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Abstract

Cells contain multiple compartments dedicated to the regulation and control of biochemical
reactions. Cellular compartments that are not surrounded by membranes can rapidly form and
dissolve in response to changes in the cellular environment. The physicochemical processes
that underlie the formation of non-membrane-bound compartments in vivo are connected to
liquid-liquid phase separation of proteins and nucleic acids in vitro. Recent evidence suggests
that the protein tau, which plays an important role in Alzheimer’s disease and other
neurodegenerative disorders, phase separates in solution, forms tau phases with microtubules,
and associates with phase-separated RNA-binding protein granules in cells. Here we review the
experimental evidence that supports the ability of tau to phase separate in solution and form
biomolecular condensates in cells. As for other disease-relevant proteins, the physiological and
pathological functions of tau are tightly connected — through loss of normal function or gain of
toxic function — and we therefore discuss how tau phase separation plays a role for both, and

with respect to different cellular functions of tau.
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1. Introduction

Cells contain a variety of compartments, which enable the dynamic spatiotemporal coordination
of biochemical reactions and processes but lack a surrounding membrane. Increasing evidence
suggests that these compartments form and dissolve via liquid-liquid phase separation (LLPS;
Table 1) of macromolecules in response to cellular signals [1, 2], such as regulated changes in
protein/RNA concentration [3, 4], as well as changes in salt concentration [1], pH [5] and/or
temperature [2, 6, 7]. Intracellular compartments, which are not surrounded by membranes, are
also named biomolecular condensates (Table 1) [1, 2]. Aberrant phase separation, which can
lead to the transition from liquid-like into more solid-like phases, has been linked to human
disease [8-15]. Moreover, recent studies highlighted the important role of post-translational
modifications in the regulation of biomolecular condensation [16] and found that protein LLPS
1s modulated by phosphorylation of tyrosine [17], serine [18, 19], and threonine [20],
methylation of arginine residues [13, 21-23], and acetylation of lysine residues [24-26]. The

post-translational modifications can generate binding motifs that enable inter-molecular



interactions, or increase/decrease the local net charge of residues and thus modulate the critical
concentration threshold for protein LLPS [27].

We and others recently reported that the microtubule (MT)-associated protein tau,
which is found in insoluble protein deposits in the brains of patients with Alzheimer’s disease
and other neurodegenerative disorders [28-32], undergoes LLPS [12, 33-35]. Phase separation
of tau into liquid-like droplets and alternative forms of LLPS-mediated condensates could
therefore be an integral part of tau biology and pathology. In the following we describe key
properties of LLPS (chapter 2) and review basic properties of the amino acid sequence and
structure of tau (chapter 3). In chapter 4, we discuss the experimental evidence that is currently
available with respect to LLPS of tau in vitro, while chapter 5 summarizes observations that tau
phosphorylation and acetylation modulate tau condensation. In chapter 6, we then review some
cellular tau functions, in which tau protein condensation could have implications for
neurobiology. We also discuss how these neuronal tau phases could play a role in

neurodegenerative diseases, in many of which tau appears to be a mediator of neurotoxicity.

2. LLPS of biomolecules

2.1. Physical chemistry of LLPS

LLPS is a phenomenon inherent to the thermodynamics of liquids [7, 36, 37]. Complex fluids
gain unique thermodynamic, rheological, and other physical properties through liquid-liquid
demixing: the two states - homogeneous and phase-separated state - have different free energies
depending on temperature and pressure [38]. From a thermodynamic point of view, LLPS of
macromolecules results from the interplay of the entropy of mixing, which favors a single-
phase mixed state, some form of sufficiently strong attractive interactions between molecules
favoring a phase-separated state, and the configurational entropy of individual chain molecules,
which effectively lowers the entropic penalty of de-mixing as a result of the connectivity of
individual polymeric chains (Fig. 1) [2, 7, 27].

The phase behavior can most easily be understood in terms of Flory-Huggins theory of
polymer solutions [39, 40]. According to this theory, the solvent (denoted here by subscript s)
and polymer molecules (denoted by subscript p), which are composed of n; and n, monomers,
respectively, occupy sites on a lattice with a total of N sites. The free energy of the system is
then composed of an effective interaction energy between all species (i.e. solvent plus
solute/macromolecular species) and the entropy of mixing, ASmix, of all components (see also

Fig. 1). When the system is composed of my solvent and m, polymer molecules, volume



fractions @s=mgns/(msnstmpny) and Qpy=mpn,/(msnstmpny), respectively, with mgns+myn,=N, are
obtained. For simplicity, we will assume here a simple solvent and take n,~1 and set n,=n.
Central to the theory are the following assumptions: (i) the number of available configurations
of the polymer is approximately equal in vacuum and in solution such that the main
contributions to the mixing entropy are translational (i.e. center of mass) degrees of freedom,
(11) local variations in the concentration of monomers are not significantly different from their
average concentration, and (iii) all interactions are weak enough to not affect the placement of
the chain and solute particles on the lattice sites, respectively. In other words, the entropy is
that of a mixture of an ideal gas (solvent plus polymer) and the interaction energy corresponds
to the average interaction per pair of particles.

The Flory-Huggins free energy of mixing per lattice site, AFmix, is a result of the mixing
entropy ASmix and the effective mixing energy AEmix; it is expressed in units of thermal energy
kgT, reads Afmix = AFmix/(N+kp+*T)=AEmix - T*ASmix=):@s*@p + @sxIn(@s) + @p/n=In(@p) with @s=1
— @p. The mixing entropy always favors a mixed single-phase state, because the number of
distinct microscopic configurations is larger in the mixed state. Conversely, the effective
interaction energy of mixing, AEmix= y*@s*@p, 1S proportional to the respective volume fractions
of the interacting components ¢s and @p, with the proportionality parameter y=z+[Eps-(Epp +
Es)/2]/(ks<T) reflecting the effective mixing energy as a result of destroying z polymer-polymer
and solvent-solvent contacts with average energies E,p, and Egs respectively, and forming z
polymer-solvent contacts with energy Eps. In situations where >0, interactions oppose mixing
(i.e. favor demixing/phase separation). In contrast, when y is sufficiently positive to favor
demixing, Afmix has a bi-modal shape and the free energy of the phase-separated state is lower
for certain volume fractions (see Fig. 1D). For polyelectrolytes, Overbeek and Voorn extended
the theory by including long-range electrostatic interactions within a Debye—Hiickel
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approximation adding an additional energetic term to Afnmix that is proportional to oy
a reflects the strength of electrostatic interactions [41]. Notably, as a result of polymer
configurational degrees of freedom the mixing entropy penalty for phase separation is smaller
for polymers than for simple solutes.

Because the proportionality parameter y depends inversely on temperature, a
temperature — the so-called upper critical solution temperature UCST — exists according to
Flory-Huggins theory, above which the mixing entropy will dominate and always lead to a
mixed state. Polymer systems, however, can also exhibit a lower critical solution temperature

(LCST), or more complex phase behavior. LCST results from entropic contributions, which are

neglected in the Flory-Huggins theory. These effects include (i) strong polar interactions and



differences in molecular packing, which induce differences in the thermal expansion coefficient
between the components and their mixture [42], (i1) the presence of directionally-specific
interactions [43], and (iii) hydrophobic interactions, which are dominated by an entropic
contribution that increases with temperature and leads to the presence of terms in y that are

constant or have a logarithmic dependence on T [44].

2.2. LLPS of proteins and nucleic acids

Increasing experimental evidence links LLPS of proteins and nucleic acids to the formation of
biomolecular condensates [1, 7]. Biomolecular condensation is driven by transient multivalent
interactions between proteins as well as RNA and DNA [2, 15, 27, 45-47]. Proteins that can
undergo LLPS often contain disordered, low-complexity regions [2, 27, 45]. A variety of RNA-
binding proteins display modular architectures, in which sequences of disordered regions are
appended to RNA-binding domains such as RNA-recognition motif (RRM) domains, RGG
repeats, and enzymatic domains [2]. Moreover, homotypic interactions between intrinsically
disordered regions alone can drive phase separation, and negatively-charged RNA can further
enhance LLPS through interactions with RNA-binding domains and/or disordered protein
regions [2].

Coacervation (Table 1) of oppositely charged molecules (e.g. protein and RNA, or
protein and polyelectrolyte) promotes LLPS [37, 48], highlighting the importance of
electrostatic interactions for biomolecular LLPS [18, 47, 49]. In addition, hydrophobic
interactions can influence protein LLPS (please see 2. 1. Physical chemistry of LLPS): whereas
some condensates dissolve upon increasing temperature with an associated UCST (such as the
protein Fused in Sarcoma (FUS)), hydrophobic interactions favor phase separation upon
increasing temperature. Indeed, LCST behavior has been observed in vitro for protein and
model polypeptide systems [50-53]. Many LLPS proteins belong to the group of RNA-binding
proteins. In FUS for example, cation-n interactions between tyrosines in its prion-like domain
and arginines in the RNA-binding domain are important to facilitate LLPS. Other residues such
as glycine, glutamine and serine further contribute to LLPS through modulation of droplet
fluidity and hardening [15].

In many in vitro studies focusing on protein LLPS, non-polar agents such as
polyethylene glycol (PEG), Ficoll, or dextran are used, in order to mimic conditions of
intracellular molecular crowding with estimated biomolecular concentrations of ~100-400
mg/ml occupying 5-40% of the cytosolic space [54]. In the presence of such crowding agents,

the critical protein concentration necessary to undergo LLPS can be markedly lowered. The



mechanism by which the addition of neutral polymers promotes the condensation of proteins is
attributed to excluded volume effects: according to Flory-Huggins theory [39, 55], neutral
polymers, which do not interact with themselves or other molecules in the solution, can be
described as random coil polymer chains that occupy a certain (crowder concentration and size
dependent) space of the solution, which in consequence is not available for other molecules;
other molecules become restricted to a certain volume fraction, which increases their
concentration in the available volume above a critical concentration for LLPS. Another
theoretical description of molecules in a crowded environment, the scaled-particle theory [56],
creates excluded volume effects by assuming the crowder molecules as hard spheres with a
radius depending on the crowder molecular weight. It has been suggested that crowding may
directly impact the conformation of folded proteins [57, 58] and the compactness of intrinsically
disordered proteins [59], which might influence their propensity for LPPS. While the addition
of non-polar agents accounts for general molecular crowding effects, it neglects the fact that
biomolecules present in the cellular environment mostly have a charged surface to be soluble
in the aqueous cytosol. Charged molecules, however, can undergo a plethora of specific and
unspecific “soft” interactions in a crowded environment [60, 61] and in principle can deplete

molecules from the pool available for LLPS.

3. The microtubule-associated protein tau

3.1. Amino acid sequence and structure of tau

The gene encoding the human tau protein, is located on chromosome 17. Alternative splicing
of exons 2, 3, and 10 produces six different isoforms of tau in the human central nervous system
(CNS) (Uniprot ID 10636; Fig. 2A) [62]. The six isoforms differ in the number of N-terminal
inserts (N1,N2) and have either three or four ~31-residue-long, imperfect repeats (R1-R4) in
their C-terminal half [63]. The shortest isoform contains 352 residues, the longest isoform in
the adult human brain, which is called 2N4R tau or htau40, has 441 amino acids [62, 64]. The
imperfect repeats together with two N-terminal proline-rich regions are important for tubulin
polymerization and interaction with microtubules (MTs) [65-71].

The amino acid sequence of tau is mostly hydrophilic, contains only a small number of
hydrophobic residues, is of low complexity and locally repetitive [64] (Fig. 2B). Tau does
therefore not fold into a stable structure [72] but rather fluctuates between many different

conformations when not bound to a partner protein [67]. Because of these properties, tau



belongs to the class of intrinsically disordered proteins [73] and is best studied by Nuclear
Magnetic Resonance (NMR) spectroscopy [74] and single-molecule FRET spectroscopy [75-
79]. The low hydrophobicity of the tau sequence also makes the protein highly soluble [72].
Within the repeat region, however, two hydrophobic hexapeptide sequences are located that are
important for aggregation of tau (Fig. 2B) [80]. In addition, the oxidation state of the two native
cysteine residues (Cys291 and Cys322; Fig. 2B) influences tau aggregation [81, 82].

When the tau protein oligomerizes and aggregates into amyloid fibrils it acquires [3-
structure [83-87]. Cryo-electron microscopy of paired and straight helical filaments isolated
from the brain of a patient with Alzheimer’s disease revealed the molecular details of the cross-
B structure within the core of insoluble tau deposits [88, 89]. Outside of this rigid core, tau
remains flexible. This allows the N-terminus to contact the hexapeptides in the core structure
and thus establish an epitope that is recognized by the conformation-specific antibodies Alz50
and MC-1 [90-92]. Aggregated tau is unable to bind to MTs, which in turn affects their dynamic
instability [93]. The level of aggregation of tau into neurofibrillary tangles correlates with the
degree of cognitive decline in Alzheimer’s disease [94, 95]. Mutations in the protein sequence
modulate tau’s ability to form tangles and lead to frontotemporal dementia (FTD) [96, 97].

Because of a small number of hydrophobic residues and the low complexity of its amino
acid sequence (Fig. 2B), the tau protein displays very little tendency to aggregate [98].
Negatively charged co-factors (e.g. heparin and RNA) or a specific, yet unknown,
phosphorylation pattern are thus critical to aggregate tau [99, 100]. Consistent with the
importance of co-factors for pathogenic tau aggregation, neurofibrillary tangles isolated from
the brains of patients with Alzheimer’s disease contain RNA and glycosaminoglycans [99,
100]. Moreover, proteases and endopeptidases liberate the repeat domain of tau [101, 102],

which displays a higher tendency to aggregate than full-length tau [98].

3.2. Post-translational modification of tau

In vivo tau is highly post-translationally modified, including phosphorylation, glycation,
acetylation and glycosylation [103, 104]. Post-translational modifications of tau modulate tau
structure [105-108], tau/MT-interaction [ 106, 108], tau/actin-interaction [109], tau localization
[110], deposition and neurotoxicity [111]. For detailed reviews of post-translational
modifications of tau we refer to [104, 112].

Phosphorylation is the most common post-translational modification of tau [103, 104].

It was suggested that increased tau phosphorylation decreases its affinity for MTs and promotes



tau self-aggregation, resulting in destabilization of the neuronal cytoskeleton [103, 104]. Tau
phosphorylation is regulated by a large number of kinases and phosphatases with the degree of
tau phosphorylation determined by a fine balance of their activity. A perturbation of this balance
will result in abnormal phosphorylation of tau in Alzheimer’s disease.

Lysine acetylation in tau is elevated during cellular stress [113]. By blocking tau
degradation, lysine acetylation dysregulates tau homeostasis [113], impedes tau binding to MTs
[114] and promotes synaptic dysfunction [115].

Twelve sites of glycation were detected on tau protein [116]. Besides the production of
free radicals, glycation might contribute to a blockade of tau degradation and thereby promote
its pathological accumulation [117, 118]. Glycation promotes tau polymerization and stabilizes
aggregated tau protein, but does not by itself induce tau aggregation [119].

Glycosylation is the covalent attachment of oligosaccharides to a protein. During N-
glycosylation a sugar is attached to the amine radical of asparagine residues, while O-
glycosylation involves sugar attachment to the hydroxyl radical of serine or threonine residues.
Tau proteins extracted from brains of Alzheimer’s disease patients are abnormally glycosylated
[120, 121]. In vitro, deglycosylation of tau tangles converts tangles back into bundles of straight
filaments and restores their accessibility to MTs [120, 121]. Tau glycosylation also decreases
tau phosphorylation [ 122-124], potentially as a result of a competition between phosphorylation
and glycosylation for the same sites. Through such competitive mechanisms, O-glycosylation

could protect tau from disease-associated hyperphosphorylation [103, 104].

4. Tau LLPS

In the following, we review the experimental results describing LLPS of the protein tau (Fig.
3A). We start with self-coacervation, which is spontaneous LLPS in the absence or presence of
non-polar crowding agents (Table 1). Subsequently, we discuss LLPS promoted by negatively
charged co-factors, in particular RNA (complex coacervation; Table 1). Finally, we review the

evidence that post-translational modifications influence phase separation of tau in vitro.

4.1 Self-coacervation of tau

Bioinformatic analysis suggests that the amino acid sequence of tau encodes a high propensity

for granule formation (Fig. 3B) [33]. Consistent with this prediction some of us showed showed

that the K18 polypeptide, which comprises residues 244-372 of 2N4R tau (Fig. 2), can phase



separate in vitro into liquid-like droplets in the absence of molecular crowding agents [33].
Self-coacervation of K18 required high protein concentration (> 50-100 uM), was promoted
when the pH of the solution approached the protein’s pl, and reached a maximum at about 37-
45 °C [33]. At temperatures below ~15 °C, LLPS of K18 did not occur, in agreement with
LCST-like phase behavior. NMR spectroscopy showed that the KXGS motifs, which can be
phosphorylated by the MT-associated protein/MT affinity-regulating kinase 2 (MARK2) [106,
125], are hot spots in the process of self-coacervation of K18 [126]. Within these droplets, K18
remained highly flexible, but experienced small changes in secondary structure towards [-
hairpin-like structure [126]. In addition, interactions between the four pseudo-repeats of K18
were strongly enhanced in the phase separated state [33]. These interactions could occur either
within a single K18 molecule or between different K18 molecules, and are likely to originate
from the increase in K18 concentration in the interior of droplets [33]. Notably, tau has an
unusually high solubility (>200 uM) and a high diffusivity [127], therefore its condensation is
expected to be to a large extent governed by entropic effect.

Because of the strong increase in protein concentration in the interior of condensed
phases, liquid droplets might provide a favorable environment for protein aggregation [1, 2, 7].
Consistent with this hypothesis, we found that addition of heparin to preformed K18 droplets
changed the morphology of K18 droplets and resulted in amyloid fibrils [33]. This observation
was in agreement with many studies showing that efficient aggregation of tau into amyloid
fibrils is only achieved in the presence of negatively charged co-factors, such as heparin, RNA
or acidic peptides (e.g. the C-terminal tails of tubulin) [99, 100, 128-130]. The importance of
LLPS as an initial step for pathogenic misfolding and aggregation of K18 was further supported
by the observation that K18 LLPS in the absence of heparin and K18 fibrillization in the
presence of heparin showed a similar dependence on temperature, ionic strength, and pH [33].
Notably, studies with a shorter tau fragment (K19; residues 244-372 of 2N4R tau but without
residues 275-305, i.e. repeat R2; Fig. 2) suggested that each imperfect repeat of tau acts as a
single interaction motif, such that the total number of repeats influences the multivalency of tau
self-coacervation [33].

Independently, Hernandez-Vega and coworkers showed that 2N4R tau (htau40; see Fig.
2A) tagged with enhanced green fluorescent protein (EGFP) undergoes LLPS in presence of
molecular crowding agents [35]. htau40-EGFP droplet formation was influenced by the size
and concentration of the crowding agent, and was promoted by larger and more concentrated
crowders. In addition, LLPS of tau depends on ionic strength: low (high) salt concentrations

promote (inhibit) LLPS of K18 and htau40-EGFP, suggesting that electrostatic interactions are



important for LLPS of tau [33, 35]. Hernandez-Vega et al. also found that tubulin molecules
are recruited into htau40-EGFP droplets, with the concentration of tubulin inside the droplets
being ~10-fold higher than the concentration outside [35]. In turn, tubulin also stimulated the
formation of htau40-EGFP droplets, suggesting a positive feedback mechanism between
tubulin enrichment and LLPS of tau. Even at overall concentrations of tubulin that were four
times lower than the concentration needed for spontaneous nucleation of MTs in vitro, MT
bundles nucleated in htau40-EGFP droplets. Growth of MT bundles deformed htau40-EGFP
droplets into rod-like shapes. Further analysis showed that tubulin polymerization within
htau40-EGFP droplets is promoted by a combination of local tubulin concentration and spatial
confinement to the ‘container’ of the htau40-EGFP droplet. Notably, the addition of heparin
disrupted the interaction of htau40-EGFP with MT bundles and lead to the re-formation of
spherical htau40-EGFP droplets and naked MT bundles. These observations suggest that tau
droplets stabilize MT bundles by keeping the tubulin concentration in the droplet above a
critical value and/or by directly stabilizing the MT lattice [35].

In a further independent study, Wegmann et al. showed that both wild-type htau40
tagged with green fluorescent protein (GFP) and htau40-GFP carrying mutations found in
frontotemporal dementia (FTD) can undergo phase separation in vitro and form condensates in
living neuronal cells [12]. Condensation of htau40-GFP occured in the cytosol of cells with a
sufficiently high expression level of tau. Some droplet-like accumulations of htau40-GFP in
axons moved retro- as well as anterogradely. In addition, the accumulations of htau40-GFP
were less mobile than those formed by the N-terminal projection domain (residues 1-256 of
2N4R tau), potentially due to the inability of the latter to bind MTs via the repeat domain.
Fluorescence recovery after photobleaching profiles of the observed htaud40-GFP
accumulations were consistent with highly mobile tau species. htau40-GFP droplets did not co-
localize with membrane-bound organelles, such as lysosomes, endosomes or the endoplasmic
reticulum. Mutations of tau, which are associated with FTD and promote the pathological
aggregation and deposition of tau [131], induced LLPS of htau40-GFP at lower protein
concentrations when compared to the wild-type protein, strengthening the connection between

LLPS and pathogenic aggregation of tau [12, 33, 35].

4.2. Complex coacervation of tau with RNA

Intracellular non-membrane-bound organelles, such as processing bodies and stress granules,

contain a large number of RNA and proteins, including tau [19, 45, 133-137]. The groups of
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Han and Kosik showed that tau binds RNA in two stages that are mediated, respectively, by (1)
strong binding with nanomolar dissociation constants at a tau:RNA molar ratio of 2:1, and (i1)
weak association between tau multimers and RNA to form higher order complexes. Interaction
of the tau construct Ataul87 (residues 255-441 of htau40), and in a less robust manner also
htau40, resulted in the formation of liquid-like droplets [34]. Similar to K18 droplets, which
are formed by self-coacervation [33], Ataul87 remained highly mobile in Ataul87/RNA
droplets. The formation and stability of Ataul87/RNA droplets was reversible and sensitive to
increased ionic strength, Ataul87:RNA molar ratio, and temperature. Notably, binding of tau
to tRNA was found to be stronger when compared to the interaction with other RNA species,
despite tau lacking a known RNA-binding motif [34].

In a follow up study, the groups of Han and Kosik showed that, not only self-
coacervation of K18 displays LCST behavior (as shown by the Zweckstetter/Mandelkow labs
[33]), but also Ataul87/RNA coacervates [138]. Ataul 87/RNA coacervation was reported to
occur in a narrow range of temperature and protein concentration. While Ataul87 maintained a
state of dynamic flexibility in the coacervates, addition of heparin drove the system into a
fibrillar state, in agreement with observations made for tau droplets formed by self-coacervation
[12, 33]. Computer simulations further suggested that the tau/RNA ratio in cellular
physiological conditions is located near a binodal phase boundary, implying that small and
subtle changes in the cellular environment might be sufficient to induce tau condensation. The
authors of [138] further suggested that biological mechanisms that increase the concentration
of tau or RNA (for example osmotic stress), as well as pH, could drive complex coacervation
of tau/RNA in neurons.

Recently, some of us investigated the ability of the tau constructs K18, K25 (residues
1-243 of 2N4R tau but without residues 55-73, 1.e. N1, N2 inserts; Fig. 2) and htau40 to undergo
complex coacervation with RNA [26]. All three tau proteins underwent LLPS but required
different amounts of RNA. K18 with the highest pl required the largest amount of RNA to
undergo phase separation, while htau40 with the lowest pl required the smallest amount of
RNA, highlighting the importance of electrostatic interactions in complex coacervation of tau.
In addition, we found that htau40 phase separated at pH 7.4 in presence of the molecular

crowding agent dextran, most likely because of the ampholytic nature of htau40.

5. Modulation of tau condensation by post-translational modifications
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5.1. Modulation of tau LLPS by phosphorylation

Intrinsically disordered proteins such as tau are regulated by a variety of post-translational
modifications [103, 139, 140]. In the brain of patients with Alzheimer’s disease, tau is
hyperphosphorylated [141-144]. A large number of kinases can phosphorylate serine and
threonine residues of tau in vitro [105, 145]. A kinase, which phosphorylates serine residues in
the repeat domain of tau [106], is the MT-associated protein/MT affinity-regulating kinase 2
(MARK?2) [125]. Phosphorylation of tau by MARK?2 influences both tau aggregation and the
binding of tau to MTs [146]. Consistent with the importance of the repeat region of tau for
condensation, MARK2-phosphorylation of this region lowered the critical concentration for
K18 LLPS [12, 33]. In addition, non-phosphorylated K18 was recruited into preformed droplets
of MARK2-phosphorylated K18 [33], suggesting that condensates formed by phosphorylated
tau could promote condensation of different tau species.

The importance of tau phosphorylation for LLPS was further supported by the finding
that a full-length tau protein (P-tau), which was recombinantly produced in Sf9 insect cells and
had a phosphorylation state similar to tau extracted from Alzheimer’s disease brains [147],
rapidly formed droplets in solution at near physiological concentrations (~1-2 uM) upon
addition of molecular crowding agents (Fig. 4) [12]. LLPS of P-tau in the presence of molecular
crowding agents was furthermore found to be insensitive to increasing ionic strength (< 1 M
NaCl), suggesting that screening of electrostatic interactions had a smaller effect on LLPS of
phosphorylated when compared to non-phosphorylated tau. In addition, LLPS of P-tau was
robust against changes in pH, as well as high concentrations (< 1 M) of mono- (KCl) or bivalent
(MgCl) cation salts [12]. Wegmann et al. also observed that the C-terminal half of tau (P-tauCt;
residues 242—441 of 2N4R tau), is able to undergo LLPS in a NaCl-insensitive (< 1 M NaCl)
manner [12]. The addition of heparin or RNA to P-tau lead to spontaneous in vitro formation
of droplets in the absence of molecular crowders, with extended incubation resulting in the
formation of Thioflavine S-positive tau aggregates [12]. Moreover, hyperphosphorylated high
molecular weight tau species derived from Alzheimer’s disease brain phase separated into

liquid-like droplets [12].

5.1. Tau LLPS and acetylation

Increasing evidence connects acetylation of tau to tau toxicity and pathology [148, 149]. In

cells, tau can be acetylated by different lysine acetyltransferases (KAT) such as CREB or p300

12



[148, 149], and deacetylated by deacetylases including sirtuin 1 [113]. Recent studies highlight
the importance of the acetylation state of intrinsically disordered proteins/protein regions for
biomolecular condensation [24-26]. Ferreon et al. investigated the influence of p300-
acetylation on LLPS of htau40 [24]. They found that acetylation disfavors LLPS of htau40,
inhibits heparin-induced aggregation, and impedes the ability of tau to promote MT assembly.
We further showed that tau acetylation by CREB reverses LLPS of htau40 and K18 [26]: liquid
droplets of htau40 formed in presence of dextran, as well as of K18 formed in presence of RNA,
gradually shrinked and were ultimately dissolved (Fig. 5A, B). NMR spectroscopy of
unmodified and acetylated htau40 in presence of increasing RNA concentrations further
revealed that acetylation attenuates binding of RNA to tau [26]. Notably, bioinformatic analysis
showed that lysine is the most abundant amino acid in disordered regions of proteins found in
processing bodies, suggesting that acetylation might influence a wide range of intracellular

condensation processes [26].

6. Roles of tau phases in neuronal biology and neurodegeneration

6.1. Interplay of condensed tau phases with tubulin and MTs

Inhomogeneous coverage of MTs by tau and condensed phases of tau have been connected to
its function as a MT-binding protein [150-153]. However, the recently discovered
physicochemical state of liquid-like tau phases opens new paths of interpreting old and novel
observations. Tau is expressed in neurons of the central nervous system, where its major role is
the binding and regulation of axonal MT dynamics. The MT-binding of tau has been
characterized in vitro and tau has been shown to regulate the nucleation, growth, and stability
of MTs [154, 155].

Recently, it was shown that the recruitment of tubulin into liquid-like droplets of tau is
a potent way to initiate the assembly, growth, and bundling of MTs in vitro using recombinant
proteins [35]. On assembled MTs, the liquid tau phase forms a sheet-like coating, which might
stabilize and protect MTs. Mechanistically, the process is facilitated through interaction of the
positively charged tau repeat domain with the negatively charged MT surface, generated by the
protrusion of the acidic C-terminal tail of tubulin [156, 157]. Such “complexation” of anionic
and cationic peptides or protein parts resembles aspects of complex coacervation. In fact, the
concept that MT-assembly is driven by complex coacervation with cationic co-factors has been

introduced early on in research of MTs and MT-associated proteins [ 158]. Notably, the coating

13



of MTs by tau was found to be rather inhomogeneous with tau “patches”, or “islands”,
appearing along the longitudinal axis of MTs in vifro and in cells (Fig. 6) [151, 159, 160].

The size of the tau “patches” on MTs is dynamic and depends on the tau concentration
in the surrounding medium. In fact, at low tau concentration (~0.5-20 nM), the coexistence of
two distinct tau phases with different physicochemical behavior has been suggested: in
condensed tau patches, which form spontaneously and cooperatively on the MT surface at low
solution concentrations of tau [159, 160], tau has a long dwell time and appears static on the
MT surface. In addition, the exchange with tau molecules in the surrounding diffuse phase was
steady but slow and tau patches could grow on the edges by integrating tau molecules from the
surrounding solution. The other diffuse phase of tau on MTs - outside of the tau patches - is
characterized on the other hand by short dwell times of tau, resembling the diffusion of tau
molecules on the MT lattice [161, 162]. Structural modifications of the MT lattice, for example
by stabilizing MTs with paclitaxel or by altering the acetylation state of tubulin [150, 152],
influenced tau binding and island formation. In addition, patches of condensed tau were
observed preferentially in areas of curved MTs [153, 160]. Binding of tau to less-dense areas
of the MT lattice was also supported by a recent study demonstrating the interplay between tau
and Map6 in the regulation of labile and stable regions of MTs, which is important in the growth
cone and at axon branches [163]. It is well possible that free and/or MT-bound condensed
phases of tau play a role in the regulation of local repair, branching, and outgrowth of MTs in
these areas. How tau is distributed on MTs in vivo is still unknown, but some indication exists
that its distribution in the axon is inhomogeneous as well [164].

In the context of its function as MT-binding protein, it is intuitive that tau also plays a
role in axonal transport [ 165, 166]. Indeed, it has been shown that “patches” of condensed tau
on MTs alter the processivity of different kinesins and dynein in a motor protein specific
manner [151, 159, 160]. In addition, the tau patches appear to locally protect MTs against the
disassembly by proteins like katanin and spastin [159, 160]. A deregulation in the equilibrium
of MT-related tau condensation processes — for example by aberrant phosphorylation or other
post-translational modifications of tau that occur during neurodegenerative diseases — could
favor or prevent tau condensation, and thereby cause fatal failure in MT stability, repair, and
axonal transport. In fact, all these phenotypes are early signs of neurotoxicity and can be
observed prior to neuronal death in tau-related neurodegenerative diseases such as Alzheimer’s
disease. Furthermore, an aberrantly excessive nucleation of MTs by missorted phosphorylated
tau in the neuronal soma could explain the recently reported MT-induced deformation of the

nuclear membrane in FTD patient-derived neurons [167].
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6.2. Tau association with RNA-binding protein granules

Local translation of mRNA into protein is especially important in cells, which have a highly
asymmetric polarized cell architecture such as neurons: the neuronal cell soma, the dendritic
processes and post-synapses, and the axon and pre-synapses each have to provide a different
functional micro-environment with different ensembles and concentrations of proteins and
other biomolecules. Such spatial distinction is necessary to maintain neuronal function, and
mRNA transport into distal areas and local protein expression are essential. mRNA molecules
are often transported along MTs in association with RNA-binding proteins (RNPs) granules; in
fact, the assembly of RNP granules was the first process for which the coacervation of proteins
with RNA molecules was shown to be the driving force [ 135]. Tau mRNA itself has been shown
to colocalize with RNPs [168] and to travel to the distal axon together with the RNP granule
protein HuD, where it becomes locally translated into protein [169, 170].

In stress conditions, cells utilize LLPS to acutely and reversibly assemble cytoplasmic
RNP granules (stress granules, SGs) that contain different RNPs, specific RNAs, and enzymes
that are needed for protein translation or mRNA silencing, necessary for the cellular response
to the stress [16]. The SG composition appears to vary with the applied stress [171]. In many
cases, the formation of cytosolic SGs involves the translocation of otherwise primarily nuclear
stress granule proteins. Notably, also small amounts of tau can be found in cytosolic SGs, and
the presence of tau in SGs containing the RNP TIA-1 has been shown in different cells including
neurons, as well as in the brain of tau transgenic mice and human post-mortem brain from
Alzheimer’s disease patients [133, 172].

We recently showed that the three recombinantly expressed and purified tau proteins
K18, K25 and htau40 colocalize with SGs when added independently to semi-permeabilized
HeLa P4 cells, which were stressed by the proteasome inhibitor MG132 [26]. K25 showed the
strongest and K18 the weakest colocalization, suggesting that the repeat domain of tau could
have an inhibitory effect on SG association. Interestingly, the relative abundance of arginine
residues in these three tau proteins decreases in the order K25>htau40>K18, hinting towards a
potential correlation between relative arginine content and SG colocalization. Additionally, the
authors showed that tau acetylation significantly reduces the colocalization of tau with SGs

(Fig. 5C). Both results suggested that SGs might also have a potential neuroprotective function.
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The role of tau in RNPs is not known but could be related to its high affinity to RNA
and could involve, for example, alterations in stress-response mRNA translation in SGs or the
RNA transport by RNP granules. It is also not yet known if the interaction of tau with SGs
relies on co-condensation or some other molecular binding mechanism. In the disease context,
stress granules seem to play a role in tau-induced neurotoxicity, since the removal of TIA-1 -
at least on the mRNA level - rescues neuronal death in a transgenic FTD mouse model
expressing mutant tau [173]. The removal of TIA-1 increased the amount of tau aggregation as
well as the neuronal survival in these mice, suggesting that TIA-1 and tau associated with SGs
may mediate tau toxicity in vivo. On the other hand, TIA-1 and other RNPs seem to accumulate
with cytosolic phosphorylated-tau deposits in the brain of tau mutant mice [174]. Hence, the
interaction of RNPs with pathological tau could change the normal neuronal SG biology in
different ways: the association of tau proteins with SGs can alter the normal SG function in
stress-response, and RNPs that get sequestered into pathological tau inclusions could lose their
normal function. In both cases, the cellular stress response would be impaired. Importantly,
there is also an interaction between tau mRNA and RNPs: tau mRNA is found in axonal RNPs
of neuronal cells [170], and SG formation in neuronal cells induces a shift in the splicing of tau
mRNA and, hence, in protein isoform expression [168]. These findings suggest an important,
and yet not understood, aspect of neuronal tau translation and transcription regulation by RNPs
and SGs, whose role in neurodegeneration needs more attention. How SGs change the
pathophysiology of tau, and how tau changes the physiology of SGs needs to be clarified.

Some RNPs that play a role in normal neuronal stress response are also associated with
neurodegenerative diseases, for example the proteins FUS [8], the transactive response DNA
binding protein 43 kDa (TDP-43) [9], and heterogeneous nuclear ribonucleoprotein Al
(hnRNPAT1) [45]. These proteins also form intracellular protein aggregates in amyotrophic
lateral sclerosis (FUS, TDP-43, and hnRNP) and FTD (TDP-43). Disease associated mutations
or post-translational modifications can lead to an aberrant condensation and aggregation of
LLPS proteins [9, 20, 22, 175]. Similarly, tau LLPS is promoted by FTD mutations and
pathology-associated phosphorylation [12, 33]. Until now, however, there is no direct proof
that liquid-like condensates of proteins, including tau, which undergo LLPS in vitro or in cells,
exist in the living brain. However, at least for tau there is some evidence that droplet-shaped
tau accumulations can emerge in the living mouse brain expressing fluorescent protein-tagged
human tau and that pathological tau isolated from Alzheimer’s disease brains is able to undergo

LLPS ex vivo [12].
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7. Conclusion

During the last two years, increasing evidence has been accumulated that the microtubule-
associated protein tau can phase separate in solution, forms tau phases with tubulin and on
microtubules, and associates with biomolecular condensates in cells. However, we still know
little about the molecular and structural properties of tau in liquid-like droplets and cellular
condensates, how these properties depend on post-translational modifications, and how they
change in the diseased or ageing brain. To validate the relevance of tau LLPS for human
neurodegenerative diseases, it will be important to experimentally close the gap between in
vitro liquid-like protein droplets and tau condensation in the brain, in order to gain insights into
the contribution of liquid-liquid phase separation and cellular condensation for tau biology and

pathology.
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Biomolecular condensates: Intracellular compartments that are not surrounded by a membrane. Examples: stress granules,
processing bodies, germ granules or cajal bodies.

Membrane-bound organelle (compartment): Cellular compartment that is enclosed by a lipid bilayer membrane. Examples: Golgi
apparatus, ribosomes, nucleus or mitochondria.

Phase separation: The transformation of a single-phase system into a multi-phase system that depends on the Gibbs free energy of
mixing. For example, two immiscible liquids like water and oil droplets.

Liquid-liquid phase separation: A processin which two liquids demix and form non-miscible phases.

Coacervation: A process in which two phases co-exit, a polymer or colloid-rich phase (coacervate phase or coacervate droplets) and
a very dilute phase (liquid). The name "coacervate"derives from the Latin coacervare, meaning "to assemble together or cluster".

Complex coacervation: Refers to liquid-liquid phase separation that results when solutions of two oppositely charged molecules are
mixed.

Self-coacervation: The formation of a coacervate phase without the addition of the second component, e. g. a negatively charged
co-factor. It typically involves multivalentor ampholytic macromolecules.
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Figure 1. LLPS depends on the interplay between mixing entropy (Smix) and effective mixing energy
(Emix): Afmix = AFmix/(N+kp+T)=AEmix - T*ASmix [39-42]. (A) Mixing entropy favors a single-phase mixed
state (bottom). Attractive interactions between proteins (green balls) can drive the system into a phase-

separated state (top) when y=z+[Eps-(Epp + Ess)/2]/(k<T) >> 0, where E,;,, Egs and E, are interaction
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energies between pairs of proteins, between solvent molecules, and between protein and solvent,
respectively [27]. (B) The chain flexibility of polypeptides (here illustrated with n,=n=9) effectively
lowers the entropic penalty associated with phase separation and thus promotes phase separation of
polymeric mixtures [27, 39, 40]. (C) In the phase-separated state two liquids exist, which have the same
chemical potential but different composition with the droplet phase (green) strongly enriched in protein.
(D) Mixing free energy Afnix per unit of ky T as a function of the volume fraction of the polymer ¢. When
the Flory interaction parameter y is sufficiently small (black and blue dashed lines) mixing entropy
dominates and leads to a mixed phase, because the free energy of the single-phase system is always
smaller than any linear combination of two phases (i.e. a straight line between any two points on the
Afmix function always lies above). Notably the mixing free energy for longer chains at any fixed ¢ is
always smaller, which readily depicts that chain degrees of freedom lower the mixing entropy (see text
for more details). As soon as y becomes large enough the mixing free energy is not a convex function
of volume fraction anymore and hence there exists a region of ¢ where a linear combination of two
phases with a composition denoted by the arrows (see dashed grey lines) has a smaller free energy. In
these regions of composition, LLPS occurs. (E) Temperature dependence of LLPS. According to Flory-
Huggins theory, which neglects entropic effects in interactions, the interaction parameter y is inversely
proportional to temperature. With increasing temperature, interactions thus become less important for
phase behavior, and eventually — at the so-called upper critical solution temperature (UCST) — mixing
entropy dominates and results in a mixed/non-phase-separated state. In presence of pronounced entropic
effects involved in the interactions, including strong polar interactions and differences in molecular
packing or in the presence of directionally-specific and hydrophobic interactions, a lower critical
solution temperature (LCST) can arise as a result of y being constant or having a logarithmic dependence

on temperature.
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Figure 2. Splicing isoforms, amino acid sequence and domain organization of tau protein. (A) MAPT

(microtubule-associated protein tau) gene encodes six tau isoforms in the human brain that result from

alternative splicing of exons 2, 3, and 10. The isoforms differ in the number of N-terminal inserts

(N1,N2) and in the number of imperfect repeats (R1/R2/R3/R4 in 4-repeat tau and R1/R3/R4 in 3-repeat

tau) and thus in their amino acid sequence. P1 and P2 are two regions of tau that are rich in proline

residues. (B) (left) Amino acid sequence of htaud40 (2N4R tau). Two hydrophobic hexapeptide

sequences are colored in yellow and the two native cysteine residues in red. (right) Domain organization

of htau40 indicating the positions of the hexapeptide sequences in R2 and R3, as well as the cysteine

residues C291 and C322.
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Figure 3. LLPS of tau protein. (A) Phase contrast and fluorescence micrographs of liquid-like droplets
formed in a solution containing 50 uM htau40 in 25 mM HEPES, 50 mM KCI, pH 7.4, and 10 % of the
molecular crowding agent dextran. Scale bars, 10 um. (B) Residue-specific propensity scores for granule
formation of htau40 calculated by the software catGranule [33, 176]. The domain organization of htau40

(2N4R tau; Fig. 2) is shown on top.
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Phosphorylation-dependent LLPS
tau concentration=2 uM, 10 % (w/v) PEG-8000, 50 mM NacCl
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tau phosphorylation

tau LLPS rate, condensate size & number, transition into aggregates

Figure 4. Tau phosphorylation influences tau condensation. Phosphorylated tau produced in Sf9 insect
cells (P-tau), which carries an average of ~12 phosphates [147], undergoes LLPS upon addition of
crowding agent (here 10% w/v polyethylene glycol (PEG-8000)) to a solution containing 2 uM P-tau.
De-phosphorylation of P-tau by alkaline phosphatase (P-tau+AP) reduces the formation of tau
condensates and their size. /n vitro phosphorylation of tau from E. coli (noP-tau) using the kinase
MARK?2 [106] enables tau LLPS at 2 uM tau protein concentration [12, 33]. LLPS of tau constructs was
monitored by phase contrast microscopy 5.5 hours after addition of polyethylene glycol. See [12] for

more details. Scale bars, 10 um.
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Figure 5. Acetylation dissolves tau droplets and attenuates colocalization of tau with stress granules
[26]. (A) Cartoon representation illustrating tau liquid droplet formation in the presence of a cofactor
and the influence of tau acetylation by lysine acetyltransferase (KAT) in presence of acetyl-Coenzyme
A (AcCoA). (B) DIC and fluorescence images showing acetylation-induced dissolution of
htau40/dextran (50 pM htau40, 10% dextran in 25 mM HEPES, pH 7.4) droplets in presence of CREB
(KAT) and AcCoA. The images of the droplets were taken every 2 min (2-10 min). Scale bars, 10 um.
(C) After stress granules were first induced by proteasome inhibitor MG132 and the plasma membrane
of Hela P4 cells was semi-permeabilized using digitonin, the cytosolic soluble factors were washed out
and subsequently nuclear pore complexes were blocked by WGA. In the next step, Alexa 488-labeled
htau40 and Ac-htaud40 (acetylated htau40) were incubated with the semi-permeabilized cells to allow
binding to SGs and after extensive washing, SGs were subjected to immunostaining for the SG makers
G3BP1 and TIA-1. Scale bar, 10 um. In the merge, Alexa 488 fluorescence and TIA-1 staining are

shown in green and red, respectively.
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Figure 6. Liquid-like condensates and axonal “patches” of tau in neurons. (A) Primary cortical mouse
neurons overexpressing human FTD-mutant tauP301L for seven days show an inhomogeneous
distribution of human tau (green) in neuronal processes (zoom 1-3). The distribution of misfolded tau
(magenta) appears even more “patchy” and is restricted to axons. Some of the axonal tau accumulations
are indicated with white arrow heads. Neurons were transduced with an AAV encoding green
fluorescent protein (GFP) and tauP301L (GFP-2a-tauP301L; [177]) on day in vitro (DIV) 7, then fixed
and immunolabeled for human tau (TauY9 antibody) and misfolded tau (Alz50 antibody) on DIV14.
Inhomogeneous distribution of tau in cortical neuronal processes can also be found in mice injected with
the same AAV after 4 weeks. Sections from fixed brain were immunolabeled for human tau (Taul3
antibody). (B) Cortical mouse neurons show liquid-like GFP-tau condensates (white arrow head) and
inhomogeneous distribution of GFP-tau in their processes already at ~6-12 h of human GFP-tau
expression in vitro. The example neuron was transfected with GFP-tau DNA at DIV7 and imaged 18 h
after lipotransfection. (C) Fluorescence imaging of GFP-tau in axons of cortical neurons shows some
bright droplet-like accumulations of GFP-tau along the axons (white arrow heads) and inhomogeneous

and dynamic distribution of GFP-tau along axons (time-series images 1 to 8 of inset; one frame per 10
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seconds). To be able to unambiguously identify axonal compartments, primary mouse neurons were
cultured in microfluidic chambers with long microchannels for axonal grow-through [178] for six days
and then transfected with GFP-tau. Image and time series were taken 48-72 h after transfection with

GFP-tau.
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