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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  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 | P a g e  
 

2. PREFACE 
 

This thesis is based on the experimental work partly performed in the Max Planck Research 

Unit for Enzymology of Protein Folding, Halle (Saale) and majorly in the Institute of Protein 

Biochemistry University Ulm, Germany from May 2011 to July 2016. The project supervisor 

is Prof. Marcus Fändrich (Institute of Protein Biochemistry, University Ulm, Germany). The 

present thesis is based on four manuscripts 

 

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” 

  

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” 

 

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 
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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 (ATR-

FTIR) 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 
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(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 complementarity-

determinant 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 

Ab2M                   β2-Microglobulin 

                              wild type                          L                       Musculoskeletal System 

                              β2-Microglobulin 

                              variant                                  S                       Auto-NS 

Aβ                         Aβ wild type              L                       CNS 

                        Aβ variant                   L                       CNS 

APrP                     Prion protein, wild type   L                       CJD, Fatal insomnia 

                              Prion protein, variants       L                       CJD, Fatal insomnia 

AIAPP                  Islet Amyloid Polypeptide  L                       Islets of Langerhans,     

                                                                                                             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     Frame work region                      λ gene repertoire                                                                                                                                                                                       
     1        10        20    Normal usage (%/case no)  AL usage (%/case 
no) 
 λ1  QSVLTQPPS-ASGSPGQRVTISC         29.7%/4                26.3%/319              
 λ2  QSALTQPAS-VSGSPGQSITISC         43.4%/4                21.3%/319 
 λ3  SYELTQPPS-VSVSPGKTASITC         18.5%/4                26.9%/319 
 λ4  QSALTQPPS-ASASLGASVALTC       unavailable               3.0%/319 
 λ5  QAVLTQPSS-LSASPGASASLTC       unavailable               0.0%/319 
 λ6  NFMLTQPHS-VSESLGKTVTISC          1.9%/4                23.8%/319 
 λ7  QAVVTQEPS-LTVSPGGTVTLTC       unavailable               0.3%/319   
 λ8  QTVVTQEPS-FSVSPGGTVTLTC       unavailable               0.0%/319  
 λ9  QPVLTQPPS-ASASLGASVTLTC       unavailable               0.0%/319 
 λ10 QAGLTQPPS-VSKGLRQTATLTC       unavailable               0.3%/319 

 к    Frame work region              к gene repertoire                                                                                                                                                                                       
    1        10        20    Normal usage (%/case no)  AL usage (%/case 
no) 
 К1  DIQMTQSPSAMSASVGDRVTITC         43.0%/12               79.8%/114 
 К2  DIVMTQSPLSLPVTPGEPASISC          9.0%/12                3.5%/114 
 К3  EIVLTQLPGTLSLSPGERATLSC         29.0%/12                4.3%/114 
 К4  DIVMTQSPDSLAVSLGERATINC         19.0%/12               12.2%/114 
 К5  ETTLTQSPAFMSATPGDKVNISC      unavailable    unavailable 
 К6  EIVLTQSPDFQSVTPKEKVTITC      unavailable    unavailable   
 К7  DIVLTQSPASLAVSPGQRATITC      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 apple-

green 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 



26 | P a g e  
 

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 > non-

fibrillar aggregates (oligomers) > protofibrils > mature fibrils. NMR studies reveal that Aβ(1-

40) 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 8-

anilinonaphthalene-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 
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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 



28 | P a g e  
 

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, α-

synuclein 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 Reference 

WALTZ 
 
TANGO 
 
 
AMYLPRED 
 
FOLDAMYLOID 
 
AGGRESCAN 

Amyloid prone regions 
 

Aggregate prone regions 
 
 

Amyloidogenic prone regions 
 

Amyloidogenic prone regions 
 

Aggregate prone regions 
 

Maurer-Stroh S, et al. 2010 
 
Fernandez-Escamilla AM, et al. 
2004	
 
Frousios KK, et al. 2009 
 
Garbuzynskiy SO, et al. 2010 
 
Conchillo-Solé O, et al. 2007 
	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



33 | P a g e  
 

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 
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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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German Edition: DOI: 10.1002/ange.201701761Amyloid Fibrils
International Edition: DOI: 10.1002/anie.201701761

Common Fibril Structures Imply Systemically Conserved Protein
Misfolding Pathways In Vivo
Karthikeyan Annamalai, Falk Liberta, Marie-Theres Vielberg, William Close, Hauke Lilie, Karl-
Heinz 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 morphol-
ogy, 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 polypep-
tide 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 Alzheim-
er�s and Parkinson�s disease as well as different forms of
systemic amyloidoses whereby amyloid deposits affect multi-

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 immu-
noglobulin 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 micros-
copy (TEM) and denaturing polyacrylamide gel electropho-
resis (PAGE; Supporting Information, Figure S1A,B). They
also exhibited classical amyloid characteristics by X-ray
diffraction (XRD, see below) and Congo red (CR) green
birefringence (Supporting Information, Figure S1C). Ab ini-
tio 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 (12096 Da) was experimentally verified by
mass spectrometry (12096⌃ 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 12167 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 non-
covalent 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 N-
or 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
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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. 
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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. 
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