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Highlights

e The S305E tau phosphomimetic inhibits aggregation and seeding in established cell
culture models.

e Novel monoclonal antibody 2G2 specific for tau phosphorylated at S305 was established
and characterized.

e Consistent with an inhibitory effect of phosphorylated S305 on tau aggregation antibody

2G2 does not react with pathological tau inclusions in Alzheimer’s disease brains.
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Abstract

Alzheimer’s disease and other tauopathies are characterized by the brain accumulation of
hyperphosphorylated aggregated tau protein forming pathological inclusions. Although elevated
tau phosphorylated at many amino acid residues is a hallmark of pathological tau, some evidence
suggest that tau phosphorylation at unique sites, especially within its microtubule-binding
domain, might inhibit aggregation. In this study, the effects of phosphorylation of two unique
residues within this domain, serine 305 (S305) and serine 320 (S320), were examined in the
context of established aggregation and seeding models. It was found that the S305E
phosphomimetic significantly inhibited both tau seeding and tau aggregation in this model, while
S320E did not. To further explore S305 phosphorylation in vivo, a monoclonal antibody (2G2)
specific for tau phosphorylated at S305 was generated and characterized. Consistent with
inhibition of tau aggregation, phosphorylation of S305 was not detected in pathological tau
inclusions in Alzheimer’s disease brain tissue. This study indicates that phosphorylation of
unique tau residues can be inhibitory to aggregate formation, and has important implications for

potential kinase therapies. Additionally, it creates new tools for observing these changes in vivo.
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1. Introduction



Aggregation of the microtubule (MT) associated protein tau (MAPT) into
hyperphosphorylated inclusions is characteristic of a number of phenotypically diverse diseases
known as tauopathies. These diseases include Alzheimer’s disease (AD), corticobasal
degeneration, progressive supranuclear palsy, Pick’s disease, chronic traumatic encephalopathy,
as well as frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17t)[1].
Tau binds to, stabilizes and assembles MTs, among a host of other diverse functions[1,2]. Tau is
normally expressed in the CNS as six distinct isoforms due to alternative mRNA splicing with
approximately half of the isoforms containing three MT binding repeats (3R) and the other half
containing four repeats (4R)[3]. Though natively a soluble and intrinsically disordered protein,
tau can aggregate as B-sheet folded, amyloidogenic paired helical filaments that coalesce to form
pathological inclusions[1,4,5]. How this protein undergoes this transformation is not fully
elucidated, but post-translational modifications, namely phosphorylation, have been
implicated[1,6-11]. Additionally, growing evidence suggests that tau can aggregate
intracellularly and spread between cells throughout functionally connected areas of the brain by a
process known as “seeding,” in which tau monomers can conformationally template onto
existing nucleated tau polymers, which can further expand into longer tau fibrils[12,13].

Tau MT binding and stabilization is a process that is negatively regulated by
phosphorylation[1,2,10,14]. There are over 80 serine, threonine and tyrosine residues on the
longest isoform of tau that are potential sites of phosphorylation, many of which are
phosphorylated normally in the human brain[10]. These are modified by many different kinases
and several phosphatases, not all of which have been identified[11]. There are several
phosphorylation sites that are particularly associated with AD and other tauopathies[15], and

hyperphosphorylation of these sites often precedes, and potentially may lead to,



aggregation[6,16]. Indeed, hyperphosphorylated tau from AD brain extracts can self-aggregate
into fibrils in vitro[17], and proline-directed pseudo-phosphorylation of the disease-associated
epitopes of AT8 and PHF1 induces tau to form a pathological structure[7]. Conversely, MT
affinity-regulating kinase (MARK) and protein kinase A (PKA) are known to phosphorylate sites
of tau within the MT repeats, which decreases tau’s affinity for microtubules but also can inhibit
aggregation in vitro[18]. Thus, not all phosphorylation is necessarily associated with
hyperphosphorylated, pathological tau, and phosphorylation of certain sites, particularly within
the region of tau important for polymerization, could even be protective against aggregation.

In the studies here, using established cellular models of tau aggregation and seeding[19],
we focus on potential tau phosphorylation sites, serine 305 (S305) and serine 320 (S320), within
the tau MT region that might influence tau aggregation based on their proximity to the PHF6
motif important for amyloid formation[20,21] and proline 301 (P301) that plays a key role in
seeded tau aggregation[19]. In addition, the individual FTDP-17 tau mutations S305N[22,23]
and S320F[24], which are sufficient to cause disease, abolishes these potential phosphorylation
sites that have both been shown to be phosphorylated by several kinases in vitro[18,25-27]. We
show that phosphorylation of S305, but surprisingly not S320, can significantly inhibit tau

aggregation.

2. Materials and methods

2.1. Tau Mammalian Expression Plasmids
The cDNAs encoding full length ON4R human tau isoforms were cloned in the
mammalian expression vector pcDNA3.1(+). QuikChange site-directed mutagenesis (Agilent

Technologies, Santa Clara, CA) using mutant-specific oligonucleotides was used to create the



different missense tau mutations. DNA sequencing confirmed the correct mutations and absence

of errors throughout the entire length of the tau cDNA.

2.2. Expression and Purification of Recombinant 2N4R Human Tau and K18 Tau

cDNAs encoding 2N4R human tau or the human tau K18 fragment (residues Q244-E372
in 2N4R human tau) with an added methionine residue at the N-terminus cloned into bacterial
expression plasmid pRK172 were used for expression in BL21 (DE3)/RIL Escherichia coli
(Agilent Technologies, Santa Clara, CA). This protein was purified as previously described[28],
and concentrations were determined using the bicinchoninic acid assay (BCA; Pierce, Waltham,

MA) and bovine serum albumin (BSA) as the standard.

2.3. Assembly of Recombinant K18 Tau Fibrils

K18 tau proteins were fibrillized at 1 mg/mL by shaking at 1050 rpm (Eppendorf
Thermomixer R) and incubating at 37°C for at least 48 hours while in sterile PBS containing 50
MM heparin[29,30]. Fibril formation was confirmed via K114 fluorometry as previously
described[19,31]. To remove heparin, tau fibrils were centrifuged at 100,000 x g and
resuspended in sterile PBS, followed by BCA assay to determine concentration. Bath sonication

for 60 minutes was used to fragment tau fibrils into shorter tau “seeds” as previously

described[32].

2.4. Cell Culture and Transfection
HEK293T and Neuro 2A cells were maintained in Dulbecco’s modified Eagle’s medium

(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml



penicillin/100 pg/ml streptomycin at 37°C and 5% COz2. For transfections, cells were plated on 6-
well or 12-well polystyrene plates with 2 or 1 mL of media, respectively. Neuro2A cells were
transfected with Lipofectamine 2000 reagents (Thermo Fisher Scientifiic) according to the
manufacturer’s instructions. For HEK293T cellular transfection, 1.5 pg of plasmid DNA
expressing ON4R tau was diluted into 18.75ul of 0.5 M CaCl, and stepwise added to an equal
volume of 50 mM N, N-bis (2-hydroxymethyl)-2-aminoethanesulfonic acid, 280 mM NaCl, 1.5
mM NazHPOys, pH 6.96, per 1 ml of cell culture media. This mixture was incubated at room
temperature for 15-20 minutes before adding dropwise to the media in each well. For seeding
studies, K18 fibrils were added to cells 1 hour following transfection at a final concentration of 1
M. Cells were harvested either as total lysate or as detergent soluble and insoluble fractions 48
hours after transfection. For phosphorylation studies, cells were treated with 500 nM okadaic

acid (Cayman Chemical, Ann Arbor, MI) for 2 hours prior to total cell lysate harvest.

2.5. Biochemical Cellular Fractionation and Total Cell Harvest

Cells were harvested in 200 pL of Triton extraction buffer (25 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 20 mM NaF) and a cocktail of protease inhibitors (1
mM phenylmethylsulfonyl fluoride and 1 mg/ml each of pepstatin, leupeptin, N-tosyl-L-
phenylalanyl chloromethyl ketone, N-tosyl-lysine chloromethyl ketone and soybean trypsin
inhibitor). Samples were sedimented at 100,000 x g for 30 minutes at 4°C and the supernatants
collected as previously described[19]. To ensure supernatant removal, pellets were washed and
sedimented again. Supernatants were removed and the pellets were resuspended in 200 pL of
Triton extraction buffer. 5X SDS sample buffer (final concentration of 10 mM Tris, pH 6.8, 1

mM EDTA, 40 mM DTT, 0.005% Bromophenol Blue, 0.0025% Pyronin Yellow, 1% SDS, 10%



sucrose) was added to the collected supernatants and resuspended pellets, referred to as the
Triton-soluble and Triton-insoluble fractions. These samples were heated at 100°C for 10
minutes and the Triton-insoluble samples were probe-sonicated. For total cell harvest, samples

were collected in 1X SDS sample buffer and boiled for 10 minutes at 100°C.

2.6. Antibodies

Total tau antibodies used in these studies were rabbit polyclonal H150 (Santa Cruz,
Dallas, TX) and 3026[33]. H150 was raised against amino acids 1-150 of human tau, while 3026
was raised against full length recombinant ON3R human tau. 81A11 is a mouse monoclonal
antibody specific for the R2 region of tau[34]. Mouse monoclonal 2G2 was generated by
immunizing BALB/c mice with phosphopeptide CKHPGGGpSVQIVYKPVDL synthesized and
purified by GenScript USA Inc (Piscataway, NJ) and conjugated to imject maleimide-activated
mariculture keyhole limpet hemocyanin (mcKLH; Thermo Scientific, Waltham, MA). Mouse
immunization injection, spleen harvest, hybridoma fusion and screening, and isotyping were
performed as previously described[33]. Hybridoma clones were initially screen by enzyme-
linked immunosorbent assay (ELISA)[35] for reactivity for the CKHPGGGpSVQIVYKPVDL
phospho-peptide and the lack thereof for the CKHPGGGSVQIVYKPVDL (GenScript USA Inc.,
Piscataway, NJ) similar but not phosphorylated peptide. All procedures were performed
according to the NIH Guide for the Care and Use of Experimental Animals and were approved

by the University of Florida Institutional Animal Care and Use Committee.

2.7. Human brain tissue and immunohistochemistry analyses



Formalin fixed, paraffin embedded human brain tissue from de-identified AD and control
donors was obtained from the University of Florida Neuromedicine Human Brain Tissue Bank.
Tissue processing and sectioning as well as immunohistochemical antigen retrieval and staining

were performed as previously described[33].

3. Results

3.1. S305E Phosphomimetic Tau Mutation Inhibits Tau Aggregation

We previously showed that FTDP-17 tau mutations at proline 301 (P301L, P301S and
P301T) and serine 320 (S320F) can uniquely potentiate tau aggregation in cultured cells[19], and
of note these residues are both found near the PHF6 motif important for f-sheet
formation[20,21]. In addition some previous studies suggest that phosphorylation of certain
residues near the MT-binding domain, including S320, could be protective against
aggregation[18], and the mutation of S320 actually ablates this phosphorylation site.
Furthermore, S305 that is located between these two residues has been shown to be
phosphorylated by several kinases in vitro[18,25-27], and the FTDP-17 mutation S305N[22,23]
abolishes this phosphorylation site.

To investigate the possible role of S305 and S320 phosphorylation on seeded aggregation
in cultured cells, the S305 and S320 residues, numbered according to the 2N4R tau isoform but
within ON4R tau with the P301L mutation, were individually mutated to a glutamate, which
mimics phosphoserine in size and structure[7]. Tau with the P301L mutations was used to
promote seeding in cell culture[19]. When compared to P301L for their ability to aggregate
when treated with K18 fibrils, it was found that only the S305E and not S320E inhibited P301L

tau aggregation with seeding (Fig. 1A). To test the effects of S305E on aggregation



independently of exogenous seeding, the S305E phosphomimetic was introduced in the
P301L/S320F double mutant, which shows robust aggregation without seeding in culture[19].
The presence of the S305E phosphomimetic significantly reduced aggregation of even this robust

self-aggregating tau double mutant (Fig. 1B).

3.2. Monoclonal antibody 2G2 is Specific for Tau Phosphorylated at S305 and Phosphorylated
S305 is Not Detected in Pathological Tau Inclusions.

S305 is reportedly phosphorylated by several kinases in vitro[18,25-27,36], but to
explore if this site could be phosphorylated in vivo, we generated the monoclonal antibody 2G2
specific against tau phosphorylated at S305. The specificity of the antibody was initially
characterized by ELISA with synthetic peptides and recombinant tau proteins showing that it
only reacted with the epitope when phosphorylated at Ser305 (Fig. 2A). To further demonstrate
the specificity of the 2G2 antibody, WT, S305N, P301L and S320F tau were expressed in
HEK293T cells that were also treated with the cell permeable phosphatase inhibitor okadaic
acid[37] to promote phosphorylation (Fig. 2B). Antibody 2G2 only recognized WT and S320F
mutant tau in cells treated with okadaic acid, showing that in HEK293 cells, the basal level of
Ser305 phosphorylation is low. Antibody 2G2 did not react with S305N tau in cells treated with
okadaic acid, showing the specificity of the antibody for tau phosphorylated at Ser305 (Fig. 2B).
The presence of the P301L mutation, which is in close proximity to S305, appeared to
completely block 2G2 antibody binding (Fig. 2B), although the paucity of the immunoreaction of
2G2 for P301L tau could also be due to an inhibitory effect on S305 phosphorylation. The
specificity of antibody 2G2 was further determined with similar studies using Neuro 2A cells

(Fig. 2C) Consistent with an inhibitory effect of S305 phosphorylation on tau aggregation,



inspection of brain tissues from several AD patients with abundant tau pathology as shown by

phospho-tau antibody 7F2[33] revealed that tau pathology is not reactive with antibody 2G2

(Fig. 3).

4. Discussion

The studies presented here aimed to provide further insight on the complex role of
phosphorylation in tauopathy. While hyperphosphorylation of tau is associated with and
potentially causative of disease[1,7,15,16], specific residues have been found to be
phosphorylated within the normal brain but not in AD brains[10]. Additionally, phosphorylation
of multiple residues near the MT-binding region, including S320, can potentially inhibit
aggregation in vitro[18]. To test this in a model of tau seeding and aggregation, mutations at the
S305 and S320 sites, both within the MT-binding domain and close to the PHF6 site important
for aggregation[21,38], were mutated to a glutamate, whose structure and charge resembles that
of a phosphorylated serine. S305E and S320E phosphomimetics were created within the P301L
tau mutant, since it has been shown to robustly aggregate with seeding[19,39]. Seed-induced
aggregation of P301L tau was compared with P301L/S305E and P301L/S320E tau in our cellular
seeding model. While P301L/S320E tau aggregated with seeding at levels similar to P301L tau,
P301L/S305E tau aggregation was inhibited. This difference is likely due to the S305 residue’s
closer proximity to the PHF6 site[20,21], which forms the beginning of the proposed PHF
core[40], and where the phosphorylated serine may inhibit 3-sheet formation or fibrillar stacking.
In addition to inhibiting P301L tau seed-induced aggregation, the S305E substitution also
inhibited the robust self-aggregation of the P301L/S320F double mutant. Thus, it is likely that

the S305E substitution directly inhibits the propensity of amyloid formation.



Although in vitro phosphorylation of S305 by several kinases was previously
reported[18,25-27,36], we generated a monoclonal antibody (2G2) to tau phosphorylated at
S305 to be able to monitor this modification in vivo. We showed using S305N tau (S305
phosphorylation-dead mutant) that the 2G2 antibody is specific for phosphorylated S305 and
that, at least in HEK293T cells, phosphorylation of S305 was greatly increased by cellular
phosphatase inhibition. Consistent with an inhibitory effect of S305 phosphorylation on tau
aggregation, this modification could not be observed in tau inclusion pathology in AD brain
tissue.

The finding that the S320E substitution had little impact on aggregation likely indicates
that the conformation of these aggregates does not conform to one of the proposed models
elucidated in recent cryo-electron microscopy studies of AD PHF tau, in which S320 resides in a
hydrophobic pocket within the a key amyloid fold[40] that would be destabilized by S320
phosphorylation. However, phosphorylation of S320 may not be sufficient to impact tau
aggregation due to the various different folding structures that amyloidogenic tau can present
that can still polymerize into fibrils[40], and S320E would only impact some of these structures.
This finding also suggests that the S320F mutation that promotes tau aggregation[19] may have a
greater impact on destabilizing the native global hairpin structure of tau[41] or reducing MT
assembly[42], thus allowing for tau aggregation, rather than stabilizing tau amyloid structure.
However, it is still possible that the S320F mutation can directly promote tau aggregation by
promoting one of several tau amyloidogenic folds[40], which initiates and potentiates tau

aggregation.

5. Conclusions



We have shown using an established model of tau seeding and aggregation that pseudo-
phosphorylation of a specific residue of tau can have inhibitory effects. This phosphomimetic
mutant at S305 mitigates tau’s ability to aggregate with seeding, which was not seen with a
similar mutation at S320. To further explore the importance of this site, we created an antibody
specific to phosphorylated S305, and showed that, consistent with this inhibitory effect, this site
is not phosphorylated in pathological tau inclusions found in AD. These studies have
implications both in potential kinase and phosphatase-based therapies as well as in better
identifying post-translationally modified or conformationally distinct populations of tau protein

as therapeutic targets.
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Figure Legends

Figure 1. The S305E phosphomimetic inhibits tau seeding and aggregation.

HEK293T cells were transfected with plasmids expressing mutant tau as indicated above each
lane and treated with K18 fibril when indicated (+). Cells were biochemically fractionated into
Triton-soluble and Triton-insoluble as described in “Materials and Methods™ as indicated above
each blot. Blots were analyzed by the use of total tau antibody H150. Mobilities of molecular
mass markers in kDa are indicated on the right. (A) Comparison of tau aggregation with (+) or
without seeding (-) between ON4R P301L and P301L/S305E tau (top). Comparison of tau
aggregation with (+) or without (-) seeding between ON4R P301L and P301L/S320E tau
(bottom). Quantification of Triton-insoluble tau expressed as a percentage of total tau for P301L,
P301L/S305E, and P301L/S320E when K18 seeds were added (right). (B) Aggregation without
seeding of the P301L/S320F double mutant and P301L/S305E/S320F ON4R tau (left).
Quantification of Triton-insoluble tau expressed as a percentage of total tau (right). Percentage of
total tau = [insoluble/(soluble + insoluble)*100], N = 4 for A. N = 3 for B. Statistical analysis by

Student’s t-test. **** = p < 0.0001. ns = no significance.

Figure 2. New monoclonal antibody 2G2 is specific for tau phosphorylated at S305.

(A) ELISA analysis of antibody specificity using synthetic peptides with non-phosphorylated or
phosphorylated Ser305 and recombinant K18 tau fragment or 2N4R tau. ELISA was performed
with antibodies 2G2, 81A11 and 3026 as indicated above each graph. (B) HEK293T cells or

Neuro 2A cells (C) were transfected with plasmids expressing ON4R WT or mutant tau as



indicated above each lane, along with a negative control (non-transfected cells). Some cells (+)
were treated with okadaic acid (500 nM) for 2 hours before the cells were harvested. Total cell
lysate was collected as described in “Materials and Methods,” and equal amounts of proteins
were loaded in each lane. Blots were analyzed with total tau antibody 3026 or monoclonal
antibody 2G2 raised against phospho-S305 peptide. Mobilities of molecular mass markers in

kDa are indicated on the right.

Figure 3. Monoclonal antibody 2G2 does not detect pathological tau inclusions.

Immunocytochemistry of representative tau pathology in a human AD brain and a human control
brain with the new monoclonal antibody 2G2 and the previously characterized phospho-tau

antibody 7F2. Bar = 100 pum.
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