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Abstract

The intrinsically-disordered protein Tau represents the main component of neu-
rofibrillary tangles that are a hallmark of Alzheimer’s disease. A small fragment of
Tau, known as paired helical filament 6 (PHF6), is considered to be important for
the formation of the S-structure core of the fibrils. Here we study the aggregation of
this fragment in the presence of different cosolutes, including urea, TMAO, sucrose,
and 2-hydroxypropyl-S-cyclodextrin (2-HPSBCD), using both experiments and molec-
ular dynamics simulations. A novel implicit solvation approach (MIST - Model with
Implicit Solvation Thermodynamics) is used, where an energetic contribution based on
the concept of transfer free energies describes the effect of the cosolutes. The simu-
lation predictions are compared to thioflavin-T and atomic force microscopy results,
and the good agreement observed confirms the predictive ability of the computational
approach herein proposed. Both simulations and experiments indicate that PHF6 ag-
gregation is inhibited in presence of urea and 2-HPSBCD, while TMAO and sucrose
stabilize associated conformations. The remarkable ability of HPSCD to inhibit ag-
gregation represents an extremely promising result for future applications, especially
considering the widespread use of this molecule as a drug carrier to the brain, and as a

solubilizer/excipient in pharmaceutical formulations

Introduction

Tau is an intrinsically-disordered, microtubule-associated protein, predominantly found in
brain cells.! Abnormally phosphorylated Tau is the main component of neurofibrillary tan-
gles? found in the brain of Alzheimer’s patients, and this protein is also associated with
many other neurodegenerative diseases, generally indicated as Tauopathies.*® Full-length
Tau consists of an N-terminal domain, a proline rich region, a repeat region, and a C-
terminal domain.? The human nervous system contains six isoforms of Tau, which differ by

two inserts near the N-terminal domain and the presence of either three (R1, R3 and R4) or



four (R1, R2, R3 and R4) imperfect repeat sequences in the C-terminal domain. %12 These
repeat sequences play a major role in the microtubule binding ability of Tau, and also influ-
ence its aggregation propensity. The R3 repeat, in particular, is part of all six Tau isoforms,
and is believed to play a critical role in inducing Tau aggregation.!3 " For instance, R3 has
been shown to self-assemble into amyloid.'® Moreover, fragments of the Tau protein contain-
ing R3 may be originated within the human brain by endopeptidase cleavage!® and these
fragments may be crucial in amyloid core formation. Specifically, the hexapeptide VQIVYK
(paired helical filament 6, PHF6), located in R3, is considered crucial for Tau fibrillation. 202
Cryo-EM analysis of Tau filaments isolated from Alzheimer’s patients has revealed that the
PHE6 sequence constitutes the first S-strand of the filament core.?* Cross-linking mass spec-
trometry, recombinant protein and synthetic peptide systems, in silico modeling, and cell
models have additionally shown that the PHF6 motif forms metastable compact structures
with its upstream sequence that modulate aggregation propensity.?®

Studying the aggregation behavior of protein fragments, like PHF6, is of paramount
importance, because in many cases only a small fragment of a large protein is involved in
fibrillation and formation of the amyloid core structure.?® Moreover, studying the association
of such fragments can elucidate the mechanisms of amyloid formation.?”3? In this framework,
we here study the aggregation of the PHF6 fragment of Tau. We perform molecular dynamics
simulations of the aggregation process, using an atomistic representation of the peptide, and
an implicit description of the solvent.

More specifically, we employ a Generalized-Born (GB) method to model electrostatic

L'and a solvent accessible surface area (SASA) term to describe the non-polar

interactions,®
energy of solvation in water. A newly developed approach employing an energetic contribu-
tion based on the SASA of the peptide (the MIST approach, Model with Implicit Solvation
Thermodynamics®?) is used to describe the role of cosolutes in the framework of the im-

plicit solvation model. Specifically, this SASA-based term derives from the concept of group

transfer free energies (GTFE), proposed by Bolen and coworkers to describe the energetics



33,31 (more details will be given in the

of osmolyte-induced protein conformational transitions
Theoretical Background section below).

This implicit description dramatically reduces the computational cost required for a sta-
tistically relevant exploration of the conformational landscape, and the absence of viscous
friction further accelerates the sampling. The simulation outputs are also compared to and
validated by experimental data, including a thioflavin-T (ThT) fluorescence assay and atomic
force microscopy (AFM).

Our investigation examines water as solvent, but also addresses the effect of cosolutes in-
cluding urea, trimethylamine N-oxide (TMAOQ), sucrose, and 2-hydroxypropyl-3-cyclodextrin
(2-HPBCD). The cosolute 2-HPSCD is a cyclodextrin, composed of 7 a-glucopyranose monomers
bonded together to form a torus-like structure. Hydroxypropyl derivatizations are linked to
the O2 atoms of the glucopyranose monomers, increasing the solubility in water and con-
ferring amphiphilic properties.337 HPBCD is used as excipient, drug carrier and solubilizer
and has been authorized by both the FDA and EMA for the treatment of Niemann-Pick
type C disease, a progressive neurodegenerative disorder characterized by the intracellular
accumulation of cholesterol.?®3? The potential effect of HPBCD on Tau fibrillation is, there-
fore, of great interest, especially considering that this functionalized cyclodextrin is often
used for drug delivery to the brain.

The other cosolutes studied in this work, urea, trimethylamine N-oxide (TMAO) and
sucrose, are frequently accumulated in many organisms in response to environmental stres-
sors. 04! These molecules are known to shift the folding equilibrium of proteins, acting either
as stabilizers (TMAQO, 23 sucrose??) or as denaturants (urea).45¢ Urea is a chemical denat-
urant used in vitro, and an antagonist of TMAO.*” Both urea and TMAO have been shown
to influence the mechanism of amyloid fibrils formation.*® TMAO is a gut microbial-derived
metabolite, produced by the metaorganismal metabolism of dietary choline. Human gut mi-
crobial metabolites, and especially TMAQO, have been shown to be correlated to Alzheimer’s

disease.?® High levels of TMAOQ in the plasma and cerebrospinal fluid (CSF) have been shown



to be implicated in the pathogenesis of metabolic, cardiovascular and cerebrovascular dis-
eases.”® CSF TMAO has been found to be higher in individuals with Alzheimer’s disease
compared to cognitively-unimpaired individuals, and high levels of TMAO in CSF are also
associated with biomarkers of Alzheimer’s pathology (e.g., phosphorylated Tau).®! For in-
stance, reduced TMAO levels by 3,3-Dimethyl-1-butanol (DMB) treatment alleviated the
cognitive and pathological deterioration in transgenic mice, thus representing a potential
approach for Alzheimer’s disease.5?

In the present work we will reveal the overall aggregation propensities of PHF6 in TMAO,
sucrose, urea and HPSCD, as determined by ThT and AFM experiments. We will show that
the implicit solvent molecular dynamics simulations correspond to experiments in predicting
the qualitative ranking for the aggregation, suggesting that free-energy based implicit solvent
simulations can be applied not only to study the conformational behavior of proteins,*? but
also to investigate aggregation phenomena. The molecular dynamics simulations additionally
reveal the structures of the cluster formation at different oligomeric states of PHF6, providing

mechanistic insight into the aggregation pathway.

Materials and Methods

Experimental Protocol
Peptide Synthesis and Purification

The PHF6 fragment studied in this work had the C and N termini blocked by amidation
and acetylation, respectively. The presence of caps, that neutralize the molecules termini,
allows a more realistic comparison to full-length Tau,3 and has been shown to modulate
fibrillation propensity in the case of PHF6.5*

Ac-PHF6-NH, was synthesized on a Fmoc-Rink amide resin (Anaspec), acetylated with

acetic anhydride prior to cleavage from the resin and purified by reversed-phase HPLC (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) to achieve a purity greater than 95% by analytical
RP-HPLC. Prior to experiments, the peptide was dissolved in hexafluoroisopropanol (HFIP)

to monomerize preformed aggregates, dried under vacuum for ~24 h and stored at -20 °C.

ThT Fluorescence Assay

ThT fluorescence assays were performed on a BioTek Synergy 2 multimode plate reader in
kinetic mode for a week at 37 °C. Samples were prepared by first adding different cosolutes
(i.e. 2M TMAO, 6M urea, 1M sucrose and 150mM HPSCD) and then 150 uM Ac-PHF6-NH2
followed by 50 pM ThT into 10 mM ammonium acetate buffer (pH = 7.4), containing 150
mM NaCl. The excitation and emission filters used were 440/30 and 485/20 nm, respectively.
The photomultiplier tube (PMT) gain used was 55. Baseline correction was performed on

all the data.

Atomic Force Microscopy (AFM)

Samples were prepared exactly the same as for the ThT fluorescence assay, and were in-
cubated at 37 °C for 24 h. For each experiment 50 ul. was deposited onto freshly cleaved
V1-grade mica (TedPella, Redding, CA) and dried in a desiccator. Repulsive mode was used
to collect images in air on an MFP-3D Atomic Force Microscope (Asylum Research, Goleta,
CA) using high-resolution silicon probe tips with a tip radius of 1 nm, a cantilever spring
constant of 7 N/m, and a resonant frequency of 155 kHz (MikroMasch USA, Lady’s Island,
SC).

Implicit Solvent Simulations
Theoretical Background

The free energy of a solvated protein can be written as:



Gtot — frac + Gel + an(T) + Gtr(c) (1)

where E'* is the protein’s energy in vacuum, which is the sum of internal contributions
(bond and angle stretching, dihedral angles interactions) and van der Waals energy terms.
G"(T) is the non-polar solvation contribution in pure water at temperature 7', i.e., the free
energy of hydration for a molecule from which all charges have been removed. G¢ is the
electrostatic part, calculated as the free energy for turning on the partial charges in solution.
These first three terms describe a protein in pure water. The term G* (¢) is used to take into
account, the presence of cosolutes at a concentration ¢, and is based on the free energy of
transfer approach MIST (Model with Implicit Solvation Thermodynamics), that we recently
developed.3?

The generalized Born equation® was employed to compute G, using the OBC(II)
model3! to estimate the Born radii. The dielectric constant was set to 74.2, which is the
value for water at 310 K according to the equations in Bradley and Pitzer.®®

Using the same nomenclature that we introduced in our previous work,5” the effect of
temperature was taken into account using the method that we referred to as ’approach
3’. Briefly, approach 3 describes non-polar effects using surface tension values that depend

on temperature and amino acid type, and was developed by mining a large set of protein

structure files downloaded from the PDB database. Approach 3 describes G™(T) as,®”

an(T) = Z ngc(T)ak,sc + géZ(T) Z QL vb (2)
k=1 k=1

where the summations run over the n, residues of the protein, and g;",.(T) and g;;(T)

are the amino acids side chains (subscript sc) and backbone (subscript bb) contributions,
respectively.
The transfer free energy term G'(c), that takes into account the effect of cosolutes, shares

a similar functional form,3?



GtT(C> = Z gltctqsc(c)ak,sc + 91%(6) Z Ck,bb (3)
k=1 k=1

For both G™(T') and G'(c) each contribution is weighed by the fractional solvent acces-

sible surface area SAS A of residue k,

B SASA; (4)
SAS A ciy—x—aly
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The fractional solvent accessible surface area «j was calculated using the fast algorithm
proposed by Hasel et al.?® The script for the computation of the fractional solvent accessible
surface area, and the energetic terms G™(T') and G*(c), is currently part of the 2.8 version

of Plumed as a separate module called SASA.

Simulation Protocol

The Amber ff96 force field® was used to describe Ac-PHF6-NH,, which was simulated at pH
7 (+1 charge). The AMBER. 20 simulation suite® was used, in combination with Plumed
2.4.7.%1 The aggregation of Ac-PHF6-NH, was simulated in water, 6M urea, 2M TMAO, 1M
sucrose, and 150mM HPSCD. The water or water-cosolute solution was described implicitly,
as detailed in the Theoretical Background section. The generalized Born model of AMBER
20 was used to simulate G in Eq. 1, at an effective salt concentration of 150mM, while
the free energy of transfer terms G™(T) and G"(c) were added as an external bias using
Plumed. The {96 force field, in combination with the OBC(II) generalized born model (IGB
= 5) was used in this work because it was shown to offer a good balance between strand and
helical conformations®® and was successfully applied to intrinsically disordered proteins. %3
The Ac-PHF6-NH, peptide was first energy minimized for 3000 steps using the steepest
descent algorithm, and then equilibrated in implicit water at 310 K for 100 ns. An equili-
brated protein structure (Figure 1a) was extracted from this 100-ns run, and used as starting

configuration for the subsequent trajectories.
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Figure 1: Starting configurations of (a) the Ac-PHF6-NH; peptide and (b) the 12 monomers
for the aggregation study. The images were obtained using Visual Molecular Dynamics
(VMD).5* Polar uncharged residues are in green, nonpolar ones in white, positively charged
in blue.

In order to study the aggregation process, 12 monomers were randomly inserted within the
simulated system (Figure 1b), and were confined within a spherical cage of radius rgypere =
12.4 nm. This corresponds to a concentration of 2.5 mM, which is consistent with our
previous computational investigation.®® A harmonic potential Ugppere Was used to prevent

the peptides from drifting away from the spherical container,

ksphere(‘ri - rcenter| - Tsphere)27 if |ri — Icenter| > Tsphere

Usphere = (5>
0, otherwise

r; is the position of the center of mass of peptide i, while reeper is the position of the
center of the sphere. Kkgpnere Was set to 10 kcal/(mol nm?). Increasing the value of ronere
would make the simulations extremely computationally expensive, because of the increased
percentage of the configuration space corresponding to monomeric states. In any case, the
magnitude of the spherical harmonic potential was small compared to the total potential
energy of the system, suggesting that the results and conclusions are not affected by the
specific choice of the restraining potential used. Moreover, the same sphere radius 7gphere

was used for all the simulations, to allow a direct comparison between the different systems



investigated.

The production runs lasted 500 ns; the first 300 ns were considered as an approach
to equilibration, and only the last 200 ns were used for the analyses. Convergence was
assessed by monitoring the evolution of selected variables as function of simulation time,
and a simulation was deemed as converged when only fluctuations around equilibrium values
were observed (Figure S1). Langevin dynamics was used to control the temperature at 310
K during both the equilibration and the production runs, using a collision frequency of 1.0
ps—!. The SHAKE algorithm% was applied to constrain all bonds linking to hydrogen atoms,
and a time step of 2.0 fs was used. Configurations were saved every 2 ps, and the center of
mass translation and rotation were removed every 500 steps (1 ps). No cut-off was used for
the Coulombic and Lennard-Jones interactions.

The g;’,.(T') and g;;(T) values (to be inserted into Eq. 2) for a temperature of 310 K

were obtained from our previous work of temperature-induced conformational transitions in

tr

ise(c) and ggj(c) values (to be inserted

implicit solvent®” and are listed in Table S1. The g
into Eq. 3) for the different cosolutes considered in this work (urea, TMAQ, sucrose and

46,66-68

HPBCD) were taken either from the work by Bolen and coworkers and Moeser and

Horinek,*® or from our computational investigation of HPACD,% and are listed in Table S2.

Analysis of the Trajectories
Secondary structure content

The secondary structure during the equilibrated trajectories (last 200 ns) was analyzed using
the STRIDE algorithm,”™ as implemented in the Timeline tool of VMD.%* The fraction of
time that each residue of PHF6 was found in a given configuration (a-helix, S-sheet, turn,

coil etc.) could therefore be computed.
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Hydrogen bond analysis

The number of hydrogen bonds within each system was also measured. To determine the
presence of a hydrogen bond, a geometrical criterion was used, requiring that the distance
between donor and acceptor was less than 0.30 nm, and that the angle formed between the

acceptor, hydrogen and donor atoms was greater than 135°.

Results and Discussion

Experimental Results Indicate that TMAQO and Sucrose Foster PHF6

Aggregation, while Urea and HBSCD Promote the Monomeric State

To compare the aggregation propensity of PHF6 under different solution conditions, we mon-
itored the fibrillation kinetics for a week using thioflavin T (ThT) amyloid marker (Figure
2). PHF6 in both 2M TMAO and 1M sucrose exhibited an immediate increase in ThT flu-
orescence intensity with no lag phase, while PHF6 in 6M urea and 150 mM HPSCD buffer
solution showed no increase within 1 week. PHF6 in the buffer had a lower intensity and
longer lag phase than in sucrose and TMAQO. All these results indicate that TMAO and

sucrose promote aggregation while urea and HPSCD suppress aggregation.
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Figure 2: ThT fluorescence for PHF6 in 2M TMAO (blue) and in 1M sucrose (orange)
showed an immediate and higher increase than PHF6 in buffer (green), while PHF6 in 6M
urea (red) and in 150 mM HPSCD (pink) showed no increase within 1 week.
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AFM Data Indicate that PHF6 Forms Aggregates with Different

Morphology in Different Cosolutes

AFM studies were used to determine whether cosolutes affect fibril morphology. PHF6 in
buffer solution forms mostly short fibrils (Figure 3A). However, in 1M sucrose, disordered
aggregates were observed on top of a film of ribbon-like aggregates (Figure 3B). Long fibrils
were formed in the 2M TMAO solution which demonstrates TMAQO accelerates aggregation
(Figure 3C). In 6M urea, there were no fibrils and only small aggregates were observed on
top of a needle-like peptide film (Figure 3D). In 150 mM HPSCD, only a disordered peptide
film was observed (Figure 3E). These results indicate that urea and HP3CD suppress PHF6
aggregation, which is consistent with the ThT fluorescence results. These AFM data show
that the fibril morphologies in the presence of cosolutes are different from what is observed in

pure buffer, suggesting that the cosolutes may affect the extent and morphology of fibrillation.

am

Figure 3: AFM images of PHF6 with fibrils and oligomers features in different solution con-
ditions: (A) PHF6 in buffer solution shows short fibrils, (B) PHF6 forms granular aggregates
on top of ribbon-like aggregates in the presence of 1M sucrose, (C) PHF6 in 2M TMAO so-
lution forms long fibrils, (D) PHF6 forms small aggregates on top of an ordered peptide film
in urea solution, (E) PHF6 in HPSCD is fully disordered, with no signs of fibril formation.
Each image is 4 x 4 um? with a scale of 1 um shown in the lower right-hand corner. Image
A has a height scale from -4 to 4 nm, and images B-E from -1 to 1 nm, where lighter colors
correspond to taller features.
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The Transfer Free Energy-Based Simulations Predict the Aggrega-

tion Behavior of PHF6 in Different Solution Conditions

The effect of cosolutes is taken into account in our implicit solvent simulations by means
of a free energy of transfer term,3357 according to the MIST protocol.3? Using this simula-
tion approach, we quantified the aggregation propensity of PHF6 in the different solution
conditions studied in the present work.

The average number of hydrogen bonds and of contacts between the PHF6 molecules
were computed during the equilibrated (last 200 ns) trajectories (Figures 4a,b). The latter
quantity was defined as the number of N-C,-C atoms of one peptide that were closer than
0.6 nm to the N-C,-C atoms of the other peptides. The average solvent accessibility of
the backbone atoms (SASAy,) was also evaluated during the last 200 ns of each trajectory
(Figure 4c). Errors were estimated by block averaging. Briefly, the equilibrated trajectories
were divided into 4 blocks, and the standard deviation computed over the average values of
the properties in each of the blocks.

We observed that capped PHF6 aggregated in water (4 150 mM salt) in our simulations.
The 12 peptides formed, on average, 14.0 & 0.6 hydrogen bonds and 107 £ 4 contacts between
each other in these conditions. In the presence of 2M TMAO the number of hydrogen bonds
grew to 18.0 4+ 0.6, and the number of contacts to 132 + 6. Such an increase in aggregate
formation was accompanied by a decrease in exposure of backbone atoms (from 13.6 £ 0.4
nm? in water to 11.2 & 0.4 nm? in TMAQ), in line with the positive value of g7 (c) for TMAO
(0.753 kJ mol™!, see Table S2).

A similar effect was noted upon addition of 1M sucrose. The number of hydrogen bonds
increased to 23 4+ 1. The number of backbone-backbone contacts was also very high when the
presence of the disaccharide was considered in the simulations, and the exposure of backbone
atoms correspondingly decreased compared to water.

For the specific case of urea, two different sets of transfer free energies have been proposed

in the literature, by Auton, Holthauzen and Bolen® (urea-b) and Moeser and Horinek®®

13



# Hbonds, -

170
150
130

110

# contacts, -

90

70

H
N
T T T T T T T T T 1

Figure 4: Average number of (a) interpeptide hydrogen bonds or (b) backbone (N-C,-C)-
backbone contacts, and (c) average solvent accessibility of the backbone atoms SASAy,, for
the different systems studied. Error bars show one standard deviation, as estimated by block
averaging.
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(urea-h). We showed in our previous work?®? that these two descriptions of urea result in
the prediction of different mechanisms for the effect of urea on protein behavior, with the
Bolen set predicting strong urea-backbone interactions, and the Horinek set ascribing equal
importance to both the urea-backbone and urea-sidechain interactions. We tested both the
experimental sets of transfer free energies on the aggregation of PHF6 in this work (Figure 4),
and observed that their predictions of aggregation propensity are very similar. The number
of contacts decreased to 83 £ 4 (for 6M urea-b) or 75 &+ 8 (for 6M urea-h), and the exposure
of backbone atoms was greater than in water for both sets of transfer free energies (15.6 £
0.3 nm? for urea-b and 16.3 &+ 0.6 nm? for urea-h). The Horinek description is likely to be
more accurate, as it corrects for two errors that were made in the derivation of the Bolen
model. For this reason, and considering that both sets predict a similar extent of PHF6
aggregation, we will focus our attention on the urea-h set in the remainder of this work.

For HPSCD, we obtained the transfer free energy values from our prior computational
work,% as detailed in Supporting Information. The force field employed for HBACD in our
previous work was based on the ADD description for sugars, ' that was developed with the
specific aim to guarantee a reliable prediction of transfer free energies in ternary protein-
water-cosolute mixtures. This should ensure a correct evaluation of the g, .(c) and g (c)
values used for HPSCD in the MIST approach. Using these transfer free energies, we found
that HPSCD inhibits PHF6 aggregation. The number of contacts decreased to 74 4+ 6 in 150
mM HPSCD compared to 107 + 4 in water, and the exposure of backbone atoms was greater
in these conditions (16.4 + 0.5 nm? for HPACD compared to 13.6 £+ 0.4 nm? in water).

Special attention should be given to the results obtained for HPSCD in this work. They
are potentially relevant for future applications, because HP5CD is a biologically safe material
already employed as a drug carrier to the brain, as well as a therapeutic in the treatment of
a neurodegenerative disorder (the Niemann-Pick type C disease).

The results of the implicit solvent simulations are in agreement with the preferential ex-

2

clusion theory,” according to which protecting cosolutes, like TMAO and sucrose, should
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be excluded from the protein, promoting states with reduced surface area, like the native
fold. The opposite occurs in the case of denaturants, like urea, that preferentially accu-
mulate around the peptide/protein and favor expanded structures. This preferential exclu-
sion/interaction property also has an effect on the aggregation behavior. Stabilizing cosolutes
(like TMAO and sucrose, that display a positive value of ¢/ (c)) tend to reduce the exposure
of surface area and thus promote aggregation. In contrast, denaturing species like urea and
HPSCD (that display a negative gf;(c)) increase the exposure of surface area and thus favor
the monomeric state.

It is also important to note that the simulation results match the experimental data (
Figure 2) in predicting the aggregation propensity of PHF6 in the different solution conditions
herein investigated. As will be discussed in the next section, molecular simulations have
the additional advantage of providing mechanistic insight into the pathway of aggregate

formation, and of revealing the structure of PHF6 oligomers.

Molecular Simulations Provide Insight into the Oligomeric Struc-

tures of PHF6 along the Aggregation Pathway

We evaluated the average number of PHF6 clusters vs. cluster size, as observed during our
simulations (Figure 5).

We found that TMAO and sucrose fostered the formation of high order aggregates (espe-
cially 8-mers for TMAOQO, and 11-mers for sucrose), while urea and HPSCD strongly favored
the monomeric, or dimeric state. Again, the urea-h (Figure 5) and urea-b (Figure S2) de-
scriptions predicted a similar extent of PHF6 aggregation.

The structure of the aggregates formed during the different simulations was also stud-
ied. The number of interpeptide hydrogen bonds between each residue pair was determined
(Figure S3), and the secondary structure content of PHF6 computed (Figure S4).

The hydrogen bonding maps (Figure S3) suggest a predominantly antiparallel alignment
of PHF6 peptides within the aggregates in 6M urea and 150 mM HPACD, while the parallel

16
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Figure 5: Average number of PHF6 clusters vs. cluster size, as observed for all the solution
conditions considered. The set of transfer free energies proposed by Moeser and Horinek*>
was used for urea.

orientation is also possible in 2M TMAO and 1M sucrose. The highest number of hydrogen
bonds is formed, generally, for the residues along the diagonal or codiagonals of the maps.
In 2M TMAO and 1M sucrose, a non negligible number of bonds is additionally formed
between the glutamine residues of two peptides, or between the isoleucine of one peptide and
the glutamine of another one. The number of hydrogen bonds was, in contrast, appreciably
reduced in 6M urea.

The secondary structure content of the peptides mostly corresponds to a S-sheet or a coil
(Figure S4), and to a lower extent a turn may be formed, especially in water. The residues
mostly involved in the formation of [§-sheets are the central glutamine, isoleucine, valine
and tyrosine. In line with previous observations on the extent of aggregation, TMAO and
sucrose increase the [-sheet content in the simulations, while urea and HPSCD favor a coil

conformation.

The radius of gyration R, of the clusters vs. cluster size N was plotted in double loga-
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rithmic scale, and fit using Eq. 6 (Figure S5),
R, = AN™ (6)

where A is a prefactor, and the exponent m is linked to the fractal dimension d; of the
clusters ™™ as m = 1/d;. The results of this analysis indicate that in all cases the growth of
the cluster radius was initially characterized by a small value of m and a correspondingly high
fractal dimension, which suggests spherical growth. Above a system-dependent threshold
(generally N > 4 + 5), a discontinuity was observed. The cluster growth proceeded more
quickly with the addition of new monomers (higher value of m), which is indicative of
an increased tendency towards linear growth. This is important, as it suggests that the
aggregation pathway of PHF6 may be characterized by a first nucleation phase, followed by
a linear growth towards a fibril structure.

These results are in line with previous observations,® and agree also with the evolution

of asphericity (Figure S6). The asphericity D is defined as

HliIl(Rl, RQ, R3)

D=1-3 7
Ry + Ry + R (7)

where Ry, Ry and Rj are the radii of gyration along the principal axes of the aggregates. A
value of D = 0 corresponds to a spherical cluster, while D = 1 indicates a linear growth.
Figure S6 shows that, for all the solution conditions studied, the asphericity decreased from
N =1to N <4 -5, but generally increased afterwards, suggesting that the growth starts
to be linear only above a given threshold of cluster size.

Finally, snapshots of the most probable conformations of each cluster are shown in Figure

For small values of N (< 4) growth occurred with a semi-planar geometry, while the
[B-sheet structure started to be distorted at N = 6. Above N = 7, the clusters assumed

a cylindrical shape. These considerations are in line with our previous work.?* As already
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Figure 6: Most probable conformations of each cluster, for all the solution conditions con-
sidered. Polar uncharged residues are in green, nonpolar ones in white, positively charged in
blue. The set of transfer free energies proposed by Moeser and Horinek*® was used for urea.
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observed in the hydrogen bonding maps (Figure S3), 1M sucrose stabilized mixed parallel-
antiparallel g-strands in clusters N = 4, N =5 and N = 11. 2M TMAO also promoted
the formation of parallel strands in clusters N =4, N =5, N =8 and N = 9. In contrast,
6M urea and 150 M HPBCD promoted the formation of antiparallel PHF6 configurations in
the most probable conformations. The PHF6 motif forms parallel fibrils in wvitro, and the
higher percentage of parellel configurations promoted by sucrose and TMAOQO in the oligomers

predicted by the simulations may further explain their ability to induce fibrillation.

Conclusions

In the present work, ThT fluorescence and AFM studies have been used to study the fib-
rillation of PHF6, an aggregation-prone fragment of the Tau protein. PHF6, a hexapeptide
located in R3, is considered to be crucial for Tau fibrillation, and constitues the first (-
strand of the filament core in Tau filaments isolated from the brain of Alzheimers’s disease
patients.?* For this reason, clarifying its aggregation pathway is of paramount importance
to understand the overall mechanism of fibrillation in the Alzheimer’s disease. Molecular
dynamics simulations in implicit solvent have also been conducted to provide mechanistic
insight into the aggregation pathway of PHF6.

We observed that the extent of aggregation is strongly influenced by the addition of the
cosolutes urea, TMAOQO, sucrose and 2-HPSCD. More specifically, the addition of urea has
been shown to significantly hinder the aggregation process, while TMAQO promotes fibril
formation. This is in line with studies that show a correlation between the levels of TMAO
in cerebrospinal fluid and the progression of the Alzheimer’s disease.?® 52 HPBCD is also
a potent inhibitor of aggregation, an interesting result considering the widespread use of
HPSCD as a drug carrier to the brain and in the treatment of the Niemann-Pick type C
disease. Sucrose behaves similarly to TMAQO, promoting the formation of ordered aggregates

and fibrils.
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Overall, molecules with denaturant-like characteristics (urea and 2-HPSCD), that favor-
ably interact with the peptide backbone, inhibit aggregation and promote the monomeric
state. The opposite is true in the case of the stabilizing osmolytes TMAO and sucrose, that
only weakly interact with the peptide backbone and thereby foster assembly of PHF6.

The simulation approach used in this study gives results that are consistent with the ThT
and AFM experimental data. This shows that including free energy of transfer contributions
into an implicit solvent description, according to the MIST protocol, represents a powerful
approach to reproduce the experimental effect of cosolutes on the aggregation pathway of
PHF6. The results discussed in the present manuscript indicate that free-energy based im-
plicit solvent simulations are a valuable approach to study not only conformational changes,
but also the aggregation propensity of proteins in different solution conditions. Moreover,
molecular simulations have the additional advantage of giving access to a wealth of informa-
tion, such as the structure of oligomeric states of PHF6 discussed in the present work, that

would be inaccessible to current experimental techniques.

Supporting Information

Free energy of transfer values, cluster distribution for the urea-b description, hydrogen bond-

ing maps, secondary structure content, radius of gyration vs. cluster size, asphericity values.
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