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Tau is a microtubule-associated protein which regulates the assembly and stability of
microtubules in the axons of neurons. Tau is also a major component of neurofibrillary
tangles (NFTs), a pathological hallmark in Alzheimer’s disease (AD). A characteristic of
AD tau is hyperphosphorylation with more than 40 phosphorylation sites. Aggregates
of hyperphosphorylated tau are also found in other neurodegenerative diseases which
are collectively called tauopathies. Although a large number of studies have been
performed on the phosphorylation of AD tau, it is not known if there is disease-specific
phosphorylation among tauopathies. This is due to the lack of a proper method for
analyzing tau phosphorylation in vivo. Most previous phosphorylation studies were
conducted using a range of phosphorylation site-specific antibodies. These studies
describe relative changes of different phosphorylation sites, however, it is hard to
estimate total, absolute and collective changes in phosphorylation. To overcome these
problems, we have recently applied the Phos-Tag technique to the analysis of tau
phosphorylation in vitro and in vivo. This method separates tau into many bands during
SDS-PAGE depending on its phosphorylation states, creating a bar code appearance.
We propose calling this banding pattern of tau the “phospho-tau bar code.” In this
review article, we describe what is newly discovered regarding tau phosphorylation
through the use of the Phos-Tag. We would like to propose its use for the postmortem
diagnosis of tauopathy which is presently done by immunostaining diseased brains with
anti-phospho-antibodies. While Phos-tag SDS-PAGE, like other biochemical assays, will
lose morphological information, it could provide other types of valuable information such
as disease-specific phosphorylation.

Keywords: phos-tag, tau, phosphorylation, Alzheimer’ disease, tauopathy, Cdk5, phospho-tau bar code, GSK3p

INTRODUCTION

Tau is a microtubule (MT)-associated protein (MAP) predominantly expressed in the axons
of neurons (Dehmelt and Halpain, 2005; Igbal et al., 2016; Wang and Mandelkow, 2016). Tau
is a phosphoprotein that is targeted by a number of protein kinases. The phosphorylation of
tau regulates its functions, namely the assembly and stabilization of MTs (Lindwall and Cole,
1984; Igbal et al., 2016; Wang and Mandelkow, 2016). Additionally, it is well known that
hyperphosphorylated tau is a major component of neurofibrillary tangles (NFTs) in Alzheimer’s
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disease (AD) (Ballatore et al., 2007; Spillantini and Goedert,
2013; Wang et al, 2013; Arendt et al, 2016). There are
many other neurodegenerative diseases in which deposits
of hyperphosphorylated tau are found. These diseases are
collectively called tauopathies (Lee et al, 2001). The fact
that Frontotemporal dementia with Parkinsonism linked to
Chromosome 17 (FTDP-17), a tauopathy, is caused by the
mutation of the tau gene MAPT indicates that tau may be
a causative factor for other tauopathies in addition to FTDP-
17 (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al.,
1998). It is not known how tau gains neuronal toxicity, however,
several possibilities such as oligomerization, aggregation, or
hyperphosphorylation have been proposed. It is unclear whether
or not the hyperphosphorylation is a cause or result of disease,
however, the immunostaining of postmortem brains with anti-
phospho-tau antibodies such as AT8, AT180, and PHF1 is usually
used as a definitive diagnosis of AD and tauopathy. Therefore,
extensive efforts have been made to identify phosphorylation sites
and the hyperphosphorylation mechanism. Nevertheless, it is not
yet known how this phosphorylation is regulated not only under
disease conditions but also in normal brains.

Comprehensive analysis of tau phosphorylation by mass
spectroscopy has revealed more than 40 phosphorylation
sites in AD pathological tau (Morishima-Kawashima et al,
1995; Hanger et al., 2007). Since antibodies against many of
these phosphorylation sites are now commercially available,
phosphorylation of tau is currently analyzed using those
phosphorylation-site specific antibodies in both physiological
and pathological studies. While their use is relatively easy
and they are sensitive enough to detect slight changes
in phosphorylation levels, there are several unavoidable
limitations (described later in detail). When proteins have
many phosphorylation sites it is hard to estimate the absolute
degree of in vivo phosphorylation and discern any combinations
of these phosphorylation sites. To answer these difficult
but important questions we applied the Phos-Tag SDS-PAGE
method to the analysis of tau phosphorylation in vitro and in vivo
(Kimura et al., 2016a,b). We found that tau consists of many
bands, resembling a bar code, which indicates heterogeneous
phosphorylation in cells and brains. Further, the banding
patterns were different depending on phosphorylation states.
We call this phosphorylation-dependent banding pattern of tau
the “phospho-tau bar code.” We think that the phosphorylation
profile would be very useful to identify and diagnose different
tauopathies if their phosphorylation is distinctive. Here, we
introduce the use of the Phos-tag method in the analysis of tau
phosphorylation in physiology and pathology.

Abbreviations: 3R, 3 repeats; 4R, 4 repeats; AD, Alzheimer’s disease; CBD,
corticobasal degeneration; Cdk5, cyclin-dependent kinase 5; GSK3f, glycogen
synthase kinase 3beta; MAP, microtubule-associated protein; MT, microtubule;
MTB, microtubule-binding repeats; MAPK, mitogen-activated kinase; NFT,
neurofibrillary tangle; PDPK, proline-directed protein kinase; FTDP-17,
frontotemporal dementia and parkinsonism linked to chromosome 17; NEF-
H, Neurofilament heavy chain; PKA, protein kinase A; PKC, protein kinase C;
CaMKII, calcium-calmodulin-dependent protein kinase II; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

COMPLICATED PHOSPHORYLATION OF
TAU IN CELLS AND BRAINS

Tau may be one of the most complicatedly phosphorylated
proteins. Tau has 45 serine, 35 threonine and 5 tyrosine residues,
resulting in a total of 85 possible phosphorylation sites in
the longest human tau isoform composed of 441 amino acids
(Goedert et al., 1989). Among them, more than 40 sites are
reported to be phosphorylated (Figure 1; Chauhan et al., 2005;
Hanger et al., 2007; Wang et al., 2013; Igbal et al., 2016), and
most reside in the Pro-rich region and C-terminal tail region
flanking the MT-binding repeats (MTBs). The high density of
phosphorylation could be, at least partly, due to an unfolded
and extended structure of tau enabling protein kinases to easily
access their target sites in consensus phosphorylation sequences.
The total number of phosphorylation sites were compiled from
data reported in a large number of publications. While it is
not likely that a single tau molecule is phosphorylated at all
of these sites, it is also unlikely that phosphorylation at all
of these sites is completely independent (Herndndez et al,
2003). If they were phosphorylated independently, the number
of tau phosphorylation combinations would be ~10'2 (= 2%0)
(Figure 1), an astronomical figure. It is important to understand
which sites are phosphorylated in which occasions. A number
of phosphorylation sites have been found to regulate MT-
binding and -assembly activity of tau and to be involved in
development, morphogenesis, and the maintenance of axons
in neurons (Lindwall and Cole, 1984; Dehmelt and Halpain,
2005; Wang and Mandelkow, 2016). While those sites are
suggested to be in the Pro-rich region and MTB repeats domain,
their site-specific functions are not completely understood.
Other sites are abnormally phosphorylated in aggregates in
AD brains. However, it is not clear which sites contribute to
the aggregate formation or are just phosphorylated within the
aggregates.

Phosphorylation is the balance of protein kinase and protein
phosphatase activity. Several tau kinases such as PKA, CaMKII,
PKC, and MAPKSs are transiently activated by external or internal
stimuli, and their target sites should also be phosphorylated
only transiently in healthy neurons and brains. In contrast,
several Ser/Thr-Pro {(S/T)P} phosphorylation sites in tau are
constitutively phosphorylated which suggests that they are
phosphorylated by house-keeping kinase-protein kinases that
are active in resting cells (Kimura et al., 2014). However, it is
still unclear which sites are phosphorylated, and to what extent
and in what context they are phosphorylated. Therefore, the tau
phosphorylation is often mentioned as just “phosphorylation”
without considering context-dependency.

Tau phosphorylation has several other characteristics
that make its phosphorylation complex. A lot of sites are
phosphorylated by multiple protein kinases (Chauhan et al,
2005; Hanger et al., 2009; Wang et al., 2013). For example, Ser262
in KXGS motifs in the repeat domain is phosphorylated by
MARK, PKA and CaMKII with different activation mechanisms
(Drewes et al., 1995; Sironi et al., 1998; Ando et al., 2016).
There are 16 (S/T)P sequences in tau, many of which are
known as abnormal phosphorylation sites in AD brains
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46 KESPLQT
50 LQTPTED
69 KSTPTAE
111 GDTPSLE
IATPRGA
175 AKTPPAP
181 PKTPPSS
199 YSSPGSP
202 PGSPGTP
205 PGTPGSR
212 SRTPSLP
217 LPTPPTR
231 VRTPPKS
235 PKSPSSA
396 YKSPVVS
404 DTSPREL

FIGURE 1 | Phosphorylation sites in tau molecule. (A) The longest human tau isoform is composed of 441 amino acids with four microtubule-binding (MTB) repeats in
the C-terminal half. Phosphorylation sites are indicated by black arrowheads. AT8 (Ser202 and Thr205), AT180 (Thr231 and Ser235) and PHF1 (Ser396 and Ser404)
are phosphospecific antibodies frequently used for the postmortem diagnosis of tauopathy and their epitopes are indicated. The number of phosphorylation
combination, if all sites are phosphorylated independently, is indicated below. (B) Amino acid sequences conforming to the GSK3p consensus sequences,
(S/Txx(X)p(S/T), in tau. There are 25 such sequences and 12 sites are reported to be phosphorylated (orange). The site in the C-terminal sides known to be
phosphorylated are indicated by green. (C) Ser/Thr-Pro {(S/T)P} sequences in tau targeted by proline-directed protein kinases (PDPK). Arrow indicates Ser or Thr in
(S/T)P sequences. Orange is the reported phosphorylation sites, blue is proline (P) conforming to the consensus sequence {Px(S/T)P or P(S/T)P} for MAPK, and
magenta is basic amino acids at the C-terminal site which makes Ser or Thr phosphorylation sites favorable for Cdk5.

B (SIT)xxxp(S/T)
GSK3p consensus
phosphorylation
sequences in tau

46 SPLQTP

52 TEDGSE

64 SDAKST

131 SKDGTG

149 TKIATP

181 TPPSSG

191 SGDRSG

195 SGYSSP

198 SSPGSP AT8 Cdk5
208 SRSRTP

210 SRTPSL

231 TPPKSP AT180 Cdk5
237 SSAKSR

241 SRLQTA

258 SKIGST

285 SNVQSK

289 SKCGSK

316 SKVTSK

320 SKCGSL

352 SKIGSL

373 THKLTF

396 SPVVSG

400 SGDTSP PHF1 Cdk5
409 SNVSST

412 SSTGSI

(Figure 1C; Kimura et al., 2014). Those (S/T)P sites are targeted
by proline-directed protein kinases (PDPKs) such as MAPK
(ERK, JNK, and p38 SAPK), GSK3p, Cdk5-p35/p25, and Dyrk1A
(Chauhan etal., 2005; Ryoo et al., 2007; Hanger et al., 2009). Since
these PDPKs display different substrate preferences; ERK prefers
Px(S/T)P or P(S/T)P sequence, Cdk5-p35/p25’ consensus is
(S/T)Px(K/R/H), and GSK3f phosphorylates (S/T)XXXp(S/T)
sequence in addition to (S/T)P sites; their phosphorylation
profiles of tau should be different. In fact, some differences are
shown by 2D-phospho-peptide mapping-the method which
displays the whole phosphorylation profile at once (Illenberger
et al.,, 1998; Sakaue et al., 2005). However, because this method
requires isotope labeling of proteins, it is almost impossible to
apply to in vivo phosphorylation studies. Further with respect
to phosphorylation by a single kinase, there are major and
minor phosphorylation sites. It has been recently reported that
the phosphorylation at Thr205 specifically inhibits amyloid
beta (AP) toxicity; (Ittner et al., 2016). In that paper, authors
examine phosphorylation of tau by p38y in vitro and in cell and
in mouse brains using phospho-specific antibodies and Mass
spectrometry. They showed four major sites at Ser199, Thr205,
Ser396, and Ser404 with 14 minor sites in an in vitro kinase assay,

but Thr205 alone is strongly phosphorylated in cells and brains
overexpressing p38y. This kind of comprehensive analysis is not
always done in every laboratory. More often the phosphorylation
sites are discussed without considering quantitative aspects.
About 8-11 sites in tau are reported to be Cdk5-p35/p25
phosphorylation sites (Chauhan et al., 2005; Hanger et al., 2009).
However, if phosphorylation sites are examined by biochemical
methods, it turns out that there are only 3 or 4 major sites
located at Ser202 or Thr205, Ser235, and Ser404 (Wada et al,,
1998; Sakaue et al., 2005; Kimura et al.,, 2014). Other sites
might be detected with anti-phospho-antibodies which are
sensitive enough to detect small levels of phosphorylation, but
not distinguish between major and minor phosphorylation
sites. Interestingly, these major sites are phosphorylated in
consecutive order from the C-terminal site: Ser404, Ser235, and
then Thr205 (Kimura et al., 2016b). This kind of information
can be determined if the total phosphorylation profile is
seen.

The second complicating factor in tau phosphorylation is
the ordered phosphorylation, or phosphorylation affected by
prior phosphorylation. It is well known that GSK3f is a
hierarchical kinase acting on a target site which has prior
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phosphorylation at +4 (or +3) site, (S/T)xx(x)p(S/T), by a
priming kinase. There are 25 such sequences in tau, and 12 sites
are indeed phosphorylated, even though not all of them have
the primary phosphorylation (Figure 1B). This disagreement
between the consensus and real phosphorylation sites may
arise from an incomplete analysis with anti-phospho-antibodies.
Pathological phosphorylation sites at AT8, AT180 and PHF1
by GSK3p are primed by Cdk5-p35/25 (Li et al., 2006; Kimura
et al, 2014). Therefore, tau phosphorylation by GSK3f in
cultured cells is dependent on the coexpression of Cdk5-p35.
In other words, neurons expressing endogenous Cdk5-p35 or
in the case of non-neuronal cells, coexpression with Cdk5-
p35 is required for tau phosphorylation by GSK3f. More
complicatedly, phosphorylation of tau at the AT-8 (and/or PHF-
1) site by GSK3 is primed by PKA phosphorylation at Ser214
even though their phosphorylation sites are separated (Liu
et al, 2002, 2004), while GSK3f phosphorylation at Thr212
enhances phosphorylation at Ser214 by PKA (Zheng-Fischhofer
et al, 1998). Phosphorylation by Cdk5 is also influenced,
but negatively, by prior phosphorylation. For example, it has
been shown that Cdk5-p35/p25 phosphorylates Ser202 and
Thr205 at the ATS8 site (Shahpasand et al, 2012), but they
are not phosphorylated at the same time by Cdk5-p35/p25.
In in vitro phosphorylation of tau by Cdk5, Cdk5-p35/p25
phosphorylates Thr205 faster than Ser202, and when Thr205
is phosphorylated once, Ser202 phosphorylation by Cdk5 is
suppressed (Kimura et al., 2016b). In contrast, in cultured cells
where there is endogenous protein kinase(s) phosphorylating
Ser202 strongly, Cdk5 can no longer target the Thr205 of tau
with Ser202 phosphorylation (Kimura et al., 2016b). However, if
tau binds to microtubules, these two sites can be phosphorylated
simultaneously by Cdk5 (Wada et al., 1998).

The third complication in tau phosphorylation is problems in
the specificity or reactivity of anti-phospho-specific antibodies.
Some phospho-specific antibodies are generated against a
phosphopeptide with a single phosphorylation at a site of
interest. However, several phosphorylation sites in tau are located
very close together and, in extreme cases, are right next to
each other. The reactivity of the phospho-specific antibody
would be affected by any other phosphorylated sites nearby.
We recently encountered such a case where the reactivity of
anti-pSer202 varied depending of phosphorylation at Thr205
(Kimura et al.,, 2016b). We therefore found it difficult to assess
the in vivo phosphorylation of tau at Ser202 properly with that
antibody.

THE ROLE OF PHOSPHORYLATION ON
CELLULAR LOCALIZATION AND
STRUCTURE OF TAU

Tau is mainly localized to axons of neurons in association with
microtubules. The axonal tau is detected with Tau-1 antibody
which recognizes nonphosphorylation at Ser199 and Ser202
(Binder et al., 1985), and displays a gradient distribution such
that dephosphorylated tau is more abundant at the distal region
of the axon (Mandell and Banker, 1996). However, it has recently

been shown that a small amount of tau is present in dendrites
and dendritic spines (Ittner et al., 2010). Dendritic or dendritic
spine tau is phosphorylated at AT8 sites, whose phosphorylation
is increased by a brief and nontoxic treatment of neurons with
glutamate (Kobayashi et al.,, 2017). Abnormal accumulation of
tau in the cell body and dendrites is the result of mislocalization,
which is considered an early event in tau pathology. For example,
the treatment of neurons with Ap oligomers induces the transfer
of tau to dendrites with enhanced phosphorylation at 12E8 sites
(Ser262 and Ser356), which are mediated by MARK, SAD or
p70S6K localized in dendrites and spines (Zempel et al., 2010).
A fraction (10 ~ 20%) of tau binds to plasma membrane (Brandt
et al,, 1995; Arrasate et al., 2000; Gauthier-Kemper et al., 2011;
Pooler et al., 2012). This tau is not phosphorylated, at least at
AD sites such as ATS8, PHF-1, and AT-180 (Maas et al., 2000;
Pooler et al., 2012). The interaction with membranes is increased
by inhibiting casein kinase I or GSK3p or by a phosphorylation-
mimicking mutation at the N-terminal residues (Pooler et al.,
2012). Tau is also found in the nucleus where it exists mainly
in a dephosphorylated state (Loomis et al., 1990; Greenwood
and Johnson, 1995; Sultan et al., 2011). Thus, phosphorylation
regulates cellular localization of tau but the mechanism is not
completely understood.

Phosphorylation also controls the conformation of tau.
Tau is a naturally unfolded protein. Nevertheless, tau adopts
a “paperclip-like shape” conformation where the N-terminal
and C-terminal domains fold to approach the repeat domain
(Jeganathan et al., 2006). Phosphorylation at AT8 and PHF sites
open the structure to move the N-terminal and C-terminal away
respectively (Jeganathan et al., 2008). AT8 site phosphorylation
extends the N-terminal region, resulting in the increase of
the inter-microtubule distance in neurites (Shahpasand et al.,
2012). Phosphorylation at the proline-directed (S/T)P motifs
regulates the trans-to-cis isomerization (Lu et al., 1999). Peptidyl-
prolyl cis-trans isomerase Pinl binds to phosphorylated (S/T)P
sequences to convert cis to a trans conformation, which can
be dephosphorylated by protein phosphatase 2A (Zhou et al,,
2000: Kimura et al., 2013). In particular, the cis conformation
at phosphorylated Thr231 has a toxic activity, leading to tau-
dependent neurodegeneration (Kondo et al., 2015). AD tau is
highly phosphorylated and aggregated (Ballatore et al., 2007;
Spillantini and Goedert, 2013; Wang et al., 2013; Arendt
et al.,, 2016). A role for the HSP90-CHIP complex is suggested
in pathology of tauopathies via its recognition and selective
degradation of phosphorylated tau (Dickey et al., 2007). Tyr
phosphorylation of tau also correlates with the formation of tau
aggregates (Vega et al., 2005).

PHOS-TAG SDS-PAGE; A POWERFUL
TECHNIQUE FOR ANALYSIS OF OVERALL,
QUANTITATIVE AND COMBINATORY
PHOSPHORYLATION

Phosphorylation often reduces the electrophoretic mobility
of proteins in Laemmli’s SDS-PAGE. These shifts have been
considered as evidence of phosphorylation. Neurofilament
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proteins NF-M and NF-H are typical examples of
phosphorylated, shifted proteins. NF-H which is phosphorylated
at the KSP sequences in the C-terminal tail region-as many as
~50 sites in the axons of neurons-moves to a position of 200
kDa on Laemmli’s SDS-PAGE (Julien and Mushynski, 1998;
Pant et al,, 2000). Dephosphorylation of NF-H decreases its
apparent molecular size to 140 kDa (Julien and Mushynski,
1982; Hisanaga and Hirokawa, 1989). While the up-shift and
down-shift can be used as an indication of phosphorylation
and dephosphorylation, they do not, however, provide
further information on phosphorylation. Moreover, a shift
does not always occur in every protein. Larger numbers of
proteins, particularly those with a few phosphorylation sites,
have an overall unaffected electrophoretic mobility upon
phosphorylation.

Phos-tag SDS-PAGE is a phosphoaffinity electrophoresis
method which was developed by Kinoshita et al. (2006). The
procedure of Phos-tag SDS-PAGE is simple, similar to that of
Laemmli’s SDS-PAGE except for the use of Phos-tag acrylamide
(commercially available from Wako Chemical) as a separating
gel. The Phos-tag is a chemical structure capable of capturing the
phosphate on proteins. Therefore, migration of phosphorylated
proteins are extraordinarily delayed during electrophoresis due
to their binding to the Phos-tag moiety conjugated to acrylamide.
Importantly, the degree of the delay, that is the upward shift,
is dependent on the number and site of phosphorylation so
that phosphorylated proteins are separated into distinct bands
depending on their phosphorylation states (Figure 2). Species
of proteins with different combinations of phosphorylated sites
are designated as “phosphoisotypes” (Kinoshita et al., 2009;
Hosokawa et al., 2010). After blotting on a nitrocellulose or
PVDF membrane, all phosphoisotyes would be detected with a
phosphorylation-independent antibody of a protein of interest
(see Kinoshita et al., 2009 more in detail).

There are the following advantages in the use of the Phos-tag
method. (1) The total phosphorylation profile of the particular
protein is seen at a glance (see Figure4 for an example).
This is because all phosphoisotypes of the protein including
the nonphosphorylated one, can be detected on a single blot
membrane with a single antibody. It is easy to know whether your
protein of interest is phosphorylated in vivo or not without prior
labeling of proteins or the use of phospho-specific antibodies.
The only thing to be cautious of is dephosphorylation and
the proteolytic cleavage of proteins during sample preparation.
(2) If it is known that the protein is phosphorylated, then a
phosphorylation site(s) can be readily determined by the loss
of the upward shift with a nonphosphorylation Ala mutant at
candidate sites. We have newly identified the phosphorylation
sites of several proteins, ataxin 2, drebrin and GRAB, by applying
this method (Asada et al., 2014; Tanabe et al., 2014; Furusawa
etal, 2017). (3) Once you have determined the phosphorylation
states of each band, you may determine the combination
of phosphorylated sites even in vivo by comparing with the
standard profile of phosphoisotypes. (4) The relative ratio of
each phosphoisotype can be measured as a percent ratio of the
total by densitometric scanning of the blots. We have determined
the ratio of phosphoisotypes of p35 Cdk5 activator in vivo and

Phos-tag Laemmli
opA opB " S sty st
Pind A Pind Pind opA opB
o [] []

&
pA/PBT”A
®
A

PA[ B _X
@ - — (— = —
PBA B |7
nonP/[ A B |

FIGURE 2 | Separation of phosphoisotypes of a protein on Phos-tag
SDS-PAGE. If there are two phosphorylation sites, A and B, in a protein, there
would be 4 phosphoisotypes, doubly phosphorylated (blue), two single
site-phosphorylated (green and red) and nonphosphorylated (left). These four
phosphoisotypes can be separated into four bands on Phos-tag SDS-PAGE
by shifting upward differently depending on the number and site of
phosphorylation (Phos-tag). Phospho-specific antibodies, apA and apB, are
required to detect the respective phosphorylation in Laemmli's SDS-PAGE, in
contrast, the separation in Phos-tag indicates not only phosphorylation but
also the degree of phosphorylation detected with a
phosphorylation-independent antibody alone (Pind).

found it changes with brain development (Hosokawa et al., 2010;
Krishnankutty et al., 2017). It was difficult to obtain this kind of
information through the use of previous methods. We think this
method would be useful to reveal the age-dependent changes of
tau phosphorylation.

Another favorable feature of this technique is its easy
and simple implementation. Every laboratory, where
immunoblotting is routinely carried out, can employ it
immediately without any extra equipment. Further, the method
does not require the preparation of phosphospecific antibodies,
although it is preferable to use them if possible. Moreover,
the samples already prepared for Laemmli’s SDS-PAGE can be
used for Phos-tag SDS-PAGE as well. In contrast, a weakness
of Phos-tag SDS-PAGE is the analysis of phosphoproteins
composed of multiple isoforms with different molecular
weights such as tau. Because the method depends on the
upward mobility shift of phosphorylated isoforms, it would
be difficult to distinguish the phosphorylated bands from the
larger isoforms. Further, when the number of phosphorylation
sites is increased, the banding pattern would become more
complicated. This method may be most powerful on single
isoform proteins with 2~3 phosphorylation sites such as a p35
Cdk5 activator or GSK3f we have reported (Hosokawa et al.,
2010; Krishnankutty et al,, 2017). Therefore, it is somewhat
challenging to analyze tau by this method. So far we have
employed one-dimensional Phos-tag SDS-PAGE, where we
have identified most of the phosphorylation sites of a single
tau isoform expressed in cultured cells and not in vivo tau in
mouse brains. However, by increasing resolution, for example,
using 2-dimentional SDS-PAGE composed of Laemmli’s and
Phos-tag, it would become possible to analyze each isoform
separately. Otherwise, by developing the isolation method
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of a single isoform, for example, by immunoprecipitation,
we may determine the isoform-specific phosphorylation
sites.

PHOSPHO-TAU BAR CODE

While the identification of tau phosphorylation was initially
determined comprehensively by the methods of amino acid
sequence and Mass analysis (Watanabe et al., 1993; Morishima-
Kawashima et al., 1995), recently most studies use anti-phospho-
antibodies to detect and confirm them. The use of anti-phospho-
antibodies describe phosphorylation states of corresponding
epitope sites, but as described above, however, the heterogeneous
and complicated phosphorylation of tau make the interpretation
of total and quantitative phosphorylation difficult. It is as difficult
to conceive of the total complete picture of tau phosphorylation
as a whole, as it is for the blind men touching just part of

an elephant to describe the whole animal (Figure 3A). It is
desirable to ascertain the total phosphorylation of a protein
easily and simply (Figure 3B). In order to reveal the overall
phosphorylation profiles of tau, we have applied the Phos-
tag method to tau phosphorylation in vitro, in cells, and in
mouse and human brains (Kimura et al., 2016a,b). In in vitro
experiments using Cdk5-p25 as a protein kinase, we found
that tau was phosphorylated mainly at Thr205, Ser235, and
Ser404 sequentially from the C-terminal to N-terminal sites.
When expressed in COS-7 cells, tau was separated into as
many as 12 bands using Phos-tag SDS-PAGE. Their respective
phosphorylation sites were determined and it was found that
tau was phosphorylated at 0-5 sites in different combinations
(Figure 4A; Kimura et al, 2016b). Coexpression of Cdk5-
p35 shifted up each tau bands by phosphorylating Ser404.
Through quantification, it was determined that Thr231 was easily
phosphorylated in about 50% of total tau molecules expressed
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FIGURE 3 | Cartoons representing the images of immunoblotting with many phospho-specific antibodies (A) and a phosphorylation-independent single antibody after
Phos-tag SDS-PAGE (B). Phosphospecific antibodies detect only part of phosphorylation at each site and some sites can be masked by another phosphorylated site
nearby (here the site for apTau6 is masked by a phosphorylated site which reacts with apTau4). Phos-tag shows the whole phosphorylation profile at once. An
illustration of an elephant was downloaded from the free illustration site at: http://illpop.com/png_animalhtm/elephant_a04.htm.
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from figures reported previously by Kimura et al. (2016a,b), respectively.

FIGURE 4 | Phosphoisotypes of tau on Phos-tag SDS-PAGE. (A) Immunoblotting of tau expressed in COS-7 cells with tau5 in the presence (+) or absence (—) of
Cdk5-p35 after Phos-tag-SDS-PAGE, and the phosphorylation sites in each band are indicated by the amino acid number according to the human longest isoform of
tau. Y is an unknown phosphorylation site. (B) Immunoblotting of tau in human brains after Phos-tag SDS-PAGE. NC, normal control; AD V and VI, Braak stage V and
VI of Alzheimer’s disease (AD); CBD Tl and Pg, temporal lobe (Tl) and prefrontal gyrus (Pg) of corticobasal degeneration (CBD). We propose that the banding pattern
created using Phos-tag SDS-PAGE could be read by a bar code reader and result in a simple method for diagnosing tauopathy. (A,B) are reproduced and modified
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in COS-7 cells. Tau in mouse brains was also composed of a
number of different phosphoisotypes and this pattern changed
with brain development (Kimura et al., 2016a). To us the banding
patterns resemble a bar code, thus we call it “Phospho-tau bar
code.”

APPLYING THE PHOSPHO-TAU BAR CODE
TO PATHOLOGICAL PHOSPHORYLATION
IN TAUOPATHY BRAINS

Tau is highly phosphorylated in aggregates in AD brains and
possibly in other tauopathy brains. In fact, postmortem diagnosis
of tauopathies, including AD, is done by immunohistochemical
staining of patients’ brains with anti-tau phospho-specific
antibodies such as AT8 (Ser202 and Thr205), AT180 (Thr231
and Ser235) and PHF1 (Ser396 and Ser404) (Figure 1A).
Since each tauopathy differs in the affected regions and
aggregated structures (Ballatore et al, 2007; Spillantini and
Goedert, 2013; Wang et al, 2013; Arendt et al, 2016), the
immunohistochemistry involving morphological information
can serve as diagnosis. In contrast, although it is known by the
immunoblotting that isoforms forming aggregates are different
depending on tauopathies; both 3R and 4R in AD, 4R in CBD
and PSP, and 3R in Pick’s disease, it is not used for diagnosis
because the procedure is relatively burdensome and the isoform
differences may not be sufficient for distinguishing between
many tauopathies. However, it has recently been proposed that
there are tau strains with distinct structural conformations
which could underlie the heterogeneity of tauopahites (Sanders
et al, 2014). While the strain specific for each tauopathy
has not been established yet, there is a possibility that
respective strains might differ in their phosphorylation. We have
compared phosphorylation profiles of tau in AD and corticobasal
degeneration (CBD) with that of normal control using Phs-
tag SDS-PAGE (Kimura et al., 2016a). The expression of 6 tau
isoforms with slightly different molecular sizes in human adult
brains made analysis extremely difficult, although the use of
3R (tau isoforms with three MTB) or 4R (tau isoforms with
four MTB) specific antibodies or phospho-specific antibodies
reduced the number of bands to some extent. Even though
tau in Sarkosyl-insoluble aggregates prepared from AD patient
brains displayed a smeared banding pattern on the immunoblots
after Laemmli’s SDS-PAGE, their separation on Phos-tag suggests
that several phosphorylated tau bands show similar mobility
to hyperphosphorylated tau species in brains of perinatal
mice or hypothermia mice. This suggests some similarity in
phosphorylation between AD and embryonic/perinatal brains,
as was previously reported (Morishima-Kawashima et al., 1995).
When tau in the brain extracts was analyzed by Phos-tag, tau
at Braak stage V of AD contained slightly shifted up bands
compared to normal control (Figure 4B), and tau in brains of
corticobasal degeneration (CBD) patients displayed a slightly
different banding pattern. This different banding patterns of tau

between AD and CBD may suggest different phosphorylation
states among tauopathies. If distinct phosphorylation profiles
will be found among tauopathies, the method can be applied
to their diagnosis. Even if this method alone is not enough
to make the diagnosis, the obtained information would assist
the diagnosis by immunohistochemistry and also be useful for
better understanding tau pathology. Further, if the sensitivity
of detection will be increased, this method may be applied to
diagnosis using cerebrospinal fluids. Moreover, phosphorylation
profiles would be used for the development of therapeutic drugs.
Several protein kinase inhibitors are in Phase II trials for AD
in 2017 (Cummings et al., 2017). Despite considerable efforts,
however, success so far is insufficient. If the involvement of a
specific kinase in particular processes of different tauopathies
is clarified, the more specific strategy could become possible.
In addition to the development of small chemical molecules,
it would be possible to develop the drug based on the
activation or inhibition mechanism of respective protein kinases.
One such kinase inhibitor is TFP5, the peptide derived
from the amino acid sequence of p35 Cdk5 activator, which
inhibits hyperactive Cdk5-p25 specifically in vivo (Shukla et al.,
2017).

CONCLUSION

Tauopathy neurodegenerative disorders including AD
are characterized by intracellular inclusions composed of
hyperphosphorylated tau. Immunocytochemical detection of tau
inclusions with phospho-specific tau antibodies is usually used
as a postmortem diagnosis of diseases. The different staining
patterns depending on disease type suggest disease-specific
phosphorylation but it is not yet clear. It is desirable to use
a method which examines the total phosphorylation profiles
of tau simply. We recently applied the Phos-tag technique to
analyze tau phosphorylation in mouse and human brains, and
found that tau is separated into many bands, resembling a
bar code of many different phosphoisotypes. Here, we name
such a banding pattern of tau on Phos-tag SDS-PAGE the
“phospho-tau bar code” and propose its use for the diagnosis of
tauopathies.
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