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Abstract

Mice transgenic for human mutant P301S tau are widely used as models for human tauopathies. They develop
neurodegeneration and abundant filamentous inclusions made of human mutant four-repeat tau. Here we

used electron cryo-microscopy (cryo-EM) to determine the structures of tau filaments from the brains of Tg2541
and PS19 mice. Both lines express human P301S tau (ON4R for Tg2541 and TN4R for PS19) on mixed genetic
backgrounds and downstream of different promoters (murine Thy! for Tg2541 and murine Prnp for PS19). The
structures of tau filaments from Tg2541 and PS19 mice differ from each other and those of wild-type tau filaments
from human brains. The structures of tau filaments from the brains of humans with mutations P301L, P301S or
P301T in MAPT are not known. Filaments from the brains of Tg2541 and PS19 mice share a substructure at the
junction of repeats 2 and 3, which comprises residues 1297-V312 of tau and includes the P301S mutation. The
filament core from the brainstem of Tg2541 mice consists of residues K274-H329 of tau and two disconnected
protein densities. Two non-proteinaceous densities are also in evidence. The filament core from the cerebral cortex
of line PS19 extends from residues G271-P364 of tau. One strong non-proteinaceous density is also present. Unlike
the tau filaments from human brains, the sequences following repeat 4 are missing from the cores of tau filaments
from the brains of Tg2541 and PS19 mice.
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Introduction

Identification of dominantly inherited mutations in
human MAPT, the tau gene, established that dysfunc-
tion of tau protein is sufficient to cause neurodegenera-
tion and dementia [1-3]. To date, 67 different mutations
in MAPT are known to cause frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17T)
[4]. They are gene dosage, exonic (missense and deletion)
and intronic mutations. FTDP-17T brains exhibit atro-
phy of the frontal and temporal lobes of the neocortex,
striatum and substantia nigra, with accompanying nerve
cell loss and gliosis. Abundant argyrophilic cytoplasmic
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inclusions containing filamentous tau are present in
nerve cells and, in some cases, glia.

In the brains of human adults, six tau isoforms are
expressed from a single gene through alternative mRNA
splicing [5]. They differ by the presence (1IN, 2N) or
absence (ON) of one or two inserts in the N-terminal half
and an insert in the C-terminal half. The latter consists of
a repeat of 31 amino acids (encoded by exon 10), giving
rise to three isoforms with four repeats (4R). The other
three isoforms have three repeats (3R). Exon 10 encodes
repeat 2 (R2) of the 4R tau isoforms. The repeats and
some adjoining sequences constitute the microtubule-
binding domains of tau [6]. They also form the cores of
assembled tau in neurodegenerative diseases, suggesting
that physiological function and pathological assembly are
mutually exclusive.

Besides their conceptual importance, mutations in
MAPT have made it possible to produce and character-
ise transgenic mouse lines that exhibit tau hyperphos-
phorylation, filament assembly and neurodegeneration.
Mouse lines transgenic for human P301L or P301S tau
have been the most widely studied [7-10]. In humans,
mutation P301S tau causes an early-onset form of FTDP-
17T [11-16] It reduces the ability of tau to interact with
microtubules [11] and promotes heparin-induced fila-
ment assembly of tau [17], without influencing the splic-
ing of exon 10 of MAPT [18].

Here we report the electron cryo-microscopy (cryo-
EM) structures of tau filaments from the brains of Tg2541
and PS19 mice transgenic for human P301S tau [9, 10].
They express ON4R tau and 1N4R tau, respectively. The
filament structures are unlike those of inclusions from
human brains. They are also different between the two
mouse lines, which used distinct promoters (murine
Thyl in [9] and murine Prup in [10]).

Materials and methods
Transgenic mice
Animal experiments were conducted in accordance with
the UK Animals (Scientific Procedures) Act of 1986, with
local ethical approval (MRC Laboratory of Molecular
Biology Animal Welfare and Ethical Review Body).
Tg2541 mice express full-length human tau (ON4R)
with the P301S mutation under the control of the murine
Thyl promoter on a mixed C57BL/6 x CBA background
[9]; homozygous mice develop amyloid inclusions made
of hyperphosphorylated mutant 4R tau in the central
nervous system from approximately 2 months of age [9,
19-21]. PS19 mice express full-length human tau (1IN4R)
with the P301S mutation under the control of the murine
Prup promoter on a mixed C57BL/6 x C3H background
[10]; heterozygous mice develop filamentous inclusions
made of mutant 4R tau in the central nervous system
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from approximately 6 months of age. Breeding pairs of
PS19 mice were obtained from the Jackson Laboratory.

Filament extraction

Sarkosyl-insoluble material was extracted from the
brainstem and spinal cord of homozygous Tg2541 mice
ranging from 4 weeks to 25 weeks of age and from the
cerebral cortex of heterozygous 48-week-old PS19 mice,
as described [22]. Tissues were homogenised in 20 vol
buffer A (10 mM Tris-HCI, pH 7.5, 0.8 M NaCl, 10%
sucrose and 1 mM EGTA), brought to 2% sarkosyl and
incubated for 30 min at 37° C. The samples were centri-
fuged at 10,000 g for 10 min, followed by spinning of the
supernatants at 100,000 g for 25 min. The pellets were
resuspended in 700 pl/g extraction buffer and centrifuged
at 5,000 g for 5 min. The supernatants were diluted three-
fold in 50 mM Tris-HCl, pH 7.4, containing 0.15 M NacCl,
10% sucrose and 0.2% sarkosyl, and spun at 166,000 g for
30 min. The pellets were resuspended in 50 pl/g 20 mM
Tris-HCI, pH 7.4, 100 mM NaCl.

Immunogold negative stain electron microscopy
Extracted tau filaments were deposited on glow-dis-
charged 400 mesh carbon film-coated copper grids (EM
Sciences CF-400-Cu) for 30 s, blocked for 10 min with
PBS+1% gelatin and incubated for 1 h with primary anti-
body, essentially as described [23]. The grids were washed
with blocking buffer and incubated for 1 h with 10 nm
gold-conjugated anti-rabbit IgG (Sigma Fine Chemicals)
diluted 1:20 in blocking buffer. They were then washed
with water and stained with 2% uranyl acetate for 90 s.
Images were acquired at 11,000x, with a defocus value of
1.4 pm with a Gatan Orius SC200B CCD detector using
a Tecnai G2 spirit at 120 kV. Anti-tau antibodies BR133,
BR136, anti-4R, BR135, TauC4 and BR134 were used
at 1:50. BR136 [24], anti-4R [25], BR135 [5] and TauC4
[26] are specific for R1, R2, R3 or R4 of tau. BR133 and
BR134 are specific for the amino- or carboxy-ends of tau,
respectively [5].

Electron cryo-microscopy

Three pl of the sarkosyl-insoluble fractions were applied
to glow-discharged (Edwards S150B) holey carbon grids
(Quantifoil AuR1.2/1.3, 300 mesh) that were plunge-fro-
zen in liquid ethane using a Vitrobot Mark IV (Thermo
Fisher Scientific) at 100% humidity and 4° C. Cryo-EM
images were acquired using EPU software on a Titan
Krios microscope (Thermo Fisher Scientific) operated
at 300 kV. For Tg2541 mice aged 24 weeks, movies were
acquired on a Gatan K2 Summit detector using a pixel
size of 1.15 A. For Tg2541 mice aged 8 weeks, images
were acquired on a Gatan K3 detector using a pixel size
of 0.93 A. For both detectors, a quantum energy filter
with a slit width of 20 eV was used to remove inelastically
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scattered electrons. For PS19 mice aged 48 weeks, mov-
ies were acquired on a Falcon-4 detector at a pixel size of
0.824 A. See Supplementary Table 1 for further details.

Helical reconstruction

Datasets were processed in RELION using standard heli-
cal reconstruction [27]. Movie frames were gain-cor-
rected, aligned and dose-weighted using RELION’s own
motion correction programme [28]. Contrast transfer
function (CTF) was estimated using CTFFIND4-1 [29].
Filaments were picked manually. Initial 3D models were
generated de novo from 2D class averages [30]. Three-
dimensional auto-refinements were performed with opti-
misation of the helical twist and rise parameters once
the resolutions extended beyond 4.7 A. To improve the
resolution, Bayesian polishing and CTF refinement were
used [31]. Final maps were sharpened using standard
post-processing procedures in RELION and resolution
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estimates calculated based on the Fourier shell correla-
tion (FSC) between two independently refined half-maps
at 0.143 [32] (Supplementary Fig. 1).

Model building and refinement

The atomic models were docked manually in the densi-
ties using Coot [33]. Model refinements were performed
using Servalcat [34] and REFMACS5 [35, 36]. Models
were validated with MolProbity [37]. Figures were pre-
pared with ChimeraX [38] and PyMOL [39].

Results

Time course of tau filament formation in Tg2541 mice
Sarkosyl-insoluble material was extracted from the brain-
stem of Tg2541 mice aged 4, 8, 12, 16 and 24 weeks. Fila-
ments were observed at 4 and 8 weeks, with a progressive
increase until 24 weeks (Fig. 1a). In the spinal cord, some
filaments were in evidence at 5, 6 and 8 weeks, with a

Fig. 1 Tau filaments from the central nervous system of Tg2541 mice aged 4-25 weeks. a, Negative-stain electron microscopy images of filaments
extracted from the brainstem of Tg2541 mice aged 4-24 weeks (w). Arrowheads in the first two panels point to short filaments. Scale bar, 200 nm. b, Im-
munogold negative-stain electron microscopy of Tau filaments extracted from the spinal cord of Tg2541 mice aged 5-25 weeks (w). Anti-tau antibody
BR134 was used. Note the gold particles lining the filament surfaces. Scale bar, 100 nm
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marked increase at 12, 16 and 25 weeks. They were deco-
rated by anti-tau antibody BR134 (Fig. 1b). When anal-
ysed at 20 weeks of age, filaments from cerebral cortex,
brainstem and spinal cord were decorated by antibodies
BR133, TauC4 and BR134, but not by BR136, anti-4R or
BR135 (Fig. 2). Our time course study focused on line
Tg2541, because of the known inter-animal variability of
tau pathology in line PS19 [40].

Cryo-EM structures of tau filaments from Tg2541 mice

Cryo-EM of tau filaments from line Tg2541 extracted at 8
weeks and 24 weeks revealed the same structure (Fig. 3).
The filament core comprises a contiguous segment, span-
ning residues K274-H329, and two disconnected pro-
tein densities of about 11 residues each, the sequences
of which could not be assigned unambiguously. The

a
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contiguous segment, consisting of the last residue of R1,
the whole of R2 and most of R3, forms two layers. One
layer is formed by the whole of R2 and contains strands
B1-B4, whereas the second layer consists of the resi-
dues of R3 that are arranged in strands p5-p7. The turn
between layers is filled by hydrophobic residues 1297
and V300 from R2, and V306, 1308 and Y310 from R3;
it is further stabilised by a salt bridge between D295 and
K311.

The serine side chain of the P301S mutation site sits
on the outside surface of this turn. The middle parts of
both layers are held together by hydrophobic interactions
between residues L282 and L284 from R2 and V313 and
L315 from R3. On the turn side of this hydrophobic clus-
ter, there is a solvent-filled cavity that is inlaid with the
polar side chains of N286, Q288, S293, D295 and K311,
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Fig. 2 Immunogold negative-stain electron microscopy of Tau filaments extracted from the central nervous system of 24-week-old Tg2541 mice. a,
Diagram of ON4R P301S tau showing the repeats (R1-R4) and the epitopes of antibodies BR133 (N-terminus), BR136 (R1), anti-4R (R2), BR135 (R3), TauC4
(R4) and BR134 (C-terminus). b, Immunogold negative-stain electron microscopy of Tau filaments from the brainstem with BR136, anti-4R, BR135, TauC4,
BR133 and BR134. ¢, Table summarising results from immunogold negative-stain electron microscopy of Tau filaments from frontal cortex, brainstem
and spinal cord. Tick marks indicate antibody decoration of filaments and crosses indicate that the antibodies did not decorate filaments. Filaments were
decorated by BR133, TauC4 and BR134, but not by BR136, anti-4R and BR135. Scale bar, 100 nm
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Fig. 3 Structure of P301S Tau filaments from the brainstem of Tg2541 mice. a, Cross-sections through the cryo-EM reconstructions, perpendicular to the
helical axis and with a projected thickness of approximately one rung, are shown for the P301S Tau filaments from the brainstem of Tg2541 mice aged 8
weeks and 24 weeks. The cryo-EM map resolution (bottom left) and the percentages of a given filament type among the filaments in the datasets (top
right) are shown. Scale bars, 5 nm. b, Sequence alignment of the microtubule-binding repeats (R1-R4) of Tau with the observed seven f3-strand regions
(B1-B7, arrows). Mutant serine residue at position 301 is highlighted in red. ¢, Sharpened high-resolution cryo-EM map of the P3015S Tau filaments with
the atomic model overlaid. Residues in R1-R4 and the C-terminal domain are coloured purple, blue, green, yellow and orange, respectively. Islands A and
B are indicated in grey. d, Schematic of the Tg2541 Tau filament fold. Negatively charged residues are shown in red, positively charged residues in blue,
polar residues in green, non-polar residues in white, sulphur-containing residues in yellow, prolines in purple and glycines in pink. Thick connecting lines
with arrowheads indicate 3-strands (31-37). Additional densities are shown in red. Unknown residues are indicated by question marks
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whereas on the other side both layers diverge and point
in opposite directions. The N-terminal strand p1 of the
R2 layer makes only few interactions with other protein
regions, whereas the C-terminal part of the R3 layer is
covered on both sides by disconnected density islands A
and B.

Both islands lack side chain densities beyond Cp atoms,
preventing unambiguous sequence assignment. However,
some clues as to their identity are provided by proxim-
ity to the C-terminal part of layer R3 at certain positions.
Thus, the residue in island A that packs against the turn
324GS%% must have a small side chain, as does the resi-
due in island B that packs between V318 and S320. The
nearest candidate for either ‘anchor’ position is S341 in
tau. Modelling the sequence around this residue into the
islands’ densities shows that both islands can accom-
modate well R4 segment ***QVEVKSEKLDF**, making
favourable interactions in their interfaces with layer R3.
In contrast, for the alternative assignment of island A
with the ‘nearest’ R1 segment, 2>LKNVKSKIGST?®, res-
idue S258, which is the first small residue N-terminal to
K274 that can reach the ‘anchor’ point, results in a bur-
ied position of the charged group of K254 without com-
pensation and places G261 in a site occupied by a residue
with a side chain.

The same R4 segment cannot fill both islands to full
occupancy on its own. If it alternates between islands
from one rung to the next, other segments are needed to
fill the gaps. This role can be taken by the next R4 seg-
ment 3*KDRVQSKIGSL3’, which runs anti-parallel to
the first, with S352 occupying the ‘anchor’ position in
both islands. Modelling the p-hairpins made of both seg-
ments with the turn at >*FK®" into the densities of both
islands shows that they fit well (Supplementary Fig. 2).
This suggests that the core sequence of tau filaments
from the brainstem of Tg2541 mice extends up to L357
and includes most of R4. The proposed B-hairpin islands
would be connected to the contiguous segment via a six-
residue turn 3°HKPGGG>® that is expected to be less
ordered, since its position relative to the ordered core
will alternate between rungs.

Apart from the protein density islands, there are two
non-proteinaceous densities, which correspond to puta-
tive cofactors and/or post-translational modifications.
One density resides on the side of the R2 layer and is co-
ordinated by K294 and K298, whereas the other density
sits at the divergence point of layers R2 and R3, and is co-
ordinated by K281, K317 and K321. Similar non-protein-
aceous densities that are co-ordinated by lysine residues
have been observed in 4R tau filaments extracted from
post mortem human brains [41, 42].
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Cryo-EM structures of tau filaments from PS19 mice

The filament core from the cerebral cortex of 48-week-old
mice from line PS19 extends from residues G271-P364 of
tau and consists of the C-terminal four residues of R1,
the whole of R2 and R3 and 28 N-terminal residues of R4
(Fig. 4). Its secondary structure comprises eight -strands
that range from 3 to 23 residues in length. They form a
hairpin-like structure, the tip of which folds back at the
turns between B2 and 3, and between B4 and B5, giv-
ing the cross-section of the filament core a tadpole-like
shape.

The four-layered ‘head; which is made of p2-B5, con-
sists of the nine C-terminal residues of R2 and the whole
of R3. The ‘tail’ is two-layered, with one layer consisting
of 1 that is made of the rest of R2 and a small portion
of R1, whereas the other layer consists of f6-pf8 and is
formed by 28 residues of R4. Similar to filaments from
line Tg2541, tau filaments from the brains of PS19 mice
contain putative non-proteinaceous cofactors and/or
post-translational modifications. A large external density
is found next to K290 and the adjacent Q288.

Comparison of the structures of tau filaments from Tg2541

and PS19 mice

The structures of tau filaments from Tg2541 and PS19
mice differ from each other and from the tau filament
structures determined so far, regardless of their ori-
gin (extracted from brains, seeded in cells or assembled
in vitro). However, the structures of tau filaments from
mouse lines Tg2541 and PS19 share a substructure at
the junction of R2 and R3, which comprises residues
1297-V312. It contains mutation P301S, is stabilised by
extensive hydrophobic interactions between residues
and may represent a common early intermediate in fila-
ment assembly (Fig. 5). Similar substructures with the
wild-type P301 sequence were found previously in two
other tau filament structures: one type of filament was
extracted from the brain of an individual with limbic-pre-
dominant neuronal inclusion body 4R tauopathy type la
(LNT, PDB:7P6A) [42]; the other type was assembled in
vitro from recombinant tau (244-391) in the presence of
Na,P,0,, (20a, PDB:7QL2) [43] (Fig. 5a).

Mutation P301S tau creates an additional hydrogen
bond between adjacent molecules that will further sta-
bilise a hypothetical intermediate. The sequence of the
common substructure significantly overlaps with that
of the ordered core of the first intermediate amyloid
(FIA) (Fig. 5b), which forms during the in vitro assem-
bly of recombinant tau (297-391) into either the paired
helical filament Alzheimer fold or the chronic trau-
matic encephalopathy tau fold [44]. The FIA consists of
32GGGSVQIVYKPVDLS?® from two anti-parallel tau
molecules, with a hydrophobic interface. Its ordered
core (PDB:8PPO0) explains the known importance of the
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Fig. 4 Structure of P301S Tau filaments from the cerebral cortex of PS19 mice. a, Cross-section through the cryo-EM reconstructions, perpendicular to
the helical axis and with a projected thickness of approximately one rung, are shown for the P301S Tau filaments from the cerebral cortex of PS19 mice
aged 48 weeks. The cryo-EM map resolution (bottom left) and the percentages of a given filament type among the filaments in the datasets (top right)
are shown. Scale bar, 5 nm. b, Sequence alignment of the microtubule-binding repeats (R1-R4) of Tau with the observed eight 3-strand regions (31-38,
arrows). Mutant serine residue at position 301 is highlighted in red. ¢, Sharpened high-resolution cryo-EM map of the P301S Tau filaments with the atomic
model overlaid. Residues R1-R4 and the C-terminal domain are coloured purple, blue, green, yellow and orange, respectively. d, Schematic of the PS19
Tau filament fold. Negatively charged residues are shown in red, positively charged residues in blue, polar residues in green, non-polar residues in white,
sulphur-containing residues in yellow, prolines in purple and glycines in pink. Thick connecting lines with arrowheads indicate 3-strands (31-8). The
additional density is shown in red
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Fig. 5 Common structural motif of Tg2541 and PS19 Tau filament folds. a, Superposition of Tau filament folds with a common substructure (N296-K311,
sticks). P301S Tau folds from transgenic mouse lines Tg2541 and PS19 are shown in green and blue, whereas the wild-type Tau folds of LNT (PDB:7P6) and
20a (PDB:7QL2) are shown in magenta and yellow, respectively. b, Superposition of the Tg2541 common motif, shown in green, onto the structure of the

first intermediate amyloid (FIA) (PDB:8PPQ), shown in orange

36VQIVYK3! (PHF6) motif for the assembly of full-
length tau into filaments in vitro [45], in transfected cells
[46] and in transgenic mice [21].

The hydrophobic core of the common substructure
mimics the dimeric interface of the FIA, with V306, 1308
and Y310 occupying equivalent positions in one chain,
whereas 1297 and V300 overlay onto V306 and 1308
of the opposite chain. The additional hydrogen bond
at S301 may promote the formation of a hypothetical
monomeric intermediate rather than the dimeric FIA. In
contrast, formation of this substructure in wild-type 4R
tau filaments appears to be an exception, since most 4R
tau filaments (extracted from human brains or assem-
bled in vitro) adopt different conformations of the R2-R3
junction. In filaments assembled from recombinant tau
(244-391), the formation of a common substructure may
have been facilitated by the intramolecular disulphide
bond between C291 and C322, closing the sequence
of the R2-R3 junction in a short loop (20a, PDB:7QL2).
The LNT filaments, which have a larger substructure
in common with globular glial tauopathy (GGTI and
GGTII) filaments [42], may assemble via a distinct early
intermediate.

External cofactors and/or post-translational modifi-
cations appear to contribute to the differences between
Tg2541 and PS19 filament folds by switching particular
local conformations. In the Tg2541 fold, K294 and K298
co-ordinate a strong density on one side of the common

substructure. In the PS19 fold, these lysine residues are
located on different sides of the main chain, with K298
making a salt bridge with D295 that turns the preced-
ing N-terminal residues in a different direction. K281,
K317 and K321 co-ordinate the second additional density
in the Tg2541 fold; it makes a right angle turn between
strands Bl and bp, whereas in the PS19 fold, K281 is in
the middle of the long B1 strand, where it is buried along-
side D283, K343, D345 and D348, in the interface with
R4 strands f6 and 7. Residues Q388 and K290 interact
with a strong additional density on the other side of PS19
strand 1, whereas in the Tg2541 fold these residues are
on different sides of the protein chain, with K290 making
a right angle turn between strands $2 and 3.

The tau filament structure from PS19 mouse brains
lends support to the proposed sequence assignments
of islands A and B from the Tg2541 tau filament struc-
ture. The secondary structure of segment R4 of the PS19
fold is consistent with the B-hairpin that we propose to
account for either island of the Tg2541 fold. Strand 6
corresponds exactly to the N-terminal strand of the
B-hairpin and the interface with strand 1 of R2 is simi-
lar to the interface between island B and the homologous
region of R3 in the Tg2541 fold. Strand B7 corresponds to
the C-terminal part of the f-hairpin and is connected to
B6 by a two-residue turn, ***FK3%, at the same position as
the turn of the B-hairpin. At the C-terminus, p7 is shorter



Schweighauser et al. Acta Neuropathologica Communications

than the B-hairpin strand, but it can be readily extended
through G355 to include the N-terminal part of 38.

Discussion

Mouse lines transgenic for human mutant P301S tau [9,
10] are among the most widely used models of human
tauopathies. They develop abundant filaments made of
mutant 4R tau and show extensive neurodegeneration.
Expression of wild-type tau in transgenic mice does not
result in abundant filament formation [47-49]. How-
ever, following the injection of seeds from 5-6-month-old
Tg2541 mice into the brains of mice expressing wild-type
tau, filamentous tau inclusions formed [50]. Filament for-
mation was also promoted in presymptomatic Tg2541
mice following seed injection [51]. Similarly, seeding and
spreading of assembled tau have been demonstrated in
PS19 mice [52]. Short tau filaments are the major species
of seed-competent tau in the brains from Tg2541 mice
[53]. The cryo-EM structures of tau filaments reported
here are the first from mice transgenic for human tau.

Tg2541 mice develop a severe paraparesis, which is
accompanied by a 50% loss of motor neurons in the lum-
bar spinal cord at around 20 weeks of age, with signifi-
cant nerve cell loss from 12 weeks [9, 21]. Here we show
that a small number of tau filaments is already present
in lumbar spinal cord at 5 weeks and that it increases
until 25 weeks of age. Seeds of assembled tau are present
from around the same time and increase in number in
a reproducible manner [40]. We showed previously that
tau filament formation in spinal cord precedes nerve cell
dysfunction [21]. Similar findings were obtained in brain-
stem, with sarkosyl extraction showing the presence of
tau filaments at 4 weeks of age.

The cryo-EM structures of tau filament cores from
mouse line Tg2541 extend from residues K274-H329,
with two islands, the sequences of which cannot be
assigned unambiguously. By contrast, tau filament cores
from mouse line PS19 extend from residues G271-P364.
Thus, the structures of tau filaments from these lines
transgenic for human P301S tau are different. This may
be the result of the expression of different tau isoforms,
distinct genetic backgrounds and/or the use of different
promoters (murine Thy! in [9] and murine Prup in [10]).
Transgene dose also differed between both lines, in that
Tg2541 mice were homozygous and PS19 mice were het-
erozygous. Homozygous PS19 mice do not breed [10].

The cellular environment of filament formation may
determine a particular fold and different promoters may
cause initial filament assembly in different cell types. It
will be interesting to see what the structures of tau fila-
ments from P290S Mapt knock-in mice [54] are, since
they express the equivalent of P301S tau downstream of
the murine tau promoter. Ultimately, this will need to be
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compared with the structures of tau filaments from the
brains of human individuals with the P301S tau mutation.

The structures of tau filaments from human brains
comprise R3, R4 and 10-13 amino acids after R4 [24, 40,
41, 55, 56]. By immunogold negative stain EM, they are
decorated by BR133 and BR134, but not by BR136, anti-
4R, BR135 or TauC4. Tau filaments from line Tg2541
comprise the C-terminal amino acid of R1, the whole of
R2 and the N-terminal 24 residues of R3; they were dec-
orated by BR133, BR134 and TauC4, but not by BR136,
anti-4R or BR135. Our putative assignment of the dis-
connected islands with the N-terminal sequence of R4,
residues 336—357 of tau, is consistent with the decoration
by antibody TauC4, which was raised against residues
354-369 [26]. Tau filaments from line PS19 consist of
the C-terminal four amino acids of R1, the whole of R2,
the whole of R3 and the 28 N-terminal amino acids of
R4. Neither filament contains the whole of R4 or the tau
sequence after R4.

The lengths of tau filament cores from Tg2541 and
PS19 mice are intermediate between those of filaments
assembled from full-length recombinant tau in the pres-
ence of heparin [57] and filaments extracted from human
brains [55]. Heparin tau filaments are decorated by
BR133, BR136, TauC4 and BR134, but not by anti-4R or
BR135.

Tau filaments were made of mutant human P301S
tau, indicating that mouse tau did not co-assemble with
human mutant tau. This is in accordance with previous
studies, which showed that filament formation of human
P301S tau and neurodegeneration were not affected by
the presence of mouse tau [21]. It is also reminiscent
of Western blotting results of sarkosyl-insoluble tau
from the brains of individuals with mutation P301L tau
using antibodies specific for P301L tau [58, 59]. More-
over, aggregates of P301L tau could seed the assembly of
P301L tau, but not of wild-type tau [60].

At end-stage, assembled tau from mice transgenic for
human P301S tau is hyperphosphorylated [9, 10, 19].
Many of these sites were already phosphorylated in the
brainstem from 2-month-old mice from line Tg2541
[61]. It remains to be seen if hyperphosphorylation is
necessary for the assembly of tau into filaments. Phos-
phorylated sites (pT181, pS199, pS202, pT231, pS400,
pT403, pS404) were located outside the core region of
tau filaments. Besides phosphorylation, citrullination
and methylation of the fuzzy coat of tau filaments, but
not ubiquitination, were also observed in 5-month-old
Tg2541 mice [61].

Filaments from mouse knock-in line App™"~F that are
made of wild-type human AB42 are identical to Type II
AP42 filaments from human brains [22]. By contrast, in
the presence of Arctic mutation E693G (knock-in line
AppNt67F), different structures of AB42 filaments were
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present [62, 63]. These findings indicate that a missense
mutation in AB42 is sufficient to cause a change in fila-
ment structure following expression downstream of the
App promoter. It remains to be seen if this is also the case
of tau filaments from human brains with missense muta-
tions in the core region. In App™'~%~F mice, identical fila-
ment structures were observed at 12 and 22 months of
age. The same was observed here for Tg2541 mice aged 2
and 6 months, indicating that the filament structures did
not change over time.
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