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Abstract
The microtubule-associated protein tau (τ) is a phosphoprotein that is crucial for regulating microtubule dynamics. Tau is 
highly enriched in neurons, where it functions by binding tubulin and stabilizing axonal microtubules. Phosphorylation of tau 
within its microtubule-binding repeat (R) domains significantly reduces its affinity for tubulin, leading to a loss in microtubule 
stability. In neurons, dysregulated kinase activity often results in the formation of hyper-phosphorylated tau isoforms that 
remain permanently detached from microtubules. If left untreated, hyper-phosphorylated tau can aggregate into insoluble, 
prion-like oligomers that contribute to the pathogenesis of neurodegenerative disease. Consequently, there is considerable 
interest in developing inhibitors that reduce levels of hyper-phosphorylated tau in neurons. In this study, we have generated 
a synthetic peptide mimetic (tR1) of the tau R1 domain as an inhibitor of microtubule-affinity regulating kinase 2 (MARK2). 
In vitro assays showed that tR1 inhibits the MARK2-mediated phosphorylation of tau within its R1 domain at Ser262, a 
residue critical for favorable tau-tubulin interactions. We also demonstrate that tR1 peptides are > 90% stable up to 24 h in 
neurobasal medium and RPMI media supplemented with human serum. Uptake experiments in cultured rat primary cortical 
neurons indicate that tR1 is internalized through an energy-dependent mechanism and can be delivered to the cytoplasm when 
co-treated with bafilomycin A1 or chloroquine. Furthermore, we show tR1 inhibits phosphorylation of endogenous tau at 
Ser262 in cultured neurons following activation of intracellular kinases. This inhibitory effect was selective for kinases that 
phosphorylate tau at Ser262, as tR1 did not inhibit tau phosphorylation at Thr231. Collectively, these results establish tR1 
as a highly-stable, peptide-based kinase inhibitor that reduces the level of phosphorylated tau proteins in neurons.
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Introduction

Protein kinases are key regulatory enzymes that catalyze 
the transfer of phosphate groups from nucleotides to other 
proteins. Phosphorylation alters the structural conformation 
of proteins and is often used as a means to modulate protein 
trafficking and activation (Gundry et al. 2017; Johnson 2009; 
Trentini et al. 2016). Because of their profound influence 
on protein function, protein kinases are considered essen-
tial to many cellular processes including signal transduc-
tion, molecular transport and secretion (Gibbs et al. 2015; 
Schenk and Snaar-Jagalska 1999; Sreelatha et al. 2015). The 
human protein kinase superfamily is composed of approxi-
mately 500 genes, which constitutes nearly 2% of the human 
genome (Manning et al. 2002). Moreover, up to 30% of all 
human proteins are able to be phosphorylated through some 
kinase activity (Mukherji 2005). Due to their extensive influ-
ence regulating a myriad of cellular processes, aberrations 
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in protein kinase function can result in the onset of diseases 
including diabetes, inflammation, cancer and neurodegen-
erative disorders (Cheung and Ip 2012; Musi 2006; Russo 
et al. 2015; Tejeda-Munoz and Robles-Flores 2015). Conse-
quently, protein kinases are considered important therapeutic 
targets and there is significant interest in the development 
of molecules that can selectively modulate discrete protein 
kinase activity (Gallion and Qian 2005; Martin and Arthur 
2012; Scapin 2006).

Current strategies to inhibit the activity of protein kinases 
include blocking catalytic function through competitive inhi-
bition at the kinase active site; clearing the dysfunctional 
kinase through antibody-mediated degradation; or designing 
molecules that directly inhibit interactions between protein 
kinases and target substrates. To date, the vast majority of 
protein kinase inhibitors are small-molecules that competi-
tively target the ATP-binding pocket of the kinase (Elkins 
et al. 2016; Garuti et al. 2010; Han et al. 2012). However, 
small-molecule kinase inhibitors often suffer from limited 
target selectivity due to high structural similarity among pro-
tein kinase active sites (Garuti et al. 2010; Han et al. 2012; 
Scapin 2006). An alternative strategy for inhibiting protein 
kinase activity includes developing therapeutic antibodies 
designed to specifically target the dysregulated kinase (Car-
penter et al. 2012; Stephenson et al. 2015). Antibodies are 
advantageous because they can be reacted against discrete 
epitopes on the kinase surface, thus achieving a high level 
of target specificity. Nevertheless, antibodies are not cell 
permeable and many kinases lack extracellular domains that 
can be targeted using this strategy. Another approach that 
has emerged for reducing protein kinase activity includes the 
development of peptide-based kinase inhibitors (Eldar-Fin-
kelman and Eisenstein 2009; Kaidanovich-Beilin and Eldar-
Finkelman 2006; Keenan et al. 2017). These molecules are 
designed to mimic the interaction domain of protein kinase 
substrates, including specific amino acids surrounding the 
phosphorylation site that are critical for substrate recogni-
tion. In theory, peptides that mimic discrete recognition 
motifs have the potential to act as competitive inhibitors of 
the target kinase and may be capable of reducing the activity 
of select protein kinases with enhanced precision.

The microtubule affinity-regulating kinase (MARK) pro-
teins are a family of Ser/Thr kinases that play important 
roles in signal transduction and establishing cellular polarity 
(Hurov and Piwnica-Worms 2007; McDonald 2014; Tas-
san and Le Goff 2004). There are four known isoforms of 
MARK in humans (MARK1-4) that all have similar domain 
composition (Hurov and Piwnica-Worms 2007; Timm et al. 
2008a, b). MARK proteins target the microtubule-associated 
proteins MAP2, MAP4 and tau, which become phospho-
rylated within KXGS motifs of their microtubule-binding 
domains (Dehmelt and Halpain 2005; Timm et al. 2006). 
In neurons, tau acts by binding tubulin and regulating the 

dynamics of axonal microtubules (Mephon-Gaspard et al. 
2016; Mietelska-Porowska et al. 2014). The ability for tau 
to interact with tubulin is controlled by its phosphoryla-
tion state; phosphorylated tau proteins have low affinity for 
tubulin, while de-phosphorylated tau binds tubulin with high 
affinity (Cho and Johnson 2004; Inoue et al. 2014; Wein-
garten et al. 1975). Previous work has shown that MARK2 
phosphorylates tau within four-repeat microtubule-binding 
domains at Ser262 (R1 domain), Ser293 (R2), Ser324 (R3) 
and Ser356 (R4) (Drewes et al. 1997; Schwalbe et al. 2013). 
Phosphorylation at these sites causes tau to disengage from 
tubulin, resulting in diminished microtubule stability. Ele-
vated MARK2 activity in neurons has been linked to the 
formation of hyper-phosphorylated tau isoforms (Gu et al. 
2013a, b; Timm et al. 2006, 2008a, b) that can aggregate 
into prion-like oligomers known as neurofibrillary tangles 
(NFTs). If left untreated, NFTs can disrupt the structural 
integrity of neuronal networks, ultimately leading to neuro-
degeneration (Beharry et al. 2014; Wang et al. 2013). Efforts 
to develop inhibitors of MARK family kinases have met with 
moderate success, including the development of the dihydro-
pyrazine-based MARK inhibitor 39621 (Timm et al. 2011). 
This small molecule has shown promise inhibiting MARK 
activity, however, 39621 targets all known MARK isoforms 
with similar affinity and its cross-reactivity with other pro-
tein kinases has not been fully characterized. We were there-
fore interested in exploring alternative strategies to develop 
selective inhibitors of MARK2 function. This prompted us 
to design a kinase inhibitor in the form of tR1, a peptide 
derived from the first microtubule-binding repeat domain 
(R1) of the tau protein. Although sequence variations of 
R1-based peptides have been used previously as MARK2 
substrates for in vitro kinase activation assays (Matenia et al. 
2005; Timm et al. 2011), we can find no evidence of such 
peptides being used as inhibitors of MARK2 activity. In this 
study, we describe the development of tR1 as an inhibitor of 
MARK2 and show that this peptide can be used to reduce 
the level of phosphorylated tau in vitro and in cultured rat 
primary cortical neurons.

Materials and Methods

Peptide Synthesis and Purification

All peptides were synthesized using standard solid-phase 
peptide synthesis procedures (Fields and Noble 1990) on 
Fmoc-PAL-AM resin (25 µmol scale). Amino acid cou-
plings and deprotections were performed in a microwave 
accelerated reaction system (CEM) using a fritted glass 
reaction vessel to facilitate washing of the resin. Multiple 
washing steps using fresh N-methyl-2-pyrrolidone (NMP) 
were performed between each coupling and deprotection 
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reaction described. Deprotection of terminal amino acids 
was achieved by treating the resin-bound peptide with 
25% piperidine (v/v) in NMP containing 0.1 M HOBt to 
minimize aspartimide formation (Palasek et al. 2007). Fol-
lowing deprotection and washing, coupling reactions were 
performed by adding 5 equivalents (eq) amino acid, 5 eq 
PyClock and 10 eq DIEA in NMP to the resin. All eq values 
were based on the resin loading level. Iterative coupling and 
deprotection cycles were performed until peptides of desired 
sequence were achieved. Following completion of the syn-
thesis, resin-bound peptides were either acylated or labeled 
on their N-terminus with 5-carboxyfluorescein (5-CF). 
Acylations were performed by reacting deprotected pep-
tides in a solution of 6% (v/v) acetic anhydride and 6% (v/v) 
N-methylmorpholine in NMP. This reaction was allowed to 
stir for 15 min at room temperature and was repeated before 
final washing steps outlined below. N-terminal fluorescent-
labeling of tR1 was performed by preparing a solution of 
3 eq 5-CF, 3 eq HCTU and 7.5 eq DIEA in NMP and add-
ing it to the deprotected peptide. The labeling reaction was 
allowed to stir in the dark at room temperature for 24 h. Fol-
lowing acylation or labeling, the resin-bound peptides were 
washed thoroughly with NMP and dichloromethane, and 
dried under vacuum to remove residual solvent. The peptides 
were then globally deprotected and cleaved from the resin 
by adding a solution of trifluoroacetic acid/water/phenol/
triisopropylsilane (88:5:5:2, v/v/v/v) to the reaction vessel. 
Cleavage reactions were allowed to proceed for 30 min at 
38 °C. Following cleavage, the peptides were precipitated 
in cold diethyl ether, pelleted and resuspended in a suitable 
volume of 15% acetonitrile in water. This solution was fro-
zen and the peptides were lyophilized to dryness. For puri-
fication by HPLC, crude peptide powders were resuspended 
in a suitable volume of 15% (v/v) acetonitrile in water and 
injected across a reversed-phase preparative-scale C18 col-
umn (Grace, 10 µM, 250 × 10 mm). Peptides were separated 
using a linear gradient of 15–50% solvent B (0.1% TFA in 
acetonitrile) over solvent A (0.1% TFA in water) at a flow 
rate 4 mL/min. All major peaks were collected and analyzed 
by mass spectrometry to confirm peptide identity. Fractions 
containing purified peptide products were combined, frozen 
and lyophilized twice. For storage, purified peptide powders 
were dissolved in water and stored at 4 °C protected from 
light. Final concentrations of peptide solutions were deter-
mined by dry weight (tR1) or using an extinction coefficient 
of 83,000 M−1 cm−1 at 450 nm in water (FlutR1).

Plasmids

Plasmids coding for full-length human MARK2 were 
obtained from the DNASU Plasmid Repository (Tempe, AZ) 
supplied in transformed DH5-α T1 phage-resistant E. coli 
bacterial cells (Clone: HsCD00358216). Genes coding for 

MARK2 were provided in a pMCSG7 vector, which adds an 
N-terminal poly-histidine tag  (His6) on MARK2 to facilitate 
purification. Upon arrival in our laboratory, plasmids were 
isolated from DH5-α cells using a plasmid purification kit 
(Qiagen, Valencia, CA) and transformed into BL21(DE3) 
competent cells (Agilent, Santa Clara, CA) according to 
the manufacturer’s instructions. Plasmids coding for human 
tau K18 (hTau-K18) were a generous gift from Professor 
Kevin G. Moffat, University of Warwick, (Coventry, UK). 
hTau-K18 was supplied in a pProEx-HTa-Myc vector which 
adds a  His6 tag at the N-terminus of hTau-K18. Immedi-
ately upon arrival in our laboratory, pProEx-HTa-Myc-K18 
plasmids were transformed into Rosetta2 DE3 competent 
cells (Novagen, Darmstadt, Germany) as described by the 
manufacturer’s instructions. All transformants were stored 
as glycerol stocks at − 80 °C until further use.

Protein Expression and Purification

MARK2 proteins were expressed and purified from 
BL21(DE3) competent cells as described previously (Biernat 
et al. 2002; Timm et al. 2011). Briefly, bacterial cells harbor-
ing MARK2 plasmids were inoculated in 1 L of LB broth 
supplemented with ampicillin and shaken at 37 °C until 
reaching an  OD600 of 0.6. The cultures were then cooled 
to 16 °C and expression of MARK2 was induced with the 
addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) 
at a final concentration of 1 mM. Once induced, the bacte-
ria were shaken for an additional 18 h at 16 °C. To extract 
MARK2 proteins, bacterial pellets were re-suspended in 
buffer A (50 mM Tris–HCl, 200 mM NaCl, 50 mM imi-
dazole, 5 mM CHAPS, 2 mM benzamidine HCl, 1 mM 
β-mercaptoethanol, 1 mM PMSF, pH 7.5) and sonicated on 
ice. Bacterial lysates were centrifuged 2 × at 17,000 rpm for 
30 min at 4 °C. The cleared supernatant was added across 
a column containing fresh Ni-NTA resin (MC Biolabs, San 
Francisco, CA) and incubated for 1 h at 4 °C with shak-
ing. Following incubation, unbound proteins were washed 
from the column with buffer A. MARK2 was eluted from 
the column with buffer B (50 mM Tris–HCl, 200 mM NaCl, 
500 mM imidazole, 5 mM CHAPS, 2 mM benzamidine HCl, 
1 mM β-mercaptoethanol, 1 mM PMSF, pH 7.5). Collected 
fractions were then analyzed by SDS-PAGE (Supplementary 
Material Fig. S1a). The eluted fractions containing purified 
MARK2 were combined and dialyzed into phosphoryla-
tion buffer (50 mM Tris–HCl, 5 mM  MgCl2, 2 mM EGTA, 
0.5 mM DTT, 0.5 mM benzamidine HCl, 0.5 mM PMSF, pH 
8.0). Following dialysis, purified MARK2 was concentrated 
by centrifugal filtration (Amicon filtration units, Millipore), 
flash frozen and stored at − 80 °C until further use. Recom-
binant hTau-K18 proteins were expressed and purified from 
Rosetta2 DE3 chemically competent cells. Cells were cul-
tured in 1 L of LB broth with shaking at 37 °C until reaching 
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an  OD600 of 0.6. Protein expression was then induced with 
IPTG at a final concentration of 0.5 mM. Following addition 
of IPTG, the cells were allowed to incubate for an additional 
1 h with shaking at 37 °C. The cultures were then pelleted 
by centrifugation at 4 °C. After centrifugation, the superna-
tant was removed and the pellet was resuspended in 10 mL 
phosphate buffer (50 mM  NaH2PO4, pH 7.5). The resus-
pended pellet was frozen and stored at − 80 °C until further 
use. Prior to purification, the bacteria resuspension was 
gently thawed at 42 °C for 10 min. Once thawed, protease 
inhibitors (ThermoFisher), B-PER bacterial protein extrac-
tion reagent (Thermo) and DNAse I (Sigma) were added 
to the suspension. The mixture was then incubated at room 
temperature for 1 h before being sonicated on ice. Follow-
ing sonication, the solution was centrifuged for 45 min at 
17,000 rpm at 4 °C and the cleared lysate was added across 
a fresh Ni-NTA column equilibrated with buffer C (50 mM 
 NaH2PO4, 500 mM NaCl, 10 mM imidazole, pH 7.0). The 
loaded column was then allowed to incubate for 1 h at 4 °C 
with shaking. Following incubation, the column was washed 
with buffer D (50 mM  NaH2PO4, 500 mM NaCl, 25 mM 
imidazole, pH 7.0) and hTau-K18 was eluted with buffer E 
(50 mM  NaH2PO4, 500 mM NaCl, 500 mM imidazole, pH 
7.0). Collected fractions were then analyzed by SDS-PAGE 
(Supplementary Material Fig. S1b). Fractions containing 
purified protein were combined and dialyzed against buffer 
F (50 mM Tris–HCl, 100 mM NaCl, pH 7.5). Following 
dialysis, the hTau-K18 protein was concentrated by centrifu-
gal filtration (Amicon filtration units, Millipore), flash frozen 
and stored at − 80 °C until further use.

In Vitro Phosphorylation and Western Blotting

All phosphorylation reactions used to assess kinase activity 
were performed in a total volume of 30 µL phosphorylation 
buffer for 60 min at 32 °C. Depending on the experimental 
conditions, 50 µM ATP, 5 µM hTau-K18, 10 nM MARK2 
or 0–50 µM tR1 were added to the reaction mixture. Fol-
lowing incubation, the reactions were terminated by add-
ing 6 µL of SDS loading buffer (0.312 M Tris–HCl, pH 
6.8, 40% glycerol, 10% SDS (w/v), 25% β-mercaptoethanol 
(14.2 M), 0.05% bromophenol blue (w/v)) and heating the 
sample for 3 min at 95 °C. Samples were cooled to room 
temperature and immediately separated by SDS-PAGE on a 
15% polyacrylamide gel. The proteins were then transferred 
to a PVDF membrane for 2 h at 4 °C and the membrane was 
blocked overnight at 4 °C with 5% (w/v) nonfat dry milk in 
TBST (0.1% Tween-20 in TBS). Following blocking, the 
membranes were incubated with primary antibody (1:1000 
dilution, rabbit polyclonal α-Tau pS262 antibody, Abcam, 
#ab4856) suspended in TBST (pH 7.4) supplemented with 
5% bovine serum albumin (w/v), 0.2%  NaN3 (w/v) and phe-
nol red for 2 h at room temperature. Unbound antibodies 

were removed by washing the membrane with fresh TBST. 
Following washing, the membranes were incubated with sec-
ondary antibody (1:5000 dilution, goat polyclonal α-rabbit 
HRP-linked IgG, Abcam, #ab6721) suspended in 5% (w/v) 
non-fat dry milk in TBST for 2 h at room temperature. Fol-
lowing addition of the secondary antibody, the membranes 
were washed using fresh TBST and antibody detection was 
performed using ECL Prime Western Blotting Detection 
Reagents (GE Health Care). Images were acquired using a 
Gel Doc E-Z imager (Bio-Rad) and processed using Image 
Lab Software v5.2.1 (Bio-Rad).

In Vitro Peptide Stability Assays

Stock peptide solutions for use in stability assays were pre-
pared by dissolving tR1 to a final concentration of 5 mg/
mL in dimethyl sulfoxide (DMSO). For stability tests, 2 µL 
of stock tR1 peptides were added to 198 µL pre-warmed 
RPMI medium supplemented with 25% (v/v) heat-inacti-
vated human AB serum or neurobasal (NB) media at a final 
concentration of 50 µg/mL. Each reaction was subsequently 
incubated at 37 °C for the indicated times. Following incu-
bation, 400 µL aqueous trichloroacetic acid (15%, w/v) was 
added to each reaction and the samples were immediately 
cooled on ice for 15 min. The samples were then centri-
fuged 3 × at 14,000 rpm to remove precipitated proteins. 
As a positive control for enzymatic degradation, the tR1 
peptide was mixed with trypsin (10 ng/µL) at a final con-
centration of 1.0 µg/µL in 100 µL digestion buffer (100 mM 
Tris-base, 1 mM  CaCl2, pH 7.8) and was allowed to incu-
bate at 37 °C for 15 min. Following the reaction, 100 µL of 
aqueous TFA (50%, v/v) was added to stop proteolysis. For 
analysis, the reaction mixtures for each assay were loaded 
onto a reversed-phase analytical C18 column (Grace, 5 µm, 
50 × 2.1 mm) and eluted within 20 min using a linear gradi-
ent of 0–50% solvent B (0.1% TFA in ACN) over solvent 
A (0.1% TFA in water). The background signal was sub-
tracted from each respective spectrum and the fraction of 
intact peptide was quantified from product peak integration 
normalized to undigested controls. HPLC data were acquired 
using OpenLab CDS ChemStation Software v1.06 (Agilent) 
and processed using KaleidaGraph v4.5 (Synergy Software).

Culture of Rat Primary Cortical Neurons

Brain dissections of embryonic (E18) Sprague–Dawley rats 
(Envigo) were performed as described previously (Colvin 
et al. 2015). For immunofluorescence, dissociated neurons 
were plated onto 24-well culture plates (ThermoFisher) 
containing sterilized 12 mm circle No. 1 glass coverslips 
(ThermoFisher) coated with 0.05% polyethylenimine (poly-
E) (50% solution, Sigma-Aldrich) in borate buffer (pH 8.2). 
Dissociated neurons were added to poly-E coated 24-well 
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culture plates for cell viability (MTT) assays or added to 
poly-E coated six-well culture plates (Falcon) for western 
blot. After dissociation, neurons were first maintained in 
0.5 mL minimum essential medium (MEM, Corning Medi-
atech) supplemented with 26  mM sodium bicarbonate, 
55 mM glucose, 50 µg/mL gentamycin (Amresco), 20 mM 
KCl, 1 mM pyruvic acid (MP Biomedicals), 2 mM l-glu-
tamine and 10% (v/v) heat-inactivated fetal bovine serum 
(Atlas Biologicals) under a 5%  CO2 humidified atmosphere 
at 37 °C. Following attachment, the media was switched to 
NB media supplemented with 0.5 mM l-glutamine, 2.8 µg/
mL amphotericin B and 2% (v/v) B27 supplement.

Internalization of tR1 Peptides by Primary Neurons

For internalization assays, rat primary cortical neurons 
were cultured as described above and allowed to grow for 
5–7 days in vitro (DIV) to ensure development of neu-
ronal processes. Prior to treatments, the culture media was 
switched to fresh NB without B27. Neurons were kept in 
this media overnight before initiating treatments described 
below. FlutR1 was added to the media at a final concentra-
tion of 10 µM and the neurons were allowed to incubate for 
4 h at 37 °C under a 5%  CO2 humidified atmosphere. For 
endocytic inhibition experiments, the neurons were allowed 
to pre-treat with 10 mM sodium azide  (NaN3) for 30 min 
(Kandimalla et al. 2009) before the addition of FlutR1 at a 
final concentration of 10 µM. Following addition of the pep-
tide, the neurons were allowed to incubate for an additional 
4 h at 37 °C under a 5%  CO2 humidified atmosphere. For 
endosomal disruption experiments, neurons were allowed 
to pre-treat for 5 min with 10 µM FlutR1 to facilitate peptide 
association with the plasma membrane. Following the pre-
treatment, Baf or CLQ was added to the media at respec-
tive final concentrations of 50 nM or 100 µΜ. The neurons 
were then allowed to incubate for an additional 4 h at 37 °C 
under a 5%  CO2 humidified atmosphere. Once treatments 
were complete, the neurons were washed with warm PBS 
and fixed using 4% (w/v) para-formaldehyde in PBS (Elec-
tron Microscopy Service) for 8 min at room temperature. For 
imaging, fixed neurons were washed with PBS and mounted 
on glass slides (ThermoFisher) using Anti-Fade/DAPI rea-
gent (ThermoFisher).

Treatments of Cultured Neurons 
for Immunofluorescence and Western Blot

Primary cortical neurons (5–7 DIV) used in all inhibition 
experiments were maintained on poly-E coated coverslips 
in 24-well culture plates for immunofluorescence analysis 
or on poly-E coated six-well culture plates for western blot. 
To thoroughly deplete growth factors in the culture media 
during the phosphorylation experiments, the NB media 

was changed twice over 30 min to NB media without B27. 
Following media changes, tR1 was added to the media at 
a final concentration of 0, 10 or 30 µM and the neurons 
were allowed to incubate for 5 min. Following the pre-treat-
ment, Baf or CLQ was added to the media at final respec-
tive concentrations of 50 nM or 100 µM and the neurons 
were allowed to incubate for an additional 4 h. Once these 
treatments were complete, phenylarsine oxide (PAO) was 
added to the treatment media at a final concentration of 5 µM 
and the neurons were allowed to incubate for an additional 
45 min (immunofluorescence) or 30 min (western blot).

Immunofluorescence

Immunofluorescence analyses were performed on rat pri-
mary cortical neurons treated as described above. Immedi-
ately following treatments, neurons were washed with warm 
PBS and fixed using 4% (w/v) para-formaldehyde in PBS 
(Electron Microscopy Service) for 8 min at room tempera-
ture. Fixed neurons were kept upright on a ceramic holder 
and rinsed with PBS before being permeabilized with 0.02% 
(v/v) Triton X-100 in PBS for 1 min at room temperature. 
Following permeabilization, the neurons were washed with 
fresh PBS and the cells were incubated with α-Tau primary 
antibodies (1:1000 dilution, rabbit polyclonal α-Tau pS262 
antibody, Abcam, #ab4856 or 1:1000 dilution, mouse mon-
oclonal α-Tau pT231 antibody, ThermoFisher, #MN1040) 
in 5% (w/v) non-fat milk in TBS supplemented with pro-
tease and phosphatase inhibitors (ThermoFisher) for two 
hours at room temperature. Following incubation, the cells 
were incubated with secondary antibody (1:2000 dilution, 
Alexa-488 goat α-rabbit secondary antibody, ThermoFisher, 
#A11034 or 1:2000 dilution, Alexa-546 goat α-mouse sec-
ondary antibody, ThermoFisher, #A11030) in 5% non-fat 
milk in TBS supplemented with protease and phosphatase 
inhibitors for 2 h at room temperature in the dark. The cov-
erslips were then washed with PBS and mounted on glass 
slides using Anti-Fade/DAPI reagent (ThermoFisher).

Fluorescence Microscopy and Image Capture

Fluorescence imaging was performed using an inverted epif-
luorescence microscope (Nikon, Diaphot 300) equipped with 
a Nikon Plan Apo 60x,1.40 oil-immersion objective lens 
for immunofluorescence or a Nikon Plan Apo 100x,1.40 
oil-immersion objective lens for cell uptake assays. FITC-
HYQ filter sets were used for visualizing Alexa 488-tagged 
antibodies and FlutR1 peptide; TRITC Dil filter sets were 
used for visualizing Alexa 546-tagged antibodies; UV-2E/
DAPI filter sets were used for DAPI staining. Images were 
captured using a CCD camera (SPOT imaging) assisted 
with SPOT software v5.1. For cell selection, the coverslip 
was first viewed with the UV-2E/DAPI filter to visualize 
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DAPI-staining as a blind sampling method to identify nuclei 
that appeared healthy.

Imaging Analysis

All fluorescent images were analyzed using ImageJ (Sch-
neider et al. 2012). To measure the fluorescence intensity 
of the neuronal soma, the total neuronal area (soma and 
processes) was highlighted by applying the “Moments” 
automatic thresholding parameter and the soma area was 
enclosed using the free selection tool. This process was fol-
lowed by measuring the mean fluorescent intensity of all 
pixels in the soma area. Next, the background areas were 
determined and highlighted using the reversal selection tool 
to enclose the area outside the neurons. All soma fluorescent 
intensities were calculated with background subtraction. For 
quantifying the FlutR1 puncta with ImageJ particle analysis, 
the threshold was first manually determined to highlight 
the observable puncta and the particle size was restricted to 
3-infinity  pixel3 to avoid selecting background noise as par-
ticles. The total number of particles (puncta) in each image 
reported by ImageJ was used for graphical and statistical 
analyses.

Protein Extraction and Western Blot

For western blot analysis, rat primary cortical neurons were 
treated and fixed as described above. Fixed cells were lysed 
in cell lysis buffer (TBS, 1% Trition-X100 (v/v), protease/
phosphatase inhibitors (ThermoFisher) and 5 mM EDTA). 
The broad-spectrum protein kinase inhibitor staurosporine 
(Hughes et al. 2014) was added to the lysis buffer at a final 
concentration of 50 nM to inhibit kinase activity in the cell 
lysate. Following lysis, whole-cell lysates were centrifuged 
at 10,000 rpm for 10 min at 4 °C to precipitate cell debris. 
The supernatants were retrieved and the total protein con-
centration in each sample was determined using a Lowry 
protein assay (Lowry et al. 1951). All protein samples were 
diluted to 1.2 mg/mL in lysis buffer. The protein samples 
were mixed with 4 × Laemmli sample loading buffer (Bio-
Rad) supplemented with 10% 2-mercaptoethanol (v/v) and 
incubated at 95 °C for 10 min. Proteins (18 µg per lane) 
were resolved in a 12% polyacrylamide gel. Once separated, 
the proteins were transferred to a nitrocellulose membrane 
(PALL) under 200 mA constant current for 2 h. All blot-
ted membranes were treated and developed as described for 
in vitro phosphorylation assays.

Blot Stripping and Re‑probing

To strip western blots of α-Tau pS262 antibodies, developed 
blots were incubated in stripping buffer (200 mM glycine, 
3.5 mM SDS and 1% (v/v) Tween-20, pH 2.2) for 20 min at 

room temperature. The membrane was washed twice with 
PBS (pH 7.4) and twice with TBST (pH 7.4). The stripped 
membrane was then blocked in 5% non-fat milk overnight 
and incubated with either α-Tau (total tau) primary antibody 
(1:2000 dilution, rabbit polyclonal, Sigma-Aldrich, #T6402) 
or anti-β-actin primary antibody (1:2000 dilution, mouse 
monoclonal, Sigma-Aldrich, #A5316). Following incuba-
tion, the membrane was washed three times with TBST, 
incubated with either α-rabbit HRP-linked IgG (1:5000 dilu-
tion, Abcam, #6721) or α-mouse HRP-linked IgG (1:5000 
dilution, Cell Signaling Technology, #7076) and developed 
as described above.

Quantitative Western Blot Analysis

Band intensities from all western blots were quantified by 
measuring the integrated density of each band selected based 
on the automatic “Moment” thresholding in the ImageJ pro-
gram. The integrated densities of phosphorylated tau bands 
after different treatments were normalized to the correspond-
ing integrated densities of the total tau bands to obtain a 
ratio. Percent inhibition was measured by subtracting the 
phosphorylated tau band intensity in each lane from the 
phosphorylated tau band intensity of untreated (control) 
samples.

Statistical Analyses

All data plots and statistical analyses were generated using 
GraphPad Prism v4.0 graphing software (GraphPad Soft-
ware) or KaleidaGraph v4.5 (Synergy Software). Where 
appropriate, data means were analyzed by Student’s t-test or 
one-way ANOVA followed by Tukey’s multiple comparison 
test. Differences in the means were judged significant (*) 
when calculated probability (P) was < 0.05.

Results

Rational Design of a Peptide‑Based Inhibitor 
of MARK2

Efforts to develop a peptide-based inhibitor of MARK2 
activity were initiated by designing a synthetic peptide 
mimic of the human tau R1 domain. Human tau is a 441-
amino acid protein that contains two primary domains: an 
N-terminal projection domain and a C-terminal microtubule-
binding domain (Fig. 1a). The tau microtubule-binding 
domain contains four-repeat domains (R1–4) that bind tubu-
lin and act as substrates for MARK2 (Schwalbe et al. 2013). 
The R1 domain of human tau is a 34-amino acid sequence 
(residues 244–277) that contains the MARK2 recognition 
motif KIGS; Ser262 within this recognition motif becomes 
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phosphorylated (pSer262) upon activation of MARK2 
(Schwalbe et al. 2013; Timm et al. 2008a, b). While similar 
peptides based on the tau R1 domain sequence have been 
used as substrates to validate the activity of MARK proteins 
in vitro (Matenia et al. 2005; Timm et al. 2011), we sought 
to use the tau R1 domain as a platform to develop a peptide-
based inhibitor of tau phosphorylation. Based on models of 
the MARK2 crystal structure, it is thought that the kinase 
binds tau between residues 250 and 272 within the tau R1 
microtubule-binding domain (Timm et al. 2008a, b). We rea-
soned that a truncated version of the human tau R1 domain 
would compete with full-length tau for the R1-domain bind-
ing site of MARK2 and inhibit phosphorylation at Ser262. 
Therefore, we designed a peptide that is a direct sequence 
mimic of the human tau R1 domain. The 13-residue peptide, 
designated tR1 (for truncated R1), is shorter than the full-
length R1 domain and corresponds to amino acids 255–267 
of full-length tau (Fig. 1a). Despite being truncated, the tR1 
peptide (NVKSKIGSTENLK) contains the canonical KIGS 
recognition motif flanked on each side by a short sequence 
of amino acids. We hypothesized that this ‘consensus 

sequence’ would facilitate binding of tR1 to MARK2 and 
increase the likelihood of successful kinase inhibition.

The tR1 Peptide Inhibits Tau Phosphorylation 
at Ser262 In Vitro

The ability for tR1 to inhibit MARK2 activity was first eval-
uated in vitro using recombinant MARK2 and a truncated 
isoform of human tau (hTau-K18). The hTau-K18 protein 
is a recently characterized tau isoform (Karikari et al. 2017) 
that contains the four-repeat microtubule-binding domains 
of full-length tau (Fig. 1a). The hTau-K18 construct affords 
several advantages over full-length tau when used in vitro, 
such as enhanced solubility and facile purification from 
bacterial expression systems (Csokova et al. 2004; Karikari 
et al. 2017). His-tagged recombinant MARK2 and hTau-
K18 were expressed and purified from bacterial cells (see 
“Materials and Methods”; Supplementary Material Figs. 
S1a and S1b). Once purified, the solution-phase structure 
of MARK2 was evaluated by circular dichroism spectros-
copy and kinase activity was tested against hTau-K18 using 

Fig. 1  The tR1 peptide inhibits MARK2-mediated tau phospho-
rylation in vitro. a Bar diagrams of human tau and tau-derived con-
structs used in this work. Top bar shows full-length human tau pro-
tein displaying projection and microtubule-binding domains. N1 and 
N2 indicate N-terminal insert sequences, P1 and P2 are proline-rich 
segments. Middle bar shows the four-repeat domain hTau-K18 pro-
tein. Bottom sequence displays tR1 peptide derived from the human 
tau R1 domain. The tR1 Ser residue phosphorylated by MARK2 is 
shown underlined in red. b Western blot analysis demonstrating tR1 
peptides inhibit MARK2-mediated phosphorylation of hTau-K18 

proteins. Concentrations (µM) of tR1 peptide are shown above each 
lane. Upper image shows western blot using α-Tau pSer262 anti-
body; lower image shows western blot using α-Tau (total-tau) anti-
body. Molecular weight markers (kD) are shown to the left of west-
ern blot images. c Percent inhibition of MARK2-mediated hTau-K18 
Ser262 phosphorylation by tR1 peptides as quantified from western 
blot experiments. Columns represent average of three separate experi-
ments; error bars are standard deviation. Statistical analyses were per-
formed using Student’s t-test comparing percent inhibition of treated 
samples to that of untreated (0 µM tR1) controls; *, P < 0.05
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in vitro phosphorylation assays (Supplementary Material 
Figs. S1c and S1d). Results from these experiments showed 
that MARK2 was well-folded in solution and active in phos-
phorylating hTau-K18 at Ser262. The tR1 peptide was also 
confirmed as a substrate for MARK2 by western blot and 
antibody-based fluorescence polarization binding assays 
(Li et al. 2008) (Supplementary Material Fig. S2). Follow-
ing confirmation that we were working with an otherwise 
competent kinase/substrate pair, the inhibitory effect of tR1 
on MARK2 activity was evaluated by its ability to reduce 
the phosphorylation of hTau-K18 at Ser262 in vitro. For 
these experiments, 10 nM MARK2 was incubated with 
5 µM hTau-K18, 50 µM ATP and increasing concentrations 
(0–50 µM) of tR1 for 60 min at 32 °C in phosphorylation 
buffer (see “Materials and Methods”). Following the reac-
tion, the proteins were separated by SDS-PAGE and the 
amount of hTau-K18 pSer262 was quantified by western 
blot (Fig. 1b). Phosphorylated hTau-K18 was first quanti-
fied using an antibody specific for tau pSer262. Following 
development and imaging, the blot was stripped and total 
hTau-K18 was quantified from the same membrane as a 
loading control using antibodies specific for full-length tau 
(see “Materials and Methods”). The extent of phosphoryla-
tion was quantified by densitometry using ImageJ analysis 
software (Schneider et al. 2012) and percent inhibition was 
calculated by comparing the phosphorylation levels of each 
treatment concentration to that of untreated (0 µM tR1) 
control samples (Fig. 1c). It was seen from this series of 
experiments that tR1 peptides significantly inhibit MARK2-
mediated phosphorylation of hTau-K18 at Ser262 under 
these conditions. This effect was concentration dependent, 
ranging from 4% inhibition at 0.05 µM tR1 to nearly 66% 
inhibition observed at treatment concentrations of 50 µM 
tR1. Furthermore, it was observed that 1 µM tR1 was able 
to inhibit MARK2 activity by 42% under these conditions. 
This result is notable because it shows that tR1 is not merely 
being used to consume ATP more rapidly in the kinase reac-
tion than hTau-K18, as could be argued for reaction sam-
ples containing higher concentrations of tR1 than hTau-K18 
(5 µM), and indicates that tR1 acts to inhibit kinase activity 
even in samples with excess concentrations of hTau-K18.

The tR1 Peptide is Stable in RPMI and Neurobasal 
Media

A major limitation to the therapeutic efficacy of peptides is 
their susceptibility to proteolytic degradation. Indeed, short 
peptides generally have a serum half-life measured in min-
utes (Sato et al. 2006; Zorzi et al. 2017). We were therefore 
interested in determining the in vitro stability of tR1 pep-
tides in the presence of proteolytic enzymes. To evaluate 
peptide stability, we incubated tR1 in RPMI media supple-
mented with 25% (v/v) human serum or in NB medium for 

up to 24 h at 37 °C (Fig. 2). As a positive control for deg-
radation, tR1 peptides were incubated with trypsin (10 ng/
µL) in digestion buffer (Zhu et al. 2002). Following the 
incubation, the reactions were quenched using haloacetic 
acids and the extent of degradation was quantified by ana-
lytical HPLC (Jenssen and Aspmo 2008). As expected, the 
tR1 peptide was rapidly degraded by trypsin, which showed 
complete degradation of the peptide after 15 min of incuba-
tion (Fig. 2a). Surprisingly, it was found that the tR1 peptide 
did not degrade in either RPMI media supplemented with 
human serum or NB media at treatment times up to 24 h 
(Fig. 2b, c). Results here suggest that tR1 remains > 90% 
stable in RPMI medium supplemented with human serum 
and NB media under these conditions (Fig. 2d).

Evaluating tR1 Toxicity and Uptake in Rat Primary 
Cortical Neurons

Encouraged by our in vitro results, we next moved to test 
the ability for tR1 peptides to inhibit tau phosphorylation in 
cultured neurons. We chose rat primary cortical neurons as 
a model system due to their robustness in culture and abil-
ity to express isoforms of MARK2 and tau that are nearly 
identical to their human homologs. MARK2 expressed in 
rat primary cortical neurons is highly homologous (nearly 
90%) to human MARK2, with 100% sequence similarity in 
the kinase domain (Drewes et al. 1997; Timm et al. 2008a, 
b). Furthermore, the 33-residue rat tau R1 domain is 97% 
homologous to the human tau R1 domain with only a sin-
gle amino acid difference at position 257 (Lys257 in human 
tau, Arg190 in rat tau) (Goedert et al. 1989; Qi et al. 2016). 
Importantly, this sequence variation is not contained within 
the KIGS recognition motif of the rat tau R1 domain and is 
therefore not expected to impede inhibition of MARK2 by 
tR1 peptides in rat primary neurons. Rat (Sprague–Daw-
ley) primary neurons were derived from fetal brains (E18) 
and maintained in culture as described (see “Materials and 
Methods”). To evaluate the toxicity of tR1 peptides, cell 
viability assays were performed by treating cultured neurons 
with varying concentrations of tR1 (0–300 µM) for 72 h. 
Following incubation, cell viability was quantified using a 
colorimetric MTT assay (Supplementary Material Fig. S3). 
It was determined from this series of experiments that cell 
viability was not significantly affected in cells treated with 
up to 300 µM tR1 compared with control (non-treated) cells.

At physiological pH, the tR1 peptide has a net charge 
of + 2 and is expected to be internalized by cultured cells 
under standard treatment conditions (Farkhani et al. 2014). 
To evaluate the permeability of tR1, we synthesized a tR1 
variant that was labeled with 5-carboxyfluorescein (5-CF) 
at its N-terminus (FlutR1, Supplementary Material Fig. 
S2a). We then treated rat primary cortical neurons with 
FlutR1 and observed intracellular uptake by fluorescence 
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microscopy (Fig. 3a). For these studies, rat primary corti-
cal neurons were cultured for 5–7 days in vitro (5–7 DIV) 
to ensure the development of neuronal processes. Neurons 
were then treated with 10 µM FlutR1 peptide and incubated 
for an additional 4 h. Following incubation, the neurons 
were washed, fixed, and counter-stained with DAPI to 
facilitate visualization of the cell nuclei (see “Materials and 
Methods”). Results from these experiments revealed that 
untreated neurons contained no intracellular fluorescence 
(Fig. 3a, left image), while neurons treated with FlutR1 pep-
tides contained distinct fluorescent puncta within the cell 
soma and neurites (Fig. 3a, middle image). Notably, neurons 
co-treated with FlutR1 and the metabolic inhibitor sodium 
azide  (NaN3, Fig. 3a, right image) (Sato et al. 2009) showed 
significantly less fluorescent puncta within the cell soma and 

neurites compared to cells treated with FlutR1 alone. These 
data suggest that FlutR1 peptides are internalized through 
an energy-dependent mechanism (possibly endocytosis) and 
do not simply diffuse passively into primary neurons under 
these treatment conditions.

To further explore the mechanism of FlutR1 internaliza-
tion, we co-treated neurons with FlutR1 and bafilomycin A1 
(Baf) or chloroquine (CLQ). Bafilomycins are a class of 
macrolide antibiotics that inhibit endosomal acidification 
and have been used to facilitate the delivery of peptides to 
the cytosol of cultured cells (Tolstikov et al. 1997; Yoshi-
mori et al. 1991). Neurons co-treated with 10 µM FlutR1 
and 50 nM Baf showed no fluorescent puncta and diffuse 
fluorescence within the neuronal soma following treatment 
(Fig.  3b, left image). CLQ is an aminoquinoline-based 

Fig. 2  In vitro stability of tR1 peptides. a Stability of tR1 peptide in 
digestion buffer supplemented with 10 ng/µL trypsin as analyzed by 
analytical RP-HPLC. Lower spectrum shows HPLC chromatogram 
of tR1 peptide at 0  min incubation with trypsin; upper spectrum 
shows HPLC chromatogram of tR1 peptide after 15 min incubation 
with trypsin. Upper spectra offset: 300 nm. AU: absorbance units at 
214 nm. b Stability of tR1 peptide in RPMI media supplemented with 
25% (v/v) human serum as analyzed by analytical RP-HPLC. Pep-

tide incubation times are shown to the right of each chromatogram. 
c Stability of tR1 peptide in NB media as analyzed by analytical 
RP-HPLC. Peptide incubation times are shown to the right of each 
chromatogram. d Quantification of peptide stability (fraction of intact 
tR1) as determined from chromatograms shown in panels b and c. 
The fraction of intact tR1 was obtained as described in the "Materi-
als and Methods" section. Circles: RPMI media supplemented with 
human serum; Squares: NB media
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therapeutic used in the treatment of malaria and causes endo-
somal rupture when administered to cells at high concentra-
tions (Caron et al. 2004; Madani et al. 2013; Shiraishi and 
Nielsen 2006). Neurons co-treated with 10 µM FlutR1 and 
100 µM CLQ showed a loss of discrete fluorescent puncta 
and contained larger, more diffuse vesicular structures 
compared to cells treated with FlutR1 alone (Fig. 3b, right 
image). The extent of FlutR1 internalization across the dif-
ferent treatment conditions was quantified from fluorescent 
micrographs of treated cells using ImageJ analysis software 
(see “Materials and Methods”). Briefly, three to five repre-
sentative fluorescent images of single neurons obtained from 
different neuronal cultures were visualized and the number 
of intracellular puncta (particles) were counted. The num-
bers obtained were then plotted as a function of treatment 

condition (Fig. 3c). It can be seen in Fig. 3c that neurons 
treated with FlutR1 alone contained comparatively higher 
particle counts than cells co-treated with FlutR1 and either 
Baf or CLQ. Taken together, these data suggest that FlutR1 
peptides are internalized by cultured rat primary cortical 
neurons and that co-treatment with Baf or CLQ facilitates 
delivery of FlutR1 to the cytoplasm.

Inhibiting Phosphorylation of Endogenous Tau 
at Ser262 with tR1 Peptides

We next evaluated the ability for tR1 peptides to inhibit the 
phosphorylation of endogenous tau at Ser262 in rat primary 
cortical neurons. It has been demonstrated that treatment of 
cells with phenylarsine oxide (PAO) increases the selective 

Fig. 3  The tR1 peptide is internalized by cultured rat primary corti-
cal neurons. a Fluorescently-labeled tR1 peptides (FlutR1) are inter-
nalized by rat primary cortical neurons and accumulate in vesicular 
structures. Left image shows a fluorescent image of untreated neu-
rons; middle image shows a fluorescent image of neurons treated 
with 10  µM FlutR1, arrowheads indicate fluorescent puncta within 
the cell soma and neurites; right image shows a fluorescent image 
of neurons co-treated with 10  µM FlutR1 and 10  mM sodium azide 
 (NaN3), which included a 30-min pre-incubation with  NaN3. DAPI 
stain shows location of cell nuclei. Scale bar is 10 µm. b Disruption 
of endosomes facilitates the dispersal of FlutR1 peptides in rat pri-
mary cortical neurons. Left image shows a fluorescent image of neu-

rons co-treated with 10 µM FlutR1 and 50 nM bafilomycin A1 (Baf); 
right image shows a fluorescent image of neurons co-treated with 
10  µM FlutR1 and 100  µM chloroquine (CLQ); arrowheads indicate 
enlarged vesicular structures within the cell soma and neurites. DAPI 
stain shows location of cell nuclei. c Scatter plot displaying mean 
number of particles (fluorescent puncta) in neurons shown in panels a 
and b. Each data point represents the number of fluorescent particles 
per image (see “Materials and Methods”). Statistical analyses were 
performed using one-way ANOVA and Tukey’s multiple comparison 
test. Mean ± SEM; for each condition shown. 3–5 images were taken 
of different neurons obtained from one rat; *, P < 0.05
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phosphorylation of tau at Ser262 and Ser356 (Jenkins and 
Johnson 1999). Subsequent studies have further demon-
strated that PAO facilitates phosphorylation of tau at these 
specific residues by stimulating MARK activity (Jenkins 
and Johnson 2000). While the exact mechanism of MARK2 
activation by PAO has yet to be elucidated, it is thought 
that PAO stimulates signaling pathways that result in phos-
phorylation of MARK2 at residues required for kinase acti-
vation. All inhibition studies were performed on cultured 
rat primary cortical neurons that were grown for 5–7 DIV 
to ensure development of neuronal processes. Following 
growth and maturation, cultured neurons were switched to 
NB media without B27 supplemented with either 0 or 30 µM 
tR1 and allowed to incubate for 4 h. Following incubation, 
the neurons were treated with 5 µM PAO for an additional 
45 min and washed with PBS. The cells were then fixed and 
the extent of tau phosphorylation at Ser262 was visualized 
by immunofluorescence (Fig. 4a, top row, see “Materials and 
Methods”). To quantify the level of tau Ser262 phosphoryla-
tion, the mean fluorescence intensity from each image was 
measured using ImageJ and plotted as a function of treat-
ment condition (Fig. 4b). It was seen from these experiments 
that treatment with PAO alone significantly increased the 
intracellular level of tau pSer262 in neuronal soma (Fig. 4a, 
top row), as was indicated by an increase in fluorescence 
intensity within the cell body. PAO was also found to induce 
the formation of varicosities in neurites, which have been 
suggested to be attributed to tau-tubulin disruptions by sulf-
hydryl-modifying reagents such as PAO (Britto et al. 2005). 
Notably, it was observed that treatment of the neurons with 
tR1 alone failed to inhibit phosphorylation of tau at Ser262 
under these conditions (Fig. 4a, top row). As uptake experi-
ments (Fig. 3) suggested that tR1 peptides internalized by 
cultured neurons become trapped in vesicles, we speculated 
that tR1 alone was not effective in inhibiting phosphoryla-
tion of endogenous tau because it is unable to reach its cyto-
solic target. To facilitate vesicle release of tR1 peptides, we 
co-treated neurons with 0, 10 or 30 µM tR1 and 50 nM Baf 
(Fig. 4a, middle row) or 100 µM CLQ (Fig. 4a, bottom row). 
Neither Baf nor CLQ treatments alone affected PAO-induced 
phosphorylation of endogenous tau at Ser262. However, it 
was seen that co-treatment of tR1 peptide with either Baf 
or CLQ significantly reduced the extent of tau pSer262 lev-
els in rat primary cortical neurons (Fig. 4b). The inhibi-
tory effect requiring co-treatment with either Baf or CLQ 
was concentration dependent, with 10 µM tR1 resulting in 
a modest reduction in endogenous tau phosphorylation and 
30 µM tR1 reducing the phosphorylation of endogenous tau 
proteins by nearly 60%. Interestingly, inhibition was high-
est in neurons co-treated with tR1 and CLQ, indicating that 
endosomal rupture may facilitate delivery of the tR1 peptide 
to the cytoplasm where it can exert its inhibitory effects. 
The large micrographs shown in Fig. 4a represent typical 

results from each treatment; insets show micrographs of 
the weakest responding neurons within each population. It 
should be noted that fluorescence intensities quantified from 
the inset images shown in Fig. 4a were included in the plot 
represented in Fig. 4b, which likely accounts for the broad 
range of intensities observed among the individual treatment 
conditions.

The ability for tR1 to inhibit phosphorylation of endog-
enous tau at Ser262 was further evaluated in rat primary 
cortical neurons by quantitative western blot (Fig. 4c). For 
all western blot experiments, rat primary cortical neurons 
were grown at higher densities compared to cultures used 
for immunofluorescence to ensure that a sufficient amount 
of protein was recovered for western blot analysis. In order 
to assess any variations in assay readout, neurons grown at 
higher densities were exposed to identical PAO treatment 
conditions as described above and subjected to immuno-
fluorescence analysis (Supplementary Material Fig. S4). The 
results obtained from these experiments were qualitatively 
and quantitatively indistinguishable from results obtained 
with the low-density cultures, indicating that growing the 
cells at higher densities did not affect the level of endog-
enous tau pSer262 in cells treated with PAO. For western 
blots, cultured neurons were switched to NB media without 
B27 supplemented with either 0 or 30 µM tR1 and allowed 
to incubate for 5 min before the addition of 100 µM CLQ. 
The neurons were allowed to incubate for 4 h and were then 
treated with 5 µM PAO for an additional 30 min. Following 
incubation, neurons were harvested, lysed and intracellular 
proteins were separated by SDS-PAGE (see “Materials and 
Methods”). Western blot analysis was performed on the sep-
arated proteins to detect phosphorylated tau using antibodies 
against tau pSer262, total tau or β-actin as loading controls 
(Fig. 4c). Band intensity of tau pSer262 was determined for 
three individual experiments and normalized using the load-
ing control (total tau) from the same lane (see “Materials 
and Methods”). The ratio of integrated band intensities was 
then plotted as a function of treatment condition (Fig. 4d). 
Results from these experiments showed that untreated neu-
rons contained negligible levels of tau pSer262 (Fig. 4c, 
lane 1). More importantly, it was observed that intracellular 
levels of tau pSer262 were significantly lower in neurons co-
treated with tR1 and CLQ compared to neurons treated with 
PAO alone (Fig. 4c, lanes 2 and 3, d). These data are con-
sistent with the interpretation that PAO treatment increases 
phosphorylation of endogenous tau at Ser262 and that co-
treatment with tR1 and CLQ reduces tau pSer262 levels due 
to inhibition of MARK2 activity. Finally, it was shown that 
neurons co-treated with PAO and either tR1 or CLQ alone 
did not inhibit tau phosphorylation at Ser262 (Fig. 4c, lanes 
4 and 5), further validating our findings that endosomal rup-
ture is required for tR1 to exert its inhibitory effects.
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Fig. 4  Phosphorylation of tau Ser262 is inhibited by tR1 peptides in rat 
primary cortical neurons. a Immunofluorescence images used to quan-
tify the inhibition of tau phosphorylation at Ser262 by tR1 peptides in 
cultured neurons. Top row: neurons untreated or exposed to 5 µM phe-
nylarsine oxide (PAO) with or without 30 µM tR1 peptide. Middle row: 
neurons co-treated with 5 µM PAO and 50 nM bafilomycin A1 (Baf) 
in the presence of 0, 10 or 30 µM tR1 peptide. Bottom row: neurons 
co-treated with 5 µM PAO and 100 µM chloroquine (CLQ) in the pres-
ence of 0, 10 or 30 µM tR1 peptide. Insets show similarly treated neu-
rons that displayed weaker inhibition of tau phosphorylation at Ser262. 
Scale bar is 10 µm. b Scatter plot displaying mean fluorescent inten-
sities of neuronal soma in fluorescent micrographs shown in panel a. 
Each data point represents the background-subtracted mean fluores-
cent intensity of all neuronal somas in each single image. c Western 

blot analysis demonstrating tR1 peptides inhibit phosphorylation of tau 
proteins at Ser262 in cultured rat primary cortical neurons. Treatment 
conditions are shown under each lane. Upper image shows western blot 
using α-Tau pSer262 antibody; lower images show western blots using 
antibodies against total tau and β-actin (loading controls). Molecular 
weight markers (kD) are shown to the left of western blot images. d 
Quantification of band intensity from blots shown in panel c. The band 
of pSer262 tau was normalized to its corresponding total tau band 
from the same lane. Statistical analyses were performed using one-way 
ANOVA and Tukey’s multiple comparison test. Mean ± SEM; similar 
experiments were repeated on primary cortical neurons obtained from 
three different rats; *, P < 0.05, ns not significant
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The tR1 Peptide Does Not Inhibit Phosphorylation 
of Tau at Thr231

In order to gain insight into the selectivity of tR1 inhibition, 
we tested the ability for tR1 peptides to reduce phosphoryla-
tion of tau proteins at Thr231 (pThr231) in rat primary cor-
tical neurons. There are several kinases known to catalyze 
the constitutive phosphorylation of tau at Thr231, includ-
ing GSK-3β, CDK2 and CDK5 (Alonso et al. 2010). To the 
best of our knowledge, MARK2 has not been observed to 
phosphorylate tau at Thr231 and we hypothesized that tR1 
peptides would not inhibit phosphorylation at this site.

To test the effects of tR1 on the phosphorylation of 
Thr231, rat primary cortical neurons were grown 5–7 DIV 
as described above. Neurons were switched to NB media 
without B27 supplemented with 30 µM tR1 and 100 µM 
CLQ, and allowed to incubate for 4 h (see “Materials and 
Methods”). The neurons were then washed with PBS, fixed 
and the extent of tau Thr231 phosphorylation was visualized 
by immunofluorescence (Fig. 5a, see “Materials and Meth-
ods”). To quantify the level of endogenous tau phosphoryla-
tion at Thr231, the mean fluorescence intensity from each 
image was measured using ImageJ and plotted as a function 
of treatment condition as described above (Fig. 5b). It was 
seen from this series of experiments that tau Thr231 remains 
constitutively phosphorylated in untreated rat primary cor-
tical neurons. It was also observed that co-treating rat pri-
mary cortical neurons with tR1 and CLQ does not affect 
tau phosphorylation at Thr231, indicating that cytosolic 
tR1 does not interfere with kinases that phosphorylate tau 
at this site. This result was further confirmed by quantitative 
western blot (Fig. 5c). For western blots, cultured neurons 
were switched to NB media without B7 supplemented with 
30 µM tR1 and allowed to incubate for 5 min before the 
addition of 100 µM CLQ. The neurons were then allowed to 
incubate for an additional 4 h. Following incubation, neurons 
were harvested, lysed and intracellular proteins were sepa-
rated by SDS-PAGE (see “Materials and Methods”). West-
ern blot analysis was performed on the separated proteins 
to detect phosphorylated tau using antibodies against tau 
pThr231 or total tau as a loading control (Fig. 5c). Results 
from these experiments showed that untreated neurons con-
tained high levels of pThr231 (Fig. 5c, lane 1). Moreover, it 
was observed that intracellular levels of tau pThr231 were 
virtually unchanged in neurons co-treated with tR1 and CLQ 
compared to untreated neurons (Fig. 5c, lane 2, d). Similar 
results were observed in rat primary cortical neurons treated 
with tR1 alone or CLQ alone, indicating that these mol-
ecules do not influence the constitutive phosphorylation of 
tau at Thr231 (data not shown). Taken together, these data 
suggest that cytosolic tR1 peptides do not reduce the level 
of endogenous pThr231 tau proteins in rat primary cortical 

neurons and that tR1 peptides are selective for kinases that 
phosphorylate tau at Ser262.

Discussion

Despite sharing a common ‘catalytic fold’ that binds ATP, 
classical protein kinases display remarkable diversity when 
binding to protein substrates (Gallion and Qian 2005; Han 
et al. 2012; Scapin 2006). These differences are primarily 
attributed to sequence and structural variations in regulatory 
domains located outside the catalytic core that directly affect 

Fig. 5  Phosphorylation of tau Thr231 is not inhibited by tR1 peptides 
in rat primary cortical neurons. a Immunofluorescent images demon-
strating that tR1 does not inhibit the constitutive phosphorylation of 
tau Thr231 in cultured neurons. Top image shows untreated neurons; 
bottom image shows neurons co-treated with 30 µM tR1 and 100 µM 
chloroquine (CLQ). b Scatter plot displaying mean fluorescent inten-
sities of cell soma in fluorescent micrographs shown in panel a. Each 
data point represents the background-subtracted mean fluorescent 
intensity of all neuronal somas in each single image. c Western blot 
analysis demonstrating that tR1 does not inhibit the constitutive phos-
phorylation of tau Thr231 in cultured neurons. Upper image shows 
western blot using α-Tau pThr231 antibody; lower images show 
western blots using antibodies against total tau (loading controls). 
Molecular weight markers (kD) are shown to the left of western blot 
images. d Quantification of band intensity from blots shown in panel 
c. The band of phosphorylated tau Thr231 was normalized to its cor-
responding total tau band from the same lane. Statistical analyses 
were performed using Student’s t test. Mean ± SEM; similar experi-
ments were repeated on primary cortical neurons obtained from three 
different rats. ns not significant
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the interaction of the kinase with its target. The activities of 
protein kinases are often controlled through protein–protein 
interactions that occur between large globular domains or 
through short, sequence-specific epitopes that bind dock-
ing grooves within the protein kinase. Over the past dec-
ade, peptide-based molecules that mimic discrete epitopes 
of protein substrates have become powerful tools for the 
targeted inhibition of kinase activity (Eldar-Finkelman and 
Eisenstein 2009; Garuti et al. 2010; Keenan et al. 2017). 
This report describes the development of a highly stable, 
peptide-based inhibitor of MARK2, a protein kinase that 
functions by phosphorylating residues within the microtu-
bule-binding domains of tau.

Dysregulated MARK activity in neurons has been linked 
to a variety of neurodegenerative disorders, including Alz-
heimer’s disease (Gu et al. 2013a, b; Wang et al. 2013). In an 
effort to further expand the repertoire of MARK inhibitors 
beyond small molecule ligands, we have developed a novel 
peptide-based kinase inhibitor that is modeled after the R1 
microtubule binding domain of tau. The tR1 peptide was 
found to significantly reduce the level of tau phosphoryla-
tion at Ser262 in vitro and in cultured rat primary cortical 
neurons. The inhibitory effects of tR1 were evaluated in vitro 
by quantifying the level MARK2-mediated phosphorylation 
of hTau-K18 at Ser262 in the presence of increasing concen-
trations of tR1 peptide. While maximal MARK2 inhibition 
(66%) was seen at treatment conditions containing 50 µM 
tR1, it was also observed that MARK2 activity can be inhib-
ited up to 42% by tR1 at concentrations as low as 1 µM. This 
result is noteworthy because it suggests that tR1 is not being 
used to consume ATP more rapidly in the kinase reaction 
than hTau-K18, as could be argued with reactions containing 
higher concentrations of tR1.

We also show in this study that tR1 peptides are highly 
stable in RPMI media supplemented with human serum and 
in NB medium. Indeed, it was demonstrated that tR1 pep-
tides were > 90% intact after incubation in each respective 
media for 24 h. On the contrary, the tR1 peptide in buffer 
containing trypsin was rapidly degraded in less than 15 min, 
which is perhaps not surprising due to the number of lysine 
residues contained within the tR1 sequence. Importantly, 
the remarkable temporal stability in NB media increases 
the likelihood that tR1 peptides remain intact as they are 
delivered to cultured neurons. It should be noted, however, 
that these stability assays were conducted in media only 
and therefore do not reveal how long the tR1 peptide sur-
vives in an intracellular environment. While these assays 
do not inform on the stability of tR1 peptides once inside 
the cell, they do show that tR1 is stable in culture media for 
times appropriate for efficient uptake and cytosolic deliv-
ery. Nevertheless, it will be important to determine whether 
intracellular tR1 is degraded and work in our laboratory is 
currently focused on evaluating the stability of tR1 peptides 

in whole-cell neuronal lysates and from cytosolic fractions 
isolated from primary cortical neurons treated with tR1.

Subsequent cell-based studies demonstrated that FlutR1 
peptides are internalized by rat primary cortical neurons 
and concentrate in defined puncta throughout the neuronal 
soma and neuritic processes. Pre-treating neurons with the 
metabolic inhibitor  NaN3 significantly reduced uptake of 
FlutR1 peptides compared to neurons treated with FlutR1 
alone, indicating that tR1 is internalized through some 
energy-dependent mechanism (possibly endocytosis) and 
not passive diffusion. Co-treatment of neurons with FlutR1 
and endosome disruptors Baf or CLQ resulted in the abol-
ishment of distinct intracellular fluorescent puncta. Neurons 
co-treated in this manner showed more diffuse patterns of 
fluorescence throughout the neuronal soma (Baf) and larger 
vesicular structures (CLQ) compared to cells treated with 
FlutR1 alone. Taken together, these data suggest that FlutR1 
peptides are internalized by rat primary cortical neurons and 
can be delivered to the cytosol upon co-treatment with endo-
some disruptors. Work in our laboratory is currently focused 
on determining the precise mechanism of uptake and cyto-
solic delivery of tR1 peptides by using broad-spectrum 
inhibitors of dynamin and clathrin-mediated endocytosis. 
Furthermore, we are working to develop second-generation 
tR1 peptides that are appended with protein transduction 
domains (Balaban et al. 2017; Liou et al. 2012) that will 
facilitate uptake and cytosolic delivery without the need for 
exogenous endosomal disruption.

The tR1 peptide was shown to inhibit phosphoryla-
tion of endogenous tau at Ser262 in rat primary cortical 
neurons that had been treated with PAO. Previous reports 
have shown that PAO is able to stimulate activation of 
MARK2 and subsequent phosphorylation of tau at Ser262 
and Ser356 (Jenkins and Johnson 2000). Under resting 
(PAO-untreated) culture conditions, endogenous tau phos-
phorylation at Ser262 was negligible in our system. We 
therefore suggest that treatment with PAO affords a highly 
reproducible and tractable cellular model of MARK2 acti-
vation and tau phosphorylation. Although no direct evi-
dence is provided in this report that MARK2 is activated 
by addition of PAO in cortical neurons, our data strongly 
suggest that PAO mediates phosphorylation of endogenous 
tau at Ser262 and that tR1 peptides can inhibit this effect. 
More specifically, co-treatment with tR1 and either Baf or 
CLQ resulted in significant reduction of phosphorylation 
of tau Ser262 in neurons treated with PAO, indicating that 
tR1 requires endosomal disruption to exert its biological 
effects. The extent of inhibition was concentration-depend-
ent, with 30 µM tR1 inhibiting phosphorylation of tau 
Ser262 by nearly 60% and 10 µM tR1 inhibiting by approx-
imately 40%. Despite this robust response, the efficacy of 
inhibition was found to be slightly variable throughout 
the different treatment conditions (Fig. 4b). We attribute 



International Journal of Peptide Research and Therapeutics 

1 3

this variability to two possible scenarios: (1) the extent of 
uptake and cytosolic delivery of tR1 may vary among indi-
vidual neurons, and (2) that the efficacy of the tR1 peptide 
is at least partially dependent on neuron type. Neverthe-
less, our results indicate that tR1 peptides are capable of 
inhibiting PAO-induced phosphorylation of tau Ser262 in 
rat primary cortical neurons when co-treated with small 
molecule endosome disruptors. It should also be noted 
that PAO is known to activate other kinases in addition 
to MARK2 that phosphorylate tau (Jenkins and Johnson 
2000). Moreover, tau can be phosphorylated at Ser262 and 
Ser356 by kinases other than MARK2, including CaMKII, 
PKA and PhK (Sironi et al. 1998). Therefore, the possibil-
ity that tR1 inhibits kinases other than MARK2 cannot be 
excluded. Our laboratory is currently working to identify 
additional proteins that can interact with tR1 peptides and 
may represent additional targets for inhibition. Finally, our 
results show that tR1 does not inhibit phosphorylation of 
tau at Thr231 in cultured rat primary cortical neurons. It 
has been documented that tau proteins are constitutively 
phosphorylated at Thr231 by several kinases, including 
GSK-3β, CDK2 and CDK5 (Alonso et al. 2010). In our 
system, pThr231 levels were nearly identical in untreated 
neurons and neurons co-treated with tR1 and CLQ, sug-
gesting that cytosolic tR1 does not inhibit kinases that 
phosphorylate tau at Thr231. We speculate that tR1 does 
not inhibit these kinases because of the inherent specificity 
endowed by its primary sequence, which was designed to 
target MARK2.

In this study, we developed a highly stable, peptide-
based kinase inhibitor of the microtubule-affinity regulat-
ing kinase MARK2. This peptide (tR1) was designed as a 
direct sequence mimetic of residues 255–267 within the 
tau R1 domain and acted as a substrate of the MARK2 
protein in vitro. Notably, the tR1 peptide was capable of 
inhibiting the MARK2-mediated phosphorylation of tau 
at Ser262 in vitro and in rat primary cortical neurons 
at concentrations as low as 1 µM. These results suggest 
that MARK2 activity can be inhibited by a peptide-based 
sequence mimetic of the tau R1 domain. To the best of 
our knowledge, this work represents the first demonstra-
tion of peptide-based inhibition of MARK2 function. On a 
broader scale, this study serves to expand the repertoire of 
molecules that can be used to inhibit the phosphorylation 
of tau at Ser262 and may have implications for the devel-
opment of next-generation therapeutics designed to treat 
tauopathies such as Alzheimer’s disease. We also antici-
pate that tR1 molecules and their derivatives, including 
peptide-based mimetics of other R domains, may be used 
as tools to help researchers better understand the complex 
nature of MARK/tau biology and define the specific role 
of discrete phosphorylation sites within the microtubule-
binding domains of tau.
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