LUND UNIVERSITY

Self- and co-assembly of the amyloid suppressing chaperone DNAJBG6b

Carlsson, Andreas

2026
Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Carlsson, A. (2026). Self- and co-assembly of the amyloid suppressing chaperone DNAJB6b. [Doctoral Thesis

(compilation), Biochemistry and Structural Biology]. Lund University.

Total number of authors:
1

Creative Commons License:
CC BY

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/cbd1a2d1-3028-47f5-ae74-86ad1b130c55

Download date: 10. Mar. 2026



Self- and co-assembly of the amyloid
suppressing chaperone DNAJBG6b

ANDREAS CARLSSON
BIOCHEMISTRY AND STRUCTURAL BIOLOGY | FACULTY OF SCIENCE | LUND UNIVERSITY

s







Self- and co-assembly of the amyloid suppressing chaperone

DNAJB6b






Self- and co-assembly of the
amyloid suppressing

chaperone DNAJB6b

by Andreas Carlsson

LUND

UNIVERSITY

Thesis for the degree of Doctor of Philosophy
Thesis advisors: Prof. Sara Linse, Prof. Ingemar Andé, Dr. Thom Leiding
Faculty opponent: Prof. Daniel Otzen

To be presented, with the permission of the Faculty of Science of Lund University, for
public criticism in Lecture hall KC:A, Kemicentrum at the department of chemistry on

Friday, the 277th of March 2026 at 9:00.



DOKUMENTDATABLAD enl SIS 61 41 21

Organization Document name

LUND UNIVERSITY DOCTORAL DISSERTATION
Biochemistry and Structural Biology Date of disputation

Box 124 2026-03-27

SE—221 oo LUND Sponsoring organization

Sweden

Author(s)

Andreas Carlsson

Title and subtitle
Self- and co-assembly of the amyloid suppressing chaperone DNAJB6b

Abstract

The clustering of certain proteins into oligomers and fibrils, known as amyloids, underlies the pathology of diseases
such as Alzheimer’s disease, Parkinson’s disease, and type 2 diabetes. These processes are counteracted by the
cellular protein quality control system, which includes molecular chaperones that interact with disease-associated
proteins. One such chaperone is DNAJB6b, which has gained increasing attention over the past decades due to
its observed importance in maintaining low levels of harmful protein aggregates.

This thesis aims to deepen our understanding of how DNAJB6b behaves on its own in solution and how
it suppresses amyloid formation. The self-assembly of DNAJBG6b was investigated under varying solution
conditions, revealing that the chaperone readily forms oligomers with a broad size distribution. Monomers
are in equilibrium with these oligomers, and the self-assembly resembles that of micelle formation, with an
observed critical micelle concentration of approximately 120 nM at room temperature, pH 8.0, and moderate
ionic strength. We found that the oligomeric state is virtually inactive in amyloid suppression compared to
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Science is like mushroom-picking:
The more careful we are, the less dirt we need to wash away later.
The more knowledge we have, the safer we feel in digesting it.

There is always more to find if we are willing to go searching.
It feels good to have a basket full of it!

- Andreas Carlsson
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Populirvetenskaplig sammanfattning

Den hir avhandlingen handlar om en del av kroppens férsvar mot sjukdomar sasom
Alzheimers, Parkinsons, diabetes typ 2, och ALS. Dessa sjukdomar har gemensamt
att vissa proteiner i kroppen klumpar ihop sig till langa tridar, kallade amyloider, vil-
ket 4r starke kopplat till sjukdomarnas forlopp. Amyloider kan bildas i flera delar av
kroppen och bestd av ménga olika typer av proteiner, men vi kommer fokusera pa
tva proteiner som bildar amyloider i hjirnan och di leder till Alzheimers sjukdom.
Dessa tva proteiner heter fau och amyloid beta. Tau bildar fibriller inne i nervcellerna
och amyloid beta runt om (ofta kallat f6r plack). D4 detta hinder skadas nervcellerna.
Forst tappar de funktion och sedan dor de helt. Detta kallas for neurodegeneration
och leder till typiska symptom sdsom minnesbesvir och problem med vardagssysslor.

Kroppen har medel for att motverka det spontana bildandet av amyloider. Det finns
en typ av proteiner som ir specialiserade pa att hjilpa andra proteiner att “bete sig kor-
rekt”, och passande nog kallas dessa f6r chaperoner, vilket kan Gversittas till beskyddare
pa svenska. For att forsta vad jag menar med “bete sig korrekt” maste vi forst forstd
nagra grundliggande aspekter av proteiner. Ett protein ir uppbyggt av aminosyror som
ir sammanlinkade till en ling kedja. Vi har 20 olika sidana aminosyror som alla har
unika egenskaper, sasom storlek, laddning och hur vil de loser sig i vatten. Om dessa
aminosyror kedjas efter varandra (vilket hinder i kroppen nir ett protein tillverkas)
si kommer vissa aminosyror vilja vara nira varandra och andra lingt ifrin varandra.
Detta leder till att proteinet formar sig till en viss struktur, det far en viss veckning.
Eftersom aminosyrorna kan kombineras i nirmast odndlighet sa kan en otrolig mingd
olika proteiner skapas i kroppen. Vi har runt 10 0oo olika proteiner, som alla har sin
unika veckning, av evolutionen anpassad for att utfora en viss biologisk uppgift. Men
vissa proteiner behdver hjilp med att hitta sin ritta veckning nir de skapas, och vissa
behéver forhindras att senare felveckas. Det dr detta chaperonerna fixar!

Lat oss nu gé tillbaka till de tva proteinerna, tau och amyloid beta, som veckar sig
felaktigt vid Alzheimers sjukdom och d& klumpar ihop sig till toxiska amyloider. Det
chaperonprotein som den hir avhandlingen handlar om, DNA/B6 (eller enklare, JB6),
forhindrar amyloiderna fran att bildas, och dirmed haller oss friska. Arbetet i den hir
avhandlingen handlar om att f6rsoka f6rsta hur JB6 lyckas med sin viktiga uppgift.
Genom att undersdka detta vil och lira oss hur JB6 binder till tau och amyloid beta
— vilket férhindrar bildandet av amyloider — s kan vi bade fa en bittre biologisk
basforstaelse, samt en mojlighet att hirma chaperonernas effekt med nya likemedel
mot Alzheimers sjukdom.

Sé vilka forskningsframsteg har innehallet i den hir avhandlingen bidragit med? For
att illustrera detta kan vi anvinda oss av en liknelse ddr hjirnan ir en skog och Alz-
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heimers ett insektsangrepp som langsamt tar dd pa skogen. I skogen finns ett skyggt
djur som pa nagot sitt lyckas hilla skogen frisk. For att forsta hur detta djur gor skulle
vi kunna sitta upp 6vervakningskameror i skogen, och om vi ser att djuret sticker ut
en ling tunga och fingar de skadande insekterna s har vi fatt ett tydligt svar pa var
fraga och skulle kunna gé vidare till nya intressanta frigestillningar.

Det som hindrar oss frdn att anvinda ett liknande tillvigagangsitt for att forstd hur
JB6 fungerar ir att proteiner ir s otroligt smd — bara nigra nanometer stora. Det
dr ungefir sd tunt ect harstrd skulle bli om du klyver dess tjocklek i 10 0oo delar. Det
ar mycket mindre dn det synliga ljusets vaglingd och dirf6r kan ingen kamera eller
ljusmikroskop se si smé saker. Vi dr ddrmed tvungna att ta till knep for att ldra oss
om JB6. Man kan likna det vid att vi forsoker mita allt méjligt pa djuret med ling
tunga: vi undersoker om det ar ett flockdjur, méter hur mycket det viger, hur snabbt
det springer, ser vilka andra djur som finns i nirheten, osv. Om vi utan forkunskaper
forsoker mita hur mycket djuret okar i vike efter en maltid for att forsta vad det dter,
kanske vi rikar mita tvd djur samtidigt och da felaktigt drar slutsatsen att det dter
nagot som ir ungefir lika stort som sig sjilv. I virsta fall kanske vi inte ens vet om det
ar rdce djur vi miter pa.

Men om vi har riktigt bra koll pé vért system kan vi lira oss mycket av precisa mit-
ningar. En liten vikt6kning pd djuret nir vi systematiske tillsdtter en insekt ger oss en
bra indikation pa att djuret dter insekter, exempelvis. Det dr den hir typen av grund-
liggande undersokningar jag har gjort pa JB6. Faktum ir att dven om proteinerna ir
sd sma si kan vi med avancerade tekniker gora métningar av dess storlek och vikt. Jag
har pé det hir viset insett att JB6 befinner sig ensamt vid lig halt, och bildar ansam-
lingar pa ca 30 st vid hogre halter. Dessa storre ansamlingar kallar vi for miceller och
de verkar fungera som reservoarer som slipper ifrdn sig enskilda JB6 molekyler, vilka
da kan binda in till amyloiderna och forhindra vidare amyloidtillvixt. Jag har sett att
JB6 bade kan forhindra amyloidbildning av tau och amyloid beta i provrér, och att
JB6 gor detta med en oerhérd effektivitet. Bara en JB6 molekyl per 1000 av amyloid
beta eller tau ger en mitbar f6rdrojning i amyloidtillvixt. Frin detta kan vi dra slut-
satsen att JB6 binder till sma amyloider, innan de blir linga fibriller, och eftersom alla
amyloider maste borja smé och vixa sig stora, sd kan JB6 bromsa bildandet i den hir
flaskhalsen av processen.
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Abbreviations

AR 42 amyloid 3 42

AD Alzheimer’s disease
AFM atomic force microscopy
APR amyloid prone region
ATP adenosine triphosphate

AUC analytical ultracentrifugation
BSA bovine serum albumin
CD circular dichroism
cme critical micelle concentration
CTD C-terminal domain
EM electron microscopy
HPLC high-performance liquid chromatography
IDP intrincically disordered protein
IR infrared

JB6  DNAJB6b
JD J-domain

k, primary nucleation rate constant
k, secondary nucleation rate constant
k, elongation nucleation rate constant
MDS microfluidic diffusional sizing
MP mass photometry
N aggregation number
NEF nucleotide exchange factor
NMR nuclear magnetic resonance
NTD N-terminal domain
Ry hydrodynamic radius

SDS PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis
t1/2 half time of aggregation
ThT thioflavin T
uv ultraviolet
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Chapter 1

Introduction

The aim of this thesis is to deepen our understanding of an important element of
the body’s natural defense against neurodegenerative diseases such as Alzheimer’s and
Parkinson’s, namely the chaperone protein DNAJB6b (hereafter referred to as JB6).

Several severe diseases have in common that certain proteins aggregate into fibrils, a
process closely linked to disease pathology. The most common form of dementia,
Alzheimer’s disease (AD), is one such condition. In AD, two amyloid-prone peptides
— amyloid 3 and tau — are considered major hallmarks of the disease [1]. These pep-
tides assemble into fibrillar aggregates known as amyloids, which are toxic to neurons
and ultimately cause them to lose function and die. Although amyloid formation oc-
curs rapidly iz vitro at concentrations similar to those found in the body, the disease
develops in the time scale of many decades. Hence, the body clearly have endogenous
cooping mechanisms to prevent AD. Such mechanisms include chemical degrada-
tion, specialized cell types (astrocytes [2] and microglia [3]) and chaperone proteins,
sometimes referred to as molecular chaperones [4, s].

In other words, the body has regulatory systems that maintain a healthy protein bal-
ance (proteostasis), but these systems can fail — more frequently with age and in
individuals with lifestyle-related risk factors such as smoking or insufficient physical
activity [6]. Understanding how these endogenous protective mechanisms work is
key to understanding why diseases develops, and may also inspire strategies for de-
signing new medical drugs. One particularly potent amyloid-suppressing chaperone
is JB6. About a decade before this thesis work began, JB6 was discovered to play a
crucial role in preventing amyloidogenesis in cells [7] and in mice [8]. In vitro studies
further showed that JB6 is a strong inhibitor of aggregation by both polyglutamines
[9] and the amyloid 3 peptide (AB42) [10]. These promising findings have motivated



further research on JB6, forming a foundation on which the present thesis builds. The
choice to study JB6 is further supported by its exceptional potency in suppressing tau
accumulation in cells, as demonstrated in a screening study of so different chaperones
[11] and in comparisons among J-domain proteins (JDPs) [12].

The question of how JB6 functions as a chaperone is complex. It involves both its bi-
ological interactions with multiple cellular components and its specific physicochem-
ical interactions with disease-related proteins. Further complicating matters, both the
amyloids and JB6 self-assemble into their own different structures, and knowledge of
which state interacts with which is needed to study the interplay in detail. By dissect-
ing the problem into smaller pieces which we can learn to understand, we can build
the knowledge "bottom up” and hopefully end up with a solid understanding that
can be used to fight diseases such as AD.

A major strength of in vitro studies, which this thesis work comprises, is that many
parameters can be precisely controlled, enabling unknown variables to be isolated and
understood. For this reason, Papers i and iii of this thesis investigate the self-assembly
of JB6 in detail. The aggregation of amyloids in the absence of chaperones has already
been extensively studied and is not a primary focus here. In Paper ii, we examine
whether JB6 acts in its oligomeric form or as dissociated subunits. With an under-
standing of how both the chaperone and the amyloid protein behave independently,
as well as which state of JB6 is functionally active, we are finally prepared to address
how JB6 prevents the aggregation of the tau protein — a process closely linked to AD
pathology. This question is explored in Paper iv. In Paper v, we probe a binding of
JB6 to amyloid oligomers, which are believed to be crucial in AD.



Chapter 2

Background

Proteins

Living organisms consist of many different chemical compounds that work together
in intricate ways to build, move, and adapt the organism. Deoxyribonucleic acid
(DNA) is commonly referred to as the code of life, whereas proteins can be seen as
the workers and building blocks that carry out the mechanisms and processes that
make the organism /ve.

Proteins consist of amino acids linked together by covalent peptide bonds into long
chains, often hundreds of residues in length. Figure 2.1 illustrates the composition
and structure of proteins, from individual atoms to an entire folded protein. When
a protein is synthesized in a process called translation, the genetic code is converted
into amino acids, providing a blueprint that dictates the order of the building blocks.
This order is known as the primary structure. Once an amino acid is incorporated into
the chain, it is referred to as a residue since a water molecule is released in the process.
Human proteins are built from 20 amino acids, each with unique physicochemical
properties. These can be categorized in various ways, for example as uncharged, pos-
itively or negatively charged, polar or apolar, aromatic, or small versus bulky [13].

The diverse characteristics of the amino acids form the basis for how the peptide chain
arranges itself in space [13, 14]. For instance, in a polar environment such as water,
hydrophobic residues tend to be buried inside the structure, whereas charged residues
must be electrostatically stabilized by opposite charges or electric dipolar moments.
The peptide bond has restricted flexibility due to partial double-bond character and
steric hindrance [13], meaning that some backbone conformations (dihedral angles)
are preferred while others are sterically impossible — commonly visualized in a Ra-



machandran diagram [13]. How the chain twists along its backbone defines the sec-
ondary structure. The side chains will be arranged to avoid steric clashes, and all hydro-
gen donors and acceptors need to be hydrogen bonded within the protein or water.
Helices and (3-sheets are common secondary-structures that satisfy these constraints
for certain sequences [13, 15, 16]. How these structures associate in three dimensions
defines the tertiary structure, often referred to as the fold of the protein. When a part
of a protein has a stable fold regardless of the rest of the protein, the part is called a
domain [13]. When it is not thermodynamically favorable for a protein, or part of a
protein, to adopt a stable three-dimensional structure, the result is a highly flexible
chain that interacts extensively with the solvent. If this is the case under physiolog-
ical conditions, the protein is classified as an intrinsically disordered protein (IDP)
[17, 18].
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Figure 2.1: The composition and structure of proteins. Two amino acids joined by a peptide bond are shown
with all backbone atoms visible and the side chain indicated as an R with a distinct shape to symbolize the di-
versity of side-chain properties. The sequence order forms the primary structure and the twist of the backbone
defines the secondary structure. The fold of the protein as a whole gives the tertiary structure, represented
here as an AlphaFold2 structure prediction of DNAJB6b [19, 20], with (-sheets in yellow, helices in red, and
the rest in green. The protein surface (determined as the solvent accessible area) is shown semi-transparently,
using the software PyMol.

A short chain of coupled amino acids is often referred to as a peptide, but it may
alternatively be defined as an unfolded amino acid residue chain. In contrast, a protein
can be defined as a longer chain, or having a folded structure. There is no strict cut-off
between the two terms, and they are sometimes used interchangeably in this thesis.



Protein folding

Both the internal folding of proteins and their association with one another are mainly
governed by non-covalent interactions [13]. These interactions depend on the chem-
ical composition and spatial configuration of the polypeptide chain, as well as of the
local environment (such as pH, dielectric properties, ionic strength, and tempera-
ture). The exception is the disulfide bond between two cysteines, a covalent linkage
that can strongly stabilize specific folds [21]. The resulting fold may be more or less
well folded or dynamic. Depending on the pathway of folding (sometimes referred to
as a folding funnel), these states may reside in a local or global free energy minimum.

The net free energy difference between the folded and unfolded state is a result of large
opposing contributions from entropy and enthalpy [14]. The net-resulting protein
stability is delicate, and thus, all contributing forces matter for determining the bal-
ance between folded and disordered states. While several interactions contribute, the
hydrophobic effect is generally regarded as the dominant driving force in protein fold-
ing. It arises from the free energy penalty in ordering water molecules around apolar
patches of the protein, which promotes the burial of hydrophobic residues within the
protein interior [22, 23]. To achieve a well-defined fold, all hydrogen bonds must be
satisfied, since the energetic penalty for an unsatisfied hydrogen bond is high, and such
conformational states will therefore not be populated to any notable extent [24, 25].
Similarly, isolated ionic groups of the protein will not be buried in a low-dielectric
environment, such as hydrophobic parts of the protein, since the electric field of ions
need shielding by counter ions and/or molecules with strong electric dipole moments
which can order themselves to counteract the electric field [13].



Self-assembly

The phenomenon of molecules that cluster/assemble via non-covalent intermolecular
interactions has been studied at least since the early 20th century, as evident from the
work of Irving Langmuir in 1916 [26]. These interactions operate at the intersection
of chemistry, physics, and biology. What follows in this section is a brief introduction
to general aspects of self-assembly, and explanations of some key concepts that will

appear throughout this book.

As a start, we categorize different kinds of self-assembly. Depending on the physico-
chemical and geometrical properties of the molecules in question, as well as solution
interactions, they may form aggregates in different dimensions, as illustrated in Figure
2.2. In one case, the molecules are stacked on each other in one dimension, forming a
linear aggregate, which may be referred to as a fibril or a fiber. This is fairly common
in nature and can be related to both biological function and dysfunction/pathology.
Disease-related examples include amyloid formation in diseases such as Alzheimer’s
and Parkinson’s (which will be discussed in depth later), and a variant of hemoglobin
that causes sickle-cell fiber formation [27]. However, some linear aggregates have
biological functions [28], such as storage of peptide hormones [29], antimicrobial ac-
tivity [30], fertilization [31], bacterial biofilm formation [32], and keratins [33]. On
the length scale of a monomer, these structures are virtually infinitely long.

3D growth, finite size
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Figure 2.2: Molecules can interact with intermolecular interactions to form aggregates in different orienta-
tions, depending on their physicochemical properties and geometry. The schematics show a few examples of
how this may be manifested.

In membrane structures, such as the phospholipid membranes that compartmentalize



cells, or in surface adsorption of amphiphilic molecules, the self-assembly is mainly
two-dimensional. As with fibrils, the membranes or films can grow to infinite sizes
compared to their subunits.

Some molecules — we will focus on proteins in particular — can assemble in three
dimensions, forming clusters that can vary greatly in composition, structure, size, and
function. In extreme cases, the proteins prefer to exist in an own phase rather than
as solutes in the continuous phase, and as a consequence they cluster into infinite
aggregates, often amorphous, and “fall out of solution”, precipitate. A precipitated
protein loses its native structure and function, which is not desired in biology. How-
ever, under certain solution conditions, any protein can be soluble, at least to a certain
extent. As a solute, a protein will self-assemble in a way that optimizes the free energy
of the system, which may differ depending on the protein’s physicochemical proper-
ties, the solution conditions, and possible co-solutes. The number of molecules that
self-assemble into one particle is called the aggregation number, N.

Another important concept is oligomer. The term oligomer is used and defined in
many different ways, but commonly refers to a self-assembly with an aggregation
number higher than one, and low enough that adding or removing a single subunit
leads to a "significant difference”, according to the IUPAC definition [34]. In this
thesis, the term will be used both for intermediate states of amyloid peptides going
from monomers to fibrils, and for non-monomeric, soluble forms of other proteins,
such as JB6. The fact that these widely different species all can be called oligomers
exemplifies how broad the definition is.

Since the oligomerization of JB6 is an equilibrium phenomenon [35], it is useful to call
these oligomers micelles, defined as colloid-sized aggregates of surface-active molecules
that exist in equilibrium with their subunits in solution [36]. Using the law of mass ac-
tion, and the fact that the chemical potential must be the same for identical molecules
in all aggregation states at equilibrium, one can show that micelles are predominantly
formed above a critical micelle concentration (cmc), and that the monomer concen-
tration does not increase greatly above this concentration [22]. The exclusion of water
from hydrophobic regions drives the self-assembly, and the amphiphilic geometry of
the subunits determines the size of the micelles [23]. The concept of protein micelles
has been applied before, for instance for a-crystallins [37] and casein [38].



Alzheimer’s disease from a molecular perspective

Dementia is a widespread societal challenge and is predicted to be more and more
prevalent, mainly due to an increasing population age [39]. Alzheimer’s disease (AD)
is the most common form of dementia [40], and extensive research has focused on
its mechanisms since Alois Alzheimer first characterized the disease in 1907 [41, 42].
In 1984, the extracellular deposits characteristic of AD were identified as aggregates
of a peptide later named amyloid 3 (Af) [43]. Despite major research efforts, the
biological processes causing AD are still not fully understood. However, the amyloid
cascade hypothesis [44, 45] or slightly modified versions of it, is still — after about
35 years since its postulation — the leading hypothesis. The core of the hypothesis
is that the disease pathology originates from the extracellular aggregation of amyloid
(3 peptides, forming amyloid fibrils (as described below). Another protein, tau, sub-
sequently aggregates intracellularly, and the disease develops with neurodegeneration
and cognitive impairment. The earliest AP aggregates typically begin to accumulate
1030 years before the onset of clinical symptoms [1, 46].

The underlying cause of AD remains debated. Several lifestyle- and health-related
factors correlate with an increased risk of developing AD, including traumatic brain
injury, obesity, smoking, physical inactivity, and aging itself [6]. However, the levels
of amyloid plaque burden and neurofibrillary tangles show direct links to specific ge-
netic variants that substantially increase the risk of AD dementia. These include mu-
tations in the A3 peptide sequence as well as genetic variations that affect A3 peptide
production, such as those seen in Down syndrome [47] and the Swedish mutant [48].

In recent years, monoclonal antibodies have been designed to bind to A3 aggregates
and provide phagocytosis of the deposits. Lecanemab [49] and donanemab [50] are
two such therapeutics which have been approved for clinical use in some regions.

Amyloid-f3

Amyloid 3 peptides are prone to aggregation into extracellular fibrillar assemblies
known as amyloid fibrils, or simply amyloids. These fibrils are defined as stacks of
proteins in a 3-sheet structure, forming one or more protofilaments that twist around
each other along the fibril axis [51]. Amyloid fibrils exhibit a characteristic cross-f3 X-
ray diffraction pattern and typically bind dyes such as Congo red and thioflavin T.
The spacing between individual 3-strands is approximately 4.7 A [52].

Extracellular deposits of AR fibrils are known as plagues. The amyloid 3 peptides are
generated by enzymatic cleavage of the membrane-bound amyloid precursor protein
(APP). Depending on the proteolytic processing pathway, peptides of different lengths



are produced, with the most common length being 40 residues (Af40). Amyloid
B 42 (AP42) is the most prevalent one in plaques [47], but also Af40 and Af343
are frequently found in the fibrils [s3]. The sequences of Af340-42, and an amyloid
structure of AP42 are shown in Figure 2.3. The structure is solved for plaque from
human brain using cryo-EM microscopy [54], PDB: 7Q4M.

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT

Figure 2.3: Sequence of the AR peptide with arrows indicating the ends of A340, 42, and 43. To the right is
a fibril structure showing five planes in an AB42 fibril, solved from human brain filaments, PDB: 7Q4M. Two
protofilaments are twisting around each other.

Tau

The main constitute of neurofibrillary tangles is the tau protein [ss]. Alternative splic-
ing of the MAPT gene yields six major tau isoforms. Near the N terminus, two seg-
ments of 29 and 58 residues may be included or excluded, denoted 1N and 2N. For
each of these three N-terminal variants, a 31-residue sequence — repeat region R2 —
may or may not be present in the C-terminal half of the protein, giving rise to either
three- or four-repeat isoforms (3R or 4R). These repeat regions (R1, R2, R3, R4) me-
diate tau binding to microtubules [56], a function essential for microtubule assembly
[s7]. The sequence of the 2N4R isoform (441 residues) is shown in Figure 2.4.



MAEPRQEFEVMEDHAGTYGLGDRKDQGGYTMHQDQEGDTDAGLKESP
LOTPTEDGSEEPGSETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPH
TEIPEGTTAEEAGIGDTPSLEDEAAGHVTQARMVSKSKDGTGSDDKK
AKGADGKTKIATPRGAAPPGQKGQANATRIPAKTPPAPKTPPSSGEP
PKSGDRSGYSSPGSPGTPGSRSRTPSLPTPPTREPKKVAVVRTPPKS
PSSAKSRLQTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQI INKKL
DLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIH
HKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPGGGNKKIETHKL
TFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGSIDMVDSP
QLATLADEVSASLAKQGL
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residues 306-378

Figure 2.4: Sequence of the 441 residue long tau protein, 2N4R, with color coding as given below the sequence.
The residues 306-378 are marked in red, which is the sequence found to compose the fibril core in AD neu-
rofibrillary tangles. Five planes of the (paired helical filament) PHF structure of AD neurofibrillary tangles [58]
(PDB: 503L) are shown next to the sequence, with two protofilaments in each fibril.

Tau is highly susceptible to phosphorylation [59, 60], and hyperphosphorylation cor-
relates strongly with tau aggregation, likely due to reduced afhinity for microtubules
[61, 62]. Although tau aggregation occurs in several neurodegenerative disorders [46],
this thesis will focus on its role in AD, where tau assembles into amyloid fibrils pre-
dominantly of two structural types: paired helical filaments (PHFs) and straight fil-
aments (SFs) [s8]. The structured fibril core comprises residues 306378, while the
remaining regions of the protein are less ordered and form a so-called fuzzy coat. A
PHEF structure consisting of two protofilaments is illustrated in Figure 2.4 [58], with
five planes of two protofilaments twisting around each other along the fibril axis.

The fibril core of tau is resistant to proteolytic degradation, resulting in thinner fibrils
composed primarily of core residues [63, 64]. Following neuronal death, tau tangles
may persist extracellularly as so-called “ghost tangles” [65].

The amyloid-formation process

The assembly of peptides into amyloid fibrils is a well-studied process. Above the sol-
ubility limit, nuclei form, which subsequently grow into long fibrils often comprising
many thousands of monomers and extending several micrometers in length. This
process can be viewed as a phase transition, as there is practically no upper limit to
fibril length. The microscopic steps of fibril growth are commonly divided into four
steps (Figure 2.5). Primary nucleation is the formation of a nucleus whose growth rate
exceeds its dissociation rate, resulting in continued growth [66]. Elongation describes
the addition of monomers to the ends of an existing fibril. An existing fibril surface
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can catalyze the formation of new nuclei from monomers of the same type, a process
known as secondary nucleation. Finally, fibrils may break into two or more fragments,
each capable of independent growth, a process termed fragmentation [67]. Models
that describe the fibril formation with these steps has been established [68, 69] and
can be used to obtain the rate constants for the microscopic steps. The free software
AmyloFit can be used for this purpose [69].

Both primary and secondary nucleation involve overcoming a free energy barrier to
form an elongation-competent species. The transient species are often referred to as
oligomers. There are several definitions of the amyloid oligomer. Some are related to
size and structure, and some are functional definitions with respect to physicochemical
and biological properties. The diversity in definitions arises, among other reasons,
from heterogeneity in appearance and that they are challenging to study due to low
concentrations and transient lifetimes. Nevertheless, oligomers are widely studied due
to their central role in disease pathology. They are often considered the most toxic
species and are strongly implicated in AD [70, 71, 72, 73, 74, 75, 76]. Oligomeric
species also play pathogenic roles in other diseases, such as o-synuclein aggregation
in Parkinson’s disease [77]. The self-replicating nature of secondary nucleation and
fragmentation further contributes to disease progression [78].

primary nucleation
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Figure 2.5: Microscopic steps in amyloid formation. Monomers are illustrated as spheres and fibrils as stacked
rectangular blocks. The conversion of each monomer into a part of an aggregate is indicated by the superim-
posed block and sphere.
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DNAJB6 — a chaperone protein

A key factor in maintaining a healthy protein balance (proteostasis) can be ascribed
to the group of proteins called chaperones, or molecular chaperones. These proteins
function to help other proteins fold correctly and/or prevent them from misfolding
and aggregating [79, 4]. The need for chaperones is not surprising given how crowded
the cellular environment is — about 20-30 vol-% protein [80] — and about one
fourth of the proteome consists of intrinsically disordered proteins [17]. Chaperones
are estimated to make up about one tenth of the total protein mass in humans [81],
and comprise around 300 different molecular chaperones [s]. Many chaperones are
involved in various tasks, taking care of a wide range of clients, and are thus often
referred to as promiscuous. At the same time, they are specialized to perform certain
functions. Some are crucial for the correct folding of newly synthesized proteins by
binding to the nascent chain at the ribosome, some are specialized in promoting the
degradation of misfolded proteins, and others in refolding them [4].

One of the largest families of chaperones is defined by the presence of a J-domain,
giving them the name J-domain proteins (JDPs) [82]. This family includes around 5o
different chaperones, divided into three subcategories: type A, B, and C [83]. The J-
domain is well known to interact with and activate the HSP70 chaperone by forming
a complex with nucleotide exchange factors (NEFs) and ATP. The outcome of this
activation can vary depending on the situation, but reported consequences include
disaggregation, refolding [84], ubiquitylation leading to proteasomal degradation [8s],
and fragmentation followed by lysosomal degradation [86]. Hence, the JDPs are of
particular importance for preventing protein aggregation diseases [87]. Disruption
of the chaperone network is one hypothesis for how these diseases arise [s], further
emphasizing the need to understand how chaperones operate.

Screening studies to find inhibitors of polyQ peptides [7] and the tau peptide [12, 11]
have shown that one of the most effective JDPs in amyloid suppression is DNA/BG,
which is a non-canonical class B JDP. DNAJBG6 is expressed as two isoforms: the 326
residue long a-type and the 241 residue long b-type, sharing 231 residues. Type a is
found only in the nucleus, whereas type b is mainly cytosolic [88]. In this thesis, we
focus exclusively on type b and refer to this protein as JB6 for simplicity. JB6 is highly
expressed in stem cells, but its expression decreases as cells differentiate. This aligns
with the observation that amyloids are rarely found in stem cells but are abundant in
neurons [89].
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NTD / J-domain

Sequence:
MVDYYEVLGVQRHASPEDIKKAYRKLALKWHPDKNPENKEEAERKFKQVAEAYEVLSDAKK
RDIYDKYGKEGLNG

SRSRGTGSFFSAFSGFPSFGSGFSSFDTGFTSFGSLGHGGLTSFSSTSFGGS
GMGN

Figure 2.6: AlphaFold2 structure prediction [19, 20] of JB6, colored with the NTD/J-domain in blue, GF-region
in red, ST-region in gray, and CTD in yellow.

An AlphaFold2 structure prediction of JB6 is shown in Figure 2.6. The structures of
the two folded domains have been experimentally confirmed, and the region between
them is predominantly unstructured [90]. The N-terminal domain (NTD) is the -
domain, where the important part of the HSP7o0 interaction site is the HPD motif.
The first half of the linker region is rich in Gly and Phe residues, giving it the name
GF-region, or GF-linker. This part is present (and well conserved) in both the A and
B classes of JDPs. In JB6, a short helix (helix V) has been shown to block the HSP70
interaction site when JB6 is not bound to clients, thereby functioning autoinhibitory
[90, 91]. The importance of this autoinhibition is evident in mutations causing limb-
girdle muscular dystrophy type 1D (LGMDD), located in the J-domain and in the
GF-region near or within helix V. Loss of autoinhibition leads to strong and non-
regulated activation of HSP7o0 [91]. Furthermore, the segment between the J-domain
and helix V consists of alternating Phe and other residues (FX-repeats), forming a
stretch that stabilizes the interaction with HSP7o0 [92].

The next part of the linker region is also rich in Gly and Phe, but intermixed with
many Ser and Thr residues, giving rise to the name §7-region. The function of this part
of the linker is less understood in detail, but it is clearly important for client binding
[7, 93, 8]. Also the C-terminal domain (CTD) has affinity for amyloid fibrils, and can
inhibit secondary nucleation of A342 [94].
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It is important to note that JB6 appears to be involved in many cellular processes. It
has been identified as a key player in, among other, nuclear pore complex formation
[95], keratin turnover [96], and the prevention of myopathy [97, 98]. Its ability to
suppress several types of amyloid formation, both as a co-chaperone of HSP70 and
independently [82], is summarized in Table 2.1.

Table 2.1: Amyloid-prone peptides whose aggregation is found to be suppressed by JB6.

Peptide / Protein Associated diseases References
Amyloid-3 peptides Alzheimer’s disease [10, 93, 99, 100]
Tau Alzheimer’s disease, Pick’s disease [12, 11], Paper iv
a-synuclein Parkinson’s disease, Lewy body dementia,  [101, 102, 103, 104]

multiple system atrophy

Polyglutamine peptides Huntington’s disease [9, 7, 105, 8, 106, 89]
(polyQ)

IAPP  (islet amyloid Type 2 diabetes [107]

polypeptide)

TDP-43 Amyotrophic lateral sclerosis (ALS) [108]

JBG6 is also found to inhibit the functional amyloids CsgA and FapC, involved in
bacterial biofilm formation [32]. In addition to the vastly different client interactions
mentioned above, JB6 displays a strong propensity to self-assemble into polydisperse
oligomers [9, 8, 90, 35, 109]. A plausible explanation for this multifaceted interaction
behavior is that JB6 has a high chemical potential in solution [110], which it can lower
through self- and co-assembly. Most likely, exposed hydrophobic parts of the JB6
linker causes the high chemical potential in aqueous solutions, since water molecules
are unfavorably ordered at the hydrophobic surface.

Further description of the self-assembly of JB6 and how it is connected to chaperone
activity is the focus of Paper i, ii and iii.
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Chapter 3

Methodologies

In this chapter, the most important methodologies used in this thesis work are ex-
plained, motivated, and discussed.

Surface adsorption of proteins

Many experiments on protein—protein interactions are most relevant at low protein
concentrations (nM to low uM), as these reflect both the physiological concentrations
found 77 vivo and the affinities typically involved in such systems. Many proteins are
surface active, meaning that they are enriched at surfaces such as the water-air inter-
face or the container of the sample vessel. This leads to a depletion of the protein in
solution, lowering the concentration. Since protein concentration is a critical experi-
mental parameter in most studies, the extent of surface adsorption must be evaluated
for each protein and surface encountered. Such investigations are sometimes incor-
porated into the main study, but are often regarded as “base work” and therefore
(unfortunately) excluded from publications. Here, I briefly discuss this issue and em-
phasize its importance for reliable experimental interpretation.

Both amyloid-prone peptides (amyloid (3 [111] and tau [112]) and the molecular chap-
erone JB6 [113] are known to be surface active. Consequently, experimental control of
their effective concentrations is essential. For instance, when determining the solubil-
ity of tau by HPLC with UV absorbance (Paper iv), concentrations in the nM-range
were obtained. To confirm that these values reflected the true solubility rather than
the fraction remaining after adsorption losses, control experiments were performed.
Known concentrations of monomeric tau were subjected to the same sequence of
steps as the measured samples — incubation during aggregation, centrifugation in
a new tube, and finally a waiting time in a PEG-ylated plate before quantification
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with HPLC) — yielding the data shown in Figure 3.1a. Equivalent experiments were
conducted for JB6. Surface adsorption proved to be a large issue for JB6 below approx-
imately 100 nM, with complete depletion observed at 15 nM. Tau displayed weaker
adsorption, yet at 10 nM the concentration was reduced to roughly half of the initial
value.

Similarly, to determine the actual JB6 concentration when examining its affinity for
tau fibrils (Paper vi), the protein was quantified by HPLC after incubation in Ep-
pendorf protein low-binding tubes at a volume of 100 pl. These data were used to
create an adsorption isotherm (Figure 3.1b), using the inner dimensions of the tubes
to estimate the adsorbed amount, I'. The maximal adsorbed amount per unit area
and the affinity towards the surface were obtained by a fit to the Langmuir adsorption
isotherm, given in Equation 3.1:

Linae * K % [JB6)¢q

=
K % [JB6]e, + 1

(3.1)

where I',qz is the maximum adsorbed amount and K is the equilibrium constant,
with a fitted value of 0.24 * 10® M~1. However, the affinity is likely a lower limit
since the aggregation state of JB6 changes with concentration, with larger assemblies
at higher concentration that likely increases the adsorbed amount. Indeed, a concen-
tration dependence of the adsorbed amount has been reported for JB6 [113]. This is
probably a contributing factor to the higher maximum absorbed amount obtained
here (41 mg/m?) compared to a reported value of 12 mg/m? at 0.75 M JB6 to a
silica surface [113]. Furthermore, the roughness of the surface is unknown and may
downshift the absorbed amount per unit area further.
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Figure 3.1: Surface adsorption studies. a: Quantification of protein remaining in solution after centrifugation
and incubation prior to HPLC measurement. b: JB6 adsorption to low-binding tubes at a defined surface-
to-volume ratio. ¢: Constant surface-to-volume ratio while varying the container material. 20 nM Alexa647-
labeled JB6 was quantified by fluorescence intensity using MDS. d: Same samples as in ¢, using Eppendorf
protein low-binding tubes and comparing two very different volumes to obtain different surface-to-volume
ratios.

Note that the surface materials and volumes are stated above, as both parameters
greatly affect how much of the sample adsorbs to surfaces. This is illustrated for JB6
(20 nM Alexa647-labeled) in Figure 3.1c—d, where different container materials were
evaluated in panel ¢, and the effect of varying surface-to-volume ratios is shown in
panel d for the Eppendorf low-binding tubes, which performed best among the tested
materials. Establishing this information early was essential for drawing relevant con-
clusions, such as in the cmc determination of JB6 (Paper i) and the dissociation ki-
netics measured by mass photometry (Paper iii).
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Particle sizing

Measuring the size and size distributions of proteins has been central to this work.
Understanding the aggregation states of the studied proteins is crucial for interpret-
ing results in chaperone—client systems. Furthermore, the aggregation state is critical
when studying the effects of mutations, to identify amino acids involved in a binding
site. An interaction between two proteins results from thermodynamic driving forces,
and if a mutation weakens the interaction, it is tempting to conclude that the mutated
residues are part of the binding site. However, mutations can also alter the protein’s
fold or self-assembly. In the case of JB6, Paper ii (in combination with insight from
Paper iii that the subunit is monomeric) demonstrated that JB6 exhibits substantially
higher activity when dissociated into monomers compared to when present as mi-
celles. Consequently, mutations that perturb the micelle-monomer equilibrium or
exchange kinetics will inevitably influence the apparent activity of JB6. It is therefore
essential to characterize not only the chaperone function, but also the protein’s self-
assembly and fold, in order to properly interpret the contribution of specific residues
to the interaction interface and binding affinities.

Microfluidic diffusional sizing (MDS)

MDS measures the hydrodynamic radius of particles by exploiting diffusion across
laminar flow in a microfluidic channel (Figure 3.2). The analyte and buffer flow side
by side, and due to Brownian motion, analyte molecules diffuse into the buffer stream.
According to the Stokes—Einstein relation, smaller particles diffuse more rapidly:

D kgT
6mn Ry
where D is the translational diffusion
coeflicient, kp the Boltzmann constant,
T the absolute temperature, and 7 the
solvent viscosity. Rp is the hydrody- assistant flow

(3 . 2') ﬂpﬂe} chamber A

D\ diffusion capillary \ )
chamber B

namic radius, defined as the correspond-

ing radius of a sphere which yield the fluorescerice detection
. . . => CU/(‘C‘+ Cuﬁ => average R“

same D in Equation 3.2 (given same n ‘
and T) . Figure 3.2: Schematic of the microfluidic diffusional siz-
ing (MDS) setup. Based on the Ry of the analyte, diffu-
. . sion across the laminar flow determines the proportion
The analyte concentration in each out- reaching chamber B. Fluorescence detection quantifies
. _ the concentration in each chamber (Ca and Cg), and the
let (CA and CB) is measured by ﬂuo diffused fraction, Cg/(Ca+Cg), is used to calculate (Ry ).

rescence detection, and the fraction that
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has ended up in chamber B (referred to as the diffused fraction) is used to determine
the average hydrodynamic radius, (Rr), of the particles [114].

As an example of how much the (Rp) can differ depending on solvent interactions
and level of folding, bovine serum albumin (BSA) was found to have an (Rp) of 3.6
nm when folded and 8.4 nm in as denatured [115]. Since the volume scales with the
cube of the radius, the spherical volume upon denaturation corresponds to a 12.7-fold
increase in volume.

Mass photometry

This technique, developed in the 2010s
[116, 117] is a relatively young technique
capable of detecting the masses of indi-
vidual particles in the range of approxi-
mately 40 kDa to § MDa [117, 118]. The
principle is illustrated in Figure 3.3. A (

droplet of sample is placed on a glass e
slide, and a laser beam is reflected off A
the surface from below. When a particle : \
lands on the surface, the local refractive
index changes, leading to a measurable

Counts

scattering of the laser light. The scat-
tering amplitude is converted to particle

ol hn. o (m .
comparable polarizability between the Mass

mass via a calibration curve, assuming Al e

anal}’te and calibration standards — an Figure 3.3: lllustration of the principle of mass photom-

assumption that holds for most proteins etry. Light is scattered to varying degrees depending
on the particle masses at the glass surface beneath the

[117] and was verified for JB6 micelles in  sample droplet. The scattering amplitude is converted
. to mass using a calibration curve, yielding a mass his-

Paper iii. The method employs interfer-  togram.

ometric scattering microscopy [116] to

achieve the necessary sensitivity for de-

tecting individual scattering events. After calibration, the resulting output is a mass

distribution representing all landing events detected during the measurement period

(typically one minute).

Analytical ultracentrifugation (AUC)

AUC has been used to study equilibrium size distributions since its development by
Théodor Svedberg in 1923. A detector typically measures absorbance (but it is also pos-
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sible with fluorescence or Rayleigh scattering) in a sector-shaped sample cell between
two transparent windows during centrifugation. The concentration profile along the
radial axis is recorded as a function of time to monitor how fast particles sediment,
yielding the sedimentation coefficient S. AUC experiments can be performed in
either equilibrium mode, where centrifugal and diffusive forces balance to yield a
steady-state distribution, or velocity mode, where the evolution of the sedimentation
boundary is analyzed over time [119] (Figure 3.4). The relationship between S, particle
mass My, and hydrodynamic radius R is given by the Svedberg equation:

Pw
m _ Pw
p( PP)

where py, is the solvent density and pj, the analyte density.

The output from AUC depends on both

particle mass and Rp, which corre-

spond to the parameters obtained from
mass photometry and MDS, respec-

Uonegnpnuad

tively.  These three orthogonal tech-

niques are therefore highly complemen-
A tary, each reporting on distinct physico-
t chemical properties of the analyte. This

t, complementarity was exploited in Pa-
per iii, where the combined analysis pro-

Absorbance

t, vided insights into the porosity and sol-
vation of JB6 micelles. Furthermore,
Radial position - AUC analyzes the sample in solution,

with precise temperature control within

Figure 3.4: lllustration of the analytical ultracentrifuga- °C d th . le is i
tion (AUC) technique. Initially, particles are uniformly 4—40 ", and the entire sample 1s 1n-

d_istr_ibuted withjn the sector ar!d the absorbgnce pro-  cluded in the analysis. These advan-
file is flat. During centrifugation, the particles sedi-

ment toward the bottom, altering the absorbance pro- tages outweigh its less intuitive output

file. Heavier particles sediment faster, but the frictional . .

drag depends on Ry, meaning that compact particles parameter — the sedimentation coefh-

sediment faster than porous ones. cient. In contrast, the mass photome-
ter provides single-particle mass distri-

butions but has limited temperature control, relies on surface adsorption, and covers

a narrower size range.

There are of course many other ways to measure particle size, including static light
scattering (SLS), dynamic light scattering (DLS), small angle X-ray light scattering
(SAXS), fluorescence correlation spectroscopy (FCS), size exclusion chromatography

(SEC), SEC conjugated with multi angle light scattering (SEC-MALS), cryogenic
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electron microscopy (cryo-EM), atomic force microscopy (AFM), flow induced dis-
persion analysis (FIDA), sucrose gradient centrifugation, nano-particle tracking anal-
ysis (NTA), and native electrophoresis. Each method has its advantages and disad-
vantages, making it important to employ several complementary techniques to avoid
missing parts of the sample that fall outside a given method’s optimal range, or to
account for biases toward smaller or larger particles. We therefore chose MDS, mass
photometry, and AUC, as they probe different physical parameters and operate over
partially overlapping size windows, with the possibility to analyze both non-labeled
and fluorescently labeled protein.

Probing aggregation kinetics and solubility

To measure the kinetics of amyloid fibril formation, several different methods can be
employed, each with its own advantages and limitations. Depending on the specific
system studied, one or more techniques may be suitable.

One of the most commonly used approaches to monitor changes in amyloid mass
involves adding an extrinsic fluorophore that exhibits altered quantum yield and/or
spectral characteristics upon binding. Thioflavin T (ThT) is one such molecule (Fig-
ure 3.5a). ThT binds to amyloid (3 fibrils with a dissociation constant (Kp) in the
sub- to low-uM range [120, 121]. Upon binding, the molecule loses rotational free-
dom between its two aromatic groups, leading to a pronounced increase in quantum
yield [121]. However, the fluorescence response can vary depending on the structure of
the bound fibrils — for instance between different morphologies of Af 40 and AP 42
[122]. ThT fluorescence was used in Paper ii and v to monitor the increase in fibril
mass of A3 in the presence of JB6.

To study the aggregation kinetics of the tau protein, the dye X34 (Figure 3.5b) is
frequently used, owing to its higher quantum yield compared to ThT [123, 124]. This
probe was used in Paper iv to monitor aggregation of the amyloidogenic fragment
304—380 of tau.
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Figure 3.5: Chemical structures of a: thioflavin T (ThT), and b: X34.

As mentioned above, the quantum yield of these dyes can vary depending on the
amyloid structure they bind to, and they are indirect probes of fibril mass. More
direct methods include circular dichroism (CD) spectroscopy to monitor spectra of
monomers and fibrils, NMR spectroscopy to monitor signals from monomeric species,
and protein quantification using, for instance, HPLC, after separation of fibrils from
solution (by centrifugation or filtration). The latter approach was employed in Pa-
per iv, confirming that JB6 indeed prolonged the lag phase of tau aggregation, and
additionally provided a measure of the tau concentration remaining in solution after
aggregation, interpreted as the solubility. A methodological study, focused on obtain-
ing reproducible tau solubility measurements in the low nM-range, was carried out in
parallel and resulted in a separate publication [125], not included in this thesis. It may
be noted that a true solubility can be reached both from a supersaturated solution and
from fibrils alone, with no monomers present in the solution at the start of the exper-
iment. However, a slow dissociation into monomers may provide the latter approach
experimentally challenging. Hence, the measured concentration after fibril formation
from a supersaturated solution may be referred to as an "apparent solubility”, since it
may be kinetically trapped in a metastable state.
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Summary of papers
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Paper i: On the micelle formation of DNAJB6b

When we initiated this study, we knew it would be the beginning of a long-lasting
and extensive project, with the overall goal of understanding why and how JB6 is an
effective chaperone. To answer these complex questions, we first needed to establish
how JB6 behaves alone. The questions addressed in this article were:

1. How can we probe the self-assembly at low-nM and high-puM JB6 concentrations?
2. Is the observed self-assembly representative of the equilibrium state?

3. How long does it take to reach equilibrium upon dilution?

To address these questions, we conjugated a fluorophore (either Alexa-647 or IR-
dye680) to an added cysteine at the C-terminus of JB6. Figure 4.1a shows the flu-
orophores drawn to scale relative to JB6. To study JB6 at low concentrations, we
realized that a large volume-to-surface ratio was necessary to avoid protein depletion
from solution due to surface adsorption. This was concluded from the observation
that fluorescence intensity decreased in a small volume, but not in a much larger one,
as shown in Figure 4.1b.
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Figure 4.1: a: AlphaFold2 structure prediction of JB6 with fluorophores drawn to scale. b: The effect of the
volume-to-surface ratio when incubating 20 nM Alexa647-JB6 at room temperature. ¢: Using MDS to study
the dissociation kinetics of micelles into their subunits. d: Concentration dependence of the average Ry at
equilibrium. A cmcis found at 120 nM, at room temperature, pH 8.0, and at modest ionic strength.
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To measure the time required for JB6 to adapt to a new self-assembly state upon di-
lution, we followed (Ryy) as a function of time using microfluidic diffusional sizing
(MDS), as shown in Figure 4.1c. We found that dissociation into subunits is a slow
process, occurring on the timescale of days at room temperature. We analyzed both
Alexa647-labeled and non-labeled JB6 to determine whether the label interfered with
the dissociation process. The labeled JB6 dissociated slightly slower, suggesting a mi-
nor effect of the fluorophore.

Knowing the equilibration time upon dilution, we prepared a concentration series
of JB6, allowed each sample to reach equilibrium, and then measured the depen-
dence of (RH) on concentration, as shown in Figure 4.1d. Again, we analyzed both
non-labeled JB6 and samples containing 20 nM Alexa647-labeled JB6 mixed with
non-labeled protein. Due to technical limitations, the concentration range of non-
labeled samples was narrower; nevertheless, we concluded that the label had little or
no influence at these stoichiometries. Strikingly, below approximately 100 nM there
was no observable concentration dependence of (RH), whereas a clear dependence
was observed above. This behavior of molecules forming finite-sized assemblies above
a more or less critical concentration is consistent with micelle formation. The con-
cept of micelles is therefore useful for JB6 assemblies, as it emphasizes that they are an
equilibrium property and can be described by an equilibrium size distribution. The
critical micelle concentration (cmc) at room temperature, pH 8.0, and modest ionic
strength was determined to be approximately 120 nM.

To complement the MDS experiments, native agarose gel electrophoresis [126] was
performed using a concentration series of JB6 spiked with 5§ nM IR-dye680-labeled
JB6 (Figure 4.2). A transition to lower electrophoretic mobility was observed between
69 and 131 nM, in agreement with the cmc of 120 nM obtained by MDS.
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Figure 4.2: Native agarose gel electrophoresis of different JB6 concentrations, with IR-dye-labeled JB6 as probe.
a: IR-fluorescence scan of the blotted gel. b: Electrophoretic mobility profiles superimposed with the corre-
sponding gel scan. c: Profiles around the cmc plotted on a common y-axis.
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Paper ii: The ability of DNAJB6b to suppress amyloid forma-

tion depends on the chaperone aggregation state

In this work, we aim to answer the question: “Are the JB6 micelles or their subunits
the active species in amyloid inhibition?”

It is in principle a simple question. However, we wanted to obtain experimental evi-
dence using non-modified proteins — that is, without mutations, fluorophore label-
ing, crosslinking, or other chemical modifications. Otherwise, we would only obtain
an indicative answer. To achieve this, we took advantage of the slow dissociation ki-
netics of JB6 upon dilution, identified in Paper i, by adding JB6 at different stages of
dissociation to monomeric A 42 and observing whether the inhibitory activity de-
pended on the aggregation state of JB6. The methodology is illustrated in Figure 4.3.
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Figure 4.3: Experimental setup. JB6 was diluted 1000-fold (to below the cmc) and incubated for various times.
Monomeric AB42 was then added to all samples, and ThT fluorescence was used to follow fibril formation.

The kinetic traces are shown in Figure 4.4. A clear trend is observed: JB6 becomes
a more potent amyloid inhibitor the longer time it has had to dissociate. To com-
pare the inhibition efficiency with the aggregation state of JB6, the half-times (t; /)
of each kinetic trace and the corresponding (Ryy) values were plotted versus the time
since JB6 dilution (Figure 4.5). The dissociation process and increase in t; /5 follow
each other well. We therefore conclude that JB6 must dissociate into its subunits to
become fully active. Since this conclusion relies on the dissociation kinetics previ-
ously measured by MDS, we complemented those data with an orthogonal method:
chemical crosslinking followed by aggregation-state quantification using SDS-PAGE,
which confirmed that dissociation at room temperature occurs on the timescale of

days.
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The (Ry) is not a reliable measure for de-
termining whether JB6 is predominantly
monomeric, dimeric, or composed of a mix-
ture of species, which is why we here refer
to the dissociated form simply as “subunits.”
Later, in Paper iii, we will discover that these
subunits are monomers.

It can be noted that an unusually high con-
centration of A42 (20 uM) was used. This
was necessary in order to achieve a short lag
phase (<10 min), thereby preventing JB6 dis-
sociation during the fibril formation process,
which was conducted at 37 °C. At this stage,
we hypothesized that the reason for this was
that the micelles dissociate much faster at

37 °C. Later, in Paper iii, we will find this to be the case.
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Figure 4.5: Comparison of the JB6 micelle dissociation kinetics (blue, left y-axis) and the AB42 fibril formation
half-time (red, right y-axis) as a function of JB6 pre-incubation time. Afittothet; /; data, inthe formt, /5 (t) =
A -Be 1%, is shown as a dashed red line, with rate constant k; = 0.022 h'. The (Ru) values from microfluidic
diffusional sizing are replotted from Paper i. Non-labeled JB6 was diluted from 6 1M to 100 nM. The fit is in
the form (Ru) (¢t) = Ce k2t 4 D, with an apparent dissociation rate constant k, = 0.039 h' (dashed blue line).
The data are displayed with linear and logarithmic time axes in panels A and B, respectively.
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Paper iii: Effects of solution conditions on the self-assembly of

the chaperone protein DNAJB6b

To understand how JB6 operates at the molecular level, we first need a solid under-
standing of its intrinsic behavior. Hence, in this paper we undertook a systematic
study of JBG’s self-assembly under different solution conditions. The main questions
addressed were:

1. How does the equilibrium self-assembly distribution of JB6 vary with protein con-
centration, temperature, pH, ionic strength, and the type of anion along the Hofmeis-
ter series?

2. Are monomers or dimers in equilibrium with the micelles?

3. How does the kinetics of micelle dissociation depend on temperature?

4.What insights can be gained by combining results from different techniques that
report on distinct biophysical properties — mass, sedimentation coeflicient, and hy-
drodynamic radius?

To measure the self-assembly distribution of JB6, we evaluated and applied the tech-
nique of mass photometry, developed in the 2010s [117]. We first verified that JB6
micelles exhibited optical properties similar to those of the globular proteins used to
calibrate the mass photometer (Figure 1d in Paper iii), thereby ensuring the reliability
of the obtained mass values.

JB6 displays a broad size distribution (Figure 4.6a), with a concentration dependence
as shown in Figure 4.6b. The inset illustrates how the average aggregation number,
NV, increases with JB6 concentration.
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Figure 4.6: Using mass photometry to measure the self-assembly distribution of JB6. a: Comparison of the size
distributions of known proteins with JB6. b: The size distributions of different JB6 concentrations, with the
inset showing how the average N vary with JB6 concentration.

To determine whether micelles exist in equilibrium with monomers and/or dimers,
we explored several approaches. However, due to the low concentration of subunits,
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surface activity, and the presence of much larger micelles at 2100 nM, the subunits
were difficult to characterize. Here, we extended the calibration curve of the mass
photometer below its linear regime by analyzing eight proteins in the 17.4-150 kDa
mass range. JB6 have the same mass readout as other monomeric proteins of sim-
ilar molecular weight (Figure 4.7). No dimeric peak is observed — even at higher
concentrations, at 22 or 37 °C, or at pH 7.4 and 150 mM NaCl. We conclude that
JB6 is monomeric at concentrations well below its cmc and remains monomeric in
equilibrium with micelles at higher concentrations.
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Figure 4.7: Extending the lower limit of mass photometry to examine the JB6 subunit. a: Mass distributions of
eight proteins with known molecular weights, together with 10 nM pre-equilibrated JB6 at 22 and 37 °C. b:
The masses from (a) plotted versus molecular weight. JB6 aligns with monomeric proteins of ~26.9 kDa, with
no observable dimerization.

In Paper i, the dissociation of JB6 micelles upon dilution at room temperature was
probed by measuring ( Rrr) using MDS. Here, we extend this analysis to higher tem-
peratures (22—40 °C), as shown in Figure 4.8a. A strong temperature dependence
of the dissociation kinetics is evident, explaining why JB6 exhibit high amyloid-
suppression activity also in aggregation kinetics experiments where JB6 had not been
pre-incubated at low concentration to allow dissociation, as investigated in Paper ii.
The inverse of the dissociation rate constant at 37 °C, 7 = 1/k, is approximately
20 min, which explains why a lag phase of about 10 min was required in Paper ii
to observe the effect of pre-incubation. In addition to determining JB6 dissociation
rates at different temperatures, we calculated the activation energy of the dissociation
process using the Arrhenius analysis shown in Figure 4.8b.
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Figure 4.8: a: Dissociation of JB6 micelles upon dilution from 5.8 M to 55 nM, monitored by (R ) obtained
using MDS. Single-exponential decay functions ((Rz)(t) = ae™** + ¢) were used to fit the data for each
temperature. b: Arrhenius plot of the obtained dissociation rate constants from (a) (black circles). Red and blue
stars indicate corresponding data obtained by mass photometry. The dashed line represents a fit describing a
thermally activated dissociation process, k(ry = Ae~Fa/RT \ith an activation energy E, of 250 kJ/mol.

The micelle formation of JB6 has been studied before, both by us and other research
groups. But how robust is this process? Is JB6 more or less prone to self-assemble
under different solution conditions? By examining self-assembly while varying each
parameter across defined intervals, we can learn whether JB6 is likely to self-assemble
under physiological conditions, and gain insight into the driving forces of association.
Accordingly, we analyzed the self-assembly distribution under different pH values,
temperatures, ionic strengths, and anions across the Hofmeister series.

Using analytical ultracentrifugation (AUC) and mass photometry, we detected no
difference in micelle size distributions between room temperature and 37 °C. The
addition of “salting-in” ions decreased the micelle size, as observed using MDS, AUC,
and mass photometry, yet micelles were still formed (Figure 8 in Paper iii).

The largest change in size distribution was observed when varying pH. This was done
in the interval pH 2.0-8.0, and between approximately pH 5 and 7, JB6 precipitated,
as observed from increased turbidity in light-scattering measurements (Figure 4.9a).
Samples of 30 uM JB6 in the pH regions with high JB6 solubility were analyzed
by MDS, mass photometry, and AUC, with results shown in Figures 4.9b—d. The
size distributions are highly similar at pH 5.0, 7.4, and 8.0, but at pH 4 and below
a dramatic shift occurs, evident from both mass photometry and AUC. Micelles at
low pH exhibit a narrower distribution and an average /N ~ 10, compared to ~ 35
at higher pH values. This change in self-assembly coincides with denaturation of
the C-terminal domain (CTD), as observed by circular dichroism (CD) spectroscopy
(Figure 6 in Paper iii), consistent with the NTD being more stable [127].
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Mass photometry reports on particle mass, while AUC reports on sedimentation co-
efficients, which are connected by the Svedberg equation (Eq. 4.1):

— Pw
67T77RH 67T17RH 67T’I7RH )

Here, S is the sedimentation coeflicient, m, the particle (protein) mass, m,, the mass
of excluded water, 7 the solvent viscosity, Ry the hydrodynamic radius, V}, the pro-
tein volume, pp, the density of pure protein (1.4 g/ml, mean value from [128] and
[129]), and py, the density of water (1.0 g/ml). Using this relation, Ry was calculated
for each pair of mass and sedimentation coefficient (Figure 7 in Paper iii). The result-
ing Ry distributions correlated well with the independently measured (Rp) from
MDS. From the volumes defined by R, we calculated particle densities for each
mass/sedimentation pair. This analysis show that JB6 micelles are highly solvated,
and increasingly so at lower pH — as expected given the higher net charge and more
unfolded parts.
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Paper iv: Human chaperone DNAJB6b suppresses tau fibril for-

mation through co-aggregation

Considering the close relation between tau aggregation and AD pathology, and given
the potency with which JB6 suppresses aggregation of several amyloid-prone clients,
surprisingly little has been published about the interplay between these two proteins.
However, two studies of cell-lines report that JB6 is crucial for preventing tau aggre-
gation [11, 12]. This further emphasizes the importance of understanding how JB6
may suppress tau aggregation.

Hence, we set out to address the following questions:

1. Does JB6, by itself, influence tau aggregation, and does it affect the kinetics, the
equilibrium, or both?

2. In the case of observable effects, which of the microscopic steps in the tau self-
assembly mechanism are affected by the presence of JB6?

3. What is the affinity of JB6 for tau fibrils and monomers, respectively?

4. Can we detect the formation of co-aggregates of JB6 with any tau species?

There are several isoforms of tau, and in the body the protein undergoes post-translational
modifications (mainly phosphorylation). Consequently, tau aggregation in AD is
heterogeneous, and establishing a general aggregation process in in vitro studies is
not straightforward. Furthermore, full-length tau may have a high nucleation bar-
rier which is sometimes lowered using co-aggregation with negatively charged poly-
anions for aggregation studies. Here, we use a tau fragment spanning the amyloid core
found in AD fibrils (residues 304—380C322S) [58], which has been shown to aggregate
rapidly and reproducibly [130], with a solubility in the low nanomolar range [125].
This construct is primarily considered a model system for studying tau aggregation.
Nevertheless, it contains the same aggregation-driving segments as the heterogeneous
in vivo tau population, and core fibrils of this region are present in the body due to
their protease resistance [63, 64, 65].

Aggregation kinetics were measured in the presence of different JB6 concentrations
(Figure 4.10). The fluorescence of X43 was used as a reporter of fibril mass. JB6 was
found to be remarkably potent in prolonging the lag phase of tau aggregation, even
at very sub-stoichiometric ratios (a clear inhibition at a 1:700 JB6:tau molar ratio,
Figure 4.10a). When the reaction was initiated with 1 % tau seeds, thereby bypassing
primary nucleation, JB6 still showed a strong inhibitory effect (Figure 4.10b). At the
highest JB6 concentrations, the seeds were rendered completely incompetent, as seen
in the lag-time plot (Figure 4.10c). This shows that also secondary growth processes
are affected by JB6.
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Figure 4.10: Aggregation kinetics of tau in the absence and presence of different JB6 concentrations. a: 0 %
seeds. b: 1 % seeds. Since the lag phase is so long compared to the growth phase, a kinetic trace from each
seed condition is shown with expanded x-axis, showing the expected sigmoidal shape. c: Lag times (defined
as the time at 10 % of the plateau intensity) for the aggregation traces in (a) and (b).

Fits to aggregation kinetics with no and 5o % seeds were used to quantify which mi-
croscopic steps are affected by JB6 (Figure 4.11). By varying one rate constant at a
time as a function of JB6 concentration, we found that JB6 greatly reduces the rate
constant for primary nucleation, as demonstrated by the good fits under non-seeded
conditions when varying k,. The elongation rate constant, k., is also decreased by
JB6, but only slightly, as concluded from the 50 % seeded condition where elonga-
tion strongly dominates the kinetics. The effect on k, proved difficult to isolate in a
similar manner, as this process is already saturated at tens of nM — consistent with
our measurements of tau alone and previous findings [106]. However, cryo-EM im-
ages show that JB6 coats the fibril surfaces, and we therefore conclude that k, is likely
targeted by JB6 as well.
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Figure 4.11: Fits of tau aggregation kinetics with 0 and 50 % seeds. Two of three rate constants were kept
constant, freely varying the third.

Cryo-EM imaging was performed on tau fibrils, JB6 alone, and samples where tau was
allowed to aggregate in the presence of JB6 (Figure 4.12). The fibrils formed with JB6
appear more granular than pure tau fibrils, which we interpret as JB6 co-aggregating

with tau.

200 nm

Figure 4.12: Cryo-EM images of tau fibrils, tau+JB6 (monomeric tau let to aggregate in the presence of JB6),
and JB6 alone (micelles).

To learn more about the JB6:tau stoichiometry in the fibrils and to assess whether
tau solubility is affected, samples withdrawn during aggregation were centrifuged to
separate fibrils from material in solution. The supernatant and dissolved pellet were
analyzed by reversed-phase HPLC with UV detection to quantify both tau and JB6
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(Figure 4.13a). These data show that early pelletable aggregates are rich in JB6 (ap-
proximately 1:2 JB6:tau, based on concentration changes between time points). Once
JB6 is depleted from solution, tau aggregates rapidly. Interestingly, the apparent sol-
ubility of tau (measured after fibril formation) is higher when tau was allowed to co-
aggregate with JB6 (Figure 4.13b). This aligns with the hypothesis that JB6 possesses
a high chemical potential, which it can reduce by co-aggregating with client proteins.
This yields co-aggregates with a higher chemical potential than pure tau fibrils but
lowers the overall free energy of the system [110]. Similar behavior has been observed
for a-synuclein [104] and A3 42 [93].
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Figure 4.13: Following the amounts of tau and JB6 during the aggregation process, quantified by HPLC with UV
absorbance. Centrifugation was used to separate large aggregates from the solution. The initial concentration
of monomeric tau was 7 M. a: The concentration of tau during fibril formation, in the absence and presence
of 0.7 uM JB6. The values obtained after the aggregation process had ceased were used to calculate the mean
and standard deviation of the apparent solubility. b: The concentrations of JB6 and tau in the supernatant
and dissolved pellet when 0.7 1M JB6 was present from the start of the aggregation process.

We also studied the affinity of JB6 for monomeric and fibrillar tau. Interactions with
monomeric tau were investigated using 'H-N 2D and 'H 1D NMR experiments
on PN-labeled tau, in the absence and presence of a 1:1 molar ratio of non-labeled
JB6 (Figure 7 in Paper iv). No interactions were detected. The affinity for tau fibrils
was measured by incubating different JB6 concentrations with a constant amount of
preformed fibrils, pelleting the fibrils and bound JB6, and quantifying the remaining
JB6 in solution by HPLC. Fits to the resulting binding curve yielded a Kp of 200 nM
and a saturation stoichiometry of 1.6 JB6 per tau molecule (Figure 6 in Paper iv).
Cryo-EM imaging supports the conclusion that JB6 can associate extensively with
tau fibrils, fully coating them.

Taken together, these findings show that JB6 by itself potently suppresses tau aggrega-
tion, and that it does so via co-aggregation. This represents a pronounced step forward
in our understanding of endogenous defense mechanisms against AD. Future studies
will focus on identifying the interaction sites of both proteins, which may inspire new

therapeutic strategies.
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Paper v: The chaperone DNAJB6b halts amyloid formation

through association with transient A3 oligomers

In Paper ii, we asked which aggregation state of JB6 interacts with amyloid peptides.
Here, we reverse the question and ask which aggregation state(s) of the amyloid pep-
tides JBG interacts with. Given the ability of JB6 to prevent amyloid formation at very
low sub-stoichiometric chaperone-to-monomer molar ratios, JB6 likely binds to rare
and transient amyloid species, such as amyloid oligomers, thereby preventing their
growth into mature fibrils. Thus, in this study, we seek to detect such interactions.

Since amyloid oligomers are generally rare and unstable species, we use a model system
based on a short amyloid 3 peptide comprising residues 20—34 (A20-34), which has
a high aqueous solubility that enables experiments at millimolar concentrations [131].
JBG6 is found to be a potent inhibitor of A320—34 at a highly sub-stoichiometric molar
ratio of 1:100,000 chaperone to amyloid peptide (Figure 3a in Paper v). To study the
interaction of JB6 with amyloid oligomers, samples withdrawn from ongoing amy-
loid formation were centrifuged to pellet fibrils, and the supernatant was mixed with
fluorescently labeled JB6 (Alexa 488). The average hydrodynamic radius, (Rp,), of the
fluorescent species was measured using MDS. The experimental setup has previously
been used to identify amyloid-oligomer binders from an StooG-based library [132].

As shown in Figure 4.14a, the (R},) of JB6 alone and in the presence of monomeric
AP20-34 is approximately 3 nm. At intermediate times during the fibril formation
process, the radius increases, indicating binding between JB6 and amyloid species
that are not pelletable. The radius returns to 3 nm as the fibrils mature at the end of
the experiment time, indicating that the bounded species appear to have a maximum
concentration around halfway during the fibril formation process, t; /5. Both these
properties of the bounded species: non-pelletable aggregates with a maximum con-
centration at about t; /9, is characteristic for amyloid oligomers [66], prompting us to
call the bounded species oligomers.

The same analysis was performed with AR 42 (Figure 4.14b), yielding a similar result,
although with a smaller increase in radius and a longer time before the radius returned
to 3 nm. The concentration of A3 42 oligomers may be lower, and their size smaller,
compared to Af320-34, making this system more challenging to study. Nevertheless,
JB6 appears to bind to AP 42 oligomers, and we conclude that the interaction of JB6
with amyloid oligomers is not restricted to the short fragment but also applies to the
disease-related peptide.
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Figure 4.14: Detection of JB6 binding to oligomers. Supernatants from ongoing amyloid formation were
mixed with Alexa488-JB6. 6.5 mM A320-34 inaand 4 uM AB42in b. The (R} ) of JB6 mixed with monomeric
amyloid peptide is similar to that of JB6 alone (~3 nm) and is shown in green at time zero. Data are pooled
from 3-4 independent experiments, with standard deviations in both x- and y-directions shown as error bars.
The ThT intensity of the full sample is shown on the right y-axis. c¢: (R;) of 3-75 nM Alexa488-JB6 mixed
with supernatant from aggregating A320-34 (at times of maximal radius, 4.5-5.5 h, diluted 40-fold). d: Dif-
fused fraction obtained from MDS for samples with constant JB6 concentration and varying % v/v of A320-34
supernatant at intermediate aggregation times. Data are fitted using an equation for independent binding
(Equation 1 in Paper v).

To determine whether the measured (Rp,) reflects the size of the JB6-amyloid com-
plex — rather than an average of free and bound JB6 — different concentrations of
JB6 were added to the supernatant at approximately s h into the aggregation process
(when the maximum (R},) was observed), shown in Figure 4.14c. At sufficiently low
JBG6 concentrations, essentially all JB6 molecules are bound, and the measured (R},)
therefore represents the size of the complex. Below approximately 30 nM JB6, this
condition is fulfilled, and the (R},) of the complex is estimated to be approximately
10 nm.

The affinity of JB6 towards Af320-34 oligomers was estimated from samples con-
taining a constant Alexa488-JB6 concentration and varying % v/v of supernatant col-
lected at intermediate aggregation times (2-7 h), when oligomer concentrations are
highest. MDS measures the fluorescent intensity in two outlets after the sample have
passed a diffusion capillary (see Figure 3.2). The fraction of sample that has diffused
to the other half of the channel (the diffused fraction) is used to calculate the (R},).
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Since binding models should be applied to quantities closest to the raw experimental
data, the diffused fraction was used for fitting (4.14d). The best fit was obtained for
Kp = 1nM, indicating an interaction with high affinity.

The interaction between JB6 and Af320-34 oligomers was also analyzed in terms of
spontaneous dissociation kinetics, where JB6 was found to stabilize the oligomers
against dissociation (Figure 4.15). This stabilization may hinder their further growth
and conversion into mature amyloids, thereby delaying nucleation and suppressing
the autocatalytic generation of additional oligomers through secondary processes.
Since amyloid oligomers are believed to play a key role in disease progression [70,
71, 72, 73, 74, 75, 77), binding to these species is of particular interest, and further
insight into this mechanism may provide clues to how disease progression can be

counteracted.
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Figure 4.15: A320-34 oligomer size as a function of incubation time at 37 °C and 23 °C. Alexa488-JB6 was
added either before (circles) or after (triangles) different incubation times (x-axis) to A320-34 supernatant
samples containing oligomers. The (R;) was measured using MDS and plotted as mean values from 3 or 4
replicates, with error bars representing standard deviations. Fits to the data using a single-exponential decay
function, ae ~** + ¢, are shown as solid lines.
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Chapter s

Concluding remarks, discussion,
and outlook

The long term goal that this thesis work is a part of is to obtain a better understanding
of how molecular chaperones, specifically JB6, operates. The most important findings
from this thesis are:

* JB6 assembles in a micelle-like manner with a cmc of approximately 120 nM.
The micelles exhibit a broad size distribution that is concentration dependent,
with an average aggregation number varying between approximately 20 and 40
as the JB6 concentration increases from 1 to 100 UM.

* Monomers are in a dynamic equilibrium with the micelles. At 37 °C, the disso-
ciation from micelles into monomers occur with a half-time of about 20 min-
utes.

* JBG6 is most active in suppressing amyloid formation of A3 42 in its dissociated
state.

* JB6 potently suppresses tau aggregation by co-aggregating at the primary nu-
cleation stage, as well as by binding to mature fibrils.

* JB6 binds strongly to amyloid (3 oligomers.
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Comparative discussion across thesis papers and the literature

In the following, the results and conclusions drawn in this thesis will be compared to
findings reported in the literature and with other papers in this thesis.

Regarding the concentration dependence of the self-assembly

In Paper i, the main aim was to study the cmc and micelle dissociation. However, we
measured (Rpr) of up to 100 uM JB6 and observed a flattening of the (R ) increase
at high concentrations (Figure 4.1d and Figure 3 in the article), and we concluded
at the time that the size did not change notably above approximately 10 uM. Later,
in Paper iii, we investigated the micelle size in greater depth and observed a clear
size increase in this concentration regime using mass photometry (Figure 4.6b and
Figure 1c in the article).

Why was this concentration dependence not apparent in Paper i? First of all, we
should examine whether the increase in (Rf7) above 10 tM can be resolved by MDS.
To compare MDS and mass photometry data, the average aggregation number, N,
from mass photometry is transformed according to N'*/? (scaled by a constant), re-
flecting the relationship between mass and radius for spherical particles.

N1/3, and thus the (Rpr), is less sensitive to size increases than the mass is, and
given the standard deviations in the MDS data as well as the limited number of data
points in both series, the MDS data alone are insufficient to conclude that (Rp)
is constant above approximately 1o uM. In conclusion, we believe that JB6 exhibits
concentration-dependent assembly at high concentrations — a conclusion further
supported by SAXS, SLS, DLS, and cryo-EM studies — although not distinguishable
in the MDS data.
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Figure 5.1: Comparison of the concentration dependence of JB6 size, measured by MDS and mass photometry
(MP). The N, from mass photometry were transformed with N1/3 to facilitate comparison with (Rg).

Could the micelles have some low amyloid suppression activity?

In Paper ii, we found that JB6 gains activity upon dissociation into its subunits, but we
could not conclude whether the micelles themselves possess any inhibitory activity at
all, or not. At the used JB6 concentration of 40 UM, the average aggregation number
is approximately 30 (Paper iii, Figure 4.6b), implying that the micelle concentration is
roughly 30-fold lower than the monomer concentration. It can therefore not be ruled
out that a single micelle has an inhibitory effect comparable to that of a monomer.

However, crosslinked JB6 micelles have been reported to be inactive [99]. To test
whether non-crosslinked micelles retain low-level activity, a study analogous to that
in Paper ii could be performed at 22 °C, where JB6 dissociates much more slowly
than at 37 °C. This would allow the use of higher chaperone concentrations without
a rapid increase in monomer concentration following dilution.

About the monomeric subunit of JB6

Some J-domain proteins (JDPs) are known to be dimeric and to function as dimers.
JBG6 has also previously been suggested to possess a dimeric subunit that assembles into
micelles [133]. Consequently, the finding in Paper iii that JB6 exists as monomers in
equilibrium with larger micelles, with no detectable dimers, may appear unexpected.
However, the study by Soderberg et al. [133] describes an interaction interface be-
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tween two JB6 molecules within micelles, rather than isolated subunits existing in
equilibrium with the micellar state. Moreover, known dimeric JDPs share a con-
served C-terminal dimerization domain. This is the case for class A JDPs and canon-
ical class B JDPs, whereas DNAJB6, DNAJB2, and DNAJB8 lack this region [134].
Figure 5.2a shows a comparison of the domain architecture of class A and class B
JDPs. Figure s.2b illustrates how the dimerization domains of DNAJBr interact in
a crystal structure composed of two copies of the C-terminal half of DNAJB1 [135],
PDB: 3AGX. This structure is similar to that reported by Hu et al. [136]. DNAJB1
has further been shown to bind a-synuclein fibrils as a dimeric unit [137].

a b CTD I+Il and dimerization domain of DNAJB1, dimer
PDB: 3AGX
JDP class A -
JD GF-region zinc-binding CTDI+I1l  dimerization
motif domain
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(canonical) -
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Figure 5.2: a: Comparison of class A and canonical class B J-domain proteins. DNAJB6 belongs to the non-
canonical class, together with DNAJB2, DNAJB7, and DNAJB8 [134]. b: Crystal structure of two C-terminal
halves of DNAJB1 associated into a dimeric structure via their dimerization domains [135], which DNAJB6
lacks.

Regarding the tau fragment used as a model system in Paper iv

An important next step will be to extend the tau-JB6 studies to longer tau variants,
thereby probing a system more closely resembling the one found in human cells. The
large inhibitory effect of JB6 on the tau fragment which is used in this work demon-
strates that JB6 has affinity for at least this region of tau. In vivo, tau fibrils undergo
enzymatic removal of the fuzzy coat, resulting in fibrils that are more similar to the
fragment employed here. The finding of high aflinity binding to this region therefore
suggests that JB6 may also be active at later stages of disease.

Nevertheless, further studies using longer tau constructs will be necessary to under-
stand how JB6 interacts with additional tau segments. Moreover, phosphomimetic
variants and conditions that promote the AD—specific tau fold [138] will be of partic-
ular interest in future work, to elucidate how JB6 binds to and affects these disease-
relevant tau structures.
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Next area of focus: identifying the client-binding region of JB6
— with preliminary results

So far, we have mainly discussed the extent to which JB6 self-assembles and co-
assembles with amyloid-forming proteins, and how this behavior affects fibril forma-
tion kinetics. The next critical step is to understand how JB6 functions as an efficient
chaperone at the molecular level. Initial insights into this question were obtained in
Paper iii by analyzing JB6 self-assembly under different solution conditions. This led
to the conclusion that the propensity to self-assemble is strong and largely governed by
the linker region, with both electrostatic and hydrophobic interactions contributing.

However, several key questions remain unresolved. Is the entire linker region equally
important for client binding? Is the linker alone sufficient, possibly flanked by suitable
solubilizing domains? Or do the folded domains of JB6 themselves directly participate
in client recognition? And, importantly, what molecular features of the client protein
does JB6 bind to?

These questions will be of high priority in future work, as their answers are central
to understanding the binding mechanism of JB6. Such knowledge may also provide
inspiration for novel therapeutic strategies, not only for AD but for a broader range
of protein aggregation disorders.

A range of experimental methods can be used to identify detailed binding interfaces,
including cryo-EM, X-ray crystallography, and NMR spectroscopy in both solid and
solution states. We are currently working on structural studies using cryo-EM. How-
ever, the lack of symmetry in the complexes, together with difficulties in particle
identification and the inherent heterogeneity of client assemblies (including oligomers
and fibrils of varying size and morphology), have so far made this a challenging task.
Crystallization and solid-state NMR spectroscopy have also been largely unsuccess-
ful. We will continue with further optimization of these approaches. Enrichment
of co-oligomers and labeling of the chaperone may provide ways forward. Liquid-
state NMR spectroscopy presents additional challenges, as the size, flexibility, and
self-assembly behavior of JB6 make it a difficult system to study by this technique.
Nevertheless, newly designed monomeric variants of JB6, or constructs containing
only parts of the protein, may provide an opportunity for high-quality NMR analysis.
Furthermore, if a small, soluble client substrate with an exposed interaction site can be
identified, this could enable direct mapping of the JB6 binding interface. However,
it is possible that no such substrate exists, as JB6 binding may require energetically
frustrated regions or larger assemblies with inherently low solubility.

An alternative strategy has been explored in parallel with the above mentioned ap-
proaches. This approach involves designing constructs composed of selected domains
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or linker segments of JB6, in some cases fused to other, stable domains, to determine
whether specific aspects of chaperone activity can be isolated and attributed to defined
sequence elements. While this strategy may provide with lower resolution in terms
of the binding site, it may be useful to find out how different segments affect both
self-and co-assembly of JB6. We need to be careful in our interpretations since a given
sequence may not behave identically outside its native context. Thus, we will com-
bine the chaperone activity measurements with analyses of folding (e.g. using CD
spectroscopy) and self-assembly behavior (e.g. using mass photometry). Preliminary
results of the amyloid inhibition potential of some designed constructs are summa-
rized below. The architectures of the constructs are shown as AlphaFold3 structure
predictions with colored regions in Figure s.3.

Lo

D GF-region ST-region CTD

linker

Link-CTD JD-link

VHP-link-VHP VHP-GF -ST-VHP VHP-ST -VHP

Figure 5.3: AlphaFold3 structure predictions of designed constructs, with color coded regions according to the
scheme to the upper left. Illustrated with PyMol, surface representation.

In an initial set of constructs, specific regions of JB6 were deleted, resulting in proteins
comprising individual domains (the CTD and J-domain (JD)), the linker alone, or
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combinations of domains and linker segments. The ability of these constructs to
inhibit Af342 aggregation was assessed using ThT fluorescence, with the aggregation
half-time, 1 /5, serving as a first quantitative measure of inhibitory activity (Figure

5.4a).

The JD alone appears neither to possess inhibitory activity, nor to contribute directly
to the activity of full-length JB6, as the link-CTD construct exhibits similar activity
to the wild-type protein. However, the JD-link, linker alone, and link-CTD con-
structs are highly aggregation prone, highlighting the role of the folded domains in
solubilizing the linker. To perform AP 42 aggregation kinetics in the presence of self-
aggregating constructs, 2-2.5 M urea was used to dissolve them, and prior to the ThT
assay they where diluted heavily in buffer, yielding an urea concentration that has
insignificant effect on A3 42 aggregation [139]. The linker itself has already been stud-
ied in this way, with similar result as seen in figure 5.3, provided that the assay is run
shortly after dilution from urea, since the aggregated linker is inactive [140].
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Figure 5.4: Amyloid suppression activity of designed constructs. The t;,, is the time at which 4 UM Ap42
has reached halfway to the final fibril mass and can be seen as a value of inhibitor activity. The constructs
comprise the parts indicated by the color blocks given to the right, which are the same as given in Figure 5.3.
a: Constructs with different parts of the wt JB6 removed. b: The solubility domain villin headpiece (VHP) at
each side of different length of the JB6 linker, with wt JB6 and the linker alone as comparisons.
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In contrast, the C-terminal domain (CTD) appears to contribute meaningfully to
amyloid inhibition. Constructs lacking the CTD display reduced activity compared
to wt JB6. While the CTD alone only slightly increases ¢; /o, analysis of aggrega-
tion kinetics shows that the CTD reduces the secondary nucleation rate, which has a
smaller effect on Z; /5 than primary nucleation inhibition [94]. It remains unresolved
whether the CTD directly participates in client binding and/or enhances the effec-
tiveness of the linker, for instance by promoting solubility or maintaining an unfolded
state of the linker that facilitates interaction.

To address the question of which parts of the linker and the CTD are needed for
amyloid inhibition, constructs were designed in which different lengths of the linker
were flanked by the villin headpiece (VHP), a 35 amino acid long, folded domain
that act as a solubilizer with similar net charge as the JD and CTD. These constructs
are illustrated as AlphaFold3 structure predictions in Figure 5.3. The construct called
VHP-GFy-ST-VHP comprise of the second half of the GF-region, flanked by VHP.
This construct was designed in order to shorten the linker but potentially keep the
activity, and is motivated by that the first half of the GF-region is found to interact
with the JD [91]. Preliminary data indicate that this construct has a higher activity
compared to when the whole linker is inserted between two VHPs (VHP-link-VHP).
This suggests that the C-terminal part of the linker is more important for client bind-
ing. Potentially, the shorter linker is more available for interactions, either due to
less internal fold or higher solubility. Still, both VHP-GFy-ST-VHP and VHP-link-
VHP aggregates on their own. However, the construct with VHP-ST1-VHE, where
ST is the N-terminal half of the ST-region, is soluble and fairly active.

Further analyses of the above constructs, and additional ones, will help determining
the specific linker and CTD segments responsible for client binding. Successfully
designing monomeric constructs that recapitulate the wild-type activity may also fa-
cilitate high-resolution structural studies, such as solution-state NMR, to precisely
map the client interaction sites.

In addition to identifying the client binding site, it is of great interest to extend the
studies to include how the client binding is coupled to HSP70 activation. Functional
assays, such as measuring ATPase activity [91] or monitoring the refolding of heat-
denatured luciferase [141], could provide insight into the efficiency and mechanism of
HSP70 activation by different JB6 constructs.

Understanding this interplay between JB6, its client, and HSP70 will help to clar-
ify whether specific regions of JB6 not only bind the client but also contribute to
chaperone recruitment and activation, potentially revealing mechanistic principles
applicable to other J-domain proteins.
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Lessons learned from JB6: A recipe for a good molecular chap-
erone

As a final reflection, it may be valuable to summarize what the studies on JB6 have
taught us about the general properties that make a molecular chaperone effective in
suppressing protein aggregation of multiple clients. Such a molecule is likely to need:

1. Exposed hydrophobic regions in a frustrated, partially unfolded state. These
regions provide a high chemical potential due to the ordering of water molecules
at the hydrophobic patches, which are freed upon binding to aggregation-prone
segments of client proteins. To efficiently suppress primary nucleation, the
binding region should be extended, rather than limited to a few amino acids.

2. Oligomerization. To prevent the molecule from aberrant self-aggregation —
due to its exposed hydrophobic parts — it should self-assemble into finite par-
ticles, in contrast to precipitates or amyloids. This allows the chaperone to
remain in solution and stay biologically active.

3. Dynamic exchange between oligomer and monomer. This ensures that the ac-
tive monomeric form is available at biologically relevant concentrations, allow-
ing rapid response to client proteins. Solubilizing domains of low net-charge,
which flank the unfolded part is a possible way to achieve this.

4. A functional J-domain for HSP70 activation. For clients that require ATP-
driven mechanisms facilitated by HSP70, such as refolding or degradation, the
J-domain must be accessible to HSP7o.

The first three criteria relate primarily to the biophysical properties of the chaperone,
rather than the exact amino acid sequence. This implies that it should be possible
to design new chaperones with sequences different from JB6 that still fulfill these
functional requirements. In contrast, to fulfill the last criteria (possessing a J-domain
which can activate HSP70), sequence-specificity is important and the particular prop-
erties of a few amino acids seems crucial.
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