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ABSTRACT

Protein semisynthesis approaches are key for gaining insights into the effects of post-translational modifications
(PTMs) on the structure and function of modified proteins. Among PTMs, ubiquitination involves the conjugation
of a small protein modifier to a substrate amino acid residue and is unique in controlling a variety of cellular
processes. Interest has grown in understanding the role of ubiquitination in neurodegenerative conditions,
including tauopathies. The latter are characterized by the accumulation of the intrinsically disordered protein tau
in the form of neurofibrillary tangles in the brains of patients. The presence of ubiquitinated tau in the patho-
logical aggregates suggests that ubiquitination might play a role in the formation of abnormal protein deposits. In
this study, we developed a new strategy, based on dehydroalanine chemistry, to install wild type ubiquitin on a
tau repeat domain construct with site-specificity. We optimized a three-step reaction which yielded a good
amount of highly pure tau repeat domain ubiquitinated in position 353. The structural features of the conjugate
were examined by circular dichroism and NMR spectroscopy. The ubiquitinated tau was challenged in a number
of assays: fibrils formation under aggregating conditions in vitro, chemical stability upon exposure to a variety of
biological media including cell extracts, and internalization into astrocytes. The results demonstrated the wide
applicability of the new semisynthetic strategy for the investigation of ubiquitinated substrates in vitro or in cell,
and in particular for studying if ubiquitination has a role in the molecular mechanisms that underlie the aberrant
transition of tau into pathological aggregates.

1. Introduction

containing supramolecular filaments [3]. The determinants of abnormal
protein aggregation are still poorly understood but the process appears

A hallmark of many neurodegenerative diseases is the slow accu-
mulation of misfolded protein deposits in the neurons of the brain [1].
The microtubule-associated protein tau forms pathological aggregates
with the properties of amyloid fibrils in a number of neurodegenerative
disorders termed tauopathies, including Alzheimer’s disease (AD) and
frontotemporal dementia [2]. Tau is an intrinsically disordered protein
(IDP) with little propensity for self-aggregation in solution, however in
pathological conditions it readily assembles into ordered p-sheet-

to be strongly influenced by post-translational modifications (PTMs)
[4-8].

The greatest research focus has been on the role of hyper-
phosphorylation in the development of tau pathology. Phosphorylation
modulates the interaction of tau with microtubules, and the number and
the pattern of the modified sites strongly influence tau structure and
aggregation propensity [9]. Another PTM, acetylation, has been shown
to regulate tau function, alone or in combination with phosphorylation
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[10], driving the formation of isoform-specific tau deposits character-
istic of different tauopathies [11].

Among the PTMs that decorate tau protein, ubiquitination is by far
the least characterized [9]. Ubiquitination (or ubiquitylation) involves
the formation of an isopeptide bond between the C-terminal carboxyl
group of the small regulatory protein ubiquitin (Ub) and the e-amino
group of lysine sidechains of the protein substrate. The conjugated Ub
molecule can be further modified by additional Ub molecules to form
elongated chains with diverse linkage topology that elicit different sig-
nals [12]. 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 [13,14]. Alterations
to the levels of ubiquitination of tau at various stages of disease have
been observed in AD and other tauopathies [15]. The full-length tau
isoform (441 amino acids, Fig. S1) has 44 lysine residues, of which 17
were reported as ubiquitination sites, specific to pathological tau
[15,16]. The large majority of these sites are in the microtubule binding
domain (MBD), which forms the core of the filaments [3,15]. Recent
research suggests that ubiquitination, together with other PTMs, may
play a role in the structural diversity of various tau strains [5].

Understanding the influence of ubiquitination on the conformational
transitions of tau requires a detailed investigation of ubiquitinated
proteoforms obtained from controlled reactions. We have previously
demonstrated that tau can be ubiquitinated in vitro by an enzymatic
method, using CHIP (carboxyl terminus of Hsp70 interacting protein) as
the ubiquitin ligase (E3) in a chaperone-independent manner [17-19].
This approach affords facile and quantitative mono-ubiquitination of the
substrate, however the product is a mixture of regioisomers and is
therefore unsuitable for establishing precise structure-function re-
lationships. To overcome this limitation, methods based on chemical
synthesis and semisynthesis offer an interesting alternative. A number of
elegant chemical approaches have been developed to generate native or
non-native linkages between a ubiquitin moiety and a target protein
[20,21]. Native chemical ligation [22], often in combination with solid-
phase peptide synthesis, has been employed to obtain homogenous
ubiquitinated histone [23,24], or a-synuclein [25], and ubiquitin dimers
[26]. Silver-mediated chemical modification has been combined with
genetic code expansion to generate linkage-specific ubiquitin dimers,
allowing the structural characterization and the profiling of the speci-
ficity of deubiquitinating enzymes [27,28]. Protein ubiquitination
through non-native isopeptide linkage can be achieved using disulfide-
directed reactions [29,30], azide-alkyne cycloaddition [20], thiol-ene
coupling [31], or thiol-Michael addition [32]. These approaches are
often characterized by high reaction rates, efficiency, and good yields.

To study the impact of ubiquitination on the formation of toxic tau
species, we first chose an approach based on disulfide coupling chem-
istry [17,33,34]. This semisynthetic method generates a mimic of the
native isopeptide bond, i.e. a disulfide bond between a Cys residue
inserted in a specific position of the target protein and the C-terminal
aminoethanethiol of a Ub derivative obtained from intein processing
[29,35]. Disulfide-based coupling is advantageous as it is regio- and
chemoselective, however the resulting product may prove unstable in a
weakly reducing environment such as can be found in a living cell.
Hence, in the present work, we explored a further strategy for the site-
selective ubiquitination of tau through stable covalent conjugation
and optimized a method based on dehydroalanine chemistry and thia-
Michael addition [32].

Dehydroalanine (Dha) chemistry has been widely exploited for the
precise positioning of labels and post-translational modifications on
protein substrates [36]. The noncanonical amino acid Dha can be
installed at a desired position by diverse methods [37], and sulfur-
containing nucleophiles can readily attack the p-carbon atom of Dha
to afford a highly selective thia-Michael adduct [32,36]. The reaction
can proceed in mild conditions to form a stable thioether linkage. Recent
investigations demonstrated the successful application of Dha chemistry
for the site-specific phosphorylation and methylation of tau [38,39], and
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for the ubiquitination of a folded protein substrate [32]. Herein, we
describe an optimized chemical mutagenesis protocol for preparing pure
Ub conjugates of tau repeat domain (tau4RD) via the Dha precursor, at a
specific site. The ubiquitinated tau4RD product was found to exhibit
long-term stability in biological media and cell cultures, and a good level
of uptake by astrocytes. Thus, the here developed approach provides the
basis for an in-depth examination of tau proteoforms, ubiquitinated in a
site-specific manner, in biological contexts, enabling a better under-
standing of structure-(mis)function relationships and assessment of the
pathological relevance of the distinct tau species.

2. Results and discussion

2.1. Synthesis of a ubiquitin tau4RD conjugate via dehydroalanine
chemistry

For this study, we focused on a construct of tau spanning residues
Q244-E372, hereafter tau4RD (Fig. S1). Tau4RD is constituted by the
microtubule binding region where most ubiquitination sites are found
[15]. Among the different modified positions found in vivo, we decided
to produce tau ubiquitinated in position 353 in the R4 repeat (Fig. S1).
This site was found ubiquitinated in pathological aggregates of tau from
AD brains, suggesting a possible role in early events of disease [40], and
ubiquitination at this position does not abolish the formation of fibrils in
vitro [17,33]. Hence, we believe that investigating the effect of ubiq-
uitination at this site can add further insight into tau pathology. To
achieve site-specific installation of a ubiquitin moiety, we designed a
semisynthetic strategy based on Dha chemistry. First, we mutated the
two native cysteine residues (Cys291, Cys322) of taud4RD into Ala
(obtaining cysteine-free tau4RD2C), then we introduced a non-native
cysteine in the desired position (tau4RDAC(353CIys), I) using site-
directed mutagenesis. Among the possible protocols to introduce Dha,
we chose to transform the non-native Cys353 into Dha
(tau4RDAC(353Dha), II) via bis-alkylation elimination using methyl 2,5-
dibromopentanoate (MDBP) (Scheme 1-1a) which has been successfully
used on tau protein [38,39]. Dha was quantitatively introduced after
incubating the reactants for 6 h at 37 °C.

Next, following the intein-mediated ligation approach [41-43], we
prepared a thiol-terminated Ub derivative (Ub-SH, III) by expression of a
Ub-intein fusion protein, followed by cysteamine-mediated cleavage of
Ub from intein (Scheme 1-1b). The aminoethanethiol moiety becomes
linked to the C-terminus of Ub via trans-thioesterification and S,N acyl
shift reaction. This approach can produce a full-length wild-type thiol-
Ub derivative in high yield for use in the subsequent reaction step.
Finally, Ub-SH was conjugated to precursor II via 1,4 thia-Michael
addition  (Scheme 1-2) [32,36], producing homogeneous
tau4RD2€(353)-S-Ub (hereafter tau4RD(353)-S-Ub, IV) with a thioether
linkage. Proteoform IV contains wild-type ubiquitin and a close mimic of
the native conjugate, where the y-carbon of the lysine sidechain is
replaced by sulfur. The progress of the reaction was followed by SDS-
PAGE analysis (Fig. 1A). The product IV was then purified by HPLC
using a gradient of HpO/acetonitrile (Fig. 1B-C), and the identity of the
conjugate and of the reaction intermediates was confirmed by mass
spectrometry (Fig. 2). The yield of the reaction was 15 % (purified
product). The described method can be easily adapted to obtain tauFL-S-
Ub, starting from a tauFL construct (Fig. S1) bearing mutations of the
two native cysteine residues (Cys291, Cys322) into alanine (to obtain
cysteine-free tauFL2®), and introducing a non-native cysteine in the
desired position along the entire protein sequence, using site-directed
mutagenesis.

2.2. Structural characterization
The intrinsically disordered state of tau is best described as an

ensemble of rapidly interconverting conformers with no permanent
global or local structural ordering [44]. Short elements of secondary
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Scheme 1. Synthesis of ubiquitinated tau4RD via Dha chemistry.

structure may form transiently and potentially influence the self-
interaction propensity of the polypeptide [45]. To gain insight into the
conformational perturbations induced by Ub on the substrate tau4RD,
the secondary structure of tau4RD(353)-S-Ub was examined by far-UV
circular dichroism (CD). The spectrum of tau4RDAC(353Cys) displays
a deep negative ellipticity minimum at ~ 198 nm and no major bands at
wavelengths longer than 205 nm (Fig. 3A, black), in agreement with its
disordered state. The spectrum of Ub reflects the presence of both
B-sheet and a-helical elements of secondary structure (Fig. 3A, red). The
spectral profile for the ubiquitinated proteoform (Fig. 3A, green) dis-
plays a negative dichroic signal at 202 nm and overall stronger negative
ellipticity than unmodified tau4RD. Since the spectrum of tau4RD(353)-
S-Ub coincides with the sum of the spectra of unconjugated protein
moieties, within experimental error (Fig. 3A, dashed green line), it can
be concluded that the overall fold of Ub and the disordered character of
tau4RD were retained and no major secondary structure motifs were
induced by the modification.

Complementary biophysical techniques are needed for a more in-
depth characterization of the structure and dynamics of the conjugate.
Nuclear magnetic resonance (NMR) spectroscopy is unique for its ability
to provide atomic-level structural information on both folded proteins
and highly dynamic polypeptides. Moreover, segmental labelling with
I5N- and/or 13C isotopes enables the separate examination of distinct
protein moieties or domains [46]. The chemical mutation strategy we
have designed in this study proves ideal for NMR sample preparation.
Here, we produced °N-enriched wild-type Ub-intein fusion protein to
obtain the thiol-terminated ['°N]Ub derivative (Scheme 1, 1b). The
latter was conjugated to the substrate with a one-step reaction to obtain
selectively labelled tau4RD(353)—S—[15N]Ub. We then recorded a 'H-1°N
HSQC spectrum of tau4RD(353)-S-['°N]Ub and compared it with the

unconjugated ['°N]Ub moiety (Fig. 3B). The 'H-1N HSQC signals of
amide atom pairs are influenced by the local chemical environment and
are exquisitely sensitive to variations in the protein structure or in-
teractions. The superimposition of the spectra (Fig. 3B) shows that most
of the signals of Ub were unaffected by the conjugation to tau4RD,
confirming that Ub retained its native fold. However, the peaks of the C-
terminal residues L69-L73 experienced chemical shift perturbations, and
the amide peak of residue R74 disappeared, likely reflecting local
conformational/dynamic changes of the flexible C-terminus upon link-
age to tau.

The covalent conjugation of two protein moieties is expected to
affect the global dynamic behavior of each component. Here, we
examined global changes in the rotational diffusion of Ub via nuclear
spin relaxation measurements [47]. Specifically, we determined the 1°N
longitudinal relaxation time (T;) of [*5N] Ub, both when conjugated to
tau4RD and in the unconjugated form (Fig. S2). T, values were 575 +
21 ms and 497 + 26 ms (mean + SD) for the conjugated and unconju-
gated Ub, respectively. T; is an indicator of the overall tumbling rate of
the observed molecule, directly related to its shape and size; the dif-
ference in the observed values is consistent with the covalent addition of
the tau4RD moiety.

2.3. Fibrils formation

To compare the aggregation kinetics of tau4RD(353)-S-Ub with that
of the unconjugated protein, the in vitro fibrillization of tau4RD was
followed by monitoring the time-dependent fluorescence signal of
Thioflavin-T (ThT), a benzothiazole dye responsive to the cross-p
structures characteristic of amyloid-like fibrils [48]. Most tau proteo-
forms and constructs, including tau4RD, are stable in solution as
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monomers, therefore aggregation inducers like heparin or fatty acids are
generally used to probe the aggregation mechanism [49,50]. The kinetic
profile of the two samples, in the presence of heparin, was sigmoidal-
shaped and consistent with a macroscopic nucleation-growth mecha-
nism (Fig. 4A). In the used conditions, both the nucleation and growth
processes were rapid for unmodified tau4RDAC (midpoint transition
time constant, to 5 = 3.0 & 0.2 h; elongation time constant, T = 0.4 & 0.2
h, Table S1). By contrast, a decreased aggregation rate was observed for
tau4RD(353)-S-Ub (tg.5 = 8.9 + 0.2 h; T = 0.7 + 0.2 h), indicating that
ubiquitination in position 353 disfavored protein self-assembly. As a
control, we performed the aggregation assay on tau4RD(353)-S-Ub in
the absence of inducer; as no increase in the fluorescence signal was
observed, we exclude that the sole ubiquitin modification could promote
tau aggregation (Fig. 4A). These results are in agreement with our pre-
vious finding obtained on a ubiquitinated tau4RD*C produced exploiting
disulfide-coupling chemistry (tau4RD(353)-S—S—Ub) [30,33]. It is
plausible that the conjugation of Ub to residue 353 causes steric hin-
drance in a protein stretch that forms the ordered core of filaments,
resulting in a reduced rate of self-assembly. Aggregation kinetics ex-
periments performed at lower protein concentration (5 pM) indicated a
slower aggregation rate, in agreement with previous studies [51,52],
more evident when ubiquitin was bound to tau4RD (Fig. S3, Table S1).

The analysis of the aggregates by transmission electron microscopy
(TEM) (Fig. 4B) confirmed that both samples, unconjugated and con-
jugated tau4RD, formed long mature fibrils, however with different
morphology (Fig. S4). The incorporation of ubiquitinated tau proteo-
forms in filamentous aggregates is of utmost relevance since it has been
proposed that ubiquitination, in combination with other PTMs, may
affect the ultrastructural organization of pathological tau aggregates
[5].

2.4. Stability assays under biological conditions

The question of whether tau ubiquitination regulates its aggregation
or spreading during AD and other tauopathies is still open. Various in
vitro studies show that site-specific ubiquitination of tau influences fibril
formation [17,33,34]. However, further investigations using in cell and
in vivo models are needed to shed light on possible mechanisms linking a
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complex PTM, ubiquitination, to tau aggregation and pathology.

In this context, understanding the effects of biological media on the
newly formed chemical bond stability of the synthesized conjugate,
tau4RD(353)-S-Ub, is paramount. When performing in cell studies, the
protein sample interacts with the components of the culture medium
prior to any cellular contact. Here, we evaluated the chemical stability
over time of the tau4RD(353)-S-Ub conjugate, after dissolving the pro-
tein in a multi-component buffer (PBS) or three commonly used cell
culture media (DMEM, DMEM -+ FBS, EBBS), performing an immunoblot
analysis with an anti-tau antibody (Fig. 5). In all blots, under different
conditions, a single band is visible with constant intensity over time,
indicating that the constituents of the biological media (macromole-
cules, small molecules, ionic salts, etc) did not affect the stability of the
conjugate.

Next, we analyzed the behavior of tau4RD(353)-S-Ub in more com-
plex biological systems. E. coli cell extracts were obtained from cultures
of the BL21(DE3) strain grown in LB-rich medium and then lysed via
sonication steps. A variety of components such as ions, metabolites,
lipids, and large macromolecules characterizes E. coli cell extracts,
[53,54] providing a diverse pool of biomolecules to test the chemical
stability of the synthesized product tau4RD(353)-S-Ub. The immunoblot
analysis showed that no additional bands appeared upon incubation of
the conjugate up to 48 h, demonstrating the chemical stability of the
thioether bond in this biological medium (Fig. 6A). We further evaluated
the behavior of the protein in human serum, which is characterized by a
different chemical and biological composition than the bacterial extract
[55]. Similarly to what observed in the bacterial extract, the band of the

sample did not decrease in intensity over time, again supporting the
chemical stability of the conjugate for up to 48 h of incubation (Fig. 6B).
For comparison, we performed the same set of experiments using a
conjugate produced exploiting disulfide-coupling chemistry, referred to
as tau4RD(353)-S—S—Ub [17,33] (Fig. S5). The band of the latter
conjugate was no more visible in the blots acquired after 24 or 48 h
(Fig. 6), proving lower chemical stability over time of tau4RD(353)-
S—S—Ub with respect to tau4RD(353)-S-Ub, both in E. coli extracts and
human serum.

Experiments for biomedical research often involve the employment
of mammalian cell line cultures. In view of using tau4RD(353)-S-Ub for
this kind of experiments, we tested the chemical stability of the bio-
conjugate under physiological conditions using two culture media con-
taining intact and lysed Hek293T cells, respectively (Fig. 7). The
composition of the two media is different. The first mainly consists of
nutrients, macromolecules, and metabolites secreted and accumulated
during cell growth [56], while the second, more complex, consists of a
variety of small molecules, portions of cellular membranes, proteins,
and components of the machinery necessary for cell growth and survival
[57]. From immunoblot analysis, we observed that the band of the
conjugate tau4RD(353)-S-Ub, at a concentration of 7 pM, was present up
to 8 h of incubation in the two media and disappeared after 24 h, in both
conditions (Fig. 7). By comparison, the band of the sample tau4RD(353)-
S—S—Ub was slightly visible up to 8 and 4 h of incubation in media of
intact and lysed cells, respectively, and increasing intensity of the band
of tau4RD was observed over time (Fig. 7), suggesting a breakdown of
the disulfide bond. These data clearly indicate improved stability of the
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newly synthesized conjugate tau4RD(353)-S-Ub in cell culture media,
compatible with the incubation times typical of in cell experiments.
2.5. Internalization by astrocytes

Tau protein is prevalently found in neurons, however its deposits are
frequently found in astrocytes in a variety of tauopathies [58]. The
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astrocytes do not express tau, the mechanisms driving the appearance of
tau aggregates and their involvement in disease progression are still
largely unknown, and recent studies established that astrocytes play a
central role in mediating tau pathology [59]. Therefore, we decided to
investigate if the synthesized conjugate, tau4RD(353)-S-Ub could be
successfully internalized by astrocytes in primary cultures obtained from
the cerebral cortices of newborn (P0-P2) triple transgenic (3xTg-AD)
mice. The latter is a widely used model of Alzheimer’s disease that
overexpresses mutated human proteins associated with early-onset dis-
order (APPswe, Psen-1, and tau) and reproduces both Ap and tau pa-
thology [60,61].

The primary astrocyte cultures obtained from 3xTg-AD mice were
treated with 5 pM of tau4RD(353)-S-Ub labeled with fluorescein iso-
thiocyanate or with culture medium as a control, for either 4 or 24 h. To
verify the internalization of the conjugate, after fixation and staining
with the nuclear marker Dapi and the astrocyte marker GFAP, the
confocal microscopy images were analyzed through the creation of a
colocalization channel of GFAP and tau4RD(353)-S-Ub (Fig. 8A-B). We
also treated astrocytes with monomeric tau4RD and verified that it was
successfully internalized in agreement with previous studies (Fig. S6)
[62].

Most astrocytes treated with tau4RD(353)-S-Ub showed colocaliza-
tion of GFAP and the conjugate (Fig. 8). Quantitative analysis (Fig. 8C)
indicated that the conjugate was efficiently internalized already after 4 h
of incubation, and no significative differences were observed with
longer incubation time. Our experiments revealed that the astrocytes of
an animal model of AD successfully internalized the synthesized con-
jugate tau4RD(353)-S-Ub at both treatment times.

3. Conclusions

In summary, we developed a novel chemical mutagenesis strategy
that enables the synthesis of site-specific ubiquitin protein conjugates
via a Dha precursor. We successfully applied the protocol to prepare
ubiquitin-tau4RD (a shorter construct of tauFL) with good yield and
high purity. The synthetic strategy can be easily adapted for synthesiz-
ing any ubiquitinated tau proteoform, including tauFL protein. The
advantage of this method is the possibility of obtaining samples of
ubiquitinated tau4RD which can be employed in a variety of experi-
ments, both for structural and in cell studies. We demonstrated that the
structural characteristics of the two moieties, ubiquitin and tau4RD,
remained unchanged upon conjugation, and showed that tau4RD
maintained its ability to form fibrils in the presence of ubiquitin bound
at position 353, although with different kinetics. Our method also
allowed the NMR-based inspection of the Ub modifier, which is of great
value to elucidate if the interactions of ubiquitinated tau could have a
role in pathology, as the noncovalent interactions of Ub with cognate
biomolecules orchestrate numerous Ub-dependent cellular signaling
pathways. Moreover, we tested the chemical stability of the conjugate in
a variety of biological media and showed that tau4RD(353)-S-Ub
remained stable for several hours and, in some biological environ-
ments, up to 48 h. As a proof of concept, we further demonstrated

PBS DMEM DMEM + FBS EBBS
Tme(h) O 6 24 48 0 6 24 48 0 6 24 48 0 6 24 48
- (L1 1 4 X X LIS -w - e g v gy - < (U4RD(353)-S-Ub
%
- .

Fig. 5. Immunoblot analysis of long-term stability of the conjugated product tau4RD(353)-S-Ub in different biological buffers and media, performed with anti-tau

antibody. Uncropped blots are shown in Fig. S7.
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Fig. 6. Immunoblot analysis of long-term stability of the conjugated product tau4RD(353)-S-Ub in comparison with tau4RD(353)-S—S—Ub in (A) E. coli extracts,
and (B) human serum, performed with anti-tau antibody. The asterisks indicate bands with MW compatible with tau4RD constructs. Uncropped blots are shown

in Fig. S7.
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Fig. 7. Immunoblot analysis of long-term stability of the conjugated product tau4RD(353)-S-Ub in comparison with tau4RD(353)-S—S—Ub in a culture media of

Hek293T (A) intact or (B) lysed cells, performed with anti-tau antibody. The

negative controls (Ct) were obtained collecting samples of the culture medium of

Hek293T intact cells before proteins addition. The asterisks indicate bands with MW compatible with tau4RD constructs. Uncropped blots are shown in Fig. S7.

efficient internalization of the conjugate into mouse cortical astrocytes.

Altogether, the described approach offers a precise chemical tool to
achieve stable tau4RD conjugation with ubiquitin, paving the way for
future in vitro, in cell, and in vivo experiments that can contribute to shed
light onto the physiological and pathological mechanisms involving tau
ubiquitination, which has remained one of the most elusive PTMs of tau.

4. Materials and methods
4.1. Chemical reagents, antibodies and biological media

Methyl 2,5-dibromopentanoate (MDBP) was purchased from
BLDpharm (Germany). Isopropyl-p-D-1-tiogalattopiranoside (IPTG),
Heparin (cat # H3393, average MW 18 kDa), Thioflavin-T (ThT), HPLC-
grade acetonitrile, dithiothreitol (DTT), 5,5 dithio-bis-(2-nitrobenzoic
acid) (DTNB) and Trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich (St Louis, MO, USA).

Antibodies: anti-GFAP (Rat, cat # 13-0300) and goat anti-rat Alexa
Fluor 647 (cat # A21247, 1:1000) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA,); DAPI (4,6-diamidino-2-phenylindole,
cat #D9542, 1:5000) was purchased from Merck Millipore.

Phosphate Buffer Solution w/o calcium and magnesium (PBS), Dul-
becco’s Modified Eagle medium (DMEM) high glucose w/ stable gluta-
mine w/ sodium pyruvate, Fetal Bovine Serum (FBS) were purchase
from Biowest (Nuaillé FR), Earle’s Balanced Salt Solution (EBSS) from
Thermo Fisher (Waltham, MA, USA).

In all preparations, high-purity deionized water from a Millipore
system was used.

4.2. Recombinant proteins expression and purification

Tau4RD.

The mutants C291A/C322A (hereafter tau4RD*C) and C291A/
C322A/K353C (hereafter, tau4RDAC(353Cys)) were obtained by site-
directed mutagenesis starting from the plasmid of tau4RD (residues
Q244-E372 of human full-length tau, plus initial Met). All the constructs
were expressed and purified as described previously [17].

Briefly, the proteins were expressed in BL21(DE3) cells grown in LB
medium at 37 °C for 5 h, after induction obtained by addition of 0.5 mM
IPTG. Protein purification was achieved by thermal treatment of the
soluble bacterial extract (80-100 °C) and SP-ion exchange chromatog-
raphy. Purified tau4RDC constructs were dialyzed in water.
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Fig. 8. Immunofluorescence analysis of internalization of tau4RD(353)-S-Ub (indicated as tauUb) by astrocytes. Representative images of primary mouse cortical
astrocytes maintained in culture for 7 DIV, treated with 5 pM of tau4RD(353)-S-Ub (green) for (A) 4 and (B) 24 h and immunolabelled with nuclear marker DAPI
(blue), and astrocytic marker GFAP (red) (left and middle panels). In the middle and right panels the channel of colocalization of GFAP and tau4RD(353)-S-Ub is
shown (yellow). Scale bar: 20 pm. The fluorescent conjugate tau4RD(353)-S-Ub was obtained with fluorescein isothiocyanate (FITC). (C) Quantitative analysis of
GFAP-tau4RD(353)-S-Ub positive on the total GFAP positive expressed as the number of voxels on the total cells volume (mean + SEM; N = 15). The analyzed images

were obtained from 3 experiments for each group.

Ubiquitin wild type.

The Ub was produced in Rosetta cells grown in LB medium at 37 °C
for 5 h and purified as described [63].

Ub-GyrA-Int-His.

The Ub-intein-His protein was produced in BL21(DE3) cells at 37 °C
in auto-inducing medium and purified as previously described by
immobilized nickel affinity chromatography (IMAC) according to stan-
dard protocols [34].

Ub-SH.

Ub-SH was obtained by incubating the clean fusion Ub-intein-His
protein in a buffer containing Tris-HCl 20 mM at pH 7.5, EDTA 1 mM,
cysteamine 40 mM, and Tris(2-carboxyethyl) phosphine (TCEP) 3 mM
for 48 h at room temperature. Ub-SH was purified by superdex-75 gel
filtration column with 20 mM Tris-HCI pH 7.5 and 150 mM NacCl buffer.
Purified Ub-SH was dialyzed in water. The protein was verified by
MALDI-TOF/TOF mass spectrometry (Fig. 2C).

4.3. Dha formation

The tau4RD“®(353Dha) was obtained according to previous pro-
tocols [38]. Briefly, the tau mutant tau4RDAC(353Cys) was buffer
exchanged into 20 mM sodium phosphate buffer (pH 8) via G-25 M
Sephadex PD-10 desalting column (GE Healthcare). Then 500 pL ali-
quots of 800 uM protein were reacted with 50 mol equivalent of methyl
MDBP for 6 h at 37 °C and with shaking at 500 rpm (IKA matrix orbital,
IKA-Werke GmbH & Co. KG, Staufen, Germany). Excess of MDBP was
removed using a G-25 M Sephadex PD-10 desalting column. The con-
version of the cysteine to Dha was verified via MALDI-TOF/TOF mass
spectrometry (Fig. 2B).

4.4. Chemical mutagenesis

To synthesize the ubiquitinated tau4RD, tau4RD*€(353Dha) and
thiol-terminated ubiquitin Ub-SH were reacted in a molar ratio 1:3, in
the presence of 3 eq. of DTT. The mixture was left to react for 6 h at 37 °C
under shaking at 700 rpm (IKA matrix orbital, IKA-Werke GmbH & Co.
KG, Staufen, Germany). Excess of DTT was removed via G-25 M
Sephadex PD-10 desalting column. The product of the reaction was then
purified via HPLC chromatography.

4.5. Disulfide-directed monoubiquitination reaction

To synthesize the sample tau4RD(353)-S—S—Ub we exploited an
already described protocol based on a disulfide-directed reaction
[17,34]. Briefly, the thiol-terminated ubiquitin Ub-SH was incubated
with excess of DTNB in 100 mM Hepes pH 7.0 overnight at 10 °C. After
the activation reaction, the TNB excess was removed using a PD10
desalting column, and the activated ubiquitin was incubated for 1 h at
room temperature with tau4RD*S(353Cys) in a 1:4 tau:ubiquitin molar
ratio. The semisynthetic ubiquitination reaction was performed in 100
mM Hepes buffer, pH 7.0, and 3 M urea. To avoid the formation of di-
mers, tau4RDAC(353Cys) was previously treated with 20 mM DTT,
which was removed using a PD10 desalting column before the conju-
gation reaction. The tau4RD(353)-S—S—Ub conjugate was then purified
through ion exchange chromatography. The purity was determined by
SDS-PAGE, and the mass was verified by mass spectrometry (MALDI-
TOF) (Fig. S5). The total reaction yield was about 30 %.

4.6. HPLC purification

The conjugate tau4RD(353)-S-Ub was purified by HPLC chroma-
tography. Samples of 1 mL of the reaction pool were injected in a
reverse-phase HPLC column (Jupiter C4, 5 pm, 300 Z\, size 250 cm x 4.6
mm). The unreacted reagents and the product were eluted at room
temperature using a linear gradient of HoO/acetonitrile (20-50 %) with
0.1 % trifluoracetic acid (flow rate of 5 mL/min). The HPLC elution
profile was monitored at 280 nm. The fractions were collected and
analyzed with SDS-PAGE. Tau4RD(353)-S-Ub was eluted with the 37 %
of acetonitrile, which was then removed by several washes in water with
3KDa cut-off filter (Merck, Darmstadt, Germania).

4.7. Far-UV circular dichroism spectroscopy

Circular Dichroism (CD) measurements were carried out on a Jasco
J-1500 spectropolarimeter equipped with a Peltier type temperature-
controlled cell holder (Jasco, Easton, MD, USA). Far-UV spectra
(190-260 nm) were recorded in 0.1 cm cuvettes, at 25 °C, with a scan
rate of 50 nm min !, a bandwidth of 1 nm, and an integration time of 2 s.
Five spectra accumulations were averaged for each sample and the
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spectrum of the buffer was considered as a blank and subtracted. The
protein concentration was 6 pM in milliQ water. Data plots were
generated with GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA,
USA).

4.8. NMR spectroscopy

I5N-labeled ubiquitin samples for NMR experiments were obtained
growing the cells in M9 minimal medium supplemented with 1 g/L
I5NH,4CI as the sole source of nitrogen. All samples were prepared in 20
mM potassium phosphate buffer at pH 6.8, containing 7 % D20. Proteins
concentration was 100 pM. NMR spectra were recorded at 25 °C on a
600 MHz Bruker Avance III Ultrashield plus spectrometer equipped with
a triple resonance TCI cryogenic probe. Two-dimensional 'H->N HSQC
spectra were acquired with a data matrix consisting of 2048 (F2, 'H) x
256 (F1, 1°N) complex points, 8 scans, 1.2 s recycle delay, and spectral
widths of 7143 (F2, 'H) and 2190 (F1, °N) Hz. NMR data were pro-
cessed and analyzed with Topspin 3.6.2 (Bruker, Karlsruhe).

4.9. Thioflavin-T (ThT) aggregation assay

Prior to running aggregation assays, solutions of tau4RD were
filtered through a 100 kDa cut-off filter (Sartorius Stedim Biotech
GmbH, Gottingen, Germany) to remove pre-existing large oligomers and
fibrils. The aggregation was induced by incubating the protein with
heparin, both at 10 pM concentration, in 20 mM phosphate buffer, 50
mM NaCl and 2 mM DTT.

The kinetics of aggregation was monitored by measuring the fluo-
rescence of ThT (10 pM) added to each sample in a 96-well dark plate
(100 pL final volume in each well). Fluorescence measurements were
performed using a TECAN Infinite M200 Pro microplate reader (Tecan
Group AG, Mannedorf, Switzerland) at 30 °C for ca. 72 h with cycles of
30 s of shaking (250 rpm, orbital) and 10 min of rest throughout the
incubation. The fluorescence intensity was measured every 11 min
(excitation, 450 nm; emission, 480 nm; bottom read).

Error bars of fluorescence data correspond to standard deviations of
three independent experiments.

The following sigmoidal function was employed to fit each individ-
ual experimental data set to analyze the aggregation kinetics:
y=yit ﬁ
where y is the fluorescence intensity as a function of time ¢, y; and yr are
the intercepts of the initial and final baselines with the y-axis, ty s is the
time needed to reach halfway through the elongation phase, and 7 is the
elongation time constant. The lag time is defined as tjag = to.5 — 27. The
values reported in the text correspond to the mean + SD of the indi-
vidual values computed separately on each curve.

4.10. Transmission electron microscopy (TEM)

For TEM measurements, samples were prepared as described for the
ThT assay in the final volume of 100 pL and incubated at 30 °C for 48 h
in static conditions. Subsequently, 30 pL of aggregated samples (5 pM) in
milliQ water were adsorbed onto 400 mesh holey film grids; after
staining with 2 % uranyl acetate (for 2 min), the sample was observed
with a Tecnai G? (FEI) transmission electron microscope operating at
100 kV. Images were captured with a Veleta (Olympus Soft Imaging
System, Miinster, Germany) digital camera using FEI TIA acquisition
software (Version 4.0).

4.11. Mass spectrometry

Mass spectra were acquired on a Bruker Ultraflextreme MALDI-TOF/
TOF instrument (Bruker Daltonics, Billerica, MA, USA). Samples were

Bioorganic Chemistry 150 (2024) 107549

acidified with TA30 solution (30 % Acetonitrile, 0.1 % trifluoroacetic
acid in water). The resulting solutions were mixed 1:1 (v/v) with the
matrix HCCA (a-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.

4.12. Samples preparation for Western blots analysis

Cell culture media and reagents.

Dulbecco’s modified Eagle’s medium (DMEM), Earle’s balanced salt
solution (EBSS), fetal bovine serum (FBS) and phosphate-buffered saline
(PBS) were ready-to-use solutions. The conjugate tau4RD(353)-S-Ub
was incubated with 100 pL of each medium at a final concentration of
7 pM. Samples were collected over time, diluted in gel loading buffer
and stored at —80 °C.

E. coli extracts.

Cell extracts were prepared from E. coli BL21(DE3) cells cultures.
100 pL of BL21(DE3) cells were inoculated into 50 mL of LB medium.
Cell growth was monitored by ODgoo absorbance and when it reached
0.6 the cells were harvested by centrifugation at 10,000 g for 15 min.
The pellet was resuspended in 1 mL of lysis buffer containing DNAse, 1
mg lysozyme, protease inhibitors, 5 mM MgCl, and 1 mM EDTA. The
solution was sonicated five times for 1 min alternating with periods of
rest on ice. The lysate was then centrifuged at 10,000 g for 20 min, the
pellet was discarded, and the supernatant was lyophilized and stored at
4°C.

For stability assays, the lyophilized extract was resuspended in 2 mL
of PBS buffer and 100 pL were then added with 0.02 % NaNs, protease
inhibitors and 7 pM of tau4RD(353)-S-Ub or tau4RD(353)-S—S—Ub.
The samples containing tau4RD(353)-S-Ub were added with 2 mM of
DTT. All the samples were incubated at 25 °C in static conditions.
Samples were taken over time, diluted in gel loading buffer and stored at
—80 °C.

Human serum.

Human serum was extracted from the blood of a donor. Blood sam-
ples were collected in serum separator tubes without anticoagulant; they
were allowed to clot for at least 30 min, then centrifuged at 1100 g for
10 min to separate the clot. Human blood serum was aliquoted and
frozen at — 80 °C immediately after centrifugation.

For stability assays, 100 uL of the aliquot of the human serum were
diluted in 900 pL of PBS buffer. Samples of 100 pL of human serum were
supplemented with 0.02 % NaNgs, protease inhibitors and 7 pM of
tau4RD(353)-S-Ub or tau4RD(353)-S—S—Ub. The samples containing
tau4RD(353)-S-Ub were added with 2 mM of DTT. All the samples were
incubated at 25 °C in static conditions. Samples were taken over time,
diluted in gel loading buffer and stored at —80 °C.

Hek-293 T cells.

Hek-293 T cells were cultured in a humidified atmosphere of 5 %
CO, in DMEM High Glucose with 10 % FBS and 1 % pen-
icillin—streptomycin. The cells were plated at a density of 2.2 x 10° cells
for a 10 cm dish and then harvested with trypsin. Next, for stability
assays, 1 mL of living cells (1.3 x 10° cells) was centrifuged for 1 min at
3000 g and resuspended in 500 pL of PBS, and lysed with triton buffer (1
% Triton X-100 in 50 mM Tris, 150 mM NaCl, pH 7.6), containing
protease inhibitors and 0.02 % NaNs. The stability assays were per-
formed incubating 7 pM of tau4RD(353)-S-Ub or tau4RD(353)-S—S—Ub
in each medium for 48 h at 25 °C in static conditions. Samples were
collected over time, diluted in gel loading buffer and stored at —80 °C.

Samples analysis by Western blot.

All samples were separated by sodium dodecyl sulpha-
te—polyacrylamide gel electrophoresis (SDS-PAGE) and probed with the
“Purified anti-Tau, 359-373” antibody (Biolegend). Immuno-reactive
proteins were detected using an enhanced chemiluminescence reagent
(Ge Healthcare) according to the manufacturer’s instructions.
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4.13. Fluorescent labeling of tau4RD*C and tau4RD(353)-S-Ub

Fluorescein isothiocyanate (FITC) was conjugated to tau4RD*C or
tau4RD(353)-S-Ub by adding 20 L of FITC in DMSO (2 mg/mL) to 200
uL of proteins (2 mg/mL), in 0.1 M bicarbonate buffer solution, pH 9.
The mixture was left to react for 2 h at room temperature under stirring.
The unconjugated dye was removed via G-25 M Sephadex PD-10
desalting column and the (FITC)taudRDAC or (FITC)tau4RD(353)-S-Ub
eluted in milliQ water. The (FITC)tau4RDAC and (FITC)tau4RD(353)-S-
Ub samples were then lyophilized and resuspended in 50 pL of sterile
water. Labeling efficiency was estimated based on relative concentra-
tions of the protein and the dye (the latter determined by absorbance at
494 nm).

4.14. Animals

A colony of triple-transgenic AD mice (3xTg-AD) expressing three
mutant human transgenes—PS1M146V, APPSwe, and tauP301L—was
established at the University of Verona by purchasing transgenic mice
from The Jackson Laboratory (Sacramento, CA, USA). Mice were housed
at 3/cage at a constant room temperature of 21 + 1 °C and maintained
on a 12:12 h light/dark cycle with lights on at 7.30 a.m. with freely
available food and water. All efforts to minimize animal suffering and
number were made. The animal study protocol was approved by the
Ethics Committee of the University of Verona and the Italian Ministry of
Health.

4.15. Primary astrocytes cultures

Astrocytes were prepared from the cerebral cortices of PO-P2 mice as
previously described[62] with some modifications. Cortices were
dissected on 1X ice-cold DPBS (14200075, Thermo Fisher Scientific).
After removal of meninges, cortices were enzymatically digested with
DPBS solution containing 0.25 % (v/v) trypsin (15090046, Thermo
Fisher Scientific), 1 mM sodium pyruvate, 0.1 % (w/v) glucose, 10 mM
HEPES pH 7.3 for 20 min at 37 °C. Following 5 min of incubation with
0.1 mg/ml DNAse I (D4627, Sigma-Aldrich) at room temperature, the
enzymatic reaction was stopped with a MEM (51200, Thermo Fisher
Scientific) solution containing 10 % FBS (10270106, Thermo Fisher
Scientific), 0.45 % (w/v) glucose, 1 mM sodium pyruvate, 2 mM L-
Glutamine (25030081, Thermo Fisher Scientific), 100 U/mL penicillin,
100 pg/mL streptomycin (15140, Thermo Fisher Scientific). After trit-
uration through a P1000 pipette, the cell suspension was passed through
a 70 pm MACS SmartStrainer (Miltenyil Biotec). Then, cells were diluted
in MEM containing 20 % FBS, 33 mM glucose, 2 mM r-Glutamine, 100
U/ml penicillin, 100 pg/ml streptomycin and seeded in a T75 cm? flask
and were grown for two more weeks. Next, cells were trypsinized and
seeded at a density of 120.000 cells/ml on poly-L lysine coated 12-mm
coverslips of a 24-well plate and treated after 3 days. Cells were main-
tained in a standard, humidified 5 % CO incubator until the day of the
experiments. Astrocytes were exposed to either culture medium as
negative control or (FITC)tau4RD(353)-S-Ub at a concentration of 5 pM
for 4 or 24 h before being fixed.

4.16. Immunofluorescence

Primary cortical cells were fixed in 10 % (v/v) formalin solution
(Titolchimica) for 15 min at room temperature, washed three times in
PBS, blocked in PBS containing 10 % (v:v) normal goat serum (Thermo
Fisher Scientific), and permeabilized with 0.3 % (v:v) TritonX-100
(Merck Millipore) in PBS for 40 min. Next, cells were incubated with
rat anti-GFAP primary antibodies overnight at 4 °C, and after three PBS
washing steps, with anti-secondary antibodies anti-rat Alexa Fluor 647
for 1 h at room temperature. Antibodies were diluted in PBS containing
5 % (v:v) normal goat serum. Nuclei were counterstained with DAPI
1:5000 and coverslips were mounted on slides using DAKO fluorescence
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mounting media (Agilent, Santa Clara, CA, USA). Images of different Z-
planes were collected on a Leica tcs-sp5 confocal microscope. Images
were processed with the software Imaris (Bitplane AG, Belfast, UK).

4.17. Image analysis

To verify and quantify the internalization of tau4RD*C or tau4RD
(353)-S-Ub by astrocytes the images were analyzed using the
IMARIS® software 9.7. The analysis protocol starts with the application
of a Gaussian filter (0.240 pm) and a threshold cut-off for the red
channel to remove the unspecific signal that changes for each experi-
ment. To verify the presence of (FITC)taudRD*C or (FITC)tau4RD(353)-
S-Ub inside the astrocytes, we created two colocalization channels be-
tween the (FITC)tau green signal and the red of astrocytes. We manually
selected the proper intensity range for all the signals, which are different
for each experiment. The outcome of this colocalization is the creation of
a new channel visualized as 3-dimensional pixels called voxels. To avoid
results misinterpretation due to the different number of cells in the field,
we normalized the number of voxels on the total cells’ volume calcu-
lated through the proper IMARIS® function. This process required the
manual selection of an area able to cover all cells without taking in
consideration very low signals.
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