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Inherited Polyglutamine disease*, **         Repeat length         

OMIM Inheritance*** Locus Inclusions**** Gene Wild type Mutant C. elegans ortholog* E-value % length 

SBMA (Spinobulbar muscular 
atrophy, Kennedy disease) X-linked R Xq13–21 NI 

androgen 
receptor 9–36 38–62 nhr-69 (T23H4.2) 2.7e-53 77.5% 

HD (Huntington disease) AD 4p16.3 CI/NI Huntingtin 6–35 36–121 - - - 
DRLPA (Dentatorubral-pallidoluysian 
atrophy) AD 12p13.31 CI/NI atrophin-1 6–35 49–88 - - - 

SCA1 (Spinocerebellar ataxia type 1) AD 6p23 CI/NI ataxin-1 6–44 39–82 atx-1 (K04F10.1) 1.5e-20 58.2% 

SCA2 (Spinocerebellar ataxia type 2) AD 12q24.1 ? ataxin-2 15–31 36–63 atx-2 (D2045.1) 5.7e-27 70.6% 

SCA3 (Spinocerebellar ataxia type 3, 
Machado-Joseph disease) AD 14q32.1 CI/NI ataxin-3 12–40 55–84 atx-3 (F28F8.6) 7.4e-42 97.8% 

SCA6 (Spinocerebellar ataxia type 6) AD 19p13 CI 
Ca- chan. 
subunit 4–18 21–33 - - - 

SCA7 (Spinocerebellar ataxia type 7) AD 3p12–13 CI/NI ataxin-7 4–35 37–306 - - - 
SCA17 (Spinocerebellar ataxia type 
17) AD 6q27 NI TBP 25–42 45–63 tbp-1 (T20B12.2) 7.7*10-79   

 






 

 



  

 

 



OMIM Inheritance2 Locus Onset Lewy bodies Dementia Gene C. elegans ortholog BLAST E-value % length 

PARK1  AD 4q21 
Late 
onset ? yes (?) !syn(A30P) - - - 

  AR 4q21 Early yes (and tau) ? !syn(A53T) - - - 

PARK2 AR 6q25 Early - - Parkin pdr-1 (K08E3.7) 3.1e-38 77.5% 

PARK3 AD 2pl3 Late + Yes - - - - 

PARK4  AD 4q21 Early + Yes Dupl./Tripl.3 - - - 

PARK5 AD 4pl5 
Early 
(50 s) + - UCHL1 - - - 

PARK6 AR Lp35 Early ? - PINK1 pink-1(EEED8.9) 7.1e-53 60.7% 

PARK7 AR Lp36 Early ? - DJ1 djr-1.1(B0432.2) 1.4e-45 98.9% 

PARK84 AD 12p Late 

Yes, tau and 
amyloid 
plaques - LRRK2/dardarin lrk-1 4.7e-84 62.3% 

PARK9/Kufor-Rakeb syndrome (606693) AR 1p Early ? Yes ATP13A2 catp-6 (W08D2.5)  2.0e-205 84.0% 

PARK10 AR Ip32 — ? - RNF115 - - - 

PARK11 AD 
2q36–
37 Late ? - 6 - - - 

E46K (Spanish family) AD 4q21 Early Cortical7 Yes !syn - - - 
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~no genes % human orthologs*

Yeast (S. cerevisiae) 6000 31

Worm (C. elegans) 19000 40

Fruitfly (D. melanogaster) 13600 50

Mouse (M. musculus) 22000 99

Human (H. sapiens) 23000 100

~no genes % human orthologs*

Yeast (S. cerevisiae) 6000 31

Worm (C. elegans) 19000 40

Fruitfly (D. melanogaster) 13600 50

Mouse (M. musculus) 22000 99

Human (H. sapiens) 23000 100
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Chapter II moag-4 drives misfolded 

proteins towards amyloid inclusions 

and regulates lifespan in C. elegans 
 
Tjakko J. van Ham1*, Mats Holmberg1*, Karen L. Thijssen1, Jeroen van 

Rheenen1, Eva Teuling1, Jerre van Veluw2, Robert M.W. Hofstra1 & 

Ellen A.A. Nollen1 

 

(1) Department of Genetics, University of Groningen, The Netherlands, (2) 

Department of Microbiology, University of Utrecht, The Netherlands 

*equal contribution 

 

 

Abstract 

Amyloid inclusions are the major pathological hallmark of several incurable, age-

related, neurodegenerative disorders, including Parkinson’s and Huntington’s 

diseases (1-4). These inclusions are formed through putative toxic intermediates 

and are now thought to represent a cellular protection mechanism (5-11). It is, 

however, poorly understood how these inclusions are formed during cellular aging 

or how this process is influenced by hereditary factors.  

Here we identify a small EDRK-rich factor, moag-4, as a regulator of 

inclusion formation in a C. elegans model for such diseases. We found that 

compact misfolding intermediates, abundantly present in wild-type animals, were 

nearly absent in animals with inactivated moag-4. Furthermore, a deletion in 

moag-4 promoted longevity, similar to insulin-signaling (IIS) compromised 

animals. By epistasis analysis we show that moag-4 acted downstream of the IIS 

pathway and downstream of heat shock factor-1. Our results suggest that the 

formation of amyloid inclusions is driven by an active process, downstream of the 

IIS pathway, and we have identified moag-4 as a regulator of this process. 
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To identify genes involved in the formation of inclusions, we used a C. elegans 

model for protein misfolding diseases. This model expresses a polypeptide of 40 

glutamine residues fused to yellow fluorescent protein (Q40-YFP), hereafter 

referred to as Q40 animals (12, 13). One previously identified suppressor of 

inclusion formation, or aggregation, in C. elegans is a loss-of-function mutation in 

the lifespan regulating gene, age-1 (12). We found that age-1(hx546) suppresses 

aggregation of Q40-YFP by 30% (Fig. 1a). We mutagenized Q40 animals to screen 

for modifiers of aggregation (moag) that suppress aggregation to a similar or lower 

level than in age-1(hx546) animals. In Q40 animals carrying the moag-4(pk2185) 

mutation, there was a 75% reduction in the number of aggregates (Fig. 1a, e). The 

mutation in moag-4 mapped to the gene Y37E3.4, which encodes a small EDRK-

rich protein of unknown function that is evolutionarily highly conserved (Fig.1b, c). 

The g210a mutation is a missense mutation in a strongly conserved amino acid 

residue, changing methionine at position 49 into an isoleucine (M49I) (Fig. 1c). 

Human orthologs of MOAG-4 are SERF1A and SERF2, which show 50% and 54% 

amino acid similarity to moag-4.  

We confirmed that mutant moag-4 was responsible for suppressing 

aggregation, by injecting a transgenic rescue fragment containing the genomic 

locus of wild-type moag-4 into moag-4 mutant animals (Fig. 1g). We then 

investigated whether a gain-of-function or inactivation of moag-4 suppressed 

aggregation. Both RNAi and genetic deletion of moag-4(gk513) reduced the 

number of aggregates similar to mutant moag-4 (Fig. 1f, h and i). These results 

show that inactivation of moag-4 suppresses the formation of polyglutamine 

aggregates. 

Known modifiers of misfolded protein aggregation include intracellular 

mechanisms, such as changes in protein degradation or protein folding, and 

extracellular mechanisms, such as excitotoxicity (13-18). If MOAG-4 works 

intracellularly, expression of moag-4 within the same cells that express Q40-YFP 

should increase aggregation in the moag-4 deletion strain. To test this possibility, 

we expressed moag-4 from the unc-54 promoter in the moag-4 deletion strain, 

which drives expression to the same subset of cells that express Q40-YFP. 

Expression of moag-4 in these cells increased the number of aggregates (Fig. 1j), 

showing that moag-4 acts from within the cell.  
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Figure 1 Inactivation of moag-4 suppresses polyglutamine inclusion formation. (a) 

Number of aggregates in Q40, Q40;moag-4(pk2185) and Q40;age-1(hx546) mutant animals (L4 stage). 

(b) Chromosomal location of the moag-4(Y37E3.4) gene showing the location of the moag-4 point 

mutation (pk2185), deletion (gk513), moag-4 RNAi fragment and rescue fragment. (c) Alignment of the 

C. elegans MOAG-4 protein with representative orthologs from two eukaryotic kingdoms including 

Fungi (yeast S. cerevisiae) and diverse animal phyla, showing conservation of the N-terminal domain 

and surrounding the M49I substitution. (d-f) Confocal images of Q40 animals with wild-type, point 

mutant or deleted moag-4. (g) Quantification of aggregates in Q40 animals and Q40;moag-4(pk2185) 

animals, with and without transgenic overexpression of an injected moag-4 genomic locus rescue 

construct using the endogenous moag-4 promoter (n=13). NI denotes non-injected. (h) Quantification 

of aggregates in Q40 animals and Q40;moag-4(pk2185) animals fed on control bacteria containing 

empty RNAi vector (ctrl) and expressing double stranded RNA targeting moag-4 (n≥10). (i) 

Quantification of aggregates in Q40 animals with wild-type, point mutant or deleted moag-4. (j) 

Quantification of aggregates in Q40 animals and Q40;moag-4(gk513) animals, with and without 

transgenic overexpression of an injected moag-4 construct using the unc-54 muscle promoter (n=8). All 

values represent means +/- s.e.m., * P < 0.0001, n.s. is non-significant; tests are one-tailed t-tests. 

Aggregates were quantified at the L4 larval stage, except for Fig. 1G which was done in young adults.  
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Having demonstrated that MOAG-4 acts intracellularly to modify the formation of 

inclusions, we then investigated where moag-4 would act in this process. We 

excluded the possibility that aggregation was suppressed by moag-4 hanging 

expression from the transgene promoter, because wild-type animals or mutants for 

moag-4 expressed similar levels of YFP mRNA, protein, and polyglutamine-YFP 

proteins from the same promoter (Fig. 2a, b). Another possibility is that moag-4 is 

required for an intermediate step in the aggregation pathway. In that case, 

inactivating moag-4 should lead to the accumulation of one or more aggregation 

intermediates. To detect aggregation intermediates, we developed a native agarose-

gel electrophoresis (NAGE) assay. Lysates of moag-4 mutant and moag-4 deletion, 

and wild-type polyglutamine animals were separated on a native agarose gel and 

the fluorescent molecules were visualized by a fluorescence laser scanner. This 

revealed a variety of differentially migrating fluorescent forms in all Q40 animal 

lysates, which were not detected by Western analysis of SDS-PAGE of the same 

material (Fig. 2c). As no such forms could be observed in lysates of Q0 or Q24 

animals, this indicated that their formation required the aggregation properties of 

polyglutamine in Q40 animals (Fig. 2c, d; bands 1, 3-5, 6-7 and 8-9). In order to 

further characterize these intermediates, we then excised them from agarose gel to 

analyze their SDS solubility SDS-PAGE followed by Western blotting (Fig. 2e-g). 

We combined this SDS-PAGE characterization with quantification of the amount of 

fluorescence on NAGE. This revealed that, in the moag-4 mutants, there was at 

least a two-fold decrease in the SDS-resistant fraction that was retained in the slots 

of the gel (Fig. 2c, d, S1; band 1). We observed an increase in two faster migrating 

SDS-soluble fractions (bands 3-5 and 6-7) by more than two-fold (Fig. 2c-g, S1). 

Lastly, in lysates of wild-type animals, a smear of fast-migrating SDS-sensitive 

forms was present (Fig. 2c and d; band 8-9, d; bands 8-9, S1). This smear was 

reduced by four-fold in lysates of moag-4 mutant strains (Fig. 2c, d and e, bands 8-

9, S1). Finally, using electron microscopy we established that there were amyloid-

like fibers present in Q40 animals that resembled disease-associated fibers (Fig. 

2h). Together, these results suggest that moag-4 drives a conformational change in 

misfolded proteins, which appears to be an early step in the formation of amyloid-

like fibers and inclusions (Fig. 2h, i).  
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Figure 2 MOAG-4 enhances the transition from misfolded monomer to a compact SDS-

soluble conformer. (a) Analysis of YFP, unc-54, sup-12 and actin mRNA expression in Q40;moag-

4(wt), Q40;moag-4(pm) and Q40;moag-4(del) animals. Shown are PCR products of cDNA-dilutions 

(1:10, 1:20 and 1:50), a –RT control and a control without template for all genes. Sup-12 served as a 

control for gene expression regulation at the X-chromosomal level. Actin served as an internal 

expression control. (b) Western blot analysis of denaturing SDS-PAGE separated protein lysates of Q0, 

Q24, Q35 and Q40 with wild-type and pm allele (pk2185) for YFP expression using GFP antibody. (c) 

Native agarose gel electrophoresis (NAGE) showing in-gel fluorescence of native species of YFP and 

YFP-polyQ fusions in young adult, whole animal lysates. (d) Graphical representation of fluorescence in 

native agarose gel depicted in (c) indicating 4 differentially migrating smears (bands 1, 3-5, 6-7 and 8-

9). RFI indicates relative fluorescence intensity. (e-g) Fluorimetric scan of protein lysates of Q40 and 

Q40;moag-4(del) animals at day 6 separated by 1% NAGE, followed by separation of denatured agarose 

fragments on SDS-PAGE and Western blot analysis by probing with a GFP antibody. (h) Transmission 

electron microscopic (TEM) images in protein lysates of Q0-YFP and Q40-YFP animals negatively 

stained by uranyl acetate to distinguish amyloid-like fibrils, with and without immuno-gold labeled YFP. 

(i) Model of the effect of moag-4 in the formation of amyloid inclusions from monomeric misfolded 

polyQ through monomeric conformers.  
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Next we investigated the genetic relation of moag-4 with a previously 

established enhancer of polyglutamine aggregation, age-1. age-1 is a PI3 kinase in 

the core insulin/IGF-1-like signaling (IIS) pathway, which negatively regulates 

downstream transcription factors daf-16/FOXO and hsf-1/HSF1 (19-22). Reduced 

activity of AGE-1 leads to activation of daf-16 and hsf-1, which drive the expression 

of a variety of genes that collectively promote longevity. These downstream genes 

include molecular chaperones that play a role in protein folding and in preventing 

protein damage. To address whether moag-4 acts in the IIS pathway, we performed 

genetic epistasis analysis by knocking down moag-4 in wild-type-, moag-4 

deletion-, and age-1 mutant animals. Whereas knockdown of moag-4 in the wild-

type strain reduced the number of aggregates by 30%, no decrease in the number of 

aggregates was observed in the age-1 mutant strain, indicating that moag-4 acted 

in the same pathway as age-1 (Fig. 3a). As overexpression of moag-4 in age-1 

mutant animals rescued suppression of aggregation, this indicated that moag-4 

acted downstream of age-1 (Fig. 3b). Suppression of aggregation in the age-1 

mutant depends on downstream targets of the hsf-1 transcription factor (19) (Fig. 

3c). We tested whether moag-4 acts up- or downstream of hsf-1 by knocking down 

hsf-1 (Fig. 3a). Depletion of hsf-1 rescued suppression of aggregation in the age-1 

mutant strain, but had no obvious effect on the number of aggregates in the moag-

4 deletion strain, indicating that moag-4 acts downstream of hsf-1 (Fig. 3a). In line 

with this observation, mutant moag-4 did not activate the heat shock response nor 

did it accelerate activation of the heat shock response after exposure to heat as 

measured by activation of GFP expression from an Hsp16-1 promoter (data not 

shown). Together, these results suggest that MOAG-4 acts downstream of the IIS 

pathway and downstream of the heat shock transcription factor HSF-1. 

With moag-4 acting downstream of the IIS pathway, which regulates aging 

in C. elegans, we then investigated whether inactivation of moag-4 would also 

affect lifespan. We measured over time the survival of age-synchronized wild-type-, 

age-1 mutant- and moag-4 mutant animals. Whereas age-1 mutants lived longer 

than wild-type animals, moag-4 mutants, bearing a missense mutation in MOAG-

4, showed no obvious change in lifespan (Fig. 3d and Table S1). In contrast, when 

we assessed the lifespan of animals with a deletion in moag-4, their lifespan was 

extended to a similar length as in age-1 mutant animals (Fig. 3e and Table S1). This 

revealed that moag-4 is indeed a lifespan regulation gene. Since mutation and 

deletion of moag-4 both suppressed inclusion formation but only deletion of 

moag-4 promoted longevity, the suppression of aggregation in moag-4 mutant 

animals appears to be independent of physiological properties related to their age. 

Thus, moag-4 appears to have a dual function by driving amyloid inclusion 

formation and regulating lifespan downstream of the insulin signaling pathway.  
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Figure 3 moag-4 acts downstream of the insulin/IGF-1-like signaling (IIS) pathway and 

controls lifespan. (a) Quantification of aggregates in Q40, Q40;age-1(hx546) and Q40;moag-

4(gk513) animals at L4 stage fed for two generations on control RNAi food, and RNAi foods targeting 

moag-4 and hsf-1. (b) Quantification of aggregates in Q40 L4 stage animals, Q40;age-1(hx546) 

animals, with and without expression of muscle specific moag-4 overexpression transgene. (c) 

Schematic representation of core insulin/IGF-1-like signaling (IIS) pathway and the position of moag-4 

as suggested by the data. The insulin receptor daf-2 activates the downstream PI3 kinase age-1, which 

inhibits activity of downstream transcription factors daf-16 and hsf-1 by phosphorylation. (d) Survival 

of Q40, Q40;age-1(hx546), age-1(hx546) and Q40;moag-4(pk2185) animals. (e) Survival of Q40, 

Q40;age-1(hx546) and Q40;moag-4(gk513) animals. All values in (a) and (b) represent means +/- 

s.e.m. (a. n≥36, b. n=12). * P < 0.0011; ** P < 0.0001. (d) and (e) ** indicates significantly different 

lifespan from wild type (P < 0.0001), n.s. indicates not significantly different from Q40 wild type (Log 

Rank Test), see Table S1 for further statistics.  

 

Amyloid inclusions are thought to protect cells from toxic misfolded 

proteins when the activities of other protein quality control mechanisms decline or 

are functionally impaired, which may occur during aging or in disease (7, 13, 19, 

23). Here we propose that an early protein conformational change in the formation 

of amyloid inclusions is driven by a previously unidentified small EDRK-rich factor, 

moag-4. Unlike in the age-1(hx546) mutants, suppression of aggregation by 

inactivation of moag-4 is independent and downstream of activation of HSF-1. By 
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promoting the conversion of misfolded proteins to aggregation prone precursors 

that then proceed into amyloid inclusions, MOAG-4 appears to function opposite to 

the activities of HSF-1-induced molecular chaperones, which prevent aggregation 

(Fig. S2). It will be interesting to establish whether other enhancers of protein 

aggregation like SH3-domain GRB2-like 3 (SH3GL3), the G protein-coupled 

receptor kinase interacting-protein 1 (GIT1), and the microtubule network are 

genetically or functionally related to moag-4 (24-26).  

The human orthologs of moag-4, SERF2 and SERF1a are ubiquitously 

expressed, consistent with a putative role in a general protein quality control 

mechanism. SERF1a was first identified as a genetic modifier of spinal muscular 

atrophy (SMA) but how it enhances the severity of this disease is still unknown 

(27). Based on our findings, it is possible that protein misfolding plays a role in 

enhancing the SMA phenotype. Several coding single nucleotide polymorphisms 

(SNPs) have been found in the human Serf genes. This creates opportunities to 

investigate whether these SNPs are related to protein-misfolding disease 

susceptibility and lifespan.     

While the exact mode of action of moag-4 and whether it acts directly or 

indirectly on misfolded proteins remain to be investigated, the inclusion promoting 

activity of moag-4 is unprecedented. The moag-4 gene may be the first component 

of a novel pathway that drives amyloid inclusion formation. Our findings suggest 

that, apart from activating molecular chaperones, proteasomal degradation, or 

autophagy, an alternative strategy to ameliorate the toxic effects of misfolded 

proteins in disease could be to intervene in this inclusion promoting pathway.  
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Methods 

 
Media and strains Standard conditions were used for C. elegans propagation at 20°C (28). Animals 

were synchronized by hypochlorite bleaching, hatched overnight in M9 buffer and subsequently 

cultured on NGM agar plates seeded with OP50. On day 3 after synchronization, animals were placed on 

NGM plates containing 5- Fluoro-2’deoxy-uridine (FUDR) to inhibit growth of offspring. The 

polyglutamine-YFP strains used have been described previously (12, 13). The following strains were 

used: AM134 rmIs126[P(unc-54)Q0::YFP]V, AM138 mIs130[P(unc-54)Q24::YFP]II,  

AM140 mIs132[P(unc-54)Q35::YFP]I, AM141 rmIs133[P(unc-54) Q40::YFP]X,  

VC1104 moag-4(gk513)I, NL4434 age-1(hx546)II; rmIs133[P(unc-54) Q40::YFP]X,  

NL4439 moag-4(pk2185)I; rmIs132[P(unc-54) Q35::YFP]I, NL4440 moag-4(pk2185)I; rmIs130[P(unc-

54) Q24::YFP]II, NL4436 moag-4(pk2185)I; rmIs133[P(unc-54) Q40::YFP]X,  

OW201 moag-4(gk513)I; rmIs133[P(unc-54) Q40::YFP]X, OW52 zgEx27[P(unc-54)::moag-4 P(myo-

2)::GFP N2] OW56 zgEx27[P(unc-54)::moag-4 P(myo-2)::GFP N2]; rmIs133[P(unc-54) Q40::YFP]X; 

moag-4(gk513)I OW64 zgEx27[P(unc-54)::moag-4 P(myo-2)::GFP N2]; rmIs133[P(unc-54) 

Q40::YFP]X; age-1(hx546)II. 

 

Plasmids and constructs moag-4 was cloned from N2 genomic DNA by PCR using primers 5’-

CGCGTCTAGAGTCGACGAATTCATGACTCGTGGAAATCAAAG-3’   and 5’-

GTGGACCCATTGAAGATGTGAGCGGCCGCTCTACAATAA-3’. cDNA of moag-4 was cloned into 

pPD30.38 using restriction enzymes SalI and NotI. 

 

Creation of transgenic strains Microinjection was used to create new transgenic strains as 

described. Unless mentioned otherwise, animals were outcrossed to N2 at least 4 times.  

 

EMS mutagenesis and mapping Mutagenesis was performed using standard C. elegans ethyl 

methanesulfonate (EMS) methodology. 8000 mutagenized genomes were screened for suppressors of 

aggregation. moag-4(pk2185) was identified by SNP mapping (29) to a region between base 1,983,175 

and 2,080,838 on linkage group I. All exons of 16 remaining candidate genes in that region where 

sequenced to identify the mutation in Y37E3.4. Suppression of aggregation was rescued by 

reintroduction into NL4436 of a genomic construct spanning 1 kb upstream to 300 bp downstream of 

the Y37E3.3, Y37E3.4 and Y37E3.5 containing operon. The operon was amplified by nested PCR using 

5’-GGCTTTCTGTAGAACAGCGAG-3’ and 5’-CGCATTCCAACGCTTTCTTG-3’ as forward primers and 5’-

ATCAAGAAGGCCGGAGGAGC-3’ and 5’-GCTAAGGCAAACCGCGCAAC-3’ as reverse primers, and was 

co-injected with pJKL449.1[P. myo-2::GFP] as a co-injection marker. The moag-4(pk2185) allele is a 

nucleotide substitution (G210A) that leads to an amino acid change (M49I) at position 49 of the moag-4 

protein.  

 

RNA isolation and reverse transcriptase (RT) PCR Total RNA was extracted from L4 

synchronized animals using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. 

cDNA was made from 2 µg total C. elegans RNA using Ready-To-Go First Strand Synthesis Beads (GE 

healthcare), including a control without reverse transcriptase (-RT) for all strains indicated. Serial 

dilutions of the cDNA (1:10, 1:20 and 1:50) and the -RT control were amplified using PCR with cycle 

numbers varying between 25 and 31 for optimal detection of the PCR-product. Samples were run on 2.5 

% agarose-gels stained with ethidium bromide, imaged with a UV scanner and analyzed using Image J-

software. Primers used were: gfp forward, 5’-gtaaacggccacaagttcagcg-3’; gfp reverse, 5’-

catgccgagagtgatcccggc-3’; unc-54 forward, 5’-gggataccttgccggagaaatc-3’; unc-54 reverse, 5’-

ccggagtaggtgtagatgag-3’; sup-12 forward, 5’-gactggtcaatccgttgatgg-3’; sup-12 reverse, 5’-

ggcagattggggaactaggcc-3’, actin forward, 5’-agaggctctcttccagccatc-3’;  actin reverse, 5’- 

cttgatcttcatggtggatggg -3’. 
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Quantification of aggregates The number of aggregates present in whole animals were counted 

using a fluorescence dissection stereomicroscope (Leica Microsystems, Wetzlar, Germany) at a nominal 

magnification of ~100x. At least twenty animals were counted, unless stated otherwise.  

 

Immunoblotting analysis C. elegans protein extracts were prepared from whole animal frozen 

pellets in PBS containing proteinase inhibitors (Roche, Indianapolis, USA) by using Fastprep24 (MP, 

Solon, USA). Samples were boiled for 5 min with sample buffer containing SDS and DTT, and separated 

using 10% SDS/PAGE. Proteins were transferred to PVDF membranes by semi-dry blotting. Primary 

anti-bodies used were anti-GFP (monoclonal (JL-8), polyclonal (full length A.v. GFP), Clontech, 

Mountainview, CA, USA). Goat-anti-mouse and goat-anti-rabbit IgG-HRP (BioRad, Hercules, CA, USA) 

were used as secondary antibodies. Antibody binding was visualized by chemiluminescence (ECL Lumi-

Light, Roche, Germany). 

 

Protein separation on agarose gel Native protein extract was loaded with native loading buffer 

(working concentration of 0.0625 M tris, 10% glycerol and bromophenol blue) on horizontal 1% agarose 

gel (running buffer 25 mM tris, 0.19 M glycine (pH 8.3)). Gels were run for 14 h at 4ºC and analyzed 

using a laser scanner (Molecular imager FX, BioRad) with excitation at 488 nm and detection of 

emission at 530 nm. Subsequent image analysis, including background reduction, was performed using 

ImageJ software. Excised agarose fractions were denatured and liquefied by boiling in SDS sample 

buffer containing DTT, and loaded on SDS-PAGE gel while liquid for subsequent Western blotting.  

 

Confocal laser scanning microscopy Transgenic animals were mounted on 2% agarose pads 

containing 40 mM NaN3 as anesthetic on glass microscope slides. Fluorescence images were captured 

with a confocal microscope (TCS SP2 AOBS, Leica Microsystems, Mannheim, Germany) using a 40x oil 

immersion objective (HCX PL APO CS, Leica). Images shown are maximal projections of z-stacks.  

 

Electron microscopy For EM studies on C. elegans protein samples, material was deposited on 

formvar-coated 150 mesh copper grids. Grids were washed three times with water and stained with 

freshly prepared 2% (w/v) uranyl acetate. For immuno-gold labeling of C. elegans protein material, 150-

mesh formvar coated nickel grids were used. Material was deposited on grids that were blocked using 

BSA in buffer, incubated with primary GFP antibody (polyclonal full length A.v., Clontech, Palo Alto, CA, 

USA) and washed five times with PBS. Subsequently, girds were labeled with 5 nm gold conjugated 

rabbit antibody (EMGAR5, BB international, Cardiff, UK) diluted in PBS. Grids were rinsed with PBS 

and water, before negative staining with freshly prepared 1% uranyl acetate. Grids were inspected on a 

Philips CM100 transmission electron microscope (Fei Company, Hillsboro, OR, USA) operated at 80 kV 

and nominal magnification between 33 and 135 kx. Digitized images were recorded with a slow scan 

CCD camera (Gatan, Pleasanton, CA, USA). 

  

Lifespan assays Lifespan assays were carried out by growing L4 stage synchronized animals on agar 

plates containing FUDR. Animals were grown at 20°C. Lifespans were started from 100 L4 stage 

animals per strain on FUDR containing agar plates seeded with OP50 and allowed to grow at 20°C. At 

each time point, the number of surviving animals was counted, as determined by movement and 

response to nose touch. Animals that disappeared during the assay, or crawled out of the plates were 

excluded. Analysis was performed using Graphpad Prism (GraphPad Software, San Diego, CA, USA). 

 

RNAi experiments RNAi experiments were performed on NGM agar plates containing 1 mM IPTG 

and ampicillin that were seeded with RNAi bacteria induced with IPTG to produce dsRNA. Animals 

synchronized by hypochlorite bleaching were grown on RNAi plates, and picked to new RNAi plates at 

L4 stage. Progeny of these animals (F1) were used for experiments. The RNAi clones used were verified 

by sequencing the insert using L4440 primers and subsequent BLAST analysis to confirm the correct 

sequence.  
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Supplementary figures 

 
Figure S1 Quantification of fluorescent fractions. Numbers on x-axis indicate band 1 (well), and 

bands 3-5, 6-7, 8-9 and 10-11 (Fig. 2c). Values indicated are mean fluorescence +/- s.e.m. (n = 2).  

 

 
Figure S2 Model for role of moag-4 in amyloid inclusion formation.  

moag-4 drives the formation of amyloid-like inclusions by stimulating a protein conformational 

transition. moag-4 acts downstream of hsf-1 in the IIS pathway and may be inhibited by hsf-1.  
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Table S1 Statistical analysis of adult lifespans.  

* significant (P < 0.0001); # non-significant.  
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Abstract 

Misfolding and aggregation of proteins is a characteristic of a range of 

neurodegenerative disorders including Alzheimer’s and Parkinson’s diseases (PD). 

In PD and several close related syndromes, the protein α-synuclein (AS) aggregates 

and forms amyloid-like deposits in specific regions of the brain. Fluorescence 

microscopy using fluorescent proteins (FPs), for instance the yellow fluorescent 

protein (YFP), is of choice to image molecular events such as protein  aggregation 

in living organisms. The presence of a bulky FP tag, however, may affect the 

properties of the protein of interest; for AS in particular, its small size and lack of 

defined secondary structure may challenge the usefulness of FP-based derivatives. 

Here we subject a YFP fusion of AS to exhaustive studies in vitro designed to 

determine its validity as a mean of probing amyloid formation in vivo. By 

employing a combination of biophysical and biochemical studies, we demonstrate 

that when the C-terminus of AS is tagged with YFP, the protein can still form 

amyloid deposits in vitro that are similar to those observed for wild type AS, except 

that they are fluorescent. Heteronuclear NMR spectroscopy of AS-YFP suggests 

that the conjugation of the FP does not significantly perturb the natively unfolded 

structure of the protein in solution. Of the several fluorescent properties of the YFP 

chimera that were assayed, we find that fluorescence anisotropy is a particularly 

useful parameter to follow the aggregation of AS-YFP, as a consequence of 

homoFRET occurring inside the amyloid species. Fluorescence anisotropy imaging 

further demonstrates the ability of homoFRET to distinguish between soluble and 
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aggregated AS-YFP in a microscope. Our results validate the use of AS-FP chimeras 

as representative models for studying AS aggregation, and offer new opportunities 

for the investigation of amyloid aggregation in vivo. 

 

Introduction 

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are characterized 

by the deposition of cytoplasmic, protein-rich inclusions in certain regions of the 

brain, known as Lewy bodies (LBs) 1. The major constituent of such deposits is the 

140 residue protein α-synuclein (AS), together with several minor components 

such as chaperones and ubiquitin 2. Direct evidence for the involvement of AS in 

the pathology of PD and DLB arises from the identification of point mutations and 

duplication of the AS locus linked with the early onset of neurodegeneration 3-7. The 

biological function of AS appears to be related to synaptic plasticity by enhancing 

the priming step in the formation of synaptic vesicles, directly acting on the folding 

of SNARE proteins, possibly as a chaperone 8. Knock out studies have shown, 

however, that AS is not an essential protein, at least in rodents, which strongly 

suggest that the link to disease might arise from a toxic gain of function 9. AS is 

intrinsically unfolded in the cytoplasm but acquires substantial α-helical structure 

in its first 100 residues upon binding to lipid membranes 10; 11. Although it lacks 

defined secondary structure, long-range tertiary interactions appear to stabilize the 

protein and are thought to prevent it from misfolding and amyloid aggregation 12-15. 

Interestingly, however, amyloid deposits may not represent the most toxic species 

to neurons, rather small oligomeric precursors to such fibrils appear to confer 

toxicity to cells 16-20. 

 The vast majority of studies on amyloidogenic proteins have been carried 

out in vitro or ex vivo with material extracted from living organisms, as a 

consequence of the lack of suitable means to address protein oligomerization and 

conformational changes in intact living cells. Recent technical advances in 

fluorescence microscopy, however, provide a wealth of tools which are uniquely 

suited for probing heterogeneous and transient species in the complex environment 

of a cell 21. Fluorescence imaging offers many advantages for the study of 

misfolding and amyloid formation by AS, in particular as observations in vivo can 

be directly correlated with data obtained in vitro. Indeed, several approaches, such 

as tetracysteine FlaSH-ReaSH tagging, fluorescent protein (FP) tagging, split-FP 

reconstitution (BiFC), and PDZ conjugation have successfully been used to image 

AS misfolding and fibrillization 18; 22-25. Of these techniques, FP-tagging is of special 

interest as FP derivatives come in a variety of spectral and photoswitchable variants 

which allows multicolor  and high resolution imaging 21; 26. Furthermore, FPs are a 

very valuable tool for live imaging in whole organisms such as the nematode worm 

C. elegans, the fruitfly D. melanogaster and even in mice. Indeed, many animal 
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models of disease have been established employing FP tagging to study misfolding 

and accumulation of AS 27-31, along with other misfolding disease-related proteins 
32-35. 

 Fluorescence tagging of proteins by FPs may, however, perturb the native 

structure and function of the tagged protein given the bulkiness of the FP scaffold 

(~28 kDa). In the case of AS, this may be of particular concern, not only because of 

its size (~14 kDa), but also because its lack of persistent structure in solution. It is 

possible, therefore, that FP-tagging may affect the propensity of AS to form fibrils 

and render the FP conjugate less valuable than one might hope for studying the 

behavior of native AS. Not surprisingly, some controversy has been raised from 

studies of AS misfolding and aggregation using FPs, and the validation of this 

system by biophysical techniques is essential. Here we conduct a detailed 

biophysical characterization of AS tagged C-terminally with the yellow FP variant 

YFP (Venus) 36 and validate its use as a reporter of AS misfolding and aggregation. 

We further examine the fluorescence properties of aggregated AS-YFP and 

demonstrate the applicability of fluorescence anisotropy imaging microscopy in the 

detection of amyloid aggregation. 

 

Results 

AS-YFP forms amyloid-like deposits in vitro in a similar manner to wild 

type AS. An FP chimera of AS was constructed by fusing the YFP gene (Venus) to 

the C-terminus of AS,  containing a short linker peptide (AlaProValAlaThr), 

designed to minimize any effects of the fusion process to both proteins 35. To 

investigate the amyloid-like aggregation propensity of AS-YFP, protein aggregation 

assays were performed with the purified protein; as a control, wild type AS was 

assayed in parallel. Both proteins were subjected to standard in vitro aggregation 

procedures, incubating the purified proteins at 37ºC with constant agitation. 

Aliquots were taken from both samples every 24 h during the aggregation time-

course to measure Thioflavin T (ThT) fluorescence and examine the aggregate 

morphology by transmission electron microscopy (TEM). ThT is an amyloid-

sensitive dye, which exhibits a increased fluorescence at 480 nm upon binding to 

the -sheet rich amyloid fibrils 37. Moreover, the analysis of the normalized time 

dependence of the ThT fluorescence intensity allows the kinetics of amyloid 

formation to be defined for the proteins under study. Upon aggregation, both AS-

YFP and AS samples showed increasing ThT fluorescence, indicative of amyloid 

formation (Fig. 1A). The kinetics of the fluorescence rise were similar for the two 

proteins (Fig. 1B), although at the end of the assay the ThT signal of AS-YFP was 

considerably lower in intensity than AS (~ 85%). This effect can be attributed to 

either hampered binding of the dye in the presence of YFP or the transfer of energy 

between the two fluorophores. Indeed, significant energy transfer between ThT and 
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YFP was observed in the aggregates (data not shown), arguing against utilization of 

ThT binding as the sole indicator of protein aggregation. Still, both proteins display 

similar aggregation kinetics, with the AS-YFP protein aggregating slightly faster 

than the wt protein. We also probed the aggregation of AS-YFP in the presence of 

SDS, a membrane-mimetic environment, since lipids have been proposed to 

mediate AS inclusion formation in vivo 38. In the presence of SDS AS-YFP amyloid 

formation was slightly retarded in comparison to AS (half time for aggregation was 

42 ± 8 h for AS-YFP vs. 29 ± 8 h for AS). Once more, the final ThT intensity in AS-

YFP aggregates was reduced, reaching only 35% of that in the wild type protein 

(Fig. 1C, 1D). To estimate the amount of protein aggregated in a ThT independent 

manner, we determined the relative amount of soluble protein at each time point of 

the assay. The supernatants of each sample were analyzed by SDS-PAGE after 

centrifugation at 13,000 rpm to remove aggregated species. Both AS and AS-YFP 

showed a time-dependent decrease in the quantity of protein remaining in solution 

by SDS-PAGE (Fig. 1E), whilst densitometry analysis of the gel bands shows that 

the rate of aggregation was comparable for both proteins, again indicating that 

their aggregation kinetics are similar within the expected variability of an in vitro 

aggregation assay (Fig. 1F).  

Next, we assayed the AS-YFP aggregates for binding of Congo red (CR), an 

amyloid-specific dye that binds to the β-sheet rich structure of the fibrils and 

displays apple-green birefringence upon exposure to polarized light 37. Aggregated 

AS-YFP shows, like AS itself, this characteristic birefringence when stained by CR, 

further indicating the amyloid character of these deposits (Fig. 2A). To assess the 

structure of the amyloid deposits of AS-YFP we analyzed the samples by 

transmission electron microscopy (TEM). Amyloid-like fibrils were observed in the 

AS-YFP sample, which were comparable in width and length to AS fibrils (Fig. 2B).  

Very densely packed aggregates were also observed in the AS-YFP sample, 

however, with fibrils stemming out of them, what suggest an enhanced cluster of 

the fibrils with YFP attached. The AS-YFP filaments were straighter than those of 

AS, and the characteristic twist was not readily observed in these filaments (Fig. 

2C). This effect could be consequence of the conjugated YFP molecule. Indeed, 

detailed analysis of the morphology of AS-YFP deposits shows that the fibrils have 

irregular edges, probably reflecting the attachment of the floppy YFP moiety. Taken 

together, however, these results provide strong evidence that AS-YFP forms 

amyloid-like fibrils with similar properties to AS. 



Studies on a YFP model of α-synuclein aggregation 

51 

 

Figure 1: AS-YFP aggregates in 

vitro similarly to AS. Analysis of 

the aggregation kinetics of AS-YFP 

and AS. A, ThT fluorescence for AS-

YFP (black bars) and AS (white 

bars).; B, Normalized ThT 

fluorescence for AS-YFP (black 

circles) and AS (white diamonds).; C, 

Aggregation kinetics of AS-YFP (bold 

line) and AS (dashed line) in presence 

of  membrane mimetic SDS. Plotted 

are time traces of fitted average ThT 

fluorescence traces. The standard 

deviation of the lag phase is indicated 

with errors bars. D, Absolute ThioT 

fluorescence of AS-wt and AS-YFP at 

end point of the SDS-containing 

aggregation assay; E, SDS-PAGE of 

the soluble fraction  remaining at 

each time point of the assay; E, 

Densitometry analysis of the amount 

of soluble protein remaining as 

resolved by SDS-PAGE in D. Symbol 

key is AS-YFP (black circles) and AS 

(white diamonds); F, TEM images of 

fibrillar deposits of AS-YFP and AS at 

the end point of aggregation.  
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NMR demonstrates that the YFP fusion does not perturb the disordered 

nature of AS. We next investigated whether the conjugation of YFP altered the 

structural properties of AS in solution. To probe the conformation of AS-YFP with 

residue-specific resolution we employed heteronuclear NMR spectroscopy with 

isotopically labelled (15N) AS and AS-YFP. The 1H-15N heteronuclear single 

quantum correlation (HSQC) spectrum of AS-YFP is essentially identical to the one 

of AS, with only minor chemical shifts differences located at the very end of the C-

terminus, where the YFP moiety is attached (Fig. 3A, 3B). A few small N-terminal 

chemical shifts are observed as well, what could be attributed to a slight difference 

in the pH of the samples. A comparison of the normalized 1H-15N cross peak 

intensities, a parameter very sensitive to changes in the dynamics of AS 

conformation and interaction with the solvent 39-41, revealed more subtle YFP-

mediated perturbations to the C-terminal region of the protein comprising residues 

120 to 140 (Fig. 3C). Overall, the observed structural and dynamical perturbations 

are minor and restricted to the local region in which the YFP has been attached.  

Only a very few YFP peaks, and with low intensity, are observed in the 

HSQC-spectra of AS-YFP, attributable to a broadening of these resonances due to 

the size, i.e. slower tubmling (µc ~ 20 ns) and relaxation properties of the folded 

molecule. Moreover, peaks may be too weak to be detected because of the low 

concentration of the sample (35 µM) and the conditions of the experiment such as 

pH (7.4) and temperature (10 °C), which were optimized for the detection of 

monomeric AS. A recent NMR-based study of isolated YFP was successfully 

conducted at a 10 times more concentrated protein sample and 37 °C, increasing 

the tumbling rate of the YFP and so reducing the peak line widths 42. Indeed, when 

the temperature of the AS-YFP sample was increased to 37 °C, YFP peaks were 

more in evidence in the HSQC spectrum (Fig. suppl. 1), however, the AS resonances 

are severely diminished due to solvent exchange properties 40; 41.   
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Figure 2: AS-YFP forms amyloid-like 

deposits in vitro similarly to AS; A, 

Aggregated AS-YFP at day 5 showing apple-

green birefringence when visualized by 

polarized light upon Congo red binding; B. 

TEM images of AS-YFP. Note the very 

densely packed aggregated material, with 

fibrils stemming out; C. Detailed fibrillar 

morphologies for AS and AS-YFP. 
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Figure 3: NMR demonstrates that the YFP fusion does not perturb the backbone structure 

of AS. A, Overlaid 1H-15N HSQC of AS (blue) and AS-YFP; B, Mean weighted chemical shifts differences 

for backbone 1H-15N resonances between AS and AS-YFP; C, Normalized 1H-15N HSQC peak intensities 

for AS (blue) and AS-YFP (red).  

 

AS-YFP but not BS-YFP forms fluorescent amyloid-like aggregates. We 

next set to address the possibility of FP-mediated interactions in the aggregation of 

AS-YFP and, therefore, studied a YFP chimera of the much less amyloidogenic 

homologue of AS, named β-synuclein (BS). BS lacks a stretch of hydrophobic 

residues within the central region of the protein, a property that is believed to 

contribute, at least to some degree, to its very low aggregation propensity 43; 44. 

Indeed, BS does not detectably aggregate at physiological conditions in aqueous 

solution, even after long periods of time, and has additionally been shown to inhibit 

amyloid formation by AS 45; 46. Based on these studies, BS-YFP is not expected to 

form fibrils under conditions relevant to studies of AS aggregation, and could 

constitute a very effective negative control for in vitro and in vivo studies. 

 When subjected to our standard in vitro fibrillization assay (37 °C and 

shaking), AS-YFP, but not BS-YFP, formed insoluble fluorescent aggregates at the 

end of the assay (Fig. 4A). Quantitative determination of the YFP fluorescence in 

the samples showed that, simultaneously with the appearance of aggregates in the 

AS-YFP sample, YFP fluorescence was depleted from the soluble fraction, falling to 

less than 20% by the end of the assay (Fig. 4B). The assay with BS-YFP, conversely, 
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showed that this protein retains more than 90% of its YFP fluorescence in the 

supernatant at the end point of the assay. In line with the absence of aggregated 

material, no enhanced ThT fluorescence signal was detected in the aggregating BS-

YFP sample (Fig. 4C). Furthermore, SDS-PAGE analysis of the soluble fraction 

demonstrated that the concentration of BS-YFP protein remained essentially 

constant during the assay, unlike AS-YFP which decreased 75% at the end of the 

assay (Fig. 4D).  

Consistently with these findings, no fibrils could be found by TEM in BS-

YFP aggregated for 6 days, whereas fibrils were the predominant morphology in the 

AS-YFP sample (Fig. 4E). To obtain further indication as to whether or not AS-YFP 

fibrils retain their fluorescence properties in the amyloid state, an end point sample 

of AS-YFP was analyzed on a native agarose gel and visualized by UV-excitation 

(Fig. 4F). Aggregated AS-YFP remained in the loading well of the gel whereas BS-

YFP migrated through the gel and could be resolved. Finally, we set to determine 

the feasibility of imaging AS-YFP aggregates in a fluorescence confocal microscope. 

Deposits of AS-YFP were easily identified in a microscope slide given their 

brightness and even some structural features of the aggregates could be assessed, 

despite the low resolution of the confocal microscope when compared with TEM 

(Figure 4G). Taken together, this data indicate that amyloid deposits of AS-YFP 

remain fluorescent and can be imaged in a confocal microscope, while fibril 

formation is triggered solely by the amyloidogenic character of the AS protein.  
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Figure 4: AS-YFP but not 

BS-YFP forms fluorescent 

amyloid-like aggregates. 

Analysis of the aggregation 

kinetics of AS-YFP and BS-

YFP; A, UV excitation of 

aliquots withdrawn from the 

aggregation assay on a daily 

basis; B, Relative fluorescence 

of the soluble remaining 

fraction; C, ThioT fluorescence; 

D, Densitometry analysis of the 

amount of remaining soluble 

protein detected by SDS-PAGE; 

E, TEM imaged of aggregated 

protein present at the endpoint 

of the aggregation assay; F, In 

gel visualization of YFP 

fluorescence of aggregated AS-

YFP and BS-YFP (day 6) 

separated on a native agarose 

gel (1 %); G, Confocal 

fluorescence image of an AS-

YFP deposit (60X oil objective, 

10X digital zoom). In all the 

plots, AS-YFP is represented by 

black circles and BS-YFP by 

white triangles. 

 

 

 

 

 

Characterization of the fluorescent properties of fibrillar deposits of 

AS-YFP. We next focused our studies on the characterization of the fluorescent 

properties of AS-YFP by assessing its spectral properties during amyloid formation. 

Both AS-YFP and BS-YFP exhibit fluorescence excitation and emission spectra that 

are indistinguishable from those of the isolated YFP (Fig. suppl. 2A). In general, 

fluorescence of this particular YFP variant (Venus) is less sensitive to the 

environment than is the fluorescence of the rest of the FPs, but we hypothesized 

that properties such as the spectrum and the quantum yield are still likely to be 

altered upon protein aggregation 36. Indeed, perturbations of the fluorescence 

properties of AS-YFP were identified along the aggregation time-course, in a 

manner dependent on the fraction of protein aggregated (Fig. 5). Analysis of the 

fluorescence emission spectra of the samples during different time points of the 
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aggregation assay shows that approximately 50% of the AS-YFP fluorescence is 

quenched upon amyloid formation (Fig. 5A). As expected, the fluorescence of the 

soluble fraction was also reduced, consistent with the decrease of monomeric AS-

YFP protein in the supernatant (Fig 5b, 5d).  

Comparison of the spectra of the soluble and aggregated protein allowed us 

to determine a small spectral red shift of 2 nm upon AS-YFP aggregation (Fig. 5C, 

5D). This red shift is indicative of the occurrence of inner filter effects due to the 

high local concentration of fluorophores in the aggregate 47; 48. A reduction in 

brightness of AS-YFP also accompanied amyloid formation, determined as the 

relative change in fluorescence intensity per unit of mass along the aggregation 

assay (Fig. suppl. 2B). We observed a strong reduction in brightness of soluble AS-

YFP at the end of the assay, decreasing ~ 40% relative to that of monomeric AS-

YFP (Fig. 5E). The strongest change was observed, however, in the analysis of the 

amyloid fraction, which showed a decreased fluorescence intensity per mass unit of 

about 60% respect the starting monomeric AS-YFP. Beyond the above mentioned 

inner filter effect, this could also indicate misfolding of a partial population of YFP 

molecules in the fibril state, as reported for some GFP chimeras of amyloidogenic 

peptides 35. We reasoned that a misfolding event should have an impact in the 

photophysical properties of the YFP moiety, manifested as a decrease in the 

extinction coefficient and quantum yield of the fluorophore. Absorption 

spectroscopy showed, however, that aggregated AS-YFP maintains both the ratio of 

chromophore/aromatics absorbance and of YFP fluorescence/absorbance 

compared to monomeric AS-YFP, suggesting that misfolding of YFP is not a cause 

for the decrease in brightness in this case (Fig. suppl. 2C-2F). We note that 

absorption flattening due to the high chromophore concentration in the aggregated 

sample is then likely to be another major phenomenon limiting the absorption of 

photons by the YFP chromophore 49. As a control, we followed the variation in 

fluorescence intensity and quantum yield for BS-YFP during the aggregation assay, 

and found it retained 90% of its brightness while did not show any spectral shift 

(Fig. supp. 2C). This is in line with BS-YFP remaining essentially soluble and 

monomeric throughout the time course of aggregation.  

 Another fluorescence-based phenomenon that could occur upon self-

association of AS-YFP is energy transfer between the identical YFP molecules, 

termed energy migration Förster resonance energy transfer (emFRET) or 

homoFRET. Energy migration between the same type of molecule typically occurs 

for fluorophores which display small Stokes shift (i.e. that have a high overlap 

between their excitation and emission spectra) and is readily observed by a 

decrease in steady state anisotropy of the fluorophore 48; 50. Indeed, homoFRET 

between FP-like molecules has been previously used to study protein 

oligomerization in the cellular environment 51. When we measured the steady-state 
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fluorescence anisotropy of AS-YFP and BS-YFP along the aggregation time-course 

we observed a strong decrease in anisotropy for the AS-YFP sample concomitantly 

with the formation of amyloid fibrils, a result indicative of the occurrence of energy 

migration between identical molecules (Fig. 5F). Anisotropy in a solution 

containing only monomeric AS-YFP (day 0) was ~ 0.31, similarly to the value of 

untagged YFP (0.30) and BS-YFP (0.32). This parameter decreased to 0.16 at the 

endpoint of the assay for the AS-YFP sample, while remained constant for BS-YFP.  

A variety of additional factors could contribute to a change in the 

fluorescence anisotropy of the protein, such as a decrease in the translational 

correlation time of the YFP, due to folding of AS, or an increase in light scattering 

in the sample, due to protein aggregation. However, if the loss of anisotropy is a 

consequence of homoFRET, it should be sensitive to the ratio of labeling with the 

fluorophore, as energy migration depends on the distance between the 

fluorophores 50. In order to demonstrate that homoFRET is the dominant 

phenomenon causing depolarization, we performed aggregation experiments in 

samples containing different ratios of AS-YFP and AS. At the end point of the 

aggregation assay, in a sample containing 10% AS-YFP and 90% AS the loss of 

anisotropy was reduced, to an end point value of 0.22, indicating that homoFRET 

is indeed the prevalent mechanism for depolarization (Fig. 5G). Interestingly, a 

50% AS-YFP sample showed a similar degree of anisotropy decrease as the 100% 

AS-YFP sample, revealing and extremely high efficiency of energy migration that 

must arise from the close proximity of the YFP molecules in the aggregates (Fig. 

5G). The conclusion that the insoluble amyloid fraction is responsible for the lower 

anisotropy registered in the sample is further verified by measuring the anisotropy 

of the isolated soluble and insoluble fractions at the endpoint of the aggregation 

time-course (Fig. 5F-H). The anisotropy of the insoluble fraction (in buffer 

suspension) for a 100% AS-YFP sample reached 0.08, while it increased slightly for 

the samples containing AS, as a function of the decrease in fluorophore 

concentration (0.09 for 50% AS-YFP and 0.16 for 10% AS-YFP). Taken together 

these fluorescence anisotropy studies strongly indicate the occurrence of 

homoFRET between neighboring YFP molecules in the aggregated state of AS-YFP. 
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Figure 5: Characterization 

of the spectral properties 

of fibrillar deposits of AS-

YFP. AS-YFP was allowed to 

aggregate and the fluorescence 

properties of the YFP molecule 

were measured. A-B, 

Fluorescence spectra of total 

fraction (A, Total) or soluble 

fraction (B, Sup.) of AS-YFP at 

different time points during 

aggregation: day 0 (black), 2 

(red), 4 (green) and 6 (blue); 

C, Fluorescence spectra of 

soluble vs. aggregated AS-YFP: 

total sample day 0 (black), 

total sample day 6 (red), 

soluble fraction day 6 (green), 

aggregated fraction day 6 

(blue); D, Normalized data 

shown in C, highlighting a 2 

nm spectral shift between the 

soluble and aggregated AS-

YFP (inset);  E, Relative 

fluorescence intensity per unit 

of mass (brightness) of soluble 

and aggregated AS-YFP at the 

endpoint of the assay (day 6) 

with respect to the initial 

sample (day 0): the relative 

brightness is calculated as the  

ratio of fluorescence intensity 

(red) over the mass of protein 

aggregated (black). The 

quantification of BS-YFP 

spectral characteristics at the 

endpoint of the assay are 

shown for comparison; F, 

Time-dependent determination of fluorescence anisotropy in the aggregated samples of AS-YFP (black) 

and BS-YFP (blue); G-H, HomoFRET is the cause for loss of anisotropy upon aggregation in AS-YFP. 

Time-points of the aggregation reactions were measured by fluorescence anisotropy for AS-YFP and AS 

spiked samples (H) and comparison of fluorescence anisotropy of soluble and aggregated fractions at 

day 6 (G), according to: 100% AS-YFP (black), 50% AS-YFP/ 50% AS (green), 10% AS-YFP/ 90% AS 

(yellow), soluble fraction of 100% AS-YFP (red). 
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Figure 6: Fluorescence 

anisotropy imaging detects 

amyloid formation of AS-YFP. 

A. Intensity (top) and anisotropy 

images (bottom) of soluble YFP 

(left), soluble AS-YFP (middle) and 

aggregated AS-YFP (right). A 

reduction of anisotropy is evident 

upon aggregation as shown also by 

the anisotropy histograms (B) and 

statistical analysis (C). Panels D-F 

show the same measurements, but 

with AS-Alexa 488. Note that the 

broaded distribution of anisotropy 

(E) for the 1% AS-488 sample is 

caused by the lower concentration 

of fluorophores - which therefore 

provides lower signal-to-noise 

ratios - rather than representing an 

effect of biological significance. 
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Fluorescence anisotropy imaging of AS-YFP probes amyloid formation.  

The final step in our studies was aimed to explore the feasibility of anisotropy-

based imaging of amyloid deposits exploiting the phenomena of homoFRET. 

Fluorescence anisotropy imaging of YFP and soluble AS-YFP showed the expected 

values of 0.30 and 0.31 respectively, while aggregated AS-YFP evidenced a 

significant decrease in anisotropy down to 0.10 due to the strong occurrence of 

homoFRET in the amyloid state (Figure 6A-C). Pixel-based analysis of the images 

allowed us to investigate anisotropy in the aggregates with high spatial resolution, 

parameter that resulted to be very homogeneous throughout all the deposits 

examined (Figure 6B). Notably, we found a very close correlation between the value 

of anisotropy obtained by using a spectrofluorimeter (Figure 5H) and in the 

microscope set up, confirming the validity of the observations.  

 The usefulness of the FP derivative of AS in anisotropy imaging is revealed 

by comparison to a derivative tagged with the small organic fluorophores Alexa-

488 (AS-A488). Because of its short rotational correlation time, this fluorophore 

has a very low anisotropy in solution (Figure 6D). Upon aggregation, anisotropy 

increased at 0.09. Although significant, the contrast between the soluble and 

aggregated form of AS-A488 is limited in comparison to the use of YFP-AS. In fact, 

the increase in anisotropy caused by the increase in rotational correlation times due 

to aggregation is competed by the efficient homoFRET between Alexa-488 

molecules. Utilization of a sample containing only 1% of labeled protein, however, 

impaired energy transfer and did allow a much better assessment of differences 

between soluble and aggregated AS-A488 (anisotropy ~ 0.19) employing 

fluorescence anisotropy imaging (Figure 6E, 6F). These results demonstrate the 

possibility for imaging intermediates in the pathway of amyloid formation both in 

vitro and in vivo based on fluorescence polarization anisotropy imaging. 

 

Discussion 

During the past decade a very large number of studies have addressed the amyloid-

forming capabilities of AS and the toxicity of intermediates in the aggregation 

pathway 17; 52. The mechanisms by which AS aggregation in a cellular context causes 

degeneration of dopaminergic neurons are, however, not well understood. One of 

the reasons that studies of AS aggregation in vivo are very challenging is that it is 

difficult to characterize the heterogeneous aggregated AS species in tissue, a task 

for which multiparametric fluorescent imaging is ideally suited 53; 54.  

 Several studies have already employed FP fusions to probe AS misfolding, 

aggregation and toxicity in a wide range of model organisms and cells in culture. In 

yeast cells, AS-GFP localizes to the plasma membrane first, after which it 

accumulates into small fluorescent cytoplasmic inclusions that consist of vesicular 

clusters 18; 38. The expression of AS-GFP causes a defect in membrane trafficking as 
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a first sign of toxicity in yeast cells 31, and non-fibrillar lipid rich AS-GFP deposits 

are observed in such models. In another study, AS-GFP was expressed in a 

neuronal cell line and in mouse brain, and in this case discrete fluorescent granular 

aggregates were found both in cells and in tissue 29. Indeed, in the brain, electron 

dense bodies and vacuolar structures indicative of neurodegeneration were also 

observed. In C. elegans, we and others recently reported that AS-YFP inclusions 

accumulate during aging 27; 28; in old age animals, deposition of AS-YFP into 

immobile aggregates was revealed by a lack of recovering of YFP fluorescence 

following laser-induced photobleaching 27. In such studies of AS amyloid 

formation, however, its small size and unfolded nature may question the validity of 

FP tagging. For this reason, a complete biophysical characterization of the fused 

protein was required for the complete validation of the findings drawn from these 

models of disease.  

Our detailed biophysical study of the AS-YFP fusion protein demonstrates 

that this protein is a very robust model of AS amyloid formation for the following 

reasons: 1) AS-YFP forms amyloid-like fibrils comparable to those formed by the 

native AS protein; 2) AS-YFP deposits show the characteristic ThT and CR binding; 

3) The kinetics of amyloid formation are similar for AS and AS-YFP in the presence 

and absence of lipid mimetics; 4) The YFP moiety attached to the C-terminus of AS 

does not perturb significantly the structure of the protein; and 5) The aggregation 

of AS-YFP is solely triggered by the amyloidogenicity of AS. The excellent behavior 

of the C-terminally tagged YFP fusion could be explained, in part, from the fact that 

the C-terminus of AS, rich in Pro residues, is not incorporated into the amyloid 

structure and remains in solution and disordered 55-57. Furthermore, our studies 

established that the BS-YFP chimera constitutes a very good negative control for 

amyloid-related in vivo studies, since it does not form fibrillar aggregates under the 

conditions assayed.   

 From a methodological point of view, the results of this study highlight the 

fact that the fluorescence properties of the YFP moiety can be exploited as a 

valuable probe through which assess the aggregation state of AS, not only in vitro 

but also at the microscope (Fig. 7). Upon amyloid formation, the fluorescence 

emission maximum of AS-YFP displays a slight red shift, probably reflecting 

occurrence of inner filter effects as the protein coalesces into aggregates and 

increases its local concentration 47; 48. This conversion is also accompanied by a 

strong reduction in the brightness of the YFP moiety, causing a reduction in the 

apparent fluorescence intensity per YFP molecule in the aggregate of about 60%. 

Such spectral change is not indicative of a fraction of YFP in a misfolded non-

fluorescent state, as has been suggested for amyloid deposits of the Alzheimer’s Aβ 

peptide-GFP fusion 58 and other amyloidogenic peptides 35. We can not completely 

rule out, however, the presence of a small fraction of YFP in a dark state with 
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similar absorption characteristics as soluble AS-YFP. Loss of fluorescence intensity 

in amyloid deposits of AS-YFP rather reports on the phenomena of absorption 

flattening and inner filter effects due to the high local density of fluorophores, by 

which YFP molecules could “shadow” or re-absorb photons from neighboring 

molecules rendering the aggregate less fluorescent 49.  

 
Figure 7: Proposed arrangement of AS-YFP in amyloid deposits. The YFP moiety positions 

outside the fibrillar core because of the low amyloidogenicity of the C-terminus of AS, which is rich in 

Pro residues. Characterization of the spectral properties of fibrillar deposits demonstrates that YFP is 

closely packed, what causes a slight red spectral shift (2nm), a reduced average brightness of the 

protein, and displays a very low fluorescence anisotropy, because of homoFRET among the neighboring 

YFP molecules.  

 

The most sensitive YFP fluorescence parameter that reports on AS-YFP 

aggregation, however, appears to be fluorescence polarization anisotropy that 

report on homoFRET, a phenomenon of energy migration between fluorophores of 

the same nature. Upon amyloid formation, AS-YFP shows strong homoFRET, 

measured as a decrease in steady-state fluorescence anisotropy, indicative of a very 

close proximity of the YFP molecules in the aggregated state. Such perturbations of 

the fluorescent properties of the YFP moiety are not observed for BS-YFP 

indicating that these parameters are valuable probes of amyloid formation. We 

observed that ThT fluorescence is detected prior to changes in fluorescence 

anisotropy, probably because in the latter the relative weight of the signal arising 

from the fibrils (r < 0.1) is masked by the signal from the monomeric fraction (r > 

0.3). Anisotropy is very sensitive to the size and hydrodynamic properties of the 

fluorophore, in such a way that a rise in anisotropy occurs with an increase in size. 

In the system under study two opposing effects contribute to the measured 

anisotropy: homoFRET, which reduces anisotropy, and an increase in size due to 

oligomerization, which increases it. Time-resolved anisotropy measurements, in 

which rotational correlation times of individual species can be determined, would 

allow to track the oligomerization state of AS-YFP at early stages of aggregation, as 
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previously shown for other amyloid species, including pyrene-labelled AS 59; 60. The 

short fluorescent lifetime of the YFP fluorescence (φ ~ 3 ns) is, however, not likely 

to provide a window of time resolution long enough as to probe large oligomeric 

species, due to the fact that their rotational correlation times would be much larger 

than the lifetime of the fluorophore.  

Interestingly, a property such as homoFRET can be easily exploited in 

fluorescence imaging, providing extra resolution for the investigation of molecular 

interactions by means of a microscope-based anisotropy set up 61. Indeed, the 

occurrence of homoFRET has been used previously to assess the oligomerization 

state of several proteins in living cells, indicating that such fluorescence anisotropy 

measurements could readily be performed to probe amyloid aggregation of proteins 
62; 63. Just the use of a polarization beam splitter cube at the output port of a 

standard confocal microscope permits the simultaneous resolution of the parallel 

and perpendicular components of the fluorescence emission, identifying AS-YFP 

deposits due to its very low anisotropy in comparison to the soluble protein. These 

initial successful in vitro experiments encourage the future investigation of 

intermediates in amyloid formation by the exploitation of homoFRET in FP 

derivatives. 

It has to be noticed that the use of homoFRET for probing amyloid deposits 

largely depends on the choice of a fluorophore with intrinsically high anisotropy, 

such as FPs. Hence, tagging amyloidogenic proteins with small organic dyes (r < 

0.02) would not allow straight forward homoFRET-based differentiation of soluble 

and amyloid fractions. We demonstrated here that anisotropy measurements could 

still be used in those cases to follow the increment in size of the protein assembly 

and the enhanced rigidity of the dye, provided that homoFRET is avoided by 

reducing the fraction of labeled molecules (in our case about 1 %). Anisotropy 

imaging of AS-YFP, in both its steady-state and time-resolved versions, could 

provide a non-invasive indication of AS behavior and amyloid formation in vivo. 

 In conclusion, our results validate the use of the AS-YFP protein as a model 

for AS amyloid aggregation and demonstrates how the use of FP-based quantitative 

fluorescence microscopy could impact the detection of amyloid aggregation, from 

in vitro to cells in culture and model organisms.  
 

Materials and methods 
Expression and purification of proteins. Recombinant expression of AS in the pT7.7 vector and 

purification to homogeneity followed protocols reported elsewhere 64. The cDNA of AS-YFP and BS-YFP 

constructs were amplified from C. elegans expression plasmid pENG001 and pENG002, derived from 

the pPD30.38 vector,  employing PCR with specific primers, and cloned in frame in the vector PET41C 

(Novagen) employing NdeI/HindIII restriction sites. This vector adds an octarepeat of His residues at 

the C-terminus of the exogenous gene under the control of the T7 promoter. YFP–containing proteins 

were expressed in E. coli (BL21) and purified by nickel affinity chromatography as follows. The cell 

pellet was resuspended in lysis buffer (50 mM Tris HCl, pH 8.0, 20 mM imidazole) and the bacterial 
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cells were lysed by sonication on ice (12 x 15 s pulses, 45 s recovery). Cell debris were spun down by 

centrifugation (30 m, 22000 xg), and Ni-NTA resin (equilibrated in lysis buffer) was added to the 

supernatant and incubated at 4 ˚C to allow binding. The protein-bound resin was washed three times 

with washing buffer (50 mM Tris HCl, pH 8, 50 mM Imidazole) for 15 min at 4°C, followed by 

centrifugation. The protein was eluted with 500 mM Imidazole (in 50 mM Tris HCl, pH 8). The eluted 

protein was concentrated using Vivaspin centrifugal devices (10 kDa, Millipore) and then dialyzed 

against 10 mM Tris-HCl, pH 8. The protein was loaded into a Superdex S200 column, equilibrated with 

25 mM Tris-HCl, pH 7.4, 100 mM NaCl, what allowed isolation of a 95% pure protein, as judged by SDS-

PAGE. The aliquots containing the protein of interest were pooled and concentrated with a Vivaspin 

centrifugal device. Protein concentration was determined by the absorbance of the protein at 514 nm 

using coefficient of 84,000. For preparation of 15N-labelled protein the same protocol was followed, with 

the difference that LB medium was replaced by M9 minimal medium supplemented with 15NH4Cl 

(Cambridge Isotope Laboratories). Preparation of Alexa488 labelled AS was achieved by followed 

standard protocols of cysteine chemistry and instructions from the manufacturer conjugating Alexa 

Fluor 488 C5 maleimide (Invitrogen) to a Cys-containing mutant of AS (Ala90Cys) following previously 

reported protocols 13. 

Amyloid formation assays. Aggregation assays for AS, AS-YFP and BS were performed in eppendorf 

tubes at 37°C with gentle agitation (220 rpm) in a total volumes of 500 µl (100 µM protein, 25 mM Tris 

HCl pH 7.4, 100 mM NaCl, 0.01 % NaN3). 50 µl aliquots were taken every 24 hrs for 6 days and 

subjected to the various determinations. Aggregated protein was separated from soluble protein by 

centrifugation for 10 min at 13,000 x g. Aggregation assays with the mixtures of AS and AS-YFP (1:1, 9:1) 

were performed under the same conditions. For the SDS-containing aggregation assays, 200 µl of 

protein solution (20 µM protein, 25 mM Tris HCl pH 7.4, 100 mM NaCl, 250 µM SDS, 0.01 % NaN3) 

were incubated in a 96 well plate, at 37 °C, under constant shaking (300 rpm) in a fluorescence plate 

reader (Fluostar Optima, BMG). Samples were assayed for triplicates. Images of the aggregated proteins 

in the eppendorf tubes were obtained by UV-mediated excitation using a transilluminator. 

Fluorescence spectroscopy. All the fluorescent determinations were performed on a Cary-Eclipse 

Spectrofluorimeter (Varian). Samples for the ThT binding studies were prepared by adding 10 µl of 

sample into 1 ml of ThT solution (20 µM in PBS). Samples were measured on a quartz cuvete with an 

excitation wavelength of 446 nm and emission spectra were collected from 460 to 600 nm. The 

fluorescence of YFP in the total, soluble and aggregated samples was measured in diluted samples to 

minimize absorption (1/10 dilution, 10 uM maximum protein concentration). Excitation was set to 515 

nm and emission spectra were collected from 520 to 650 nm. Fluorescence anisotropy was measured on 

the same samples as above, but with the inclusion of manual polarizers, set both on the excitation and 

emission light pathways. The G factor for the instrument at the excitation and emission wavelengths was 

determined before each round of measurements. Excitation was set to 515 nm and the parallel and 

perpendicular emissions were collected at 530nm, for 5 sec. and 3 measurements were averaged.  

Absorbance spectroscopy. Determinations of the absorbance spectra of AS-YFP and BS-YFP samples 

were performed on a Cary 400 spectrophotometer (Varian). 

Congo red staining. Aggregated AS-YFP (100 µM) was spun down by centrifugation, and the pellet was 

resuspenden in a similar volume of ethanol (100 %). Samples for the Congo red binding studies were 

prepared by pipeting 10 µl of aggregated AS-YFP sample (in ethanol) onto a glass slide. After drying for 

2 min, the slide was fixed in acetone for 15 min. Staining was performed according to Puchtler et al. 65. 

Slides were imaged on an Olympus BX50 microscope to assess Congo red binding birefringence in 

polarized light.  

 SDS PAGE.  To determine the loss of soluble protein, samples from the aggregation assays were 

centrifuged (10 min, 13,000 xg) and the supernatant fraction (1/5 dilution) was resolved by SDS-PAGE 
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under reducing conditions, using NuPAGE gels (4-12% gel, Invitrogen). The gels were stained with 

Coomassie blue, scanned and the density of the bands was determined with the ImageJ software (NIH).   

NMR spectroscopy. 1H-15N Heteronuclear Single Quantum Coherence (HSQC) experiments were 

performed on 15N labelled AS and AS-YFP at various temperatures on a a 500 MHz TCI Bruker 

spectrometer equipped with a triple resonance cryo-probe. Solvent suppression followed the water flip 

back scheme of pulses. Sample conditions were 35 - 50 µM samples in 25 mM Tris HCl pH 7.4, 100 mM 

NaCl, 10% D2O. Spectra were acquired using Bruker TopSpin 1.3, and analysed using Sparky (T. D. 

Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco, USA). 

Transmission Electron Microscopy. For TEM analysis of in vitro aggregated samples, a 1:10 dilution of 

the sample in water was made which was then applied to Formvar/carbon coated 400 mesh copper 

grids (Agar Scientific). Samples were stained with 2% (w/v) uranyl acetate. Images were obtained at 

various magnifications using a Phillips CEM100 transmission electron microscope. 

Fluorescence Anisotropy Imaging. Fluorescence polarization anisotropy images were acquired with a 

customized Olympus FV300 confocal microscope. YFP was excited at 503 nm and Alexa-488 at 495 nm 

selecting the respective wavelengths with an acousto-optic tunable filter (AOTF) placed in front of a 

supercontinuum source (SC450 by Fianium). After the AOTF the excitation light is linearly polarized 

and the plane of polarization was rotated with an achromatic half-wave plate in order to maximize the 

contrast between the two acquisition channels by imaging a mirror. The system operates with a 80/20 

beam splitter in place of a dichroic mirror to allow flexible tuning of the light source 66. The emitted light 

was collected by a 60x oil objective, filtered by a 515 nm long pass filter and focused onto a 300 µm 

pinhole. The light was then reflected outside the scan-head by a mirror, split into the two polarization 

components with a polarizer beam splitter and acquired by two fiber-coupled photomultiplier tubes. 

Anisotropy measurements were calibrated by the estimation of the relative transmission (G) of parallel 

and perpendicular components, using solutions of known anisotropy: 1 µM YFP solution with r = 0.30 

or soluble 1 µM Alexa-488 AS with r = 0.00.  Anisotropy was computed accordingly to the following 

equation 48: 
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Image processing and data analysis were carried out with in-house developed Matlab (Mathworks) 

toolbox ImFluo (http://www.quantitative-microscopy.org). Briefly, homogeneous images of fluorescent 

solutions were processed as acquired applying eq. 1; images of aggregates were thresholded in order to 

discriminate the background, the average background intensity was estimated by the average values 

computed over manually selected region of interest and these values were subtracted from the intensity 

acquired on the two channels. Data is presented as mean ± standard deviation and two-tails unpaired t-

tests were performed to confirm the statistical significance of their difference. 
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Supplemental data 
 

Figure S1. NMR conditions optimized for YFP detection shows more noticeable YFP 

peaks, but diminishes AS resonances. A, Overlaid 1H-15N HSQC of AS (blue) and AS-YFP (red) 

acquired at 310K.  

 

Figure S2. Characterization of the spectral properties of fibrillar deposits of AS-YFP and 

BS-YFP. A, excitation and emission spectra of AS-YFP and BS-YFP; B, Relative brightness of the 

soluble fraction for AS-YFP and BS-YFP; C, Normalized BS-YFP emission spectrum at start (day 0) and 

end point (day 6) of the assay; D, Absorbance spectra of AS-YFP and BS-YFP at the beginning (0) and 

end (8) of the aggregation assay. Absorbance spectra for aggregated AS-YFP was corrected for scattering 

contributions; E, Fluorescence spectra of the samples in D; F, For samples in D, plot of total protein 

absorbance (280 nm, aromatics) vs YFP absorbance (513 nm, chromophore), indicative of the 

preservation of the extinction coefficient of the fluorophore upon amyloid formation; G, For samples in 

D, plot of YFP fluorescence (530 nm, lex 490 nm) vs YFP absorbance (490 nm), indicative of the 

preservation of the quantum yield of the fluorophore in the amyloid state; H, SDS-PAGE of the 

remaining soluble protein during aggregation of AS-YFP in the presence of 50 % AS; I, UV excitation of 

aliquots withdrawn from the aggregation assay on a daily basis. 
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Abstract 

Inclusions in the brain containing α-synuclein are the pathological hallmark 

of Parkinson’s disease, but how these inclusions are formed and how this 

links to disease is poorly understood. We have developed a C. elegans model 

that makes it possible to monitor, in living animals, the formation of α-

synuclein inclusions. In worms of old age, inclusions contain aggregated α- 

synuclein, resembling a critical pathological feature. We used genome-wide 

RNA interference to identify processes involved in inclusion formation, and 

identified 80 genes that, when knocked down, resulted in a premature 

increase in the number of inclusions. Quality control and vesicle-trafficking 

genes expressed in the ER/Golgi complex and vesicular compartments were 

overrepresented, indicating a specific role for these processes in α-synuclein 

inclusion formation. Suppressors include aging-associated genes, such as sir-

2.1/SIRT1 and lagr-1/LASS2.  

Altogether, our data suggest a link between α-synuclein inclusion 

formation and cellular aging, likely through an endomembrane-related 

mechanism. The processes and genes identified here present a framework for 

further study of the disease mechanism and provide candidate susceptibility 

genes and drug targets for Parkinson’s disease and other α-synuclein related 

disorders.
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Introduction 

Sporadic as well as familial Parkinson’s disease are characterized by protein 

inclusions in the brain containing α-synuclein (1). Similar inclusions are also 

present in other neurodegenerative diseases, including dementia with Lewy 

bodies (2). The α-synuclein gene is causatively related to Parkinson’s disease, 

since mutations in the gene, and duplication or triplication of the α-

synuclein locus cause familial forms of Parkinson’s disease in humans (3-5). 

Sporadic Parkinson’s disease, seen in 1–4% of the population over 65 years 

of age, appears to be unrelated to mutations or multiplications of the α-

synuclein locus. How α-synuclein inclusions are produced is unknown, but 

identifying cellular factors and processes involved in the formation of these 

inclusions may provide some understanding of the molecular cause of 

Parkinson’s disease and of the link between aging and the sporadic form of 

the disease. To study pathological α-synuclein accumulation, we used a 

genetic model organism, the nematode Caenorhabditis elegans. We chose C. 

elegans for its thoroughly characterized aging properties, its amenability to 

genome-wide RNAi screening, and its transparency throughout its lifetime, 

which allows visualization of inclusions in living animals during aging. We 

expressed human α-synuclein fused to yellow fluorescent protein in the body 

wall muscle of C. elegans, where it, age-dependently, accumulated into 

inclusions. In old age these inclusions contained aggregated material, similar 

to human pathological inclusions. We used a genome-wide RNAi screen to 

identify genes and cellular processes involved in age-related α-synuclein 

accumulation in inclusions. 

 

Results and discussion 

To visually trace expression of α-synuclein, we expressed human α-synuclein 

fused to yellow fluorescent protein (YFP) in C. elegans under control of the 

unc-54 promoter, which drives expression to the body wall muscle cells. 

Muscle expression rather than neuronal expression was chosen for several 

reasons. The unc-54 promoter is strong and muscle cells are large, allowing 

for visual detection of α-synuclein expression and its subcellular localization. 

Furthermore, RNAi by feeding seems to work more efficiently in muscles 

than in neurons, which better allows for genome-wide RNAi screening. 

Finally, muscle expression has been used successfully to model protein-

misfolding diseases and to identify modifier genes in previous studies (6-8). 

The α-synuclein-YFP chimaeric protein is recognized by an antibody specific 

for human α-synuclein and an antibody for YFP (Fig. 1B). YFP fused to 

human α-synuclein relocates to inclusions (Fig. 1A), which are visible as 
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early as day 2 after hatching and increase in number and size during the 

animals’ aging up to late adulthood. As YFP alone remains diffusely localized 

throughout aging, this indicates that relocation of α-synuclein-YFP into foci 

is caused by intrinsic properties of the α-synuclein protein. 

 
 

Figure 1 α-synuclein-YFP in transgenic animals relocalizes to discrete inclusions 

during aging  (A) Confocal laser scanning images showing α-synuclein-YFP expression in the 

head region of transgenic C. elegans during aging. (B) Immunoblotting analysis of SDS/PAGE 

separated protein extracts from α-synuclein-YFP, N2 (wt) and YFP animals using α-synuclein 

(LB509) and YFP (anti-GFP) antibodies. Loading control is α-actin. (C) Immunoblotting 

analysis of protein extracts from 3-, 5-, 11- and 17-day old α-synuclein-YFP synchronized 

animals using anti-α- synuclein antibody. 

 

One of the characteristics of late inclusions in the brains of 

Parkinson’s patients is the presence of electron-dense filamentous and 

granular protein material, which is typical for aggregated protein (9). To 

address whether α-synuclein was aggregated within the inclusions in our C. 

elegans model, we measured the mobility of the α-synuclein-YFP chimaera 

by fluorescence recovery after photo bleaching (FRAP) (10). We observed 

two types of inclusions. One type contained mostly mobile material (Fig. 

2P-T, W; ~80% fluorescence recovery), whereas the other type contained 

immobilized material (Fig. 2K-O, X; ~40% fluorescence recovery), similar 

to Q40- YFP aggregates (Fig. 2F-J, V; ~30% fluorescence recovery), 
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indicating aggregated protein, a characteristic of α-synuclein deposits in 

Parkinson’s disease. 

Notably, there was an increase in the number of “immobile” 

inclusions relative to “mobile” inclusions during aging (Fig. 2Y and Z), 

which appeared unrelated to the expression level of α- synuclein-YFP (Fig. 

1C). Interestingly, immobile inclusions were not observed before late 

adulthood, which is consistent with age-related aggregation in Parkinson’s 

disease patients (11). We noted that the motility of the mobile material 

contained in inclusions was similar at all ages, suggesting that aggregation 

was not a gradual process but caused by a sharp transition from mobile to 

immobile material (data not shown). Taken together, the time-dependent 

accumulation and immobilization of α-synuclein in inclusions verify the 

suitability of our α-synuclein-YFP C. elegans system as a model for human 

Parkinson’s disease. 

To identify processes involved in inclusion formation we searched 

for genes that, when inactivated, increased the amount of inclusions using a 

genome-wide RNAi screen. Worms were screened by visual inspection using 

fluorescence microscopy at days 4 and 5 after transfer of synchronized, first 

stage (L1) larvae to RNAi clones. Clones were scored positive when at least 

five out of the first ten worms screened showed an increase in the amount of 

inclusions (Fig. 3). Genes for which RNAi results were confirmed in 

duplicate, in liquid culture and on agar plates, were considered suppressors 

of inclusion formation.  
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Figure 2 Fluorescent recovery after photo bleaching reveals α-synuclein inclusions 

contain mobile as well as immobilized protein material (A,F,K,P) Images of YFP, Q40-

YFP and α-synuclein-YFP transgenic animals. (B-E,G-J, L-O,Q-T) High magnification images of 

the area indicated (red box) before photo bleaching and during recovery. (U-X) Graphical 

representation of fluorescence recovery after photo bleaching in (B-E, G-J, L-O, Q-T). Relative 

fluorescence intensity (RFI) value on y-axis represents percentage fluorescence corrected for 

background bleaching. (Y) Average number of inclusions larger than ~ 2 µm2 per animal 

between tip of the nose and pharyngeal bulb during aging (n = 9 for day 11, n = 10 for days 9, 13, 

15 and 17). (Z) Percentage of foci containing immobile material during aging. Bar in d-g 

represents 50 µm (overview) and 5 µm in higher magnification images. Error bars in (Y) 

indicate standard deviation. 
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Figure 3 Suppressors of inclusion formation identified by RNAi (A) Confocal images 

showing head region of α-synuclein-YFP transgenic animals fed on OP50 bacteria, bacteria 

containing L4440 (empty vector) and expressing double stranded RNA targeting two 

representative genes (F26H11.4 and Y48G1A.6) found to increase inclusion formation. 

Phenotypes of increased inclusion formation were analyzed in liquid culture by observing at 

least five out of the first ten animals screened to show an increased presence of inclusions 

compared to wild type. Scale bar represents 50 µm. (B) Quantification of the number of 

inclusions present in worms as shown in (A) (n=2). 

 

 

In this screen we found 80 suppressors of inclusion formation (Table 1). 

Forty-nine of these genes have an established human ortholog (Blast E-value 

≤ 2.5e-5), indicating involvement of these genes in molecular pathways 

conserved between humans and nematodes (Supplementary Table 1 

online). The effect of RNAi was confirmed in genetic deletion strains for 

three genes: sir-2.1, an NAD+-dependent protein deacetylase, lagr-1, a 

sphingolipid synthase, and ymel-1, a mitochondrial protease, which is an 

ortholog of the human presenilin associated metalloprotease (PAMP) (Fig. 

7).  

The modifier genes function in a variety of biological processes, 

some of which have previously been suggested to be involved in Parkinson’s 

disease, such as vesicular transport and lipid metabolism. Lipid metabolism, 

lipid membranes, and vesicle-mediated transport have previously been 

linked to α-synuclein pathology in a yeast model (12, 13). In Parkinson’s 

patients, lipids and membrane material have been found to be directly 

associated with α-synuclein in lipid droplets and Lewy bodies (11, 14-16). 
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Table 1 Suppressors of α-synuclein inclusion formation U: Unknown, RSP: RNA 

synthesis and processing, PT: Protein Transport, PS: Protein synthesis, PF: Protein Folding, DR: 

DNA replication, ECM: Extracellular matrix, CS: Cytoskeleton, EM: Energy metabolism, GM: 

Glucose Metabolism, SG: Signaling, VT: vesicle transport, ET: electron transport. +: up to a two-

fold increase, ++: more than a two-fold increase in the amount of inclusions. 
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Although we did identify a C. elegans ortholog of the recently 

discovered modifier of neuronal alpha-synuclein toxicity SIRT2, we did not 

pick up two other modifiers of neuronal alpha-synuclein pathology: the G-

protein coupled receptor kinase 2 and the molecular chaperone Hsp70 (17-

19). In Drosophila, overexpression of G-protein coupled receptor kinase 2 

(Gprk2) increases neuronal toxicity of α-synuclein (18). In addition, 

expression of an S129A mutant of α-synuclein, which cannot be 

phosphorylated by Grpk2, is less toxic, while forming more aggregates (18). 

Based on these observations, one might expect that knockdown of Gprk2 

would result in an increase in the amount of inclusions as well. Two 

orthologs of the Gprk2 gene are present in C. elegans, grk-1 and grk-2. We 

tested the effect of knockdown of these two genes by RNAi on the formation 

of inclusions. Unexpectedly, RNAi knockdown of grk-1 or grk-2, and not 

RNAi of random tyrosine or serine kinases, resulted in a decrease in the 

amount of inclusions (Fig. 4A and data not shown), indicating that we could 

not have recovered these genes in our screen for more inclusions. There was 

no obvious difference in the level of α-synuclein-YFP expression at day 5 

after synchronization, indicating that formation of the inclusions themselves 

is affected (Fig. 4D). The effect of knockdown of grk-1 and grk-2 by RNAi 

was confirmed by crossing in deletion alleles of both genes, grk-1(ok1239) 

and grk-2(gk268), into the α-synuclein-YFP strain (Fig. 4B). Note that an 

RNAi screen for a reduction in the amount of inclusions yielded only one 

other kinase, which supports the idea that GRKs act specifically (data not 

shown). In all, C. elegans orthologs of Gprk2 act as modifiers of α-synuclein 

inclusion formation. Knockdown of Gprk2 in Drosophila or overexpression 

of grk-1 or grk-2 in C. elegans will be required to establish whether their 

specific role in alpha-synuclein pathology is comparable between the two 

species. 
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Figure 4 RNAi and deletion of grk-1 and grk-2 decreases inclusion formation (A) 

Confocal images showing head region of α-synuclein-YFP transgenic animals fed on OP50 

bacteria, bacteria containing empty RNAi vector (L4440), and expressing double stranded RNA 

targeting grk-1 and grk-2. (B) Confocal images of α-synuclein-YFP C. elegans, in wild type 

background, grk-1(ok1239) and grk-2(gk268) background. Scale bar represents 25 µm. (C) 

Quantification of the number of worms within the population (n=20) with the same amount 

(wt), fewer (<wt) or no inclusion (none). (D) Western blot analysis of protein extracts from 20 

staged transgenic C. elegans with a grk-1 or grk-2 genetic deletion showing similar levels of 

fusion protein expressed and actin (loading control).  

 

While Gprk2 overexpression increases toxicity of α-synuclein in Drosophila, 

Hsp70 overexpression has been shown to decrease its toxicity (19). Because 

we did not recover Hsp70 as a modifier in our screen, we tested RNAi for the 

Hsp70 (C12C8.1) gene independently. Knockdown by RNAi of Hsp70 did not 

obviously increase the amount of inclusions, whereas the same RNAi clone 

did increase the amount of inclusions in a polyglutamine worm (Fig. 5). This 

result is consistent with the findings in Drosophila – that the decreased 

toxicity in the presence of Hsp70 is independent of a change in the amount 

of alpha-synuclein inclusions (19). Apart from a direct role in the 

detoxification of misfolded monomers or oligomers of alpha-synuclein, 
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Hsp70 in Drosophila neurons may also act indirectly, for example as an 

inhibitor of apoptosis, 

which may be independent 

of aggregation (20). 
Figure 5 RNAi of hsp-70 does 

not affect inclusion formation 

(A) Confocal images showing Q24-

YFP, Q35-YFP and α-synuclein-

YFP transgenic animals fed on 

bacteria containing empty RNAi 

vector (L4440), and expressing 

double stranded RNA targeting 

hsp-70.  

 

 

 

 

 

 

 

To further characterize the inclusion mechanism, we classified the complete 

set of identified modifiers according to seven subcellular locations as 

annotated by the UniProt entries of the human orthologs (see Table S1) and 

compared this classification with that of sets of random genes (Fig. 6A). 

This analysis revealed that the number of genes that function in the ER-Golgi 

and vacuolar compartment are more than 2-fold higher (p < 0.005) and 

more than 3-fold higher (p < 0.001), respectively, than would be expected by 

chance (Fig. 6A). 

A number of these endomembrane-localized genes are involved in 

vesicle-mediated trafficking, protein quality control, and detoxification of the 

ER (Table 2). Of particular interest is the cytochrome P450 gene (cyp-

34A7), whose closest human ortholog inactivates neurotoxic compounds that 

are known to increase the risk of developing Parkinson’s disease in humans, 

such as organophosphate insecticides and paraquat (16, 21-23). 

We also identified several molecular regulators of lifespan as 

modifiers of inclusion formation, such as lagr-1, a sphingolipid synthase, 

and sir-2.1, the C. elegans homolog of Sirtuin1, both of which we confirmed 

by crossing the deletion strain for both genes, lagr-1(gk331) and sir-

2.1(ok434), into the α-synuclein strain (Fig. 7 A-D) (24). Deletion of sir-2.1 

or lagr-1 both result in an increase of approximately 35% in the number of α-

synuclein inclusions in nine-day old adult worms (Fig. 7 A-D). The homolog 
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of lagr-1 in yeast, LAG1, regulates its lifespan and is homologous to LASS2 in 

humans. Sirtuin-1 is an NAD+-dependent protein deacetylase, which 

regulates lifespan in yeast, fruit fly and C. elegans (25-28). In C. elegans, 

overexpression of sir-2.1, the homolog of human sirtuins 1 to 3, extends its 

lifespan by up to 50%, probably by inhibiting expression of ER-stress genes 

(25, 26). These findings suggest a link between the molecular mechanism of 

aging and α-synuclein pathology. 

 
Figure 6 Subcellular 

distribution α-synuclein 

modifiers (A) and (B) bar graphs 

showing the percentage of genes 

within each subcellular location 

class for the genes identified in the 

α-synuclein modifier screen (A), 

the polyglutamine modifier screen 

(B) versus random lists of genes. 

Random genes were obtained 

from UniProt (Universal Protein 

Resource). The subcellular 

quantities were calculated by 

adding up the subcellular 

annotation for 20 sets of 55 

randomly chosen proteins (black 

bars). Values shown are average (n 

= 20, error bars indicate standard 

deviation). (A) Overrepresentation 

of genes in ER/Golgi class and 

vesicular class in the α-synuclein 

screen (P-values for the 

differences between the number of 

observed genes in ER/Golgi and 

vesicular class and the number 

expected: P < 0.005 and P < 

0.001). (B) Overrepresentation of genes in cytoplasm and nucleus in the polyglutamine screen 

(P-values for the differences between the percentage of observed genes in cytoplasm and 

nucleus and the number expected: P < 0.001 and P < 0.02). 
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Table 2 Classification of suppressors with human orthologs functioning in the ER/Golgi and 

vesicular compartments. Genes are annotated to the endomembrane system by their UniProt 

IDs. 
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Figure 7 Sir-2.1, ymel-1 and lagr-1 are suppressors of α-synuclein inclusion 

formation (A,B) Confocal images showing α-synuclein-YFP transgenic animals and the 

transgenic strains containing a deletion in the sir-2.1gene (sir-2.1(ok434)) on day 9. (C) Average 

number of inclusions between tip of the head and pharyngeal bulb of the worm (n = 8). *P ≤ 

0.025 (Student’s t test). (D, E, F) Confocal images showing α-synuclein-YFP transgenic worms 

and the transgenic strains containing a deletion in the ymel-1and lagr-1 gene (ymel-1(tm1920) 

and lagr-1(gk331)), on day 9. (G) Average number of inclusions between tip and pharyngeal 

bulb of the worm (n=8 (wt and ymel-1), n=7 (lagr-1)). *P ≤ 0.05, **P ≤ 0.05 (Student’s t test).  

 

 

In all, our screen recovered genes and processes that have previously been 

identified in other cell or animal models as modifiers of neuronal α-

synuclein toxicity, such as sir-2.1 and genes involved in vesicle trafficking 

(12, 17, 24). Based on these findings, we expect other genes from our screen 

to provide insight into neuronal α-synuclein pathology as well. Future 

studies in neurons will resolve which of these gene processes are implicated 

in neuronal α-synuclein pathology. 

In a screen performed previously for modifiers of polyglutamine 

aggregation in C. elegans, we found a large variety of proteasomal genes and 

chaperones (6). These genes are typically found to be involved in protein 

misfolding and aggregation and are suggested to be generally involved in 

protein-misfolding diseases. Surprisingly, very few of such genes were found 

in the α- synuclein screen. Only a single gene found to increase α-synuclein 

inclusion overlapped with the screen for polyglutamine aggregation we 

performed in C. elegans. Perhaps even more strikingly, the modifiers of 
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polyglutamine aggregation that we had identified previously located 

primarily to cytosol and nucleus (Fig. 6B) (6). This suggests that different 

cellular processes are involved in preventing the development of inclusions 

in these protein-misfolding disorders. In conclusion, we have developed a 

transgenic C. elegans model showing α-synuclein inclusions that share 

important characteristics of inclusions in Parkinson’s disease. The formation 

of inclusions shows a strong age-dependency and clearly distinct, 

consecutive phases of progressive aggregation. Our transgenic worms 

therefore provide a versatile model for the characterization of the molecular 

steps preceding pathologic inclusion formation. In a global RNAi screen we 

identified modulators of α-synuclein aggregation that are distinct from those 

in other protein-aggregation disorders. Most importantly, our list of 

suppressors of age-dependent inclusion formation reveals a clear link 

between α-synuclein inclusion formation and cellular aging, most probably 

via an endomembrane-related mechanism. Our results provide an important 

guide for further elucidation of the pathogenic mechanisms and genetic 

susceptibility factors in human Parkinson’s disease and other α-synuclein 

related disorders. 
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Materials and methods 
 

Constructs 

To create P(unc-54)α-synuclein: YFP (pRP2386) α-synuclein was amplified from cDNA 

(provided by S. Lindquist, MIT, MA) by PCR using primers adding a KpnI and a AgeI site, 

respectively (3’-agcgtcgacggtaccgcgatggatgtattcatgaaagg-5’, 3’- gactacgaacctgaagcctccaccggt 

cgccacctc-5’), to the α-synuclein gene, which was then cloned into the pPD30.38-YFP expression 

vector.  

 

Media and strains 

Standard conditions were used for C. elegans propagation at 20°C. Worms were synchronized 

by hypochlorite bleaching, hatched overnight and were subsequently cultured on NGM plates 

with OP50. On day 3 after synchronization, worms were placed on NGM plates containing 5- 

Fluoro-2’deoxy-uridine (FUDR) to prevent eggs from hatching. The following strains were used: 

NL5901 (pkIs2386 [α-synuclein::YFP unc-119(+)]),VC199(ok434), OW8 (sir- 2.1(ok434)IV; 

pkIs2386[α-synuclein::YFP unc-119(+)]), VC765(gk331), OW13 (grk-1(ok1239)X; pkIs2386[α-

synuclein::YFP unc-119(+)]),OW15 (grk-2(gk268)III; pkIs2386[α-synuclein::YFP unc-

119(+)]),OW6 (ymel-1(tm1920)III; pkIs2386[α-synuclein::YFP unc-119(+)]), OW101 (lagr-

1(gk331)I; pkIs2386[α-synuclein::YFP unc-119(+)]), AM134 (rmIs126[P(unc-54)Q0::YFP]), and 

AM141 (rmIs133[P(unc-54) Q40::YFP]) (7). The α-synuclein YFP fusion is driven by an unc-54, 

muscle specific, promoter to obtain expression in the body-wall muscle cells. Muscle expression 

was chosen to allow for efficient RNAi and for visual detection of inclusions (6-8).  

 

Creation of transgenic strains 

Transgenic C. elegans were generated using standard ballistic transformation by co-bombarding 

unc-119 rescue vector (pRP2512) and the α-synuclein-YFP expression construct into unc- 

119(ed3) nematodes (29).  

 

Immunoblotting analysis 

Nematode protein extracts were prepared from whole animal frozen pellets in PBS containing 

proteinase inhibitors (Roche, Indianapolis, USA) by using Fastprep24 (MP, Solon, USA). 

Samples were boiled 5 min with sample buffer containing SDS and DTT, and separated on 10% 

SDS/PAGE. Proteins were transferred to PVDF membranes. Antibody binding was visualized by 

binding of horse-radish peroxidase-coupled secondary antibody and chemiluminescence (ECL 

Lumi-Light, Roche, Germany). Antibodies used were α-synuclein (1:3,000; LB509, Zymed, San 

Francisco, USA), anti-actin (1:8,000; Clone C4, ICN, Aurora, OH, USA) and anti-GFP polyclonal 

serum (30). Goat-anti-mouse and goat-anti-rabbit IgG-HRP (1:5,000; BioRad, Hercules, CA, 

USA) were used as secondary antibodies. 

 

CLSM and fluorescence recovery after photo bleaching (FRAP) 

Transgenic worms were mounted on 2% agarose pads containing 40 mM NaN3 as anaesthetic 

on glass microscope slides. Images were captured using a Leica DMIRE2 confocal microscope 

with an x40 oil immersion lens (HCX PL APO CS). Images shown are 2D maximal projections of 

zseries. Immobilized animals were subjected to FRAP analysis with minor modifications as 

described [20]. An area of ~4 µm2 was bleached for 5 s (five iterations at 100% intensity), after 

which images were collected (at low intensity). Relative fluorescence intensities (RFI) were 

calculated as described by using the RFI = (Net/N1t)/(Ne0/N10) equation (10). For 

quantification of the number and motility of inclusions (Fig. 1 y and z) all foci larger than 2 µm2 

between the nose and pharyngeal bulb were analyzed by FRAP. Measurements on inclusions 
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were performed using ImageJ software [26]. Statistical significance was determined using t 

tests. 

 

RNAi screen  

Synchronized larvae were grown in liquid culture in 96-well plates, on bacterial strains from the 

Ahringer bacterial RNAi library as described (6, 31). Worms grown on the different RNAi clones 

were visually selected for increased inclusion formation four and five days after bleaching. 

Bacterial clones, that exhibited increased inclusion formation, were confirmed in an 

independent experiment in duplicate in liquid culture. RNAi clones confirmed to increase 

inclusion formation were then fed to α-synuclein-YFP transgenic C. elegans on NGM plates for 

reconfirmation. All gene targets of the positive-RNAi foods were verified by sequencing of the 

insert of the RNAi plasmids. 

 

Bioinformatics and statistical analysis 

Subcellular location data were tested for overrepresentation using expected relative frequencies 

based on a Poisson distribution (e-µµY/Y!), where Y is the observed percentage of genes 

observed for a given class (Y) and µ is the expected (mean) percentage of this class among all 

annotated genes. The observed results were compared to a random list of 55 genes (n = 20) 

created from random UniProt entries with annotated subcellular locations. Genes functioning in 

more than one location were assigned to both locations. 
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Supplementary table 1 Human orthologs of modifiers of inclusion formation 

 

U: Unknown, RSP: RNA synthesis and processing, PT: Protein Transport, PS: Protein synthesis, 

PF: Protein Folding, DR: DNA replication, ECM: Extracellular matrix, CS: Cytoskeleton, EM: 

Energy metabolism, GM: Glucose Metabolism, SG: Signaling 
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Partially adapted from: van Ham et al., In Focus, EMBO Mol. Med., to be published  



97 

 

Chapter V General Discussion 
 

Most age-related, neurodegenerative protein-misfolding diseases, including Alz-

heimer’s and Parkinson’s disease, and several polyQ diseases are incurable, pro-

gressive and fatal. Although clinicians have studied the symptoms and pathology of 

some of these diseases for over 100 years, not much is known about the fundamen-

tal mechanism underlying age-related neurodegeneration or how this is connected 

to protein misfolding and aggregation. 

In the work described in this thesis, we take advantage of a thorough un-

derstanding of C. elegans biology and aging and of the possibility of performing 

genome-wide genetic screens in this multicellular animal. C. elegans is an ~1 mm 

nematode worm, about 50% of whose genes are thought to have human counter-

parts, including many disease-related genes (tables 1 and 2). Moreover, C. elegans 

is transparent at all ages, which allowed us to combine a range of fluorescence-

based assays to visually study protein misfolding and aggregation related to neuro-

degenerative disease in living, aging, multicellular animals, and to identify genes 

relevant to this aggregation process. We further provide a review of genetic modifi-

er screens performed in small model organisms, such as yeast, nematode worms, 

and fruit flies, that revealed underlying common and selective pathways, and we 

suggest opportunities for a more comprehensive bioinformatics analysis. 

 

1 The conserved small EDRK rich factor moag-4 is a modifier of protein 

aggregation and lifespan 

To identify new modifiers of poly glutamine (polyQ) aggregation, we performed a 

forward mutagenic screen for reduced aggregation in a C. elegans model for polyQ 

diseases, in which we identified a loss-of-function allele of moag-4 (modifier of 

aggregation-4) (Chapter II). Loss of function of moag-4, encoding a strongly evo-

lutionary conserved small EDRK-rich factor (SERF) of unknown function, causes a 

decrease in the number of polyQ aggregates in a cell-autonomous fashion. Factors 

known to modulate polyQ aggregation, such as chaperones and UPS components, 

in general prevent aggregation, yielding an increase in aggregation when genetical-

ly ablated. In contrast, moag-4 has an opposite effect, similar to loss-of-function of 

age-1. It may act on increasing aggregation by a direct interaction, e.g. by recogniz-

ing misfolded protein and taking these to aggregates, or through a more indirect 

pathway, e.g. by suppressing the heat shock response. If moag-4 has a direct role, it 

may co-localize with the aggregates or aggregate intermediates; if the role is more 

indirect it is more likely to localize to other parts of the cell. Future experiments 

will be directed at unraveling the cellular components in which moag-4 functions.
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It is unknown whether there are proteins in animals directly involved in the 

formation of amyloid fibrils, or if the process of amyloid fibril formation depends 

entirely on intrinsic features of the aggregating protein. Only one factor has been 

described, the yeast HSP104, which plays an active role in the formation of amylo-

id-like fibrils, but in the opposite direction by disassembling fibrils. Currently we 

do not know whether amyloid-like fibrils are formed in moag-4 -/- animals trans-

genic for polyQ. Nor do we know if spherical intermediates, shown to form from 

polyQ protein, are present in polyQ transgenic nematodes, and whether these 

structures are altered in moag-4 mutants. Extracting such intermediate species 

from the native agarose gels by dissecting the fragments of the gel or by size exclu-

sion chromatography (SEC), followed by transmission electron microscopy (TEM), 

is currently ongoing. 

With regard to the specificity of this HSP104 factor, which can disassemble 

various types of fibrils, if moag-4 acts directly on misfolded polyQ protein, it may 

also act on other misfolded proteins. Future studies will address the effect of moag-

4 on other misfolding disease-related proteins as well, such as in our C. elegans α-

synuclein-YFP overexpression model. 

Epistasis experiments indicate that moag-4 acts downstream of the 

IIS/insulin pathway, possibly downstream of hsf-1. Interestingly, animals lacking 

moag-4 live just as long as long-lived age-1 mutant animals, whereas moag-4 point 

mutant animals have a normal lifespan. Because both the moag-4 point mutant as 

well as its genetic deletion exhibit decreased protein aggregation, this may indicate 

moag-4 acts on lifespan and promoting protein aggregation by separate, distinct 

functions. It would be remarkable, however, if this rather small, 82 amino acid 

protein has an additional completely distinct function besides promoting protein 

aggregation or inhibiting the prevention of aggregation. It is more likely that the 

effect on lifespan and aggregation are caused by a similar pathway. Thus, these two 

seemingly separate functions may very well be connected and represent two faces 

of one function. One question that arises is whether lifespan extension and sup-

pression of aggregation by moag-4 deletion is related to known aging pathways 

depending on dietary restriction or other mechanisms. To tackle this, epistasis 

experiments can be done by testing the effect of known long-lived aging mutants, 

some of which are genetically calorically restricted such as eat-mutants, in moag-4 

-/- animals. If there is no further extension of lifespan, moag-4 acts in the same 

pathway. If there is further lifespan extension, moag-4 is in a separate pathway. 

The same principle applies to the effect of moag-4 deletion on aggregation. 

Future experiments will likely reveal whether the functions of this intri-

guing gene, and the pathways it represents, are conserved in mammalian systems. 

Regarding the latter aspect, there are two homologs of moag-4 in humans, SERF1A 

and SERF2. Interestingly, SERF1A is differentially expressed in Huntington’s dis-
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ease patients, suggesting moag-4 homologs in humans may also be related to pro-

tein aggregation disease (1, 2). 

Altogether, our finding that moag-4 drives formation of amyloid inclusions 

is unprecedented and may imply there are still more factors to be found in this 

novel pathway. Taken together with the idea that fibrils may present a structured, 

compacted way to dispose of misfolded, potentially toxic protein species, MOAG-4 

may represent part of a cellular prison guard system to dispose of harmful proteins 

species in a structured and compact way. Alternatively, when moag-4 has a more 

indirect effect on aggregation, it may be a novel repressor of pathways that decrease 

aggregation, such as the heat shock response. The pathway represented by moag-4 

is likely important, although dispensable, to the animal because it functions at the 

cost of a limited lifespan. 

 

2 A YFP-based model of α-synuclein aggregation 

 

2.1 In vitro validation of a YFP-fusion model of α-synuclein amyloid 

aggregation 

The protein α-synuclein is tightly connected to the development of Parkin-

son’s disease through its major hallmark: the presence of protein inclusions in the 

brain known as Lewy bodies containing the protein α-synuclein. By detailed bio-

physical characterization, we demonstrated the ability of human α-synuclein fused 

to YFP to form amyloid fibrils by standard aggregation assays and transmission 

electron microscopy on in vitro aggregated protein (Chapter III). In addition, 

heteronuclear NMR spectroscopy of isotopically enriched α-synuclein-YFP suggests 

that the fusion of the YFP does not significantly perturb α-synuclein structure. 

 Our fluorescence anisotropy studies indicated that the reduction in fluores-

cence anisotropy measured is due to the attachment of YFP, and therefore the de-

cay of fluorescence anisotropy may be attributed to the occurrence of fluorescence 

(Förster) resonance energy transfer (FRET) between the same chromophores, YFP 

and neighboring YFP molecules, a phenomenon known as homoFRET. Interesting-

ly, the occurrence of homoFRET has previously been used to assess erythrocyte 

band 3 protein oligomerization states in living cells, indicating such fluorescence 

anisotropy measurements could be performed to assess aggregation status in live 

cells as well (3). Thus, we have revealed the potential of fluorescence-based imag-

ing of aggregation in living animals, by measuring direct properties of fluorescence 

during aggregation. 

 In sum, our biophysical characterization validates the use of YFP conjuga-

tion to model for studying α-synuclein misfolding and aggregation in vitro and in 

vivo, thereby strengthening the use of our own and other models using similar 

chimaeric proteins. Our fluorescence anisotropy results may also offer new oppor-
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tunities for the investigation of amyloid aggregation in vivo. In addition to in vivo 

imaging of aggregation, the use of fusions with GFP derivatives makes it possible to 

directly image aggregation intermediates separated by native gel electrophoresis by 

laser-mediated excitation of the fluorophore (Chapter II). This allows the detec-

tion of different intermediate or modified conformational species directly in animal 

lysates. This may also allow the studying of specific interactors of amyloid or in-

termediate species that may actively participate in the formation of amyloid-like 

fibrils. Future work will likely show an increased understanding of dynamics of 

especially the early steps of the fibril formation process by using fluorescence imag-

ing based methods. 

 

2.2 A C. elegans model for α-synuclein-related misfolding disease 

 Our C. elegans α-synuclein-YFP overexpression model allows the visual 

tracking of α-synuclein expression and aggregation in a multicellular animal during 

aging (Chapter IV). The model we created shows the formation of many fluores-

cent inclusions during aging. We observed by fluorescence recovery after photo 

bleaching (FRAP) that part of the α-synuclein inclusions formed consist of mobile 

and part of immobilized protein, the latter resembling a pathological feature in 

Parkinson’s disease patients. As YFP alone remains diffusely localized throughout 

aging, this indicates that relocation of α-synuclein-YFP into foci is caused by intrin-

sic properties of the α-synuclein protein. Notably, there was an increase in the 

number of “immobile” inclusions relative to “mobile” inclusions during aging, 

which appeared unrelated to the expression level of α-synuclein-YFP. Interestingly, 

immobile inclusions were not observed before late adulthood, which is consistent 

with age-related aggregation in Parkinson's disease patients. We noted that the 

motility of the mobile material contained in inclusions was similar at all ages, sug-

gesting that aggregation was not a gradual process but caused by a sharp transition 

from mobile to immobile material. 

Furthermore, FRAP experiments on mobile α-synuclein-YFP inclusions 

show that when the fluorescence of a segment of an inclusion is bleached, fluores-

cence decreases in the rest of that particular inclusion as well, until no fluorescence 

remains (van Ham, unpublished data). The fluorescence is not subsequently recov-

ered however, although much diffuse fluorescence is still present in the rest of the 

cell, indicating the fluorescent protein is contained within a structure. Previous 

work in mammalian cells has showed that α-synuclein-GFP localized to inclusions 

of lysosomal nature, leading to lysosomal dysfunction, whereas in yeast inclusions 

are thought to be ER-Golgi related, causing a trafficking defect (4, 5). The nature of 

the inclusions we observe may be related to lysosomal or ER-Golgi as well, but re-

mains to be determined. 
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 A direct comparison of animal models with patient parameters such as 

cellular morphology and ultrastructure, expression of genetic and protein markers, 

but also genetic inheritance, can be very illustrative to identify disease-relevant 

features and pathways, or validate phenotypes for genetic screens. 

A good example of this is a study by Soper et al., who directly compared the 

ultrastructure of yeast cells overexpressing α-synuclein to dementia with Lewy 

bodies (DLB) patient post mortem brain material by transmission electron micro-

scopy (6). Interestingly, they show that inclusions containing vesicle accumulations 

are present in yeast that are similar to some of the pathological inclusions in DLB 

patient brain material (6, 7). The vesicle accumulations may thus represent an early 

step in pathogenesis or a protective mechanism. Deletion of the NAC domain (ami-

no acids 71-82), thought to be critical to aggregation, resulted in a strong reduction 

in the amount of inclusions (6). Therefore, such vesicle accumulations requiring 

the NAC domain might precede aggregate formation and suggest this is upstream 

of Lewy body formation. 

Findings from our preliminary ultrastructural studies seem to show such 

lipid/membrane accumulations as well in α-synuclein-YFP transgenic C. elegans 

model (8) (Chapter IV; Sjollema and van Ham, unpublished findings), indicating 

conserved biological interactions of the overexpressed protein. This may imply that 

the process of α-synuclein inclusion formation in our model, which we can track 

during the aging process, mimics aspects of pathology. These data may provide an 

explanation for our finding of two types of inclusions, those containing mobile ma-

terial may be lipid or membrane-bound material, and inclusions containing immo-

bile aggregated material may represent Lewy body-like pathological inclusions (9). 

Although we show the fibril-forming capabilities of recombinant α-

synuclein-YFP, to date we have not been able to consistently show the formation of 

such α-synuclein fibrils in vivo. We do show the presence of polyQ-YFP fibrils, 

indicating that fibrils can form from YFP chimaeric protein in transgenic C. ele-

gans. Aggregation of polyQ into aggregated, immobile inclusions occurs in polyQ 

disease patients, and in numerous cellular and animal models (10-13). For α-

synuclein, aggregation is much more variable, and in several models it is not clear 

whether the inclusions formed contain aggregated material (7, 14-18). Indeed, the 

number of immobile inclusions we observe in our α-synuclein-YFP model is only a 

small fraction of the mobile inclusions, and only occurs at > 10 days of age, whereas 

immobile polyQ inclusions develop already at larval stages. Therefore, it is to be 

expected that if α-synuclein fibrils form in C. elegans, it may be less than in polyQ 

animals, providing an explanation for our inability to observe them. 

Regardless of the presence or absence of fibrils, it has been shown in yeast 

that trafficking defects caused by α-synuclein are the earliest evident defect, with-
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out the apparent presence of aggregated α-synuclein (4, 19). Therefore, the mobile 

inclusions may represent an early stage of pathological expression of α-synuclein. 

 It is worth mentioning the recent finding by Kaganovic et al. – that mutant 

Huntingtin proteins in yeast cells can be sent to two different types of inclusions. 

Depending on ubiquitination and the aggregation state of the cells, misfolded, ag-

gregated protein may first be send to juxtanuclear inclusions for degradation. 

When degradation fails, specifically in the case of amyloidogenic proteins, the pro-

tein material may be transported to other locations within the cell for terminal 

sequestration (20). A similar mechanism may be involved in animals in different 

forms of misfolded proteins. 

 It has been proposed by others that conjugation of fluorescent proteins to 

α-synuclein interferes with the formation of inclusions in mammalian cultured 

cells, because not many inclusions formed in some cases when α-synuclein-GFP 

was overexpressed in cells (21). We were not able to observe any difference between 

recombinant α-synuclein and α-synuclein-YFP, when we performed a thorough 

biophysical characterization. Moreover, the behavior of α-synuclein-YFP observed 

in C. elegans reflects properties intrinsic to α-synuclein, such as its accumulation 

into immobile inclusions. Because we find inclusions containing aggregated α-

synuclein only in old age in C. elegans, and because the degeneration of neurons in 

Parkinson’s disease  is likely to be slow, one explanation for a lack of inclusions in 

cell culture is that the cells may not live long enough for aggregates to develop. 

Alternatively, cells may be able to degrade most of the α-synuclein-GFP. 

In all, whereas structural features of α-synuclein-YFP aggregates in C. ele-

gans remain to be established, pathological properties are captured in our model, 

suggesting its validity. 

 

3 Modifier screens 

 

3.1 Modifiers of α-synuclein inclusion formation during aging in C. ele-

gans 

We have identified genes involved in the formation of α-synuclein inclu-

sions to aid understanding of the mechanism of and genetic susceptibility to age-

related sporadic Parkinson’s disease. We used genome-wide RNA interference to 

identify processes involved in inclusion formation, and identified 80 genes that, 

when knocked down, resulted in a premature increase in the number of inclusions. 

Our modifier screen for α-synuclein inclusion formation represents the first ge-

nome-wide RNAi screen related to α-synuclein misfolding (Chapter IV). 
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3.1.1. Vesicle trafficking 

When comparing our results to the other screens related to α-synuclein toxicity 

performed in yeast and C. elegans, it was striking to see that the functional class of 

vesicle trafficking was found to modify α-synuclein toxicity in all α-synuclein 

screens in yeast as well as in C. elegans (table 1). Moreover, vesicle trafficking was 

also found as a major class of genes in a yeast deletion screen for synthetic toxicity 

of α-synuclein with hydrogen peroxide (22, 23). The yeast study for α-synuclein 

toxicity by Cooper et al., reported on a specific ER-Golgi trafficking impairment as 

a first strike of α-synuclein toxicity (4). Because yeast cells lack synaptic transmis-

sion, the only effect of α-synuclein observed may be on the ER-Golgi trafficking 

system. Recent advances in yeast models show that trafficking defects are apparent 

in endosomes as well as ER-Golgi, which together with our data suggests that there 

may be a more general trafficking defect caused by α-synuclein, thereby conferring 

toxicity to neuronal cells. Thus, these screens for α-synuclein toxicity and our 

screen for inclusion formation consistently show vesicle trafficking to be involved 

in toxicity and inclusion formation, indicating that the cellular compartments in-

volved in trafficking are sensitive or critical to the α-synuclein misfolding process 

(4, 23, 24).  

We used C. elegans muscle cells to study cellular processes related to dis-

eases exclusive to neurons. One may question this approach, given that processes 

relevant to neurons are likely very different to muscle cells, however, various stu-

dies suggest this may not be the case, at least for many of the pathways involved. 

For example, in the α-synuclein toxicity screen in yeast performed by Cooper et al., 

one modifier was validated by overexpressing homologs of the gene, ER-Golgi 

transport regulator Rab1, and showing rescue of different toxicity phenotypes re-

lated to α-synuclein in three different animal models (mammalian cells, C. elegans 

and a Drosophila model), indicating these processes are evolutionary conserved, 

and not exclusive to neurons. Second, although the C. elegans muscle cells we used 

as a model are not neuronal, they do express several postsynaptic receptors, includ-

ing GABA and acetylcholine receptors, enabling them to receive synaptic signals by 

a direct link to neurons (25). Last, in the RNAi screen performed for polyQ aggre-

gation in C. elegans, we picked up many processes that proved to be bona fide 

modifiers of polyQ aggregation. 

Although we screened for formation of α-synuclein inclusions (as yet no 

toxicity is observed as measured by a motility assay), similar processes are picked 

up by RNAi screening in C. elegans, and by genetic screening in yeast, suggesting 

that cellular toxicity and inclusion formation are related to the same molecular 

pathways. Our findings and several other studies indicate that trafficking and the 

endomembrane system, and trafficking in general, are involved in α-synuclein tox-

icity and aggregation. Of note, these mechanisms seem to be very specifically re-
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lated to α-synuclein since these pathways are hardly found as modifiers of polyQ 

toxicity and aggregation in yeast, C. elegans or Drosophila (table 2). 

 

3.2 Modifiers of αααα-synuclein and polyQ inclusion formation and aging 

Aging is a strong susceptibility factor for the neurodegenerative protein-misfolding 

diseases. Even those disease that are purely genetic, such as Huntington’s disease, 

are primarily adult-onset (Chapter I, table 1). This does not necessarily mean that 

the pathogenic process takes a long time, but could mean that neurons become 

more susceptible to the pathogenic event occurring as they age. Because several of 

the genes found in our genetic screens, including moag-4, sir-2.1/SIRT1 and lagr-

1/LASS2, are genes involved in regulating lifespan, it will be interesting to elucidate 

if the mechanism they use to modify aggregation is also related to known aging 

mechanisms. There are three phenomena in the physiological aging of brain cells 

that may contribute to protein misfolding: cell shrinkage, reduced protein quality 

control, and altered lipid homeostasis. 

 

3.2.1 Cell shrinkage  

The first aging phenomenon is the shrinkage of neuronal cells during aging, leading 

to a relatively increased concentration of proteins, known as molecular crowding, 

that may render protein folding and folding homeostasis more difficult, resulting in 

a decreased folding capacity (26). This means any protein that is prone to aggregate 

may aggregate more readily and this could thus play a common role in different 

protein-misfolding diseases. 

The genetic modifiers found to increase α-synuclein inclusion formation 

when silenced are very different genes from the polyQ modifiers identified in a 

previous genome-wide RNAi screen (27). Genome-wide RNAi has identified 186 

genes out of ~17,000 C. elegans genes that cause premature aggregation of Q35-

expressing nematodes (27). The one overlapping gene vha-15 is a subunit of a va-

cuolar ATPase. In the polyQ screen two other subunits were picked up in addition 

to vha-15: vha-13 and vha-8. 

One explanation why other subunits were not picked up in both of the 

screens is that RNAi in C. elegans yields very different levels of knockdown, and the 

genes encoding the other subunits may not be knocked down far enough to result in 

a phenotype. Interestingly, vha-15 was also found in a C. elegans RNAi screen for 

enhancers of osmotic stress caused by high NaCl concentration (28). In this study, 

increased aggregation of polyQ was shown likely to be due to cell shrinkage in re-

sponse to osmotic stress, which provides an interesting explanation for the com-

mon effect on both polyQ and α-synuclein. 

Importantly, this study reports two additional components of this ATPase, 

vha-3 and vha-4, not present in the Ahringer RNAi library we used, providing an 
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explanation why we did not pick up these genes in our screens. Although many of 

the polyQ modifiers overlap with the osmotic stress modifiers, some selectively 

overlap with α-synuclein modifiers such as hgrs-1. Testing the RNAi clones target-

ing the additional vacuolar ATPase subunits, as well as the other clones not present 

in our library, may reveal if they influence protein aggregation and would support 

the idea that cell shrinkage plays a role. 

 

3.2.2 Protein quality control 

Second, protein quality control is known to decline during aging, which increases 

the likelihood of misfolding and aggregation (29-31). The genetic mechanisms in-

volved in toxicity and aggregation related to polyQ and α-synuclein are superficially 

very different when looking at the data from genetic screens (table 2). Some func-

tional classes of genes are found exclusively for α-synuclein, e.g. trafficking, whe-

reas other seem to be involved more specifically in polyQ aggregation and toxicity, 

e.g. RNA metabolism. It is interesting to see that although many of the polyQ mod-

ifiers, especially protein quality control components such as chaperones and UPS 

components, were not found in the α-synuclein screens, many of them are known 

to modify toxicity. For example, Hsp70 alters α-synuclein toxicity in a fly α-

synuclein overexpression model (32). As suggested previously, it is possible that 

the α-synuclein toxicity and aggregation phenotypes screened for represent an ear-

ly stage, different from polyQ aggregation, before protein quality control is affected. 

Another finding from our C. elegans genome-wide RNAi screen for polyQ 

aggregation was that 6 out of 8 subunits of cytosolic chaperonin 1, TCP-1 chapero-

nin in mammals (also known as CCT or TRiC), were picked up. Many studies have 

now confirmed the role of this chaperonin in aggregation of Htt in mammalian 

cells, proving the validity of such a screen to find bona fide candidates for disease 

modifiers (33). 

The HDJ1/DNAJ1 chaperone modifier was found in three Drosophila 

screens for modifiers of polyQ toxicity and was also found to modify Tau toxicity, 

indicating this may also be a modifier common to other misfolding disease proteins 

(34). Although relatively little protein folding and turnover/degradation were 

found in the α-synuclein screens, several studies have shown that such components 

can modify α-synuclein aggregation and toxicity under certain circumstances (32). 

The defects observed in trafficking upon α-synuclein over expression may precede 

aggregation, and could thereby explain why genes involved in this process are 

found, instead of many chaperones and UPS components. 

Although there is much overlap in the modifiers found in the different po-

lyglutamine models, a recent study comparing modifiers in two different Drosophi-

la models showed some modifiers are specific, while some are common to SCA1 

and Huntingtin toxicity respectively. Branco et al. tested modifiers found in the 
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mutant SCA1 (82Q) flies in a Htt-128Q fly model, and found some common and 

specific factors for toxicity of both proteins (35). The modifiers fall into three 

classes: modifiers affecting toxicity in both models, in only one, or in both but in 

opposite direction. The first group of modifiers include chaperones (DNJA1), sev-

eral UPS components, including CHIP, and genes involved in signal transduction, 

RNA metabolism and apoptosis. The second group contains two chaperones and 

two transcription factors. The last group of genes includes one gene involved in 

RNA metabolism and genes involved in signal transduction, including Akt which is 

known to phosphorylate ataxin-1. Interestingly, Branco et al. (2008) found no clear 

correlation between the effect of enhancers and suppressors on inclusions. 

 

3.2.3 Lipid homeostasis 

A third aging factor is altered lipid homeostasis. Efficient synaptic transmission 

relies largely on the synthesis, maintenance, docking and fusion of synaptic ve-

sicles, which again depends on subtle changes in the stability, fluidity and curva-

ture of the vesicle membranes, which in turn depend on the lipid composition of 

these membranes. Lipid homeostasis is altered during aging affecting membrane-

dependent and lipid signaling processes. For example cholesterol, which increases 

the rigidity of membranes, is known to increase in level during aging in mammals 

(36, 37). In general, rigidity of synaptic membranes is also thought to increase (i.e. 

decreased fluidity) during mammalian aging. Due to the function and properties of 

α-synuclein, its involvement in vesicle homeostasis and its interactions with lipid 

membranes, altered lipid homeostasis due to old age may be particularly important 

for the development of diseases related to α-synuclein misfolding (38). 

As mentioned previously, membrane and lipid homeostasis seem to be 

closely related to toxicity and aggregation of α-synuclein. Many studies have been 

performed on the levels of various lipids in the brains of elderly persons, in particu-

lar Parkinson’s disease  patients, and on the effects on dietary lipid intake, as de-

scribed above. α-synuclein can interact with lipids and membranes, in vitro as well 

as in cells, and several lipids alter its aggregation in a test tube as well as in cells 

(38). 

Therefore, modifying lipid levels, by dietary intake or genetically, may alter 

aggregation and toxicity. Indeed, recent data in an α-synuclein overexpression cel-

lular model showed that lowering cholesterol – by inhibiting cholesterol synthesis 

by the action of statins – reduced aggregation of α-synuclein (39). In a mouse 

study, toxicity of α-synuclein to spinal cord neurons causing paralysis was reduced 

by genetic ablation of the cholesterol transporter ApoE, which may also be due to a 

reduced intracellular cholesterol concentration (40). Thus, modifying lipid levels 

can alter toxicity of α-synuclein, likely by affecting its aggregation and/or its bind-

ing to membranes. It is possible that the formation of pore-like structures or other 
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aggregated intermediates that have been proposed as being able to permeabilize  

membranes, depends on a specific membrane composition (41). Alternatively, such 

pore-like structures may only be able to disrupt membranes of a specific composi-

tion. α-synuclein can localize to lipid rafts, and its binding to these rafts and aggre-

gation are reduced upon decreased cholesterol, which would indicate membrane 

binding is necessary for aggregation and toxicity (42). To dissect the potential ef-

fects on aggregation and/or membrane binding and disruption, mutants lacking 

part of the N-terminus that is crucial to membrane and lipid binding could be stu-

died. 

 

3.2.4 Other modifiers 

It seems that a large proportion of the modifiers found can be related to different 

aging pathways and phenomena, whereas for some of these modifiers, there is at 

present no explanation. An example is our finding of many RNA-processing com-

ponents as modifiers of polyQ toxicity and aggregation – this was not to be ex-

pected a priori – and the altered aggregation upon genetic lesion or knockdown of 

RNA-processing genes may have been related to transgene expression differences 

caused by altered mRNA levels. Remarkably, this class of genes was found in mul-

tiple screens for toxicity and aggregation of polyQ in Drosophila and C. elegans 

(27) and recent findings show the role of miRNAs in polyQ toxicity (43). In addi-

tion, mutation of a gene involved in miRNA maturation, R3D1, was also shown to 

enhance toxicity of SCA3 in a Drosophila model (34). Thus, RNA processing as a 

polyQ-disease-modifying pathway may refer to non-coding RNA as well, some of 

which may remain to be discovered. 

Misfolding of and toxicity exerted by α-synuclein may be more sensitive to 

alterations in processes other than protein quality control, such as lipid homeosta-

sis and processes related to the endomembrane system, in the first place. This does 

not exclude the importance of protein quality control in processes related to α-

synuclein toxicity and accumulation, but indicates that processes other than the 

ones classically associated with protein misfolding and aggregation, may be more 

important as a first strike of toxicity. 

In general, the modifier genes identified in our RNAi screen function in a 

variety of biological processes, some of which have previously been suggested to be 

involved in Parkinson's disease, such as vesicular transport and lipid metabolism. 

Quality control and vesicle-trafficking genes expressed in the endomembrane sys-

tem (ER/Golgi complex and vesicular compartments) were overrepresented, indi-

cating a specific role for these processes in α-synuclein inclusion formation. Thus 

an endomembrane-related mechanism is probably involved in the inclusion forma-

tion of α-synuclein in our model. In all, our data suggest a link between α-synuclein 
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inclusion formation and cellular aging, likely through an endomembrane-related 

mechanism.  

 

Table 1 Genetic modifier screens of polyQ and αααα-synuclein toxicity and inclusion forma-

tion in small model organisms.  

Organism Reference Transgene Tissue Tox/inclusions Screen 

poly-glutamine         

Yeast (24) Htt103Q n.a. Toxicity/No correlation 4850 LOF deletion  

 (44) Htt103Q n.a. Toxicity/No correlation 4850 LOF deletion  

C. elegans (27) Q35-YFP B.W.M. Inclusion/Correlation genome-wide RNAi 

Drosophila (45) 127Q Retina/CNS Toxicity/N.d. 7,000 P insertions 

  (46) Sca1 82Q Retina/CNS yes, nuclear Transposon insertion  

 (34) Sca3trQ78 Retina/CNS yes, nuclear Transposon insertion  

  (47) Exon1-128Q Retina Non-determined Htt interactors  

α-synuclein         

Yeast (24) α-syn n.a. Toxicity/No correlation 4850 LOF deletion  

  (4) α-syn  n.a. Toxicity/No correlation 

XS; 3,000 strain 

library 

  (23) α-syn  n.a. Toxicity 

XS; 5,500 strain 

library 

C. elegans (48) α-syn-YFP B.W.M. Yes Genome-wide RNAi 

  (19) α-syn  Neurons No  1673 RNAi candidates  

  (15) α-syn-GFP B.W.M./neurons Yes/yes 868 RNAi candidates  

B.W.M. body wall muscle; n.a. not applicable; n.d. not determined; 4850 LOF deletion, genetic 

library containing 4850 loss-of-function deletions.  

 

3.3 Screening for aggregation or toxicity One question regarding these 

screens is what phenotype would be most illustrative in genetic screens to find 

modifiers to aid our understanding of pathogenesis: pathological aspects or toxici-

ty to neurons. Because degeneration of cells in neurodegenerative protein-

misfolding diseases likely occurs slowly, the processes before neurodegeneration 

may in fact be more illustrative of the underlying mechanism. In contrast, screen-

ing for dead cells will reveal aspects that can kill cells, whereas inclusion formation 

may in some cases be protective or a harmful side-effect. By screening for enhanc-

ers and suppressors, both possibilities are taken into account. 

 Irrespective of the differences between the diseases, understanding their 

common hallmark of fibrillar aggregation, regardless of its associated toxicity, is of 

great importance. Our data strongly indicates very similar modifiers are picked up 

by screening for inclusion formation when compared to screens testing for toxicity. 

Nevertheless, there are also  some differences. For example, we found several mod-

ifiers involved in (mitochondrial) energy metabolism, which are hardly found in the 

α-synuclein toxicity screens at all (table 2). Thus, screens for toxicity and for the 

formation of aggregates and inclusions may well be complementary.  
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3.4 Comparison of modifier screens: what have we learned from yeast, 

worms and flies? 

An important question is whether the cellular mechanisms involved in protein-

misfolding diseases are common to several or all diseases, and which aspects may 

be disease-specific. Comparative analysis of potential genetic disease modifiers in 

small model organisms is a powerful approach to identify common and specific 

mechanisms of mediating toxicity and pathology. 

When assessing the functional classes found, there appears to a large over-

lap between functional classes of genes found to modify α-synuclein inclusion for-

mation and toxicity between yeast and C. elegans models, or between yeast, C. ele-

gans and Drosophila screens for toxicity and aggregation by different expanded 

polyQ transgenes (table 2). Some classes found seem to be specifically enriched in 

α-synuclein screens, such as trafficking, whereas other are more enriched in polyQ 

screens, e.g. transcriptional regulation, indicating these may represent disease-

specific findings. 
 

Table 2 Functional classification of genes. Orange-brown represents classes that are specifically 

mentioned, light brown-orange indicates classes of genes mentioned, but found only 1 or 2 genes in that 

respective class. Grey means no genes were found in that specific class, or genes in that specific class 

were not mentioned. Screen numbers correspond to the following publications: 1Willingham et al., 

2003; 2Giorgini et al., 2005; 3Nollen et al., 2004; 5Fernandez-Funez et al., 2000; 6Bilen et al., 2007; 

7Kaltenbach et al., 2007; 8Willingham et al., 2003; 9Cooper et al., 2003 (only part public); 10 Yeger-Lotem 

et al., 2009; 11van Ham et al., 2008; 12Kuwahara et al., 2008; 13Hamamichi et al., 2007. Screens 1, 2, 8, 9 

and 10 were carried out in yeast; 3, 11, 12 and 13 in C. elegans and 4, 5, 6 and 7 in D. melanogaster. 

 

Biological process PolyQ α-synuclein 

RNA binding and processing                           

Synaptic transmission                           

Vesicle transport/ER-Golgi                           

Autophagy                           

Protein folding                           

Protein degradation/UPS                           

Transcriptional regulation                           

Apoptosis                           

Translation                           

Lipid metabolism                           

Mitochondrial energy metabolism                           

General signaling (kinases)                           

Oxidative stress                           

Signal transduction                           

Screen # 
1 2 3 4 5 6 7 8 9 10 11 12 13 
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Although adding up these conclusions from the literature reveals some 

common and distinct pathways, to fully assess the value of a comparison between 

these screens, they need to be analyzed according to the same standards, using the 

same genetic nomenclature and the same algorithms. Because many of the genes 

found are organism-specific, i.e. they have no human orthologs, and these screens 

aim to find molecular pathways involved in human disease, we will need to search 

for the human orthologs of all the genes found to derive the underlying human 

pathways. It would be worth performing an in-depth comparative analysis of the 

screens for toxicity and protein misfolding related to disease to discover what un-

derlying mechanisms can be extrapolated. In addition, a posteriori analyses of the 

many screens already performed will likely increase the focus of future studies, 

because they will give better clues as to the pathways involved and the relevant 

phenotypes. 

The set up of these screens, however, tends to be quite different: for exam-

ple they differ when screening for increased versus decreased toxicity, or increased 

versus reduced aggregation, and they use different ways to manipulate gene func-

tion (knockdown, deletion, and overexpression libraries). In addition, libraries of 

mutant strains or bacterial RNAi clones are used, some of which encompass al-

most all known genes whereas others only consist of biased, preselected, subsets. 

To find new classes of genes and pathways from a comparative analysis of 

these screens, it is important to know the coverage of these screens (i.e. how many 

genes were screened for versus the total number of genes in the genome) and how 

the genes screened for were selected (table 1). Next, it is important to know the 

number of genes found (hits) versus the number of genes screened for, the number 

of genes found that share a common aspect (such as function or subcellular locali-

zation), and the total number of genes functioning in a specific class in that organ-

ism. Simply looking at the data and the way the screen was set up, for example, 

may already reveal why certain genes or classes were found (was it a biased screen 

for preselected genes?), or not found (genes were not screened for). 

For example, the screen for α-synuclein toxicity in C. elegans by Kuwahara 

et al., (2008) in which a set of 1,673 genes, mostly selected from 2,072 genes pre-

viously used in an RNAi screen for synaptic function, were knocked down by 

RNAi, which is approximately ~10% of the bacterial RNAi library (49). In the 

study by Hamamichi et al., 868 preselected genes were knocked down. The genes 

found were subsequently tested for their effect in dopaminergic neurons by RNAi. 

In addition to the low number of genes tested for in these studies, the genes were 

selected based on previous knowledge and will therefore be unlikely to reveal nov-

el pathways. Thus, this allows one to state a priori that many genes and genetic 

classes will likely not be found, just because they are not screened for. Although 



General Discussion 

111 

 

such a screen may yield important genes, less novel underlying genetic mechan-

isms could therefore potentially be found. 

The data obtained by genome-wide RNAi screens performed for α-

synuclein and Q35 inclusion formation in C. elegans, and some of the yeast 

screens for toxicity mentioned, represent unbiased data sets that allow for a com-

prehensive analysis of the genetic mechanism of these processes. 

In order to further address the question of whether the cellular mechan-

isms involved in protein-misfolding diseases are common to several or all such 

diseases, and which aspects may be disease-specific, we took the data from our α-

synuclein modifier screen and compared this to the genome-wide RNAi screen for 

polyQ modifiers. We analyzed the subcellular localizations of the α-synuclein mod-

ifier genes found and compared these to randomized sets of genes as a background 

reference. This revealed a clear overrepresentation of a specific subcellular class, 

the endomembrane system, when compared to random sets of genes, implicating 

the endomembrane system in the formation of α-synuclein inclusions. We did not 

observe overrepresentation of any specific functional class within the α-synuclein 

modifiers. When comparing this to polyQ modifiers identified previously, we found 

that more polyQ modifiers function in cytoplasmic and nuclear classes whereas 

synuclein modifiers function more in the endomembrane compartment. 

Thus, our analysis comparing different C. elegans screens and comparing 

these to a reference gene set is a useful approach to gain additional insights from 

the data. A similar approach may also be used to compare all the screens per-

formed in different model organisms. This may provide evidence for the results 

shown (table 2) or yield a very different picture. In addition, it may reveal underly-

ing pathways not recognized in the individual studies. 

An example of another comparative analysis is the study by Yeger-Lotem 

et al., who performed an overexpression study and a transcriptional profiling 

study in a yeast model for α-synuclein toxicity (23). They first analyzed profiling 

studies and genetic screens for many phenotypes in yeast to find an explanation 

for why there was no overlap in profiling studies and genetic screens, regardless of 

the phenotype analyzed. One of their findings was that most genetic hits are path-

way regulators, whereas the genes found to have altered expression are mostly 

parts of effector pathways regulated by the regulators (genetic hits). They then set 

up an algorithm to link these datasets and confirmed that there was indeed such a 

regulator-effector relationship between the datasets. 

They went on to test this approach in the yeast model for α-synuclein tox-

icity by screening a library of 5,500 overexpression strains for altered toxicity and 

performing an expression profiling study. They uncovered novel pathways and 

provided an explanation for their earlier results. In addition, they showed that 

such a program can generate hypotheses, several of which were shown to have a 
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relevant effect in vivo. For example, not many chaperones were picked up in their 

screen, but ResponseNet predicted the involvement of heat shock regulators 

Hsp90 and Hsf1, and the upstream factor Gip2. They showed that overexpression 

of Gip2 induces the heat shock response and suppresses the toxicity of α-

synuclein. To gain further novel insights, a set up similar to this but only for genet-

ic hits (genes which altered expression yielding a specific phenotype) may be ap-

plied to cross-species screens for protein misfolding and toxicity. 

 In summary, we have added a new model to the field and provided novel 

insight into α-synuclein biology by identifying genes involved in the formation of α-

synuclein inclusions during aging. We have also developed several tools that will 

facilitate studying protein misfolding and aggregation in model organisms by visua-

lizing several aspects of aggregation. Interdisciplinary approaches, combining for 

example genetics, biophysics, bioinformatics, cell biology, and pathology, will allow 

extrapolation of findings from in vitro and in vivo models and the creation of po-

werful models to improve the understanding of neurodegenerative misfolding dis-

eases.  
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Abstract 

The free living nematode worm Caenorhabditis elegans (C. elegans) has been 

extensively studied by biological, agricultural, and medical scientists for over 40 

years. The animal has several characteristics that make it useful as a model organism. 

For example, the nematodes are transparent, which allows study of embryonic 

development and gene expression in living animals under the microscope. They also 

have a very short life cycle of about 3 days and a relatively short lifespan of about 3 

weeks, which allow genetic dissection of the mechanisms that affect aging and 

ultimately determine lifespan. In addition, the mechanism of gene silencing by RNA 

interference has been discovered in C. elegans and has been developed into a potent 

reverse genetic tool.  

 Because of the strong conservation of molecular genetic pathways between C. 

elegans and mammals, it represents a powerful addition to the small animal model 

repertoire. Genetic mechanisms in human disease, such as Alzheimer’s disease, have 

been elucidated in C. elegans, indicating its potential as a model for human dementia. 

Here we will discuss existing models, and what they have revealed about the genetic 

pathways and pathogenesis of different forms of dementia. We will also describe how 

to set up forward and reverse genetic screens in C. elegans, which can be used to 

identify additional genes and processes involved in dementia.  

 

Keywords: C. elegans, genome-wide RNAi, protein aggregation, α-synuclein, Lewy 

bodies 
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1 Introduction 

The free living nematode worm Caenorhabditis elegans (C. elegans) has been stu-

died extensively as an experimental model organism by scientists from many fields 

of biological, agricultural, and medical research for over 40 years. The animal, in-

troduced into molecular biology research by Sydney Brenner in 1963, lives in soil, 

where it feeds mostly on bacteria (1). It has a very short life cycle of about 3 days and 

a relatively short lifespan of about 2-3 weeks, which facilitates genetic dissection of the 

mechanisms that determine lifespan. Due to its anatomical and genetic simplicity it 

has proven to be an excellent model organism. In fact, it is the most completely 

understood metazoan organism in terms of development, genetics, and nervous 

system (50-54).  

The C. elegans nervous system represents the animal’s largest organ in cell 

numbers, being composed of 302 neurons. The morphology of the neurons is rela-

tively simple and unbranched; most neurons have two or less processes. Due to this 

simplicity it has been possible to deduct their anatomical location and connectivity 

within the animal from electron microscopic images. This has enabled researchers 

to map the full circuitry of neuronal transmission in C. elegans, making it an un-

precedented model for metazoan neurobiology. Although the C. elegans nervous 

system is fairly complex, it does not constitute an actual brain, merely a local con-

centration of neurons in the head region known as the nerve ring. Subtypes of neu-

rons such as dopaminergic, GABAergic and cholinergic neurons are present that 

are homologous to classes of neurons in vertebrates (55).  

Reproduction of C. elegans is generally hermaphroditic by self-fertilization 

of eggs which hatch outside of the animal. Larvae hatch from the eggs after all cell 

divisions are complete and go through four larval stages before entering the adult 

reproductive age after about three days. The soma consists of a constant 959 cells, 

of which each cell ends up in predetermined positions in the organs and tissues 

that make up the animal. The complex pattern of cell divisions and anatomical 

position is known as the C. elegans cell lineage ((56); (53). Much of what is current-

ly know on the genetics of apoptosis has been elucidated in C. elegans by genetic 

studies of this cell lineage (57).  

The basic mechanism of RNA interference (RNAi) was identified in C. ele-

gans in 1998 by Andrew Fire and Craig Mello (58). Soon thereafter, the process of 

RNAi was extensively applied to silence expression of target genes, first in C. ele-

gans, but also in other animal models and cells. The application of RNAi in C. ele-

gans has greatly facilitated genetic research.  

Initial RNAi experiments in C. elegans used injections of double-stranded 

RNA (dsRNA) in the gonad, leading to robust knockdown of mRNA levels in vari-

ous cell types, thereby, suggesting RNAi was able to penetrate cell and tissue mem-

branes. This indeed appeared to be the case when it was shown that RNAi can be 

obtained by soaking worms in dsRNA solution or feeding them on Escherichia coli 

(E. coli) expressing dsRNA (59-61). Feeding of E. coli expressing target gene 
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dsRNA is now the most commonly used way of knocking down genes systemically 

in C. elegans. Such feeding has been used for rapid genome-wide RNAi screening, 

which has led to the discovery of comprehensive sets of genes involved in many genet-

ic, cellular, and developmental processes, some related to human disease. The appli-

cation of RNAi and its high-throughput capacity in genome-wide screens have re-

volutionized genetics research in C. elegans (60-63). 

All the above has led to a thorough understanding of the animal’s behavior, 

genetics, molecular, cell and neurobiology, and even molecular pathways that can 

increase and decrease the animal’s aging and lifespan. In addition, genetic mechan-

isms underlying human disease have been elucidated in C. elegans indicating its value 

as a model for human diseases, including age-related dementias. Here we discuss 

existing C. elegans models for dementia and provide examples of how these models 

can be used to screen for genes involved in the disease process, either by classical ge-

netics or genome-wide RNAi. 

 

2 Dementia  

As described in earlier chapters, dementia is part of the pathologic spectrum of 

many sporadic as well as familial neurodegenerative diseases, such as Alzheimer’s 

disease (AD), frontotemporal lobar degeneration (FTLD), and dementia with Lewy 

bodies (DLB). C. elegans models for these diseases can be subdivided into at least 

two categories, including mutant strains to study endogenous pathways associated 

with disease and transgenic strains to study human disease-related genes. These 

models can be used for large-scale phenotypic, genetic, and drug screens to find 

genetic or chemical modifiers of pathways and phenotypes related to disease. These 

studies could, therefore, lead to a better understanding of disease pathology, the 

development of clinical diagnostic tools, and uncover therapeutic targets for treat-

ment of dementia in humans.  

In this chapter we will discuss the existing C. elegans models for dementias 

and large-scale screens that can be used to identify novel genetic and chemical 

components that modify diseases phenotypes. We will explain what these models 

have taught us about disease mechanisms, and what they have revealed for thera-

peutic and diagnostic perspectives.  

 

2.1 C. elegans counterparts of human dementia-related genes 

Familial early-onset forms of AD are often caused by mutations in presenilin-1 and 

2 (PSEN1 and PSEN2). These presenilin mutations are thought to change the ratio 

of the highly amyloidogenic 42-amino acid-long amyloid β (Aβ) peptide to the less 

toxic Aβ40 amino acid peptide variant of this disease-related protein (see review by 

(64)). In C. elegans, an ortholog for PSEN1 has been found in a screen for suppres-

sors of the egg-laying defective phenotype in lin-12 (sel-12) gain-of-function worms 

(65). The sel-12 gene has a function similar to that in vertebrates, functioning most-

ly during embryonic development to facilitate Notch/lin-12 signaling. Apart from 
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sel-12, the C. elegans genome encodes two other orthologs to human presenilins: a 

homolog of presenilin-1, hop-1, which is in fact more homologous to human 

PSEN2, and an ortholog spe-4, which has no obvious human counterpart (66). Sel-

12 and hop-1 are highly similar to PSEN1 and PSEN2 in structure as well as in func-

tion (66, 67). 

Interestingly, genetic deletion mutants for sel-12 and hop-1 are viable, 

which allows for modifier screens to find components of the C. elegans PSEN1 and 

PSEN2 pathways. For example, mutations in multiple genes were found in forward 

mutagenesis screens for suppression of the sel-12/PSEN1 egg-laying phenotype 

[19-22]. Two of them, spr-3 and spr-4, encode C(2)H(2) zinc-finger proteins that 

are similar to the human REST/NRSF (Re1 silencing transcription factor/neural-

restrictive silencing factor) transcriptional, involved in neuronal differentiation 

(68). Two others, spr-1 and spr-5 encode an ortholog of human CoREST, a co-

repressor of REST, which can be substituted by human CoREST, and a homolog of 

p110b, which is another member of the CoREST co-repressor complex (69). In all, 

studies in C. elegans have provided important clues to the genetic context and 

regulation of presenilins.  

In addition to these AD-related pathways, many other pathways have been 

investigated in C. elegans. For example, an ortholog of Aβ (apl-1), and at least three 

orthologs of genes encoded in loci associated with familial Parkinson’s disease 

(PD), PARK loci, are present and under investigation in C. elegans, including 

LRRK2/lrk-1, PINK1/pink-1, and Parkin/prk-1(70-74).  

 

2.2 Aggregation of human dementia-associated proteins  

 

2.2.1 Amyloid β  

In AD, Aβ forms amyloid fibrils which accumulate in deposits known as plaques. In 

order to study aggregation of Aβ, the human Aβ peptide was overexpressed in C. 

elegans. By using the C. elegans Myosin/unc-54 muscle-specific promoter to drive 

expression, robust expression levels were obtained. A 189-base pair fragment was 

overexpressed coding for amino acids 1-42 of Aβ fused to a synthetic signal peptide 

driven by the unc-54 promoter. Transgenic worms expressing this transgene 

showed formation of aggregates with important characteristic of amyloid fibrils, as 

shown by Thioflavin S binding, an amyloid-specific dye, which upon binding has 

altered fluorescent properties. In addition, paralysis of the nematodes, which can 

be easily distinguished by dissection microscopy, occurred indicating a specific 

toxicity of Aβ to the muscle cells (75). Interestingly, oligomeric species of Aβ were 

detected in these strains that might be similar to the neurotoxic Aβ derived diffusi-

ble ligand (ADDL) (74).  

The insulin/insulin growth factor (IGF)-1 like signaling (IIS) pathway 

strongly affects lifespan and stress resistance in C. elegans. Inhibition of daf-

2/IGF-1 receptor by RNAi increases lifespan and stress resistance in nematodes. 
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Mice deficient in the IGF-1 receptor also show increased lifespan, indicating the 

conservation of this mechanism (76). The effect of daf-2 partially depends on heat 

shock factor-1 (hsf-1), an important transcriptional regulator of heat shock genes. 

Interestingly, knockdown of the daf-2 gene in Aβ transgenic nematodes results in 

decreased paralysis, whereas hsf-1 knockdown increases paralysis, which is accom-

panied by alterations in the aggregation phenotype (77). It will be interesting to 

find out if these genetic pathways also affect Aβ aggregation and toxicity in mice 

and humans, which would directly link aging with the prevalence of disease related 

to Aβ aggregation.  

 

2.2.2 α-synuclein 

Another protein that is associated with forms of dementia is the presynaptic pro-

tein α-synuclein. This protein provides a remarkable link between several neuro-

degenerative diseases, most of which involve dementia. It is the main constituent of 

protein inclusions in the brains of PD patients that represent the pathological hall-

mark of this disease. Such inclusions (known as Lewy bodies) also occur in a sub-

type of dementia called DLB, which is currently the second most prevalent cause of 

dementia. Importantly, DLB often has an overlap with Alzheimer’s pathology, and 

is sometimes difficult to distinguish from either AD or dementia related to PD.  

Interestingly, α-synuclein mutations and multiplications of the α-synuclein 

locus have been found to cause familial forms of PD. One familial PD mutation, 

E46K, is also known to be associated with dementia (78). Some aspect of aggrega-

tion of α-synuclein is likely directly involved in toxicity to the cells that degenerate 

in these diseases. The current hypothesis is that multimers (multiple associated 

molecules) of α-synuclein are somehow able to damage cells leading to degenera-

tion. Although it is very likely that α-synuclein is directly involved in the pathoge-

nesis, the mode of toxicity remains unknown. Physiologically, α-synuclein appears 

to regulate docking events of synaptic vesicles, likely by influencing the fusion of 

membranes (78-82).  

To study expression and accumulation of a disease-related protein such as 

α-synuclein in a living animal, one can make the accumulation visible under a fluo-

rescence microscope by fusion to a fluorescent molecule such as Yellow Fluorescent 

Protein (YFP). The C. elegans body wall muscle provides a system in which one can 

track accumulation of various disease-related aggregating proteins during aging 

(83, 84). The muscle cells are easily seen under a microscope, and are amenable to 

RNAi by feeding (Figure 1). In addition, the robust expression levels obtained by 

the muscle specific unc-54 promoter yield high protein levels, which facilitate bio-

chemical and cell biological analysis of protein expression. 

Transgenic strains expressing human α-synuclein fused to YFP in the body 

wall muscle show accumulation of the fusion protein during aging (9). Interesting-

ly, the inclusions formed are mobile at young age, but show properties of immobi-

lized aggregated protein at old age. To find genes involved in the formation of α-
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synuclein inclusion, a genome-wide screen was performed for genes that result in 

increased aggregation when knocked down by RNAi. Of the 80 genes found, genes 

that function in endomembrane-related compartments of the cell are overrepre-

sented, which indicates a role for the endomembrane system in age-related synuc-

leinopathies such as DLB (Figure 2).  

 

 
 

Figure 1. Tissue-specific transgene expression in transgenic C. elegans 1. A transgene is 

created using a known C. elegans tissue-specific promoter followed by the (human) gene of interest. By 

fusing the transgene to a fluorescent protein such as YFP (yellow fluorescent protein), its expression can 

be visualized. 2. Transgenic animals can be created by microinjection into the C. elegans gonad together 

with a marker or by micro-particle bombardment. 3. Confocal laser scanning image showing head region 

of an adult C. elegans expressing α-synuclein fused to YFP in the body wall muscle using the unc-54 

promoter element.  

 

 
Figure 2. RNA interference of modifiers of αααα-synuclein inclusion Confocal images showing 

yellow fluorescent protein (YFP) fluorescence in the head region of a nematode expressing α-synuclein-

YFP transgene in the body wall muscle. Worms are grown on regular food (wt, wild type), HT115 bacte-

ria containing empty RNAi vector (L4440) and bacteria containing Y48G1A.6 RNAi, to knock down one 

of the genes found in a genome-wide RNAi screen for modifiers of α-synuclein inclusion formation. 

 

2.2.3 Tau (τ) 

Tau (MAPT) is a microtubule-associated protein (MAP) mainly found in neuronal 

axons where it binds and stabilizes microtubules. In sporadic AD and familial fron-

totemporal dementia with Parkinsonism-17 (FTDP-17), a form of presenile demen-

tia affecting the frontal and temporal cortex and some subcortical nuclei, hyper-

phosphorylated tau protein forms deposits in the brain. To model disease related to 

tau expression and deposition in C. elegans, Kraemer and colleagues have ex-

pressed both wild-type and mutated (301L and 337M) tau protein in C. elegans 

neurons (85). These nematodes developed a progressive phenotype of defective 
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motility known as ‘uncoordinated phenotype’ that can be distinguished by dissec-

tion microscopy, which was more apparent in the mutants. Interestingly, another 

characteristic of disease was captured in this model, since hyperphosphorylation of 

tau also appeared to occur in the transgenic lines (85). To identify modifiers of this 

toxicity, a genome-wide RNAi screen for enhancement of tau-related toxicity was 

performed (86). Some of the genes found are known to be involved in tau-related 

pathology, such as Glycogen synthase kinase 3β (GSK-3β) that can phosphorylate 

tau. New components have also been found, such as homologs of carboxyl terminus 

of Hsp 70-interacting protein (CHIP) and Heat shock cognate 70 (Hsc70) that coo-

perate in ubiquitination and proteasomal degradation. Thus, such genes might 

normally be involved in protection against tau-mediated toxicity.  

Future work will show what modifier genes found in these genome-wide 

screens can tell us about the disease mechanism, and whether they represent diag-

nostic or even therapeutic targets to treat disease. 

 

3. Genetics & genomics 

Although C. elegans are invertebrates, genetically they are similar to humans and 

many disease-related genes and pathways found in humans have orthologs in C. 

elegans. These orthologous genetic pathways can be studied by making transgenics 

by microinjection or micro-particle bombardment of transgenic constructs, or by 

conventional forward and reverse mutagenesis methods. For example, human dis-

ease-related genes or specific mutants, such as wild-type or mutant tau, Aβ and α-

synuclein, as described above, can be overexpressed in a tissue-specific manner 

using worm-specific plasmids created by Andrew Fire’s lab (Stanford University 

Medical Center, Ca, USA) to study disease-related phenotypic effects on those cells.  

To create transgenic animals by microinjection, plasmid DNA is injected 

into the gonad with a marker to select for transgene-expressing animals. These 

carry the transgene extrachromosomally. By using UV or γ irradiation that causes 

double-stranded breaks in the DNA, these extrachromosomal plasmids can be inte-

grated into the genome to create stable transgenic strains. Another way to create 

transgenic animals is to use micro-particle bombardment (biolistic transforma-

tion), in which small, 1-µm gold particles are shot into the gonads (87, 88). The 

efficiency of bombardment has been greatly increased by using a specific paralyzed 

(uncoordinated) mutant background and co-bombarding of a plasmid that rescues 

this paralysis phenotype (87).  

Alternatively, endogenous genetic pathways related to disease in humans 

can be studied by forward genetics, i.e. screening for suppressors and enhancers of 

the disease-related phenotype, and reverse genetics, which includes knocking down 

disease-associated genes and searching for a specific phenotype. A variety of ap-

proaches can be employed for forward as well as reverse genetics, and depending 

on the process to be studied, one of these approaches can be chosen (see review 

(89); Figure 3). 
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The first forward screens, F2 screens, were done by Sydney Brenner in 

1973. A chemical mutagen, ethyl methane sulphonate (EMS), is used to induce 

mutations in the sperm and oocytes of wild-type hermaphrodites, and the mutage-

nized animals are placed on dishes and grown for two generations to produce ho-

mozygous mutants (50). Worms that show a mutant phenotype are then trans-

ferred individually to new Petri dishes to determine whether the phenotype has 

been passed on to the next generation. Mapping of the point mutations induced by 

EMS has been made easier by using the great diversity in single nucleotide poly-

morphisms (SNP) diversity between the most often used C. elegans strain, namely 

Bristol N2, and the Hawaiian C. elegans strain CB1584 (90). This approach can be 

used to find modifier genes of protein aggregation or suppression of any specific 

phenotype.  

Alternatively, this approach can be used for reverse genetics by target-

selected mutagenesis. EMS has a mutation frequency of 5 x 10-4 per gene, of which 

13% are deletions, while the mutagen trimethylpsoralen (TMP) in combination 

with UV irradiation has a mutation frequency of 3 x 10-5, of which 50% are dele-

tions. By combining EMS or TMP/UV mutagenesis with visualization of deletions 

by PCR, specific genes can be inactivated by deletion (91). 

Another strategy for target-selected deletion is the use of the C. elegans 

transposon Tc1 (92). The Tc1 transposon DNA element randomly integrates into 

the genome, often inducing deletions in flanking DNA inserts upon excision. By 

establishing a frozen library of Tc1 mutagenized animals, insertion mutants of tar-

geted genes can be obtained. By screening with PCR, mutants can then be detected 

in which Tcl and 1000-2000 base pairs of flanking DNA are deleted, thereby inacti-

vating the targeted gene.  

A relatively new method is the application of chimeric Zinc finger nucleases 

consisting of a DNA-binding domain and a nuclease that can create specific double-

stranded DNA breaks that could abrogate a specific allele (93, 94).  

The application of RNAi by dsRNA-mediated gene silencing will be de-

scribed in the next two sections.  
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Figure 3. C. elegans high-throughput screening   

Scheme depicting three basic screening paradigms used in C. elegans: genome-wide RNAi screening, 

forward and reverse mutagenesis genetic screening, and chemical library and drug screening. 

 

3.1 Genome-wide RNAi screening 

The discovery of dsRNA-mediated RNAi quickly led to its use as a means 

for knocking down gene expression and it has revolutionized genetic studies in C. 

Elegans, as well as in other model organisms. In an attempt to study the phenome-

non of RNA-mediated silencing of gene expression, Andy Fire and Craig Mello 

(Carnegie Institution of Washington, Baltimore, Md, USA), have discovered that 

silencing could be triggered by dsRNA in an mRNA-specific manner (58). They 

have also shown that silencing is transferred to cells and tissues after injection. 

RNAi spreads through cells and tissues after soaking with dsRNA or intestinal ex-

posure after feeding E. coli expressing dsRNA complementary to a specific messen-

ger, suggesting this could be used as a whole animal gene knockdown approach (59, 

60).  

For bacterial feeding of RNAi, cDNA of the corresponding gene is cloned 

into a vector (L4440) containing two bacteriophage T7 RNA polymerase promo-

ters. The two T7 promoter sites flank both sides of a multiple cloning site, which is 

used to clone in the cDNA fragment. The resulting vector is transformed into E. coli 

strain HT115(ED3) that is deficient in bacterial RNA polymerase III and produces 

bacteriophage T7 polymerase upon induction by isopropyl β-D-1-

thiogalactopyranoside (60). T7 polymerases traveling in opposite directions syn-

thesize two complementary RNA strands that form the duplex RNA, which me-

diates RNAi. By feeding C. elegans on such engineered bacteria that have been 

induced to produce dsRNA expression, the corresponding gene can be silenced. 

Although this RNAi by feeding has greatly sped up genetic research in C. 

elegans, it is nonetheless quite laborious to knockdown a specific gene. First, cDNA 

of a specific target needs to be generated and cloned into the RNAi vector that, in 

turn, needs to be transformed into dsRNA expressing E. coli. In Julie Ahringer’s lab 
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at the Gurdon Institute in Cambridge, UK, a strategy was designed to rapidly clone 

cDNAs into a bacterial feeding strain, to generate a genome-wide library of bacteria 

containing genomic cDNA clones (63, 95). The library generated contains clones 

for knocking down 17,575 genes of the C. elegans genome, corresponding to ap-

proximately 87% of all C. elegans genes (Figure 4a). Another RNAi library consist-

ing of 11,800 open reading frame RNAi clones was created by Mark Vidal’s lab 

(Dana-Farber Cancer Institute, Boston, Ma) (96). Currently, an effort is underway 

to knockdown the remaining genes (97). By culturing worms in liquid culture in 96-

well microtiter plates, genome-wide screens can be performed in a matter of weeks 

(98, 99) (Figure 4b).  

 

 
Figure 4. RNAi library and liquid culture RNAi screening A. RNAi feeding library. Target gene 

cDNA is cloned into a T7 RNA polymerase promoter plasmid (L4440). This plasmid is transformed into 

HT115 E. coli strain that expresses the corresponding dsRNA upon induction by isopropyl β-D-1-

thiogalactopyranoside (IPTG). The library created by Ahringer’s lab (Cambridge, UK) contains bacterial 

clones for knocking down 17,575 genes of the C. elegans genome, corresponding to ~87% of all C. ele-

gans genes, in about 200 96-well microtitre plates. B. Genome-wide liquid culture RNAi screen. Nema-

todes can be synchronized by hypochlorite bleaching and cultured in microtitre plates that contain the 

different bacterial clones induced to express dsRNA. After approximately 3-4 days, the animals can be 

scored for a specific knockdown phenotype, in this case reduction of aggregation. 

 

Setting up RNAi screens 

There are several important factors that determine the success of a genome-wide 

RNAi screen (also see (97)). The first most critical aspect is that a clear phenotype 

is needed that can or could potentially be modified by knocking down genetic com-
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ponents involved in the process. For example, if a genetic pathway is known to be 

involved in a very specific, well-characterized phenotype, such as the sel-12 pheno-

type, an RNAi screen can reveal novel unknown components in that specific cor-

responding pathway (68, 69, 100, 101). Another possibility is the case in which a 

genetic lesion does not have/cause a specific phenotype, and there might be a re-

dundancy of components in the pathway. In a so-called synthetic screen, such re-

dundant genes can be picked up by screening in a background genetic lesion with-

out a phenotype (102).  

Depending on the phenotype scored for, nematodes can be synchronized by 

hypochlorite bleaching, by which only fertilized eggs remain, one day before start-

ing the actual experiments in hatched larvae (L1) to study the consequence of 

knocking down genes in one generation (98, 99). The advantage is that essential 

genes can also be picked up in this way, because such an approach circumvents 

fertility and embryonic development. The clones identified are verified by sequenc-

ing.  

In conclusion, there are several C. elegans models available for studying 

different molecular biological aspects of dementia, and new models can be created 

that mimic other aspects of dementia. New genetic pathways and modifier chemi-

cals can be found by using these models in genetic and chemical screenings. Such 

pathways, genes and compounds teach us about the mechanism of disease. In addi-

tion, they may provide direct or indirect therapeutic perspectives to halt, treat, or 

even cure disease.  

 

Web resources 

http://elegans.swmed.edu/ 

http://www.wormatlas.org/index.htm 

http://www.wormbase.org/ 

http://www.cbs.umn.edu/CGC/ 

http://www.wormbook.org/ 
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Abstract 

 

Many neurodegenerative diseases are associated with the formation of pro-

tein inclusions in the brain. Most of these inclusions contain disease-specific mis-

folded proteins such as α-synuclein in Parkinson’s disease, and polyglutamine 

(polyQ)-protein in polyQ diseases, such as Huntington’s disease. Finding and elu-

cidating the molecular pathways involved in toxic protein aggregation related to 

disease will help us to understand these diseases. In this thesis, we take advantage 

of a thorough understanding of the biology, aging and genetics of a small animal 

model, C. elegans, the nematode roundworm. C. elegans is transparent, allowing  

fluorescent microscopy to be used to study protein misfolding and aggregation in 

vivo. First, we established and validated a model based on the conjugation of yel-

low fluorescent protein (YFP) to study α-synuclein misfolding and fibril formation 

in vitro and we created a C. elegans model to track accumulation of α-synuclein in 

vivo. Second, we used genetic screening in an existing polyQ disease model and in 

our model for α-synuclein inclusion formation to find novel modifiers of inclusion 

formation. The conserved modulator of polyQ aggregation, moag-4, found by for-

ward mutagenesis, appears to act by driving intermediate polyQ species into inclu-

sions. Interestingly, loss-of-function of this gene increases lifespan in C. elegans. 

The genes we found to alter α-synuclein inclusion formation by genome-wide 

RNAi, including aging genes, are different from the genes previously found to 

modify polyQ aggregation, suggesting there are different mechanisms underlying 

these two disease-related processes. The genes we found in these screens represent 

starting points for further dissection of the molecular pathways and are candidate 

genes for potential treatments to reduce disease or may influence the risk of devel-

oping these diseases. 
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Samenvatting 

Veel neurodegeneratieve ziektes zijn geassocieerd met de vorming van eiwit 

inclusies in de hersenen. Veel van deze inclusies bevatten ziekte specifieke misge-

vouwen eiwitten zoals α-synuclein in de ziekte van Parkinson, en polyglutamine 

(polyQ) aggregaten in polyQ ziektes (zoals Huntington’s). Het vinden en ophelde-

ren van moleculaire routes betrokken bij toxische eiwit aggregatie gerelateerd aan 

ziektes helpt bij het begrijpen van dergelijke ziektes. In dit proefschrift maken we 

gebruik van een complete begrip van de biologie, veroudering en genetica van het 

kleine model organisme de nematode rondworm C. elegans. C. elegans is transpa-

rant wat het mogelijk maakt eiwit aggregatie en misvouwing in vivo te kunnen be-

studeren met behulp van fluorescentie microscopie. We hebben een model opgezet 

en gevalideerd gebaseerd op conjugatie aan geel fluorescerend eiwit (YFP) om α-

synuclein misvouwing en de vorming van fibrillen te bestuderen in vivo, en hebben 

een C. elegans model opgezet om de accumulatie en aggregatie van α-synuclein in 

vivo te kunnen bestuderen. Daarnaast hebben we d.m.v. genetische screens in be-

staande polyQ model en ons model voor α-synuclein accumulatie gezocht naar 

genen die de mate van aggregatie beïnvloeden wanneer uitgeschakeld. De evolutio-

nair geconserveerde modulator van polyQ aggregatie moag-4, gevonden door een 

mutagenese screen blijkt intermediaire polyQ aggregatie vormen in inclusies te 

helpen. Interessant genoeg, een genetische mutant zonder werkzaam moag-4 ver-

lengd wel de levensduur van C. elegans. De genen die αsynuclein aggregatie beïn-

vloeden wanneer uitgeschakeld d.m.v. genoom-wijde RNAi we gevonden hebben, 

inclusief enkele verouderingsgenen, zijn zeer verschillend van genen die eerder 

gevonden zijn polyQ aggregatie te beïnvloeden, wat suggereert dat de mechanismen 

verschillend zijn. De genen gevonden in deze screens zijn startpunten voor verdere 

ontleding van de moleculaire routes en kandidaat genen voor therapeutische toe-

passingen of het risico verhogen of verlagen op het ontstaan van deze ziektes.  
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Samenvatting (voor de leek) 

Veel ongeneeslijke ziekten van centrale zenuw stelsel gaan gepaard met op-

hoping, aggregatie, van eiwit in de hersenen. Veel van deze ophopingen (aggrega-

ten) bevatten ziekte specifieke eiwitten zoals het eiwit α-synuclein in de ziekte van 

Parkinson, en polyglutamine aggregaten in polyglutamine ziekten (zoals de ziekte 

van Huntington’s). Ook de ziekte van Alzheimer’s en Creutzfeld Jakob worden ge-

kenmerkt door eiwit aggregaten in verschillende delen van de hersenen. Het is niet 

bekend hoe deze eiwit stapelingen ontstaan en hoe de stapeling bijdraagt aan het 

ziekte proces, al lijkt het er op dat de aggregaten zelf niet de ziekte veroorzaken.   

Het vinden en ophelderen van de moleculaire mechanismen (de genen) be-

trokken bij eiwit aggregatie in deze ziekten kan helpen bij het begrijpen van derge-

lijke ziekten. In dit proefschrift maken we gebruik van een grote kennis  van de 

biologie, het verouderingsproces en de genetica van het kleine model organisme de 

nematode rondworm C. elegans. De ongeveer 1 mm lange C. elegans wormen zijn 

transparant wat het mogelijk maakt eiwit aggregatie en in een levend dier te kun-

nen bestuderen met behulp van microscopie. We hebben allereerst een model op-

gezet en gevalideerd gebaseerd op het koppelen van een geel oplichtend eiwit (YFP) 

om aggregatie van het Parkinson eiwit α-synuclein te kunnen bestuderen in leven-

de wormen. Hiervoor hebben we het gen (DNA) voor YFP gekoppeld aan het men-

selijke α-synuclein gen, en daar transgene wormen mee gemaakt.  In deze wormen 

vormen zich fluorescerende eiwit stapelingen waarvan een deel mobiel, niet-

geaggregeerd eiwit bevat, maar op oudere leeftijd geaggregeerd eiwit lijkt te bevat-

ten. De mobiele aggregaten zijn een aanwijzing dat deze voorlopers van de eiwit 

aggregaten zijn, en mogelijk ook in Parkinson’s een rol spelen.  

Door middel van genetische screens, waarbij we op grote schaal specieke 

genen uitgeschakelden, hebben we in een al bestaand model voor polyglutamine 

ziekten en ons model voor α-synuclein aggregatie gezocht naar genen die de mate 

van aggregatie beinvloeden (vermeerderen of verminderen) wanneer uitgeschakeld. 

Een van de gevonden genen is het moag-4 gen, gevonden door een mutagenese 

screen, dat aggregatie van polyglutamine verminderd wanneer het gen uitgescha-

keld is. Het uitschakelen van moag-4, verlengd daarnaast de levensduur van C. 

elegans. Een al bekend genetisch mechanisme, de insuline signaal-transductie rou-

te, beïnvloed ook eiwitaggregatie en levensduur in C. elegans. Daarnaast is het 

mechanisme sterk geconserveerd binnen het dierenrijk, inclusief de mens. Dit wil 

zeggen dat de genen voor een groot deel hetzelfde zijn, en waarschijnlijk uit een 

gemeenschappelijke voorouder stammen. Het moag-4 gen blijkt eiwit aggregatie en 

levensduur onafhankelijk te veranderen, en dit is gedeeltelijk gekoppeld aan deze 

insuline signaal transductie.   
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De genen die α-synuclein aggregatie vermeerderen wanneer uitgeschakeld 

d.m.v. genoom-wijde RNA interferentie, waarbij we ongeveer 17.000 genen stuk 

voor stuk hebben uitgeschakeld, blijken zeer verschillend van genen die eerder 

gevonden zijn polypolyglutamine aggregatie te beïnvloeden, wat zou kunnen bete-

kenen dat de onderliggende ziekte mechanismen verschillend zijn.  

De genen gevonden in deze screens zijn startpunten voor verdere ontleding 

van de moleculaire routes en mogelijke kandidaat genen die het risico verhogen of 

verlagen op  het ontstaan van deze ziekten.   
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