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ABSTRACT  

Aberrant protein folding leading to the formation of characteristic cross-b-sheet rich amyloid 

structures is well-known for its association with a variety of debilitating human diseases. Often, 

depending upon amino acid composition, only a small segment of a large protein participates in 

amyloid formation and is in fact capable of self-assembling into amyloid, independent of the rest 

of the protein. Therefore, such peptide fragments serve as useful model systems for understanding 

the process of amyloid formation. An important factor that has often been overlooked while using 

peptides to mimic full length protein, is the charge on the termini of these peptides. Here, we show 

the influence of terminal charges on the aggregation of an amyloidogenic peptide from microtubule 

associated protein Tau, implicated in Alzheimer’s disease and Tauopathies. We found that 

modification of terminal charges by capping the peptide at one or both of the termini drastically 

modulates the fibrillation of the hexapeptide sequence PHF6 (paired helical filament 6) from repeat 

3 of Tau, both with and without heparin. Without heparin, the PHF6 peptide capped at both termini 

and PHF6 capped only at the N-terminus, self-assembled to form amyloid fibrils. With heparin, 

all capping variants of PHF6, except for PHF6 with both termini free, formed typical amyloid 

fibrils. However, the rate and extent of aggregation both with and without heparin as well as the 

morphology of aggregates were found to be highly dependent on the terminal charges. Our 

molecular dynamics simulations on PHF6 capping variants corroborated our experiments and 

provided critical insights into the mechanism of PHF6 self-assembly. Overall, our results 

emphasize the importance of terminal modifications in fibrillation of small peptide fragments and 

provide significant insights into the aggregation of a small Tau fragment which is considered 

essential for Tau filament assembly.  
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INTRODUCTION 

The incorrect folding of proteins leading to the formation of b-sheet rich oligomeric structures that 

subsequently convert to amyloid fibrils is implicated in the pathogenesis of a large number of 

debilitating neurodegenerative diseases and systemic disorders.1–8 Even though the amyloid fibrils 

formed by different proteins share the common characteristic of highly ordered cross-b sheet 

structure, the underlying amino acid sequence is believed to have a strong influence on the 

fibrillation propensity of a protein.7,9,10 In many instances, often depending upon amino acid 

sequence composition, only a small segment of a large protein is prone to fibrillation and hence 

participates in amyloid core formation and in most cases, can self-assemble to form amyloid 

independent of the rest of the protein.5,11 Therefore, select small peptide fragments of large proteins 

can serve as useful model systems. Additionally, many peptide fragments are produced by 

proteolytic cleavage inside the cell under healthy as well as under diseased conditions12–15 and 

therefore studying these fragments is of paramount importance from the standpoint of both 

function and disease. 

The fragments of large proteins or peptides associated with amyloid related diseases have been 

extensively studied to elucidate the mechanism of amyloid formation.16–19 There are several studies 

that have investigated the effect of amino acid composition, side chain interactions and solvent 

conditions on the aggregation behavior of amyloidogenic peptide fragments.20–25 However, there 

are only a few reports that have highlighted the influence of the termini of the small peptide 

fragments on their aggregation propensity and fibril morphology.18,19,26,27 The charges on the 

termini of smaller peptide fragments are believed to have a prominent effect on the peptide 

hydrophobicity, hydrogen bonding pattern, electrostatic interactions, and the propensity of the 

peptide towards secondary structure formation. Hence, capping can significantly influence the 

intricate balance between peptide-solvent and peptide-peptide interactions that underlie the major 

physical driving force for protein aggregation. Additionally, the free termini introduce extra 

charges on the peptide, which makes an uncapped peptide a poor model of the full-length protein.    

In this study, we focus on the effect of termini capping on the fibrillation propensity of an 

amyloidogenic peptide fragment derived from the microtubule associated protein Tau. The 

misfolding of Tau is associated with Alzheimer’s disease and several other neurodegenerative 

diseases collectively known as “Tauopathies”.28–33 Tau is the primary component of neurofibrillary 

tangles (NFTs) found in the brain of Alzheimer’s disease patients.31 It is primarily expressed in 
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the central and peripheral nervous system.31 The full-length Tau protein is intrinsically disordered 

and can be divided into an N-terminal projection domain, a proline rich region, a repeat region, 

and a C-terminal domain.30,34,35 There are six isoforms of Tau in the adult human brain that differ 

in the number of N-terminal inserts (0-2) in the N-terminal half and either contain or lack a 31-

residue long imperfect repeat (R2) which is one of the four imperfect repeats (R1-R4) present in 

the C-terminal half of the longest Tau isoform.36 The inclusion of R2 results in the production of 

three isoforms that contain four repeats in total (4R-Tau) and exclusion of R2 gives rise to three 

isoforms containing three repeats in total (3R-Tau).  The repeat sequences constitute a major part 

of the microtubule binding region in Tau and are also known to influence the propensity of Tau to 

form tangles, which suggest that the physiological function and pathological assembly of Tau may 

be mutually exclusive.31 NFTs found in AD are a mixture of 3R and 4R isoforms.37 Unlike other 

amyloid associated proteins or peptides, Tau is a highly soluble protein and has a low tendency to 

self-assemble in vitro under physiologically relevant pH and temperature conditions.38 However, 

in the presence of polyanionic co-factors such as heparin and RNA it readily undergoes 

aggregation39,40 but the exact nature of underlying interactions between the co-factors and Tau is 

not well understood. Also, the biological significance of these polyanionic co-factors remains 

unclear. The two short hexapeptide sequences VQIINK and VQIVYK that are located in R2 and 

R3, respectively are considered crucial for Tau filament assembly.41,42 Additionally, a recent cryo-

EM study on Tau filaments isolated from AD patients has revealed that the Tau filament core is 

comprised of residues 306-378 and the VQIVYK sequence from the R3 repeat forms the first b-

strand of this filament core.43 The VQIVYK sequence is commonly referred to as paired helical 

filament 6 (PHF6). While all repeats of Tau are considered important for microtubule binding, the 

repeat R3 is believed to play a critical role in inducing Tau aggregation and PHF6 is considered 

essential for Tau filament assembly.44,45 In addition, it has been found that endopeptidase cleavage 

can lead to in-situ generation of fragments containing R3 in human brain.46 Moreover, the R3 

repeat is part of all six Tau isoforms and has been shown to self-assemble into amyloid.17 Most of 

the aggregation studies on PHF6 and R3 fragments have been carried out in the presence of heparin 

as an anionic co-factor.47–50 Furthermore, even though the aggregation behavior of various Tau 

fragments has been investigated extensively,11,17,47–57 the importance of the charges on the termini 

of these fragments has either been overlooked or has been underestimated. Therefore, in this study, 
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we have investigated the effect of terminal charges on the self-assembly of four capping variants 

of Tau peptide fragment PHF6 (Scheme 1), both with and without heparin.  

 

MATERIALS AND METHODS 

 

Materials 

Ammonium acetate, thioflavin-T (ThT) and sodium chloride were purchased from EM science 

(Merck), Sigma-Aldrich and Fisher Scientific, respectively. Heparin (H4784) was purchased from 

Sigma-Aldrich. All solutions were prepared in 10mM ammonium acetate buffer, which was 

prepared with HPLC grade water (Alfa Aesar). The pH of the ammonium acetate buffer was 

adjusted to 7.0 using a Thermo Fisher pH meter.  

 

Methods 

Peptide Synthesis and Purification  

PHF6 was purchased from Genscript inc., R3 was purchased from Anaspec (Catalog number AS-

65435-1), and Ac-R3-NH2 was purchased from Aapptec. The PHF6 peptides were synthesized 

using standard 9-fluorenylmethoxycarbonyl (Fmoc) and HBTU/HOBt manual solid-phase 

synthesis. PHF6 and Ac-PHF6 were synthesized on an Fmoc-Wang Resin (Aldrich) that was 

preloaded with lysine. PHF6-NH2 and Ac-PHF6-NH2 were synthesized on a Fmoc-Rink Amide 

Resin (Anaspec). Ac-PHF6 and Ac-PHF6-NH2 were acetylated with acetic anhydride prior to 

cleavage from the resin. The PHF6 peptides were cleaved from the resin using 94% TFA, 5% of 

triisopropylsilane and 1% phenol for 2 h at 22°C. Crude peptides were purified by RP-HPLC on a 

semi-preparative C18 column (Phenomenex) using gradients of water (0.1% v/v TFA) and 

acetonitrile (0.1% v/v TFA). Peptide purity was greater than 95% by analytical RP-HPLC. The 

molecular masses of the peptides were verified by ESI mass spectrometry. All the peptides were 

dissolved in HFIP and were dried under vacuum for ~24 h. The dry peptides were stored at -20°C.  

Prior to experiments, the dried peptides were dissolved in the desired buffer (see below). 

Determination of Peptide Concentrations 

Peptide concentrations were calculated using the extinction coefficient for the tyrosine residue 

(ε275 = 1,420 M-1 cm-1). The absorbances were measured on a Thermo Electron Corporation Nicolet 

Evolution 300. 
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ThT Fluorescence Assay 

The ThT fluorescence assay was performed on a BioTek Synergy 2 multimode plate reader in 

kinetic mode for 24 hours. The fibril assays were performed at 37ºC by incubating the peptides at 

150 µM in 10 mM ammonium acetate buffer (pH 7.0) containing either 150 mM NaCl or 15 µM 

heparin and 50 µM ThT. The excitation and emission filters used were 440/30 nm and 485/20 nm, 

respectively. The PMT gain used was either 55 or 60.  The buffer (10 mM ammonium acetate, pH 

7.0) containing either 150 mM NaCl or 15 µM heparin and 50 µM ThT was used as baseline and 

the data were always corrected for the baseline. For the 2-week time point, the samples were 

incubated at 37ºC under the desired experimental conditions (mentioned above) and the 

fluorescence was recorded in the plate reader using the same excitation and emission filters. All 

data were then plotted and smoothened in Origin software.  

Far-UV Circular Dichroism  

CD data were collected on a Jasco J-810 CD spectrometer equipped with a temperature-controlled 

holder. The CD spectra were collected at 1 nm intervals from 260 to 195 nm with a 4-s response 

time and a 1 nm bandwidth. All spectra were collected in a 1 mm quartz cuvette at 37ºC. The CD 

spectra of freshly dissolved (t = 0) peptides were measured at a concentration of 150 µM in 10 

mM ammonium acetate, pH 7.0, containing either 150 mM NaCl or 15 µM heparin. The samples 

were incubated at 37ºC in between time points and run again after two weeks to detect the 

formation of  b-sheet. Ten scans were collected at each time point, and the data were averaged. A 

buffer baseline was subtracted from the averaged data and the curves were base-line corrected. 

The data were then plotted in the Origin software. 

Transmission Electron Microscopy  

Fibril assays were performed by incubating the peptides at 150 µM in 10 mM ammonium acetate 

buffer (pH 7.0) containing either 150 mM NaCl or 15 µM heparin. The samples were incubated 

under quiescent conditions at 37ºC for two weeks prior to EM imaging. Aliquots of fibril samples 

(5 µL) were applied to a glow-discharged, 400-mesh, carbon-coated support film and stained with 

1% uranyl acetate. Images of fibrils at a magnification of 137,200x were recorded using a FEI 

Tecnai F30 STEM Microscope operated at 300 kV and equipped with a Gatan CCD digital 

micrograph. 
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Molecular Dynamics Simulations 

All-atom molecular dynamics (MD) simulations were performed using the GROMACS (versions 

5.1.2 and 2016.3) package.58 Aggregation propensities of the PHF6 peptide with different capping 

conditions in 1 M NaCl were studied using unbiased MD simulations. For the unbiased MD 

simulations, large cubic boxes with ~25.4 nm linear dimension containing 25 peptides, 9860 Na+ 

and 9860 Cl- ions, and ~531,000 water molecules were studied. Additional Cl- ions were added to 

assure electroneutrality of the systems as follows: 25 for Ac-PHF6-NH2 and PHF6 (uncapped) 

peptides, 50 for PHF6-NH2 peptide and 0 for Ac-PHF6 peptide. The concentrations of the peptides 

were ~2.5 mM. The peptides were simulated using the OPLS-AA force field.59-61 Water molecules 

were modeled with the rigid TIP3P force field.62 For Na+ and Cl- ions we reparameterized a 

Kirkwood-Buff derived force field (Smith force field)63 in order to reproduce experimental activity 

derivative of aqueous NaCl solutions. The details of the development of the NaCl force field can 

be found below. Periodic boundary conditions in the x, y and z directions were applied. 500 ns 

long NpT simulations at 300 K temperature and 1 bar pressure were performed. The temperature 

of the systems was controlled using the Nosé-Hoover thermostat with a time constant of 0.5 ps.64,65 

The pressure of the systems was maintained utilizing the Parrinello-Rahman barostat with a time 

constant of 3 ps.66 Prior to the production runs, 5 ns long NpT simulations using the Berendsen 

thermostat (0.5 ps time constant) and Berendsen barostat (3 ps time constant) were performed.67 

The trajectories were generated using a leap-frog integrator with 2 fs time-steps.68 The last 250 ns 

of the trajectories were used for the calculations of the inter-peptide hydrogen bonds. Coulombic 

interactions were calculated using the Particle Mesh Ewald method with a grid-spacing of 0.12 

nm.69 For all the non-bonded interactions, a cut-off of 1.2 nm was used. The bonds in the peptides 

were constrained using the LINCS algorithm.70 The SETTLE algorithm was used to keep the water 

molecules rigid.71 The hydrogen bonds were identified using a linear cut-off of 0.25 nm for the 

hydrogen-acceptor distance and a 30-degree cut-off for the hydrogen-donor-acceptor angle. The 

peptide clusters were identified using the backbone (N-Ca-C) atoms with a cut off distance of 0.70 

nm. The radius of gyration and the asphericity of the clusters were also calculated based on the 

backbone atoms. The secondary structures of the peptides were calculated with the DSSP 

algorithm (using Gromacs do_dssp plugin)72. 

The Smith force field for NaCl uses the SPC/E water model with a 0.75 scaling factor for the 

cation-water van der Waals interactions to reproduce the derivative of the activity coefficient of 
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NaCl. The developers of the Smith force field had shown that the force field predicts a very low 

molar activity derivative (1.18) relative to experiment (1.63) when the TIP3P water is used at 4 M 

concentration. Since in our simulations the TIP3P water is used, we used the Smith NaCl force 

field with a re-parameterized scaling factor (0.65) for the cation-water van der Waals interactions. 

The new parameterization yields a molar activity derivative for 4 M NaCl solutions, very close 

(1.62) to experiment. For comparison, the original Smith NaCl force field with SPC/E water 

predicts the corresponding value as 1.47.63 With the newly parametrized force field the molar 

activity derivative of 1 M NaCl solution was calculated to be 1.08, which is also reasonably close 

to the experimental value (1.01).63 To develop the NaCl force field, we used cubic boxes with 

linear dimensions of ~5.8 nm. NpT simulations with the Nosé-Hoover thermostat73, 74 and the 

Parrinello-Rahman barostat66 were run for 70 ns and 20 ns respectively for 1 M and 4 M NaCl 

solutions. These simulations were preceded by 5 ns long NpT simulations with the Berendsen 

thermostat and barostat.67 The activity derivatives were calculated from the Kirkwood-Buff 

integrals (KBIs) between the ions and between the ions and water. All the ions were grouped 

together to calculate the KBIs.75 The last 65 ns and 15 ns of trajectories were used for the 

calculation of the activity derivatives in 1 M and 4 M NaCl solutions respectively. The KBIs were 

corrected using the method by Ganguly and van der Vegt.76 The values of the KBIs were obtained 

by averaging the values between 1.0 nm and 1.4 nm. The other simulation parameters are the same 

as the simulations of the peptides. 

 

RESULTS AND DISCUSSION 

 

ThT fluorescence shows that terminal capping influences the kinetics of fibrillation  

In order to compare the fibrillation propensities of capping variants of PHF6, we monitored the 

fibrillation kinetics in continuous mode for 24 hours using Thioflavin T (ThT), which is a well-

known amyloid marker.77 The capping variants of PHF6 were incubated with and without heparin. 

The peptides incubated without heparin were dissolved in 10 mM ammonium acetate (pH 7.0) 

containing 150 mM NaCl. The peptides incubated with heparin were dissolved in 10 mM 

ammonium acetate (pH 7.0) containing 15 µM heparin. Without heparin, Ac-PHF6-NH2, which is 

acetylated at the N-terminus and amidated at the C-terminus showed an increase in ThT 

fluorescence within 2 hours (Figure 1A). However, no increase in ThT fluorescence was observed 
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for PHF6 (free N- and C-termini), Ac-PHF6 (acetylated at the N-terminus) and PHF6-NH2 

(amidated at the C-terminus) (Figure 1A). Upon 2 weeks of incubation, a small increase in ThT 

fluorescence was observed for Ac-PHF6 (Figure 1B). Thus, from this set of data, we can conclude 

that the extent of increase in ThT fluorescence is less for Ac-PHF6 when compared to Ac-PHF6-

NH2 but both are able to convert to ThT active (amyloid competent) species (Figure 1B). On the 

contrary, PHF6-NH2 and PHF6 remain ThT inactive even after 2 weeks of incubation (Figure 1B). 

With heparin, Ac-PHF6-NH2 immediately showed an increase in ThT fluorescence (Figure 1C).  

However, no increase in ThT fluorescence was observed for other PHF6 capping variants (Figure 

1C). Upon 2 weeks of incubation, an increase in ThT fluorescence was observed for Ac-PHF6 

(Figure 1D). Thus, both with and without heparin, Ac-PHF6 and Ac-PHF6-NH2 convert to ThT 

active species (Figure 1D). 

CD measurements show the differences in the secondary structure of PHF6 capping variants  

Without heparin, PHF6, Ac-PHF6, and PHF6-NH2 did not show any significant change in 

secondary structure even after 2 weeks (Figure 2A). The fully capped variant, Ac-PHF6-NH2 

showed a small change in the secondary structure initially (Figure S1A). However, after 2 weeks, 

a significant change in the secondary structure from predominantly random coil to a mixture of 

random coil, a-helix and b-sheet rich structure was observed (Figure 2A). With heparin, Ac-PHF6-

NH2 immediately attained b-sheet rich structure (Figure S1B). Interestingly, after 2 weeks, the CD 

structure changed from predominantly b-sheet to a mixture of random coil, a-helix and b-sheet, 

akin to the CD signature observed without heparin (Figure 2B). The singly capped variants, Ac-

PHF6 and PHF6-NH2 initially retained their disordered structure (Figure S1B). However, after 2 

weeks, they converted into b-sheet, and a-helix rich structures, while retaining some disordered 

(random coil) structure (Figure 2B). It is interesting that the CD signature observed by us for Ac-

PHF6-NH2 with/without heparin after 2 weeks shows resemblance to the CD structure observed 

for paired helical filaments (PHFs) isolated from AD patients which also has high a-helical 

content.78 The CD spectra observed for Ac-PHF6 and PHF6-NH2 with heparin are different from 

that of Ac-PHF6-NH2 (Figure 2B). The CD signal for PHF6-NH2 was found to be particularly 

different and is indicative of more b-sheet content.  
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TEM reveals distinct morphological differences between the aggregates formed by PHF6 

capping variants   

Without heparin, both Ac-PHF6-NH2 and Ac-PHF6 showed the formation of regular amyloid 

fibrils (Figure 3B, 3D). Upon careful examination of the TEM images, it appears that while Ac-

PHF6 predominantly forms fibrils that have a more twisted morphology and resemble paired 

helical filaments (PHFs), Ac-PHF6-NH2 forms mostly straight filaments along with some PHFs. 

The fibrils formed by Ac-PHF6 also appeared thicker than the Ac-PHF6-NH2 fibrils. No fibrils or 

oligomeric structures were observed for PHF6 and PHF6-NH2 (Figure 3A, 3C), which agrees with 

our ThT and CD data. With heparin, all PHF6 capping variants, except for PHF6 (with free N- and 

C-termini), showed the formation of regular amyloid fibrils (Figure 3E-3H). However, the fibrils 

were most dense in case of Ac-PHF6-NH2. In the case of PHF6-NH2, we observed only a few 

isolated fibrils (Figure 3G). Even in the presence of heparin, we observed differences in the 

morphologies of fibrils due to terminal capping. In fact, the fibrils formed with heparin appeared 

different from the fibrils formed without heparin. For example, Ac-PHF6 formed thicker fibrils 

without heparin (Figure 3B) while the fibrils formed with heparin were comparatively thinner and 

were a mixture of straight filaments and PHFs (Figure 3F). Also, with heparin, Ac-PHF6-NH2 
predominantly formed fibrils that resembled PHFs (Figure 3H).     

Overall comparison of fibrillation propensities of PHF6 capping variants based on our 

experimental data 

Taken together, our results suggest that under identical experimental conditions: (i) the fibrillation 

propensities for PHF6 fragments are highly capping dependent and follow this order: (a) without 

heparin Ac-PHF6-NH2 > Ac-PHF6 > PHF6-NH2 @ PHF6 and (b) with heparin Ac-PHF6-NH2 > 

Ac-PHF6 > PHF6-NH2 > PHF6 (Table 1). (ii) No fibril formation or any change in secondary 

structure is observed for PHF6 (free N- and C-termini), whether or not heparin is present (Table 

1). (iii) In the case of PHF6-NH2, although the ThT fluorescence does not change after 2 weeks 

when heparin was present, CD data showed a change in secondary structure from random coil to 

partial b-sheet rich structure and TEM imaging showed the formation of a few isolated fibrils. (iv) 

Terminal capping also had a strong influence on the final fibrillar morphologies, both with and 

without heparin. 

Collectively, our experimental data strongly indicate that without heparin, the charge on the 

termini play a crucial role in assembly and subsequent fibrillation of the PHF6 fragment. In fact, 
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even in the presence of the anionic co-factor heparin, the fibril formation appears to be strongly 

influenced by the terminal charges. The introduction of positive charge on the N-terminus and 

negative charge on the C-terminus completely eliminates the amyloidogenicity of the PHF6 

fragment whether or not heparin is present. When positive charge is present on the N-terminus and 

the C-terminus is amidated (PHF6-NH2), the amyloidogenicity of PHF6 is only recovered slightly 

upon the addition of heparin. In the case of Ac-PHF6, the charged C-terminus makes it less 

aggregation prone than fully capped Ac-PHF6-NH2 but the Ac-PHF6 fragment eventually forms 

fibrils. However, the morphology of fibrils formed by Ac-PHF6 is different from Ac-PHF6-NH2 

(Figure 3B, 3D). Thus, our data suggest that while charges on both termini make PHF6 less 

aggregation prone, the charge on the N-terminus particularly seems to play an important role in 

determining the fibrillation propensity of PHF6.  

MD simulations provide critical mechanistic and structural insights into the self-assembly of 

PHF6 capping variants 

In the past, MD simulations of Tau fragments were used to predict local structural changes57,79,80 

and to identify the aggregation pathways and the structure of oligomers.55,57,81-89 One of the major 

challenges in studying aggregation of peptides through all-atomistic MD simulations is to achieve 

experimentally relevant peptide concentrations, which may typically be 103 to 106 times lower 

than the MD simulations.90 By studying the aggregation of 25 peptides in a cubic box with linear 

dimension of ~25.5 nm, we have achieved a peptide concentration of 2.5 mM, which is >15 times 

higher than the peptide concentrations used in ThT, TEM and CD experiments. However, the 

relatively low concentration of the peptides in our MD simulations allow qualitative comparison 

of the aggregation propensities of the peptides as observed in the MD simulations and in the 

experiments. Our simulations of 500 ns allow us to probe the molecular mechanism of aggregation 

and the structures of the aggregates in their early stages.  

In Figure S2A, we plot the average number of peptide aggregates versus cluster size (N). We found 

that the probability of forming larger aggregates (N>6) is significantly higher for Ac-PHF6-NH2 

and Ac-PHF6 compared to PHF6-NH2 and PHF6. The total number of hydrogen bonds formed 

within the peptide clusters qualitatively correlates with their aggregation propensities (Figure 

S2B). Further, the number of hydrogen bonds formed agrees well with our ThT experimental data 

for the aggregation of PHF6 capping variants without heparin: Ac-PHF6-NH2 > Ac-PHF6 > PHF6-

NH2 @ PHF6.  
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Morphology of the PHF6 aggregates:  

Next, we studied the variation in the radius of gyration, Rg, of the clusters versus cluster size. We 

fit Rg using Equation (1) 

          (1) 

where A is an undetermined prefactor and the exponent m is determined by plotting Rg versus N 

in logarithmic scale (Figure 4). The fractal dimension (df)73,91 of the clusters is defined as m=1/df. 

We found that Rg follows Eqn (1) with distinct exponents for different capping conditions. The 

corresponding exponents for Ac-PHF6, PHF6-NH2, and PHF6 are 0.38 (df=2.6), 0.31 (df=3.2), and 

0.43 (df=2.3) respectively. Interestingly, we found that Ac-PHF6-NH2 follows two distinct power 

laws for two different cluster size regimes: From N=1 to 5 m = 0.43 and from N=8 to 12 m = 0.82 

(Figure 4A). The increase in Rg with N saturates at N=7 before the discontinuous change in the 

power law at N>8. This crossover behavior of Ac-PHF6-NH2 as N increases is further discussed 

below utilizing the three-dimensional structures of the peptide aggregates. It is also discussed how 

the structures of the uncapped PHF6 aggregates are significantly different than the clusters of Ac-

PHF6-NH2 despite of the fact that the growth exponent for Ac-PHF6-NH2 (N=1 to 5) is similar to 

that of PHF6. 

In order to understand the shape of the peptide clusters, we have further calculated the asphericity 

of the peptide aggregates. By calculating the corresponding radii of gyration (R1, R2 and R3) along 

the principal axes of the aggregates, the asphericity (D) can be calculated as given in Equation (2) 

                                D= 1- 3!"#$%!,%#,%$&
%!%%#'%$

                                                     (2) 

where min(R1, R2,R3) denotes the minimum among R1, R2 and R3. An asphericity of 0 corresponds 

to a spherical cluster. The probability distributions of the asphericty of the peptide clusters with 

the size of the clusters (N) for the different capping conditions are plotted in Figure S3. We find 

that for all PHF6 capping variants, the asphericity of the aggregates reduces with the increase in 

the number of the peptide monomers in the aggregates and the larger aggregates (N>4) assume 

near-spherical shapes. However, for Ac-PHF6-NH2, an abrupt increase in the asphericity is 

observed for the clusters of size N>8. This discontinuity in the asphericity is consistent with the 

crossover behavior of the power law of Rg with the cluster growth at N>8.  

Three-dimensional structures of the peptides and their aggregates: We have further calculated 

the secondary structures of the peptides where the most stable cluster for each cluster size are 

Rg= A Nm
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chosen for the calculations. In Figure S4A in the Supporting Information, we plot the average 

number of amino acids with secondary b-structures in a cluster along with the cluster size N, where 

the b-sheet and b-bridge structures are considered together. We plot the same in Figure S4B where 

the alpha-helical structures are added to the data presented in S4A. For Ac-PHF6, a moderate 

increase in the b-content is observed with the increasing cluster size. Both PHF6 and PHF6-NH2 

do not form large clusters. However, smaller oligomers (N<=7) observed for all peptides and for 

PHF6-NH2 in particular, show b-structures. No significant alpha-helical structures are found for 

Ac-PHF6, PHF6-NH2 and PHF6. Interestingly, for Ac-PHF6-NH2, the number of b-structures first 

increases with N till N=4, then decreases till the cross-over at N=7. In Figure 5A-G, we show 

representative snapshots of the most stable clusters of AcPHF6-NH2 peptides with different cluster 

sizes. Upon comparing the structures of the dimers, trimers and the tetramers, we find that the 

growth of the peptide aggregates (N<=4) occurs with a semi-planar geometry with the tetramers 

assuming curved b-structures. At N=5, the b-structure is distorted and the cluster assumes a more 

spherical structure. Figure S4B in the Supporting Information is almost identical to S4A except 

for Ac-PHF6-NH2 at N=7, where the peptides assume prominent alpha-helical structures. The 

overall shape of the cluster at N=7 is found to be cylindrical (Figure 5E). At this cluster size, the 

three-dimensional growth of the Ac-PHF6-NH2 aggregate saturates as observed from the plot 

between Rg and N in Figure 4. The fully-capped Ac-PHF6-NH2 peptides are significantly more 

structured with b-content at higher order oligomers (N>8). From the structures of the larger 

aggregates (N>10), we find that the larger clusters are composed of two smaller moieties 

comprised of 7-8 peptides and 3-4 peptides respectively. The overall growth of the clusters beyond 

N=8 tends to be linear which explains the discontinuity in the asphericity of the aggregates. It must 

also be noted that the increase in Rg with N for N>8 corresponds to a fractal dimension of 1.2 and 

a fractal dimension close to 1 corresponds to linear growth of a cluster.74 The linear growth of the 

peptide aggregate may potentially lead to longer fibril formation. In comparison, the Ac-PHF6 

variant of the peptide aggregates into amorphous distorted spherical clusters for N>4 (Figure S5), 

although the individual peptides show b-structures (Figure S4). Additional snapshots of the smaller 

clusters (N<4) formed by the PHF6 and the PHF6-NH2 peptides are shown in Figures S6 and S7, 

respectively. 

Taken together, our MD results correlate well with our CD experiments where a mixture of b-

structures and alpha-helical structures for Ac-PHF6-NH2 was observed. The b-structures arise 
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predominantly from the higher order oligomers. During the transition between amorphous lower 

order oligomers and structured higher order oligomers, the peptides assume alpha-helical 

structures. Our MD results also indicate that b-structures may form in the lower order oligomers 

of Ac-PHF6 and PHF6-NH2, which further explains why an enhancement in the b-sheet content 

was observed with heparin for these two peptides. However, in contrast to the CD experiments 

with heparin, no alpha-helical structures for Ac-PHF6 were observed in the MD simulations. 

Molecular mechanism that underlies PHF6 aggregation: 

A detailed analysis of the hydrogen bond formation between the individual amino acids provides 

significant insight into the mechanism of self-assembly. The probability distributions of the 

hydrogen bond contacts (considering the backbone and the side chain atoms together), shown in 

Figure 6(A-D), indicate the mutual affinities and the cross-peptide linkages between the amino 

acid residues in the peptide aggregates. For Ac-PHF6-NH2, strong interactions were observed 

between the polar residues glutamine (Q) and tyrosine (Y), and also between the hydrophobic 

residues valine (V) and isoleucine (I) (Figure 6A). The interactions were strongest between the Qs 

and between Q and Y. Unlike Ac-PHF6-NH2, Ac-PHF6 has a negatively charged C-terminus. 

However, the positively charged side chain of K, adjacent to the negatively charged C-terminus 

facilitates a strong interaction between these lysine residues when the C-terminus is uncapped. 

This observation is consistent with the formation of parallel dimers in the Ac-PHF6 peptides 

(Figure S5A). In addition, for Ac-PHF6, we observed interaction of all residues with residue Q, 

presumably due to its longer side chain (Figure 6C). The strong interaction between the Qs was 

also observed for Ac-PHF6-NH2 (Figure 6A) and both these peptides had higher propensity 

towards the formation of larger aggregates. 

In PHF6, a strong interaction of lysine (K) with both K and V was observed (Figure 6B). The 

positively charged N-terminus and the negatively charged C-terminus of an adjacent peptide result 

in anti-parallel peptides for dimeric and trimeric PHF6 (Figure S6A, S6B). However, the positively 

charged lysine side chain adjacent to the negatively charged C-terminus facilitates interactions 

between the C-terminus and the side chain of the lysine on an adjacent peptide resulting in parallel 

tetrameric aggregates (Figure S6C). Like PHF6, PHF6-NH2 has a positive charge on the N-

terminus, however this peptide experiences strong repulsion between the N-terminus and the 

positively charged lysine side chain near the C-terminus. This repulsion results in minimal 

attraction between the Q and V residues on adjacent peptides (Figure 6D). The positive net charge 
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on the PHF6-NH2 peptide might also hinder the formation of the larger aggregates due to 

Coulombic repulsion. 

Taken together, our simulation data emphasize the importance of the positively charged lysine 

residue and the charge on the N-terminus. Whenever N-terminus is positively charged the lysine 

residue at the C-terminus experiences repulsion, whether or not the C-terminus is free. 

Additionally, our MD simulations suggest that the strong interactions among polar residues and 

hydrophobic residues are drivers for fibrillation as these interactions are observed for Ac-PHF6-

NH2 and Ac-PHF6, both of which convert to amyloid fibrils. However, the morphology of the 

resulting fibrils is significantly different for the Ac-PHF6-NH2 and the Ac-PHF6 peptides (Figure 

3). Therefore, our MD data also suggest that the terminal charges not only influence the fibrillation 

propensity of PHF6 peptide but also affect the overall fibrillar morphology and their formation 

mechanism. 

The terminal capping also influences the fibrillation of a cytotoxic 31-residue long repeat 3 

(R3) fragment of Tau 

Terminal capping also had a significant influence on the fibrillation of the full length R3 repeat 

fragment (Scheme 1). Without heparin, capped R3 fragment Ac-R3-NH2 (acetylated at the N-

terminus and amidated at the C-terminus) began to show an increase in ThT fluorescence after 14-

16 hours, but uncapped R3 (free N- and C-termini) did not show any increase within 24 hours of 

continuous monitoring (Figure 7A). Thus, our ThT kinetics data for R3 variants is consistent with 

PHF6 where uncapped or singly capped variants did not show any increase in ThT within 24 hours 

while fully capped PHF6 (Ac-PHF6-NH2) showed an immediate increase in ThT fluorescence. 

However, after 2 weeks, ThT fluorescence was similar for both R3 variants (inset in Figure 7A 

and Figure S8A) but the morphologies of fibrils were found to be highly influenced by terminal 

charges. The uncapped R3 showed the formation of fibrils that resembled the fibrils formed by 

Ac-PHF6 (Figure 7B). The fibrils formed by Ac-R3-NH2 were similar to Ac-PHF6-NH2 fibrils 

(Figure 7C). Interestingly, with heparin, unlike PHF6, both Ac-R3-NH2 and R3 showed an 

immediate increase in ThT fluorescence (Figure 7D) and after 2 weeks ThT fluorescence was 

similar for both variants (Figure S8B). Also, both variants showed the formation of amyloid fibrils 

(Figure 7E, 7F). The R3 peptide has a net positive charge and therefore we believe that by 

screening the positive charge, heparin is able to reduce the interpeptide repulsion that might be 

slowing its aggregation in the absence of heparin.  
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SUMMARY 

In summary, we have shown that aggregation of the important PHF6 peptide fragment of the 

intrinsically disordered protein Tau is highly dependent on the charges on its termini. The 

introduction or removal of charges not only affects the fibrillation propensity and final fibrillar 

morphology but also alters the mechanism of aggregation as revealed by our MD simulations. 

While the charges on both termini are important, the charge on the N-terminus particularly plays 

an important role in PHF6 aggregation. Additionally, the positively charged residue K present at 

the C-terminus appears to be critical. It is highly likely that replacing this residue with an 

uncharged or negatively charged residue could increase the fibrillation propensity of all PHF6 

capping variants. In fact, it has been shown previously that the substitution of K by glutamic acid 

(E) resulted in gel formation, suggesting that the peptide rapidly formed amyloid.45 Interestingly, 

a recent study on the Tau filaments isolated from AD patients has shown that the residue K at 

position 311 in PHF6 is acetylated and/or ubiquitinated.92 The acetylation of residue K would 

result in the neutralization and promote Tau aggregation. Our results that reflect a strong influence 

of charges and a critical role of positively charged residue K on Tau aggregation could account for 

the effect of such post translational modifications on final fibrillar structure. Furthermore, our 

results underscore the importance of the polar residues Q and Y, and hydrophobic residues V and 

I in PHF6 fibrillation. The significance of the VYK sequence within PHF6 in the context of 

amyloid formation has been highlighted previously.45 Moreover, it is interesting to note that even 

for full length repeat 3 within Tau (R3), which is much longer than PHF6, the effect of capping 

the termini was fairly significant. In fact, it is possible that modifying the termini of amyloid 

associated peptides might provide a promising handle for controlling the fibrillation propensities 

of amyloidogenic protein/peptide fragments. Depending upon the amino acid sequence and 

charges on the peptide, the modification on either terminus might result in the production of non-

amyloid forming species that are unable to readily convert to fibrils. These species might then act 

as potent inhibitors of full-length protein fibrillation by preventing the interactions necessary for 

amyloid formation. 
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Figure Captions 

 

Figure 1. ThT fluorescence for all capping variants of Tau PHF6 fragment (A, B) without heparin, 

and (C, D) with heparin. The data shown in A and C were acquired for 24 hours in kinetic mode 

and the data shown in B and D were acquired after 2 weeks of incubation at 37°C. The fully capped 

PHF6 fragment (Ac-PHF6-NH2) is shown in olive. The fragment acetylated at the N-terminus (Ac-

PHF6) and the fragment amidated at the C-terminus (PHF6- NH2) are shown in red and blue, 

respectively. The peptide with both termini free is shown in black. 

 

Figure 2. Circular Dichroism (CD) spectra for all capping variants (A) without heparin, and (B) 

with heparin. The data were collected after 2 weeks of incubation at 37°C. The fully capped PHF6 

fragment (Ac-PHF6-NH2) is shown in olive. The fragment acetylated at the N-terminus (Ac-PHF6) 

and the fragment amidated at the C-terminus (PHF6- NH2) are shown in red and blue, respectively. 

The peptide with both termini free is shown in black. 

 

Figure 3. Transmission electron microscopy (TEM) images of aggregates formed by all capping 

variants of Tau PHF6 fragment (A-D) without heparin, and (E-H) with heparin. All images  

acquired after 2 weeks of incubation at 37°C. The straight filament like morphologies are 

highlighted with cyan arrows and the twists within typical paired helical filaments (PHFs) are 

highlighted with pink arrows. The scale bar is 50 nm for all of the images corresponding to a 

137,200x magnification. 

 

Figure 4. Plots of log radius of gyration (Rg) of the peptide clusters with the log of thesize of the 

clusters (N) in terms of the number of the peptides in the respective clusters. Dashed lines 

correspond to a linear fit to the data. The“m” value represents the corresponding exponent of the 

power law relation between Rg and N (see text for details). For the Ac-PHF6 peptide, the data for 

N=3 has been omitted in the linear fit. The maximum error in Rg < 0.01nm. 

 

Figure 5 Representative snapshots of the most stable peptide clusters of the respective cluster sizes 

for the Ac-PHF6-NH2 peptide are shown (A-G). The numbers in the circles for each panel 

represent the number of the peptides in the respective aggregates. The backbones of the peptides 



 27 

are shown in the “ribbon” representation and the side chain atoms are shown in the “licorice” 

representation. The side chains are not shown in the middle and the lower panel of E) and in the 

lower panel of G), allow for clear visualization of the backbone structures.  

 

Figure 6. The probability distributions of the inter-residue hydrogen bonds between the various 

amino acid residues are shown in A) Ac-PHF6-NH2, B) PHF6, C) Ac-PHF6 and D) PHF6-NH2. 

The relative intensity of each interaction is given by reference to the color bar on the right hand 

side of each figure.  

 

Figure 7. ThT fluorescence (A) and TEM images (B,C) for R3 capping variants without heparin, 

and (D-F) with heparin are shown. The data shown in A and D were acquired for 24 hours in 

kinetic mode. The inset in panel A shows ThT fluorescence data acquired for uncapped and capped 

variants after 2 weeks. TEM images were acquired after 2 weeks of incubation at 37°C. The scale 

bar is 50 nm for all of the images corresponding to a 137,200x magnification. The fully capped R3 

fragment (Ac-R3-NH2) is shown in red and the fragment with both termini free (R3) is shown in 

black. 
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Figures 
 

Scheme 1.  

(A) Schematic of the longest isoform of human Tau. The R3 repeat sequence shown, along with 

the PHF6 fragment, is present in isoforms of Tau and is considered important for Tau filament 

assembly. 

 

 

(B) The capping variants of the R3 and PHF6 fragment used in this study:  

 
R3: +H3N-VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ-COO- 

Ac-R3-NH2: CH3CONH-VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ-CONH2 

PHF6: +H3N-VQIVYK-COO
- 

Ac-PHF6: CH3CONH-VQIVYK-COO
- 

PHF6-NH2: 
+H3N-VQIVYK-CONH2 

Ac-PHF6-NH2: CH3CONH-VQIVYK-CONH2 

 
 

N2N1 R1 R2 R3 R4Proline rich
1 441

Projection domain Microtubule binding domain

VQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQ
PHF6
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Table 1. A comparative overview of our experimental results obtained for four capping variants 

of PHF6. The (-) and (+) signs in the heparin (-/+) column indicate with or without heparin added, 

while in the rest of the table they are used to compare the extent of fibrillation (ThT) / fibril 

formation (TEM) / secondary structure changes (CD) during fibrillation, where (-) stands for no 

change, (+) stands for an appreciable change and (++) indicates a large extent of change.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Technique Heparin (-/+) 
Capping Variants 

PHF6 Ac-PHF6 PHF6-NH2 Ac-PHF6-NH2 

ThT Fluorescence 
- - + - ++ 

+ - + - ++ 

TEM 
- - + 

 
- ++ 

+ - ++ 
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++ 
 

CD 
- - - - ++ 

 
+ - + 
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++ 
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Figure 1. 
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Figure 3.  
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Figure 4. 
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Figure 5. 
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Figure 6.  
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Figure 7.  
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