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5 ABSTRACT: The formation of Tau amyloids is a hallmark of
6 several neurodegenerative diseases, called Tauopathies, including
7 Alzheimer’s disease. In different Tauopathies, Tau amyloid
8 filaments adopt a distinct structure, highlighting the existence of
9 disease specific pathways. In this pathological context, lipid

10 metabolism is heavily disrupted, leading to a perturbation of
11 membrane composition. Lipid membranes have been shown to
12 nucleate tau aggregation under some conditions. However, no
13 general model has been established to explain how the organization
14 of the lipid membrane modulates Tau aggregation. Here, we
15 combined biochemistry and biophysical tools, including EPR
16 spectroscopy, to investigate the mechanisms of membrane-induced
17 Tau aggregation. After showing the importance of the electrostatic
18 interaction between Tau and anionic lipids, we investigate how the amount and density of charges influence Tau aggregation. This
19 work allows us to draw a general model where membrane-induced Tau aggregation is a two-step process. First, the binding to the
20 membrane through electrostatic interactions is a necessary but not a sufficient step. Second, the nucleation of Tau amyloids at the
21 membrane surface occurs only when specific conditions are fulfilled, i.e., high surface density altering Tau conformation and spatial
22 proximity between aggregation-prone conformers. A direct implication of this model is that local membrane heterogeneities, such as
23 phase separation or lipid rafting, are strong modulators of Tau aggregation. This work provides the molecular basis to predict how
24 different membrane states regulate Tau aggregation.
25 KEYWORDS: Tau protein, lipid membrane, amyloid, aggregation mechanism, EPR spectroscopy

1. INTRODUCTION
26 Tau is an intrinsically disordered protein predominantly
27 expressed in neurons, where it plays a key physiological role in
28 stabilizing microtubules. Tau exists as six isoforms ranging from
29 352 to 441 amino acids. These isoforms are defined by the
30 presence of two N-terminal inserts (N1 and N2) and by the
31 inclusion of the second repeat domain (R2) within the C-
32 terminal domain. The longest isoform, containing both N-
33 terminal inserts and all four repeat domains, is referred to as
34 2N4R. Pathologically, insoluble Tau aggregates are a hallmark of
35 several neurodegenerative disorders, collectively known as
36 Tauopathies,1 including Alzheimer’s disease. These aggregates
37 are formed of amyloid fibrils characterized by a cross-β structure,
38 in which highly ordered β-sheets stack along the fibril axis.2

39 Several pathogenic mutations of Tau have been identified in
40 tauopathies, among which the P301L mutation in the MAPT
41 gene is particularly well characterized andwidely used as amodel
42 because it robustly enhances Tau amyloid aggregation.3

43 In recent years, high-resolution structures of Tau fibrils from
44 different Tauopathies have been resolved, revealing the presence
45 of nonproteinaceous densities both within and surrounding the

46fibril core.4−8 These additional densities are thought to
47correspond to either post-translational modifications or tightly
48bound cofactors. In parallel, lipid components such as
49phosphatidylcholine, cholesterol, and sphingolipids have been
50found to colocalize with Tau fibrils in Alzheimer’s disease brain
51tissue, suggesting a direct association between lipids and
52pathological Tau assemblies.9 Besides, lipid metabolism has
53been shown to be altered in pathological contexts, with elevated
54levels of phospholipids and sphingolipids detected in the
55transgenic rat brain, cerebrospinal fluid, and plasma.10 Although
56it remains unclear whether these lipids contribute to the
57observed nonproteinaceous densities, their presence raises the
58possibility that lipids could be among the molecular partners
59embedded within the fibrils, as recently observed for a-synuclein

Received: March 12, 2026
Revised: April 9, 2026
Accepted: April 10, 2026

Articlepubs.acs.org/jacsau

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/jacsau.6c00374

JACS Au XXXX, XXX, XXX−XXX

* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-397 | rq_4839264 | 4/13/2026 15:35:21 | 13 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clara+Piersson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+Lublin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathieu+Duttine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucie+Khemtemourian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antoine+Loquet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marion+Mathelie%CC%81-Guinlet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marion+Mathelie%CC%81-Guinlet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yann+Fichou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.6c00374&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.6c00374?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf


60 lipidic fibrils.11 Supporting this, Tau has been shown to interact
61 with the plasmamembrane12 and to translocate across it via both
62 direct membrane crossing and vesicle-mediated pathways,
63 facilitating its intercellular propagation.13−15 Particularly, lipid
64 rafts have also been implicated in the spatial localization and
65 accumulation of neurodegeneration-associated molecules, in-
66 cluding phosphorylated Tau.16

67 The study of Tau’s interaction with and aggregation on model
68 membranes is an area of growing interest. Tau’s interaction with
69 lipids has mostly focused on the repeat region,17 which engages
70 in electrostatic interactions with negatively charged lipids such
71 as phosphatidylserine (PS)18 and phosphatidylinositol-4,5-
72 bisphosphate (PIP2),19 although the N-terminal region was
73 suggested to have an important role in Tau−membrane
74 interaction.20 Yet, how the composition and organization of
75 membranes modulate their interaction with Tau and their
76 capacity to induce Tau amyloid aggregation has been scarcely
77 studied. In particular, there are no general models allowing one
78 to predict how disease-relevant membrane alteration, such as
79 lipid composition modification, can influence Tau aggregation.
80 In this study, we investigated the interaction and aggregation
81 of the full-length Tau protein in the presence of lipidmembranes
82 composed of varying anionic/zwitterionic lipid ratios, using
83 electron paramagnetic resonance (EPR) spectroscopy, fluo-
84 rescence assays, and transmission electron microscopy (TEM)
85 to monitor membrane binding and fibril formation. We
86 examined how Tau binds to membranes and highlight the
87 local membrane anionic charge density as a key parameter in
88 promoting a two-step aggregation mechanism. In particular, we
89 show that the initial protein−membrane interaction is mostly
90 dependent on electrostatic interaction, while the subsequent
91 amyloid nucleation depends on a conformational change around
92 the PHF6 motif that is highly dependent on the membrane
93 organization.

2. METHODS

2.1. Production and Purification of Tau
94 The longest isoform of Tau (2N4R) containing the disease-associated
95 mutation P301L was expressed in Escherichia coli BL21(DE3) cells
96 transformed with a pET28 plasmid encoding the corresponding gene.
97 A 10 mL overnight preculture was used to inoculate 1 L of the LB
98 medium supplemented with kanamycin (30 μg/mL). Cultures were
99 incubated at 37 °C with shaking at 200 rpm until an optical density at

100 600 nm (OD600) of 0.6−0.8 was reached. Protein expression was
101 induced with 1 mM IPTG, followed by a 3 h incubation at 37 °C and
102 200 rpm. Cells were harvested by centrifugation at 5000 rpm for 20 min
103 at 4 °C. The resulting pellet was resuspended in 30 mL of lysis buffer
104 (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.1 mM EDTA)
105 supplemented with 1 mM PMSF, 5 mM DTT, 20 μg/mL DNase I,
106 10 mM MgCl2, and one protease inhibitor tablet. Cells were lysed by
107 the addition of lysozyme (70 mg/mL) and incubation at room
108 temperature for 30 min with agitation, followed by three cycles of
109 freeze−thaw in liquid nitrogen. Cell debris were removed by
110 centrifugation at 9500 rpm for 10 min at 4 °C. The supernatant was
111 subjected to a heat denaturation step at 75 °C for 12 min, followed by
112 cooling on ice for 20 min. PMSF was added prior to a second
113 centrifugation at 9500 rpm for 10 min at 4 °C to remove precipitated
114 proteins. The resulting supernatant was filtered and subsequently
115 loaded onto a Bio-Rad NGC FPLC system for purification.
116 The first purification step was cation exchange chromatography. The
117 Tau-containing lysate was loaded onto a 5 mL EconoFit UNO Sphere S
118 column (Bio-Rad) pre-equilibrated with 20 mM sodium phosphate
119 buffer at pH 7.4, 0.1 mM EDTA, and 100 mM NaCl. The column was
120 washed with seven column volumes (CV) of equilibration buffer prior
121 to elution. Elution was performed using a linear gradient of NaCl (up to

122500 mM), from 0 to 60% over one CV, followed by a step to 100% over
123three CVs. Fractions corresponding to the eluted protein peak were
124pooled and concentrated to a final volume of 5 mL. The sample was
125then applied to size-exclusion chromatography using a Superdex 200
126Increase 16/600 pg column (Cytiva), pre-equilibrated with 20 mM
127HEPES at pH 7.4 and 100 mM NaCl. Eluted fractions containing pure
128Tau protein were pooled, concentrated, and quantified by UV
129absorbance at 274 nm using an extinction coefficient of 7.5 mM−1·
130cm−1. The final purified protein was stored at −20 °C.

2.2. Liposome Formulation into Large Unilamellar Vesicles
131(LUVs)
132Large unilamellar vesicles (LUVs) composed of physiologically relevant
133phospholipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
134serine (POPS), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
135(POPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), or
136phosphatidylinositol-4,5-bisphosphate (PIP2), were prepared. The
137lipids, initially dissolved in chloroform, were mixed at a defined molar
138ratio and dried under a nitrogen stream to form a lipid film. This film
139was then placed under a vacuum in a desiccator overnight to remove
140residual traces of chloroform.
141The lipid film was subsequently solubilized in a 20 mM HEPES
142buffer at pH 7.4. The lipid suspension then underwent five freeze−thaw
143cycles using liquid nitrogen. To ensure that both lipids were in the fluid
144phase, the solution was maintained at 40 °C (or 55 °C when using
145DSPC). Finally, the suspension was extruded 21 times through
146membranes with 100 nm pores to obtain LUVs. The vesicle size was
147assessed by dynamic light scattering (DLS, Cordouan), and the lipid
148concentration was determined by the phosphate assay, following a
149previously described method.21

2.3. Thioflavin T Aggregation
150Thioflavin T (ThT) is a fluorescent dye that specifically binds to β-
151sheet structures of amyloid proteins.22 ThT assays were conducted in a
152384-well low-volume black microplate with a clear flat bottom; Tau
153protein was incubated at 20 μM with or without lipids in 20 mM
154HEPES at pH 7.4 and 5 mMDTT and with 20 μMThT for 2 days at 37
155°C with shaking at 300 rpm. The fluorescence was bottom read in a
156BMGVantastar instrument with excitation and emission wavelengths of
157440 and 480 nm, respectively. Each condition was prepared
158independently in three different wells. Standard deviation over these
159three wells is represented as error bars throughout the manuscript.

2.4. Transmission Electron Microscopy
160The carbon film 300 mesh copper grids were hydrophilized by UV light
161for 5 min. Four μL of samples were applied on the grid for 2 min before
162applying the staining solution. Four μL of 2% uranyl acetate filtered was
163applied on the grid twice for 1 min. Samples were imaged with an FEI
164CM120 operated at 80 kV. Images were recorded with a USC1000 slow
165scan CCD camera (Gatan, Pleasanton, CA, USA).

2.5. Atomic Force Microscopy
166Supported lipid bilayers (SLBs) were prepared for AFM experiments by
167depositing 100 μL of 0.25 mg/mL POPS/POPC (50/50) and POPS/
168DSPC (20/80 and 50/50) SUV suspensions, along with 1 mM CaCl2,
169onto freshly cleaved mica. The samples were incubated at room
170temperature for 30 min. Following incubation, the samples were rinsed
171five times with buffer (20 mM HEPES, pH 7.4, 100 mM NaCl).
172AFM imaging was conducted using the Dimension FastScan system
173(Bruker), operating in PeakForce Quantitative NanoMechanics (PF-
174QNM) mode in a liquid environment at room temperature (∼25 °C).

2.6. Spin Labeling for Electron Paramagnetic Resonance
175Site-directed mutagenesis was applied to 2N4R-P301L in order to
176obtain three mutants containing a single cysteine for CW-EPR: C291S
177(cysteine present at position 322), C322S (cysteine present at position
178291), and C291S−C322S-S46C (cysteine present at position 46).
179Similarly, the mutations C291S−C322S−V300C−V313C were added
180for DEER experiments.
181Tau mutants were labeled on cysteine residues using the nitroxide
182spin-label MTSL (CAS 81213−52−7). Prior to labeling, Tau was
183reduced with TCEP for 2 h at room temperature. TCEP was then
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184 removed using a PD-10 desalting column. A 10-fold molar excess of
185 MTSL was subsequently added, and the mixture was incubated for a
186 minimum of 2 h under continuous stirring. Excess spin labeling was
187 eliminated by two successive PD-10 column purifications. The
188 concentration of spin-labeled Tau was determined using a standard
189 curve generated with TEMPO (10−500 μM range), and signal
190 integration (single and double integrals) was performed using
191 SpinToolbox with a labeling efficiency ranging from 67 to 96%.

2.7. Continuous Wave-Electron Paramagnetic Resonance
192 (CW-EPR)
193 Continuous wave-EPR (CW-EPR)measurements were carried out on a
194 Bruker Elexsys E500 X-band spectrometer operating at 9.78 GHz. The
195 microwave power was set to 6.3 mW, with a modulation amplitude of 1
196 G and a sweep width of 100 G. Samples consisted of 20 μL solutions
197 containing 25 μM Tau and various lipid compositions and ratios. Each
198 sample was transferred to a 0.8 mm diameter quartz capillary for
199 measurement at room temperature.
200 To determine the hyperfine coupling constants, additional measure-
201 ments were performed under frozen conditions with a Bruker ESP300E
202 X-band spectrometer operating at 9.54 GHz, equipped with a TE104
203 rectangular resonator and an Oxford Instruments ESR900 helium-flow
204 cryostat at 30 K using an optimized microwave power (2 mW) to avoid
205 any saturation effect. For these experiments, samples containing 50 μM
206 spin-labeled Tau were prepared in the presence or absence of POPS at a
207 Tau:lipid molar ratio of 1:125.

2.8. CW-EPR Spectra Fitting
208 Spectral simulations were conducted using SimLabel, a graphical
209 interface built upon the EasySpin toolbox. All simulations were
210 performed using the Chili routine with an isotropic rotation model.
211 Experimental spectra corresponding to Tau in the monomeric state and
212 in the presence of excess POPS (protein−lipid ratio of 1:250) were
213 independently analyzed. In accordance with established protocols [2],
214 distinct data sets were prepared for each experimental condition. TheAz
215 component of the hyperfine interaction was first extracted from spectra
216 acquired under frozen conditions, and the gx value was subsequently
217 calculated according to gx = f(Az) = −0.0025 × Az + 2.0175.23 During
218 the fitting process, the gy and gz components of the g-tensor were held
219 constant. Fitted parameters were then the isotropic rotational
220 correlation time (τcorr), the axial hyperfine coupling constants (Ax =
221 Ay), and a phenomenological Lorentzian broadening parameter. The
222 latter was necessary to obtain an optimal fit of the monomeric state. A
223 summary of the optimized parameters for all conditions is provided in

t1 224 Table 1.

225 The percentage of bound protein was obtained for any spectra by
226 fitting with a linear combination of the “monomer” and “saturated”
227 component (Table 1) with SimLabel.

2.9. Binding Model Fitting

228 Binding curves were analyzed using a Hill model to quantify Tau−
229 membrane interactions:

P n L P L( )nH H+ F

230nH is the Hill coefficient; it reflects the apparent degree of
231cooperativity when Tau (P) binds to the membrane (L). The apparent
232dissociation constant can be expressed as
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233The fraction of Tau bound to the membrane is then defined as
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234where K50 is defined as the lipid concentration at half-maximal protein
235binding (i.e., θ = 0.5). K50 represents an apparent dissociation constant,
236while nH quantifies the apparent cooperativity of the interaction.
237To compare multiple membrane compositions simultaneously, we
238performed a global nonlinear least-squares fit in which a single global
239K50 was shared across all data sets, while each lipid composition was
240allowed to have its own Hill coefficient nH. The parameters were
241optimized using SciPy’s least_squares, with bounds ensuring physically
242meaningful values (K50 > 0, nH > 0). Standard errors were derived from
243the Jacobian-based covariance matrix.

2.10. Double Electron Electron Resonance (DEER)

244DEER measurements were performed at Q-band on a Bruker E580
245pulsed EPR spectrometer equipped with a QD2 resonator (EN
2465107D2) and a 10W solid-state microwave power amplifier at 60 K. To
247assess intramolecular distances while minimizing intermolecular
248contributions, doubly spin-labeled Tau (15 μM) was mixed with a 4-
249fold excess of cysteine-free Tau (60 μM) prior to freezing, in the
250presence or absence of LUVs of varying compositions and ratios. The
251final buffer contained 20mMHEPES at pH 7.4 and 30% (v/v) glycerol,
252in a total volume of 20 μL. Samples were incubated for 5−10 min and
253then flash-frozen in liquid nitrogen. Background correction was adapted
254to the geometry of the spin-label distribution, using a 3Dmodel for Tau
255in solution and a 2D model when membrane-bound.
256DEER measurements were performed using the standard four-pulse
257sequence: π_obs/2−τ1−π_obs−(t−π_pump)−(τ2−t)−π_obs−τ2−
258echo. Rectangular observer pulses were used with pulse lengths of 20
259(π_obs/2) and 40 ns (π_obs). Each DEER experiment was
260accumulated for approximately 12−24 h. Data were analyzed using
261the LongDistance software (http://www.chemistry.ucla.edu/direc-
262tory/hubbell-wayne-l).
263The background was obtained by fitting at long dipolar evolution
264time the function:

V t V e( ) t
0

D/3
= × ·

265(1)

266D was fixed to 2 for conditions where the protein interacts with a
267membrane. This dimensionality of 2 was verified to be accurate by
268measuring DEER of singly labeled Tau in interaction with membranes
269(Figure S1). D was set to 3 when Tau was in solution (no incubation
270with LUV). α and V0 were fitted to the experimental traces. α is directly
271related to the local spin concentration.24,25

3. RESULTS
272In this study, we used full-length Tau (2N4R) with the
273 f1aggregation-promoting disease mutation P301L (Figure 1A),26

274hereafter referred to as Tau P301L. Large unilamellar vesicles
275(LUVs) composed of different lipids were extruded at about 150
276nm (Figure S2) tomodel biological membranes.Wemostly used
2771-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
278and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
279to represent anionic and zwitterionic lipids, respectively. The
280lipid compositions of all membranes investigated in this work are
281listed in Table S1.

Table 1. Fitting Parameters Obtained with Simlabel for the
TauMonomer and Tau Saturated with POPS, at Position 322

fitting parameters Tau monomer Tau saturated

gx 2.0083 2.0087
gy 2.0061 2.0061
gz 2.0022 2.0022
Ax = Ay (mT) 0.60 0.60
Az (mT) 3.68 3.54
correlation time (ns) 0.375 2.52
Lorentzian width (MHz) 0.12 0
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3.1. Tau Engages in Site-Specific Direct Interaction at the
282 Surface of Anionic Lipid Membranes

283 We first investigated the interaction of Tau with anionic LUVs
284 made of pure POPS. We applied continuous wave-electron
285 paramagnetic resonance (CW-EPR) spectroscopy to identify
286 the direct interaction between Tau and lipid membranes at
287 specific labeled sites.27 We generated three Tau mutants
288 amenable to single spin labeling at positions 322 (C291S
289 mutation), 291 (C322S mutation), and 46 (S46C, C291S, and
290 C322Smutations), referred to as Tau C322, Tau C291, and Tau
291 C46, respectively. These sites span distinct regions of the
292 protein: the R3 repeat, the R2 repeat, and the N-terminal region.
293 For each mutant, we recorded and fitted the CW-EPR spectra in
294 the absence and presence of POPS LUVs (Figure 1B,C). We
295 observed a significant modification of the spin-label dynamics,
296 quantified by its correlation time, at positions 291 and 322
297 (Figure 1E). This reflects a direct interaction between lipids and
298 Tau in the repeat region but not at site 46. Note that the EPR
299 line shape indicates that while C322 is stably bound to the

300membrane, the site 291 is in exchange between a bound state
301(78.4 ± 4.5% of the population) and free state (21.5 ± 4.5% of
302the population) (Figure S3).
303To further characterize Tau−lipid interactions, we measured
304the hyperfine coupling constant Az, which reflects the polarity of
305the spin label’s environment28 and can be used to estimate
306membrane insertion of each labeled site. Both C291 and C322
307showed a decrease in Az upon lipid binding (from 36.9 to 35.5 G
308for C291, and from 36.9 to 35.4 G for C322) (Figure 1F), i.e., a
309decrease in water accessibility. This Az value suggests a
310significant embedding in themembranemoiety.29,30 Conversely,
311C46, which does not directly interact with POPS (Figure 1C),
312exhibited a slight increase in Az (Figures 1F and S4), reflecting a
313small increase in water exposure. This observation likely reflects
314an indirect effect of POPS binding, whereby membrane
315interaction of the R2 and R3 regions induces a global
316conformational rearrangement that increases solvent exposure
317of the N-terminal region.

Figure 1. (A) Tau 2N4R sequence with P301L mutation and natural cysteines. CW-EPR characterizes the interaction of Tau with the membrane at
residue sites 46, 291, and 322. Continuouswave-EPR spectra of Tau P301L in the (B) absence and (C) presence of POPS vesicles and (D) POPC
vesicles (Tau/lipid molar ratio = 1:250, [Tau] = 25 μM). Colored lines depict the simulation, which allows to extract a correlation time. (E)
Correlation time for each site at the Tau/lipid ratio of 1:250. (F) Hyperfine constant Az, which reflects the local polarity, for each site at a Tau/POPS
ratio of 1:125 and [Tau] = 50 μM.
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318 Those EPR observations point to the binding, and further
319 insertion, of specific regions of Tau, at sites C291 and C322, in
320 negatively charged membranes. To further probe this specificity,
321 we performed similar experiments with fully zwitterionic POPC
322 membranes. POPC LUVs did not lead to any significant change
323 in spin dynamics for all probed sites of Tau (Figure 1D),
324 suggesting that zwitterionic lipids cannot promote Tau-lipid
325 interactions, and further confirming the key role of anionic
326 lipids. In the next sections, we used Tau labeled at position 322
327 in order to gain insights into the relationship between Tau-lipid
328 interaction and aggregation.

3.2. Anionic Lipids within the Membrane Are Required to
329 Trigger Aggregation

330 To probe the influence of lipid vesicles with different anionic
331 contents on Tau aggregation, we incubated Tau P301L with
332 LUVs of various POPS/POPCmolar ratios (from 0 to 100%), at
333 a 1:10 protein/lipid ratio. We monitored Thioflavin T (ThT)

f2 334 fluorescence (Figure 2A,B) and imaged the samples after 40 h by
335 TEM (Figure 2D). No increase in ThT fluorescence was

336observed when Tau P301L was incubated with nonanionic
337LUVs made of pure POPC. When the anionic lipid POPS is
338incorporated in the LUVs, we observed a significant increase of
339ThT fluorescence from 50% of POPS. Above this threshold, the
340ThT intensity increases, together with the fibril quantity
341observed by TEM (Figure 2D), suggesting that a minimum
342fraction of anionic lipids is required to induce Tau aggregation.
343In parallel, we quantified the amount of protein bound to the
344lipid membrane using CW-EPR, based on a previously
345established methodology.27 The Tau−membrane interaction
346was quantified 10min after the incubation of Tau with the LUVs
347(Figure 2C), before amyloid fibrils could be seen. We found that
348Tau significantly interacts with the membrane only when POPS
349is present above 50%. This demonstrates that a minimum
350quantity of anionic lipids on the membrane surface is necessary
351to enable the interaction, which triggers the aggregation on the
352time scale of 10s of hours. We confirmed the importance of
353electrostatic forces, suggested by the role of anionic lipids, by
354showing that both ThT fluorescence and binding decreased as
355salt concentration increased (Figure S6).

Figure 2. (A) ThT fluorescence over time measured in solutions of Tau P301L (20 μM) alone (gray) and incubated with POPS/POPC vesicles (0−
100% POPS) (200 μM). Normalized ThT kinetics are represented in SI (Figure S5). (B) ThT fluorescence intensity after 40 h of incubation as a
function of POPS percentage in LUVs. (C) Fraction of Tau P301L C322 bound to membranes, quantified by CW-EPR after 10 min of incubation as a
function of POPS percentage in LUVs. (D) TEM image of Tau P301L incubated with POPS/POPC LUVs (30−100%) for 40h show the presence of
fibrillar amyloid assemblies at 50% and above. In panels A−D, [Tau] = 20 μM, in panel C, [Tau] = 25 μM.
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Figure 3. (A) ThT fluorescence intensity after 40 h of incubation, as a function of charge density (e−/nm2); [Tau] = 20 μM. ThT kinetics are
represented in Figure S7. (B) TEM images of Tau P301L incubated with POPS/POPC membranes at different charge densities. (C) Fraction of Tau
P301L C322 bound to membranes, quantified by CW-EPR after 10 min of incubation as a function of charge density (e−/nm2). [Tau] = 25 μM. (D)
Fraction of Tau P301L C322 as a function of the lipid/Tau ratio (left) and anionic lipid/Tau ratio (right). A Hill model is applied to fit data with a
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Figure 3. continued

global K50 and specific nH for each data set. (E) Background-subtracted and normalized DEER time-domain signals. Experimental traces are shown in
color; the corresponding background functions appear as dashed lines, and the fitted curves are displayed in the inset. (F) Distance distribution profiles
of Tau P301L in solution (blue) and upon binding to LUVs of different compositions: POPS 100 (Lipid/Tau = 6; 35% bound, red), POPS/POPC 30/
70 (Lipid/Tau = 33; 33% bound, green), and POPS/DSPC 20/80 (Lipid/Tau = 50; 30% bound, orange).

Figure 4. (A, B) ThT fluorescence intensity after 40 h of incubation, as a function of lipid/Tau ratios for POPS (A) and POPS/POPC 50/50 (B), with
the corresponding fraction of bound protein determined by CW-EPR. (C) Correlation between ThT fluorescence at 40 h and the fraction of bound
Tau with an overall fit yielding r2 = 0.95. Green points correspond to low lipid/Tau ratios (green region in panels A and B), whereas red points
represent high lipid/Tau ratios. (D) Correlation between ThT fluorescence at 40 h and the estimated surface density of membrane-bound Tau with an
overall fit yielding r2 = 0.49. Protein surface density was calculated by dividing the quantity of bound Tau by the quantity of lipid, assuming a headgroup
area of 0.65 nm2 per lipid. (E) Background-subtracted and normalized DEER time-domain signals. Experimental traces are shown in color, the
corresponding background functions appear as dashed lines, and the fitted curves are displayed in the inset. (F) Distance distribution profiles of Tau
P301L in solution (blue) and upon binding to LUVs of POPS with lipid/Tau = 20 (86.2 ± 2.6% bound, α = 0.30 purple) and lipid/Tau = 75 (92.5 ±
1.2% bound, α = 0.15, pink).
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3.3. Minimum of Membrane Charge Density Is Required to
356 Induce Tau Aggregation

357 After showing the critical role of anionic lipids in the membrane,
358 we wanted to refine the mechanisms at play by looking at the
359 effect of (i) the density of anionic lipids at the membrane surface
360 and (ii) the quantity of lipids available per Tau protein.
361 We first designed experiments in which the number of POPS
362 molecules per Tau monomer was held constant at 10, while the
363 surface density of the POPS was modulated by dilution with
364 neutral POPC lipids. Charge density values were calculated
365 assuming a headgroup area of 0.65 nm2 per POPS and one
366 negative charge per molecule.31

f3 367 As shown in Figure 3A, the ThT fluorescence at 40 h increases
368 with charge density. This increase was significant at 1.5 e−/nm2,
369 corresponding to 100% of POPS, which is consistent with the
370 presence of fibrils observed by TEM (Figure 3B). There is a
371 threshold charge density required to trigger Tau aggregation,
372 highlighting that nucleation of amyloid formation depends on
373 the proximity of the interacting charges at the membrane
374 surface.
375 In parallel, we measured the amount of bound Tau 10 min
376 after incubation by CW-EPR experiments (Figure 3C). It
377 revealed that a significant population of Tau remains bound to
378 the LUVs across all tested charge densities. We further
379 characterized binding properties by performing a full lipid
380 titration with membranes exhibiting different charge densities
381 (Figure 3D). We observed that binding curves against anionic
382 lipids (Figure 3D, right graph) are similar regardless of the
383 anionic content, suggesting that Tau’s capacity to bind LUVs is
384 independent of charge density. Moreover, we could fit the
385 binding curves with a Hill model, using a global K50 for all
386 membrane compositions (Figure 3D, right graph). We found a
387 K50 of 351 ± 24 μMand aHill coefficient varying from 1.6 to 2.6.
388 Taken together, these results show that binding is dictated by
389 the amount of charge (i.e., affinity is independent of charge
390 density), but whether or not this interaction leads to aggregation
391 depends on the membrane charge density. To understand how
392 membrane charge density modulates aggregation, we next
393 characterized Tau conformation, as specific conformational
394 signatures have previously been reported to correlate with
395 aggregation propensity.32

3.4. High Membrane Charge Density Triggers Aggregation
396 by Favoring Nucleation-Competent Tau Conformations

397 We employed double electron−electron resonance (DEER)
398 spectroscopy to measure intramolecular distance distributions,
399 which can capture the conformational ensemble of IDPs. Briefly,
400 DEER allows the measurement of the distance distribution
401 between two spin labels tethered to a protein at relevant
402 positions.33 We focus on the distances around the PHF6 motif
403 (V306−K311), a key amyloidogenic region, which have been
404 shown to reflect on aggregation propensity.32,34 For this
405 purpose, we introduced cysteine mutations at positions
406 V300C and V313C (termed Tau-300C-313C), followed by
407 spin labeling of these residues.
408 In order to understand the aggregation-triggering capacity of
409 membranes harboring high surface density, we assessed the Tau
410 conformation in interaction with different membrane compo-
411 sitions. Specifically, we measured DEER in conditions where
412 Tau is bound to the same extent (35% bound protein) to
413 membranes containing either 100% POPS (high charge density,
414 triggering aggregation) and 30% POPS (low charge density,
415 incapable of triggering aggregation) (Figure 3E).

416For Tau monomers, the distribution is centered around 28 Å
417(blue curve, Figure 3F), consistent with a compact conformation
418observed previously.35 When LUVs composed of 100% POPS
419are used, a clear shift is observed toward longer distances, with a
420dominant population around 32 Å (red curve), while no change
421in the secondary structure is observed by CD (Figure S8). In
422contrast, with LUVs at 30% POPS, the population at 28 Å
423remains predominant (green curve), indicating that the majority
424of the Tau molecules retain a compact, monomer-like
425conformation. The observation that a distance increase occurs
426only in the presence of 100% POPS membrane shows that it is
427the high charge density that enables a conformational rearrange-
428ment toward extended, aggregation-prone, populations.

3.5. Interplay of Binding and Surface Organization Defines
429the Tau Aggregation Window

430Next, we investigated how the amount of lipids available per Tau
431molecule influences amyloid formation. We titrated Tau with
432 f4increasing amount of lipid vesicles, made of 100% POPS (Figure
433 f44A) or 50/50 POPS/POPC (Figure 4B).Wemeasured both the
434proteins binding to membrane 10 min after incubation and the
435ThT fluorescence at 40 h as a function of lipid/Tau. The
436reported ThT intensity exhibits a “bell shape” where the
437fluorescence increases with the lipid/Tau ratio at a low ratio,
438before decreasing at a high lipid/Tau ratio (Figure 4A,B). We
439rationalized this behavior using the bound populations.
440In a first regime, at a low lipid/Tau ratio (green zone in Figure
4414A,B), ThT fluorescence increases with the binding, pointing
442toward a binding-limited behavior. In other words, for both
443membrane compositions, the quantity of lipids available for
444binding directly limits the quantity of fibers found in the final
445state. This is further shown by the good correlation found
446between binding and ThT in this regime (Figure 4C).
447In a second phase (red zone in Figure 4A,B), while the bound
448population keeps increasing with an increasing amount of lipids,
449the fluorescent signal drops. This behavior cannot be explained
450by the lack of monomers in solution at high lipid/protein ratios,
451as proposed earlier,36 as shown by the quantitative measure-
452ments of bound population. Indeed, for the POPS/POPC
453membrane (Figure 4B), we show that the optimal aggregation
454point occurs when about 60% of the protein is free in solution.
455Furthermore, for the POPS membrane (Figure 4A), roughly the
456same population of the bound protein is measured when
457aggregation is optimal (ratio 1:20) andwhen it is inhibited (ratio
4581:50). Rather, we hypothesize that aggregation is inhibited at a
459high lipid/Tau ratio because Tau molecules are too far apart to
460nucleate aggregation. Indeed, as the lipid/Tau ratio increases,
461each protein has a larger lipid surface area available and the
462bound proteins are split apart.
463To test this hypothesis of a space-limited regime, we
464calculated the lipid surface available per protein bound to the
465membrane surface (i.e., [bound protein]/[lipid]) for every
466condition, and we examined how it correlates with ThT intensity
467(Figure 4D). We found a positive correlation (R2 = 0.5),
468suggesting that indeed the protein crowding at the membrane
469surface is critical. To further confirm this result, we used DEER
470to directly measure the protein local concentration at the
471membrane surface. The DEER signal contains information on
472both intramolecular interactions, used to assess protein
473conformation, and intermolecular interaction, reflecting inter-
474monomer proximity.25The latter information is contained in the
475α parameter of the background (see the Methods). We
476measured DEER of Tau-300C-313C incubated with the POPS
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477 membrane at a Tau/lipid ratio of 1:20 (aggregation, 86 ± 2.6%
478 bound) and 1:75 (no aggregation, 92.5 ± 1.2% bound) (Figure
479 4E,F). As expected from a high-charge-density membrane, in
480 both conditions, Tau exhibits an open conformation (Figure
481 4F). When extracting the α parameter from the background
482 (Figure 4E), we found α values of 0.15 for 1:75 and 0.30 for 1:20,
483 demonstrating that the effective local concentration of Tau is
484 significantly higher at a Tau/lipid ratio 1:20 compared to 1:75.
485 This result further reinforces the hypothesis that the local
486 density of the membrane-bound protein is critical to nucleate
487 aggregation.
488 Based on these results, we can establish a general mechanism
489 of membrane-induced Tau aggregation. First, Tau is recruited to
490 the membrane mostly by electrostatic interactions with anionic
491 lipids. This interaction populates Tau-aggregation-prone con-
492 formers only when the charge density at themembrane surface is
493 high (50% POPS or higher). Then, the “activated” bound Tau
494 molecules can efficiently nucleate aggregation once they are in
495 the proximity of one another at the membrane surface. In the
496 next section, we explored how this high-charge-density
497 condition could be fulfilled in more physiological cellular
498 conditions.

3.6. Local High Charge Density at the Membrane Surface
499 Enables Amyloid Nucleation

500 In neuronal membranes, there are mostly two anionic lipids,
501 POPS and PIP2. PIP2 differs from POPS because it contains
502 three negative charges on its head, while POPS has only one. We
503 demonstrated that the presence of PIP2 in a POPC LUVs at
504 concentration as low as 20% has the capacity to induce Tau

f5 505 P301L aggregation, as shown in Figure 5A,C. This contrasts with
506 the previous finding that at least 50% of POPS was necessary to
507 reach the critical charge density necessary to trigger amyloid
508 formation (Figure 2B). Thus, the presence of three anionic

509charges on PIP2 plays the role of a cluster of charges at the
510membrane that facilitate Tau aggregation.
511To highlight the relevance of charge density in a cellular
512context, we investigated the naturally occurring phenomenon of
513lipid phase separation that can lead to local concentration of
514particular lipids and their associated proteins.37 We studied
515LUVs with DSPC, a zwitterionic lipid with a gel-to-fluid phase
516transition temperature of 55 °C. Unlike POPC, DSPC remains
517in a gel phase at both room temperature and 37 °C. To confirm
518the presence of charge patches in POPS/DSPC membranes, we
519performed AFM on supported lipid bilayers formed by
520depositing POPS/DSPC and POPS/POPC SUVs onto mica.
521AFM imaging revealed phase separation in POPS/DSPC
522bilayers (Figures 5B and S9), whereas POPS/POPC showed a
523homogeneous distribution (Figure S9). When Tau P301L was
524incubated with POPS/DSPC (20/80), we observed aggrega-
525tion, as demonstrated by ThT kinetics (Figure 5A) and the
526presence of fibrils, as observed by TEM (Figure 5C). This
527contrasts with the incubation of Tau with the same amount of
528POPS in a homogeneous phase that did not trigger aggregation
529(gray curve, Figure 5A). Consistent with this behavior, we found
530that LUVs composed of POPS/DSPC (20/80) were capable of
531inducing Tau conformation rearrangement (Figure 3F, orange
532curve), which was otherwise not possible in homogeneous
533membranes. These results show that LUVs with low proportions
534of POPS, which are more physiological for neuronal
535membranes, are able to induce Tau aggregation given that the
536anionic lipids are locally concentrated. Overall, we show that
537Tau aggregation can be triggered even at low overall anionic
538lipid levels, provided that local charge density is sufficiently high.

4. DISCUSSION
539In this study, we investigated the interaction and aggregation
540behavior of the longest isoform of Tau in the presence of lipid

Figure 5. (A) ThT fluorescence over time measured for Tau P301L (20 μM) in the presence of POPS/POPC (20/80, gray), PIP2/POPC (20/80,
green), and POPS/DSPC (20/80, blue) LUVs at a lipid/Tau ratio of 10. (B) AFM image of POPS/DSPC (50/50) LUVs, showing evidence of phase
separation. (C) TEM images of Tau P301L incubated for 40 h with PIP2/POPC (green), POPS/POPC (gray), and POPS/DSPC (phase separation,
blue) vesicles. Fibrillar assemblies are observed under conditions associated with high local anionic charge density.
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541 membranes of varying compositions. Using a combination of
542 biophysical techniques, we examined how Tau responds to
543 changes in the membrane charge content, lipid/Tau ratios, and
544 charge density. This systematic approach allowed us to dissect
545 the role of lipid composition in modulating Tau aggregation.
546 Tau aggregation on lipid vesicles can be described as a
547 stepwise process integrating both binding and spatial organ-

f6 548 ization (Figure 6). Tau interacts with lipid membranes via
549 electrostatic interaction with anionic lipids, as demonstrated by
550 the absence of interaction with zwitterionic membranes (Figure
551 1) and the loss of interaction upon salt addition (Figure S6).
552 This interaction is fairly independent of the anionic lipid
553 organization at the surface, as seen by similar binding curves for
554 different membrane compositions (Figure 3D). This interaction
555 leads to aggregation only when two conditions are fulfilled
556 (Figure 6). First, the charge density at the membrane surface
557 needs to be high (Figure 3A) in order to induce a
558 conformational rearrangement of Tau toward an open,
559 aggregation-prone conformation (Figure 3F). Second, the Tau
560 molecules, in their aggregation-prone conformation, need to be
561 in close proximity to the membrane surface in order to nucleate
562 aggregation (Figure 4).
563 A bell-shaped behavior, where aggregation peaks at an optimal
564 inducer-to-protein ratio before declining, is a common signature
565 across different inducers, including Heparin34,38,39 and acid
566 arachidonic acid.39 Here, by quantifying the amount of
567 membrane-bound Tau proteins, we could directly explain this
568 behavior (Figure 4). At a low lipid/Tau ratio, which we referred
569 to as the binding-limited regime, Tau is scarcely bound to the
570 membrane, leading to inefficient aggregate formation. At a high
571 membrane/Tau ratio, referred to as the crowding-limited
572 regime, the abundance of the membrane increases the
573 membrane surface available per Tau molecule. This reduces

574the proximity between Tau molecules, which appears to be
575necessary to nucleate aggregation. The optimal aggregation
576condition is reached when Tau molecules are sufficiently bound
577and are closely packed on the membranes. We argue that the
578same regimes could explain the behavior for other cofactors. In
579particular, the crowding-limited regime corresponds for heparin
580to conditions where single Tau proteins are interacting with an
581heparin molecule, leading to the formation of off-pathway
582complexes.38 α-synuclein incubated with DMPS membranes
583showed the same bell-shaped behavior.36 The decrease in
584aggregation in excess of membranes was interpreted as a lack of
585monomers in solution. Here, by quantifying the amount of free
586monomers, we unambiguously highlighted a distinct mecha-
587nism, since the quantity of free monomers was similar between
588optimal aggregation condition and the higher membrane/Tau
589ratio (Figure 4A). Furthermore, a similar bell-shaped depend-
590ence has been observed for the Tau−DMPS interaction, where
591membrane-induced fibrillation is strictly governed by the P:L
592ratio: high ratios promote assembly via macromolecular
593crowding, while low ratios prevent aggregation by maintaining
594protein separation.40

595Tau aggregation kinetics were analyzed by plotting the
596normalized ThT traces in different lipid concentrations (Figure
597S5). Although the ThT fluorescence shows different plateau
598levels (reported in Figures 2−4), the kinetics is essentially
599unaffected by lipid composition across the different POPS
600proportions. This indicates that, in our conditions, the observed
601modulation of Tau aggregation by the membrane is not a kinetic
602but rather thermodynamic process. Themembrane composition
603does not significantly modulate the nucleation rates but the
604population of the final product. The finding that, in the binding-
605limited regime, the quantity of fibrils formed is directly related to
606the quantity of anionic lipids available (Figure 4A), suggests that

Figure 6. Proposed mechanismmodel of membrane-induced Tau aggregation. Efficient membrane-induced Tau aggregation requires: (i) recruitment
of the protein at themembrane via anionic lipids, (ii) high charge density at themembrane surface to enable Tau conformation rearrangement, and (iii)
protein crowding at the membrane surface.
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607 the anionic lipids are limiting reactants that are consumed, i.e.,
608 they are no longer available once aggregation proceeds. In other
609 words, in these conditions, the membranes are not a catalytic
610 factor as they become inactive after inducing Tau aggregation.
611 This is consistent with the previous finding that Tau can strip
612 anionic lipids from the supported bilayer.41 It also suggests a
613 similarmechanism than what was observed for heparin and RNA
614 cofactors.42

615 Tau−anionic membrane interactions have been shown to
616 promote structural changes in Tau, including compaction,43 α-
617 helix formation,44−46 and β-structure transitions,46 Here, we
618 showed that the lipid bilayer may induce specific conformational
619 rearrangements around the PHF6motif. In solution, Tau adopts
620 a compact conformation (∼28 Å), consistent with an
621 aggregation-incompetent state characterized in previous studies
622 with Tau fragments.32 Upon binding to membranes with high
623 local anionic charge density, we observed a shift toward
624 extended distances (∼35−40 Å), indicative of an opening
625 around the PHF6 region. This transition is expected to facilitate
626 the accessibility of the hydrophobic hexapeptide, thus
627 facilitating intermolecular interactions and nucleation.47 In
628 parallel, we performed circular dichroism (CD) experiments to
629 monitor the secondary structure formation of Tau upon lipid
630 binding. We showed that Tau remains predominantly in a
631 random-coil conformation at the same incubation time point at
632 which DEER reveals an extended conformation (Figure S8).
633 The opening of Tau detected by DEER therefore represents an
634 early conformational rearrangement that precedes β-sheet
635 formation during amyloid fibril assembly. Similar conforma-
636 tional transitions have been reported in the presence of heparin,
637 which also triggers Tau aggregation.32,48 Disease-associated
638 mutations were also shown to trigger local and global
639 extension,47,49pointing to a general signature of aggregation-
640 promoting conditions. The extended conformation is measured
641 here prior to detectable fibril formation and is likely to be part of
642 the nucleation-competent ensemble. Our findings suggest that
643 lipid membranes act as environmental triggers capable of
644 modulating the Tau conformational landscape, with the lipid
645 local organization as a key modulator (Figure 3F).
646 The work presented here was performed on Tau containing
647 the mutation P301L, known to favor protein aggregation,3

648 because it provided reliable and tunable aggregation with
649 membranes. Membrane vesicles can also induce aggregation of
650 WT Tau,40 and we expect that the model of charge-driven
651 binding followed by intra- and intermolecular rearrangement
652 will be valid for WT. However, it will be interesting to test
653 precisely on which steps the different disease-associated
654 mutations act to modulate membrane-induced aggregation.
655 We showed that the local concentration of Tau at the
656 membrane surface is critical (Figure 4D,F), likely because it
657 promotes productive intermolecular interactions, ultimately
658 enabling the formation of nucleation-competent clusters. In this
659 context, anionic membranes act as key mediators of Tau−Tau
660 interactions by providing active surfaces that facilitate protein−
661 protein condensation and association, further reinforcing
662 previous studies on Tau fragments.18

663 Using our model, we predicted and tested that membrane
664 heterogeneity, which changes local surface charge, plays a central
665 role inmodulating Tau−lipid assemblies. In cellular membranes,
666 such heterogeneity often arises in the form of lipid rafts, which
667 are dynamic microdomains that can be enriched in cholesterol,
668 sphingolipids, and specific membrane proteins.50,51 While rafts
669 are defined by cholesterol and sphingolipid enrichment, they can

670also selectively sequester other lipids, including anionic species
671like phosphatidylserine (PS) and phosphoinositides (PIPs),
672thereby creating localized “charge patches” with high surface
673charge density.52,53 It has been shown in vitro that cholesterol-
674containing high-curvature membranes induce Tau amyloid
675fibrils, at a low proportion of PS.54 Cholesterol may act by
676promoting the formation of lipid domains that locally increase
677PS density.55 This phenomenon is particularly relevant in the
678context of neurodegenerative diseases, where dysregulation of
679lipid metabolism is a well-established pathological feature.10

680Thus, the ability of membranes to form localized charge patches
681provides a plausible mechanism by which lipid metabolism and
682raft dynamics can directly influence Tau aggregation. Further
683systematic investigations will be essential to confirm the effect of
684membrane composition and organization directly in cellular
685environments.
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