Bioorganic Chemistry 132 (2023) 106347

ELSEVIER

journal homepage: www.elsevier.com/locate/bioorg

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

L)

Check for

Site-directed double monoubiquitination of the repeat domain of the ol
amyloid-forming protein tau impairs self-assembly and coacervation

Daniele Trivellato, Fulvio Floriani, Ca1:10 Giorgio Barracchia, Francesca Munari,
Mariapina D’Onofrio, Michael Assfalg

Department of Biotechnology, University of Verona, 37134 Verona, Italy

ARTICLE INFO

Keywords:

Amyloid

Biomolecular condensate
Chemoselective ligation
Neurodegeneration
Post-translational modification
Protein aggregation

Tau protein

Ubiquitination

ABSTRACT

In Alzheimer’s disease and related disorders called tauopathies, the microtubule-associated protein tau accu-
mulates in the brain in the form of amyloid-like supramolecular filaments. As an intrinsically disordered protein,
tau undergoes many post-translational modifications, including ubiquitination. Alterations to the levels of
ubiquitination of tau have been observed at various stages of neurodegenerative conditions.

We focus on proteoform-specific interrogations to obtain mechanistic insight into the effects of ubiquitination
on disease-related conformational transitions of tau. Single and double ubiquitination of tau at residues Lys311
and Lys317 is strongly associated with pathological conditions. In this study, we leveraged disulfide-directed
chemistry to install ubiquitin at one or both of those positions in the isolated microtubule-binding repeat
domain of tau. We obtained homogeneously modified tau proteins and observed that they retained disordered
character in solution.

We found that ubiquitination in position 317 (with or without ubiquitination in position 311) impaired the
formation of ordered fibrillar structures via oligomeric intermediates. Since the transition to fibrillar species may
proceed via an alternative condensation pathway involving liquid droplet intermediates, we further tested the
ability of the ubiquitinated proteoforms to phase separate. Single monoubiquitinated tau species were able to
coacervate, however no liquid droplets were observed for the double ubiquitinated form.

Taken together, the data indicate that double ubiquitination in the third repeat of tau disfavors the formation
of amyloid aggregates by distinct mechanisms, suggesting that the presence of ubiquitinated residues 311 and
317 in insoluble tau may result from modifications in advanced stages of aggregation. These findings contribute
to our understanding of the influence of site-specific ubiquitination on the pathological conformational transi-
tions of a prototypical intrinsically disordered protein.

1. Introduction

potential ubiquitination sites. Additionally, Ub itself contains seven
lysine residues, allowing for the formation of polyubiquitin chains. The

Ubiquitination (or ubiquitylation) refers to the post-translational diverse Ub modifications, i.e. monoubiquitination, multi-
modification (PTM) of protein substrates by the covalent attachment monoubiquitination, and polyubiquitination with different chain

of ubiquitin (Ub), a compact 76-amino acid protein [1]. In the ubiq-
uitination process, the C-terminal carboxyl group of Ub becomes
attached to the e-amine of a lysine residue of the substrate through an
isopeptide bond. Biologically, the reaction is highly regulated by the
coordinated action of a three-enzyme cascade [2]. Lysine is a relatively
abundant amino acid [3], therefore proteins typically contain numerous

lengths and topologies, represent an extremely powerful and versatile
signaling tool with which a cell can direct the interactions and degra-
dation of the substrate [1]. Thus, it is not surprising that ubiquitination
is involved in nearly all aspects of eukaryotic biology [4].
Dysregulated ubiquitination is detrimental for cell functioning and is
involved in the development of various human diseases, including
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cancer and neurodegeneration [5]. Neurodegenerative disorders (NDs),
such as Parkinson’s (PD) or Alzheimer’s disease (AD), are characterized
by the formation of protein aggregates in the brain as a result of disease-
related gene mutations or impaired protein homoeostasis [6]. Notably,
Ub is crucially involved in proteostasis regulation via the ubiq-
uitin-proteasome system and the autophagy-lysosomal pathway [7].
Moreover, Ub and Ub-binding proteins were found as major constituents
of neurotoxic protein aggregates [8]. Thus, impaired protein clearance
processes and/or disrupted Ub signaling strongly implicate ubiquitina-
tion in the onset and progression of NDs.

In AD and related disorders called tauopathies, the microtubule-
associated protein tau is accumulated as intraneuronal tangles of
paired helical filaments (PHFs), twisted ribbons and/or straight fila-
ments [9]. Tau is abundant in mature neurons, where it contributes to
regulate the assembly and dynamics of microtubules. As an intrinsically
disordered protein, tau undergoes many PTMs which regulate its normal
function, however abnormal PTMs are associated with cellular mal-
function and disease [10]. Hyperphosphorylation is recognized as a key
event that determines detachment of tau from microtubules, eventually
resulting in protein misfolding and aggregation [11]. Alterations to the
levels of ubiquitination of tau at various stages of disease have been
observed in AD and other tauopathies [12]. The full-length tau isoform
(441 amino acids) has 44 lysine residues, of which up to 28 were re-
ported to be ubiquitinated in human AD brain samples [12,13].
Mounting evidence suggests that, beyond acting as a signal for degra-
dation, ubiquitination may play a role in modulating tau aggregation
[14,15].
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Considering the vast heterogeneity of natural post-translationally
modified tau proteoforms, establishing structure-(mis)function re-
lationships based on biological samples is a daunting task. At the mo-
lecular level, evaluating the influence of a given modification on the
conformational propensities of tau requires proteoform-specific in-
terrogations. In our research, we strive to elucidate how site-specific
ubiquitination affects the structural transitions and interactions
related to irreversible protein accumulation. Amongst the solutions for
chemoselective protein modifications, cysteine-selective reactions have
been extensively used to generate bioconjugates [16]. In previous
works, we exploited the disulfide-directed approach to investigate the
behavior of tau bearing Ub modifications at single distinct sites,
including monoubiquitination and di-ubiquitination with diverse link-
age topology [15,17,18]. In the present study, we successfully optimized
a site-selective reaction to install Ub in two selected positions of the
repeat-domain of tau and determined the consequences of this double
modification on the protein aggregation and phase separation
propensities.

2. Results and discussion
2.1. Selection of target sites for site-specific ubiquitin conjugation

The adult human brain contains six main tau isoforms, the longest of
which is 441 amino acids long (tau2N4R, tau441 or tauFL). The protein

comprises an amino-terminal projection domain, a proline-rich region, a
microtubule-binding four repeat domain (4RD), and a carboxy-terminal
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Fig. 1. A) Domain organization of tauFL and tau4RD. The sites of ubiquitination, residues 311 and 317, are indicated. The position of hexapeptide motifs is indicated
by light blue bars. B) Scheme of the preparation of tau4RD*(311Ub,317Ub) by disulfide coupling chemistry. A Ub molecule with a C-terminal aminoethanethiol
derived from intein processing reacts with DTNB resulting in an activated asymmetric disulfide. Two activated Ub molecules are allowed to react with the cysteines in
positions 311 and 317 to produce a di-monoubiquitinated product. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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region (Fig. 1A) [19]. The overall positive charge characterizing the 4RD
promotes the interaction of tau with the negatively charged surfaces of
microtubules. Tau is highly soluble and displays little secondary struc-
ture, however, two hexapeptide motifs at the beginning of the second
and third repeats (?°VQIINK2®® and 3°vQIVYK3!!) (Fig. 1A) have
B-sheet-forming propensity and constitute critical aggregation nuclei
[20-22]. The repeat region is involved in the formation of the core of
insoluble filaments obtained in vitro or isolated from AD brains [23,24].

Ubiquitination is an essential player in proteostasis regulation,
participating in both proteasomal and autophagosomal protein degra-
dation [7]. The role of ubiquitination in tau biology and pathology is
poorly understood but it has been associated with enhanced formation
and impaired clearance of pathological inclusions [25,26]. Lysine resi-
dues are very abundant in the 4RD (ca. 15% of all amino acids) and
therefore there are numerous potential target sites for ubiquitination.
Tau isolated from AD-paired helical filaments (PHF) was reported to be
ubiquitinated at several lysine sites within the 4RD [12,14,25,27].
Specifically, mono-Ub was found to be linked to Lys254, Lys257, Lys311
and Lys317 [25], while polyUb chains were found conjugated to Lys254,
Lys311 and Lys353 [27]. Ubiquitination in repeats R1-R3 occurs with
high frequency in AD subjects [12]. Single and double ubiquitination at
residues Lys311 (R3) and Lys317 (R3) were pointed out as the most
distinct PTM for differentiating between AD and control groups based on
quantitative proteomic analysis of insoluble tau in the brain [12].

It is noteworthy that repeat R3 forms the core of filaments derived
from diseased brains as well as those obtained in vitro [23,24]. Lys311 is
the last residue of PHF6, which is an indispensable motif for filament
formation [28]. Ubiquitination at Lys311 and Lys317 was proposed to
favor the formation of AD straight filaments by mediating inter-
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protofilament packing [14]. The observed strong cryo-EM densities
corresponding to ubiquitin conjugated to tau filaments suggested a near-
stoichiometric ubiquitination occupancy [14]. For all of the above rea-
sons, we deemed to interrogate the behavior of tau4RD ubiquitinated
site-specifically at positions 311 and 317.

2.2. Installation of ubiquitin and structural features of ubiquitinated tau

The conjugation of Ub to the desired positions on tau4RD was ach-
ieved by optimizing a previously developed protocol [15,29,30] that
exploits the high efficiency of disulfide-directed ligation. This method
generates a disulfide bond between a cysteine residue placed in a spe-
cific position of the target protein and the C-terminal aminoethanethiol
of a Ub derivative obtained by intein processing (Fig. 1B) [15,17]. Here,
we chose positions 311 and 317 as target sites for single or double
monoubiquitination, hence we mutated the native Cys291 and Cys322
into alanine (hereafter, the mutant tau4RD/C291A,C322A is referred to
as tau4RD?%) and replaced the lysine residue(s) in the selected position
(s), n, with cysteine(s) (mutants generically referred to as taud4RDA/ nC).
The first step of the procedure was the introduction of the sulfhydryl
group at the C terminus of Ub and its activation obtained with 5,5-
dithio-bis-(2-nitrobenzoic acid) (DTNB) (Fig. 1B-1, S1) [17].
Tau4RD®/"C tend to form intra- and/or inter-molecular disulfide bonds
which will impair the correct conjugation. For this reason, tau4RDAC/"C
were initially treated with excess reducing agent (DTT), then loaded
onto a desalting column to eliminate any trace of DTT, and dropped
directly into the solution of activated ubiquitin. The conjugation reac-
tion (Fig. 1B-2) was performed in the presence of a denaturing agent (3
M urea) to mitigate steric hindrance of the bulky modifier, particularly
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Fig. 2. Gel electrophoresis and mass spectrometry of ubiquitinated tau4RD products. A) SDS-PAGE showing the bands corresponding to tau4RD*€(311Ub),
tau4RD*¢(317Ub), tau4RD*(311Ub,317Ub), and tau4RD*C. B-D) Maldi TOF mass spectrometry analysis of ubiquitinated protein samples. Experimental mass values
(Da) are reported, expected values are 22348 Da for monoubiquitinated proteoforms and 30943 Da for the double monoubiquitinated species.
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in case of double ubiquitination. The reaction was complete within an species, we performed a residue-by-residue analysis of the NMR signals
hour. After purification, the protein conjugates were obtained at purity of tau. HN-HSQC spectra were recorded on samples containing °N-
of > 95% (Fig. 2A) and their identity was verified by mass spectrometry enriched tau and unenriched Ub: ['°N] tau4RDAC(311Ub), [*>N]
(Fig. 2B-D). Hereafter, conjugates are denoted as tau4RDAC(nUb), where tau4RDAC(317Ub), and [15N] tau4RDAC(311Ub,317Ub) (Figure S2). The

n is the site of conjugation. spectra were compared among themselves and with the spectrum of the
The secondary structure of tau4RDAC(311Ub,317Ub) was examined unmodified protein. The chemical shift perturbations (CSPs) for each
by far-UV circular dichroism (CD). The spectrum of tau4RD*C displays a ubiquitinated sample with respect to the unmodified protein are shown
deep negative ellipticity minimum at ~ 198 nm and no major bands at in Fig. 3B. In all cases, the largest CSPs clustered in proximity of the site
wavelengths > 205 nm (Fig. 3A), in agreement with its disordered state. (s) of modification, while the remainder of the signals remained essen-
The spectrum of Ub reflects the presence of both p-sheet and a-helical tially unperturbed. We conclude that the conformations of tau were
elements of secondary structure. For the double ubiquitinated proteo- largely unaffected by the presence of the Ub modifier(s). However, the
form, both a strong negative dichroic signal at 205 nm and a negative relatively long stretches of residues exhibiting CSPs suggest a possible
shoulder at 220-225 nm were observed. The latter profile was inter- local interaction between the tau moiety and the modifier.
preted by comparison with a spectrum recorded on a sample containing The two modified positions in the double ubiquitinated species are
unconjugated tau4RD*C and Ub at a molar ratio of 1:2. The almost su- relatively close to one another in the sequence, and an interaction be-
perimposable spectral profiles of the double ubiquitinated and control tween the Ub moieties should be possible. To explore this aspect, we

samples indicate that the tau moiety retained its disordered character acquired HN-HSQC spectra of tau4RDAC(311[15N]Ub,317[15N] Ub) and
without major secondary structure changes introduced by the tau4RDAC(317[15N] Ub), which contain I5N_enriched Ub and unlabeled
modification. tau, to selectively visualize the signals of Ub. As expected, the reso-

To gain further insight into structural features of the ubiquitinated nances of the two Ub moieties in the double ubiquitinated protein were
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Fig. 3. Spectroscopic characterization of ubiquitinated tau4RD. A) Far-UV CD spectra acquired on Ub (orange), tau4RD*C (marine blue), tau4RD*%(311Ub,317Ub)
(red), and tau4RDAC + Ub at 1:2 M ratio (grey). Tau species were 6 M, Ub was 6 uM (orange) or 12 uM (grey). B) Chemical shift perturbation (CSP) plots reporting
the residue-by-residue chemical shift variations for ubiquitinated species versus the unmodified protein (taudRD2%). Top: tau4RD*%(31 1Ub), middle:
tau4RDAC(317Ub), bottom: tau4RD*(31 1Ub,317Ub). Black bars correspond to residues whose signals were significantly shifted but not assigned in the ubiquitinated
proteins. Red arrows indicate the ubiquitinated sites. Horizontal dotted lines are perturbation threshold levels (calculated as mean + 2 SD, excluding residues
307-320). C) Overlay of HN-HSQC NMR spectra of single ubiquitinated tau4RDAC (317Ub, black) and double ubiquitinated tau4RDAC (311Ub,317Ub, red) displaying
signals solely of the '°N-enriched conjugated ubiquitin moiety(ies). The tau moiety is unenriched and not detectable. The red spectrum is reported slightly offset for
better visualization of peak positions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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indistinguishable. The overlay of the spectra (Fig. 3C) showed that there
were no marked differences in peak positions and intensities between
the two samples, indicating that the Ub units in the double modified
form were not interacting. Indeed, even weak interactions are expected
to produce perturbations, based on the reported observation that ultra-
weak noncovalent Ub dimerization is detectable by chemical shift
changes [31]. The absence of an intramolecular Ub-Ub interaction could
be due to an unfavorable average relative orientation of complementary
surfaces such as the canonical hydrophobic patch that is known to
mediate Ub-Ub binding in polyUb [32].

2.3. Site-specific effects of monoubiquitination on tau4RD aggregation

The emerging view that ubiquitination, in combination with other
PTMs, affects the ultrastructural organization of pathological tau fila-
ments [14] suggests that Ub could influence the conformational transi-
tions and interactions that precede irreversible protein accumulation. In
solution, tau has little tendency to aggregate, therefore aggregation in-
ducers like heparin or fatty acids are generally used to probe the ag-
gregation mechanism [33]. At the macroscopic level, aggregation of tau
follows a nucleation-growth kinetics: the reaction is initially charac-
terized by a lag phase during which no aggregation is detected, even-
tually a sufficient number of monomers assemble to form a critical
nucleus, and the reaction enters a growth (or fibril elongation) phase
which continues until a plateau is reached.

Here, we  compared the  aggregation kinetics of
taud4RDA(311Ub,317Ub), tau4RD*(311Ub), tau4RD*%(317Ub), and
the unconjugated protein. The progress of the aggregation reaction was
followed by monitoring the time course of the fluorescence signal of
Thioflavin-T (ThT), a benzothiazole dye responsive to fibrillar struc-
tures. In the used conditions, the lag phase for the aggregation of
tau4RDAC was shorter than 5 h and the growth rate was very rapid,
reaching a plateau at ~ 6 h (Fig. 4A). In the case of tau4RD*€(31 1UDb),
the lag phase was extended to ~ 15 h and the growth rate was visibly
reduced compared to the unconjugated protein, such that no plateau
was reached during the observation period. The observed behavior in-
dicates that ubiquitination in position 311 disfavors the conformational
transitions that lead to amyloid formation, as noted earlier [15]. Strik-
ingly, in contrast to taud4RD*C and tau4RDAC(311Ub), there was no ThT
fluorescence response during the incubation of both tau4RDAC(317Ub)
and tau4RD*%(311Ub,317Ub) (Fig. 4A).

Protein monomers are known to assemble into mature fibrils via a
range of metastable oligomeric and protofibrillar intermediates. The
identification of intermediate oligomers may prove invaluable to clarify
the molecular mechanism of fibril formation and is of great interest due
to the recognition that soluble oligomeric species may represent the
primary culprits of neurotoxicity [34]. Prefibrillar oligomers are kinetic
intermediates that occur at early times of aggregation and are recog-
nized by the polyclonal antibody, All, in a conformation dependent
manner [35]. Here, we assessed the presence of prefibrillar oligomers by
dot blotting analysis of reaction mixtures at different time points
(Fig. 4B). Immunoreactivity was observed for tau4RD samples after
24 h and 48 h of incubation, and for tau4RD*C(317UD) after 48 h.
Hence, tau4RDC aggregation involves the formation of Al1-positive
oligomers, while it appears that aggregation of tau4RD*¢(311Ub) pro-
ceeds via distinct types of oligomers and that those formed by
tau4RD*€(317Ub) may be unable to undergo a concerted conforma-
tional change to form fibrils [36]. No immunoreactivity was observed
for tau4RDAC(311Ub,317Ub). Taken together, both single and double
monoubiquitination are found to influence the mechanism of aggrega-
tion of tau*RP,

The differential behavior of the ubiquitinated proteoforms was
further confirmed by microscopy analysis of the endpoint aggregates
(Fig. 5). Unmodified tau4RDAC formed typical amyloid-like filaments,
while only short filamentous fragments were observed for
tau4RD2€(311Ub). By contrast, no filaments were detected for samples

Bioorganic Chemistry 132 (2023) 106347

A
20
S o tau4RDS(311Ub)
S 45 4| ® taudRDIC(317Ub)
P o * tau4RDAS(311Ub,317Ub)
2 >’ ® taudRDAC
8 10 L] ‘ |
3 *"-'.»."fﬂ#{‘ o sl .‘++.. +"
— 5 . 9
;3) .-."..f'.
0 3 G
0 10 20 30 40
time (h)
B

Ponceau

Fig. 4. Aggregation kinetics and dot blot analysis. A) ThT fluorescence assay on
taud4RD, taud4RD*“(311Ub), taudRD*“(317Ub), and tau4RD*“(311Ub,
317Ub) incubated with heparin; measurements were performed in triplicate on
10 pM protein samples; data represent the mean + SD. B) Dot blot (left) of the
ubiquitinated tau species and of the unconjugated protein at different time
points of incubation with heparin, probed with A1l antibody. Samples were
also stained with Ponceau red (right). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

of tau4RDAC(317Ub) and of tau4RDAC(311Ub,317Ub), once again con-
firming that modification in position 317 is alone sufficient to impair the
formation of an ordered fibrillar core structure.

2.4. Influence of double mono-ubiquitination on liquid-liquid phase
separation of tau4RD

Tau is among the many examples of IDPs that have been shown to
undergo liquid-liquid phase separation (LLPS) [37-40]. Phase separa-
tion is considered responsible for the formation of cellular biomolecular
condensates or membrane-less organelles [41-46]. The latter are
micron-scale compartments with liquid-like properties, that lack sur-
rounding membranes and have the ability to concentrate biomolecules
in cells. Biomolecular condensates are implicated in a wide range of
cellular functions, organizing molecules that act in diverse biological
processes [47]. However, cellular condensates are metastable and may
undergo abnormal phase transitions, particularly as a consequence of
age-related changes and pathological insults [42,43]. It has been pro-
posed that condensation may be linked to pathological aggregation [37-
39].

Liquid phase separation of tau4RD is promoted by cofactors such as
RNA and results in two-component condensates (coacervates). Indeed,
tau4RD carries multiple positive charges distributed throughout the
sequence (pI = 9.7) and is able to establish heterotypic, multivalent
electrostatic interactions, which are known driving forces of LLPS [48],
with polyanionic cofactors. Following a previously reported procedure
[18], we prepared condensates of tau4RD*C with polyuridylic acid
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Fig. 5. Microscopy images of aggregates. Representative TEM images of aggregates formed after 48 h incubation of protein in aggregating conditions. A) tau4RD*C, B)
tau4RD2€(311Ub), C) tau4RD*(317Ub), and D) tau4RD*“(311Ub,317Ub). Scale bars: 500 nm (left) and 100 nm (right).
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(polyU) at a molar ratio corresponding to overall net charge neutrality,
and observed the liquid droplets by fluorescence microscopy using
Alexa488- tau4RDAC as reporter molecule. Small spherical droplets (ca.
1.5 pm) formed immediately after mixing tau4RD and polyU, then
expanded over a period of 1 h (Fig. 6A,B) likely due to coalescence and
Ostwald ripening. Next, we repeated the procedure with mono-
ubiquitinated and double monoubiquitinated proteins. Both
tau4RD*€(311Ub) and tau4RD*“(317Ub) were found to undergo LLPS,
resulting in the formation of droplets of similar size (ca. 1.2 pm) to those
of the unconjugated protein. Strikingly, no phase separation occurred
for tau4RDAC(311Ub,317Ub) (Fig. 6A) in the used conditions, indicating
that double ubiquitination modified the phase behavior of tau4RD. It is
possible, however, that liquid droplets may form in different conditions
from those required for the condensation of unmodified tau.
Ubiquitination is generally considered to elicit positive charge
neutralization. In fact, Ub contains an equal number of positively and
negatively charged residues and displays an overall approximately
neutral polypeptide chain (pI = 6.6) at physiological pH, although with
non-uniform surface charge distribution. Moreover, differently from
small molecule modifiers, ubiquitination introduces a relatively large
moiety (Rg =12 A) at given positions, which can interfere with non-
covalent intermolecular interactions via steric hindrance. In a previous
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work, we showed that ubiquitination in position 311 or 353 preserved
the ability of tau4RD to phase separate upon exposure to polyU [18].
However, molecular mobility in the corresponding condensates was
slightly greater and some proteoform-specific behavior was also
observed. The formation of liquid droplets by tau4RD*(317Ub), in
addition to the previous findings, supports the view that a single Ub
fused to any position along the polypeptide chain is not sufficient to
prevent multivalent interactions driving LLPS. By contrast, the simul-
taneous modification of two key residues clearly influences the phase
separation behavior. We found that the lysine-to-cysteine double mutant
tau4RDA/31C3I7C formed liquid droplets in the used conditions,
however they were sparser compared to those of the unmodified or
single ubiquitinated protein, and did not significantly expand over time
(Fig. 6). Hence, we conclude that the different phase separation
behavior of the double monoubiquitinated proteoform is a consequence
of both charge removal and steric effects.

3. Conclusions
Intrinsically disordered proteins, like the microtubule-associated

protein tau, are characterized by extraordinary conformational hetero-
geneity and plasticity. IDPs are also highly exposed to post-translational
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Fig. 6. Liquid-liquid phase separation of ubiquitinated tau. A) Fluorescence microscopy images displaying condensates of taud4RD*C, tau4RD*€(311Ub),
tau4RDA(317UD), and tau4RDAC/311G317C acquired 15 min (top) and 60 min (bottom) after mixing protein with poly(U); no liquid droplets were observed for
tau4RD*(311Ub,317Ub); scale bars are 5 pm. B) Size distribution of droplet diameters, as determined from acquired micrographs; d = peak diameter + SE. (n =

100-200), determined from log-normal best-fit curves (black lines).



D. Trivellato et al.

modifications which regulate their functions and significantly affect
their conformational landscape [49]. Indeed, PTMs can induce notable
structural changes, including global conformational changes in disorder-
to-order transitions, and transitions from dispersed monomeric to phase-
separated states. Defining the structural chemistry of disease-associated
proteoforms is paramount for understanding their role in abnormal
protein aggregation and for developing mechanism-directed therapies.

It has been hypothesized that the types of PTMs and their site-specific
localization can influence the conformational transitions that lead to the
irreversible aggregation of tau in pathological conditions [12]. Lysine
residues are very abundant in the repeat domain of tau, providing
numerous target sites for ubiquitination. Indeed, we showed that the E3-
ligase CHIP promotes the ubiquitination of multiple lysine residues in
the 4RD [50], most of which have been reported to be ubiquitinated also
in pathological Tau filaments [12,14,25,27]. Altered ubiquitination
levels, particularly in the R3 region, are strongly associated with AD
[12].

In our study, we performed an interrogation on selected single or
double monoubiquitinated proteoforms of tau to obtain mechanistic
insight into the site-specific effects of ubiquitination on conformational
transitions. Disulfide-directed chemistry allowed us to install ubiquitin
at one or two key positions in tau*®® and obtain homogeneously
modified products with high yields. All of the modified tau proteoforms
retained disordered character in solution, however distinct behavior was
observed in conditions that promoted state changes from monomeric
disordered to supramolecularly ordered or phase separated states.

While ubiquitination in position 311 slowed down the aggregation
reaction and conducted to short filamentous fragments, modification in
position 317 completely prevented the formation of fibrils, regardless of
ubiquitination in the other position. This evidence supports a prominent
role of Lys317 in the structural ordering of tau. In vitro assembled fil-
aments of tau are heterogeneous and polymorphic, however Lys317 is
invariably included in one of the p-strands forming the core of the fila-
ments [24]. The outward-facing orientation of the lysine sidechain may
allow accommodation of a ubiquitin moiety, however it is possible that
intramolecular and intermolecular steric clashes with nearby sidechains
and other ubiquitin moieties hijack conformational transitions and/or
destabilize local structure conducive to supramolecular ordering. We
note that ubiquitination of K254 or K353 does not impair filament for-
mation [15], consistent with those positions falling outside the ordered
fibril core.

Different from highly structured fibrils, tau condensates formed via
liquid-liquid phase separation are driven by transient multivalent in-
teractions and exhibit liquid-like character. Condensation of tau is
facilitated by polyanionic cofactors, such as RNA polymers, which
establish multiple electrostatic interactions with the lysine-rich poly-
peptide. Lysine has been recognized as an important regulator of cellular
condensation [51], therefore its modification may significantly affect
phase separation. We found that single monoubiquitination in different
positions did not impair tau phase separation, by contrast double
monoubiquitinated tau did not form droplets under the used conditions.
The co-occurrence of two steric modifiers and the removal of two pos-
itive charges apparently weaken the molecular connectivity of the
condensed liquid network.

Beyond protein self-assembly, one can expect that ubiquitination of
Lys311 and Lys317 will interfere through steric hindrance with other
key molecular processes, such as the highly dynamic and functional
interaction of tau repeats with microtubules [52], with the potential
consequence of increasing the level of free tau in the cytosol.

In conclusion, our findings suggest that double ubiquitination at
Lys311 and Lys317 disfavors the aggregation of tau into amyloid fila-
ments via either the deposition or the condensation pathways. Hence,
the presence of such modifications in pathological insoluble tau may
result from ubiquitination taking place in advanced stages of aggrega-
tion or on already formed filaments. It is also possible that sub-
stoichiometric ubiquitination and/or certain combinations of distinct
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PTMs may allow for an ordered assembly of tau species where Ub
molecules can be accommodated. Thus, this study contributes to shed
light into the influence of site-specific ubiquitination on the pathological
conformational transitions of a protein that is considered a prominent
therapeutic target in the context of neurodegeneration.

4. Materials and methods
4.1. Chemicals and reagents

Cysteamine, Tris(2-carboxyethyl) phosphine, 5,5 -Dithiobis(2-
nitrobenzoic acid) (DTNB), Thioflavin T, Heparin (H3393), and dithio-
threitol (DTT) were purchased from Sigma Aldrich (St Louis, MO, USA).

4.2. Protein expression and purification

The following tau4RD (Q244-E372 plus initial Met) variants were
used in this work: tau4RD(C291A,C322A) (referred to as tau4RDAC);
tau4RD(C291A,C322A,K311C), referred to as tau4RD*“/3!1C; taudRD
(C291A,C322A,K317C), referred to as tau4RD*'7C; taudRD(C291A,
C322A,K311C,K317C), referred to as tau4RDAC/BICSI7C ATl these
mutants were purified without tag according to standard protocols
described elsewhere [15].

The ubiquitin (Ub) required for the semisynthetic reaction was
produced with the GyrA intein and a Histidine tag fused at its C-termi-
nus. The chimeric protein was cloned in a pET22 plasmid through the
restriction enzymes Ndel and Xhol and the vector was transformed in
BL21 (DE3) cells. The protein was then produced overnight at 37 °C in
autoinducing medium (ZYP-5052) and purified with immobilized nickel
affinity chromatography (IMAC). To obtain a Ub molecule bearing a C-
terminal aminoethanethiol (Ub-SH) the chimeric protein was incubated
for 48-72 h in: 20 mM Tris-HCI pH 7.6, 3 mM TCEP, 150 mM cyste-
amine. Ub-SH was further purified with a superdex-75 gel filtration
column.

4.3. Bioconjugation reaction

Ub-SH (10 mg) was first activated with DTNB. Typically, 5-8 mg of
DTNB were dissolved in 100 mM Hepes buffer, pH 7.0, containing Ub-SH
at a concentration of 1-2 mg/mL. After overnight incubation at 10 °C,
the TNB excess was removed with desalting PD10 columns.

The activated Ub was then incubated at room temperature for 1 h
with tau4RDA¢/311C,317C (4 mg) in a 1:4 tau:Ub molar ratio, in 100 mM
Hepes buffer, pH 7.0 and with 3 M urea. Tau4RD*/311¢317C yas pre-
liminarily incubated with 20 mM DTT, which was removed by desalting
column just before starting the disulfide-coupling reaction. The ubiq-
uitinated adduct, tau4RDAC(311Ub,317Ub), was then purified by ion
exchange chromatography. The reaction solution was loaded onto a
HiTrap SP FF 1 ml column (Cytiva) equilibrated in 20 mM Tris-HCl pH
7.6 and the proteins were eluted applying a linear gradient of NaCl from
0 to 500 mM in 65 column volumes. The ubiquitinated adduct was
eluted at about 180 mM NaCl. The product purity of > 95% was assessed
by SDS-PAGE.

The same protocol was adopted also for disulfide-directed mono-
ubiquitination = reactions to obtain tau4RDAC(31 1Ub) and
tau4RD*%(317Ub).

The yield of the reaction was ~ 30% for monoubiquitination and ~
25% for double monoubiquitination.

Both single and double monoubiquitinated adducts were verified by
mass spectrometry (MALDI-TOF), the differences between the measured
and expected masses were within 0.15% experimental error.

The bioconjugates were found to be stable over 48 h, as assessed by
SDS-PAGE.
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4.4. Thioflavin-T aggregation assay

Thioflavin-T aggregation assays were performed in 96-well dark
plates on a Tecan Infinite M200PRO Plex plate reader, at 30 °C, with
cycles of 30 s orbital shaking at 140 rpm and 10 min of rest throughout
the incubation. At the chosen temperature, the aggregation kinetics of
tau4RD can be followed experimentally, as done in previous work [15].
ThT fluorescence was measured every 11 min, using an excitation
wavelength of 450 nm and recording fluorescence emission at 480 nm.

The samples, containing 0.01 mM protein, were prepared in 20 mM
sodium phosphate buffer at pH 7.4 and 50 mM NaCl (with 0.02% NaNg3
and protease inhibitors with EDTA). The samples were incubated with
0.01 mM heparin and ThT, and each measurement was performed in
three replicates. The reported values correspond to the mean =+ SD of the
individual values. GraphPad Prism 7 (GraphPad Software Inc., La Jolla,
CA, USA) was employed for data analysis and figure production.

4.5. TEM analysis

Samples of tau4RDA€(311Ub), tau4RDA€(317Ub),
tau4RD2€(311Ub,317Ub), and tau4RD*C (0.05 mM protein in 20 mM
sodium phosphate pH 7.4, 50 mM NaCl, 0.02% NaNs3, protease in-
hibitors with EDTA) were incubated at 37 °C for 48 h under static
conditions, using 0.05 mM heparin as aggregation initiator. The pellets
were collected and exchanged against milliQ H,O by filter centrifuga-
tion (100 kDa cutoff).

30 pl of protein aggregates (1-2.5 pM) were adsorbed onto 400 mesh
holey firm grid and stained for 2 min with 2% uranyl acetate. The
samples were then observed with a Tecnai G? (FEL Hillsboro, OR, USA)
transmission electron microscope operating at 100 kV. Images were
captured with a Veleta (Olympus Soft Imaging System) digital camera
using FEI TIA acquisition software.

4.6. Dot-blotting

The same samples described for the TEM analysis were incubated
under aggregation conditions for 48 h, and different aliquots were
collected at 0, 2, 6, 8, 24, and 48 h during the incubation.

About 3 ug of each sample were spotted on a PVDF membrane, which
was blocked with TBS-T (0.1% Tween-20, 150 mM NaCl, 20 mM Tris-
HC], pH 8) with 5% (w/v) fat-free dry milk at room temperature. The
membrane was then washed three times with TBS-T and incubated
overnight at 4 °C with the anti-oligomer antibody A11 (1:2000). The
membrane was then washed three times with TBS-T and incubated with
the goat HRP-conjugated secondary antibody at room temperature for 2
h. After three washes with TBS-T, the blot was developed with ECL re-
agents on a ChemiDoc imager.

4.7. Mass spectrometry

MALDI-TOF mass spectra were acquired on a Bruker Ultraflextreme
MALDI-TOF/TOF instrument (Bruker Daltonics, Billerica, MA, USA) at
the Centro Piattaforme Tecnologiche of the University of Verona.

Samples were resuspended and acidified with ACN/H0 solution
(30:70 (v/v) acetonitrile: 0.1% TFA in water) and incubated for 30 min
at room temperature. The resulting solutions were mixed 1:1 (v/v) with
the matrix HCCA (o-cyano-4-hydroxycinnamic acid) and 1 pl of the
sample/matrix solution was spotted in triplicate onto a Ground steel
MALDI target plate (Bruker Daltonics) and dried at room temperature.

4.8. CD spectroscopy

A Jasco J-1500 spectropolarimeter equipped with a Peltier type
thermostatized cell holder was used for the acquisition of CD spectra.
Far-UV spectra (190-260 nm) were recorded at 25 °C in 0.1 cm cuvettes
at a scan rate of 50 nm min !, a bandwidth of 1 nm, and an integration
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time of 2 s. CD spectra were recorded on samples of
tau4RDAC(311Ub,317Ub), tau4RDAC, and unmodified Ub. For each
sample, five spectra accumulations were averaged, and the spectrum of
the buffer was considered as a blank and subtracted.

4.9. NMR spectroscopy

All samples for NMR measurements were prepared in 20 mM sodium
phosphate buffer at pH 6.8, also containing 8% D20. NMR spectra were
recorded at 10 °C on a Bruker Avance NEO 600 MHz spectrometer
equipped with a Prodigy TCI cryoprobe.

Two-dimensional 'H-'>N (HN-) HSQC spectra were acquired on
samples containing '°N-enriched tau4RD or Ub. Typical HN-HSQC
spectra were acquired with a data matrix consisting of 2048 (F2, m
x 256 (F1, 1°N) complex points, 8 scans, 1.2 s recycle delay, and spectral
widths were adjusted to the signals of tau or Ub.

The sequence-specific assignment for tau4RD was determined pre-
viously [50,53]. The assignments of peaks that did not significantly
change position were manually transferred from those of tau4RD to
spectra of tau4RD“C and of ubiquitinated tau proteins. Chemical shift
perturbations were calculated as: CSP = [(ASH)ZJr (ASN/S)Z]O'S, where
A8y and Ady are the chemical shift changes measured in the H and '°N
frequency dimensions, respectively. The resonances which had under-
gone significant displacements but could not be tracked unambiguously
were left unassigned and annotated as strongly perturbed signals. Other
unassigned signals were not considered for CSP analysis.

NMR data were processed with Topspin 3.6.2 (Bruker, Karlsruhe)
and analysed with the software Sparky (T. D. Goddard and D. G. Kneller,
University of California, San Francisco).

4.10. Visualization and analysis of tau condensates

Polyuridylic acid (polyU) RNA was used for the induction of lig-
uid-liquid phase separation of the investigated tau species. 25 uM of the
desired protein were mixed with 62.5 pg/mL of polyU and 0.3 pM
tau4RD*C conjugated with fluorescent dye in 25 mM Hepes, pH 7.4.
Fluorescence labelling with Alexa Fluor 488 (Thermo Fisher Scientific)
was introduced by adding 10 pl of the dye in DMSO (10 mg/ml) to 100 ul
of protein (10 mg/ml) in 0.1 M sodium bicarbonate, pH 8.3, and incu-
bating the mixture at room temperature for 2 h with stirring. Excess dye
was removed with a desalting column. The Alexa-conjugated protein
was eluted in 20 mM sodium phosphate buffer.

For phase separation imaging, 7 pl of solution at the indicated times
were spotted on a new microscope slide and immediately covered with a
round coverslip. The images were then acquired on a Leica DM2500
fluorescence microscope to visualize the formation of droplets over time.
The acquired images were analysed with the FIJI Image J software
(v2.0). Within a single set of experiments, all the parameters for the
acquisition of fluorescence images were the same to ensure consistency
across samples and experimental runs.
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