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Tau protein, traditionally recognized for stabilizing microtubules and forming
pathological aggregates, has recently been observed to form condensates in
various contexts. While its condensation with RNA has been well studied, the
interaction between tau and DNA, along with its biological significance,
remains less explored. Here, using single-molecule experiments, we find that
tau binds stably to naked DNA at nanomolar concentrations, leading to the
local co-condensation of tau and DNA. These tau condensates on DNA can also
interface with microtubules, leveraging tau’s known role in promoting
microtubule growth and organization. The dynamic nature of these con-
densates facilitates the remodeling of the DNA-microtubule assembly. Inter-
estingly, phosphorylated tau and nucleosomal DNA exhibit distinct capacities
to form condensates and recruit microtubules. Furthermore, imaging of
mitotic cells with endogenous or exogenous tau reveals its localization to
centromeres, engaging mitotic spindles, whereas expression of phosphomi-
metic tau mutants (T231D/S235D and S262D) causes defects in chromosome
alignment. Building on these observations, we speculate that tau may play a
role in mitosis, where tau clusters facilitate the early registration of mitotic
spindles to chromosomes before kinetochore-mediated attachment. We also
discuss the implications of this model in conditions where abnormal cell cycle
re-entry and tau activity may disrupt cell division.

Tau protein has long been known for its primary role in stabilizing
axonal microtubules in neurons'* More recently, its ability to facilitate
the nucleation and growth of microtubules has gained attention’. This
function relies on tau’s tendency to form condensates at high
concentrations*”, a mechanism increasingly recognized as an orga-
nizing principle in many areas of cell biology®’. At the same time, tau
has been a major focus of research in neurodegenerative diseases due
to its critical involvement in forming pathological aggregates'. The

abnormal aggregation of tau is a hallmark of tauopathies, including
Alzheimer’s disease, and is strongly associated with neuronal dys-
function and cell death.

In addition to binding microtubules, tau’s multifaceted biophysical
properties enable a variety of dynamic interactions”. As an intrinsically
disordered protein with distinct domains”, tau adopts flexible con-
formations, allowing for weak multivalent interactions with both
itself and other molecules. This ability is crucial for driving the
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co-condensation of other factors within tau condensates. One example
is tubulin, which has been shown to be recruited and to locally nucleate
microtubule growth®. Another is the complexation between tau and
RNA, which has been explored in the context of electrostatic
interactions*”, participation in stress granules", and the development of
tau fibrils and aggregates®>. As a corollary, the interactions between
tau, tubulin, and RNA can also modulate tau’s ability to organize
microtubules”. These examples suggest that tau condensates may act as
hubs for various biomolecules sparking distinct cellular activities.

Unlike tau-RNA interactions, the interaction between tau and
DNA has received less attention. Since tau primarily resides in the
cytoplasm, its limited access to nuclear DNA may have reduced the
perceived physiological relevance of tau-DNA binding. Nevertheless,
interactions between tau and naked DNA molecules have been
reported® >, albeit infrequently. A recent biophysical investigation by
Abasi et al. demonstrated that tau can co-condense with naked DNA
and nucleosome arrays under low-salt conditions®, which can be dis-
rupted by aberrant hyperphosphorylation of tau. While it is plausible
that tau, having a net positive charge of -6, may bind dsDNA via elec-
trostatic interactions similar to its RNA binding, the intrinsic stiffness
of dsDNA likely renders tau-DNA interactions distinct. The biophysical
strength of this interaction, as well as its potential role in living cells,
remains largely unexplored. One notable exception is tau’s role in the
nucleus, where it has been proposed to protect the genome and
influence gene expression* 2,

Here, we report that tau directly interacts with DNA, forming co-
condensates that serve as dynamic platforms for microtubule organi-
zation. Our single-molecule observations reveal that 2N4R tau, the
longest isoform of tau expressed in the adult human brain, forms mobile
condensates on DNA strands at low concentrations. These tau-DNA co-
condensates act as dynamic microtubule attachment sites, assembling
microtubules around the DNA, with tau phosphorylation and nucleo-
somes adding further complexity to this process. Furthermore, by
imaging tau-expressing cells during division, we observed tau clustering
around the centromeres of mitotic chromosomes during prometaphase,
poised to interface with nascent mitotic spindles. Expression of phos-
phomimetic tau variants in cells also resulted in the failure of some
chromosomes to align at the metaphase plate. Based on these findings,
we speculate a mitotic function of tau in tau-expressing cells such as
neurons. We hypothesize that as the nuclear envelope breaks down and
chromosomes become exposed to cytoplasmic tau, the dynamic rear-
rangement of tau on mitotic chromosomes facilitates the “search and

Tau
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2

Fig. 1| Condensation of DNA by tau. A Flow stretching of surface-tethered A-DNA
on polyethylene glycol (PEG)-coated glass, followed by the formation of tau-DNA
co-condensates upon the addition of Cy5-labeled tau. B Time-lapse images from
TIRF microscopy showing the co-condensation event during the addition of

500 nM tau. DNA is stained with SYTOX Orange (green), and tau is labeled with Cy5
(magenta). C Representative kymograph of the co-condensation event. The
magenta dotted line indicates the region from which the fluorescence intensity

capture” process” of newly forming microtubules, a process tradition-
ally considered random. This model further proposes that as tau-DNA
co-condensates mature and migrate toward the centromeres, these
transient attachment sites are gradually replaced by kinetochores for a
more stable connection.

Results
Tau stably binds to naked DNA at nanomolar concentrations
To probe the interaction between tau protein (2N4R, tau-441) and
naked DNA, we first examined the mobility of DNA in an agarose gel
after mixing it with purified tau protein (Supplementary Fig. 1). The
prepared dsDNA samples of varying lengths (24-5000 bp) all dis-
played a significant mobility shift when incubated with wild-type tau
(500 nM or higher) (Supplementary Fig. 2), indicating a strong asso-
ciation between tau and DNA. This interaction was further enhanced
when the NaCl concentration was lowered from 100 mM to 25mM,
suggesting an electrostatic nature of the binding, similar to tau-RNA
complexation®. Given that the shortest DNA we prepared (24 bp)
allowed tau binding, it is likely that the longer DNA constructs can
accommodate proportionally more tau molecules along their length. A
recent report on tau’s phase separation behavior with naked DNA* is in
quantitative agreement with our results.

While this bulk assay confirmed tau’s DNA-binding properties, it
did not reveal the distribution of tau within and across DNA strands, as
well as the impact of this binding on DNA conformation. To address
these questions, we set up a series of single-molecule imaging
experiments that directly visualize the binding of tau protein to DNA
substrates. We first performed a classic flow-stretching experiment in a
flow chamber, where 48.5-kb A-DNA molecules were attached to a
polyethylene glycol (PEG)-coated glass coverslip by one end and then
stretched upon buffer flow (7 pL min™) (Fig. 1A). The stretched DNA
strands were visualized using a fluorescent stain (SYTOX Orange) on a
total internal reflection fluorescence (TIRF) microscope (Fig. 1B). The
tethered A-DNA molecules were gently stretched to 6.2 + 0.6 um (-40%
of the contour length) (Fig. 1C, D), indicating ~0.1 pN of flow-induced
stretching force. When 500 nM tau (10% labeled with Cy5) was added
at the same flow rate, the A-DNA molecules gradually shortened and
collapsed onto the attachment point (Fig. 1B-D and Supplementary
Movie 1). We checked that the fluorescently labeled tau also accumu-
lated on the condensed DNA spots (Fig. 1B, E), indicating that tau
binding is the direct cause of DNA compaction. Note that these
observations were made without highly concentrated tau solutions or
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profiles were sampled, as shown in (E). D Extension of flow-stretched A\-DNA before
and after tau addition (n =20 molecules; mean + s.d.). E Fluorescence intensity
profiles (in arbitrary units) of DNA (top) and tau (bottom) after tau addition,
sampled from multiple locations along the DNA and aligned to their respective
attachment points (n =20 molecules). The colocalization of tau and DNA fluores-
cence indicates the formation of co-condensates.
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Fig. 2 | Fluorescence imaging of tau-DNA co-condensates on DNA strands.

A Schematic of tau-DNA co-condensation on doubly tethered A-DNA on poly-
ethylene glycol (PEG)-coated glass. B TIRF images of \-DNA with different tau
concentrations at 100 mM and 25 mM NaCl. DNA is labeled with SYTOX Orange
(green), and tau with Cy5 (magenta). Intensity profiles (in arbitrary units) for 5 M
tau (bottom right) high correlation between DNA and tau. C Quantification of tau
fluorescence intensity for the conditions shown in (B). D Pearson correlation
coefficients between DNA and tau fluorescence, indicating colocalization.

E Coefficient of variation of DNA fluorescence images, reflecting the extent of DNA
puncta formation induced by tau. F Maximum intensity projections of DNA fluc-
tuations (over 5s), showing the effect of tau on DNA flexibility. Magenta lines
indicate the measured envelope width. G Distribution of DNA envelope width as a

X position (Um) correlation

function of tau and NaCl concentrations, reflecting changes in DNA tension. Data in
(C-G) were obtained from the following sample sizes: for 100 mM NaCl, n=27, 9,
23, and 8; and for 25 mM NaCl, n=18 and 57 (mean = s.d.). H Snapshots and
kymograph of mobile tau-DNA co-condensates. Magenta dotted lines indicate
snapshot locations. These images show that tau and DNA move together, indicating
the mobility of the co-condensates. | Schematic of the DNA skybridge technique for
visualizing condensate mobility. ] Kymograph of tau and DNA movement obtained
from the skybridge experiments, with a corresponding Pearson correlation plot.
K Diffusion coefficients and exponents of tau-DNA co-condensates. Data in (J, K)
are from n =75 spots that showed tau-DNA colocalization and diffusive behavior
(a>0.05); box plots show the median (red line) and interquartile range, with
whiskers extending to the minimum and maximum values not considered outliers.

a crowding agent, both of which are typically needed to induce
condensation behavior through liquid-liquid phase separation
(LLPS)****°, This indicates that a stable interaction between tau and
naked DNA at nanomolar concentrations, which locally enriches tau, is
sufficient to induce DNA compaction prior to the onset of LLPS-
dependent tau-DNA co-condensation®.

Tau binding to DNA generates local co-condensates

Recent discoveries indicate that DNA-binding proteins can form con-
densates on DNA, thereby compacting and remodeling the underlying
structure® . Motivated by these findings, we hypothesized that tau
could exert similar effects on DNA. To test this, we prepared A-DNA
molecules tethered at both ends to a surface and introduced Cy5-
labeled tau again (Fig. 2A), simultaneously imaging the fluorescence of
both tau and DNA. As observed in single-tether experiments, there was
significant fluorescence from tau binding to the DNA (Fig. 2B, C, and
Supplementary Movie 2). The DNA backbone was diffusely coated with
tau, interspersed with multiple bright foci of ~1pum or smaller, as
revealed by the intensity profile cross section (Fig. 2B, inset). As
expected from the bulk gel shift assay, tau binding was both tau and

salt concentration-dependent (Fig. 2C). Higher concentrations of tau
resulted in more intense spots, even though we kept the concentration
of the Cy5-labeled tau constant (50 nM) across all samples.

Although the DNA coverage by tau varied among DNA strands due
to different levels of foci formation, the locations of these bright
regions corresponded closely between DNA and tau signals (Fig. 2B
inset and Fig. 2D), suggesting that clustered tau binding leads to local
compaction of DNA. The level of local compaction was estimated by
the coefficient of variation of the DNA fluorescence signal (the stan-
dard deviation of pixel intensities divided by their mean), which
increased progressively as more tau was added (Fig. 2E). In contrast,
DNA strands without tau showed uniform fluorescence along their
length. Consistent with the local compaction effect, the binding of tau
noticeably reduced the thermal fluctuation of DNA (Fig. 2F and Sup-
plementary Movie 2), indicating that the DNA became shorter and
tauter. The mean envelope width, or the amplitude of off-axis devia-
tion due to fluctuation, gradually decreased as tau concentration
increased from 50 nM to 5 uM (Fig. 2G), consistent with the increase in
tau binding. Notably, even 50 nM tau was sufficient to induce strong
condensation of DNA under low-salt conditions (25mM NaCl), as
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demonstrated by both foci formation (Fig. 2B, E) and reduced fluc-
tuation (Fig. 2G). Importantly, these findings were confirmed under
150 mM NaCl, which more closely approximates physiological salt
conditions (Supplementary Fig. 3). These results demonstrate that
wild-type tau protein at nano- to micromolar concentrations can stably
bind to naked DNA under physiological conditions, consistent with the
behavior reported by Abasi et al*.

To ensure our findings on tau-DNA co-condensation extend
beyond single-molecule observations, we checked bulk phase separa-
tion and subsequent co-condensation of high tau concentrations with
dsDNA in the presence of 10% PEG, a standard crowding agent to drive
LLPS. Under these conditions, tau and DNA readily formed co-
condensates across various concentrations of tau, DNA, and salt
(Supplementary Fig. 4), again consistent with the previous results®.
Importantly, the co-condensation behavior was robust across a wide
range of DNA lengths, from 24 bp to A-DNA, indicating that DNA length
did not significantly influence its partitioning into tau droplets. This
tau-driven DNA condensation, reversing the above single-molecule
observations of DNA-driven tau condensation, reinforces the strong
molecular interaction between tau and DNA.

Tau condensates slide along DNA to compact local segments
Surprisingly, despite the fast accumulation of tau on DNA (Fig. 1B),
many of the tau condensates remained mobile along the DNA sub-
strates (Fig. 2H and Supplementary Movie 3). Moreover, the location of
DNA foci also followed tau movement across all tau concentrations we
tested (50 nM-5 pM). This suggests that tau clusters can slide along
DNA to dynamically remodel the underlying segments, reminiscent of
other LLPS-driven protein-DNA co-condensates. However, not all
condensates exhibited uniform mobility, likely due to heterogeneity in
their mechanical properties (e.g., differential maturation to more solid-
like states), friction from contact with the PEG-coated glass surface, or
a combination of both. To probe the internal dynamics of tau clusters,
we performed fluorescence recovery after photobleaching (FRAP) on
tau clusters assembled with 5pM tau along double-tethered A-DNA
(Supplementary Fig. 5). Bleaching and monitoring of tau fluorescence
(Cy5) recovery yielded highly heterogeneous traces, reflecting fre-
quent condensate movement, merging, and splitting, yet many traces
exhibited substantial fluorescence return. A single-exponential fit of
the mean recovery for representative traces gave a time constant of
~30 min and a mobile fraction of ~82%. However, these values repre-
sent a composite of fast- and slow-recovering populations and are
affected by the loss of some condensates during monitoring. Overall,
these results confirm that DNA-bound tau exchanges dynamically with
the bulk pool in a liquid-like manner.

To alleviate the surface-imposed friction, we re-evaluated the
mobility of tau-DNA condensates on the DNA skybridge platform
(Fig. 21)*%. In this technique, A-DNA is suspended between micro-
fabricated quartz barriers, reducing surface interaction artifacts and
enabling high-throughput visualization of condensate mobility.
Indeed, by allowing sufficient spacing between the DNA strands and
the substrate surface, we confirmed that the tau and DNA foci
migrated together along the DNA strands (Fig. 2J and Supplementary
Movie 4). Essentially all of the observed co-condensates (n=>52)
showed sub-diffusive behavior, with an anomalous exponent (a)
centered around 0.5 and diffusion coefficients of 0.01-0.02 pm? s
(Fig. 2K), indicating transient confinement and the need to reorga-
nize or drag compacted DNA segments as they slide along the poly-
mer. The skybridge platform further provided a convenient means to
probe the sequence preference of tau condensate localization
(Supplementary Fig. 6). Condensates were observed more frequently
in the AT-rich half of A-DNA, consistent with tau’s known preference
for AT-rich sequences®, although the overall broad distribution
reflects its predominantly nonspecific binding. In conclusion, these
findings indicate that tau binding to DNA leads to dynamic co-

condensation, which spatiotemporally modulates the local compac-
tion of DNA.

Tau binding exerts piconewton condensation force on DNA
The flow-stretching and double-tether experiments showed that tau
binding can induce DNA condensation, counteracting a force of at
least ~0.1 pN from the buffer flow. We next employed magnetic
tweezers to accurately measure the force generated by tau con-
densates on DNA and to determine if the condensation can be
mechanically reversed (Fig. 3A). A10-kb dsDNA fragment was prepared
as a substrate, with one end attached to a PEG-coated glass surface and
the other to a magnetic bead for manipulation. Changes in DNA
extension were monitored by tracking the vertical movements of the
bead. This setup was also equipped with a TIRF microscopy module*’,
which checked the fluorescence signal from tau molecules binding to
DNA (Supplementary Fig. 7).

In the absence of tau, the classic worm-like-chain extension of
dsDNA was reproduced by applying a force ramp between 0.1 and 10
pN (Fig. 3B, left). To ensure that the DNA constructs were free of single-
stranded nicks, we used only those that collapsed under applied tor-
que, exhibiting supercoiling behavior (Supplementary Fig. 7). How-
ever, when 500 nM tau was added to the buffer, the overall extension
of DNA was notably reduced, especially in the low-force range between
0.1 and 3 pN (Fig. 3B, center), consistent with tau-induced condensa-
tion of DNA. Fluorescence verification confirmed the accumulation of
tau molecules on the DNA strands (Supplementary Fig. 7, Supple-
mentary Movie 5). At higher forces, in contrast, the extension returned
fully to that of naked dsDNA, implying that the tau molecules were
largely displaced by stretching the DNA. It was possible to drive this
compaction and decompaction cycle by repeatedly stretching and
relaxing the DNA. Although the exact force levels at which these
transitions occurred varied across trials (Fig. 3C), slightly higher forces
(1-3 pN) were required than those at which condensation first occur-
red (<1 pN), suggesting some mechanical hysteresis and energy dis-
sipation in the tau-DNA interactions. Finally, increasing the
concentration of tau (from 500 nM to 5 uM) raised both condensation
and decondensation forces, consistent with an increased tendency to
undergo condensation.

Tau-DNA co-condensation is cooperative
The force-extension curves in the presence of tau revealed both
smooth and stepwise changes in DNA extension. We considered
whether the stepwise changes might represent a specific unit length of
DNA compacted by tau condensates of relatively uniform size. To
better resolve these events, we applied force-jump cycles (Fig. 3D),
where the force was abruptly switched between 0.5 and 3 pN to trigger
compaction and decompaction events. During the stretching phase,
we detected many stepwise length changes (Fig. 3E), with a median size
of 72nm (Fig. 3F). This stepwise unbinding reflects the cooperative
nature of the tau-DNA condensates, as each step likely corresponds to
the concerted rupture of a sub-domain held together by multivalent
tau-tau and tau-DNA interactions.

To test this interpretation at the molecular level, we performed
MD simulations of tau-DNA co-condensation under applied force
(Supplementary Fig. 8). Here, ionic effects at physiological monovalent
salt (<100 mM) were implicitly captured by setting the DNA persistence
length to ~-50 nm, which subsumes short-scale bending and salt-
dependent flexibility (see Supplementary Note 1, “Molecular dynamics
simulation for tau-DNA co-condensates” for more details). In silico,
tau and DNA coalesce into droplets featuring looped DNA segments
and characteristic bending, without strict periodicity (Fig. 3G). Simu-
lated force-extension profiles recapitulated the experimentally
observed stepwise jumps (Fig. 3H), and inspection of snapshots and
local DNA densities before versus after individual jumps confirmed
that each event corresponds to the rupture of a compacted DNA
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Fig. 3 | Mechanics of tau-DNA co-condensation. A Schematic of magnetic
tweezers experiments to probe tau-DNA co-condensation. PEG: polyethylene gly-
col. B Representative force-extension curves of DNA during stretching (orange) and
relaxation (blue) in the absence and presence of tau (n =3 cycles each). Dashed line
shows the worm-like chain (WLC) model for dsDNA. C Condensation and decon-
densation forces obtained from force-extension measurements (n =15 events at
each force; mean + s.d.), as shown in (B). D Representative DNA extension trace
under a force-jump protocol with 5uM tau, cycling between 0.5 pN (compaction)
and 3 pN (stretching). Red box is expanded on the right to highlight stepwise
jumps. E Extension trace with 5 uM tau at 3 pN (n =15 trials), aligned at the force
jump. F Step size histogram from (E) (n = 34 events). G-I Coarse-grained simulation
of stretching tau-DNA co-condensates. G Representative snapshot of a tau-DNA

co-condensate captured before force application. The right image shows DNA
alone in the same configuration for clarity. (H) DNA extension during force-induced
decondensation. Right, zoomed-in views of the boxed region, with snapshots of the
DNA conformation before and after each stepwise jump. I Histograms of step sizes
for extension events. The persistence length of dsDNA (L,) is indicated by the red
dashed line for reference. ] DNA extension at 0.5 pN measured by magnetic
tweezers for different tau concentrations (n =15 trials each). K Compaction length
of DNA under 0.5 pN force clamp as a function of tau concentration. Black dots
represent individual condensation events (n =15 per concentration; mean + s.d.).
The solid line represents a Hill equation fit, yielding a Hill coefficient of 3.1 + 2.5 and
an apparent Ky of 0.55 + 0.14 uM (values + 95% confidence intervals).

domain (Supplementary Fig. 8). Importantly, the distribution of
simulated step sizes peaked near the DNA persistence length (Fig. 3I),
demonstrating that DNA bending rigidity defines the natural rupture
unit. In contrast, simulations lacking bending energy (ie., a freely
jointed chain model) produced much smaller, irregular steps (Sup-
plementary Fig. 8).

During the condensation measurements under a constant 0.5 pN
load, individual DNA tethers showed a binary response (Fig. 3J): they
either collapsed rapidly into a condensed state (occasionally via dis-
crete, slower steps) or remained fully extended, with large fluctuations
over 1 min. Both the switch-like collapse and the slower fluctuations
likely stem from cooperative tau condensation: rapid compaction
follows cluster formation, while the larger, slower changes reflect
cluster-mediated remodeling. To quantify this cooperativity, we mea-
sured the extent of DNA shortening as a function of tau concentration
and observed a sharp transition near 500 nM (Fig. 3K). A Hill-plot
analysis yielded a Hill coefficient of n=3.1+2.5 and an apparent

=0.55+0.14pM (95% confidence interval), reinforcing the

conclusion that multiple tau molecules bind DNA cooperatively with a
moderate-to-high affinity.

Tau condensates facilitate microtubule attachment to DNA

The tau condensates formed on DNA substrates are reminiscent of
those that facilitate microtubule growth and assembly®. Presumably,
the DNA-bound tau condensates might function similarly to organize
microtubules, possibly by cooperating with tau molecules already
present on the microtubule surface. To test this idea, we introduced a
mixture of tau and tubulin over the surface-bound tau-DNA assembly
and evaluated whether the tau condensates maintain their potential to
organize a microtubule network. We first checked that mixing tubulin
with tau in the presence of GTP and 5% PEG induced rapid poly-
merization of microtubules (Supplementary Fig. 9). When this solution
of nascent microtubules was introduced over surface-tethered DNA
molecules prepared at a low density, tau-DNA co-condensates effec-
tively captured them (Fig. 4), suggesting that tau retains its essential
microtubule binding activity. Importantly, fluorescence from free
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density surface-tethered A-DNA (green, stained with SYTOX Orange) before tau
addition (E), after adding 5 uM tau (magenta, Cy5-labeled) with 5% PEG (F), and
after adding a mixture of tau and tubulin (cyan, HiLyte 488-labeled) with 5% PEG
(G). Microtubules were pulled to the surface by tau-DNA co-condensates.

H, I Large-area views of microtubule pulldown on DNA surfaces with and without
preformed tau-DNA co-condensates. In (H), microtubules did not attach to the
DNA surface without tau pre-incubation to form condensates; only background
fluorescence from out-of-focus tubulins was visible. J Quantification of surface-
bound microtubules with and without preformed tau-DNA co-condensates (n=9
images; mean + s.d.).

tubulin also localized within the tau condensates (Fig. 4A), indicating
that these spots might serve as seeds for nucleating new microtubules.
The microtubules engaged with the DNA strands either along their
sides or via their ends, analogous to the lateral and end-on attachments
posited for mitotic spindle coupling to chromosomes during mitosis*.

Intriguingly, microtubules attached to both singly and doubly
tethered DNA strands exhibited dynamic behaviors, including diffusive
movements along DNA due to mobile condensates (Fig. 4A-C, Sup-
plementary Movie 6) and pivoting around anchoring tau condensates
(Fig. 4D, Supplementary Movie 7). This was particularly evident in the
occasional diffusive translation of entire microtubule filaments along
double-tethered DNA substrates. With a slight increase in DNA surface
density, more microtubules were captured, and tau clusters on dif-
ferent DNA strands cooperatively bridged and bundled nearby
microtubules, forming a tripartite network of DNA, tau, and micro-
tubules (Supplementary Movie 8). These observations suggest that tau

condensates may facilitate the repositioning and stabilization of
microtubules relative to DNA, in processes such as mitotic spindle
attachment to chromosomes.

To directly demonstrate the role of tau condensates in micro-
tubule capture, we designed a microtubule capture assay in a more
complex environment with higher concentrations of tau and DNA. In
this assay, we densely packed the surface with DNA (Fig. 4E, Supple-
mentary Movie 9), allowing multiple strands to collaboratively induce
tau condensation. We increased the tau concentration to 5pM and
added 5% PEG to simulate molecular crowding. The formation of
tau-DNA co-condensates appeared as discrete bright nodes inter-
connected by surface-tethered DNA, which manifested as thin, dimmer
lines forming a reticular network (Fig. 4F, Supplementary Movie 9).
The tau-DNA co-condensates appeared as distinct bright foci, while
the surface-tethered DNA formed an intricate mesh connecting these
nodes. This reticular structure suggests a complex and organized
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arrangement of tau-DNA interactions, highlighting tau’s ability to
induce localized DNA condensates while maintaining a networked
distribution across the nucleic acid surface, similar to the behavior of
various DNA-compacting proteins. Under this condition, the overall
structure became more stabilized, and the mobility of tau locations
was significantly reduced (Supplementary Movie 9).

Under these conditions, tau-DNA clusters at distant sites were
able to cooperatively recruit longer microtubules (Fig. 4G, Supple-
mentary Movie 9), effectively bridging the gap in length scale. Since
the DNA molecules were arranged on a 2D plane, the captured
microtubules conformed to the substrate surface. Most importantly,
when tau condensates were not preformed before the introduction of
tubulin, only a few surface-bound microtubules were observed (Fig. 4H
vs. 41), despite the presence of numerous microtubules away from the
DNA surface (Supplementary Movie 10), contributing to background
fluorescence. By quantifying the number of microtubules attached to
the DNA surface, we confirmed that the presence of preformed
tau-DNA co-condensates is indeed critical for capturing microtubules
from the solution (Fig. 4J). We propose that this conformal attach-
ment of microtubules to a densely packed DNA surface via tau-DNA
co-condensates may represent a mechanism for docking nascent
microtubules to complex DNA structures, such as mitotic
chromosomes.

Phosphorylated tau retains DNA binding and enables micro-
tubule capture with wild-type tau

Microtubule dynamics are tightly regulated by tau and its phosphor-
ylation state, particularly during mitosis when increased phosphor-
ylation correlates with enhanced microtubule turnover. Although tau
contains up to 85 potential phosphorylation sites, only a small subset is
modified under physiological conditions*. In healthy brains, tau car-
ries an average of 2-3 phosphate groups, while aberrant forms found
in Alzheimer’s disease exhibit 3-4 times higher levels, contributing to
tau aggregation®’. To determine how phosphorylation alters tau’s DNA
condensation and microtubule-recruiting capacity, we phosphory-
lated human 2N4R tau in vitro with cAMP-dependent protein kinase
(PKA), which primes tau for subsequent modification by GSK-3p*.
Efficient phosphorylation was confirmed by the characteristic upward
shift on SDS-PAGE (Supplementary Fig. 1). Site-specific verification by
LC-MS/MS confirmed strong phosphorylation at known PKA target
sites (Supplementary Fig. 1), including S214, S324, S352, S356, S409,
and S416, consistent with previous reports™*. These modifications
collectively yield an overall phosphorylation occupancy of -4 sites per
tau molecule.

PKA-phosphorylated tau (pTau) was then introduced either onto
A-DNA tethers to assess condensation or into the tubulin mix during
nascent microtubule polymerization (Fig. 5A). Although pTau retained
DNA-binding and condensate-forming activity, both activities were
modestly reduced compared to wild-type (WT) tau (Fig. 5B, C). Next, in
microtubule capture assays, pTau-DNA condensates recruited fewer
microtubules when exposed to filaments formed with WT tau and
tubulin (Fig. 5D, E). Unexpectedly, when microtubules were poly-
merized with pTau, the shorter, less stable filaments still attached
efficiently to WT tau-DNA condensates, as indicated by intense
fluorescence from bound segments (Fig. 5D, F). This suggests that
dynamic pTau-associated microtubule fragments can engage tau-DNA
condensates in the presence of WT tau. By contrast, assays using pTau
for both DNA condensation and microtubule assembly produced only
tubulin aggregates on the DNA surface, without filamentous struc-
tures, demonstrating that pTau alone lacks robust microtubule-
interfacing ability. Together, these findings indicate that although
phosphorylation diminishes tau’s affinity for DNA and microtubules,
pTau-associated microtubule fragments during mitotic progression
can still interact with tau-DNA co-condensates when WT tau is
available.

Nucleosome arrays support tau binding and microtubule
recruitment

To place our in vitro observations in a more physiologically relevant
context, we replaced A-DNA with a 2.3-kb dsDNA bearing 12 Widom-
601 sites (Fig. 5G), reconstituted nucleosomes on this template, and
repeated the tau-binding and microtubule-capture assays. A set of
biochemical and biophysical assays indicated densely loaded, stable
nucleosome arrays (see Supplementary Note 2, “Verification of
Nucleosome Assembly on 601 DNA”, and Supplementary Figs. 10-11).
For a controlled comparison to naked DNA, we also prepared naked
601 DNA (no nucleosome reconstitution) at similar surface density for
imaging (Fig. SH, I). Because the 601 construct is much shorter than A-
DNA (2.3 kb vs. 48.5 kb), individual DNA strands were not resolvable by
TIRF. Upon adding 5 puM tau, discrete tau clusters formed and colo-
calized with H2A-labeled nucleosomes (Fig. 5J). Although overall tau
binding was lower than on A-DNA, likely reflecting the shorter template
length, colocalization analysis showed a high correlation between
nucleosome and tau signals for both nucleosomal and naked 601 DNA
at near-comparable levels (Fig. 5K).

Finally, introducing a tau-tubulin mixture containing nascent
microtubules yielded robust microtubule capture on surfaces bearing
nucleosome-pinned tau clusters (Fig. 5L), comparable to A-DNA-
induced condensates (Fig. 4J). Microtubule counts were indis-
tinguishable between naked DNA and nucleosome arrays (Fig. SM),
despite the reduced amount of free DNA segments in the latter.
Together, these data suggest that nucleosomal DNA remains compe-
tent to recruit tau and interface with microtubules to a similar extent as
its naked-DNA counterpart, consistent with recent bulk measurements
of tau association with nucleosome arrays and linker DNA%.

Tau clusters localize on centromeres during prometaphase of
mitosis

The tripartite assembly of DNA, tau, and microtubules we observed
in vitro led us to hypothesize a role for tau in the division of tau-
expressing cells, especially in how nascent mitotic spindles capture
chromosomes. To test this in a neuronal setting, we conducted
immunofluorescence imaging of SH-SY5Y cells, a neuroblastoma line
that endogenously expresses tau. Immunostaining of thymidine-syn-
chronized, dividing cells (identified by condensed chromosomes)
revealed a consistent level of endogenous tau forming small puncta
with distinct distributions across mitotic stages (Supplementary
Fig.12). We focused on cells in prometaphase, just before chromosome
congression, which typically displayed the characteristic rosette
structure formed by mitotic chromosomes surrounding the nascent
spindle (Fig. 6A). These images revealed strong colocalization between
tau and tubulin, indicating that tau remains closely associated with
microtubules during prometaphase. Notably, tau formed distinct
clusters on mitotic chromosomes, most of which colocalized with
centromeres labeled by CREST anti-centromere antibody (Fig. 6A,
magnified views in the bottom panels). To quantitatively assess the
colocalization between tau and centromeres, we pooled images of 181
centromeres from 11 prometaphase cells and averaged them after
precise alignment (Fig. 6B). Intensity profiles of centromeres and tau
fluorescence in these averaged images indeed showed a clear overlap.
Pearson correlation coefficients calculated for each SH-SY5Y cell image
confirmed strong colocalization of tau with both tubulin and cen-
tromeres (Fig. 6C, D). Interestingly, prophase SH-SY5Y cells also
revealed clear association of nuclear tau with centromeres (Supple-
mentary Fig. 12), consistent with its known pericentromeric
localization®*°,

To extend these findings beyond a neuronal context, we next
turned to HEK-293 cells, which have low endogenous tau. We tran-
siently expressed mCherry-tagged 2N4R tau and synchronized the
cells in the same way. Confocal imaging of mCherry fluorescence for
tau, alongside immunostaining for tubulin and centromeres (CREST
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Fig. 5| Microtubule capture by tau-DNA co-condensates with nucleosomes and
phosphorylated tau. A Schematic of the microtubule capture assay using two tau
conditions: pre-formed tau-DNA condensates or polymerizing microtubules.

B Comparison of tau-DNA co-condensate formation with wild-type (WT) and
protein kinase A (PKA)-phosphorylated tau (pTau). C Quantification of tau con-
densate density for WT and pTau on DNA substrates (n =5 images; mean + s.d.).
D TIRF images of tau (magenta) and microtubules (cyan) observed with different
combinations of WT and pTau. DNA (green) is shown in the merged images.

E Fluorescence intensity (in arbitrary units) of WT tau-polymerized microtubules
recruited by WT versus pTau condensates (n =9 images; mean + s.d.).

F Fluorescence intensity of tubulin captured by tau-DNA condensates (n =8 ima-
ges; mean +s.d.). G Schematic of the 2.3-kb DNA construct bearing 12 repeats of the
Widom-601 nucleosome positioning sequence. The construct was used either as

naked 12x601 DNA or assembled into nucleosomes (Nuc) with purified histone
octamers. Negative-stain TEM of the assembled sample (inset) showed beads-on-a-
string arrays with ~12 nucleosomes per DNA and uniform spacing (for more images,
see Supplementary Fig. 11). H TIRF fields of view for naked and nucleosomal con-
ditions at matched surface density. I 601 DNA particle densities for the conditions
shown in (H) (n=>5 images; mean + s.d.). J Fluorescence images of nucleosomes
(Alexa 488-H2A) and Cy3-labeled tau; arrows mark H2A puncta that colocalize with
tau. K Pearson correlation between nucleosome and tau signals for the images in
(J) (n=9 images). Box plot shows median (red line), interquartile range, and whis-
kers to the minimum/maximum. L Fluorescence images of nucleosomes (Alexa
488-H2A), tau (Cy3), and microtubules (HiLyte 647-labeled tubulin).

M Microtubule counts per field for the conditions shown in (L) (n =11 images;
mean + s.d.).

antibody), again showed tau clusters on the prometaphase rosette of
mitotic chromosomes and tight colocalization with spindle micro-
tubules (Fig. 6E). Analysis of 460 centromeres from 18 prometaphase
HEK-293 cells verified overlap between tau and centromere signals
(Fig. 6F), mirroring our SH-SY5Y results and supporting tau’s role in
chromosome-spindle attachment. Again, Pearson correlation across
these cell images quantified strong colocalization of tau with both
tubulin and centromeres (Fig. 6C, D).

To assess whether tau directly associates with mitotic chromo-
somes at higher resolution, we prepared chromosome spreads from
these HEK-293 cells expressing mCherry-Tau (Fig. 6G). In these pre-
parations, small punctate tau clusters decorated the surface of con-
densed chromosomes, demonstrating that tau retains its DNA-binding
activity within a chromatin context. We did not observe centromere-
specific enrichment in this case, likely because the more transient or
weak interactions that mediate centromere recruitment are disrupted
during the spreading.

While native HEK-293 cells showed no detectable tau, transient
expression of 2N4R mCherry-Tau produced tau levels far exceeding
those in SH-SY5Y (Fig. 6H). To probe whether tau expression alters cell-
cycle behavior, we performed RNA-seq on these HEK-293 cells. Tau
expression caused modest transcriptomic changes (Fig. 61), including
upregulation of stress-response genes CHACI1, ATF3, HMOX1, and
DDIT3. We also observed downregulation of CENPE, involved in
chromosome movement, and BRCA2, a key DNA-repair and cell-cycle
regulator (Fig. 6J). These shifts mainly affected cell-division,

microtubule-organization and DNA-repair pathways, consistent with a
mitotic role for tau. Despite these transcriptomic shifts, overall pro-
liferation was largely unchanged, likely because other mitotic factors
compensate for tau’s function in its absence.

Collectively, these findings highlight the consistent involvement
of tau in interfacing microtubules with centromeres during mitosis in
tau-expressing cells, whether tau is present endogenously or intro-
duced exogenously.

Phosphomimetic tau mutants condense DNA but differ in
microtubule-interfacing potential

Phosphorylation of tau at multiple sites is tightly regulated by various
kinases and phosphatases, influencing its affinity for microtubules®’.
To investigate how phosphorylation-like changes affect tau-DNA
interactions and their role in recruiting microtubules, we generated
two additional recombinant tau proteins with phosphomimetic
mutations: T231D/S235D (a double mutant) and S262D. Given the cri-
tical association of these sites with microtubule binding and Alzhei-
mer’s disease*®™", these mutants are often used to model pathological
modifications seen in tauopathies™>.

We first confirmed through single-molecule experiments that
both T231D/S235D and S262D tau proteins successfully undergo co-
condensation with DNA, similar to wild-type tau (Fig. 7A). Next, we
examined whether these mutants could still support the assembly of
the DNA-tau-microtubule network. When mixed with tubulin in the
presence of GTP, the phosphomimetic mutants were able to nucleate
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tiple regions (n =181 centromeres from 11 cells), aligned, and analyzed for the
presence of tau signal. C, D Pearson correlation coefficients for tau colocalization
with tubulin and centromeres, calculated from the cell images used in (B) and (F).
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mum/maximum; each point represents one cell. E, F Same as (A) and (B), but in
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G Confocal images of chromosome spreads from mitotic HEK-293 cells expressing
mCherry-Tau (green) and stained with Hoechst 33258 (blue); the right-hand panel
shows a magnified view of the white-boxed region. H Western blot of tau in native
HEK293 cells, HEK293 cells transfected with mCherry-tau, and native SH-SY5Y
cells. The left panel shows a standard exposure, and the right panel shows a high
exposure to reveal the faint SH-SY5Y band. A representative blot from n =3 bio-
logically independent experiments is shown. Both panels were generated from a
parallel membrane loaded with identical samples and processed under the same
experimental conditions. I List of top up- (left) and down-regulated (right) genes in
HEK-293 cells transiently expressing mCherry-Tau (log2 fold change > 0.7 or <-0.7;
p <0.05).) Venn diagram for the downregulated genes shown in (I), involved in cell
division, microtubule organization, and DNA repair pathways.

microtubule growth, though to a much lesser extent than wild-type tau
(Fig. 7B). Specifically, the microtubules formed in the presence of these
mutants were shorter, less bundled (as indicated by a dimmer
appearance), and depolymerized more rapidly compared to those
formed with wild-type tau (Supplementary Fig. 9). Nonetheless, in this
buffer condition, microtubule growth was entirely absent without tau,
indicating that the tau mutants still retain some microtubule-binding
activity. As a result, wild-type tau outperformed the phosphomimetic
mutants in promoting microtubule growth, as reflected by the higher
microtubule count (Fig. 7C). These findings are consistent with pre-
vious observations that phosphorylated tau has impaired microtubule
binding, leading to a reduced stabilizing effect.

To compare the capacity of different tau mutants to couple
microtubules to DNA, we performed a microtubule capture assay using
tau-DNA co-condensates, as described above for wild-type tau
(Fig. 4G). The images of microtubules on the DNA surface were largely
indistinguishable between wild-type and the T231D/S235D mutant.
However, in the case of the S262D mutant, almost no microtubules
were observed; instead, clustered aggregates of tubulin formed
(Fig. 7D). Quantification of the microtubule count revealed that,
despite its impaired ability to promote microtubule formation in

solution (Fig. 7B, C), the T231D/S235D tau mutant captured and
interfaced with microtubules on the DNA surface at a level comparable
to wild-type tau (Fig. 7D, E). This suggests that the T231D/S235D
mutant retains a particularly strong capacity for mediating interactions
between DNA and microtubules, even though it exhibits reduced
microtubule nucleation and bundling overall. In contrast, the S262D
mutant showed a marked decrease in microtubule capture on the DNA
surface, presumably due to its impaired microtubule binding and
stabilization*’. Overall, these results suggest that tau’s ability to inter-
face between DNA and microtubules may be regulated by site-specific
phosphorylation.

Phosphomimetic tau localizes to centromeres but impairs
chromosome alignment

To test whether the in vitro differences in DNA-microtubule interfa-
cing by phosphomimetic tau mutants manifest in cells, we performed
immunofluorescence on mitotic HEK-293 cells transiently expressing
mCherry-tagged T231D/S235D or S262D tau, using the same approach
as for wild-type tau (Fig. 6). Although both mutants largely retained
microtubule binding during mitosis (Fig. 7F), Pearson correlation
analysis revealed their reduced association with spindle microtubules
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(Fig. 7G), consistent with the impaired microtubule-stabilizing activity
(Fig. 7B). Nevertheless, both mutants exhibited robust centromeric
localization comparable to wild-type tau (Fig. 7H), reflecting their
retained DNA-binding activity (Fig. 7A). Analysis of averaged cen-
tromere images further confirmed overlapping tau signal (Fig. 71).

Surprisingly, in metaphase cells after chromosomes have aligned
at the metaphase plate, both phosphomimetic mutants showed pro-
minent tau-rich chromosomal regions that failed to align (Fig. 7)).
These tau-DNA clusters did not colocalize with the central tubulin
signal, indicating a lack of spindle attachment, and were most frequent
in S262D-expressing cells, implicating aberrant tau-DNA binding in
defective microtubule capture. Quantitative analysis of DNA and tau
amount (measured by Hoechst 33258 and mCherry fluorescence,
respectively) confirmed these findings. In S262D cells, misaligned DNA
foci comprised about 10% of total chromosomal DNA, significantly
more than in wild-type or T231D/S235D cells (Fig. 7K; see Supple-
mentary Fig. 13 and Supplementary Methods for analysis). Tau fluor-
escence at these foci accounted for nearly 30% of total cellular tau in
$262D cells—over a five-fold increase versus wild type (Fig. 7L). These
data demonstrate that phosphomimetic tau mutants not only lose
their ability to engage spindle microtubules but also aberrantly accu-
mulate on misaligned chromatin, thus compromising proper chro-
mosome segregation.

Discussion

Despite extensive research, many aspects of tau biology remain
unclear, including its functions beyond microtubule stabilization and
the mechanisms underlying tauopathies. Our results demonstrate
through single-molecule experiments that tau binds strongly to naked
DNA and forms dynamic condensates, thereby inducing local com-
paction of DNA (Figs. 1and 2). The microtubule-binding region (MTBR)
of tau is enriched in basic residues that likely confer an overall affinity
for polyanions such as DNA, consistent with the salt dependence of
tau-DNA binding (Fig. 2). A previous NMR study mapped the DNA-
binding region of tau to the proline-rich domain and R2 region*, and a
recent biophysical study showed a strong salt dependence of tau-DNA
and tau-chromatin associations™, consistent with an electrostatic
picture. However, the full energetics of tau-DNA co-condensation are
likely shaped by a combination of electrostatic and hydrophobic
interactions®'®***°, similar to the well-known LLPS behavior of tau
alone or with RNA and RNA-binding proteins*"”™". Interestingly,
despite the largely nonspecific nature of tau-DNA interactions, we
observed a slight preference for AT-rich regions in condensate posi-
tioning (Supplementary Fig. 6), in agreement with gel assays and tau’s
association with a-satellite DNA sequences®. Because tau-induced
DNA compaction involves bending of DNA segments (see below for
mechanical discussion), the observed sequence dependence would
combinedly reflect both biophysical dynamics and biochemical affi-
nity. Importantly, this in vitro result does not account for the influence
of additional cellular components.

The liquid-like properties of tau clusters on DNA, including their
mobility (Fig. 2) and content exchange (Supplementary Fig. 5), are
reminiscent of phase-separated condensates in free solution, as sys-
tematically investigated by Abasi et al>. We further showed that
tau-DNA co-condensation occurs below the critical saturation con-
centration (Cs,) (50-100 pM for tau alone or >1 uM under crowding
conditions®**°), suggesting that DNA strands can enrich the local
concentration of tau. DNA binding effectively reduces the dimen-
sionality of tau clustering (from 3D to quasi-1D), potentiating con-
densation similarly to LLPS on 2D lipid membranes®. With total tau
levels in the brain ranging from 1 to 7 uM***° and a sub-micromolar
nuclear fraction®, the concentrations we tested (50 nM to 5 uM) span
early tau-DNA binding events at the low to physiological and patho-
logically elevated tau levels at the high end.

Additionally, our mechanical analysis using magnetic tweezers
(Fig. 3) showed that tau binding to DNA is strongly cooperative, thus
driving condensation below cs,.. Given the contour length of dsDNA
(~0.34nmbp™), the 50-70-nm increments observed during the
stretching of tau-DNA co-condensates (Fig. 3F) correspond to
150-200 base pairs. This is intriguingly close to the persistence length
of dsDNA (-150 bp), suggesting that tau condensates compact DNA
into domains of this characteristic size, set by the helix’s bendability.
Indeed, our simulations reproduce these steps of similar sizes (Fig. 31),
each reflecting the force-induced rupture of an individual tau-DNA
cluster. The minor groove binding of tau to the DNA backbone” may
sculpt this specific compaction, helping tau overcome the intrinsic
stiffness of dsDNA and promoting the formation of more organized
structures. Additionally, dynamic reorganization of existing tau clus-
ters before reaching equilibrium may contribute to the stepwise
changes in DNA extension. The all-or-none behavior during the con-
densation phase also supports the cooperative nature of tau con-
densation on DNA, rapidly drawing nearby DNA segments into
maturing tau condensates. Further structural studies on tau-DNA
complexes using cryo-electron microscopy or X-ray crystallography
will be in order. Similar protein-DNA co-condensation behaviors are
being discovered in other DNA-binding proteins®***, which can
generate forces on DNA* as demonstrated in our tweezer experi-
ments. Capillary forces and dynamic instability are expected to reg-
ulate the formation and coalescence of these condensates®*®?,
influencing their size, shape, and interactions with surrounding
structures, including microtubules.

We demonstrate in vitro that tau-DNA co-condensates can cap-
ture and organize microtubules, acting as dynamic hubs (Fig. 4). It is
surprising that microtubules did not attach to DNA without preformed
tau condensates (Fig. 4H-J), even when the microtubule solution
contained the same concentrations of tau and PEG used during pre-
incubation. This indicates that tau condensates on DNA are funda-
mentally distinct from those formed with tubulin, which may be
explained by conformational changes in tau upon DNA binding that
enhance microtubule interaction. Indeed, the DNA-binding region of
tau is proposed to partially overlap with MTBR*, supporting the
conformational priming model. Beyond this monomer-level mechan-
ism, we favor a larger-scale, multivalent mode of affinity arising from
clustered tau molecules, potentially involving a composite tau-DNA
interface. These two mechanisms (conformational priming and
condensate-mediated multivalent recruitment) are not mutually
exclusive and likely act together to promote robust microtubule
bridging.

The unexpected enrichment of tau at centromeres during pro-
metaphase in both SH-SY5Y (endogenous tau) and HEK-293 (exogen-
ous tau) cells (Fig. 6) occurs despite tau’s largely nonspecific affinity for
DNA. This preference aligns with tau’s subnuclear localization to HP1a-
marked pericentromeric heterochromatin®**® and its chromatin-
related functions®*®, Although the tripartite assembly of
tau-DNA-microtubule itself does not necessarily invoke the nuclear
function of tau®, we speculate that centromeric tau condensates that
assemble in the nucleus during prophase (Supplementary Fig. 12) may
behave analogously to our in vitro preformed condensates, guide the
migration of tau on other chromosomal sites toward the centromeres,
and then merge with cytosolic tau clusters on microtubules after
nuclear envelope breakdown. Future experiments should employ
prolonged live-cell imaging to validate this idea.

In vitro formation of tau clusters on nucleosome arrays, which
retain the ability to mediate microtubule assembly (Fig. 5), may par-
tially explain how tau condensates form on nucleosome-rich cen-
tromeres in dividing cells. Across assays, nucleosomal 601 DNA bound
tau and supported microtubule binding at levels comparable to its
naked-DNA counterpart. Since fully loaded 601 DNA leaves only short
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Prophase Metaphase

Fig. 8 | Tau condensation on DNA and localization on centromeres: A potential
link to cell division. A model for the mitotic function of tau-DNA co-condensation
and its centromere localization during mitosis. In prometaphase, tau forms mobile
condensates on chromosomes, aiding in the capture and dynamic rearrangement
of nascent microtubules. As these condensates merge and migrate toward cen-
tromeres, stable chromosome-spindle connections are established via
kinetochores.

stretches of free DNA, this suggests that nucleosome-wrapped DNA
segments still provide effective binding sites for tau. Although our
TIRF imaging could not resolve whether tau predominantly associates
with free linker DNA or with nucleosome cores, this interpretation is
consistent with a recent bulk study reporting strong complexation of
tau with nucleosome arrays and comparable nanomolar affinities for
both nucleosomal and naked DNAZ. It will be informative to track tau’s
motions on longer DNA substrates (e.g., A-DNA) to test whether tau
drives nucleosome rearrangements with potential epigenetic con-
sequences. Given tau’s centromeric enrichment, it will be important to
examine tau-nucleosome interactions with CENP-A nucleosomes,
whose more flexible DNA ends may afford greater access to free DNA
segments®®.

The multivalent nature of tau may be fine-tuned by post-
translational modifications such as phosphorylation and acetylation.
These modifications, which adjust tau’s charge, may act as switches
controlling its partitioning between microtubules and DNA®’. Notably,
tau phosphorylation is an important mechanism for regulating
microtubule stability and is controlled in a cell cycle-dependent
manner®®”, Based on the differential effects of enzymatic phosphor-
ylation and phosphomimetic variants (Figs. 5 and 7), we propose that
multisite phosphorylation fine-tunes tau’s affinity for DNA and
microtubules and regulates their dynamic interplay. Because our
microtubule capture assay was specifically configured to distinguish
DNA-preformed from tubulin-associated condensates, the distinct
activities of unphosphorylated versus phosphorylated tau in these two
contexts (Fig. 5A-F) provide a support for our two-stage model of

nuclear-origin and spindle-associated condensates, in line with the
high phosphorylation state of cytosolic tau during mitosis.

Tau’s ability to bridge microtubules to DNA, together with its
strategic localization between mitotic spindles and centromeric DNA
in dividing cells, suggests a role for tau in attaching nascent mitotic
spindles to chromosomes during neuronal cell division, facilitating the
random “search and capture” process”. We propose that (Fig. 8): (i) in
prometaphase, tau condenses on DNA substrates, including chromo-
somes; (ii) the dynamic condensates locally remodel DNA structures
and facilitate the docking of nascent spindle microtubules, pre-
dominantly via lateral-surface interactions’ and (iii) as the con-
densates mature toward centromeres, these initial attachments are
progressively replaced by stable end-on kinetochore contacts required
for metaphase congression”. The idea of tau’s involvement in
chromosome-spindle linkage was first considered in the 1980s™ but
has not been thoroughly explored, with experimental evidence
remaining limited. However, more evidence is required for a stringent
test of this hypothesis, including the effects of tau depletion or
mutations that specifically interfere with tau-DNA interactions. Note
that this model is also compatible with other mechanisms that facil-
itate chromosome capture and biorientation through alternative
pathways‘“'75'77.

The failure of some chromosomes to align at the metaphase plate
in cells expressing Alzheimer’s-associated phosphomimetic tau
mutants is informative in this regard (Fig. 7)-L). It suggests that altered
phosphorylation could disrupt tau’s dynamic partitioning between
DNA and microtubules, remain abnormally coated on chromatin, and
escape timely spindle capture, potentially contributing to chromo-
some missegregation and aneuploidy. These cell-based findings not
only validate the biophysical function of tau observed in vitro but also
reflects the loss-of-function effect seen in microtubule capture assays.
This bidirectional correspondence strongly reinforces the idea that
site-specific phosphorylation of tau disrupts its mitotic function. The
transcriptomic shift observed in HEK-293 cells upon tau expression
(Fig. 6l, )) likely reflects a mild cellular response to excess tau’®®,
consistent with its expected influence on microtubule dynamics, but
may also point to additional roles in DNA protection”****% or broader
signaling pathways®. However, these shifts did not significantly dis-
rupt cell division, allowing us to examine tau during mitosis without
inducing excessive cellular stress.

Because tau is not constitutively expressed in most cell types, its
mitotic function via tau-DNA co-condensation is likely restricted to
contexts with elevated tau levels. In tau-deficient cells, other MAP
family members may compensate for its absence. It will therefore be of
interest to determine whether these proteins can similarly co-
condense with DNA, localize to centromeres, and mediate micro-
tubule capture during mitosis. Given the link between aberrant cell
cycle activation in postmitotic neurons and neurodegeneration® ¢, as
well as the reduction of adult hippocampal neurogenesis in cognitive
decline®®®, it is possible that the defective mitotic function of tau in
neurons could have broader implications for neurodevelopment and
neurodegeneration. It is tempting to postulate that hyperpho-
sphorylation of tau, long associated with tauopathies**>°°, may also
contribute to chromosome missegregation through disrupted
tau-DNA co-condensates. We further contemplate the potential con-
nection between our findings and tau expression in cancer’ ", where
disrupted mitotic signaling may provoke dysregulated tau activity
during cell division, leading to chromosome instability and ultimately
aneuploidy, a hallmark of cancer.

Future studies on tau diversity, including developmental iso-
forms, pathogenic mutations, and phosphorylation status, each of
which can alter its LLPS behavior and/or microtubule dynamics®*>7>%,
will explore how these changes impact tau-DNA co-condensation and
the subsequent DNA-tau-microtubule assembly.
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Methods

Protein purification and labeling

The cDNA encoding the 6xHis-tagged 2N4R isoform of human tau was
cloned into the pRK172 vector (a gift from the Feinstein lab, UCSB) and
expressed in LEMO21 cells (NEB #C2528]). For preparing phosphomi-
metic tau mutants, site-directed mutagenesis was performed on the
wild-type plasmid via overlap-extension PCR (primer sequences pro-
vided in Supplementary Data 1), and the resulting products were
assembled into full-length plasmids using Gibson assembly (NEB,
#E2611S). For bacterial expression, cells were cultured in TB media at
37 °C until the OD600 reached 0.6, followed by treatment with 10 mM
betaine and 500 mM NaCl. After a 30-min incubation at 30 °C, 0.4 mM
IPTG was added, and the culture continued for an additional 3-4 h. The
cells were homogenized and lysed in lysis buffer (20 mM MES (pH 6.0),
0.2 mM MgCl,, 1mM EGTA, 1.5 mM PMSF, 1x protease inhibitor cock-
tail, 5 mM DTT). The lysate was sonicated at 30% amplitude in 30-s on-
off cycles for 3 min, followed by the immediate addition of 500 mM
NaCl. The lysate was boiled for 15 min and centrifuged at 15 000 x g for
1h. Supernatants were purified using Ni-NTA resin (Qiagen # 30210).
The bound resin was washed with wash buffer (50 mM phosphate
buffer (pH 7.2), 200 mM NaCl, 20 mM imidazole) and eluted with
elution buffer (50 mM phosphate buffer (pH 7.2), 200 mM NaCl,
500 mM imidazole). TEV protease purified in-house from a TEV
expression plasmid obtained from Addgene (#135464) was then added
to remove the His-tag, and the solution was incubated overnight at
4 °C. To further purify the protein, ion exchange chromatography (Bio-
Rad #1580030) was performed to remove dimers and other undesired
proteins. The protein elutes were concentrated using a protein con-
centrator (Sartorius #VS15TO01). Phosphorylation of wild-type tau was
performed in vitro following Abasi et al.”. A total of 100 uM tau was
incubated with 2 uL PKA (New England BioLabs #P6000S) in kinase
buffer containing 20 mM HEPES (pH 7.2), 50 mM NacCl, 0.5 mM TCEP,
4 mM adenosine-5'-triphosphate (Sigma #A7699-5G), 1 mM PMSF and
10 mM MgCl, at 30 °C for 16 h. To inactivate the kinase, the mixture
was incubated at 65 °C for 20 min. Subsequently, buffer exchange was
performed using a 30 kDa-cutoff Amicon centrifugal filter to replace
the kinase buffer with 50 mM HEPES and 25 mM NaCl. Phosphorylation
results were verified by SDS-PAGE mobility shift and LC-MS/MS ana-
lysis (methods in Supplementary Methods). For protein labeling, the
purified protein was mixed with a 10-fold molar excess of Cy5-
maleimide (Cytiva #25800674) and incubated for 2h at room tem-
perature (RT) in reaction buffer (50 mM phosphate buffer, 0.05 mM
TCEP). Free dye was removed by gel filtration (Bio-Rad #1500738). The
Cy5-labeled tau proteins were then concentrated using a protein
concentrator (Sartorius #VSI5TO1).

Single-molecule imaging

To prepare DNA constructs for surface attachment, A-DNA (Thermo
#SD0021) was linearized by ligating 5’- and 3’-biotinylated oligonu-
cleotides targeting the cohesive ends at a 100x molar excess in 1x NEB
ligase buffer for 5 min at 65 °C (the full list of oligonucleotides used in
this study is provided in Supplementary Data 1). The mixture was then
slowly cooled over 3 h. T4 DNA ligase (NEB #M0202L) and 1 mM ATP
were added, followed by overnight ligation. The sample was purified
using a 100 kDa cutoff buffer exchange filter (Merck, #UFC510024) to
remove free primers and exchange the buffer for distilled water. A flow
chamber for imaging was constructed using previously described
methods®®, In brief, two PEGylated glass coverslips were assembled
with double-sided adhesive spacers to create a narrow flow channel.
The coverslips were PEGylated through a first round using a 99:1mix-
ture of 5-kDa mPEG and biotin-PEG (Laysan Bio, #BIO-PEG-SVA-5K-
100MG & MPEG-SVA-5K-1g), the coverslips were subjected to a second
round of overnight PEGylation with a solution of 2-kDa mPEG (Laysan
Bio #MPEG-SVA-2000-1g) without biotin-PEG to ensure optimal pas-
sivation. Before imaging, sample solutions were introduced into the

chamber using a syringe pump. For capturing DNA samples, 8 nM
NeutrAvidin (Thermo #31000) was introduced into the flow cell,
incubated for 5 min, and then washed with PBS. The flow cell surface
was further passivated by infusing 5% BSA (Sigma #A0100-010) for
10 min, followed by another PBS wash. Biotinylated \-DNA was diluted
to 10-20 pM, injected, and immobilized on the surface for 7 min. For
imaging, the buffer was exchanged with 200 pL of imaging buffer
(50 mM HEPES (pH 7.1), 100 mM NacCl, 2 mM Trolox, 59.5nM proto-
catechuate 3,4-dioxygenase (PCD #P8279-25UN), and 2.5 mM proto-
catechuic acid (PCA #37580-25G-F)) containing 20 nM SYTOX Orange
(Thermo #S11368) and incubated for 10 min. To examine tau-DNA co-
condensation, tau protein was diluted in the imaging buffer to con-
centrations ranging from 50 nM to 5 uM and then injected into the flow
cell. All images were taken on a home-built objective-type TIRF
microscopy setup. Samples were illuminated with 488 nm, 532 nm, and
633 nm CW lasers (Cobolt) and imaged through a 60x oil-immersion
lens (Olympus, NA 1.49 for TIRF microscopy) onto a high-sensitivity
sCMOS camera (Photometrics Prime BSI Express). Images were
acquired typically at 108-nm spatial resolution with 100-ms exposure
time using custom LabVIEW software. When necessary, fluorescence in
two channels was separated by a dual-view image splitter (Cairn
OptoSplit II) and recorded simultaneously. Additional methods for
characterizing tau-DNA co-condensation, image analysis, including
mobility shift and bulk LLPS assays, FRAP, DNA skybridge experiments,
and nucleosome reconstitution and verification (Supplementary
Note 2) are described in the Supplementary Information.

Single-particle tracking

Tracking of tau condensates on DNA was performed by analyzing
movies from DNA skybridge experiments using custom MATLAB
scripts. After registering the tau and DNA fluorescence channels, tau
particles were detected by intensity thresholding, and only those
colocalizing with DNA foci were included in the diffusion analysis.
Additionally, to avoid surface artifacts the skybridge substrates, par-
ticles within 7 pixels of the ridges or adhered to the bottom surface
were excluded from analysis. Mean-squared displacements (MSD)
were calculated as a function of time lag At and fit to MSD(At) = 2D(At)*
to extract the diffusion coefficient D and anomalous exponent a.

Magnetic tweezers experiments

The preparation of the 10-kb dsDNA construct used in this work is
detailed in our previous work*. Briefly, three DNA fragments were
generated by PCR from A-DNA: one 10 kb fragment and two 500 bp
fragments (the list of primers is provided in Supplementary Data 1).
During PCR, the 500 bp fragments were labeled with multiple biotin or
digoxigenin molecules by incorporating biotin- or digoxigenin-labeled
dUTP (Sigma, #11093070910, #11093088910). All three PCR products
were digested with Bsal (NEB, #R3733S) for 4 h at 37°C, and after
cleanup, were ligated overnight using T4 DNA ligase (NEB, #M0202L)
at RT. The ligated product was then purified by agarose gel electro-
phoresis. Details of the flow cell construction, sample assembly, and
the home-built magnetic tweezers setup are available in our previous
work'*1%! Briefly, the magnetic tweezers consisted of a pair of per-
manent magnets positioned above the flow cell on an inverted
microscope, allowing controlled application of force to paramagnetic
beads tethered to single DNA molecules. For measurements, the DNA
samples were injected into the flow cell so that the biotinylated ends
could attach to PEGylated glass surfaces via biotin-avidin interactions,
while the digoxigenin-labeled ends were coupled to anti-digoxigenin-
coated magnetic beads (Sigma, #11333089001, Invitrogen, #M-270),
which were injected afterward. To apply force, an antiparallel pair of
cubic neodymium magnets (N52, 3/8”) was placed above the flow cell,
with a 1-mm gap between the magnets. The height and rotation of the
magnets were controlled using a translation stage (PI, #L-40620DD10)
and a stepper motor. Magnetic beads were illuminated with a 680 nm
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super-luminescent diode and imaged using a 100x objective lens
(Olympus, #UPLXAPO100XO) with a high-speed CMOS camera (Mik-
rotron, #EoSens 3CXP). Before measurements, the integrity of the
dsDNA constructs (i.e., the absence of nicks) was checked by rotating
the samples and observing supercoiling behavior (Supplementary
Fig. 7). When necessary, the force-extension curves were corrected for
the off-axis tilting of magnetic beads'®. For fluorescence verification,
DNA-bound tau protein labeled with Cy3 was imaged simultaneously
with magnetic tweezing using a 532 nm laser aligned for TIRF illumi-
nation and an sSCMOS camera (Photometrics, #Prime BSI Express)*°. All
measurements were conducted in a buffer containing 50 mM HEPES
(pH 7.1), 100 mM NaCl, 59.5nM PCD, 2.5 mM PCA, and 0.1% BSA.

Molecular dynamics simulation

Tau and DNA were coarse-grained as 3.4 nm beads and simulated via
Langevin dynamics in HOOMD-blue (see Supplementary Note 1 for
more details). A 10 kb DNA strand was represented by 1000 beads
connected by harmonic springs and an angular potential set to yield a
150 bp persistence length; tau was modeled using identical beads with
short-range attractive interactions to DNA and to itself. Interaction
parameters were calibrated so that tau phase separation occurred only
in the presence of DNA, and control simulations were conducted with
DNA bending rigidity removed. Simulations comprised two phases: first,
DNA ends were held at 50% extension while the tau-DNA co-condensate
was allowed to assemble and equilibrate; second, a constant force was
applied to one DNA terminus, with the opposite end fixed, to probe the
mechanical response of the stabilized co-condensate.

Microtubule capture assay

Tau protein was diluted to 5pM in imaging buffer (same as above)
supplemented with 5% 10 kDa PEG, and then slowly injected into a
sample with biotinylated A-DNA to form condensates. After co-
condensate formation, HiLyte 488-labeled tubulin (Cytoskeleton,
#TL488M-A) was mixed with unlabeled tubulin (Cytoskeleton, #T240-
B), making up 4% of the total tubulin concentration. The mixture was
prepared in imaging buffer supplemented with 1mM GTP and 5% 10-
kDa PEG to achieve a final tubulin concentration of 5-10 uM, while
maintaining the tau concentration from the co-condensation experi-
ments. After microtubule polymerization, the solution was slowly
injected (7 uL min™) into the chamber, with or without tau-DNA co-
condensates. The assay with 12x601 DNA (naked and nucleosomal) was
identical to the above protocol except for three changes: (1) the flow
chamber was additionally blocked with 5% (w/v) BSA for 15 min; (2)
after blocking, buffers were switched to HEPES/NaCl instead of PBS;
and (3) the fluorophore set was changed to Alexa 488 (Sigma, #A10254
1mg)-H2A (nucleosomes), Cy3(Cytiva #25800673)-tau, and HiLyte
647-tubulin (Cytoskeleton, #TL670M-A).

Immunofluorescence imaging

For mammalian expression of mCherry-tagged tau variants, tau inserts
were PCR-amplified from the bacterial plasmid and inserted into a
mammalian expression vector (pmCherry-Cl) by Gibson assembly.
HEK-293 cells (Korean cell line bank, #21573) were then reverse-
transfected with the appropriate tau plasmids using poly-
ethyleneimine (Sigma, #P3143). A total of 2.5x10° HEK-293 cells were
seeded onto 35 mm glass-bottom confocal dishes (SPL, #210350) with
2pugmL? mCherry-Tau plasmids and 4 pgmL™ polyethyleneimine
(PEI, #P3143-100ML) in DMEM (Sigma #D6429) supplemented with
10% FBS (Welgene, #S101), and incubated for 36 h. For SH-SY5Y cells
(Korean cell line bank, #22266), 1x10° cells were seeded onto the same
dishes in RPMI-1640 (Sigma #R8758-500ML) supplemented with 10%
FBS and were incubated for 24 h. To synchronize the cells, they were
treated with 2 mM thymidine (Sigma, #T9250) for 16 h to induce the
first synchronization block, then released into their respective media
(with 10% FBS) for 8 h. This was followed by a second 16 h thymidine

block. After the second block, the cells were washed with PBS and
released into their specific media with 10% FBS. Cells in the M phase
were collected 9 h after release. The cells were then fixed with ice-cold
methanol for 10 min, permeabilized with 0.25% Triton X-100 (Sigma,
#X100) in PBS for 15 min, and blocked with 5% BSA in PBS with 0.05%
Tween-20 (Sigma, #P1379) (PBST) for 1h at RT. The full list of anti-
bodies for staining is provided in the Supplementary Materials. Pri-
mary antibodies were diluted in PBST and incubated for 1h at RT or
overnight at 4 °C. After washing in PBST, cells were incubated with
secondary antibodies diluted in PBST for 1h at RT. After antibody
staining, the cells were washed in PBST and incubated with 1 mgmL™
Hoechst 33258 (Sigma, #B2883-25mg) diluted 1:1,000 in PBST for
10 min at RT. Following a final wash in PBS, coverslips were mounted
on confocal dishes using mounting solution (Agilent, #5203280-2).
Finally, the cells were imaged using a Zeiss LSM 900 confocal micro-
scope equipped with Airyscan 2. Details of image analysis procedures
and western blot methods (including antibodies) are provided in the
Supplementary Materials.

RNA sequencing and analysis

RNA was extracted from mCherry-Tau-expressing HEK-293 cells and
untreated HEK-293 cells for control. The extracted RNA was purified
and sequenced using the NovaSegX platform at Macrogen (Seoul,
Korea). Paired-end raw sequencing reads were pre-processed with
FastQC and trimmed using Trimmomatic-0.39. The cDNA reads were
aligned with HISAT2.1, and differential expression was defined and
quantified using the DESeq program with criteria of log2 fold change
>0.7 or <-0.7, along with p values<0.05. To identify biological
pathways associated with the differentially expressed genes, ShinyGO
0.80 was used for analysis with the Gene Ontology (GO) database. For
the heatmap, log2 fold changes of genes corresponding to specific
pathways were plotted, and a Venn diagram was generated for path-
ways involving downregulated genes.

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

Data availability

The RNA sequencing data are publicly available via NCBI BioProject
accession number PRJNA1173100 (https://www.ncbi.nlm.nih.gov/sra/
SRX26385062[accn]). Source data are provided as a Source Data file.
All additional raw data files, including TIRF/confocal micrographs, are
available from the corresponding author on request. Source data are
provided with this paper.

Code availability

The code used for data analysis is available both at Github (https://
github.com/ShonLab) and Zenodo (https://doi.org/10.5281/zenodo.
17797566).
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