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N E U R O S C I E N C E

Alzheimer’s disease: Ablating single master site 
abolishes tau hyperphosphorylation
Kristie Stefanoska1*, Mehul Gajwani2,5, Amanda R. P. Tan1, Holly I. Ahel3,6, Prita R. Asih1, 
Alexander Volkerling1, Anne Poljak4, Arne Ittner1*

Hyperphosphorylation of the neuronal tau protein is a hallmark of neurodegenerative tauopathies such as Alzheimer’s 
disease. A central unanswered question is why tau becomes progressively hyperphosphorylated. Here, we show 
that tau phosphorylation is governed by interdependence— a mechanistic link between initial site-specific and 
subsequent multi-site phosphorylation. Systematic assessment of site interdependence identified distinct residues 
(threonine-50, threonine-69, and threonine-181) as master sites that determine propagation of phosphorylation 
at multiple epitopes. CRISPR point mutation and expression of human tau in Alzheimer’s mice showed that site 
interdependence governs physiologic and amyloid-associated multi-site phosphorylation and cognitive deficits, 
respectively. Combined targeting of master sites and p38, the most central tau kinase linked to interdependence, 
synergistically ablated hyperphosphorylation. In summary, our work delineates how complex tau phosphorylation 
arises to inform therapeutic and biomarker design for tauopathies.

INTRODUCTION
Alzheimer’s disease (AD) is a fatal neurodegenerative disease, for 
which no cure exists (1, 2). AD is characterized by extracellular 
-amyloid (A) plaques and the intraneuronal accumulation of 
neurofibrillary tangles consisting of tau, a microtubule-associated 
neuronal protein that regulates the cytoskeleton of all neurons (3–5). 
Tau pathology, the progressive deposition of tau, correlates with 
cognitive decline in AD (3, 5). Thus, tau pathology is predictive of 
disease progression, supporting a central role of tau (6), which makes 
tau a prime target of AD diagnostic and therapeutic developments 
(4). Pathologic tau occurs in a hyperphosphorylated state, i.e., 
excessive modification with phospho-groups at multiple amino acid 
side chains simultaneously (7, 8).

Tau has a large potential for combinatorial phosphorylation (7, 9). 
Phosphorylation at serine (S) or threonine (T) residues followed by 
proline (P) is the most common form of phospho-epitope in tau, 
particularly within the proline-rich region (PRR) and C-terminal 
region (CTR) of tau (8), and includes 17 distinct SP or TP phos-
phorylation sites, many of which are prominently phosphorylated 
in aggregated tau in neurofibrillary tangles (5, 7). These sites are 
targeted by proline-directed SP/TP kinases, the main kinases involved 
in hyperphosphorylation and therefore pathologic tau (7, 10, 11). 
Tau phosphorylation is linked to aggregation into multimers and 
fibrils (12) and modulates cognitive deficits induced by pathogenic 
tau or by A (13, 14). Despite these clear associations of phosphoryl-
ated tau with disease, phosphorylated tau also occurs in physiologic 
states (15), and site-specific tau phosphorylation mediates functions 
other than disease progression, including modulation of signaling 

complexes or lowering of microtubule binding affinity of tau (13, 16). 
It remains an unresolved question how site-specific and hyper-
phosphorylation of tau are mechanistically linked.

To fill this gap in knowledge, we screened tau phosphorylation 
with a focus on SP/TP sites, the most common type of tau phospho- 
epitope, for mechanistic relations between site-specific and multi-site 
phosphorylation. We identify central sites, which we term “master 
sites,” whose phosphorylation governs overall multi-site tau phos-
phorylation, and we validate these master sites in experiments in vitro 
and in mouse brain. Thus, tau phosphorylation is regulated by an 
intrinsic mechanism that modulates relations between phospho- 
sites and determines how tau arrives at a multi-site phosphorylated 
state. Overall, this study builds a hitherto unknown basis for the 
mechanistic connection between site-specific and hyperphosphoryl-
ation of tau with broad implications for tauopathies and tau-mediated 
neurologic disorders.

RESULTS
We propose that tau phosphorylation is mechanistically interde-
pendent, i.e., initial phosphorylation at one site modulates the 
phosphorylation state at another site (Fig. 1A). We propose and 
define the term “interdependence” as the mechanistic relationship 
that modulates tau phosphorylation at a given site by prior phos-
phorylation at another site.

To systematically explore interdependence for SP/TP phos-
phorylation of tau, we set up a site interdependence screen based on 
a tractable experimental paradigm in cultured cells that combined 
initial phosphorylation, increased kinase activity, and assessment of 
resulting tau phosphorylation at specific epitopes. We used 293T cells 
expressing tau variants defining a site-specific initial phosphoryla-
tion state (based on phospho-mimicking side chains, i.e., serine → 
aspartate; threonine → glutamate). We raised activity of one tau 
kinase by concomitant expression of a SP/TP kinase (Fig. 1B and 
fig. S1). Controls without expression of kinase (i.e., tau alone) served 
to determine the effect that fixed phosphomimetic residue has on 
modifications at other SP/TP sites (Fig. 1B and fig. S1). Mimicking 
initial phosphorylation at distal SP/TP sites resulted in instances 
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of significant modulation of site-specific tau phosphorylation, i.e., 
significantly different levels of detectable phospho-tau epitopes, which 
were quantified through densitometric analysis of immunoblots and 
normalized to total tau and loading control [glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH)] (Fig. 1B and fig. S1). Integrat-
ing these experimental conditions facilitated data acquisition across 
three parameters: (i) pre-SP/TP site phosphorylation, (ii) increased 
SP/TP kinase activity, and (iii) SP/TP site phosphorylation status 

(Fig. 1C). Resulting multidimensional data built the framework for 
definition of tau phosphorylation interdependence, to be further 
validated in vivo and explored mechanistically (Fig. 1C and fig. S2). 
Our experimental setup based on SDS–polyacrylamide gel electro-
phoresis (PAGE) and immunoblot for detection was superior to dot 
blot detection of phosphorylated tau (fig. S3). Validated phospho- 
epitope–specific tau antibodies were used for detection (fig. S4 and 
table S1). Phospho-mimicking tau variants did not induce aggregation 

tau

K1-4 kinases s1-4 phospho-sites

BA

C D Initial phosphorylation sites

SP/TP tau kinases

Phosphorylation sites detected
S235
T231 S422S396

S404

T212

S199

T205
S202

T181

T50
T175

S46
T69

T111
T153

S235
T231

S199

S422S396
S404T217

T212
T205

S202

T181

PRRNTR MTBR CTR

Phosphorylation level

GAPDH

p-S404 tau

tau -

-70

-70
-55
-37

GSK3α 

tau
GSK3α

W
T

S46
D

T50
E

T69
E

Data acquisition Data analysis Prediction/
validation  

M
od

ul
at

io
n 

le
ve

l

K1

K3K2

Site detection

In
iti

al
 p

ho
sp

ho
ry

la
tio

nK1,K2,...

tau
K1,K2,...

tauS1D
K1,K2,...

tauS2D

Master site

Recombinant 
protein

In vivo

E

F
S422

S4
04

S3
96

S2
35

T23
1

T217
T212

T205

S202

S199

T181
T153

T111

T69

T50
S46

G

T181T50 T69

T181
S199
S202
T205
T212
T231
S235
S396
S404
S422

10-310-210-1

Adjusted P value
1

a

c  
b 

Modulation 
strength 

T181
S199

S202
T205
T212
T231
S235
S396
S404
S422

S46
T50
T69
T111
T153
T175

0

5

10

15

M
od

ul
at

io
n 

at
 ta

rg
et

 s
ite

(m
od

ul
ca

tio
n 

sc
or

e)

Interdependence source site

****
****
**

****

*

s1 s2

K1 K2

s1 s2

Master site

K3 K4

s3 s4

Master site

s3 s4

AAV

0

15

30

(re
l. 

le
ve

l)
p-

S
40

4 
ta

u

***

*** *** ***

tau

GSK3α

W
T

S46
D

T50
E

T69
E

Fig. 1. Interdependence defines master sites integral to tau multi-site phosphorylation. (A) Schematic of site interdependence. Phosphorylation at one site (e.g., S1) 
by kinase K1 disproportionately affects phospho-state at another site (e.g., S2). (B) Site interdependence enhances distal tau phosphorylation. Immunoblots from 293T cells 
expressing human wild-type tau (WT) or indicated variants ± glycogen synthase kinase 3 (GSK3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), loading control. 
n = 3. Note that positive interdependence promotes higher pS404 levels in tau variants. (C) Mapping tau SP/TP phosphorylation interdependence. Expression of tauWT or 
variants with phospho-mimetic conversions, representing initial phosphorylation state, in cells ± kinases (K1, K2,…). Phospho-status is quantified with epitope-specific 
antibodies and mapped onto multidimensional dataset. Data analysis identifies interdependence patterns and master sites, followed by validation. (D) Seventeen initial 
phosphorylation sites, 10 sites detected, and 12 SP/TP kinases in screen. (E) Integrated plot of tau SP/TP phosphorylation interdependence for 10 target and 17 source 
sites. Modulation a, at source site; b, at source site; c, toward target site. Adjusted P values for modulation are plotted for each site (Spearman’s correlation). Cumulative 
modulation is represented by sector width. (F) Interdependence for master sites. (G) Cumulative modulation scores (factor of correlation coefficient and relative phosphorylation 
level). Means ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05 [analysis of variance (ANOVA)].
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or unfolded stress response (see Materials and Methods and fig. S5). 
Analogous tau expression in cultured cells served previously to 
identify tau kinase and phosphorylation-dependent mechanisms 
relevant to neurons in vitro and in vivo (16, 17).

Expanding this approach across 17 SP/TP initial phosphorylation 
sites and 12 kinases produced a multidimensional dataset of steady-
state levels of tau phosphorylation at 10 different phospho-sites in 
relation to different kinase activities and initial phosphorylation 
(Fig. 1, C and D, fig. S2, and table S1). Notably, multi-site phosphoryl-
ation exhibits distinct steady-state forms for tau (18) and other 
proteins (19). Global data analysis across all 12 SP/TP kinases demon-
strated interdependence across individual sites and different SP/TP 
kinases (fig. S6), exhibiting predominantly positive modulation, likely 
due to enhanced kinase activities in our experimental approach or 
limited effects of the kinases studied on tau phosphatase activity 
(20–22). Clustering the data along initial phosphorylation and kinase 
activity showed that sites T181, T205, T212, S404, and S422 were 
hotspots within the PRR and CTR for modulation by tau phosphoryl-
ation interdependence (fig. S6). Thus, SP/TP initial phosphorylation 
differentially and distally modulates phosphorylation across tau. 
These results identify site interdependence as a key feature of tau 
phosphorylation in living cells and show that interdependence 
effects are quantifiable in direction, strength, and extent.

Comparing data from different SP/TP kinases revealed similarities, 
as well as unique patterns in site interdependence (fig. S7). Mitogen- 
activated protein (MAP) kinase p38 showed most extensive inter-
dependence effects (i.e., numerous SP/TP site modulation) (fig. S7), 
whereas few interdependence effects were apparent in extracellular 
signal–regulated kinase 1 (ERK1) and p38 activities toward tau (fig. S7). 
Thus, initial phosphorylation can alter the site-specific activity of 
kinases toward tau and site interdependence is notably kinase specific.

We aimed to determine positional characteristics and magnitude 
of interdependence in tau. To visualize phosphorylation inter-
dependence, we plotted modulation effects along the primary se-
quence of tau, based on the parameters of initial phosphorylation 
and target site modulation, including directionality and strength of 
effects (fig. S8). This showed proximal and distal interdependence 
effects for each tau kinase between phosphorylation events in the 
N-terminal region (NTR), PRR, and CTR (fig. S8).

To identify significant interdependence links between tau phos-
phorylation sites, we analyzed levels of epitope phosphorylation by 
cross-correlation depending on (i) the phosphorylation site targeted, 
(ii) initial phosphorylation, or (iii) increased kinase activity in our 
experimental system (fig. S9, A and B). This permitted effect com-
parisons of individual phosphorylation events for all and for indi-
vidual SP/TP kinases to identify significantly similar or dissimilar 
behavior (fig. S9, A and B). Resulting Spearman’s correlation co-
efficients enabled calculation and ranking of modulation scores to 
determine most impactful initial phosphorylation sites and perform-
ing hierarchical clustering of sites or kinases to visualize dis/similarities. 
Integrated analysis for strength, target, and significance of modula-
tion produced an overview of the complexity of tau phosphorylation 
within paradigm parameters (i.e., 17 initial phosphorylation, 12 SP/
TP kinases, and 10 phosphorylation detection sites) and revealed 
relations of broadest impact across SP/TP phosphorylation events 
and kinases (Fig. 1E). NTR sites T50 and T69 presented with nu-
merous significant interdependence connections onto other tau 
phosphorylation sites (Fig. 1, F and G). T181 and T205 within tau’s 
PRR had multiple high-significance relations with other sites across 

most kinases tested (Fig. 1, F and G). Notably, CTR sites (i.e., S396, 
S404, and S422) contributed significantly less to tau phosphorylation 
interdependence across all kinases tested when compared to sites 
within the NTR and the PRR (Fig. 1G and fig. S10). Sites markedly 
governing a broad range of tau SP/TP epitopes were termed master 
sites. Initial modification at master sites was a strong predictor of 
subsequent tau phosphorylation (Fig. 1, E and G, and fig. S10). 
Across all SP/TP kinases, master sites in the NTR (T50 and T69) as 
well as PRR’s T181 and T205 formed clusters of similar modulation 
relations (fig. S9D). S396 and S404 clustered separately with PRR 
sites (e.g., T231 and S235) and with CTR site S422, respectively, 
suggesting that proximity within tau’s primary sequence is not a 
dominant driver of site interdependence in tau phosphorylation 
(fig. S9D). Ranking all phospho-sites by impact and significance of 
modulation revealed cumulative modulation by prior phosphorylation 
status at T181, S199, and S422 (fig. S9C). These sites are prominent 
epitopes of pathological hyperphosphorylated tau detected in human 
brain samples and mouse models of AD and other tauopathies 
(15, 23, 24). Modulation of S422, a hallmark of advanced tau pathology 
(25), was prominently associated with prior phosphorylation and 
kinase activities of p38, glycogen synthase kinase 3 (GSK3), and 
c-Jun N-terminal kinase 3 (JNK3) (fig. S9C). Identified master sites 
T50, T69, T181, and, to a lesser extent, T111 and T205 made signif-
icant contributions to initial phosphorylation-dependent modulation 
of tau phosphorylation across tau kinases tested (Fig. 1G and fig. S10). 
These results suggest that a critical contribution to sequential tau 
phosphorylation arises from initial phosphorylation at specific master 
sites in the NTR and PRR.

We next confirmed predictions of master sites by proof-of-concept 
experiments in systems of progressive complexity. In cultured cells, 
tau phosphorylation by kinases GSK3 and p38 was modulated by 
T50, T69, T181, and T205 (fig. S11). We wondered whether tau 
phospho-site interdependence is a physiologic mechanism that oc-
curs during healthy brain function. To test this idea, we focused on 
master site T205. T205 is of interest because (i) it is a critical residue 
within the AT8 epitope of pathological tau, a hallmark histological 
marker of Alzheimer’s tauopathy (26–28) and (ii) T205 phosphoryl-
ation of endogenous tau conveys site-specific functions (13, 16). To 
address the physiologic relation of T205 phosphorylation and 
multi-site tau phosphorylation in vivo, we used mice, in which the 
endogenous Mapt gene was CRISPR-Cas9–edited at the T205 codon 
to a phospho-deficient [threonine → alanine (A)] or phospho- 
mimetic side chain [→ glutamate (E)] at this position (Fig. 2A) (13). 
CRISPR tauT205A and tauT205E mice allow for testing for require-
ment and sufficiency of this master site in physiologic phosphoryl-
ation in murine tau, respectively. Brains of tauT205E/E, tauT205A/A 
and tauT205T/T control mice showed markedly different levels of 
tau phosphorylation at multiple epitopes including T181, S199, T212, 
T231, S396, and S422 in tauT205E/E and tauT205A/A as compared 
with tauT205T/T controls, despite overall similar total tau levels 
(Fig. 2, B and C, and fig. S12). This was confirmed in immunopre-
cipitated murine tau followed by phospho-peptide detection (fig. S12). 
Differential tau phosphorylation in tauT205E/E and tauT205A/A 
brains significantly correlated with predicted modulation by 
T205 phosphorylation in vitro, particularly for T181 and S422 
(Fig. 2, D and E). These results show that modification of endogenous 
tau at T205 modulates physiologic tau phosphorylation at multiple 
epitopes and that predicted site interdependence in cultured cells 
applies to endogenous tau in brain tissue.
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Murine and human tau share a high degree of phospho-epitope 
identity (15, 29). This suggests that master site interdependence is 
transferable to human tau, including in the context of AD. Notably, 
tau phosphorylation—at multiple and individual sites—is involved 
in tau-dependent AD mouse models, including downstream of A 
in A precursor protein (APP) transgenic models (13, 16, 30, 31). 
We investigated master sites T50, T69, and T181 in an AD mouse 
model by expressing adeno-associated virus (AAV)–delivered wild-
type human tau (human tauWT) or phospho-deficient tau variants 
in the brains of APP23.tau−/− mice, in which the influence of endog-
enous tau is precluded (Fig. 3A) (13, 32). We addressed master site–
dependent tau phosphorylation in this APP transgenic mouse model 
because tau is critical for phenotypes and signaling downstream of 
A (33, 34). The reconstitution approach by AAV-mediated neuronal 
expression of tau variants permitted assessment of site interdependence 
solely in human tau in living brain tissue, including in the context 
of a disease model. We focused in these experiments on assessing 
requirement of these sites for multi-site phosphorylation of human 
tau as an approach complementary to the phospho-mimicking 

tauT50E, tauT69E, and tauT181E variants used in cultured cell ex-
periments (fig. S11). AAV-mediated expression of phospho-deficient 
tau variants showed that T181 and, to a lesser extent, T50 and T69 
control multi-site phosphorylation of human tau in the context of 
high A levels in AD mice (Fig. 3, B and C). Notably, levels of phos-
phorylation of T205, S396, S404, S422 and others were markedly 
lower when tau with ablated T50, T69, or T181 site was expressed in 
APP mice, confirming predictions of phosphorylation modulation 
by these master sites (Fig. 3, B and C, and fig. S13). These results 
were supported by mass spectrometry and phospho-peptide enrich-
ment of tau immunoprecipitated from APP23.tau−/− and tau−/− mice 
expressing tau variants, which also indicated that occurrence of 
non-SP/TP phosphorylation was lower in tauT50A, tauT69A, or 
tauT181A as compared with tauWT (fig. S13). To assess the conse-
quence of master site ablation on cognitive phenotypes of AD mice, 
APP23.tau−/− mice expressing tauWT or tauT181A variant after 
intracranial AAV delivery performed spatiotemporal learning 
paradigm (Morris water maze) (Fig. 3, D to G, and fig. S14). 
TauWT-expressing APP23.tau−/− mice showed strong impairment 
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of learning and cognitive flexibility in the acquisition and reversal 
phase, respectively, as well as of memory in the probe trails, 
while tauT181A-expressing APP23.tau−/− mice showed signifi-
cantly better learning and memory. All experimental groups had 
comparable swim speeds and visual acuity (fig. S14). To control 
for effects on locomotor activity, mice performed open field tests, 
which did not show differences between tauWT and tauT181A- 
expressing APP23.tau−/− nor tau−/− mice (fig. S14). These results 
show that A-associated phosphorylation of human tau at multi-
ple pathologically relevant epitopes is regulated by master sites in 
line with our interdependence predictions. Furthermore, ablation 

of master site T181 results in modulation of A-associated cognitive 
deficits.

We next asked which tau SP/TP kinases are governed most 
extensively by interdependence. Plotting modulation by initial tau 
phosphorylation for kinases individually corroborated kinase- 
specific interdependence in cultured cells (Fig. 4A and fig. S15). 
Cross-correlation of all phosphorylation events depending on initial 
phosphorylation returned varying degrees of similarity and dissim-
ilarity of tau kinases in terms of interdependence of tau phospho- 
sites (Fig. 4B). Hierarchical clustering of tau kinases placed p38 
in proximity with ERK2 and ERK5 and removed from p38 family 
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variants (tauT50A, tauT69A, and tauT181A). Phosphorylation levels of tau variant or tauWT-expressing mice relative to total tau levels were assessed by immunoblot. n = 8 
to 16. (D to G) Morris water maze spatiotemporal learning paradigm with APP23.tau−/− and tau−/− mice injected intracerebrally with AAV-driving neuronal expression of 
tauWT or tauT181A. (D) Morris water maze escape paths on day 7. Quadrants as indicated with hidden platform in Q1. (E) Escape latency during acquisition phase (days 1 
to 7) and reversal phase (days 9 to 11). (F) Acquisition phase learning curve slopes. (G) Probe trials on day 8. Q1, target quadrant. Data are presented as means ± SEM unless 
indicated otherwise. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA).
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members p38 and p38 (Fig. 4B), despite a high degree of sequence 
identity between p38 kinases (35). We next addressed whether p38 
made critical contributions to multi-site tau phosphorylation in vivo. 
We probed for murine tau phosphorylation at a range of epitopes in 
neuron-specific p38 knockout (p38neu) and control p38loxP/loxP 
mouse hippocampus (Fig. 4C), a brain region with high neuronal 
p38 expression (36). We found a marked reduction in tau phos-
phorylation at multiple sites in p38neu as compared with p38loxP/loxP 
hippocampus (Fig. 4, D and E, and fig. S16). Tau phosphorylation 
in p38−/− and p38−/− mice was comparable to control mice for al-
most all sites tested (fig. S16), suggesting that within the p38 family, 
p38 rather than p38 or p38 is a high-impact, multi-epitope tau 
kinase in vivo. These results show that p38 is a hippocampal tau 
master kinase in neurons in  vivo, likely due to interdependence 
mechanisms.

Interdependence in tau phosphorylation can arise from intrinsic 
(i.e., solely between substrate and kinase) or extrinsic mechanisms 
(i.e., requirement for additional factors). To explore intrinsic mech-
anisms of interdependence, we performed in vitro kinase reac-
tions (16). We focused on comparisons of p38 with the prominent 
tau kinases GSK3 (37) and Cdk5 (38, 39). p38 showed exten-
sive phosphorylation of recombinant tau in vitro at multiple sites 
(fig. S17A and table S5). Phosphorylation of recombinant tau when 

incubated with CDK5 was limited to specific sites, which correlated 
with interdependence relations predicted for this kinase (fig. S17B 
and table S5). Direct tau phosphorylation by GSK3 did not cor-
relate with interdependence identified for this kinase (fig. S17B), 
suggesting that GSK3 requires extrinsic factors in the cellular 
context such as engagement of priming kinases for further tau 
phosphorylation (40). Levels and significance of recombinant tau 
phosphorylation and differential phosphorylation in p38-deficient 
mice correlated with interdependence predicted for p38 (Fig. 5A 
and fig. S17B).

To explore master sites in intrinsic p38-tau mechanisms, we 
phosphorylated master site–deficient tau (i.e., tauT50A, tauT69A, 
and tauT181A) or WT tau with p38 (Fig. 5B and fig. S18). Ablation 
of T50, T69, or T181 rendered tau less amenable to phosphorylation 
by p38 at multiple sites (Fig. 5, C and D, fig. S18, and table S6), 
showing that modulation depending on these sites contributes to 
direct tau phosphorylation by p38 due to an intrinsic kinase- 
substrate mechanism. T181 phosphorylation by p38 preceded 
subsequent multi-site phosphorylation at PRR, and CTR epitopes in 
kinase reactions stopped at different time points (fig. S19). We next 
addressed whether these sites were decisive for multi-site phosphoryl-
ation by p38 specifically in neurons in vivo. While AAV-mediated 
delivery of human tauWT to p38Neu brains did not result in lowered 
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tau phosphorylation, likely due to presence of murine tau (13, 16), 
expression of human tauT69A or tauT181A in p38Neu resulted in 
markedly lower phosphorylation at multiple sites, with pronounced 
synergism of kinase and master site ablation (Fig. 5, E to G, and fig. 
S20). In summary, phosphorylation of master sites acting in synergy 
with p38 is required for extensive and interdependent tau phos-
phorylation at multiple epitopes, accelerates aggregation of human 
tau in vitro, and contributes to A-induced cognitive deficits in vivo 
(Fig. 5H and fig. S21).

DISCUSSION
In summary, our work details how interdependence mechanistically 
links site-specific tau phosphorylation to hyperphosphorylation and 
defines master sites that govern phosphorylation across the entire 
tau molecule. Site interdependence is a physiologic mechanism and 
is, notably, intrinsic to the tau protein. This may not only govern 
physiologic behavior of tau but may also promote hyperphosphoryl-
ation and gain of pathologic function. Moreover, it provides a 
concept for synergism in posttranslational modifications with 
specific master sites critically controlling global changes in multi-site 
substrates.

Our screen in 293T cells based on expression of human tau 
phospho-site variants and SP/TP kinases revealed a complex network 
of site interdependence. This proposes a hierarchy of tau phosphoryl-
ation events that includes long-range effects between sites in distal 
regions of tau. It surpasses simple directional priming of neighboring 
sites (41, 42). Long-range site interdependence between phospho- 
sites in the NTR, PRR, and CTR of tau differs from priming phos-
phorylation in tau and other multi-site kinase substrates (43, 44), as 
priming phosphorylation is limited by both proximity and direc-
tionality (45). Our results implicate T50, T69, T181, and T205 as key 
sites that drive multi-site phosphorylation of human tau. Site inter-
dependence is deterministic of tau multi-site phosphorylation and, 
therefore, of critical interest for diagnostic and therapeutic approaches. 
Our study purposefully focusses on SP/TP phosphorylation of tau—
the most abundant form of tau modification—to delineate the concept 
of site interdependence. However, detection limitations of phospho-tau 
immunoblots due to unavailability of antibodies for all SP/TP sites 
and of mass spectrometry due to low peptide abundance will entail 
future studies about interdependence of N-terminal SP/TP and 
non–SP/TP sites. Moreover, our work does not extend directly to 
tau kinases other than the main proline-directed kinases or to tau 
phosphatase, which both likely contribute to multi-site phosphoryl-
ated tau states (5, 7).

The principal concept of site interdependence applies to physio-
logic tau phosphorylation. Results from tauT205A and tauT205E 
mice present T205 as a physiologic master site of tau phosphorylation. 
They also show that site interdependence is a driving mechanism in 
multi-site phosphorylation of murine tau. Notably, T205 phosphoryl-
ation dampens neurotoxic A signaling and maintains cognitive 
function (13, 16). However, engaging T205 phosphorylation may 
eventually promote physiologic multi-site and potentially hyper-
phosphorylation through site interdependence. It remains unclear, 
however, why interdependence mechanisms exist that promote tau 
multi-site modification in the healthy brain.

A-induced cognitive deficits are dependent on tau (33, 34) and 
reconstituting tau reinstates cognitive deficits (13). APP23.tau−/− mice 
expressing tau lacking master site T181 did not show significant 

cognitive deficits and resulted in learning performance comparable 
to nontransgenic mice. A site-specific function of T181 cannot be 
excluded at this point. However, lack of master site T181 in human 
tau was clearly associated with reduced A-induced impact on learn-
ing and memory and correlates with lower multi-site phosphoryl-
ation of tau at SP/TP and non–SP/TP sites. These results suggest that 
multi-site phosphorylation, as well as concomitant negative impact 
on cognitive function, can be alleviated by “breaking” individual 
master sites within tau.

Synergism of master sites and kinase activity converts p38 into 
a “master” tau kinase in vitro with isolated tau and in vivo in hippo-
campal neurons. Normally, p38 targets substrates at stringent 
consensus epitopes (46) in conjunction with docking motifs (47), 
neither of which are present in tau. Notably, removal of a single 
master site was sufficient to ablate p38-mediated multi-site tau 
phosphorylation in isolated protein and brain. Thus, site inter-
dependence can direct protein kinase activities toward multiple 
epitopes in multi-site substrates, such as tau. p38 kinases are highly 
similar, sharing ~60 to 70% sequence identity. However, they act 
differently toward tau in vivo (this study) and in short-term kinase 
reactions [(16) and this study]. This is unexpected because p38 
kinases can phosphorylate conventional substrates with equal 
efficiency (48, 49). We compared tau phosphorylation patterns in 
p38neu mice with those from p38 and p38 knockout mice. Genetic 
deletion of p38 and p38 does not markedly reduce multi-site tau 
phosphorylation, but rather at individual sites. This and our data 
on master site ablation in p38 kinase assays and in the living brain 
support that interdependence is a driving mechanism for p38. 
Other prominent tau SP/TP kinases GSK3 and Cdk5 appear to dif-
fer in their mechanism of tau phosphorylation, potentially due to 
priming site effects by non–SP/TP kinases (50). Future studies 
will be needed to resolve the relation of p38, GSK3, and Cdk5 in 
tau phosphorylation.

Notably, expression of tau master site variants in p38loxP/loxP 
control brains did not results in pronounced reduction of tau phos-
phorylation at multiple epitopes, unlike expression in p38Neu or 
in APP23.tau−/− brains. This is likely due to presence of murine tau 
in the tau-competent genetic backgrounds and its impact on trans-
genic human tau (51). Mouse tau follows interdependence princi-
ples comparably to human tau as our results from tauT205 CRISPR 
mice indicate. Influence of murine tau on tau phosphorylation of 
human tau in tau-competent mice also raises the possibility that 
both intra- and intermolecular mechanisms determine interdepen-
dence and govern tau phosphorylation of a pool of tau proteins, at 
least in living cells.

Site interdependence can create stable species of multi- 
phosphorylation substrates, similar to other proteins with multi-site 
modification (19). Notably, multi-site phosphorylation of isolated tau 
by p38 strictly required master sites T50, T69, or T181 individually. 
However, these sites may not act independently in vivo as ablation 
of T205 in tauT205 CRISPR mice and expression of tau variants 
result in reciprocal changes in their phosphorylation abundance 
(determined by phospho-peptide mass spectrometry). T50 is not 
present in murine tau and may therefore promote multi-site phos-
phorylation specifically in human tau. Our results in cells and with 
isolated tau indicate that tau phosphorylation at master sites is mu-
tually subject to interdependence effects by prior phosphorylation. 
This is also the case for T181 in human tau in vivo based on immuno-
blot and mass spectrometry data. In isolated tau, T181 phosphorylation 
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preceded multi-site phosphorylation, indicating that master site 
phosphorylation may be an early event under experimental con-
ditions with reduced parameters. Detection of phospho-T50 and phos-
pho-T69 epitopes is limited by low levels in mass spectrometry data 
to conclude on interdependence between these two sites that specif-
ically could not be determined. In recombinant phosphorylation of 
tau by p38, T50 and T69 phosphorylation is reduced in tauT181A, 
indicating that under isolated reaction conditions, these sites are 
mutually interdependent.

Site interdependence may explain the abundance of specific tau 
phospho-epitopes in pathological tau within and outside the central 
nervous system (24), providing a novel rationale for phospho-tau–
based biomarker design in tauopathies. Master site T181 phosphoryl-
ation bears strong potential as diagnostic biomarker (24). Ablating 
T181 resulted in marked reduction of tau multi-site phosphorylation. 
Thus, T181 in tau may serve as both a diagnostic and therapeutic 
target. Targeting tau master sites is likely applicable to neurological 
disorders beyond AD, such as frontotemporal dementia, Parkinson’s 
disease, stroke, and chronic traumatic encephalitis, in which patho-
logically phosphorylated tau is abundant (4, 52).

Overall, site interdependence may answer a central question in 
Alzheimer’s research: Why and how does the neuronal tau protein 
get progressively hyperphosphorylated? This raises the exciting 
possibility that therapeutic inhibition of master sites will block 
intrinsic augmenting mechanisms of tau phosphorylation, decrease 
levels of pathologic tau, and, thus, maintain healthy cellular func-
tion in AD and other tauopathies.

MATERIALS AND METHODS
Mice
Mice with targeted alleles for p38 (Mapk14) [p38loxP;B6.129S4(Cg)- 
Mapk14tm1.2Lex], for p38 (Mapk11) [p38−; B6.129S4(Cg)-Mapk11tm1.2Lex], 
for p38 (Mapk12) [p38−; B6.129S4(Cg)-Mapk12tm1.2Lex], tau- 
deficient mice [tauKOeGFP; B6.129S4(Cg)-Mapttm1(EGFP)Klt], APP 
transgenic APP23 mice [B6.Cg-Tg(Thy1-APP)3Somm], transgenic 
mice expressing Cre recombinase in neurons including in the cortex 
and hippocampus [B6.FVB/N-Tg(Thy1-cre)1Vln] (16), and mice 
with murine Mapt gene targeted by CRISPR-Cas9 to exchange the 
codon corresponding to T194 (i.e. T205 in human tau) were previ-
ously described (13). All mouse strains were backcrossed and main-
tained on a C57Bl/6 background. Mice were housed in individually 
vented cage systems (Tecniplast, Italy) with access to food (Gordon 
Specialty Feeds, standard rodent chow) and water ad libitum. Lighting 
was adjusted to a circadian day-night cycle. Regular health checks 
were carried out by animal facility staff and researchers, and only 
animals with normal health parameters (body weight and coat con-
dition) were included in experimentation. All animal experimentation 
and husbandry were approved by the Animal Ethics Committees of 
Flinders University and Macquarie University and followed Institu-
tional Animal Care and Use Committee guidelines. Mice were 
genotyped by polymerase chain reaction (PCR) using isopropanol- 
precipitated DNA as template and OneTaq DNA polymerase (New 
England Biolabs, (NEB), #M0480) as described previously (53). TauT205A 
and tauT205E mice were genotyped using isopropanol-precipitated 
DNA from tail biopsies as template for tetra-primer amplification- 
refractory mutation system PCR (13). Oligonucleotide primers 
(desalted, Macrogen, Korea) for genotyping targeted alleles and 
transgenes by PCR are described in table S2.

Behavior and memory testing
Morris water maze
Water maze tests were performed as previously described (16). Briefly, 
the water maze (145 cm in diameter, white opaque high-density 
polyethylene, custom-built, Acrilix) surrounded by white screens 
was filled with opacified room-temperature water until 30 cm below 
outer edge. A hidden platform (12.6 cm in diameter, 1 cm below 
water surface, ConductScience) was placed in the quadrant opposite 
of entry quadrant. Four cue boards were affixed at perimeter of tank. 
Movements were recorded with a digital camera mounted above the 
maze. Entry position in quadrant 1 was semirandomized at four po-
sitions. Mice were gently lowered into the water facing the maze 
wall. Acquisition phase (days 1 to 7) included four consecutive 60-s 
trials per test day, with 30-s pause once the mouse reached the hidden 
platform. Two probe trials (30 s) were performed after the hidden 
platform was removed on day 8. For the reversal learning phase 
(days 9 to 11), platform was moved to a different quadrant and cue 
boards were randomized. A high-contrast marker was attached 
to the hidden platform on day 12 for visual cued trials. Automated 
movement tracking was performed using ANY-maze software 
(version 7.10, Stoelting). Escape was defined as finding and ascend-
ing the hidden platform. Acquisition curves (days 1 to 7) were 
analyzed with linear regression to determine learning curve slopes 
(GraphPad Prism).
Open-field test
Open-field paradigm was done as previously described (36). Briefly, 
tests were performed in 44-cm2 square gray opaque Perspex boxes. 
Mice were placed in the arena facing the center and allowed 10 min 
for spontaneous exploration. Automated movement tracking was 
performed with ANY-maze (Stoelting). Distance traveled by mice 
in inner and outer zones of the open-field arena was quantified.

Tau variant library and protein kinase expression constructs
A human cDNA clone encoding the longest isoform of human tauWT 
(2N4R, 441 amino acids) was used as the starting WT sequence. 
Specific amino acid substitutions within proline-directed phos-
phorylation epitopes from SP or TP to aspartic acid–proline (DP) 
or glutamic acid–proline (EP), respectively, were made using Q5 site–
directed mutagenesis kit (NEB, #0554) or had been described previ-
ously (16). Oligonucleotides (Macrogen, Korea) used for mutagenic 
PCRs to generate phospho-mimetic and phospho- deficient (serine/
threonine to alanine) variants are listed in table S4. All tau variants 
were cloned into pcDNA3.2/V5 (Invitrogen, #12489019) propagated 
and amplified in Escherichia coli DH5 (NEB, NEB5-alpha, #C2988). 
Plasmids were isolated using PureLink HiPure plasmid Maxiprep kit 
(Invitrogen, #K210016). Constructs for expression of human protein 
kinase were obtained from Addgene for GSK3 alpha pMT2 (Addgene, 
#15896, a gift from J. Woodgett), hemagglutinin (HA) GSK3 beta 
S9A pcDNA3 (Addgene, #14754, a gift from J. Woodgett), pcDNA3- 
cdk5GFP (Addgene, #1346, a gift from L.-H. Tsai), pFLAG-CMV-
hErk1 (Addgene, #49328, a gift from M. Cobb), pcDNA3-HA-ERK2 
WT (Addgene, #8974, a gift from J. Blenis), pCI-HA-ERK5-FL 
(Addgene, #31817, a gift from A. Winoto), pCDNA3 Flag Jnk1a2 
(Addgene, #13751, a gift from R. Davis), pCDNA3 Flag Jnk2a2 (Addgene, 
#13755, a gift from R. Davis), and pCDNA3 Flag Jnk3a2 (Addgene, 
#13759, a gift from R. Davis). Constructs for expression of active 
human p38 kinases p38, p38, and p38 (54) were cloned into 
pcDNA3.1(+) (Invitrogen) including a HA tag at the start of the open 
reading frame as previously described (16). All kinase constructs 
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were cloned into pcDNA3.1(+) (Invitrogen), propagated and ampli-
fied in E. coli DH5 (New England Biolabs, NEB5-alpha, NEB#C2988). 
All sequences were verified by sequencing (Macrogen, South Korea) 
and sequence analysis (CodonCode Aligner). All tau constructs were 
tested for expression of full-length tau in mammalian cells (293T) 
by plasmid DNA transfection and Western blot.

Recombinant tau protein
Recombinant human tau proteins were generated, expressed, and 
purified as described previously (16). Briefly, coding sequences of 
human tauWT (441 amino acids) or of phospho-deficient variants 
tauT50A, tauT69A, or tauT181A or murine tau WT (430 amino acids) 
or murine tauT69A or tauT181A were cloned between Nde I and 
Bam HI restriction sites in the pHIS17 vector using restriction-ligation 
cloning using NdeI-HF (NEB, #R0111), BamHI-HF (NEB#R3136), 
and T4 DNA ligase (NEB#M2020). Sequence-verified clones were 
transformed into E. coli BL21(DE3)pLys (Promega, #L1195) of 
Shuffle T7 express (NEB#C3030), and recombinant protein expression 
was induced by addition of isopropyl--d-1-thiogalactopyranoside 
(1 mM; Meridian Bioscience, #BIO-37036) within the exponential 
growth phase (at an optical density at 600 nm of 0.6) at 37°C for 3 to 
4 hours. Expression of recombinant proteins was confirmed on 8% 
SDS-PAGE gel and by visualization with Coomassie brilliant blue 
stain (Sigma- Aldrich). Bacterial cells containing recombinant pro-
tein were lysed by sonication (5 min, 1-min pulses at 30% duty 
cycle) on ice in bacterial lysis buffer [50 mM sodium phosphate 
buffer (pH 7.4), 300 mM sodium chloride, lysozyme (0.2 mg/ml; 
Sigma-Aldrich), deoxyribonuclease (20 g/ml; NEB#0303), 1 mM 
magnesium chloride, and 1 mM Pefabloc SC (Sigma-Aldrich)]. 
Bacterial lysates were cleared by centrifugation at 16,000g for 
15 min at 4°C. After confirmation of neutral pH, recombinant pro-
teins were purified by batch purification on cobalt–immobilized 
metal affinity chromatography resin (His GraviTrap TALON, Cytiva), 
washed with low imidazole buffer [50 mM sodium phosphate buffer 
(pH 7.4), 300 mM sodium chloride, and 5 mM imidazole], and eluted 
twice with high imidazole buffer [50 mM sodium phosphate buffer 
(pH 7.4), 300 mM sodium chloride, and 150 mM imidazole]. Re-
combinant tau proteins were buffer exchanged by dialysis against a 
tris buffer [50 mM tris (pH 7.4) and 300 mM NaCl]. Purity and 
integrity of recombinant proteins were confirmed on Coomassie 
brilliant blue–stained SDS-PAGE and by immunoblot using tau13 
antibody. Protein concentration of recombinant proteins was 
determined by protein assay (Bio-Rad).

Cell culture
Human embryonic kidney 293T cells (American Type Culture 
Collection, #CRL3216) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco), supplemented with 10% fetal bovine 
serum (FBS; Gibco, #10099), 1% (v/v) penicillin/streptomycin (Gibco, 
#10378016), and 2 mM GlutaMAX (l-alanyl-l-glutamine dipeptide 
supplement; Gibco, #35050061) in controlled atmosphere contain-
ing 5% CO2 at 37°C. Passage numbers of cultured 293T cells were 
maintained within the range of 3 to 10 passages. Cells were passaged 
when reaching 70 to 80% confluence. Twenty-four hours before 
transfection with tau and/or protein kinase expression constructs, 
cells were seeded at 8 × 104 density into a 24-well plate in fresh 
medium. Two hours before transfection, culture medium was ex-
changed, and cells were transfected at 70% confluency using calcium 
precipitation as described previously (36). Briefly, plasmid DNA 

(1 g of total plasmid amount) was mixed with calcium chloride 
(2 M; Sigma-Aldrich, #499609) while vortexing. Plasmid DNA–
calcium precipitated was distributed into culture plate wells after 
10 min. Forty-eight hours after transfection, cells were washed in 1× 
phosphate-buffered saline (PBS), harvested, and lysed in 1× SDS–
Laemmli sample buffer [60 mM tris-Cl (pH 6.8), 2% (w/v) SDS 
(Sigma-Aldrich, #28312), 10% glycerol (Sigma-Aldrich, #G5516), and 
0.01% bromophenol blue (Sigma-Aldrich, #B0126)] supplemented 
with 5% -mercaptoethanol and 10 mM sodium fluoride (NaF). The 
supernatant was collected, and samples were sonicated before being 
snap-frozen in liquid nitrogen and stored at −80°C.

Production of recombinant AAV
Packaging of AAV vectors was performed as previously (13, 16). 
The following procedure is described in (55). For packaging of AAV 
particles, 293T cells were seeded in complete DMEM (Gibco, #11965175), 
supplemented with 10% FBS (Gibco, #10099), 1% (v/v) penicillin/
streptomycin (Gibco, #10378016), and 2 mM GlutaMAX (l-alanyl- 
l-glutamine dipeptide supplement, Gibco, #35050061) at 70 to 80% 
confluence. Three hours before transfection, cell culture medium 
was replaced with Iscove’s modified Dulbecco’s medium (Gibco, 
#12240053) with 5% FBS (Gibco, #10099). Transfection included 
viral genome-containing plasmid, pF6 as helper plasmid, and 
AAV-PHP.B plasmid, which encodes rep and cap sequences (56), 
and was performed with polyethylenimine-Max (PEI-Max; Poly-
sciences, #24765-1) transfection reagent at a ratio of plasmid DNA:PEI 
of 3:1. Seventy-two hours after transfection, cells and supernatant 
were collected. Cell supernatants were clarified by addition of 
40% PEG 8000/2.5 M sodium chloride to a final concentration of 
8% PEG 8000/0.5 M sodium chloride and incubated at 4°C for at 
least 2 hours. Cleared supernatant was spun at 2000g for 30 min at 
4°C. Combined cell pellet and precipitate containing viral particles 
were treated with sodium deoxycholate (0.5% final concentration; 
Sigma-Aldrich, #D6750) and benzonase (~500 U; Sigma-Aldrich, 
E8263) at 37C for 40 min. Following addition of sodium chloride, 
incubation at 56°C for 40 min and cycles of freeze-thawing, solution 
containing viral particles was spun for 30 min at 5000g and 4°C.  
Purification of supernatants was performed by iodixanol (OptiPrep, 
Sigma-Aldrich, #D1556) gradient ultracentrifugation (475,900g for 
2 hours at 18°C). Viral particles were concentrated and buffer- 
exchanged into PBS (pH 7.4) with 100-kDa centrifugation filter 
units (Millipore, #ACS510024) at 5000g and 4°C. Upon titration of 
viral particles with quantitative PCR (qPCR), aliquots were stored 
at −80°C. AAV titration was performed by qPCR of serial dilutions 
of purified AAV concentrates using Luna Universal qPCR mix 
(NEB#M3003). Oligonucleotide primers for AAV titration purpose 
were forward inverted terminal repeat (ITR) primer, 5′-GGAAC-
CCCTAGTGATGGAGTT, and reverse ITR primer, 5′-CGGCCT-
CAGTGAGCGA (57). Determined AAV titers were (expressed as 
viral genomes per milliliter) AAV-PHP.B-syn1-tauWT (8.42 × 1013), 
AAV-PHP.B-syn1-tauT50A (1.49 × 1014), AAV-PHP.B-syn1-tauT69A 
(1.68 × 1014), and AAV-PHP.B-syn1-tauT181A (1.70 × 1014). For 
application by stereotaxic injection, concentrated purified AAV 
solutions were diluted 1:1 with sterile saline.

Stereotaxic injection
Delivery of AAV particles by stereotaxic injection was performed 
following our previously published method (35). Mice assigned to 
AAV delivery by stereotaxic injection were 2 to 4 months of age. 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 21, 2022



Stefanoska et al., Sci. Adv. 8, eabl8809 (2022)     6 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 15

Mice were anesthetized by injection of ketamine/xylazine (80/8 mg/kg 
of body weight, ip). General anesthesia was confirmed, and the 
scalp was shaved and disinfected with alcoholic chlorhexidine. Sub-
sequently, mice were mounted onto a stereotaxic frame (Kopf 
Instruments, Tujunga, USA, catalog nos. 940 and 926). Midline scalp 
incision was made, skull surface was cleared, and the stereotaxic 
frame was centered on bregma as reference position. Stereotaxic 
coordinates were obtained from the mouse brain atlas (Paxinos and 
Franklin, fifth edition). Bur holes were formed with a microdrill 
(Stoelting, #58610v) fitted with a 0.05-mm-diameter tungsten carbide 
drill head (Fine Science Tools, Meisinger #310104001) to infuse at 
coordinates for hippocampus [lateral (L), ±1.85; anterior-posterior 
(AP), −2.0; dorso-ventral (DV), −2.0] and cortex (L, ±1.85; AP, −2.0; 
DV, −0.5). For stereotaxic injections, 400 nl (1 × 1010 viral particles) 
of AAV particle solution was infused at two positions bilaterally 
into the hippocampus and cortex of ketamine-anesthetized mice. 
The injection needle (34 gauges; World Precision Instruments, 
Saratosa, USA) remained in position for 2 min before infusion at 
200 nl/min using a microinjection syringe fitted with a 34-gauge 
needle under control of a nanoliter pump system (World Precision 
Instruments, Saratosa, USA, catalog no. UMP3). After volume de-
livery, the injection needle was left in position for additional 5 min 
before retraction.

Mouse brain lysates
Lysates were prepared as previously described (36, 55). Briefly, murine 
cortical and/or hippocampal tissue was extracted upon transcardial 
perfusion with PBS (pH 7.4) (Gibco, #10010023). Extracted tissue were 
maintained on ice and either processed immediately or snap-frozen 
in liquid nitrogen for subsequent storage at −80°C. Tissue material 
was weighed before addition of ice-cold radioimmunoprecipitation 
assay (RIPA) buffer [20 mM tris (pH 8.0), 150 mM sodium chloride, 
1 mM sodium EDTA, 1 mM activated sodium orthovanadate 
(Na3VO4), 1 mM NaF, 1 mM glycerophosphate, 2.5 mM sodium 
pyrophosphate (Na2H2P2O7), 1 mM phenylmethylsulfonyl fluoride, 
protease inhibitors (cOmplete, Roche, catalog no. 11697498001), 
1% NP-40 substitute (Sigma-Aldrich, Merck, Munich, Germany, cat-
alog no. 11754599001), 0.1% SDS, and 0.5% sodium deoxycholate] 
was added at a ratio of 10 l of buffer per milligram tissue weight, 
and tissue was homogenized with a dounce homogenizer (10 strokes, 
650 rpm; Heidolph, Schwabach, Germany) on ice. Resulting lysates 
were sonicated (2 × 2 s; 20% amplitude; Qsonica) before centrifuga-
tion at 16,000g for 10 min at 4°C. Protein concentrations were de-
termined with colorimetric assay kit [DC Protein Assay (Bio-Rad, 
Hercules, USA, catalog no. 5000111) for samples in RIPA buffer 
and Pierce 660-nm protein assay (Thermo Fisher Scientific, catalog 
no. 22662) for samples in 1× SDS–Laemmli sample buffer).

Immunoblotting
To analyze protein levels in lysates, Western blotting was per-
formed as described previously (16, 32). Briefly, cell or tissue lysates 
were separated by SDS-PAGE (8 or 10%), transferred to nitrocellulose 
filter membranes (Immobilon-NC, Merck Millipore; catalog no. 
HATF00010). Membranes were blocked in 3% bovine serum albumin 
(BSA) (Sigma-Aldrich, catalog no. 9048-46-8) in tris-buffered 
saline buffer with Tween 20 (TBS-T; 0.5%) and incubated with pri-
mary antibodies diluted in 3% BSA in TBS-T overnight at 4°C.  
After three washes for 10 min in TBS-T, membranes were incubated 
at ambient temperature for 1 hour with secondary antibodies. 

Subsequently, membranes were washed three times for 5 min 
before development of enhanced chemiluminescence reaction 
(Merck Millipore, #WBLUR0500). Chemiluminescence signals were 
imaged on a ChemiDoc MP (Bio-Rad) digital system. We assessed 
specificity of antibodies for designated individual phospho-epitopes 
in tau by expression of phospho-deficient tau variants and immuno-
blot. We selected site-specific phospho-tau antibodies with no or 
minimal effects of overlapping phospho-epitopes in tau (see fig. S4 
and table S1). Primary antibodies used in this study were anti- 
human tau (tau13) (1:5000; Santa Cruz Biotechnology, #sc-21796), 
tau (1:5000; DAKO, A0024), tau D5D8N (1:1000; Cell Signaling 
Technology, #43894), anti–phospho–threonine-181 tau (1:1000; 
Abcam, #ab75679,), anti–phospho–serine-199 (1:1000; Abcam, 
#ab4749), anti–phospho–serine-202 (1:1000; Abcam, #ab108387), anti–
phospho–threonine-205 (1:2000; Abcam, #ab4841), anti–phospho–
threonine-212 (1:1000; Abcam, #ab4842), anti–phospho–threonine-231 
(1:1000; Abcam, #ab194815), anti–phospho–serine-235 (1:1000; 
Abcam, #ab306640), anti–phospho–serine-396 (1:2000; Abcam, 
#ab109390), anti–phospho–serine-404 (1:1000; Abcam, #ab92676), 
anti–phospho–serine-422 (1:1000; Abcam, #ab79415), anti-GAPDH 
(1:5000; Millipore, #ab2302), anti-p38 (1:1000; Cell Signaling 
Technology, #9212), anti-p38 (1:1000; Novus Biologicals, OTI1C2), 
anti-p38 (1:500; R&D Systems), anti-GSK3 (Abcam, #15314), anti- 
GRP78 (1:1000; Abcam, #ab21685), anti-Hsp70 (1:1000; Santa Cruz 
Biotechnology, #sc-32239), anti–green fluorescence protein (GFP; 
1:1000; Abcam, #ab290), and anti-HA7 (1:5000; Sigma-Aldrich, #H3663). 
Horseradish peroxidase (HRP)–coupled secondary antibodies used 
include HRP-coupled secondary antibodies goat–anti-rabbit (1:5000; 
Santa Cruz Biotechnology, #sc-2004) and goat–anti-mouse (1:5000; 
Santa Cruz Biotechnology, #sc-2005).

Immunoblot quantification
Densitometric analysis of immunoblot images was done as previ-
ously described (16). Briefly, densitometric quantification of immu-
noblot results was performed using ImageJ 2.0.0-rc-49/1.51d. The 
rectangle analysis tool in ImageJ 2.0.0-rc-49/1.51d was used to se-
lect the length and width of the lane to be measured, beginning at 
the first lane, and using the identical frame across all lanes. Follow-
ing this, the density of a band was defined by measurement of the 
total intensity peak area within the reduced dimension representation 
of the lane. A numerical value for each lane was generated, which 
was deducted from the background value of the immunoblot. 
Following this, all blots were normalized to the loading control 
(GAPDH) and tau expression (antibodies tau13 or DAKO for human 
or mouse tau, respectively). Subsequently, all values were analyzed 
relative to the control condition. For phospho-site interdependence 
screening in cultured cells, levels of tau phosphorylated at specific 
epitopes were expressed relative to total tau signals, normalized to 
GAPDH. Protein kinase expression was quantified normalized to 
ensure that similar amounts of kinase expression were achieved 
across conditions. Changes between WT and phospho-mimicking 
tau variants in the absence of kinase overexpression were included 
by normalizing phospho-epitope signals to either tauWT or the 
respective tau variant expression without kinase expression. Each 
dataset is an average of at least three to four repeats. For plotting 
in clustergrams (hierarchical clustering analysis data represented 
as heatmaps; MATLAB function: clustergram; see figs. S6 and S7), 
relative modulation was calculated from normalized relative den-
sitometric data averaged and weighted on the basis of probability 
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values [P < 0.05, false discovery rate (FDR) corrected by the 
Benjamini- Hochberg method] (58, 59). Validity of weighted proba-
bilities in multiple comparisons by P values density in pairwise 
comparisons of phosphorylation levels between tauWT and tau 
phospho- mimicking variants and by q value distribution upon posi-
tive FDR (pFDR) analysis was confirmed using MATLAB’s pFDR 
function (60).

In vitro kinase assays
In vitro kinase assay was performed as previously published (16). 
All human recombinant kinase assays were purchased from Promega 
and include CDK5/p25 (V3231), ERK1 (V1951), ERK2 (V1961), 
GSK3 (V3051), GSK3 (V1991), JNK1 (V4070), JNK3 (V3821), 
p38 (V2701), p38 (V4154), and p38 (V3371). Briefly, 0.5 g of 
recombinant kinase was incubated with 1 g of recombinant human 
tau in kinase reaction buffer containing 40 mM tris (pH 7.5), 20 mM 
magnesium chloride, BSA (0.1 mg/ml), and 50 M dithiothreitol 
(Promega). Reactions were supplemented with 50 M adenosine 
triphosphate (ATP; Sigma-Aldrich, #A2383) to initiate protein 
kinase reaction and substrate phosphorylation. Negative control 
conditions contained reaction buffer without addition of ATP. Sam-
ples were incubated at 30°C for 30 min, before being stored at −80°C 
until phospho-peptide enrichment and mass spectrometry or 
analysis by SDS-PAGE, followed by immunoblot. To resolve tau 
phosphorylation at different time points of kinase reactions, as-
says were stopped by addition of SDS sample buffer including 
-mercaptoethanol.

Immunoprecipitation
Tau protein from brain lysates (cortex or hippocampus) was immuno-
precipitated as described previously (16). Briefly, brain tissue lysates 
in RIPA buffer including phosphatase and protease inhibitors with 
normalized concentration (300 g of total protein/250 l of total 
volume) were incubated with either tau13 (1:250; B11E8, Abcam, 
#ab19030) or with tau D5D8N (1:200; Cell Signaling Technology, 
#43894) for precipitation of human or mouse tau, respectively. Sam-
ples were rotated at 4°C at 6 rpm for 3 hours. Buffer-equilibrated 
protein G magnetic beads (New England Biolabs, #1430) were added 
at 25 l of bead slurry per sample and incubated further for 45 to 
60 min. Beads were washed three times at 4°C for 10 min with RIPA 
buffer and rinsed once with ammonium bicarbonate (100 mM) 
before on-beads digest (1:100 trypsin:protein ratio) and subsequent 
phospho-peptide enrichment, and sample preparation for mass 
spectrometry. A 5% fraction was withheld for immunoblot.

Phospho-peptide enrichment and mass spectrometry
Phospho-peptide mapping of tau was done as previously described 
(16). Protein samples were reduced with 3 mM tris(2-carboxyethyl)
phosphine (56°C for 10 min), followed by alkylation using 6 mM 
iodoacetamide (Sigma-Aldrich) at ambient temperature for 30 min. 
Samples were buffer exchanged and concentrated using 100 mM 
ammonium bicarbonate and 3-kDa spin-filter concentrators (Amicon 
Ultra-4 Centrifugal Filters, Merck, catalog no. UFC800324). Samples 
were trypsin digested [1:25 (w/w) trypsin:protein ratio for 16 hours 
at 37°C; sequencing grade trypsin, Promega, catalog no. V5111). A 
portion of the material was enriched for phospho-peptides using 
Titansphere Phos-TiO kit, with TiO2 Spin tips (GL Sciences), follow-
ing a standard protocol provided by the manufacturer. Phospho- 
peptide–enriched and nonenriched samples were analyzed by liquid 

chromatography with tandem mass spectrometry (LC-MS/MS) using 
Orbitrap mass spectrometers [LTQ-Orbitrap Velos with collision- 
induced dissociation (CID) and electron-transfer dissociation (ETD) 
activation modes and higher energy collisional dissociation (HCD) 
on the Q Exactive Plus, both from Thermo Electron] to maximize 
phospho-peptide identification. Chromatography was carried out 
by nano-LC (Dionex UltiMate 3000 HPLC, Thermo Fisher Scien-
tific) with autosampler system (Dionex). Peptides (1 to 7 l 
injected) were first captured on a C18 cartridge (Acclaim PepMap 
100, 5 m, 100 Å, Thermo Scientific Dionex), switching to a cap-
illary column (10 cm) containing C18 reverse phase packing 
(Reprosil-Pur, 1.9 m, 200 Å, Dr. Maisch GmbH), supported 
within a column heater (45°C; Sonation GmbH). Peptides were 
eluted using a 40-min gradient of buffer A (H2O:CH3CN of 98:2 
containing 0.1% formic acid) to 45% buffer B (H2O:CH3CN of 
20:80 containing 0.1% formic acid) at 200 nl/min, with high voltage 
applied at the column inlet. Mass spectrometer settings were elec-
trospray voltage (2000 V), capillary temperature (275° to 300°C), 
positive ion mode, data-dependent acquisition mode with a survey 
scan acquired (mass/charge ratio, 375 to 1750) and up to 10 multiply 
charged ions (charge state ≥ 2+) isolated for MS/MS fragmentation 
(counts > 2500 for CID, >5000 for ETD, and intensity threshold of 
8.0 × 104 for HCD). Nitrogen was used as HCD collision gas and 
fluoranthene anion reagent for ETD. Peak lists were generated from 
the raw data using MASCOT Distiller (Matrix Science, London, 
England) and searched using the MASCOT search engine (version 
2.5, Matrix Science) and the NCBInr database (downloaded 24-10-15) 
using Homo sapiens taxonomy for peptide annotation. Search 
parameter settings for MASCOT search were (i) peptide tolerance 
of ±4 parts per million and MS/MS tolerances of ±0.4 Da for CID 
and ETD or ±0.05 Da for HCD (61); (ii) variable modifications were 
carbamidomethyl-cysteine, methionine oxidation, phospho-serine/
phospho-threonine, and phospho-tyrosine; (iii) peptide charge of 
2+, 3+, and 4+; and (iv) enzyme specificity trypsin with up to three 
missed cleavages allowed. Label-free, semiquantitative determina-
tion of abundance was done by spectral count analysis, defined as 
total number of spectra recorded for a phospho-epitope as performed 
previously (16). Quantitation of phospho-peptides from immuno-
precipitated tau was normalized to the relative amount of precipitated 
tau as determined by immunoblot and densitometric measurements 
(ImageJ). Purity of isolated recombinant tau proteins confirmed by 
LC-MS/MS protein identification of nonenriched in vitro kinase 
reaction samples and standardized TiO2-enrichment of phospho- 
peptides supported the validity of label-free abundance comparison 
using spectral counts (62).

Statistical analysis of phosphorylation site modulation
Data were processed and analyzed on the basis of Spearman’s 
dissimilarity statistic implemented with a custom-built script in 
MATLAB (R019b, MathWorks, MA, USA). Spearman’s rank-order 
correlation is a nonparametric measure of associations that allows 
the quantification and hypothesis testing of correlations between 
pairwise variables. First, for each site, linear correlations between 
three experimental variables/parameters (tau initial phosphorylation 
site, tau phospho-site detection levels, and SP/TP tau kinase) were 
computed keeping one variable constant (e.g., either the initial phos-
phorylation or phospho-epitope detected was kept constant) depend-
ing on the pairwise analysis conducted. Then, for each comparison, 
random permutation testing was implemented using Spearman’s 
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dissimilarity metric. Spearman’s rank correlation coefficient mea-
sures the strength and direction of an association between two param-
eters. Use of Spearman’s rank correlation was implicated because of 
data demonstrating a monotonic relationship. Calculation of Spear-
man’s rank-order correlation was based on

   = 1   
6∑  d i  

2 
 ─ 

n( n   2  − 1)
    

Where  is the Spearman’s rank correlation coefficient, d2 is the 
squared difference between ranks, and n is the number of measure-
ments. Spearman’s rank-order correlations were analyzed for statis-
tically significant positive and negative correlations across all initial 
phosphorylation, detected phosphorylation levels, and tau kinases 
expressed using a data randomization and multiple comparisons 
approach. The random permutation model was generated using 
n = 100 random rearrangements of the data for each kinase, again 
ensuring constant variables of initial phosphorylation and detection 
site for pairwise comparisons. Pairwise null distributions were plotted 
for each comparison along the Spearman’s dissimilarity metric with 
0 representing complete positive correlation, 1 being random non-
association, and 2 being complete negative correlation. Probability 
values were obtained for each pairwise correlation using a Fisher’s 
exact testing to reject the null hypothesis. Multiple comparisons 
were corrected for pFDR using the Benjamini-Hochberg method 
in MATLAB. Significance threshold for individual interactions was 
set at P < 0.05. Correlation coefficient matrices were plotted by 
clustergram function in MATLAB including hierarchical clustering. 
Spearman’s rank correlations coefficients and cophenetic distances 
were used to generate dendrograms for initial/source site and tau 
kinase (dis)similarities based on quantified tau phosphorylation 
interdependence (see fig. S9D and Fig. 4B, respectively).

Graphical representation of results
A custom-built MATLAB (R2019b, MathWorks) script was used for 
clustergram representation of data. Data were displayed using the 
clustergram function with hierarchical clustering, which is on the 
basis of Euclidean distance between data pairs. For plotting of site 
interdependence relations along the tau molecule in circular or linear 
representations of the tau primary sequence, data were standardized 
with a logistic weighting function across the data dimension based 
on probability values (P < 0.05, FDR corrected by the Benjamini- 
Hochberg method) (58, 59). Data were plotted on double-linear or 
circular graphs representing the primary sequence of tau. Notably, 
neither double-linear nor circular representation necessarily distin-
guish between intra- or intermolecular mechanisms of interde-
pendence between phosphorylation sites. Double-linear graphs to 
represent site interdependence relations between initial and subsequent 
phosphorylation in tau from cultured cells for each of 12 SP/TP ki-
nases (see fig. S8) were plotted with a custom-built MATLAB script.

For integration of site interdependence across conditions of in-
creased kinase activity of all 12 kinases (see Fig. 1E and fig. S10), 
data were plotted on a circular representation of phosphorylation 
sites summarizing site interdependence within the sector for each 
phospho-site–based including both at source and at target of inter-
dependence relation, thus defining the width of the sector edge. 
Probability values were plotted for each interdependence relation 
across all protein kinases on the outer perimeter of the circular graph. 
Modulation score for individual source sites of interdependence 

relations (see Fig. 1G) is a factor of Spearman’s correlation rank 
coefficient (Fisher’s exact test, Benjamini-Hochberg multiple com-
parisons adjustment) and the averaged relative phosphorylation level 
at each target site for the source site.

For generation of circular graphs representing site interdependence 
relations along the primary sequence of tau (see Fig. 4A and fig. S15), 
a custom-built MATLAB script is based on circularGraph function 
(Paul Kassebaum, 2020). The circularGraph function (www.github.
com/paul-kassebaum-mathworks/circularGraph, GitHub) was used 
to plot statistically significant modulation of phosphorylation along 
tau. Data pertaining to phospho-peptide spectral counts or differ-
ential phosphorylation levels from mouse brain were plotted along 
the perimeters of circularGraph.

Statistical analysis
For statistical analysis, GraphPad Prizm (v7.0c) was used. Compar-
isons of two experimental groups for protein/phosphorylation level 
data were performed with unpaired, two-tailed Student’s t test. For 
comparisons for more than two experimental groups, analysis of 
variance (ANOVA) was performed with multiple comparisons using 
the Holm-Sidak method. Data are expressed as means ± SEM. unless 
stated otherwise in the figure legend.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl8809

View/request a protocol for this paper from Bio-protocol.
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