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ABSTRACT OF THE DISSERTATION 

 

Structure-based Studies on Tau Protein Aggregation and Toxicity 

 

 

by 
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Doctor of Philosophy in Biochemistry 
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Professor David S. Eisenberg, Chair 

 

 

 Tau protein aggregates represent a type of amyloid that are the pathological hallmark of 

over 20 neurodegenerative diseases, termed tauopathies. These include Alzheimer’s disease, 

progressive supranuclear palsy, and frontotemporal dementia and parkinsonism linked to 

chromosome 17 (FTDP-17). Given the association between the presence of tau aggregates and 

pathology, the field has a clear interest in determining whether said aggregates can be 

prevented, and if doing so would be a viable therapeutic strategy. Yet, much emerging evidence 

implicates soluble oligomers formed from the same protein to be the toxic species in many 

amyloid diseases. There is thus also a substantial effort devoted to identifying and characterizing 

these oligomers. 
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 To see whether a rationally-designed peptidic inhibitor of tau fibril formation works as 

designed, I adapted and refined a kinetic fluorescence-based assay to test candidate inhibitors in 

two model systems. Using Nanogold particles, I also developed a new negative-stain electron 

microscopy-based method to ascertain whether an effective inhibitor actually blocks aggregation 

as designed, and employed mass-per-unit-length measurements from scanning transmission 

electron microscopy to support the findings. Using covalently-labeled fibrillogenic peptides, I 

also tried to create a FRET-based assay to screen for compounds that dissolve pre-formed 

fibrils. Shifting from working exclusively on insoluble assemblies, I later characterized segments 

from tau protein that we hypothesized would form toxic oligomers. I did this using a 

combination of cytotoxicity assays and biochemical methods. 

 This dissertation describes my findings. I determined that the inhibitors specifically 

block tau fibril formation, and that they indeed do so by capping and preventing elongation of 

nascent filaments. I also was able to show that a FRET-based disaggregation assay is viable, 

although no effective compounds were identified in a pilot screen. And finally, I identified a 

segment of tau protein that exhibits characteristics suggesting that it is the region responsible 

for tau’s forming toxic oligomers. 
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Chapter 1: Introduction and Dissertation Layout 

 

Over the course of my PhD research, I have investigated the binding mechanism of a 

structure-based peptidic inhibitor of tau fibril formation, the supramolecular structure of tau 

fibrils, a high-throughput screening assay for disaggregants of tau steric zippers, and the 

mechanism of toxicity in tauopathies. 

Chapter 2 presents a reprint of our 2011 article in Nature, in which we design and 

characterize structure-based peptide inhibitors of amyloid fibril formation (Sievers et al., 2011). 

Stuart Sievers and I jointly developed the assay to determine candidate inhibitors’ efficacy 

against the tau protein construct K19, and I refined the protocol to similarly assay the inhibitors’ 

effects on the peptidic model Ac-VQIVYK-NH2. In order to confirm that the inhibitor binds as 

designed, I also designed an assay utilizing Nanogold, a particle used to visualize proteins and 

peptides under microscopy (Hainfield, 1996). This work not only lent support for the steric 

zipper model of amyloid fibrils on an atomic level, but it also validated a general approach to 

generating potential therapeutics against tauopathies and amyloid diseases overall. 

Chapter 3 of the dissertation is a manuscript in preparation describing work that follows 

up on the article presented in chapter 2. In it, I investigate the supramolecular architecture of 

tau protein fibrils, associated with the neurofibrillary tangles observed in the brains of 

Alzheimer’s disease and tauopathy patients. Joseph Wall at the Brookhaven National Laboratory 

acquired scanning transmission electron micrographs (Ksiezak-Reding and Wall, 2005) from 

K19 fibrils which I prepared. Using these micrographs, I recorded mass-per-unit length 

measurements of the fibrils, and calculated that the fibrils are likely composed of pairs of β-
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sheets, supporting the VQIVYK steric zipper our lab had previously modeled to represent the 

core of tau fibrils (Sawaya et al., 2007). Moreover, the acquired micrographs and measurements 

derived from them helped to support conclusions we made regarding the binding of a peptide 

inhibitor of tau fibril formation, detailed in the manuscript contained in the previous chapter. 

 Chapter 4 describes my development of a high-throughput screen for small molecules 

capable of breaking apart preformed amyloid fibrils. By affixing components of a FRET pair to 

the N- and C- termini of the amyloidogenic segment VQIVYK from tau, I developed an assay 

which would monitor the aggregation state as a function of FRET activity. Previous work had 

demonstrated a proof-of-concept of this approach, but had never shown the process to be 

reversible and scalable (Deng et al., 2007). I performed experiments that confirmed FRET 

activity is correlated with assembly of fibrils, and that loss of FRET is correlated with 

disassembly of fibrils. I also adapted these observations to make the assay amenable to a high-

throughput format using a well-known metric (Zhang et al., 1999). A pilot screen of compounds 

yielded no effective disaggregants, however, demonstrating the incredible stability of these 

fibrils, and suggesting that using small molecules may not be a viable strategy to break apart 

existing fibrils.  

 Chapter 5 describes experiments that I have done in pursuit of identifying the toxic 

species of tau aggregate in tauopathies. To date, studies have implicated both insoluble fibrils 

(Mocanu et al., 2008) and soluble oligomers (Lasagna-Reeves et al., 2012) as the toxic species in 

these diseases, with the field yet to reach consensus. Building upon a study in our lab identifying 

cylindrin as a model for toxic oligomers (Laganowsky et al., 2012), Rebecca Nelson identified six 

segments from tau protein predicted to form similar assemblies. I cloned, produced, purified, 

and characterized tandem repeats of these segments, finding one that forms a toxic oligomer . 
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The work that I have performed support the view that soluble oligomers are the toxic species in 

tau. 
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Chapter 2: Structure-based Design of Non-natural Amino-acid 
Inhibitors of Amyloid Fibril Formation 

 

This chapter is a reprint of: 

Structure-based design of non-natural amino-acid inhibitors of amyloid fibril formation 
Stuart A. Sievers, John Karanicolas, Howard W. Chang, Anni Zhao, Lin Jiang, Onofrio Zirafi, 
Jason T. Stevens, Jan Münch, David Baker, and David Eisenberg. 
Nature. 2011 July 07; 475 (96-100) 

 

 

 

 

 

 

 

Abstract 

In this chapter, I present a reprint of an article in which we report the structure-based design of 

peptidic inhibitors of amyloid fibril formation. Stuart Sievers and I developed and performed 

kinetic assays to determine the effectiveness of inhibitors against protein and peptide models of 

tau fibril formation. I also designed and implemented the Nanogold-inhibitor studies that show 

the inhibitor operates in accordance with the design model. Our work confirms the central role 

that steric zipper segments play in the context of full-length proteins, and represents a plausible 

strategy for developing pharmaceuticals against amyloid diseases in general. 



  7   
 

 



  8   
 

 



  9   
 



  10   
 

 



  11   
 



  12   
 



  13   
 



  14   
 



  15   
 



  16   
 



  17   
 



  18   
 



  19   
 



  20   
 



  21   
 



  22   
 



  23   
 



  24   
 



  25   
 



  26   
 



  27   
 



  28   
 



  29   
 



  30   
 



  31   
 



  32   
 



  33   
 



  34   
 



  35   
 



  36   
 



  37   
 



  38   
 



  39   
 



  40   
 



  41   
 



  42   
 



  43   
 



  44   
 



  45   
 



  46   
 



  47   
 

 



  48   
 

Chapter 3: The Supramolecular Structure of Tau Fibrils 

 

 

 

 

 

 

 

 

Abstract 

Tauopathies are neurodegenerative diseases characterized by the appearance of highly-

ordered aggregates found in patient brains. Tau protein fibrils constitute the principal protein 

component of these aggregates. The steric zipper model offers a model for how the highly-

ordered amyloid fibrils are arranged at its core, but evidence for such in the context of tau 

protein fibrils was lacking. To address this gap, we set out to acquire mass-per-length 

measurements of fibrils formed by K19, a truncated form of tau protein that omits regions 

susceptible to proteolysis in the fibril. The data we acquired indicate that the thinnest observed 

filaments, sometimes called protofibrils, are comprised of a pair of beta-sheets, and coiled pairs 

of beta-sheets constitute the thicker fibrils. These data strongly support the steric zipper model, 

and aid in explaining observations we made in inhibitor localization experiments detailed in the 

previous chapter. 
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Introduction 

Tau protein 

First isolated in 1975, tau protein is a 55-62 kDa protein initially identified for its ability 

to induce tubule formation (Weingarten et al., 1975; Olmsted, 1986). Later, it was found to 

incorporate itself into growing microtubules, a major component of the eukaryotic cytoskeletal 

system (Witman et al, 1976; Olmsted and Borisy, 1983). For this reason, tau is also frequently 

referred to as microtubule associated protein (MAPT). Aside from integrating into and 

stabilizing microtubules, tau protein also plays essential roles in regulating microtubule 

dynamics, anchoring intracellular enzymes, and assisting in modulating vesicular transport 

(Cassimeris and Spittle, 2001; Drubin and Kirschner, 1986; Garcia and Cleveland, 2001;). Tau 

proteins are essential to the cellular division processes meiosis and mitosis, and constitute a 

major part of nerve axons (Schmitt, 1968).  

Lacking a stable tertiary structure, tau was the first protein to be characterized as 

“natively unfolded” (Schweers et al., 1994). Tau protein also exhibits almost no secondary 

structure (Cleveland et al., 1977). This can likely be attributed to the high proportion of 

hydrophilic amino acid residues found in tau (Figure 3.1), which precludes typical protein 

folding. Using the Kyte and Doolittle approximations of hydrophobicity normalized to a scale of 

0 to 1, the longest tau isoform possesses a mean hydrophobicity of just 0.40 (Kyte and Doolittle, 

1982; Jeganathan et al., 2008). This value is comparable to that of heat shock transcription 

factor from S. cerevisiae, another natively unfolded protein, (0.41), and low when compared to 

some commonly studied proteins with a well-defined structure, such as dihydrofolate reductase 

(0.49) and lysozyme (0.49). Such a low proportion of hydrophobic residues results in a protein 
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that is still able to carry out its native function of binding and stabilizing microtubules, even 

after experiencing high heat or extremely acidic conditions that would render most proteins 

dysfunctional (Barghorn et al., 2005).  

 

Tauopathies 

To date, over 20 different dementias and movement disorders have been described that 

manifest neurofibrillary tangles in patient brains. These diseases are collectively termed 

tauopathies (Table 3.1). There are two major hypotheses regarding the role of tau in 

tauopathies, though they are not mutually exclusive. The first is that its dissociation from 

microtubules leads to a loss of physiological function, driving toxicity (Hasegawa et al., 1998; 

Makrides et al., 2003; Halliday et al., 2012). The other is that some form of tau aggregates 

themselves is neurotoxic, representing a gain-of-function mechanism of toxicity. The strongest 

evidence for the gain-of-function hypothesis is that the amount of neurofibrillary tangles in 

patients’ brains correlates with the duration and severity of Alzheimer’s disease (Arriagada et al., 

1992). Additionally, another group has shown that expressing full-length human tau in HEK293 

cells in culture leads to large scale aggregation, and significant losses in cell viability over a 

period of days (Bandyopadhyay et al., 2007). 

The major structural component of the tangles seen in tauopathies is the paired helical 

filament (PHF). One investigation that utilized spectroscopic techniques claimed PHFs to be 

comprised largely of alpha-helices (Sadqi et al., 2002). But, the experiments demonstrating 

alpha-helical characteristics were conducted on PHFs isolated from the brain, a preparation that 

does not guarantee sample purity. Later work on homogenous specimens of recombinantly 
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expressed tau showed that PHFs indeed have clear cross-beta structure, a feature of amyloid 

fibrils in general (Berriman et al., 2003; Inouye et al., 2006; Kirschner et al., 1986). These 

conclusions were supported in large part by X-ray fiber diffraction experiments. When shot with 

an X-ray beam, these fibrils yield a sharp meridional reflection at 4.8 Å, indicating that protein 

chains extend perpendicular to the long axis of the fibril, spaced 4.8 Å apart. A more diffuse 

equatorial signal at around 10 Å (Stromer and Serpell, 2005) shows that these extended strands 

organize into sheets spaced ~ 10 Å apart (Eisenberg and Jucker, 2012). 

Work by several laboratories later revealed that PHFs are composed of all six full-length 

tau isoforms (Figure 3.2), hyperphosphorylated beyond what is observed in a non-disease 

state (Grundke-Iqbal et al. 1986; Lee et al. 1991; Goedert et al. 1992). It is largely accepted that 

this hyperphosphorylation is necessary for tau protein to transition from the soluble form to the 

aggregated state associated with disease (Braak et al., 1994). By shielding the numerous cationic 

amino acids found in tau from each other, repulsion between monomers is reduced, and local 

concentrations increased. Further supporting this theory, a polyanionic cofactor is typically 

required to induce tau fibrillation in vitro. This can be RNA (Kampers et al., 1996), heparin 

(Goedert et al., 1996), or arachidonic acid (Wilson and Binder, 1996).  

 

The fibrillogenic core of tau filaments 

Depending on the specific isoform, tau protein contains three or four microtubule 

binding regions. These regions are characterized by pseudorepeat domains that contain a Pro-

Gly-Gly-Gly motif (Butner and Kirschner, 1991; Good and Feinstein, 1994). By limited 

proteolysis, these domains were found to reside in the core of PHFs, and to readily form PHF-
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like assemblies in isolation. (Wille et al., 1992; Kondo et al., 1988, Wischik et al., 1988a). Further 

paring down the fibrillation-prone region, others showed that the segment 306VQIVYK311, 

derived from within the third microtubule binding region, necessarily assumes an extended 

beta-strand conformation in tau fibrils, and forms amyloid-like fibrils itself (von Bergen et al., 

2000; Goux et al., 2004).  

 In 2007, Sawaya et al. published >11 atomic-level microcrystal structures of peptide 

segments that comprise the spine of amyloid fibrils, revealing extensive surface 

complementarity between mating beta-sheets. For its wholesale exclusion of solvent and the 

tight interdigitation of side chains, this interface was coined the steric zipper (Nelson et al, 

2005). 306VQIVYK311 was among the structures solved in this work, and we utilized the atomic 

details of the spine to computationally design D-peptide inhibitors of fibril formation (Sievers et 

al., 2011). As part of that study, I labeled the inhibitor with Nanogold particles to confirm that it 

binds to fibrils of K19, a protein construct of tau. I determined that inhibitor-labeled Nanogold 

bound K19 fibrils nearly three times more frequently than Nanogold labeled with a control 

peptide, or unconjugated Nanogold alone. Our tally also revealed that, although the labeled 

inhibitor localized to fibril ends more frequently than labeled control peptides with statistical 

significance, approximately 45% of labeled inhibitor still appeared to bind distally from the 

targeted fibril end.  

Given this observation, we sought to explain why the inhibitor appears to bind the sides 

of the fibril so frequently, in addition to its designated target (Figure 3.3). We hypothesized 

that the growing end of the steric zipper, which represents the targeted binding site, could be 

exposed distally from the apparent end of the a fibril by the presence of overhangs. This could 

arise from the lateral association of filaments of differing individual length, or from breakages 
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within intertwined filaments, akin to fraying rope. However, such a supramolecular architecture 

is difficult to observe via transmission electron microscopy (TEM), as the negative staining 

typically used to visualize fibrils can obscure finer morphological details. We therefore sought 

out another method. 

 

Scanning transmission electron microscopy 

 In contrast to transmission electron microscopy, which stains specimens with heavy 

metal salts, scanning transmission electron microscopy (STEM) directly visualizes unstained 

samples (Wall and Hainfeld, 1986). By freeze-drying the specimen, the technique also obviates 

the need for sample fixation. For these reasons, we opted to probe the organization of these 

fibrils directly, using STEM. This technique also permits us to make accurate mass per unit 

length (MPL) measurements of K19 fibrils, as was previously done for insulin (Ivanova et al., 

2009).  

 

Previous STEM work on tau protein 

Others have roughly analyzed the core of tau filaments by STEM (Wischik et al., 1998b; 

von Bergen et al., 2006). However, they studied full-length tau and longer protein constructs- 

ones which result in a “fuzzy coat” morphology under microscopy that interferes with recording 

precise MPL measurements. Antibody-labeling experiments established that this fuzzy coat is 

composed of the unstructured N- and C-terminal domains (Wegmann et al., 2012). The effect of 

these unstructured domains’ interference manifests in their results, wherein the recorded MPL 
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values exhibit standard deviations of 10% or more. In order to study just the protease-resistant 

core of tau fibrils, we opted to continue working with K19, a 99 amino acid construct of tau that 

contains microtubule binding regions R1, R3, and R4, and a short C terminal tail (Figure 3.5). 

Also, based on the histograms of recorded measurements, it is evident that previous studies only 

measured MPL values for the thinnest filaments within a sample. Before the current work, none 

has investigated the lateral association between fibrils of non-identical length. 

 

Results 

K19 Morphology 

Micrographs from STEM experiments showed that individual filament ends indeed 

present themselves along the length of K19 fibrils, away from the apparent end of the overall 

fibril. We observed that this occurs in three general ways. (1) They can arise from a break in one 

filament that is otherwise intertwined with other filaments (Figure 3.6a). (2) Filaments of 

non-identical length can coil around each other (Figure 3.6b, c). And (3), individual short 

filaments can associate laterally (Figure 3.6d).  

 

STEM Measurement Normalization 

Reliable absolute scaling of the electron scattering mass requires an internal calibration 

standard in the images. For each STEM image of the specimens, I collected as many 

measurements as possible from the TMV particles present (Figure xA), with a total of 380 
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individual measurements. The average MPL of half of the measured TMV particles was 

calculated to be 11.68±0.64 kDa/Å. A scaling factor to compute the MPL values of K19 fibrils 

was calculated by dividing the known TMV value of 13.10 kDa/Å by the average MPL value of 

TMV particles for half of the measured samples (13.10 kDa/Å/11.68 kDa/Å). To test how well the 

known MPL value of TMV particles is recovered, the calculated scale factor, 1.22, was used to 

compute the average MPL value of the remaining half of TMV measurements. The resulting 

calculated value was 12.97 ± 0.54 kDa/Å, well in agreement with the known mass of 13.10 

kDa/Å (Sousa and Leapman, 2007) (Figure 3.7).  

 

MPL Measurements of K19 fibrils 

A total of 542 measurements were recorded, ranging from 3.46 to 16.0 kDa/Å. Visual 

inspection of a histogram of the K19 MPL measurements indicated a mixture of three different 

populations. The Kolmogorov-Smirnov (K-S) statistical test was applied to assess whether a 

three component model sufficiently describes the data. This test yielded the K-S test statistic D = 

0.0264 corresponding to a P value > 0.999, indicating that the data conform well to the 

proposed three component Gaussian mixture model. 

The most populated grouping of MPL values, measured from the thinnest filament 

segments, clustered around a mean of 4.71 ± 0.41 kDa/Å (Figure 3.8). The second and third 

most populated groupings clustered around two and three times this value, 9.44 ± 0.56 and 

13.75 ± 0.91 kDa/Å, respectively.  
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Discussion 

The growing ends of steric zippers are not located exclusively at fibril ends 

In demonstrating that individual filament ends can be exposed at sites distinct from the 

overall fibril end, we provide a rationale for why Nanogold-labeled inhibitor binds K19 fibrils 

more frequently than Nanogold-labeled control peptide, even away from fibril ends. It is clear 

that much of what was recorded as incidents of the inhibitor binding away from fibril ends could 

simply be the inhibitor binding an obscured filament end, although the frequency of occurrence 

remains undefined. One possible method of defining this frequency in future studies would be to 

visualize Nanogold-labeled inhibitor bound to fibrils using STEM, instead of TEM. This 

approach could the reduce the artifacts seen with TEM, but the additional steps required to 

prepare STEM samples (liquid nitrogen submersion, freeze-drying) could interfere with the 

inhibitor’s binding of K19 fibrils. That the fibril MPL increases incrementally by two molecules 

per layer supports the hypothesis that overhangs within a fibril can present exposed steric zipper 

ends for the inhibitor to bind.  

  

MPL measurements support the steric zipper model of amyloid fibrils 

The steric zipper model implies that individual filaments within tau fibrils consist of two 

molecules per 4.7 Å along the length of the filament. With a molecular mass of 10567 Da, this 

corresponds to a theoretical value of (2 x 10.57 kDa/4.7 Å) = 4.50 kDa/Å for K19 filaments held 

together by a steric zipper. This figure is well supported by the most commonly measured MPL 

value calculated from the STEM images, 4.71 ± 0.41 kDa/Å. A similar calculation in reverse 
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indicates that these same filaments are composed of [(4.71± 0.41 kDa/Å) x (4.7 Å/cross beta 

layer) x (1 K19 molecule/10.57 kDa)] = 2.09 ± 0.18 K19 molecules per cross beta layer. 

In further support of this model, similar calculations for the second [(9.44 ± 0.56 kDa/Å) 

x (4.7 Å/cross beta layer) x (1 K19 molecule/10.57 kDa)] and third [(13.75 ± 0.91 kDa/Å) x (4.7 

Å/cross beta layer) x (1 K19 molecule/10.57 kDa)] most prevalent populations yield values of 

4.22 ± 0.27 and 6.11 ± 0.40 K19 molecules per cross beta layer, respectively. This strongly 

suggests that these thicker fibrils are composed of intertwined thinner filaments.  

 

Materials & Methods 

K19 expression and purification 

Derived from pET-3b, the pNG2 expression vector containing the K19 gene was provided 

by E. Mandelkow (Spiess et al., 1987; Biernat et al., 1992). Expression in BL21(DE3) Escherichia 

coli (Studier et al., 1990) was induced with 1 mM isopropyl thiogalactoside when the absorbance 

A600 nm was between 0.8 and 1.0, and cells were collected 3–4 hours following induction. K19 

was purified on the basis of previously described methods (Barghorn et al., 2005). Cells were 

pelleted for 20 minutes at 4,700 x g and resuspended in 20 mM MES, pH 6.8, 1 mM EDTA, 

0.2 mM MgCl2, 5 mM DTT, 1 mM PMSF and a protease inhibitor cocktail. The cells were 

sonicated for 2.5 minutes and, following addition of NaCl to bring cell lysate to 0.5 M NaCl, the 

lysate was boiled for 20 minutes. The lysate was sedimented at 30,000 x g for 20 minutes and 

dialyzed twice against 20 mM MES, pH 6.8, 50 mM NaCl, 1 mM EDTA, 1 mM MgCl2, 2 mM DTT 

and 0.1 mM PMSF at 4° C. The dialysate was pelleted for 20 minutes at 30,000 x g and filtered 
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before cation exchange chromatography on an AKTA Explorer (GE Pharmacia) with a HighTrap 

HP SP 5-ml column (GE Healthcare). The sample was eluted with a linear gradient of up to 60% 

buffer B (20 mM MES, pH 6.8, 1 M NaCl, 1 mM EDTA, 1 mM MgCl2, 2 mM DTT and 0.1 mM 

PMSF). Size exclusion chromatography was optionally performed with a Superdex 75 10/300 

GL column (GE Healthcare) in PBS buffer (137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, pH 7.4) with 1 mM DTT on the AKTA Explorer depending on preparation purity as 

assessed by SDS polyacrylamide gel electrophoresis. Protein concentration was determined by 

the Micro BCA Protein Assay Kit (Pierce). 

 

Transmission electron microscopy 

Samples (5 μl) were applied to glow-discharged, 400-mesh carbon-coated, formvar films 

on copper grids (Ted Pella) for 3 minutes. Grids were rinsed twice with distilled water and 

stained with 2% uranyl acetate for 60-75 seconds. Grids were examined in a JEOL JEM1200-EX 

operating at 80 keV. 

 

Preparation of short K19 fibrils 

K19 fibrils were generated by incubating 100 uM of soluble K19 with 25 uM of 6 kDa 

heparin for 48 hours or longer at 37°C in phosphate buffer (50 mM, pH 7.4). Fibril formation 

was confirmed by electron microscopy. To acquire short fibrils, K19 fibrils were sonicated for 15 

seconds, using a microtip set to 35% amplitude, and operating in intervals of 1 second on 

followed by 1 second off. Residual heparin was removed by centrifuging the sonicated mixture 
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through a 100 kDa Microcon concentrator for 10 minutes at 14,000 g, washing the retentate 

with phosphate buffer, and re-centrifuging. A total of three washes was performed, and the 

retentate was restored to its former volume by the addition of phosphate buffer. These short 

fibril segments were stored at 4°C for no longer than 1 week. 

 

STEM Sample Preparation 

Samples were prepared at the STEM facility at the Brookhaven National Laboratory. 3 

nm carbon substrates were prepared by carbon arc evaporation onto freshly cleaved, single 

crystal rock salt, floated onto a water surface, and picked up from above by touching a 2.3 mm 

titanium grid covered with holey film, retaining a drop of water. First, 2 µl of 100 µg/ml tobacco 

mosaic virus (TMV) were injected into a droplet of water covering the grids and allowed to 

adhere for 1 minute. After four washings, 2 µl of fibrils were injected into the droplet and 

allowed to adhere for 1 minute. The grid was then washed 10 times with water, pinched between 

two pieces of filter paper and then immediately plunged into liquid nitrogen slush. Finally, the 

grid was then transferred to an ion-pumped freeze dryer, freeze-dried overnight by gradually 

warming to -80 °C, and transferred under vacuum to the STEM. 

 

STEM Data Processing 

Measurements from the STEM dark-field images of unstained samples were made with 

the program PCMass30 (Wall and Simon, 2001; Diaz-Avalos et al., 2005). The program 

subtracts the background from the images automatically and provides a measurement of 

electron scattering proportional to the mass inside a box. Unencumbered segments of TMV were 
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measured using a modeled 6 nm rod (Model 24: boxes 160 Å x 400 Å), and segments of K19 

fibrils were measured using a modeled PHF (Model 59: box size 400 Å x 400 Å). 

 

Statistical Modeling of MPL Measurements 

The data (n = 548) were modeled as a three component Gaussian mixture, using the 

Statistic Online Computational Resource Modeler 

(http://www.socr.ucla.edu/htmls/SOCR_Modeler.html).  

 

Preparation of peptide-gold conjugates 

 Peptide–Nanogold conjugates were prepared as described earlier for similarly sized 

peptides (Schmidt et al., 1999). Briefly, 60 nanomoles of the peptides CGGG-(D)-TLKIVW and 

CGGG-(D)-LKTWIV (CS Bio) were dissolved in 110 μl of phosphate-buffered saline (20 mM, pH 

6.5, 0.15 M NaCl), added to 6 nanomoles of Monomaleimido Nanogold (Nanoprobes), dissolved 

in 200 μl H2O and incubated for 1 hour at room temperature (22 °C) with constant rotation. 

Peptide–Nanogold conjugates were separated from excess unbound peptides by membrane 

centrifugation (Microcon-10 system, Amicon) using a molecular mass cut-off of 10 kDa. 

Peptide–Nanogold conjugates were then diluted into phosphate-buffered saline, aliquoted and 

stored at −20° C for no longer than one month. 

 

Preparation of samples for Nanogold binding experiments 
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Nanogold conjugated inhibitor (or control) (10 nM) was incubated with 1.67 μM K19 

fibrils (by monomer) in MOPS buffer (25 mM, pH 7.2) for 1 hour. We applied 5 μl of it to a glow-

discharged, 400-mesh carbon-stabilized copper grid (Ted Pella) for 3 minutes. The grids were 

washed twice with H2O and 10 μl of the Goldenhance reagent was applied for 10 seconds. The 

grids were washed five times with H2O and negatively stained with 2% uranyl acetate. 
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Chapter 4: Development of a High-throughput Screening Assay 
for Disaggregants of Steric Zippers 

 

 

 

 

 

 

 

Abstract 

 

Insoluble tau fibrils represent a defining pathological feature of tauopathies. Although the 

precise cytotoxic mechanism remains undefined, the unambiguous association between 

neurodegeneration and these insoluble protein deposits merits an investigation into 

disaggregation as a potential therapeutic strategy. In the present chapter, I address this 

challenge by developing a high-throughput screen to identify small molecules that dissolve pre-

formed tau fibrils. By utilizing the structural features of the steric zipper core, and combining 

them with a FRET-based aggregation-monitoring system, I designed an assay to screen for tau 

disaggregants. A pilot screen of over 3500 compounds against peptidic tau fibrils yielded no 

effective disaggregants. However, with additional modifications, this method could still prove to 

be a viable way to screen for anti-aggregation compounds. 
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Introduction  

Disaggregation of amyloid  

Dozens of proteins have been found to form amyloid fibrils-highly ordered aggregates 

frequently associated with disease. In these illnesses, the appearance of insoluble deposits 

formed by specific protein(s) correlates with one or more pathologies (Westermark et al., 2007). 

For example, patients of type II diabetes typically have deposits of islet amyloid polypeptide in 

the pancreas, and patients of the neurodegenerative ailment Alzheimer's disease (AD) present 

aggregates of Aβ peptide and tau protein in the brain. Although the specific mechanism of 

cytotoxicity remains unclear in these diseases, the unequivocal association between aggregation 

and pathology compels the research community to explore disaggregation as a therapeutic 

strategy. Aggregation of tau protein specifically is associated not only with AD, but with an 

entire class of neurodegenerative diseases referred to as tauopathies, including Pick’s disease, 

frontotemporal dementia linked to chromosome 17 (FTDP-17), and corticobasal degeneration 

(Hernández and Avila, 2007). More recently, tau inclusions have also been found in the brains 

of retired contact-sports athletes that exhibit cognitive and mood symptoms (Small et al., 2013). 

In any therapeutic strategy against amyloid, it is also of paramount importance to 

identify effective agents against specific amyloid proteins, due to the recent discovery of 

functional amyloid (Fowler et al., 2007). We and others have collectively identified at least two 

dozen functional amyloids (Fowler et al., 2006; Maji et al., 2009; Si et al., 2010). For example, 

Pmel17 amyloid is critical to melanin production, and CPEB amyloid serves to maintain long-

term learning related changes in synaptic morphology and function (Heinrich and Lindquist, 

2011). Non-specific amyloid disaggregation is therefore not a prudent therapeutic strategy. One 
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study has shown that eliminating specific amyloid aggregates is possible, although some 

oligomers persisted in their experiments (Wang et al., 2008).  

The field is yet to definitively conclude whether aggregates of Aβ or tau protein initiates 

the disease cascade (Ittner and Götz, 2011). Besides the need to avoid adversely affecting 

physiologically necessary amyloid species, developing a disaggregant specific to tau would help 

resolve this debate, which has eluded consensus for decades.  

 

Previously identified tau disaggregating agents 

To date, two published studies have reported small molecules capable of disaggregating 

tau fibrils. In one, anthroquinones were identified as an entire class of compounds with this 

activity (Pickhardt et al., 2005). However, their electron micrographs show that the 

disaggregants resulted in a remodeling of the deposits, rather than altogether dissolution. This 

likely stems from the authors' choice to employ the reporter dye thioflavin S (Levine, 1993) to 

monitor the aggregation state of their tau construct. This dye only reliably qualitatively indicates 

the presence or absence of fibrils, but not the non-fibrillar aggregates that remained. These 

breakdown products might represent the oligomers emerging as the toxic species in protein 

aggregation diseases (Glabe, 2008). 

In other work, researchers discovered C11, a cyanine dye that reduces but does not 

eliminate fibril load in isolated tau transgenic mouse tissue (Duff et al., 2010). Of particular 

concern, however, was the observation that higher doses of C11 had the opposite effect, 

increasing tau aggregation. In both studies cited, no conditions completely eliminated existing 

tau aggregates. 
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VQIVYK as a model system for to screen for a tau disaggregants 

Structurally characterizing human tau protein is fraught with technical difficulty. Not 

only is tau relatively large, comprising 441 amino acids, but it is intrinsically disordered in 

solution (Mukrash et al., 2009). Previous work identified the six amino acid segment 

306VQIVYK311 to be the driving force behind the aggregation of tau protein (von Bergen et al., 

2000). Proline-scanning mutations in this region suppress aggregation. Our own lab built upon 

these findings by determining the crystal structure of the VQIVYK segment, which revealed a 

fiber-like dual beta-sheet along the entire length of the crystals (Sawaya et al., 2007). This 

structure, and others like it from other amyloid-forming proteins, elucidates the structural basis 

for the unusual stability of amyloid: a double β-sheet with an interface devoid of water, termed a 

steric zipper (Nelson et al., 2005). Using our structure of VQIVYK as a target, we developed a 

computational method to design a peptide that inhibits VQIVYK fibril formation. This inhibiting 

peptide, composed of non-natural amino acids, prevents amyloid formation of both VQIVYK 

and protein constructs of tau. These studies demonstrate that these peptide fibrils serve as 

effective surrogates for the investigation of tau protein fibrils (Sievers et al., 2011). 

 

Current methods for monitoring amyloid aggregation 

 Small molecules that bind amyloid, such as the aforementioned thioflavin family of 

compounds and Congo red, have come to be essential tools in studying amyloid aggregation 

(Kelényi, 1967). In the last decade, many other molecular probes have been developed to detect 

amyloid fibrils as well (Table 4.1). Still, thioflavin T and its derivatives remain the most 
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commonly used probe in screens for inhibitors of amyloid aggregation, since its fluorescence 

increases dramatically in the presence of amyloid. However, using thioflavin T leaves much to be 

desired, since much about its mechanism, such as the precise binding site (Levine, 2005), 

stoichiometry (Groenning et al., 2007), quantum yield (Lindgren et al., 2005), and affinity 

(Cisek and Kuret, 2012), remains ambiguous.  

More globally, different polymorphs of the same protein can bind different small 

molecules, further complicating the assumptions one can make regarding the consequences of 

such binding. This was demonstrated in the only report to date that shows atomic-level 

structures of amyloid bound to small molecules (Landau et al., 2012). In three different co-

crystal structures, 306VQIVYK311 was shown to be bind the small molecules DDNP, orange-G, or 

curcumin, with different steric zipper polymorphs accommodating different compounds. It is 

thus clear that relying on small molecules to monitor amyloid aggregation is fraught with 

uncertainty. 

 

FRET allows for direct monitoring of steric zipper formation 

 Förster resonance energy transfer (FRET) is a sensitive way to determine whether two 

fluorophores are within a specific distance, termed the Förster distance (Joo et al., 2008). 

Several studies have incorporated FRET to probe the conformational changes in amyloid 

proteins as they aggregate (Onuki et al., 2002; Kaylor et al., 2005; Deng et al., 2007; Deng et al., 

2008), but none has converted this method into a high throughput assay.  

 For the present work, we opted to utilize an approach pioneered by the Lai group (Deng 

et al., 2008), covalently linking the FRET pair, dansyl (ExMax/EmMax ≈ 340/480 nm) and 
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tryptophan (ExMax/EmMax ≈ 280/340 nm), to the N and C termini of VQIVYK, respectively. 

Henceforth referred to as DV7W, the fluorescent behavior of this modified tau segment depends 

upon its aggregation state. When excited by 280 nm light, monomeric DV7W fluoresces with 

Imax ~340 nm. However, in the aggregated state, the same incident light results in a markedly 

different emission spectrum, with Imax ~480 nm (Figure 4.3). The spectral change shows that 

the tryptophan and dansyl group are within their 21 Å Förster distance, a spatial arrangement 

predicted by our VQIVYK fibril model. Building upon these observations, we hypothesized that 

we could devise a screen for small molecule disaggregants that eliminate FRET, leading to a 

simultaneous decrease in emission at 480 nm and a restoration of emission at 340 nm.  

 

Results  

Assay Development 

In order to demonstrate that monitoring fluorescence at 340 and 480 nm can detect 

disassembly of FRET-labeled aggregates, we screened several chemicals to be used as a positive 

control for disaggregation. Among high concentrations of hexafluoroisopropanol (HFIP), 

dimethylsulfoxide, formic acid, sodium hydroxide, and guanidinium hydrochloride (GdHCl), 

only 7M GdHCl was found to have a disggregating effect on the fibrils (Figure 4.4).  

To validate this method in a format conducive to HTS, we treated 10 uM of DV7W fibrils 

with GdHCl in phosphate-buffered saline pH 7.4 (PBS), using final volumes of 50 μl in 384-well 

glass-bottom polystyrene plates. To account for residual DMSO from the solvation of small 

molecules, each sample also contained 1% DMSO to ensure tolerance to DMSO's quenching 
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effects. Taking top-read fluorescence readings, we observed a highly reproducible dose-

dependent response to GdHCl after 24 hours incubation at 37˚ C (Figure 4.5).  

The Z-factor has become a common metric to assess the quality and suitability of assays 

for high-throughput screening (Zhang et al., 1999). It is defined as [Z = 1-((3σc+ + 3σc-)/(|µc+ - µc-

|))], where σc+ and σc- represent the standard deviations of the positive and negative controls, 

respectively, and µc+ and µc- stand for the mean values of the positive and negative controls, 

respectively. This dimensionless statistic reflects the assay’s dynamic range, as well as the 

inherent data variation. We therefore computed Z-factors for the observed spectroscopic effects, 

monitoring emission at 340 and 480 nm in response to 280 nm incident light. As a positive 

control for disaggregation, DV7W fibrils at 10 μM concentration were incubated with 7M GdHCl 

in PBS buffer for 24 hours at 37˚C. As a negative control, fibrils were similarly incubated in PBS 

alone. 1% DMSO was also added to each of the four replicates of each sample. As depicted 

(Figure 4.6), the mean values (± s.d.) of the negative and positive controls measured at 340 

nm were 11.8 (± 17.7) and 172 (± 2.90), respectively. This results in a Z-factor of {1-

((3(17.7+2.90))/(|172-11.8|))} = 0.61. At 480 nm, the Z-factor yielded by the data is: {1-

((3(7.25+10.1))/(|25.3-205|))} = 0.71. These values exceeded the threshold of 0.5 established by 

Zhang et al. for an excellent high throughput assay. 

 

Small Scale Pilot Screen 

Using the protocol described above, we collaborated with Robert Damoiseaux at the 

Molecular Screening Shared Resource facility located at the UCLA California NanoSystems 

Institute, to conduct a pilot screen of 3520 compounds at 10 µM final concentration, using small 
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molecule libraries purchased from Preswick Chemicals and MicroSource. The small molecules 

were incubated with the 10 µM DV7W fibrils for 24 hours at 37° C with constant shaking; the 

same conditions which allowed our positive control to dissolve the fibril. As a cutoff, we screened 

for compounds that met or exceeded 50% of the fluorometric effect of the positive control for 

disaggregation at both 340 and 480 nm. The rationale for monitoring both wavelengths was to 

exclude small molecules that interfere with the fluorescence readings (i.e. absorbs at 480 nm or 

fluoresces at 340 nm). However, we did not encounter any compounds that showed evidence of 

disaggregating activity (Figure 4.7). 

 

Discussion 

The stability of DV7W aggregates and future directions 

 The inability of a diverse library’s 3520 small molecules to disaggregate DV7W fibrils re-

illustrates the exceptionally high energy barrier to fibril dissolution (Nelson et al., 2005). 

Although we here and others have shown that peptidic fibrils can be broken apart, either by 

extreme chemical treatments (Byrne and Angell, 2009), or an enzyme, hsp104(DeSantis et al., 

2012), we must consider how these agents are able to do so, and the factors that hinder a small 

molecule from doing the same.  

 GdHCl, a widely used chaotrope, decreases the impact of the hydrophobic effect (Breslow 

and Guo, 1990), significantly reducing the free energy barrier to dissolving aggregates. 

Combined with the mechanical agitation and elevated temperature in our assay, this explains 

how 7M GdHCl is able to serve as our disaggregant positive control so effectively. On the other 
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hand, Hsp104 hydrolyzes ATP, to provide the energy needed to overcome the free energy barrier 

to disaggregate amyloid. In hindsight, it may have been unrealistic to expect the small molecules 

we screened to similarly overcome this energy barrier by themselves, especially at equimolar 

concentrations. Future attempts at identifying disaggregants might be improved by adding 

concentrations of GdHCl lower than 7M to the peptide fibrils, with the desired effect of slightly 

destabilizing the fibrils, and decreasing the energy barrier to be overcome for disaggregation by 

the small molecule. Alternatively, one could also screen with higher concentrations of small 

molecules, though this carries the risk of the compounds being insoluble in aqueous solutions, 

or being cytotoxic. Yet another possibility is that the libraries we screened in the pilot study were 

not sufficiently diverse. Future screens with different libraries could yet yield a natural product 

disaggregant. 

  

Materials & Methods 

Peptide Fibril Formation 

All peptides were purchased from CS Bio (Menlo Park, CA) and confirmed to be >95% 

pure, confirmed by MALDI-MS. The labeled peptide, with dansyl and tryptophan appended at 

the N- and C- termini, respectively (DV7W), was dissolved to 4 mM in 20% acetonitrile, with the 

pH adjusted to 2 by adding concentrated HCl. This peptide solution was then sonicated using 5-

second pulses for 8 minutes with a microtip sonicator, then incubated for two days at 37° C, and 

then 3 weeks at 25° C to form fibrils. The formation of fibrils for both peptides was confirmed 

with transmission electron microscopy. Pure fibrils, isolated from soluble species, were obtained 

by centrifuging the mature fibril solutions at 14,000 x g for 30 minutes at 4° C. Then, the 
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supernatant was removed and the amyloid fibril was washed three times with PBS (137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4 • H2O, 2 mM KH2PO4, pH 7.4), and diluted to the desired 

concentration. 

 

FRET Detection of Amyloid Peptide Aggregation 

The SpectraMax M5 fluorometer (Molecular Devices, Inc.) was used to measure the 

fluorescence intensity of FRET. For 96-well plate assays, black, clear-bottomed plates were used 

(ThermoFisher Sci. cat#152037) with 150 μl total volume for each sample. The samples were 

diluted and dispensed into the wells and measured with the exciting wavelength of 280 nm and 

scan range from 320 nm to 580 nm. During the fluorescence measurement, the concentrations 

of pure amyloid fibril were controlled to lower than 10 μM by dilution using PBS to reduce the 

fluorescence quenching. Four replicates of each sample was measured three times in parallel to 

be averaged. Reagents assayed for disaggregation activity were incubated with DV7W at 37° C 

for 24 hours, followed by detection via FRET and TEM. 

 

High throughput pilot screen 

 100 and 20 µM stock of DV7W fibrils were prepared as described above. Columns 1 and 

2 of each microplate were set aside for internal negative controls, and columns 23 and 24 for 

internal positive controls. 25 µl of the 20 µM fibril stock was dispensed into columns 1-22 of a 

384-well glass bottom microplates (Matrical Inc.), using a Multidrop Combi Reagent Dispenser 

(Thermo Scientific). Then, 25 µl of 2x PBS was added to each of these wells. Using a repeating 
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pipette (Eppendorf), 45 µl of 7.78 M GdHCl was dispensed into each well of columns 23 and 24, 

followed by 5 µl of 100 µM DV7W fibril stock. This gives a final concentration of 7 M GdHCl for 

the positive controls. To account for DMSO quenching effects, 0.5 µl of DMSO was pipetted into 

each well of columns 1, 2, 23, and 24. Then, using a Biomek FX liquid hander (Beckman 

Coulter), 0.5 µl of 1 mM small molecule stocks was pipetted into each well in columns 3-22, for a 

final concentration of 10 µM of small molecule. Final volumes for each sample was 50 μl. 

Following dispensation, microplates were sealed with polyester adhesive film (Denville 

Scientific), and incubated at 37° C for 24 hours with shaking at 900 r.p.m. with a diameter of 

1 mm. After the incubation, microplates were brought to room temperature, and the adhesive 

films removed. Then, each microplate was shaken again for 30 seconds immediately before 

taking fluorescence readings at 340 and 480 nm, using 280 nm incident light. 

 

Transmission electron microscopy 

5 μl of sample were applied to glow-discharged, 400-mesh carbon-coated, formvar films 

on copper grids (Ted Pella) for 3 minutes. Grids were rinsed twice with distilled water and 

stained with 1% uranyl acetate for 60-75 seconds. Grids were then examined using a JEOL 

JEM1200-EX operating at 80 kEV. 
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Chapter 5: Towards elucidation of the toxic species in tauopathies 

 

 

 

 

 

 

 

 

 

 

Abstract 

Amyloid fibrils have long been suspected to be the toxic entities in amyloid diseases such as 

Alzheimer’s disease and Parkinson’s disease. However, emerging evidence suggests that smaller, 

soluble oligomers may actually represent the disease agents. A recent crystal structure of a small 

toxic amyloid oligomer, a general structure which we termed cylindrin, prompted us to identify 

segments in tau protein that might form a similar assembly. In this chapter, I identify 

142AKGADGKITKIA152, a segment of tau which exhibits properties of other amyloid oligomers 

when expressed as a tandem repeat. These include amyloidogenicity, cytotoxicity, and the ability 

to form an oligomeric assembly. The work in this chapter suggests that this segment is 

responsible for tau oligomerization and the pathology observed in tauopathies. 
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Introduction  

Amyloid oligomers 

 Despite the historic association of amyloid protein diseases with ordered, fibrillar 

aggregates, some evidence suggests that the toxic forms of amyloid proteins are instead small 

oligomers of these same proteins (Kayed et al., 2003; Kodali and Wetzel, 2007; Cowan et al., 

2012). These noncovalent assemblies are more cytotoxic than either monomers or fibrils of the 

same protein, and frequently bind A11, a conformational antibody that binds oligomers but not 

fibrils (Glabe, 2009). Studying oligomers is complicated by their transient nature; depending on 

the protein and specific preparatory method, the oligomers can vary widely in size, morphology, 

kinetic stability and structural plasticity.  

 Like other amyloid proteins, there has been recent evidence that oligomers of tau are in 

fact responsible for the pathology of tauopathies. Several transgenic models of tauopathy, 

ranging from mice (Yoshiyama et al., 2007), to flies (Wittmann et al., 2001), and zebrafish 

(Paquet et al., 2009), have all exhibited neuronal defects in the absence of fibril formation. 

Additionally, another research group found that oligomers prepared from full-length tau 

impaired mouse memory when injected into the hippocampus (Lasagna-Reeves et al., 2011). 

 

Cylindrin 

 Recently, our lab reported the first atomic resolution crystal structure of an amyloid-

related oligomer (Laganowsky et al., 2012). Formed by an amyloidogenic segment from the 

chaperone protein alphaB-crystallin, the oligomeric structure consists of a six-stranded 
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antiparallel barrel of cylindrical shape, termed cylindrin. This assembly further satisfied other 

criteria for a small amyloid oligomer, namely cytotoxicity and reactivity towards A11. Allowing 

for a range of possibilities in parameters such as the number of strands and shear number of the 

assembly, we posit that cylindrin-like assemblies represent the general structure of small toxic 

amyloid oligomers, and are responsible, at least in part, for the pathology associated with 

amyloid diseases. 

 

Identification of cylindrin-like segments in tau 

 Hypothesizing that cylindrin-like oligomers can be found in other amyloid proteins, we 

sought to identify 11-residue segments in tau protein that might also forma cylindrin-like 

assembly. In analyzing the atomic structure, we generated general criteria to predict which 

sequences would be prone to adopting the fold. Segments ought not contain proline, for its beta-

strand breaking effect, nor should they contain cysteine, for potential complications arising from 

disulfide bond formation. Hydrophobic residues fill the interior of the cylinder, ideally with 

larger side chains to provide close packing. In order to accommodate efficient packing by the 

other side chains, the sixth of the 11-residue segment must be glycine. And finally, to stabilize 

the assembly in aqueous solution, outward-facing residues should be polar. 

 

Results  
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Expression and characterization of predicted cylindrin-like tau proteins

 Based on the criteria described above, we identified six segments which we hypothesized 

are most likely to form a cylindrin-like assembly from the longest tau isoform, and expressed 

them as tandem repeats connected by a di-glycine linker, referred to as TauTR1-6 (Table 5.1). 

Briefly, the tandem repeats were expressed as fusion proteins, with hexahistidine and maltose-

binding protein tags attached to the N-terminus via a Tobacco Etch Virus (TEV) protease 

recognition sequence. After an initial crude purification using a nickel-based column, the 

protein was cleaved overnight using recombinantly-expressed TEV protease, and the region 

comprising the tandem repeat segment was isolated by collected the flowthrough of a nickel 

column. A final purification step using reversed-phase HPLC and subsequent lyophilization 

yielded the dry peptides, which were verified using MALDI-TOF mass spectrometry. Among the 

six proteins expressed, TauTR1, TauTR2, TauTR5, and TauTR6 purified readily, with the 

remaining two irreversibly aggregating during purification.  

Using a Rosetta-based 3D profile method, which identifies sequences that form steric-

zipper spines (Thompson et al., 2006), we determined that all but TauTR2 are predicted to form 

amyloid-like fibrils (Figure 5.1). We confirmed this prediction using transmission electron 

microscopy, visualizing the samples after incubating them at elevated temperature with 

agitation (Figure 5.2).  

 We next sought to measure the cytotoxic potential of the constructs, comparing soluble 

preparations with those had formed fibrils using an MTT-based cytotoxicity assay (Berridge et 

al., 2005). We determined that fibrils derived from any of the constructs were of negligible 

cytotoxicity towards cultured human cells (Figure 5.3). Among the soluble samples, which 

were prepared in phosphate-buffered saline pH 7.4, TauTR1 was strongly cytotoxic, killing 
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>60% of HeLa cells. No other construct was cytotoxic in a statistically significant way. To 

determine whether an oligomeric assembly is responsible for the observed cytotoxicity, we 

subjected the cytotoxic sample to analytical size exclusion chromatography (Figure 5.4). The 

single elution peak had a retention time centered slightly below 30 minutes. This places its 

apparent molecular weight somewhere between cytochrome C (12.6 kDa) and insulin (5.8 kDa), 

which eluted at 24 and 31 minutes, respectively. Given that the molecular weight of TauTR1 is 

2.3 kDa, this most likely represents a trimeric assembly, which would correspond to 6.9 kDa. A 

4.6 kDa dimer would elute later than insulin, and a 9.2 kDa tetramer would likely exhibit a 

retention time much closer to cytochrome C.  

Unfortunately, all of the tau tandem repeat constructs have been recalcitrant to 

crystallization efforts so far. Robot-based crystal screens of 1440 different conditions were 

conducted on each construct dissolved to 30 mg/ml in PBS pH 7.4 and water individually, but 

the only crystals obtained were of salt. “Skin”-covered drops with precipitate were observed for 

constructs TauTR2 and TauTR6, but could not be optimized to yield crystals. 

 

Discussion 

 This work began with several segments of tau protein that were predicted to form a small 

amyloid oligomer. After recombinantly producing these segments, we determined that TauTR1, 

a tandem repeat construct, meets many of the criteria that define these assemblies. Using an 

MTT-based cytotoxicity assay, we observed a 200 µM fibrillar preparations of TauTR1 to be 

benign, killing < 5% of cells in a human cell line. This effect is indistinguishable from buffer 

alone, which killed a similar number of cells. In contrast, we found that an apparently trimeric 
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soluble preparation at the same concentration is highly cytotoxic, killing about 67% of cells. 

These experiments support the toxic oligomer hypothesis, as well as the view that a cylindrin-

like assembly comprises this oligomer. 

 TauTR1 comprises residues 142-152 of tau. This lies outside of the microtubule-binding 

domains, which have been the focus of the majority of tauopathy-related research, including our 

own (Ballatore et al., 2012; Sievers et al., 2011; Lee and Leugers, 2012). Targeting this region is 

certainly a justifiable aim. Research has shown that some hereditary frontotemporal dementias, 

a subclass of tauopathy, can be traced to mutations in this region (Hasegawa et al., 1998; von 

Bergen et al., 2001). Additionally, these mutations, such as P301L and ΔK280, drastically 

increase the efficiency of fibril formation in vitro. Thus, these microtubule-binding domains are 

clearly relevant to disease, and comprise the region that actually self-associate within amyloid 

fibrils. However, not all tauopathy-associated genetic factors lie within these domains. Of 

particular interest is the mutation A152T, which was initially found in a patient exhibiting many 

hallmarks of typical tauopathy, including filamentous tau deposits, memory disturbance, and 

progressive dementia (Kovacs et al., 2011). Later work described it to likely be a non-fully 

penetrant pathogenic mutation, strongly correlated with the entire spectrum of frontotemporal 

dementias and Alzheimer disease (Lee et al., 2013; Kara et al., 2012). 

 Our findings, in concert with these reports, lend credence to the hypothesis that fibrils 

are not the toxic species in tauopathies. It could be that the alanine to threonine mutation at 

residue 152 serves to stabilize the cylindrin-like structure. To further test the hypothesis that 

TauTR1 represents the effectively models the toxic tau assembly, future work could attempt to 

characterize TauTR1, with the A152T disease-associated mutation in place. One could also assay 

whether the disease-associated mutation increases the cytotoxicity of TauTR1. 
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Materials & Methods 

Recombinant Tau Tandem Repeat Peptide Plasmid Construction  

All synthetic genes for cylindrin candidates from tau (Tau-TR1, Tau-TR2, Tau-TR3, Tau-

TR4, Tau-TR5, Tau-TR6), codon optimized for Eschericia coli, were designed using DNAWorks 

and constructed using PCR-based gene synthesis as described (Hoover and Lubkowski, 2002). 

The synthetic genes were PCR amplified with Platinum Pfx polymerase (Invitrogen, Carlsbad, 

CA) with the N-terminal primer containing a SacI restriction and TEV protease site, and a C-

terminal primer containing a stop codon and XhoI restriction site. Agarose gel purified PCR 

products were extracted using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). Gel 

purified PCR products and custom vector, p15-MBP (described below), were digested with SacI 

and XhoI according to the manufacturer’s protocol (New England Biolabs, Ipswich, MA). The 

p15-MBP custom vector is 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. Digested vector products were gel purified and extracted as described above. DNA 

concentrations were determined using BioPhotometer UV/VIS Photometer (Eppendorf, 

Westbury, NY). A ligation mixture was performed using a Quick Ligation kit (New England 

Biolabs, Ipswich, MA) according to the manufacturer’s protocol and transformed into E. coli cell 

line TOP10 (Invitrogen, Carlsbad, CA ). Several colonies were grown overnight, and plasmid 

containing the synthetic genes were purified using QIAprep Spin Miniprep Kit (Qiagen, 
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Valencia, CA). The final constructs were sequenced prior to transformation into E. coli 

expression cell line BL21 (DE3) gold cells (Agilent Technologies, Santa Clara, CA).  

 

Recombinant Tau Tandem Repeat Peptide Expression  

A single colony was inoculated into 50 mL LB Miller broth (Fisher Scientific, Pittsburgh, 

PA) supplemented with 100 µg/mL ampicillin (Fisher Scientific, Pittsburgh, PA) and grown 

overnight at 37 ˚C. One liter of LB Miller supplemented with 100 µg/mL ampicillin in 2 L shaker 

flasks was inoculated with 7 mL of overnight culture and grown at 37˚ C until the culture 

reached an OD600 ~0.6-0.8 using a BioPhotometer UV/VIS Photometer (Eppendorf, Westbury, 

NY). IPTG (Isopropyl β–D-1-thiogalactopyranoside) was added to a final concentration of 1 mM, 

and grown for 3-4 hours at 34˚ C. Cells were harvested by centrifugation at 5,000 x g for 10 

minutes at 4 ˚C. The cell pellet was frozen and stored at -80 ˚C.  

 

Recombinant Tau Tandem Repeat Peptide Purification  

The cell pellet was thawed on ice and re-suspended in buffer A (50 mM sodium 

phosphate, 0.25 M sodium chloride, 20 mM imidazole, pH 8.0) supplemented with Halt 

Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL) at 50 mL per 2 L of culture 

volume. The re-suspended culture was incubated on ice for 15 minutes prior to sonication. 

Crude cell lysate was clarified by centrifugation at 14,000 x g for 25 minutes at 4 ˚C. The 

clarified cell lysate was filtered through a 0.45 μm syringe filtration device (HPF Millex-HV, 

Millipore, Billerica, MA) before loading onto a 5 mL HisTrap-HP column (GE Healthcare, 
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Piscataway, NJ). The HisTrap-HP column was washed with five column volumes of buffer A and 

protein eluted with using 60% buffer B (50 mM sodium phosphate, 0.3 M sodium chloride, 500 

mM imidazole, pH 8.0). Protein eluted around 50-70% buffer B and peak fractions pooled. A 

final concentration of 5 mM beta-mercaptoethanol (BME) and 1 mM ethylenediaminetetraacetic 

acid (EDTA) was added to the pooled sample prior to transferring to a Slide-A-Lyzer 10,000 

MWCO dialysis cassette (Pierce, Thermo Fisher Scientific, Rockford, IL), and dialyzed against 

buffer C (25 mM sodium phosphate pH 8.0, 20 mM imidazole, 200 mM sodium chloride) at 

room temperature overnight. The dialyzed sample was pooled and 1/500 volume of TEV 

protease stock was added. The TEV protease reaction was incubated overnight at room 

temperature before loading over a 5 mL HisTrap-HP column equilibrated in buffer A. The flow 

through was collected, containing the recombinant cylindrin peptide with an additional N-

terminal glycine residue resulting from TEV protease cleavage. Pooled recombinant Tau-TR1 

peptide was 0.22 µm filtered (Steriflip, Millipore, Billerica, MA) and further purified by 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 MALDI-TOF mass spectrometry (Voyager-DE-STR, Applied Biosystems, 

Carlsbad, CA). Samples were co-precipitated with matrix on a stainless steel MALDI plate 

(Applied Biosystems) in a 1:1 (v:v) ratio of protein sample to α-cyano-4-hydroxycinnamic acid 

(saturated solution in 50% acetonitrile, 0.1% trifluoroacetic acid). Pooled fractions were frozen 

in liquid nitrogen and lyophilized. Dried peptide powders were stored in desiccant jars at -20° C.  



  115   
 

 

TEV Expression and Purification 

The plasmid, pRK793, containing TEV protease with his- and polyarg-tag was expressed 

and purified as described previously with minor modifications (Kapust et al., 2001). After 

purification using the HisTrap-HP column, peak fractions were quickly pooled and dialyzed 

against TDB (20 mM Tris pH 8.0, 100 mM sodium chloride, 10% glycerol, 1mM EDTA, 5mM 

BME(β-mercaptoethanol) ) for eight hours. Dialyzed sample was loaded onto HiTrap S HP 

column (GE Healthcare, Piscataway, NJ) equilibrated in TIA buffer (50 mM sodium chloride, 20 

mM Tris pH 8.0). TEV was eluted with 50% TIB buffer (1 M sodium chloride, 20 mM Tris pH 

8.0). Peak fractions were pooled and dialyzed against TSB (20mM Tris pH 8.0, 100mM sodium 

chloride, 1mM EDTA, 5mM BME, 30% glycerol) for several hours at 4 ˚C. Dialyzed protein 

sample was concentrated to 1.5 mg/mL, flash frozen and stored at -80 ˚C prior to use. 

 

Size Exclusion Chromatography (SEC)  

One to five milligrams of lyophilized peptide was dissolved in 1 mL of SEC buffer (50 mM 

sodium phosphate, 150mM sodium chloride pH 7.0) and filtered through a 0.22 or 0.45 µm 

Microporous Durapore polyvinylidene fluoride membrane (Millipore, Billerica, MA). Filtered 

samples were injected on a Superdex 200 10/300 GL column (GE Healthcare, Piscataway, NJ) 

equilibrated in SEC buffer at a flow rate of 0.4 mL/min. Absorbance at 220nm and 280nm were 

recorded using AKTA Explorer FPLC system (GE Healthcare, Piscataway, NJ). Protein 

standards were monitored by absorbance at 280nm, and cylindrin peptides monitored by 

absorbance at 220nm.  
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Cell Culture and Viability Assay  

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

proliferation assay kit (MTT) (Promega cat. #G4100). PC-12 (ATCC; cat. # CRL-1721) and HeLa 

were used to assess the toxic effect of cylindrin peptides. HeLa cells were cultured in DMEM 

medium with 10% fetal bovine serum. 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, PC-12 cells were plated at 10,000 cells per well and SH-

SY5Y cells were plated at 25,000 cells per well. Cells were cultured for 20h at 37 °C in 5% CO2 

prior to addition of peptide samples. 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. Abeta at 0.5 µM was a positive control. The results were 

normalized using the buffer-treated cell as 100% viability and 0.2% SDS-treated as 0% viability. 
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