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Disease-Associated Tau Phosphorylation Hinders Tubulin Assembly
within Tau Condensates
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Abstract: Cellular condensation of intrinsically disordered
proteins (IDPs) through liquid–liquid phase separation
(LLPS) allows dynamic compartmentalization and regulation
of biological processes. The IDP tau, which promotes the
assembly of microtubules and is hyperphosphorylated in
Alzheimers disease, undergoes LLPS in solution and on the
surface of microtubules. Little is known, however, about the
influence of tau phosphorylation on its ability to nucleate
microtubule bundles in conditions of tau LLPS. Herein, we
show that unmodified tau as well as tau phosphorylated at
disease-associated epitopes condense into liquid-like droplets.
Although tubulin partitioned into and reached high concentrations inside all tau droplets, it was unable to grow into
microtubules form the inside of droplets formed by tau
phosphorylated at the AT180 epitope (T231/S235). In contrast,
neither phosphorylation of tau in the repeat domain nor at its
tyrosine residues inhibited the assembly of tubulin from tau
droplets. Because LLPS of IDPs has been shown to promote
different types of cytoskeletal assembly, our study suggests that
IDP phosphorylation might be a broadly used mechanism for
the modulation of condensate-mediated cytoskeletal assembly.

Cells contain compartments that are linked to a diverse set
of biochemical functions and pathological processes but are
not surrounded by membranes.[1] Many of these membraneless organelles form by LLPS of IDPs. Condensation of IDPs
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centration inside the condensates. In addition, enzymes and
other factors are recruited to membrane-less organelles,
changing both the basic biophysical properties of membrane-less organelles and allowing for their energy-dependent
regulation.[2]
The IDP tau promotes the assembly and bundling of
microtubules (MTs), protects MTs from depolymerization,[3]
drives neurite outgrowth,[4] and is critical for cell polarity.[5] In
addition, tau can locally nucleate MT assembly from noncentrosome sites in cells.[6] The ability to locally nucleate MT
assembly has been linked to LLPS of tau:[7] tubulin efficiently
partitions into tau droplets and thus drives nucleation of
MTs.[8] In addition, tau forms liquid-like condensates on the
surface of MTs, regulating the movement of MT-associated
motors and fending off enzymes that would cut up tubulin
strands.[9] Little is known, however, about the influence of
post-translational modifications on taus ability to nucleate
MT bundles from condensed phases. Using a combination of
LLPS experiments, tubulin polymerization assays, sitedirected mutagenesis, proline-directed phosphorylation and
NMR spectroscopy we herein show that disease-associated
phosphorylation of tau at T231 perturbs the binding of taus
proline-rich region P2 to tubulin and blocks tubulin assembly
within tau condensates.
Microscopy showed that the 441-residue isoform of tau
(hTau40) formed spherical droplets in the presence of 10 %
dextran (Figure S1a). The droplets were sensitive to ionic
strength and the aliphatic alcohol 1,6-hexanediol (Figure S1b), that is, they fulfill characteristics of LLPS. In
addition, the shorter 352-residue isoform of tau (hTau23)
underwent LLPS in the presence of dextran (Figure S1c).
Next, we incubated hTau40 with catalytic amounts of the
cyclin-dependent kinase 2 (Cdk2), which phosphorylates tau
at several residues (Figure 1 a, S2a,b), including T231/S235, an
epitope recognized by the monoclonal antibody AT180 in
insoluble tau deposits in patient brains.[10] pTau(Cdk2) formed
spherical condensates in the presence of dextran (Figure 1 b
and S2c). The pTau(Cdk2) droplets fused and dissolved at
increasing ionic strength or with hexanediol (Figure 1 b,c and
Figure S2d,e). The intra-droplet diffusion of Cdk2-phosphorylated hTau40 was similar to that of the unmodified
protein (Figure 1 d). Because Cdk2 not only phosphorylates
T231 and S235, but also other sites (Figure 1 a, S2b), we
prepared a mutant tau, in which T231 and S235 were replaced
by glutamate to mimic AT180-specific phosphorylation. The
mutant protein hTau23(T231E, S235E) formed spherical
condensates, which were sensitive to addition of NaCl and
dissolved in the presence of 5–10 % 1,6-hexanediol, which
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Figure 1. LLPS of tau phosphorylated at disease-associated epitopes. a) 1H-15N chemical shift perturbation of hTau40 upon Cdk2 phosphorylation
identifying sites of phosphorylation. b,c) pTau(Cdk2) (25 mm) forms liquid-like droplets that dissolve upon addition of 1,6-hexanediol (b) or with
increasing ionic strength (c). Scale bars, 10 mm. d) FRAP of 50 mm pTau(Cdk2) (pink) and hTau40 (black). FRAP curves are averaged from four
individual measurements; error bars represent standard deviation. e) /S235E-mutant hTau23 (50 mm) forms liquid-like droplets that dissolve with
increasing ionic strength (left), or the addition of 1,6-hexanediol (right). Scale bars, 10 mm. Top panel, domain organization of hTau23 mutated at
T231E and S235E.

confirmed that they display characteristics of LLPS (Figpartitioning of tubulin into a tau condensate provides an
ure 1 e).
efficient mechanism for MT nucleation.
Tau lowers the critical concentration for tubulin polymerPrevious studies have shown that phosphorylation of tau
ization.[3, 11] In agreement with previous studies, which showed
at the AT180-epitope can interfere with tau-promoted tubulin
that MT growth does not occur spontaneously at 25 8C but requires nucleation,[11] we did not observe polymerization of tubulin when mixed at room
temperature with GTP and hTau40 (Figure S3a). Thus, under these solution
conditions the concentrations of tubulin
and tau are not sufficient for MT
assembly. Because a key property of
LLPS is the formation of a highly concentrated phase, we repeated the experiment, but first forming droplets of
hTau40 through addition of dextran
and then adding tubulin and GTP.
Fluorescence microscopy showed that
the added tubulin concentrated inside
the hTau40 droplets (Figure 2 a and Figure S3b). In addition, the droplets
deformed and small MT filaments
started to grow from the droplets.
Indeed, within 30 minutes long MT
bundles were observed under the microscope (Figure 2 a). In the absence of
hTau40, no MTs formed when 10 %
dextran was present (Figure S3c). The Figure 2. AT180-phosphorylation blocks nucleation of MT filaments inside tau droplets. a) DIC
observations are consistent with the and fluorescence microscopy of the growth of MTs from performed hTau40 (25 mm) droplets
upon addition of tubulin (10 mm) and GTP; scale bars, 10 mm. b) Microscopy of pTau(Cdk2)
previously reported partitioning of tubudroplets into which tubulin partitions but no MTs are formed in the presence of GTP; scale
lin into tau droplets and the subsequent bars, 10 mm. c) LLPS of hTau40, hTau23 and hTau23 (T231E/S235E) and the assembly of tubulin
polymerization of tubulin from the tau- into MTs in the case of the wild-type proteins but not for the hTau23 mutant that mimics
dense phase.[8] The data show that AT180-phosphorylation. Scale bars, 10 mm.
Angew. Chem. Int. Ed. 2021, 60, 726 –730
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polymerization.[10c] Because the concentration of tubulin in
hTau40 droplets is increased (Figure S3b),[8] we asked if
partitioning of tubulin into pTau(Cdk2) condensates overcomes this inhibitory effect. We therefore added tubulin and
GTP to a solution with preformed pTau(Cdk2) droplets.
Fluorescence microscopy showed that tubulin efficiently
partitioned into the pTau(Cdk2) droplets (Figure 2 b, S3b).
Notably, the concentration of pTau(Cdk2) inside the droplets
was higher than for the unmodified protein, in agreement
with an increased LLPS-propensity of tau upon phosphorylation.[7a,b, 8] Strikingly, however, tubulin did not grow into
MTs from pTau(Cdk2) droplets (Figure 2 b). We then
repeated the experiments with twice the pTau(Cdk2) concentration (Figure S3d), but no MT assembly was observed
(Figure S3e). In addition, Cdk2-phosphorylation of hTau23
inhibited tubulin polymerization from droplets (Figure S3f,g).
Consistent with these results, tubulin partitioned into preformed hTau23(T231E, S235E)-droplets, but did not polymerize into MTs (Figure 2 c). The experiments show that even
high concentrations of tubulin inside of tau condensates are
not sufficient for MT formation when tau is phosphorylated at
the AT180 epitope.
We then asked whether the impaired MT nucleation
inside tau droplets is specific to AT180-phosphorylation. To
this end, we phosphorylated hTau40 with the kinase MARK2
(Figure S4a–c). In agreement with previous studies,[7a,b, 8]
pTau(MARK2) formed spherical droplets in the presence of
10 % dextran (Figure S4d, left panel). Upon addition of
tubulin and GTP to the solution, MT filaments formed
(Figure S4d, right panel). However, these were less abundant/
regular when compared to unmodified hTau40, potentially
due to the attenuated binding of MARK2-phosphorylated tau
to tubulin (Figure S5a).[12] Next we phosphorylated hTau40
with the tyrosine kinase C-Abl (Figure S4e–g, S6).[13] Binding
of pTau(C-Abl) to MTs was indistinguishable from that of the
unmodified protein by NMR spectroscopy (Figure S5b). In
addition, pTau(C-Abl) underwent LLPS and—upon addition
of tubulin and GTP—polymerized into MTs (Figure S4h).
To characterize the interaction of tau with tubulin at high
resolution, we performed NMR experiments with tau in the
presence of increasing concentrations of tubulin. To decrease
NMR signal broadening,[7b] the experiments were first
recorded in the absence of molecular crowding agents, that
is, in conditions in which hTau40 does not phase separate and
tubulin does not polymerize into MTs. In agreement with
previous results,[14] we observed progressive changes in NMR
signal intensity and position of individual hTau40 residues at
increasing tubulin concentrations (Figure 3 a). Particularly
strong signal broadening was observed for residues  224–237
in the P2 region,  245–253 in repeat R1,  274–287 at the
boundary between R1/R2, and  300–318 at R2/R3 (Figure 3 b). Additional tubulin-induced broadening was present
in P1 and R’, indicating that residues in these two domains
further contribute to the tau/tubulin interaction. The importance of the repeat domain of tau for binding to unpolymerized tubulin is supported by biochemical studies.[15]
We then performed the same NMR analysis for pTau(Cdk2) (Figure 3 c). Regions of pTau(Cdk2) downstream of
repeat R2, that is, R3, R4 and R’, displayed a similar tubulin-
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Figure 3. AT180-phosphorylation perturbs the interaction of tau’s P2
region with tubulin. a,c,e) Superposition of a selected region of the 1H15
N HSQC of hTau40 (a), pTau(Cdk2) (c) and hTau23 (T231E/S235E)
(e) in its free state (a: black; c: blue; e: grey) and in presence of
tubulin (1:0.5 tau:tubulin molar ratio; a: light blue; c: pink; e:
orange). Upon phosphorylation by Cdk2 or T231E/S235E mutation the
cross peak of R230 disappears (marked by red circle). b,d,f) Signal
attenuation of 1H-15N signals of hTau40 (b), pTau(Cdk2) (d) and
hTau23 (T231E/S235E) (f) (each 10 mm) upon addition of 5 mm
unpolymerized tubulin. Previously identified hot spots of the tau/
tubulin interaction[14a] are marked in (b). The profiles of hTau40 (black)
and hTau23 (red) are shown for comparison. Residue-specific difference are shown as dashed line.

binding profile as unmodified tau (Figure 3 d). In contrast,
residues located in the P2 region and repeat R1 were less
broadened upon addition of tubulin (Figure 3 d). Furthermore, substitution of T231 and S235 by glutamate predominantly reduced signal broadening in P2 and R1 (Figure 3 e,f).
The data demonstrate that phosphorylation at the AT180epitope perturbs the interaction of taus P2 region with
tubulin. This perturbation, however, does not decrease the
overall affinity of tau for binding to tubulin.[10c]
Next we used NMR to probe the tau/tubulin-interaction in
crowded conditions. The experiments are challenging,
because in crowded conditions rapid tubulin assembly
occurs and LLPS enhances NMR line broadening. To
minimize these problems, we decreased the temperature to
5 8C and reduced the NMR measurement time. Microscopy
showed that at 5 8C both hTau40 and pTau(Cdk2) form
droplets (Figure S7a,b). Subsequently, we recorded NMR
spectra for hTau40 and pTau(Cdk2) in the absence and
presence of tubulin. Detailed analysis showed that the overall
NMR signal of hTau40 in the presence of tubulin and dextran
was decreased to 30–40 % (Figure S7c). In the case of
pTau(Cdk2), the decrease was much less (Figure S7c),
suggesting that the strong decrease in case of hTau40 is due
to tubulin assembly. At the same time, the residue-specific
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analysis showed that both hTau40 and pTau(Cdk2) bind
through their repeat region to tubulin in crowded conditions
(Figure S7c,d).
Phosphorylation of taus P2 region changes the overall
electrostatic properties of the tau/tubulin interaction. In
addition, the attached phosphate groups can engage in salt
bridges. To provide experimental support for the formation of
intramolecular salt bridges in phosphorylated tau, we
recorded 1H-15N HSQC spectra optimized for the arginine
guanidinium side-chain groups. For unmodified hTau40, we
observed one large cluster of unresolved signals (1H shifts of
7.3–7.4 ppm) together with a broad, slightly-downfield shifted
signal at circa 7.45 ppm (Figure 4). The small dispersion and
low intensity of these NMR signals is caused by rapid
exchange of labile side-chain guanidinium protons with bulk
solvent. In contrast, NMR signals sharpened up and new
cross-peaks appeared in the spectrum of pTau(Cdk2)
(Figure 4). To determine the identity of the pTau(Cdk2)specific cross peaks, we recorded the same spectral region for
a tau peptide comprising residues 225–246 and phosphorylated at the AT180-epitope (T231 and S235; termed Tau(225–
246)-AT180). Tau(225–246)-AT180 contains two arginine
residues, namely R230 and R242. Superposition of the
spectrum of Tau(225–246)-AT180 with that of pTau(Cdk2)
showed that one arginine cross peak is located in the broad
cluster of resonances originating from labile guanidinium
protons. The other signal, however, overlaps with the cross
peak at approximately 7.53 ppm (Figure 4), which is specific
for the salt-bridge forming, side-chain guanidinium proton of
R230.[16] The analysis suggests that Cdk2-phosphorylation
results in the formation of an intramolecular salt bridge
between R230 and phosphorylated T231.
An important aspect of MT polymerization is the
conformation which the tubulin monomers adopt.[17] While
at the growing end of MTs curved ab-tubulin dimers are
added, the heterodimers already incorporated into MTs adopt
a straight conformation which gives stability to the structure.[17] Our observations in combination with previous
results[8] suggest that non-membrane bound compartments,
in which tau is concentrated, might contribute to a nontemplated polymerization mechanism through stabilization of
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the ab-tubulin heterodimer. However, when tau is phosphorylated at T231 in the proline-rich region P2, R230
engages in an intramolecular salt-bridge with the T231
phosphate group. R230 is thus no longer able to engage in
an intermolecular salt bridge with tubulin. This model is
consistent with mutagenesis and biochemical experiments,
which demonstrated that R230 is important for MT-assembly.[18]
We showed that unmodified 3R and 4R-tau as well as tau
phosphorylated at disease-associated epitopes condense into
liquid-like droplets. Although tubulin partitioned into and
reached high concentrations inside all tau droplets, it was
unable to grow into MTs form the inside of droplets formed
by tau phosphorylated at the AT180 epitope (T231/S235). The
blocked MT polymerization from droplets of AT180-phosphorylated tau is in striking contrast to the highly efficient MT
assembly inside droplets of unmodified tau. It is specific
because neither phosphorylation of tau in the repeat domain
nor at its tyrosine residues inhibited the assembly of tubulin
from tau droplets. Notably, LLPS of IDPs has been shown to
promote different types of cytoskeletal assembly.[19] Modulation of this process by IDP phosphorylation might therefore
be a mechanism that is more broadly active in condensatemediated cytoskeletal assembly.
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Figure 4. Detection of an intramolecular salt-bridge in pTau(Cdk2).
Superposition of the guanidinium region of the 2D 1H-15N HSQC
spectra of hTau40 (black), pTau(Cdk2) (pink) and Tau(225–246)-AT180
(blue).
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