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1. ABBREVATIONS
AA – amyloid A
Aβ – amyloid-beta
AD – Alzheimer’s disease
AEF – amyloid enhancing factor
AFM – Atomic force microscopy
AL – amyloid light chain
ALS – amyotrophic lateral sclerosis
ANS – 8-anilinonaphthalene-1-sulfonate
APP – Amyloid-precursor protein
ATR-FTIR – Attenuated total reflectance Fourier-transform infrared
ATTR – amyloid transthyretin
β2-M – beta2-microglobulin
CD – Circular dichroism
CDR – Complementarity determining region
CJD – Creutzfeldt-Jakob disease
CL – light chain constant
CR – Congo red
Cryo-EM – Cryo-electron microscopy
Da – Dalton
et al – and others
ex vivo – tissue analyzed outside of the living organism
FWR – frame work region
HDL – high-density lipoproteins
IAPP – islet amyloid polypeptide
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Ig – immunoglobulin
IL – interleukin
in vitro – outside of living organism
in vivo – within the living organism
ISA – International Symposium on Amyloidosis
IP – immunoprecipitation
kDa – kilodalton
LC – light chain
NMR – Nuclear magnetic resonance
PD – Parkinson’s disease
SAA – serum amyloid A
TDP – TAR DNA-binding protein
TEM – Transmission electron microscopy
ThT – Thioflavin-T
TNF-α – tumour necrosis factor-α
TTR – transthyretin
VL – light chain variable
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3. SUMMARY
Amyloid formation is the central event in diseases such as Alzheimer’s (AD), Parkinson’s
(PD) and several other systemic amyloidotic diseases like light chain amyloidosis (AL
amyloidosis). In systemic amyloidosis, the multi organ involvement and post-translation
modifications adds more complexity in delineating the disease mechanism especially in the
case of AL amyloidosis. The exact disease mechanism underlying AL amyloidosis in vivo is
not completely understood. Systemic AL amyloidosis is very aggressive particularly when
the cardiac system of the patient gets affected. AL protein sequence involved in the amyloid
deposits is found to be varying among patients and is therefore difficult to rationalize a
common amyloid motif for the cause of the debilitating disease. Hence, AL amyloidosis is
considered as a highly heterogeneous disease which also raises a question if such heterogenic
properties affect the fibrillar structure or not. So far, the structure of tissue derived AL fibril
structure is not well characterized due to the difficulties in isolating the intact fibrils.

The infiltration of amyloid fibrils into organs is believed to be the primary cause for systemic
amyloidotic diseases. However, increasing evidence in neurodegenerative diseases like in
AD suggests that apart from fibril deposition, the soluble amyloid species play an important
role in causing the debilitating disease. It appears that, the presence of either fibril and or
soluble amyloid species are toxic to the living cells. However, exact the mechanism
underlying the toxicity induced by amyloid aggregates is unknown and it is due to the lack of
knowledge of structural and molecular properties of tissue derived amyloid aggregates. In
vivo formed amyloid aggregates are yet to be characterized which may lead to fundamental
insights of protein misfolding disease. Here, isolation and characterization of amyloid
aggregates from diseased tissue material is presented.
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(i) Manuscript 1: Polymorphism of Amyloid Fibrils In Vivo.
We have successfully isolated amyloid fibrils from the human heart tissue materials affected
by AL amyloidosis using a water extraction protocol. Transmission electron microscopy
(TEM), thioflavin-T (ThT), attenuated total reflectance Fourier transform infrared (ATRFTIR) and Congo red (CR) studies on the extracted fibrils which confirms amyloid
characteristics. Denaturing polyacrylamide gel electrophoresis shows the relatively high
purity of the fibril protein and the presence of one major protein species at approximately 12
kDa. In this study we show that the amyloid fibrils formed within a diseased patient can vary
considerably in their morphological features. We have observed this heterogeneity in the
isolated amyloid fibrils irrespective of amyloid type or organ or source is found to be
polymorphic. All diseased patient and animal investigated in the present study exhibit
multiple fibril morphologies. Our observation of structural morphology of amyloid fibrils
suggests that polymorphism is a common feature for both in vivo and in vitro fibrils. Hence,
our study strongly demonstrates that the self-assembly of polypeptide chains follows similar
chemical principles in vivo and in vitro

(ii) Manuscript 2: Systemically conserved pathways of protein misfolding in vivo
We have adapted our extraction procedure to isolate fibrils from different parts of the same
patient suffering from AL amyloidosis. The AL fibrils isolated from the AL case 1 heart
muscle is found to be made of N-terminal fragment of immunoglobulin (Ig) LC λ3-subtype.
The AL protein from heart shares properties such as molecular mass, native disulfide bridge
and non-glycosylated with the one isolated from the heart fat and abdominal fat of the same
patient. Additionally, the heart and heart fat tissue fibrils possess similar secondary structure
as they produced identical amide I curves when analyzed by ATR-FTIR spectroscopy. Such
similar properties also observed in another AL patient (AL case 2), although the light chain

9|Page

(LC) protein involved in this case is an N-terminal fragment of λ1-subtype which is different
in comparison to the AL case 1. Further, we have compared the structural properties of the
refolded AL proteins with the isolated fibrils and found that the refolded AL proteins lack all
of the amyloid signatures, even though it contains β-sheet as its major secondary structure.
Therefore, we conclude that the soluble refolded AL proteins possess a different
conformation when it is in present in the fibrillar form. In the next step we analyse and
compare the morphology of fibrils isolated from the heart muscle, heart fat and abdominal fat
of the AL case 1 patient. We have found two abundant morphologies and it is present
consistently in all the three different tissues of AL case 1 patient. We observe similar
properties with AL case 2 patient samples, too. Our study demonstrates that the in vivo AL
fibrils are polymorphic although the different morphologies are conserved among different
tissues of a single patient. In contemplation, in the analyzed λ-type AL amyloidosis cases the
AL protein undergoes misfolding pathway in three different organs in a similar way.

(iii) Manuscript 3: Cryo-EM reveals the steric zipper structure of a light chain-derived
amyloid fibril
In order to define amyloid prone regions in the AL proteins, in the present study, a λ1
subtype AL protein is selected from the literature and this protein is reported to lead to AL
amyloid fibril deposits in humans. Potential amyloidogenic sequence elements in the AL
proteins are defined by using different algorithms like waltz, tango, amylpred, fold amyloid
and aggrescan. Two potential regions are defined by the prediction algorithms and the regions
are termed here as AL1 and 2. The AL1 segment corresponds to one of the complementaritydeterminant region (CDR) of Ig variable LC (VL) domain whereas AL2 segment arise from
the conserved constant LC (CL) domain. Both AL1 and 2 comprises 12 amino acid residues.
In λ-type AL amyloidosis, majorly the VL domain part alone of LC is identified in the
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amyloid deposits and hence, the AL1 peptide segment is extensively studied in the present
section. The AL1 peptide is highly amyloidogenic and it is capable to form fibrillar structure
under in vitro conditions The fibrils formed from AL1 segment possess bona fide amyloid
characteristics, including filamentous structure observed under TEM, CR birefringence and
X-ray reflection at 4.7 Å and 10.5 Å. Amyloid prediction and sequence comparison of AL
proteins VL domain of λ1, λ2, λ3 and λ6 LC’s reveals that the AL1 peptide segment represent
one of the major amyloidogenic regions of the λ AL proteins. Our results suggest that the
AL1 segment participates in the amyloid core of the tissue deposited AL fibrils.

(iv) Manuscript 4: Molecular basis of β-amyloid oligomer recognition with a
conformational antibody fragment
An immunoprecipitation (IP) procedure to isolate the soluble amyloid-beta protein (Aβ)
species from human AD brain tissue by using a camelid antibody fragment called as KW1
has been shown in this part. The IP procedure demonstrates that the KW1 is able to
precipitate the in vitro generated Aβ(1-40) oligomers but not the freshly dissolved Aβ
peptide and Aβ fibrils. In congruency to in vitro studies, the KW1 is able to detect the
oligomeric Aβ species from the 30-kDa membrane filter retentant of AD brain extract. But,
the Aβ signal is not detected in the non-demented brain extract. By using urea
polyacrylamide gel electrophoresis and western blot technique, we find that the isolated
soluble Aβ species have the same mobility like that of the recombinant Aβ(1-40) peptide.
Nevertheless, further studies are required to confirm the size of the isolated Aβ species. In
conclusion, the soluble Aβ species are found to be present particularly in the AD affect
tissues but not in the non-demented brain.
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4. INTRODUCTION
4.1 AMYLOIDOSIS
Extracellular deposition of abnormally protein aggregates in various organs and or vital
organs is known as “amyloid”. This deposited material causes pathological anomalies
collectively termed as amyloidosis (Merlini G & Bellotti V. 2003). The amyloid is the
linearly self-assembled state of the pathogenic protein (Chiti F & Dobson CM. 2006). The
amyloid formation is the hallmark in several neurodegenerative diseases such as AD,
Creutzfeldt-Jakob (CJD) disease as well as in various systemic amyloidosis (Chiti F &
Dobson CM. 2006). The mechanism of amyloid formation promotes toxicity to the tissues
and ultimately results in organ dysfunction. In vivo the misfolding of proteins can be
triggered by several factors but basically grouped into two namely intrinsic (non-native
mutation and non-native post-translation modifications), and extrinsic factors (pH, solutes,
protease digestion and protein components) (DuBay KF, et al. 2004).

There are at least 31 amyloid forming proteins have been reported by the nomenclature
committee of the International Society of Amyloidosis (ISA) (Sipe JD, et al. 2014). Each
amyloid protein is correlated to a specific type of amyloidotic disease, example, Ig LC in AL
amyloidosis, serum amyloid A (SAA) in AA amyloidosis, transthyretin (TTR) in ATTR
amyloidosis and Aβ protein in AD (Sipe JD, et al. 2014) (Table 1).

The amyloid proteins can accumulate and deposit anywhere inside the body or can be
restricted to one particular organ or tissue. Based on the sites of deposition, the amyloidosis is
majorly classified into two main groups’ namely systemic and localized amyloidosis (Sipe
JD, et al. 2014)
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Table 1. List of amyloid forming proteins in human

Fibril protein

Precursor protein

Systemic/Localized

Organs affected

AL

Ig Light Chain

S, L

All organs except CNS

AH

Ig Heavy Chain

S, L

All organs except CNS

AA

Serum Amyloid A

S

All organs except CNS

ATTR

Transthyretin wild type

S

Heart and Ligaments

Transthyretin variants

S

PNS, Auto-NS, heart

L

Musculoskeletal System

variant

S

Auto-NS

Aβ wild type

L

CNS

Aβ variant

L

CNS

Prion protein, wild type

L

CJD, Fatal insomnia

Prion protein, variants

L

CJD, Fatal insomnia

Islet Amyloid Polypeptide

L

Islets of Langerhans,

Ab2M

β2-Microglobulin
wild type
β2-Microglobulin

Aβ

APrP

AIAPP

Insulinomas
AANF

Atrial Natriuretic Factor

L

Cardiac atria

APro

Prolactin

L

Pituitary prolactinoma,
aging pituitary

The above table is the modified version of Sipe JD, et al. 2014. PNS: peripheral nervous
system; CNS: central nervous system; Auto-NS: autonomous nervous system
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(i) Systemic amyloidosis: Systemic amyloidosis is a generalized type of amyloidosis in which
the amyloid deposit can be found throughout the body. Examples are AL amyloidosis, AA
and ATTR amyloidosis. Further, it can be classified on the basis of the type of amyloid
protein involved in the deposition. They are as follows

a) Primary amyloidosis: It occurs without any other clinical syndrome and is considered as
the most common form of systemic amyloidosis. AL amyloidosis is an example for primary
amyloidosis in which Ig LC protein is involved in the fibril deposition (Gertz MA. 2011).

b) Secondary amyloidosis: It occurs due to the long term chronic inflammation condition like
rheumatoid arthritis and tuberculosis. AA amyloidosis is another common type of secondary
systemic amyloidosis due to the deposition of an inflammatory protein called SAA
(Westermark GT, et al. 2015).

c) Familial (hereditary) amyloidosis: It is a rare type and is thought to be caused by the
inheritance of the mutated gene. ATTR is the most common hereditary amyloidosis and it is
caused by TTR (Westermark P, et al. 1987).

d) Senile amyloidosis: It is caused by the deposition of wild type TTR protein in old aged
people (Westermark P, et al. 1990)

e) Dialysis related amyloidosis: It occurs mainly in the chronic dialysis patient with renal
disease. Beta2-microglobulin (β2-M) is the amyloid precursor protein in this type (Gejyo F,
et al. 1986; Bellotti V, et al. 1998).
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(ii) Localized amyloidosis: In localized amyloidosis case, the amyloid deposits are confined
to only one type of organ or tissue. Islet amyloid polypeptide (IAPP) amyloidosis and neuro
degenerative diseases like AD are the best known examples for localized amyloidosis (Sipe
JD, et al. 2014).

4.2 SYSTEMIC AL AMYLOIDOSIS AND IG LIGHT CHAIN PROTEIN
In abnormal conditions like myeloma, waldenström’s macroglobulinemia, monoclonal
gammopathy and bone marrow diseases; the neoplastic plasma cells can expand in an
uncontrolled way and they release enormous amounts of LCs into the blood circulation
(Perfetti V, et al. 2001). Further, the LC’s misfold, aggregate and subsequently deposit as
amyloid fibrils in tissues (Bellotti V, et al. 2000). Hence AL amyloidosis falls under both
plasma cell disorders and protein misfolding diseases. The commonly affected organs are
heart, kidney, gastrointestinal tract, peripheral nervous system, lungs, skin and soft tissues
(Comenzo RL, et al. 2001). Nearly 50% of AL amyloidosis patients are affected with cardiac
problems and the median survival is less than 6 months when untreated from the time of
diagnosis (Dubrey SW, et al. 1998). The main cause of death in cardiac affected AL
amyloidosis patients is heart failure which is either due to progressive cardiomyopathy or
with ventricular arrhythmia (Mathew V, et al. 1997).

The AL protein is derived from the Ig LC component. Generally the LC’s are of two types: λ
and κ and they are usually secreted by blood plasma cells in appropriate levels. Both the light
chains have two major domains namely VL, CL and a joining region. VL domain can be
further divided into the “framework region” 1-3 (FWR) and 1-3 CDR. AL amyloidosis is
affected by significant heterogeneity in histopathological manifestations as well as in protein
sequences since each patient has their own Ig LC proteins. λ LC proteins are commonly
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found in amyloids when compared to κ LC proteins (Merlini G, et al. 2013). In AL
amyloidosis, certain subtypes of λ LC’s are over-represented than in the normal conditions
(Bodi K, et al. 2009; Ignatovich O, et al. 1997 & Guigou V, et al. 1990) (Table 2).

Table 2. λ and κ gene expression in normal and AL amyloidosis conditions (Bodi K, et al.
2009; Ignatovich O, et al. 1997 & Guigou V, et al. 1990)
λ
1
no)
λ1
λ2
λ3
λ4
λ5
λ6
λ7
λ8
λ9
λ10

20

QSVLTQPPS-ASGSPGQRVTISC
QSALTQPAS-VSGSPGQSITISC
SYELTQPPS-VSVSPGKTASITC
QSALTQPPS-ASASLGASVALTC
QAVLTQPSS-LSASPGASASLTC
NFMLTQPHS-VSESLGKTVTISC
QAVVTQEPS-LTVSPGGTVTLTC
QTVVTQEPS-FSVSPGGTVTLTC
QPVLTQPPS-ASASLGASVTLTC
QAGLTQPPS-VSKGLRQTATLTC

к

Frame work region
1

no)
К1
К2
К3
К4
К5
К6
К7

Frame work region
10

10

20

DIQMTQSPSAMSASVGDRVTITC
DIVMTQSPLSLPVTPGEPASISC
EIVLTQLPGTLSLSPGERATLSC
DIVMTQSPDSLAVSLGERATINC
ETTLTQSPAFMSATPGDKVNISC
EIVLTQSPDFQSVTPKEKVTITC
DIVLTQSPASLAVSPGQRATITC

λ gene repertoire
Normal usage (%/case no) AL usage (%/case
29.7%/4
43.4%/4
18.5%/4
unavailable
unavailable
1.9%/4
unavailable
unavailable
unavailable
unavailable

26.3%/319
21.3%/319
26.9%/319
3.0%/319
0.0%/319
23.8%/319
0.3%/319
0.0%/319
0.0%/319
0.3%/319

к gene repertoire
Normal usage (%/case no)
43.0%/12
9.0%/12
29.0%/12
19.0%/12
unavailable
unavailable
unavailable

AL usage (%/case
79.8%/114
3.5%/114
4.3%/114
12.2%/114
unavailable
unavailable
unavailable

Reports say that either the full length or the fragment of LC can form amyloid fibrils in
organs but often the variable domain involved alone is responsible for amyloid deposits
(Bellotti V, et al. 2000). However, in κ-type AL cases, only the constant domain is associated
with the disease (Solomon A, et al. 1998). It is not yet clearly elucidated why certain LC
forming amyloid fibrils and deposits are found in selective tissues. There might be several
factors including aberrant production of LC protein, mutation, post-translation modifications
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and cellular environment which may induce LC protein to form amyloid fibrils (Bellotti V, et
al. 2000).

4.3 SYSTEMIC AA AMYLOIDOSIS AND SERUM AMYLOID A PROTEIN
In humans, the SAA protein family comprises of three different genes (SAA1, 2 and 4) and
also one pseudogene (SAA3) (Husby G, et al. 1994). Only SAA1 and SAA2 genes encode for
the acute-phase proteins (SAA1 and SAA2, denoted as A-SAA) which are mainly produced
by the liver whereas SAA4 encodes a constitutional protein which is expressed in many
tissues (Steel DM, et al. 1993). SAA1 protein has five isoforms namely SAA1.1, SAA1.2,
SAA1.3, SAA1.4 and SAA1.5 whereas SAA2 has only two isoforms SAA2.1 and SAA2.2
(Uhlar CM & Whitehead AS. 1999). The murine SAA protein is evolutionarily homologous
to the human SAA protein (Lowell CA, et al. 1986) though the physiological role of SAA
protein remains unclear. The protein is conserved throughout the animal kingdom which
indicate its instrumental role in living organisms (Husby G, et al. 1994).

AA amyloidosis is characterized by the extracellular deposition of fibrils that are made up of
SAA1 (Westermark GT, et al. 2015), an acute phase reactant protein synthesized mainly by
the hepatocytes under the control of regulators like cytokines including interleukins (IL)-1,
IL-6 and tumour necrosis factors (TNF-α) (Kisilevsky R, et al. 2011). In the plasma, the
circulating SAA1 is always found to be associated with the high-density lipoprotein (HDL)
(Kisilevsky R, et al. 2011). During conditions like tuberculosis, familial Mediterranean fever
and rheumatoid arthritis, the SAA1 concentration in plasma strikingly increases to a factor of
1000 higher than in the normal level manifested as an inflammatory response (Kisilevsky R,
et al. 2011). By an unknown mechanism, the SAA1 protein dissociates itself from HDL and
deposits as amyloid fibrils in various organs. Spleen, liver and kidney are the majorly
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affected organs in AA amyloidosis (Hazenberg BP & Van Rijswijk MH. 1994). The intact
circulating SAA protein consists of 104 amino acid residues and it possesses a molecular
mass of about approximately 12 kDa. But, in the amyloid deposits only the truncated forms
of SAA protein is of high existence (Röcken C, et al. 2005) suggesting that the protease
cleavage might play a role in the fibrillation process. The N- terminal 76-residue is the main
component of the amyloid deposits, additionally 100 and 44-residue fragments are also
identified (Röcken C, et al. 2005). Apart from the amyloid protein, serum amyloid P
component (SAP) and glycosaminoglycans like heparin sulfate have been found to be
existing in the AA fibril deposits (Inoue S, et al. 1998).

The disease AA amyloidosis is shown to induce symptoms in a mouse model by repeated
subcutaneous injection of casein or silver nitrate (which promotes inflammatory response)
(Shirahama T & Cohen AS. 1980; Lundmark K, et al. 2002). Results of these studies reveal
that in a mouse model, the fibril deposition starts at the spleen which gradually spreads to
other organs like liver and kidney (Shirahama T & Cohen AS. 1980). The disease progression
in mouse can be accelerated by the combination of intravenous injection of amyloid
enhancing factor (AEF) extracted from AA laden tissue and subcutaneous silver nitrate
(Lundmark K, et al. 2002). There are several factors which are reported that might play an
important role in vivo AA fibril formation. Some of them are protease cleavage, phagocytic
cells, mutations and AEF (Westermark GT, et al. 2015). However, the detailed molecular
mechanism of disease progression and the redistribution of amyloid among organs is not yet
elucidated in humans.

4.4 ATTR AMYLOIDOSIS AND TTR PROTEIN
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The misfolded TTR protein accumulates as amyloid fibrils in ATTR amyloidosis which leads
to the deposition primarily in heart (Andrade C. 1952; Ruberg FL & Berk JL. 2012). TTR is a
plasma protein produced by the liver cells and plays a major role in transporting thyroid
hormone and retinol. It is a 14 kDa protein which contains 127 amino acid residues (Kanda
Y, et al. 1974). In the plasma, the TTR is majorly found to be a homo-tetramer.

There are about 90 pathogenic mutated variants of TTR which have been reported and most
of the mutated TTR variants are all involved in the systemic amyloidosis (Dwulet FE &
Benson MD. 1983; Benson MD & Uemichi T. 1996). However, the wild type TTR also
deposits as amyloid in aged people (Gorevic PD, et al. 1989). Here, some of the mutations
are hereditarily and based on the type of mutant variants, ATTR amyloidosis can be divided
into two forms: hereditary and senile TTR amyloidosis. The hereditary TTR amyloidosis can
be further divided into familial amyloid polyneuropathy and familial amyloid
cardiomyopathy which is primarily based on the deposition site. There is no clear reason for
some TTR mutants which are restricted to certain organs. The exact mechanism by which the
transthyretin protein forms amyloid fibril is not clearly understood in vivo. However, the
misfolding process in the TTR fibrillation process is well characterized under in vitro
conditions. It is described that the fibrillation pathway of TTR starts with the dissociation of
tetramer into monomer which later misfolds and aggregates into amyloid fibrils. Speculations
suggest that the pathogenic mutations can destabilize the TTR native conformation which is a
reason for the dissociation of the tetramer into monomer and its transformation into amyloid
fibrils (Jenne DE, et al. 1996; Wiseman RL, et al. 2005). The studies of the Kelly group
suggest that at below pH 5 the TTR protein tetramer breaks into monomer and assembles into
amyloid fibrils (Colon W & Kelly JW. 1992; Lai Z, et al. 1996).
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4.5 AD AND Aβ PROTEIN
AD is usually seen in elderly individuals is a neurodegenerative condition caused by protein
misfolding and is characterized by the presence of extracellular amyloid plaques (Masters
CL, et al. 1985). The core of the plaque predominantly consists of two amyloid proteins,
Aβ(1-40) and Aβ(1-42), which are derived from the sequential cleavage of amyloid precursor
protein (APP) by a group of secretases (Selkoe DJ. 1996; Haass C. 2004). Although these Aβ
proteins are present in healthy individuals, their deposition is seen only in diseased (genetic)
and in aging condition (Goate A, et al. 1991; Selkoe DJ. 1996; Ferri CP, et al. 2005). Cells
eliminate misfolded proteins by either proteosome mediated degradation or autophagy. This
clearance mechanism declines upon aging, resulting in the deposition of Aβ proteins to form
amyloid plaques. Additionally, an occurrence of another hypothesis exists where the
formation of neurofibrillary tangles due to tau hyperphosphorylation could be the secondary
event of this disease (Hardy J & Selkoe DJ. 2005). However, the exact cause for AD
pathology is still debatable.

Apart from the Aβ deposition, there is ample experimental evidences that soluble Aβ
aggregates are the main reasons for the neurodegeneration in AD (Kirkitadze MD, et al.
2002). In vitro studies have demonstrated that the Aβ oligomers were more neurotoxic than
the monomeric and fibril form (Haupt C, et al. 2012). Several attempts have been made in
understanding the generation of Aβ fibrils and oligomers from the Aβ proteins under in vitro
conditions (Petkova AT, et al. 2002; Sachse C, et al. 2010; Schmidt M, et al. 2015). Though
these studies provide details about structural properties of different Aβ conformers, their
biological significance under in vivo conditions remains largely uncertain.

4.6 GENERAL CHARACTERISTICS OF AMYLOID FIBRILS
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Despite the fact that the amyloid forming proteins are unrelated to each other in terms of their
sequence, secondary and tertiary structures, they all appear to possess basic similar structures
in the attained fibrillar form. Regardless of the distinct amyloid protein and amyloidosis, all
the amyloids display common tinctorial, spectroscopic, X-ray diffraction and morphological
features.

(i) Dye binding properties of amyloid fibrils
All in vivo or in vitro formed fibrils possess a strong binding affinity over aromatic dyes such
as CR and ThT (Westermark GT, et al. 1999). The CR stained amyloids yield a unique applegreen birefringence when it is viewed under cross-polarized microscope and this property is
considered as the routine technique for amyloid detection (Westermark GT, et al. 1999). The
characteristic binding of CR and amyloid is further studied by spectroscopic methods. CR
alone has a maximal absorption at 490 nm but in the presence of amyloid fibrils shows a red
shift absorption maximal wavelength from 490 to 540 nm (Klunk WE, et al 1989). The
chemical principle behind the CR binding to amyloid is not fully understood. However, based
on the previous studies it is hypothesized that the CR binds to the fibrils by intercalating
between the β-strands or through electrostatic interactions (Wu C, et al. 2012).

Upon binding with amyloid fibrils, ThT shows enhanced fluorescence with emitted maximum
intensity at around 483 nm (Biancalana M & Koide S, et al. 2010). ThT is used in monitoring
the fibrillation process of many amyloidogenic proteins such as Aβ, lysozyme, TTR and
Beta2-microglobulin (β2-M). It is assumed that ThT binds to the fibrils through the grooves
formed by β-sheets (Biancalana M & Koide S, et al. 2010). Both these dyes specifically bind
to the amyloid β-sheet structures but not to the native β-sheet configuration.
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(ii) Infrared absorption behaviour of amyloid fibrils
The carbonyl group of the peptide bond (C=O) stretches considerably with each specific
secondary structure of the protein. Normally, the amyloid fibrils possess amide I band region
between 1612 – 1632 cm-1 whereas the native β-sheet containing protein shows amide I
between 1632 – 1640 cm-1 (Zandomeneghi G, et al. 2004). Such distinguishing behaviour
enables ATR-FTIR spectroscopy than circular dichroism (CD) spectroscopy in studying the
secondary structure by amyloid fibrils.

(iii) X-ray diffraction pattern of amyloid fibrils
Almost all amyloid fibrils diffract X-ray beam similarly and yield a typical pattern which
always exhibits equatorial reflections at approximately 10 Å (termed as inter β-sheet
distance) and meridional reflections at approximately 4.7 – 4.8 Å (termed as side chain
spacing distance) (Sunde M, et al. 1997). These reflection patterns are due to the arrangement
of β-strands perpendicular to the main fibril axis and this classic phenomenon is commonly
called as cross-β structure (Pauling L, Corey RB. 1951; Sunde M, et al. 1997). Generally, the
main chain spacing is conserved among all types amyloid fibrils (formed from different
precursor proteins) while the side chain spacing distances differ significantly due to the
divergence of amino acid residues in the amyloid forming proteins (Fändrich M & Dobson
CM. 2002).

(iv) Diversity in morphology of amyloid fibrils
In vitro or in vivo formed amyloid fibrils possess a characteristic structure that is different
from the amorphous aggregates or oligomeric forms of the protein under TEM. Negatively
stained amyloid fibrils under TEM show elongated, long, straight or curved, and generally
unbranched structures with diameter ranging from 5 to 25 nm (Fändrich M. 2007). Not all
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amyloid fibrils exhibit constriction and dilation in their width over regular intervals which are
termed as crossovers. Atomic force microscopy (AFM) or platinum shadowing show left
hand chirality in twisted fibrils (Goldsbury CS, et al. 2000; Jimenez JL, et al. 2002; Sachse
C, et al. 2006). This property might be due to the L-chiral amino acid residues in the protein
molecules. However, it is also reported the under certain in vitro conditions the protein can
form right handed fibrils (Jansen R, et al. 2005). The architecture of the amyloid fibrils
formed by the same polypeptide chain varies considerably and this phenomenon is widely
named as polymorphism. The polymorphic fibrils formed by the same protein can be
observed in different samples (inter sample polymorphism) as well as in the same sample
(intra sample polymorphism). Polymorphism is mainly observed in fibrils formed in vitro.
But, this phenomenon is observed in very few cases of ex vivo fibrils (Crowther RA &
Goedert M 2000; Jimenez JL et al. 2001). In vitro there are many proteins known to form
polymorphic fibrils within the given conditions, some examples are amylin, Aβ, and insulin
(Goldsbury CS, et al. 1997; Malinchik SB, et al. 1998; Bouchard M, et al. 2000; Goldsbury
CS, et al. 2000; Jimenez JL et al. 2002). In vitro fibril polymorphism can be classified into
two types, they are inter sample and intra sample polymorphism.

Inter sample polymorphism: This phenomenon is observed when comparing the set of fibril
samples formed by the same protein under different conditions. Such a scenario can be
achieved by changing the incubation conditions like temperature, agitation, solute
concentration and pH. Experimental evidence shows that the environmental and incubation
conditions play an intricate role in the fibrillation process. As a result of changing conditions,
the fundamental interaction between the proteins change leading to morphological differences
in the mature fibrils. For instance, Aβ(1-40) peptides can produce different polymorphic
fibrils under different salt and agitated as well as non-agitated conditions (Kodali R, et al.
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2010; Petkova AT, et al. 2005). Nuclear magnetic resonance (NMR) spectroscopy study
shows that the structural arrangement of Aβ(1-40) fibrils formed under agitated condition
differs in the molecular level in comparison with the fibrils from non-agitated conditions
(Petkova AT, et al. 2005). Further, TEM analysis demonstrates that the morphology of
agitated Aβ(1-40) fibrils appear to comprise of flat ribbon like striated structures where as
non-agitated fibrils possess twisted arrangement (Petkova AT, et al. 2005).

Intra sample polymorphism: It is indicative that proteins form multiple fibril morphologies
under same condition. Amyloid fibrils from Aβ(1-40) peptide, insulin, LC and human
lysozyme exhibit different polymorphs in the same sample (Meinhardt J, et al. 2009; Jimenez
JL et al. 2002; Ionescu-Zanetti C, et al. 1999; Morozova-Roche LA, et al. 2000). The
different polymorphs within the same sample cannot be detected or is subtle to spectroscopic
methods like NMR, FTIR and CD, which relatively measures the overall population of fibrils
in the sample mixtures. However, using single particle techniques like TEM or AFM it is
possible to identify and classify the different morphologies in the same sample. The intra
sample polymorphs can be classified based on the three parameters which are crossover
distance, width of the fibril and width at crossover.

Hypothesis on polymorphism: The molecular reason behind the polymorphism which occurs
in amyloid fibril can be attributed to three possibilities.

1. Amyloid fibrils can differ due to the presence of different number of protofilaments
between each of the polymorphs. This type of polymorphism is demonstrated by the cryo
electron microscopy (cryo-EM) reconstruction of insulin fibrils. Based on the preceding
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study, different morphologies are seen to contain different number of same basic unit in the
cross-section of their density contour map (Jimenez JL et al. 2002).

2. Fibrils differ due to the difference in the relative orientation of protofilaments. This is seen
in the cryo-EM reconstruction of Aβ (1-40) fibril polymorphs where each fibril morphology
always contains two protofilament in their structure. However, the orientation of the
protofilament changes significantly with each fibril morphology (Meinhardt J, et al. 2009).

3. Fibrils differ due to the protofilament substructure differences which arises due to the
conformational differences or side chain interaction of the polypeptide chain. This possibility
is well demonstrated by the X-ray microcrystallography studies on the amyloid-like steric
zipper structures, where the peptide fragments are derived from different amyloid precursor
proteins. The atomic structural detail obtained for these peptide microcrystals which are
derived from two different conditions reveal the differences in their inter-side chain contacts
of their β-sheet structure (Wiltzius JJ, et al. 2009).

4.7 AMYLOID FORMATION AND ITS INTERMEDIATES
The mechanism of fibrillation process has been studied elaborately for several amyloid
forming proteins under in vitro conditions. The real time conversion of a freshly dissolved
protein into mature fibrils can be monitored by light scattering techniques or using dyes such
as ThT. It is generally assumed that the formation of amyloid fibrils takes place via a
nucleation dependant polymerization process (Jarrett JT & Lansbury PT Jr. 1993; Chiti F &
Dobson CM. 2006). The aggregation kinetics consists characteristically of two phases: an
initial slow phase otherwise called as lag phase which represents the formation of oligomeric
nucleus and the successive second phase where a fast growth represents the extension of the
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nuclear structure into larger fibrils. The time period of the nucleation process considerably
decreases by the addition of preformed fibrils termed as seeds to the reaction mixture. Several
aggregated states are observed on the course of the assembly of protein molecules into mature
amyloid fibril. The hierarchy of the aggregates are often structured as monomer > nonfibrillar aggregates (oligomers) > protofibrils > mature fibrils. NMR studies reveal that Aβ(140) oligomers, protofibrils and fibrils possess similar structural elements (Haupt C, et al.
2012; Scheidt HA, et al. 2011; Paravastu AK, et al. 2008). But, experimental evidence
clarifies the structural differences between the non-fibrillar aggregates and fibrils (Fändrich
M. 2012). One such study shows that the Aβ(1-40) oligomers show less binding to the
amyloid specific dyes like ThT and CR but strongly binds to oligomeric specific dye like 8anilinonaphthalene-1-sulfonate (ANS) (Fändrich M. 2012). TEM analysis shows distinct
morphological features for oligomers, protofibrils and fibrils (Fändrich M. 2012).
Additionally, FTIR spectroscopy studies indicate that the non-fibrillar aggregates possess
antiparallel β-sheet while mature fibrils possess parallel β-sheets which further confirm the
argument that these conformers are structurally unique (Habicht G, et al. 2007; Fändrich M.
2012).

4.8 AMYLOID FIBRILS IN VIVO; POLYMORPHISM AND SPREADING

(i)Biological relevance of polymorphic amyloid fibrils
In vitro amyloid fibrils of any amyloid precursor proteins are found to be polymorphic and
the existence of this phenomenon in vivo is yet to be established. Unlike in vitro conditions,
the aggregation of proteins will be governed by numerous factors in vivo and these factors
might vary from site to site. This situation may considerably affect the misfolding pathway of
amyloid protein and hence the resulting morphological structure too. The examination of

26 | P a g e

polymorphism for ex vivo amyloid fibrils is complicated when the sample purity is not good
enough to visualize the morphological features. This is the main reason for not having a clear
classification on the polymorphism of in vivo formed fibrils. However, there are few studies
in which the ex vivo fibrils are investigated showing that the extracted amyloid fibrils possess
multiple morphologies. Analysis on the ex vivo apoAI fibrils show apparently two different
morphologies where one appear to be solid and other one is hollow (Jiménez JL, et al. 2001).
The extracted lysozyme fibrils look extremely wavy and the measured helical periodicity
ranges from 2000 to 4000 Å indicating the possibility of polymorphic fibrils (Jiménez JL, et
al. 2001).

Recent studies suggest that the morphology of Aβ fibrils associated with AD are homogenous
in the investigated patient dissimilar to another isolated case (Lu JX, et al. 2013).
Development of different methodologies for personalized treatment are conducive in these
situations (Aguzzi A & Gitler AD. 2013). However, in this study the fibrils are not actually
extracted from the diseased tissue material but are formed by incubating the recombinant Aβ
protein in near physiological conditions (Lu JX, et al. 2013).

Hence, the existence of

polymorphic fibrils in vivo is still ambiguous. It is very important to know whether or not
certain disease phenotypes correlate with certain fibril morphology. Such knowledge on
amyloid fibril polymorphism is very critical in understanding the disease and fundamental
properties in fibrillar process. Therefore, this information can be exploited in developing
treatment against multiple morphologies of fibrils in contrast to a treatment targeted for
single-morphology.

(ii) Spreading of amyloid fibrils in vivo
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In systemic amyloidosis, the amyloid fibrils infiltrate multiple organs. It is unknown if the
amyloid deposition occurs similarly at different sites of the body in a diseased individual or
not. Also, it raises another question if the triggering of fibrillation initiate at different organs
at the same time or not. However, some in vivo studies (in both mouse and human) paves way
in understanding the propagation of amyloid within tissue or among the organs over a period
of time. Entire body imaging by SAP scintigraphy in an ATTR amyloidosis patient shows
initial amyloid deposition in spleen and kidney and later on in the thyroid gland (Holmgren
G, et al. 1993). Meanwhile, the amyloid deposition is seen in spleen and kidney of an AA
amyloidosis patient which spreads to the adrenal gland and liver (Tan SY, et al. 1995). AA
amyloidosis induced in mouse model develops amyloid deposition first in spleen which
gradually spreads to other organs like liver and kidney (Shirahama T & Cohen AS. 1980).
Likewise, the proteins involved in neuro-degenerative diseases like Aβ and Tau in AD, αsynuclein in PD and TAR DNA binding protein-4 (TDP-4) in amyotrophic lateral sclerosis
(ALS) are initially found to deposit at one site of the brain and spreads over time to other
parts of the brain (Jucker M & Walker LC. 2013). These remarkable findings can be
interpreted in two ways: the variation in the time periods is necessary to develop amyloid
fibrils in different organs and the proteopathic seed travels from one site to other site of the
body to spread the disease. The former theory of seed propagation is supported by prion-like
mechanism where the misfolded protein catalyses the conversion of the normal protein into
the misfolded one and spread inside the body (Frost B & Diamond. 2010). The prion-like
behaviour has been shown experimentally in systemic AA amyloidotic mice model that the
injection of AEF into another mouse rapidly accelerates the disease condition in comparison
to the non-injected mouse (Lundmark K, et al. 2002). However, all the results from these
studies demonstrate only the spreading of amyloid deposits. But, a question still remains
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whether or not the amyloid deposition occurs similarly within or among several organs. In
other words, is misfolding pathway conserved with in a single patient?

4.9 AMYLOID OLIGOMERS IN VIVO
Initial fundamental studies demonstrate that the deposition of fibrils inside the body is the
main cause for the tissue degeneration in various amyloid diseases. But, clinical observations
suggest that the existence of amyloid deposits are not toxic to cell and due to its rigid nature it
only causes the physical impairment on the cells which ultimately disrupt the function of cells
(Pepys MB. 2006). However, this assumption is rational with the case of systemic
amyloidosis in which fibrils deposit in various organs and causes dysfunction. In
neurodegenerative diseases like AD, the soluble amyloid intermediates are considered as the
main cause for the neuronal loss (Haass C & Selkoe DJ. 2007). This alternative approach
arises due to the contradictory reports which define AD pathology in correlating amyloid
plaque deposits and neuronal loss. In AD mouse models, the cognitive declination occurs
prior to the detection of amyloid plaques (Moechars D, et al. 1999, Hsia AY, et al. 1999).
Additional studies show evidences that the injection of Aβ derived oligomers severely impair
the neuronal function in mouse (Mucke L, et al. 2000; Klein WL, et al. 2001). Moreover, the
Aβ soluble species purified from mouse brain is found to cause memory loss upon injecting
into another mouse (Lesné S, et al. 2006; Shankar GM, et al. 2008). All compelling
evidences on the cellular toxicity of Aβ oligomeric species suggest that the amyloid
deposition is not the only culprit in AD pathology.

4.10 EXTRACTION PROCEDURE FOR AMYLOID FIBRIL
Conventionally, the amyloid fibrils are extracted from the tissues using a traditional water
extraction protocol (Pras M, et al. 1968) and it involves several steps of homogenisation of
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amyloid tissues in saline buffer followed by ice-cold water. Homogenisation of tissues in
saline buffer along with ethylenediaminetetraacetic acid (EDTA) salts effectively removes
the serum amyloid P component, a ubiquitous fibril associated protein (Pepys MB, et al.
1994)), from the fibrils. Using high ion containing buffers precipitate fibrils and allow it to
sediment simply by centrifugation which provides access to remove other soluble protein and
tissue particles from the resultant supernatant. Homogenisation of amyloid tissue in low ion
containing solvent like water drive the fibrils to the solution phase and the fibril solution can
be easily aspirated. This protocol enable us to extract fibrils from different sources and
amyloid types. The fibrils extracted using this procedure can be used in studying the
biochemical properties of amyloid proteins involved in the fibrils. However, due to the
multiple step of homogenisation and harsh centrifugation conditions, the fibrils may be
destroyed or the morphology alters which ultimately affect the understanding of its structural
properties. Therefore, the water extraction protocol needs to be modified altered in order to
extract the intact fibrils from the diseased tissues.

4.11 CONFORMATIONAL BINDERS, A NOVEL APPROACH TO ISOLATE AΒ
OLIGOMERS FROM AD BRAIN EXTRACT
In AD patients, the distinct pathological properties expressed by the soluble Aβ aggregates
prior to the plaque formation suggest a hypothesis that these assemblies may have a unique
conformation. In vitro studies support this hypothesis that the Aβ(1-40) peptide conformation
in the oligomeric state varies significantly to the one when present in its monomeric and
fibrillar state (Fändrich M. 2012). It is of prime importance to detect and characterize these
toxic soluble Aβ species which can be useful for therapeutic and diagnostic purposes. Unlike
fibrils, there is no effective procedure to isolate oligomers from the disease tissues. Moreover,
the isolation protocol may be very critical due to the difficulties in discriminating the protein
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in oligomeric form from its monomeric and fibrillar forms. Hence, a novel strategy is
required to isolate the soluble amyloid species from the disease tissues. Through the advent
of biotechnological application, it is now possible to generate monoclonal antibodies against
certain epitopes or conformations of the protein state. These conformational binders are
usually generated from the selection of gene libraries of Ig from human or camelid family.
Recently, a camelid generated antibody fragment called B10 showed specific interaction to
the Aβ(1-40) fibrils but not to the monomeric and oligomeric form (Habicht G, et al. 2007).
Antibodies purified form the poly-clonal sera are shown to locate the localization of Aβ
oligomers in the AD brain tissue sections (Kayed R, et al. 2003). Such conformational
specific antibodies can be exploited to discriminate and isolate the soluble Aβ species from
the monomeric and fibrillar forms from the AD brain extract.

4.12 AMYLOID REGION PREDICTION
To understand the principles of amyloidogenesis, a prior knowledge is required to decipher
the amyloid prone regions of the interested polypeptide chain. Amyloid formation is
considered as the intrinsic property for any polypeptide chain provided the conditions are
right. Partial destabilization of protein structure triggers the aggregation process (Fändrich M,
et al. 2001). These data suggest that the aggregation prone regions may be hindered in the
native structure of the protein due to the side chain interactions. The unexposed protein
regions can be made to expose to the solvent by partial denaturation and may assist for the
establishment of non-native inter-molecular interaction which can lead to the amyloid fibril
formation. Such aggregation prone regions are termed as “hot spot” for amyloid formation
and it can be defined using algorithms (Table 3).
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Table 3. Amyloid prediction tools

Web tools

Mode of prediction

WALTZ

Amyloid prone regions

TANGO

Aggregate prone regions

Reference
Maurer-Stroh S, et al. 2010
Fernandez-Escamilla AM, et al.
2004

AMYLPRED

Amyloidogenic prone regions

Frousios KK, et al. 2009

FOLDAMYLOID

Amyloidogenic prone regions

Garbuzynskiy SO, et al. 2010

Aggregate prone regions

Conchillo-Solé O, et al. 2007

AGGRESCAN
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5. OBJECTIVES OF THIS THESIS
Amyloidosis is a group of pathological disorders where each one is caused by a specific type
of precursor protein such as Ig LC protein in AL amyloidosis, SAA in AA amyloidosis, TTR
in ATTR amyloidosis and APP in AD. Several in vitro studies explain the transition of a
polypeptide chain into a mature fibril, but in vivo, the mechanism of fibrillation is unknown.

In this thesis, an attempt has been made to understand the in vivo amyloid deposition
mechanism by isolating and studying the amyloid aggregates from diseased human or animal
tissues.

(i) Ex vivo amyloid fibrils are polymorphic
The well-known structural feature of test tube formed amyloid like fibrils possess multiple
morphologies termed as polymorphism. But, it is unclear whether the fibrils from a patient or
diseased animal are polymorphic. Studying the morphological features of fibrils from
diseased tissue material is quite challenging due to the difficulties in isolating the intact fibrils
with the present extraction protocol without altering their morphology.

The following objectives are
1. To establish a gentle extraction procedure to isolate intact amyloid fibrils from heart tissue
inflicted AL amyloidosis
2. To check whether the extracted fibrils possess amyloid characteristics
3. To adapt the extraction protocol to isolate amyloid fibrils from ATTR amyloidotic heart
tissue, AA amyloidotic goat uterus, fox and mouse spleen
4. To define whether the tissue derived amyloid fibrils are polymorphic or not
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(ii) Amyloid proteins undergo systemic conserved misfolding pathway
In systemic AL amyloidosis, the amyloid deposition occurs within multiple organs in an
affected individual. The involvement of multiple organs raises a question whether or not the
structural (morphology and secondary structure) and biochemical properties (molecular mass
and post-translational modifications) of AL fibrils from one deposit is similar to the other
deposit. On the other hand, it is unknown if amyloid proteins undergo similar misfolding
pathway and gets deposited at various sites in an individual patient.

The following objectives are
1. To extract and purify AL fibril protein from AL case 1 heart tissue in order to determine
the amino acid sequence
2. To adapt the extraction protocol to isolate amyloid fibrils from AL case 1 fat tissues
3. To compare the molecular mass and biochemical properties of AL protein isolated from
different sites of AL case 1 patient
4. To compare the morphology of fibril from different sites of the AL case 1 patient
5. To compare the secondary structure of AL fibrils derived from heart and fat tissues of AL
case 1 patient
6. To compare and characterize the AL fibrils isolated from heart and fat tissues of AL case 2
patient

(iii) Does λ-type AL protein possesses similar amyloid motif?
AL proteins are highly heterogeneous and its amino acid sequences are found to vary from
one patient to another patient. Apart from that, the AL protein also varies in terms of length,
post-translation modifications and deposition site between the affected patients. Moreover,
the AL proteins can be derived either from λ or κ LC’s but the λ-type LC is frequently

34 | P a g e

involved in AL amyloidosis than the κ-type. Hence, it is difficult to define a common
amyloid motif for the AL protein. There is no concrete reason to define why the LC protein
converts into AL protein and forms amyloid fibrils.

The following objective is
1. To predict and define the amyloid prone regions in the λ-subtype AL proteins by using
algorithms such as waltz, tango, amylpred, fold amyloid and aggrescan.

(iv) Existence of soluble Aβ species in AD brain tissue
Unlike systemic amyloidosis (where amyloid deposition is considered as the main cause of
system failure), growing evidence on neurodegenerative diseases like AD suggests that apart
from fibrils the soluble amyloid aggregates are also toxic to the neuronal cells in vitro.
However, there is no clear evidence for the presence of such soluble Aβ species in the AD
affected brain. Effective protocols are available to extract Aβ fibrils from the AD brain
samples but none is available to isolate the soluble Aβ species alone. Moreover, it is not clear
whether the soluble Aβ species resides only in the AD brain and not in the non-demented
brain samples.

The following objective is
1. To isolate and characterize soluble Aβ species form the AD brain sample and compare its
results with non-demented brain samples
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6. MANUSCRIPTS ANNEXED

Manuscript 1: “Polymorphism of Amyloid Fibrils In Vivo”. Annamalai K, Gührs KH,
Koehler R, Schmidt M, Michel H, Loos C, Gaffney PM, Sigurdson CJ, Hegenbart U,
Schönland S, Fändrich M. Angew Chem Int Ed Engl. 2016 Apr 4;55(15):4822-5. doi:
10.1002/anie.201511524. Epub 2016 Mar 8. PubMed PMID: 26954430; PubMed Central
PMCID: PMC4864496. “Copyright John Wiley & Sons. Reproduced with permission”
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Manuscript 2: “Common Fibril Structures Imply Systemically Conserved Protein Misfolding
Pathways In Vivo”. Annamalai K, Liberta F, Vielberg MT, Close W, Lilie H, Gührs KH,
Schierhorn A, Koehler R, Schmidt A, Haupt C, Hegenbart U, Schönland S, Schmidt M, Groll
M, Fändrich M. Angew Chem Int Ed Engl. 2017 Jun 19;56(26):7510-7514. doi:
10.1002/anie.201701761. Epub 2017 May 23. PubMed PMID: 28544119. “Copyright John
Wiley & Sons. Reproduced with permission”
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Common Fibril Structures Imply Systemically Conserved Protein
Misfolding Pathways In Vivo
Karthikeyan Annamalai, Falk Liberta, Marie-Theres Vielberg, William Close, Hauke Lilie, KarlHeinz G¸hrs, Angelika Schierhorn, Rolf Koehler, Andreas Schmidt, Christian Haupt,
Ute Hegenbart, Stefan Schçnland, Matthias Schmidt, Michael Groll, and Marcus F‰ndrich*
Abstract: Systemic amyloidosis is caused by the misfolding of
a circulating amyloid precursor protein and the deposition of
amyloid fibrils in multiple organs. Chemical and biophysical
analysis of amyloid fibrils from human AL and murine AA
amyloidosis reveal the same fibril morphologies in different
tissues or organs of one patient or diseased animal. The
observed structural similarities concerned the fibril morphology, the fibril protein primary and secondary structures, the
presence of post-translational modifications and, in case of the
AL fibrils, the partially folded characteristics of the polypeptide chain within the fibril. Our data imply for both analyzed
forms of amyloidosis that the pathways of protein misfolding
are systemically conserved; that is, they follow the same rules
irrespective of where inside one body fibrils are formed or
accumulated.

Amyloid diseases are characterized by the aggregation of

endogenous polypeptide chains into amyloid fibrils.[1]
Amongst these diseases are brain disorders such as Alzheimer s and Parkinson s disease as well as different forms of
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ple organs.[2, 3] As described in detail by the International
Society of Amyloidosis, each of these diseases is defined by
a specific fibril (precursor) protein.[4] For example, fibrils in
AA amyloidosis are derived from serum amyloid A1 (SAA1)
protein,[5] whilst fibrils in AL amyloidosis arise from immunoglobulin light chains (LC).[6] Considerable research has
previously been devoted towards studying the biophysical
pathways by which proteins misfold in vitro,[7–11] whereas
much less is known about the process of protein misfolding
in vivo, particularly at a systemic level. We here address this
issue with a chemical point of view, assuming that the end
product of a chemical process, such as a protein misfolding
reaction, is structurally informative about the reaction
mechanism itself. Taking advantage of a recently described
procedure to extract amyloid fibrils from diseased tissue,[12]
we have now compared fibrils deposited at different sites
within the same body.
The first set of samples included heart muscle, heart fat,
and abdominal fat fibrils from two human cases of systemic
AL amyloidosis. The isolated fibrils from AL case 1 (heart
muscle) showed high purity by transmission electron microscopy (TEM) and denaturing polyacrylamide gel electrophoresis (PAGE; Supporting Information, Figure S1 A,B). They
also exhibited classical amyloid characteristics by X-ray
diffraction (XRD, see below) and Congo red (CR) green
birefringence (Supporting Information, Figure S1 C). Ab initio protein sequencing of case 1 AL protein by Edman
degradation and mass spectrometry revealed a 115-residue
fragment of a l3 LC whose sequence was obtained by cDNA
sequencing of the bone marrow-derived plasma cell clone
(Supporting Information, Figure S2). The theoretical mass of
case 1 AL protein (12 096 Da) was experimentally verified by
mass spectrometry (12 096 ⌃ 3 Da; Supporting Information,
Figure S3 A). The sequence of case 2 AL protein, a fragment
of a l1 LC with a theoretical mass of 12 167 Da, was recently
determined (Supporting Information, Figure S2).[12]
Case 1 and 2 AL proteins were derived from variable light
(VL) domains and shared the same C-terminal truncation site
(Supporting Information, Figure S2). Their fibrils were noncovalent complexes that readily disassembled into monomers
if heated in dodecyl sulfate for denaturing PAGE (Figure 1;
Supporting Information, Figure S4). The experimental masses
of the two AL proteins matched the theoretical masses
(Supporting Information, Figure S3), and treatment with Nor O-glycosidases did not alter their migration behavior
during electrophoresis (Figure 1; Supporting Information,
Figure S4). These findings suggest that both AL proteins do
not contain glycans. The migration behavior in the gel

⌫ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2017, 56, 7510 –7514

47 | P a g e

48 | P a g e

49 | P a g e

50 | P a g e

51 | P a g e

52 | P a g e

53 | P a g e

54 | P a g e

55 | P a g e

56 | P a g e

57 | P a g e

58 | P a g e

59 | P a g e

60 | P a g e

61 | P a g e

62 | P a g e

63 | P a g e

64 | P a g e

65 | P a g e

66 | P a g e

67 | P a g e

Manuscript 3: “Cryo-EM reveals the steric zipper structure of a light chain-derived amyloid
fibril”. Schmidt A, Annamalai K, Schmidt M, Grigorieff N, Fändrich M. Proc Natl Acad Sci
U S A. 2016 May 31;113(22):6200-5. doi: 10.1073/pnas.1522282113. Epub 2016 May 16.
PubMed PMID: 27185936; PubMed Central PMCID: PMC4896715.
“Reprinted with permission by PNAS”

68 | P a g e

69 | P a g e

70 | P a g e

71 | P a g e

72 | P a g e

73 | P a g e

74 | P a g e

75 | P a g e

76 | P a g e

77 | P a g e

78 | P a g e

79 | P a g e

80 | P a g e

Manuscript 4: “Molecular basis of β-amyloid oligomer recognition with a conformational
antibody fragment”. Morgado I, Wieligmann K, Bereza M, Rönicke R, Meinhardt K,
Annamalai K, Baumann M, Wacker J, Hortschansky P, Malešević M, Parthier C, Mawrin C,
Schiene-Fischer C, Reymann KG, Stubbs MT, Balbach J, Görlach M, Horn U, Fändrich M.
Proc Natl Acad Sci U S A. 2012 Jul 31;109(31):12503-8. doi: 10.1073/pnas.1206433109.
Epub 2012 Jul 18. PubMed PMID: 22814377; PubMed Central PMCID: PMC3412029.
“Reprinted with permission by PNAS”

81 | P a g e

82 | P a g e

83 | P a g e

84 | P a g e

85 | P a g e

86 | P a g e

87 | P a g e

88 | P a g e

89 | P a g e

90 | P a g e

91 | P a g e

92 | P a g e

93 | P a g e

94 | P a g e

95 | P a g e

96 | P a g e

97 | P a g e

7. REFERECES FROM INTODUCTION
1. Aguzzi A, Gitler AD. A template for new drugs against Alzheimer's disease. Cell.
2013 Sep 12;154(6):1182-4.
2. Andrade C. A peculiar form of peripheral neuropathy; familiar atypical generalized
amyloidosis with special involvement of the peripheral nerves. Brain. 1952
Sep;75(3):408-27.
3. Bellotti V, Mangione P, Merlini G. Review: immunoglobulin light chain amyloidosis-the archetype of structural and pathogenic variability. J Struct Biol. 2000 Jun;130(23):280-9.
4. Bellotti V, Stoppini M, Mangione P, Sunde M, Robinson C, Asti L, Brancaccio
D,Ferri G. Beta2-microglobulin can be refolded into a native state from ex vivo
amyloid fibrils. Eur J Biochem. 1998 Nov 15;258(1):61-7.
5. Benson MD, Uemichi T. Transthyretin amyloidosis. Amyloid Int J Exp Clin
Invest. 1996;3:44–56.
6. Biancalana M, Koide S. Molecular mechanism of Thioflavin-T binding to amyloid
fibrils. Biochim Biophys Acta. 2010 Jul;1804(7):1405-12.
7. Bodi K, Prokaeva T, Spencer B, Eberhard M, Connors LH, Seldin DC. AL-Base: a
visual platform analysis tool for the study of amyloidogenic immunoglobulin light
chain sequences. Amyloid. 2009 Mar;16(1):1-8.
8. Bouchard M, Zurdo J, Nettleton EJ, Dobson CM, Robinson CV. Formation of insulin
amyloid fibrils followed by FTIR simultaneously with CD and electron microscopy.
Protein Sci. 2000 Oct;9(10):1960-7.
9. Chiti F, Dobson CM. Protein misfolding, functional amyloid, and human disease.
Annu Rev Biochem. 2006;75:333-66.

98 | P a g e

10. Colon W, Kelly JW. Partial denaturation of transthyretin is sufficient for amyloid
fibril formation in vitro. Biochemistry. 1992 Sep 15;31(36):8654-60.
11. Comenzo RL, Zhang Y, Martinez C, Osman K, Herrera GA. The tropism of organ
involvement in primary systemic amyloidosis: contributions of Ig V(L) germ line
gene use and clonal plasma cell burden. Blood. 2001 Aug 1;98(3):714-20.
12. Conchillo-Solé O, de Groot NS, Avilés FX, Vendrell J, Daura X, Ventura S.
AGGRESCAN: a server for the prediction and evaluation of "hot spots" of
aggregation in polypeptides. BMC Bioinformatics. 2007 Feb 27;8:65.
13. DuBay KF, Pawar AP, Chiti F, Zurdo J, Dobson CM, Vendruscolo M. Prediction of
the absolute aggregation rates of amyloidogenic polypeptide chains. J Mol Biol. 2004
27;341(5):1317-26.
14. Dubrey SW, Cha K, Anderson J, Chamarthi B, Reisinger J, Skinner M, Falk RH. The
clinical features of immunoglobulin light-chain (AL) amyloidosis with heart
involvement. QJM. 1998 Feb;91(2):141-57.
15. Dwulet FE, Benson MD. Polymorphism of human plasma thyroxine binding
prealbumin. Biochem Biophys Res Commun. 1983 Jul 29;114(2):657-62.
16. Fändrich M, Dobson CM. The behaviour of polyamino acids reveals an inverse side
chain effect in amyloid structure formation. EMBO J. 2002 Nov 1;21(21):5682-90.
17. Fändrich M, Fletcher MA, Dobson CM. Amyloid fibrils from muscle myoglobin.
Nature. 2001 Mar 8;410(6825):165-6.
18. Fändrich M. Oligomeric intermediates in amyloid formation: structure determination
and mechanisms of toxicity. J Mol Biol. 2012 Aug 24;421(4-5):427-40.
19. Fändrich M. On the structural definition of amyloid fibrils and other polypeptide
aggregates. Cell Mol Life Sci. 2007 Aug;64(16):2066-78.

99 | P a g e

20. Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K,
Hasegawa K, Hendrie H, Huang Y, Jorm A, Mathers C, Menezes PR, Rimmer E,
Scazufca M; Alzheimer's Disease International. Global prevalence of dementia: a
Delphi consensus study. Lancet. 2005 Dec 17;366(9503):2112-7.
21. Fernandez-Escamilla AM, Rousseau F, Schymkowitz J, Serrano L. Prediction of
sequence-dependent and mutational effects on the aggregation of peptides and
proteins. Nat Biotechnol. 2004 Oct;22(10):1302-6.
22. Frost B, Diamond MI. Prion-like mechanisms in neurodegenerative diseases. Nat Rev
Neurosci. 2010 Mar;11(3):155-9.
23. Frousios KK, Iconomidou VA, Karletidi CM, Hamodrakas SJ. Amyloidogenic
determinants are usually not buried. BMC Struct Biol. 2009 Jul 9;9:44.
24. Garbuzynskiy SO, Lobanov MY, Galzitskaya OV. FoldAmyloid: a method of
prediction of amyloidogenic regions from protein sequence. Bioinformatics. 2010 Feb
1;26(3):326-32.
25. Gejyo F, Odani S, Yamada T, Honma N, Saito H, Suzuki Y, Nakagawa Y, Kobayashi
H, Maruyama Y, Hirasawa Y, et al. Beta 2-microglobulin: a new form of amyloid
protein associated with chronic hemodialysis. Kidney Int. 1986 Sep;30(3):385-90.
26. Gertz MA. Immunoglobulin light chain amyloidosis: 2011 update on diagnosis, riskstratification, and management. Am J Hematol. 2011 Feb;86(2):180-6.
27. Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, Giuffra L,
Haynes A, Irving N, James L, et al. Segregation of a missense mutation in the
amyloid precursor protein gene with familial Alzheimer's disease. Nature. 1991 Feb
21;349(6311):704-6.

100 | P a g e

28. Goldsbury CS, Cooper GJ, Goldie KN, Müller SA, Saafi EL, Gruijters WT, Misur
MP, Engel A, Aebi U, Kistler J. Polymorphic fibrillar assembly of human amylin. J
Struct Biol. 1997 Jun;119(1):17-27.
29. Goldsbury CS, Wirtz S, Müller SA, Sunderji S, Wicki P, Aebi U, Frey P. Studies on
the in vitro assembly of a beta 1-40: implications for the search for a beta fibril
formation inhibitors. J Struct Biol. 2000 Jun;130(2-3):217-31.
30. Gorevic PD, Prelli FC, Wright J, Pras M, Frangione B. Systemic senile amyloidosis.
Identification of a new prealbumin (transthyretin) variant in cardiac tissue:
immunologic and biochemical similarity to one form of familial amyloidotic
polyneuropathy. J Clin Invest. 1989 Mar;83(3):836-43.
31. Guigou V, Cuisinier AM, Tonnelle C, Moinier D, Fougereau M, Fumoux F. Human
immunoglobulin VH and VK repertoire revealed by in situ hybridization. Mol
Immunol. 1990 Sep;27(9):935-40.
32. Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons from the
Alzheimer's amyloid beta-peptide. Nat Rev Mol Cell Biol. 2007 Feb;8(2):101-12.
33. Haass C. Take five--BACE and the gamma-secretase quartet conduct Alzheimer's
amyloid beta-peptide generation. EMBO J. 2004 Feb 11;23(3):483-8.
34. Habicht G, Haupt C, Friedrich RP, Hortschansky P, Sachse C, Meinhardt J,
Wieligmann K, Gellermann GP, Brodhun M, Götz J, Halbhuber KJ, Röcken C, Horn
U,Fändrich M. Directed selection of a conformational antibody domain that prevents
mature amyloid fibril formation by stabilizing Abeta protofibrils. Proc Natl Acad Sci
U S A. 2007 Dec 4;104(49):19232-7.
35. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science. 2002 Jul 19;297(5580):353-6.

101 | P a g e

36. Haupt C, Leppert J, Rönicke R, Meinhardt J, Yadav JK, Ramachandran R,
Ohlenschläger O, Reymann KG, Görlach M, Fändrich M. Structural basis of βamyloid-dependent synaptic dysfunctions. Angew Chem Int Ed Engl. 2012 Feb
13;51(7):1576-9.
37. Hazenberg BP, van Rijswijk MH. Clinical and therapeutic aspects of AA amyloidosis.
Baillieres Clin Rheumatol. 1994 Aug;8(3):661-90.
38. Holmgren G, Ericzon BG, Groth CG, Steen L, Suhr O, Andersen O, Wallin BG,
Seymour A, Richardson S, Hawkins PN, et al. Clinical improvement and amyloid
regression after liver transplantation in hereditary transthyretin amyloidosis. Lancet.
1993 May 1;341(8853):1113-6.
39. Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K, Kholodenko D,
Malenka RC, Nicoll RA, Mucke L. Plaque-independent disruption of neural circuits
in Alzheimer's disease mouse models. Proc Natl Acad Sci U S A. 1999 Mar
16;96(6):3228-33.
40. Husby G, Marhaug G, Dowton B, Sletten K, Sipe JD. Serum amyloid A (SAA):
biochemistry, genetics and the pathogenesis of AA amyloidosis. Amyloid 1994
1:119–37
41. Ignatovich O, Tomlinson IM, Jones PT, Winter G. The creation of diversity in the
human immunoglobulin V(lambda) repertoire. J Mol Biol. 1997 Apr 25;268(1):69-77.
42. Inoue S, Kuroiwa M, Tan R, Kisilevsky R. A high resolution ultrastructural
comparison of isolated and in situ murine AA amyloid fibrils. Amyloid. 1998
Jun;5(2):99-110.
43. Ionescu-Zanetti C, Khurana R, Gillespie JR, Petrick JS, Trabachino LC, Minert LJ,
Carter SA, Fink AL. Monitoring the assembly of Ig light-chain amyloid fibrils by
atomic force microscopy. Proc Natl Acad Sci U S A. 1999 Nov 9;96(23):13175-9.

102 | P a g e

44. Jansen R, Dzwolak W, Winter R. Amyloidogenic self-assembly of insulin aggregates
probed by high resolution atomic force microscopy. Biophys J. 2005 Feb;88(2):134453.
45. Jarrett JT, Lansbury PT Jr. Seeding "one-dimensional crystallization" of amyloid: a
pathogenic mechanism in Alzheimer's disease and scrapie? Cell. 1993 Jun
18;73(6):1055-8.
46. Jenne DE, Denzel K, Blätzinger P, Winter P, Obermaier B, Linke RP, Altland K. A
new isoleucine substitution of Val-20 in transthyretin tetramers selectively impairs
dimer-dimer contacts and causes systemic amyloidosis. Proc Natl Acad Sci U S A.
1996 Jun 25;93(13):6302-7.
47. Jiménez JL, Nettleton EJ, Bouchard M, Robinson CV, Dobson CM, Saibil HR. The
protofilament structure of insulin amyloid fibrils. Proc Natl Acad Sci U S A. 2002 Jul
9;99(14):9196-201.
48. Jiménez JL, Tennent G, Pepys M, Saibil HR. Structural diversity of ex vivo amyloid
fibrils studied by cryo-electron microscopy. J Mol Biol. 2001 Aug 10;311(2):241-7.
49. Jucker M, Walker LC. Self-propagation of pathogenic protein aggregates in
neurodegenerative diseases. Nature. 2013 Sep 5;501(7465):45-51.
50. Kanda Y, Goodman DS, Canfield RE, Morgan FJ. The amino acid sequence of human
plasma prealbumin. J Biol Chem. 1974 Nov 10;249(21):6796-805.
51. Kayed R, Head E, Thompson JL, McIntire TM, Milton SC, Cotman CW, Glabe CG.
Common structure of soluble amyloid oligomers implies common mechanism of
pathogenesis. Science. 2003 Apr 18;300(5618):486-9.
52. Kirkitadze MD, Bitan G, Teplow DB. Paradigm shifts in Alzheimer's disease and
other neurodegenerative disorders: the emerging role of oligomeric assemblies. J
Neurosci Res. 2002 Sep 1;69(5):567-77.

103 | P a g e

53. Kisilevsky R, Manley PN. Acute-phase serum amyloid A: perspectives on its
physiological and pathological roles. Amyloid. 2012 Mar;19(1):5-14.
54. Klein WL, Krafft GA, Finch CE. Targeting small Abeta oligomers: the solution to an
Alzheimer's disease conundrum? Trends Neurosci. 2001 Apr;24(4):219-24.
55. Klunk WE, Pettegrew JW, Abraham DJ. Two simple methods for quantifying lowaffinity dye-substrate binding. J Histochem Cytochem. 1989 Aug;37(8):1293-7.
56. Kodali R, Williams AD, Chemuru S, Wetzel R. Abeta(1-40) forms five distinct
amyloid structures whose beta-sheet contents and fibril stabilities are correlated. J
Mol Biol. 2010 Aug 20;401(3):503-17.
57. Lai Z, Colón W, Kelly JW. The acid-mediated denaturation pathway of transthyretin
yields a conformational intermediate that can self-assemble into amyloid.
Biochemistry. 1996 May 21;35(20):6470-82.
58. Lesné S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, Gallagher M, Ashe KH.
A specific amyloid-beta protein assembly in the brain impairs memory. Nature. 2006
Mar 16;440(7082):352-7.
59. Lowell CA, Potter DA, Stearman RS, Morrow JF. Structure of the murine serum
amyloid A gene family. Gene conversion. J Biol Chem. 1986 Jun 25;261(18):844252.
60. Lu JX, Qiang W, Yau WM, Schwieters CD, Meredith SC, Tycko R. Molecular
structure of β-amyloid fibrils in Alzheimer's disease brain tissue. Cell. 2013 Sep
12;154(6):1257-68.
61. Lundmark K, Westermark GT, Nyström S, Murphy CL, Solomon A, Westermark P.
Transmissibility of systemic amyloidosis by a prion-like mechanism. Proc Natl Acad
Sci U S A. 2002 May 14;99(10):6979-84. Erratum in: Proc Natl Acad Sci U S A.
2003 Mar 18;100(6):3543.

104 | P a g e

62. Malinchik SB, Inouye H, Szumowski KE, Kirschner DA. Structural analysis of
Alzheimer's beta(1-40) amyloid: protofilament assembly of tubular fibrils. Biophys J.
1998 Jan;74(1):537-45.
63. Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, Beyreuther K.
Amyloid plaque core protein in Alzheimer disease and Down syndrome. Proc Natl
Acad Sci U S A. 1985 Jun;82(12):4245-9.
64. Mathew V, Olson LJ, Gertz MA, Hayes DL. Symptomatic conduction system disease
in cardiac amyloidosis. Am J Cardiol. 1997 Dec 1;80(11):1491-2.
65. Maurer-Stroh S, Debulpaep M, Kuemmerer N, Lopez de la Paz M, Martins IC,
Reumers J, Morris KL, Copland A, Serpell L, Serrano L, Schymkowitz JW, Rousseau
F. Exploring the sequence determinants of amyloid structure using position-specific
scoring matrices. Nat Methods. 2010 Mar;7(3):237-42.
66. Meinhardt J, Sachse C, Hortschansky P, Grigorieff N, Fändrich M. Abeta(1-40)fibril
polymorphism implies diverse interaction patterns in amyloid fibrils. J Mol Biol. 2009
Feb 27;386(3):869-77.
67. Merlini G, Bellotti V. Molecular mechanisms of amyloidosis. N Engl J Med. 2003
Aug 7;349(6):583-96.
68. Merlini G, Wechalekar AD, Palladini G. Systemic light chain amyloidosis: an update
for treating physicians. Blood. 2013 Jun 27;121(26):5124-30.
69. Moechars D, Dewachter I, Lorent K, Reversé D, Baekelandt V, Naidu A, Tesseur I,
Spittaels K, Haute CV, Checler F, Godaux E, Cordell B, Van Leuven F. Early
phenotypic changes in transgenic mice that overexpress different mutants of amyloid
precursor protein in brain. J Biol Chem. 1999 Mar 5;274(10):6483-92.

105 | P a g e

70. Morozova-Roche LA, Zurdo J, Spencer A, Noppe W, Receveur V, Archer DB, Joniau
M, Dobson CM. Amyloid fibril formation and seeding by wild-type human lysozyme
and its disease-related mutational variants. J Struct Biol. 2000 Jun;130(2-3):339-51.
71. Mucke L, Masliah E, Yu GQ, Mallory M, Rockenstein EM, Tatsuno G, Hu K,
Kholodenko D, Johnson-Wood K, McConlogue L. High-level neuronal expression of
abeta 1-42 in wild-type human amyloid protein precursor transgenic mice:
synaptotoxicity without plaque formation. J Neurosci. 2000 Jun 1;20(11):4050-8.
72. Paravastu AK, Leapman RD, Yau WM, Tycko R. Molecular structural basis for
polymorphism in Alzheimer's beta-amyloid fibrils. Proc Natl Acad Sci U S A. 2008
Nov 25;105(47):18349-54.
73. Pauling L, Corey RB. Configurations of Polypeptide Chains With Favored
Orientations Around Single Bonds: Two New Pleated Sheets. Proc Natl Acad Sci U S
A. 1951 Nov;37(11):729-40.
74. Pepys MB. Amyloidosis. Annu Rev Med. 2006;57:223-41. Review.
75. Pepys MB, Rademacher TW, Amatayakul-Chantler S, Williams P, Noble GE,
Hutchinson WL, Hawkins PN, Nelson SR, Gallimore JR, Herbert J, et al. Human
serum amyloid P component is an invariant constituent of amyloid deposits and has a
uniquely homogeneous glycostructure. Proc Natl Acad Sci U S A. 1994 Jun
7;91(12):5602-6.
76. Perfetti V, Vignarelli MC, Casarini S, Ascari E, Merlini G. Biological features of the
clone involved in primary amyloidosis (AL). Leukemia. 2001 Feb;15(2):195-202.
77. Petkova AT, Ishii Y, Balbach JJ, Antzutkin ON, Leapman RD, Delaglio F, Tycko R.
A structural model for Alzheimer's beta -amyloid fibrils based on experimental
constraints from solid state NMR. Proc Natl Acad Sci U S A. 2002 Dec
24;99(26):16742-7.

106 | P a g e

78. Petkova AT, Leapman RD, Guo Z, Yau WM, Mattson MP, Tycko R. Selfpropagating, molecular-level polymorphism in Alzheimer's beta-amyloid fibrils.
Science. 2005 Jan 14;307(5707):262-5.
79. Pras M, Schubert M, Zucker-Franklin D, Rimon A, Franklin EC. The characterization
of soluble amyloid prepared in water. J Clin Invest. 1968 Apr;47(4):924-33.
80. Röcken C, Menard R, Bühling F, Vöckler S, Raynes J, Stix B, Krüger S, Roessner A,
Kähne T. Proteolysis of serum amyloid A and AA amyloid proteins by cysteine
proteases: cathepsin B generates AA amyloid proteins and cathepsin L may prevent
their formation. Ann Rheum Dis. 2005 Jun;64(6):808-15.
81. Ruberg FL, Berk JL. Transthyretin (TTR) cardiac amyloidosis. Circulation. 2012 Sep
4;126(10):1286-300.
82. Sachse C, Grigorieff N, Fändrich M. Nanoscale flexibility parameters of Alzheimer
amyloid fibrils determined by electron cryo-microscopy. Angew Chem Int Ed Engl.
2010 Feb 8;49(7):1321-3.
83. Sachse C, Xu C, Wieligmann K, Diekmann S, Grigorieff N, Fändrich M. Quaternary
structure of a mature amyloid fibril from Alzheimer's Abeta(1-40) peptide. J Mol
Biol. 2006 Sep 15;362(2):347-54.
84. Scheidt HA, Morgado I, Rothemund S, Huster D, Fändrich M. Solid-state NMR
spectroscopic investigation of Aβ protofibrils: implication of a β-sheet remodeling
upon maturation into terminal amyloid fibrils. Angew Chem Int Ed Engl. 2011 Mar
14;50(12):2837-40.
85. Schmidt M, Rohou A, Lasker K, Yadav JK, Schiene-Fischer C, Fändrich M,
Grigorieff N. Peptide dimer structure in an Aβ(1-42) fibril visualized with cryo-EM.
Proc Natl Acad Sci U S A. 2015 Sep 22;112(38):11858-63.

107 | P a g e

86. Selkoe DJ. Amyloid beta-protein and the genetics of Alzheimer's disease. J Biol
Chem. 1996 Aug 2;271(31):18295-8.
87. Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I, Brett FM,
Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM, Sabatini BL, Selkoe DJ.
Amyloid-beta protein dimers isolated directly from Alzheimer's brains impair
synaptic plasticity and memory. Nat Med. 2008 Aug;14(8):837-42.
88. Shirahama T, Cohen AS. Redistribution of amyloid deposits. Am J Pathol. 1980
Jun;99(3):539-50.
89. Sipe JD, Benson MD, Buxbaum JN, Ikeda S, Merlini G, Saraiva MJ, Westermark P.
Nomenclature 2014: Amyloid fibril proteins and clinical classification of the
amyloidosis. Amyloid. 2014 ;21(4):221-4.
90. Solomon A, Weiss DT, Murphy CL, Hrncic R, Wall JS, Schell M. Light chainassociated amyloid deposits comprised of a novel kappa constant domain. Proc Natl
Acad Sci U S A. 1998 Aug 4;95(16):9547-51.
91. Steel DM, Sellar GC, Uhlar CM, Simon S, DeBeer FC, Whitehead AS. A
constitutively expressed serum amyloid A protein gene (SAA4) is closely linked to,
and shares structural similarities with, an acute-phase serum amyloid A protein gene
(SAA2). Genomics. 1993 May;16(2):447-54.
92. Sunde M, Serpell LC, Bartlam M, Fraser PE, Pepys MB, Blake CC. Common core
structure of amyloid fibrils by synchrotron X-ray diffraction. J Mol Biol. 1997 Oct
31;273(3):729-39.
93. Tan SY, Pepys MB, Hawkins PN. Treatment of amyloidosis. Am J Kidney Dis. 1995
Aug;26(2):267-85.
94. Uhlar CM, Whitehead AS. Serum amyloid A, the major vertebrate acute-phase
reactant. Eur J Biochem. 1999 Oct;265(2):501-23.

108 | P a g e

95. Westermark GT, Fändrich M, Westermark P. AA amyloidosis: pathogenesis and
targeted therapy. Annu Rev Pathol. 2015;10:321-44.
96. Westermark GT, Johnson KH, Westermark P. Staining methods for dentification of
amyloid in tissue. Methods Enzymol. 1999;309:3-25.
97. Westermark P, Benson MD, Buxbaum JN, Cohen AS, Frangione B, Ikeda S, Masters
CL, Merlini G, Saraiva MJ, Sipe JD: Amyloid fibril protein nomenclature—
2002. Amyloid 9:197– 200,2002
98. Westermark P, Sletten K, Johansson B, Cornwell GG 3rd. Fibril in senile systemic
amyloidosis is derived from normal transthyretin. Proc Natl Acad Sci U S A. 1990
Apr;87(7):2843-5.
99. Westermark P, Sletten K, Olofsson BO. Prealbumin variants in the amyloid fibrils of
Swedish

familial

amyloidotic

polyneuropathy.

Clin

Exp

Immunol.

1987

Sep;69(3):695-701.
100. Wiltzius JJ, Landau M, Nelson R, Sawaya MR, Apostol MI, Goldschmidt L,
Soriaga AB, Cascio D, Rajashankar K, Eisenberg D. Molecular mechanisms for
protein-encoded inheritance. Nat Struct Mol Biol. 2009 Sep;16(9):973-8.
101. Wiseman RL, Johnson SM, Kelker MS, Foss T, Wilson IA, Kelly JW. Kinetic
stabilization of an oligomeric protein by a single ligand binding event. J Am Chem
Soc. 2005 Apr 20;127(15):5540-51.
102. Wu C, Scott J, Shea JE. Binding of Congo red to amyloid protofibrils of the
Alzheimer Aβ(9-40) peptide probed by molecular dynamics simulations. Biophys J.
2012 Aug 8;103(3):550-7.
103. Zandomeneghi G, Krebs MR, McCammon MG, Fändrich M. FTIR reveals
structural differences between native beta-sheet proteins and amyloid fibrils. Protein
Sci. 2004 Dec;13(12):3314-21.

109 | P a g e

8. DECLARATION

I hereby declare that I wrote the present dissertation with the topic: “Isolation and
characterisation of amyloid aggregates from disease tissues” independently and that I
used no other aids than those cited. In each individual case, I have clearly identified the
source of the passages that are taken word for word or paraphrased from other works.

I also hereby declare that I have carried out my scientific work according to the principles of
good scientific practice in accordance with the rules of the University of Ulm.
Konstanz, 21.11.17, Navalpur Annamalai Karthikeyan.

110 | P a g e

9. ACKNOWLEDGEMENTS
The work carried out in this thesis is a result of not just the availability of the finest facilities
but also the finest people around me. It wouldn’t have been possible without the support of
my adviser Prof. Marcus Fändrich who has given me the opportunity to work in his
laboratory. I am very grateful for his exceptional supervision and support throughout my
working time here. He has given me the freedom in terms of thoughts, ideas and hands-on
experimentation. For this, I thank him immensely!
I would like to thank PD. Dr. Stefan Schönland, PD. Dr. Ute Hegenbart and all the
members of the GERAMY consortium for providing the tissue sources and timely scientific
discussions. Also, I am grateful to patients and their family for supporting this work by
donating the explanted heart material.
My gratitude extends to members of my working group, both scientific and non-scientific,
specially Dr. Christian Haupt for helping me with protein purification and for sharing his
expertise on various subjects, Dr. Matthias Schmidt for his suggestion to improve the quality
of fibrils, past members who have had the time to support me with suggestions and provide
timely help specially Senthil, Jay, Megan, Jessica and all the current members with whom I
share not just lively scientific ideas but also the occasional KFC, Enchilada and video games.
My special thanks to Andreas and Bill for reading my thesis and valuable comments.
My parents, uncles, aunts, cousins and family-in-law have been a pillar of encouragement
throughout and it wouldn’t have been possible without their cushion of unconditional love
across continents. My friends whose names are etched with mine have proved their
camaraderie and brotherhood over the years, be it scientific or otherwise. I thank them with
all my heart. Finally, I want to thank my better half Oliva for being there for me, in sharing
this journey, in understanding my challenges, in celebrating my achievements and for being
an anchor to bank on.
111 | P a g e

10. Curriculum Vitae
Karthikeyan Navalpur Annamalai
Institute of Protein Biochemistry
Ulm University, Germany

navalpur-annamalai.karthikeyan@uni-konstanz.de

Research experience
05.2011 – present: Isolation and characterization of amyloid aggregates from diseased human tissue
specimens
•
Purification and preparation of Ig amyloid light chain protein using AKTA FPLC system
•
Immunoprecipitation of Aβ soluble species from Alzheimer’s brain
•
Prediction of amyloid prone regions in peptides/proteins
•
Characterization of amyloid aggregates using SDS-PAGE, Urea-PAGE, Western/Dot blot, UV-Visible,
Infrared (FTIR), Fluorescence spectroscopy
•
Immunogold labelling and Transmission electron microscopy
•
ThT fibril kinetics
•
Protein stability experiments with chaotrophic reagents
•
Chemical modification of protein by iodoacetamide treatment
•
Cardio toxicity study using zebra fish model
08.2008- 03.2011: Recombinant expression, purification and characterization of biotin protein ligase
(BPL) from Mycobacterium and Escherichia coli.
•
Molecular cloning and site-directed mutagenesis for recombinant expression of biotin protein ligase and its
mutants
•
Purification of wild type and mutants using affinity chromatography
•
functional characterization of biotin protein ligase
01.2007 – 07.2007: Inflammatory response in hyperoxaluric rats: Effect of fucoidan
Education
05.2011 – present

PhD in Biochemistry and Biophysics (Advisor: Prof. Marcus Fändrich)
Institute of Pharmaceutical Biotechnology, University of Ulm, Ulm, Germany

06.2005 – 06.2007

Master of Science in Medical Biochemistry (Advisor: Prof. Varalakshmi)
Department of Biochemistry, University of Madras, Chennai, India

07.2002 – 05.2005

Bachelor of Biochemistry (Adhiparasakthi College of Science)
University of Madras, Kalavai, India

Publications
1. Annamalai K, Liberta F, Vielberg MT, Close W, Lilie H, Gührs KH, Schierhorn A, Koehler A, Schmidt A,
Haupt C, Hegenbart U, Schönland S, Groll M, and Fändrich F. Common fibril structures imply systemically
conserved protein misfolding pathways in vivo. Angew Chem Int Ed Engl. 2017 Jun 19;56(26):7510-7514.
2. Schmidt A, Annamalai K, Schmidt M, Grigorieff N, Fändrich M. Cryo-EM reveals the steric zipper
structure of a light chain-derived amyloid fibril. Proc Natl Acad Sci U S A. 2016 May 31;113(22):6200-6205.
3. Annamalai K, Gührs KH, Koehler R, Schmidt M, Michel H, Loos C, Gaffney PM, Sigurdson CJ, Hegenbart
U, Schönland S, Fändrich M. Polymorphism of Amyloid Fibrils In Vivo. Angew Chem Int Ed Engl. 2016 Apr
4;55(15):4822-4825.
4. Gaffney PM, Witte C, Clifford DL, Imai DM, O'Brien TD, Trejo M, Liberta F, Annamalai K, Fändrich M,
Masliah E, Munson L, Sigurdson CJ. Systemic Amyloid A Amyloidosis in Island Foxes (Urocyon littoralis):
Severity and Risk Factors. Vet Pathol. 2016 May;53(3):637-647.
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5. Morgado I, Wieligmann K, Bereza M, Rönicke R, Meinhardt K, Annamalai K, Baumann M, Wacker J,
Hortschansky P, Malešević M, Parthier C, Mawrin C, Schiene-Fischer C, Reymann KG, Stubbs MT, Balbach J,
Görlach M, Horn U, Fändrich M. Molecular basis of β-amyloid oligomer recognition with a conformational
antibody fragment. Proc Natl Acad Sci U S A. 2012 Jul 31; 109(31)
6. Purushothaman S, Annamalai K, Tyagi AK, Surolia A. Diversity in functional organization of class I and
class II biotin protein ligase. PLoS One. 2011 Mar 3; 6(3)
Talks/Posters/Courses
•
GERAMY meeting. Munich, November 2013 and Kiel, November (2014). Oral presentation
•
Annual protein conference, "Faltertage". Regensburg, October 2014. Poster presentation
•
Aggregation and clustering of molecules. Copenhagen, October 2014. Poster presentation.
Awards/Fellowships
•
Max Planck PhD fellowship (September 2011 – December 2012), Halle/Saale, Germany.
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