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In Alzheimer's disease and related tauopathies, the aggregation ofmicrotubule-associated protein, Tau, into

fibrils occurs via the interaction of two hexapeptide motifs PHF* 275VQIINK280 and PHF 306VQIVYK311 as b-

sheets. To understand the role of the constituent amino acids of PHF and PHF* in the aggregation, a set of

12 alanine mutant peptides was synthesized by replacing each amino acid in PHF and PHF*with alanine and

they were characterized by nuclear magnetic resonance (NMR) spectroscopy, circular dichroism (CD),

transmission electron microscopy (TEM) and ThS/ANS fluorescence assay. Our studies show that while

the aggregation was suppressed in most of the alanine mutant peptides, replacement of glutamine by

alanine in both PHF and PHF* enhanced the fibrillization.
Conformational misfolding of proteins leading to protein
aggregates, also known as amyloids, is a prime trait of neuro-
degenerative diseases such as Alzheimer's (AD) and Parkinson's
disease (PD).1,2 Amyloid protein aggregates are also observed in
other disease conditions such as diabetes and arthritis.1,3–7

Deposition of amyloids in AD leads to irreversible cell death and
chronic dementia, resulting in the loss of vital bodily functions,
severe behavioural disorders and ultimately death. The search
for an effective cure for AD is in persistent progress and inter-
fering with the protein deposition mechanisms in neuronal
cells and tissues is a rational target8–13 for themajority of studies
focused on the drug discovery research for AD.

Two proteins, amyloid beta (Ab) and Tau, have been identi-
ed to form protein deposits linked with AD. Ab are various
small length protein fragments derived from amyloid precursor
protein (APP), among which Ab-42 has been proven to be toxic
and form amyloid plaques.8,14 However, in recent times,
increasing evidence for the pathological role of Tau protein in
AD was found.15–19 Tau, a microtubule-binding protein, forms
neurobrillary tangles (NFTs) in AD via soluble oligomers,
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which are stabilized by beta-sheet interactions. Tau is 441
amino acids long with an N-terminus region, a proline rich
region, a key microtubule-binding domain consisting of 3 or 4
repeat regions depending on the Tau isoform, and a C-terminus
domain.20 A high resolution cryo-EM structure of Tau laments
from the brain of an AD patient was recently established and
highlighted the presence of beta sheet structures stabilized by
hydrogen bonds and hydrophobic interactions.21 Interestingly,
the cryo-EM structure of Tau laments obtained from the brain
of a patient with Pick's disease revealed a different fold for Tau,
suggesting disease specic conformational misfolding of Tau.22

Two hexapeptide regions, 275VQIINK280 and 306VQIVYK311,
residing in the second and third repeat units of Tau, respec-
tively, form the core beta sheet structure in Tau, a structural
feature responsible for Tau oligomerization and the formation
of NFTs.16,23–26 Synthetic analogues of both these hexapeptides,
Ac-VQIINK-NH2 (AcPHF6*, 1; PHF stands for paired helical
laments) and Ac-VQIVYK-NH2 (AcPHF6, 10), which has acetyl
protection on the N-terminus and amidation on the C-terminus,
are known to form structurally similar brils akin to those of
Tau. Due to this structural mimicry, AcPHF6 and AcPHF6*
stand out as model peptides to study the promotion or inhibi-
tory effect of various ligands on Tau aggregation27–29 and for the
development of any peptide based Tau aggregation inhibi-
tors.30–39 Previous studies have shown that even shorter frag-
ments from AcPHF6 are also capable of bril formation but with
a lower rate of polymerization and only upon nucleation with
known brils.40 The aggregation properties in lysine mutants of
AcPHF6 were explored by the Goux research group and the
results showed variable bril formation tendency for the
RSC Adv., 2020, 10, 27331–27335 | 27331
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Fig. 2 Circular dichroism (CD) analysis for (A) 1–6 and (B) 10–60

recorded at 1 mgmL�1 concentration in 5 mMMOPS buffer at 298 K in
non-aggregating conditions. None of these peptides showed the CD
characteristics of a well folded alpha helix or a beta sheet. All of the
peptides, in general, showed a random coil conformation with nega-
tive absorption at approx. 205 nm, while 10 and 30 indicated more
inclination towards a b-sheet structure.
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mutants subject to buffer and salt conditions.40,41 Recently,
Chemerovski-Glikman et al. demonstrated that proline mutants
of AcPHF6 inhibited the aggregation of AcPHF6.42

In general, AcPHF6* remains less explored compared to
AcPHF6, although the recent studies attribute a higher role to
275VQIINK280 in Tau aggregation.27 Despite several studies on
these hexapeptides, to our knowledge, the contribution of
individual amino acids in AcPHF6 and AcPHF6* towards Tau
aggregation has not been examined hitherto, which informa-
tion is fundamentally important for the design of Tau aggre-
gation inhibitors. Hence, in the present study, the residue
specic propensity of amino acids constituting AcPHF6* and
AcPHF6 in their aggregation is investigated. For our study,
alanine mutation peptides of AcPHF6* and AcPHF6 were
synthesized, and their conformational and aggregation prop-
erties were characterized using various biophysical and
biochemical techniques.

A set of twelve peptides consisting of parent peptides
AcPHF6* (1) and AcPHF6 (10) and their sequential single site
alanine mutant peptides (2–6 and 20–60) were synthesized by
employing Fmoc-based solid phase peptide synthesis using rink
amide MBHA resin (Fig. 1). All of the peptides were subse-
quently puried by reverse phase semi preparative HPLC for
further studies. Although mutant peptides of 1 and 10 in which
lysine is substituted by alanine were synthesized, they could not
be puried because of partial solubility in an acetonitrile–water
combination and other buffers.

Under normal physiological conditions, Tau protein exists in
a random coil conformation or a natively disordered state.43,44

CD spectroscopic study of all of the twelve peptides was carried
out at 1 mg mL�1 concentration in plain 5 mM 3-(N-morpho-
lino)propanesulfonic acid (MOPS) buffer (Fig. 2) under non-
aggregating conditions. All of the peptides exhibited a similar
pattern of CD absorption with only negative mode absorption.
Peptides 1 and 4 had similar CD spectra with negative absorp-
tion at �203 nm and a very weak shoulder at around 225 nm,
whereas 2, 3, 5 and 6 exhibited slightly intense CD spectra
Fig. 1 Scheme showing the synthesis of peptides (1–6 and 10–60)
using Fmoc-based solid phase peptide synthesis on rink amide MBHA
resin (150 mg with 0.6 mmol g�1 loading capacity). Reaction condi-
tions: (a) Fmoc deprotection in 20% piperidine in DMF (2* 10 min); (b)
Fmoc-pAA6-OH (2 eq.), HCTU (2 eq.), HOAt (2 eq.), DIPEA (2 eq.) in
NMP, 1.5 h; (c) capping of free NH groups on resin using acetic
anhydride (1.2 mL) and pyridine (0.8 mL), 30 min. Steps (a) and (b) were
repeated for the coupling of the rest of the amino acids in sequential
order until a linear chain of the hexamer was achieved on the resin. (d)
Acetic anhydride (1 mL), DIPEA (100 mL) in DMF, 1 h; (e) TFA : H2-
O : TIPS in a 9 : 0.5 : 0.5 volume ratio (3 times for 30 min) for global
deprotection of the peptide and cleavage from the resin. pAA stands
for the side chain protected form of the corresponding amino acid.

27332 | RSC Adv., 2020, 10, 27331–27335
compared to 1 and 4, with negative absorption at 205 nm and
a weak negative shoulder at around 225 nm. This shi for 1 and
4 could be due to the presence of mixed secondary structures.
Overall, the described CD analysis is mostly indicative of
a random coil structure.40,41 Hence, a possible random coil
population may be inferred for all of the peptides 1–6. A similar
trend was observed for the conformation of the peptides in the
10–60 series, wherein the 20, 40, 50 and 60 peptides exhibited
negative absorptions at around �203–205 and �225 nm, with
the latter being weak in intensity. A slight rightward shi for 40

and 50 compared to 20 and 60 could indicate a possible mixed
population of random coils and beta sheets. Peptides 10 and 30

did not have a characteristic CD pattern corresponding to any of
the standard peptide secondary structural scaffolds. The
signatures obtained for peptides 10 and 30 indicate a structural
orientation towards b-sheets.

1H NMR spectra for the compounds 1–6 and 10–60 were
recorded in DMSO-d6 (Fig. 3) and phosphate buffer (see the
ESI†) at 298 K at 5 mM concentration. The chemical shi
dispersion of the amide and alpha proton regions in 1H NMR
reect the folded secondary structural nature of the linear
peptides. It is evident from the overlay of these regions for
Fig. 3 Overlay of 1H NMR spectra of 1–6 and 10–60 recorded in
DMSO-d6 at 298 K at 5 mM concentration. For clarity, the amide NH
region (6.5–8.25 ppm) and alpha proton region (4–4.6 ppm), which
signify the folded nature of the peptides, are shown. An absence of
a robust solution state conformation in these peptides was supported
by the lack of resonance dispersion for both the amide and alpha
proton regions.

This journal is © The Royal Society of Chemistry 2020
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peptides 1–6 and 10–60 (Fig. 3, ESI Fig. 1–24†) that none of the
peptides have signicant chemical shi dispersion, either for
amide or alpha protons. For all of the peptides, the amide and
alpha proton chemical shis were found to be distributed
within a range of 0.2–0.5 ppm and have severe overlaps, sup-
porting the absence of a well folded conformation among these
peptides. This is in concurrence with the CD spectroscopic
studies, which indicated a random coil structure for 1–6 and 10–
60 in monomeric form. 1H NMR based hydrogen bonding
coefficients (calculated based on the change in the chemical
shi over a temperature range; see the ESI†) for the amide NHs
conveys information about the involvement of NHs in hydrogen
bonding or solvent shielding. Constituent backbone amide NH
resonances from all of the peptides have shown high tempera-
ture coefficients (in the range of �3.4 to �7.6 ppb K�1; see the
ESI†), implying their non-involvement in strong hydrogen
bonding. This complements the lack of chemical dispersion for
amide and alpha protons, further supporting the absence of
a robust conformation for any of the twelve peptides, 1–6 and
10–60. Therefore, based on the above results it can be stated that
mutation with alanine neither promoted a robust helical or beta
sheet conformtion nor brought any signicant changes in the
original conformtion of peptides 1–6 and 10–60.

The self-aggregation properties of peptides 1–6 and 10–60

were characterized by TEM analysis (Fig. 4). The aggregation for
all of the peptides was set up at 100 mM concentrations in
20 mM BES buffer at pH 7.4 with 25 mM heparin as an inducer.
Aer incubation for 168 h at 37 �C, TEM images were recorded
for 2 mM peptides on carbon coated copper grids. The parent
peptides, AcPHF6* (1) and AcPHF6 (10) formed aggregates as
expected. Out of ten mutant peptides, peptides 3 and 30 both
with glutamine substituted by alanine showed lamentous
aggregates similar to 1 and 10, while no aggregates were
observed for the rest of the peptides.
Fig. 4 TEM images for peptides 1–6 and 10–60 at the aggregation assay
end-point (168 h). The 1 and 10 hexapeptides can form fibrillar
aggregates similar to the full-length Tau protein as they consist of the
core upon which aggregates of Tau form. Except for the parent
peptides 1 and 10 and the modified peptides 3 and 30, none of the other
peptides were observed to form aggregates.

This journal is © The Royal Society of Chemistry 2020
Aggregation of the 1–6 peptides was also monitored by ThS
and ANS uorescence. It was observed that the substitution of
valine or isoleucine with alanine in 1 diminished the aggrega-
tion propensity of hexapeptides as compared to the native
peptide 1. However, substituting glutamine with alanine in
peptide 3 increased the aggregation propensity (Fig. 5A), while
a marginally higher aggregation propensity was also observed
for 6, in which alanine is substituted for asparagine. On
comparing them at 168 h, 3 and 6 exhibited 83 and 60 au
uorescence, respectively, compared to 30 au for 1 (ESI
Fig. 25C†). Similar results were observed for the aggregation
assay carried out for the 10–60 peptides and their mono-
substituted variants (Fig. 5B). The aggregation propensity was
found to be suppressed for 20, 40, 50 and 60 when compared to 10

and 30. The aggregation propensity of 30 was found to be greatly
increased compared to all hexapeptides. At 168 h, 30 exhibited
an absolute uorescence of 100 au, compared to 10 where
a uorescence value of 48 au was obtained (ESI Fig. 25D†). In
agreement with this, peptides 10 and 30, which showed high
aggregation propensity in the ThS uorescence assay, did not
present any prominent signature for random coiling but
showed orientation towards b-sheet structure in their CD
spectra (Fig. 2). However, the ANS uorescence assay for
monitoring hydrophobicity changes over time did not show any
signicant difference between 1 and its variants (ESI Fig. 25E†).
10 and its variants in the ANS uorescence assay followed the
pattern of the corresponding ThS assay, suggesting that gluta-
mine to alanine substitution was associated with increased
hydrophobicity (ESI Fig. 25F†). Overall, the current aggregation
assay suggests that substitution of glutamine to alanine in 1 and
10 elevates the aggregation propensity, while alanine replace-
ments for the majority of all the other residues suppress the
aggregation propensity.

Thus, it is interesting to note that out of the rst ve residues
in 1 and 10 (namely VQIIN in 1 and VQIVY in 10) substitution of
any amino acid except for glutamine with alanine nullied their
aggregation properties. Conversely, it may be stated that except
for glutamine (and asparagine as per the uorescence assay
results), the rest of the residues (V and I in 1, and V, I and Y in 10)
Fig. 5 (A) Aggregation of peptides 1–6 monitored using ThS fluores-
cence shows the effect of alanine incorporated at various positions in
the VQIINK hexapeptide. VQIINK aggregation was found to be affected
by substitution of Glu or Asn residues, where these substitutions
enhanced the aggregation propensity. (B) Peptides 10–60 showed
a similar trend in their aggregation propensity, as peptide 30 with Glu to
Ala substitution showed increased aggregation compared to the other
peptides in the group.

RSC Adv., 2020, 10, 27331–27335 | 27333
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have a higher propensity to aggregate than alanine when present
in 1 and 10. Interestingly, in one of the recent studies where
proline, a beta sheet breaker, is substituted for each amino acid
in 10, it was reported that the peptide with glutamine to proline
substitution inhibited the aggregation properties of 10 while the
mutant peptide itself was non-aggregating in nature.42 We spec-
ulate that the glutamine in the PHF peptides might be in a con-
formationally favorable position for beta sheet formation and
aggregation, which was disturbed by the cyclically constrained
amino acid proline but not by an alanine in our case.

Furthermore, the aggregated 1–6 and 10–60 peptides aer
168 h were studied in terms of their toxicity in neuro2a cells (see
the ESI, Fig. 26†). The aggregated 1–6 peptides did not show
toxicity to neuro2a cells up to 5 mM concentration.

In conclusion, Alzheimer's disease is characterized by the
deposition of intracellular Tau aggregates and extracellular
amyloid-beta plaques. Various treatment strategies have been
designed to inhibit or revert this protein aggregation. In partic-
ular, PHF6* and PHF6 peptide based inhibition therapies have
gained focus due to their structural mimicry to Tau aggregation.
To understand the aggregation nature of these two peptides at an
individual residue level, here we have synthesized alaninemutant
libraries of AcPHF6* and AcPHF6, and characterized them using
various biochemical and biophysical methods. The results
showed that all of the mutant peptides, except for those with
glutamine to alanine substitution (3 and 30), did not aggregate as
per the general conditions used for the parent peptides 1 and 10.
While asparagine to alanine mutation (6) showed aggregation
propensity in uorescence assays, no aggregates were observed in
the TEM images. Therefore, it was inferred that except for
glutamine, the residues V and I in AcPHF6* 1, and V, I and Y in
AcPHF6 10 impart a higher aggregation propensity than alanine
in the parent peptides. These results are also in alignment with
the higher beta sheet propensity of alanine compared to Q but
lower than that of V, I and Y.45,46 Mutational studies using other
amino acids that have higher beta sheet/alpha-helical propensi-
ties may provide more details on the conformational and aggre-
gation properties of PHF peptides. Overall, alanine substitution
in PHF peptides reduces their aggregation propensity without
any major change in their conformation. Studying the aggrega-
tion properties of these alanine based PHF peptide derivatives
provides important and site specic insight into the aggregation
behavior of PHFs, i.e. PHF6 and PHF6*. Hence, this strategy can
be potentially employed to selectively control the aggregation in
PHFs via the rational choice of alanine mutations. While further
extended studies are in progress in our research group, we hope
that the current results can form the basis for designing PHF
based Tau aggregation inhibitors using suitable mutations.
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28 M. Perez, I. Santa-Maŕıa, E. Tortosa, R. Cuadros, M. Del
Valle, F. Hernández, F. J. Moreno and J. Avila, J.
Neurochem., 2007, 103, 1447.

29 T. Mohamed, T. Hoang, M. Jelokhani-Niaraki and P. P. Rao,
ACS Chem. Neurosci., 2013, 4, 1559.

30 J. Zheng, A. M. Baghkhanian and J. S. Nowick, J. Am. Chem.
Soc., 2013, 135, 6846.

31 A. Belostozky, M. Richman, E. Lisniansky, A. Tovchygrechko,
J. H. Chill and S. Rahimipour, Chem. Commun., 2018, 54,
5980.

32 M. Frenkel-Pinter, M. Richman, A. Belostozky, A. Abu-Mokh,
E. Gazit, S. Rahimipour and D. Segal, Chem.–Eur. J., 2016, 22,
5945.

33 C. K. Wang, S. E. Northeld, Y. Huang, M. C. Ramos and
D. J. Craik, Eur. J. Med. Chem., 2016, 109, 342.

34 C. Dammers, D. Yolcu, L. Kukuk, D. Willbold, M. Pickhardt,
E. Mandelkow, A. H. Horn, H. Sticht, M. N. Malhis and
N. Will, PLoS One, 2016, 11, e0167432.
This journal is © The Royal Society of Chemistry 2020
35 S. A. Sievers, J. Karanicolas, H. W. Chang, A. Zhao, L. Jiang,
O. Zira, J. T. Stevens, J. Münch, D. Baker and D. Eisenberg,
Nature, 2011, 475, 96.

36 J. Zheng, C. Liu, M. R. Sawaya, B. Vadla, S. Khan, R. J. Woods,
D. Eisenberg, W. J. Goux and J. S. Nowick, J. Am. Chem. Soc.,
2011, 133, 3144.

37 V. G. KrishnaKumar, A. Paul, E. Gazit and D. Segal, Sci. Rep.,
2018, 8, 71.

38 A. Paul, S. Kalita, S. Kalita, P. Sukumar and B. Mandal, Sci.
Rep., 2017, 7, 40095.

39 T. D. Vaden, S. A. Gowers, T. S. De Boer, J. D. Steill, J. Oomens
and L. C. Snoek, J. Am. Chem. Soc., 2008, 130, 14640.

40 W. J. Goux, L. Kopplin, A. D. Nguyen, K. Leak, M. Rutkofsky,
V. D. Shanmuganandam, D. Sharma, H. Inouye and
D. A. Kirschner, J. Biol. Chem., 2004, 279, 26868.

41 F. A. Rojas Quijano, D. Morrow, B. M. Wise, F. L. Brancia and
W. J. Goux, Biochemistry, 2006, 45, 4638.

42 M. Chemerovski-Glikman, M. Frenkel-Pinter, R. Mdah,
A. Abu-Mokh, E. Gazit and D. Segal, Chem.–Eur. J., 2017,
23, 9618.

43 A. L. Fink, Curr. Opin. Struct. Biol., 2005, 15, 35.
44 S. Jeganathan, M. von Bergen, E.-M. Mandelkow and

E. Mandelkow, Biochemistry, 2008, 47, 10526.
45 D. L. Minor Jr and P. S. Kim, Nature, 1994, 367, 660.
46 K. Fujiwara, H. Toda and M. Ikeguchi, BMC Struct. Biol.,

2012, 12, 18.
RSC Adv., 2020, 10, 27331–27335 | 27335

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03809a

	Residue-based propensity of aggregation in the Tau amyloidogenic hexapeptides AcPHF6tnqh_x002A and AcPHF6Electronic supplementary information (ESI)...
	Residue-based propensity of aggregation in the Tau amyloidogenic hexapeptides AcPHF6tnqh_x002A and AcPHF6Electronic supplementary information (ESI)...
	Residue-based propensity of aggregation in the Tau amyloidogenic hexapeptides AcPHF6tnqh_x002A and AcPHF6Electronic supplementary information (ESI)...


