morrisand Aquilina 2010; Aquilina et al. 2005), Hsp16.9/Hsp18.1 (Sobottetal. 2002) and more recently
Hsp27/Hsp20 (Heirbaut et al. 2016; Bukach et al. 2009). However, all of the above mentioned studies have
only investigated the wild-type (WT) isoforms of each sHsp. The hetero-oligomerisation dynamics
between WTand phosphorylated isoforms has not been addressed. Itis very likely that there are distinct
populations of sHsp oligomers in cells that contain both non-phosphorylated and phosphorylated forms
of various sHsps. These likely form a wide range of oligomeric forms of sHsps in cells, much more
complicated than the ‘simple’ oligomers that have been studied in most work to date.

Our current understanding of sHsps has been attained using purified recombinant proteins in relatively
simple buffer systems. However, it remains to be determined whether the structure and dynamics of
sHsps issimilarin the presence of other non-interacting proteins and/or crowding agents that can mimic
the intracellular environment. The optimal crowding agent or non-interacting protein would be the one
that does not undergo subunit-exchange with sHsps, does not covalently attach to or modify sHsp
residues, and does notdirectly contributeto aggregation. A great example forthis would be polyethylene
glycol (PEG). Previous studieshave showne.g. that the molecular crowding agent trimethylamine N -oxide
(TMAOQ) induced oligomerisation of Hsp20-WT, but had no effect on the oligomerisation state of
phosphorylated Hsp20 (Sluchanko et al. 2015). The presence of crowding agents (such as dextran, PEG,
Ficolland TMAOQ) loweredalso the subunit-exchangerate and decreased chaperone activity (Roman et al
2011; Ghahghaei et al. 2007). Investigating the effects of molecular crowding on sHsps could provide a
more relevant picture of their structural characteristics and how changes that occur to structure translate
to differences in chaperone activity.

The primary focus of this thesis was to study the quaternary structure and dynamics of the human sHsps,
aBand aA-crystallin, and especially their disordered CTRs, in order to rationalise the effects these have
on the capacity of these proteins to act as molecular chaperones by inhibiting protein aggregation. Due
tothelarge and heterogeneous nature of these mammalian sHsps, this work primarily employed solution-
and solid-state NMR spectroscopy to study the structure and dynamics of these molecular chaperones. A
detailed analysis in solution NMR was undertaken on aA-crystallin, and inits reduced and oxidized form,
as the human oA is not a well-studied protein and little data exist regarding its structure and function.
The results of this work highlight the important role that sHsps have in regulating protein aggregation.
Here we provided quantitative data on the backbone flexibility of individual residues in the C-terminal
extensions of aA. In addition, the role of the C-terminal prolines in modulating the structure and function
of aAwas assessed and we found thatthe all proline residues (P160, P167, P171) withinthe CTR undergo
cis-transisomerization, butalsothat P160leads toanincrease in a3-strand structure in residues 159-162.
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We speculate that cis-trans proline isomerization is a feature of those mammalian sHsp CTRs that are
flexible, in particular aA, aB and HSP27 and given the fact that these human sHsps have the most
widespread expression, are up-regulated during cell-stress conditions and have the largest number of
interactors (Mymrikov et al. 2017; Kampinga et al. 2015), it is possible that the dynamic fluctuations of
their CTRs play an important role in their canonical sHsp chaperone activity and oligomerization.

Overall, the results of the work presented here emphasise the key role the quaternary structure has on
the function of these mammalian sHsps, both of which are crucial parts of the network that acts to
maintain proteostasis in cells. A better understanding of the mechanisms involved in regulating the
structure-function relationship of sHsps provides new targets for therapeutic development. Enhancng
the ability of sHsps to inhibitand prevent protein aggregation may one day lead to the developmentof a
drug to treat a range of devastating neurodegenerative diseases.
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7.1. Vector Maps

Appendix

Supplementary Table S1. The vector maps and the multiple cloning site of the commercially available
vector pET28a(+) and pET-30 Ek/LIC (Novagen), which wereused in the scope of this thesis for expression

and cloning purposes.

pET-28a(+) sequence landmarks

T7 promoter 370-386
T7 transcription start 369
His+Tag coding sequence  270-287
T7+Tag coding sequence 207-239

Bpu1102 I(80)

Xho l{158)
Not 1{166)
Eag l(166)
Hind Hi{173)
Sal I(179)
Sac 1{190)
EcoR I(182)
BamH I{198)
Nhe lI{231)
Nde l{238)

Multiple cloning sites Dra Ill5127) Nco I(26)
(BamH 1- Xhol) 158-203 Xba 1(335)
His-Tag. coding sequence 140-157 Bgégﬁioc(ia}

T7 terminator 26-72 Sph I(598)
lacl coding sequence 773-1852

pBR322 origin 3286

Kan coding sequence 3995-4807 Pvu 1{4426)

f1 origin 4903-5358 Sgf I{4426)

Sma l{4300)
The maps for pET-28b(+) and pET-28c(+)

are the same as pET-28a(+) (shown) with
the following exceptions: pET-28b(+) is a
5368bp plasmid; subtract 1bp from each site
beyond BamH 1 at 198. pET-28c(+) isa
5367bp plasmid; subtract 2bp from each site
beyond BamH I at 198.

Cla li4117)
Nru (4083)

PET 2880

Eco57 1(3772)

AlwWN 1(3640)

BssS I(2397)

BspLU11 1(3224)
Sap (3108)

Bst1107 I(2095)

Tth111 I(2069)

Mlu I(1123)
Bl I{1137)

BstE 1l(1304)
Apa I(1234)

(29| -gL1) O&

BssH ll{1534)
EcoR V(1573)
Hpa I(1629)

PshA I{1968)

Bgl 1(2187)
Fsp l(2205)
Psp5 11{2230)

T7 promoter primer #69348-3
-

pET upstrgaﬂlpnmer #69214-3 T7 promoter lac operator Xbal tbs

GAAAGGAAGCTGAGTTGGECTGCTGCCACCECTGAGCAATAACTAGCATAACCCCTTGREGCCTCTAAACGEETCTTRAGEERTTTTTTG
_—
T7 terminator primer #59337-3
pET-28a-c(+) cloning/expression region

AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGCAATTGTGAGC GEATAACAATTCCCCTCTAGARATAATTTTGTTTAACTTTAAGAAGGAGA
Neo | “Tag Noe | _Nhel T7-Tag
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGECCTEGRTGCCGCGCEGCAGCCATATCOCTAGCATGACTGGTGGACAGLAA
MetGlySerSerHisHisHisHisHisHi s5erSerGlyLeuVa chArgllySerHisMetAlaSerMetThrGlyGlyGIinGin
Eagl thrombin
BamH | EcoR | Sacl Sall Hipdlll _ Notl  Xhol His*Tag
GCGGATCCGAATTCEAGCTCCOTCGACAAGCTTGLGECCELAC CACCACCACCACCACCACTGAGA pET-28al+|
ySerGluPheb luleubrghrgGinAlaly sG]y aProProProProProleudrgle
CGAATTCGAGCTCCGTCGACAAGCTTGCEEC CACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCC  pET-28b(<)
AznSerSers plysLeuAlablalla luHisHisHisHisHisHisEnd
GATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGECCGCACTCGAGCACCACCACCACCACCACTGAGATCCGRLTGC TAACAAAGCCL pET-28c |~}
GlyArglleArgl leArghloProSerThrSerLeuhrgProHisSerSerTheThrTheThrThrThrGlul leArgleuleuThrlysPro. .
Bpul102 | T7 terminator




Appendix

Table continued.

pET-30 EK/LIC sequence landmarks

T7 promoter 436-452 Xho I158)
T7 transcription start 435 an‘t; |l([1':,;]
His*Tag coding sequence  344-361 E;T‘rl::!‘!)}ni
S+Tag coding sequence 266-310 Sac I(190)
Multiple cloning sites E‘;,';,ﬁ'i}f ;;:,
(BseR 1- Xhol) 158-224 EcoR Vi206)
Nco l{211)
HiseTag coding sequence  140-157 Srf I(230)
T7 terminator 26-72 E:?‘R"Eggf)
Iacl coding sequence 843-1922 Bpu1102 Igo} | Bal ll258)
n.g. . q Dra Ill{5157) N? Viass)
pBR322 origin 3356 Nde I(363)
Kan coding sequence 4065-4877 Xba l401)
f1 origin 4973-5428

SgrA lis12)
Sph |ig88)
Note: the Srf1 site is destroyed during

Ligation Independent Cloning. Pyu l(a498)
Primer sequence extensions required for
LIC compatibility are underlined in the
diagram below.

Nru I{4153)

stat  insert  gtop
senge.  TAACCBBGCTTCTCCTC 3
c.anti. . ATIGGCCCGAAGAGGAG 5

BstE ll(1374)
Apa |(1404)

pET-30 Ek/LIC
(5439bp)

& GACGACGACAYN
3 CTRCTGCTGTTCT

(261-gpg) 100\

T4 DNA pol + dATP Eco57 I(3s42) BssH lI(1604)

GACGACGACAAGATG . . sense. . TAA AlwN 1(3710) Hpa l(1695)
AC. . anti .. ATTGOCCCGAAGAGEAG
+
GaT CCGEGCTTCTCCTCA
M i ToeToCTGTICT B my BssS lj457) PshA |(2038)
Ek/LIC vecior BspLUT1 ";29“i ’ Bgl l{2257)
B&ta1p1 é;" E}]ﬁs) Fsp I(2275)
EKILIC overhangs Psp5 ll{zaon
° Tth111 I(a039) PO Hliz300)
T7 promoter primer #69348-3
EF:T‘I-.IDS"BBI'H primer #69214-3 T7 promoter lac operator Xbal rbs

AGATCGATCTCGATCCC R GAAATTAATACCACTCACTATAGGGGAATTGTCAGCGLATAACAATTCCCCTCTAGARATAATTTTETTTAACTTTAAGAAGGAGA
SeTag primer #69945-3
T
S-Tag Nsp Balll
TGCCACGCGETTCTGETATCAAACAAACCGCTGCTGCTAAATTCCAACGCCAGLACAT

Nde |
TATACATATGCACCA

TCATCATTCTTC

L CCAGATCTG
MetHisHicHisHicHisH I sSerSe alProArgGlySerGlyMetlysGluThrAlodlablalysPheClubrgGinHisMetispSerProdspleu
— E
LIC site thrombin Eagl
* Srfl BseR | Neol EcoRV BamH| EcoR| Sac| Sall  Hind Il Notl Xho |
ACAAGAGCCCGGGCTTCTCCTCAACCATGGLGATATCGRATCCGAATTCGAGE GTCGACAAGCTTGCGGCCGCACTCGAG
5| pLysSerProGlyPhe3erSerThrMetd ol leSerAspProAsn3erSer3ervValAsplysleudloAladlaleuGlu
enterokinase
His*Tag Bpull02 | T7 terminator

CCACCACCACCACTGAGATCCGGCTCLTAACAAAGCCCGAAAGGAAGCTGAGTTGECTGCTECCACCOCTGAGCAATAACTAGCATAACCCCTTEREGCCTCTA
csHigHigHizEnd

-—
T7 terminator primer #59337-3
AACGOGTCTTGAGGGGTTTTTTE

pET-30 Ek/LIC cloning/expression region
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7.2. Primer Sequences for Site-directed Mutagenesis

Supplementary Table S2. Protein parameters given from ProtParam.

Protein Name Primer Sequence (5’ - 3’)
Forward pET28 o B-6E_C-term_Histag | GTCACCGCAGCCCCCAAGAAAGCGGCCGCACTCGAGCACCAC
Reverse pET28 o B-6E_C-term_Histag | GTGGTGCTCGAGTGCGGCCGCTTTCTTGGGGGCTGCGGTGAC

Forward pET28 o.B-E19D_E21D GCCCCTTCTTTCCTTTCCACGACCCCGACCGCCTCTTCGACCA
Reverse pET28 aB-E19D_E21D TGGTCGAAGAGGCGGTCGGGGTCGTGGAAAGGAAAGAAGGGGC
Forward pET28 o.B-E43D_E45D ATCTTTTCCCGACGTCTACTGACCTGGACCCCTTCTACCTTCG
Reverse pET28 o B-E43D_E45D CGAAGGTAGAAGGGGTCCAGGTCAGTAGACGTCGGGAAAAGAT
Forward pET28 o.B-E53D CCTTCTACCTTCGGCCACCCGACTTCCTGCGGGCACCCGACTG
Reverse pET28 aB-E53D CAGTCGGGTGCCCGCAGGAAGTCGGGTGGCCGAAGGTAGAAGG
Forward pET28 o.B-E59D CCGACTTCCTGCGGGCACCCGACTGGTTTGACACTGGACTCTC
Reverse pET28 o B-E59D GAGAGTCCAGTGTCAAACCAGTCGGGTGCCCGCAGGAAGTCGG

7.3. Protein Sequences

Supplementary Table $S3. Amino acid sequencesof relevant proteins usedin this work are listed here. The
accession codes in the Uniprot database (Jain et al. 2009) are also given in brankets.

Protein Name Number Sequence (5’ - 3’)
of Residues
AB (1.40) (PO5067) 40 DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA [IGLMVGGVV
o B-WT (P02511) 175 MDIAIHHPWI| RRPFFPFHSP SRLFDQFFGE HLLESDLFPT STSLSPFYLR PPSFLRAPSW

FDTGLSEMRL EKDRFSVNLD VKHFSPEELK VKVLGDVIEV HGKHEERQDE HGFISREFHR
KYRIPADVDP LTITSSLSSD GVLTVNGPRK QVSGPERTIP ITREEKPAVT AAPKK

o B-SNTD 117 MWEFDTGLSEM RLEKDRFSVN LDVKHFSPEE LKVKVLGDVI EVHGKHEERQ DEHGFISREF
HRKYRIPADV DPLTITSSLS SDGVLTVNGP RKQVSGPERT IPITREEKPA VTAAPKK

o B-10m 91 MFDTGLSEMR LEKDRFSVNL DVKHFSPEEL KVKVLGDVIE VHGKHEERQD EHGFISREFH
RKYRIPADVD PLTITSSLSS DGVLTVNGPR K

o B-6E 175 MDIAIHHPWI RRPFFPFHEP ERLFDQFFGE HLLESDLFPT STELEPFYLR PPEFLRAPEW

FDTGLSEMRL EKDRFSVNLD VKHFSPEELK VKVLGDVIEV HGKHEERQDE HGFISREFHR
KYRIPADVDP LTITSSLSSD GVLTVNGPRK QVSGPERTIP ITREEKPAVT AAPKK

aB-6E_C-term_Histag 186 MDIAIHHPWI RRPFFPFHEP ERLFDQFFGE HLLESDLFPT STELEPFYLR PPEFLRAPEW
FDTGLSEMRL EKDRFSVNLD VKHFSPEELK VKVLGDVIEV HGKHEERQDE HGFISREFHR
KYRIPADVDP LTITSSLSSD GVLTVNGPRK QVSGPERTIP ITREEKPAVT AAPKKAAALE
HHHHHH

o.B-6D 175 MDIAIHHPWI| RRPFFPFHDP DRLFDQFFGE HLLESDLFPT STDLDPFYLR PPDFLRAPDW
FDTGLSEMRL EKDRFSVNLD VKHFSPEELK VKVLGDVIEV HGKHEERQDE HGFISREFHR
KYRIPADVDP LTITSSLSSD GVLTVNGPRK QVSGPERTIP ITREEKPAVT AAPKK

aA-WT (P02489) 173 MDVTIQHPWF KRTLGPFYPS RLFDQFFGEG LFEYDLLPFL SSTISPYYRQ SLFRTVLDSG
ISEVRSDRDK FVIFLDVKHF SPEDLTVKVQ DDFVEIHGKH NERQDDHGYI SREFHRRYRL
PSNVDQSALS CSLSADGMLT FCGPKIQTGL DATHAERAIP VSREEKPTSA PSS

aA-ACD_CTE 93 MSEVRSDRDK FVIFLDVKHF SPEDLTVKVQ DDFVEIHGKH NERQDDHGY! SREFHRRYRL
PSNVDQSALS CSLSADGMLT FCGPKIQTGL DAT
lysozyme 129 KV FGRCELAAAM KRHGLDNYRG YSLGNWVCAA KFESNFNTQA TNRNTDGSTD

YGILQINSRW ~ WCNDGRTPGS  RNLCNIPCSA  LLSSDITASV ~ NCAKKIVSDG
NGMNAWVAWR NRCKGTDVQA WIRGCRL



7.4. Protein Parameters

Appendix

Supplementary Table S4. Molar extinction coefficients and molecular weights (Gasteiger et al. 2003) of
relevant proteins are given in table. Molecular weights were calculated in consideration of the different
isotopic labeling schemes (http://protcalc.sourceforge.net/). These parameters were used for the
photometric determination of protein concentration.

Protein Number Isoelectric € Mw Isotope
Name of Residues Point (pl) (M cm?) (Da) labeling
AB (1.40) (PO5067) 40 5.31 1490 4330 | unlabeled
4515 15N
4712 13C, 15N
oB-WT (P02511) 175 6.76 13980 20159 | unlabeled
20410 5N
21318 13C, 15N
22712 | 2H,13C, 15N
o B-SNTD 117 6.52 6990 13320 | unlabeled
13487 15N
o B-10m 91 5.92 1490 10448 unlabeled
10587 5N
o.B-6E 175 5.72 13980 20411 | unlabeled
20661 5N
21582 13C, 15N
o,B-6E_C-term_Histag 186 5.99 13980 21689 | unlabeled
21962 5N
oB-6D 175 5.70 13980 20327 unlabeled
20577 5N
o A-WT (P02489) 173 5.77 14565 19909 | unlabeled
20150 5N
21037 13C, 15N
oA-ACD CTE 93 5.63 2980 10685 | unlabeled
B 10819 15N
lysozyme 129 9.32 37970 14313 | unlabeled

7.5. Structure of Precursors for ILV Labeling

2-Keto-3-(methyl-d,)-butyricacid-4-'3C,3-d sodiumsalt, 97 atom % D, 99 atom % *3C, 97% (CP)

DsC D O
Hs'3C

O

ONa

2-Ketobutyricacid-4-13C,3,3-d, sodium ssalt hydrate, 99 atom % 3C, 98 atom % D, 98% (CP)

DD O
1°CH3

O

ONa

. XH20


http://protcalc.sourceforge.net/

Appendix

7.6. Chemical Shifts of the CTR of the Wild-type a.A-crystallin

Supplementary Table S5. *H, 3Cand >N chemical shifts (in p.p.m.) of aA—crystallinin 100mMHEPES/KOH
pH 7.4 at 300 K as obtained by solution —state NMR spectroscopy.

Residue
G149
L150
D151
Al52
T153
H154
A155
E156
R157
A158
1159
V161
S162
R163
E164
E165
K166
T168
S169
Al70
S172
S173

Hn
8.42
8.07
8.30
8.19
8.08
8.09
8.06
8.37
8.14
8.16
8.05
8.15
8.32
8.41
8.33
8.38
8.33
8.28
8.17
8.26
8.41
7.90

NH
110.80
121.53
120.73
124.49
112.13
120.93
124.63
119.92
121.61
125.28
122.17
120.52
119.61
123.63
122.03
123.11
123.77
114.74
117.91
127.11
116.55
122.84

c'
171.59
174.54
173.54
175.52
172.09
172.40
175.07
173.85
173.01
174.56
171.96
173.58
171.71
173.25
173.50
173.41
171.67
171.88
170.88
172.72
171.07
175.83

Ca
42.79
52.53
51.51
50.28
59.97
53.65
50.10
54.06
53.20
49.55
55.90
59.52
55.36
53.50
53.64
53.52
51.33
59.26
55.28
47.81
55.61
57.27

Ha

4.18
4.26
4.48
4.24
4.14
4.52
4.20
4.16
4.24
4.25
4.36
4.02
4.40
4.30
4.21
421
4.55
4.26
4.40
4.55
4.40
4.20

miscellaneous

1.49 (HP1), 1.54 (HP2), 24.34 (Cy), 22.23 (C51), 20.7 (C&2)
2,57 (HB1), 2.62 (HB2)
1.31 (HB)
4.10 (HP), 1.08 (Hy), 18.82 (Cy)
3.00 (HB1), 3.12 (HB2)
1.29 (HB)
1.89 (HB1), 2.22 (HP2), 33.5 (Cy)
1.79 (HP1), 1.55 (HP2), 24.37 (Cy), 3.12 (H3), 40.77 (C?)
1.27 (HB)

1.77 (HP), 0.87 (Hy), 14.38 (Cy), 0.78 (H3), 10.00 (C3)
1.98 (HP), 0.89 (Hy)1, 17.87 (Cy1), 0.88 (Hy2), 18.43 (Cy2)
3.77 (HB)

1.67 (HP), 3.12 (H3), 40.56 (C5)

1.83 (HP), 2.14 (Hy), 33.51 (Cy)

1.94 (HP), 2.18 (Hy), 33.54 (Cy)

1.64 (HP), (HB1), 1.74 (HB2), 1.37 (Hy), 21.81 (Cy)
4.16 (HP), 1.17 (Hy), 18.76 (Cy)

3.77 (HB)

1.29 (HB)

3.85 (HB)

3.78 (HP)
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