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Liquid-liquid phase separation (LLPS) is known to modulate pathological aggregation of proteins
implicated in neurodegenerative diseases, such as tau and TDP-43. While LLPS mechanisms of
individual proteins are well characterized, much less is known about phase behavior of
multicomponent protein systems. Here, we investigated the LLPS behavior of mixtures of tau and
TDP-43 low complexity domain (LCD), two proteins known to co-aggregate in Alzheimer’s disease.
We found that, depending on the concentration, each protein can function either as a scaffold (driving
condensate formation) or as a client (passively recruited into condensates formed by the other).
Notably, scaffold-client roles can be modulated by selectively inhibiting the interactions driving LLPS:
electrostatic for tau, and hydrophobic for TDP-43 LCD. A striking feature of this system is the formation
of a tau “halo” around TDP-43 LCD droplets, which coarse-grained simulations reveal to arise from
tau’s amphiphilic organization at condensate interfaces. Together, these findings provide molecular-
level insights into the general principles governing the assembly and organization of multicomponent

protein condensates.

Liquid-liquid phase separation (LLPS) occurs when multivalent interactions
between macromolecules are stronger than those with the solvent, driving
the transition of a homogeneous solution into coexisting dense and dilute
phases'. Although LLPS has long been studied in polymer chemistry, its
biological relevance has only recently been fully recognized upon realization
that phase separation of proteins and nucleic acids underlies the formation
of membrane-less organelles (MLOs)**. These dynamic assemblies com-
partmentalize biochemical reactions throughout the cytoplasm and
nucleus, playing a central role in cellular biology™*. Beyond its physiological
functions, LLPS has been increasingly implicated in the pathogenesis of
several diseases, particularly neurodegenerative disorders such as Alzhei-
mer’s diseases, amyotrophic lateral sclerosis and frontotemporal dementia,
where it appears to modulate the formation of pathological protein
aggregates’”.

The mechanisms by which individual proteins undergo LLPS are
relatively well understood'*". These proteins often contain intrinsically
disordered regions, often of low sequence complexity, which lack stable

three-dimensional structure and behave as simple polymers in solutions,
forming dynamic networks of multivalent interactions'>". In contrast,
biologically relevant MLOs comprise large numbers of proteins, and our
understanding of the principles governing phase behavior in such multi-
component systems remains limited. Typically, only a small subset of these
proteins — called scaffolds — is essential for condensate formation, while
many others — referred to as clients — are passively recruited into the
condensate interior'*"'. Strong heterotypic interactions between scaffolds
tend to drive associative LLPS, resulting in a homogeneous molecular dis-
tribution within condensates'”**. Conversely, weak heterotypic interactions
promote non-associative LLPS, leading to multiphase structures in which
condensates with higher surface tension localize within the core of more
hydrophilic droplets”’~*. However, a homogeneous distribution of proteins
within condensates can also arise when scaffolds recruit proteins that are
unable to undergo LLPS on their own (e.g., at low concentrations), even in
the absence of strong heterotypic interactions™. Therefore, determining
whether such uniform distribution reflects true associative behavior or

'Faculdade Israelita de Ciéncias da Saude Albert Einstein, Hospital Israelita Albert Einstein, Sdo Paulo, Brazil. 2Department of Physiology and Biophysics, Case
Western Reserve University, Cleveland, OH, USA. *Department of Physics, Case Western Reserve University, Cleveland, OH, USA. “These authors jointly

supervised this work : Patricia Maria de Carvalho Aguiar, Michael Hinczewski, Witold K. Surewicz.

e-mail: mxh605@case.edu; wks3@case.edu

Communications Chemistry | (2026)9:126


http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-026-01933-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-026-01933-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-026-01933-8&domain=pdf
http://orcid.org/0000-0001-7313-0437
http://orcid.org/0000-0001-7313-0437
http://orcid.org/0000-0001-7313-0437
http://orcid.org/0000-0001-7313-0437
http://orcid.org/0000-0001-7313-0437
http://orcid.org/0000-0003-2957-9573
http://orcid.org/0000-0003-2957-9573
http://orcid.org/0000-0003-2957-9573
http://orcid.org/0000-0003-2957-9573
http://orcid.org/0000-0003-2957-9573
http://orcid.org/0000-0003-2837-7697
http://orcid.org/0000-0003-2837-7697
http://orcid.org/0000-0003-2837-7697
http://orcid.org/0000-0003-2837-7697
http://orcid.org/0000-0003-2837-7697
http://orcid.org/0000-0001-7940-6027
http://orcid.org/0000-0001-7940-6027
http://orcid.org/0000-0001-7940-6027
http://orcid.org/0000-0001-7940-6027
http://orcid.org/0000-0001-7940-6027
mailto:mxh605@case.edu
mailto:wks3@case.edu
www.nature.com/commschem

https://doi.org/10.1038/s42004-026-01933-8

Article

passive client recruitment requires knowledge of each protein’s intrinsic
propensity to phase separate in multicomponent systems.

Understanding the LLPS behavior of multicomponent protein systems
is particularly critical in the context of neurodegeneration, where liquid
condensates often act as intermediate states along the protein aggregation
pathway”°. While these diseases have been traditionally linked to aggre-
gation of single protein species — such as tau in tauopathies and TDP-43 in
TDP-43 proteinopathies — emerging evidence indicates considerable
pathological overlap between these disorders”. Notably, tau and TDP-43,
two LLPS-prone proteins, have been found to colocalize in toxic aggregates
in post-mortem brains of individuals with Alzheimer’s disease and cerebral
age-related TDP-43 with sclerosis™”. These observations highlight the
prevalence of mixed proteinopathies in aging individuals™ and suggest that
distinct disease-associated proteins may interact synergistically during
aggregation.

Given the major role of LLPS in the aggregation of many proteins, here
we focused on gaining detailed molecular level understanding on the LLPS
behavior of a mixture of tau and the low-complexity C-terminal domain of
TDP-43 (TDP-43 LCD). This domain is of particular interest, as it drives
both phase separation and aggregation of the full-length TDP-43""".
Beyond its disease relevance, tau/TDP-43 LCD system offers a uniquely
suitable model for studying the general principles governing formation and
properties of multicomponent protein condensates. This is because LLPS of
tau and TDP-43 LCD is driven by fundamentally different interaction
types’™*°, and these distinct interactions can be selectively modulated in a
well-controlled manner.

Results

The scaffold-client behavior of tau and TDP-43 LCD mixture is
controlled by relative concentration of both proteins

Before exploring the LLPS behavior of tau/TDP-43 LCD mixtures, we first
determined saturation concentrations (Cg,) of these proteins individually,
ie., the concentrations above which they undergo LLPS™. These experi-
ments were performed in 10 mM HEPES buffer (pH 7.4) containing
150 mM NaCl, 1 mM DTT and 1 mM EDTA. Since tau requires the pre-
sence of crowding agents to undergo LLPS at physiologically relevant
concentrations”, 10% polyethylene glycol 10 (PEG) was used in all
experiments described in this study. Using turbidimetry measurements, we
found the saturation concentration of tau and TDP-43 LCD under the
above-mentioned buffer conditions to be 4.9 uM and 4.8 M, respectively
(Fig. 1a). The absence of droplets below Cg,, and their presence above Cy,
was confirmed by fluorescence microscopy using tau labeled with Alexa
Fluor 488 (green) and TDP-43 LCD labeled with Alexa Fluor 594
(red) (Fig. 1b).

The C,, determined in this study for tau is consistent with the pre-
viously reported phase diagrams that placed the threshold concentration for
tau LLPS under identical buffer conditions (150 mM Nacl, 10% PEG, pH
7.4) between 4 and 5 uM*”**. While a range of C,,, values were reported for
TDP-43, some of them were determined for the full-length protein and/or
under different buffer conditions™*’. The Cy,, value previously determined
for TDP-43 LCD at a similar ionic strength (150 mM NaCl) in the absence
of any molecular crowders was around 15pM**"*’. Thus, while PEG
decreases the Cg,, of TDP-43 LCD from 15 pM to 4.8 ul,, its promoting
effect on tau LLPS is stronger, as the latter protein in the absence of crowding
agents does not undergo phase separation even at concentrations as high as
100 uM™. In view of these data, we performed control experiments
exploring whether there is any specific interaction between PEG and any of
the two proteins used. Using fluorescenly labeled PEG, we found that this
polymer does not partition into tau or TDP-43 LCD droplets (Fig. S1). This
indicates that in our system PEG acts as an inert crowding agent that does
not interact specifically with any of the proteins used®.

We began by characterizing the phase behavior of tau/TDP-43 LCD
mixture under the conditions where both proteins were above their
respective saturation concentrations. Droplets formed by these two proteins
were found to be immiscible, with relatively small TDP-43 LCD condensates

engulfed by larger tau droplets, typically residing close to the inner surface of
the latter (Fig. 2a, b). Notably, tau was present not only within these larger
droplets but was also recruited into the smaller TDP-43 LCD condensates,
as indicated by fluorescence intensity profiles (Fig. 2 a, b, right panels).
Furthermore, an important feature of this three-phase system was that tau
accumulated at especially high concentration at the surface of TDP-43 LCD
droplets, forming a halo around them. We also assessed whether all tau
droplets exhibit a heterotypic character, defined as containing TDP-43 LCD
at intensities exceeding a defined detection threshold. To this end, we
quantified mean TDP-43 LCD fluorescence intensities within the regions
corresponding to each tau condensate in a representative 100 x 75 pum field
(Fig. S2a). All 65 condensates displayed TDP-43 LCD intensities markedly
above those of the surrounding dilute phase, indicating that every tau
droplet contained detectable TDP-43 LCD under these conditions. The
segmentation procedure and criteria used to define the TDP-43 LCD
detection threshold are detailed in the Methods section.

Next, we explored whether each of these two proteins below its
saturation concentration (i.e., when alone it did not undergo LLPS) could be
recruited into droplets formed by the other protein. When tau at 4 uM
(below C,) was mixed with TDP-43 LCD at 20 uM (above Cg,), it was
robustly recruited into TDP-43 LCD droplets, as clearly indicated by
fluorescence microscopy images and fluorescence intensity profile (Fig. 2¢).
Importantly, akin to the situation observed for TDP-43 LCD condensates
engulfed by tau droplets (Fig. 2a, b), tau was especially highly concentrated
at the surface of TDP-43 LCD droplets (Fig. 2c). A similar recruitment of
TDP-43 LCD into tau condensates was observed when the latter protein
below its Cg,; was mixed with tau above its C, (Fig. 2d). However, in this
case the distribution of both proteins was uniform within tau droplets, with
no halo effect observed. Akin to the situation when both proteins were above
Caao all condensates under this regime were also heterotypic (Fig. S2b).

We also performed limited experiments in the absence of PEG, finding
that, also in this case, tau (which does not undergo LLPS under these
conditions) could be recruited into TDP-43 LCD droplets (Fig. S3). How-
ever, no detectable halo effect was observed in this case, suggesting that
accumulation of tau molecules at the surface of TDP-43 LCD droplets is
especially strongly promoted by crowding conditions.

To confirm that these proteins are recruited into each other’s con-
densates only as passive clients and not through a synergistic LLPS-
promoting interaction, we mixed both proteins in a PEG-containing buffer
at 4 UM each, resulting in a cumulative concentration (8 uM) that exceeded
the C, of each protein individually. No droplets were observed under these
conditions (Fig. S4a), indicating that heterotopic interactions between tau
and TDP-43 LCD are not sufficient to drive phase separation. This con-
clusion is further supported by turbidity measurements showing no
detectable increase in optical density in the presence of the mixture of tau
and TDP-43 LCD at 4 uM each, in contrast to elevated turbidity when either
of these proteins is present alone at a concentration of 5 uM or higher
(Fig. S4b).

Altogether, these findings demonstrate that the scaffold-client beha-
vior of the tau/TDP-43 LCD mixture is controlled by the relative con-
centration of these proteins, and that each of them can behave either as a
scaffold that drives LLPS (when above Cy,,) or a passive client recruited into
droplets formed by the other protein (when below Cg,).

Surface tension differences determine the overall multiphase
architecture of tau/TDP-43 LCD droplets

Previous studies indicate that the organization of multiphase condensates is
primarily governed by differences in surface tension between constituent
phases'**'. When two immiscible condensates coexist, the phase with lower
surface tension relative to the solvent tends to envelop the one with higher
surface tension, thereby minimizing the total interfacial free energy. A
commonly used approach to explore this issue is to characterize the wetting
behavior of individual condensates on polar surfaces, as this behavior has
been shown to correlate with hierarchical organization of these condensates
in multiphasic systems: droplets that spread more extensively (lower
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Fig. 1 | Liquid-liquid phase separation of tau and TDP-43 LCD individually.
a Determination of saturation concentrations (Cg,) for LLPS of tau and TDP-43
LCD. Turbidity (OD at 600 nm) was measured as a function of protein concentra-
tion. Cy,, values correspond to the intersection points of the linear fits applied to the
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data. Gray circles show individual measurements; black squares indicate the mean,
and error bars represent the standard deviation (n = 4 experimental replicates).

b Fluorescence microscopy images of tau (green) and TDP-43 LCD (red) at the
indicated protein concentrations. Scale bars: 5 pm.

interfacial angle) generally form the outer layers, whereas more hydro-
phobic droplets (higher contact angle) are encapsulated™. Therefore, to gain
insight into the biophysical basis of multilayer architecture of tau/TDP-43
LCD droplets, we assessed the relative surface tension of droplets formed by
each protein individually by measuring their interfacial angle on a polar
glass surface”. The interfacial angle of tau droplets (~17°) was found to be
markedly lower than that of TDP-43 LCD droplets (~53°), indicating sub-
stantially higher surface tension of the latter condensates (Fig. 2e). This
difference explains why TDP-43 LCD droplets are engulfed by tau droplets,
as such an arrangement is energetically more favorable, consistent with the
wetting behavior observed in other multiphasic systems"™".

Material properties of tau and TDP-43 LCD condensates

To explore material properties of condensates under study, we performed
fluorescence recovery after photobleaching (FRAP) measurements on
droplets formed by each protein individually (20 uM) and in multiphasic
condensates generated by their mixture (Fig. 3). Immediately after forma-
tion, both tau and TDP-43 LCD droplets individually as well as in the
context of multiphasic condensates depicted in Fig. 2a, b exhibited a rapid
and very substantial (higher than 80 and 75% for tau and TDP-43,

respectively) recovery of fluorescence signal, indicating a dynamic, liquid-
like nature of these condensates. After 24 h, however, TDP-43 LCD droplets
alone as well as within mixed condensates displayed markedly reduced
fluorescence recovery, indicating a transition toward a more solid-like state.
In contrast, consistent with the previous study’”, tau condensates alone
showed little aging, remaining highly dynamic even after 24 h incubation.
However, a partial loss of fluorescence recovery was observed after 24 h for
tau molecules within multiphasic condensates. This indicates restricted
mobility of these molecules, likely due to their interactions with “solidified”
TDP-43 molecules.

Modulation of the scaffold-client behavior of tau/TDP-43 LCD
mixture by selective inhibition of intermolecular interactions
Next, we aimed to determine the role of specific intermolecular interactions
in the scaffold-client behavior of the tau/TDP-43 LCD mixture. These two
proteins form condensates through distinct mechanisms: while LLPS of
TDP-43 LCD is believed to be driven largely by hydrophobic interactions
involving aromatic residues™, the major driving forces for tau LLPS are
attractive electrostatic interactions between oppositely charged domains™.
Therefore, this system allows protein-specific inhibition of LLPS driving
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Fig. 2 | Phase behavior of tau and TDP-43 LCD mixtures. a—d Fluorescence
microscopy images of tau (green) and TDP-43 LCD (red) mixtures at the indicated
protein concentrations. Insets in the upper left corners show magnified view of
selected droplets. Scale bars: 5 pm. Right panels display fluorescence intensity
profiles (normalized to the maximum intensity) along the lines indicated in the
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corresponding merged images. e Orthogonal fluorescence microscopy views of tau
(green) and TDP-43 LCD (red) droplets sedimented on a polar glass surface (top).
Boxplots (bottom) show the distribution of interfacial angles measured at the
condensate-glass interface for each protein (# = 15). Mean and standard deviation of
interfacial angles are indicated above droplets.

Fig. 3 | Material properties of tau and TDP-43
LCD condensates. Representative fluorescence
recovery after photobleaching (FRAP) traces at 0 h
and after 24 h incubation (20 uM each protein) for
single-component condensates (tau, green, n = 8 at
Ohandn=6at24h; TDP-43 LCD, blue,n=6at0h
and n =7 at 24 h) and within multiphasic con-
densates (tau compartment, yellow, n =7 at 0 h and
n =4 at 24 h; TDP-43 LCD compartment, black,
n=7at0h and n =4 at 24 h). Individual measure-
ments are shown as lighter-colored circles, squares
show the mean, and error bars represent standard
deviation.
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Fig. 4 | Selective inhibition of LLPS-driving interactions alters the scaffold-client
behavior of tau/TDP-43 LCD mixture. a Fluorescence microscopy images of tau
(green) and TDP-43 LCD (red) individually at 300 mM NaCl (top), 150 mM NaCl
(middle), and 150 mM NaCl with 7.5% hexanediol (bottom). b Fluorescence
microscopy images of tau (green) and TDP-43 LCD (red) (20 pM each) mixtures at
300 mM NaCl (top), 150 mM NaCl (middle), and 150 mM NaCl with 7.5%

hexanediol (bottom). Scale bars: 5 um. ¢ Flory-Huggins interaction parameter ()
and intermolecular interactions between the three components of our system (z,
lattice site; kg T, thermal energy; 4, mean-field energy; p, protein. s, solvent). d Flory-
Huggins interaction parameter (y) can be shifted to negative values either by
reduction of protein concentration or inhibition of LLPS-driving interactions.

forces, offering unique opportunities in studying the mechanisms of mul-
ticomponent condensate formation.

We started by using 1,6-hexanediol, a compound known to inhibit
LLPS of some proteins by interfering with hydrophobic interactions*. In
control experiments with 20 uM of each protein, we found that 1,6-hex-
anediol at concentrations above 7.5% completely abrogated LLPS of TDP-
43 LCD, whereas it had essentially no effect on tau condensation (Fig. 4a,
bottom and Fig. S5a), consistent with the previous reports’”. When 7.5%
1,6-hexanediol was added to the mixture of both proteins at physiological
salt concentration, we no longer observed immiscible tau/TDP-43 LCD
droplets that were present in the absence of 1,6-hexanediol (Fig. 4b, middle).
Instead, TDP-43 LCD was recruited into tau droplets, where both proteins
appeared to be evenly distributed (Fig. 4b, bottom), exactly as observed for
the mixture of tau above its C,, and TDP-43 LCD below its Cg,, (Fig. 2d).

We followed this line of investigation by increasing salt concentration
(in the absence of 1,6 hexanediol) to specifically inhibit electrostatic inter-
actions. In control experiments with 20 uM of each protein, we established
that TDP-43 LCD in the presence of 300 mM NaCl undergoes robust LLPS,

whereas electrostatically driven LLPS of tau is completely abolished at this
salt concentration (Fig. 4a, top and Fig. S5b). We next added increasing
amounts of salt to the tau/TDP-43 LCD mixture (20 uM each), finding that
increasing NaCl concentration from 150 to 300 mM completely changed
the phase behavior of this system. Instead of forming immiscible droplets (as
observed at 150 mM NaCl, Fig. 4b, middle), tau was now recruited into
TDP-43 LCD droplets and highly concentrated at their surface (Fig. 4b, top),
an arrangement essentially identical to that observed at lower salt con-
centrations for the mixture of TDP-43 LCD above its Cg,; with tau below its
Csat (Fig. 2¢). Collectively, these data demonstrate that inhibition of specific
intermolecular interactions can control the phase separation behavior of the
TDP-43 LCD/tau system.

The scaffold-client behavior observed in the tau/TDP-43 LCD mixture
can be qualitatively explained within the general framework of the Flory-
Huggins theory, which describes how molecular concentration and inter-
action strength govern phase behavior". In this theory, the Flory-Huggins
interaction parameter (y) quantifies the energy of mixing resulting from the
balance between protein-protein and protein-solvent interactions, as
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illustrated schematically for our system in Fig. 4c. Phase separation becomes
energetically favorable when protein-protein interactions are more favor-
able than protein-solvent interactions (i.e., y > 0). In the present study, we
used this theory purely as a conceptual tool to qualitatively interpret our
experimental observations, with no attempt to determine absolute ther-
modynamic parameters.

In our system, the Flory-Huggins interaction parameters for tau (yap)
and TDP-43 LCD (yac) are negative when either of these proteins is below
its respective Cgy, as LLPS-driving intermolecular interactions are infre-
quent at low protein concentration levels. Under such conditions, each
protein can be recruited as a client into condensates formed by the other (if
the latter is above C,). Conversely, when tau or TDP-43 LCD are above
their respective Cg,, the corresponding y becomes positive, and each protein
undergoes LLPS independently, behaving as a scaffold. Importantly, our
present data indicate that these interaction parameters can be shifted to
negative values even at very high protein concentrations by selectively
inhibiting specific intermolecular interactions driving phase separation. For
instance, yac becomes negative when hydrophobic interactions driving
LLPS of TDP-43 LCD (ycc) are impaired by 1,6-hexanediol, while yap
becomes negative when electrostatic interactions driving tau LLPS (ugp) are
inhibited at high ionic strength (Fig. 4d).

Altogether, these findings indicate that the phase behavior of multi-
component protein system can be modulated not only by protein con-
centration but also by selectively inhibiting specific LLPS-driving
interactions. An important implication of this finding is that information
about LLPS behavior of individual proteins may provide a foundation for
understanding, and potentially predicting, the scaffold-client behavior of
complex multicomponent systems.

Evaluating interactions responsible for reciprocal recruitment of
tau and TDP-43 LCD into droplets formed by each other

In addition to forming a halo around TDP-43 LCD droplets, tau is also
recruited to the interior of these condensates (Fig. 2a-c). This occurs when
tau is both above and below Cg,. To better understand the chemical nature
of interactions responsible for these effects, we examined the effect of salt on
relative tau concentration within engulfed TDP-43 LCD condensates
compared to that in the bulk of tau droplets. At 50 mM NaCl, tau fluores-
cence intensity within TDP-43 LCD condensates was significantly higher
than in the surrounding tau phase, as shown by the plot profiles (Fig. 5). On
the other hand, at 150 mM NaCl, tau intensity was comparable between
these two regions. Additionally, at lower salt concentrations, we observed
that TDP-43 LCD droplets engulfed within tau condensates were sig-
nificantly smaller than those at higher NaCl concentrations, suggesting a
reduced tendency to fuse. This decreased fusion propensity at low ionic
strength likely reflects lower surface tension at the interface between tau and
TDP-43 LCD condensates, consistent with apparently stronger TDP-43
LCD-tau interactions, as suggested by an enhanced tau recruitment at low
NaCl concentrations.

A similar salt dependence for tau recruitment into TDP-43 LCD
droplets was observed below tau’s Cg,, (Fig. 6a). In this case, we were able to
directly determine tau’s partition coefficient by measuring its relative con-
centration (as assessed by fluorescence intensity) within TDP-43 LCD
droplets and in the dilute phase. This partition coefficient decreased with
increasing salt concentration, dropping from ~11 at 150 mM to ~3 at
600 mM NaCl (Fig. 6b).

Evaluation of salt effect on TDP-43 LCD recruitment into tau droplets
was not feasible due to high sensitivity of tau condensates to ionic strength.
Instead, we tested whether 1,6-hexanediol affects the interactions mediating
this process. Hexanediol is known to disrupt LLPS of many proteins, pre-
sumably by suppressing hydrophobic interactions*. To our surprise, this
agent had no measurable effect on TDP-43 LCD partitioning into tau
condensates (Fig. 6c, d).

Overall, these results suggest that the recruitment of tau into TDP-43
LCD condensates is driven primarily by ionic interactions. In addition to
classical attractive electrostatic interactions between oppositely charged side

chains, these may also include cation-m interactions, a likely scenario given
high abundance of arginine/lysine residues in tau and aromatic residues in
TDP-43 LCD. However, the persistence of tau halo around TDP-43 LCD
condensates at 600 mM NaCl suggests that hydrophobic forces also con-
tribute to stabilizing this structure, as electrostatic interactions are unlikely
to play a significant role at such high ionic strength.

Coarse-grained simulations model for LLPS of the tau/TDP-43
LCD system

To gain molecular level insight into the interactions involved in phase
separation of tau/TDP-43 LCD mixtures, we utilized a sequence-dependent
coarse-grained simulation framework that explicitly models electrostatic
and hydrophobic interactions, incorporating the LLPS-promoting effects of
PEG by empirically scaling these forces, as detailed in the Methods and
Supplementary Methods.

To validate the coarse-grained simulation framework, we conducted
simulations of tau and TDP-43 LCD mixtures under three experimentally
tested conditions: (i) Both proteins below C,, (3 M each); (ii) Tau above
Csar and TDP-43 LCD below Cg,, (9 uM and 3 pM, respectively); and (iii)
TDP-43 LCD above Cg, and tau below Cg, (3 uM and 9 uM, respectively).
Under the first set of conditions, LLPS was not observed in our simulations,
consistent with the experimental results (Fig. S4). In the second and third
regimes, droplets containing both proteins were formed (Fig. S6), in
agreement with experimental data showing reciprocal recruitment of tau
and TDP-43 LCD into droplets formed by the other protein (Fig. 2c, d).

For the second regime (9 uM tau and 3 uM TDP-43 LCD), TDP-43
LCD was distributed approximately evenly throughout the interior of the
condensates (Fig. S6a). In the third regime (3 uM tau and 9 uM TDP-43
LCD), tau was recruited into TDP-43 LCD condensates (Fig. S6b).
Importantly, in this case, our simulations also successfully recapitulated the
experimentally observed enrichment of tau at the surface of TDP-43 LCD
droplets. Thus, the coarse-grained framework was able to recapitulate at the
qualitative level the key features of condensates formed by the mixture of tau
and TDP-43 LCD.

Insight from simulations into intermolecular interactions
between tau and TDP-43 LCD
Next, we employed the coarse-grained simulation framework to analyze in
detail the most interesting situation, in which tau is recruited into TDP-43
LCD droplets while also being enriched at the surface, forming a halo
around them (Fig. 2c and Fig. S6b). To characterize the electrostatic and
hydrophobic interactions between different protein regions in this system,
we constructed pairwise intermolecular interaction plots for all residue pairs
between the two proteins (Fig. 7a). Our analysis revealed that TDP-43 LCD
primarily interacts with the first 40 amino acids of tau’s negatively charged
N-terminal region. Most of the attractive electrostatic interactions occur
with the positively charged N-terminal domain of TDP-43 LCD, which
contains four positively charged residues within the 266-293 region. On the
other hand, this domain is repelled by positively charged proline-rich and
repeat domains of tau. Furthermore, the first 40 amino acids of tau are
involved in hydrophobic interactions with residues throughout the TDP-43
LCD sequence, with the strongest of these mapping to the N-terminal
domain of TDP-43 LCD (up to residue 293). This region contains three
aromatic residues, which have a potential to engage in m-1 interactions with
three aromatic amino acids within the N-terminal region of tau.

Altogether, our simulations indicate that tau/TDP-43 LCD heterotypic
interactions include both the electrostatic and hydrophobic forces. This is
consistent with experimental data showing reduced partitioning of tau into
TDP-43 LCD condensates at high salt concentrations (what suggests the
importance of electrostatic interactions) as well as the persistence of tau halo
around TDP-43 LCD droplets at high salt concentrations (what suggests the
involvement of hydrophobic interactions) (Fig. 6a, b).

Finally, we can utilize the simulations to learn about the orientation of
tau within the halo surrounding TDP-43 LCD condensates. Given that the
interaction strength (represented by color intensities in Fig. 7a) reflects the
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Fig. 5 | The effect of salt on tau recruitment into
TDP-43 LCD droplets. Fluorescence microscopy
images of mixtures containing 20 uM tau (green)
and 20 uM TDP-43 LCD (red) at two different salt
concentrations as indicated. Insets in the upper left
corners show magnified view of selected droplets.
Scale bars: 5 pm. Right panels display fluorescence
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Fig. 6 | Modulation of tau/TDP-43 LCD phase behavior by salt and hexanediol.
a Fluorescence microscopy images of mixtures containing 4 uM tau (green) and
20 uM TDP-43 LCD (red) at the indicated salt concentrations. b Partition coefficient
of tau (4 uM) into TDP-43 LCD droplets as a function of salt concentration.

¢ Fluorescence microscopy images of mixtures containing 20 uM tau (green) and

4 uM TDP-43 LCD (red) at the indicated 1,6-hexanediol concentrations. d Partition
coefficient of TDP-43 LCD (4 uM) into tau droplets as a function of 1,6-hexanediol
concentration. Gray circles show individual measurements; black squares indicate
the mean, and error bars represent the standard deviation (n = 11). Scale bars: 5 um.

proximity of different protein domains, our data suggest that only a small
region of tau’s N-terminal domain (first 40 amino acids) remains in close
contact with TDP-43 LCD, where strong attractive hydrophobic and elec-
trostatic interactions are present. In contrast, the remainder of tau appears
more distant from TDP-43 LCD, consistent with weaker intermolecular
interactions in these regions. This supports a model in which tau’s
N-terminal region binds to the TDP-43 LCD condensate surface, with the
rest of the molecule extending into the dilute phase (Fig. 7b). Such an
arrangement is also consistent with the observed repulsive electrostatic

interactions between the positively charged N-terminal region of TDP-43
LCD and tau’s proline-rich and repeat domains. To validate this hypothesis,
in Fig. 7c we show radial density plots for the N-terminals (first 10 residues)
of tau and TDP-43 LCD and the C-terminal (last 10 residues) of tau. Fur-
thermore, we compared the distribution of distances between the
N-terminal residue of tau and the C-terminal residue of TDP-43 LCD with
that between the C-terminal residue of tau and the N-terminal residue of
TDP-43 LCD (Fig. 7d). These plots confirm our hypthothesis. The radial
density plots show that the peaks of both N-terminals coincide and overlap
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amino acids, dashed line) and C-terminal (last 10 amino acid, solid line with square
markers) regions of tau (green) and the N-terminal region of TDP-43 LCD (first 10
amino acids, red solid line), normalized to give the total number of tagged amino
acids when integrating over the volume of the droplet. d Normalized probability
distributions of distances between the N-terminal residues of tau and TDP-43 LCD
(N-N distance, dark gray bars) and the C-terminal residue of tau and the N-terminal
residue of TDP-43 LCD (C-N distance, light gray bars).

with one another, while the C-terminal extends to larger radii. In the dis-
tances plot, the N-N distances were consistently shorter than the N-C
distances, supporting the notion that interactions between tau and TDP-43
LCD are primarily mediated through their N-terminal regions.

To experimentally validate the simulation-derived prediction that tau’s
N-terminal region mediates its interaction with TDP-43 LCD at the con-
densate surface, we performed additional experiments using the tau K18
fragment (residues 244-372), which lacks both the N- and C-terminal
regions. When mixed with TDP-43 LCD (20 uM), K18 (4 uM) did not form
the characteristic peripheral “halo” observed for full-length tau, instead dis-
playing a uniform distribution within TDP-43 LCD droplets (Fig. 8). These
findings confirm that the negatively charged N-terminal residues of tau are
critical for establishing the interfacial architecture of tau/TDP-43 LCD con-
densates, supporting the orientation model derived from our simulations.

Discussion

Data presented in this study show that tau and TPD-43 LCD undergo non-
associative LLPS, forming immiscible condensates in which larger tau
droplets envelop smaller TDP-43 LCD droplets. This immiscibility suggests
relatively weak heterotypic interactions between the two proteins'’, con-
sistent with the absence of droplet formation in the mixture containing tau
and TDP-43 below their respective Cg,, even when their combined con-
centration exceeds the C, of either protein. Our findings also indicate that
in multicomponent systems lacking cooperative LLPS, scaffold-client roles
are determined by each protein’s concentration. Thus, each protein in such a
system acts as a scaffold only when its concentration exceeds Cs,, whereas
below this threshold, it behaves as a client that is passively recruited into
condensates formed by the other protein (that is above Cg,). Given that
condensation is known to facilitate protein aggregation*, such mutual co-
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Fig. 8 | Homogeneous recruitment of the K18 tau K18
fragment into TDP-43 LCD condensates. Fluor-
escence microscopy images of the mixture of K18
(green, 4 uM) and TDP-43 LCD (red, 20 uM)
showing uniform colocalization of both proteins

within TDP-43 LCD droplets. Scale bar: 5 um.

TDP-43 LCD

Merged

recruitment of proteins into the condensed phase may contribute to
synergistic pathological aggregation in vitro and in vivo.

Building on these findings, we explored whether the scaffold-client
behavior of a protein mixture also depends on the strength of inter-
molecular interactions. While such interactions are predicted to mod-
ulate LLPS behavior in classical thermodynamic models [such as Flory-
Huggins theory"'’] for simple polymers, direct experimental evidence of
this role in protein LLPS remains very limited. Our system provides a
useful model to test this prediction, as physicochemical forces underlying
tau and TDP-43 LCD condensation are fundamentally distinct, allowing
their selective manipulation and consequent disruption of one con-
densate type without affecting the other. By selectively impairing the
LLPS-driving interactions of either protein, we observed a loss of scaffold
function that mirrors the effect of reducing its concentration to the level
below Ci,;. These results reveal that both protein concentration and the
strength of homotypic interactions govern the scaffold-client behavior in
non-associative protein systems. In cells, these parameters may be
modulated through transient changes in protein expression levels and/or
post-translational modifications (PTMs). The latter may be particularly
relevant for both tau and TDP-43 LCD, as recent data indicate that
phosphorylation may significantly alter the LLPS propensity of both
proteins’****. PTMs may also influence heterotypic interactions.
However, such effects depend on whether PTM sites lie within regions
that mediate these interactions, and are therefore highly context-specific.
For example, the major phosphorylation sites of tau and TDP-43 LCD are
located outside the N-terminal regions that drive interactions between
these two proteins, making this system not well suited for exploring the
role of PTMs in modulating heterotypic interactions.

Apart from shedding new light into the scaffold-client behavior in
multicomponent protein systems, our data also provided insights into the
principles governing the architecture of multiphasic condensates. The
multiphasic organization observed here for tau/TDP-43 LCD mixtures
resembles the behavior reported for other protein systems in vitro** as well
for cellular compartments such as P granules’, stress granules™, or nucleoli’".
Such stratification is thought to arise from differences in surface tension,
with condensates of higher surface tension positioning at the core of droplets
with greater solvent affinity'*”. Our findings not only provide further
verification of this model but also offer a molecular-level insight into the
capillary forces that control the organization of multiphase condensates.
Specifically, we found that interfacial tension between tau and TDP-43 LCD
condensates can be modulated by the strength of their heterotypic inter-
actions. Atlow salt concentrations, TDP-43 LCD droplets embedded within
tau condensates become smaller and more numerous, reflecting reduced
surface tensions and lower fusion propensity. This effect correlates with an
enhanced tau recruitment into TDP-43 LCD condensates at low ionic
strength, indicating stronger tau-TDP-43 LCD interactions. This is con-
sistent with the electrostatic nature of these interactions that was revealed in
our simulations. Altogether, these findings highlight the role of heterotypic
interactions between scaffolds in determining the architecture of multi-
phasic condensates.

Our findings also provide mechanistic insight into the striking feature
of tau/TDP-43 LCD mixtures: the formation of a tau-rich “halo” at the

surface of TDP-43 LCD condensates. A somewhat similar shell-like orga-
nization has been reported for systems such as Lgel/Brel” and TDP-43/
Hsp70™. However, little is known about the nature of interactions respon-
sible for these types of morphologies. In an effort to bridge this gap, we first
examined the chemical nature of tau/TDP-43 LCD interactions experi-
mentally. Although their salt sensitivity suggests an electrostatic compo-
nent, the persistence of the tau halo at high ionic strength indicates
additional stabilization by hydrophobic forces. To dissect these contribu-
tions, we utilized a sequence-dependent coarse-grained simulation model.
Our simulations recapitulated the observed phase behavior and spatial
organization of tau/TDP-43 LCD mixtures, revealing that residues 1-40 of
tau’s negatively charged N-terminus interact primarily with the positively
charged N-terminal region of TDP-43 LCD through a combination of
electrostatic and hydrophobic forces. Importantly, in silico data also sug-
gested that tau at the droplet interface adopts a specific configuration in
which its N-terminal region remains in close contact with TDP-43 LCD
molecules inside the condensates, while its positively charged domains are
repelled by similarly charged regions of TDP-43 LCD, becoming exposed to
the aqueous phase (Fig. 7b). This prediction was experimentally validated
using tau K18 fragment that did not form the characteristic halo around
TDP-43 LCD condensates (Fig. 8), confirming the critical role of N-terminal
residues in full-length tau in establishing this interfacial organization.

The formation of tau halo around TDP-43 LCD droplets is reminiscent
of the core-shell organization observed in layered coacervates of elastin-like
polypeptides (ELPs), where amphiphilic diblock ELPs accumulate at the
surface of hydrophobic monoblock ELP droplets™. Given tau’s substantially
greater hydrophilicity relative to TDP-43 LCD, N-terminal interactions
between the two proteins generate an amphiphilic assembly with a preferred
orientation: the hydrophobic TDP-43 LCD region localizes toward the
droplet core, while the hydrophilic tau segment remains exposed to the
aqueous phase (Fig. 7b). In TDP-43 LCD droplets enveloped by tau con-
densates, tau likely adopts a similar orientation within the halo formed at the
interface between the two condensates, with its N-terminal region directed
toward TDP-43 LCD droplets and the remaining domains extending out-
ward to interact with tau molecules in the surrounding condensate. This
arrangement mirrors the behavior described for amphiphilic guest mole-
cules in model multicomponent coacervates, where such molecules pre-
ferentially localize at the interface between hydrophobic inner droplets and
hydrophilic outer phases™. Thus, our results support a notion that proteins
of contrasting hydrophobicities can associate to form amphiphilic com-
plexes that are enriched at condensate surfaces.

These findings indicate that halo formation is governed by the same
interfacial tension principles that underlie the organization of multiphasic
condensates. Thus, when TDP-43 LCD condensates are dispersed in aqu-
eous solution, tau accumulates at their interfaces to reduce unfavorable
TDP-43 LCD-water interactions, thereby minimizing surface tension.
Similarly, when TDP-43 LCD droplets are encapsulated within tau con-
densates, tau-tau interactions at the interface offset the energetic penalty of
tau-TDP-43 LCD contacts. Together, these observations suggest a unifying
model in which minimization of interfacial tension drives surface accu-
mulation of amphiphilic assemblies, an organizing principle that may apply
to diverse multicomponent condensates.

Communications Chemistry | (2026)9:126


www.nature.com/commschem

https://doi.org/10.1038/s42004-026-01933-8

Article

Methods

Protein expression, purification, and labeling

Recombinant TDP-43 LCD (residues 266-414) was expressed, purified,
treated with thrombin protease (to remove the His tag) and refolded as
previously described*'. Prior to experiments, lyophilized TDP-43 LCD was
resuspended in Milli-Q water and filtered using100 kDa Amicon centrifugal
filter. Protein concentration was determined spectrophotometrically (mass
extinction coefficient 17990 M'.cm™). Alexa Fluor 594-labeled or Alexa
Fluor 488-labeled TDP-43 LCD was prepared as described previously''.

Recombinant full-length tau (residues 1-441) and the K18 fragment
(residues 244-372) were expressed and purified using a previously described
protocol”. When necessary, a second size-exclusion chromatography
(Superdex 75 10/300 GL column) step was performed to ensure purify,
which was assessed by PAGE and UV absorbance spectroscopy (Nano-
drop). Protein concentration was determined using the reducing-
agent-compatible BCA assay (Thermo Fisher Scientific). Tau variants were
labeled with Alexa Fluor 488 (Invitrogen) as described previously™.

The amino acid sequences of all recombinant proteins used in this
study (TDP-43 LCD, tau, and K18) are provided in Supplementary Table S1.
Protein purity was assessed by SDS-PAGE followed by Coomassie Blue
staining. A representative gel is shown in Fig. S4. Densitometric analysis
performed in Image] indicated purities of 100% for TDP-43 LCD, 93% for
tau, and 91% for K18. The plasmids encoding the proteins used in this study
are available from the corresponding author W.K.S. upon request.

Liquid-liquid phase separation (LLPS) assays

LLPS was evaluated by turbidity measurements and fluorescence micro-
scopy at room temperature. All experiments were conducted in 10 mM
HEPES buffer (pH 7.4) containing 10% polyethylene glycol (PEG;
10.000 kDa), 1 mM EDTA, and 1 mM DTT. For the experiment with
fluorescent-labeled PEG, unlabeled PEG was mixed with FITC-labeled PEG
(5kDa, Creative PEGWorks) at a 1:4 ratio. All solutions were freshly pre-
pared for each experiment. To ensure reproducibility, all assays were per-
formed with a minimum of four experimental replicates and two
independent protein purification batches.

Turbidity was quantified as optical density at 600 nm using Tecan
Spark multimode microplate reader. Droplets were visualized by fluores-
cence microscopy using AlexaFluor-labeled protein probes (0.2 uM) mixed
with the unlabeled protein at a desired concentration. Samples (20 uL) were
placed onto 35 mm glass-bottom dishes pre-coated with Pluronic® F-127 to
minimize surface adhesion and sealed with a cover glass to avoid eva-
poration. Imaging was performed on an Olympus FV3000 confocal
microscope using a X60 oil-immersion objective, 1080 x1080 resolution,
and 2X zoom. Excitation lasers at 488 nm and 561 nm were used to detect
Alexa Fluor 488-labeled tau and Alexa Fluor 594-labeled TPD-43 LCD,
respectively. Laser power was optimized independently for each experi-
mental condition to ensure adequate visualization of condensate mor-
phology while avoiding pixel oversaturation. Images were acquired from the
bottom of the dish, 15 minutes after sample preparation, to allow for droplet
sedimentation. Wetting behavior was evaluated on uncoated glass surfaces
to mimic a polar aqueous environment. Z-stacks were acquired for con-
densates sedimented at the bottom of the dish using 0.25 pm step intervals.

Images were processed in Fiji (Image] version 1.53 u). Scale bars (5 um)
were added, and fluorescence intensity profiles were obtained using the
“Plot Profile” functionality. For visualization of relative protein distribution
within condensates, fluorescence intensity values were normalized within
each profile by dividing all values by the maximum intensity in that profile.
Interfacial angles were measured using Angle Tool in orthogonal views
reconstructed from Z-stack images, with the vertex placed at the
condensate-glass contact line. Partition coefficients were calculated as the
ratio of mean fluorescence intensity inside versus that outside the con-
densates. For evaluating the proportion of tau condensates containing TDP-
43 LCD, we determined the regions of interest (ROIs) corresponding to each
tau condensate using the Otsu thresholding method in Fiji (Fig. S2). Mean
fluorescence intensities on the TDP-43 LCD (red) channel were measured

within each RO, corresponding to the average pixel intensity within that
condensate. To determine background signal for this channel, mean
intensities were measured in 14 ROIs drawn outside tau condensates,
providing background mean (ppg) and standard deviation (opg) values. A
condensate was classified as heterotypic when its mean TDP-43 LCD
fluorescence intensity within tau condensate exceeded the threshold defined
as Upg + 3X0pg.

FRAP experiments

Samples for FRAP were prepared as described above for fluorescence
microscopy imaging. In experiments involving mixtures of the two proteins,
only the protein for which the fluorescence recovery was being determined
was labeled. Droplets were allowed to sediment at the bottom of a 35 mm
dish for 15 min prior to imaging. FRAP measurements were performed
using a Leica HyVolution SP8 confocal microscope with 2.4 mW laser
intensity for bleaching, x63/1.4 numerical aperture oil-immersion objective,
and photomultiplier tube detector. The regions of interest (0.4 um diameter)
were bleached within the droplets. The measurements involved three pre-
bleaching frames, four flashes of bleaching (25% of laser power), and 70
post-bleaching frames (1.3 s/frame). Individual FRAP traces were normal-
ized to account for background fluorescence, acquisition-related photo-
bleaching, and pre-bleach intensity, following established workflows for
quantitative FRAP analysis™’. The mean normalized curve with the standard
deviation was plotted.

Coarse-grained simulation framework and workflow

A variety of coarse-grained molecular dynamic simulation frameworks have
been developed over the years to study different aspects of the dynamics and
phase behavior of intrinsically disordered proteins**~*’. In these models,
amino acids are represented as soft spheres with defined mass, charge, and
size, with harmonic springs for bonds, and non-bonded interactions
approximated as sums of electrostatic and non-ionic interactions. Some
studies have used Debye-Hiickel potentials to model the screened electro-
static interactions with modified Lennard-Jones potentials of the Ashbaugh-
Hatch functional form® and hydrophobicity parameters (1) that determine
the strength of non-ionic interactions**"~***". Other classes of models, such
as Mpipi models, have introduced the Wang-Frenkel potential for non-ionic
interactions while still utilizing Debye-Hiickel potentials for electrostatics in
various forms***,

In our simulations, electrostatic interactions were computed for par-
ticle pairs within 3.5 nm using a Debye-Hiickel potential with a screening
length of Ap=0.7466 nm. For non-ionic interactions, three candidate
models were considered in our study. Two of them used the Ashbaugh-
Hatch functional form®, where in one case, the A values were derived from
the Kapcha-Rossky scale®, and in the other from the Urry* scale (Table S1).
The third model tested was the Mpipi® with the Wang-Frenkel potential.
Among these, only the Mpipi model successfully reproduced the previously
reported higher LLPS propensity of TDP-43 LCD relative to tau in the
absence of crowding agents [in contrast to TDP-43 LCD’), tau at con-
centrations used in the present study does not undergo LLPS without
molecular crowders™]. This is likely due to more refined parametrization of
intermolecular interactions in the Mpipi model. Therefore, the Mpipi model
with modifications was used for all simulations presented in this study.
Additional Mpipi model details, including functional forms for potentials/
forces, are provided in the Supplementary Methods.

All simulations were carried out in the presence of 1 mM EDTA,
10 mM HEPES, and 150 mM NaCl. EDTA and HEPES were modeled
implicitly by incorporating the ionic strength of their dissociated species into
the Debye screening length. To account for the LLPS-enhancing effects of
PEG, electrostatic and non-ionic interactions in the Mpipi model were
scaled using two empirical constants, a and B, respectively. Although explicit
inclusion of PEG would allow direct interaction with proteins, the resulting
increase in system size would require further coarse-graining to remain
computationally feasible — an approach avoided to preserve the level of
molecular detail required for meaningful structural analysis. Instead, scaling
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parameters were calibrated by simulating each individual protein at 5 uM,
near the experimentally determined saturation concentrations of tau and
TDP-43 LCD (4.9 uM & 4.8 uM, respectively) in 10% PEG (Fig. 1a). Indi-
vidual systems of tau and TDP-43 LCD first formed droplets at a =3.115
and $=1.315 in simulations. Thus, these global scaling parameters were
tuned such that the concentration at which the simulated proteins under-
went LLPS was roughly the same as experiment. These scaling parameters
were then kept the same for all simulations of tau and TDP-43 LCD
mixtures.

Simulations were performed using the Python-based molecular
dynamic toolkit HOOMD-Blue®”**. The simulation box was a slab con-
figuration (200 x 200 x 600 nm), with periodic boundary conditions, a
setup often used in intrinsically disordered protein simulations®>**"*.
The time evolution of the system was simulated using Langevin
dynamics, using a time step of 0.01 ps. Simulations were run for either 2
or 5 us, depending on whether they were used for single-protein or
protein mixture systems, respectively. In both cases, the first 1 us was
allocated for equilibration and the remaining time was used for analysis.
Extra details of simulation procedures can be found in the Supplemen-
tary Methods.

Simulation analysis procedures

To assess whether phase separation occurred, we developed a protocol to
detect microdroplet formation — smaller assemblies than the large con-
densates typically seen in experiments, which are not reproducible in silico
due to limited system size and simulation timescales. Proteins whose centers
of mass were within a 10 nm radius of each other were considered part of the
same cluster. A system was classified as phase-separated if the average
cluster size per protein exceeded two throughout all post-equilibration time
steps, although the classification was not strongly dependant on the precise
value of this cutoff.

To quantify spatial distribution of proteins within mixed con-
densates, we simulated fluorescence labeling in the experiment by
tagging all lysines and N-termini in each protein. At each post-
equilibration time step, the largest protein cluster was identified, and
the positions of all amino acids were translated along the x-, y-, and
z-axes to center the cluster’s center of mass in simulation box. Radial
shells were created eminating from the center of mass of the largest
cluster, and radial densities of tagged amino acids were calculated for
each shell. These densities were normalized such that integrating over
the whole volume will give the total number of tagged amino acids.
To check whether the simulation box dimensions had any effect on
the qualitative results, a single simulation was conducted with TDP-
43 LCD at 9uM and tau at 3puM in a cubic simulation box
(346x346x346 nm) with all parameters the same as the slab simula-
tion. Radial distributions of both proteins were generated for this
simulation in the same way as the slab simulations, and the radial
profiles were compared (Fig. S6), showing the same qualitative fea-
tures in both cases, up to stochastic fluctuations in droplet size
between simulation runs. The lack of dependence on boundary
conditions is expected, since the smallest dimension of the simulation
box in both slab and cubic cases is larger than the radii of the biggest
droplet.

To evaluate spatial orientation of tau relative to TDP-43 LCD con-
densates in simulations at 3 pM tau and 9 uM TDP-43 LCD, we quantified
the positions of tau’s N- and C-terminal residues at each post-equilibration
time step and calculated their distances to the nearest TDP-43 LCD
N-terminal. Only distances <10 nm were included to exclude contributions
from unbound or dilute-phase proteins. This analysis generated two dis-
tributions of distances, tau N-terminus to TDP-43 LCD N-terminus (N-N)
and tau C-terminus to TDP-43 LCD N-terminus (C-N), used to assess
preferential domain interactions (Fig. 6d). Furthermore, radial density plots
were created for tau and TDP-43 LCD 10 N-terminal residues and tau 10
C-terminal residues.

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

Data availability

Data supporting the findings of this study are available within the paper, its
Supplementary Information, Supplementary Data 1-2, and in public
repositories at Zenodo (https://doi.org/10.5281/zenodo.18370808; source
data) and the Open Science Framework (https://doi.org/10.17605/OSF.IO/
4VMQB; simulation datasets).

Code availability

The custom code used to perform all coarse-grained simulations and ana-
lysis is available at: https://doi.org/10.5281/zenodo.15680574.
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