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Abstract

Misfolding and aggregation of the neuronal, microtubule-associated protein tau is involved in the
patho-genesis of Alzheimer’s disease and tauopathies. It has been proposed that neuronal
membranes could play a role in tau release, internalization, and aggregation and that tau
aggregates could exert toxicity via membrane permeabilization. Whether and how tau interacts
with lipid membranes remains a matter of discussion. Here, we characterize the interaction of full-
length human tau (htau40) with supported lipid membranes (SLMs) made from brain total lipid
extract by time-lapse high-resolution atomic force microscopy (AFM). We observe that tau
attaches to brain lipid membranes where it self-assembles in a cation-dependent manner. Sodium
triggers the attachment, self-assembly, and growth, whereas potassium inhibits these processes.
Moreover, tau assemblies are stable in the presence of sodium and lithium but disassemble in the
presence of potassium and rubidium. Whereas the pseudorepeat domains (R1-R4) of htau40
promote the sodium-dependent attachment to the membrane and stabilize the tau assemblies, the
N-terminal region promotes tau self-assembly and growth.
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Tau is a neuronal microtubule-associated protein with a role for microtubule assembly and
stabilization.1:2 Tau is expressed mainly in the central nervous system, where, besides
regulating microtubule dynamics3# and axonal transport,>-10 it is involved in other neuronal
functions including the regulation of axonal elongation and maturation,11-14 neurogenesis,
15,16 and DNA and RNA protection.1”:18 There is some evidence that tau can bind to cell
membranes'9-22 and that this binding might be mediated either by the N-terminal or C-
terminal half of tau.23:24 Tau consists of an N-terminal projection domain that projects away
from the microtubule surface and a C-terminal half that is responsible for microtubule
binding and tau aggregation (Figure 1A).25-28 The C-terminal half of the longest human
isoform, htau40, contains the repeat domain (tauRD) with four pseudorepeats (R1-R4),
which together with the proline-rich flanking regions constitute the microtubule binding
domain.?® The pseudorepeats R1-R4 also build the core of fibrillary tau aggregates (PHF
core).2 In the human brain, the two N-terminal inserts, N1 and N2, and the R2 repeat are
alternatively spliced to create six different tauisoforms.3% Htau40 is highly hydrophilic and
intrinsically disordered. It exposes asymmetrically distributed charged residues having a
predominantly acidic N-terminal tail, a positively charged repeat domain, and a neutral C-
terminal tail (Figure 1A).31:32 Although being highly soluble, tau can aggregate and
accumulate intracellularly in Alzheimer’s disease and other tauopathies. These tau
inclusions in the brain, called neurofibrillary tangles, are a hallmark pathological feature of
several neurodegenerative diseases.33

In vitro, the aggregation of recombinant tau can be induced by polyanions such as heparin,
RNA, and arachidonic acid.3#-38 Lipid membranes have also been reported to enhance tau
aggregation in vitro.2437-40 However, whether and how membranes play a role for tau
aggregation in neurodegenerative diseases remain somewhat enigmatic.2 Besides having a
potential role in modulating tau aggregation, plasma membranes could also serve as a target
for misfolded tau to exert toxicity via membrane destabilization. The disruption of cell
membranes, resulting in the alteration of ion homeostasis and dysregulation of neuronal
signal transduction, has been proposed as a general mechanism for the neurotoxicity exerted
by misfolded proteins, for example, amyloid-B, a-synuclein, huntingtin, and tau.40-4% In
addition, the transmission of tau between neurons,*6-49 facilitated by the release and the
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subsequent internalization of extracellular tau, requires crossing cellular membranes,2 which
likely involves the interaction of tau with membranes. However, despite the potential
importance of lipid membranes in tau physiology and pathology, the interaction between tau
and lipid membranes is poorly described.

Here, we use atomic force microscopy (AFM) to investigate the interaction of soluble tau
with supported lipid membranes (SLMs) and how this interaction may support tau assembly.
AFM, which is well suited to observe the surfaces of SLMs®%51 and membrane proteins at
high resolution (~ 0.5-2 nm),52:53 requires no labeling or staining and can be operated at
physiological relevant temperatures in buffer solution.>45° Using time-lapse AFM, it is
further possible to image single membrane proteins at work,>4°6-59 as well as diffusing and
assembling into higher complexes.89-63 SL_Ms are planar lipid membranes adsorbed onto a
solid support. Their advantages are the stability and amenability to surface-sensitive
characterization techniques, including AFM.50:51 Although in buffer solution SLMs are
separated from the supporting surface by a ~ 1 nm thick water and ions layer,64-66
unspecific interactions between SLM and support have to be reduced to avoid perturbation
of the system.57:68 Hydrophilic and atomically flat muscovite mica largely reduces such
interactions.8 In such cases, SLMs can form a fluidic two-dimensional membrane allowing
the diffusion and rotation of lipid molecules, lipidassociated proteins, and transmembrane
proteins, which makes SLMs particularly well suited to investigate membrane processes
such as protein adsorption, insertion and folding, self-assembly, and function,62.63.69-71

To characterize the interactions with human tau, we use SLMs composed of total lipid
extract of porcine brain (BTE). We find that tau interacts with SLMs made from BTE and
that this interaction guides the adsorption and self-assembly of tau on the lipid membrane.
Tau adsorption and subsequent self-assembly on SLMs is promoted by Na* and inhibited by
K*. Moreover, the thermodynamically and mechanically extremely stable tau assemblies
largely disassemble in the presence of K*. We further find that the repeat domain of tau
drives the Na*-dependent adsorption to SLMs, whereas the N-terminal region of tau drives
self-assembly and growth.

Results and Discussion.

Human Tau Self-Assembles on Brain Lipid Membranes.

To characterize the interaction of tau with brain lipid membranes, we prepared SLMs
composed of BTE and incubated them with full-length human tau (htau40, Figure 1A).
SLMs were prepared by fusing liposomes onto freshly cleaved mica (Figure S1A,B)
(Materials and Methods). To exclude artifacts of the SLM, such as stacked membranes or
holes exposing the supporting mica, freshly adsorbed membranes were first imaged by
contact-mode AFM in buffer solution (150 mM NaCl, 20 mM Hepes, pH 7.4) (Figure 1B
and Figure S1B). Only SLMs without defects were used for experiments in which they were
kept hydrated at all times.

To observe the interaction of htau40 with the SLM, the buffer solution containing 100 nM
htau40 was injected into the fluid cell of the AFM at physiological temperature (~ 37 °C,
Figure 1C). After 90 min of incubation time, the SLM was imaged again (Figure 1D). The
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AFM topographs showed islands of protein assemblies evenly distributed over the SLM and
having irregular shapes and sizes (Figure 1D,E and Figure S2A,B). At a higher resolution,
the topographs revealed heterogeneous surface structures of the tau assemblies, which
protruded from the lipid membrane at two different heights (Figure 1F,G and Figure S2C,D).
Whereas the lower regions protruded 0.78 £ 0.15 nm (mean + SD; n = 35) without exposing
any visible structure, the higher regions (brighter in topographs) protruded 2.28 + 0.21 nm (n
= 60) and exposed small globular and elongated structures.

Taken together, we observe that htau40 adsorbs and self-assembles on SLMs made from
BTE. When imaged at a higher resolution, the assemblies show globular and elongated
structures of nonphosphorylated htau40, which look similar to previously described

oligomerization stages of hyper-phosphorylated htau40 and of pro-aggregation tau mutants.
72,73

Concentration-Dependent Growth of htau40 Assemblies.

Next, we applied solutions of different tau concentrations containing 100, 200, and 300 nM
htau40 and followed the protein assembly using time-lapse AFM (Figure 2). After rapid
initial adsorption and nucleation on the SLM, the tau assemblies grew in size until they
reached a maximum size after ~ 30 min (Figure 2A). During this growth, the number of
assemblies did not increase but the existing tau assemblies grew and fused forming larger
assemblies. We analyzed the growth of the assemblies by measuring their surface area over
time (Figure 2B and Figure S3A). After 90 min of incubation, the SLM surface area covered
by tau assemblies depended on the tau concentration applied. At 100 nM htau40, 34.1

+ 2.1% (mean £ SEM; n = 24) of the SLM was covered, at 200 nM htau40, 54.9 £ 8.2% (n=
4), and at 300 nM htau40, 71.8 +2.2% (n= 4).

These experiments show that the surface area of brain lipid membranes covered by tau
depends on the concentration of tau added to the buffer solution. Experiments incubating
SLMs made from BTE with different concentrations of bovine serum albumin (BSA)
showed no protein assemblies on the lipid membrane (Figure S3A).

Adsorption and Self-Assembly of htau40 Are Cation Specific.

The interaction of biomolecules with surfaces also depends on the ionic composition and
strength of the aqueous solution.”*7> The intracellular and extracellular fluids of
mammalian cells have different compositions. Among other differences, intracellular fluids
show a high K* concentration (140 mM) and low Na* concentration (5 mM), whereas
extracellular fluids show the opposite trend.”® We thus wondered whether the adsorption and
self-assembly of tau on SLMs made from BTE, which being composed of zwitterionic and
anionic lipids bear a net negative charge, depend on the ion composition of the solution. To
investigate whether monovalent cations play a role for the interaction of htau40 with SLMs
and for the subsequent tau self-assembly, we prepared SLMs of BTE and incubated them
with 100 nM htau40 in buffer solution (20 mM Hepes, pH 7.4) at ~37 °C for 90 min.
Thereby the buffer solution contained 150 mM LiCl, NaCl, KCI, or RbCI. We then
compared the area of the assemblies formed by htau40 in the presence of the different salts
(Figure 3A). In the presence of Li*, htau40 formed assemblies only in 50% of the
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experiments (1= 6) and the area of the SLM occupied by tau assemblies was significantly
smaller compared to Na*. As described above, in the presence of Na*, htau40 always
adsorbed on the SLM and self-assembled into large islands occupying 34.1 + 2.1% (mean £
SEM; n= 24) of the SLM surface. In contrast, no adsorption of htau40 onto SLMs was
observed in the presence of K* or Rb*.

To account for the possibility of a generally enhanced adsorption and assembly of soluble
proteins onto SLMs made from BTE in the presence of Na* compared to K*, we incubated
SLMs with BSA in the presence of 150 mM NaCl or KCI (Figure S3). BSA did not bind or
assemble on SLMs, neither in the presence of Na* nor K*, which argues against a general
effect of Na* on facilitating the adsorption of proteins onto SLM made from BTE.

As the htau40 adsorption and self-assembly on SLMs appeared to be most effcient in the
presence of Na*, we next characterized the dependence on the Na* concentration. Therefore,
100 nM htau40 was applied to SLMs in buffer solutions (20 mM Hepes, pH 7.4) containing
0, 75, 150, 225, or 300 mM NaCl (Figure 3B) at ~ 37 °C for 90 min. In the absence of NaCl,
htau40 did not adsorb and self-assemble onto SLMs. In the presence of Na*, the htau40
assemblies covered 13.9 + 2.7% (mean = SEM, n=4) at 75 mM, 34.1 £ 2.2% (n=24) at 150
mM, 15.1 + 7.5% (n=4) at 225 mM, and 0.5 £0.4% (n = 4) at 300 mM NacCl in the buffer.
The experimental data thus showed a nonlinear correlation between Na* concentration and
area of tau self-assemblies formed on SLMs, which reached its maximum at 150 mM NacCl.

As among the tested monovalent cations those having physiological relevance are mostly Na
*and K*, we further investigated the effect of K* by incubating SLMs made from BTE with
htau40 in the presence of 75 mM NaCl and 75 mM KCI at ~ 37 °C for 90 min (Figure 3C).
In comparison to 150 mM NacCl, in the presence of 75 mM NacCl, the surface area of the
SLMs occupied by self-assembled htau40 was significantly smaller although the number of
the assemblies formed by the protein was similar in both conditions (Figure S4A). In the
presence of both 75 mM NaCl and 75 mM KCI, however, htau40 did not form any
assemblies on the lipid membrane, similarly to what we observed for SLMs incubated with
htau40 in the presence of KCI only. This suggests not only that K* is unable to facilitate the
adsorption of tau to SLMs (as Na* does) but also that K* counteracts the Na*-dependent
adsorption and subsequent self-assembly of tau onto SLMs. In summary, the interactions
driving the adsorption of htau40 to SLMs are promoted by Na* and inhibited by K*.

Tau Assemblies Show Exceptional Mechanical Stability.

We next asked whether the self-assembled tau aggregates are only weakly adsorbed or
tightly attached to SLMs made from BTE. We hence used the AFM tip as a nanotool to
mechanically perturb the tau assemblies and test their stability against mechanical forces. In
our experiments, we first self-assembled htau40 on SLMs in 150 mM NaCl and imaged the
aggregates by AFM at forces <100 pN to avoid structural perturbation of the sample (Figure
S5A,C,E). After this, we selected a small area of the aggregates, which we scanned with the
AFM tip applying forces of 1, 2, or 5 nN. The experiments showed that the self-assembled
tau aggregates were unaffected when applying forces of 1 nN (Figure S5B). At 2 nN force,
which has been described to be suffcient to rupture covalent bonds,”” we observed the partial
distortion of the aggregates (Figure S5D). At 5 nN force, we eventually observed the
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dissection of the assembly (Figure S5F). As previously described, applying forces between
100 pN and 1 nN can lead to the dissection of transmembrane protein complexes, while
forces >1 nN lead to their denaturation.”®-80 We had also previously reported that tau fibrils
adsorbed onto mica in the absence of lipid membranes disassemble at forces of ~ 150-200
pN.81 We can thus conclude that htau40 adsorbed to supported brain lipid membranes form
mechanically exceptionally stable assemblies.

Cation-Dependent Tau Assembly and Disassembly.

It has previously been shown that accumulated and aggregated tau is stable over days and
weeks, both in mouse brain,#8:82.:83 and likely also in human brain,84 as well as in vitro.85
Since we observed that the adsorption and self-assembly of htau40 on SLMs is cation-
sensitive, we decided to investigate also the stability of tau assemblies in the presence of
different cations. We first self-assembled 100 nM htau40 on SLMs for 90 min at ~ 37 °C in
buffer solution containing 150 mM NaCl. At such conditions, the AFM topographs showed
nicely distributed islands of htau40 assemblies, some of which already fused with each other
(Figure 4A,C). After this, the incubation buffer was exchanged against a buffer solution
containing either 150 mM LiCl, NaCl, KCI, or RbClI, and time-lapse AFM images of the tau
assemblies were recorded at ~37 °C for the forthcoming 5 h (Figure 4). Before the buffer
was exchanged, the htau40 assemblies covered in average 34.1 £ 2.2% (mean + SEM, n
=24) of the SLM surface area. On SLMs with buffer solutions containing NaCl or LiCl, the
htau40 assemblies were stable and did not change shape, number, and surface area during 5
h (Figure 4A,B,E). However, when incubating the htau40 assemblies with buffer solutions
containing 150 mM KCI or RbCl, the surface coverage of htau40 assemblies rapidly
decreased during the first 30 min of incubation from the initial ~34% t0 6.2 + 2.8% (n=4)
in KCland to 7.6 £ 1.3% (= 3) in RbClI, after which they remained stable (Figure 4C-
D,E). We further tested, whether the presence of soluble htau40 in the buffer would affect
the K*-induced disassembly and exchanged the incubation buffer with a buffer containing
150 mM KCI and 2 uM htau40 (Figure 4E). Also in this case, the surface coverage of htau40
quickly reduced to a minimum of 7.3 £ 1.4% (n= 3).

In summary, these data support the idea that ion specific interactions driving the adsorption
and self-assembly of human tau on SLMs from BTE are also involved in stabilizing the
assemblies. Furthermore, they show that having tau in solution cannot prevent the
assemblies from disassembling in the presence of potassium.

Role of Tau Repeat Domain and N-Terminal Region.

The interaction of tau with the negatively charged microtubule surface,86-%0 its primary
intracellular binding partner, as well as the assembly of tau into paired helical filaments,%!
are mediated by the positively charged microtubule binding domain of tau and the proline-
rich flanking regions (Figure 1A).92 To evaluate whether the tau pseudorepeat domain
(tauRD) is also responsible for the Na*-dependent adsorption and self-assembly of htau40
on SLMs, we incubated SLMs made from BTE with 100 nM tauRD or N-terminal region
(N-term, amino acids 1-257 of htau40) constructs in buffer solution (20 mM Hepes, pH 7.4)
containing 150 mM NacCl, at ~37 °C for 90 min to allow suffcient time for interaction and
assembly formation (Figure 5). We found that the tauRD and N-terminal region covered
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significantly less of the SLM surface compared to htau40 (Figure 5A). Interestingly, the
number of assemblies formed by htau40 and tauRD was similar, whereas the N-terminal
region formed considerably less assemblies (Figure 5B). Furthermore, while tauRD
assemblies were considerably smaller in size, the mean area of the assemblies formed by
htau40 and the N-terminal region of htau40 was similar (Figure 5C). Next, we incubated the
SLMs made from BTE with 100 nM of the pseudorepeat domains or the N-terminal region
of tau in the presence of 150 mM KCI (Figure S6). In this case, neither the N-terminal
region nor tauRD adsorbed and self-assembled onto SLMs.

Taken together, these data show that, similarly to full-length human tau, the tauRD and the
N-terminal region of htau40 can adsorb onto SLMs and that this adsorption is also
cationsensitive. However, both the pseudorepeat domains and the N-terminal region of tau
show a much lower ability to self-assemble into larger aggregates. In addition, whereas the
number of assemblies formed by tauRD is indifferent from that found for full-length tau, the
N-terminal region of tau forms much less assemblies. However, the mean area covered by
the assemblies of full-length tau and the N-terminal region of tau is similar, while that
covered by tauRD is considerably smaller. The results indicate that the tau pseudorepeat
domain has the ability to form seeds on SLMs, while the N-terminal region of tau drives the
self-assembly to cover larger surface areas.

Conclusions.

Here we studied the interaction of human tau with SLMs composed of brain lipids. Using
high-resolution AFM, we found that human full-length tau, htau40, can adsorb and self-
assemble flat islands on SLMs. Within a few minutes, the nanoscopic htau40 assemblies can
grow a few micrometers in diameter and are thermodynamically and mechanically
exceptionally stable. How large the assemblies can grow depends on the tau concentration in
the buffer solution. The time-dependent growth of tau assemblies was previously also
reported for the aggregation of tau into fibrillary aggregates in vitro, in which the nucleation
of tau represents the rate-limiting step of the aggregation process.?3:% Surprisingly, we find
that the self-assembly of htau40 on lipid membranes is cationdependent. Human tau attaches
and self-assembles onto brain lipid membranes in the presence of Na* and scantly in the
presence of Li*, but not in the presence of K* or Rb* (Figure 3A). Thereby, Na* most
effciently promotes tau attachment to the membrane and the subsequent self-assembly into
larger aggregates (Figure 6 A). Li*, Na*, K*, and Rb* differ in ion radius, being 90, 116,
152, and 166 pm, respectively. Thus, the adsorption and subsequent self-assembly of tau
onto supported brain lipid membranes appears to depend on the cation radius, in that it is
inhibited at larger cation radii, and optimal for Na* ions. To which extent cations modulate
the interaction of tau with cellular membranes in vivo remains to be elucidated.

The number and growth of tau assemblies also depend on the Na* concentration (Figure 3B
and Figure S4). In the absence of Na*, we did not observe any attachment of htau40 to
supported brain lipid membranes. In the presence of 75 mM NaCl, tau formed as many
assemblies as in the presence of 150 mM NacCl, but the size of the assemblies was
considerably smaller. This may suggest that electrostatic repulsive interactions, which can be
reduced by increasing the salt concentrations, disfavor the tau assemblies to grow. However,
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further increasing the NaCl concentration to 225 and 300 mM NaCl reduces the number of
tau assemblies but not their size. This suggests that, although NaCl is required for tau
attachment and self-assembly, increasing the NaCl concentration above 150 mM may shield
the electrostatic interactions that attract tau to the negatively charged lipid layer surface,
resulting in a lower number of assemblies (Figure S4). Thus, the interaction of htau40 with
the brain lipid membrane and the subsequent self-assembly into larger aggregates is most
effcient at a monovalent salt concentration of 150 mM NaCl, which approximates the
osmolality of intra-and extracellular fluids. Interestingly, the assembly of fibrillary tau
aggregates in vitro has also been shown to depend on the buffer composition and NaCl
concentration and to be effcient below ~150 mM NaCl.9 The cation-sensitive adsorption
and self-assembly of human tau to SLMs becomes quite interesting when considering the
effect of K*. Our data indicate that K* cannot facilitate the adsorption of htau40 to SLMs
and suppresses the Na*-triggered adsorption and self-assembly of tau on SLMs. This cation-
sensitivity is also reflected in the instability of preformed (in the presence of NaCl) tau
assemblies, which upon exposure to K* (and Rb*) quickly disassemble (Figure 6A).

Previous studies suggested that the interaction of tau with neural plasma membranes may be
mediated by the N-terminal projection domain of tau.23 To test the role of the N-terminal
and the repeat domain in the attachment and self-assembly of tau on SLMs, we performed
binding experiments using the repeat domain (tauRD) or the N-terminal region (N-term) of
htau40. Both constructs attached to the SLMs in a Na*-dependent fashion (Figure S6).
Although tauRD could form seeds on the SLMs, it could not grow larger assemblies. On the
contrary, the N-term hardly formed seeds, but could grow these seeds into larger assemblies.
Similarly, it has been recently described that, when exposed to a sedimentation assay and
followed by a sucrose gradient, the pseudorepeat domain of tau can facilitate the binding to
and disruption of phosphatydylserine vesicles, thereby leading to tau fibril formation.24 It
thus appears that the N-terminal region of full-length tau guides the tau assembly and
growth, whereby the four pseudorepeat domains mediate the adsorption of tau to the
membrane (Figure 6B).

Our data showing that Na* and K* modulate the interactions of tau with lipid membranes
may be relevant to the presence of these ions on either side of the neuronal membrane. The
prevalence of K* in the intraneuronal fluid, where tau is present at M concentrations,%8
could inhibit nonbeneficial interactions of tau with the lipid membrane and the subsequent
aggregation of tau. On the other side, the prevalence of Na* in the extracellular fluid, where
tau is present at a nM concentration, could play a role in facilitating the interaction of tau
with the plasma membrane and in the internalization of extracellular tau. If the ability of
intracellular K* to keep tau soluble and to revert the Na*-induced attachment, self-assembly,
and aggregation of human tau on brain lipid membranes could be confirmed in a more
physiologically relevant context (e.g., in cells or neurons or the living brain), the described
opposing effects of K* and Na* ions could play a significant role for the physiological and
pathological roles of tau. However, as our in vitro assay describes a simple system whose
key players are tau, ions, and supported brain lipid membranes, in vivo, many more
parameters, including the phosphorylation of tau, may favor, change, or suppress the
interaction of tau with cellular membranes. Our AFM-based assay is now applicable to
systematically study the role of these parameters.
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Materials and Methods.

Expression and Purification of Tau Constructs.

The wild-type full-length tau htau40 (2N4R), the truncated repeat domain construct tauRD
(R1-R4, residues 244-372) of htau40, and the N-terminal region of htau40 (residues 1-257)
were expressed in £, coliand purified as described.’3 Briefly, cells were lysed by a French
press, and the heat stable tau protein was extracted from the supernatant after boiling. Size
exclusion chromatography was done using a Superdex Sepharose column (G200). Protein
fractions were pooled and concentrated in phosphate-buffered saline (PBS) by Amicon filter
tubes. The sample quality was checked by SDS PAGE.

Liposome Preparation.

Unilamellar liposomes (lipid vesicles) were prepared by the hydration of lipid films
followed by extrusion through polycarbonate filter membranes. Chloroform stock solutions
(1 mL aliquots at the concentration of 10 mg mL™1) of porcine brain total lipid extract
(BTE) and extruding equipment used for liposome preparation were purchased from Avanti
Polar Lipids. To prepare the liposomes, 1 mL of BTE stock solution was taken and the
chloroform was evaporated under a gentle stream of nitrogen followed by overnight
dehydration under a vacuum. Lipids were then rehydrated in buffer solution (150 mM NacCl,
20 mM Hepes, pH 7.4) and extruded 11 times through a 100 nm pore-size membrane. The
freshly prepared liposomes (10 mg mL~1) were immediately aliquoted and stored at —80 °C.
Liposomes were prepared at room temperature (rt, ~ 23 °C) with the only exception of the
rehydration, which was done at 42 °C for 1 h with continuous agitation at 1400 rpm in a
Thermomixer Comfort (Eppendorf). Buffer solutions were freshly made using nanopure
water (18.2 MOhm cm™1) and pro analysis (>98.5%) purity-grade reagents from Sigma-
Aldrich and Merck.

Preparation of Supported Lipid Membranes for AFM.

Supported lipid membranes (SLMs) were prepared by fusion of unilamellar liposomes on
mica. An appropriate volume (~12 pL) of liposome solution of BTE was sonicated (25 kHz,
500 W, Transsonic TI-H-5, ELMA\) for 5 min at rt after the addition of 6 L of Ca?*-
containing buffer (150 mM NaCl, 40 mM CaCl,, 20 mM Hepes, pH 7.4) and then
immediately adsorbed onto a freshly cleaved mica disk of 6 mm diameter.”® After an
adsorption time of ~30 min, during which the liposomes fused into a SLM,%2 the sample was
extensively rinsed with buffer solution (150 mM NaCl, 20 mM Hepes, pH 7.4, unless
otherwise stated). The SLM was then imaged by contact-mode AFM to verify the presence
of a continuous flat lipid membrane. Only if imaging showed no artifacts of the SLM (e.g.,
holes exposing the supporting mica or stacked membranes), the protein solution was injected
into the fluid cell of the AFM. This quality criterion ensured that we observe the interaction
of the injected proteins with an intact lipid membrane. To avoid sample preparation artifacts,
the SLM was never exposed to air and the AFM head was never moved until the end of the
experiment. Liposomes adsorption onto the supporting mica, AFM imaging, and incubation
of the SLMs with proteins were performed at 37 °C.
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AFM Imaging.
The AFM (Nanoscope lle, Veeco) was equipped with a fluid cell and oxide-sharpened SizNy4
cantilevers (ORC8-PS-W, Olympus), having a nominal spring constant of 0.05 N m™L. The
scanning frequency was between 2 and 8 lines s™1, and the force applied to the AFM
cantilever was kept <50 pN to prevent structural perturbation of the sample.52 Imaging
forces of the AFM were manually adjusted to compensate for thermal drift.52 Proportional
and integral gains of the AFM were adjusted manually to minimize the error (deflection)
signal and to maximize the height signal. AFM topographs (512 x 512 pixels) were recorded
in trace and retrace scanning directions and were neither processed nor averaged.

Time-Lapse AFM Imaging of Tau Self-Assembly.

Before incubation of the SLM with protein, an AFM topograph of 10-20 zm? of the SLM
was recorded in buffer solution (150 mM NaCl, 20 mM Hepes, pH 7.4, unless otherwise
stated). Only then, the protein solution (in the same buffer) was injected into the microscope
head onto the SLM at concentrations ranging from 100 nM to 10 xM. After injecting the
protein solution, the same sample area imaged in the absence of protein was imaged in
contact-mode over the time of 90 min. The area of the assemblies formed by the proteins
was quantified for every captured topograph and expressed as £m? or as percentage of the
total SLM area. The number of protein assemblies was quantified as the number of
assemblies per unit area (100 £m?). Data were analyzed using a MATLAB (Math Works,
Natick, MA) program developed in the lab or Adobe Photoshop CS6. All experiments were
performed at 37 °C and repeated several times (7as indicated in figure legends) using
independent htau40 and SLM preparations.

Time-Lapse AFM Imaging of Tau Disassembly.

To observe htau40 disassembly, freshly adsorbed SLMs of BTE were first incubated with a
solution of 100 nM htau40 in 150 mM NaCl, 20 mM Hepes, pH 7.4, at 37 °C for 90 min to
allow protein interaction and assemblies formation. After this, control images were captured
to quantify the number and the area of the protein assemblies and then the SLM was
extensively rinsed with buffer solution containing, respectively, 150 mM Li*, Na*, K* (with
or without 2 £M htau40), or Rb*. Time-lapse AFM topographs of 5-10 zm? of the SLM
surface were then captured at 10 min intervals for the first 30 min and later on every hour for
5 h to track any changes of the protein assemblies. During this incubation time, the fluid cell
of the AFM was extensively rinsed every hour with buffer solution. Data were analyzed
using a MATLAB (Math Works, Natick, MA) program developed in the lab or Adobe
Photoshop CS6. htau40 disassembly was quantified comparing the area of htau40 assemblies
measured at 90 min of incubation time in Na*-containing buffer, with the area of htau40
assemblies measured after buffer exchange. All experiments were performed at 37 °C and
repeated several times (n as indicated in figure legends) using independent htau40 and SLM
preparations.

Data Availability.

The authors declare that the main data supporting the findings of this study are available
within the article and its Supporting Information file.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
AFM imaging of full-length human tau (htau40) incubated on a supported lipid membrane

(SLM) of brain total lipid extract (BTE). (A) lllustration of the tau constructs. The longest
isoform of human tau (htau40, 441 amino acid residues, 2N4R) is shown to illustrate
relevant domains of the protein: the projection domain with the amino terminal inserts N1
and N2 and the microtubule binding domain with the pseudorepeats R1-R4. Either or both
N1 and N2, as well as R2, may be absent due to alternative splicing. (Splicing inserts are
indicated in green.) The distribution of the charged residues along the tau sequence is
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illustrated. Constructs encompassing the N-terminal region (N-term, residues 1-257) and the
truncated pseudorepeat domains tauRD of htau40 (129 residues, containing R1-R4) are
shown. Numbering of residues in N-term and tauRD is based on the htau40 isoform. (B)
AFM topograph of a SLM made from brain total lipid extract (BTE). (C) Schematic
illustration of the experiment. A continuous lipid membrane supported by mica is incubated
with htau40 in buffer solution at 37 °C. (D) AFM topograph of the SLM shown in part B
after incubation for 90 min with 100 nM htau40. Patchy assemblies of htau40 are clearly
visible.(F) htau40 assemblies of the area outlined (dashed line) in part E imaged at a higher
magnification. Protein assemblies show morphological features protruding at a variable
height from the lipid membrane. The lower regions protrude 0.8 £ 0.2 nm (ave = SD; n =35),
and the higher regions (brighter in height scaling) protrude 2.3 £0.2 nm (n = 60) from the
lipid membrane. (G) Height profiles of htau40 assemblies (red curves) taken along the red
lines indicated in the topograph shown in part F. Orange dashed lines mark the SLM surface.
The full-range color scale of the AFM topographs corresponds to a height of 4.3 nm. AFM
imaging and incubations were done in buffer solution (150 mM NaCl, 20 mM Hepes, pH
7.4) at 37 °C. Scale bars, 1 um (B, D-F) and 100 nm (G).
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Figure 2.

Following htau40 self-assembly by time-lapse AFM. (A) Time-lapse AFM topographs
showing the self-assembly of htau40 on SLMs formed from BTE. Times indicate the
minutes after htau40 has been injected into the imaging buffer (150 mM NacCl, 20 mM
Hepes, pH 7.4) at 37 °C and at concentrations of 100, 200, and 300 nM. The full-range color
scale of the topographs corresponds to a height of 3.8 nm (100 and 200 nM) and 5 nm (300
nM). Scale bars, 1 zm. (B) Comparison between mean growth curves of htau40 assemblies
measured from images acquired by time lapse AFM. The area indicates the percentage of the
SLM surface occupied by the htau40 assemblies. The times indicate the minutes after htau40
has been added to the imaging buffer. Values represent mean + SEM determined from 7
independent experiments.
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Figure 3.
Na*-dependence and K*-inhibition of htau40 interaction with the SLM. (A) Comparison

between the area of htau40 assemblies after SLMs have been incubated with htau40 in the
presence of 150 mM XClI, 20 mM Hepes, pH 7.4 (X = Li*, Na*, K*, or Rb*). The inset
shows the relative size of the tested cations. (B) Comparison between the area of htau40
assemblies after SLMs have been incubated with htau40 in the presence, respectively, of 0,
75, 150, 225, or 300 mM NaCl, 20 mM Hepes, pH 7.4 (C) Comparison between the area of
htau40 assemblies after SLMs have been incubated with htau40 in the presence, respectively,
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of 75 or 150 mM Na*, 75 mM Na* and 75 mM K*, or 150 mM K* (20 mM Hepes, pH 7.4).
The area indicates the percentage of the surface of SLM of BTE occupied by the protein
assemblies after 90 min incubation with 100 nM htau40 at 37 °C. Each data point presents
an independent experiment; bars represent mean values. The statistical significance was
determined using the Mann— Whitney t-test comparing each condition with htau40 in 150
mM NaCl data. *P< 0.05. **P< 0.01. ****P< 0.0001.
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Figure 4.
Cation-dependent reversibility of htau40 self-assembly on SLMs. (A) AFM topograph of a

SLM after 90 min incubation with 100 nM htau40 in buffer solution (150 mM NaCl, 20 mM
Hepes, pH 7.4) at 37 °C. (B) The same surface imaged after 5 h incubation in the same
buffer solution but without htau40. (C and D) AFM topographs of a SLM (C) after 90 min
incubation with 100 nM htau40 in buffer solution with NaCl (150 mM NaCl, 20 mM Hepes,
pH 7.4) and (D) after 10 min incubation in buffer solution with KCI (150 mM KCI, 20 mM
Hepes, pH 7.4). (E) Comparison between the mean area of htau40 assemblies during 5 h
incubation in buffer solutions containing either Li*, Na*, K*, or Rb* as monovalent ions
(150 mM XClI, 20 mM Hepes, pH 7.4, with X = Li*, Na*, K*, or Rb*) in the absence of
htau40 or in the presence of 2 uM htau40. SLMs of BTE were first incubated with 100 nM
htau40 in buffer solution with NaCl (150 mM NaCl, 20 mM Hepes, pH 7.4) for 90 min to
allow htau4o0 to self-assemble on the SLMs. The mean area of the SLM occupied by htau40
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assemblies after a 90 min incubation time is 34.1 + 2.2% (17 =24) and represents the time 0 at
which the buffer solution has been exchanged. The time axis indicates the minutes of
incubation of the SLM with the indicated buffers. Experiments were conducted at 37 °C.
Data represent the mean + SE, and n gives the number of independent experiments analyzed.
The full-range color scale of topographs corresponds to a height of 4.3 nm. Scale bars, 1 t/m.
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Figure5.

Self-assembly of N-terminal region (N-term) and pseudorepeat domains (tauRD) of htau40
on SLMs. (A) Comparison between SLM areas covered by tau constructs after incubation
for 90 min with 100 nM htau40, N-term, or tauRD. SLMs were made from BTE. The area
indicates the percentage of the SLM surface occupied by protein assemblies. Comparison
between the number (B) and the mean area (C) of the protein assemblies formed by 100 nM
htau40, N-term, and tauRD over a SLM area of 100 zm? after 90 min incubation.
Experiments were performed in buffer solution containing NaCl (150 mM NacCl, 20 mM

Nano Lett. Author manuscript; available in PMC 2019 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mari et al.

Page 25

Hepes, pH 7.4) and at 37 °C. Each data point presents an independent experiment; bars
represent mean values. A statistical significance was determined using the Mann— Whitney
t-test, taking the htau40 data as a reference. 7s, not significant (P > 0.05). **P < 0.01. ***P
< 0.001. ****p< 0.0001.
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Figure 6.
Reversible cation-selective attachment and self-assembly of human tau on supported lipid

membranes. (A) Model illustrating fulllength human tau (htau40) self-assembling onto brain
lipid membranes. Sodium triggers the attachment, self-assembly, and growth of tau into
amorphous aggregates, whereas potassium inhibits these processes. Moreover, when
exposed to potassium, the mechanically exceptionally stable tau aggregates dissemble. (B)
Ilustration of the roles of the domains of full-length human tau in facilitating tau
attachment, self-assembly, and growth. The N-terminal region promotes self-assembly and
growth of tau aggregates on brain lipid membranes, whereas the pseudorepeat domains
R1-R4 (PHF core) promote attachment and stability of the tau aggregates.
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