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Cryo-EM structure of Alzheimer’s disease tau
filaments with PET ligand MK-6240

Peter Kunach1,2, Jaime Vaquer-Alicea2, Matthew S. Smith3,4, Jim Monistrol2,
Robert Hopewell5, Luc Moquin5, Joseph Therriault 1, Cecile Tissot 1,
Nesrine Rahmouni1, Gassan Massarweh5, Jean-Paul Soucy5,
Marie-Christine Guiot1,5, Brian K. Shoichet 3, Pedro Rosa-Neto 1 ,
Marc I. Diamond 2 & Sarah H. Shahmoradian 2

Positron Emission Tomography (PET) ligands have advanced Alzheimer’s dis-
ease (AD) diagnosis and treatment. Using autoradiography and cryo-EM, we
identify AD brain tissue with elevated tau burden, purify filaments, and
determine the structure of second-generation high avidity PET ligand MK-
6240 at 2.31 Å resolution, which bound at a 1:1 ratio within the cleft of tau
paired-helical filament (PHF), engaging with glutamine 351, lysine 353, and
isoleucine 360. This information elucidates the basis of MK-6240 PET in
quantifying PHF deposits in AD and may facilitate the structure-based design
of superior ligands against tau amyloids.

Alzheimer’s Disease (AD) is characterized by the progressive accu-
mulation of amyloid-beta (Aβ) plaques and neurofibrillary tangles
(NFTs) which are central to AD pathogenesis. Neurofibrillary tangles
are composed of tau protein fibril polymoprhs, notably the paired
helical filaments (PHFs) and straight filaments (SFs). Their relative
abundance has been previously described as approximately 90%
PHF and 10% SF in cortical extractions from AD brain1–6. Positron
emission tomography (PET) imaging with Aβ and tau ligands has
enhanced diagnostic accuracy and understanding of AD progression7.
First-generation tau-PET ligands have enabled in vivo detection of tau
tangles andhavepredictive capabilities for brain atrophy and cognitive
decline in pre-symptomatic individuals8–14.

Building on this, second-generation tau-PET ligands have been
developed to improve specificity, pharmacokinetics, and avidity.
These ligands are based on optimized chemical structures such as
pyridoindole, phenyl-butadienyl-benzothiazoles, and quinoline/ben-
zimidazole derivatives15–17. Specifically, pyrrolopyridinyl isoquinoline
amine derivatives like [18 F]MK-6240 have shown superior binding to
tau tangles compared to first-generation tracers15. The development of
second-generation tau-PET ligands, such as [18 F]MK-6240, is vital for
early AD detection, disease staging, and therapeutic intervention
evaluation18–23.

While ligand development methods have been productive24–28,
cryogenic electron microscopy (cryo-EM) offers atomic-resolution
insights into filament binding29–31. Previous work using cryo-EM has
resolved the interaction between PM-PBB3 (APN-1607) and PHFs/SFs,
showing a parallel binding mode between the ligand and receptor,
where a ligand-to-tau monomer ratio of 1:6 was observed29. Surpris-
ingly, the same group could not resolve an interaction between Flor-
taucipir and PHFs or SFs fromADor PART26. Recently, GTP-1, a second-
generation tau ligand, has been resolved with PHFs using cryo-EM31.
The cryo-EM structures resolved for APN-1607 and GTP-1 show occu-
pancy of a common binding site including amino acids Q351, K353,
and I360. In vitro studies have shown that GTP-1 and Flortaucipir32 and
MK-6240 and Flortaucipir24,27, compete for the same binding site.
Therefore, the absence of a structure between Flortaucipir and tau
fibrils from AD-patient brain is perplexing. However, based on this
data, we hypothesized that MK-6240 could be resolved within this
common binding site.

In this work, we focus on MK-6240, which is the only second-
generation tau-PET ligand with subnanomolar EC50 for tau pathology
in AD24,25,27,28 increasingly used in clinical studies23. We study whether
its structure in complex with AD-derived tau fibrils using cryo-EM
could reveal unique binding features related to its characteristics.
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Results
Clinical history and neuropathological characterization
We started with a neuropathologically confirmed AD case, scored as
A3, B3, C3 according to Thal phases (Aβ), Braak stage (NFT), and
CERAD score (Neuritic plaque). This combination of A, B, and C scores
constitutes a high degree of AD neuropathologic change, which
characterizes the most advanced neuropathological stage33. We
selected frontal cortical tissue to purify AD filaments (Supplementary
Fig. 1). Guided by autoradiography with [18 F]MK-6240, we dissected
regions with high AD tau filament concentration (Supplementary
Fig. 2A) and extracted sarkosyl-insoluble tau filaments using standard
methods (Supplementary Fig. 2B)34.

Characterization of the MK-6240 binding site and mode
Cryo-EM confirmed the presence of isolated tau filaments (Supple-
mentary Fig. 3A, B), and in vivo binding of the purified tau filaments to
MK-6240 was validated by inoculation into the rat hippocampus
(Supplementary Figs. 4 and 5).

Prior to cryo-EM imaging, we incubated tau PHFs from the
frontal cortex with 20 µMMK-6240 (Fig. 1A) or 3% DMSO as a control
(Supplementary Fig. 6A). Cryo-EM reconstructions using RELION
revealed PHF conformations consistent with known structures,
with an estimated resolution of 3.0 Å (Fourier Shell Correlation,
FSC = 0.143) (Supplementary Fig. 7). Analysis of PHFs complexed
with MK-6240 yielded a higher resolution of 2.31 Å (FSC = 0.143)
(Supplementary Fig. 8). The density corresponding to MK-6240 was
discernible at 12.5 standard deviations above the noise, and the
amino acid main chain was extended up to 16 standard deviations
(Fig. 1B). Notably, MK-6240 molecules exhibited a 1:1 stoichiometry
with tau monomer rungs (Fig. 1C, G), a pattern that was mirrored in
the cross-sections (Supplementary Fig. 6A), presented at a sigma
contrast value of 7.5.

Using Chimera, we fit the atomic coordinates of MK-6240 within
the largest non-protein density in the C-shaped cavity of each tau
protofilament, predicting packing interactions with amino acids Q351
and I360, and a hydrogen-bondwithK353 (Fig. 1E–G). The alignment of
the 6-Azaindole ring of MK-6240 near K353 was stabilized by an inter-
residue ion pair with neighboring D358. Hydrophobic contacts were
formed between the fluorine (Fl) of the isoquinoline ring and adjacent
carbonswithQ351’s aliphatic chain, while the Flwasoriented alongside
Q351’s sidechain carboxamide. This positioning facilitated van der
Waals interactions with I360 and the 6-Azaindole ring, leaving the
Fl and primary amine groups solvent exposed and supported by
electrostatic complementarity with polar residues (Fig. 2A).

MK-6240’s binding configuration was characterized by a slanted
columnar arrangement from staggered alignment, revealing a 4.8 Å
spacing at equivalent distal atoms (Fig. 1D), similar to the separation
between AD PHF protofilament rungs34. This alignment avoided
steric hindrance from MK-6240’s halogen, with a 3.4 Å distance
between the closest atoms and overlapping aromatic rings (Fig. 1D)
suitable for an offset stacking arrangement35. The columnated MK-
6240, inclined at approximately 43°, conformed to the fibril’s twist,
ensuring stable binding andmirroring cryo-EM structures of tau with
GTP-1. This orientation prevented collisions between projecting MK-
6240 molecules and tau filament, possibly involving hydrogen
bonding between the azaindole ring’s amine and K353 (Fig. 2A/B)
and inducing torsion on the mainchain between K340 and G355
(Supplementary Fig. 6C).

In addition to the unambiguous binding site (red arrow),
we observed an additional density, potentially indicating a sub-
stoichiometric interaction involving I360 and H362 (orange arrow)
(Supplementary Fig. 6A). This density was absent in our control
structure. We predict that MK-6240 could form a hydrogen bond
with H362 in a non-columnated binding mode. These findings, along

Fig. 1 | Structure of MK-6240 bound to tau PHF. A Molecular structure of MK-
6240. B Cryo-EM map of AD tau PHFs (Grey) with bound MK-6240 (Red). C Side-
view depiction of MK-6240 (red) situated within the binding pocket of the cleft
within the AD tau PHF (Grey). MK-6240 adopted a stacked arrangement perpen-
dicular to the fibril axis. One MK-6240 molecule spanned approximately two tau
monomer rungs. D Isolated atomic representation of MK-6240 with its binding
orientation. Peripheral atoms (alpha-carbon Hydrogen, left; and Fluorine, right)
exhibit a 4.8 Å distance between them. Between heterocycles or parallel atoms

within MK-6240 molecules, a ~ 3.3 Å distance is observed. E Close-up depiction of
the binding site, accentuating the proximity of the three amino acids (Q351, K353,
and I360) to MK-6240. F Atomic model showcasing the MK-6240 binding site on
paired helical filaments. Cryo-EM density (white) is juxtaposed with the atomic
model of the tau fold (blue) and MK-6240 (orange). G Side-view, zoomed-in per-
spective (from within the cleft) of the MK-6240 binding site, revealing the
~1:1 stoichiometry and the angle that aligns individual MK-6240 molecules with
both themselves and the filament axis.
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with the reported subtle densities in other PHFmaps, require further
investigation to determine their relevance.

We observed an MK-6240-induced amino acid rearrangement at
the level of the cryo-EM map. To show this, we generated a
difference map by subtracting the unbound PHF map from the bound
PHF +MK-6240map.We overlaid the differencemap (Salmon density,
Supplementary Fig. 6B) onto the unbound PHF map (Grey density,
Supplementary Fig. 6B). To validate the observation, we aligned the
bound PHF +MK-6240 model to three unbound PHF models using
the amino acids outside the region we observed the rearrangement
(i.e., 306-339 and 356-374). We show the alignment between our
PHF +MK-6240map andour unboundmodel (SupplementaryFig. 6C).
Next, we calculated the α-carbon root-mean-square deviations
(RMSDs) of residues 340-355 between the MK-6240 boundmodel and
our unbound PHFmodel with two additional published PHFmodels to
account for differences inmodel building.We found that theRMSDsof
residues 340-355 were 1.1 Å, 1.6 Å, and 1.2Å for the unbound PHF
models 5o3l32, 6HRE36, and our vehicle control model, respectively. To
contextualize these findings, we compared the α-carbon RMSD
between our control structure and unbound PHF models 5o3l and
6HRE which was 0.65 Å each, indicating highly similar unbound
structures (Supplementary Fig. 9A). Lastly, Merz et al.31, observed a
subtle side-chain rearrangement with the binding of GTP-1 when
compared to the unbound model 6HRE. We used the GTP-1 bound
model (8FUG) and compared it to our unboundmodel and found that
the α-carbon RMSD of residues 340-355 RMSD values of 0.56 Å.
The comparison of α-carbon RMSD from the GTP-1 model and PHF +
MK-6240model was 1.65 Å (Supplementary Fig. 9B). This contrasts the
effects of a nanomolar binder (GTP-1) and a sub-nanomolar binder
(MK-6240) in its ability to induce backbone changes at the binding
interface, with MK-6240 eliciting more significant conformational
alterations as evidenced by the higher RMSD values.

In sillico validation of MK-6240 binding site
To inform our structural model, we used a new implementation of
UCSF DOCK 3.8. SymDOCK37, checks that prospective poses can

form a stack using the symmetry of the protein and evaluates the
ligand-ligand van der Waals energy. We docked MK-6240 against
the structure of GTP-1 bound to AD PHF tau31. Among the top 50
poses (by DOCK score) generated for MK-6240, the 9th-best one by
docking score fits the electron density best (Fig. 2B), though the
top four docking poses also closely resemble the experimental
structure (Fig. 2C).

Discussion
It has been well documented that the PHF is the predominant tau
polymorph in Alzheimer’s disease4,5, however, it has also been
observed in various other neurodegenerative conditions, such as
Familial British Dementia, Familial Danish Dementia, and PrP Cerebral
Amyloid Angiopathy6. Our data suggests that MK-6240 is a useful tool
for measuring PHFs. Therefore, MK-6240 may have in vivo utility in
these respective conditions, contingent on the presence of sufficient
PHF polymorph.

It is still unknown whether the interaction of PET ligands with tau
filaments, as revealed by cryo-EM structures, accurately reflects their
binding modes in vivo30. For example, inaccurate structural models
could be derived as a result of saturating ligand concentrations used in
cryo-EM experiments. Future work will aim to resolve structures using
sub-stoichiometric conditions. Additionally, the structure of MK-6240
complexed with SFs is important to determine because they are pre-
sent in NFTs in AD. Additionally, the utility of MK-6240 in PART would
hinge on its ability to bind SF, where the SF polymorph is more
abundant than the PHF29.

While stacked interactions between ligands are rare in traditional
protein-ligand complexes, they are frequently observed in fibril-ligand
complexes30,31,38. It seems that ligand-ligand interactions act as a sta-
bilizingmolecular glue. To this end,MK-6240has few interactionswith
its receptor compared to what is typical for such high-affinity ligands.
The surface area involved in ligand-ligand interface (243 Å2) is greater
than that observed in the ligand-protein interface (208 Å2), resulting
in 46% of the solvent-accessible surface area (SASA) of an MK-6240
monomer being buried by the protein, or 69% of the SASA of an

Fig. 2 | Electrostatic interactions between MK-6240 and PHFs and correspon-
dence of the docking prediction to the experimental result. A Coulombic
energy map depicting the cryo-EM density of the binding pocket, with amino acids
from the tau fold and MK-6240. B Optimal pose resulting from MK-6240 binding
via symmetry docking (illustratedwithin the protein chainmodelled to the cryo-EM
structure, key amino acids are highlighted), revealing hydrogen bonding involving
the secondary amine of the azaindole ring and K353. Minimized energetic scores

alignwith themanually dockedposeofMK-6240 in the cryo-EMdensity as shown in
(B). C The top four poses (Green > Yellow > Orange > Red) generated through
symmetry docking, showcasing robust alignment and a predilection for the
orientation of the secondary amine of the azaindole ring system to facilitate
interaction with K353. Flexibility variations toward the solvent-exposed region are
observed among these poses.

Article https://doi.org/10.1038/s41467-024-52265-x

Nature Communications |         (2024) 15:8497 3

www.nature.com/naturecommunications


MK-6240 monomer bound to protein within a stack of MK-6240
molecules. These values are similar to what has been previously cal-
culated for GTP-1 bound to tau fibrils30.

Tao et al.'s39 highlighted the importance of binding modes in
determining ligand specificity. Structural analyses show varying bind-
ing modes among tau-PET ligands and amyloid disaggregants: APN-
1607 binds in a parallel fashion, ECGC adopts a flat stacking mode,
while MK-6240 and GTP-1 both use diagonal stacking. Future experi-
ments will help clarify how binding mode contributes to specificity.

With this in mind, one could foresee that the development of
libraries of chemical scaffolds capable of adopting stacked binding
modes facilitated by pi-pi interactions will serve as a useful starting
point. Therefore, Structure-Activity relationship studies can focus on
adjusting these scaffolds to contain functional groups capable of
complexing with specific amino acids on the amyloid surface. In the
case of MK-6240 and GTP-1, leveraging the formation of hydrogen
bond interactions may also be a promising starting point. We have
begun implementing these ideas in pursuing novel binders.

Our study represents the examination of the molecular binding
interface of PHFs derived from AD brain complexed with MK-6240, a
second-generation, high avidity tau-PET ligand. The binding mode
involves specific amino acid contacts and a stacked arrangement with
pi-pi aromatic interaction, reflecting a 1:1 stoichiometric ratio. These
findings will guide rational PET ligand design for PHFs and other
amyloid targets, contributing to the advancement of diagnostic tools
in neurodegenerative diseases. Future research should investigate the
additional density potentially indicating a substoichiometric interac-
tion and the unknown ability of the straight filament mainchain to
accommodate MK-6240 binding.

Methods
Clinical history and neuropathology
Patient sample was obtained from the Douglas-Bell Canada Brain Bank
with the approval of the Brain Bank’s scientific review and Douglas
Institute’s research ethics boards. We extracted tau filaments from the
frontal cortex of a neuropathologically confirmed case of AD. She had
developed severe cognitive and functional symptoms in the 8 years
prior to death. MRI indicated severe subcortical atherosclerosis-
associated leuco-encephalopathy.

Neuropathological ABC categorization was: A3, B3, C3. Additional
pathological findings included cerebral amyloid angiopathy, vascular
pathology related to hypertension and/or atherosclerosis, and severe
diabetes. The dentate gyrus and the CA1 region of the hippocampus,
which had limited TDP-43 co-pathology, were excluded from the
selection process. We observed no evidence of Lewy body pathology.
The patient exhibited severe amnestic symptoms starting 8 years
prior to death, experiencing difficulties inword-finding and expressing
coherent ideas. Assistance was required for eating, maintaining
personal hygiene, and climbing stairs. Impairments in temporal and
spatial orientation were noted, although recognition of familiar indi-
viduals remained intact. MRI results indicated moderate small vessel
disease. Progressive cognitive decline was evident through decreasing
MMSE scores.

For detailed neuropathological characterization, please refer to
Supplementary Fig. 1.

Immunohistochemistry
Immunohistochemistry was performed on formalin fixed paraffin
embedded (FFPE) 5-micron sections, using a Ventana Discovery Ultra
automatic stainer. The Ventana staining protocol included a 24min
pretreatment with Cell Conditioner 1 (CC1 Ventana), followed by
incubationwith the primary antibody for 60min. Antibodywasdiluted
in Ventana dilution buffer as follows: AT8 (phosphor-Tau Ser202,
Thr205) (InVitrogen) 1/1000. Detection was performed using Dis-
covery OmniMap DAB anti Ms RUO. (Ventana). The slides were

scanned at 20X on an Aperio ScanScope XP and visualized using
AperioImageScope software.

Tissue guided autoradiography
Guided by autoradiography with [18F]MK-6240, tau filament-rich
regions were recovered. Flash-frozen tissues were sectioned into
20 µmthick slices using a freezing slidingmicrotome (LeicaCM3050S)
at −15 °C. The sections were then placed on coated microscope slides
and allowed to thaw at room temperature. Following this, the samples
were air-dried and preincubated with a phosphate-buffered saline
(PBS) solution (pH 7.4) containing 1% bovine serum albumin for 10min
to remove endogenous ligands. After additional air-drying, the sam-
ples were incubated with 20.4 MBq of [18F]MK-6240 in 600mL of PBS
for 150min. Next, the tissues were dipped three times in PBS, followed
by a dip in 4 °C distilled H2O and dried under a stream of cool air.
Finally, the samples were exposed to a radioluminographic imaging
plate (Fujifilm BA SMS2025) for 20min, and the activity quantified as
photostimulated luminescence units per mm2 using ImageGauge
software 4.0 (Fujifilm Medical Systems, Inc.).

The cortical regions utilized in the study are highlighted in
Supplementary Fig. 2.

Extraction of tau filaments
Sarkosyl-insoluble material was extracted from the cortical grey mat-
ter. Tissues were homogenized using a protocol adapted from the
preprint by Fitzpatrick et al. 34. A total of 4 g of tissuewashomogenized
in extraction buffer (10mMTris-HCl, pH 7.4, 10% Sucrose, 0.8M NaCl,
5mMEDTA, 1mMEGTA, and aproteasephosphatase inhibitor (Roche)
at a ratio of 20mL/g. The homogenates were centrifuged at 3900 × g
for 10min, followed by incubation with 2% sarkosyl for 1 h at room
temperaturewith constant stirring. The resulting supernatantwas then
spun at 100,000× g for 1 h at 4 °C to obtain sarkosyl-insoluble pellets.
Thesepelletswere resuspended in extraction buffer at a ratio of 1mL/g
of starting material and centrifuged at 3000 × g for 5min at 4 °C. The
resulting supernatant was diluted 5-fold in a buffer containing 50mM
Tris-HCl, pH 7.5, 0.15MNaCl, 10% Sucrose, and 0.2% sarkosyl, and then
subjected to centrifugation at 100,000 × g for 30min at 4 °C. The
pellet obtained was resuspended in Tau Buffer (20mM Tris-HCl, pH
7.4, 100mM NaCl) at a ratio of 250 µL/g of starting material and cen-
trifuged at 100,000 × g for 30min. Finally, the resulting pellet was
resuspended in Tau Buffer at a ratio of 75 µL/g of starting material.

Incubation of AD-tau filaments with MK-6240
MK-6240 was purchased from NucMedCor. 10mg of MK-6240 was
dissolved in 1mL of 100%DMSO and then titrated to a working solution
600 µM. Certificate of Analysis included at the end of this manuscript.
1 µL of working solution was added to 30 µL of sarkosyl-insoluble frac-
tion from AD brain for a final concentration of 20 µMMK-6240 and 3%
DMSO and incubated at room temperature for 3 h.

Cryo-EM grid preparation
To ensure saturation of all potential binding sites, the sarkosyl-
insoluble fraction was incubated with MK-6240 at a concentration of
20 µM prior to vitrification. Subsequently, the sample was centrifuged
at 2500 × g for 1min. For cryo-electronmicroscopy, a volume of 3.5 µL
of the sample was applied to a glow-discharged holey carbon grid
(Quantifoil Cu R1.2/1.3, 300 mesh) and rapidly frozen in liquid ethane
using an FEI Vitrobot Mark IV (Thermo Fischer Scientific). The grids
were then loaded onto a 300 kV Titan Krios microscope for imaging.
Movies consisting of 60 frames were acquired using a Gatan
K3 summit detector in CDS mode. The total electron dose adminis-
tered was 62 e-/Å2, and the super resolution pixel size was set at
0.415 Å. To eliminate inelastically scattered electrons, a GIF quantum
energy filter (Gatan) with a slit width of 20 eV was employed.

Further details can be found in Supplementary Table 1.
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Helical reconstruction
The collectedmovies were binned by two,motion corrected, and dose
weighted using the motion correction implementation provided by
RELION4.040. Aligned and dose-weightedmicrographswere then used
to estimate the contrast transfer function (CTF) using CTFFIND-4.141.
The imageprocessing stepswere guidedby the protocols describedby
Lovestam et al.42 and Scheres43.

Initially, filaments were manually picked and extracted using
a box size of approximately 850 Å (1024 pixels) with an inter-box
distance of 14.25 Å (three subunits), which was then downscaled by a
factor of four. A first round of reference-free 2D classification was
performed using a mask diameter of 840Å and a tube diameter of
200Å, resulting in predominantly PHF 2D-class averages. The highest
resolution averages were selected, and particles were re-extracted
using a box size of 280Å without rescaling. The best 2D-class
averages were chosen.

For de novo 3D initial model generation, the relion_helix_-
inimodel2d program43 was employed with a cross-over distance of
740Å. A first 3D auto-refinement was conducted using the initial
model as a reference. Subsequently, a second 3D auto-refinement was
performedusing a soft-edged solvent-flattenedmask (lowpass filtered,
15 Å) generated from the output of the first refinement. Finally, a
pseudo 2-1 helical screw symmetry was imposed (twist: 179.42°, rise:
2.37 Å), and a search range for helical rise and twist was set to accu-
rately refine the half-maps.

Bayesian polishing was performed on the particles, and the
polished particles were used for a fourth round of 3D auto-refinement.
Three rounds of CTF-refinement were subsequently conducted.
Following this, a 3D classification without further image alignment was
performed to eliminate segments that contributed to suboptimal 3D
reconstructions.

For further refinement, a single class containing 32,986 particles
was selected. These particles underwent another set of auto-refine-
ment, particle polishing, and three rounds of CTF refinements to
generate a final reconstruction. Masking and post-processing tech-
niques were applied, resulting in a map with a resolution of 2.31 Å
using an FSC criterion of 0.143. The reconstruction incorporated
pseudo 2-1 helical screw symmetry with a twist of 179.462° and a rise
of 2.382 Å using the relion_helix_toolbox program43, with a central Z
length of 30%.

The post-processed map obtained from the above steps was then
utilized for model building and refinement. Additional details can be
found in Supplementary Fig. 7,8 and Supplementary Table 1.

Model building and refinement
A model consisting of three rungs was initially generated using
model_angelo44, specifically utilizing the sequence S305-R379 from the
microtubule binding domain. An individual rung was then extracted
from the model using Chimera45 and subjected to real-space refine-
ment with ISolde46. Model validation was performed using Phenix47.

Additional information and details can be found in Supplemen-
tary Table 1.

We translated and rotated a copy of the 3 Rung model refined
from our cryo-EM map into a model containing 6 tau rungs because a
single ligand interacts with 4 rungs. Running this calculation for the
3-rung model would have left some of the middle ligand hanging off
the side of the modeled protein. Doing so undervalues the buried
SASA, so we calculated these values for the 6-rung model. We calcu-
lated the buried SASA for an MK-6240 monomer in the protein fibril
using Chimera. See supplementary data for calculations.

Animals
All procedures described were performed in accordance with
the Canadian Council on Animal Care guidelines and approved by the
McGill University Animal Ethics Committee. Five 3-month-old male

Sprague Dawley rats were used. They were housed at the Douglas
Mental Health University Institute animal facility on a 12/12 h light/dark
cycle and had ad libitum access to food and water.

Surgery
Rats were administered 0.1cc medetomidine and deeply anesthetized
with 5% isoflurane at 1 L/min oxygen.Upon reaching a lack ofwithdrawal
reflex, isoflurane was adjusted to approximately 1% for maintenance.
The rat was immobilized in a stereotaxic frame (David Kopf Instru-
ments), with drill and microinjection pump attachments. Animals were
aseptically inoculated with human brain extracts in the dorsal hippo-
campus (bregma: −2mm; lateral: −3.5mm; depth: −3.5mm) using a 5 µL
Hamilton syringe. Injection needles were lowered to −3.75mm for
approximately 1min to create a cavity at the injection site, followed by a
return to −3.5mm where the inoculum was delivered. Each of the two
injection sites received 1.5 µl of inoculum.

MRI acquisition
MRI acquisition was performed in a 7 T BioSpec animal MRI from
Bruker. This scanner was equipped with Avance III electronics and the
500V/300A B-GA12S2 gradient upgrade with a standard 40mm
quadrature volumetric transceiver. Animals were anesthetized with a
1% isoflurane/medical airmixture. A constant 37 °C airflowwas used to
keep the animals warm.

Structural imaging was obtained using the Bruker standard
3D-True Fast Imaging with Steady State Precession pulse sequence.
To remove banding artifacts, a root-mean-square image of eight
phase advance (angles of 0–315 degrees in increments of 45) acqui-
sitions was obtained. Each TrueFISP phase angle acquisition was
acquired as follows: slices oriented in the rostrocaudal axis, FOVof 36
× 36 × 36mm with a matrix of 180 × 180 × 180, TE/TR of 2.5/5.0ms,
NEX of 2, flip angle of 30°, and a bandwidth of 50 kHz; no accelera-
tions were used. The resulting image is an average of 16 acquisitions
with an isotropic 200 μm resolution and was acquired in a total
scanning time of 46min.

PET imaging
PET acquisition was performed using a CTI Concorde R4MicroPET for
small animals. Animals were induced using 5% isoflurane in 1.0 L/min
oxygen and then maintained with 2% isoflurane in medical air. A 9min
transmission scanwasdoneusing a rotating [57Co]point source48. This
was followedwith a bolus injection of [18F]MK-6240or [18F]NAV4694 in
the tail vein. The emission scan began immediately after, which lasted
for 60min. The data from the dynamic scan were reframed into
27 sequential time frames of increasing durations (8× 30 sec, 6× 1min,
5× 2min, and 8× 5min). MINC tools were used for image processing
and analysis (www.bic.mni.mcgill.ca/ServicesSoftware), following
the pipeline that was previously described by Parent et al.49. Briefly,
averaged PET images for each animal were coregistered to their
respective structural MRI, which was then non-linearly transformed
into theWaxholm Sprague Dawley Space Atlas (https://www.nitrc.org/
projects/whs-sd-atlas). The binding potential (BPND) maps were gen-
erated using the SRTM model, [18F]NAV-4694 BPND was calculated for
each voxel using cerebellar gray matter as a reference region and for
[18F]MK-6240 BPND was calculated for each voxel using the striatum50.
The parametric maps were blurred using a 1mm Full Width Half
Maximum Gaussian kernel.

Solvent accessible surface area (SASA) calculations
We translated and rotated a copy of the 3 Rung model refined from
our cryo-EM map into a model containing 6 tau rungs because a
single ligand interacts with 4 rungs. Running this calculation for the
3-rung model would have left some of the middle ligand hanging off
the side of the modeled protein. Doing so undervalues the buried
SASA, so we calculated these values for the 6-rung model.
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We calculated the buried SASA for an MK-6240 monomer in the
protein fibril using Chimera.

The SASA of a single ligand in the fibril, is Z = 20328 Å2

The SASA of just the protein is P = 20293 Å2

Then the SASA of MK-6240 buried in the protein is (X + P - Z) /
2 = 208 Å2 or 46% of the MK-6240 monomer surface area.

Next, we calculated the buried SASA for anMK-6240monomer in
a ligand stack.

The SASA of a ligand dimer is D = 657 Å2

The SASA of a ligand trimer is T = 865 Å2

Then the buried SASA in just the ligand stack is 2X - D = 244 Å2, or
X - (T - D) = 243 Å2 or 54% of the MK-6240 monomer surface area.

Lastly, to be consistent with the calculations from the literature30,
we calculated the buried SASA for an MK-6240 monomer in a stack of
ligand in the protein fibril.

The SASA of a protein fibril with 3 bound ligands in a stack (S), of a
fibril with 2 bound ligands separatedby a site between them (N), andof
a single ligand monomer out in space (X). Like the calculation with a
single ligand in the fibril, the buried SASA at the ligand-protein inter-
face and ligand-ligand interface is:

(X +N - S) / 2
X = 451 Å2, N = 20373 Å2, and S = 20201 Å2.
Thus, the buried SASA is 311 Å2, or 69% of MK-6240 monomer

surface area.

Data availability
Cryo-EM maps and atomic coordinates have been deposited in the
EMDB and PDB with accession codes: EMD-42463 and PDB 8UQ7. Any
other relevant data are available from the corresponding author upon
request. Source data is provided with this manuscript as a source date
file. Previously published accession codes referred to in this manu-
script: 5o3l [https://doi.org/10.2210/pdb6HRE/pdb], 6HRE, and 8FUG.
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