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Stoichiometric 14-3-3ζ binding promotes
phospho-Tau microtubule dissociation
and reduces aggregation and
condensation

Check for updates
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Lenne J. M. Lemmens2, Renata Ponce-Lina 1, Rithika Sankar1, Maximilian Franck1, Gesa Nolte1,
Ekaterina Semenova1, Satabdee Mohapatra 1,3,4, Christian Ottmann 2, Luc Brunsveld 2 &
Susanne Wegmann 1,3,4

Themicrotubule (MT) association of protein Tau is decreased upon phosphorylation. Increased levels
of phosphorylated Tau in the cytosol pose the risk of pathological aggregation, as observed in
neurodegenerative diseases. We show that binding of 14-3-3ζ enhances cytosolic Tau solubility by
promoting phosphorylated Tau removal from MTs, while simultaneously inhibiting Tau aggregation
both directly and indirectly via suppression of condensate formation. These 14-3-3ζ activities depend
on site-specific binding of 14-3-3 to Tau phosphorylated at S214 and S324. At sub-stoichiometric
14-3-3ζ concentrations, or in the presence of other 14-3-3ζ binding partners, multivalent electrostatic
interactions promote Tau:14-3-3ζ co-condensation, offering a phosphorylation-independentmode of
Tau-14-3-3ζ interactions. Given the high abundance of 14-3-3 proteins in the brain, 14-3-3 binding
could provide efficient multi-modal chaperoning activity for Tau in the healthy brain and be important
for preventing Tau aggregation in disease.

The intrinsically disordered microtubule-associated protein Tau is a highly
soluble and abundant cytosolic protein. Tau is mainly expressed in neurons
of the central nervous system, where it reaches average cytosolic con-
centrations of about 2 μM1–3. In Alzheimer’s disease (AD), frontotemporal
dementia (FTD), and related neurodegenerative brain diseases, Tau
aggregates into insoluble amyloid-like fibrils that accumulate in the neu-
ronal cytoplasm as neurofibrillary tangles (NFTs) and correlate with neu-
rotoxicity, neuronal loss, and cognitive decline in these diseases4,5. Tau’s
intrinsic propensity to self-interact and aggregate is mediated by short
amino acidmotifs in its C-terminal repeat domain (TauRD, containing four
pseudo-repeats R1-R46–8). Interestingly, the TauRD also constitutes large
parts of the microtubule (MT) binding region of Tau9,10, suggesting a
competition between Tau aggregation and MT binding.

Phosphorylation in and around the MT binding domain reduces the
affinity of Tau for the MT surface11–13 and seems to be necessary for Tau
dissociation from the MT surface to enable MT dynamics14 and regulate

motor protein transport15. In pathological conditions, phosphorylated Tau
(phospho-Tau) accumulates in NFTs5, which leads to the current working
model in which phosphorylation-induced MT dissociation increases the
concentration of phospho-Tau in the cytosol and thereby permits its
aggregation. However, soluble phospho-Tau is abundant in the healthy
human brain16 and enriched during neurodevelopment17,18, yet does not
aggregate in these conditions. In fact, most—if not all—cellular Tau appears
to be phosphorylated to some degree11,19, indicating that efficient molecular
mechanisms exist to prevent phospho-Tau aggregation in the healthy brain.

Tau can be phosphorylated by a number of abundant kinases, with the
majority of Tau’s >80 putative phosphorylation sites being located in and
around TauRD20,21, suggesting that Tau phosphorylation is more than a
signal forMTdissociation and a trigger of aggregation. For example, cAMP-
dependent proteinkinaseA (PKA)phosphorylatesTauonmultiple residues
in and around TauRD (main sites: pS214/pS324/pS356/pS409/pS41622) but
sparesmajorTauphospho-epitopes related toTaupathology23,24, suggesting
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that PKA phosphorylation may contribute to Tau dissociation from MTs
but not to its aggregation. Notably, PKA phosphorylation can also prime
Tau phosphorylation by other kinases, like GSK3β and Cdk5, which then
leads to Tau being modified on pathology-associated phosphosites (e.g.,
pS202, pT205, pS396, and pS40425,26).

Members of the 14-3-3 protein family are important hubs within
protein–protein interaction (PPI) networks27 that typically bind their “cli-
ent” proteins dependent on phosphorylation. Two specific phospho-serine/
phospho-threonine sites in a client can jointly increase the client’s binding
affinity to 14-3-3 dimers28–31. In human cells, seven 14-3-3 isoforms (β, γ, ε,
η, σ, τ, and ζ) are expressed, each from a different gene. In the brain, 14-3-3
proteins constitute about 1% (w/w) of the soluble proteome32,33 and are
crucially involved in neurodevelopment and synaptic health34–40. Further-
more, 14-3-3 proteins were reported to interact with and modulate the
aggregation of proteins accumulating in neurodegenerative protein aggre-
gation diseases, including alpha-synuclein in Parkinson’s disease41, GFAP
relevant in Alexander disease42, as well as Tau in AD and FTD43–45. Previous
immunohistology and co-immunoprecipitation (co-IP) experiments sug-
gested that 14-3-3 proteins bind and/or co-aggregate with highly phos-
phorylated Tau in NFTs of postmortem AD brains36,43,46,47. These
observations were widely interpreted as a pro-aggregation effect of 14-3-3
on Tau. In vitro Tau aggregation assays revealed that 14-3-3 triggers the
aggregation of unphosphorylated Tau, but on the contrary, decreases the
aggregation of Tau phosphorylated by PKA48–50.

Binding of different 14-3-3 isoforms to Tauwas reported to depend on
the presence of phosphate groups at PKA-target sites in Tau48,49, mainly
residues S214 in the proline-rich domain (P1) and S324 in the third repeat
(R3)51,52, which bind tightly in the binding groove of 14-3-3 dimers44.
Because of the high 14-3-3 abundance in the brain, binding of 14-3-3 to
Tau phosphorylated at pS214/pS324 (TaupS214/pS324) could provide a
robust mechanism for promoting the solubility of PKA-phosphorylated
Tau (PKA-Tau) and preventing its aggregation. In turn, deregulation of
14-3-3:Tau interactions could allow for PKA-Tau aggregation in neurode-
generative diseases. Notably, activating cAMP pathways—and therefore
PKA—was shown to be protective against Tau aggregation and toxicity in
Tau transgenic mice53, whereas a reduced abundance of 14-3-3 proteins in
AD brains46,54 may indirectly promote the intraneuronal aggregation of
highly phosphorylated Tau typical for the disease.

Here, we show that pS214 and pS324 phosphorylation-dependent
binding of 14-3-3 increases Tau solubility and decreases Tau aggregation in
neurons. Molecularly, these effects are based on (i) 14-3-3 mediated
“scavenging” of TaupS214/pS324 molecules from the MT surface based on Tau
binding competition between MTs and 14-3-3, and (ii) the inhibition of
TaupS214/pS324 condensation, potentially en route to the formation of
pathological Tau species3,55, and amyloid-like aggregation by stoichiometric
14-3-3 binding. However, sub-stochiometric 14-3-3 concentrations promote
Tau condensation and may therefore increase the risk for Tau aggregation.
Together, our data elucidate the importance of 14-3-3 proteins inmodulating
Tau pathobiology, in which the formation of stoichiometric, soluble 14-3-
3:TaupS214/pS324 complexes reduces the risk of unchaperoned phospho-Tau
accumulation and spontaneous aggregation in the cytosol at the earliest step.

Results
14-3-3 binding suppresses Tau aggregation in neurons
In the healthy brain, a robust occupation of soluble (not bound to MTs)
phospho-Taumolecules by 14-3-3 and other chaperoning proteins could be
essential for efficient prevention of Tau aggregation. In contrast, inhibition
of chaperone binding could enable or enhance phospho-Tau aggregation.

To test whether the binding of 14-3-3 proteins can suppress neuronal
Tau aggregation, we expressed pro-aggregant FTD-mutant human Tau
(eGFP-TauP301L/S320F) in primary hippocampal mouse neurons, which leads
to spontaneous eGFP-TauP301L/S320F aggregation into NFT-like, fibrillar
aggregates in a subset of neurons (~2% NFTs in DMSO control; Fig. 1a, b).
Co-immunoprecipitation from neuronal lysates confirmed the association
of 14-3-3 with Tau (Supplemental Fig. S1a). Treatment with BV02, an

inhibitor of 14-3-3 proteins binding to phosphorylated clients56,57, increased
the fraction of neurons with eGFP-TauP301L/S320F aggregates in a dose-
dependentmanner (~4%NFTs at 10 μMBV02, ~7%NFTs at 40 μMBV02).
In contrast, increasing 14-3-3 binding by treatment with fusicoccin
(50 μM58,59) decreased neuronal Tau aggregation (~1% NFTs) and simul-
taneously increased the concentration (=fluorescence intensity) of soluble
eGFP-TauP301L/S320F in the soma of neurons without aggregates (Fig. 1c).
Together, these data suggested that 14-3-3 binding increases cytosolic Tau
solubility, whereas reducing 14-3-3 binding promotes Tau aggregation in
neurons.

To test whether 14-3-3 would colocalize with aggregated or soluble
phospho-Tau, we performed immunostainings on eGFP-TauP301L/S320F

expressing neurons. We found that, in contrast to previous reports from
human brain immunostainings43,46,47, 14-3-3 was mostly excluded from
NFT-like eGFP-TauP301L/S320F aggregates in our neuron model (Fig. 1d), in
which 14-3-3 showed a punctate (=granular) staining pattern in dendrites,
axons, and somata (Fig. 1e), similar to previous reports from human brain47

without Tau NFTs.
Interestingly, Tau phosphorylated at PKA-target sites pS214 and

pS324, two of the phosphorylation sites mainly relevant for 14-3-3:Tau
binding52, showed limited colocalization with MTs and a cytoplasmic,
granular distribution, similar to 14-3-3 (Fig. 1f). In contrast, a Tauphospho-
epitope previously not reported as relevant for 14-3-3:Tau binding (pS202/
pT205, target sites of, e.g., Cdk5 and GSK3β) stained microtubules in naïve
and eGFP-TauP301L/S320F overexpressing neurons (Fig. 1f). 14-3-3 granules
seemed to arrange along TaupS202/pT205 coated MTs (Fig. 1g). These data
indicate that TaupS214 binds MTs less efficiently than TaupS202/pT205, which
could be related to its 14-3-3 binding.

Efficient 14-3-3ζ binding depends on Tau phosphorylation at
residues S214 and S324
Given the previously suggested linkbetween 14-3-3, Tau andMTstability in
axondevelopment and regeneration35,60, we established an in vitromodel for
the phosphorylation-dependent binding of Tau to 14-3-3, in order to probe
the effect on Tau’s MT binding.

We generated phospho-null mutants and phospho-variants (by
in vitro phosphorylation with purified kinases) of recombinant full-length
human Tau (2N4R isoform; Fig. 2a) and determined their binding affinities
to the 14-3-3ζ isoform, which is the most abundant isoform in the brain28.

The PKA target sites, S214 and S32425, were shown to be necessary for
Tau binding to the 14-3-3σ isoform44,60. Our phospho-null mutants there-
fore contained serine-to-alanine mutations at S214 and S324—individually
or together (TauS214A, TauS324A, and TauS214A/S324A = TauS2A). In vitro phos-
phorylationwithPKA introducedphosphates at S214 and S324 inwild-type
Tau (PKA-Tau) but not at respective mutated serine residues in TauS214A,
TauS324A, and TauS214A/S324A, as confirmed by Western blot (Fig. 2b).

Next, we determined the binding strength between 14-3-3ζ and dif-
ferent PKA-Tau variants using thermal stability assays (measuring the
temperature needed to denature 14-3-3:Tau complexes; Fig. 2c). 14-3-
3ζ:PKA-Tau complexes demonstrated the highest thermal stability, fol-
lowed by 14-3-3ζ:PKA-TauS214A and 14-3-3ζ:PKA-TauS324A. By contrast,
14-3-3ζ:PKA-TauS214A/S324A was no more stable than 14-3-3:non-phos-
phorylated Tau. Furthermore, phosphorylation of Tau by Cdk5, which
phosphorylates S202/T205 (Supplemental Fig. S1b, c55) but not S214/S324
(Fig. 2d), also did not stabilize 14-3-3ζ:Tau interactions, and in fact
decreased stability (Fig. 2c). This confirmed previous observations that,
among all PKA phosphorylation sites in Tau, phosphorylation of S214 and
S324 is individually and synergistically important for 14-3-3ζ:Tau binding.

To further assess whether the differences in thermal stability arose
from different 14-3-3ζ:Tau binding affinities, we performed Tau phospho-
peptide (pS2) displacement assays.Here, we titrated full-lengthTau variants
into pS2:14-3-3ζ and measured the reduction in fluorescently-labeled pS2
anisotropy resulting from its displacement from the complex. The pS2 Tau
phospho-peptide consisted of two short Tau sequences with phosphate
groups at S214 and S324, connected by an unstructured linker (pS2: 38 aa;
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Tau210–222-GGGSGGGSGGG-Tau318–331; Fig. 2a and Supplemental Fig. S1d).
pS2 showed efficient binding to 14-3-3ζ (KD ~1M), which also synergisti-
cally depended on phosphorylation at S214 and S324, as determined
by fluorescent anisotropy and thermal stability assays, (Fig. 2e, f and Sup-
plemental Fig. S1e). In the performed displacement assays (Fig. 2g and
Supplemental Fig. S1f), pS2 was efficiently out-competed by full-length
PKA-Tau, to a lesser degree by PKA-TauS214A and PKA-TauS324A, but not by
PKA-TauS214A/S324A or non-phosphorylated Tau. Cdk5-Tauwas also not able
to displace pS2 from 14-3-3ζ.

We note that PKA-Tau contains multiple phosphorylated residues in
addition to pS214 and pS32425,55,61, as demonstrated in phos-tag gels by a

pronounced upshift compared to non-phosphorylated Tau (Supplemental
Fig. S1g). These additional phosphorylation sites should also be present
in non-binding PKA-TauS214A/S324A. Cdk5-Tau also contained phosphor-
ylation atmultiple sites (upshift in phos-tag gel), but not at pS214 andpS324
(Fig. 2d), and did not bind 14-3-3ζ. Therefore, additional Tau phosphor-
ylation sites other than pS214 and pS324 may have less impact on Tau’s
binding to 14-3-3ζ.

Together these data confirm the previously reported necessity of Tau
phospho-epitopes pS214 and pS324 for the binding to 14-3-344,51,52 and
the relevance of PKA activity in this process, here for the 14-3-3ζ isoform
(Fig. 2h). Phospho-epitopes pS214 and pS324 are located in regions relevant
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for Tau aggregation62,63 andmicrotubule binding10,64; however, these specific
phospho-sites have not been associatedwith Tau pathology in disease23.We
thus suggest that 14-3-3 proteins bind physiological soluble rather than
pathological aggregated TaupS214/pS324molecules and thereby promote their
solubility.

14-3-3ζ binding enables dissociation of PKA-Tau from
microtubules
Non-phosphorylated Tau has a high affinity to MTs (Tau:MTs KD

≈1 μM9,65), but the binding affinity drops upon phosphorylation of serine
and threonine residues in and aroundTauRD.For example, PKA-Taubinds
MTs with KD ≈10 μM66. Since we found that 14-3-3ζ has a tenfold stronger
affinity for PKA-Tau (KD ≈1 μM; Fig. 2f), we hypothesized that 14-3-3
would compete for PKA-Tau bindingwith theMT surface. Sequestration of
PKA-Tau from MTs by 14-3-3ζ could explain why TaupS214 staining was
absent from MTs in neurons (Fig. 1f).

To test this idea, we performed in vitro MTs pelleting assays, in which
MTs were polymerized in the presence of PKA-Tau or unphosphorylated
Tau and in the absence or presence of 14-3-3ζ. After centrifugation, the
pellet (P) fraction contained MTs and MT-bound Tau, whereas the
supernatant (S) contained unbound Tau and 14-3-3. Indeed, the fraction of
unbound PKA-Tau (increased S/P ratio) was significantly higher in the
presence, compared to the absence, of 14-3-3ζ (Fig. 3a, b and Supplemental
Fig. S2a). The fraction of unbound non-phosphorylated Tauwas unaffected
by the presence of 14-3-3ζ, as expected in the absence of 14-3-3ζ:Tau
binding. These results thus indeed suggest that 14-3-3 reduces MT binding
for PKA-Tau but not Tau (Fig. 3c).

Intriguedby thesefindings,we aimed at visualizing the effect of 14-3-3ζ
on the binding of PKA-Tau to MT in vitro by confocal microscopy using
fluorescently-labeled Tau and 14-3-3ζ variants (1–2% labeled proteins)55,67.
We first polymerized MTs from tubulin-Alexa594 in the presence of non-
phosphorylated Tau, PKA-Tau, or PKA-TauS214A/S324A (1% fluorescently
Dylight488-labeled proteins). Surprisingly, we observed colocalization of all
three Tau variants with MTs (Fig. 3d–f), indicating that PKA-
phosphorylation alone was not sufficient to detach Tau from MTs,
despite the decrease in MT binding affinity for PKA-Tau (KD ≈10 μM66)
compared to non-phosphorylated Tau (KD ≈1 μM9,65). In fact, the results
from the MT pelleting assay also suggested that >50% (S/N ratio >1) of
PKA-Tau was still bound to MTs (Fig. 3b).

When performing MT imaging in the presence of 14-3-3ζ, however,
non-phosphorylated Tau (not binding 14-3-3ζ) still co-localized withMTs,
whereas PKA-Tau (binding 14-3-3ζ) was now absent fromMTs (Fig. 3g, h).
These observations supported our hypothesis that 14-3-3ζ binding pro-
motes the dissociation of PKA-Tau from MTs.

To prove that this was due to phospho-site specific binding of 14-3-3ζ,
and not general electrostatic of unspecific interactions, we used a combi-
nation of non-binding mutants: PKA-TauS214A/S324A, which contained PKA-
induced phosphorylation except at pS214 and pS324, and 14-3-3ζR127A,
which contained an arginine-to-alanine mutation in its binding pocket and
therefore binds phospho-Tau with lower affinity. In this non-binding
combination,PKA-TauS214A/S324A remainedonMTs (Fig. 3i), confirming that

the binding of 14-3-3ζwas needed to sequester PKA-Tau fromMTs. These
findings may explain how overexpression of 14-3-3 can lead to a destabi-
lization of the neuronalMT cytoskeleton60, i.e., by excessive sequestration of
phospho-Tau from MTs.

14-3-3ζ co-condenses with non-binding Tau on microtubules
When imaging MTs, we noticed that all Tau variants formed condensates
with free tubulin that attached topolymerizedMTs (Fig. 3d–f), likely formed
from excess, unbound Tau, which recruits free tubulin. We previously
reported similar observations55,67. When adding 14-3-3ζ to PKA-Tau:MT
preparations, only a few and smaller PKA-Tau:14-3-3ζ condensates could
be observed (Fig. 3g), some of which also contained tubulin. In contrast,
adding 14-3-3ζ to either Tau:MT or PKA-TauS214A/S324A:MT preparations
(both not binding 14-3-3ζ; Fig. 3f, h) promoted Tau:tubulin condensation
and led to the formation of MT “junctions” with large condensates in their
center. 14-3-3ζ co-partitioned into these condensates and did not coat
outgrowing MTs, indicating that, when not binding Tau, 14-3-3ζ had a
higher affinity to Tau condensates than to Tau bound to MTs or MT
themselves. These observations were reminiscent of what we saw in neu-
rons, where 14-3-3 granules partially aligned with MTs (Fig. 1g).

Together, the data suggest that in the absence of specific binding via
Tau phospho-sites pS214 and pS324, 14-3-3 may promote Tau condensa-
tion without interfering with Tau’s MT binding. However,
phosphorylation-dependent binding to 14-3-3 removes PKA-Tau from
MTs via binding competition but may not promote its condensation.
Notably, both TauMT binding67–69 as well as pathological Tau aggregation3

,55,70,71 have previously been reported to involve Tau condensation. Mod-
ulation of Tau condensation by 14-3-3 binding may therefore underlie the
previously suggested involvement of 14-3-3 in both these processes48,50,60.

Stochiometric binding of 14-3-3ζ inhibits PKA-Tau condensation
To examine the mechanisms behind 14-3-3ζ modulation of Tau con-
densation, we tested its impact on the condensate formation of different
phospho-Tau variants. Again, we phosphorylated Tau in vitro using dif-
ferent kinases that do (PKA) or do not (Cdk5 and Fyn) introduce phospho-
groups at the crucial 14-3-3ζ binding sites S214 and S324. Increasing
concentrations of 14-3-3ζ progressively inhibited PKA-Tau condensation
(measured as condensate surface coverage). An equimolar concentration of
14-3-3ζ dimers (twomolecules of 14-3-3ζ to onemolecule of PKA-Tau fully
abolished PKA-Tau condensation (Fig. 4a). Cdk5-Tau and Fyn-Tau con-
densation decreased by only 20% at these concentrations. This suggested
that condensate inhibition was driven by specific binding of 14-3-3ζ to
PKA-Tau.

To test whether 14-3-3ζ binding to specifically pS214 and pS324 was
necessary to inhibit Tau condensation, we incubated recombinant PKA-Tau
(binding 14-3-3ζ) or PKA-TauS214A/S324A (not binding 14-3-3ζ) with increasing
concentrations of 14-3-3ζ (10 μM Tau variants; 2% DyLight488-labeled
PKA-Tau or PKA-TauS214A/S324A; 2% DyLight650-labeled 14-3-3ζ)
in condensation buffer (25mM HEPES, pH 7.4, ~5mM NaCl, 5% PEG).
PKA-Tau and PKA-TauS214A/S324A each showed pronounced condensation in
the absence of 14-3-3ζ (Fig. 4b, c), which confirmed previous observations3,71.

Fig. 1 | 14-3-3ζ binding inhibits neuronal Tau aggregation. a Representative images
of primary hippocampal neurons (DIV12) transduced with AAV to express aggregating
FTD-mutant eGFP-TauP301L/S320. Neurons were treated with DMSO (control), fusicoccin
(50 μM), or BV02 (40 μM) for 48 h, starting 3 days after AAV transduction. Zoom-ins
show examples of cell bodies with fibrillar Tau aggregates (white arrow heads) or high
soluble Tau (white circles). Scale bars = 20 μm. b Quantification of Tau aggregates in
neurons upon treatment with DMSO, fusicoccin (50 μM), or BV02 (10 or 40 μM). Data
shown as mean ± SEM, N= 4 experimental repeats, one-way ANOVA with Tukey post-
test. c Quantification of soluble eGFP-Tau (mean intensity) in the soma of neurons
without aggregates. Data shown as mean ± SEM, N= 3 experimental repeats with 6–22
cells per condition, one-way ANOVA with Tukey post-test. d Representative image of
fibrillar eGFP-Tau aggregate in neurons immunolabeled for MAP2 (red), 14-3-3 (white),

and TaupS202/pT205 (blue; AT8 antibody). Line plot along white arrow shows no enrich-
ment and limited colocalization of granular 14-3-3 in tangle-like Tau aggregate. Scale
bar = 10 μm. e Representative image of neurons immunolabeled for 14-3-3 (cyan) and
MAP2 (red). Zoom-in shows granular labeling of 14-3-3 in MAP2+ dendrites (white
circles) andMAP2- axons (white arrow heads). Principle dendrites appear rich in 14-3-3.
Scale bar = 10 μm. f Neurons immunolabeled for MAP2 and phospho-Tau variants
indicate stronger colocalization of endogenous TaupS202/pT205 (AT8 epitope) than
TaupS214/pS324 with MAP2+ microtubules (MTs). Scale bars = 10 μm. g Example fluor-
escence image of a neuron expressing eGFP-TauP301L/S320F, with somatodendritic MAP2-
coated microtubules that are also coated with TaupS202/pT205 (AT8 antibody). Zoom-ins
show that 14-3-3 granules (pink) align with TaupS202/pT205 (green) coated microtubules
(compare line plot along white arrow). Scale bars = 10, 4 μm for zoom-in.
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Increasing concentrations of 14-3-3ζ inhibited condensation of PKA-Tau but
not PKA-TauS214A/S324A. 14-3-3ζ co-condensed with both Tau variants, but did
not form condensates alone (Supplemental Fig. 2b). At equimolar con-
centrations of 14-3-3ζ (10 μM) and PKA-Tau (10 μM), when about half of
PKA-Tau monomers are in complex with 14-3-3ζ dimers, no condensates
were formed. In contrast, PKA-TauS214A/S324A condensation remained largely
unaffected by 14-3-3ζ at this concentration ratio (Fig. 4d).

To further confirm the idea that Tau condensation can be tuned
through 14-3-3 binding affinity, we modulated 14-3-3:PKA-Tau binding

using 14-3-3ζR127A, which reduces but does not abolish PKA-Tau binding.
Incubating PKA-Tau with increasing concentrations of 14-3-3ζR127A led to
inhibition of condensation, however, to a lesser degree than observed for
wild-type 14-3-3ζ (Fig. 4e, f). This further supported a reciprocal relation
between Tau condensation and 14-3-3ζ:Tau binding affinity. Condensation
of PKA-TauS214A/S324Awas not affectedby 14-3-3ζR127A. Tau condensation can
thus be regulated via its 14-3-3 binding affinity.

In summary, these observations show that stoichiometric binding of
14-3-3ζ dimers to Tau monomers phosphorylated on S214 and S324

Fig. 2 | 14-3-3ζ binding to Tau depends on phosphorylation at S214 and S324.
a Domain structure of full-length Tau and Tau phospho-peptide, pS2. The longest
human Tau isoform (2N4R, 441 aa) consists of the N-terminal projection domain
with two N-terminal inserts (N1, N2), the proline-rich domain (P1+ P2), and the
C-terminal microtubule binding region that includes four pseudo-repeats (R1-R4)
and short sequences up- and downstream of these. Positions of phosphorylation
sites on serine residues Ser214 in P2 and Ser324 in R3 are indicated. The phospho-
peptide TaupS214/pS324 (pS2) has 38 aa (Tau

210–222-GGGSGGGSGGG-Tau318–331).
bWestern blots of recombinant Tau variants in vitro phosphorylated using PKA
kinase (Tau variants: wild-type Tau, TauS214A, TauS324A, TauS214A/S324A (TauS2A)) using
antibodies specific for Tau phospho-residues (TaupS214 and TaupS324) and total Tau.
c Thermal stability of 14-3-3ζ mixed with full-length Tau variants in their PKA-
phosphorylated and non-phosphorylated forms. The higher the binding affinity,
the higher the temperature needed to melt Tau:14-3-3ζ complexes. PKA-
phosphorylation increases binding of Tau to 14-3-3ζ, which is reduced upon S > A
mutations in TauS214A and TauS324A. Mutation of both serine residues abolishes
TauS214A/S324A (=TauS2A) binding. Data shown as mean ± SD, N = 3 experimental

repeats. One-way ANOVA with Tukey post-test. Significance compared to “Buffer”
( = 14-3-3ζ alone) is indicated. dWestern blot of TaupS214 and TaupS324 sites in full-
length Tau in vitro phosphorylated by different kinases. eRepresentative fluorescent
anisotropy measurements for the binding of Tau phospho-peptides pS2, TaupS214,
and TaupS324 to 14-3-3ζ. 14-3-3ζ was titrated into 10 nM of the respective
fluorescein-labeled Tau peptide. Data shown as mean ± SD, representative experi-
ment withN = 3 technical replicates (twomore experiments shown in Supplemental
Fig. S1e). f Thermal stability of 14-3-3ζ mixed with Tau phospho-peptides (pS2,
TaupS214, and TaupS324) compared to full-length Tau and PKA-Tau. Data shown as
mean ± SD, N = 3 independent experiments. One-way ANOVA with Tukey post-
test. Significance compared to “Tau” is indicated. g Representative fluorescent
anisotropy measurements for the competition between full-length phospho-Tau
variants and pS2-FITC (10 nM) for the binding to 14-3-3ζ (1 μM). Data shown as
mean ± SD, N = 2 technical replicates (two more experiments shown in Supple-
mental Fig. S1f). h Model: Full-length Tau binding to 14-3-3ζ depends on phos-
phorylation at S214 and S324.
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Fig. 3 | 14-3-3ζ binding promotes Tau pS214/pS324 dissociation from micro-
tubules. a Western blot of the MT binding assay for Tau and PKA-Tau with and
without 14-3-3ζ. bQuantification of MT binding assay. Supernatant (soluble unbound)
to pellet (MT bound) S/P ratios for Tau and PKA-Tau in the presence or absence of 14-
3-3. Data shown as mean ± SD, N = 4 experimental replicates, one-way ANOVA with
Tukey post-test. c Model for 14-3-3ζ promoting phospho-Tau detachment from MTs.
d–f Confocal images of in vitro MT formation with Tau variants (25 μM, 5% PEG)
show Tau coating of MTs (white arrow heads) and remaining soluble Tau in solution.

Non-phosphorylated Tau (d), PKA-Tau (e), and PKA-TauS2A (f). Scale bars = 20 μm,
and 5 μm in zoomed insets. g–i Images of MT formation in the presence of both Tau
(25 μM, 5%PEG) and 14-3-3ζ (12.5 μM).When 14-3-3ζ does not bind Tau (Tau+14-3-
3ζ (g) and PKA-TauS2A+ 14-3-3ζR127A (i)), Tau coats MTs (white arrow heads), no free
Tau is in solution, and MTs grow from condensates containing Tau, 14-3-3ζ, and
tubulin (=MT asters). When 14-3-3ζ is binding Tau (PKA-Tau+ 14-3-3ζ (h)),
phospho-Tau is absent on MTs, and few Tau:14-3-3ζ condensates form in solution, not
attached to MTs. Scale bars = 20, 5 μm in zoomed insets.
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suppresses Tau condensation and therefore increases Tau solubility. This
effect seemed to be largely independent of other Tau phosphorylation sites.
Interestingly, suppression of biomolecular condensation by 14-3-3 binding
has been suggested for other physiological and disease-associated 14-3-3
binding partners72,73.

Tau:14-3-3ζ condensation depends on Tau availability and elec-
trostatic interactions
Co-condensation of 14-3-3ζ with phosphorylated Tau was previously
reported74, but most details of the molecular mechanisms and the connec-
tion to 14-3-3:Tau binding remain unclear. Our data showed that stoi-
chiometric 14-3-3ζ binding suppresses PKA-Tau condensation in a
concentration-dependent manner. PKA-Tau bound to 14-3-3 appears to
lose its ability to participate in condensate formation, and increasing 14-3-3

concentrations may deplete the pool of PKA-Tau available for condensa-
tion.We therefore hypothesized that re-establishing the availability of PKA-
Tau should bring back PKA-Tau condensation.

To test this idea, we titrated the pS2 Tau peptide into an equimolar
solution of PKA-Tau and 14-3-3ζ (10 μM each) that did not show con-
densation (Fig. 4b, d). At 10 μMpS2, PKA-Tau condensation indeed started
to occur (Fig. 5a), suggesting that pS2was outcompetingPKA-Tau from14-
3-3ζ dimers at this concentration, thereby re-enabling condensation of now
unbound PKA-Tau. Importantly, pS2 and 14-3-3ζ both co-enriched with
PKA-Tau in condensates (Fig. 5b), indicating that 14-3-3ζ co-partitioned
intoPKA-Taucondensateswhile bound topS2, similar to 14-3-3ζ:PKA-Tau
complexes at lower 14-3-3ζ concentrations. Co-condensation of 14-3-3ζ
with PKA-Tau, therefore, likely involved protein regions other than the Tau
binding site of 14-3-3ζ.

Fig. 4 | Stoichiometric binding of 14-3-3ζ inhibits Tau condensation.
a Representative images for the condensation of PKA-Tau, Cdk5-Tau, and Fyn-Tau
(each with 2% of phosphorylation matched Tau-DyLight488) at increasing 14-3-3ζ
concentrations, recorded after 2–3 h (in 25 mMHEPES, pH 7.4, 10 mMNaCl, 1 mM
DTT, 5% (w/v) PEG). The graph shows quantification of condensate surface cov-
erage (%) for PKA-Tau, Cdk5-Tau, and Fyn-Tau condensation. Data shown as
mean ± SD. N = 4 experimental repeats. b, c Representative images of 10 μM PKA-

Tau (a) and PKA-TauS2A (b) with increasing 14-3-3ζ concentrations (0, 1, 5, 10,
20 μM; 2% Tau-DyLight488, 2% 14-3-3ζ-DyLight647). Scale bars = 20 μm.
dQuantification of condensate surface coverage (%) for 10 μMPKA-Tau and PKA-
TauS214A/S324A (PKA-TauS2A) with 10 μM 14-3-3ζ or 14-3-3ζR127A. Data shown as
mean ± SD. N = 3 experimental replicates. One-way ANOVA with Tukey post-test.
e, f Representative images of 10 µM PKA-Tau (c) and PKA-TauS2A (d) with
increasing 14-3-3ζR127A concentrations (1, 5, 10, 20 µM). Scale bars = 20 μm.
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Thecrystal structureof 14-3-3ζdimers in complexwith thepS2peptide
(Fig. 5c, d, Supplemental Fig. S3, andTable 1) revealed that pS2bound in the
standard 14-3-3ζ substrate binding groove established after 14-3-3 dimer-
ization. pS2 residues pS214 and pS324 were binding to the two different 14-
3-3ζ dimer subunits (Fig. 5e, f), analogous to previously suggested binding
modes of individual TaupS214 and TaupS324 peptides to the 14-3-3σ isoform44.
The structure further showedmany negatively charged areas on the 14-3-3ζ
dimer surface (Fig. 5g). It is known from other studies that negatively
charged biomolecules can co-condense with Tau55,75,76, driven by multi-
valent electrostatic interactions. Thus, co-condensation of Tauwith 14-3-3ζ
- being overall acidic (pI of 14-3-3ζ = 4–531;) and having solvent-exposed
negative charges on their surface (Fig. 5g)—could be driven by electrostatic
interactions, e.g., with the positively charged TauRD. Indeed, recent NMR
data showed that 14-3-3ζ, in addition to strong interactions with Tau
phospho-sites pS214 and pS324, establishes many “weaker” interactions
with the TauRD22, which may be involved in co-condensation.

Wedeterminedwhether electrostatic interactions contribute toTau:14-3-
3ζ and PKA-Tau:14-3-3ζ condensation using different buffer salt (NaCl)
concentrations that screen electrostatic protein–protein interactions to differ-
ent degrees. Tau:14-3-3ζ condensates became smaller with increasing NaCl
concentration, but remained observable at physiological salt concentrations
(100mM NaCl) (Fig. 5h). Electrostatic interactions thus played a role in sta-
bilizing Tau:14-3-3ζ condensates. Additionally, we found that 14-3-3ζ pro-
moted Tau condensation at net charge-matched concentrations (net charge of

negative charges in 14-3-3ζmolecules = net charge of positive charges in Tau;
1–5 μM 14-3-3ζ at 10 μM Tau) (Supplemental Fig. S4), which is typical for
electrostatically driven Tau condensation76,77.

For PKA-Tau:14-3-3ζ and PKA-TauS214A/S324A:14-3-3ζ, however,
100mM NaCl fully inhibited condensation. For the PKA-Tau variants,
having a lower net charge because of negative charges added by phosphate
groups, co-condensation with 14-3-3 may be more sensitive to buffer ion
strengthbecause of overallweakermultivalent electrostatic interactionswith
14-3-3ζ. Thus, for phospho-Tau variants binding 14-3-3, both weaker
multivalent interactions and masking of Tau stretches relevant for Tau
condensation most likely contribute to inhibition of co-condensation.

14-3-3ζ binding prevents Tau amyloid aggregation but not con-
densate maturation
When monitored over time, Tau condensates exhibit a “maturation” pro-
cess, during which Tau molecules lose their mobility in condensates and
form species that seed Tau aggregation3,55. Independent of condensation,
Tau aggregation can also be induced by direct aggregation into amyloid-like
fibrils77. Binding of Tau by 14-3-3 seems towork efficiently against bothTau
aggregation pathways, as demonstrated by the inhibition of PKA-Tau
condensation in vitro (Fig. 4b) and Tau aggregation in neurons (Fig. 1a, b).
However, the promotion of Tau condensation by 14-3-3 in non-binding
conditions could induce Tau aggregation via condensate maturation. We
investigated in vitro how 14-3-3 would modulate Tau amyloid aggregation

Fig. 5 | Tau:14-3-3ζ condensation depends on Tau availability and electrostatic
interactions. a Representative images of PKA-Tau (10 μM) with 14-3-3ζ (10 μM)
and increasing concentrations of pS2 peptide (0, 5, 10, 20 μM). Scale bars = 20 μm.
Quantification of condensate surface coverage (%) is shown in the bar graph. Data
shown as mean ± SD. N = two experimental replicates, three technical replicates.
Data points represent individual analyzed images. One-way ANOVA with Tukey
post-test. b Representative images of condensates formed by PKA-Tau (10 μM, 2%
PKA-Tau-DyLight405) with 14-3-3ζ (10 μM, 2% 14-3-3ζ-DyLight650) and pS2
(20 μM, 2% FITC-pS2). Scale bars = 10 μm. c Crystal structure of 14-3-3ζ dimer
(gray semi-transparent surface) in complex with pS214 and pS324 binding sites of
pS2 (green rods). d Top view of pS2 binding sites around pS214 and pS324 (green

rods) in complex with 14-3-3ζ (gray semi-transparent surface). The solid purple line
indicates a connective unstructured 11 aa linker between the binding sites in pS2.
e, f Close-up of binding grooves in 14-3-3ζ monomers 1 and 2 (gray surface) in
complex with pS2 binding sites (green rods). The final 2Fo-Fc electron density map
of pS2 is shown as a bluemesh (contoured at 1 s). g Surface charge distribution of 14-
3-3ζ dimersmapped on crystal structure. Negatively charged areas are shown in red,
positively charged ones in blue. Notably, the 14-3-3ζ binding pocket is positively
charged, whereas much of the solvent-exposed surface of 14-3-3ζ is negatively
charged. h Tau, PKA-Tau, and PKA-TauS2A (PKA-TaupS214A/pS324) condensation
with 14-3-3ζ with increasing NaCl concentrations (1, 10, 50, 100 mM). Scale
bar = 10 μm.
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and condensate maturation in phospho-site dependent binding and non-
binding conditions.

First, to test whetherTau amyloid aggregationwasmodulated by 14-3-
3ζ binding, we performed Thioflavin-T (ThioT) aggregation assays for Tau
andPKA-Tau in the absence or presence of 14-3-3ζ.Here,we used theFTD-
mutant pro-aggregant TauΔK280 to facilitate timely amyloid aggregation
within 1–2 days. 14-3-3ζ inhibited PKA-TauΔK280 aggregation but promoted
amyloid aggregation of non-phosphorylated TauΔK280 (Fig. 6a), similar to
previous observations48. This indicated that occupation of TauRD by 14-3-
3ζ in PKA-Tau (binding conditions) can prevent aggregation into amyloid-
like fibrils, whereas 14-3-3may act as a polyanionic cofactor, triggering Tau
aggregation in non-binding conditions.

Next, we investigated whether 14-3-3 interactions would alter Tau
condensate maturation. The mobility of proteins within condensates is
determined by the amount and strength of their interactions, and for Tau,
typically decreases during condensate maturation. We used fluorescence
recovery after photobleaching (FRAP) to evaluate the mobility (diffusion)
and mobile fraction of Tau in and 14-3-3ζ in 14-3-3:Tau condensates. By
bleaching small regions (<20% of the condensate area), we particularly
probed these parameters inside condensates. Both unphosphorylated Tau
and 14-3-3ζwere highly mobile in condensates (mobile fractions: Tau 61%,

t1/2 = 4 s; 14-3-3ζ 85%, t1/2 = 7 s) (Fig. 6b, c). Similarly, phosphorylated non-
binding mutant PKA-TauS214A/S324A demonstrated a comparable fraction of
mobile PKA-TauS214A/S324A and a slightly reduced fraction of mobile 14-3-3ζ
molecules (mobile fractions: PKA-TauS214A/S324A 64%, t1/2 = 7 s; 14-3-3ζ 72%,
t1/2 = 13 s). By contrast, the mobile fractions in PKA-Tau:14-3-3ζ con-
densates was decreased (mobile fractions: PKA-Tau 50%, t1/2 = 6 s; 14-3-3ζ
50%, t1/2 = 17 s). This indicated that 14-3-3:Tau binding reduced
the mobility of both binding partners in condensates. Notably, PKA-
TauS214A/S324A recovered more slowly than non-phosphorylated Tau, sug-
gesting that Tau phosphorylation (aside from S214 and S324) generally
increased interactions in Tau condensates. These interactions were likely of
an electrostatic nature, given that PKA-TauS214A/S324A condensatesweremore
sensitive to NaCl levels in the buffer than non-phosphorylated Tau con-
densates (Fig. 5h).

Lastly, to assess whether 14-3-3 binding would alter condensate
maturation, we compared the time-dependent loss of Taumolecularmobility
inside Tau and PKA-Tau condensates (measured by FRAP) in the absence
and presence of 14-3-3ζ. Between 2 and 6 h after condensate formation, Tau
FRAP decreased similarly in all conditions tested (Fig. 6d), showing that
neither the presence nor the binding of 14-3-3ζ changed Tau condensate
maturation. This suggested that the progressive loss of Tau mobility in con-
densates depended on Tau:Tau and not Tau:14-3-3 interactions, and that
Tau:14-3-3ζ condensates could still catalyze Tau aggregation.

Discussion
Regulation of Tau MT binding via 14-3-3 binding competition
Binding and stabilization of axonal MTs are the canonical functions of
Tau78,79, derived from the high affinity of Tau to MTs both in vitro and in
cells. Tau phosphorylation in the microtubule binding regions, which is
largely comprised of TauRD, is generally assumed to be sufficient for Tau
dissociation from MTs19. Our data suggest that, in vitro and in neurons,
phospho-Tau can remain bound toMTs as long as it is not phosphorylated
at themain 14-3-3 binding sites, pS214 andpS324, in the presenceof 14-3-3.
Phosphorylation at these sites increases the affinity of phospho-Tau to 14-3-
3, thereby allowing14-3-3 to “scavenge”TaupS214/pS324 from theMTsurface.
The exchange of Tau molecules between MTs and 14-3-3 appears to be
tightly regulated, given the opposition in binding affinity; non-
phosphorylated Tau has a high affinity to MTs (KD < 1 μM)9,65 but does
not bind 14-3-3ζ (Fig. 2), while the MT affinity of PKA-Tau is decreased
(KD ≈ 10 μM66) but its 14-3-3 affinity is increased (KD ≈ 1 μM; Fig. 2). This
interplay would limit the availability of unbound, aggregation-prone
phospho-Tau in the cytosol and also ensure that phospho-Tau can effi-
ciently leave the MT surface, for example, to allow for physiological MT
dynamics (Fig. 7). These findings support our hypothesis that Tau-MT
binding appears to relay not only on Tau phosphorylation but also on the
presence of phospho-Tau binding partners, like 14-3-3.

It is important tobe aware thatTaumolecules canbephosphorylated at
many sites and that each molecule may carry a differential pattern of
approximately eight phosphorylations21 and/or other PTMs16, which may
all influence Tau’s binding to other molecules, including different 14-3-3
isoforms andMTs. Previous studies showed that PKAphosphorylation first
introduces pS214, then, simultaneously, pS324, pS356, pS409, and pS416,
and to a lower degree, pS262 and other sites22. pS214 and pS324, and to a
lesser degree pS356 (having an approximately fourfold lower individual
binding affinity than the other two), aremainly relevant for 14-3-3 binding.
Excess phosphorylation by PKA was shown to weaken the affinity of
individual Tau:14-3-3 interaction sites (e.g., pS324, pS356, and pS409), but
the affinities of pS214 and the overall affinity between 14-3-3 and Tau
seemed to be not much altered by higher PKA phosphorylation. Accord-
ingly, we found that PKA phosphorylated phospho-null mutants lacking
phosphorylation at pS214 and pS324 (Tau S214A/S324A) lose their ability
to bind 14-3-3, however, they retain their MT binding, notably, while still
being phosphorylated at other PKA target.

Additionally, the Tau:14-3-3/Tau:MT interaction balance is likely
further tuned by other, non-PKA PTMs. Tau phosphorylation at common

Table1 |Datacollectionand refinementstatisticsof thecrystal
structure

PDB 8QDV

Protein 14-3-3ζΔc

Peptide/Ligand TaupS214/pS324

Beam ESRF ID23-1

Data collection

Wavelength (Å) 0.972425

Space group C 1 2 1

Cell dimensions

a, b, c (Å) 152.45; 59.90; 146.67

α, β, γ (°) 90.00; 113.18; 90.00

Resolution (Å) 137.59-2.50

I / σ(I) 8.1 (1.3)

Completeness (%) 99.6 (99.9)

Redundancy 3.8 (3.6)

CC1/2 0.996 (0.837)

Refinement

No. reflections 43216

Rwork/Rfree 0.216/0.252

No. atoms

Protein (Chain A, B, E, G) 3542, 3474, 3360, 3473

Peptide (Chain C, F) 213, 204

Water 5

B-factors

Protein (Chain A, B, E, G) 71.9, 82.7, 89.4, 95.1

Peptide (Chain C, F) 95.7, 107.7

Water 66.4

R.m.s. deviations

Bond lengths (Å) 0.0053

Bond angles (°) 1.127

Ramachandran

favored (%) 99

outliers (%) 0.00

Statistics for the highest-resolution shell are shown in parentheses.
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phosphorylation sites outside of the TauRD, introduced by CDK5 (mainly
pS202, pT205, pS235, and pS40480) and Fyn (pY1881), did not catalyze 14-3-
3 binding, but were elsewhere reported to reduce MT binding13. To which
extend Tau PTMs other than pS214 and pS324 tune the Tau:14-3-3/
Tau:MT interaction balance—an thereby impact Tau aggregation—needs
further investigation. Additionally, Tau:14-3-3 interactions can also be
tuned through modifications on 14-3-322.

Onemay also consider that an excess of 14-3-3 could cause a depletion
of Tau from the MT surface and, hence, a destabilization of the MT
cytoskeleton. Similar observations have been made upon 14-3-3σ over-
expression in cells and primary neurons60. Such effects of high 14-3-3
expression may have multiple reasons, given that 14-3-3 proteins are
important hubs in cell biology that regulate the activity and availability of
many proteins. For example, other studies showed that stabilizing 14-3-3
interactions using fusicoccin-A negatively affects the stress response reg-
ulator GCN1 and thereby improves axon outgrowth and regeneration in
cultured neurons andmouse brain35. Tau phosphorylation is generally high
in these conditions, i.e., in immature neurons17 with axon outgrowth and in
injured neurons82, which may favor Tau binding to 14-3-3 proteins and
other chaperoning proteins instead ofMTs, thereby contributing to theMT
dynamics necessary during axon outgrowth and repair.

Inhibition of Tau condensation and aggregation by 14-3-3
Whenbinding,14-3-3ζ inhibits invitroTauamyloidaggregation (Fig. 6a49,51,83)
as well as condensation (Fig. 474). In contrast, 14-3-3 enhanced Tau aggre-
gationundernon-bindingconditions andpromotedTaucondensationat sub-
stoichiometric 14-3-3 dimer concentrations and in non-binding conditions
(i.e., non-phosphorylated Tau or PKA-TauS214A/S324A). “Maturation” of Tau
condensates and the accompanying risk of producing seeding-competent Tau
species3 was not prevented by 14-3-3ζ. This suggests that, in order to prevent

Tau condensation/aggregation, sufficient 14-3-3molecules need to be present
in the cytosol to complex TaupS214/pS324. Accordingly, reduced 14-3-3 levels,
increased (phospho-)Tau levels, and deregulated Tau PTMs—as observed in
AD54—would increase the risk for uncontrolled cytosolic Tau condensation,
condensate maturation, and eventually Tau seed formation.

To robustly prevent condensation and aggregation of Tau not binding
14-3-3, Tau needs to be chaperoned by other binding partners of similar or
higher abundance and/or binding strength. In this regard, binding of Tau to
MTs—its main cellular binding partner—may act as a sink for Tau that
cannot be bound by 14-3-3, for example, due to the lack of phosphorylation
at S214 and S324, or by other chaperones.

Regulation of Tau solubility via 14-3-3 client competition
Whether phosphorylated at S214 and S324 or not, the cellular pool of Tau
available for condensation and aggregation can be influencedby the binding
competition between 14-3-3 clients. Here, PKA-Tau and the pS2 Tau
phospho-peptide seem to influence each other’s solubility (liquid-con-
densed vs. free soluble) basedon their availability for 14-3-3binding. Similar
competition between Tau and many other competing 14-3-3 binding
partners, including a number of condensing72 and aggregating84–86 proteins,
could indirectly influence the condensation of each other. Cellular pro-
pathological Tau condensation and aggregation could, thus, be tuned not
only by its own phosphorylation at S214 and S324 but also by phosphor-
ylation and availability of other 14-3-3 clients. Furthermore, since 14-3-3
bound to one client could co-condense with other clients, 14-3-3 proteins
may generate phase-separated catalytic hubs.

Structural underpinnings of Tau binding to 14-3-3
The structure and binding mode of 14-3-3ζ dimers in complex with the pS2
peptide in this study were comparable to previous studies using other 14-3-3

Fig. 6 | 14-3-3ζ inhibits Tau amyloid aggregation but not condensate poly-
merization. a Thioflavine-T (ThioT) assay of pro-aggregant FTD-mutant TauΔK280

or PKA-TauΔK280 aggregation (triggered with heparin) in the absence and presence of
14-3-3ζ. N = 3 experimental replicates, with each 3 technical replicates. Data shown
normalized to the respective conditionswithmaximum fluorescence (TauΔK280 + 14-
3-3ζ or PKA-TauΔK280) as SDband. b FRAPof Tau variants (10 μMTauwith 2%Tau-
Dylight488) and 14-3-3ζ (5 μM 14-3-3ζ with 2% 14-3-3ζ-DyLight650). N = 7-13
condensates per condition from three experiments. Data shown as mean ± SEM

band. c Representative images of condensates formed from fluorescently-labeled
Tau variants and 14-3-3ζ right before and after photobleaching and after 40 s of
recovery. Condensates formed in 25 mM HEPES, 1 mM DTT, pH 7.4, in the pre-
sence of 5% PEG. Scale bars = 5 μm. d FRAP of “maturing” Tau and PKA-Tau
condensates (10 μM;Tauwith 2%Tau-Dylight488) formed in 25 mMHEPES, 1 mM
DTT, pH 7.4, 5% PEG and with or without 14-3-3ζ (0 or 5 μM; with 2% 14-3-3ζ-
DyLight650). Condensates were analyzed at 2 and 6 h after formation. N = 9–20
condensates per condition from three experiments. Data shown as SEM band.
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isoforms andTau constructs22,44,60. Extrapolation of the pS2:14-3-3 structure to
full-length TaupS214/pS324 indicates that 14-3-3 binding would cover and con-
formationally restrict large parts of the TauRD. This is in line with previous
observations usingNMR22. TauRDmediatesTau’s binding toMTs14,87,88, but it
also comprises the hexapeptide amino acid motifs relevant for Tau
aggregation8,89,90, builds the core of AD and FTD amyloid fibrils62,63, and is
important for Tau condensation70,91. In addition, condensation of the intrin-
sically disordered protein Tau may require molecular flexibility and
expansion92 that may be hindered upon binding to 14-3-3. It is important to
note that thepS2phospho-peptide used in this study consisted ofTaupeptides
around the two phospho-sites important for binding, connected by an artifi-
cial, short (11 aa, ~3 nm) andunstructured linker. In full-lengthTau, however,
the same peptides are connected by ~100 aa (also largely unstructured with
some beta-structure93). This, to some extent, limits our interpretation of the
binding affinity of pS2 to 14-3-3, which may bind more or less strongly than
full-length TaupS214/pS324. Thermal stability assays indicated that full-length
PKA Tau may bind even stronger to 14-3-3ζ than the pS2 peptide. It is
nevertheless clear that these two phospho-sites are important to the binding of
14-3-3ζ to Tau, and the interaction of 14-3-3ζ with the TauRD explains its
compound impact on Tau MT binding, aggregation, and condensation.

Relevance of 14-3-3 for Tau brain pathology
Tau protein aggregation is a pathological hallmark in >20 neurodegenera-
tive brain diseases. Although numerous factors—mutations, PTMs, and
polyanionic co-factors—can seemingly increase Tau aggregation, it is
unclear what promotes the high solubility and prevents the aggregation of
Tau in healthy neurons, notably, despite the rather high physiological
concentration of Tau (~2 μM1–3). Our data show that phospho-site
dependent and specific, stoichiometric binding of 14-3-3 can keep Tau in

solution by actively preventing its assembly into liquid-like condensates and
amyloid-like fibrils (Fig. 6). This could explain why in the healthy brain,
where most Tau molecules are somehow phosphorylated94, cytosolic
phospho-Tau aggregation and condensation is efficiently prevented. InAD,
where 14-3-3 proteins are reduced54 and Tau phosphorylation is generally
increased, insufficient complexation of phospho-Tau by 14-3-3 could allow
the accumulation of aggregation-capable free phospho-Tau in the cytosol.
Increasing 14-3-3:Tau binding may contribute to prevent aberrant Tau
aggregation as a therapeutic approach.

Our data show that fusicoccin, a molecule non-specifically increasing
14-3-3 interactions with its clients, including Tau, increased levels of cyto-
solic soluble Tau and reduced the number of neurons developing Tau
aggregates. Designing “molecular glues” that specifically stabilize 14-3-
3:Tau interactions, facilitating Tau solubility even in situations of otherwise
reduced protein homeostasis, could reduce Tau aggregation in the brain.
In fact, similar approaches may also be explored for neurodegenerative
conditions involving other condensing and aggregating client proteins of
14-3-3, for example, α-synuclein in Parkinson’s disease58,84,95.

Notably, we could confirm the presence of the phospho-epitopes
important for efficient 14-3-3 binding, TaupS214 and TaupS324, in cultured
mouse neurons but not in other mammalian cells (Supplemental Fig. S5),
suggesting a possible brain tissue-specific role of 14-3-3 in promoting Tau
solubility. Whether 14-3-3 promotes Tau solubility in other tissues, such as
in kidney96 and testis97,98, needs to be tested.

In summary, our results propose a model in which 14-3-3 proteins
make an important contribution to neuronal Tau solubility. Stoichiometric,
phosphorylation-dependent binding of 14-3-3 enables dissociation of
TaupS214/pS324 from theMT surface, whichmay be important to enableMT
dynamics. At the same time, the binding of 14-3-3 ensures the solubility of

Fig. 7 | Regulation of TauMTbinding, aggregation and condensation by 14-3-3ζ.
a 14-3-3ζ dimers form stable stoichiometric complexes with Tau pS214/pS324. This
enables the efficient dissociation of Tau pS214/pS324 from MTs, which may con-
tribute to ensure MT dynamics. In addition, the formation of 14-3-3ζ:Tau pS214/
pS324 complexes prevents the aggregation of Tau in the cytosol by inhibiting
phospho-Tau assembly into fibrillar aggregates and/or liquid-like condensates. In
non-binding conditions, when Tau is not phosphorylated at S214 and S324, 14-3-3ζ
co-condenses with Tau based on multivalent electrostatic interactions. These con-
densates attach to MTs, when present, and sequesters excess Tau from the solution.
Whether 14-3-3ζ:Tau condensates have of cellular function remains to be clarified.

b Interactions of Tau and 14-3-3 in stoichiometric binding vs. condensation con-
ditions. In binding conditions, stoichiometric binding of Tau in the binding groove
of 14-3-3ζ dimers precludes Tau condensation by depleting the pool of Tau mole-
cules necessary to drive condensation. This is due to the occupation of TauRD
and the proline-rich region in Tau—domains that drive Tau condensation—by
14-3-3ζ. In non-binding-conditions, multivalent electrostatic interactions between
the 14-3-3 surface and Tau drive co-condensation. Notably, 14-3-3 dimers in
complex with Tau (or other clients) can also participate in co-condensation because
their surface charges are still accessible.
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TaupS214/pS324 in the cytosol by suppressing its condensation and amyloid
aggregation. The seemingly-less “handing-over” of Tau between the MT
surface and chaperoning 14-3-3 dimers could underlie pathological Tau
aggregation occurring when Tau phosphorylation increases and 14-3-3
levels and other complementary homeostatic mechanisms start to dete-
riorate, for example in the AD brain.

Methods
Animal experiment ethics
We have complied with all relevant ethical regulations for animal use. All
animal work was performed in accordance with the German governmental
animal welfare act and guidelines, and in compliance with Charité Berlin
and DZNE Berlin approved animal procedures. The sacrificing of mouse
pups for primary neuron preparations was done by decapitation and
approved by theGermanofficial entities based onT-CH0019/24. To reduce
animal numbers, all animal experiments were performed with a minimum
of experimental and technical repeats (3–4 experimentswith 1–3 replicates).

Primary neurons expressing eGFP-TauP301L/S320F

Primary hippocampal mouse neurons were prepared from dissected hip-
pocampi of postnatal (P0-1) wild-type mice (mus musculus, C57/B6 strain,
mixed sex) and grown under standard conditions in PDL-coated 8-well
imaging dishes (ibidi). On DIV5, neurons were AAV transduced for the
expression of EGFP-tagged mutant Tau (pAAV.CAG.EGFP-TauP301L/S320F).
Neurons were treated with BV02 (10 µM or 40 µM; #SML0140, Sigma) or
fusicoccin (50 µM; # sc-200754, Santa Cruz) on DIV8 for 48 h. On DIV10,
neuronswerefixed in4%PFA inPBS, counterstainedwithDAPI for 10min,
and imaged on a Nikon scanning Confocal A1Rsi+ or a Leica Stellaris
Falconmicroscope. A 10x air objective was used to acquire images of a large
field of view (entire well of culture dish) for quantification, and a 60x oil
objective to collect images of individual neurons.

Immunofluorescence
Primary hippocampal mouse neurons (DIV 10) were washed with PBS
beforefixationwith 4%PFA inPBS for 15min, followed by awashwithTBS
for 10min.Afterfixation, cellswere permeabilized using 0.5%Triton inPBS
for 20minand subsequently blockedwith3%NormalGoat Serum(NGS) in
PBS for 1 h at room temperature. Incubation with the primary antibodies
(mouse anti-Tau pSer202/pSer205 (AT8), Invitrogen, MN1020 (1:500));
rabbit anti-TaupS214, Abcam, ab170892 (1:1000); rabbit anti-TaupS324,
Abcam, ab109401 (1:1000); chicken anti-Map2, Abcam, ab92434 (1:1000);
rabbit anti-14-3-3, Abcam, ab51129 (1:1000)) in 3% NGS in PBS was per-
formed overnight at 4 °C. After three washes in PBS for 10min, neurons
were incubated with secondary antibodies (DyLight405 goat anti-mouse
IgG, Invitrogen, 35501BID; AlexaFluor647 goat anti-chicken IgY, Invitro-
gen, A21449; AlexaFluor555 goat anti-rabbit IgG, Invitrogen, A27039 (all
1:2000)) in 3%NGS in PBS for 2 h at room temperature. After three washes
for 10min in PBS, nuclei were counterstained with DAPI (1:1000 in PBS)
for 10min. Cells were imaged on a Nikon scanning Confocal A1Rsi+ or a
Leica Stellaris Falcon 8 microscope with a 60x oil objective. Images were
processed and quantified with ImageJ.

Co-immunoprecipitation
Primary cortical mouse neurons (DIV 9) were harvested from 6-well plates
in lysis buffer (10mM Tris/Cl pH 7.5, 150 nM NaCl, 0.5mM EDTA, 0.5%
NP40, phosphatase and protease inhibitors). Co-immunoprecipitation was
performed using magnetic ProteinG Dynabeads (Life Technologies,
10003D) following the manufacturer's protocol. In short, 30 µl bead slurry
was washed with PBS+Tween (0.02%), then incubated for 30min at room
temperature under rotation with 8 μg of one of the following antibodies:
rabbit anti-total Tau (DAKO, A0024); rabbit anti-IgG isotype control
(Millipore 12-370). Excess antibody in the supernatant was removed by
pulling out the beads using a magnet before cell lysates (250 µg protein in
500 µl lysis buffer) were added to antibody-bound ProteinG Dynabeads
overnight at 4 °C under rotation. Magnetic beads were separated from

supernatant (flow-through) using amagnet, and beadswerewashed 3xwith
lysis buffer. Elution of proteins bound to beads was performed by resus-
pending the beads in 35 µl 2xSDS sample buffer, followed by boiling at 95 °C
for 5min. Samples without beads were separated by SDS-PAGE, and WB
14-3-3 was detected by Western Blot (mouse anti-pan 14-3-3 (H-8), Santa
Cruz, sc-1657 (1:800)).

Protein purification
Allplasmidswere verifiedbySanger sequencingprior toproteinproduction.
HumanRecombinant human full-length Tau (2N4R, hTau40) andTauΔK280

were expressed in E. coli BL21 Star (DE3) (Invitrogen) cells as previously
described99 and purified following an established protocol55: Protein
expression was done in in E. coli BL21 Star (DE3) (Invitrogen) and induced
with 0.5 mM IPTG at OD600 = 0.6 for ~3 h at 37 °C. Cells were harvested,
resuspended in lysis buffer (20mM MES, 1mM EGTA, 0.2mM MgCl2,
1mM PMSF, 5mM DTT, protease inhibitors (Pierce Protease Inhibitor
Mini Tablets, EDTA-free), and lysed using a French press. After initial
purification by adding 500mM NaCl and boiling at 95 °C for 20min, cell
debris was removed by centrifugation and the supernatant was dialyzed
against low salt buffer (Buffer A: 20mMMES, 50mMNaCl, 1mMMgCl2,
1mM EGTA, 2mM DTT, 0.1mM PMSF, pH 6.8), filtered (0.22-μm
membrane filter), run through a cation exchange column (HiTrap SP
HP,5ml, GE Healthcare), and eluted with a high salt buffer (Buffer B:
20mM MES, 1000mM NaCl, 1mM MgCl2, 1mM EGTA, 2mM DTT,
0.1mM PMSF, pH 6.8). Fractions containing Tau were pooled, con-
centrated using spin column concentrators (Pierce Protein concentrators;
10–30 kDa MWCO, Thermo Fisher Scientific), and run through a size
exclusion column (Superose 6 10/300,GEHealthcare). Fractions containing
purifiedmonomeric Tauwere concentrated as before and buffer exchanged
to PBS, 1mM DTT, pH 7.4.

14-3-3 protein zeta (14-3-3ζ) and 14-3-3ζ truncated after T234 (14-3-
3ζΔC, for crystallography)were expressed inNiCo21 (DE3) competent cells
and purified as previously described following an established protocol100. All
recombinant, purified, and further modified proteins were stored aliquoted
at −80 °C.

In vitro phosphorylation of Tau
Tau protein (6–8mg/ml) was incubated in phosphorylation buffer (25mM
HEPES, 100mM NaCl, 5 mg MgCl, 2mM EGTA, 1mM DTT, Protease
Inhibitors) with recombinant PKA kinase (2500 U/mg, NEB-P600S) and
1mM ATP overnight at 30 °C and 250 rpm. To denature and remove the
kinase fromthe sample,NaClwas added to afinal concentrationof 500mM.
The protein solutionwas boiled for 10min at 95 °C, and spun at 100,000 × g
for 40min. ThephosphorylatedTau in the supernatantwas dialyzed against
phosphate-buffered saline (PBS) containing 1mMDTT, or against 25mM
HEPES, 10mM NaCl, 1 mM DTT, pH 7.4 for LLPS assays.

Cell and neuron lysates
Lysates were prepared by scraping cortical neurons (DIV9), human kidney
HEK293-T (Sigma, 12022001-1VL), humangliablastomaSH-SY5Y (Sigma,
94030304-1VL), and mouse neuroblastoma Neuro2a (Sigma, 89121404-
1VL) in RIPA buffer supplemented with protease and phosphatase inhi-
bitors (Halt phosphatase and protease inhibitor cocktail, 100X, Thermo
Fisher, 1862209), followed by centrifugation at 10,000×g for 10min to
remove cell debris. Supernatants were mixed with 6X Laemmli reducing
SDS sample buffer DTT (Thermo Fisher, J61337.AD), boiled at 95 °C for
10min and used as samples for Western blots.

Western blot
Tau variants (0.5 μg protein), cell and brain lysates (10 μg protein) were
separated by SDS-PAGE (NuPage 4–12% Bis-Tris, Invitrogen) and blotted
onto nitrocellulose membranes. The membrane was blocked with 3% BSA
in PBS containing 0.05% Tween (PBS-T) at room temperature for 1 h,
followed by the incubation with primary anti-phospho-Tau antibodies
(rabbit anti-TaupS214, Abcam, ab170892 (1:1000); rabbit anti-TaupS324,
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Abcam, ab109401 (1:5000), mouse anti-TaupS202/pT205 (AT8), Invitrogen,
MN1020 (1:1000)) or and anti-total Tau antibody (rabbit anti-human Tau,
Dako, A0024 (1:5000)) diluted in 3% BSA in PBS-T overnight at 4 °C. After
washing with PBS-T, membranes were incubated with HRP-conjugated
secondary antibody (goat anti-rabbit IRDye680 and goat anti-mouse
IRDye800, LI-COR (1:10000)) in 3% BSA in PBS-T for 1–2 h at room
temperature, washed in PBS-T, and then imaged on a LI-COR ODYSSEY.

Tau peptides
Acetylated and fluorescein (FITC)-labeled Tau peptides for crystallography
and fluorescence anisotropy were purchased from GenScript (sequences:
mono-phospho-Tau pS214: SRTP{pSER}LPTPPTRE; mono-phospho-Tau
pS324: VTSKCG{pSER}LGNIHHK; bi-phospho pS2 peptide: SRTP{pSER}
LPTPPTREGGGSGGGSGGGVTSKCG{pSER}LGNIHHK).

Fluorescence anisotropy assay (FA)
14-3-3ζwas titrated in a twofold dilution series (starting at 400 μM14-3-3ζ)
to 10 nM of fluorescein-labeled peptide (TaupS214, TaupS324, TaupS214/pS324
(=pS2)) in FA buffer (10mMHEPES pH 7.4, 150mMNaCl, 50 µMTCEP,
0.1% (v/v) Tween20, 0.1% (w/v) BSA). Dilution series were made in poly-
styrene low-volume 384-well plates (Corning #4514, Black Round Bottom).
Measurements were performed directly after plate preparation, using a
Tecan SPARK plate reader at room temperature (λex: 485 ± 20 nm; λem:
535 ± 25 nm; mirror: automatic; flashes: 30; settle time: 1ms; gain: optimal;
Z-position: calculated fromwell).Wells containing only fluorescein-labeled
peptide were used to set the G-factor, calibrated from these wells. All data
were analyzed using GraphPad Prism (10.0.1) and fitted with a four-
parameter logisticmodel (4PL) to determine binding affinities (dissociation
constant, KD). All results are based on three independent experiments from
which the average and standard deviations for each KD were determined
using Excel. Tau competition assays were performed in a similar way but
using full-length Tau constructs (WT, PKA-WT, PKA-TauS214A, PKA-
TauS324A, and PKA-TauS214A/S324A) titrated in a twofold dilution series
(starting from 50 μM) to 1 μM 14-3-3ζ and 10 nM fluorescein-labeled
TaupS214/pS324 peptide.

Differential scanning fluorimetry (DSF)
DSF was performed using 40 μl samples containing 2.5 µM 14-3-3ζ and
25 μM Tau and 5x ProteoOrange (Lumiprobe, 5000x stock in DMSO) in
10mM HEPES, 150mM NaCl, 50 μM TCEP (pH 7.4). The samples were
heated from 35 to 79 °C at a rate of 0.3 °C per 15 s in a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad). Fluorescence intensity was deter-
mined using excitation (λem = 525/20 nm) and emission (λex = 570/20 nm)
filters. Basedon thesemelting curves, thenegative derivativemelting curve is
obtained from which the melting temperature Tm was determined. All
described melting temperatures are based on three independent experi-
ments, from which the average and standard deviations were determined.

Microtubule pelleting assay
To assess the binding of Tau to MTs, we used a MT binding protein spin-
down assay kit (#BK029, Cytoskeleton, Inc.) according to the manu-
facturer’s instructions. Briefly,MTs were assembled from soluble tubulin in
MT assembly buffer (80mM PIPES pH 7.0, 2 mMMgCl2, 0.5 mM EGTA)
at 35 °C for 20min and stabilized with Taxol, yielding a concentration of
~5 × 1011 MT/ml. For MT binding, 0.4 μg recombinant Tau (Tau or PKA-
Tau) with or without 1 μg 14-3-3ζ were incubated with 20 μl preformed
MTs for 30min. Prepared reactions (50 μl) were carefully added on top
100 μl cushion buffer (80mM PIPES pH 7.0, 1mM MgCl2, 1mM EGTA,
60% glycerol) in small ultracentrifuge tubes (#343775, Beckmann) and
centrifuged at 100,000×g at room temperature for 40min. After cen-
trifugation, supernatant (50 μl) and pellet were separated, and SDS sample
buffer was added. Samples were analyzed by SDS-PAGE and western blot
using anti-total human Tau (#835201, Biolegend), 14-3-3 (#ab51129,
Abcam), and α-tubulin (#T6074, Sigma) antibodies.

In vitro microtubule bundle formation
Bovine tubulin (5 μM total tubulin, 10% Alexa594-labeled tubulin (PUR-
032005 andPUR-059405, PurSolutions) and1mMGTP in freshlyprepared
and filteredpolymerization buffer (BRB80, 1 mMDTT, pH6.8) were added
to Tau (25 μM; 2% DyLight488-Tau) with and without 14-3-3ζ (12.5 μM;
2% DyLight650-14-3-3ζ) and in the presence of 5% (w/v) PEG-8000. After
45min, samples were pipetted into multi-well glass-bottom dishes (μ-Slide
Angiogenesis glass-bottomdishes, Ibidi) andMTbundles, Tau, and 14-3-3ζ
were imaged using a confocal spinning disc microscope (CSU-X, Nikon)
with a 60x oil objective.

14-3-3ζ X-ray crystallography data collection and refinement
binary structure
The 14-3-3ζΔC protein and the acetylated TaupS214/pS324 peptide were dis-
solved in complexation buffer (20mM HEPES pH 7.5, 2mM MgCl2, and
100 μMTCEP) andmixed in a 1:1molar stoichiometry (protein:peptide) at
a final protein concentration of 15mg/ml. The complex was set up for
sitting-drop crystallization, and crystals were grown within 1month at 4 °C
in 0.2M sodium fluoride, 0.1M bis-tris propane, pH 6.5, 20% w/v PEG
3350. Crystals were fished and flash-cooled in liquid nitrogen. X-ray dif-
fraction (XRD) data were collected at the European Synchrotron Radiation
Facility (ESRF) beamline ID23-1, Grenoble, France. autoPROC software
(version 1.1.7) was used to index and integrate the diffraction data101. The
data were further processed using the CCP4i2 suite (version 8.0.002)102.
Scaling was performed using AIMLESS103,104. MolRep105,106 was used for
phasing, using PDB ID 5D2D as a template. REFMAC (version 5)107,108 was
used for initial structure refinement. Correct peptide sequences were
modeled in the electron density in COOT (version 0.9.8.1)109. Alternating
cycles ofmodel improvement and refinementwere performed usingCOOT
and REFMAC. Figures were generated with PyMOL (version 2.5.2). 2Fo-Fc
electron density maps were contoured at 1σ. See Table 1 for XRD data
collection, structure determination, and refinement statistics. The structures
were submitted to the PDB with IDs: 8QDV.

Fluorescent labeling of Tau and 14-3-3ζ
Fluorescent labeling of Tau and 14-3-3ζ protein for microscopy assays was
done using amine-reactive DyLight405 or DyLight488-NHS ester (Thermo
Scientific) following the manufacturer's instructions and the established
protocol55. In brief, the dyes were warmed up to room temperature and
dissolved in water-free DMSO to a final concentration of 10 μg/μl, then
added in a fivefold molar excess to the protein in PBS containing 1mM
DTT. The labeling reaction was done for 2 h at room temperature at 250
rpm shaking. Excess dye was removed by dialysis (Pur-A-Lyzer Mini Dia-
lysis tubes, Sigma-Aldrich; MWCO 12–14 kDa) against PBS, pH 7.4, 1mM
DTT at 4 °C overnight. The labeling degree (amount of dye per molecule of
protein) was determined by measuring the final protein concentration and
correlating it to the maximum absorbance of the attached dye. For calcu-
lations, see the manufacturer's instructions.

Condensate formation and fluorescence microscopy
Prior to condensation assays, all proteins used were dialyzed against
25mM HEPES, 10mM NaCl, 1 mM DTT, pH 7.4 and stored at −80 °C.
LLPS of Tau (10 μM, 2% DyLight488-Tau) with 14-3-3ζ (1–20 μM, 2%
DyLight650-14-3-3z) variants was performed in 25mM HEPES, 1 mM
DTT, pH 7.4 buffer (final NaCl concentration in sample 1–5mM) in the
presence of 5% (w/vol) PEG-8000, except otherwise indicated. Directly
after LLPS induction, 2–3 μl samples were pipetted onto glass-bottom
dishes for imaging (TC-treated Miltenyi CG 1.5, diameter = 3.5 mm).
Imaging dishes were immediately closed and equipped with a
ddH2O-soaked paper tissue lining the inner edges to avoid evaporation of
the LLPS sample. Imaging was performed 1 h after droplet formation
either on a widefield epifluorescence microscope (Ti2, Nikon) or a
spinning disk confocal microscope (CSU-X, Nikon) equipped with 40x
air or 60x oil objective, respectively.
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Fluorescence recovery after photobleaching (FRAP)
Condensates (containing 2% Tau-DyLight488 and 2% 14-3-3ζ-
DyLight650) were imaged in a triggered acquisition mode before and
directly after bleaching for 40 s (round ROIs, cross sections 1–2 μM) with a
650 nm laser, followed by a 488 nm laser (90% intensity; three loops). In
each field of view, a same-sized background ROI (outside condensates) and
a non-bleached reference-ROI (inside different condensates) were mea-
sured. All FRAP measurements were background-corrected and normal-
ized to the background-corrected reference signal. FRAP experiments were
performed on a spinning disk confocalmicroscope (CSU-X,Nikon) using a
60x oil objective.

Thioflavin-T Tau aggregation assay
Tau (10 μM TauΔK280 and PKA-TauΔK280) aggregation in the presence and
absence of 14-3-3ζ (20 μM) was induced by adding heparin (0.115mg/ml,
MW = 8–25 kDa (~7 μM), Applichem) in PBS, pH 7.4, 1mM DTT.
Thioflavin-T (ThioT, 50 μM, Sigma) was added to detect the aggregation.
Samples were prepared in triplicate, pipetted into black clear-bottom 384-
well μClear plates (Greiner), and ThioT fluorescence (λEx = 440 nm,
λEm = 485 nm) was recorded in a plate reader (Infinite M Plex, Tecan)
following a 5 s shake every 15min at 37 °C.

Data analysis
Imaging data were collected, randomized, and analyzed blinded for the
experimental group whenever possible.

Statistics and reproducibility
Statistical analysis was performed usingGraphPadPrism10. In general, two
groups were compared using an unpaired, two-tailed Student’s T-test, and
one-wayANOVAwithTukeypost-testwasused for comparisonofmultiple
groups. All experiments were done in 2–4 independent experimental
replicates with n = 1–4 technical replicates each. For Information on sample
sizes and tests applied, see the figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All raw numeric source data are available in Supplementary Data 1. The
X-ray structure of 14-3-3ζ in complex with pS2 peptide is available via the
PDB with IDs: 8QDV (free access).

Received: 14 June 2025; Accepted: 16 July 2025;

References
1. Khatoon, S., Grundke-Iqbal, I. & Iqbal, K. Brain levels ofmicrotubule-

associated protein τ are elevated in Alzheimer’s disease: a
radioimmuno-slot-blot assay for nanograms of the protein. J.
Neurochem. 59, 750–753 (1992).

2. Butner, K. A. & Kirschner, M. W. Tau protein binds to microtubules
through a flexible array of distributed weak sites. J. Cell Biol. 115,
717–730 (1991).

3. Wegmann, S. et al. Tau protein liquid–liquid phase separation can
initiate tau aggregation. EMBO J. 37, e98049 (2018).

4. Goedert, M. Tau filaments in neurodegenerative diseases. FEBS
Lett. 592, 2383–2391 (2018).

5. Spillantini, M. G. & Goedert, M. Tau pathology and
neurodegeneration. Lancet Neurol. 12, 609–622 (2013).

6. Von Bergen, M., Barghorn, S., Biernat, J., Mandelkow, E. M. &
Mandelkow,E. Tauaggregation isdrivenbya transition from random
coil to beta sheet structure. Biochim. Biophys. Acta Mol. Basis Dis.
1739, 158–166 (2005).

7. Wang, Y. P., Biernat, J., Pickhardt,M.,Mandelkow, E. &Mandelkow,
E. M. Stepwise proteolysis liberates tau fragments that nucleate the
Alzheimer-like aggregation of full-length tau in a neuronal cellmodel.
Proc. Natl Acad. Sci. USA 104, 10252–10257 (2007).

8. Von Bergen, M. et al. Assembly of τ protein into Alzheimer paired
helical filaments depends on a local sequence motif
(306VQIVYK311) forming β structure. Proc. Natl Acad. Sci. USA 97,
5129–5134 (2000).

9. Gustke,N., Trinczek,B., Biernat, J.,Mandelkow,E.M.&Mandelkow,
E. Domains of τ protein and interactions with microtubules.
Biochemistry 33, 9511–9522 (1994).

10. Mukrasch, M. D. et al. The ‘jaws’ of the tau-microtubule interaction.
J. Biol. Chem. 282, 12230–12239 (2007).

11. Lindwall, G. & Cole, R. D. Phosphorylation affects the ability of tau
protein to promote microtubule assembly. J. Biol. Chem. 259,
5301–5305 (1984).

12. Schwalbe,M.etal.Phosphorylationofhumantauproteinbymicrotubule
affinity-regulating kinase 2. Biochemistry 52, 9068–9079 (2013).

13. Liu, F. et al. Site-specific effects of tau phosphorylation on its
microtubule assembly activity and self-aggregation. Eur. J.
Neurosci. 26, 3429–3436 (2007).

14. Breuzard, G. et al. Molecular mechanisms of Tau binding to
microtubules and its role inmicrotubule dynamics in live cells. J. Cell
Sci. 126, 2810–2819 (2013).

15. Dixit, R., Ross, J. L., Goldman, Y. E. & Holzbaur, E. L. F. Differential
regulation of dynein and kinesinmotor proteins by tau.Science 319,
1086–1089 (2008).

16. Wesseling, H. et al. Tau PTM profiles identify patient heterogeneity
and stages of Alzheimer’s disease.Cell 183, 1699–1713.e13 (2020).

17. Brion, J. P., Octave, J. N. & Couck, A. M. Distribution of the
phosphorylated microtubule-associated protein tau in developing
cortical neurons. Neuroscience 63, 895–909 (1994).

18. Kenessey, A. & Yen, S. H. C. The extent of phosphorylation of fetal
tau is comparable to that of PHF-tau from Alzheimer paired helical
filaments. Brain Res. 629, 40–46 (1993).

19. Noble, W., Hanger, D. P., Miller, C. C. J. & Lovestone, S. The
importance of tau phosphorylation for neurodegenerative diseases.
Front. Neurol. 4, 83 (2013).

20. Wegmann, S., Biernat, J. & Mandelkow, E. A current view on Tau
protein phosphorylation in Alzheimer’s disease. Curr. Opin.
Neurobiol. 69, 131–138 (2021).

21. Drepper, F. et al. A combinatorial native MS and LC-MS/MS
approach reveals high intrinsic phosphorylation of human tau but
minimal levels of other key modifications. J. Biol. Chem. 295,
18213–18225 (2020).

22. Crha, R. et al. Hiding in plain sight: complex interaction patterns
between Tau and 14-3-3ζ protein variants. Int. J. Biol. Macromol.
266, 130802 (2024).

23. Gong, C. X., Liu, F., Grundke-Iqbal, I. & Iqbal, K. Post-translational
modifications of tau protein in Alzheimer’s disease. J. Neural
Transm. 112, 813–838 (2005).

24. Wang, J. Z., Xia, Y. Y., Grundke-Iqbal, I. & Iqbal, K. Abnormal
hyperphosphorylation of tau: Sites, regulation, and molecular
mechanism of neurofibrillary degeneration. J. Alzheimers Dis. 33,
123–139 (2013).

25. Liu, F. et al. PKA modulates GSK-3β- and cdk5-catalyzed
phosphorylation of tau in site- and kinase-specific manners. FEBS
Lett. 580, 6269 (2006).

26. Shi, J. L. et al. Tau Becomes a more favorable substrate for GSK-3
when it is prephosphorylated by PKA in rat brain. J. Biol. Chem. 279,
50078–50088 (2004).

27. Morrison, D. K. The 14-3-3 proteins: integrators of diverse signaling
cues that impact cell fate and cancer development. Trends Cell Biol.
19, 16–23 (2009).

https://doi.org/10.1038/s42003-025-08548-0 Article

Communications Biology |          (2025) 8:1139 14

www.nature.com/commsbio


28. Obsilova, V. & Obsil, T. Structural insights into the functional roles of
14-3-3 proteins. Front. Mol. Biosci. 9, 1016071 (2022).

29. Sluchanko, N. N. Reading the phosphorylation code: binding of the
14-3-3 protein to multivalent client phosphoproteins. Biochem. J.
477, 1219–1225 (2020).

30. Stevers, L. M., de Vink, P. J., Ottmann, C., Huskens, J. & Brunsveld,
L. A Thermodynamic model for multivalency in 14-3-3 protein-
protein interactions. J. Am. Chem. Soc. 140, 14498–14510 (2018).

31. Yaffe, M. B. et al. The structural basis for 14-3-3:phosphopeptide
binding specificity. Cell 91, 961–971 (1997).

32. Boston, P. F., Jackson, P. & Thompson, R. J. Human 14-3-3 protein:
radioimmunoassay, tissue distribution, and cerebrospinal fluid
levels in patients with neurological disorders. J. Neurochem. 38,
1475–1482 (1982).

33. Berg, D., Holzmann, C. & Riess, O. 14-3-3 proteins in the nervous
system. Nat. Rev. Neurosci. 4, 752–762 (2003).

34. Shimada, T., Fournier, A. E. & Yamagata, K. Neuroprotective
function of 14-3-3 proteins in neurodegeneration. Biomed. Res. Int.
2013, 564534 (2013).

35. Kaplan, A. et al. Small-molecule stabilization of 14-3-3 protein-
protein interactions stimulates axon regeneration. Neuron 93,
1082–1093.e5 (2017).

36. Cho, E. & Park, J. Y. Emerging roles of 14-3-3γ in the brain disorder.
BMB Rep. 53, 500–511 (2020).

37. Zhang, J. & Zhou, Y. 14-3-3 Proteins in glutamatergic synapses.
Neural Plast. 2018, 8407609 (2018).

38. Cho, E., Park, J., Hwang, E. M., Kim, H. W. & Park, J. Y. 14-3-3γ
haploinsufficiency leads to altereddopamine pathway andParkinson’s
disease-like motor incoordination in mice.Mol. Brain 16, 1–18 (2023).

39. Graham, K., Zhang, J., Qiao, H., Wu, Y. & Zhou, Y. Region-specific
inhibition of 14-3-3 proteins induces psychomotor behaviors in
mice. npj Schizophr.5, 1–8 (2019).

40. Qiao, H., Foote, M., Graham, K., Wu, Y. & Zhou, Y. 14-3-3 Proteins
are required for hippocampal long-termpotentiation andassociative
learning and memory. J. Neurosci. 34, 4801 (2014).

41. Giusto, E., Yacoubian, T. A., Greggio, E. & Civiero, L. Pathways to
Parkinson’s disease: a spotlight on 14-3-3 proteins.NPJParkinsons
Dis. 7, 85 (2021).

42. Li,H. et al. 14-3-3γaffectsdynamicsand integrity of glialfilamentsby
binding tophosphorylatedGFAP. J.Cell Sci.119, 4452–4461 (2006).

43. Qureshi, H. Y. et al. Interaction of 14-3-3ζ with microtubule-
associated protein tau within Alzheimer’s disease neurofibrillary
tangles. Biochemistry 52, 6445–6455 (2013).

44. Neves, J. F. et al. Phosphorylated full-lengthTau interactswith 14-3-
3proteins via twoshort phosphorylated sequences, eachoccupying
a binding groove of 14-3-3 dimer. FEBS J. 288, 1918–1934 (2021).

45. Chen, Y. et al. 14-3-3/Tau interaction and Tau amyloidogenesis. J.
Mol. Neurosci. 68, 620–630 (2019).

46. Umahara, T. et al. 14-3-3 proteins and zeta isoform containing
neurofibrillary tangles in patients with Alzheimer’s disease. Acta
Neuropathol. 108, 279–286 (2004).

47. Layfield,R. et al. Neurofibrillary tanglesofAlzheimer’sdiseasebrains
contain 14-3-3 proteins. Neurosci. Lett. 209, 57–60 (1996).

48. Sluchanko, N. N., Seit-Nebi, A. S. & Gusev, N. B. Effect of
phosphorylation on interaction of human tau protein with 14-3-3ζ.
Biochem. Biophys. Res. Commun. 379, 990–994 (2009).

49. Sadik, G. et al. Differential interaction and aggregation of 3-repeat
and 4-repeat tau isoforms with 14-3-3ζ protein. Biochem. Biophys.
Res. Commun. 383, 37–41 (2009).

50. Hernández, F., Cuadros, R. & Avila, J. Zeta 14-3-3 protein favours
the formation of human tau fibrillar polymers. Neurosci. Lett. 357,
143–146 (2004).

51. Sadik, G. et al. Phosphorylation of tau at Ser214 mediates its
interaction with 14-3-3 protein: implications for the mechanism of
tau aggregation. J. Neurochem. 108, 33–43 (2009).

52. Sluchanko, N. N., Seit-Nebi, A. S. & Gusev, N. B. Phosphorylation of
more than one site is required for tight interaction of human tau
protein with 14-3-3zeta. FEBS Lett. 583, 2739–2742 (2009).

53. Myeku, N. et al. Tau-driven 26S proteasome impairment and
cognitivedysfunctioncanbepreventedearly indiseasebyactivating
cAMP-PKA signaling. Nat. Med. 22, 46–53 (2015).

54. Gu, Q., Cuevas, E., Raymick, J., Kanungo, J. & Sarkar, S.
Downregulation of 14-3-3 Proteins in Alzheimer’s Disease.Mol.
Neurobiol. 57, 32–40 (2020).

55. Hochmair, J. et al. Molecular crowding and RNA synergize to
promote phase separation, microtubule interaction, and seeding of
Tau condensates. EMBO J. 41, e108882 (2022).

56. Corradi, V. et al. Identificationof thefirst non-peptidic smallmolecule
inhibitor of thec-Abl/14-3-3protein-protein interactionsable todrive
sensitive and Imatinib-resistant leukemia cells to apoptosis. Bioorg.
Med. Chem. Lett. 20, 6133–6137 (2010).

57. Iralde-Lorente, L. et al. Chemically stable inhibitors of 14-3-3
protein-protein interactions derived from BV02. J. Enzym. Inhib.
Med. Chem. 34, 657–664 (2019).

58. Vinueza-Gavilanes, R. et al. Stabilization of 14-3-3 protein-protein
interactions with fusicoccin-A decreases alpha-synuclein
dependent cell-autonomous death in neuronal and mouse models.
Neurobiol. Dis. 183, 106166 (2023).

59. Sengupta, A., Liriano, J., Bienkiewicz, E. A., Miller, B. G. & Frederich,
J. H. Probing the 14-3-3 isoform-specificity profile of protein-protein
interactions stabilized by fusicoccin A.ACSOmega 5, 25029–25035
(2020).

60. Joo, Y. et al. Involvement of 14-3-3 in tubulin instability and impaired
axon development is mediated by Tau. FASEB J. 29, 4133–4144
(2015).

61. Martin, L. et al. Tau protein kinases: Involvement in Alzheimer’s
disease. Ageing Res. Rev. 12, 289–309 (2013).

62. Fitzpatrick, A. W. P. et al. Cryo-EM structures of tau filaments from
Alzheimer’s disease. Nature 547, 185–190 (2017).

63. Shi, Y. et al. Structure-based classification of tauopathies. Nature
598, 359–363 (2021).

64. Mandelkow, E. M. et al. Tau domains, phosphorylation, and
interactions with microtubules. Neurobiol. Aging 16, 355–362
(1995).

65. Illenberger, S. et al. The endogenous and cell cycle-dependent
phosphorylation of tau protein in living cells: implications for
Alzheimer’s disease.Mol. Biol. Cell 9, 1495 (1998).

66. Ebneth, A. et al. Overexpression of tau protein inhibits kinesin-
dependent trafficking of vesicles, mitochondria, and endoplasmic
reticulum: implications for Alzheimer’s disease. J. Cell Biol. 143,
777–794 (1998).

67. Hernández-Vega, A. et al. Local nucleation of microtubule bundles
through tubulin concentration into a condensed tau phase.Cell Rep.
20, 2304–2312 (2017).

68. Siahaan, V. et al. Kinetically distinct phases of tau on microtubules
regulate kinesin motors and severing enzymes. Nat. Cell Biol. 21,
1086–1092 (2019).

69. Tan, R. et al. Microtubules gate tau condensation to spatially
regulatemicrotubule functions.Nat. Cell Biol. 21, 1078–1085 (2019).

70. Ambadipudi, S., Biernat, J., Riedel, D., Mandelkow, E. &
Zweckstetter, M. Liquid-liquid phase separation of the microtubule-
binding repeats of the Alzheimer-related protein Tau.Nat. Commun.
8, 275 (2017).

71. Kanaan, N. M., Hamel, C., Grabinski, T. & Combs, B. Liquid-liquid
phase separation induces pathogenic tau conformations in vitro.
Nat. Commun. 11, 2809 (2020).

72. Segal, D. et al. A central chaperone-like role for 14-3-3 proteins in
human cells.Mol. Cell 83, 974–993.e15 (2023).

73. Carey, O. et al. Condensate formation of the human RNA-binding
protein SMAUG1 is controlled by its intrinsically disordered regions

https://doi.org/10.1038/s42003-025-08548-0 Article

Communications Biology |          (2025) 8:1139 15

www.nature.com/commsbio


and interactions with 14-3-3 proteins. J Mol Biol. 437, 169314
(2025).

74. Liu, Y. Q. et al. 14-3-3ζ participates in the phase separation of
phosphorylated and glycated tau and modulates the physiological
and pathological functions of tau. ACS Chem. Neurosci. 14,
1220–1225 (2023).

75. Zhang, X. et al. RNA stores tau reversibly in complex coacervates.
PLoS Biol. 15, e2002183 (2017).

76. Lin, Y. et al. Narrow equilibriumwindow for complex coacervation of
tau and RNA under cellular conditions. Elife 8, 1–21 (2019).

77. Lin, Y., Fichou, Y., Zeng, Z., Hu, N. Y. & Han, S. Electrostatically
driven complex coacervation and amyloid aggregation of tau are
independent processes with overlapping conditions. ACS Chem.
Neurosci. 11, 615–627 (2020).

78. Guo, T., Noble, W. & Hanger, D. P. Roles of tau protein in health and
disease. Acta Neuropathol. 133, 665 (2017).

79. Cleveland, D. W., Hwo, S. Y. & Kirschner, M. W. Physical and
chemical properties of purified tau factor and the role of tau in
microtubule assembly. J. Mol. Biol. 116, 227–247 (1977).

80. Kimura, T., Ishiguro, K. & Hisanaga, S. I. Physiological and
pathological phosphorylation of tau by Cdk5. Front. Mol. Neurosci.
7, 65 (2014).

81. Lee, G. et al. Phosphorylation of tau by fyn: implications for
Alzheimer’s disease. J. Neurosci. 24, 2304–2312 (2004).

82. Hayden, E. Y. et al. Ischemic axonal injury up-regulates MARK4 in
cortical neurons and primes tau phosphorylation and aggregation.
Acta Neuropathol. Commun. 7, 135 (2019).

83. Sluchanko, N. N. & Gusev, N. B. Probable participation of 14-3-3 in
tau protein oligomerization and aggregation. J. Alzheimer’s Dis. 27,
467–476 (2011).

84. Underwood, R. et al. 14-3-3 mitigates alpha-synuclein aggregation
and toxicity in the in vivo preformed fibril model. Acta Neuropathol.
Commun. 9, 1–16 (2021).

85. Volkening, K., Leystra-Lantz, C., Yang,W., Jaffee, H. & Strong, M. J.
Tar DNA binding protein of 43 kDa (TDP-43), 14-3-3 proteins and
copper/zinc superoxide dismutase (SOD1) interact tomodulateNFL
mRNA stability. Implications for altered RNA processing in
amyotrophic lateral sclerosis (ALS). Brain Res. 1305, 168–182
(2009).

86. Ke, Y. D. et al. Targeting 14-3-3θ-mediated TDP-43 pathology in
amyotrophic lateral sclerosis and frontotemporal dementia mice.
Neuron 112, 1249–1264.e8 (2024).

87. Goode, B. L. et al. Functional interactions between the proline-rich
and repeat regions of tau enhance microtubule binding and
assembly. Mol. Biol. Cell 8, 353–365 (1997).

88. Fischer, D. et al. Structural andmicrotubule binding properties of tau
mutants of frontotemporal dementias. Biochemistry 46, 2574–2582
(2007).

89. Von Bergen, M. et al. Mutations of tau protein in frontotemporal
dementia promote aggregation of paired helical filaments by
enhancing local β-structure. J. Biol. Chem. 276, 48165–48174
(2001).

90. Mukrasch,M.D. et al. Sitesof tau important for aggregationpopulate
β-structure and bind to microtubules and polyanions. J. Biol. Chem.
280, 24978–24986 (2005).

91. Zhang, X. et al. The proline-rich domain promotes tau liquid-liquid
phase separation in cells. J. Cell Biol. 219, 11 (2020).

92. Wen, J. et al. Conformational expansion of tau in condensates
promotes irreversible aggregation. J. Am. Chem. Soc. 143,
13056–13064 (2021).

93. Mukrasch,M.D. et al. Structural polymorphismof 441-residue tau at
single residue resolution. PLoS Biol. 7, 0399–0414 (2009).

94. Köpke, E. et al. Microtubule-associated protein tau. Abnormal
phosphorylation of a non-paired helical filament pool in Alzheimer
disease. J. Biol. Chem. 268, 24374–24384 (1993).

95. Heesink, G. et al. 14-3-3τ as a modulator of early α-synuclein
multimerization and amyloid formation. ACS Chem. Neurosci. 15,
1926–1936 (2024).

96. Vallés-Saiz, L., Peinado-Cahuchola, R., Ávila, J. & Hernández, F.
Microtubule-associated protein tau in murine kidney: role in
podocyte architecture. Cell Mol. Life Sci. 79, 97 (2022).

97. Sigala, J. et al. Immunodetection of tau microtubule-associated
protein in human sperm and testis. Asian J. Androl. 16, 927 (2014).

98. Ashman, J. B., Hall, E. S., Eveleth, J. & Boekelheide, K. Tau, the
neuronal heat-stable microtubule-associated protein, is also
present in the cross-linked microtubule network of the testicular
spermatid manchette. Biol. Reprod. 46, 120–129 (1992).

99. Barghorn, S., Biernat, J. & Mandelkow, E. Purification of
recombinant tau protein and preparation of alzheimer-paired helical
filaments in vitro.Methods Mol. Biol. 299, 35–51 (2005).

100. Somsen, B. A. et al. Functional mapping of the 14-3-3 hub protein as a
guide to design 14-3-3 molecular glues. Chem. Sci. 13, 13122–13131
(2022).

101. Vonrhein, C. et al. Data processing and analysis with the autoPROC
toolbox. Acta Crystallogr. D. Biol. Crystallogr. 67, 293–302 (2011).

102. Potterton, L. et al. CCP4i2: the new graphical user interface to the
CCP4 program suite. Acta Crystallogr. D. Struct. Biol. 74, 68–84
(2018).

103. Evans, P. R. An introduction to data reduction: space-group
determination, scaling and intensity statistics. Acta Crystallogr. D.
Biol. Crystallogr. 67, 282–292 (2011).

104. Evans, P. R. & Murshudov, G. N. How good are my data and what is
the resolution? Acta Crystallogr. D Biol. Crystallogr. 69, 1204–1214
(2013).

105. Vagin, A. & Teplyakov, A. Molecular replacement with MOLREP.
Acta Crystallogr. D Biol. Crystallogr. 66, 22–25 (2009).

106. Lebedev, A. A., Vagin, A. A. &Murshudov, G.N.Model preparation in
MOLREP and examples of model improvement using X-ray data.
Acta Crystallogr. D Biol. Crystallogr. 64, 33–39 (2007).

107. Murshudov, G. N. et al. REFMAC5 for the refinement of
macromolecular crystal structures. Acta Crystallogr. D. Biol.
Crystallogr. 67, 355–367 (2011).

108. Kovalevskiy, O., Nicholls, R. A., Long, F., Carlon, A. &Murshudov,G.
N. Overview of refinement procedures within REFMAC 5: Utilizing
data from different sources. Acta Crystallogr. D. Struct. Biol. 74,
215–227 (2018).

109. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D. Biol. Crystallogr. 66,
486–501 (2010).

Acknowledgements
We thank Michelle Arkin (UCSF) for stimulating discussions. The
crystallography data collection was performed at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. We would like
to thank Lindsay McGregor for assistance in using beamline ID23-1.
Beamtime was allocated for proposal MX-2407 (https://doi.org/10.
15151/ESRF-ES-1006014569). Microscopy was performed at the
AMBIO imaging core of the Charité University Berlin, and at the imaging
core of the MDC-BIMSB (Leica Stellaris Falcon setup). AAVs were pro-
duced at the viral core facility (VCF) of the Charité University Berlin. S.W.
received funding from the German Research Foundation (DFG) in the
priority program SPP2191 (project 419138680), the Hertie Foundation
(project P1200002), the Alzheimer's Association (AARG-22_972303), and
the DZNE in the Helmholtz Association. L.B. received funding from the
European Union through ERC Advanced Grant PPI-Glue (101098234)
and the Netherlands Ministry of Education, Culture and Science (Gravity
program 024.001.035). Views and opinions expressed are, however,
those of the authors only and do not necessarily reflect those of the
European Union or the European Research Council. Neither the
European Union nor the granting authority can be held responsible for

https://doi.org/10.1038/s42003-025-08548-0 Article

Communications Biology |          (2025) 8:1139 16

https://doi.org/10.15151/ESRF-ES-1006014569
https://doi.org/10.15151/ESRF-ES-1006014569
www.nature.com/commsbio


them. C.O. received funding from the Netherlands Organization for
Scientific Research (NWO) through OCENW.KLEIN.300_10393. R.P.-L.
was supported through a research fellowship from the Alexander von
Humboldt Foundation.

Author contributions
J.H. performed in vitro LLPS and aggregation, FRAP, and MT imaging
experiments, drafted initial Figures, and helped write the manuscript.
M.C.M.v.d.O. determined the crystal structure of 14-3-3ζ in complex with
pS2, performed fluorescence anisotropy and thermal stability measure-
ments, and helped write the manuscript. L.R. performed in vitro condensa-
tion assays and edited the manuscript. L.D., R.P-L., R.S., and G.N.
performed neuron experiments. L.D. performed MT pelleting assays and
helped review the manuscript. L.L. helped with LLPS experiments and
designed the 14-3-3ζmutant. E.S. cloned and generated the FTD-mutant
Tau AAV. M.F. helped with cell lysate analysis. S.M. helped with data ana-
lysis and reviewing the manuscript. C.O. helped supervise experiments,
provided funding, and reviewed the manuscript. L.B. designed the study,
provided funding, supervised the team at the University Eindhoven, and
reviewed the manuscript. S.W. designed the study, provided funding,
supervised the team at DZNE Berlin, and wrote and reviewed the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
Christian Ottman and Luc Brunsveld are both co-founders of Ambagon
Therapeutics. ChristianOttmann is currently employee and LucBrunsveld is
currently advisor of Ambagon Therapeutics.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-025-08548-0.

Correspondence and requests for materials should be addressed to
Luc Brunsveld or Susanne Wegmann.

Peer review information Communications Biology thanks the anonymous
reviewers for their contribution to the peer review of this work. Primary
Handling Editors: Laura Rodríguez Pérez. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s42003-025-08548-0 Article

Communications Biology |          (2025) 8:1139 17

https://doi.org/10.1038/s42003-025-08548-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Stoichiometric 14-3-3ζ binding promotes phospho-Tau microtubule dissociation and reduces aggregation and condensation
	Results
	14-3-3 binding suppresses Tau aggregation in neurons
	Efficient 14-3-3ζ binding depends on Tau phosphorylation at residues S214 and S324
	14-3-3ζ binding enables dissociation of PKA-Tau from microtubules
	14-3-3ζ co-condenses with non-binding Tau on microtubules
	Stochiometric binding of 14-3-3ζ inhibits PKA-Tau condensation
	Tau:14-3-3ζ condensation depends on Tau availability and electrostatic interactions
	14-3-3ζ binding prevents Tau amyloid aggregation but not condensate maturation

	Discussion
	Regulation of Tau MT binding via 14-3-3 binding competition
	Inhibition of Tau condensation and aggregation by 14-3-3
	Regulation of Tau solubility via 14-3-3 client competition
	Structural underpinnings of Tau binding to 14-3-3
	Relevance of 14-3-3 for Tau brain pathology

	Methods
	Animal experiment ethics
	Primary neurons expressing eGFP-TauP301L/S320F
	Immunofluorescence
	Co-immunoprecipitation
	Protein purification
	In vitro phosphorylation of Tau
	Cell and neuron lysates
	Western blot
	Tau peptides
	Fluorescence anisotropy assay (FA)
	Differential scanning fluorimetry (DSF)
	Microtubule pelleting assay
	In vitro microtubule bundle formation
	14-3-3ζ X-ray crystallography data collection and refinement binary structure
	Fluorescent labeling of Tau and 14-3-3ζ
	Condensate formation and fluorescence microscopy
	Fluorescence recovery after photobleaching (FRAP)
	Thioflavin-T Tau aggregation assay
	Data analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




