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Misfolded, pathological tau protein propagates from cell to cell causing neuronal degen-
eration in Alzheimer�s disease and other tauopathies. The molecular mechanisms of this
process have remained elusive. Unconventional secretion of tau takes place via several dif-
ferent routes, including direct penetration through the plasma membrane. Here, we show
that tau secretion requires membrane interaction via disulphide bridge formation. Mutat-
ing residues that reduce tau interaction with membranes or formation of disulphide bridges
decrease both tau secretion from cells, and penetration through arti�cial lipid membranes.
Our results demonstrate that tau is indeed able to penetrate protein-free membranes in a
process independent of active cellular processes and that both membrane interaction and
disulphide bridge formation are needed for this process. QUARK-based de novo modelling
of the second and third microtubule-binding repeat domains (MTBDs), in which the two cys-
teine residues of 4R isoforms of tau are located, supports the concept that this region of tau
could form transient amphipathic helices for membrane interaction.

Introduction
The intracellular accumulation of misfolded, hyperphosphorylated tau in soluble oligomers, insoluble
paired helical filaments andneurofibrillary tangles (NFTs), is a neuropathological hallmark of tauopathies,
a group of neurodegenerative diseases, including Alzheimer�s disease [1]. Under normal conditions tau,
mainly expressed in neurons, binds to microtubules and promotes their assembly. In pathological con-
ditions tau detaches from microtubules, becomes hyperphosphorylated and misfolded, finally forming
pathological tau aggregates in the cytosol [2]. Tau pathology can spread in brain between neuroanatomi-
cally connected regions by cell-to-cell transmission where pathological tau species are secreted by affected
neurons and internalised by adjacent cells, where they can template misfolding of healthy tau [2,3]. The
molecular pathways used by pathological tau to spread between cells may present a new druggable target
to slow down progression of tau pathology and are therefore of extraordinary interest but remain incom-
pletely understood.
Tau is a cytosolic natively unfolded protein that does not have a stable secondary structure in solution,

but has been suggested to undergo context-dependent folding and adopt transient secondary structures
upon binding to either microtubules, F-actin or lipid membranes [4�8]. Tau, or shorter fragments in-
cluding the microtubule-binding repeat domains (MTBDs), can be secreted from cells via multiple un-
conventional routes, both vesicular and non-vesicular [9]. We and others have shown that one of tau�s
secretion routes takes place directly through the plasma membrane [10,11]. Unconventional protein se-
cretion (UPS) is a group of cellular routes that guide proteins to the extracellular space bypassing the
traditional ER-Golgi pathway. UPS is divided into four types, type 1 being direct translocation through
the PM [12]. The best characterised protein using this pathway is Fibroblast Growth Factor 2 (FGF2) [13].
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Interestingly, the direct translocation of tau across the plasma membrane appears to share some mechanistic features
with the unconventional secretion mechanism of FGF2. We and others have shown that secretion of both proteins
requires the presence of phosphatidyl inositol (4,5) bisphosphate (PIP2) and heparan sulphate proteoglycans on the
PM [10,11]. While no homology exists between these proteins, the intriguing similarities in their mode of secretion
encouraged us study this subject further. Unlike tau, however, FGF2 has a characteristic tertiary structure [14,15], and
apparently some of the FGF2 surface-located features regulate the recruitment of FGF2 to the inner leaflet of plasma
membrane to initiate the secretion process. Muller et al. explored the role of two unique surface-exposed cysteine
residues (Cys77 and Cys95) in FGF2 (absent from the other FGF family proteins) in the process of unconventional
secretion of FGF2 [16]. Mutation of these Cys residues to Ala impairs secretion of FGF2 whereas introduction of
these Cys residues in FGF4 results in unconventional secretion of FGF4 (an otherwise absent characteristic from
FGF4). While tau appears to share some similarities with unconventional secretion of FGF2, such as the interaction
with specific inner leaflet lipids and requirement of outer leaflet HSPGs for secretion, the mechanistic details of the
secretion process remain unknown. The MTBDs of tau have been proposed to bind to membranes via formation of
amphipathic helices [4] and specific valine residues located in this region, in close vicinity of the two Cys residues
present in the 4R isoforms of tau, were reported to play an important role in tau�s lipid interactions [5]. Here, we
combined in silicomodelling and cell biological assays to test the hypothesis that the two cysteine residues present
in the MTBD of tau or the membrane binding-associated valines play a similar role in the secretion process as they
do in unconventional secretion of FGF2.

Materials and methods
Plasmid constructs
The cDNA for wildtype tau (human isoform 0N4R) was purchased from Thermo Scientific, and cDNAs containing
mutations V287E, K311A, V318E (tau-MBD) and C291A and C322A (tau-C291/322A) were synthesised by Gen-
Script. The original phGluc plasmids were donated by Prof. Stephen Michnick (University of Montreal). The hGluc
fragments were cloned to the C-terminus of tau, tau-MBD and tau-C291/322A in a pcDNA3.1/zeo backbone. All
plasmids were sequenced to confirm their identity.

N2A cell culture and transfection
Mouse Neuro-2a (N2A) neuroblastoma cells (ATCC) were cultured in DMEM (Corning, Lonza) supplemented with
10% (v/v) of foetal bovine serum (Invitrogen), 1% penicillin/streptomycin (Lonza) and 1% �-glutamine (Lonza) at
37� C with 5% CO2 and water-saturated air. Transfection of N2A cells with plasmid DNA was performed 24 h after
plating using JetPei reagent (Polyplus) according to manufacturer�s instructions.

Dot blot and Western blot assays
For dot blot and Western blot assays, N2A cells plated on 10-cm plates were transfected with either phGluc2-Tau,
phGluc2-Tau-MBD or phGluc2-Tau-C291/322A plasmids. Cells and culture media were collected after 24 h. Dot
blot assays were performed as described in [11]. Briefly, 100 µ l of conditioned media and 50 µ l of cell lysate were
applied to a dot blot apparatus (96-well Manifold Spot-Blot unit, Whatman/Sleicher and Schuell) and proteins were
trapped by filtration in a methanol-activated PVDFmembrane (GEHealthcare). Membranes were probed with tau-5
monoclonal antibody (Invitrogen) and horseradish peroxidase (HRP)-conjugated mouse secondary antibody, the
chemiluminescence signal was detected by using ECL Plus Western blotting detection reagent (Thermo Scientific)
and Syngene imaging system.Membranes were quantitatively analysed by determining the ratio between extracellular
and intracellular proteins with ImageJ software.
For Western blot of cell lysates, equal amounts of total protein (90 µ g) per lane were resolved in a 4�20% gradient

precast polyacrylamide gels (Mini-Protean TGX, Bio-Rad) under non-reducing conditions. Separated proteins were
transferred to a PVDFmembranes using Trans-Blot TurboMidi PVDF Transfer Packs and Trans-Blot Turbo Transfer
System (both from Bio-Rad). The membranes were blocked with 5% (w/v) milk in TBST and probed with the tau-5
and � -actin (Sigma) primary antibodies. After incubation of the membranes with HRP-conjugatedmouse secondary
antibody, the chemiluminescence signal was detected by using ECL PlusWestern blotting detection reagent (Thermo
Scientific) and Syngene imaging system.

Immuno�uorescence microscopy
N2A cells were grown on glass coverslips coated with Poly-�-lysine (Sigma), transfected either with phGluc1-Tau,
phGluc1-TauMBD or phGluc1-Tau-C291/322A plasmids per coverslip and fixed for 20 min with 4% PFA in PBS.
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