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Alzheimer’s disease (AD) is a neurodegenerative disorder, accounting for at least two-
thirds of dementia cases. A combination of genetic, epigenetic and environmental
triggers is widely accepted to be responsible for the onset and development of
AD. Accumulating evidence shows that oxidative stress and dysregulation of energy
metabolism play an important role in AD pathogenesis, leading to neuronal dysfunction
and death. Redox-induced protein modifications have been reported in the brain of
AD patients, indicating excessive oxidative damage. Coenzyme A (CoA) is essential
for diverse metabolic pathways, regulation of gene expression and biosynthesis of
neurotransmitters. Dysregulation of CoA biosynthesis in animal models and inborn
mutations in human genes involved in the CoA biosynthetic pathway have been
associated with neurodegeneration. Recent studies have uncovered the antioxidant
function of CoA, involving covalent protein modification by this cofactor (CoAlation)
in cellular response to oxidative or metabolic stress. Protein CoAlation has been
shown to both modulate the activity of modified proteins and protect cysteine residues
from irreversible overoxidation. In this study, immunohistochemistry analysis with
highly specific anti-CoA monoclonal antibody was used to reveal protein CoAlation
across numerous neurodegenerative diseases, which appeared particularly frequent
in AD. Furthermore, protein CoAlation consistently co-localized with tau-positive
neurofibrillary tangles, underpinning one of the key pathological hallmarks of AD. Double
immunihistochemical staining with tau and CoA antibodies in AD brain tissue revealed
co-localization of the two immunoreactive signals. Further, recombinant 2N3R and 2N4R
tau isoforms were found to be CoAlated in vitro and the site of CoAlation mapped
by mass spectrometry to conserved cysteine 322, located in the microtubule binding
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region. We also report the reversible H2O2-induced dimerization of recombinant 2N3R,
which is inhibited by CoAlation. Moreover, CoAlation of transiently expressed 2N4R
tau was observed in diamide-treated HEK293/Pank1β cells. Taken together, this study
demonstrates for the first time extensive anti-CoA immunoreactivity in AD brain samples,
which occurs in structures resembling neurofibrillary tangles and neuropil threads.
Covalent modification of recombinant tau at cysteine 322 suggests that CoAlation
may play an important role in protecting redox-sensitive tau cysteine from irreversible
overoxidation and may modulate its acetyltransferase activity and functional interactions.

Keywords: Coenzyme A, protein CoAlation, neurodegeneration, Alzheimer’s disease, oxidative stress, tau

INTRODUCTION

Presenting as the most common form of dementia, Alzheimer’s
disease (AD) is a progressive disease affecting millions of people
worldwide (Alzheimer, 1906; Selkoe et al., 1999; Przedborski
et al., 2003). AD is characterized by cognitive deterioration,
changes in behavior and psychiatric disturbances (Burns and
Iliffe, 2009). The multifactorial nature of AD with various
genetic, biochemical and molecular abnormalities provides a
challenge for disease prevention, early onset diagnostics and
the development of effective therapies. The majority of AD
cases (∼95%) occur sporadically, with no obvious related risk
factors (Castellano et al., 2012), whereas a small percentage
of hereditary/familial AD (∼5%) are caused by mutations in
genes encoding amyloid precursor protein (APP), presenilin-
1 (PS1) and presenilin-2 (PS2). Pathological build-up of the
β-amyloid peptide (Aβ) in extracellular plaques and intracellular
neurofibrillary tangles (NFT) composed of hyperphosphorylated
tau are hallmarks of both familial and sporadic AD (Lee
et al., 2001). Other pathological features of AD include altered
synaptic transmission, impaired calcium and lipid homeostasis,
inflammation, mitochondrial dysfunction, and oxidative stress
(Hoover et al., 2010; Huang et al., 2016; Magi et al., 2016; Kinney
et al., 2018; Chew et al., 2020; Wang et al., 2020).

Mitochondrial homeostasis and function are central to
maintaining healthy neurons (Mandal and Drerup, 2019).
Healthy and functional mitochondria are vital in neuronal
ATP production, intracellular calcium signaling, establishing
membrane potential, and efficient neurotransmission. The
hippocampal and cortical brain regions are especially vulnerable
to mitochondrial disruption and oxidative stress, due to their
high oxygen consumption and reliance on mitochondrial energy
generation, in combination with inherently low levels of
antioxidants and low neuronal cell repair capacity (Cenini and
Voos, 2019; Lee et al., 2020). Build-up of damaged mitochondria
and autophagic vacuoles is also a prominent feature in neurons
of several neurodegenerative diseases, including AD (Nixon
and Yang, 2012). Various factors have been found to induce
mitochondrial damage, such as abnormal protein aggregates (Aβ,
tau), reduced glucose metabolism, and exposure to toxic drugs,
and prolonged production of reactive oxygen species (ROS)
(Hashimoto et al., 2003; Guo et al., 2013; Stoker et al., 2019). At
low levels, ROS may induce subtle changes in intracellular redox
signaling. Increased and sustained production of mitochondrial

ROS leads to irreversible damage of major cellular biomolecules
such as proteins, lipids, and DNA through pathological redox
reactions. An imbalance between ROS and antioxidant species
triggers oxidative stress. Consequently, increased ROS-induced
protein modifications, such as protein cysteine oxidation,
carbonylation, S-glutathionylation and nitrosylation, have been
reported in post-mortem AD brain tissue and AD animal
models, indicating excessive oxidative stress-related damage
(Sultana et al., 2009). The activity of several key metabolic
and signaling enzymes as well as antioxidant proteins has been
found modulated by oxidative stress and implicated in the
progression of AD.

Tau is the main microtubule-associated protein in
neurons. Under physiological conditions, tau promotes the
assembly of tubulin heterodimers into microtubules, and
stabilizes microtubule networks, which comprise the neuronal
cytoskeleton (Grundke-Iqbal et al., 1986). In the brain, the
level of tau expression is two times higher in gray matter than
white matter (Binder et al., 1985). Alternative splicing of the
tau gene MAPT generates six distinct molecular isoforms in
adult human brain, ranging from 352 to 441 amino acids. At
the N-terminus, tau isoforms differ by the presence of one
or two N-terminal inserts encoded by exon 2, or exons 2,
and 3 (1N and 2N, respectively). Exon 3 is present only in
accompaniment of exon 2, therefore exclusion of both sequences
generates tau isoforms lacking N-terminal inserts (0N). At the
C-terminus, alternative splicing of exon 10 produces isoforms
featuring three or four microtubule-binding repeats (MTBR)
containing one or two naturally occurring cysteine residues,
thus distinguishing between 3-repeat (3R) and 4-repeat (4R)
tau, respectively (Goedert et al., 1989; Liu and Gong, 2008).
The MTBRs are highly positively charged which facilitates their
binding to negatively charged tubulin in microtubules. All six
tau isoforms have been found in neurofibrillary tangles of AD
(Goedert et al., 1992).

Tau is regarded as an intrinsically disordered protein
(IDP) and forms random-coil conformations with some
transient secondary structures, including α-helices, β-strands,
and polyproline II helices (Battisti et al., 2012). It exists in
monomeric, dimeric, oligomeric, and fibrillar forms which are
implicated in physiological functions and in pathology (Meraz-
Rios et al., 2010). Tau monomers are thought to form dimers in
antiparallel fashion, involving hydrophobic interactions and/or
covalent cysteine-mediated disulfide bonds. Tau dimers were

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 October 2021 | Volume 15 | Article 739425

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-739425 October 13, 2021 Time: 13:31 # 3

Lashley et al. Anti-CoA Immunoreactivity and Tau CoAlation in Neurodegeneration

found to assemble into oligomeric structures, which have the
propensity to form paired helical filaments (PHFs) or straight
filaments (SFs). Both PHFs and SFs can then assemble further
into neurotoxic NFTs.

Recent analysis of neurofibrillary tangles from AD brain
by cryo-electron microscopy revealed the ordered pairs of
protofilaments comprising residues 306–378 and disordered
amino- and carboxy-termini which form the fuzzy coat by
projecting away from the core (Fitzpatrick et al., 2017). Generated
atomic models of PHFs and SFs reveal inter-protofilament
packing and how 3R and 4R tau isoforms can be assembled
into the growing filament. Hydrophobic and polar interactions
facilitate the anti-parallel β-sheet packing where hexapeptide
306VQIVYK311 is essential for the assembly of tau filaments.
Residues 321KCGS324 of the first and 313VELSK317 of the
second protofilament mediate the interaction between the two
protofilaments. In contrast, the NMR structure of tau bound to
microtubules reveals a hairpin conformation of residues 269–
284 and 300–312 and the disordered structure of the N- and
C-termini (Kadavath et al., 2015).

Post-translational modifications (PTMs) of tau have been
extensively studied and found to modulate its microtubule-
binding ability and aggregation. Tau is highly phosphorylated
in normal brain and hyperphosphorylated in pathologies. In
healthy brain, approximately 10 serine, threonine, and tyrosine
phosphorylated sites on tau are commonly detected, in contrast
to approximately 45 phosphorylation sites in AD brain (Wang
et al., 2013; Iqbal et al., 2016). These sites of phosphorylation
are predominantly located within the proline rich region and
flanking the MTBRs. Abnormal hyperphosphorylation of tau
in AD renders it unable to support microtubule function and
promotes its dissociation from microtubules. Consequently,
cytosolic tau favors the formation of tau aggregates (Lindwall and
Cole, 1984; Ramkumar et al., 2018).

Tau is reversibly oxidized by ROS and reactive nitrogen
species (RNS), which promote redox-mediated oxidative
PTMs, including cysteine oxidation, S-glutathionylation, and
nitrosylation. The MTBRs contain redox-sensitive cysteine
residues, which have been implicated in contributing to
microtubule binding (Martinho et al., 2018). Tau oxidation
was shown to be associated with very slow MT polymerization,
whereas glutathionylation of oxidized cysteines reversed this
inhibitory effect (Landino et al., 2004). Tau is also known
to possess intrinsic acetyltransferase activity, which requires
Cys291 and Cys322 to function as intermediates in the transfer
acetyl from acetyl-CoA to lysine residues during self-acetylation
(Cohen et al., 2013). Moreover, lysine acetylation was shown
to decrease microtubule binding and thereby promoting tau
aggregation and NFT formation.

Coenzyme A is an essential cofactor in all living cells with
diverse cellular functions (Lipmann and Kaplan, 1946; Leonardi
et al., 2005; Davaapil et al., 2014; Srinivasan and Sibon, 2014;
Theodoulou et al., 2014). The biosynthesis of CoA in prokaryotic
and eukaryotic cells occurs via a conserved pathway involving
enzymatic conjugation of ATP, pantothenate (vitamin B5) and
cysteine (Leonardi et al., 2005). The presence of a highly reactive
thiol group allows CoA to be involved in numerous biochemical

reactions and to generate diverse metabolically active thioesters,
such as Acetyl-CoA, Malonyl-CoA, HMG-CoA, and others
(Tsuchiya et al., 2017). CoA and its thioesters are involved
in critical anabolic and catabolic pathways, the regulation of
gene expression via protein acetylation and the biosynthesis of
neurotransmitters. In mammalian cells, CoA/CoA derivatives
are predominantly sequestered in mitochondria (2–5 mM)
and peroxisomes (0.5–1 mM), while cytosolic/nuclear levels
are significantly lower (20–140 µM) (Leonardi et al., 2005).
The intracellular levels of CoA/CoA derivatives fluctuate in
cellular response to nutrients, hormones, metabolites, and
stress (Theodoulou et al., 2014). Abnormal biosynthesis and
homeostasis of CoA and its derivatives are associated with
various human pathologies, including diabetes, cancer, cardiac
hypertrophy, and vitamin B12 deficiency (Reibel et al., 1981;
McAllister et al., 1988; Brass et al., 1990). Inborn mutations
in the human genes encoding two rate-limiting enzymes of
the CoA biosynthetic pathway (PANK2 and COASY) have been
implicated in neurodegeneration with brain iron accumulation
(NBIA) demonstrating the importance of CoA/CoA derivatives
in the maintenance of central nervous system function (Zhou
et al., 2001; Dusi et al., 2014).

A novel function of CoA in the antioxidant defense
mechanisms has been recently revealed in our laboratory.
Using cell-based and animal models, we demonstrated covalent
modification of cellular proteins by CoA in cellular response to
oxidative or metabolic stress (Tsuchiya et al., 2017, 2018). To
discover and study this novel PTM termed “protein CoAlation,”
we have developed novel reagents and methodologies: (a) anti-
CoA monoclonal antibodies, which specifically recognize free
CoA and CoA bound to proteins via a disulfide bond in ELISA,
Western blotting, immunoprecipitation, immunohistochemistry;
(b) a reliable mass spectrometry-based methodology for the
identification of CoAlated proteins; and (c) efficient in vitro
CoAlation and deCoAlation assays (Malanchuk et al., 2015;
Tsuchiya et al., 2017, 2018). To date, over 2200 CoAlated
proteins have been identified in prokaryotic and eukaryotic cells
exposed to oxidative or metabolic stress. Protein CoAlation has
been shown to regulate the activity and subcellular localization
of modified proteins, protect oxidized cysteine residues from
irreversible overoxidation, and to induce conformational changes
(Gout, 2018, 2019; Bakovic et al., 2019; Tossounian et al., 2020;
Tsuchiya et al., 2020; Yu et al., 2021). The antioxidant function
of CoA and protein CoAlation in pathologies associated with
oxidative stress, such as neurodegeneration, cancer, and diabetes,
remains to be investigated.

Here, immunohistochemistry analysis with anti-CoA mAb
was used to examine the extent of protein CoAlation in post-
mortem human brain tissues from NBIA, AD, Corticobasal
Degeneration (CBD), Progressive Supranuclear Palsy (PSP),
Multiple System Atrophy (MSA), Parkinson’s Disease
(PD), and matched controls. This analysis revealed positive
immunoreactivity with anti-CoA in different structures within
the brain tissue of NBIA, CDB, PD, and AD, when compared
to matched controls. No anti-CoA immunoreactive signal was
observed in PSP or MSA. Extensive anti-CoA immunoreactivity
was detected in all brain regions apart from the basal ganglia
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in 70% of AD samples. Notably, the anti-CoA immunoreactive
signal is readily observed in structures resembling NFTs. Double
immunohistochemistry with anti-tau and anti-CoA antibodies
showed co-localization of both antibodies within NFTs. This
data encouraged us to demonstrate CoAlation of recombinant
2N4R and 2N3R tau isoforms, which was subsequently
confirmed by mass spectrometry to occur at the conserved
cysteine residue (Cys322 of 2N4R and Cys291 of 2N3R tau
isoforms). Furthermore, reversible H2O2-induced dimerization
of recombinant 2N3R, but not 2N4R isoform was reproducibly
observed and shown to be completely inhibited by in vitro
CoAlation. We have also found that transiently overexpressed
tau is CoAlated in HEK2093/Pank1β cells treated with the
thiol-oxidizing agent diamide. Considering the importance of
cysteines in tau acetyl-transferase activity, we speculate that
CoAlation of Cys322 would inhibit this function. Further, since
the conserved cysteine residue is located within the microtubule
binding region, tau CoAlation may potentially modulate its
binding to microtubules and/or form a new binding site for
regulatory interactions in redox signaling. Overall, CoAlation of
tau may protect redox-sensitive cysteine 322 from irreversible
overoxidation, modulate its acetyl-transferase activity and
regulatory interactions.

MATERIALS AND METHODS

Materials
All chemicals were purchased from Sigma–Aldrich unless
otherwise noted here. Anti-CoA monoclonal antibody was
produced via hybridoma cell line 1F10 (Malanchuk et al., 2015)
and used in following dilutions (1:200 for IHC and 1:6,000
in WB). Biotinylated anti-mouse or anti-rabbit, respectively
(both 1:200; Invitrogen). Monoclonal anti-tau (1:200 for IHC)
was purchased from Thermo Fisher Scientific. All cell lines
were purchased from American Tissue Culture Collection
(ATCC, Manassas, VA, United States). Alexa Fluor 555- and
647-conjugated secondary antibodies (1:10,000 for WB) were
purchased from Invitrogen.

Brains were donated to the Queen Square Brain Bank (QSBB)
for neurological disorders (UCL Queen Square Institute of
Neurology). All tissue samples were donated with the full,
informed consent. Accompanying clinical and demographic
data of all cases used in this study were stored electronically
in compliance with the 1998 data protection act and are
summarized in Table 1. Ethical approval for the study was
obtained from the NHS research ethics committee (NEC) and
in accordance with the human tissue authority’s (HTA’s) code of
practice and standards under license number 12198.

All cases were diagnosed pathologically according to current
consensus criteria (Montine et al., 2012; Kovacs, 2015). The
cohort included pathologically diagnosed cases of AD (n = 15),
CBD (n = 5), PSP (n = 5), MSA (n = 5), PD (n = 5), and
neurologically normal controls (n = 5). The control cases used
in this study had no clinical symptoms of a neurodegenerative
disease reports, however, they all had a certain degree of Aβ and
tau deposition (Supplementary Table 1).

Methods
Immunohistochemistry
A total of 8 µm paraffin-embedded formalin-preserved tissue
sections were cut from the hippocampus and temporal cortex.
Routine IHC was performed on sequential sections using
anti-tau and anti-CoA, an in-house developed monoclonal
antibody. In brief, tissue sections were de-waxed in xylene and
rehydrated through various alcohol concentrations, then pre-
blocked using methanol and hydrogen peroxide to prohibit
endogenous peroxidase activity. Antigen retrieval was carried
out by pressure cooking slides in pH 6.0 citrate buffer.
A solution of 10% milk/TBS-T was used to prevent non-
specific antigen/antibody binding. Tissue sections underwent
incubation with primary antibody anti-CoA (1:200; inhouse)
or anti-tau (1:200; Invitrogen) for 1 h at room temperature,
followed by biotinylated anti-mouse secondary antibody (1:200;
DAKO) and finally avidin-biotin complex (ABC), both for
30-min incubations. Di-aminobenzidine (DAB) was used as
the chromogen. Sections were counterstained in Mayer’s
hematoxylin, dehydrated, cleared, and mounted.

Double Staining Immunohistochemistry
After identical initial pre-treatments to routine IHC, tissue
samples were similarly incubated with anti-CoA (1:200;
inhouse), biotinylated anti-mouse (1:200; DAKO), and ABC.
This was followed by 20 min incubation with Tyramide Signal
Amplification (TSA) Red. Samples were then incubated with
anti-tau polyclonal antibody (1:200; Invitrogen) and Alexa Fluor
488 Anti-Rabbit (1:1000; Invitrogen) for one and 2 h respectively
at room temperature. 4′-6-diamidino-2-phenylindol (DAPI) was
used to counterstain nuclei (1:1000; Vector) before slides were
viewed under Leica confocal fluorescent microscope.

Quantitation of Neurofibrillary Tangles
The number of CoA and Tau positive NFTs were quantitated in
the second frontal gyrus gray matter from the AD cases. IHC
sequentially stained slides were scanned using an Olympus Slide
Scanner at x20 magnification. Regions of interest were extracted
from the digital images and the number of NFTs counted. The
numbers of NFTs were then corrected for area (number of NFTs
per mm2). The percentage of CoA positive NFTs were then
calculated against the number of tau positive NFTS.

Purification of Recombinant 2N3R and 2N4R Tau
Isoforms
Recombinant 2N4R and 2N3R tau isoforms were purified as
described in Ferrari and Rüdiger (2018). Briefly, Rosetta (DE3)
cells containing pSUMO-Flag 2N4R or 2N3R tau plasmid
were grown in YT medium supplemented with 10 mg/L of
kanamycin (Sigma-Aldrich) and 33 mg/L of chloramphenicol
(Sigma-Aldrich), until OD600 reached 0.8. Subsequently, 2N4R
and 2N3R tau expression was induced with 0.15 mM IPTG
followed by incubation at 18◦C for 16 h. Cells were then
harvested, and the pellets were resuspended in lysis buffer
(50 mM HEPES pH 8.5, 50 mM KCl, half a tablet of EDTA-
free protease inhibitor (Roche), 5 mM β-mercaptoethanol). The
cells were lysed and centrifuged, to remove cell debris. The
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TABLE 1 | Summarized case demographic data for the post-mortem cases used in the study.

Case ID AAO
(years)

AAD
(years)

DD
(years)

Sex Path diagnosis PM delay
(hours)

Brain weight
(g)

Braak Tau Thal CERAD ABC score

1 59 74 15 F AD 102:55:00 1265 6 4 3 A3B3C3

2 59 76 17 F AD 60:25:00 1191 6 5 3 A3B3C3

3 60 71 11 M AD 52:39:00 1327 6 3 3 A2B3C3

4 74 79 5 F AD 60:40:00 1200 6 5 3 A3B3C3

5 52 68 16 M AD 73:45:00 1234 6 5 3 A3B3C3

6 55 67 12 M AD 28:35:00 1015 6 5 3 A3B3C3

7 72 88 16 M AD 58:10:00 1084 6 5 2 A3B3C2

8 63 73 10 M AD 31:10:00 1269 6 5 3 A3B3C3

9 49 62 13 F AD 76:40:00 996 6 5 3 A3B3C3

10 63 74 11 M AD 33:26:00 1022 6 5 3 A3B3C3

11 48 61 13 M AD 40:40:00 1650 6 5 3 A3B3C3

12 58 72 14 F AD 81:26:00 820 6 5 3 A3B3C3

13 48 63 15 M AD 31:42:00 1042 6 5 3 A3B3C3

14 51 69 18 F AD 81:00:00 1056 6 5 3 A3B3C3

15 54 65 11 M AD 34:25:00 1089 6 5 3 A3B3C3

16 na 103 na F Control 26:35:00 975 4 5 1 A3B2C1

17 na 88 na M Control 27:30:00 1330 4 3 2 A2B2C2

18 na 83 na M Control 105:28:00 1244 4 3 2 A2B2C2

19 na 92 na M Control 46:15:00 1213 4 3 2 A2B2C2

20 na 91 na F Control 69:20:00 1311 4 4 2 A3B2C2

21 60 68 8 F PSP 36:50:00 1177 1 1 0 A1B1C0

22 75 84 9 F PSP 70:00:00 1095 0 3 1 A2B0C1

23 76 84 8 M PSP 50:00:00 1370 0 4 1 A3B0C1

24 57 62 5 M PSP 72:20:00 1369 5 5 2 A3B3C2

25 66 79 13 F PSP 73:55:00 1141 0 3 1 A2B0C1

26 58 65 7 M CBD 48:04:00 1232 0 0 0 A0B0C0

27 54 61 7 M CBD 102:30:00 1389 0 0 0 A0B0C0

28 58 69 11 F CBD 103:15:00 917 0 0 0 A0B0C0

29 57 64 7 M CBD 41:25:00 1456 0 0 0 A0B0C0

30 63 69 6 M CBD 81:36:00 1291 0 2 1 A1B0C1

31 60 84 24 M PD 71:05:00 1484 2 1 0 A1B1C0

32 80 89 9 M PD 26:45:00 1493 4 4 2 A3B2C2

33 69 78 9 M PD 95:15:00 1600 2 5 2 A3B1C2

34 77 83 6 M PD 96:25:00 1644 1 3 1 A2B1C1

35 65 78 13 F PD 84:50:00 1203 1 1 0 A1B1C0

36 67 75 8 M MSA 54:00:00 1359 1 1 0 A1B1C0

37 46 52 6 F MSA 79:00:00 1354 1 0 0 A0B1C0

38 33 42 9 M MSA 30:10:00 1380 0 0 0 A0B0C0

39 63 72 9 M MSA 82:00:00 1450 1 0 0 A0B1C0

40 57 63 6 M MSA 102:55:00 1234 0 2 0 A1B0C0

Detailing the number of cases used for each neurodegenerative disease; Alzheimer’s disease (AD), Progressive supranuclear palsy (PSP), coricobasal degeneration (CBD),
Parkinson’s disease (PD), and Multiple system atrophy (MSA). Detailing the mean age at disease onset (AAO), mean age at death (AAD), disease duration (DD), mean
hours to post-mortem (PM), and the brain weight.

lysates were loaded onto a POROS 20MC affinity purification
column, with a column, and the proteins were eluted with
a 0–100% gradient of 0.5 M imidazole. Fractions of interest
were loaded onto a POROS 20HQ anion exchange column.
The proteins were then eluted using a 0–100% linear gradient
of 1 M KCl, which was then repeated using a POROS 20HS
column for cation exchange of fractions of interest. The final
fractions were concentrated (Vivaspin, cut-off 5 kDa), and stored
at−20◦C with DTT.

In vitro CoAlation of Recombinant 2N3R and 2N4R
Tau Isoforms
Prior to the in vitro CoAlation assay of the 2N3R and 2N4R
tau isoforms, the proteins were incubated for 30 min at room
temperature with DTT (10 mM). Micro Biospin 6 columns
(BioRad), equilibrated with 1X PBS, were used to remove excess
of DTT. 2N3R and 2N4R tau isoforms (8 µM) were incubated
(40 min, 25◦C) with H2O2 (200 µM) in the presence or absence
of CoA (70 µM). To stop the reaction, 5 mM N-ethyl maleimide
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(NEM) was added, and the samples were incubated for 10 min at
25◦C. NEM is a thiol alkylating agent.

To study the reversibility of tau CoAlation or dimerization,
two additional samples were prepared. Following oxidation
and/or CoAlated of the 2N3R and 2N4R tau isoforms, 5 mM DTT
(reducing agent) was added to each sample. The samples were
then incubated for 10 min at 25◦C. The reaction was stopped
by the addition of NEM. Following alkylation with NEM, the
samples were boiled in 1X non-reducing loading buffer and
separated by SDS-PAGE.

Anti-CoA Western Blot Analysis of CoAlated 2N3R
and 2N4R Tau Isoforms
Resolved proteins were transferred to low-fluorescence
polyvinylidene fluoride (PVDF) membranes (BioRad) according
to manufacturer’s instruction. Membranes were blocked in LiCor
blocking buffer for 30 min at room temperature (RT), then
washed three-times for 3 min in 1X Tris-buffered saline with
0.05% tween-20 (TBS-T). The membranes were then incubated
overnight at 4◦C with mouse anti-CoA monoclonal antibodies
(mAbs) (1:6,000). The membranes were then washed three-times
for 3 min with 1X TBS-T, and incubated for 30 min at RT with
goat anti-mouse AlexaFluor680 antibodies (1:10,000). Washing
was repeated three-times for 3 min in 1X TBS-T then again in
1X TBS. Fluorescence signal at 702 nm was measured using
LiCor Odyssey-CLx.

Liquid Chromatography-Tandem Mass Spectrometry
Analysis of CoAlated 2N3R and 2N4R Tau Isoforms
Reduced 2N3R and 2N4R tau isoforms (10 µM) were incubated
for 30 min at 25◦C with H2O2 (100 µM) in the presence of
CoA (100 µM). To stop the reaction, 5 mM N-ethyl maleimide
(NEM) was added, and the samples were further incubated for
10 min at 25◦C. Excess CoA, H2O2 and NEM were removed by
desalting using the MicroBiospin6 columns. The samples were
then analyzed by MS.

The LC-MS/MS analysis of CoAlated peptides was carried
out as described previously (Brass et al., 1990; Dusi et al., 2014).
Briefly, the samples predicted to contain CoAlated tau were
tryptic digested, and the peptides were analyzed by nano-scale
capillary liquid chromatography-tandem mass spectrometry
(LC-MS/MS) using an Ultimate 3000 RSLC System (Thermo
Fisher Scientific) integrated with a 100 µm × 2 cm PepMap100
C18 nano-trap column and an EASY-Spray PepMap RSLC
C18 2 µm, 25 cm × 75 µm analytical column (Thermo Fisher
Scientific). Nano-flow electrospray ionization was used to directly
spray peptides eluted by an acetonitrile gradient into the Q
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific).
Operated in data-dependent mode, the mass spectrometer
utilized an Orbitrap analyzer with a resolution of 35,000 at mass-
to-charge ratio (m/z) of 200. Subsequently, MS/MS of the 10
most intense ions were acquired. Maximum accumulation time
for MS full scan and MS2 were set at 50 and 100 ms, respectively.
Internal calibration of Orbitrap measurements involved the
lock mass of polydimethylcyclosiloxane at m/z 445.120025.
MaxQuant v1.6.6.0 was used to process LC-MS/MS raw data files
(Cox and Mann, 2008). Processed data were searched against

Human (2019) UniProt protein databases1. Carbamidomethyl
cysteine, Acetyl N-terminal, N-ethylmaleimide cysteine,
oxidation of methionines, and CoAlation of cysteine with delta
mass 356 and 765, were set as variable modifications. All data
sets used default MaxQuant parameters with the second peptide
ID remaining unselected.

Generation of the pEGFP-N1/His-2N4R Plasmid
6xHis-tag sequence was introduced at the N-terminus
of WT 2N4R tau (pEGFP-N1 plasmid) to
generate the His-2N4R tau-pEGFP-N1 plasmid.
Using phosphorylated Fw (5′-ATGGGCAGCCAT
CATCATCATCATCACAGCGGCATGGCTGAGCCCCGCCA
G-3′) and Rv (5′-GGTGGCAGA TCTGAGTCCGGTAGC-3′)
primers, the plasmid was amplified and an overhang with the
His-tag sequence was introduced. T4 DNA ligase (Thermo
Fisher Scientific) was used to circularize the plasmid, which
was then electroporated in E. coli Top10 cells. The plasmid was
then amplified and purified. The integration of the 6xHis-tag at
the N-terminus of the 2N4R tau within the pEGFP-N1 plasmid
was confirmed by DNA sequencing. The presence of a stop
codon at the C-terminus of 2N4R tau prevents the expression of
downstream GFP sequence in the pEGFP-N1 plasmid.

Mammalian Cell Culturing, Transfection, and
Treatment With Diamide
In this study, we used HEK293 cells with stable overexpression
of Pank1β. Overexpression of this rate-limiting enzyme in CoA
biosynthesis increases the level of CoA to that observed in
primary cell lines (rat primary cardiomyocytes) and rat tissues
(liver, heart, or kidney) (Tsuchiya et al., 2017). The increase in
CoA level in HEK293/Pank1β cells results in significant increase
of protein CoAlation in response to oxidative or metabolic stress
(Tsuchiya et al., 2017, 2020; Bakovic et al., 2019; Yu et al., 2021).
HEK293/Pank1β cells were maintained in DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with fetal bovine serum
(10% – FBS, Gibco), penicillin (50 U/mL) and streptomycin
(0.25 µg/mL – Lonza) at 37◦C and 5% CO2. Around 0.6 million
cells were seeded onto 60 mm plates, and at ∼60% confluency,
the cells were transiently transfected with pEGFP-N1/His-2N4R
tau plasmid using XtremeGene HP transfection reagent (Roche),
according to the manufacturer’s protocol. After 24 h, cells were
primed for oxidative stress by changing the medium to pyruvate
and glucose-free DMEM (10% FBS) supplemented with 5 mM
glucose. After 18 h of culturing, cells were treated with diamide
(500 µM) for 30 min at 37◦C. After harvesting, cells were lysed on
ice for 20 min in lysis buffer [50 mM Tris pH 7.5, 150 mM NaCl,
5 mM EDTA, 50 mM NaF, and 5 mM sodium pyrophosphate,
1% triton X-100, 1X PIC (cOmplete mini protease inhibitor
cocktail), and 25 mM NEM]. Following centrifugation, 30 µg of
lysate was mixed/boiled with SDS-PAGE loading dye, and the
rest of the lysate was incubated overnight at 4◦C with nickel-
NTA beads equilibrated in wash buffer (lysis buffer without PIC
and NEM). The beads were then washed 3 times with lysis buffer
and mixed/boiled with SDS-PAGE loading dye. Immunoblotting

1https://www.uniprot.org/uniprot/
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with mouse anti-CoA (1:6,000) and mouse anti-tau12 (Merck)
(1:5,000) was performed as described earlier.

RESULTS

Optimization of Anti-CoA
Immunohistochemistry
Recent discovery of the antioxidant function of CoA and
the development of anti-CoA monoclonal antibody 1F10,
which works efficiently in various immunological approaches
(Malanchuk et al., 2015), prompted us to investigate its suitability
for immunohistochemical (IHC) analysis of post-mortem human
tissues. In previous studies, we showed that 1F10 antibody
specifically recognizes in Western blotting CoA covalently
bound to proteins via a disulfide bond in mammalian cells
and tissues, exposed to oxidative or metabolic stress (Tsuchiya
et al., 2017, 2018). Moreover, this antibody is also efficient in
immunoprecipitating CoAlated peptides, when employed for the
identification of CoA-modified proteins by mass spectrometry
(Malanchuk et al., 2015).

In this study, our efforts were focused on examining
the suitability of 1F10 antibody for IHC analysis of protein
CoAlation in pathologies associated with oxidative stress. Initial
optimization studies of 1F10 antibody were carried out in post-
mortem NBIA brain samples and age-matched controls with
no cognitive impairment. Several pre-treatments were tested
(no pre-treatment, pressure cooking in citrate buffer pH6.0,
proteinase K and formic acid) to determine the best pre-
treatment and this was paired with titrating the antibodies
concentration for optimum staining. We determined that pre-
treating the section in a pressure cooker and using the antibody
at 1:200 ratio, gave the optimum staining intensity compared to
background staining in formalin fixed paraffin embedded tissue.

Using optimized IHC conditions (Figure 1), we observed
readily detectable anti-CoA immunoreactive signal in NBIA
brain samples located predominantly in the neuronal and glial
nuclei, as well as cytoplasmic staining in the larger neurons in
the gray matter (Figure 1A and insert). In contrast, anti-CoA
immunoreactivity of age-matched controls demonstrated very
little nuclear staining (Figure 1B).

Anti-CoA Immunohistochemistry of
Post-mortem Brain Tissues of Patients
With Various Neurodegenerative
Pathologies
Following the optimization studies and the positive IHC staining
found in the NBIA brain samples, we investigated the profile
of anti-CoA immunoreactivity in brain tissues from several
neurodegenerative diseases and age-matched controls. These
included AD, Corticobasal Degeneration (CBD), Progressive
Supranuclear Palsy (PSP), Multiple System Atrophy (MSA), and
Parkinson’s disease (PD). Brain regions where the majority of
pathology is exhibited in each disease were analyzed, including
frontal cortex, temporal cortex, hippocampus, basal ganglia,
upper midbrain, and anterior cingulate.

The IHC analysis showed that other neurodegenerative
diseases exhibited varying degrees of positive immunoreactivity
with anti-CoA, which was typically seen in different pathological
structures within the brain tissue. In a small subset of PD samples
(15%), positive anti-CoA staining of structures resembling Lewy
body (Figure 1C and insert) were present in the anterior
cingulate and upper midbrain. No anti-CoA immunoreactivity
was observed in either gray or white matter in MSA (Figure 1D)
or in any of the PSP cases. In 20% of CBD samples, anti-CoA
immunoreactive staining was primarily observed in the neuronal
axons in the white matter of basal ganglia samples (Figure 1E).

Anti-CoA immunoreactive signal was observed in AD brain
samples (frontal cortex) in structures resembling neuropil
threads and NFT’s (Figures 1G–I, arrows).

Analysis of Anti-CoA Immunoreactivity in
Alzheimer’s Disease Brain Samples
The anti-CoA immunoreactivity was detected in all brain
regions, apart from the basal ganglia, in AD brain samples.
When compared to control samples (Figure 1B), anti-CoA
immunoreactivity in AD brain samples was detected consistently
in assemblies resembling NFT’s and neuropil threads, both
of which are characteristic pathophysiological markers of AD
(Figure 1F). The immunoreactive signal was observed in
frontal cortex (Figure 1G), temporal cortex (Figure 1H), and
hippocampus (Figure 1I) but not in the basal ganglia. Taking
into account that the structures stained with anti-CoA antibody
resembled tau-positive NFT’s, the same cases and brain regions
were analyzed using anti-tau antibody (Figure 1F) and showed
strong immunoreactivity, including in structures similar to NFT.

To investigate whether anti-CoA and anti-tau
immunoreactive signals co-localize in NFTs, double staining IHC
of AD brain samples with tau and CoA antibodies was carried
out. Immunoreactivity with anti-CoA (Figures 1K,N) and anti-
tau (Figures 1J,M) was clearly observed and immunofluorescent
co-localization of the two antibodies within NFT structures was
revealed, demonstrated by the yellow immunofluorescent signals
(Figures 1L,O). Notably, antibody co-localization was not seen
with the same intensity at every instance where anti-tau had
bound to NFT proteins (Figures 1M–O, asterisks), suggesting
CoAlation of NFTs is not uniform or an inevitable PTM in these
structures. Quantitative analysis was undertaken to assess the
number of CoA positive NFTs compared to the number of tau
positive NFTs (Figures 2A,B). NFTs were counted in the frontal
gray matter. In all AD cases a large proportion of NFTs were
found to be CoA positive. The average number of CoA positive
NFTs per mm2 was 10 and the average number of Tau positive
NFTs was 22 per mm2, equating on average to around 50% of tau
positive NFTs were also CoA positive.

2N3R and 2N4R Tau Isoforms Are
CoAlated in vitro
In this study, we used 2N3R and 2N4R tau isoforms,
which are distinguished only by the configuration of their
microtubule-binding repeat domains. Within the second
and third microtubule-binding repeat domains (R2 and R3,
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FIGURE 1 | Immunohistochemical staining of anti-CoA and tau antibodies in neurodegenerative diseases. CoA deposition is found in a case with NBIA (A) used as a
positive control for the immunohistochemical preparations. No CoA immunoreactivity was observed in a neurologically normal control without the presence of tau
pathology (B). CoA immunoreactivity was observed in PD, in the occasional Lewy body (C, double arrow and insert), as well as the occasional Lewy neurite (C,
arrow). No CoA immunoreactivity was observed in either MSA white matter (WM) or gray matter (GM). Both PSP and CBS were negative for CoA in the frontal and
temporal cortices. However, axonal CoA staining was observed in the basal ganglia in CBD (E). Tau immunohistochemistry demonstrating the level of tau pathology
in the form of neurofibrillary tangles (F, arrows) surrounded by neuropil threads in an AD case. CoA immunohistochemistry in AD also shows positivity in the
neurofibrillary tangles in the frontal cortex (G, arrows and insert), temporal cortex (H, arrows and insert), and CA1 subregion of the hippocampus (I, arrows and
insert). Double immunohistochemical staining with CoA (red; K,N) and tau (green; J,M) shows co-localization of the two proteins (arrows, L) and at higher
magnification (O), but also reveals neurofibrillary tangles that are negative for CoA (asterisks, M–O). Bar in a represents 50 µm in panels (A–L), inserts 20 µm. Bar in
panels (J,M) represents 50 µm. PD, Parkinson’s disease; MSA, multiple system atrophy; AD, Alzheimer’s disease; PSP, progressive supranucelar palsy; CBD,
corticobasal degeneration.

respectively) are one or two naturally occurring cysteine residues
(according to nomenclature of the longest tau isoform, Cys291
and Cys322, respectively) (Figure 3A). 2N3R tau does not possess
the second repeat domain (R2) and therefore only contains the
cysteine within R3, which is at position 291. 2N3R Cys291 and
2N4R Cys322 are therefore structurally equivalent and highly
conserved (Figure 3A).

We expressed and purified 2N3R and 2N4R tau proteins,
which were used in the in vitro CoAlation assays. The in vitro
tau CoAlation reaction was carried out in the presence of H2O2
and CoA, and the samples were then separated by SDS-PAGE
under non-reducing conditions and immunoblotted with anti-
CoA 1F10 antibody. Both 2N3R and 2N4R tau proteins were
found to be efficiently CoAlated in vitro (Figure 3B). Both
isoforms were predominantly CoAlated in the monomeric state,
but low level of CoA-modified 2N4R dimer was also detected.
Mass spectrometry analysis of CoAlated samples revealed one

CoA-modified peptide (C∗GSLGNIHHKPGGGQVEVK) in both
2N3R and 2N4R isoforms (Figure 3C). Cys322 was CoAlated
in 2N4R isoform, and Cys291 in the 2N3R isoform. Multiple
sequence analysis of 2N3R and 2N4R tau isoforms (data not
shown) revealed this CoAlated cysteine residue to be the
ubiquitously conserved cysteine across all isoforms of tau, and
present within R2 and R3 of 2N3R and 2N4R tau, respectively.

Diamide-Induced Oxidative Stress
Causes CoAlation of His-2N4R Tau in
HEK293/Pank1β Cells
To explore the role of tau CoAlation in vivo, HEK293/Pank1β

cells transiently over-expressing His-2N4R tau were incubated
with or without diamide as described in M&M. His-2N4R tau
was pulled-down from lysed cells using Nickel-NTA beads. The
pulled-down protein was then mixed/boiled with SDS-PAGE
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FIGURE 2 | Quantitative analysis of Tau and CoA positive neurofibrillary
tangles. The number of neurofibrillary tangles (NFTs) positive with tau and CoA
immunohistochemistry were quantitated in the frontal cortex of Alzheimer’s
disease cases. The number of NFTs were counted in a region of interest in the
frontal gray matter and corrected per mm2. (A) The percentage of CoA NFTs
relative to the number of tau positive NFTs are shown in panel (B).

loading dye, and separated on SDS-PAGE gel under non-
reducing conditions. Anti-tau12 and anti-CoA Western blots
were performed to visualize the expression and pull-down
efficiency of His-2N4R tau, and the pattern of CoAlation in
analyzed samples. As shown in Figure 3D, His-2N4R tau is
efficiently expressed in HEK293/Pank1β cells and pulled-down
on Nickel-NTA beads. We have reproducibly observed CoAlation
of His-2N4R tau in samples prepared from diamide-treated
HEK293/Pank1β cells. Interestingly, a significant increase in tau
oligomerization was detected in cells exposed to diamide, when
compared to non-treated controls.

Reversible in vitro CoAlation of 2N3R
Prevents H2O2-Induced Tau Dimerization
To further understand the role of CoA and tau CoAlation in
the presence of H2O2, which is a strong oxidant, we analyzed
the oligomerization and CoAlation states of the H2O2-treated
2N3R and 2N4R tau isoforms in the presence and absence of CoA
(Figures 4A,B). H2O2-induced dimerization of the 2N3R tau
isoform is reproducibly observed and mediated via the formation
of an intermolecular disulfide bond (Figure 4A – Sample 2). On
the other hand, 2N4R tau isoform, showed a weaker dimerization
band (Figure 4B – Sample 2), as it may be more likely to engage in
intramolecular disulfide bond formation due to the proximity of
the two cysteine residues (Cys291 and Cys322) within the MTBR.

To determine whether CoAlation of the 2N3R tau isoform
interferes with its dimerization, the protein was incubated with

H2O2 in the presence of CoA. Interestingly, H2O2-induced 2N3R
dimerization is nearly completely inhibited in the presence of
CoA (Figure 4A – Sample 3). With anti-CoA WB, we show that
the latter monomeric band of 2N3R tau is strongly CoAlated
(Figure 4A – Samples 3 and 3′). This may indicate that CoAlation
protects 2N3R tau from disulfide bond-mediated dimerization.
For the 2N4R tau isoform, both the monomeric (major form) and
dimeric (minor form) bands showed CoAlation in the presence
of H2O2 and CoA (Figure 4B – Sample 3′). As the dimeric 2N4R
tau contains free thiols, CoAlation could occur on these residues.
Overall, we showed that both 2N3R and 2N4R tau isoforms
are CoAlated in the presence of H2O2, but 2N3R tau dimerizes
more readily compared to 2N4R isoform. These findings suggest
that CoA may have a protective role against H2O2-induced
overoxidation of cysteine residues in tau.

To determine whether CoAlation of 2N3R and 2N4R tau
isoforms in the presence of H2O2 is a reversible modification,
CoAlated proteins were treated with excess of DTT, which is
a reducing agent. For the case of the H2O2-treated 2N3R tau
isoform, the dimerization band was completely shifted to its
monomeric form (Figure 4A – Sample 4). DeCoAlation of 2N3R
and 2N4R isoforms was also observed in the presence of DTT
(Figures 4A,B – Samples 5 and 5′). Overall, these results suggest
that CoAlation has a potential to protect the cysteine residues of
tau from oxidative damage and the formation of intermolecular
disulfide bond-mediated dimerization.

DISCUSSION

The antioxidant function of CoA and protein CoAlation have
recently emerged as a novel mechanism of redox regulation in
health and disease. The development of highly specific anti-
CoA mAb and a reliable MS-based methodology allowed the
identification of over 1400 CoAlated proteins in mammalian
cells and tissues exposed to oxidative or metabolic stress.
In this study, we report that anti-CoA immunoreactivity is
readily observed by IHC in several neurodegenerative diseases,
including NBIA and Parkinson’s disease, but with a substantial
prevalence in AD. Utilizing anti-CoA mAb for the first time on
post-mortem formalin fixed tissue, extensive protein CoAlation
was detected in tau positive pathological structures in several
brain regions in AD in contrast to control brain samples.
Double immunohistochemical staining with tau and CoA
antibodies in AD brain tissue revealed co-localization of the
two immunoreactive signals in a proportion of NFTs, suggesting
that protein CoAlation takes place during the maturation of the
NFTs. We have also shown that recombinant 2N3R and 2N4R
tau isoforms are CoAlated in vitro and the site of CoAlation
mapped by mass spectrometry to the conserved cysteine residue
among the tau isoforms. Furthermore, H2O2-induced oxidation
can cause the dimerization of 2N3R, which was inhibited in the
presence of both H2O2 and CoA. This could suggest a protective
role of CoA against H2O2-induced oxidation and dimerization
of tau. Therefore, we propose that covalent tau modification
by CoA has a potential to protect tau cysteine residues from
irreversible overoxidation.
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FIGURE 3 | Analysis of tau CoAlation in vitro and in vivo. (A) Schematic diagram of human 2N4R and 2N3R tau isoforms (441 and 410 amino acids in length,
respectively). N-terminal inserts, proline rich region (PRR), and microtubule-binding region (MTBR) are shown in blue, yellow, and pink, respectively. Conserved
cysteine residues within MTBR are indicated in red. 2N3R tau lacks the second MTBR and thus only features the conserved cysteine residue (in this case, Cys291).
N- and C-terminal domains (NTD and CTD, respectively) are shown in gray. (B) In vitro CoAlation of recombinant 2N4R and 2N3R tau isoforms occurs following
exposure to hydrogen peroxide. Lane L indicates protein molecular weight marker. Lanes 1 and 1′ contain reduced tau in the presence of CoA. Lanes 2 and 2′

contain H2O2- and CoA-treated tau. CoAlated tau remains largely monomeric (M) yet CoAlated dimers are also present for 2N4R (D). (C) Mass spectrometry
analysis of the CoAlated peptide (C*GSLGNIHHKPGGGQVEVK) indicates covalent modification of cysteine (C+356) by CoA at the conserved cysteine residue
(Cys322 and Cys291 in 4R and 3R tau, respectively). (D) Transiently overexpressed His-2N4R tau is CoAlated in HEK293/Pank1β cells exposed to diamide-induced
oxidative stress. Total cell lysates and Ni-NTA pulled-down proteins were separated by SDS-PAGE under non-reducing conditions and immunoblotted with anti-CoA
and anti-tau12 antibodies. The position of His-2N4R tau in total lysates and pulled-down samples is shown with the arrow. Oligomerization of His-2N4R tau in total
lysates and pulled-down samples readily detected with anti-Tau antibodies. TLC, total cell lysate; Pull-down, the use of Ni-NTA affinity beads to pull-down His-tag
fusion proteins from cell lysates.

The identification of CoAlation in NFTs raises more questions
for extensive further studies. One key aspect to be addressed
is that the double IHC staining revealed that CoA did not
co-localize with every NFT. Speculation for the consequences
of tau CoAlation can be drawn from what is known about
existing PTMs that target and regulate this protein. Tau
undergoes a plethora of modifications that are critical to
its regulation and localization in AD brains, including –
but not limited to – polyubiquitination, O-glycosylation,
glycation, oxidation and phosphorylation, the latter of which
has been most extensively reported (Gong et al., 2005).
Indeed, in AD hyperphosphorylation of tau confers profound
biological consequences. Tau contains an abundance of potential

phosphorylation sites, including 80 serines/threonines and 5
tyrosines (Vasili et al., 2019). The addition of phosphoryl groups
at these sites contributes to the loss of physiological tau function
and its gain in toxicity as it self- assembles into PHFs mixed with
straight filaments, aggregating into NFTs (Iqbal et al., 2010; Miao
et al., 2019). It has been shown in vitro that prolong oxidative
stress can increase tau phosphorylation (Martin et al., 2011).
Therefore, it seems logical to postulate that during oxidative
stress, the level of tau CoAlation would simultaneously increase.
Existing research on tau oxidation is limited, but the assembly
of PHFs in vitro and in vivo was found to be promoted by
the oxidation of tau. In the largest human tau isoform (2N4R)
oxidation has been reported at cysteine 322, which is localized
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FIGURE 4 | H2O2-induced dimerization of 2N3R tau isoform is inhibited by CoAlation. (A) H2O2-treatment of 2N3R tau causes its dimerization (Lane 2 – D). In the
presence of CoA and H2O2, 2N3R becomes in vitro CoAlated (Lane 3′), and its dimerization is inhibited (Lane 3 – M). In the presence of DTT, both dimerization and
CoAlation of 2N3R tau are inhibited (Lanes 4, 4′, 5 and 5′ – M). (B) H2O2-treatment of 2N4R tau shows only a minor dimerization band (Lane 2and 2′ – M and D),
probably due to the formation of intramolecular disulfide bond formation, rather than an intermolecular disulfide formation. H2O2 and CoA-treated 2N4R tau shows
CoAlation (Lane 3′ – M and D). In the presence of DTT, CoAlation is absent (Lane 5′). Lane L represents the molecular weight marker, and lane 1 represents the
reduced form of 2N3R and 2N4R tau isoforms in the presence of CoA, where CoAlation is not observed (Lane 1′).

in the R3 repeat domain of the microtubule binding domain
region (Martin et al., 2011). Given the location of the cysteine
residue in the microtubule binding domain, it could be plausible
that the covalent attachment of CoA causes disruption to the
association of tau to microtubules, diminishing its stabilizing
effects and contributing to AD etiopathogenesis (as is seen in tau
phosphorylation). CoA is a 767 Da molecule with a bulky 3′, 5′-
ADP and pantetheine moieties, which may sterically hinder the
interaction of CoA-modified tau with microtubules and promote
regulatory interactions with proteins possessing the nucleotide
binding fold. Targeted biochemical studies will be necessary to
examine the consequences of CoAlation on binding properties
and physiological functions of tau.

A hallmark occurrence of multiple incurable
neurodegenerative diseases is abnormal protein aggregation
and accumulation, including several clinicopathological entities
in which tau aggregates are implicated, known as tauopathies
including AD. Leading to cellular dysfunction, synaptic damage
and neuronal death, aberrant protein aggregation in the brain is
one of the main events in brain disease pathology (Soto, 2003;
Ross and Poirier, 2004; Goedert, 2015). Tau is an IDP subject
to highly sophisticated regulation by a diverse set of PTMs.
Evidently, this has presented difficulties in the precise elucidation
of the role of tau in AD and its position along the chain of
events leading to neurodegeneration. Given the extensive
pathological role of tau in numerous neurodegenerative diseases,
the acceleration in the number of AD cases accompanying
a continual expansion in life expectancy has created an
indispensable requirement for AD therapeutic interventions.
Despite substantial efforts, only symptomatic treatments exist for
AD, and disease-modifying treatment strategies are still under
extensive research (Yiannopoulou and Papageorgiou, 2020). To
inhibit the progression of AD, treatments must interfere with

pathogenic advancements responsible for clinical AD symptoms,
including NFT formation and oxidative damage. Two types of tau
filaments have been identified to be involved in the pathogenesis
of AD. Together, PHFs and SFs comprise intraneuronal NFTs, a
pivotal hallmark lesion of AD. Importantly, compelling evidence
has shown that oxidation of tau cysteine in R3 is critical in NFT
formation in vitro through the formation of intermolecular
disulfide bridges formed by Cys322 (Schweers et al., 1995).
This highlights the potential importance of oxidative stress
tau aggregation, where the link between oxidation and AD is
increasingly recognized. While the source of oxidative stress in
AD is somewhat unclear, our data indicates that dimerization
of tau induced by oxidizing agents could be a key step in tau
aggregation. Certainly, this requires further investigation into the
precise role of oxidative stress mechanisms in AD pathogenesis,
and could lead to the development of novel clinical interventions
acting to prevent tau dimerization via cysteines.

It is now well established that the brain is particularly
vulnerable to oxidative stress due to high oxidative metabolic
activity and lower level of antioxidants when compared to other
tissues. The emerging antioxidant function of CoA mediated
by protein CoAlation provides an additional mechanism for
protecting surface exposed cysteines in neuronal proteins from
overoxidation, including Cys322 in tau. Taking into account
the involvement of tau cysteine residues in facilitating intrinsic
acetyl-transferase activity, CoAlation of Cys322 under oxidative
stress may mediate reversible inhibition and downstream effect
of tau auto-acetylation.

Protein CoAlation has been shown to regulate the activity
of modified proteins, in a manner similar to the regulatory
changes induced by other covalent PTMs, including protein
S-glutathionylation, phosphorylation, or acetylation. For
instance, S-glutathionylated tau has been detected through
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mass spectrometry, and its function has been shown to alter
the polymerization of 3-repeat tau (Landino et al., 2004).
S-Glutathionylated 3-repeat tau was demonstrated to be capable
of polymerization, which suggests that disulfide-linked tau
dimerization is not an essential step in tau filament assembly
leading to NFT formation. Further, recent studies have
demonstrated double-cysteine tau mutants to be aggregation-
competent. However, aggregation has been found to be
dependent on cysteines for rapid initiation (Chidambaram and
Chinnathambi, 2020). This suggests a significant role for disulfide
bond formation in the early stages of tau aggregation, which may
subsequently proceed via cysteine-independent mechanisms
including hexapeptide motifs. Therefore, we hypothesize that the
CoA antioxidant function could prevent intermolecular disulfide
bond formation prompting accelerated tau aggregation during
oxidizing conditions.

While our results primarily suggest a role of CoA in
protecting tau from dimerization, which may lead its pathological
accumulation, alternate mechanisms for tau aggregation exist.
For instance, two hexapeptide motifs within the MTBR of tau
are reported to be critical in driving tau fibril formation via the
adoption of β-sheet structures (Von Bergen et al., 2000). Under
physiological conditions tau protein is involved in the regulation
of assembly, dynamic behavior, and the spatial organization
of microtubules. Further, a model of tau-tubulin interaction
suggests the formation of disulfide linkages between tau and
tubulin cysteines: specifically, Cys291 of tau R2 first binds Cys347
of α-tubulin at “Site 1,” which allows Cys322 of tau R3 to
subsequently bind C131 of β-tubulin at “Site 2” (Martinho et al.,
2018). Therefore, we propose CoAlation at the conserved cysteine
residue (Cys322 in 2N4R tau) could modulate disulfide bond
mediated tau dimerization alongside the binding to tubulin.
As the residues responsible for binding are located within the
MTBR, this suggests that tau CoAlation may be involved in
regulating microtubule-binding in response to fluctuations in
the redox state of the cell. For instance, the presence of a
bulky CoA group within the MTBR could sterically hinder
access to the microtubule and inhibit the tau-tubulin functional
interaction. As such, CoAlated tau would remain unable to
bind microtubules for the duration of increased oxidative stress
levels. When cells recover, deCoAlation of tau would allow
microtubule stabilization to resume, thus proving an additional
layer of regulation of cytoskeletal dynamics in response to
cellular redox shifts.

Finally, it will also be interesting to consider the effect
of tau CoAlation on other PTMs of tau. Importantly, tau is
subject to regulation by a wealth of PTMs. Phosphorylation
presents one of the most extensively studied PTMs of tau. Tau
possesses over 80 potential sites for phosphorylation (Goedert
et al., 1989). In AD, at least 40 phosphorylation sites have
been identified in pathological tau through comprehensive MS
analysis (Morishima-Kawashima et al., 1995; Hanger et al., 2007).
However, a recent study (Wesseling et al., 2020) compiling
an extensive catalog of PTMs including (but not limited to)
ubiquitination, acetylation, and methylation across the full length
of tau has highlighted the heterogeneity of these modifications.
By nature, PTMs are incredibly complex as they occur in
multitudes and may be combined in several ways. Tau PTMs

are also prone to crosstalk and competition. For instance,
acetylation of tau can also inhibit the phosphorylation of nearby
residues. Acetylation of Lys321, Lys259, and Lys353 inhibits
phosphorylation of Ser324, Ser262, and Ser356 respectively.
This crosstalk generates complexity since acetylation is directly
impairing but also indirectly activating tau functionality.
A potential opposition in which the addition of certain chemical
groups can block the addition of another on a given residue
further suggests multifaceted regulation of tau biology (Liu et al.,
2004, 2009; Yang and Seto, 2008; Bourré et al., 2018). As such,
the recent explosion of knowledge on tau PTMs provides the
opportunity to better understand these modifications in the
context of tau homeostasis, and their perturbation in aging and
disease. Oxidative stress was shown to induce the formation of the
CoA biosynthetic complex and CoA production, a local increase
in CoA occurs during protein acetylation, as acetyl-CoA provides
the acetyl group for histone acetyl-transferases. The availability of
reduced CoA in close vicinity may Therefore, it will be interesting
to consider the effect of CoAlation on PTM of sites in tau in
particular, phosphorylation and/or acetylation.

Overall, the involvement of the altered mitochondrial function
and oxidative stress in neurodegenerative diseases including
AD, combined with findings which link CoA dysregulation to
neurodegeneration in NBIA raises the questions as to whether
protein CoAlation could occur in neurodegenerative disorders
and whether it has a protective role against oxidative damage
and aggregation. In this study, we examined the pattern and
distribution of CoAlation among different brain regions. We
further explored tau CoAlation using in vitro studies, where we
identified the site of tau CoAlation using MS, and determined
that CoAlation can protect 2N3R tau from dimerization in the
presence of H2O2.
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