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ABSTRACT: Tauopathies are a class of neurodegenerative
disorders characterized by the accumulation of tau protein
filaments in the brain. On the basis of isoforms with three or
four microtubule-binding repeats (3R or 4R) that constitute tau
filaments, tauopathies can be divided into 3R, 4R, and 3R/4R
tauopathies. [18F]PI-2620 is a tau-positron emission tomography
(PET) tracer that detects tau filaments in the 3R/4R tauopathy
Alzheimer’s disease (AD) and the 4R tauopathies corticobasal
degeneration (CBD) and progressive supranuclear palsy (PSP)
with differential binding characteristics. A multiscale simulation
workflow, including molecular docking, molecular dynamics simulation, metadynamics, and Brownian dynamics, was applied to
uncover the molecular basis for the different binding properties of [18F]PI-2620 in these tauopathies. The energetically best binding
sites of [18F]PI-2620 in the AD-tau filament are located in the C-shaped groove of the filament core structure that is accessible to the
outside. The most favorable binding sites in CBD-tau and PSP-tau filaments are localized to cavities in the inner filament core. Sites
on the outer surface have higher binding free energies, and interaction of [18F]PI-2620 at these sites was short-lived in the molecular
dynamics simulations. Computationally predicted associated rates of [18F]PI-2620 with the groove sites in the AD-tau filament were
higher than association rates with the cavity sites in the CBD- and PSP-tau filaments. The results indicate that tau filaments in AD
combine favorable energetic and kinetic properties with regard to tracer binding, while the binding of [18F]PI-2620 to filaments in
CBD and PSP is kinetically restricted. Our findings reveal that distinct structural, energetic, and kinetic properties of tau filaments
from AD, CBD, and PSP govern their interaction with PET tracers, which highlights the possibility to achieve tau isoform specificity
in future tracer developments.
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■ INTRODUCTION
Tauopathies are a class of neurodegenerative diseases
characterized by the abnormal deposition of tau proteins in
the human brain. Alzheimer’s disease (AD) is the most common
tauopathy and the most prevalent cause of dementia.1 The care
of AD patients leads to significant health care costs, making
research to contribute to early diagnosis and therapy of primary
importance.1 Tau deposits are also causative of other neuro-
degenerative diseases such as progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), chronic traumatic
encephalopathy (CTE), and Pick’s disease (PiD).2−4 PSP is the
most common tauopathy after AD.5

Tau has a well-established role as a microtubule-binding
protein.6 Hyperphosphorylation of tau leads to its aggregation
and the formation of filaments, causing a breakdown of
microtubules and malfunction of neurons.7 Negative-stain
electron microscopy (EM) shows that the filaments consist of
a rigid core with a typical cross-β structure, whereas the amino-

and carboxy-terminal regions of tau filaments are disordered and
project away from the core to form a fuzzy coat.8

Six tau isoforms ranging in size from 352 to 441 amino acids
are expressed in the human brain.9,10 They can be distinguished
by the occurrence of three (3R) or four (4R) microtubule-
binding repeats. It has been found that different tauopathies are
dominated by specific tau isoforms.11 In AD and CTE, tau
filaments consist of both 3R and 4R isoforms. In PSP and CBD,
only 4R tau isoforms are found, whereas in PiD, only filaments
made of 3R tau are present. Moreover, tauopathies can be
distinguished by the occurrence of distinct tau filament
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morphologies, which could be revealed in recent cryo-EM
studies.12−17 This observation has led to the suggestion of a
structure-based classification of human tauopathies.17

The three-dimensional structure of tau filaments from
individuals with AD (referred to as AD-tau) was determined
in 2017.12 The core of the AD-tau filament structure consists of
repeats R3 and R4 and 10 residues of the C-terminal extension
after R4 (Figure 1A), forming 8 β-sheets that fold into a double-
layered, C-shaped structure (Figure 1B). In 2020, Zhang et al.
reported the structure of tau filaments obtained from cases with
CBD (referred to as CBD-tau).16 The CBD-tau core comprises
the last residues of R1, all of R2 to R4, and 12 residues of the C-
terminal extension after R4 (Figure 1A). The core of CBD-tau
filaments is composed of 11 β-sheets that together form a 4-
layered structure (Figure 1B). CBD-tau filaments contain a large
internal cavity, which is lined by polar and positively charged
amino acids and which enclosed an additional density in the
experimental cryo-EMmap.16 It is possible that this extra density
corresponds to polyanionic molecules that were incorporated in
the CBD-tau filament during filament assembly. Structure
determination of the tau filaments from human subjects with
PSP (termed PSP-tau) revealed yet another filament structure.17

The core of the PSP-tau filament structure contains the last 3
residues of R1, all of R2 to R4, and 13 residues after R4 (Figure
1A). These segments form 13 β-sheets that together fold into a
3-layered, meandered structure (Figure 1B). Similar to the
CBD-tau filament, the structure of the PSP-tau filament contains
internal cavities that are filled by extra densities in the
experimental cryo-EM map. In addition to the tau filaments
fromAD, CBD, and PSP, the structures of tau filaments involved
in other tauopathies (e.g., CTE,15 PiD14) were also determined.
This revealed an impressive diversity of tau filament folds,
hinting at the possibility of developing structure-based strategies
for the selective detection of specific tauopathies.

A major goal in the management of tau-related neurological
disorders is the quantification of pathological tau levels because
progression of tau pathology is closely correlated with increased
neurodegeneration and cognitive impairment in AD and other

tauopathies. Noninvasive imaging of tau deposits by positron
emission tomography (PET) has become an indispensable tool
allowing for differential dementia diagnosis and for monitoring
of disease progression and drug effects. Small-molecule PET
tracers for imaging of tau lesions in the brain have been
developed and also tested in patient cohorts.18−20 In 2020,
[18F]flortaucipir ([18F]AV-1451), one of the first-generation tau
tracers, has received approval by the US Food and Drug
Administration (FDA) for the use in patients being evaluated for
AD.21 However, several first-generation tau-PET tracers [e.g.,
[11C]PBB3,22 [18F]THK5351,23 and [18F]AV-1451 (also
termed [18F]T807)24] show limitations, such as off-target
binding to enzymes and other proteins of the central nervous
system,25 which limits the use of these tracers in a clinical setting.
Improvements in binding affinity and selectivity have been
achieved by the development of second-generation tau tracers.
[18F]PI-2620 (Figure 1C) is a tracer that shows high affinity for
aggregated tau in the AD brain homogenate and preparations of
tau paired helical filaments.26 [18F]PI-2620 binds both 3R and
4R tau isoforms and demonstrates high selectivity over β-
amyloid and α-synuclein.26 In addition, [18F]PI-2620 shows
excellent blood−brain barrier permeability and favorable kinetic
properties, which makes it a promising tau-PET tracer.27

The focus of tracer development has been on targeting AD,
and only a few tracers have been evaluated for their use in other
tauopathies. Consequently, little is understood about the factors
contributing to the distinct binding properties of PET tracers
toward tau filaments in non-AD tauopathies. Although for
certain scenarios, it may be desirable to have a tracer that can be
used for imaging multiple tauopathies with 3R and/or 4R tau
isoforms, there is the alternative concept of developing isoform-
specific tau-PET tracers. Some promising results for imaging of
tau filaments in PSP have been achieved with [18F]PI-2620.28

Another study by our group29 showed that there are significant
binding kinetics differences for [18F]PI-2620 in tau-positive
cortical brain regions of patients with the 3R/4R tauopathy AD
versus patients with the 4R tauopathies PSP or CBD. Higher
clearance of [18F]PI-2620 in cases with the 4R tauopathies

Figure 1. Structures of tau filaments and of [18F]PI-2620. (A) Diagram showing the amino acid sequence of microtubule-binding repeats (R1−R4) of
tau and of the region after R4. β-Strands found in the core structures of tau filaments from AD, CBD, and PSP are marked with arrows and labeled
consecutively. β-Strands belonging to R1−R4 and the region after R4 are colored purple, blue, green, yellow, and red, respectively. (B) Schematic
diagrams of the tau filament core structures seen in AD (“AD fold”), CBD (“CBD fold”), and PSP (“PSP fold”). β-Strands are marked with arrows. The
same color and labeling schemes as in (A) are used. (C) Chemical structure of the tau-PET tracer [18F]PI-2620.
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indicated less stable tracer binding compared to AD cases. This
is in line with the in vitro-measured lower binding affinity of
[18F]PI-2620 to 4R tau (pIC50 7.7 ± 0.1 for PSP brain tissue)
compared to 3R/4R tau (pIC50 8.5 ± 0.1 for AD brain tissue).26

This information could be helpful for the differential diagnosis of
3R/4R and 4R tauopathies. Recently, a novel PET tracer,
[18F]APN-1607, with high binding affinity for tau deposits in
AD and PSP was developed.30 Initial results suggest that
[18F]APN-1607 is a potent tracer for the diagnosis and disease
severity assessment in patients with PSP.31 Despite the favorable
properties of [18F]PI-2620 and other second-generation tau-
PET tracers, little is known about their molecular binding
mechanisms. Furthermore, the molecular basis for the different
binding characteristics of 3R/4R tauopathies versus 4R
tauopathies is currently not understood. To explain the
differential binding profiles of tau-PET tracers in different
tauopathies, computational modeling methods provide an
essential tool to study the interaction mode of tau filaments
with PET tracers at the atomic level.

Murugan et al.32 used molecular docking to predict putative
binding sites of [18F]PBB3, [18F]TK5351, [18F]AV-1451, and
[18F]MK-6240 in AD-tau filaments. Kuang et al.33 investigated
the interaction of [18F]PI-2620 with the AD-tau filament
structure using computational docking, molecular dynamics
(MD) simulation, and free energy calculations. These studies
revealed multiple binding sites on the filament surface with
overlapping locations between tracers but differences in the
binding energies. The energetically most favorable binding sites
were found on the concave side of the C-shaped tau filament
structure. Zhou et al.34 compared the binding site locations and
energies of [18F]PI-2620, [18F]MK-6240, [18F]CBD-2115, and
[18F]APN-1607 in AD-tau filaments with those identified in
CBD-tau filaments. Although tracers showed some binding
energy differences, none of the tracers was fully selective for
either AD-tau or CBD-tau filaments. Some selectivity was found
for [18F]AV-1451 in computational simulations using the AD-
tau and PiD-tau filament structures.35 Murugan et al. carried out
MD simulations in an organic solvent (benzene), which induced
an opening of putative cryptic sites in the AD-tau filament
structure. These sites are closed in the cryo-EM-determined
structure but become accessible to [18F]AV-1451 after

weakening of protein hydrophobic interactions. The binding
energy differences between these cryptic sites in the AD-tau
filament structure compared to sites in the PiD-tau filament
structure were in line with the order of experimentally observed
binding affinities.

The aim of the current study was to identify the molecular
mechanisms underlying the different binding characteristics of
[18F]PI-2620 in 3R/4R versus 4R tauopathies. Using a
multiscale simulation workflow, including molecular docking,
MD simulations, molecular mechanics / generalized Born
surface area (MM/GBSA) calculations, and metadynamics
simulations, we identified the binding sites of [18F]PI-2620 in
the tau filament core structures from AD, CBD, and PSP and
determined the tracer binding free energies and association
rates. Our results indicate that tau filaments in AD and non-AD
tauopathies differ in these molecular properties which
emphasizes the possibility to achieve tau isoform specificity
with certain PET tracers.

■ RESULTS AND DISCUSSION
[18F]PI-2620 Exhibits Low-Energy Binding Sites in the

C-Shaped Groove of the AD-Tau Filament. We used the
cryo-EM structure of the AD-tau filament as the starting point
for docking of [18F]PI-2620. To consider all possible tracer
binding sites, the AD-tau filament structure was fully surrounded
by a grid of starting positions for ligand docking. The interaction
of [18F]PI-2620 with the filament structure was exhaustively
probed by generating 50,000 docking models with the
RosettaLigand docking program.36,37 The most probable
binding sites were identified by clustering of the best 20%
docking poses with the lowest interface energies. Supporting
Information Figure S1 displays representative docking poses of
[18F]PI-2620 for the largest clusters. Each docking model was
further refined by running MD simulations of the tau-[18F]PI-
2620 complex in explicit water to assess the stability of tracer
binding poses. MM/GBSA energy analysis was applied to
compute the binding energy for each tracer binding site.
Furthermore, to evaluate the stability of each binding pose, MD
simulations were extended up to >500 ns, and the root-mean-
square distance (RMSD) of each tracer molecule relative to its
starting configuration was measured. At some sites, [18F]PI-

Figure 2. Putative binding sites of [18F]PI-2620 in tau filaments predicted by docking and MD simulation. [18F]PI-2620 binding poses in the core
structures of AD-tau, CBD-tau, and PSP-tau filaments. β-Sheets are colored yellow, amino acid side chains are shown as sticks, and [18F]PI-2620
molecules are depicted with spheres. Residues interacting with [18F]PI-2620 are colored by their chemical properties: red�Glu and Asp (negatively
charged); blue�Lys and Arg (positively charged); magenta�Gln, Asn, His, Ser, and Thr (polar); and sand�Ala, Val, Leu, Ile, Gly, Pro, Cys, Phe,
Tyr, and Trp (apolar). [18F]PI-2620molecules are colored according to their binding free energies (Table 1). For the AD-tau structure (left), the figure
inset shows the location of an additional cavity site that appeared when running MD simulations (see also Figure 6). All docking poses obtained for
[18F]PI-2620 on AD-tau, CBD-tau, and PSP-tau filaments are shown in Supporting Information Figures S1−S3, respectively, and all binding energies
and RMSD values are listed in Supporting Information Tables S1−S3, respectively.
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Table 1. MM/GBSA Energies and Locations of [18F]PI-2620 Binding Sites in AD-Tau, CBD-Tau, and PSP-Tau Filaments

binding site residues location ΔGbinding
a

AD-tau
H362, P364, G367, N368, K369 surface β7, β8 −11.61 ± 0.26
I360, T361, H362 surface β7 −2.67 ± 0.14
Q351, S352, K353 surface β6 −10.16 ± 0.23
R349, V350, Q351 surface β6 −10.08 ± 0.14
Y310, P312, V313, D314, S316, K370, E372 cavity β1, β2, β8 −11.47 ± 0.22

CBD-tau
Q351, S352, K353 surface β9 −10.82 ± 0.15
D358, N359, I360, T361 surface β10 −7.37 ± 0.14
K375, L376, T377 surface β11 −6.11 ± 0.15
N296, D358, I360, H362 cavity β3, β10 −2.73 ± 0.21
K290, S293, K294 cavity β2-β3 loop −5.74 ± 0.22
N368, K369, K370 cavity β11 −8.89 ± 0.17
N279, K280, K281, L282, H374 cavity β1, β11 −12.31 ± 0.21
K281, L282, V287, S289 cavity β2, β1-β2 loop 0.81 ± 0.14
G304, S305, V306, V339, K340, S341, L344 cavity β4, β7, β8 −17.34 ± 0.16

PSP-tau
D345, K347, D348, R349 surface β10 −9.18 ± 0.11
R349, V350, Q351 surface β10 −8.69 ± 0.11
V350, Q351, S352, K353 surface β10 −8.56 ± 0.14
I360, T361, H362 surface β11 −5.23 ± 0.08
N368, K369, K370 surface β12 −10.69 ± 0.11
I277, N279, L282, L284, G323, S324, L325 cavity β1, β2, β7-β8 loop −19.44 ± 0.14
K294, I297, H299, Y310, P312, V313, D314 cavity β3, β4, β6 −13.51 ± 0.11
N359, I360, T361, T373, H374 cavity β4-β5 loop, β11, β12 −11.21 ± 0.26

aEnergy is given as mean ± SEM in units kcal/mol.

Figure 3. Free energy surface for the interaction of [18F]PI-2620 with an AD-tau filament obtained by a metadynamics simulation. (A) 2D free energy
maps in the space spanned by the CVs used in the metadynamics simulation. The location of energy minima is labeled. (B) Depiction of the binding
poses of [18F]PI-2620 which correspond to the energy minima in (A).
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2620 molecules were observed to quickly dissociate from the
filament surface, while at other sites, tracers remained stably
bound over the entire length of the MD simulation. These
binding sites where [18F]PI-2620 molecules remained bound in
the MD simulation are shown in Figure 2 on the left-hand side.
The MM/GBSA energies and interacting protein residues for
these binding sites are summarized in Table 1. The MM/GBSA
energies for all [18F]PI-2620 docking poses in the AD-tau
filament are listed in Supporting Information Table S1. Most
important amino acid residues that interact with [18F]PI-2620
were identified by calculating the per-residue contributions to
the total binding free energy. As can be seen in Figure 2, themost
stable binding poses of [18F]PI-2620 on the surface of the AD-
tau filament are formed in the central groove of the C-shaped
filament structure. The lowest-energy binding sites exist at the
β6 strand, where tracer molecules intercalate between the side
chains of R349, Q351, and K353. Another low-energy binding
site is formed by residues at the tip of β7, the β7−β8 connecting
loop, and the start of β8. MM/GBSA energy analysis showed
that residues H362, P364, G366, G367, N368, and K369
interact most strongly with the tracer at this site. Another low-
energy binding site between two β-sheet layers appeared when
running MD simulations. This binding site is described in more
detail below.

Exhaustive Sampling of [18F]PI-2620 Binding Sites in
the AD-Tau Filament by Metadynamics Simulation. In
order to check if there could be additional tracer binding sites in
the AD-tau filament which were not detected by the back-to-
back docking and MD approach, we used a complementary
method and performed well-tempered multiple walker metady-
namics simulations of [18F]PI-2620 with tau filaments. This

offered a way to enhance the conformational sampling and
construct the free energy map for the tau-[18F]PI-2620
interaction. As collective variables in the metadynamics
simulation, we used the three spherical coordinates (r, θ, and
φ) that describe the position of the tracer molecule relative to
the center of mass of the filament. The geometric definition of
the collective variables is depicted in Supporting Information
Figure S4. Further details on the setup and analysis of the
metadynamics simulation and reweighting procedure are given
in Methods. Figure 3A shows the free energy map in the space
spanned by the collective variables, and Figure 3B shows
molecular representations of the binding modes corresponding
to the lowest free energy minima. Consistent with the results
obtained by docking andMM/GBSA analysis, the lowest-energy
binding sites of [18F]PI-2620 are located in the C-shaped groove
of the filament. Three additional low-energy binding sites are
found on the outer convex surface at β1−β2, β2−β3, and β3−β4
connecting loops. The binding poses on the outer convex surface
were also observed in the docking experiments; however,
[18F]PI-2620 molecules dissociated rapidly from these sites
when running MD as evidenced by the high RMSD values
(Table S1). Overall, the metadynamics simulation identified the
same binding sites as observed in docking and MD and
confirmed that the energetically most favorable tracer binding
sites in AD-tau filaments exist in the C-shaped groove.

Spacious Cavity in the CBD-Tau Filament Offers
Multiple Binding Sites for [18F]PI-2620 in Addition to
Sites on the Outer Surface. Next, we investigated the
interaction of [18F]PI-2620 with the tau filament from CBD
using the same workflow of ligand docking, MD simulation, and
MM/GBSA energy analysis. Supporting Information Figure S2

Figure 4. Free energy surface for the interaction of [18F]PI-2620 with a CBD-tau filament obtained by a metadynamics simulation. (A) 2D free energy
maps in the space spanned by the CVs used in the metadynamics simulation. (B) Depiction of the binding poses of [18F]PI-2620 which correspond to
the energy minima in (A).
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displays binding poses of [18F]PI-2620 in the CBD-tau filament
predicted by docking and clustering of docked poses. Figure 2
shows the binding modes of [18F]PI-2620 which were deemed
most stable because the position of [18F]PI-2620 at these sites
changed marginally in the 500 ns-long MD simulation. The
MM/GBSA binding energies computed for these sites are
summarized in Table 1, and the MM/GBSA energies
determined for all docked poses are listed in Supporting
Information Table S2. As can be seen in Figure 2, most of the
stable [18F]PI-2620 interaction sites are located within an inner
cavity formed by β2 and β3 strands on one side and β10 and β11
strands on the other side. In addition, there are some low-energy
surface sites on β9, β10, and β11. The lowest-energy binding
site, however, is formed by a narrow cavity between β4, β7, and
β8 strands. Per-residue breakdown analysis of the MM/GBSA
energies showed that more than 30mostly hydrophobic residues
interact with [18F]PI-2620 at this site which explains its
exceptionally favorable binding energy of −17.34 kcal/mol.
The next most favorable binding site has a computed binding
energy of −12.31 kcal/mol for [18F]PI-2620 and is formed by
the sidechains of residues N279, K281, and H374 (Figure 2,
Table 1).

We complemented the docking, MD, and MM/GBSA
analyses with metadynamics simulations of the CBD-tau-
[18F]PI-2620 system using again the three spherical coordinates
of the tracer as collective variables. The resulting free energy
maps are displayed in Figure 4A, and molecular binding model
representations of the corresponding energy minima are shown
in Figure 4B. The two lowest-energy minima identified in the

metadynamics simulation correspond to tracer binding at the
two cavity sites mentioned above. The other energy minima
represent interactions of [18F]PI-2620 with residues either in the
inner cavity or on the outer surface of the CBD-tau filament and
match sites identified by docking and MM/GBSA analysis. In
conclusion, the metadynamics simulation confirmed the
docking and MD results and highlighted the importance of
two cavity binding sites in the CBD-tau filament�one
surrounded by mostly hydrophobic residues in β4, β7, and β8
strands and another formed by the long aliphatic side chains of
polar residues at the interface between β1 and β11 strands.

Our data on the CBD-tau filament are in line with results by
Zhou et al.34 who applied a different metadynamics protocol.
The authors discovered three energetically preferred cavity sites
in the CBD-tau filament, one at β1 and β11 sheets, a second at
β3 and β10 sheets, and a third at β4, β7, and β8 sheets, which
agrees well with our findings. Binding on the outer surface was
overall weak, but interaction of [18F]PI-2620 with the outward
curved side (β9, β10, and β11 sheets) was slightly stronger than
with the inward curved side (β6, β7, and β8 sheets) of the
filament, which is consistent with our simulation data on the
CBD-tau filament (compare with Figure 2).

[18F]PI-2620 Exhibits Multiple Low-Energy Cavity
Binding Sites in the PSP-Tau Filament. As noted, CBD
and PSP are both 4R tauopathies but present filaments with
different morphologies. Most notably, filaments in CBD have a
four-layered β-structure core, whereas the PSP fold comprises
only three β-structure layers. Because these different folds lead
to differences at the residue level, we sought to investigate the

Figure 5. Free energy surface for the interaction of [18F]PI-2620 with a PSP-tau filament obtained by a metadynamics simulation. (A) 2D free energy
maps in the space spanned by the CVs used in the metadynamics simulation. (B) Depiction of the binding poses of [18F]PI-2620 which correspond to
the energy minima in (A).
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interactions of [18F]PI-2620 with filaments from PSP. Figure 2
shows the most favorable binding sites of [18F]PI-2620 in the
PSP-tau filament obtained by docking and validation of docked
poses by running MD simulations. MM/GBSA binding energies
for these sites are listed in Table 1. All docked poses of [18F]PI-
2620 and the corresponding MM/GBSA energies are presented
in Figure S3 and Table S3, respectively. Three binding sites are
at the surface of β10. Additional surface sites exist at β11 and β12
sheets. Notably, up to four cavity binding sites are observed in
the PSP-tau filament; three of them ranked at the top in terms of
MM/GBSA energies. Two of the three lowest-energy binding
sites are sandwiched between R2 and R3 repeats. Residues I277,
N279, L282, and L284 in R2 and S324 and L325 in R3
contribute to the first mostly hydrophobic cavity site, and K294,
I297, H299, Y310, P312, and D314 form the second cavity site.
A third low-energy cavity site, which has mostly a polar
character, is bordered by G304 in R2, N359 and T361 in R4, and
T373 and H374 in the C-terminal domain. Metadynamics
simulations of the [18F]PI-2620-PSP-tau filament system were
conducted using the same protocol as for AD-tau and CBD-tau
filaments. Figure 5A shows the free energy maps for the
interaction of [18F]PI-2620 with the PSP-tau filament structure,
and Figure 5B displays representative conformations from the
MD simulation corresponding to the free energy minima. The
lowest-energy minima identified in the energy maps include the
binding poses at the three cavity sites described above, which is
in very good agreement with the results obtained by docking and
running regular MD simulation.

Cryptic Binding Site of [18F]PI-2620 Revealed in the
AD-Tau Filament Structure. Because ligand docking was
performed with the cryo-EM structure of AD-tau filaments,
which has a rigid, densely packed protein core, only binding sites
on the filament surface were identified in docking and
subsequently analyzed by MD. However, MD simulations
revealed flexibility of filaments and a frequent bending of β-sheet
structures. Strikingly, we observed inMD simulations of free and
[18F]PI-2620-bound AD-tau filaments that the residue packing
between β1 and β2 strands on one side and the β4 strand on the
opposite side of the filament became weaker, leading to the
appearance of gaps and finally the formation of a water-filled
pore. As can be seen in Figure 6A, this pore spans along the
entire filament and is wide enough to accommodate a [18F]PI-
2620 molecule. Formation of this pore is likely a consequence of
the charged and polar nature of amino acids that are sandwiched
between the two β-sheet layers of the filament. Residues D314,

S316, K370, E372, andH372 are located inside the filament core
and favorably interact with water molecules in the MD
simulations, leading to a permeation of water into the filament
and creation of a tunnel that is large enough for small ligands. In
contrast, the rest of the filament core contains almost exclusively
hydrophobic amino acids that establish a tight packing of
opposite β-sheets and prevent water from entering in the
filament structure. To study whether the pore found in the AD-
tau filament structure can represent a potential tracer binding
site, we next docked [18F]PI-2620 into the pore and performed
MD. Figure 6B shows a representative snapshot of [18F]PI-2620
occupying the pore site. The binding energy of [18F]PI-2620 at
the pore site (−11.47 kcal/mol; Table 1) is as low as for themost
favorable surface site (−11.61 kcal/mol). These results support
the possibility of cryptic sites in the AD-tau filament which could
become accessible to PET tracers. These sites could be difficult
to detect under the cryogenic conditions used in EM
experiments but could exist when the filament is in a solvent
at room temperature.

We could not observe the emergence of significant extra
cavities in the CBD- and PSP-tau filament core structures in the
MD simulations. However, we note that one cavity site formed
by residues K294, I297, H299, Y310, P312, and D314 in the
cryo-EM PSP-tau structure has a very similar shape and includes
partly the same residues as the cryptic site in the AD-tau
structure (see structural comparison in Figure 7). This supports
the idea that the cryptic site in the AD-tau filament could
represent a stable state. We note that Kuang et al. previously
observed more than one cryptic binding site in the AD-tau
filament when running MD simulations in an organic solvent.33

One cryptic site found by Kuang is identical to the pore site
shown in Figure 6A. The other cryptic sites reported by Kuang et
al. were smaller, and we did not observe a spontaneous opening
of them in the simulations. It must also be noted that the
solvation of the filament structure in benzene, as used by Kuang
et al., represents a rather harsh condition, and further
investigations are needed to clarify if the cryptic sites predicted
for the AD-tau filament can exist under physiological conditions.

[18F]PI-2620 Binding Sites Agree with the Location of
Nonproteinaceous Densities in Tau Cryo-EM Maps. Some
experimental evidence on the location of tracer binding sites in
tau filaments can be gained from the observation of non-
proteinaceous electron densities in the experimental cryo-EM
maps. In the maps determined for AD-tau,12,38 CBD-tau,16 and
PSP-tau,17 there are several smaller densities that are close to

Figure 6. MD simulations reveal an aqueous pore in AD-tau filaments which is accessible to [18F]PI-2620. (A) MD snapshot of an AD-tau
protofilament. A solvent-filled pore (represented by the green surface) is present between two β-sheets. (B) MD snapshot of an AD-tau protofilament
with a [18F]PI-2620 molecule bound inside the pore. Residues that interact with [18F]PI-2620 are displayed as colored sticks and labeled.
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specific amino acid side chains in tau but not directly connected
to the main density that corresponds to the tau polypeptide
chain. These smaller densities likely correspond to ions,
cofactors, or other small molecules that associate with the tau
filament through electrostatic and/or hydrophobic interactions.
Furthermore, Shi et al. obtained cryo-EMmaps of AD-tau in the
presence of [18F]APN-1607 showing extra densities that could
correspond to the tracer, even though the map resolution was
not high enough to accurately position the tracer molecule in
model building. Figure S5 compares the locations of these non-
proteinaceous densities with the binding sites of [18F]PI-2620
predicted by docking and MD simulation. Overall, there is an
astonishingly good agreement between their locations. In the
AD-tau map, there are three strong densities in the central
groove at K353, Q351, and R349, which map to two low-energy

binding sites of [18F]PI-2620 and a weak density on the outer
convex surface, which corresponds to a binding site with weaker
interactions. In the CBD-tau map, one large density and three
smaller densities are present in the inner filament core, in
addition to two smaller densities on the outer surface. The
smaller, confined densities in the inner core correspond to three
cavity binding sites, and the outer densities at Q351 and N359
match two surface binding sites of [18F]PI-2620. Finally, in the
PSP-tau map, three densities in the inner core between β-sheet
layers and three densities on the outer surface can be seen, which
match three cavity sites and two surface binding sites predicted
for [18F]PI-2620. Overall, the results of this comparison strongly
suggest that the [18F]PI-2620 binding sites predicted in silico
can also exist under physiological conditions.

Figure 7.Comparison of the energies and locations of [18F]PI-2620 binding sites in tau filaments fromAD, CBD, and PSP. (A)MM/GBSA energies of
the [18F]PI-2620 binding poses displayed in Figures 2 and 6. Energy values for cavity sites are indicated with the label “C”. (B) Location of [18F]PI-
2620 binding sites in the core structures of tau filaments from AD, CBD, and PSP is mapped as dots onto the tau amino acid sequence. Cavity sites are
indicated by a black stroke. (C) Close-up views of [18F]PI-2620 binding sites that are shared between AD-tau, CBD-tau, and PSP-tau filaments.
Residues interacting with [18F]PI-2620 in the structure models are indicated as sticks and labeled by their one-letter amino acid code and sequence
number.
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Comparison of [18F]PI-2620 Binding Sites in AD-Tau,
CBD-Tau, and PSP-Tau Filaments. To learn more about the
PET tracer binding specifics of filaments from AD, CBD, and
PSP, we compared the locations and interaction energies of the
[18F]PI-2620 binding sites between the three filament forms.We
found more tracer binding sites in the CBD- and PSP-tau
filament than in the AD-tau filament; nine binding sites in the
CBD-tau filament structure, eight in the PSP-tau filament
structure, and five in the AD-tau filament structure were
continuously occupied by a [18F]PI-2620 molecule during
docking and MD simulation. The difference in the number of
binding sites is likely due to the different sizes of the filament
core structures. As noted, the CBD and PSP filament core
structures consist of repeats R2−R4 and part of the C-terminal
domain, whereas the AD filament structure comprises only
repeats R3 and R4 and 12 residues after R4.

Despite their different sizes, the tau filament structures from
AD, CBD, and PSP have a similar number of low-energy binding
sites for [18F]PI-2620: four (AD), three (CBD), and four (PSP)
binding sites with MM/GBSA energies below −10 kcal/mol
could be found (Figure 7A). Looking at Figure 7A, it can be seen
that most of these low-energy sites are located in molecular
cavities. When comparing the locations of tracer binding sites,
we were surprised to find many overlapping sites. Figure 7B
shows that binding sites with the same or similar locations in AD,
CBD, and PSP filaments are most often located in R4, the C-
terminal domain, and the first half of R3. Figure 7C displays
these common sites in the three-dimensional structures of AD-,
CBD-, and PSP-tau filaments side-by-side. It is evident that these
common sites adopt similar local conformations, which we refer

to as microdomains. It is possible that these microdomains
provide common interaction platforms, leading to some
similarities of tracer binding properties. At the same time, the
different global folds of AD-, CBD-, and PSP-tau filament
structures create specific binding sites in these three filament
forms.

Differences were noticed especially in the positions of low-
energy binding sites of [18F]PI-2620. For AD-tau, we identified
by docking four sites on the protein surface with ΔG ≤ −10
kcal/mol (Table S1), three of which are located in the C-shaped
groove of the AD-tau filament structure (Figure 2, left image). At
these sites and another fourth binding site in the groove, [18F]PI-
2620 was firmly bound over the entire length of the MD
simulations. By contrast, for CBD-tau and PSP-tau, only two
surface sites with ΔG ≤ −10 kcal/mol were identified in docking
(Tables S2 and S3). For only one of these surface sites (at β9 in
CBD-tau, at β12 in PSP-tau), the interactions with [18F]PI-2620
persisted over the 500 ns-long MD simulation, while
interactions at the other surface sites (at β2 + β5 in CBD tau,
at β2 in PSP-tau) were short-lived, leading to a dissociation of
[18F]PI-2620. On the other hand, CBD-tau and PSP-tau
filaments have more cavity binding sites than AD-tau filaments.
The number of low-energy sites (ΔG ≤ −10 kcal/mol) that exist
at cavities in the CBD-tau and PSP-tau filament was found to be
two and three, respectively (see Table 1; middle and right image
in Figure 2). This compares to one cavity binding site in the AD-
tau filament, which appeared only after simulating the filament
in an explicit water environment. The higher number of cavity
sites in CBD-tau and PSP-tau could be due to the fact that their
filament core structures consist of four or three β-sheet layers,

Figure 8.Association rates of [18F]PI-2620 with tau filaments from AD, CBD, and PSP determined by BD simulations. (A) Schematic depiction of the
simulation setup. The diffusion process of [18F]PI-2620 from a sphere of radius 100 Å around the tau filament to the encounter surface at a distance of
6.5 Å from the protein binding site was treated with BD simulations. 106 single BD trajectories were calculated for each binding site and each tau
filament structure. (B) Summary ΔG and kassoc values of [18F]PI-2620 determined for the binding poses in AD-, CBD-, and PSP-tau filaments shown in
(C). The gray-shaded area indicates low-energy binding sites with ΔG < −10 kcal/mol. For AD-tau, there are four low-energy sites on the surface. For
both CBD-tau and PSP-tau, there are two surface and three cavity sites with low energy. (C) Docking poses of [18F]PI-2620 in tau filaments from AD,
CBD, and PSP colored by the corresponding association rate of [18F]PI-2620 determined for the same docking site (white: ≤105, blue: ≥108).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00291
ACS Chem. Neurosci. 2022, 13, 2222−2234

2230

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.2c00291/suppl_file/cn2c00291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.2c00291/suppl_file/cn2c00291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00291?fig=fig8&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which are stacked on top of each other, whereas the AD-tau core
structure comprises only two layers. The winding of β-sheet
layers occurs at flexible PGGG motifs or at glycine residues,
creating open spaces in the tau filament structure in which tracer
molecules can fit. Thus, the four- and three-layered CBD and
PSP folds lead to multiple cavity binding sites in the filament
core, while the two-layered AD fold creates a groove with
multiple surface accessible sites.

Association Rates of [18F]PI-2620 with Surface Sites in
the Central Groove in the AD-Tau Filament Are Higher
Than Those with Cavity Sites in CBD-Tau and PSP-Tau
Filaments. Besides energetic effects, the different nature of
tracer binding sites in AD-tau versus CBD-tau and PSP-tau
filaments could also affect the binding kinetics of [18F]PI-2620.
To test this hypothesis, we calculated the association rate of
[18F]PI-2620 with each predicted binding site using Brownian
dynamics (BD) simulations. Figure 8A shows the setup of the
BD simulations. At the beginning of each trajectory, [18F]PI-
2620 was placed at a spherical shell with a radius of 100 Å from
the center of mass of the filament. The number of trajectories in
which [18F]PI-2620 reached the encounter surface at 6.5 Å from
the amino acids of a selected binding site, before it diffused to
distances larger than 300 Å from the filament center, was
counted. Figure 8B shows the [18F]PI-2620 association rates
(kassoc) of every binding site obtained by docking in AD-tau,
CBD-tau, and PSP-tau filaments. For comparison, the MM/
GBSA interaction energies are shown next to the kassoc values.
Figure 8C indicates the kassoc values of every binding site in the
filament 3D structures using a color gradient from white to blue.
[18F]PI-2620 molecules at sites with low kassoc ≤ 105 s−1 are
colored white, and [18F]PI-2620 molecules at sites with high
kassoc ≥ 108 s−1 are colored blue.

For sites on the outer surface of tau filaments, kassoc values
range from 107 to 108 s−1. For binding sites in the C-shaped
groove in the AD-tau filament, kassoc values are about 10 times
smaller and range from 106 to 107 s−1. Strikingly, the cavity sites
in CBD-tau and PSP-tau filaments have even smaller kassoc values
of ≤ 105 s−1. For some cavity sites, no association event was
observed in 106 BD trajectories. Although CBD-tau and PSP-tau
filaments have also two energetically favorable surface sites with
a high kassoc of 107 s−1, only one of these sites was stable in the
MD simulation. In contrast, the AD-tau filament showed four
low-energy sites which were stable in MD and have high kassoc
values between 106 and 107 s−1.

Mechanistic Working Model for the Binding Behavior
Differences of AD- and Non-AD-Tau Filaments. Our
results show that the [18F]PI-2620 binding sites in the AD-,
CBD-, and PSP-tau filaments have different location and
accessibility. In the AD-tau filament, the binding sites with the
best interaction energies are located in the central groove that is
accessible to the outside. In the CBD-tau and PSP-tau filaments,
the lowest-energy binding sites are localized to cavities in the
inner core that is accessible only from the two ends of the
filament. The computed association rates of [18F]PI-2620 with
the groove sites in the AD-tau filament are 1 to 2 orders of
magnitude higher than the association rates with the cavity sites
in the CBD- and PSP-tau filaments. At the same time, the
association rates on the outer surface of all three filament
structures are similarly high, but the interaction energies for
these sites are rather weak. Consequently, we observed that
binding poses on the outer surface were short-lived in the MD
simulations and dissociated from the filament in less than 500 ns,
suggesting that surface-bound tracer molecules could be washed

out more easily than molecules bound at the groove and cavity
sites.

We hypothesize that the following molecular mechanism
could underlie the observed binding behavior differences of
[18F]PI-2620 in 3R/4R versus 4R tauopathies. In AD, tracer
molecules are located into the central groove that is accessible
from the outside but also protected from interactions with the
bulk solvent, enabling a strong and persistent tracer binding. In
CBD and PSP, intercalation of tracer molecules into the inner
filament core is slow, and tracers accumulate on the outer
surface, where they can be washed out more easily because
binding is rather weak. This mechanism could explain why
[18F]PI-2620 binding in cases with the 4R tauopathy appeared
less stable and why tracer clearance was higher compared to
AD.29 The differences in the microscopic binding behavior are
likely a consequence of the specific 3D folds of the three tau
filaments. As noted, the AD-tau filament contains in its core
structure two β-sheet layers that are curved to create a central
groove. The core of the CBD-tau and PSP-tau filament consists
of four and three β-sheet layers, respectively, that stack on each
other and turn their direction several times, which creates room
for small cavities. The locations of the small cavity sites are
distinct for each tau filament. Exploration of these cavity sites
could therefore represent a possible strategy to create tracer
selectivity.

■ CONCLUSIONS
Our results show that the AD-tau filaments combine favorable
energetic and kinetic properties with regard to tracer binding,
whereas the interactions of [18F]PI-2620 with CBD- and PSP-
tau filaments are kinetically hindered. The results also suggest
possible directions that could be explored in the design of new
tau-PET tracers. The targeting of cavity sites could be an option
to achieve tracer selectivity because these sites show different
microstructures across different filament forms. The amount of
tracer binding could be regulated, for example, by tuning the
charge or size of the tracer to strengthen interactions with one
cavity site but prevent binding to another cavity site.
Furthermore, tuning the charge of the tracer could be used to
regulate its binding kinetics through long-range electrostatics
with the filament surface. Consistent with this idea, Kroth et al.
found that derivatives of [18F]PI-2620 which were generated by
shifting theN-atom positions in the tricyclic aromatic ring have a
changed electrostatic potential distribution, which could explain
their inferior tau binding affinity and selectivity compared to
[18F]PI-2620.39 MD simulations can be used to confirm
structure−activity hypotheses and suggest further tracer
modifications.

■ METHODS
Structure Preparation. The structures of tau filaments from AD

(PDB: 5O3L),12 type I (PDB: 6TJO) and type II (PDB: 6TJX) CBD,16

and PSP (PDB: 7P65)17 were obtained from the Protein Data Bank
(PDB). Missing atoms were added using Rosetta software (version
3.12),40 and the structures were minimized using the Rosetta ref2015
energy function41 with distance constraints applied to all protein Cα
atoms. For ligand docking and runningMD simulations of tau filaments
with [18F]PI-2620, tau filament structures were extended by additional
monomers to make sure that filaments were long enough in the
direction of the longitudinal axis to bind a fully extended tracer
molecule. For docking and MD simulations of [18F]PI-2620, tau
filaments consisted of 7 monomers, and for BD simulations, tau
filaments contained 13 monomers. The molecular structure of [18F]PI-
2620 was built using Avogadro (version 1.2)42 and optimized with
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Gaussian 09 (Gaussian, Inc, Wallingford CT) on the B3LYP/6-31G**
level of theory. Assignment of Amber atom types and calculation of
restrained electrostatic potential charges were done using Antecham-
ber.43 Generation of Rosetta params files was done as described
previously.44 Conformers of [18F]PI-2620 used for ligand docking were
generated with the BCL::conformer generator method.45

Ligand Docking. Docking of [18F]PI-2620 to tau filaments was
carried out using RosettaLigand36,37,46 through RosettaScripts.47,48

Prior to docking, a three-dimensional grid of ligand starting positions
with 5 Å spacing was generated around the filament structure and used
as the input to RosettaLigand. Unless otherwise stated, the default
parameters of the RosettaLigand docking protocol were used. The
maximum allowed translation of the ligand from its starting position
was 8 Å, and the size of the ligand scoring grid was set to 35 Å × 35 Å ×
35Å. In the low-resolution stage, 1000Monte Carlomoves of the ligand
with amaximum translation of 0.2 Å and amaximum rotation of 20° per
step were performed. In the high-resolution stage, the ligand.wts scoring
function was used, and six cycles of alternating protein sidechain and
ligand conformer packing followed by a final minimization of the
protein−ligand interface were performed. A total of 50,000 docking
models were generated for each tau filament with [18F]PI-2620. The
best 10,000 models by the interface_delta_X score were clustered based
on their pairwise rmsd without superimposition using an average
linkage hierarchical clustering algorithm with a cluster cutoff of 8 Å.

MD Simulations. All-atom MD simulations of [18F]PI-2620 with
tau filaments were performed at 300 K with Amber 20 using the ff19SB
force field for proteins49 and the general Amber force field50 for ligand
atoms. The tau-[18F]PI-2620 complex was surrounded by an octahedral
optimal point charge water box with a thickness of at least 14 Å between
any protein or tracer atom and the edge of the box. The charge of the
system was neutralized by adding Cl− ions. SHAKE51 bond length
constraints were applied to all bonds involving hydrogen atoms.
Nonbonded interactions were evaluated with a 10 Å cutoff, and
electrostatic interactions were calculated by the particle-mesh Ewald
method.52

The energy of eachMD systemwas first minimized using a three-step
minimization procedure: 5000 step minimization of water and ions,
5000 step minimization of protein, and 10,000 step minimization of the
whole system. With protein and ligand atoms constrained to their
minimized coordinates, the system was then heated from 0 to 300 K
over 500 ps in the NVT ensemble with a step size of 1 fs. An Andersen
thermostat with a heat-bath coupling time constant of 1 ps was used in
this step. After changing to the NPT ensemble, the system was
equilibrated at 300 K and a reference pressure of 1 bar for 5 ns with
weak positional restraints (with a force constant of 1 kcal mol−1 Å−2)
applied to the protein backbone and ligand heteroatoms. Langevin
dynamics with a collision frequency of 2 ps−1 and an integration time
step size of 2 fs were used in this step. Positional restraints on protein
and ligand atoms were then removed, and the system was equilibrated
for another 5 ns without Cartesian restraints.

Production MD was conducted for >500 ns using constant-pressure
periodic boundary conditions and Langevin dynamics. Hydrogen mass
repartitioning53 was applied to all non-water hydrogen atoms which
allowed using an increased integration time step of 4 fs. Two to four
independent MD simulations were carried out for each docking pose
and tau filament-[18F]PI-2620 system.

MM/GBSA Energy Calculations. The binding energy (ΔGbinding)
of [18F]PI-2620 interacting with tau filaments and the per-residue
contributions to ΔGbinding were computed in the MM/GBSA
procedure54 with the help of the MMPBSA.py program.55 Starting
from the heated and equilibrated MD system, two to four 20 ns-long
simulations were conducted for each docking model and filament-
[18F]PI-2620 system using an integration time step of 2 fs, constant-
pressure periodic boundary conditions, and Langevin dynamics.
Molecular conformations were sampled at 50 ps intervals from the
last 15 ns of each MD simulation to compute the molecular mechanics
energy and solvation free energies. The single trajectory mode was
applied, that is, snapshots of the protein, ligand, and protein−ligand
complex were taken from the same trajectory. The ionic strength of
water was set at 150 mM. The entropic contribution to ΔGbinding was

estimated by applying the quasi-harmonic approximation,56 and
∼12,000 conformations of the tau-[18F]PI-2620 complex were used
for this analysis.

Metadynamics Simulations. Well-tempered metadynamics sim-
ulations of the tau-[18F]PI-2620 system with eight parallel walkers were
conducted using GROMACS/2021 with Plumed 2.7.1 plugin.57−59

The location of the [18F]PI-2620 molecule relative to the filament was
described by three spherical coordinates which were used as collective
variables in the metadynamics simulation. The definition of these
collective variables is depicted in Figure S4. r is the distance between the
center of mass of [18F]PI-2620 and that of the filament. θ is the polar
angle between the filament−tracer connection vector and the z-axis of
the coordinate frame centered on the filament. φ is the azimuthal angle
between the x-axis of the filament coordinate frame and the projection
of the filament−tracer connection vector onto the x−y plane. An upper-
wall repulsive potential was added to limit the sampling of regions that
are too far away from the filament and focus on regions surrounding the
filament structure. The restraint energy was zero below a distance of ca.
5 Å from the filament surface and grew quadratically beyond that
distance with a force constant of 0.5 kcal mol−1 Å−2. Gaussian biasing
potentials were added every 1 ps with the sigma of the potential being
0.1 Å for r, 0.2 rad for θ, and 0.4 rad for φ. The bias factor was 10, and
the initial Gaussian height was 0.287 kcal mol−1. To keep the reference
frame fixed, which defines the three collective variables, the system was
realigned every step to the backbone atom coordinates of the
equilibrated tau-tracer system. Two to three separate 1.6 μs-long
metadynamics simulations with different starting positions of [18F]PI-
2620 were performed for each tau-[18F]PI-2620 system. The resulting
free energy data sets of the individual simulations were averaged to
obtain the final free energy map. Convergence of the simulations was
checked by performing block analysis and monitoring the time
evolution of the free energy. Reweighting of the simulations was
done with the driver tool in Plumed and using the method by Parrinello
et al.60

Brownian Dynamics Simulations. BD simulations of [18F]PI-
2620 with tau filaments were performed using the SDA program
(version 7).61,62 For each tau-[18F]PI-2620 system, 106 BD trajectories
were started from a spherical shell with a radius of 100 Å from the center
of the filament. The probability of arriving at the encounter surface at a
distance of 6.5 Å from a particular [18F]PI-2620 binding site before the
tracer diffused to distances larger than 300 Å from the filament center
was calculated. In the BD simulations, the protein and ligand are treated
as rigid structures that undergo translational and rotational diffusion in
an implicit continuummodel. Electrostatic interactions between the tau
filament and [18F]PI-2620 were modeled as interactions between an
electrostatic potential field derived by solving the Poisson−Boltzmann
equation using APBS software63 for either the protein or ligand and
assigning “effective charges” to the other binding partner. The dielectric
constant of protein and water was ε = 2.0 and ε = 78.0, respectively, the
temperature was 300 K, and the concentration of positive and negative
ions was 100 mM. Repulsive interactions were modeled by a volume
exclusion term to prevent steric overlap of protein and ligand atoms.
Electrostatic desolvation forces and nonpolar interaction forces were
modeled by calculating electrostatic desolvation and hydrophobic
desolvation potential grids. The average association rate and standard
deviation were calculated by bootstrapping with 100 resamples.
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