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ABSTRACT OF THE DISSERTATION 

 

Therapeutic Development of Two Pathogenic Amyloids  

 

by 

 

Anni Zhao 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2013 

Professor David S. Eisenberg, Chair 

 

Amyloids are structured aggregates formed by misfolded proteins. Research has shown 

25+ diseases associated with amyloid deposits in vivo. No cure has yet been developed for the 

majority of these conditions and the development of disease-modifying drugs has been 

disappointing. In the past year, several pharmaceutical companies have simultaneously 

withdrawn drug trials because of the ineffective clinical results. However, these treatments have 

been developed based on the molecular understanding of amyloid proteins from a few decades 

earlier. The amyloid field has made promising advancements in the past several years that offer 

potential for new therapeutic strategies. We now know that a subset of amyloidosis is caused by 

the deposition of the mature fibrils.  Others are caused by the low molecular weight oligomers 

formed along the fibrillation pathway. Atomic views of these amyloid species were made 

available with the first steric zipper structure published in 2005 revealing the fibril spine and a 
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cylindrin structure published in 2012, revealing the core of a toxic oligomer. These structures 

provide opportunities for new therapeutic strategies against amyloid diseases.  

In the course of my PhD work, I have investigated two amyloid protein systems. The first 

project focused on amyotrophic lateral sclerosis, a progressive motor neuron disease caused by 

oligomer formation of the amyloid protein superoxide dismutase I. I identified a region in the 

protein that is particularly important for the cytotoxicity, and solved its crystal structure. This 

work revealed a potential drug target for amyotrophic lateral sclerosis, a painful disease with no 

available treatment option. The second project focuses on an extracellular peptide whose fibril 

formation drastically enhances HIV infection. I developed inhibitors that prevented fibril 

formation and reduced HIV infection rate in a functional assay. Importantly, these inhibitors 

were designed based on the steric zipper structure, common to many amyloid fibrils. As such, 

this approach has the potential to be adapted to the other 25+ amyloid systems.  
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Introduction and Dissertation Layout 

Amyloidosis is a class of 25+ diseases include Alzheimer’s disease, Parkinson’s disease, 

Amyotrophic Lateral Sclerosis, Type II Diabetes, Mad Cow Disease and many more 

(Westermark et al., 2005). Recently, P53 aggregation has been shown to cause the development 

of cancer and an amyloid fibril, described in my thesis work, has been found to enhance HIV 

transmission (Ano Bom et al., 2012; Munch et al., 2007). All of these conditions share the 

hallmark of in vivo fibril deposition and the fibrils formed by different amyloid proteins share 

common structural features. They have an elongated, unbranched morphology under electron 

microscopy and can all be positively stained by histological dyes Congo Red and Thioflavin T 

(Westermark et al., 2002). X-ray diffraction revealed that a cross-β conformation is present in 

the core structure of these fibrils (Westermark et al., 2002).  

 

Oligomers as the toxic species 

For a number of amyloidosis, particularly the neurodegenerative diseases, the cytotoxic 

entities are not the mature fibrils observed in vivo. Rather, the disease phenotypes are caused by 

amyloid oligomers. These oligomers are soluble, lower molecular weight species formed along 

the fibrillation pathway (Eisenberg and Jucker, 2012). A number of studies have support the role 

of oligomers in diseases. For example, in both Alzeihmer’s and ALS patients, the development 

of the disease symptoms have been observed before the fibrils could be detected. Soluble 

oligomers formed in vitro have shown more cytotoxicity than mature fibrils (Johnston et al., 

2000; Karch et al., 2009; Wang et al., 2003; Wang et al., 2002). More over, small molecules that 

stabilize the fibrils, shifting the equilibrium from oligomers to mature fibrils have shown to 

reduce cytotoxicity (Bieschke et al., 2011). Collectively these results support that in many of the 
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neurodegenerative diseases, the low molecular weight, soluble oligomers are the toxic entity 

(Broersen et al., 2010; Caughty et al. 2003).   

In 2012, Arthur Laganowsky et al. published the first atomic structure of a hexamer by an 

amyloid-forming segment from the amyloid protein α-B-Crystalline (Figure 1). The structure is a 

tightly packed barrel with six anti-parallel β-strands. Each strand has a strong and a weak 

interface due to the different number of 

hydrogen bonds to the neighboring 

strands. The interior of the cylindrin is 

formed entirely by hydrophobic residues. 

We termed this structure cylindrin. 

Laganowsky et al. further demonstrated 

that the oligomer formed by the segment resembles properties of the oligomers formed by full-

length proteins. It is toxic to mammalian cells and can be recognized by A11, a conformational 

antibody selectively binds to toxic oligomers (Kayed et al. 2003)   

Chapter 1 describes my work on a cellular protein, superoxide dismutase I (SOD1). 

Mutations on SOD1 lead to motor neuron degeneration and the development of familial 

amyotrophic lateral sclerosis (fALS). Previous work has shown that this cytotoxicity is likely to 

be caused by oligomers of ΔSOD1 (Karch et al., 2009). This chapter is a manuscript in 

preparation on the identification of a region in ΔSOD1 that is crucial for its toxicity. According 

to the ALS Database, 163 disease-related mutations have been identified across this protein of 

153 residues. The longest conserved segment is a seven-residue region near the N-terminus (30-

KVWGSIK-36). Building on the cylindrin structure, Rebecca Nelson, Luki Goldschmidt and 

Mike Sawaya has developed an algorithm to predict regions in other amyloid proteins that have 

Figure 1. The cylindrin structure of an amyloid oligomer 
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high propensity to form such structures. When applying this Rosetta-Profiling algorithm, 30-

KVWGSIK-36 resides in an 11-residue segment which showed high propensity to form a 

cylindrin-like structure. Thus, we hypothesize that this region is important for ΔSOD1 toxicity 

by enabling the toxic oligomer formation. 

 To test if this region is important for SOD1 toxicity, we made a single G33V mutation, 

engineered to disrupt the formation of a cylindrin like oligomer. We found that this point 

mutation abolishes the toxicities of both full length SOD1 and the high propensity segment in 

isolation, while maintaining their ability to form abundant fibrils. These results suggest that the 

mutation selectively knocks out oligomer formation and that cylindrin-like oligomers may be 

responsible for SOD1 toxicity. We further solved the crystal structure of this 11-residue segment 

assembled into an open barrel like structure. Upon closer look, the glycine to valine mutation 

would create major steric clashes, prohibiting such structure from forming. This supports our 

hypothesis that this N-terminal region is important for SOD1 toxicity for its role in enabling the 

toxic oligomer formation. Upon further validation in vivo, this region could be an important 

therapeutic target for fALS.  

 

Fibrils as the toxic species 

In a subset of amyloidosis, including many systematic disorders, fibrils are the toxic 

species that causes the disease phenotypes (Eisenberg and Jucker, 2012). Inhibition of fibril 

formation thus offers a viable therapeutic strategy. In 2005, Rebecca Nelson et. al. obtained the 

first atomic detail of a cross-β fibril structure formed by an amyloidogenic peptide from the yeast 

prion protein Sup35 (Figure 2) (Nelson et al., 2005). Building on this structure, our lab further 

developed a computational approach to predict fibril-forming regions in other amyloid proteins 
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(Thompson et al. 2006). This work laid a 

foundation for my thesis project, developing 

structure-based amyloid inhibitors. 

Chapters 2 through 4 discuss my 

work on the amyloid fibril termed Semen-

Derived Enhancer of Viral Infection (SEVI). 

This fibril is formed by the aggregation of a peptide segment generated from prostatic acidic 

phosphatase, an extracellular protein that is present in semen in milligram quantities. The 

amyloid fibrillar form of this peptide drastically enhances the HIV infection rate (Munch et al., 

2007).  

In Chapter 2, I discussed the structure study of the SEVI fibrils and my work on 

developing inhibitors against SEVI fibril formation. I have included crystal structures of two 

regions within the SEVI peptide revealing the potential target for inhibition. In collaboration 

with Lin Jiang, we have predicted a SEVI fibril model incorporating the crystal structure and 

biochemical data. Based on this structure, we developed inhibitors that are designed to cap the 

growing end of the fibrils and prevent the formation of mature fibrils. This chapter includes five 

L-peptide inhibitor candidates from three rounds of computational design and experimental 

testing. In our later work, we incorporated non-natural amino acid to enhance the activities of the 

inhibitors. The non-natural inhibitor is discussed in Chapter 3. 

Chapter 3 is a reprint of the publication Structure-based Design of Non-natural Amino-

acid Inhibitors of Amyloid Fibril Formation. Sievers SA*, Karanicolas J*, Chang HW*, Zhao 

A*, Jiang L*, Zirafi O, Stevens JT, Münch J, Baker D, Eisenberg D. Nature. 2011 Jun 

15;475(7354):96-100. We have applied this approach to two amyloid proteins. Stuart Sievers, 

Figure 2. Crystal structure of a fibril 
spine 
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John Karanicolas and Howard Change developed D-peptide inhibitors against Tau fibril 

formation, a condition lead to Alzheimer’s and Parkinson’s diseases. Lin Jiang and myself 

developed inhibitors with non-natural amino acid derivatives against SEVI fibril formation. 

Different from chapter 2, this chapter is a more in-depth discussion and characterization 

specifically on the SEVI inhibitor WW61, which showed the most promising inhibition activity.  

Chapter 4 reveals the unpublished work on the search for small molecules that are able to 

disaggregate pre-existing fibrils. After the initial work on the SEVI inhibitors, we have begun to 

learn that the SEVI fibrils are likely to have formed in the seminal fluid before ejaculation. 

Infectivity assay from our collaborator’s laboratory showed that “fresh” semen samples had 

already exhibited the HIV enhancing properties (Kim et al., 2010). As fibrils are tightly packed, 

stable species, de novo design of fibril disaggregators is extremely challenging. Instead, we 

adapted a high-throughput screening approach. We developed a fluorescent-based assay and 

screened 2,000 natural compounds for their ability to disaggregate pre-formed fibrils. From this 

first round of screening, we have obtained a subset of compounds with various activities. While 

the activities need to be optimized to have therapeutic values, this set of inhibitors may offer a 

starting point for further design of small molecule inhibitors. 

During my graduate study, I have investigated two amyloid systems. In the SEVI system, 

I have developed two strategies for inhibitor development. In the SOD1 system, I have identified 

an important site that is potentially responsible for the toxicity of this protein. The results of 

these projects provide valuable information for further therapeutic development. 
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Chapter 1 

This Chapter is a draft of a manuscript tentatively titled, “The critical role of Gly 33 in SOD1G93A 

oligomerization and toxicity” 

 

Abstract 

Familial amyotrophic lateral sclerosis (fALS) is a neurodegenerative disease often 

associated with the conversion of mutant superoxide dismutase I (SOD1) to amyloid form. Over 

160 such mutations have been identified throughout this 153-residue protein with no apparent 

pattern explaining toxic gain of function. Here, we report a segment in SOD1 (28-

PVKVWGSIKGL-38) whose integrity is essential for the toxicity of a disease mutant SOD1G93A. 

Previous work showed that the pathogenic entities in fALS are the soluble ΔSOD1 oligomers. 

Using a recently published structure of a toxic amyloid oligomer as a 3D profile, we detected 

that residues 28 to 38 in SOD1 has high propensity to form a toxic oligomer. Additionally, this 

segment has not found to be mutated in any patient presenting with SOD1-linked ALS, 

suggesting that it may be required for the formation of toxic species. We found that a single 

mutation within this segment (G33V) is able to abolish the toxicity of both the segment itself and 

full length SOD1G93A for mammalian cells including motor neurons. We further determined the 

crystal structure of the segment elucidating the critical role of Gly 33 in enabling the formation 

of toxic oligomers.  
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Introduction 

Amyotrophic lateral sclerosis (ALS) leads to the degeneration of motor neurons in the 

central nerve system. ALS patients develop progressive paralysis of muscles leading to 

difficulties swallowing and breathing and few survive beyond 3 – 5 years of disease onset. ALS 

can be sporadic or familial. Familial ALS (fALS) accounts for ~20% of ALS of cases, of which 

~10% are linked to mutations in the gene encoding the superoxide dismutase I (SOD1) protein 

(Chattopadhyay and Valentine, 2009; Wong et al., 1995). Over 160 SOD1 mutations have been 

identified in fALS patients (Chattopadhyay and Valentine, 2009). A subset of the mutations 

appears to destabilize the native protein structure leading to the aggregation of mutant SOD1 

(ΔSOD1) into amyloid deposits (Valentine et al., 2005). However, most of the mutations are 

distributed throughout the SOD1 protein with no obvious pattern for explaining toxic gain of 

function.  

The development of therapeutics for fALS has been challenging without understanding of 

the toxic entity at the atomic level. Mice models suggest that the development of the disease 

follows a gain-of-function mechanism. SOD1G93A expressing mice, but not SOD1 null mice or 

mice expressing WT SOD1, develop ALS-like symptoms. This suggests the development of 

fALS is linked to ΔSOD1 forming amyloid species (Mead et al., 2011; Reaume et al., 1996). 

Additionally, disease mice develop ALS-like symptoms before the accumulation of large fibrillar 

aggregates, suggesting the toxic species in fALS is a prefibrillar structure formed by ΔSOD1 

(Johnston et al., 2000; Karch et al., 2009; Wang et al., 2003; Wang et al., 2002).  

A range of studies suggests that the toxic entities in neurodegenerative diseases are low 

molecular weight, soluble oligomers, rather than mature fibers. Although the atomic details of 

the oligomers are not clear, a number of studies have support the roles of these species in 
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diseases. For example, in both Alzeihmer’s and ALS patients(Karch et al., 2009; Lesne et al., 

2006; Tomic et al., 2009), the development of the disease symptoms have been observed before 

the fibrils could be detected. Soluble oligomers formed in vitro have shown more cytotoxicity 

than mature fibrils. More over, small molecules that stabilize the fibrils, shifting the equilibrium 

from oligomers to mature fibrils have shown to reduce cytotoxicity (Haass and Selkoe, 2007; 

Lesne et al., 2006; Ono et al., 2009; Shankar et al., 2008). Collectively these results support that 

in many of the neurodegenerative diseases, the low molecular weight, soluble oligomers are the 

toxic entities.  

Amyloid oligomers have been found present in an ensemble of sizes and shapes 

(Eisenberg and Jucker, 2012). These species tend to be transient and present at low concentration. 

Furthermore, they are in equilibrium with the monomers, fibrils and with each other (Chiti and 

Dobson, 2006, 2009; Eisenberg and Jucker, 2012), complicating biochemical isolation and 

characterization. Bypassing these difficulties, Laganowsky et al. used a computation method to 

identify an amyloid-forming segment (K11V) from the amyloid protein αB-crystallin 

(Laganowsky et al., 2012). This segment forms abundant fibrils at elevated temperature upon 

vigorous shaking. However, under non-agitated conditions in physiological conditions, the 

segment assembles into a hexameric oligomer. Laganowsky et al. further showed that this 

oligomer exhibits properties of oligomers formed by full-length proteins: toxicity to mammalian 

cells and recognition by A11, a conformational antibody selectively binds to amyloid oligomers 

(Kayed et al., 2003). Laganowsky et al. determined the crystal structure of K11V oligomer, the 

first view at the atomic level of an intermediate amyloid species. It shows a tightly packed barrel 

formed by six anti-parallel β-strands, distinct from previous structures in the Protein Data Bank. 

Each β-strand of the cylindrin forms a strong and a weak interface due to the different number of 
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hydrogen bonding to its two neighboring strands. The interior of the cylindrin is formed entirely 

by hydrophobic residues (Figure 1).  

  Here, I report a segment around Gly 33 in the SOD1 protein that is necessary for the 

toxicity of the fALS disease mutant SOD1G93A. According to the ALS database 

(http://alsod.iop.kcl.ac.uk/Overview/gene.aspx?gene_id=SOD1), 163 disease-related fALS 

mutations have been identified throughout this protein of 153 residues. We observe that the 

longest conserved segment is a seven-residue stretch (30-KVWGSIK-36) (Figure 2) that lies 

within the cylindrin-compatible segment identified by our 3D Profile algorithm, 28-

PVKVWGSIKGL-38, abbreviated P11L. We hypothesize that Gly 33 may be an important 

residue for ΔSOD1 toxicity because it enables the formation of a cylindrin-like structure. To test 

if ΔSOD1 toxicity is caused by the formation of a cylindrin-like structure, we engineered a 

glycine to valine mutation in the background of the disease-related SOD1 mutant G93A. This 

single G33V mutation abolishes the toxicity of SOD1G93A in both PC12 neuronal cells and ES-

derived motor neurons. We determined the crystal structure of the 11-residue segment revealing 

the potential role of Gly 33 in enabling SOD1 oligomerization. 

 

Results 

Prediction of cylindrin forming segments in superoxide dismutase I.  

Numerous studies have shown that amyloid oligomers are a mixture of various sizes 

(Broersen et al., 2010; Caughey and Lansbury, 2003; Fandrich, 2012; Lashuel et al., 2002; Last 

et al., 2011; Orte et al., 2008; Sakono and Zako, 2010). Despite this polymorphic nature, many 

toxic oligomers, including the K11V cylindrin bind to the conformational antibody A11, 

indicating that they share common structural features (Glabe 2006). The cylindrin structure has 
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enabled us to identify segments in other amyloid proteins that could form toxic oligomers (Glabe, 

2006; Kayed et al., 2003; Tomic et al., 2009). This strategy has shown to be successful with 

predicting fibril structures (Goldschmidt et al., 2010; Sawaya et al., 2007; Thompson et al., 

2006). Using this method, Rebecca Nelson, Mike Sawaya and Luki Goldschmidt identified 11-

residue sequence segments from other amyloid proteins with cylindrin-forming compatibility. 

Since the K11V cylindrin is so far the only atomic structure of an amyloid oligomer, we 

developed a computational approach based on this structure to explore 11-residue segments in 

other amyloid proteins that can form cylindrin or cylindrin-like structures. We have identified 26 

putative segments in 6 amyloid proteins. Examining the sequence pattern of these high 

propensity segments, we found that many share a characteristic glycine at the central position. 

Revisiting the cylindrin structure, we hypothesized that this central glycine is critical for 

formation of a cylindrin-like oligomer structure (Figure 1).  

Most cylindrin-compatible sequence segments, including the K11V segment of alpha-B-

crystallin, contain a glycine residue at the central position, residue 6. Revisiting the K11V 

structure, we noticed that if one were to unroll the barrel, the interior of the barrel sheet contains 

a knob-and-hole motif (figure 1). The “knobs” are formed by Val 4 and Val 8, and the “holes” 

are created by Gly 6. In the interior of the barrel, the “knobs” fit into the “holes” and any residue 

that is larger than glycine is likely to disrupt this tight packing and preclude the formation of a 

cylindrin barrel. This suggests that a glycine at position 6 of an 11-residue cylindrin-compatible 

segment may be necessary for the formation of toxic oligomers. 

 

Residue 30 – 36 is the longest stretch of conserved sequence in the collection of ALS-linked 

SOD1 mutant sequences.  
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In the SOD1 protein, our application of the 3D Profile method resulted in two 

overlapping segments clustered near the N-terminus of the protein. Searching through the ALS 

database (http://alsod.iop.kcl.ac.uk/Overview/gene.aspx?gene_id=SOD1), we discovered that 

these segments are centered on 30-KVWGSIK-36, a highly conserved segment in all SOD1 

disease-related mutants. It is in fact the longest stretch of conserved sequence identified so far 

(Figure 2). In our 3D Profile prediction, segment 29-PVKVWGSIKGL-39, with a conserved 

glycine at the central position, has a high propensity to form a cylindrin-like oligomer structure. 

Combining these two observations, we hypothesis that SOD1 toxicity is directly related to a 

structure that is formed by the 11-residue segment. To test this hypothesis, we designed glycine 

mutation, based on the predicted structural model of P11L cylindrin. The G33V mutation does 

not break β-strands or manipulate charge; it is simply a slightly bulkier residue that would 

disrupt the tight packing observed in cylindrin. We made recombinant proteins SOD1G93A and 

SOD1 G33V/G93A. Native SOD1G93A protein appears to have WT like properties and SOD1G93A mice 

model is one of the few well-studied fALS disease models (Valentine et al., 2005). 

 

Glycine 33 is not crucial for the SOD1 expression or of a native-like structure of SOD1G93A. 

An alternative explanation for the high conservation of Gly 33 in disease mutants is that 

this residue is crucial for the cellular production of the SOD1 protein. The native structure of the 

SOD1 contains an eight-stranded β-barrel and that residue 30-37 spans an entire β strand (β3) in 

the native structure (Valentine et al., 2005). In our work, we have adapted the E. coli expression 

system to produce recombinant proteins. We do not observe significant difference in the 

expression levels of SOD1G93A and SOD1 G33V/G93A. Additionally, both constructs form stable 

dimers that were purified by HPLC – SEC and confirmed with dynamic light scattering 
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experiments (Figure 3). The glycine to valine mutation did not have major disruptive effect on 

protein production. In fact, the two constructs behaved very similarly during the expression and 

purification process, suggesting that Gly 33 is not crucial for the cellular production of the SOD1 

protein. 

 

SOD1G93A and SOD1 G33V/G93A both form abundant amyloid fibrils.  

We expressed recombinant proteins SOD1G93A and SOD1 G33V/G93A, both of which form 

abundant amyloid fibrils after 24 hours of incubation at 37°C with continuous shaking (Figure 4). 

The fibrillation assay was carried out at partially denaturing conditions described by published 

protocols (Chattopadhyay and Valentine, 2009). At the end of the fibrillation assay, we pelleted 

the fibrils for 30 minutes at 13,000 rpm and tested the protein concentration in the pellet. We 

found no major difference in the fibril concentration between the two preparations (Figure 4d). 

EM images showed that both constructs formed abundant fibrils.  

 

SOD1G93A is toxic to PC12 cells and SOD1 G33V/G93A rescues the toxicity.  

We next compared the toxicity of the SOD1G93A and SOD1 G33V/G93A amyloid preparations 

in mammalian cells. In these amyloid preparations, the various amyloid species such as 

monomers, oligomers and fibrils are present in equilibrium. We added these amyloid 

preparations to the cell medium and evaluated toxicity using the MTT reduction assay. SOD1G93A 

and SOD1 G33V/G93A preparations were added to cells and incubated for 24 hours at 37°C. We 

found that while both SOD1G93A and SOD1 G33V/G93A form abundant amyloid fibrils, only SOD1G93A 

is toxic, reducing the cell viability to roughly 65% of the control. SOD1 G33V/G93A amyloid 

preparations, while also exhibiting abundant fibrils showed little toxicity both at 4 μM and at 8 



	
  
	
  

15	
  

μM (Figure 5). All the protein concentrations discussed in this manuscript refer to the 

corresponding monomer concentrations. 

 

SOD1G93A is toxic to motor neurons and SOD1 G33V/G93A rescues the toxicity.  

Since fALS is a motor neuron disease, we next tested the effect of G33V mutation with 

embryonic stem cell (ES) derived motor neuron cultures. These motor neurons carry a GFP 

reporter gene, and toxicities can be directly observed from the morphology of the cells 

fluorescent microscopy. We added the amyloid preparations into the cell medium and compared 

the toxicity of SOD1G93A and SOD1 G33V/G93A after a24 hour incubation. At 12 μM protein 

concentration, SOD1G93A showed a clear toxic effect with the absence of axons and shrinking cell 

bodies. In contrast, at the same concentration, SOD1 G33V/G93A appeared to be non-toxic to motor 

neurons in our assays with cell morphology essentially identical to that of the control (Figure 6). 

Thus, from both the MTT reduction assay and the direct observation of cell morphology, we find 

that a single mutation G33V, while not disrupting fibril formation, is able to rescue the toxicity 

of SOD1G93A. This result is consistent with previous studies that suggest SOD1 toxicities are 

likely to be caused by low molecular weight oligomers rather than the mature fibrils (Citation). 

 

The K11L crystal structure shows an open barrel with out-of-registered β strands.  

To further test our hypothesis that SOD1 toxicity is directly related to a structure that is 

formed by the 11-residue segment, we determined crystal structure of this segment and tested the 

ability of the segment itself to form toxic structures. To aid crystallization, we replaced the initial 

proline of the 11-residue segment by lysine, termed K11L. This K11L peptide was chemically 

synthesized, crystallized in hanging drops and found to diffract to 2.1Å resolution. The structure 
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was determined by SIRAS with phases provided by KI soaking. The asymmetric unit of the 

structure is a continuous chain of β strands in an open cylindrin-like barrel that executes a 

corkscrew-like helix with 81 symmetry (Figure 7). The strands are anti-parallel and are out-of-

register by two residues. Each strand forms a strong interface to one of its two neighbors in the 

corkscrew with eight inter-chain hydrogen bonds and a weak interface to its other neighbor with 

six inter-chain hydrogen bonds. Additionally, the valine residues form a hydrophobic inner 

groove, while the Lys 3 residues align on the outer surface, forming a stripe of positive charges 

on the open barrel. This structure share similar patterns with both the cylindrin and the out-of-

register fibril structure (Laganowsky et al., 2012; Liu et al., 2012).  

 

K11L segment in isolation is toxic to cells.  

We found that the K11L segment showed significant toxicity to mammalian cells in a 

concentration dependent manner (Figure 8a and Figure 9). The K11L peptide was synthesized 

and dissolved in Tris buffer and incubation at 37°C without agitation. Interestingly, we found 

that a K11L sample prepared at a different condition, overnight agitation at 37 °C, forms 

abundant amyloid fibrils after. However, these fibril preparations showed toxicity only at 400 

μM (Figure 8a). To examine the species present in the non-agitated preparations, we conducted 

native mass spectroscopy. The spectrum indicates the presence oligomers with a range of sizes 

from dimers to dodecamers (Figure 10). We have also observed spherical species under EM, but 

not fibrillar species (Figure 8c). We further verified that the wildtype sequence P11L also 

showed toxicity to mammalian cells (Figure 11). Thus, the observed toxicity was not an artifact 

of the proline to lysine mutation. This segment insolation is toxic to mammalian cells. 
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The glycine to valine mutation abolishes K11L toxicity.  

In contrast to the wild type K11L segment, the segment carries the valine mutation 

(K11LG6V) forms a gel-like consistency immediately upon dissolving. Electron micrographs show 

abundant fibril formation immediately upon dissolving in buffer solution (Figure 12). X-ray 

fibril diffraction on the freshly dissolved K11LG6V sample showed that the most abundant species 

observed under electron microscopy has the characteristic cross-β diffraction pattern observed 

from other amyloid fibrils (Figure 13). The SOD1 construct K11LG6V designed to prevent 

cylindrin formation is not toxic to cells whether as freshly dissolved or aged (Figure 10, Figure 

12a). We then compared the toxicities of K11L and K11LG6V in ES derived motor neurons using 

MTT reduction assay. The K11L peptide is toxic to motor neurons and K11LG6V abolishes 

toxicity (Figure 14). These results with the high propensity peptide segment are consistent with 

that of the full-length SOD1 proteins. Both of these studies showed that Gly 33 is important for 

the toxicity of SOD1 G93A.  

 

Effect of G33V on WT SOD1 

We have also tested the effect of G33V on wildtype SOD1 protein. We have found that 

both SOD1 and SOD1G33V are able to form amyloid fibrils under partially destabilizing 

conditions with the presence of TCEP and EDTA. While the G33V abolishes the toxicity of WT 

SOD1 in PC12 cells (Figure 16), it does not have apparent effect on motor neurons (Figure 17). 

Both WT SOD1 and SODG33V are toxic to motor neurons when added extracellularly. 

Additionally, toxicity experiments on freshly dissolved SOD1 proteins indicated that both WT 

and G93A already appeared to be toxic to cells. Although after 24 hours of agitation, both 

preparations became more toxic. Interestingly, G33V mutation had no effect in the toxicity of 
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freshly dissolved WT protein, but had a mild rescue effect on G93A construct (Figure 16). This 

seemed to suggest that although both the WT and G93A constructs are toxic to HeLa cells, the 

toxicity mechanisms may be different.  

 

Discussion 

Gly 33 is important for the formation of a cylindrin-like oligomer  

Our Rosetta-profiling algorithm predicted that an 11-residue segment 28-

PVKVWGSIKGL-38 in SOD1 has high propensity to form a cylindrin like oligomer (Figure 1). 

In the cylindrincal oligomers, the central glycine (Gly 33) appears to be a crucial residue. Any 

amino acid with a larger side chain would create steric hindrance that would disrupt the tight 

packing of the predicted oligomer structure (Figure 1b). This region also covers the only β strand 

that has not found to be mutated (Figure 2). All other strands have multiple mutations, two of 

which are mutated at all positions. Even though the specific role of the individual mutation is not 

clear, these disease mutants are all capable of forming a structure that is cytotoxic suggesting that 

this region is important for the formation of toxic ΔSOD1 oligomers.  

 

Extracellular SOD1 aggregates are toxic to mammalian cells and G33V abolishes this 

toxicity 

To assess the role of Gly 33 in ΔSOD1 toxicity, we engineered a glycine to valine 

mutation to prevent the formation of a cylindrin-like oligomer.  We tested the effect of G33V 

mutation on the toxicities of four constructs, full-length proteins SOD1 G93A, SOD1 G33V/G93A and 

segments in isolation K11L and K11LG6V. Although SOD1 is an intracellular protein selectively 

toxic to motor neurons(Chattopadhyay and Valentine, 2009), so far there has not been well-
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established cell-line for toxicity studies with intracellular expressed SOD1. As such, we tested 

cytotoxicity of these amyloid preparations by adding the protein to the cell medium. Similar 

assays have been conducted with many amyloid proteins (Laganowsky et al., 2012). Additionally, 

recent work suggested that many amyloid proteins (Kfoury et al., 2012; Prusiner, 2012), 

including SOD1 (Grad et al., 2011), have prion like properties that the toxic species are capable 

of propagating from cell to cell.  Here, we have shown that G33V mutation does not disrupt fibril 

formation that all four constructs form abundant amyloid fibrils. However, in our assay, only 

SOD1 G93A and K11L amyloid preparations are toxic to mammalian cells, including motor 

neurons, while SOD1 G33V/G93A and K11LG6V abolishes the toxicities. These results suggest that Gly 

33 is important for observed toxicity of SOD1 G93A. 

 

Pre-fibrillar species are more toxic than fibrils 

Our study of K11V in isolation shows that the fibrillar species is not responsible for the 

observed cytotoxicity. The agitated K11L sample, which forms abundant fibrils is much less 

toxic than the non-agitated K11L sample where spherical species was observed. Additionally, 

K11LG6V, which forms abundant fibrils immediately upon dissolving, abolishes the toxicity. This 

is consistent with the previous studies that the proteins that have higher propensity to aggregate 

are less toxic (Finder et al., 2010). Moreover, we found that while K11LG6V is non-toxic at 800 

μM, when testing toxicity with a serial dilution of the K11LG6V, we begin to observe toxicity at a 

much lower concentration of 80 μM. We speculate that this concentration is below a critical 

concentration that shifts the equilibrium to oligomer formation. Together, these results suggest 

that the oligomeric species, rather than the mature fibril, is the toxic entity and Gly 33 is 

necessary for toxicity because it enables oligomer formation. 
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Crystal structure of K11L 

To understand the effect of the G33V at an atomic level, we determined the crystal 

structure of K11L. This segment forms an open-barrel with out-of-registered β strands, 

resembling a deformed cylindrin. In the interior of the open-barrel, Val 2 - Gly 6 -Val 4 from 

adjacent strands form an apolar stripe The small size of Gly 6 enables Val 2 and Val 4 to form 

van der waals interactions. When the out-of-register beta sheet rolls up into a barrel, Val 2 and 

Val 4 pack tightly against Gly 6. The G6V mutation creates significant steric hindrance with 

valines lining up in the interior of the barrel, precluding the formation of the open barrel (Figure 

18). The packing in the interior of the structure is consistent with our observation that K11LG6V 

forms fibrils significantly faster than K11L. We hypothesize that the glycine to valine mutation 

abolishes cytotoxicity by preventing the formation of the toxic oligomer, which contains a barrel 

like structure.  

 

The relationship of 3D structure to toxicity  

This study offers a molecular explanation for the relationship of Gly residues to amyloid 

toxicity. A number of studies have shown a relationship between the glycine residues and 

toxicity of amyloid proteins. For example, in the amyloid protein IAPP, patients carry the S20G 

mutation develop early onset, more severe form of the noninsulin-dependent diabetes mellitus 

(Sakagashira et al., 2000). Meanwhile, the NNFGAIL segment in the wild type IAPP sequence 

was believed to be important for the development of the disease (Jaikaran and Clark, 2001). The 

relationship between the glycine residues and toxicity has also been demonstrated with Amyloid-

β proteins. Studies have shown that the C-terminal glycines in the Aβ sequences are important 

for the cytotoxicity. A G37L mutation in Aβ significantly reduced Aβ toxicity in various toxicity 



	
  
	
  

21	
  

assays, while not disrupting fibril formation (Fonte et al., 2011; Harmeier et al., 2009; Kanski et 

al., 2002). This observation is very similar to the SOD1 system that we have studied here. 

Although the proposed mechanism was different, these authors have also come to the conclusion 

that a particular glycine residue is important for the formation of toxic Aβ oligomers.  

 

Out-of-register amyloid species are more toxic than in-registered fibrils  

While the open barrel appears to differ from the cylindrin structure at first glance, the two 

structures share structural similarities, namely antiparallel β strands in an out-of-registered 

arrangement with a strong and a weak interface. It is noteworthy that in-registered amyloid fibers 

appear to be more common that out-of-register amyloid species, and that many studies (Chiti and 

Dobson, 2006; Haass and Selkoe, 2007; Sakono and Zako, 2010) have suggested that minor 

species are responsible for toxicity. This link of a minor species to toxicity is supported by our 

work, particularly the study with the target segment in isolation, where the mature fibril 

preparations are non-toxic to both Hela cells and motor neurons. Previous work has 

demonstrated that there may be an alternative pathway that leads to the antiparallel out-of-

register species including out-of-register oligomers and out-of-register fibrils. Solid state NMR 

has shown that Aβ mutant protein can associate into anti-parallel arrangement (Qiang et al., 

2012; Tycko et al., 2009). Our lab has obtained crystal structures of an amyloidogenic segment 

from β2-microglobulin that formed both parallel in-registered fibrils and anti-parallel out-of-

registered fibrils. The out-of-register fibrils are more toxic than the in-registered fibrils formed 

by the same segments (Liu et al., 2012).  
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K11V mutation is likely to disrupt not just the cylindrin formation, but also other toxic 

oligomers with structural similarities. 

The G33V mutation is likely to disrupt multiple oligomers that contain a barrel-like 

structure. We know that the valine mutation would disrupt the formation of cylindrin and the 

open barrel structure reported in this work. Amyloid oligomers are polymorphic in nature and 

observed toxicity is likely to be caused by more than one species. Since the cylindrin and the 

open barrel are the only two prefibrillar structures reported so far, it is difficult to assess the 

specific effect of the this mutation on other toxic structures. However, the observation that this 

single point mutation abolishes the toxicity of the SOD1 G93A strongly suggests that the mutation 

is likely to disrupt more than one toxic species. Examination of the structures of K11L and 

cylindrin suggests that the valine mutation could prevent formation of multiple barrel like 

structures. When an oligomer structure is formed by identical segments from each protein 

subunit arranged in an out-of-registered fashion, the same residues align in the interior of the 

barrel. In the P11L sequence (PVKVWGSIKGL), the interior of the barrel is likely to have 

interactions formed between valine and isoleucine. Small residues, particularly glycine, permit 

adjacent residuesto form a tightly packed barrel. Thus, the glycine to valine mutation is likely to 

disrupt not just the cylindrin formation, but also other toxic oligomers with structural similarities. 

This is consistent with our native MS analysis on the K11L and K11LG6V preparations. We 

observed that the valine mutation led to an overall reduction of oligomer abundance. Our study 

has identified a site in SOD1 G93A that is important for the formation of toxic species.  
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Full length SOD1 oligomer model resembles a lipid binding protein 

 Because our crystal structure of K11L is of only a segment, we modeled an SOD1 

oligomer with K11L as the spine. This model of the full length protein appears to resemble the 

structure of a lipid-binding protein. To build the oligomer model around the K11L structure with 

no steric clash, it was necessary to slightly unravel the SOD1 monomer, exposing the N-terminal 

region of the protein (Figure 15). In the resulting model of the full-length SOD1 oligomer a 

hydrophobic groove formed by valines in the K11L structure is maintained in the inner surface. 

The K11V oligomer bears a striking resemblance to the lipid-binding moieties of the protein 

bactericidal/permeability-increasing protein (BPI). This suggests a potential mechanism for the 

toxicity of SOD1 oligomers. 

 

Materials and Method 

Expression and purification of SOD1 variant constructs  

All SOD1 constructs are expressed in an E coli system. The mutations discussed in this 

paper are based on a SOD1 background strain that carries a C6A, C111S double mutation to 

simplify the purification. SOD1 gene is inserted into the pET22b vector from Novagenen with 

NcoI and SalI restriction enzyme digestion site. This background construct was obtained from 

Professor Joan Valentine’s lab at UCLA. The plasmid is transformed into BL21(DE3)Gold 

expression cell line. For expression, we inoculate 10 ml LB + Amp (50mg/mL) from frozen 

stock and grow overnight. 10ml of starting culture is added to 2-L flask of 1L LB + Amp and 

grow for 3 hours at 37 °C to OD600 = 0.6. IPTG was then added to 1mM and Zn2+ was added to 

0.05 mM and grow for additional 3 hours. Bacteria pellet was collected by centrifuging 8,000 xg 

for 10 minute at 4 °C.  
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To release protein from the periplasm, we resuspend the cell pellet thoroughly in 30 ml of 

30 mM Tris-HCl pH 8, 20% sucrose and stir slowly at room temperature for 10 min. Collect the 

cells by centrifugation at 10,000 × g at 4°C for 10 min. Remove all of the supernatant and 

discard. Then thoroughly resuspend the pellet in 30 ml of ice-cold 5 mM MgSO4 and stir the cell 

suspension slowly for 10 min on ice. During this step, the periplasmic proteins are released into 

the buffer. Centrifuge at 4°C for 10 min at 10,000 × g to pellet the shocked cells. Keep the 

supernatant that contains the proteins. We then remove contaminant proteins with AmSO4 

precipitation. We take the supernatant from the last step of double osmotic shock in to a beaker 

that is put on ice with a stir bar and slowly add AmSO4 to 326g/L and let the sample stir for 

additional 30min on ice. Centrifuge at 10,000xg for 15min and collect supernatant which 

contains AS-SOD1, then filter with 0.45um filter. We then remove AmSO4 with a Phenyl 

sepharose column. Buffer A contains 2 M (NH4)2SO4, 0.15 M NaCl, 0.05 M KH2PO4, pH 7.0, 

adjusted with 1 M KOH. Buffer B contains 0.15 M NaCl, 0.05 M KH2PO4, pH 7.0, adjusted with 

1 M KOH. Load protein from AmSO4 precipitation step to 1x5ml hydrophobic column;  

Wash with buffer A to baseline and run linear gradient from 100%A to 100%B with 50ml 

volume. Peak contains SOD should come out before 50%. There is also a small peak of 

contaminant protein elute near 100% buffer.  

 

SEC-HPLC 

This sample is concentrated and loaded onto a prep-sized SEC-HPLC column. The peak 

containing AS-SOD elutes at around 60 minute. Since SOD1 has low A280 Absorbance and a 

contaminant protein elutes immediately before SOD1, to obtain pure protein, either low small 

amount of sample, or collect the peak, concentrate and reload onto the SEC-HPLC column. 
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Proteins were filtered through a 0.22 μm Centrex MF filter (Whatman, Florham Park, NJ). 

Filtered preparations were injected on a 21.5 mm x 60 cm Tosohaas G3000SW column (Tosoh 

Bioscience, King of Prussia, PA) equilibrated in SEC buffer (25mM sodium phosphate, 100mM 

sodium sulfate pH 6.5) at a flow rate of 3 mL/min. Absorbance at 220nm and 280nm were 

recorded using a Waters 2487 dual ʎ absorbance detector (Waters, Milford, MA). Protein 

standards were monitored by absorbance at 280nm.  

 

SOD1 demetallation  

The SOD1 discussed in this study are demetallated proteins. The sample purified with 

SEC-HPLC are dialyzed in four buffers at 4 °C. This is a modified version of a protocol 

developed by Professor John Hart’s group. Protein preparations is put in a 10K dialysis cassette 

and exchanged against buffer 1 (100mM Na Acetate pH 3.8, 10mM EDTA pH 8.0) twice, 12 

hours each. Then Exchange against buffer 2 (100mM Na Acetate pH 3.8, 100mM NaCl) for 4 

hours, then in Buffer 3 (100mM Na Acetate pH 5.5, 100mM NaCl) for 4 hours, and lastly in 

Buffer 4 (20mM K phosphate pH7.0) twice for 6-10 hours each time. To avoid metal 

contamination, all stock solutions (except for EDTA) have been treated with Chelex 100 resin 

(Bio-Rad) to remove trace metals and all beakers have been rinsed with metal-free water. 

 

Fibrillation assay 

Stock protein after metal removal have been concentrated with a 10K concentrator to 800 

μM (monomer) stock concentration and aliquot to 50 μl and stored at -80 °C. Fibrillation assay 

was carried out in 1.5ml eppendorf tubes under acidic conditions with 80 μM SOD1, 50 mM 

Sodium Acetate, 1mM EDTA and 10 mM TCEP, pH 3.5. Preparations were agitated at 900 rpm 
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at 37 °C for 24 hours and amyloid aggregates can be observed as white precipitant. These sample 

were then transferred to a 10K Slide-A-Lyzer MINI Dialysis Devices and exchanged against 2L 

of buffer with 100mM Tris and 50mM NaCl, pH 7.5 for 8 hours at 4 °C. Preparations were than 

collected for toxicity assay.  

 

PC12 and HeLa Cell Culture and Viability Assay 

Cell viability was investigated using a CellTiter 96 aqueous non-radioactive cell 

proliferation assay kit (MTT) (Promega cat. #G4100). HeLa and PC12 cells were used to assess 

the toxic effect of full length SOD1 and 11-residue peptide segment. HeLa cells were cultured in 

DMEM medium with 10% fetal bovine serum and PC-12 cells were cultured in ATCC-

formulated RPMI 1640 medium (ATCC; cat.# 30-2001) with 10% heat-inactivated horse serum 

and 5% fetal bovine serum. Cells were maintained at 37 °C in 5% CO2. For all toxicity 

experiments, 96-well plates (Costar cat. # 3596) were used. HeLa and PC-12 cells were plated at 

10,000 cells per well. Cells were cultured for 20h at 37 °C in 5% CO2 prior to addition of 

peptide preparations. 10 μl of sample was added to each well containing 90 μL medium, and 

allowed to incubate for 24h prior to the addition of 15 μl Dye solution (Promega. cat. #G4102) 

into each well, followed by incubation for 4h at 37°C in 5% CO2. After incubation, 100 μl 

solubilization Solution/Stop Mix (Promega cat. #G4101) was added to each well. After 12h 

incubation at room temperature, the absorbance was measured at 570nm. Background 

absorbance was recorded at 700nm. Each of the experiments was repeated 3 times with 4 

replicates per sample per concentration. The concentrations of the amyloid preparations were 

based on the corresponding monomeric protein/peptides. The results were normalized using the 

buffer-treated cell as 100% viability and 0.2% SDS-treated as 0% viability. 
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Differentiation of mESCs to motor neurons 

Hb9::eGFP mESCs were maintained and differentiated into motor neurons as previously 

described (Wichterle and Peljto 2008). Briefly, mESCs were first plated on gelatin to remove 

MEFs prior to differentiation, and then plated in 60mm bacterial petri dishes in core motor 

neuron medium (DMEM/F12, Neurobasal, 10% Knockout Serum Replacement, Pen-Strep, 

Glutamax) to induce embryoid body (EB) formation. Two days later, N2 supplement (1x), 

Retinoic Acid (1uM; Sigma), and SAG (1uM; Calbiochem) were added to the EBs. Media was 

changed every two days. All reagents are from Invitrogen, unless otherwise noted. 

 

Plating Hb9::GFP mESC-derived motor neurons for toxicity assay 

After five days post Retinoic Acid and SAG addition, Hb9::GFP EBs were dissociated 

using ice-cold 0.25% Trypsin-EDTA for 6 minutes at room temperature, followed by trituration 

in L-15 medium (Hyclone). Dissociated motor neurons were plated in core motor neuron 

medium with GDNF, BDNF, CNTF (all 10ng/ml; Peprotech) on 96-well plates that were 

previously coated with Poly-O-Ornithine (0.01%; Sigma) and Laminin (5ug/ml; BD 

Biosciences). Approximately 80,000 cells were plated per well. The next day, recombinant 

proteins were added to the cells. Fluorescent images were taken after 24 hours of incubation. 

 

K11L structure determination 

Crystals of K11L were grown in hanging drop VDX plates (Hampton Research, Aliso, 

Viejo, CA). Protein is dissolved as 50mg/ml in 50mM Tris-base. Reservior solution contains 

0.2M Na Citrate pH 5, 13% PEG 6000. Think needle like crystals appear after 2-3 days at 

ambient temperature. For heavy metal soaking, weigh 0.008g KI and dissolve KI in 100 uL of 
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reservoir solution as 0.5M KI solution. Mix 6.5 microliters KI solution with 3.5 microliters of 

mother liquor solution with 10% glycerol stock for cryoprotection. Soak crystal 30 seconds in 

the cryo-KI solution and flash freeze in liquid nitrogen. 

All data were collected at Advanced Photon Source (Chicago, IL) beam lines 24-ID-C 

and 24-ID-E. Single crystals were mounted with CrystalCap HT Cryoloops (Hampton Research, 

Aliso Viejo, CA). All data were processed using DENZO and SCALEPACK or XDS. K11L 

phase was obtained by heavy atom soaking and structure was solved by SIRAS, followed by 

model building using COOT. All model refinement was done using REFMAC  

 

Native Nanoelectrospray Mass Spectrometry 

K11L and K11LG6V were analyzed by direct nanospray injection (for review see 

(62)). Fractions were individually loaded into a 2-μm internal diameter externally coated 

nanospray emitter (ES380, Thermo) and desorbed by adjusting the spray voltage to 

maintain an ion current between 0.1 and 0.2 μA. A hybrid linear ion-trap/FTICR mass 

spectrometer was used for the analysis (7T, LTQ FT Ultra, Thermo Scientific, Bremen, 

Germany). Individual charge states of multiply protonated complex ions were selected for 

isolation and collisional activation in the linear ion trap followed by detection of the resulting 

product ions in the FTICR cell. Xtract software (Thermo Scientific, Bremen, Germany) was used 

to compute monoisotopic mass from the measured isotopomer profile. 
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Figure 1. Crucial role of glycine in cylindrin formation. Structural model of the cylindrin 

unrolled into a flat out-of-register β-sheet, revealing the interior of the cylindrin and the “knobs-

and-holes” motif. Val 6 and Val 8 form the “knob” as labeled and Gly 6 creates the “holes”. The 

small size of the glycine is crucial in enabling the formation of the cylindrin structure. 
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Figure 2. Mapping of disease-related mutations on SOD1. a, Amino acids positions that have 

found to be mutated in fALS patients are colored dark grey 

(http://alsod.iop.kcl.ac.uk/Overview/gene.aspx?gene_id=SOD1). Except for β3, all other β-

strands have multiple mutations and two of the strands are mutated at all positions. b, Plotting 

the number of mutations per amino acid position shows that the mutations are distributed through 

the SOD1 sequence with no apparent pattern. We identified that the seven residues centered 

around Gly 33, making β3 is the longest stretch of sequence that is present in all the disease 

related mutants.  
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Figure 3. Recombinant SOD1 mutant production. a, SDS-PAGE of recombinant SOD1G93A 

and SODG33V/G93A eluting as monomers with expected molecular weight. b, SEC-HPLC 

chromatogram at 220 nm, showing SOD1G93A eluting as a dimer at 60.8 minute. c, SEC-HPLC 

for SOD1G33V/G93A showed similar chromatogram. A peak containing a contaminant protein eluted 

immediately before the SOD1 construct. SOD1 fractions, for both constructs, were only 

collected after the A220 nm absorption reaches its maximum values. The resulting preparations 

contain fairly pure SOD1 proteins (a). 
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Figure 4. Both SOD1G93A and SOD1G33V/G93A form abundant fibrils. EM images of SOD1G93A 

and SOD1G33V/G93A fibrils. 40 μM of monomeric proteins were dissolved in partially denatured 

conditions and incubated at 37 °C for 24 hours with shaking and fibril preparations were further 

dialyzed in a physiologically compatible buffer. Abundant fibrils can be observed under negative 

staining electron microscopy for the post-dialysis preparations SOD1G93A (a) and SOD1G33V/G93A (b, 

c). d, Fibril preparations were pelleted by centrifuging at 13,000 xg for 30 min and proteins 

concentrations in the pellets was determined. The protein concentration present in the pellet is 

comparable between the two preparations. G33V mutation does not disrupt SOD1G93A fibril 

formation and that both constructs are capable of forming abundant fibrils. 
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Figure 5. G33V abolishes the toxicity of SOD1G93A in PC12 neuronal cells. Post-dialysis 

amyloid preparations containing abundant fibrils were added to PC12 cells. Cells were plated as 

10,000 cells per well. SOD1G93A was added as 4 µM final concentration. SOD1G33V/G93A was added 

as both 4 µM and 8 µM final concentrations. Three replicates were done with each condition. 

MTT reagents were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell 

viability and toxicity data was normalized against a negative control with dialysis buffer. 

SOD1G93A was toxic at 4 µM and reduced cell viability to ~65% while G33V mutation abolishes 

the toxicity at both 4 µM and 8 µM. Standard deviations are showing here as error bars. 
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Figure 6. G33V abolishes the toxicity of SOD1G93A in motor neurons. Post-dialysis SOD1G93A 

and SOD1G33V/G93A amyloid preparations were added to ES-derived motor neurons six day post 

differentiation. Motor neurons were plated as 80,000 cells per well. Amyloid preparations were 

added as 12 µM final concentration. Dialysis buffer was added to control preparations. 

Fluorescent images were taken 24 hours after cells were incubated with the protein preparations. 

Buffer treated cells showed healthy neurons with abundant axon networks. In SOD1G93A treated 

cells, a clear toxic effect can be observed. The morphology of the neurons was significantly 

different with shrinking cell bodies and majority of the axons missing. In contrary, SOD1G33V/G93A 

treated cells showed normal morphology that is similar to the control preparations.  
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Figure 7. Crystal structure of the K11L open barrel. Crystal structure of K11L reveals an 

asymmetric unit containing eight antiparallel β-strands. These strands are arranged in an out-of-

register fashion forming an open-barrel (a). Top down view (b) shows the interior of the 

structure is composed of valine residues and the exterior of the structure is composed of 

tryptophan and lysine residues. Strong van der waal interactions are formed with valine in the 

interior of the barrel. Val 2 and Val 4 pack tightly against the glycine in the adjacent strand. The 

interior of the open barrel hydrophobic, and excludes water (c).  
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Figure 8. Prefibrillar K11L specie is toxic to mammalian cells. Synthetic K11L peptide was 

dissolved in 50 mM Tris-base as 8 mM and incubated at 37 °C either with or without shaking for 

over night and then added to HeLa cells. MTT reagents were added after 24 hours of incubation 

at 37 °C. SDS was used for 0% cell viability and toxicity data was normalized against a negative 

control. K11L non-agitated preparations were significantly more toxic than preparations formed 

under agitated conditions. EM images showed abundant fibrils are present in the agitated sample 

and spherical species is present in the non-agitated, toxic sample. 
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Figure 9. Concentration dependent toxicity. Synthetic K11L and K11LG6V peptide were 

dissolved in 50 mM Tris-base as 8 mM and incubated at 37 °C without shaking for over night. 

Preparations were diluted and added to HeLa cells at indicated concentrations. MTT reagents 

were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell viability and toxicity 

data was normalized against a negative control. K11L is toxic to cell in a concentration 

dependent manner. K11LG6V rescues the toxicity of K11L also in a concentration dependent 

manner, but followed an opposite trend. At 800 μM, K11LG6V completely abolished the toxicity. 

However, at a lower concentration, 80 μM, the peptide became mildly toxic. Since K11LG6V 

form fibrils immediately upon dissolving and that the fibrils are not the toxic species, we 

speculate that the low concentration destabilized the K11LG6V fibril and favored the release of 

toxic oligomers. 
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Figure 10. Native MS spectrum of K11L (top) and K11LG6V (Bottom). Synthetic peptides 

were dissolved in Tris-base and incubated at 37 °C for over night under non-agitated condition. 

Oligomers of various sizes were present in K11L preparations. Small amount of oligomers were 

still present in K11LG6V, but are present in a much lower amount.  
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Figure 11. Segments P11L and K11L are both toxic to mammalian cells. Chemically 

synthesized peptides were incubated at 37 °C in 50mM Tris-base over night. HeLa cells were 

plated as 10,000 cells per well. Peptide preparations were added as 250 µM final concentration. 

Tris-base was added as control. Three replicates were done with each condition. MTT reagents 

were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell viability and toxicity 

data was normalized against a negative control. The native segment P11L (PVKVWGSIKGL) 

was toxic to HeLa cells. K11L (KVKVWGSIKGL), constructed to aid crystallization also 

showed toxicity but with a milder effect. 
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Figure 12. Glycine to valine mutation abolishes the toxicity of K11L. Synthetic K11LG6V 

(KVKVWVSIKGL) peptide was chemically synthesized and dissolved in 50 mM Tris-base as 8 

mM and incubated at 37 °C either with or without shaking for over night and then added to HeLa 

cells. MTT reagents were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell 

viability and toxicity data was normalized against a negative control. K11LG6V formed a gel 

like consistency immediately after dissolving. EM image showed abundant fibrils were present 

both in the freshly dissolved sample and the agitated sample. Regardless of the preparation 

methods, these preparations are either nontoxic or are only mildly toxic, all of which are 

significantly less toxic than the K11L preparations. 
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Figure 13. Fibril diffraction. K11L and K11LG6V agitated preparations were pelleted and 

aligned at room temperature. X-ray fibril diffraction for both preparations showed the cross-β 

diffraction pattern with strong diffractions at ~4.8 Å and ~10 Å along the meridional and the 

equatorial axis respectively. This data suggest that both preparations contain typical amyloid 

fibrils. 
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Figure 14. G33V abolishes the toxicity of K11L in motor neurons. Post-dialysis K11L and 

K11LG6V amyloid preparations were added to ES-derived motor neurons six day post 

differentiation. Motor neurons were plated as 80,000 cells per well. Amyloid preparations were 

added as 250 µM final concentration. Dialysis buffer was added to control preparations. MTT 

reagents were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell viability 

and toxicity data was normalized against a negative control. The segment in isolation was less 

toxic than full-length protein due to the absence of the rest of the amino acids that could facilitate 

the development of toxicity. Additionally, this segment appeared to be more toxic to HeLa cells 

than to motor neurons. Nonetheless, it was clear that the glycine to valine mutation rescues 

toxicity of the K11L segment. 
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Figure 15. Model for SOD1 aggregate using the K11L structure as a spine. Using the 

structure of K11L (a), we were able to model how full length SOD1 might assemble into such 

structure. Monomeric protein used here contained a partially denatured structure. Both side view 

(b) and top view (d) of the modeled structure is showing here. A hydrophobic groove that was 

present in the K11L structure was maintained after the full-length protein was modeled. The 

structure of the groove resembles that of a lipid binding protein, the human 

bactericidal/permeability-increasing protein (BPI). As such, we modeled the 

phosphatidylethanolamine molecule into the predicted lipid-binding sites as indicated (d). Co-

crystal structures are needed to validate this model. Unfortunately, we have not been able to 

obtain diffraction-quality crystals from detergent screens.  
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Figure 16 Toxicities of monomer and amyloid preparations. For freshly dissolved 

preparations (a, c), proteins SOD1, SOD1G33V, SOD1G93A and SOD1G33V/G93A were dissolved in 

dialysis buffer as describe in previous sections and added to HeLa cells as either 4 μM or 8 μM 

as indicated. For amyloid preparations (b, d), recombinant proteins were dissolved in a partially 

denaturing condition and incubated at 37 °C with continuous shaking for 24 hours. The amyloid 

preparations were then dialyzed and added to HeLa cells as either 4 μM or 8 μM as indicated. 

MTT reagents were added after 24 hours of incubation at 37 °C. SDS was used for 0% cell 
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viability and toxicity data was normalized against a negative control. Even in freshly dissolved 

preparations (a, c), both WT and G93A appeared to already be toxic to cells. However, both 

preparations become more toxic after 24 hours of incubation with shaking (b, d). G33V was able 

to abolish the toxicities of both WT and G93A in the amyloid preparations (b, d). Interestingly, 

G33V mutation had no effect in the toxicity of freshly dissolved WT protein, but had a mild 

rescue effect on G93A construct. This seemed to suggest that the WT and G93A constructs 

might have different effects on HeLa cells, both of which led to the observed toxicity detected by 

MTT assays. 

 

 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

46	
  

 

Figure 17. G33V does not abolish the toxicity of WT SOD1 in motor neurons. Post-dialysis 

SOD1 and SOD1G33V amyloid preparations were added to ES-derived motor neurons six day post 

differentiation. Motor neurons were plated as 80,000 cells per well. Amyloid preparations were 

added as 12 µM final concentration. Dialysis buffer was added to control preparations. 

Fluorescent images were taken 24 hours after cells were incubated with the protein preparations. 

Control preparations show healthy neurons with well-connected axons. Both SOD1 and 

SOD1G33V treated cells showed ill-looking cell morphology majority of the axons missing. No 

appearance differences could be observed between the two preparations. 
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Figure 18. Valine mutation creates steric clash. In the K11L structure (a), The interior of the 

open barrel was made with interactions between Val 2 and Val 4. Gly 6 was positioned on a 

strand that was in between the Val2 and Val 4, enabling the valine interactions. In the structural 

model of the engineered mutant (b), where glycine is replaced by valine, rolls of valine would 

line up in the interior creating major steric hindrance. Formation of such barrel structure would 

not be possible with K11LG6V peptide. 
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Chapter 2 

Structure based L-peptide inhibitors of SEVI fibrils. 

Abstract 

248PAP286 is a proteolytic peptide naturally present in semen. It forms abundant 

amyloid fibrils that drastically enhance HIV infection. The fibrillar form of the peptide is termed 

Semen-derived Enhancer of Viral Infection (SEVI). This enhancement is only observed with the 

amyloid fibrils, monomeric peptide is completely inactive. Thus preventing the fibril formation 

could potentially reduce the rate of HIV transmission. I obtained crystal structures of two regions 

in 248PAP286, GGVLVN and KLIMY, that have high propensity to form the core structure of 

SEVI fibrils. Mutation studies confirmed that both regions are important for SEVI formation. 

Bases on these structures, we designed L-peptide inhibitors. These inhibitors are designed to 

interact with GGVLVN and KLIMY and cap the growing end of the fibril to inhibit fibril growth. 

From three rounds of design and testing, we obtained 5 active L-peptide inhibitors that prevent 

both seeded and unseeded SEVI formation. These inhibitors also counteract SEVI’s activity in 

enhancing HIV infection in a cell-based assay. 
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Introduction 

Amyloids are insoluble aggregates formed by misfolded cellular proteins. These proteins 

contain diverse sequence compositions, native structures and functions. Upon environmental 

triggers that are not entirely understood, they can all enter the amyloid state, forming aggregates 

that share a similar structure. These amyloid deposits can be positively stained by histological 

dyes such as Thioflavin T and Congo Red. They form elongated, un-branched fibrillar structure 

under electron microscope (Eisenberg and Jucker, 2012). Additionally, these fibrillar structures 

formed by different amyloid proteins all share a similar cross-beta diffraction pattern, suggesting 

that similar structural architecture is present in these fibrils (Sipe and Cohen, 2000). The spine of 

the fibril is made of in-registered β-strands stacked along the fiber axis, forming paired sheets 

that are parallel to each other. The kinetics of fibril formation is described as a nucleation 

dependent process. The nucleation phase is considered the rate-limiting step and produces a lag 

time before aggregation can be detected by histological dyes.  

25+ diseases have been linked to amyloid formation. An amyloid protein discussed in 

this work, has been found to enhance HIV transmission. HIV pandemic is a serious concern with 

millions of new infections occurring each year. Among these cases, more than 80% are acquired 

through sexual intercourse. Since the development of effective HIV vaccines is still challenging, 

new strategies for prevention are of urgent need. Pre- and post -exposure prophylaxis (PrEP and 

PEP respectively) has been a growing interest. On-going clinical trials of PrEP and PEP entirely 

involve the use of antiretroviral drugs. Here, we tested an innovative strategy of host-directed, 

pre- and potentially post-exposure prophylaxis for HIV prevention. A host-directed method is 

likely to bypass the rapid emergence of a drug-resistant virus. In addition, our strategy does not 
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involve manipulation of the host immune system. This offers a potential unconventional, safe 

and effective way of preventing the transmission of HIV. 

In 2007, our collaborator Jan Munch’s laboratory identified and characterized a peptide 

fragment in semen that can drastically enhanced the HIV infection rate. This peptide fragment is 

generated from the prostatic acidic phosphatase (PAP), a protein that is present in semen in 

milligram quantities. With it present, one to three virons is sufficient for HIV infectivity 

(Dimitrov et al., 1993; Munch et al., 2007). Surprisingly, the enhancement is not merely due to 

the presence of this peptide segment (248PAP286). Munch et al. showed that newly synthesized 

peptides are completely inactive. HIV infectivity is only enhanced when 248PAP286 forms 

structured aggregates, amyloid fibrils. These PAP fibrils are termed Semen-derived Enhancer of 

Viral Infection (SEVI) (Munch et al., 2007). This study proposed a new role for amyloid fibrils 

in enhancing HIV infectivity that can lead to a new opportunity to prevent HIV transmission. 

Amyloid fibrils have been studied for many years due to their association with 

neurodegenerative diseases. It is known that despite the difference in amyloid proteins’ primary 

sequences, the fibrils (including SEVI) formed all share similar characteristics, such as cross-

beta diffraction pattern and dye binding affinity (Nelson et al., 2005; Sawaya et al., 2007; Sunde 

and Blake, 1997). The development of structure-based inhibitors that exhibit high specificities is 

made possible by our understanding of the fibril atomic structure. In 2005, Rebecca Nelson et al. 

solved the first crystal structure of the cross- β fibril spine (Nelson et al., 2005). This is a seven-

residue peptide segment from Sup35, a yeast prion protein that forms amyloid-like fibrils. 

Because amyloid fibrils formed by various proteins share similar core structure, we used this 

structure from Sup35 as a template and developed computational algorithms that predict 

segments in other amyloid proteins that have high propensity to form the spine of the fibrils. The 
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effectiveness of this algorithm has been validated by several studies (Sawaya et al., 2007; 

Thompson et al., 2006; Wang et al., 2008; Wiltzius et al., 2008).  The spines of the fibrils exhibit 

extensive hydrogen bonding and are important for the stability of the fibrils. These regions 

represent important targets for inhibition of fibril formation. Using this prediction algorithm, we 

have detected six segments in 248PAP286 that have high propensity to form amyloid fibrils. 

Initial computational modeling of the fibril interface suggests two of these six segments are 

especially plausible. The importance of these regions has been further confirmed with mutation 

studies. I determine the atomic structure of the two high propensity segments. These structures 

were served as target templates for inhibitor design. 

The most desirable inhibitor should bind to fibril forming segments of 248PAP286 with 

high affinity and specificity. A design algorithm has developed by our lab aiming to establish a 

well-packing interface between the fibril capping D-peptide and steric zipper core of amyloid 

protein. One inhibitor is designed to cap one beta-sheet at each end of the fibril, thus blocking 

the elongation of fibril at early stage of the process. This design method has shown success in 

vitro with tau, a classic amyloid protein associated with Alzheimer’s disease. Since a substantial 

amount of experimental results indicate amyloid fibrils share the same general core structure, our 

algorithm, with optimization, can be used to design inhibitors for all amyloid fibrils. This same 

approach was used in designing SEVI fibril blockers. After three rounds of design and testing, 

we have identified a set of active L-peptide inhibitors. In collaboration with Jan Munch, top in 

vitro candidates were tested with HIV in semen.  In this study, we have obtained effective SEVI 

aggregation inhibitors that counteracted SEVI mediated enhancement of HIV infection.  
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Results 
 
High propensity segment prediction  

248PAP286 is a 39-residue peptide that forms amyloid fibrils both in vivo and in vitro. 

Our predication algorithm predicted three regions in this peptide to have high propensity to form 

the steric zipper core structure of the fibril spine, residues 248 - 253, 260 – 268 and 279 – 286 

(Figure 1a). Previous work has shown that truncation at the N-terminus does disrupt fibril 

formation. In contrary, deleting of the C-terminal residues abolishes fibril formation of synthetic 

peptides. Additionally, I generated a valine to proline mutation in region 260-268, which also 

abolishes 248PAP286’s ability to form amyloid fibrils (Figure 2). Therefore, we focus our study 

on region 260 – 268 and region 279 – 286. We have chemically synthesized peptide segments 

260-GGVLVN-265 and 282-KLIMY-286. We showed that both segments in isolation are 

capable of forming abundant fibrils as seen under electron microscopy (Figure 1b, c). 

 

Crystal structures of GGVLVN and KLIMY 

We obtained crystal structure of the amyloidogenic segments GGVLVN and KLIMY.  

Both crystals were obtained using hanging drop vapor diffusion method. Both GGVLVN and 

KLIMY form steric zipper structures containing mating β-sheet tightly packed together with a 

dry interface. KLIMY crystal diffracted to 1.7Å and structure was solved by molecular 

replacement (Table 1). KLIMY structure contains anti-parallel β strands forming the mating 

sheets. Four possible steric zipper interfaces have been identified (Figure 3). GGVLVN formed 

class 1 steric zipper as defined by Sawaya et al. (ref). This structure is composed of parallel, in 

registered β strands with only one type of steric zipper interface present (Figure 4). The details of 

GGVLVN structure and refinement statistics are reported in chapter 3.  
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SEVI fibril model 

GGVLVN and KLIMY both form steric zipper structures and are capable of forming 

fibrils in isolation. When predicting a putative SEVI fibril model for the development of 

inhibitors, we hypothesized that GGVLVN forms the fibril spine for following reasons. Large 

number of studies has shown that the most mature fibrils are made of parallel in-registered β 

strands. Other steric zipper structures with similar structural motif to GGVLVN have been 

obtained from regions that are shown to be critical for other amyloid fibril formation, including 

Tau, Sup35 and Amyloid β. Fibril diffraction on SEVI showed classic cross-β diffraction pattern 

suggesting that SEVI fibrils share similar core structure as the other well studied amyloid 

proteins (Figure 5a). Therefore, we took the GGVLVN crystal structure as the spine of SEVI 

fibril, and we speculate that KLIMY region is important for fibril stability by forming hetero 

zipper interaction with GGVLVN.  We then modeled the rest of the peptide using Rosetta 

Energy minimization method and top-scoring model is shown in figure 5b.  

 

Fibrillation of recombinant 248PAP286 

To further characterize SEVI fibrils, we developed a method to express and purify 

recombinant 248PAP286 peptide in an E. coli expression system. We have found that 

248PAP286 has high tendency to be degraded by bacterial protease. After testing a dozen or so 

constructs, we found that MBP fusion is the only construct that gave the expression of intact 

248PAP286 peptide (Figure 6) . The peptide is cleaved from MBP using a TEV protease with no 

extra residue left from the cleavage site (Figure 6). We have found that this recombinant peptide 

form abundant fibrils after incubation at 37 °C with continuous shaking overnight. The lag time 

of this fibril formation at 5mg/ml is around 3 hours ± 1hour. When small amount (5% v/v) of 
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preformed SEVI fibrils was added to the fibrillation assay, the lag time is reduced to less than 1 

hour (Figure 7). The seeding effect is characteristic of amyloid fibrillation kinetics. We used this 

recombinant peptide for the study of the activities of our designed inhibitors. 

 

Inhibitors of SEVI formation 

The GGVLVN and KLIMY structures gave us templates for designing structure-based 

inhibitors.  We went through three rounds of optimization and testing. Fibrillation kinetics with 

the addition of active inhibitors is shown in figure 8. In the last round, we have incorporated non-

natural amino acid from which we obtained the inhibitor WW61. Details of the non-natural 

inhibitor design and characterization of WW61 is discussed in chapter 3.  In this chapter, we only 

report L-peptide inhibitors with promising activities.  

 To test the activity of the inhibitors we adapt a fluorescent-based assay with Thioflavin T 

dye. ThT only binds to fibrils, but not monomers or oligomers. Therefore, we evaluate the rate of 

fibril formation by monitor the lag time. A longer lag time should be expected with the addition 

of active inhibitors. As detailed in chapter 3, these inhibitors are designed to bind to the growing 

end of the amyloid fibrils that prevent elongation and therefore the formation of mature fibrils.  

In this study, we tested the inhibitors against both unseed and seeded SEVI fibrillation.  

Designed inhibitors should show inhibitory activities in both assays. Using these criteria, 

we have identified 5 active L-peptide inhibitors, WHRLYI, WHKLYI, HYRLYM, HYKWW 

and YTWKW. The results showed in this chapter are with inhibitors added as 2-fold molar 

excess. We have tested these L-peptide inhibitors as equal-molar or less, and observed little 

activity.  Interestingly, YTWKW is an inhibitor designed to block the interaction of KLIMY. It is 

more active against unseeded fibrillation, and much less active against seeded fibrillation. This is 
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consistent with our hypothesis that GGVLVN forms the main interaction at the core structure of 

SEVI fibril. Furthermore, we tested one of the active inhibitor HYRLYN against fibrillation of a 

different amyloid protein Aβ. HYRLYN is completely inactive against Aβ fibril formation, 

supporting our design that the inhibitors are selective to GGVLVN or KLIMY structures. 

 

SEVI inhibitors reduces HIV infection rate in a functional assay 

SEVI was identified to increase HIV infection. Therefore, we tested these inhibitors in a 

functional assay. In these assays, we incubate 248PAP286 peptide in vitro with and without 

inhibitors and these samples were added into an HIV infectivity assay. We have shown that the 

inhibitors that prevented SEVI aggregation also abolished SEVI mediated HIV infection. The 

infectivity with the presence of inhibitors is comparable to that of monomeric 248PAP286 

peptide, consistent with our design rationale that these inhibitors prevent the formation of HIV 

enhancing material. 

 

Discussion 

 284PAP286 is an extracellular peptide that is naturally present in semen. The amyloid 

form of this peptide drastically enhances HIV infection. This discovery offered a relationship 

between HIV infection and other amyloid diseases, such as Alzheimer’s disease, Parkinson’s 

disease, and bovine spongiform encephalopathy. A study published in 2002 by Wojtowicz et. al. 

has suggested that β-amyloid fibrils which cause neurodegeneration in Alzheimer’s disease also 

enhance HIV infection, albeit with a lower efficiency (Wojtowicz et al., 2002). Both studies 

propose a new role for amyloid fibrils in enhancing HIV infectivity that can lead to a new 

opportunity to prevent HIV transmission.  
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 The amino acid composition of 248PAP284 peptide includes a number of positively 

charged residues at physiological pH. Previous work on amyloid fibrils suggest that individual 

peptide unite arrange in a parallel in-registered fashion. Thus, upon fibril formation, positive 

residues will line up along the side of the fibrils and provide local high concentration of positive 

charges. These cations are suggested to facilitate HIV fusion to the target cells by reduce the 

repulsion force between the negatively charged membranes.  A previous study showed that a 

mutant peptide with all the lysine and arginine residues mutated to alanine still forms amyloid 

fibrils (Roan et al., 2011; Roan et al., 2009). However, the fibrils formed by the mutant peptide 

no longer show HIV enhancing activity. Therefore, inhibitors that prevent this fibril formation 

could potentially reduce the HIV infection rate. 

 In this study, we have identified two regions in the 248PAP284 that are important for 

SEVI formation and obtained crystal structures of these segments. GGVLVN formed a parallel 

in-registered steric zipper structure and KLIMY formed an antiparallel steric zipper structure. 

Based on previous knowledge about amyloid fibrils, we know that the core structures in majority 

of these fibrils are made with parallel β strands. Therefore, we believe GGVLVN and KLIMY 

stabilize SEVI fibrils in different ways. Since GGVLVN forms the most common motif observed 

in amyloid fibril spines, we modeled this region to form the core structure and KLIMY stabilize 

the fibrils by secondary interaction with GGVLVN. 

 We then designed L-peptide inhibitors based on the structure of GGVLVN and KLIMY. 

We identified 5 inhibitors that prevent both seeded and unseeded SEVI formation. Additionally, 

this inhibitor prevented SEVI mediated HIV infection. While testing these inhibitors, we have 

noticed that these peptide inhibitors are only active at two fold molar excess or more. On average, 

at this concentration, the lag time can be delayed by a factor of two. At five fold molar excess; 
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the inhibition can last for at least 2 days. Very little activity was observed at equal molar or sub 

molar ratio of inhibitor to 248PAP286.  It is worth noting that this ratio is the molar ratio of 

inhibitor to monomeric peptide. Since the inhibitors are designed to only bind to the growing end 

of the fibrils, and each fibril is made with hundreds of peptides, the effective molar ratio between 

inhibitor and SEVI fibrils is significantly lower. The specific binding affinity is difficult to 

calculate due to the lack of understanding of the number of fibril ends present in the solution. 

 We have also noticed that the lag time for SEVI formation varies significantly among 

replicates. The variation is generally larger with different batches of recombinant proteins. 

Additionally, the storage at -20 °C for prolonged period of time also leads to a change in 

fibrillation kinetics. Since the nucleation of fibrillation is a stochastic event, these variations in 

lag times are commonly observed. For these reasons, we have always included a 248PAP286 

only control when testing these inhibitors. Additionally, adding preformed seeds can reduce the 

variations in lag time among replicates.  

Even though the active inhibitors consistently show inhibitory activities, we do observe 

different levels of inhibitor activities with different batches of 248PAP286 peptides. Due to these 

variations, quantification of the inhibitor activity is challenging. Additionally, in this study, we 

tested the activity of these inhibitors with synthetic 248PAP286 peptides. Further experiments 

need to be done to evaluate the activities of the inhibitors in the presence of seminal fluid. 

 Our work showed that structured based inhibitor design is viable strategy for preventing 

amyloid fibril formation. Due to the common structure present in majority of the amyloid fibrils, 

this strategy can be used as a general technology platform that is useful for developing inhibitors 

for other amyloid proteins. This approach is particularly useful for systematic amyloidosis where 

1) there is a clear link between fibril deposit and the development of the diseases and 2) the fibril 
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deposit is outside of the brain since these peptide inhibitors cannot cross the blood brain barrier. 

Furthermore, stability of the inhibitors needs to be evaluated in the content of body fluid with the 

presence of many proteases. Our lab has developed computation method that incorporates non-

natural residues to these peptide inhibitors as discussed in chapter 3.  

 

Materials and Methods 

248PAP286 peptide expression and purification 

248PAP286 expression and purification have been detailed in chapter 1. Briefly, 

synthetic DNA (Invitrogen, Carlsbad, CA) has been PCR amplified with 5’ SacI and 3’ XhoI 

restriction sites. It is then cloned into a custom vector, a chimera constructed from the NdeI and 

XhoI digestion products pET15b (Novagen, Gibbstown, NJ), and the maltose binding protein 

(MBP) gene from pMALC2X (New England Biolabs, Ipswich, MA), resulting in an N- terminal 

His-tag MBP fusion vector. SEVI mutant was made with site directed mutagenesis with 

QuikChange Site-Directed mutagenesis kit from Strategene. MBP-248PAP286 fusion proteins 

are expressed in BL21-DE3(Gold) cells (Agilent Technologies, Santa Clara, CA) in LB miller 

media supplied with 100 μg/mL ampicillin (Fisher Scientific, Pittsburgh, PA). Protein expression 

is induced with 0.5mM IPTG (Isopropyl β–D-1-thiogalactopyranoside) once culture reached an 

OD600 ~0.6. Strong expression level is observed after 2-3 hours of induction at 34 °C.  

All buffers used in this purification need to be pre-chilled, since the 248PAP286 peptide 

is largely disordered and degradation-prone. His-MBP- 248PAP286 fusion protein is first 

purified with a HisTrap-HP column, where the target protein elutes at 300 mM Imidazole. The 

elute sample is then dialyzed in a Slide-A-Lyzer 10,000 MWCO dialysis cassette (Pierce, 

Thermo Fisher Scientific, Rockford, IL), against buffer 50 mM Tris buffer pH 7.5 and 50 mM 
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NaCl at 4 °C for at least 6 hours. The dialyzed sample was then pooled and 1/500 volume of 

TEV protease stock was added. TEV cleavage reaction was incubated again at 4 °C for overnight 

where close to 100% cleavage rate can be achieved. TEV protease reaction was then re-loaded 

onto the HisTrap-HP column. In this purification, buffer A is 20mM Tris pH7.5, 500mM NaCl 

and buffer B is 20mM Tris pH7.5, 500mM NaCl, 500mM Imidazole. Load protein sample and 

completely wash of the contaminants with buffer A and then elute 248PAP286 with 10% buffer 

B. 248PAP286 has two histadines which enables the peptide to bind to Ni-column with some 

affinity. This peak is then further purified using reverse phase high performance liquid 

chromatography (RP-HPLC) on a 2.2 x 25 cm Vydac 214TP101522 column equilibrated in 

buffer RA (0.1% trifluroacetic acid (TFA)/water) and eluted over a linear gradient from 0% to 

100% buffer RB (Acetonitrile/0.1% TFA) in 40 minutes at a flow rate of 9 mL/min. Absorbance 

at 220nm and 280nm were recorded using a Waters 2487 dual ʎ absorbance detector (Waters, 

Milford, MA). Peak fractions containing peptide were assessed for purity by a MALDI-TOF 

mass spectrometry (Voyager-DE-STR, Applied Biosystems, Carlsbad, CA). Pooled fractions 

were frozen in liquid nitrogen and lyophilized.  

 
Prepare SEVI peptide stock 

Lyophilized SEVI peptide stock was dissolved in HFIP as 10mg / ml to remove any 

preformed fibril seeds or small aggregates. Aliquot the sample as 1ml stocks, each contains 

10mg peptide. Leave the sample in a chemical hood for HFIP to evaporate over night. Then 

remove the HFIP completely with a SpeedVac concentrator. Samples were stored at -80 °C. 
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Prepare seed stock 

Each aliquot of the SEVI sample is dissolved as 5mg/ml SEVI in PBS and was agitated at 

37 °C for 2days to form mature fibrils. Fibril seeds were prepared by sonication at 25% 

amplitude, 1 second on; 1second off for total of 20 second. Seed solution was stored at 4 °C. 

 

Inhibition Assay Set up 

Inhibitors were chemically synthesized from CS Bio Co. 248PAP286 was made 

recombinant from E coli. 248PAP286 monomer final concentration is 0.66mM (3mg/ml) and 

inhibitor final concentration is 1.32mM. In seeded experiment, seed final concentration is 3% 

(v/v). Inhibitor peptides were dissolved in PBS as 5X working stock and were filtered with 0.45 

µm filters. 248PAP286 were dissolved as 1.25X working stock and filtered with 0.45 µm filters. 

Add inhibitor to 248PAP286 working stock and rotate mix SEVI and inhibitor solutions for 10 

min. Add ThT solution to final 10 µM. Pipet mix the seed solution and then add to 248PAP286 

and inhibitor mix to 3% (v/v). Pipet this mixture to a 96-well Nunc optical clear bottom black 

plate and sealed with Corning pressure seal tape. 3 replicates were used for each assay condition. 

In control samples, PBS buffer was used instead of inhibitor peptide. Kinetic assay was carried 

out with a Varioskan plate reader (Thermo Fisher Scientific Inc.). Fluorescent signal was 

measured at excitation wavelength of 440 nm and emission wavelength 482 nm at 15 minute 

intervals. The assay plate was incubated in the plate reader at 37 °C with continuous shaking at 

960 rpm with a diameter of 1mm. 
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Electron Microscopy 

 5 µL of sample was applied to glow discharged 400 mesh carbon-coated formar films on 

copper grids for three minutes. The grid was washed 3 times with 0.22 µm filtered water and 

stained with 1% uranyl acetate for one minute. Grid were examined with JEM 1200-EX is a 

transmission electron microscope with wide angle (top mount) BioScan 600W 1x1K digital 

camera (Gatan). Images were processed with Digital Micrograph acquisition software (Gatan).  

 

KLIMY structure determination 

KLIMY peptide was chemically synthesized from CS Bio Co. Dry peptide was dissolved 

as 10 mg/ml in water. Reservoir solution contains 1.0M Ammonium Sulfate, 0.1M HEPES 

pH7.0. Crystals appear at ambient temperature after 1 day.  Single crystal was mount onto a glass 

needle and store at room temperature. X-ray data was collected at the Advanced Photon Source 

(Chicago, IL) beam line 24-ID-E. Data were processed using DENZO (52) and XDS (53). Phase 

information was obtained by molecular replacement using PHASER. Model refinement was 

done using REFMAC. Statistics pertaining to structure determination are provided in table 1. 

 

Fiber diffraction 

SEVI fibril samples were concentrated by centrifugation at 13,000 xg for 30 min 

followed by washing with water two times to remove the salts in PBS buffer. Then, the pellets 

were resuspended into 10 μL water. The 5 μL of the suspension was pipetted in between two 

closely spaced, fire-polished glass rods. The samples are dryed at room temperature overnight. 

During this process, SEVI fibrils are aligned in between the glass rod. The fibril samples on the 

glass rod were mounted on the in-house X-ray machine using a Rigaku FR-D X-ray generator 
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equipped with an RIGAKU HTC Imaging plate detector. The diffraction data were collected 

with 5° rotation oscillation for 5-min exposures. 

 

HIV infectivity assay 

The CCR5 tropic molecular HIV-1 clone NL4_3/92TH014-2 (Papkalla et al., 2002) was 

generated by transient transfection of 293T cells with proviral DNA. Supernatants were collected 

48 hrs later and p24 concentrations determined by ELISA. TZM-bl reporter cells encoding a lacZ 

gene under the control of the viral LTR promoter were obtained through the NIH AIDS Research 

and Reference Reagent Program and were provided by Dr. John C. Kappes, Dr. Xiaoyun Wu and 

Tranzyme Inc.) (Platt et al., 1998). 40 µl HIV-1 containing 0.1 ng p24 antigen was incubated 

with 40 µl dilutions of mixtures of 248PAP286 and inhibitory peptides that were either freshly 

prepared (t=0) or that had been agitated for 23 hrs (t=23). Peptide concentrations and 

experimental conditions during agitation have been described above. Thereafter, 20 µl of 

virus/248PAP286/inhibitor mixtures were used to infect 180 µl TZM-bl cells seeded the day 

before (1x105/well).  2 days later infection rates were determined by quantifying ß-galactosidase 

activities in cellular lysates using the Gal-Screen assay as recommended by the manufacturer 

(Applied Biosystem, T1027). Luminescence was recorded on an Orion microplate luminometer. 
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Figure 1.  High propensity segment prediction. Rosetta-profiling algorithm generated three 

regions in 248PAP286 that have high propensity to form the core structure of SEVI fibrils (a). 

Truncation study has shown that the N-terminal residues are not required for SEVI formation. 

Thus, we chemically synthesized the other two high propensity segments GGVLVN and KLIMY. 

Electro micrographs show that both segments form abundant fibrils as 10 mg/ml in water (b, c). 
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Figure 2.  Fibrillation assay of proline mutant. To confirm the role of the high propensity 

segments, I made a proline mutation in the GGVLVN region of the 248PAP286 peptide. 

Recombinant peptides were dissolved in PBS at 10mg/ml, and incubated at 37 °C with shaking 

for over night. WT 248PAP286 formed abundant fibrils and V17P mutation disrupted the fibril 

formation. In the 248PAP286V17P sample, most abundant species under EM is spherical 

aggregates with sparse fibrils. Munch et al constructed a truncation mutant at the C-terminus 

where LY was deleted from KLIMY region. This construct also significantly disrupted fibrils 

formation. These mutagenesis studies confirmed our prediction results that GGVLVN and 

KLIMY is important for fibril formation. 
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Figure 3. Crystal structure of KLIMY.  KLIMY form thick needle like crystals (a). Side view 

of two mating sheet represent the structure of a putative fibril spine (b). Arrow indicates the 

fibril axis. Each β-sheet is made of anti-parallel β-strands and KLIMY forms dry interface. Four 

possible steric zipper interfaces are shown in c. 
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Figure 4. Crystal structure of GGVLVN. GGVLV form thin needle crystals (a). Side view of 

two mating sheet represent the structure of a putative fibril spine (b). Arrow indicates the fibril 

axis. Each β-sheet is made of parallel β-strands and the steric zipper interface is shown in c. 
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Figure 5. Fibril diffraction and structural model. SEVI fibrils were aligned at room 

temperature. (a) X-ray fibril diffraction indicates that SEVI forms the typical cross-β 

confirmation as observed with other amyloid fibrils. We did not observe a diffraction at ~9.6 Å 

that would indicate an anti-parallel fibril structure. (b) We used GGVLVN as the core of the 

SEVI fibrils and modeled the rest of the peptide with KLIMY forming hetero interactions with 

GGVLVN to stabilize the fibril structure. N-terminal residues are not engaged in major 

interactions. Computation model was refined with Rosetta-energy minimization method. 
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Figure 6. 248PAP286 expression and purification.  248PAP286 peptide was expressed as a 

MBP fusion in E. coli. 248PAP286 was first purified with Ni-NTA column and then purified 

with RP-HPLC. MS spectrum confirm the HPLC elute peak contains pure 284PAP286 peptide. 
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Figure 7. SEVI fibrillation kinetics. 5 mg/ml of 248PAP286 peptides were dissolved in PBS 

either with (light grey) or without seed (dark grey). Both samples were incubated at 37 °C with 

continuous shaking. Unseeded sample showed nucleation dependent kinetics with large variation 

in lag time (3 hour ± 1 hour).  Seeded sample form fibrils within the first hour with very little 

variation in lag times. 5% (v/v) seed was used in this assay. 
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Figure 8. L-peptide inhibitors against seeded and unseed fibrillation. 2-fold molar excess of 

inhibitor peptides were added to either unseeded (a) or seeded (b) SEVI fibrillation assays. This 

figure showed five inhibitors that are able to delay both seeded and unseed fibrillation. However, 

a	
  

b	
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these inhibitors were not able to prevent fibril formation, particularly under seeded conditions, 

fibril formation is observed near the end of the assay. YTWKW is designed based on KLIMY 

structure and all other active inhibitors are designed based on GGVLVN structure.   
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Figure 9. L-peptide inhibitor does not inhibit Aβ fibrillation. We tested one of the active L-

peptide inhibitors at two fold molar excess against Aβ. The inhibitor designed based on SEVI 

structure is completely inactive against Aβ, suggesting that the inhibition is not due to non-

specific interactions. 
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Figure 10. L-peptide inhibitors prevent SEVI-mediated infection. 40 µl HIV-1 containing 0.1 

ng p24 antigen was incubated with 40 µl dilutions of mixtures of 248PAP286 and inhibitory 

peptides that were either freshly prepared (t=0) or that had been agitated for 23 hrs (t=23) 

without seed. 20 µl of virus/248PAP286/inhibitor mixtures were used to infect TZM-bl cells and 

CEMM7 cells seeded the day before. 2 days later infection rates were determined by quantifying 

ß-galactosidase activities in cellular lysates using the Gal-Screen assay. All five active inhibitors 

significantly reduced rate of SEVI mediated infection in both cell lines. 
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Table 1. KLIMY data collection and refinement statistics 
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Chapter 3 

This Chapter is a reprint of: 

Structure-based design of non-natural amino-acid inhibitors of amyloid fibril formation 

Sievers SA*, Karanicolas J*, Chang HW*, Zhao A*, Jiang L*, Zirafi O, Stevens JT, Münch J, 

Baker D, Eisenberg D. Nature. 2011 Jun 15;475(7354):96-100 

*These authors contributed equally to this work. 

 

Abstract 

This chapter discusses our work on developing structure-based amyloid inhibitors against 

fibril formation. We have applied this approach simultaneously to two amyloid model proteins. 

Lin Jiang and myself developed inhibitors with non-natural amino acid derivatives against SEVI 

fibril formation. Stuart Sievers, John Karanicolas and Howard Chang developed D-peptide 

inhibitors again Tau fibril formation.  The SEVI inhibitor described here WW61 is optimized 

based on a L-peptide inhibitor discussed in chapter 3. We incorporated two non-natural amino 

acid residues to enhance the inhibition activity. At two fold molar excess, this inhibitor 

efficiently delayed fibrillation for two days. In a functional assay, we showed that WW61 was 

able to block the formation of viral-enhancing material and prevent the SEVI mediated 

enhancement of HIV infection.  

 
 
 
 
 
 
 
 
 



	
  
	
  

83	
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

84	
  

 

 

 



	
  
	
  

85	
  

 

 

 



	
  
	
  

86	
  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
  
	
  

87	
  

 
 
 
 



	
  
	
  

88	
  

 



	
  
	
  

89	
  

 

 

 



	
  
	
  

90	
  

 

 

 



	
  
	
  

91	
  

 

 

 

 



	
  
	
  

92	
  

 

 

 

 



	
  
	
  

93	
  

 

 

 

 



	
  
	
  

94	
  

 

 

 

 



	
  
	
  

95	
  

 

 

 

 



	
  
	
  

96	
  

 

 

 

 



	
  
	
  

97	
  

 

 

 



	
  
	
  

98	
  

 

 

 

 



	
  
	
  

99	
  

 

 

 



	
  
	
  

100	
  

 

 

 

 



	
  
	
  

101	
  

 

 

 

 



	
  
	
  

102	
  

 

 

 



	
  
	
  

103	
  

 

 

 

 



	
  
	
  

104	
  

 

 

 



	
  
	
  

105	
  

 

 

 

 



	
  
	
  

106	
  

 

 

 

 



	
  
	
  

107	
  

 

 

 

 



	
  
	
  

108	
  

 

 

 

 



	
  
	
  

109	
  

 

 

 

 



	
  
	
  

110	
  

 

 

 

 



	
  
	
  

111	
  

 

 

 

 



	
  
	
  

112	
  

 

 

 

 



	
  
	
  

113	
  

 

 

 

 



	
  
	
  

114	
  

 

 

 

 



	
  
	
  

115	
  

 

 

 

 



	
  
	
  

116	
  

 

 

 

 



	
  
	
  

117	
  

 

 

 

 



	
  
	
  

118	
  

 

 

 

 



	
  
	
  

119	
  

 

 

 

 



	
  
	
  

120	
  

 

 

 

 



	
  
	
  

121	
  

 

 

 

 



	
  
	
  

122	
  

 

 

 

 



	
  
	
  

123	
  

 

 

 



	
  
	
  

124	
  

Chapter 4 

Small Molecules that Dissolve Preformed Fibrils 

Abstract 

 In vivo deposition of amyloid fibrils is a hallmark in the pathogenesis of amyloid diseases. 

In some of these diseases, fibrils are the toxic species. Inhibitors that dissolve preformed fibrils 

provide an important therapeutic option. In other diseases, oligomers are the toxic species and 

fibrils serve as a reservoir of toxic oligomers. In these conditions, stabilization of the fibrils may 

provide viable therapeutic strategies. Most current studies have identified inhibitors that prevent 

fibrillation but have little to no effect against preformed fibrils. Here, I used SEVI as a model 

system and screened a library of 2,000 small molecules. In this assay condition, SEVI fibrils is 

partially destabilized and slowly self-depolymerize over ~18 hours. Using this assay, I identified 

9 compounds that facilitate the dissociation of fibrils and 10 compounds that appear to stabilize 

SEVI fibrils.  

 

 

 

 

 

 

 

 



	
  
	
  

125	
  

Introduction 

Semen-derived enhancer of virus infection (SEVI) is a proteolytic fragment from human 

prostatic acidic phosphatase (248PAP286). It is an extracellular peptide that is naturally present 

in semen at a concentration of ~35 μg/ml. Upon releasing from the parent protein, the peptide 

fragments spontaneously assemble into amyloid fibrils, termed SEVI (Munch et al., 2007). 

248PAP286 carries a number of residues that are positively charged under physiological pH. 

Similarly to other amyloid fibrils, SEVI has a classic cross-β fibril diffraction pattern indicating 

that a parallel in-registered arrangement in the fibril ultrastructure. In the fibril structure model, 

the positive residues from individual peptide unit line up to form a local high concentration of 

cationic residues. This facilitates the fusion of virus and target cells, both of which have 

negatively charged membranes. As a result, SEVI fibrils enhance HIV infection for more than 

100,000-fold (Munch et al., 2007; Roan et al., 2009). This enhancement is only observed with 

the fibrillar form of the peptide. Monomeric species is completely inactive (Munch et al., 2007). 

Thus, SEVI fibrils present a potential target for reducing the incidence of HIV transmission.  

We have previously designed structure-based peptide inhibitors that efficiently disrupted 

the monomeric peptide from assemble into mature SEVI fibrils (Sievers et al., 2011). Recently, 

Cu(II) and Zn(II) have also been shown to have inhibitory activities against SEVI formation 

(Sheftic et al., 2012).  In both studies, the inhibitors were only active when mixed with 

monomeric 248PAP286. However, in a follow up study on SEVI in 2010, infectivity assay 

conducted with “fresh” semen samples showed significant enhancement of HIV infection (Kim 

et al., 2010). This indicates that SEVI fibrils are likely to have already formed before ejaculation. 

Furthermore, additional seminal peptides have been identified to form amyloid fibrils and 

enhance HIV infection. These include a peptide released from a region different from 



	
  
	
  

126	
  

248PAP286 (Arnold et al., 2012), as well as peptides released from semen coagulum protein 

(Roan et al., 2011). Therefore, it is possible that the enhancement of infection is a collective 

effect of multiple amyloid species. These recent developments on semen-derived amyloid fibrils 

suggest that viable treatment options should not only prevent fibril formation, but also be able to 

disaggregate preformed fibrils. Furthermore, because of the multiple amyloid fibrils present in 

semen, a broad-spectrum inhibitor is highly desirable.  

Majority of the small molecule inhibitors discovered thus far have activity only on 

preventing fibril formation. Most of them are shown to remodel the fibrillation pathway and trap 

the amyloid proteins into non-toxic oligomeric aggregates that are not cytotoxic (Ehrnhoefer et 

al., 2008; Klunk et al., 1998; Kroth et al., 2012; Ladiwala et al., 2011). Furthermore, in many of 

these studies, fluorescent-based assay was used to evaluate the relative abundance of the fibrils. 

Certain small molecules have quenching effects, misleading the data interpretation (Kroth et al., 

2012). EGCG is the only compound so far that has been shown to dissolve preformed fibrils 

when added as equal-molar concentration (Bieschke et al., 2010). This disaggregation effect of 

EGCG has been shown with α-synuclein and amyloid-β fibrils (Bieschke et al., 2010). However, 

EGCG was not able to effectively dissolve preformed SEVI fibrils. Rational-design of small 

molecule inhibitors has been challenging for amyloid fibrils. The surface of the fibril is a flat 

structure, lacking a well-defined drug pocket that is typically preferred for de novo design. X-ray 

crystallography has shown that several of the small molecules can slide along the spine of the 

fibrils (Landau et al., 2011). Additionally, amyloid fibrils are metastable structures with tightly 

packed interfaces. Therefore, the inhibitor must have very high affinity to be able to disrupt the 

interactions present in the preformed fibrils.  

Here, we took a high-throughput screening approach to identify compounds that can 
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potentially dissolve fibrils. We screened a small molecule library of 2,000 compounds that were 

identified from natural sources. We monitored the abundance of the fibrils over 16 hours upon 

adding compounds. We identified a set of 9 compounds that are capable of destabilizing SEVI 

fibrils. Additionally, we have also identified 10 compounds that stabilize SEVI fibrils. For 

neurodegenerative diseases such as Alzheimer’s disease, numerous studies have shown that the 

pathogenic species is the amyloid oligomers and fibrils are non-toxic byproducts (Haass and 

Selkoe, 2007). Since oligomers and fibrils co-exist in equilibrium, fibril-stabilizing compounds 

could shift this equilibrium towards fibrils. This approach could reduce the abundance of 

oligomers and thus be useful for treating this class of diseases. 

 

Results 

In my previous work, I have developed inhibitors that prevent fibril formation. In these 

assays, inhibitor peptides were mixed with monomeric 248PAP286 peptides and prevent the 

association of these peptides to form elongated fibrils. In a functional assay where the inhibitors 

and 248PAP286 peptides are added to cell medium, SEVI mediated HIV infection was inhibited 

(Sievers et al., 2011). However, we later learned that these inhibitors are not active if seminal 

fluid instead of purified 248PAP286 peptides were used in this assay (Figure 1).  Previous work 

has shown that “fresh” semen sample already has HIV enhancing material, suggesting that SEVI 

fibrils are formed before ejaculation (Kim et al., 2010). Our inhibitors designed to prevent 

elongation of the fibrils are not active against preformed fibrils.  

I have also tested EGCG’s ability to disaggregate SEVI fibrils. EGCG is a polyphenol 

that has been well studied in vitro as an amyloid inhibitor. This molecule has shown to remodel 

the fibrillation pathway towards non-toxic amyloid oligomers. Its activity has been demonstrated 
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in amyloid β and α-synuclein proteins (Bieschke et al., 2010). In this system, equal molar of 

EGCG was added. The fibril samples disaggregate and spherical oligomers can be observed 

under electron microscope. Here, I have shown that at 5x and 10x molar excess, EGCG was not 

able to dissolved preformed SEVI fibril even after 24 hour of incubation at ambient temperature 

(Figure 2). 

To identify compounds that can potentially dissolve preformed SEVI fibrils, we adapted 

a high throughput screening approach. Amyloid fibrils can be recognized by the fluorescent dye 

Thioflavin T. At excitation wavelength 440 nm and emission wavelength 480 nm, fluorescence 

can only be observed with fibrils, but not monomeric peptides. Therefore, we use ThT based 

assay as readout for the detection of the presence of SEVI fibrils. Since high through put assays 

require substantial amount of SEVI peptides that is challenging to be obtained using the 

recombinant protein production methods, we first investigated the lowest concentration that 

would allow us to differentiate monomers from fibrils using ThT fluorescent assays. We found 

that ThT dye binds strongly to SEVI fibrils and significant fluorescent signals were observed 

even at 0.1 mg/ml peptide concentrations (Figure 3a). Additionally, since small molecules in the 

compound library are dissolved in DMSO, we also tested the effect of DMSO on the fibril 

stability and the fluorescent readings. We observed that 2% final DMSO concentration had no 

affect on the fluorescent readout (Figure 3b).  

The high throughput assay design is as following. Preformed SEVI fibrils were diluted to 

0.1mg/ml in PBS with 10 μM ThT. This solution was pipet into glass bottom 384-well plates at 

10 μl per well. 100 nl of small molecules were added as final concentration of 10 μM and 1% 

final DMSO concentration. Fluorescent readings were taken every two hours for 16-48 hours. 

We have found that without the presence of small molecules, SEVI fibril self-dissociate at sub-
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mg/ml concentration (figure 4). At the target concentration of 0.1mg/ml, majority of the SEVI 

fibrils dissociate into monomeric peptide after roughly 30 hours of incubation at ambient 

temperature. Similar depolymerization kinetics has been observed with heat-induced dissociation 

of insulin fibrils and β2-microgloblin fibrils (Kardos et al., 2011; Shammas et al., 2011).  

To examine the effect of small molecule compounds, we plotted the depolymerization 

curve over 16 hour of incubation for each of the 2,000 compounds. The control well with 0.1 

mg/ml SEVI showed the depolymerization curved that have seen in our preliminary assay 

(Figure 5). I then looked through each of the plot and identified 16 compounds that had effects 

on the depolymerization kinetics of SEVI fibrils. These compounds can be categorized as two 

broad types. 9 out of the 19 compounds facilitate the dissociation of SEVI fibrils (Table 1). In 

control well, significant dissociation of fibrils can be observed after 12 hours, while with these 

compounds, significant dissociation was observed between 6-8 hours. 10 out of the 19 

compounds showed an opposite effect (Table 2). They appear to stabilize SEVI fibrils over the 

16 hours of incubation. The chemical structures and the kinetic curves of these compounds are 

listed in table 1 and table 2. 

 

Discussion 

Amyloid diseases can be caused by either mature fibrils or soluble oligomers. In many 

diseases that involve mature fibrils, the disease symptoms only appear after the fibrils have 

already been formed. Therefore inhibitors that can disaggregate preformed fibrils have important 

therapeutic potentials. In other diseases where oligomers are the toxic species, mature fibrils are 

considered a benign reservoir for toxic oligomers. In this class of diseases, it maybe beneficial to 

identify compounds that can stabilize the fibrils, shifting the equilibrium to mature fibrils and 
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reduce the population of toxic oligomers in the solution.  

The search for small molecule inhibitors has not been very successful. Most of these 

compounds are metal chelators (Bush, 2003), dyes (Klunk et al., 1998) and polyphenolic natural 

products (Bieschke et al., 2010; Ehrnhoefer et al., 2008; Ladiwala et al., 2010; Ramassamy, 

2006). The arguably most effective compound so far is EGCG a polyphenol that has been shown 

to eliminate Aβ toxicity by converting the mature fibrils to non-toxic oligomers. However, the 

concentration required for EGCG to have a significant effect is fairly high. Additionally, the 

strategies for rational-design of such inhibitors are limited. The most common approach is to 

design inhibitors that tightly bind to monomeric proteins, sequester it from solution and 

preventing it from forming fibrils. However, many amyloid proteins are disordered in solution, 

including 248PAP286, prohibiting the possibility of structure-based design. Targeting fibrils are 

also extremely challenging. Despite our understanding of the atomic structure, fibrils are very 

stable species and it is difficult to imagine a design approach that could disaggregate preformed 

fibrils. Currently, high-throughput screening is perhaps the approach that has the most potential. 

Here, I identified 9 inhibitors that facilitate the disaggregation of SEVI fibrils. In this 

assay, fibrils were added at 20 μM corresponding monomer concentration and the inhibitor are 

active at 10 μM, half of the amyloid peptide concentration. To my best knowledge, this is the 

lowest molar ratio of inhibitor to amyloid peptide that has been reported for dissolving 

preformed fibrils. Because SEVI fibrils are not stable at 0.1mg/ml concentration, it is possible 

that these molecules only facilitate dissociation of fibrils and are only active when the fibrils are 

present in a partial denaturing conditions. Therefore, it is difficult to conclude the effectiveness 

of these compounds from these preliminary results. Additionally, it would also be interesting to 

see if these compounds have cross reactivity for other amyloid proteins. We have learned that 
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SEVI fibrils only represent one of the many fibrils that potentially present in semen. Effective 

inhibitors should have broad-spectrum activities.  

In this work, due to the limited peptide material, we had to use a fibril concentration that 

is lower that what we typically use in other in vitro assay. Because we observed self-

depolymerization of the fibrils at this concentration, it allowed us to identify a set of small 

molecules that can stabilize fibrils. This class of compounds can potentially be important for 

treating amyloid diseases where oligomers are the toxic species. In fact a few studies have tested 

the approach, where compounds that stabilize amyloid β fibrils reduces the Aβ’s toxicity in cell-

based assay (Bieschke et al., 2012). It would be interesting to see if the compounds identified 

from our screening show similar activities. 

 

Materials and Methods 

PAP248-286 peptide expression and purification 

PAP248-286 expression and purification have been detailed in chapter 1. Briefly, 

synthetic DNA (Invitrogen, Carlsbad, CA) has been PCR amplified with 5’ SacI and 3’ XhoI 

restriction sites. It is then cloned into a custom vector, a chimera constructed from the NdeI and 

XhoI digestion products pET15b (Novagen, Gibbstown, NJ), and the maltose binding protein 

(MBP) gene from pMALC2X (New England Biolabs, Ipswich, MA), resulting in an N- terminal 

His-tag MBP fusion vector. MBP-PAP248-286 fusion proteins are expressed in BL21-

DE3(Gold) cells (Agilent Technologies, Santa Clara, CA) in LB miller media supplied with 100 

μg/mL ampicillin (Fisher Scientific, Pittsburgh, PA). Protein expression is induced with 0.5mM 

IPTG (Isopropyl β–D-1-thiogalactopyranoside) once culture reached an OD600 ~0.6. Strong 
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expression level is observed after 2-3 hours of induction at 34 °C.  

All buffers used in this purification need to be pre-chilled, since the PAP248-286 peptide 

is largely disordered and degradation-prone. His-MBP- PAP248-286 fusion protein is first 

purified with a HisTrap-HP column, where the target protein elutes at 300 mM Imidazole. The 

elute sample is then dialyzed in a Slide-A-Lyzer 10,000 MWCO dialysis cassette (Pierce, 

Thermo Fisher Scientific, Rockford, IL), against buffer 50 mM Tris buffer pH 7.5 and 50 mM 

NaCl at 4 °C for at least 6 hours. The dialyzed sample was then pooled and 1/500 volume of 

TEV protease stock was added. TEV cleavage reaction was incubated again at 4 °C for overnight 

where close to 100% cleavage rate can be achieved. TEV protease reaction was then re-loaded 

onto the HisTrap-HP column. In this purification, buffer A is 20mM Tris pH7.5, 500mM NaCl 

and buffer B is 20mM Tris pH7.5, 500mM NaCl, 500mM Imidazole. Load protein sample and 

completely wash of the contaminants with buffer A and then elute PAP248-286 with 10% buffer 

B. PAP248-286 has two histadines which enables the peptide to bind to Ni-column with some 

affinity. This peak is then further purified using reverse phase high performance liquid 

chromatography (RP-HPLC) on a 2.2 x 25 cm Vydac 214TP101522 column equilibrated in 

buffer RA (0.1% trifluroacetic acid (TFA)/water) and eluted over a linear gradient from 0% to 

100% buffer RB (Acetonitrile/0.1% TFA) in 40 minutes at a flow rate of 9 mL/min. Absorbance 

at 220nm and 280nm were recorded using a Waters 2487 dual ʎ absorbance detector (Waters, 

Milford, MA). Peak fractions containing peptide were assessed for purity by a MALDI-TOF 

mass spectrometry (Voyager-DE-STR, Applied Biosystems, Carlsbad, CA). Pooled fractions 

were frozen in liquid nitrogen and lyophilized. Dried peptide powders were stored in desiccant 

jars at -20 °C. 
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EGCG Experiments 

 SEVI fibrils were formed as 5 mg/ml in PBS with continuos shaking at 37°C for 24 hours. 

Fibril samples were then diluted with PBS to 1 mg/ml. Samples were added as 200 μl to a black, 

96-well, optically clear plates (Nunc) (Thermo fisher Scientific, Waltham, MA).  EGCG (Sigma 

Aldrich, St. Louis, MO) was dissolved in water at 20X molar excess and then added to SEVI 

fibrils as 5 times excess and 10X excess final concentrations. Thioflavin T (Sigma Aldrich, St. 

Louis, MO) stock solution is at 1mM in water and was added to the samples as 10 μM final 

concentration. Plate was sealed with Corning pressure-sensitive sealing tape. Fluorescent 

readings were taken with SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, 

CA) with excitation wavelength 440nm and emission wavelength 480nm at t=0 hours and t=24 

hours. Reaction mixture was stored at ambient temperature during the 24 hour incubation.  

 

Fibrillation Assay 

  Dried peptide powders were dissolved as 5mg/ml in Phosphate Buffer Saline (Sigma 

Aldrich, St. Louis, MO) buffer in a sealed eppendorf tube and agitated at 37 °C, 900 rpm for 2 

days (Torrey Pines Scientific, Carlsbad, CA). These samples were then diluted to 1mg/ml with 

PBS, continue the agitation for additional 24 hours. Fibril samples were stored at 4°C. For 

monomeric samples, lyophilized peptide were dissolved in PBS immediately before fluorescent 

reading was taken.  
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High Throughput Assay 

Thioflavin T (Sigma Aldrich, St. Louis, MO) stock solution is at 1mM (100x) in water. 

Glass-bottom small volume 384 well plates were ordered from Greiner Bio-one (Greiner Bio-one, 

Monroe, NC). Fibril samples were further diluted to 0.1 mg/ml with PBS shortly before samples 

were added. ThT stock solution was add as 100X dilution to the fibril samples and the monomer 

samples. Samples were mixed and incubated for 15 minutes for ThT to bind. 10 μl of fibrils or 

monomers with ThT were then pipette into the 384 well plates. The plates were sealed and 

spanned at 3,000 rpm for 3 minute for sample to settle to the bottom of the plate.  Test wells 

received compounds with use of a Biomek FX (Beckman Coulter, Brea, CA) with a 500 nl 

custom pin tool (V&P Scientific, San Diego, CA) at a target concentration of 10µM with a 

maximal DMSO concentration of 1%. DMSO was used as the solvent for compound addition. 

DMSO was also added to the positive and negative wells to the same final 

concentration. Fluorescence readings were taken with SpectraMax microplate reader (Molecular 

Devices, Sunnyvale, CA) with excitation wavelength 440nm and emission wavelength 480nm. 

Fluorescent readings were taken every hour for 16-48 hours.  

Chemical libraries were prepared by the Molecular Shared Screening Resource core 

facility at University of California, Los Angeles. Approximately 2,000 small molecules from 

multiple libraries were screened, including the Enzo Life Sciences bioactive compound library 

(bioactive lipids, endocannabinoids, ion channel ligands, kinase and phosphatase inhibitors, 

orphan receptor ligands, ∼500 compounds), the Prestwick library (>1000 FDA-approved 

compounds), the Microsource Spectrum Collection (∼2000 compounds), the ChemBridge 

DiverSet (∼30,000 compounds), and others. 



	
  
	
  

135	
  

 

 

 

Figure 1. Inhibitors are not active in seminal fluid. 40 µl HIV-1 containing 0.1 ng p24 

antigen was incubated with 10% SF and inhibitory peptides that had been agitated for 23 hrs 

(t=23). Thereafter, 20 µl of virus/SF/inhibitor mixtures were used to infect 180 µl TZM-bl cells 

seeded the day before (1x105/well).  2 days later infection rates were determined by quantifying 

ß-galactosidase activities in cellular lysates using the Gal-Screen assay. Peptide inhibitors have 

only mild effect in reducing HIV infection. 
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Figure 2. EGCG is not effective in dissolving SEVI fibrils. SEVI fibrils were formed as 5 

mg/ml in PBS with continuos shaking at 37°C for 24 hours. Fibril samples were then diluted 

with PBS to 1 mg/ml. EGCG was dissolved in water and added to fibril samples as 5 times 

excess and 10X excess final concentrations. Fluorescent readings were taken after immediately 

adding EGCG and after 24 hour of incubation at room temperature. Fluorescent reading suggest 

that EGCG was able to reduce fluorescent reading both at 5X and 10X after 24 hour of 

incubation (a). However, under EM, fibrils were observed with SEVI only (b) and SEVI with 

10x EGCG (c). The observed reduction in fluorescent readings could be due to EGCG disrupting 

the binding of ThT rather than disaggregating fibrils. 
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Figure 3. ThT binds strongly to SEVI fibrils. SEVI fibrils and monomers were added to 96-

well clear bottom plate at the indicated concentrations. 10 μM ThT was added and reading were 

taken after 10 minutes incubation. SEVI fibrils have strong affinity for ThT dye (a).  Significant 

difference can be observed event at 0.1 mg/ml. Adding 5% DMSO does not effect ThT binding 

(b). 
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Figure 4. Preliminary experiments with various SEVI concentrations. 10 μl of either SEVI 

fibrils or 248PAP826 monomers were added to 384-well glass bottom plate with 1% DMSO. 

Fluorescent readings were taken at 5-10 hour intervals for 52 hours. At the sub-mg/ml 

concentrations, SEVI fibrils appear to be unstable and gradually dissociate into monomers. 

Majority of the fibrils depolymerize after 24 hours incubation at room temperature. 
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Figure 5. SEVI only control. 10 μL of 0.1 mg/ml SEVI fibrils was added to 384-well glass 

bottom plate and incubated at room temperature for 16 hours. Fluorescent readings were taken 

every two hours. SEVI fibrils gradually depolymerize. The rate of depolymerization here is 

slightly faster than in the preliminary assays with majority of the fibrils are dissociated to 

monomers after 16 hours incubation, although the shapes of the best fitting curves were similar. 
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Table 1. Small molecules that facilitates SEVI disaggregation !
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 Table 2. Small molecules that stabilize SEVI fibrils !
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