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Abstract

Background/Aims: The neurofibrillary tangles consisting of Tau protein are an important
pathology in Alzheimer's disease. The paired helical filaments of Tau form most of the NFTs.
These PHFs of Tau are found to carry numerous post-translational modifications, which stabilize
them and aid in aggregation. The mechanistic function of Tau is to bind and stabilize the
axonal microtubules. Hyperphosphorylation of Tau causes it to compromise its physiological
function and accumulate in the neurons in the form of aggregates. Such residue-specific
phosphorylation has been studied by employing Tau pseudophosphorylation mutants. But in
addition to phosphorylation, several other modifications also aid in stabilizing the Tau PHF.
Glycation is one such non-enzymatic PTM caused by sugars and their reactive intermediates. In
this study, we employed the pseudophosphorylated Tau double mutants (262/404D, 262/396D,
and 231/262) for studying their modification by methyl glyoxal, a reactive intermediate of
glucose metabolism. Methods: We studied various biophysical properties like aggregation
propensity, Advanced glycation end-product formation, and global conformation of the Tau
with dual modifications. Our study includes the use of in vitro techniques e.g., ThS fluorescence
assay, electron microscopy, CD spectroscopy, SDS-PAGE. Results: The overall result of the
study suggest that the MG-induced Tau aggregation is influenced by the residue-specific Tau
phosphorylation. Conclusion: In conclusion, the combinatorial effect of discreet PTMs on Tau

function could lead to a better understanding of Tauopathy.  © 2023 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG
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Introduction

The neurofibrillary tangles comprising of Tau protein are escalated in the brains of
Alzheimer’s disease patients [1, 2]. The Tau protein in the NFTs is highly modified by the
post-translational modifications leading to its self-aggregation and accumulation [3-7]. Tau
regulates microtubule assembly and dynamics in the neuronal axons [8-10]. The regulation
of microtubule stability and dynamics is essential for neuronal functioning. In abnormal
conditions, Tau undergoes severe post-translational modifications, which alters its functions
and increases its propensity for self-aggregation [11-13]. The screening of small molecules
against Tau aggregation is an important therapeutic intervention and has yielded molecules
belonging to various sources like naturally occurring molecules [14-17], synthetic molecules
[18, 19], peptidomimetics etc. The function of Tau is regulated by its phosphorylation state
and the site-specific phosphorylation affects its microtubule-binding as well as its aggregation
propensity. The sites responsible for Tau phosphorylation are located in its proline-rich
domain as well as the C-terminal region. Differential phosphorylation at the sites in these
regions affects the microtubule-binding capacity of Tau as well as its aggregating propensity
[20, 21]. The hyperphosphorylation of Tau is a major modification that not only affects its
mechanistic functions but also accelerates its self-assembly [22]. Thus, it becomes extremely
important to study the impact of residue-specific Tau phosphorylation on its physiological
and pathological functions. One of the challenges in studying the effect of phosphorylation
of specific amino acids on Tau functions is controlled phosphorylation, which cannot be
attained by in vitro kinase assays. Thus, an alternative approach is followed, which includes
the substitution of the phospho-epitopes to negatively charged amino acids like aspartic acid
and glutamic acid such that the negative charges mimic the phosphorylation state of Tau [23,
24]. These mutants are referred to as pseudophosphorylation mutants and have been utilized
in various Tau studies. Phospho-mimicking mutants have been found to alter the aggregation
propensity of Tau in a domain-specific manner. Tau pseudophosphorylation at N-terminal
showed inhibition of self-assembly whereas at C-terminal it enhanced the self-aggregation
[20]. Along with its aggregation propensity, phospho-mimicking mutants have also been
studied for their effect on Tau-microtubule interaction and assembly. The conformational
studies revealed that pseudophosphorylation at sites 262, 293, 324, and 356 modulates the
structural domains of repeat 1 and 2, and pseudophosphorylation at serine 262 imparts
the structural changes to repeat Tau such that it hampers the microtubule interaction [25].
Thus, the effect of phosphorylation on Tau function depends on the residues modified in the
particular domain. Along with phosphorylation, other modifications also affect Tau function
and modulate its aggregation propensity. One such modification is glycation wherein; Tau
is modified by glucose and its metabolic reactive intermediates. Tau glycation is observed
in PHFs of AD brains, which hampers microtubule-binding and enhances its aggregation
[26]. Moreover, glycation is more pronounced in the functional domain of Tau, which is
involved in microtubule-binding, and regulation of its dynamics [27, 28]. Thus, it becomes
important to study the effect of dual modification of Tau on its structure and aggregation
kinetics. In vitro studies have suggested that glycation of pseudophosphorylated Tau aids
in Tau fibrillization rather than seeding or nucleating the fibrillization [29]. The Tau tangle
formation by glycating agents such as methyl glyoxal and acrolein is found to be enhanced
by hyperphosphorylation. Moreover, the self-aggregation capacity is enhanced for triple
pseudophosphorylated Tau mutants as compared to single or double mutants [30]. On
the other hand, the single pseudophosphorylated mutants displayed a loss of Tau function
whereas the double mutants exhibited enhanced microtubule assembly and more efficiency
in governing dynamic microtubule instability. Thus, not just the extent of phosphorylation
but the combination of phosphorylated residues also determines the fate of its microtubule
binding and self-assembly [31] and plays a key role in regulating the fate of Tau. Additionally,
the extent of glycation-mediated aggregation of Tau is subject to the isoform composition [32].
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In our study, we attempted to understand the effect of methyl glyoxal-induced glycation of
pseudophosphorylated Tau double mutants. We studied the fluorophore-based aggregation
kinetics of this modified Tau as well as biophysical properties such as conformational
modulations and morphological analysis of Tau aggregates. We have also studied the relative
MG-induced AGEs formation of Tau and its pseudophosphorylation mutants by employing
the autofluorescence property of AGEs.

Materials and Methods

Chemicals and reagents

Luria-Bertani broth was purchased from HiMedia. DTT and IPTG were obtained from Calbiochem;
MES, BES, methyl glyoxal, SDS, glycine, ThT were purchased from Sigma. Heparin, NaCl, Ampicillin, sodium
azide, ethanol, PMSF, MgCl,, and PMSF were obtained from MP Biomedicals.

Tau purification

The full-length (hTau40) wild-type Tau and its pseudophosphorylated double mutants were purified
as described [52]. The proteins were expressed in E.coli by induction with IPTG. The cell pellet containing
the expressed proteins was lysed under high pressure in a microfluidics device and the lysate was collected.
The lysate was subjected to heating at 90 °C after the addition of 0.5 M NaCl and 5 mM DTT. After 20
minutes of heating, the lysate was cooled and centrifuged at 45000 rpm for 50 minutes to clear the lysate of
precipitated proteins. The cleared lysate was dialyzed against the sepharose buffer A overnight and further
clarified by centrifugation at 45000 rpm for 50 minutes. Further, the lysate was subjected to cation exchange
chromatography and the eluted fractions were pooled, concentrated, and preceded for size-exclusion
chromatography. The purified proteins were concentrated and the concentration was measured by BCA
assay.

Aggregation of Tau and pseudophosphorylated mutants by methyl glyoxal

Tau and its phospho-mimicking mutants were made to a final concentration of 20 uM in BES buffer pH
7.4 supplemented with 25 mM NaCl, 1 mM DTT, 0.01% sodium azide, and protease inhibitor cocktail. Methyl
glyoxal was added to a final concentration of 2.5 mM. Thioflavin T was added to the reaction mixture at a
concentration of 2.5 pM. The reactions were protected from light and incubated at 37 °C. The fluorescent
measurements were carried out by exciting the fluorophore at 435 nm and collecting the emission data at
485 nm [53] in TECAN Infinite series Pro plate reader.

AGEs-specific fluorescence measurements

The AGEs-specific fluorescence measurements were recorded as previously described [48]. Separate
reaction mixtures were set up for monitoring AGEs-specific fluorescence without the addition of ThT. The
fluorescence was recorded by exciting the reaction mixture at 370 nm and collecting emission at 430 nm.
The readings were recorded in triplicates and the buffer background was subtracted.

SDS-PAGE analysis of MG-induced aggregation

The wild-type Tau and the phospho-mimicking mutants subjected to MG-induced aggregation were
analyzed by SDS-PAGE. 10 pL reaction mixtures were separated on 10% SDS-PAGE and stained with
Coomassie Brilliant Blue.

Circular dichroism spectroscopy

The conformational changes of MG-modified and unmodified Tau and its phospho-mimicking mutants
were mapped in Jasco ]J-815 CD spectrometer under a nitrogen atmosphere. 3 uM of reaction mixtures were
made in sodium phosphate buffer pH 6.8. The spectra were recorded in cuvette of 1 mm path length at 100
nm/min scan speed and 1 nm bandwidth. The average of 5 acquisitions was obtained over a scan range of
190-250 nm.

Transmission electron microscopy

The morphology of MG-modified proteins was visualized by Tecnai G2 20 S-Twin transmission electron
microscope. 2 UM reaction mixtures were spotted onto the 400 mesh carbon-coated copper grids and
stained with 2 % uranyl acetate. The grids were dried well before scanning.
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Results

Methyl glyoxal does not enhance the aggregation of phospho-mimicking Tau mutants

Methyl glyoxal is a known protein glycating agent involved in protein modification
diabetic conditions [33]. [t modifies proteins and renders them non-functional due to various
structural changes in the proteins [34]. It is also known to induce protein aggregation [35]
and methyl glyoxal is found to be present in AD brains [36]. To study the effect of dual
modification on Tau aggregation, we modified the 3 phospho-mimicking double mutants
with the glycating agent methyl glyoxal and studied the aggregation propensity of mutants
versus the wild-type Tau. The aggregation was monitored by thioflavin T fluorescence assay
for 168 hours. The kinetics revealed a gradual increase in ThT fluorescence indicating an
increase in the aggregation of proteins. Though no significant difference was observed
in aggregation propensity at the end of 168 hours, the proteins demonstrated a different
pattern of fluorescence at the initial time points (Fig. 1C). The phospho-mutants 262/396D
and 231/262 had initial kinetics similar to the wild-type Tau till 36 hours. After 36 hours
the phospho-mutant 262/396 D showed enhanced aggregation propensity as compared to
wild-type Tau whereas the mutant 262/404D showed decreased MG-induced aggregation
propensity concerning wild-type Tau. At the end time point, no difference was observed
in the aggregation propensities of Tau mutants 262/396D and 231/262D concerning the
wild type. The mutant 262/404D showed a minimal increase in fluorescence throughout
the kinetics suggesting decreased MG-induced aggregation rate. The end-time fluorescence
intensity analysis suggested no significant difference among the wild type and phospho-
mutants except 262/404D (Fig 1D). These results confirm the previous reports to some
extent wherein; double pseudophosphorylated Tau does not show changes in methyl
glyoxal-induced Tau aggregation as compared to wild-type Tau. This might be due to the
effect of residue-specific pseudophosphorylation on overall Tau aggregation [30]. It has
been reported that the sites phosphorylated at C-terminal for example S396 and S404
enhance Tau fibrillization more efficiently as compared to sites in the proline-rich region
(T231) and repeat domain of Tau (S262) [20, 37]. Additionally, pS262 is found to have
increased inhibition of heparin-induced Tau aggregation with an increase in the number of
phosphorylated sites [25]. All the mutants used in our study have pseudophosphorylated
S262 that might be withholding the MG-induced Tau aggregation as compared to wild-type
Tau. Thus, although glycation by MG is a strong modification that drastically alters protein
structure by driving them to aggregation, the pseudophosphorylation at S262 prevents
MG-induced Tau aggregation which is in concordance with its effect on heparin-induced
Tau aggregation. Thus, MG-induced Tau aggregation is influenced by residue-specific Tau
phosphorylation.

Glycation enhances AGEs formation in Tau phospho-mimicking mutants

The glycation of proteins comprises several steps of reversible and irreversible chemical
reactions, which form the final product of advanced glycation end products. These AGEs
tend to accumulate in the body due to their protease-resistant nature and hamper cellular
functioning [38]. The AGEs formation can be determined by antibody-based methods [39]
or by the AGEs autofluorescence [40, 41]. We employed the AGEs autofluorescence method
to determine the Tau AGEs formed in presence of methyl glyoxal. The AGEs fluorescence
did not differ among the proteins till 36 hours of incubation after which the fluorescence
pattern varied for Tau and its phospho-mimicking mutants (Fig. 1E). The AGEs fluorescence
reached saturation at 60 hours for wild-type Tau whereas it was found to stably increase
for the phospho-Tau 231/262D and 262/396D. The AGEs formation did not increase
considerably for 262/404D mutant Tau. The analysis for the end time-point suggested
elevated AGEs formation in mutants 231/262D and 262/396D as compared to wild-
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type (Fig. 1F). Glycation is well known to induce protein cross-linking and form protein
aggregates. The AGEs formation in the phospho-mimicking mutants was also analyzed by
SDS-PAGE at various time intervals. It was observed that glycation had led to the formation
of SDS-resistant Tau species for all the proteins. The mutant 262/404D had less intense
AGEs formation as compared to the wild type and the other two phospho-Tau mutants (Fig.

Fig. 1. Glycation of Pseudophosphorylated Tau. A) Tau protein is composed of two insert regions toward
the N-terminal followed by a poly-proline stretch. The C-terminal regions harbor a repeat region consisting
of 4 imperfect repeats (R1 to R4) and a truncated 4" repeat also known as the pseudorepeat (R’). These
repeats are involved in microtubule-binding and hence this region is also known as the microtubule-binding
region. The pseudophosphorylation sites studied are mentioned in red. B) The hypothesis model depicting
the glycation of pseudophosphorylated mutants by methyl glyoxal. Methyl glyoxal leads to intra-molecular
as well as intermolecular protein cross-linking by modifying the amine side chains. The phospho-mutants
might interfere with this cross-linking to either enhance or reduce the MG-induced aggregation. C) The ThT
fluorescence assay for MG-induced Tau aggregation showed enhanced aggregation of mutant 262/396D
and decreased aggregation in 396/404D as compared to wild-type Tau. D) The end time point fluorescence
intensity of MG-induced aggregation does show a lower aggregation propensity of the phospho-Tau mutant
262/396D. E) The AGEs fluorescence kinetics did not differ for the proteins until at later time points. F) The
168 hours analysis of AGEs fluorescence revealed increased AGEs fluorescence in 231/262D and 262/396D.
The statistical analysis was carried out by Student’s unpaired T- test concerning untreated control. ***
p<0.001, **p<0.01, *p<0.05. ns: non-significant p-value.
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2A, B). The study of glycation of pseudophosphorylated Tau by exposure to MG also reports
the formation of higher-order aggregates on SDS-PAGE [30]. Thus, MG-induced glycation is
more pronounced in the double mutants 231/262D and 262/396D as compared to the wild-
type Tau. Since, these PTMs are postulated to play a role in Tau propagation [42] their study
would aid in screening molecules effective in overcoming these PTMs and ameliorating Tau
pathology in vitro and in vivo [43, 44]. Moreover, these PTMs are postulated to play a role in
Tau propagation.

The dual modification of Tau does not alter its conformation

The AGE-modification of proteins leads to loss of structure due to excessive protein cross-
linking and bond rearrangements resulting in the loss of function [48]. Tau is an intrinsically
disordered protein with native random coil conformation [49]. Aggregation of Tau leads it to
adopt partial secondary conformation. The full-length Tau adopts a partial $-sheet structure
on aggregation. We studied whether glycation could induce any conformational change in Tau
by CD spectroscopy. The CD analyses of unmodified Tau and its phospho-mimicking mutants
demonstrated a complete random coil conformation (Fig. 2C). This has been previously
reported for various sites of Tau pseudophosphorylation. Phosphorylation at T231 does not
have any significant effect on overall Tau conformation. Phosphorylation at this residue leads
to some local interactions of salt-bridge formation with surrounding residues but does not
change the Tau conformation [50]. Similarly, phosphorylation at S262 induces turn formation

Fig. 2. Glycation does
not alter the native
conformation of Tau
and its  phospho-
mutants. A) The
SDS-PAGE analysis
of MG-treated Tau
showed the presence
of higher-order cross-
linked proteins at
various time points.
The mutant 262/396D
and 231/396D show
the presence of cross-
linked products even
at lower molecular
weights. The lane
Sol represents the
soluble Tau protein
in absence of inducer
methyl glyoxal. B) The
quantification of SDS-
PAGE analysis for the
dual modification.
C) The CD spectra of
Tau and its phospho-
mutants showed a
native  conformation
of a random coil. The
mutations did not alter
the global conformation
of Tau. D) The conformation of Tau and the phospho-mutants was not altered by MG-induced glycation.
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and induces local rigidity in conformation but does not affect the global Tau conformation.
Moreover, phosphorylation at the C-terminal has been reported to induce flexibility in
Tau [25]. Thus, pseudophosphorylation did not alter the native conformation of Tau. The
modification of Tau and its mutants by MG did not have any effect on the global conformation
of Tau (Fig. 2D). Thus, even the dual modification of pseudophosphorylation and glycation
did not induce conformational changes in Tau. This might be attributed to the stable random
coil conformation of these pseudophosphorylated residues. Further, the MG-modified Tau
was visualized by electron microscopy. It revealed the presence of amorphous aggregates
in all the modified proteins (Fig. 3). Similar amorphous aggregates were also observed in
Tau pseudophosphorylated mutants glycated by various reactive carbonyls including methyl
glyoxal [30]. Glycation of Tau dementia mutants by methyl glyoxal also is being reported
to form amorphous aggregates as opposed to heparin-induced fibrillar aggregates [35].
Tau aggregation landscape exhibits two channels of assemblies amorphous oligomers and
prefibrillar oligomers. The amorphous Tau species in AD are more thermodynamically
favored as compared to the prefibrillar oligomers [51]. This agrees with the fact that the
early Tau deposits in AD are characterized by amorphous non-fibrillar structures [52]
highlighting the role of amorphous aggregates as the initial Tau species formed in the Tau-
mediated neurodegeneration (Fig. 4).

Fig. 3. Electron micrographs of modified Tau. The glycated Tau showed the presence of amorphous
aggregates under a transmission electron microscope.

Fig. 4. MG-induced glycation
of Pseudophosphorylated
mutants. The wild-type Tau
consisting of 441 amino acids
is composed of two major
functional domains namely
the N-terminal projection
domain and the C-terminal
microtubule-binding domain.
The projection domain consists
of 2 inserts and the microtubule
region comprises of the proline-
rich region and 4 imperfect
repeats. These repeats play
a major role in microtubule
binding and stabilization.
The reaction of wild-type Tau
with methylglyoxal leads to
moderate glycation whereas
the glycation of pseudophosphorylated double (262/396D, 262/231D) and triple mutants (S396D/T403E/
S404D) leads to enhanced glycation as compared to wild type Tau.
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Discussion

Tau is a phosphoprotein requiring a balance of phosphorylation and dephosphorylation
for its physiological functioning. In AD, an imbalance of this process results in abnormal
phosphorylation of Tau, which increases the overall negative charge of the protein. Low
net charge of the protein is reported to be one of the important parameters for protein
aggregation186. The effect of hyperphosphorylation on Tau function and self-assembly is
studied by utilizing the charge mimicking pseudophosphorylation mutants. The negative
charge of phosphate group is added to the protein by replacing the specific sites of
phosphorylation, serine and threonine by negatively charged amino acids aspartic acid or
glutamic acid. This approach has helped to study the effect of site-specific phosphorylation
on Tau aggregation and microtubule assembly rather than in vitro Tau phosphorylation by
kinases which uncontrollably phosphorylate several sites. We employed similar approach to
study the effect of dual modification, glycation and phosphorylation on Tau. The phospho-
mimicking Tau sites T231D, S262D, S396D and S404D were studied as double mutants. The
combinations were, (262/404D, 262 /396D and 231/262). Methyl glyoxal was used to glycate
the phospho-mimicking mutants [51]. The glycation reaction causes intra-molecular and
inter-molecular cross-linking which favors the self-assembly of protein forming aggregates
[52]. Pseudophosphorylation is also found to enhance the Tau aggregation. The question we
posed whether pseudophosphorylation can enhance MG-induced cross-linking of Tau.
Thus, the combinatorial effect of discreet PTMs on Tau function could pave a way for a better
understanding of the pathology. Such approaches could help in designing effective and
potent therapeutics to overcome AD manifestation [53].
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