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ABSTRACT: A progressive aggregation of Tau proteins in the brain is linked to both
Alzheimer’s disease (AD) and various Tauopathies. This pathological process can be
enhanced by several substances, including heparin. However, very little if anything is
known about molecules that can inhibit the aggregation of Tau isoforms. In this study, we
examined the effect of phosphatidylserines (PSs) with various lengths and saturations of
fatty acids (FAs) on the aggregation properties of Tau isoforms with one (1N4R) and
two (2N4R) N-terminal inserts that enhance binding of Tau to tubulin. We found that
PS with unsaturated and short-length FAs inhibited Tau aggregation and drastically
lowered the toxicity of Tau oligomers that were formed in the presence of such
phospholipids. Such an effect was not observed for PS with fully saturated long-chain
FAs. These results suggest that a short-chain irreversible disbalance between saturated
and unsaturated lipids in the brain could be the trigger of Tau aggregation.

Microtubules in neurons are stabilized by several isoforms
of Tau produced as a result of the alternative splicing of

exons 2, 3, and 10.1−4 These isoforms can have one (1N4R) or
two (2N4R) N terminal inserts that enhance the binding of
Tau isoforms to the tubulin of microtubules.5−8 Numerous
studies show that heparin can facilitate Tau aggregation, which
results in the formation of toxic oligomers and fibrils.9−11 Such
aggregates are found in neurofibrillary tangles (NFTs),
intracellular formations found in patients diagnosed with
Alzheimer’s disease (AD).12,13 These and other pieces of
evidence indicate an important role of Tau aggregation in the
onset and development of AD and other neurodegenerative
pathologies such as Tauopathies.12,14−17

Ait-Bouziad and co-workers recently reported that phospha-
tidylserine (PS) could bind to 2N4R Tau and its K18
isoform.13 This anionic lipid under physiological conditions is
primarily localized on the inner part of plasma membranes.
Upon cell malfunctioning, the shortage of ATP prevents inner
membrane localization of PS. This results in the increase of the
concentration of PS on the exterior side of the membranes.
Such cells are recognized and removed by macrophages. Using
nuclear magnetic resonance (NMR) and cell toxicity assays,
Ait-Bouziad found that Tau-PS oligomers formed in the
presence of heparin were stabilized by strong electrostatic
interactions between the charged amino acids residues of Tau
and polar heads of PS.13 Such oligomers exerted substantially
greater cell toxicity compared to 2N4R and K18 Tau
aggregates formed in a lipid-free environment.13

Our group showed that aggregation properties of amyloido-
genic proteins, including α-synuclein (α-Syn), insulin,
lysozyme, and transthyretin (TTR), could be altered by the
fatty acids (FAs) possessed by PS.18−26 For instance, PS with

unsaturated FAs (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (16:0−18:1, POPS) and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (18:1, DOPS)) accelerated the rate of α-
Syn aggregation and increased toxicity of α-Syn fibrils.20 At the
same time, the presence of PS with fully saturated FAs (1,2-
distearyl-sn-glycero-3-phospho-L-serine (18:0, DSPS)) drasti-
cally lowered the toxicity of α-Syn fibrils.20 Frese and co-
workers showed that PS with a very short FA (1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (14:0, DMPS)) drastically low-
ered the stability of lysozyme, whereas DSPS, on the other
hand, decelerated the rate of lysozyme aggregation.27

Furthermore, lysozyme fibrils formed in the presence of
DMPS also exerted much higher cell toxicity compared to
lysozyme:DSPS fibrils.27

In the current study, we investigated the effect of FAs in PS
on the aggregation properties of 1N4R and 2N4R Tau in a
heparin-free environment. We have chosen large unilamellar
vesicles (LUVs) composed of PS with fully saturated FAs, 14:0
DMPS and 18:0 DSPS, as well as PS with unsaturated FAs,
18:1 DOPS and 16:0−18:1 POPS, Scheme 1. Using the
thioflavin T assay, we investigated the aggregation kinetics of
1N4R and 2N4R Tau in the presence and absence of
equimolar concentrations of the phospholipids. It is important
to note that the vast majority of reported to date studies on
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Tau aggregation were performed in the presence of heparin, a
negatively charged polysaccharide that facilitates Tau aggrega-
tion.7,8,11,13−15,17,28 However, the presence of this anionic
molecule may not entirely represent physiological processes
that occur in the brain upon AD and Tauopathies as well as
obscure the clarification of protein−lipid interactions. There-
fore, all performed experiments were made in a heparin-free
environment.
In the heparin- and lipid-free environment, 1N4R Tau

aggregated with tlag of 74.55 ± 4.25 h, Figure 1. The presence
of DSPS at 1:5 molar ratio drastically increased the onset of
1N4R Tau aggregation to tlag = 100 ± 0.1 h. DSPS also
decelerated the rate of 1N4R Tau aggregation t1/2 from 90.66

± 2.49 h (1N4R Tau) to 119 ± 0.98 h (1N4R Tau:DSPS). At
the same time, we found no evidence of protein aggregation in
the presence of DMPS, DOPS, and POPS. These results
indicate that PS strongly altered Tau aggregation. Furthermore,
long FA PS (DSPS) decelerated 1N4R Tau aggregation,
whereas short FA PS (DMPS) and PS with unsaturated FAs
(POPS and DOPS) completely inhibited protein aggregation.
In the heparin- and lipid-free environment, 2N4R Tau

aggregated much faster than its shorter 1N4R Tau analogue,
tlag = 50 ± 2.61 h. We also found that DSPS (1:5) molar ratio
accelerated rather than decelerated 2N4R Tau aggregation, tlag
= 40 ± 2.4 h, while no changes in the rate of protein
aggregation t1/2 were observed. Similar to 1N4R, the
aggregation of 2N4R Tau was completely inhibited by
DMPS, DOPS, and POPS. Based on these results, we can
conclude that DSPS has an opposite effect on 1N4R and 2N4R
Tau aggregation, whereas POPS, DOPS, and DMPS strongly
inhibit the aggregation of both Tau isoforms.
Morphological characterization of protein aggregates formed

after 200 h of 1N4R and 2N4R Tau aggregation in heparin-
and lipid-free environments revealed the presence of long
fibrils that had ∼3−12 nm in height, Figure 2. We also found
that, in the presence of DSPS, 1N4R Tau formed
morphologically similar fibrils with heights ranging from 6 to
12 nm, Figure 2. With similar heights (3−12 nm), shorter
fibrils were found in the 2N4R:DSPS sample. We also found a
substantially larger number of spherical oligomers in this
sample. No fibrils were found in 1N4R Tau:DMPS, DOPS,
and POPS and 2N4R Tau:DMPS, DOPS, and POPS samples.
Most of these samples possessed only small spherical oligomers
that were 3−9 nm in height. Furthermore, we observed intact
LUVs in nearly all of these samples.
Next, we utilized FTIR spectroscopy to examine the

secondary structure of protein aggregates formed in a
heparin-free environment with and without lipid LUVs. The

Scheme 1. Molecular Structures of DMPS, DOPS, POPS,
and DSPS

Figure 1. ThT kinetics of 1N4R (A) and 2N4R Tau (B) aggregation in the heparin-free environment in the absence of lipids and in the presence of
DSPS, DMPS, DOPS, and POPS. Corresponding histograms of tlag and t1/2 represent 10% and 50% increases in the ThT signals, respectively.
According to one-way ANOVA, NS is nonsignificant difference, *P < 0.05, **P < 0.01, and ***P < 0.001.
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acquired spectra exhibited amide I (1600−1700 cm−1)29,30 and
II (1500−1570 cm−1)31−33 bands as well as CαH (1460
cm−1)34 vibration, Figure 3. We also found that protein
aggregates that were formed in the presence of PS LUVs
exhibited an intense band at ∼1730 cm−1 that originates from
the C�O vibration of lipids.24,35 As expected, this band was
not observed in the samples that did not contain LUVs (1N4R
and 2N4R Tau). The amide I band is typically utilized to
examine the secondary structure of protein aggregates. If
centered around 1625 cm−1, protein samples are dominated by
a parallel β-sheet, whereas its shift to 1645 cm−1 is indicative of
an α-helix. Unordered protein exhibits amide I at ∼1660 cm−1,
whereas the presence of an antiparallel β-sheet could be
confirmed by the shift of amide I to 1695 cm−1.31−33

All 1N4R Tau samples except 1N4R:DSPS exhibited amide
I at around 1652 cm−1, whereas 2N4R Tau samples with and
without lipids had amide I centered around 1650 cm−1. These
surprising results indicate that 1N4R Tau, 1N4R:DSPS, 2N4R
Tau, and 2N4R:DSPS are dominated by an α-helix rather than
a β-sheet secondary structure, as one could expect based on the
AFM images discussed above. These findings are further
supported by CD spectra acquired from all analyzed samples,
Figure S1. In addition to the minima around 220 nm, which
indicate the presence of β-sheet secondary structure, acquired
spectra exhibited small dips at ∼233−235 nm, characteristic
for α-helix. We also found that amide I in the FTIR spectrum
of 1N4R:DSPS was blue-shifted to 1643 cm−1. This shift
indicates possible interactions between Tau protein and the
lipid.36 We hypothesized that the dominance of the α-helical
signal in FTIR spectra could be attributed to an unaggregated
Tau protein that was present in the samples. To overcome this
limitation of FTIR, we utilized nano-IR spectroscopy, also
known as atomic force microscopy and infrared (AFM-IR)
spectroscopy.

Figure 2. AFM images (A) of 1N4R (top row) and 2N4R Tau (bottom row) aggregates formed in the heparin-free environment with and without
lipids. The scale bar is 500 nm. Fibrils and oligomers are shown by red and green arrows, respectively. LUV is highlighted with a purple arrow.
Height profiles (B) of protein aggregates are shown in each sample.

Figure 3. FTIR spectra of 1N4R (A) and 2N4R Tau (B) aggregation
in a heparin-free environment in the absence of lipids (red) and in the
presence of DSPS (blue), DMPS (green), DOPS (black), and POPS
(light blue). Spectra are normalized on the amide I band.
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In AFM-IR, the metallized scanning probe can be positioned
directly at the surface of the protein aggregate.37,38 Next,
pulsed tunable light is used to induce thermal expansions that
are reported by the scanning probe and converted into an IR
spectrum.39−43 Thus, AFM-IR allows for overcoming the
contribution of a background signal of unordered protein that
is evident in FTIR, which probes the entire volume of analyzed
samples.
AFM-IR spectra acquired from 1N4R Tau and 1N4R:DSPS

fibrils exhibit an amide I band centered around 1625 cm−1,
which indicates the predominance of a parallel β-sheet in their
secondary structure, Figure 4A,B, Figures S2 and S3. It should
be noted that lipids themselves did not exhibit substantial
spectroscopic features in the amide I region of the IR spectra,
Figure S4. Fitting of the amide I band in both spectra revealed
a highly similar amount of the parallel β-sheet in their
secondary structure in both 1N4R Tau and 1N4R:DSPS fibrils,
Figure 4. It should be noted that individual AFM-IR spectra
acquired from protein aggregates are shown in Figures S5 and
S6. These protein aggregates also had ∼10% unordered protein
and ∼30% antiparallel β-sheet in their structure. We also found
that, in the AFM-IR spectra acquired from 1N4R:DOPS and
1N4R:DMPS oligomers, the amide I band was shifted to
∼1600 cm−1, which could be attributed to the vibration of
amino acid side chains. The fitting of the amide I band in these
spectra revealed a much larger amount of parallel β-sheet
compared to 1N4R Tau and 1N4R:DSPS fibrils. We also
found that the secondary structure of 1N4R:POPS oligomers
was very similar to the secondary structure of 1N4R Tau and

1N4R:DSPS fibrils. However, we observed an intense lipid
vibration in the AFM-IR spectra acquired from these
aggregates. This indicates that POPS lipids could be present
in their structure. These results indicate that DSPS and POPS
did not alter the secondary structure of 1N4R Tau aggregates,
while the presence of DOPS and DMPS resulted in the
increase in the parallel β-sheet in the amyloid oligomers.
AFM-IR revealed that the secondary structure of 2N4R Tau

fibrils grown in the lipid-free environment was dominated by
unordered protein secondary structure (∼50%), with a small
amount of parallel (∼20%) and antiparallel (∼30%) β-sheet,
Figure 4C,D. We observed a drastic increase in the amount of
parallel β-sheet in all 2N4R Tau aggregates that were formed in
the presence of PS. It should be noted that oligomers detected
in 2N4R:DOPS, 2N4R:DMPS, and 2N4R:POPS were nearly
entirely composed of parallel β-sheet with a very small amount
of unordered protein secondary structure and antiparallel β-
sheet. These results indicate that PS with both saturated and
unsaturated FAs drastically altered the secondary structure of
2N4R Tau aggregates.
Lactate dehydrogenase (LDH)-based toxicity analysis of

1N4R Tau fibrils formed in the heparin- and lipid-free
environment revealed their high cytotoxicity, Figure 5. Similar
cytotoxicity was also observed for 1N4R:DSPS fibrils. At the
same time, we found that β-sheet-rich oligomers formed in the
presence of POPS, DOPS, and DMPS exerted significantly
lower cytotoxicity to N27 rat dopaminergic cells compared to
1N4R Tau and 1N4R:DSPS fibrils. These results indicate that

Figure 4. AFM-IR spectra (A and C) acquired from 1N4R Tau (A and B) and 2N4R Tau (C and D) aggregates with corresponding fitting of
amide I band (B and D) indicating the amount of parallel β-sheet (purple) and α-helix, random coil and β-turn (blue) as well as antiparallel β-sheet
(marine). According to one-way ANOVA, NS is nonsignificant difference, *P < 0.05, and ****P < 0.0001.
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PS with short (DMPS) and unsaturated FAs (POPS and
DOPS) drastically lowers the cytotoxicity of 1N4R Tau fibrils.
LDH assay revealed that 1N4R Tau and 2N4R Tau fibrils

exerted similar levels of cell cytotoxicity. We also found that
2N4R:DOPS and 2N4R:POPS oligomers had significantly
lower cytotoxicity compared with 2N4R Tau fibrils. Finally, the
presence of DMPS and DSPS did not lower the cytotoxicity of
the 2N4R Tau aggregates formed in their presence. These
findings show that PS with unsaturated FAs (POPS and
DOPS) drastically lowers the cytotoxicity of 2N4R Tau fibrils,
while this effect was not evident for PS with short FAs
(DMPS).
In summary, our results show that saturation and length of

FAs in PS play an important role in aggregation of 1N4R and
2N4R Tau isoforms. We found that short-chain and
unsaturated FAs in PS strongly inhibit fibril formation. Their
equimolar presence with both 1N4R and 2N4R Tau results in
the formation of small β-sheet-rich oligomers that exert
significantly lower cytotoxicity to N27 neurons. At the same
time, the presence of PS with long-chain saturated FAs alters
the aggregation rate of only the 1N4R and 2N4R Tau isoforms.
Such lipids alter the secondary structure of only 2N4R Tau
oligomers, whereas no changes in the secondary structure were
observed for 1N4R Tau aggregates that were formed in the
presence of DSPS. Finally, both 1N4R:DSPS and 2N4R:DSPS

fibrils exert the same cytotoxicity to N27 neurons as 1N4R and
2N4R Tau fibrils formed in the lipid-free environment. Thus,
we can conclude that saturation and length of FAs in PS that
are present at the stage of 1N4R and 2N4R Tau aggregation
strongly alter the cytotoxicity of amyloid aggregates.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718.

Materials and methods; CD spectra; AFM images; FTIR
and AFM-IR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Dmitry Kurouski − Department of Biochemistry and
Biophysics, Texas A&M University, College Station, Texas
77843, United States; Department of Biomedical
Engineering, Texas A&M University, College Station, Texas
77843, United States; orcid.org/0000-0002-6040-4213;
Phone: 979-458-3778; Email: dkurouski@tamu.edu

Authors
Abid Ali − Department of Biochemistry and Biophysics, Texas
A&M University, College Station, Texas 77843, United
States

Mikhail Matveyenka − Department of Biochemistry and
Biophysics, Texas A&M University, College Station, Texas
77843, United States

Axell Rodriguez − Department of Biochemistry and
Biophysics, Texas A&M University, College Station, Texas
77843, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.4c01718

Author Contributions
A.A.: conceptualization, protein expression and purification,
and kinetic, AFM, and FTIR measurements; M.M.: toxicity
measurements and data analysis; A.R.: AFM-IR analysis; D.K.:
supervision, administration, and fund acquisition.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to the National Institute of Health for the
provided financial support (R35GM142869).

■ REFERENCES
(1) McLean, C. A.; Cherny, R. A.; Fraser, F. W.; Fuller, S. J.; Smith,
M. J.; Beyreuther, K.; Bush, A. I.; Masters, C. L. Soluble pool of Abeta
amyloid as a determinant of severity of neurodegeneration in
Alzheimer’s disease. Ann. Neurol. 1999, 46 (6), 860−866.
(2) Gouras, G. K.; Tampellini, D.; Takahashi, R. H.; Capetillo-
Zarate, E. Intraneuronal beta-amyloid accumulation and synapse
pathology in Alzheimer’s disease. Acta Neuropathol 2010, 119 (5),
523−541.
(3) Goedert, M.; Spillantini, M. G.; Jakes, R.; Rutherford, D.;
Crowther, R. A. Multiple isoforms of human microtubule-associated
protein tau: sequences and localization in neurofibrillary tangles of
Alzheimer’s disease. Neuron 1989, 3 (4), 519−526.
(4) Himmler, A.; Drechsel, D.; Kirschner, M. W.; Martin, D. W., Jr.
Tau consists of a set of proteins with repeated C-terminal

Figure 5. Histograms of LDH assay showing cytotoxicity of 1N4R
(A) and 2N4R Tau (B) aggregates formed in the heparin-free
environment with and without lipids as well as cytotoxicity (C) of
lipids themselves. Black asterisks (*) indicate statistical significance of
all samples relative to control. Green asterisks (*) indicate statistical
significance of protein aggregates formed in the presence of lipids
relative to the aggregates formed in the lipid-free environment.
According to one-way ANOVA, NS is nonsignificant difference, *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01718
J. Phys. Chem. Lett. 2024, 15, 8577−8583

8581

https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01718/suppl_file/jz4c01718_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+Kurouski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6040-4213
mailto:dkurouski@tamu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikhail+Matveyenka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Axell+Rodriguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?ref=pdf
https://doi.org/10.1002/1531-8249(199912)46:6<860::AID-ANA8>3.0.CO;2-M
https://doi.org/10.1002/1531-8249(199912)46:6<860::AID-ANA8>3.0.CO;2-M
https://doi.org/10.1002/1531-8249(199912)46:6<860::AID-ANA8>3.0.CO;2-M
https://doi.org/10.1007/s00401-010-0679-9
https://doi.org/10.1007/s00401-010-0679-9
https://doi.org/10.1016/0896-6273(89)90210-9
https://doi.org/10.1016/0896-6273(89)90210-9
https://doi.org/10.1016/0896-6273(89)90210-9
https://doi.org/10.1128/mcb.9.4.1381-1388.1989
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01718?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


microtubule-binding domains and variable N-terminal domains. Mol.
Cell. Biol. 1989, 9 (4), 1381−1388.
(5) Weingarten, M. D.; Lockwood, A. H.; Hwo, S. Y.; Kirschner, M.
W. A protein factor essential for microtubule assembly. Proc. Natl.
Acad. Sci. U. S. A. 1975, 72 (5), 1858−1862.
(6) Grundke-Iqbal, I.; Iqbal, K.; Tung, Y. C.; Quinlan, M.;
Wisniewski, H. M.; Binder, L. I. Abnormal phosphorylation of the
microtubule-associated protein tau (tau) in Alzheimer cytoskeletal
pathology. Proc. Natl. Acad. Sci. U. S. A. 1986, 83 (13), 4913−4917.
(7) Alonso, A. d. C.; Mederlyova, A.; Novak, M.; Grundke-Iqbal, I.;
Iqbal, K. Promotion of hyperphosphorylation by frontotemporal
dementia tau mutations. J. Biol. Chem. 2004, 279 (33), 34873−34881.
(8) del C. Alonso, A.; Zaidi, T.; Novak, M.; Barra, H. S.; Grundke-
Iqbal, I.; Iqbal, K. Interaction of tau isoforms with Alzheimer’s disease
abnormally hyperphosphorylated tau and in vitro phosphorylation
into the disease-like protein. J. Biol. Chem. 2001, 276 (41), 37967−
37973.
(9) Giamblanco, N.; Fichou, Y.; Janot, J. M.; Balanzat, E.; Han, S.;
Balme, S. Mechanisms of Heparin-Induced Tau Aggregation Revealed
by a Single Nanopore. ACS Sens 2020, 5 (4), 1158−1167.
(10) Falcon, B.; Zivanov, J.; Zhang, W.; Murzin, A. G.; Garringer, H.
J.; Vidal, R.; Crowther, R. A.; Newell, K. L.; Ghetti, B.; Goedert, M.;
et al. Novel tau filament fold in chronic traumatic encephalopathy
encloses hydrophobic molecules. Nature 2019, 568 (7752), 420−423.
(11) Zhang, W.; Falcon, B.; Murzin, A. G.; Fan, J.; Crowther, R. A.;
Goedert, M.; Scheres, S. H. Heparin-induced tau filaments are
polymorphic and differ from those in Alzheimer’s and Pick’s diseases.
Elife 2019, 8, 1.
(12) Takashima, A. Tauopathies and tau oligomers. J. Alzheimers Dis
2013, 37 (3), 565−568.
(13) Ait-Bouziad, N.; Lv, G.; Mahul-Mellier, A. L.; Xiao, S.;
Zorludemir, G.; Eliezer, D.; Walz, T.; Lashuel, H. A. Discovery and
characterization of stable and toxic Tau/phospholipid oligomeric
complexes. Nat. Commun. 2017, 8 (1), 1678.
(14) Lasagna-Reeves, C. A.; Castillo-Carranza, D. L.; Sengupta, U.;
Sarmiento, J.; Troncoso, J.; Jackson, G. R.; Kayed, R. Identification of
oligomers at early stages of tau aggregation in Alzheimer’s disease.
FASEB J. 2012, 26 (5), 1946−1959.
(15) Karikari, T. K.; Nagel, D. A.; Grainger, A.; Clarke-Bland, C.;
Hill, E. J.; Moffat, K. G. Preparation of stable tau oligomers for cellular
and biochemical studies. Anal. Biochem. 2019, 566, 67−74.
(16) Eisenberg, D. S.; Sawaya, M. R. Neurodegeneration: Taming
tangled tau. Nature 2017, 547 (7662), 170−171.
(17) Shafiei, S. S.; Guerrero-Munoz, M. J.; Castillo-Carranza, D. L.
Tau Oligomers: Cytotoxicity, Propagation, and Mitochondrial
Damage. Front Aging Neurosci 2017, 9, 83.
(18) Ali, A.; Zhaliazka, K.; Dou, T.; Holman, A. P.; Kumar, R.;
Kurouski, D. Secondary structure and toxicity of transthyretin fibrils
can be altered by unsaturated fatty acids. Int. J. Biol. Macromol. 2023,
253 (Pt 7), No. 127241.
(19) Ali, A.; Zhaliazka, K.; Dou, T.; Holman, A. P.; Kurouski, D.
Role of Saturation and Length of Fatty Acids of Phosphatidylserine in
the Aggregation of Transthyretin. ACS Chem. Neurosci. 2023, 14 (18),
3499−3506.
(20) Ali, A.; Zhaliazka, K.; Dou, T.; Holman, A. P.; Kurouski, D. The
toxicities of A30P and A53T alpha-synuclein fibrils can be uniquely
altered by the length and saturation of fatty acids in phosphatidylser-
ine. J. Biol. Chem. 2023, 299 (12), No. 105383.
(21) Ali, A.; Zhaliazka, K.; Dou, T.; Holman, A. P.; Kurouski, D.
Cholesterol and Sphingomyelin Uniquely Alter the Rate of Trans-
thyretin Aggregation and Decrease the Toxicity of Amyloid Fibrils. J.
Phys. Chem. Lett. 2023, 14, 10886−10893.
(22) Zhaliazka, K.; Rizevsky, S.; Matveyenka, M.; Serada, V.;
Kurouski, D. Charge of Phospholipids Determines the Rate of
Lysozyme Aggregation but Not the Structure and Toxicity of Amyloid
Aggregates. J. Phys. Chem. Lett. 2022, 13 (38), 8833−8839.
(23) Zhaliazka, K.; Serada, V.; Matveyenka, M.; Rizevsky, S.;
Kurouski, D. Protein-to-lipid ratio uniquely changes the rate of
lysozyme aggregation but does not significantly alter toxicity of

mature protein aggregates. Biochim Biophys Acta Mol. Cell Biol. Lipids
2023, 1868 (5), No. 159305.
(24) Matveyenka, M.; Rizevsky, S.; Kurouski, D. Unsaturation in the
Fatty Acids of Phospholipids Drastically Alters the Structure and
Toxicity of Insulin Aggregates Grown in Their Presence. J. Phys.
Chem. Lett. 2022, 13, 4563−4569.
(25) Matveyenka, M.; Rizevsky, S.; Kurouski, D. Elucidation of the
Effect of Phospholipid Charge on the Rate of Insulin Aggregation and
Structure and Toxicity of Amyloid Fibrils. ACS Omega 2023, 8 (13),
12379−12386.
(26) Matveyenka, M.; Zhaliazka, K.; Rizevsky, S.; Kurouski, D.
Lipids uniquely alter secondary structure and toxicity of lysozyme
aggregates. FASEB J. 2022, 36 (10), No. e22543.
(27) Frese, A.; Goode, C.; Zhaliazka, K.; Holman, A. P.; Dou, T.;
Kurouski, D. Length and saturation of fatty acids in phosphatidylser-
ine determine the rate of lysozyme aggregation simultaneously
altering the structure and toxicity of amyloid oligomers and fibrils.
Protein Sci. 2023, 32 (8), No. e4717.
(28) Banerjee, S.; Ghosh, A. Structurally Distinct Polymorphs of Tau
Aggregates Revealed by Nanoscale Infrared Spectroscopy. J. Phys.
Chem. Lett. 2021, 12 (45), 11035−11041.
(29) Kurouski, D.; Dukor, R. K.; Lu, X.; Nafie, L. A.; Lednev, I. K.
Normal and reversed supramolecular chirality of insulin fibrils probed
by vibrational circular dichroism at the protofilament level of fibril
structure. Biophys. J. 2012, 103 (3), 522−531.
(30) Kurouski, D.; Lombardi, R. A.; Dukor, R. K.; Lednev, I. K.;
Nafie, L. A. Direct observation and pH control of reversed
supramolecular chirality in insulin fibrils by vibrational circular
dichroism. Chem. Commun. 2010, 46 (38), 7154−7156.
(31) Kurouski , D. ; Lu, X. ; Popova , L . ; Wan, W.;
Shanmugasundaram, M.; Stubbs, G.; Dukor, R. K.; Lednev, I. K.;
Nafie, L. A. Is supramolecular filament chirality the underlying cause
of major morphology differences in amyloid fibrils? J. Am. Chem. Soc.
2014, 136 (6), 2302−2312.
(32) Ma, S.; Cao, X.; Mak, M.; Sadik, A.; Walkner, C.; Freedman, T.
B.; Lednev, I. K.; Dukor, R. K.; Nafie, L. A. Vibrational circular
dichroism shows unusual sensitivity to protein fibril formation and
development in solution. J. Am. Chem. Soc. 2007, 129 (41), 12364−
12365.
(33) Shanmugasundaram, M.; Kurouski, D.; Wan, W.; Stubbs, G.;
Dukor, R. K.; Nafie, L. A.; Lednev, I. K. Rapid Filament
Supramolecular Chirality Reversal of HET-s (218−289) Prion Fibrils
Driven by pH Elevation. J. Phys. Chem. B 2015, 119 (27), 8521−8525.
(34) Farber, C.; Li, J.; Hager, E.; Chemelewski, R.; Mullet, J.;
Rogachev, A. Y.; Kurouski, D. Complementarity of Raman and
Infrared Spectroscopy for Structural Characterization of Plant
Epicuticular Waxes. ACS Omega 2019, 4, 3700−3707.
(35) Matveyenka, M.; Zhaliazka, K.; Kurouski, D. Concentration of
Phosphatidylserine Influence Rates of Insulin Aggregation and
Toxicity of Amyloid Aggregates In Vitro. ACS Chem. Neurosci.
2023, 14 (12), 2396−2404.
(36) Dou, T.; Zens, C.; Schroder, K.; Jiang, Y.; Makarov, A. A.;
Kupfer, S.; Kurouski, D. Solid-to-Liposome Conformational Tran-
sition of Phosphatidylcholine and Phosphatidylserine Probed by
Atomic Force Microscopy, Infrared Spectroscopy, and Density
Functional Theory Calculations. Anal. Chem. 2022, 94 (38),
13243−13249.
(37) Centrone, A. Infrared imaging and spectroscopy beyond the
diffraction limit. Annu. Rev. Anal. Chem. 2015, 8 (1), 101−126.
(38) Kurouski, D.; Dazzi, A.; Zenobi, R.; Centrone, A. Infrared and
Raman chemical imaging and spectroscopy at the nanoscale. Chem.
Soc. Rev. 2020, 49 (11), 3315−3347.
(39) Dazzi, A.; Prater, C. B. AFM-IR: Technology and Applications
in Nanoscale Infrared Spectroscopy and Chemical Imaging. Chem.
Rev. 2017, 117 (7), 5146−5173.
(40) Dazzi, A.; Prater, C. B.; Hu, Q. C.; Chase, D. B.; Rabolt, J. F.;
Marcott, C. AFM-IR: combining atomic force microscopy and
infrared spectroscopy for nanoscale chemical characterization. Appl.
Spectrosc. 2012, 66 (12), 1365−1384.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01718
J. Phys. Chem. Lett. 2024, 15, 8577−8583

8582

https://doi.org/10.1128/mcb.9.4.1381-1388.1989
https://doi.org/10.1073/pnas.72.5.1858
https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1074/jbc.M405131200
https://doi.org/10.1074/jbc.M405131200
https://doi.org/10.1074/jbc.M105365200
https://doi.org/10.1074/jbc.M105365200
https://doi.org/10.1074/jbc.M105365200
https://doi.org/10.1021/acssensors.0c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1026-5
https://doi.org/10.1038/s41586-019-1026-5
https://doi.org/10.7554/eLife.43584
https://doi.org/10.7554/eLife.43584
https://doi.org/10.3233/JAD-130653
https://doi.org/10.1038/s41467-017-01575-4
https://doi.org/10.1038/s41467-017-01575-4
https://doi.org/10.1038/s41467-017-01575-4
https://doi.org/10.1096/fj.11-199851
https://doi.org/10.1096/fj.11-199851
https://doi.org/10.1016/j.ab.2018.10.013
https://doi.org/10.1016/j.ab.2018.10.013
https://doi.org/10.1038/nature23094
https://doi.org/10.1038/nature23094
https://doi.org/10.3389/fnagi.2017.00083
https://doi.org/10.3389/fnagi.2017.00083
https://doi.org/10.1016/j.ijbiomac.2023.127241
https://doi.org/10.1016/j.ijbiomac.2023.127241
https://doi.org/10.1021/acschemneuro.3c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.3c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1021/acs.jpclett.3c02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.3c02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbalip.2023.159305
https://doi.org/10.1016/j.bbalip.2023.159305
https://doi.org/10.1016/j.bbalip.2023.159305
https://doi.org/10.1021/acs.jpclett.2c00559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1096/fj.202200841R
https://doi.org/10.1096/fj.202200841R
https://doi.org/10.1002/pro.4717
https://doi.org/10.1002/pro.4717
https://doi.org/10.1002/pro.4717
https://doi.org/10.1021/acs.jpclett.1c02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2012.04.042
https://doi.org/10.1016/j.bpj.2012.04.042
https://doi.org/10.1016/j.bpj.2012.04.042
https://doi.org/10.1039/c0cc02423f
https://doi.org/10.1039/c0cc02423f
https://doi.org/10.1039/c0cc02423f
https://doi.org/10.1021/ja407583r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja407583r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074188z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074188z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074188z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b04779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b04779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b04779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b03675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b03675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b03675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.3c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.3c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.3c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-anchem-071114-040435
https://doi.org/10.1146/annurev-anchem-071114-040435
https://doi.org/10.1039/C8CS00916C
https://doi.org/10.1039/C8CS00916C
https://doi.org/10.1021/acs.chemrev.6b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1366/12-06804
https://doi.org/10.1366/12-06804
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Ramer, G.; Ruggeri, F. S.; Levin, A.; Knowles, T. P. J.;
Centrone, A. Determination of Polypeptide Conformation with
Nanoscale Resolution in Water. ACS Nano 2018, 12 (7), 6612−6619.
(42) Ruggeri, F. S.; Benedetti, F.; Knowles, T. P. J.; Lashuel, H. A.;
Sekatskii, S.; Dietler, G. Identification and nanomechanical character-
ization of the fundamental single-strand protofilaments of amyloid
alpha-synuclein fibrils. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (28),
7230−7235.
(43) Ruggeri, F. S.; Mannini, B.; Schmid, R.; Vendruscolo, M.;
Knowles, T. P. J. Single molecule secondary structure determination
of proteins through infrared absorption nanospectroscopy. Nat.
Commun. 2020, 11 (1), 2945.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c01718
J. Phys. Chem. Lett. 2024, 15, 8577−8583

8583

https://doi.org/10.1021/acsnano.8b01425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b01425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1721220115
https://doi.org/10.1073/pnas.1721220115
https://doi.org/10.1073/pnas.1721220115
https://doi.org/10.1038/s41467-020-16728-1
https://doi.org/10.1038/s41467-020-16728-1
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

