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Abstract

Our understanding of the biological functions of the tau protein now includes its role as a scaffolding protein involved in
signaling regulation, which also has implications for tau-mediated dysfunction and degeneration in Alzheimer’s disease and
other tauopathies. Recently, we found that pseudophosphorylation at sites linked to the pathology-associated ATS8 phos-
phoepitope of tau disrupts normal fast axonal transport through a protein phosphatase 1 (PP1)-dependent pathway in squid
axoplasm. Activation of the pathway and the resulting transport deficits required tau’s N-terminal phosphatase-activating
domain (PAD) and PP1 but the connection between tau and PP1 was not well defined. Here, we studied functional interactions
between tau and PP1 isoforms and their effects on axonal transport in mammalian neurons. First, we found that wild-type
tau interacted with PP1a and PP1y primarily through its microtubule-binding repeat domain. Pseudophosphorylation of tau
at S199/5202/T205 (psTau) increased PAD exposure, enhanced interactions with PP1y, and increased active PP1y levels
in mammalian cells. Expression of psTau also significantly impaired axonal transport in primary rat hippocampal neurons.
Deletion of PAD in psTau significantly reduced the interaction with PP1y, eliminated increases of active PP1y levels, and
rescued axonal transport impairment in neurons. These data suggest that a functional consequence of phosphorylation within
S199-T205 in tau, which occurs in AD and several other tauopathies, may be aberrant interaction with and activation of PP1y
and subsequent axonal transport disruption in a PAD-dependent fashion.
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Introduction

Tau is a microtubule-associated protein and traditionally
associated with a role in regulating microtubule dynam-
ics [1, 2]. However, tau also regulates localization and,
potentially, the activity of multiple signaling molecules
(reviewed in [3]). For example, tau may promote NGF-
mediated MAPK signaling by activating MAPK in cells
[4, 5] or modulate Fyn kinase localization and activity
[6-8]. Recently, we demonstrated a functional interaction
between wild-type tau and protein phosphatase 1 (PP1)
that was associated with activation of the phosphatase [9].
This aligned with previous work by Liao and colleagues
that demonstrated tau interacts with PP1 in blot overlay
assays and targets PP1 to microtubules [10]. Thus, tau’s
functional repertoire appears much larger than modulat-
ing microtubule dynamics and may include cell signaling
functions [3], including regulation of PP1.

PP1 is a member of the serine/threonine protein phos-
phatase family, one of the most highly conserved protein
families with ubiquitous expression in eukaryotes [11].
PP1 is involved in several cellular functions including
cytoskeletal reorganization, membrane channel regu-
lation, axonal transport, and many others [11, 12]. The
phosphatase exists as a holoenzyme complex comprised
of its catalytic subunit (PP1c) and one or more regulatory
proteins. There are over 200 PP1c regulatory proteins,
allowing for the broad context of its functions [13, 14].
Three genes encode the PP1c isoforms: PPPI1CA (PPla),
PPPICB (PP1p), and PPPICC (PPly). Alternative splic-
ing of PPP1CC produces two isoforms, PP1y, and PP1y,,
with PP1y, being more prevalent in the central nervous
system (CNS) [15-17]. Variations between the isoforms
exist in the N- and C-termini, while the catalytic core is
highly conserved [18, 19]. Most regulatory proteins inter-
act with PP1 through the RVxF binding motif [20, 21], of
which tau has three similar motifs, including one in the
N-terminus (amino acids 5-8) and two in the microtu-
bule binding repeats (MTBRs; amino acids 343-346 and
375-378) [10].

A growing body of evidence suggests that many dis-
ease-related modifications of tau disrupt axonal trans-
port through a mechanism involving an N-terminal motif
called the phosphatase-activating domain (PAD, amino
acids 2—18) and its activation of a PP1-dependent path-
way. Axonal dysfunction and degeneration is observed
in Alzheimer’s disease (AD) and other related neuro-
degenerative disorders, representing a site of potential
toxic mechanisms in these diseases [22]. In tauopathies,
abnormal modifications of tau, including phosphorylation
of specific epitopes and oligomerization, alter tau confor-
mation and are associated with exposure of PAD during
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early stages of the accumulation of pathological tau (e.g.
in pre-tangle neurons) [23-27]. Phosphorylation of tau
at ATS8 phosphoepitope sites (S199, S202 and T205) [28,
29] is another early and prominent modification associated
with AD pathology [24, 27, 30-34]. Previous studies using
structural FRET analysis showed that phosphomimicking
specifically at the combination of Ser199/Ser202/Thr205
(psTau, using S/T to E mutations) disrupts the “paperclip”
conformation causing an extension of the N-terminus out of
the paperclip conformation in soluble monomeric proteins,
potentially exposing the PAD [23]. The same psTau mono-
meric protein inhibits anterograde fast axonal transport in
the squid axoplasm model [24]. Additionally, individual and
combinatorial phosphomimetic mutations within the psTau
sites also inhibited fast axonal transport in squid axoplasms
[35]. In both cases PAD-related conformation changes and
PP1-initiated signaling pathways mediated the inhibitory
effects [24, 35]. Additionally, tau phosphorylated at Thr205
co-localized with PAD-exposed tau in the axonal growth
cone and PAD was required for tau-mediated rescue of
neurite outgrowth dysfunction in developing tau knockout
primary neuron cultures [36]. Recently, our group showed
that two mutant forms of tau that cause inherited tauopa-
thy (i.e. P301L and R5L mutations) also impair transport
through a PAD- and PP1y-dependent mechanism in mam-
malian primary neurons [9]. Together, these data suggest
a toxic cascade whereby disease-related tau modifications
induce a conformation change that alters its functional inter-
actions with PP1 and leads to disruption of axonal transport
in neurons. However, prior studies in mammalian neurons
used inherited tau mutations and did not establish whether
disease-related phosphorylation patterns in wild-type tau
(e.g. psTau) also alter functional interactions with PP1 and
the consequences of those changes on axonal transport.

Here, we characterized the protein—protein interaction
between tau and the PP1 isoforms and determined the tau-
induced effects on levels of active PP1. Then we examined
the effects of the psTau modification on PAD exposure and
functional interactions with PP1. We found that tau interacts
with PPla and PP1y primarily through the MTBR domain
and full-length WT tau increased levels of active PP1. The
psTau modification induced PAD exposure and signifi-
cantly enhanced interaction with PP1. The psTau-induced
increases in active PP1 levels were dependent upon PAD.
Functionally, psTau caused axonal transport abnormalities
(i.e. increased pause frequency) in primary rat hippocampal
neurons that were rescued by deletion of PAD. These find-
ings support the idea that tau may physiologically modu-
late PP1 and that the disease-associated phosphorylation in
the S199-T205 region of tau causes PP1 dysregulation and
axonal transport impairment in mammalian neurons that is
dependent upon the presence of PAD.
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Materials and Methods
Tau and PP1 Constructs

Tau proteins sequences are designated by the longest human
tau isoform in the CNS (hT40 or 2N4R, 441 amino acids).
This tau isoform contains both N-terminal exons and four
microtubule binding repeat regions (MTBRs) and here we
refer to this as wild-type (WT) tau. Tau domain constructs
corresponding to the different regions in the tau protein were
generated to assess how the specific regions of tau inter-
act with PP1 (Fig. 1). The N-terminus domain (N-Term)
contains amino acids 1-224, the MTBR domain (MTBR)
contains the four MTBRs and is composed of amino acids
225-380, the C-terminus domain (C-Term) contains amino
acids 381-441, the deletion of the C-terminus (AC-Term)
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Fig.1 Schematic of tau constructs used in this study. a Full-length
wild-type hT40 (WT Tau, 441 amino acids) containing the PAD
region at amino acids 2—-18 (red box), exons 2 and 3 in the N-ter-
minus (E2 and E3, yellow boxes), the proline rich region, and four
microtubule binding repeat regions (MTBRs, R1-R4, blue boxes).
b N-terminus domain (N-Term) of WT tau corresponding to amino
acids 1-224. ¢ MTBR domain of WT tau corresponding to amino
acids 225-380. d C-terminus domain (C-Term) of WT tau corre-
sponding to amino acids 381-441. e Protein with deletion of the
C-terminus (AC-Term) corresponds to amino acids 1-380. f Protein
with deletion of the N-terminus (AN-Term) corresponds to amino
acids 225-441. g WT tau was pseudophosphorylated by mutat-
ing S199, S202, and T205 into glutamic acid (psTau) to mimic the
ATS phosphoepitope. h WT tau with the PAD region removed (A2-
18 WT). i psTau with the PAD region removed (A2-18 psTau). All
tau constructs were C-terminally tagged with either a 6xHis tag for
recombinant tau purification or NanoLuciferase for use in the Halo
pulldown assays and NanoBRET in-cell protein interaction assays

is composed of amino acids 1-380, and the deletion of
the N-terminus (AN-Term) is composed of amino acids
225-441. Point mutations in WT tau were performed to
mutate S199, S202, and T205 to glutamic acid to mimic
phosphorylation at the ATS8 epitope (psTau). Finally, the
PAD (amino acids 2—-18) was deleted from these constructs
to assess the role of PAD in modulating PP1 interactions
and activity (APAD WT and APAD psTau). PP1 constructs
included human PPla or PP1y1 isoform cDNA sequences.

HaloTag Pulldown Assays

Human embryonic kidney (HEK) 293 T (ATCC CRL-3216;
RRID:CVCL_0063) cells were transfected with Tau and PP1
constructs under control of a pCMV promoter. Tau pro-
tein was fused to NanoLuciferase (NLuc) tag and PP1 was
fused to HaloTag (HT, Promega HaloTag System G6051)
[37]. HEK 293 T cells were grown in DMEM (Thermo
11995-065) supplemented with 5% FBS and 1% penicillin/
streptomycin (Thermo 15140-122) in a humidified incuba-
tor at 37° and 5% CO,. Cells were plated in a 12-well plate
at 300,000 cells/well in 1 mL DMEM (supplemented with
5% FBS and 1% penicillin/streptomycin) one day prior to
transfection. Cells were co-transfected with 500 ng each
of pCMV tau-NLuc fusion construct and pCMV HT-PP1
isoform fusion constructs using Lipofectamine 2000 (Invit-
rogen 52887) according to the manufacturer’s instructions
and incubated overnight. The next day, cells were collected
in lysis buffer (50 mM Tris—HCl, 150 mM NacCl, 1% Triton
X-100, 10 pg/mL pepstatin, 10 pg/mL leupeptin, 10 pg/mL
bestatin, 10 pg/mL aprotinin, 1 mM PMSF, pH 7.5) and
dounce homogenized. Homogenates were centrifuged at
14,000 % g for 5 min at 4° C to pellet debris, and the super-
natant was transferred to a new tube. Lysates were diluted
in TBS to bring the Triton X-100 to 0.3%. 12.5 pl of lysate
was removed as the input fraction (Input). 50 pl HaloLink
resin (Promega G1915) was equilibrated in Halo Wash
Buffer (50 mM Tris—HCI, 150 mM NacCl, 0.05% NP-40, pH
7.5) by washing three times in 500 pl wash buffer. Resin
was centrifuged at 800 X g for 2 min at room temperature
after each wash to settle resin and allow for aspiration of
the supernatant. After removing the last wash buffer, 450 pl
lysate was added to resin and incubated for one hour at room
temperature with end-over-end mixing. Resin was pelleted
via centrifugation, and the supernatant saved as the post-
pulldown flow through fraction (Post). The resin was washed
four times with Halo Wash Buffer, and bound proteins were
eluted by incubating in 50 pl of 2 X Laemmli Sample Buffer
(40 mM Tris pH 6.8, 3.3% SDS, 10.7% glycerol, 2.5%
B-mercaptoethanol, 0.004% bromophenol blue) for 30 min
at 30 °C and 1000 RPM shaking. Resin was pelleted via
centrifugation, and the resulting supernatant was saved as
the elution fraction for western blot analysis.
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NanoBRET Assays

HEK 293 T cells were plated in a 12-well plate at a
density of 400,000 cells/well in 1 ml plating volume.
Six hours later, cells were co-transfected with a pCMV
tau-NLuc fusion construct (donor) and a pCMV HT-PP1
construct (acceptor) with Lipofectamine 2000. Donor
saturation curve experiments were performed previ-
ously with WT tau and PPla, PP1f or PP1ly and dem-
onstrated the specificity of the interaction between tau
and PP1 isoforms in NanoBRET assays [9]. Here, single
ratio NanoBRET assays were performed with an opti-
mized DNA ratio of 1:30 (10 ng donor DNA and 300 ng
acceptor DNA). An empty plasmid was used as a carrier
DNA to standardize transfection amounts. After transfec-
tion, cells were incubated overnight. The next day cells
were replated in triplicate into a white-wall, clear-bot-
tom 96-well plate with a 618 nm fluorescent ligand that
covalently binds to HT or DMSO as a control according
to the manufacturer’s instructions (Promega NanoBRET
Nano-Glo Detection System N1661) [37]. Replated cells
were incubated overnight. The next day, the cell culture
media was removed and replaced with 100 pl fresh media
to remove unbound 618 nm ligand before Nano-Glo sub-
strate was added to each well according to the manufac-
turer’s instructions. Donor luminescence and acceptor
fluorescence was measured on a BioTek Synergy H1
microplate reader using a 460/40 nm bandpass filter
and a 610 nm longpass filter respectively. NanoBRET
ratios were calculated by dividing the acceptor signal by
the donor signal and subtracting the ratios from the no-
ligand DMSO controls.

Recombinant Protein Production

All tau constructs were expressed in Escherichia coli
using the pT7c backbone and fused to a 6 X histidine tag
for purification. The histidine tag was present on the
C-terminus for each tau construct. Recombinant proteins
were purified on an Akta Pure 25L fast protein liquid
chromatography machine (GE Healthcare 29018224)
by immobilized metal affinity chromatography using a
HiTrap TALON Crude column (GE Healthcare 28953767)
as described previously [38]. Tau protein purifications
were followed by size exclusion chromatography over
an S500 column (GE Healthcare 28-9356-06) and anion
exchange chromatography over a HiTrap Q HP column
(GE Healthcare 17-1154-01) [38]. DTT was added to a
final concentration of 1 mM before aliquoting the purified
tau proteins and storing at -80 °C. Protein concentrations
were determined using the SDS-Lowry assay method as
described [39].
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Pulldown Western Blotting and Dot Blotting

Pulldown fractions (Input, Post, and Elution) were dena-
tured at 98 °C for 5 min before being loaded onto a 4-20%
Tris—HCI Criterion gel (BioRad 3450034) and proteins
separated by SDS-PAGE. Proteins were transferred to a
nitrocellulose membrane and probed with HaloTag anti-
body (1:1000, mouse monoclonal IgG1, Promega G9211;
RRID:AB_2688011) to label PP1 proteins or HaloTag alone,
and either NanoLuciferase (1:5000, rabbit polyclonal, Pro-
mega) or R1 (1:100,000, RRID:AB_2832929, rabbit poly-
clonal pan-tau antibody) [40] antibodies for the tau domains
or full-length and APAD tau proteins, respectively. Note that
the HaloTag antibody displays some cross-reactivity with the
N-terminus of tau proteins, but this does not interfere with
clear interpretation of immunoblots due to migration differ-
ences in each protein of interest. Antibodies were diluted
in 2% non-fat dry milk in TBS and blots were incubated
overnight at 4 °C. The next day, blots were incubated for
1 h at room temperature with IRDye 800CW goat-anti-rab-
bit IgG (H+L) (1:20,000, LiCor Biosciences 925-32211,
RRID:AB_2651127) and IRDye 680LT goat-anti-mouse
IgG (H+L) (1:20,000, LiCor Biosciences 926-68020,
RRID:AB_10706161). Blots were imaged using a LiCor
Odyssey system. Band signal intensities were quantified
using ImageStudio software and the Elution tau band inten-
sities were normalized to efficiency of HaloTag affinity pull-
down (i.e. difference between HaloTag signal in the Input
and Post samples).

Recombinant tau proteins were analyzed using western
blots and dot blots as described [24]. Briefly, 500 ng of WT
tau and psTau recombinant proteins were used per spot or
gel lane. Both blots were probed for R1 (as above) and TNT1
(1:200,000, RRID:AB_2736930) to detect PAD exposed tau
[24]. The signal from TNT1 (PAD exposed tau) [24, 25, 39,
41] was normalized to R1 signal (total tau).

Phospho-PP1 Western Blotting

HEK 293 T cells were plated at a seeding density of
400,000 cells/well in a Poly-D-Lysine 12-well plate
(Corning #354470). The next day, cells were trans-
fected with N-Halo-tagged PP1y along with either
C-FLAG-tagged GFP, WT tau, A2-18 WT tau, psTau,
or A2-18 psTau. For each transfection group, 2 tubes
were prepared: tube 1 contained 100 pl of sterile-
filtered 150 mM NaCl and 10 pl of PEI (Polysciences
# 23966-1; stock concentration is 0.323 g/L). Tube 2
contained 100 pl of 150 mM NaCl and 1 pg total plas-
mid DNA (0.5 pg of each plasmid). Contents of tube 1
were transferred to tube 2, mixed well by vortex, and
incubated at room temperature for 20 min. Then, 200 pl
of PEI-DNA mixtures were added dropwise to each
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well. On day 3, cells were lysed in-well using 150 ul
of Co-IP buffer (20 mM Tris, pH 7.5; 0.5 mM DTT;
0.15 M NacCl; 0.5% Triton X-100) supplemented with
protease inhibitors (pepstatin, bestatin, leupeptin, PMSF,
and aprotinin) and phosphatase inhibitors (sodium fluo-
ride, sodium orthovandate, f-glycerophosphate, and
sodium pyrophosphate decahydrate). Cell lysates were
sonicated with 4 pulses, 5 s each, followed by cen-
trifugation at 12,000xg for 10 min at 4 degrees. Pro-
tein concentration in supernatant was quantified using
Bradford assay (Biorad #5000006). Supernatants were
loaded for SDS-PAGE (40 pg total protein) and West-
ern blotting as described above. The membranes were
probed with primary antibodies: GFP (1:30,000. Abcam
#ab290, RRID:AB_303395), pT320 PP1la (1:500, Cell
Signaling Technology #CST2581, RRID:AB_330823),
Halo (1:1,000, Promega #G9211, RRID:AB_2688011),
and Tau5 (1:100,000, RRID:AB_2721194) followed by
secondary antibodies: IRDye 800CW goat-anti-rabbit
IgG (H+L) (1:20,000, LiCor Biosciences 925-32211,
RRID:AB_2651127) and IRDye 680LT goat-anti-mouse
IgG (H+L) (1:20,000, LiCor Biosciences 926-68020,
RRID:AB_10706161). Membranes were then re-probed
with GAPDH antibody (1:2,000, RRID:AB_10622025,
Cell Signaling Technology, CST #5174) and the Goat
anti-Rabbit secondary antibody.

Animals and Primary Neuron Culture

Timed-pregnant Sprague—Dawley rats (Envigo) were
used to obtain embryonic day 18 (E18) fetuses. Primary
hippocampal neuron cultures were prepared from the
fetuses using previously described methods [42]. Briefly,
hippocampi were dissected from the rat embryos and
incubated in 0.125% trypsin for 15 min and 37 °C. Tritu-
ration using progressively smaller needles was used to
dissociate tissue and the cells were plated in antibiotic-
free neurobasal media.

Axonal Transport Assays

Primary hippocampal neurons were plated at 80,000 cells/
well into 4-well live cell chamber slides (Ibidi, #80427)
coated with poly-D-lysine (Sigma-Aldrich P7886) in
750 pl of neurobasal media (Gibco, #21103049) sup-
plemented with GlutaMAX (Gibco, #35050061) and
B27 (Gibco, #17504044). On day in vitro (DIV) 8 the
cells were transfected using Lipofectamine 2000 rea-
gents. Each transfection included 200 ng each of pFIN
Synaptophysin-mApple and a plasmid containing the
tau construct (WT tau, psTau, A2-18 WT tau, or A2-18
psTau) or a GFP control protein in 30 pl of Opti-MEM
serum-free media. 0.5 pl of Lipofectamine2000 was

incubated in 30 pl of Opti-MEM media for 30 min at
room temperature for each condition. The Lipofectamine
mix was added to the DNA mix and incubated for an
additional 30 min. 60 pl of sample was added dropwise
throughout the entirety of the well. After two hours, half
of the media (380 pl) was replaced with an equivalent
volume of neurobasal media containing an antibody that
binds the extracellular domain of neurofascin in the axon
initial segment (250 ng/ml, UC Davis/NIH NeuroMab
#75-172, RRID:AB_2282826) [43]. At 24 h post-trans-
fection, all media was replaced by neurobasal media con-
taining Alexa Fluor goat-anti mouse IgG2a 647 antibody
(1:2,000, ThermoFisher A-21241, RRID:AB_2633277).

After a one-hour incubation the neurons were imaged
on the Nikon A1 + laser scanning confocal microscope
equipped with 488, 561, and 640 solid state lasers using
a 60x/1.40 NA objective and Nikon Elements AR soft-
ware. The plates were maintained in a live cell chamber
at 37 °C and 5% CO, throughout the imaging process.
Regions of analysis were identified in a main branch of
the axon and 50 to 150 pm from the axon initial segment.
A region of 32 pixels by 128 pixels was bleached with 7
pulses of 1.7 s each from a 568 nm laser at 60% power.
After 2 min movement of the mApple-synaptophysin
cargo in the region was imaged at ~ 28 fps for 5 min using
the 568 nm laser. The ImageJ macro KymoAnalyzer was
used to generate and analyze kymographs [44]. The traces
were identified manually. Anterograde and retrograde
segment velocities represent a mean of each segment with
a velocity faster than 0.3 um/second. Pause frequency was
determined as the number of pauses/track/second. Each
individual replicate in the primary neuron experiments
represents the mean value from all analyzed kymographs
within a given primary neuron preparation and represent
completely independent culture runs from different preg-
nant females. A minimum cutoff of 30 detectable tracks
per kymograph was established. GFP: n=6, 15 total neu-
rons; WT tau: n=35, 8 total neurons; psTau: n=35, 6 total
neurons; A2-18 WT tau: n=35, 10 total neurons; A2-18
psTau: n=35, 6 total neurons.

Statistical Analysis

All data and statistical analyses were performed using
GraphPad Prism 7.0 software. Results were analyzed by
unpaired t-test, one-way ANOVA with Tukey’s post hoc
test, or two-way ANOVA with Tukey’s post hoc test as
indicated in figure legends. For the repeated measures
one-way ANOVAs used to quantify the PP1 western blots
in Fig. 4, we used the Geisser—Greenhouse correction
to account for violations of the assumptions of spheric-
ity (as indicated here by an € value < 0.5). The number

@ Springer



3428

Molecular Neurobiology (2023) 60:3423-3438

of independent experimental runs are indicated in figure
legends and the significance level was set at p <0.05 for
all tests.

Results

The MTBR Domain of Tau Mediates the Interaction
with PP1aand PP1y

Previously, we identified a protein—protein interaction
between WT tau protein and the PP1a and PP1y isoforms, but
little to no interaction with the PP1f isoform across multiple
assays [9]. First, we pulled down HaloTag-PP1 fusion pro-
teins from cell lysates and probed for WT tau, finding similar
levels of tau co-elution with PPla and PP1y but not PP1

PP1/Halo

b Elution
+PP1y +HT
& &
,\@«%,Q* & «06/\@ S e«“\&g@‘
SEEFE S R

Fig.2 The MTBR domain of WT tau is necessary and sufficient for
interaction with PP1y. HEK 293 T cells expressing each tau domain
(tagged with NLuc) and PP1y (tagged with HaloTag, HT) or HT only
controls were used in pulldown assays. a-b Western blots of input
samples (a, Input), post-pulldown flow-through samples (a, Post), and
elution samples (b, Elution) are shown with PP1y or HT in green and
tau domains in red. ¢ Quantification of tau signal in the elution sam-
ple shows significantly increased signal with the MTBR domain com-
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[9]. Results from intracellular NanoBRET assays supported
the same PP1 isoform-specific data from the pulldown assay
[9]. Finally, we utilized a proximity ligation assay to confirm
endogenous PP1 association with WT human tau, as well
as endogenous rat tau, in primary rat hippocampal neurons
[9]. After establishing a WT tau-PP1 interaction, here we
investigated how various tau domains influence the interac-
tion with the PP1la and PP1y isoforms. We divided tau into
five domain constructs (Fig. 1) and co-transfected them with
PPla or PP1y in HEK 293 T cells for use in protein interac-
tion assays. The MTBR domain showed the strongest interac-
tion with PP1y when compared to WT tau and all other tau
domain constructs in pulldown assays (Fig. 2). We observed
similar results with PPla (Fig. S1). Moreover, NanoBRET
assays showed a similar significant increase in the interaction
between the MTBR domain and PP1y when compared to
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pared to all other proteins, while deleting the N-terminus (AN-Term)
or the C-terminus (AC-Term) did not significantly alter binding
compared to full-length tau (WT). These experiments were repeated
four independent times and all comparisons were made using a two-
way ANOVA with Tukey’s post hoc test (*p <0.05 compared to HT
control; $p§0.05 compared to all other groups, *p<0.05 compared
to N-Term and C-Term; #p <0.05 compared to N-Term, C-Term and
AC-Term)
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other tau domains (Fig. S2a). Deletion of the N- or C-termini
(AN-Term and AC-Term) of tau did not significantly alter
interaction with PP1y when compared to WT tau (Fig. 2)
which suggests these regions are not essential for binding
to PP1. The AC-Term and AN-Term proteins also showed
significantly increased interaction with PP1y when compared
to the HT control in the NanoBRET assay (Fig. S2a).

Pseudophosphorylation of Tau Exposes PAD
and Increases PP1y Interaction

Previous work established that disease-related forms of tau
(including the triple modified psTau and other single or dou-
ble phosphomimics in this region) impair axonal transport in
the squid axoplasm model and that tau-mediated inhibition
of transport in this model is PP1-dependent [9, 24, 35, 45,
46]. However, the relationship between tau and PP1 was not
directly explored with psTau. In previous FRET-based struc-
tural studies, the combination of phosphomimetics at S199/

psTau WT  psTau b Input

a

3

S2020/T205 (psTau) causes extension of the N-terminus of
tau that disrupts the paperclip conformation [23]; therefore,
we hypothesized that psTau would expose the PAD region
and promote an interaction between tau and PP1. Recombi-
nant WT and psTau protein monomers were probed with the
TNT1 antibody in a dot blot, a non-denaturing immunoblot-
ting assay. TNT1 is a conformation-dependent monoclonal
tau antibody that is established as a marker of PAD exposure
[24, 25]. psTau displayed significantly more TNT1 reactiv-
ity when compared to WT tau (Fig. 3a) indicating increased
PAD exposure. To confirm the sensitivity of TNT1 to con-
formational display of PAD, the same tau proteins were run
in denaturing SDS-PAGE/Western blot assays. Denaturing
the tau proteins eliminates the differential detection of PAD
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Fig.3 psTau Exposes PAD and Increases the Interaction with PP1ly
in PAD-dependent manner. a Recombinant human tau (WT tau) and
psTau proteins were blotted using non-denaturing dot blots and dena-
turing western blots for TNT1 (a marker of PAD exposure in non-
denaturing assays) and R1 (a pan-tau rabbit polyclonal antibody).
Quantitation of blots indicate a significant increase in PAD exposure,
as indicated by TNT1 reactivity, with psTau tau compared to WT tau
(*p<0.05 in an unpaired t-test). Data represent mean of normalized
signal (TNT1 to RI1 ratio)+SD from four independent samples. A
lack of significant differences in the denaturing western blot confirms
that the TNT1 signal in the dot blots were due to conformational dif-
ferences in the display of PAD. b HEK 293 T cells expressing each
tau construct (tagged with NLuc) and PP1y (tagged with HaloTag,
HT) or HT only controls were used in pulldown assays. Western blots
of starting lysate (Input) show similar expression of tau and PP1 con-
structs while post-pulldown samples (Post) confirm depletion of PP1y
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and HT only controls. ¢ Pulldown elution samples were probed for
tau protein. All of the tested forms of tau eluted with pulldowns of
PP1y but none were present in pulldowns of the HT only controls.
d Quantification of pulldown elution samples indicates that both WT
and A2-18 WT tau showed a significantly increased interaction with
PP1ly when compared to their respective HT only controls. Deletion
of PAD from WT tau (A2-18 WT Tau) did not significantly affect the
interaction with PP1y. psTau showed a significantly increased inter-
action with PP1y when compared to HT only controls and WT tau.
Deletion of PAD in psTau (A2-18 psTau) significantly decreased the
interaction with PP1y compared to full-length psTau, and eliminated
the increase compared to WT tau. The A2-18 psTau clearly inter-
acted with PP1y but interaction was a non-significant trend towards
elevation above the HT control (p=0.075). These experiments were
repeated five independent times and data are mean+SD. *p <0.05 in
a two-way ANOVA with Tukey’s post hoc test
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We next co-transfected HEK 293 T cells with WT tau
or psTau and either PP1a or y isoforms then compared the
resulting interactions using the HaloTag pulldown and Nano-
BRET assays. Both WT and psTau displayed an interaction
with PP1y that was above HT controls (Fig. 3b-d) and psTau
further increased the interaction with PP1y relative to WT
in pulldown assays (Fig. 3c-d). In-cell NanoBRET assays
confirmed that both WT tau and psTau interact with PP1y
(Fig. S2b). The psTau modification did not significantly
change the interaction with PP1ac when compared to WT
tau in either assay (Fig. S3), thus, all remaining experiments
with psTau focused on PP1y.

PAD Modulates the Interaction and Activation
of PP1y by psTau

The PAD region, amino acids 2—18, inhibits anterograde
fast axonal transport through a PP1-dependent mechanism
in isolated squid axoplasm [24, 41, 45, 47], thus, we inves-
tigated the role of the PAD in tau-mediated interaction
and activation of PP1y. Deleting PAD (A2-18) from WT

a A2-18 A2-18
GFP  WT WT psTau psTau

tau did not significantly change the interaction with PP1y
(Fig. 3c-d). However, deleting PAD from psTau signifi-
cantly reduced the interaction with PP1y in the pulldown
assay (Fig. 3c-d), suggesting PAD plays a role in medi-
ating the enhanced interaction effects due to the psTau
modifications. Using the NanoBRET assay we confirmed
an association between PP1y and full-length and A2-18
versions of WT tau and psTau but none of these tau modi-
fications significantly altered the tau-PP1 association in
this experiment (Fig. S2c).

Next, we sought to determine how tau affected levels
of active PP1 when co-expressed in HEK 293 T cells. We
confirmed similar levels of tau expression (normalized to
GAPDH) in the cells (Fig. 4a-b). By probing the cell lysates
with a HaloTag antibody (Total PP1) and a phospho-PP1 anti-
body that detects the inactive form of the phosphatase (i.e.
phosphorylated at T311 in PP1y, corresponding to T320 in
PPla) [48, 49] we determined that WT tau and psTau expres-
sion increased levels of active PP1y compared to GFP-express-
ing control cells, indicated by reduced inactive PP1y levels
(Fig. 4c-d). Deletion of PAD reduced this effect as indicated by
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Fig.4 PAD is necessary for psTau expression-induced increases to
active PP1 levels in cells. a WT, A2-18 WT, psTau, A2-18 psTau,
and GFP were individually transfected into HEK 293 T cells along
with a PP1y construct. Cells lysates were probed for tau and GFP
expression. b Quantification of the blots confirmed similar levels of
tau expression. ¢ The lysates were also probed for Total PP1 (HT) and
phospho-Thr311 PP1y, the inactive form of the phosphatase. d Quan-
tification of the blots identified increases in the levels of active PP1y
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upon expression of WT tau and psTau compared to GFP expression
(indicated by reductions in the proportion of inactive pT311 PPly to
Total PP1). Deletion of amino acids 2-18 in psTau (A2-18 psTau)
rescued the effect as levels of inactive PP1 were higher compared to
psTau but not significantly different than in GFP-expressing cells.
Data represent mean=+SD from 8 experiments and all comparisons
were made using a repeated measures one-way ANOVA with a Geis-
ser-Greenhouse correction and Tukey’s post hoc test (*p <0.05)
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lower levels of active PP1y (i.e., higher inactive pT311 PP1y)
with A2-18 psTau compared to expression of psTau (Fig. 4c-
d). Neither of the A2-18 versions of tau significantly altered
active PP1 levels compared to GFP expression (Fig. 4c-d).
These data suggest that expression of tau induces an increase
in active PP1y compared to controls in a PAD-dependent
manner.

psTau Disrupts Axonal Transport in Hippocampal
Neurons in a PAD-dependent Fashion

Perfusion of psTau impairs anterograde axonal transport in
the squid axoplasm model [24]. We took the next step of
examining this effect in primary rat hippocampal neurons.
We co-expressed a fluorescently-labeled synaptophysin
cargo protein with either GFP, WT tau, psTau, A2-18 tau,
or A2-18 psTau and imaged the cells using live-cell con-
focal microscopy at approximately 28 frames/sec (Fig. Sa,
b). We used the KymoAnalyzer Image] macro to generate
kymographs then manually marked the resulting tracks for
analysis using the same program (Fig. 5c) [44].

We found that WT tau expression did not alter cargo
velocity or pause frequency compared to expression of a
GFP control protein (Fig. S4). This indicated that the axonal
transport measurements used here were unaltered by WT
tau. Next, we expressed WT or psTau to identify the trans-
port effects due to phosphorylation at a pathogenic phospho-
epitope and included A2-18 WT and A2-18 psTau to iden-
tify the role of PAD in the effects on transport. Expressing
psTau increased anterograde segment velocity (cell body to
synapse) compared to WT tau (38%) and both A2-18 forms
of tau (Fig. 5d). The retrograde segment velocity (synapse to
cell body) was not different among all groups (Fig. 5e). The
presence of psTau significantly increased pause frequency
of synaptophysin cargo in the anterograde direction (123%;
Fig. 5f) and retrograde direction (87%: Fig. 5g) when com-
pared to WT tau. Notably, deletion of PAD in psTau blocked
the elevation in pause frequency in both directions (Fig. 5f,
g). This demonstrates that the psTau modifications induce
abnormal axonal transport in mammalian hippocampal neu-
rons in a PAD-dependent fashion.

Discussion
Tau-Mediated Regulation of PP1

Recent evidence indicates tau may not only act as a sub-
strate of PP1, but it also can regulate the localization and
signaling functions of the phosphatase [9, 10, 24, 45]. We
recently found an interaction between tau and the PPl
and PP1y isoforms, but little to no interaction between
WT tau and the PP1p isoform, using a combination of

pulldown and in-cell interactions assays [9]. All three PP1
isoforms are expressed in neurons and display different
subcellular enrichment, but each of the isoforms are pre-
sent in axons and synaptic terminals [50, 51]. PPla is
expressed throughout the soma and processes (dendrites
and axons), PP1f is more prevalent in the cell body, and
PP1y more prevalent in dendritic spines and presynap-
tic terminals [15, 50]. Although subcellular fractionation
experiments indicate that PP1f is closely associated with
axonal microtubules, the evidence suggests PP1f first
interacts with a cell body-enriched interacting partner
that targets it to microtubules [50]. Our previous findings
suggest that this interacting partner is unlikely to be tau
and may be a different protein (perhaps a different MAP)
that remains unidentified. Instead, it appears that tau more
likely modulates PP1y and PPl in situ.

The RVxF motif is one of the most common binding
sequences for PP1-interacting partners. Tau contains three
RVxF-like PP1-binding motifs, of which two are within the
MTBR (aa 343-346 and 375-378), and one is within the
extreme N-terminus (aa 5-8). However, there are several
other docking sites on PP1 that could be involved in modu-
lating its interaction and activation by tau. To address this
question, we characterized the association of WT tau pro-
tein with PP1a and PP1y by measuring phosphatase interac-
tions with different domains within tau. The MTBRs of tau
showed the strongest protein—protein interaction with PP1,
while the termini (N- or C-) did not significantly alter the
interaction with WT tau. These data are consistent with our
recent findings showing that a mutation within the MTBR
(i.e. P301L) strongly enhances PP1 binding and activity,
while an N-terminal PAD mutation (i.e. R5SL) increases
activity but not binding [9]. Previous studies suggested that
tau helped localize PP1 to microtubules which seems some-
what incompatible with PP1 also binding to tau’s MTBR
domain. However, whether the entire MTBR and flanking
regions are completely inaccessible when tau is bound to
microtubules is not entirely clear. Data suggest that the
MTBR flanking regions are critical to targeting the MTBRs
to interact with microtubules, allowing some domains within
the MTBR to remain highly flexible and interact dynami-
cally, while others become rigid and stably interact [52-54].
Perhaps subregions within the MTBR/flanking residues are
capable of binding both PP1 and microtubules simultane-
ously. Another possibility is that PP1 binding partners often
bind to PP1 at multiple sites utilizing a variety of different
interacting domains. Indeed, so-called intrinsically disor-
dered proteins (like tau) are highly represented in the group
of PP1-interacting proteins [19], which is likely due to their
heightened flexibility and ability to dynamically interact
with binding partners (discussed further below). Perhaps
when tau is microtubule-bound it interacts through a differ-
ent motif than when it is unbound from microtubules. Recent
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data also suggest the tau-microtubule interaction is highly
dynamic with dwell times of ~40 ms [55], which could help
facilitate such complex dynamic tau-PP1 interaction on and
off microtubules. Finally, there could be an additional, yet
unidentified, interacting partner that is important for tau-
mediated tethering of the tau-PP1 complex to microtubules.
Importantly, our prior studies in squid axoplasm assays
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clearly demonstrate microtubule binding is not a require-
ment for pathological forms of tau to trigger axonal transport
impairment via the PP1 mechanism [24, 41, 45].

The lack of stable higher order structures or prevalence
of low complexity domains in many PP1 regulatory pro-
teins, like tau, may have important mechanistic implications
and allow interaction between multiple sites and motifs [56,
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«Fig.5 psTau alters normal axonal transport in primary rat neurons
dependent on PAD. a Primary rat hippocampal neurons were co-
transfected with fluorescent-tagged synaptophysin (mA-syn, red)
and a tau construct (WT tau, psTau, A2-18 tau, or A2-18 psTau).
Axons were labeled in live cells (left panels) using an antibody that
recognizes an external domain of neurofascin (cyan) in the axon
initial segment. The boxes represent the stimulation areas that were
bleached and imaged to create the live movies of transport in the
axon. Co-expression of tau (green) and mA-syn (red) was confirmed
with post-fixation immunostaining (right panels). Scale bar represents
50 pm. b Confocal microscopy was used to generate live cell movies
of mA-syn transport at~28 frames/second. Each panel image is one
second after the previous panel. Transport of mA-syn was observed
in the anterograde (solid arrowhead) and retrograde (barbed arrow-
head) directions. ¢ Kymographs were generated and analyzed using
the KymoAnalyzer Image] macro. Anterograde transport is shown
in green and retrograde transport is shown in red. d psTau increased
anterograde segment velocity compared to all other tau constructs.
e No significant differences in retrograde segment velocity were
detected among the tau constructs. f Expression of psTau resulted in
a significant increase in pause frequency of mA-Syn traveling in the
anterograde direction compared to all other conditions. g psTau also
increased retrograde pause frequency compared to expression of the
other tau constructs. These experiments were repeated 5 independ-
ent times and data represent the mean+SD. *p <0.05 in a two-way
ANOVA with Tukey’s post hoc test with psTau modification and
A2-18 deletion as the two factors

57]. Interacting partners bind to PP1 along surface grooves
that recognize motifs like RVXF but binding alone does not
always affect the catalytic site or change PP1 activity as the
two sites are separated by ~20 A [19]. Tau also could play
a role in modulating substrate specificity by blocking or
promoting substrate binding and/or access to the active site
in PP1, but further work is required to test these hypoth-
eses. Despite the disordered nature of many PP1-interact-
ing proteins, pre-formed secondary structures, particularly
a-helices, are important for binding to PP1 [57]. The TNT1
antibody detects a conformation-specific epitope in PAD
which may indicate that the predicted a-helix in that region
is important for functional interactions with PP1 [25, 58].
The salience of the PAD within the extreme amino ter-
minus of tau was demonstrated, by our group, in multiple
ways using the squid axoplasm model system. Without
PAD present, tau aggregates, N-terminal tau fragments,
psTau monomers and FTDP-17 mutant tau monomers do
not significantly impair axonal transport, while a synthetic
PAD peptide was sufficient to significantly impair axonal
transport [9, 24, 41, 45]. Together, these studies highlighted
the necessity and sufficiency of the N-terminal PAD for tau-
mediated transport impairment. Subsequently, we tested
whether deleting PAD would directly impact the interaction
and activation of PP1 by WT and psTau. Deletion of PAD
from psTau reduced the interaction with and activation of
PP1y but did not significantly impact interaction or activa-
tion with WT tau. In addition, PAD deletion eliminates tau-
induced increases in active PP1 and rescues the increase in
pause frequency induced by psTau expression (discussed

further below) in primary mammalian neurons. These data
support prior findings demonstrating the importance of PAD
in tau-induced transport impairment.

The landscape of protein phosphatase-mediated tau
dephosphorylation is complex as tau may serve as substrate
for and regulator of phosphatases. Indeed, there may be a
role for PP1, PP2A, PP2B and PP5 in the modulation of tau
phosphorylation in normal physiology and pathology, and
different phosphatases appear to show distinct site prefer-
ences [59-62]. Specifically, the sites under investigation here
with psTau (S199/5202/T205), are not effectively dephos-
phorylated by PP1 in AD-derived insoluble phospho-tau
samples [59, 60]. However, in recombinant protein studies in
vitro, PP1 can dephosphorylate T205 well and is less effec-
tive at S199 and S202. Generally, the data support that other
phosphatases, including PP2A, PP2B and PP5 are more
effective at dephosphorylating tau at these sites [59, 60].
The psTau modifications enhanced tau interaction with PP1y
in our assays. Given the weak dephosphorylation of two of
these sites by PP1, the increased protein—protein interac-
tion that may occur when tau is phosphorylated at this sight
is likely driven more by changes to tau conformation rather
than PP1-mediated dephosphorylation. Dephosphorylation
of tau also may affect tau’s normal function, including its
affinity for microtubule binding. The downstream effects this
might exert on transport along the axon is not known but
supraphysiological saturation of microtubules with WT tau
did not alter axonal transport in squid axoplasm [63].

Implications of the Tau-PP1 Interaction
in Tauopathies

Prior studies using a squid axoplasm model show that abnor-
mal tau species, associated with AD and other tauopathies,
cause transport defects that are mediated by PAD-induced
abnormal activation of a regulatory signaling pathway
involving PP1-induced activation of GSK3f and subsequent
phosphorylation of kinesin light chain [24, 41, 45, 47, 63,
64]. These abnormal forms of tau include those displaying
increased phosphorylation and conformational changes (e.g.
PAD exposure and oligomerization), that are associated with
synapse [65, 66] and axon degeneration [67, 68], and cor-
relate with cognitive decline during disease progression [27,
69-71]. Toxic activation of this signaling pathway is consist-
ent with other studies indicating amyloid p-induced axonal
transport defects depended on tau and GSK3p activity in a
cultured neuron model [72]. GSK3f activity is increased
in AD but relatively little is known about changes to PP1
isoform activity [73, 74]. Total PP1 activity is somewhat
decreased in some studies but to a lesser extent than other
well-known tau phosphatases like PP2A [75-77].

Several studies have highlighted the prominent role of
PP2A as a main tau phosphatase, as well as the connections
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between tau phosphorylation, PP2A levels/activity, and AD
pathology (reviewed in [62, 78, 79]). Data presented here
on PP1 and prior work with PP2A show that both phos-
phatases bind tau in the region of the MTBRs [80]. The
apparent overlap in binding regions may suggest some com-
petition between these two phosphatases, which could be
reminiscent of the competition between Fyn and PP2A for
binding to tau or MAP2 and tau for binding to PP2A [81].
Interestingly, PP2A activity, mRNA and protein levels are
decreased in human AD brains, which could facilitate tau-
PP1 interactions [77]. Published data also suggests PP2A
provides ~71% of tau phosphatase activity in the brain,
while PP1 provides only ~ 11% [59]. Perhaps this differential
reflects tau as an effective substrate for PP2A but also as a
regulator of PP1 localization and activity. This hypothesis
would also support the strong inverse correlation between
PP2A deficits and accumulation of phospho-tau in human
disease, with only mild changes in PP1 activity [75-77].
Interestingly, FTDP-17 mutant tau, including P301L, shows
reduced PP2A binding [82], but our recent work finds the
opposite for this mutant tau binding to PP1 [9].

The data presented here, and prior findings suggest that
phosphorylation of tau at the ATS sites is one that alters
tau conformation, exposes PAD and disrupts axonal func-
tion. One of the earliest signs of abnormal tau deposi-
tion in human brains is called pretangle pathology, which
is diffuse granular cytoplasmic deposits that extend into
connected processes and precedes the formation of more
compact inclusions that ultimately coalesce into mature
tangles (all of which remain AT8 + through all disease
stages) [25, 33, 83, 84]. The AT8 antibody is widely used
for Braak staging AD neuropathology (due to its ability
to detect the range of inclusion stages and sensitivity)
and ATS8 +tau is a prominent pretangle modification in
AD [24, 27, 30-34], implying it may start acting at the
early stages of tau-mediated pathogenesis. More recently,
we found that AT8 phosphorylation and PAD exposure
occur initially in axons of the mossy fiber and Schaffer
collateral pathways prior to the appearance of cell body
inclusions in cognitively intact and mild cognitive impair-
ment patients [85]. Early work described the AT8 epitope
as phosphorylation at S199 and S202 [28], but a subse-
quent paper showed that T205 was also part of the AT8
phosphoepitope [86]. More recent evidence suggests AT8
recognizes phosphorylation at a combination of sites that
can include S198, S199, S202, T205, S208, and/or S210
[29]. Despite a lack of strict specificity of the AT8 anti-
body epitope, structural FRET studies clearly showed that
simultaneous pseudophosphorylation specifically at S199,
5202 and T205 (glutamic acid mutations were used, same
as psTau used here) alters soluble tau structure leading
to exposure of the N-terminus [23]. psTau modifications
also reduce microtubule binding affinity [87] and impair
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axonal transport through a PP1-mediated mechanism in
squid axoplasm [24]. Thus, our focus on this triple modi-
fication here was due specifically to these known structural
changes (not an antibody epitope per se) and we confirmed
this by showing that psTau aberrantly exposes PAD in
non-denaturing dot blots of recombinant psTau monomers.
Recent data suggests specific single or other combinations
of phosphomimetic modifications in this region of tau may
alter its effects on axonal transport in the squid axoplasm
[35]. Future studies are required to translate these effects
to mammalian neurons. However, the status of PAD expo-
sure in the individual or alternative combinations of modi-
fications in this region of tau are not yet defined.

Based on the known effect of phosphomimics at S199,
S202 and T205 on the N-terminus of tau, we explored its
effect on the functional interactions with PP1 and its impact
on axonal transport in mammalian neurons. The psTau mod-
ification significantly enhanced the interaction with PP1y,
compared to WT tau, and its expression increased levels
of active PP1ly in cells. Perfusion of psTau monomers sig-
nificantly impaired axonal transport in the squid axoplasm
[24], but whether this effect translated into mammalian neu-
rons remained unexplored. Using rat primary hippocampal
neurons, we found that expression of wild-type tau does
not significantly alter axonal transport velocity or pause
frequencies, which is consistent with prior work showing
wild-type tau does not impair transport in squid axoplasm
(up to 20 times physiological levels) [63], primary rat hip-
pocampal neurons [9], or tau-overexpressing transgenic
mice [88]. In contrast to WT tau, psTau robustly increased
pause frequencies (anterograde and retrograde) in a PAD-
dependent fashion (deletion rescued transport disruption),
and removal of PAD from psTau significantly reduced PP1y
binding and activation of PP1y. We also found that psTau
increased anterograde transport velocity of synaptophysin-
labeled vesicles, which was not observed previously in the
squid axoplasm assay [24]. These differences in the findings
are likely due to the methods for imaging and measuring
transport in each assay. In the squid, transport rate measure-
ments are a function of both transport rate and frequency
of cargoes entering and exiting the focal plane (detailed in
[9, 89]). As a result, mechanisms slowing the average rate
of cargo transport (e.g. affecting motor ATPase activity)
or reducing the frequency of organelles entering or exiting
the focal plane (e.g. cargo dissociation) produce a similar
readout of slower transport rate in the squid axoplasm assay
[9, 89]. In contrast, the fluorescence labeling of cargo-
associated proteins (such as synaptophysin used here) and
live-cell confocal microscopy allows for direct measurement
of transport velocity and cargo pausing separately. In addi-
tion, anterograde cargo pause frequency increased 123% in
psTau expressing primary neurons versus WT tau expressing
neurons, while anterograde velocity increased only ~38% in
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psTau neurons over WT tau neurons. Perhaps the combina-
tion of different imaging modalities and the more robust
effect on cargo pausing overshadowed a mild increase in
anterograde transport rate in our prior squid axoplasm stud-
ies. Together, the data suggest that phosphorylation in the
S199-T205 region, a post-translational modification of tau
closely tied to early pathology in AD and other tauopathies,
may drive axonal transport dysfunction as a monomeric pro-
tein through a PP1-dependent mechanism and that PAD is
an important component of this effect [24].

Conclusions

Collectively, published work and the current results suggest
that the phosphorylation at residues associated with the AT8
sites occurs first in axons during early disease, may lead to
aberrant PAD exposure, and abnormal interaction and acti-
vation of PP1y, resulting in axonal transport impairment in
a PAD-dependent fashion [24, 85]. Together, this supports
the hypotheses that tau can regulate PP1 activity through a
direct interaction with PP1 and disease-associated post-trans-
lational modifications of tau (such as phosphorylation within
S199-T205) can modulate this function, thereby altering nor-
mal axonal transport [8, 46, 90]. The interaction with and
activation of PP1 by tau occurred with both PP1a and PP1y.
Tauw’s MTBR appears to be the primary mediator of interac-
tion with PP1 while the termini of tau play modulatory roles
in both interaction and activation of PP1. The disease-asso-
ciated psTau construct induced further increases in interac-
tion and activity, compared to WT tau, with the PP1y isoform
only. Our recent studies with mutant tau suggest specifically
that PP1y is the key isoform for this mechanism of transport
disruption [9]. Deletion of PAD reduced this interaction and
its effect on active PP1y levels. PAD deletion also rescued the
psTau-induced disruption to axonal transport in primary hip-
pocampal neurons. The evidence provided here suggests tau’s
functional repertoire reaches beyond modulating microtubule
dynamics and includes regulating cell signaling cascades in
a highly specific manner [3]. This functional effect of tau and
the implications of how disease-specific modifications impact
this mechanism may provide new targets for pharmacological
interventions for treating tauopathies.
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