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(Background: K18/K19 Tau protein isoforms can aggregate into different amyloid-p-like fibrils.
Results: Different K18/K19 oligomers can be templates for fibril growth via cross-seeding between K18 and K19.
Conclusion: K18 and K19 octamers create different cross-seeding barriers promoting K18 growth on K19 seeds but preventing

Significance: Conformational selection of compatible states during cross-seeding of amyloid species is general in amyloid-
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In Alzheimer’s disease and frontotemporal dementias, the
microtubule-associated protein Tau forms intracellular paired
helical filaments. The filaments can form not only by the full-
length human Tau protein, but also by the three repeated (K19)
or four repeated (K18) Tau segments. However, of interest,
experimentally, K19 can seed K18, but not vice versa. To obtain
insight into the cross-seeding between K18 and K19 aggregates,
here, K18 and K19 octamers with repeat 3 (R3) in U-shaped,
L-shaped, and long straight line-shaped (SL-shape) conforma-
tions are assembled into different structures. The simulation
results show that K18-8/K19-8 (K18 and K19 assemblies num-
ber 8) with R3 in an L shape and K18-9/K19-9 with R3 in an SL
shape are highly populated and present the highest structural
similarity among all simulated K18 and K19 octamers, suggest-
ing that similar folding of K18/K19 may serve as structural core
for the K18-K19 co-assembled heterogeneous filament. We
demonstrate that formation of stable R2 and R3 conformations
is the critical step for K18 aggregation, and R3 is critical for K19
fibrillization. The different core units in K18 and K19 may cre-
ate a cross-seeding barrier for the K18 seed to trigger K19 fibril
growth because R2 is not available for K19. Our study provides
insights into cross-seeding involving heterogeneous structures.
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The polymorphic nature of protein aggregation could be mag-
nified in the cross-seeding process. If the seeding conformations
lead to too much divergence in the energy landscape, it could
impede fibril formation. Such an effect could also contribute to
the asymmetric barrier between K18 and K19.

The significant pathological symptom of Alzheimer’s disease
is often characterized by the coexistence of two different amy-
loid deposits in the patient’s brain. The extracellular senile
plaques are composed of amyloid-B (AB)* fibrils, whereas the
intracellular tangles are composed of paired helical filaments of
the microtubule-associated protein Tau (1, 2). The physiologi-
cal function of Tau is to bind and stabilize microtubules in the
axons of the neurons; hence the expression of Tau protein is
strongly up-regulated during neuronal development (3). How-
ever, inappropriate folding of Tau protein will lead to the for-
mation of paired helical filaments or straight filaments. Tau
protein ranging in size from 352 to 441 amino acids can be
divided into two major groups. The first group is 4R Tau
(hTau40, hTau34, hTau24, and K18) with four microtubule
binding repeats (R1, R2, R3, and R4), and the second group is 3R
Tau (hTau39, hTau37, hTau23, and K19) with three microtu-
bule binding repeats (R1, R3, and R4) (4). 3R and 4R Tau pro-
teins are produced in adult human brains at equimolar ratios
(5), and both groups are found in Alzheimer’s brain (6).

Similar to AB monomers in bulk solution, small angle x-ray
scattering, CD, and infrared spectroscopy have demonstrated
that the isolated Tau protein in solution is in a random coil
conformation (7, 8). Although mechanistic studies of Tau pro-

*The abbreviations used are: AB, amyloid-8; RMSD, root mean square deriva-
tion; SL, long straight line; MD, molecular dynamics; GBMV, generalized
Born method with molecular volume; HB, hydrogen bond; SC, side chain
contact; RMSF, root mean square fluctuation; AFM, atomic force
microscopy.
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tein aggregation and the subsequent filament formation in vitro
have also revealed certain kinetic similarities to A3 aggregation
such as the formation of cross-f structure (9, 10), nucleation-
dependent mechanism (11), and on or off pathway intermedi-
ates (12), the structural features and driving forces that control
Tau aggregation are still unclear. The formation of fibrillar Tau
structure usually requires the addition of nucleating polyan-
ionic co-factors such as (heparin), which suggests the impor-
tant role of electrostatic interaction in inducing the appropriate
conformation for aggregation. Continuing efforts have gradu-
ally revealed parts of the inner structure of Tau fibrils. It has
been reported that the microtubule-binding domains (R1, R2,
R3, and R4) first become structured and form a protease-resis-
tant core of full-length Tau aggregates (13—15). Among these
four repeats are the R2 and R3 repeats, which contain two crit-
ical hexapeptides (*”°VQIINK?®® and *°°*VQIVYIK?'?") for Tau
aggregation buried deeply inside of the filament structure (16)
and have a high propensity to form parallel in-register 3-struc-
ture (17-19). This highlights the importance of R2 and R3 as
the structural core for Tau fibrillar structures. Recently, exper-
iments co-assembling and cross-seeding the 3R/4R Tau protein
confirmed the existence of a common core structure for both
3R and 4R Tau filaments (4, 20). Apart from this structural
information, atomic data relating to the Tau fibrillar structure
with different sizes, association interfaces, and symmetries
along the lateral direction are not available to date, which has
prevented further exploration of the aggregation and cross-as-
sembling mechanisms of 3R/4R Tau proteins.

Mutual conformational selection and population shift are the
key mechanism in biomolecular recognition (21-23), and
monomers and small oligomers binding to amyloid seeds in
fibril growth is a molecular recognition event (24). Cross-seed-
ing of amyloid species is governed by conformational selection
of compatible (complementary) states. If the dominant confor-
mations of two species are similar, they can cross-seed each
other; on the other hand, if they are sufficiently different, they
will grow into different fibrils, reflecting species barriers. Such a
scenario has recently been observed for the Tau protein. The
constructs of K18 and K19 are N/C termini-cleaved 4R and 3R
Tau proteins. Their aggregates show structural features that are
consistent with those of the full-length Tau protein (4, 20).
Therefore, K18/K19 is viewed as simplified 4R/3R Tau proteins.
Although a construct consisting of R1, R3, and R4 can serve as a
seed for the entire R1, R2, R3, and R4 Tau segments, the inverse
does not hold (4).

Tau filaments could play an important role in the propaga-
tion of the aggregation from one cell to the others (25), and
filaments can be transferred among neighboring cells in tissue
culture (26). It has been also observed that injection of insoluble
Tau protein into mouse brain resulted in the spreading of mis-
folding through different brain regions (27). Thus, the investi-
gation of K18 and K19 peptide folding and aggregation is not
only able to provide useful insight into 4R and 3R Tau fibrillar
structure and aggregation mechanisms but can also provide
general insights into amyloid formation with prion-like
transmission.

To understand the detailed conformational selection mech-
anisms involved in the fibril formation of K18 and K19, we
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extensively probe the potential structures and related popula-
tions of fibril-like oligomers of K18 and K19. By analyzing the
structural and energetic contributions, we found that different
repeats contribute differentially to the structural stabilities of
the K18 and K19 oligomers. The combination of the various
arrangements of the repeats leads to the highly polymorphic
nature of K18 and K19 fibril-like oligomers, many of which are
potential templates for fibril growth via cross-seeding action
between K18 and K19. Finally, we provide insight into the con-
formational selection involved in K18 and K19 fibril forma-
tions, which underlies the asymmetric barriers between K18
and K19 cross-seeding.

MATERIALS AND METHODS

Construction of K18/K19 Octamers—Based on experimental
fibril dimension and previous theoretical studies, we con-
structed three classes with a total of eighteen K18/K19 octam-
ers with the conformation of R3 varying from a U shape, to an L
shape, to a straight line (SL) shape with the goal of examining
the stability of K18 and K19 octamer conformations. The sizes
of K18 and K19 fibrils have been carefully characterized by
AFM, showing that the heights of K18 and K19 fibrils are ~8.0 -
8.8 and 6.9 -10.2 nm, respectively (15). Recently, using molec-
ular dynamics (MD) simulations, Miller et al. (28) confirmed
that R2, R3, and R4 Tau repeats can adopt a U-shaped confor-
mation. Simulation data suggest that U-shaped repeats can
serve as stable building blocks (29, 30) for K18/K19 fibril poly-
morphism. However, considering the polymorphic nature of
amyloid oligomers and fibrils (31-33), it is very likely that R2,
R3, and R4 repeats adopt different conformations that facilitate
Tau aggregation. We first built U-shape R1, R2, R3, and R4
octamers (supplemental Fig. S1) as previously described (28)
and then connected them with PGGG flexible region to con-
struct six K18 (K18-1, -2, -3, -4, -5, and -6) and five K19 (K19-1,
-2, -3, -6, and -7) octamers (see Fig. 1 and supplemental Fig. S1)
with R3 in a U shape. The detailed procedures to construct K18
models were shown in supplemental Fig. S2. The same proce-
dures were applied to construct K19 models. K18-1, K18-2,
K18-3, K18-5, and K18-6 are five models with all four repeats in
a U shape. Each of these five octamers displayed distinct mor-
phologies based on different organizations among R1, R2, R3,
and R4 repeats. In K18-1, repeats R2, R3, and R4 were arranged
in parallel with R1 covering the PGGG connecting domains of
R2-R3 and R3-R4. K18-2 was a model with R1, R2, and R3
aligned in parallel on top of each other, whereas the whole R4
associated with R1/R2/R3 sidewise and was the only repeat
exposed to bulk solution. Similar to K18-2, R4 in K18-3 also
exposed in bulk solution but with its N-terminal strands cover-
ing the PGGG connecting domains of R2-R3 and R3-R4. K18-4
was the only model with R2 in an L shape. This model allows
examination of the conformational effect of R2 on K18 octamer
structural stability. K18-5 was a simple model with all four
repeats arranged in parallel. K18-6 was a model with R1,R2, and
R3 arranged in parallel and R2 exposed to bulk solution con-
nected with R1 and R3 by PGGG domains. The construction of
K19-1, K19-2, K19-3, K19-6, and K19-7 models was similar to
K18-1, K18-2, K18-3, K18-6, and K18-5, except for the absence
of R2 repeat in all K19 octamers. Because only one paired helical
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filament segment, *°°VQIVYK?", is preserved in K19 Tau iso-
forms, we also tested K19 models with R3 in an L shape and R3
in a SL shape to fully examine the possibility of polymorphism
of the R3 repeat. The conformations of R1, R2, and R4 were also
adjusted to achieve the maximal contacts with the R3 repeat.
For the L-shaped K18 and K19 octamers, the U turn region
3I5LLKVT?" of R3 was opened, with U-shaped R1/R2 and R4
covering the two sides of the long R3 strands (K18-7 and K19-
7). To examine the effect of the conformational change of R4 on
the structural stability of K18 and K19 octamers with R3inan L
shape, we also extended R4 into a long L shape, which cooper-
ates with R1/R2 to fully wrap the R3 repeat (K18-8 and K19-8).
For K18 and K19 models with R3 in SL shape, not only R3
repeat, but also other repeats were rearranged into straight
B-strands to achieve the maximal residue interactions between
two neighboring repeats and structural rigidity.

Overall, all K18 and K19 octamers were constructed with
interpeptide distances of 4.7 A, and the specific peptide residue
arrangements are described in supplemental Fig. S1. The inter-
face of two neighboring repeats and the arrangement of
charged residues (both charged surface exposure and salt
bridge formation) were optimized by slightly changing the
coordinates of residues in each model.

Explicit Solvent MD Simulation Protocol—All of the MD
simulations were performed by the NAMD (34) program using
the Charmm?27 force field, including dihedral cross-term cor-
rection dihedral cross-term energy correction map (35) for
peptides and modified transferable intermolecular potential
functions for three points (TIP3P) water molecules. The Tau
oligomers were energy-minimized and explicitly solvated in a
TIP3P water box with a minimum distance of 15 A from any
edge of the box to any Tau atom. Any water molecule within 2.5
A of Tau was removed. Counterions of NaCl were added to
neutralize the systems.

The solvated and ionized system was subject to energy min-
imization for 4000 steepest decent steps. The energy-mini-
mized system was then gradually heated up to 310 K and equil-
ibrated for 600 ps with the backbone positions constrained,
followed by additional equilibrium with hydrogen bond dis-
tance between the B-strands of Tau proteins fixed in the range
of 1.8-2.5 A for 1 ns before the 40-ns MD production run.
These conditions were applied to all models in our study. Both
equilibrium and production runs were performed using a con-
stant number of molecules, pressure, and temperature ensem-
ble under periodic boundary conditions. Constant pressure (1
atm) and temperature (310 K) were maintained by an isotropic
Langevin barostat with a decay period of 100 fs and a Langevin
thermostat with a damping coefficient of 5 ps~'. The simula-
tion temperature of 310 K is consistent with human body tem-
perature to better mimic the real Tau protein folding
environment.

The long range electrostatic interactions were treated by the
particle mesh Ewald method using a real space cutoff of 12 A
and a gird size of ~ 1 A in all directions. The short range van der
Waals interactions were calculated using a switching function
with a twin range cutoff of 10 and 12 A. The velocity Verlet
integrator with a time step of 2 fs was used to solve Newton’s
equation of motion. Any bond involving hydrogen atoms were
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constrained by the RATTLE algorithm. Nonbonded and image
lists were updated every 20 integrator with a time step of 20
integration steps.

Structural Population Analysis—To evaluate the relative
structural population of Tau oligomers, the Tau protein trajec-
tory for each system was extracted from the last 5 ns of explicit
solvent MD with water molecules and ions excluded. The con-
formation energies of all systems were calculated using the gen-
eralized Born method with molecular volume (GBMYV) (36)
after 700 steps of energy minimization to relax the local geom-
etries caused by the thermal fluctuations which occurred in the
MD simulations. A total of 11,250 conformations (1250 confor-
mations for each of the nine conformers examined) were used
to construct the effective energy landscape of K18 and K19
octamers and to evaluate the conformer probabilities by using
an in-house Monte Carlo program (37). Briefly, for any two
randomly selected conformers of i and j, the Boltzmann factor
was computed by e~ —*"XT, where E, and E; are the confor-
mational energies obtained from the GBMV calculations for
conformation i and j, respectively; K is the Boltzmann constant;
and T 'is the absolute temperature (310 K is the temperature for
MD simulation). If the Boltzmann factor value is larger than the
random number, the structural transition from conformation i
to conformation j is accepted. Throughout one million steps,
the number of conformations visited by each conformer was
counted. Finally, the relative probability of each conformer was
evaluated as P, = N, /N, It should be noted that the popu-
lations of the conformers are only indicative, and they are sen-
sitive to the conformation energy for each conformer.

Protein Expression and Purification—K18 and K19 (cysteines
substituted by serines) were expressed and purified as previ-
ously described utilizing their heat stability and elevated iso-
electric points (4, 20). Purified proteins were precipitated and
stored at —80 °C. For further use, protein pellets (4 — 6 mg) were
taken up in 8 M guanidine hydrochloride. The denaturant was
exchanged with reaction buffer (100 mm NaCl, 10 mm Hepes,
pH 7.4) by passing the samples over PD-10 desalting columns
(GE Healthcare). Protein concentrations were determined by
the BCA method (Pierce).

Seeded Filament Growth and Sedimentation—25 um of K18
and K19 were mixed with 50 um heparin (average molecular
mass of 5,000 Da; Celsus, Cincinnati, OH) and allowed to form
filaments under agitation for 3 days at 25 °C. Subsequent soni-
fication of the filaments (500 ul) for 20 s at power setting 3 in a
Fisher Scientific Sonifier (150 series) resulted in Tau seeds with
an average length of 200 nm (as judged by transmission electron
microscopy). 3 mol % K18- or K19 seeds were added to 10 um
monomeric K19 in reaction buffer containing 20 um heparin.
The samples were incubated quiescently for 3 h at 37 °C. (The
presence of 2 mol % acrylodan-labeled Tau (linked to a cysteine
in position 310) allowed monitoring of filament growth by flu-
orescence spectroscopy (4). After the completion of filament
growth, protein aggregates were sedimented for 40 min at
100,000 X g. The pellets were taken up in equal volumes of gel
loading buffer and applied onto a 15% SDS-PAGE gel. The pro-
teins were stained with Coomassie Blue and quantified by
densitometry.
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FIGURE 1. Atomic structures of K18 octamers consisting of R1, R2, R3, and R4 repeats and the corresponding K19 octamers consisting of R1, R3, and
R4 repeats, averaged from the last 5-ns MD simulations. Based on the conformation of R3 repeats, K18 and K19 octamers are divided into three groups:
U-K18/K19 (a), L-K18/K19 (b), and SL-K18/K19 (c) octamers. The residue-based RMSF is imposed on each averaged structure to reflect local structural flexibility,
using a blue-white-red scale with low RMSF of <3 A (red), moderate RMSF of 3-6 A (white), and high RMSF >6 A (blue). The B-sheet regions display the lower

RMSF, whereas the turn and tail regions exhibit the higher RMSF.

RESULTS

K18 and K19 Octamers Display Different Structure Stabilities
but Share Some Common Features—Backbone root mean
square derivation (RMSD) calculation suggests that all K18 and
K19 octamers experienced initial fast structural relaxation and
swelling at the first 5 ns and then stabilized at an equilibrium
state after 30 ns. Moderate structural adjustment was observed
for K18/K19 octamers by comparing initial structures (supple-
mental Fig. S1) with final structures averaged from the last 5 ns
(Fig. 1). Most K18 and K19 octamers were able to maintain their
structural integrity with highly conserved hydrogen bonds
(>83.9%) and side chain contacts (>90.7%) during 40-ns MD
simulations (supplemental Table S1). Examination of the MD
trajectories of both K18 and K19 octamers showed that large
structural fluctuation occurred mostly at the U-turn region and
the PGGG region because of the flexible nature of these struc-
tural motifs and sequences, resulting in some structural transi-
tion from the initial B-structures to random structures near the
N-terminal strand of R1 repeat for all of K18 and K19 octamers.

Among K18 octamers, the L-K18 octamers (K18-3, K18-4,
K18-7, and K18-8) and the SL-K18 octamer (K18-9) generally
had better structural integrity than U-K18 octamers (K18-1,
K18-2, K18-5, and K18-6), as evidenced by smaller backbone
RMSD (<6.5 A for L-K18 and SL-K18 and >7.0 A for U-K18)
and more well preserved hydrogen bonds (HBs) and side chain
contacts (SCs) (>91.7% HB and 94.1% SC for L/SL-K18, and
>85.8% HB and 91.6% SC for U-K18). Among the U-K18
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octamers, K18-2 and K18-5, whose R1, R2, and R3 repeats are
packed on top of each other, showed the least structural stabil-
ity because of the loss of 50% of HBs and 80% of SCs. In K18-2,
the R4 marginally contacted with R1/R2/R3 repeats via salt
bridges between Lys>"* at the end of R1 and Glu®”? at the end of
R4. Because the R4 was completely exposed to the bulk solu-
tion, such salt bridges were insufficient to maintain the associ-
ation of R4 with other repeats. In K18-5, R4 repeats were
aligned in parallel to R3. The limited interaction between
N-terminal strands and C-terminal strands of R2 did not com-
pensate for the tension in the R2 U-turn. Therefore, within 40
ns of MD simulations, the N- and C-terminal strands of R2
tended to dissociate from each other. The structural dynamics
of R2 in K18-5 suggests that the external force is necessary to
constrain R2 in the U-shaped conformation. This was con-
firmed by the K18-1 and K18-3 structures. The PGGG region of
R2 contacting with R1 in K18-1 or R4 in K18-3 was well main-
tained with backbone RMSD of ~4 A for R2 repeats. K18-4 is
the only model with R2 in an L shape, which makes the inner
side of R2 contact with R3. Although K18-4 experienced large
structural adjustment with a backbone RMSD of 9.9 A, which
mainly originated from R1 and R3 repeats, L-shaped K18-4 pre-
served more HBs and SCs than other U-K18 octamers. The
L-K18 octamers (including K18-7 and K18-8) and the SL-K18
octamer (K18-9) exhibited limited structural derivations with
backbone RMSDs of ~6.5 A. The smaller RMSDs and the
higher HBs/SCs suggest that L-K18 and SL-K18 octamers can
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FIGURE 2. Secondary structure populations of K18 and K19 octomers cal-
culated by the STRIDE method. 3-Structure (red bar) and random coil (black
bar) are dominant secondary structures, whereas turn (green bar) is a minor
but non-negligible conformation.

better maintain their initial conformations than U-K18
octamers.

Al K19 octamers without R2 repeats adopted conformations
similar to the corresponding K18 octamers with R2 repeats.
However, most K19 octamers (except for K19-6 and K19-7)
experienced smaller structural deviations (~1 A) than the cor-
responding K18 octamers. The exclusion of R2 from K19 olig-
omers also led to better B-sheet structure preservation in R4
(22.4% averaged over all K19 oligomers) than the K18 oligomers
(13.65% averaged over all of K18 oligomers). Comparison of
U-K19 octamers with L/SL-K19 octamers revealed that U-K19
octamers had larger backbone RMSDs than L-K19 and SL-L19
octamers and comparable RMSDs to U-K18 octamers. Consist-
ent with K18-5 and K18-6 octamers that had the largest back-
bone RMSDs among K18 octamers, K19-7 showed the largest
backbone RMSD of 13.3 A. For those K18 and K19 models with
R1, R2, R3, and R4 or R1, R3, and R4 parallel stacking together,
they often experienced large structural rearrangement, sug-
gesting that this packing of the repeats is not a favorable con-
formation for Tau fibrillar structure. K19-3 is another U-K19
octamer with a low HB/SC preservation ratio. Examination of
the MD trajectory showed that R4 repeats gradually disassoci-
ated from the PGGG region in R1. Compared with K18-3 that
had two PGGG regions in contact with R4 repeats, the interac-
tions between the single PGGG region in R1 and R4 repeats in
K19-3 were not sufficient to associate the isolated R4 with other
repeats. Without R2 repeats in the L-K19 and SL-K19 octamers,
they had much smaller backbone RMSDs than the correspond-
ing K18 octamers. K18-8/K19-8 had the smallest RMSD and the
highest HBs, whereas K18-9/K19-9 had the largest HB/SC pres-
ervation ratio. This suggests that R3 and R4 in extended con-
formation (L or SL shape) may form a more compact and stable
core structure that facilitates Tau protein fibrillization.

B-Structure Locates at Specific Regions in K18 and K19
Octamers—Although the Tau monomer does not adopt a dom-
inant secondary structure, cross-f3 structure exists in the core
of the Tau fibril (10, 19, 38). Secondary structure populations
for all K18 and K19 octamers over the last 5 ns were averaged by
the STRIDE algorithm (39). Fig. 2 showed that as compared
with over 70% of the B-structures in mature A fibrils (40, 41),
all of the K18 and K19 octamers with U-shaped or L-shaped
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repeats only contained ~28-43% of B-structures. Only SL-
shaped K18-9 and K19-9 with straight repeats maintained
53.0% and 56.3% B-structures, respectively. A plausible reason
for the difficulty of U- and L-shaped K18 and K19 octamers to
form B-structure is that the highly concentrated and positively
charged residues exert strong repulsive forces. These forces are
overcome by polyanions (such as heparin), which accelerate
aggregation. Similar to the polymorphic nature of A oligo-
mers, protofibrils, and fibrils, highly ordered Tau octamers
exhibited heterogeneous and dynamic structures with a wider
variety of secondary structural populations of partially folded
coils (38.7-52.7%), B-structures (28.5-56.3%), and turns (16.2—
22.8%). However, it is not necessary for K18/K19 and full-
length Tau filaments to largely adopt well defined B-structures
to form the final Tau fibrils. For example, K18-3 and K18-4
octamers are likely to serve as core structures for mature Tau
fibril growth.

It is also interesting to observe that in all nine K18 models R2
contains the highest B-structure population ranging from
39.3% for K18-3 to 61.0% for K18-8. Similarly, in six of nine K18
models, R4 contains a higher percentage of B-structure (from
26.2% for K18-5 to 60.3% for K18-8) than R3 (from 23.1% for
K18-5 to 30.0% for K18-8). The C terminus of R4 in K18-3,
K18-4, and K18-6 adopted random coil structure, consistent
with the large RMSDs of the structures. Similar to K18 octam-
ers, R4 in all K19 models had higher B-structure content (from
32.6% for K19-6 to 68.7% for K19-9) than R3 (from 23.1% for
K19-3 to 53.8% for K19-9). We can also visualize from Fig. 1 that
the limited B-structures in R3 for K18 and K19 octamers mainly
locate at the N-terminal ***VQIVYKPVDL?" region of R3.
Similar to R3, the B-structure-enriched regions in R2 and R4
locate at the beginning sequences of >”*VQIINKKLDL*** for R2
and **’VEVKSEKLD?** for R4. Furthermore, a moderate
amount of B-structure appeared at 2**SKIGSTENLKHZ>%,
which was the C-terminal strand of R1 right before the flexible
PGGG segment. Different B-structure locations in different
models indicate that not only the known paired helical filament
segments at the beginning of R2 and R3 but also the end of R1
and the beginning of R4 are involved in the formation of the Tau
fibrillar core.

The residue-based root mean square fluctuations (RMSFs)
are used to measure the motion of each individual residue. The
RMSF is projected onto the octamer structures using a blue-
white-red scale, in which the stable structural region (RMSF <
3 A) is colored red, whereas the flexible region (RMSE > 6 A) is
colored blue. The flexible turn region of PGGG that connects
two neighboring repeats is colored yellow to separate the indi-
vidual repeats. It can be seen in Fig. 1 and supplemental Fig. S4
that for most K18 and K19 octamers, the B-sheet structures
located at C-terminal strands of R1 and R2 and the N-terminal
strands of R3 displayed very small motion with good, compact
packing. Despite an overall structural heterogeneity, R1-R2,
R1-R3, and R2-R3 interfaces were well organized by these com-
pactand rigid B-structures. The interfaces consisting of B-sheet
structure were mainly stabilized by electrostatic interactions,
not hydrophobic interactions or hydrogen bonding, and they
are likely to serve as the structural core of K18 and K19 for fibril
growth via peptide addition along the fibril axis.
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TABLE 1
Structural details of different K18 and K19 octamers

RMSD, radius of gyration (Rg), and energy data are averaged from the last 5-ns
simulations.

R3
Models shape RMSD/Rg Energy Population
A kcal/mol %

K18-1 U shape 7.0/31.4 —24,137 = 81 2.79
K18-2 U shape 7.4/37.2 —24,411 = 65 12.65
K18-3 U shape 8.4/32.6 —24,136 = 63 2.76
K18-4 U shape 9.9/34.6 —24,497 * 165 17.28
K18-5 U shape 10.1/36.2 —24,248 = 70 6.15
K18-6 U shape 10.0/34.3 —24,370 = 57 10.48
K18-7 L shape 6.4/32.2 —24,475 = 57 16.08
K18-8 L shape 5.8/31.6 —24,403 = 67 12.28
K18-9 Straight 6.2/35.7 —24,697 = 98 19.53
K19-1 U shape 6.2/28.3 —18,914 =58 16.63
K19-2 U shape 6.8/31.8 —18,971 = 56 19.37
K19-3 U shape 7.4/30.9 —18,726 = 55 6.18
K19-4 L shape 6.4/31.6 —18,884 = 57 14.98
K19-5 L shape 6.0/31.3 —18,759 = 59 7.95
K19-6 U shape 10.6/32.2 —18,526 = 51 1.33
K19-7 U shape 13.3/30.9 —18,732 £ 50 6.34
K19-8 L shape 4.1/28.6 —18,799 * 49 10.27
K19-9 Straight 5.7/34.1 —18,923 = 97 16.93

Heterogeneous Structures Suggest Polymorphic Nature of K18
and K19 Oligomers—Because of the complex kinetics of amy-
loid formation, nine K18 and nine K19 octamers are likely to
represent only a very small percentage of the conformational
sampling space. Nevertheless, the carefully selected models can
cover the most representative organizations. The averaged con-
formation energies of K18/K19 octamers over the last 5 ns were
calculated using the GBMYV (Table 1). To more precisely esti-
mate the overall structural populations for each K18/K19 octa-
mer rather than direct comparison of averaged conformational
energies for all models, we extracted a total of 11250 structures
from different MD trajectories to compute the structural prob-
ability of each model using an in-house Monte Carlo method.

Among nine K18 octamers, the top four energetically favor-
able models were K18-9 (19.53%, SL shape), K18-4 (17.28%, U
shape), K18-7 (16.08%, L shape), and K18-2 (12.65%, U shape).
Three U-shaped K18 octamers of K18-1, K18-3, and K18-5 had
rather lower structural populations of 2.79, 2.76, and 6.15%,
respectively. K18-8 (12.28%, ranking fifth) displayed the best
structural integrity but did not present the highest structural
population. This suggests that explicit solvent effect should be
fully considered in estimating the structural populations. For
K19 octamers, the top four octamers with the highest popula-
tions were K19-2 (19.37%, U shape), K19-9 (16.93%, SL shape),
K19-1 (16.63%, U shape), and K19-4 (14.98%, L shape). Removal
of R2 from the R1/R2/R3/R4 sequence made the folding of the
peptide into a U-shape conformation energetically more favor-
able. K19-2 (ranking first), K19-9 (ranking second), K19-1
(ranking third), and K19-4 (ranking fourth) without R2 struc-
turally corresponded to K18-2 (ranking fourth), K18-9 (ranking
first), K18-1 (ranking eighth), and K18-7 (ranking third) with
R2. K19-8 (10.27%) had the same ranking of fifth as K18-8
among the K18 octamers. Similar structural arrangements of
Tau, with stable and low energy conformations between the
K18 and K19 models, can provide the structural foundation for
the growing K18 (K19) peptides on the K19 (K18) templates (i.e.
cross-seeding). Based on structural stability and population
analysis, K18-2/K19-2 and K18-9/K19-9 are very likely to grow
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FIGURE 3. Interaction energies of all K18 and K19 octamers including van
der Waals (VDW), electrostatic (Elec), bonded, and solvation (Solv) terms,
calculated by the GBMV method. All K18 and K19 octamers display similar
interaction distributions, although they possess significant diversity in struc-
tural organization and dynamics.

fibrils via cross-seeding because they share large structural
overlaps between templated seeds and added peptides.

K18 and K19 Have Different Core Repeats for Conformational
Selection—Comparison among various K18 and K19 octamers
reveals different dynamical behavior, strongly depending on
the conformation of R1, R2, R3, and R4 repeats and interfacial
interactions between two neighboring repeats. Conformational
energy profiles averaged by residue number for each octamer
were given in Fig. 3. Surprisingly, all octamer models shared
similar distributions of the different energy terms, although
they possessed a significant structural diversity in terms of
overall structure and secondary structure. In all cases, van der
Waals energy ranging from —4.72 to —5.22 kcal/mol per resi-
due provided small but favorable peptide-peptide interactions
to retain peptide association, whereas large electrostatic repul-
sion (16.37-25.12 kcal/mol per residue for K18 octamers and
7.68-17.60 kcal/mol per residue for K19 octamers) tended to
disfavor the compact side chain packing near the interfaces of
octamers. To compensate for unfavorable electrostatic interac-
tions, large solvent-accessible surface areas of charged residues
and salt bridges contributed the most favorable solvation
energy of (—42.50 to —51.03 kcal/mol per residue for K18
octamers and —34.33 to —43.69 kcal/mol per residue for K19
octamers) to alleviate the electrostatic repulsion. Solvent effect
clearly plays a pronounced role in stabilizing the Tau isoforms.

Although the per residue total energy for all K18 and K19
octamers was maintained at —23.59 * 0.23 kcal/mol, it is clear
that the exclusion of R2 in K19 octamers increases electrostatic
repulsion and decreases their solvation energies, implying that
the conformational difference between K18 and K19 octamers
leads to potential differences in sensitivity to environmental
factors such as pH, ionic strength, and heparin concentrations.
Residue-based solvent-accessible surface area for each repeat in
K18 and K19 octamers is also measured (Fig. 4). Removing R2
from K18 octamers, residue-based solvent-accessible surface
area of R1 and R4 in nine K18 octamers decreased from 54.03 to
49.57 A% and from 59.54 to 58.35 A2, and R3 increased from
40.87 to 42.63 A> for K19 octamers. In conclusion, the R2
repeats in the K18 octamer have three effects: 1) increase of
solvent-accessible surface area of K18; 2) interaction between
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FIGURE 4. Averaged solvent-accessible surface area of R1, R2, R3, and R4

repeats in K18 and K19 octamers.

R1-R2 and R2-R3 decreased the probability of formation of an
R1-R3 interface in K18 aggregates (K18-6 ranks sixth in popu-
lation); and 3) indirect disturbance of the structure of R4
repeats.

The stable structural regions with significant 3-sheet struc-
ture are illustrated in Fig. 1. These regions are located mainly at
the interfaces. Therefore, the residue-based interaction energy
is calculated between two repeats of K18 and K19 models (Fig.
5). Further energy decomposition shows that electrostatic
interaction energy contributed more than 90% of the favorable
interactions in all K18 and K19 models, suggesting that electro-
static interaction is the dominant adhesive force to preserve the
stable regions inside K18 and K19 octamers. For K18 octamers,
R1-R2 (—3.49 to —6.82 kcal/mol per residue with exclusion of
K18-1) or R2-R3 (—3.00 to —3.84 kcal/mol per residue with
exclusion of K18-6) interfaces showed the strongest favorable
interactions. The R1-R2 interaction energy was nearly twice as
large as other K18 octamers, contributed by two pairs of salt
bridges of Asp***~Lys**° and Glu>**~Lys**° in each peptide
chain and by the optimized side chain arrangement at the
R1-R2 interface in K18-9. Without the R2 building block, the
R1-R3 and R3-R4 interaction energies in K19 octamers were
improved as compared with K18 octamers. The averaged R3-R4
residue-based interaction energy of K19 octamers (—1.76 kcal/
mol per residue) was 0.33 kcal/mol lower than that of K18
octamers (—1.43 kcal/mol per residue). Strong R3-R4 interac-
tions preserve more B-sheet structure (45.06% averaged from
nine models) in K19 octamers than in K18 octamers (33.49%
averaged from nine models). Therefore, the electrostatic force
drives the folding and association of Tau repeats for both space
search and energetic optimization preference, implying the
importance of the charged/hydrophilic residue arrangement at
the repeat-repeat interface and the role of heparin in Tau pep-
tide aggregation.

The above analysis demonstrated that K18 and K19 have dif-
ferent core units in amyloid growth. It is obvious that R2 is the
most important repeat in most K18 structures, providing struc-
tural and energetic stability. A similar role is observed for R3 in
the K19 structures. Thus, in amyloid growth, R2 in K18 and R3
in K19 are expected to act as the primary template for confor-
mational selection, locking and stabilizing incoming monomers
into overall fibril structure.
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FIGURE 5. Interaction energies between two neighboring repeats in K18
octamers (a) and K19 octamers (b).

Further secondary structure calculation of K18 octamers in
supplemental Fig. S4 and RMSF projection in Fig. 1 have shown
that R2 is a stable region in K18 with higher -structure popu-
lation than the R3 and R4 repeats. As illustrated in Fig. 6, R2 is
the most stable repeat in K18 and acts as structural core in K18
fibrils. It is the most important conformation selection tem-
plate to catalyze K18 amyloid growth. However, when R2 is
excluded in K19, we found out that 3-structure population of
R3 in K19 increased by more than 4% as compared with R3 in
K18. The different conformational selection units may delay
the K18 seeded fibril growth of K19. However, when using K19
seed to catalyze the K18 fibril formation, both K18 and K19
have the R3 repeat, and R3;3-R3y;, recognition prevents such
a delay.

KI8/K19 Cross-seeding Can Magnify Structural Polymor-
phism—The recent cross-seeding experiments by Dinkel et al. (4)
showed an asymmetric structural barrier between K18 and K19
fibrillar aggregates, but no detailed structural information is avail-
able to further illustrate the potential mechanism of cross-seeding
between K18 and K19 aggregates. We suggest that the feasibility of
cross-seeding between different fibrils should be a compromise of
both structural similarity and structural population in solution.

In principle, the dominant conformation to allow the cross-
seeding between 4R and 3R Tau proteins should come from
regions with sequence and the structural identity, which can
lead to the exact matches between R1, R3, and R4 regions in K18
(4R) and K19 (3R). The conformation pair that satisfies this
requirement is K18-6 and K19-7 (Fig. 7a). The R2 repeat in the
K18-6 conformation is extruded from the main core of R1-R3-
R4, which could have an exact match in K19-7. However, our
results revealed that both K18-6 and K19-7 are minor popula-
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tions for K18 (10%) and K19 (6%). Thus, cross-seeding between
K18 and K19 could be mainly contributed from other
conformations.

To check the possibility of cross-seeding using other confor-
mations, we selected R3 for superimposing K18 and corre-
sponding K19 octamers. Five additional structures with the
highest structural match (K18-2/K19-2, K18-3/K19-3, K18-7/
K19-4, K18-8/K19-8, and K18-9/K19-9) were found to have a
potential for cross-seeding (Fig. 7). However, the small popula-
tion of K18-3 and the poor conformational match between R2
in K18-3 and R1 in K19-3 may decrease the chance for success-
ful cross-seeding with conformations K18-3/K19-3. The small
population of K19-7 and the large population difference may
decrease the chance for successful cross-seeding with confor-
mations K18-6/K19-7. The other four pairs of candidates, K18-
2/K19-2, K18-7/K19-4, K18-8/K19-8, and K18-9/K19-9, satis-
fied all the prerequisites for cross-seeding: high structural
similarity, high population, and small population difference.
Even though cross-seeding with conformations selected from
these four pairs faces a potential sequence barrier—repeat R1 in
K19 has to interact with repeat R2 in K18 —the high sequence
similarity among the repeats suggests that an interaction
between the R1 in K19 and R2 in K18 is likely to happen.

WNIILYAY
. ¥

R1

\If M

FIGURE 6. lllustration of the free energy landscape of K18 and K19 and the
cross-seeding barrier between K18 and K19 fibrils. K18 (top panel) has four
repeats and the most stable one is R2, which may have the highest structure
population and forms the core of the K18 fibril. K19 (bottom panel) has three
repeats and the core repeat is R3, which has the highest structure population.
When K18 acts as seeds, the R2 is the catalytic center, and the R2 should
recruit the similar peptide with similar conformation into growing fibril.
Because the R2 repeat is missing in K19, the barrier exists for K18 seeded K19
growth. When using K19 as seed, the R3 is the catalytic center for conforma-
tional selection. R3 in K19 is able to recruit R3 in K18.

X

K18-2 12.65 %
K19-2 19.37 %
AP=-6.72 %

K18-3 2.76 %
K19-3 6.18 %
AP=-3.42 %

K18-6 10.48 %
K19-7 6.34 %
AP=4.14 %

octamers are colored blue, and K19 octamers are colored red. The C,, atoms of N-terminal residue Val*°® and C-terminal residue GIn

Thus, our structural and population studies of K18 and K19
imply that cross-seeding between K18 and K19 would magnify
the structural polymorphism of K18 and K19. For five of the six
structural pairs examined in this work, K18 presents a more
heterogeneous landscape than the corresponding K19. At first
sight, it seems that K18 might be able to seed the amyloid for-
mation of K19 easily. In reality, the higher structural polymor-
phism resulting from K18 as seed may impede its ability to
provide effective templates for fast fibril growth, because its
diverged structural forms would decrease the formation of the
leading fibril form. Fluorescence experiments indicated that
K19 might stay in solution because no shift in the fluorescence
emission for K19 in the presence of K18 seeds was observed (4).
These data are further supported by our sedimentation exper-
iments, which revealed that K19 grows onto K19 seeds but not
onto K18 seeds (Fig. 8). Structural polymorphism of K18 may
greatly reduce the concentration of seeds that are actually com-
petent to recruit K19.

DISCUSSION

Two types of Tau isoforms, K18 and K19 octamers with dif-
ferent structural symmetries, are computationally modeled by
parallel alignment of eight K18/K19 peptides into U-, L-, and
SL-shaped structures, followed by explicit solvent MD simula-
tions to assess their structures, dynamics, and populations. All
of the isoforms tend to develop into different polymorphic
structures with different populations. The stable structures dis-
play a compromise of the balance of electrostatic interactions
and solvation, and salt bridges formed within the repeat-repeat
interfaces and at the peptide terminals play a dominant role in
structural stabilization. Our models are in agreement with
experimental observation in size, B-structure distribution, and
the solvent accessibility of each repeat in the Tau isoforms.

The deposition of amyloid-like filaments in the brain is the
central event in the pathogenesis of neurodegenerative disease.
Similar to other amyloidgenic peptides, Tau isoforms are highly
polymorphic and can aggregate into different ribbon-like fibrils
with varied structure and stability (15). Experimentation has
already provided evidence that the aggregation of Tau protein
or the fragment K18/K19 is a nucleation-dependent and pro-
tein-specific polymerization process (26, 42). Understanding
the fibrillization-related Tau oligomer structure holds promise
as a therapeutic target for neurodegeneration. 4R or 3R Tau
(K18 or K19) isoforms are thought to form the core of Tau

K18-8 12.28 %
K19-8 10.27 %
AP=2.01%

FIGURE 7. Superimposition of R3 on K18-6/K19-7 (a), K18-2/K19-2 (b), K18-3/K19-3 (c), K18-7/K19-7 (d), K18-8/K19-8 (e), and K18-9/K19-9 (f). K18

K18-7 16.08 %
K19-4 14.98%
AP=1.10 %

K18-9 19.53 %
K19-9 16.93 %
AP=2.60 %

336 of repeat R3 in each

model are represented by blue balls for K18 and red balls for K19. For clarity, only tetramers in the middle part of the models are rendered with cartoon mode.
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fibrillar structures, but little is known about the molecular
structure of K18/K19 oligomers and their relation to amyloid
fibril formation and amyloid neurotoxicity. Our computational
results provide insights into the structural characterization of
K18/K19 octamers by providing energy comparable U, L, and
SL shape-based structures.

Previous experiments provided valuable structural informa-
tion on K18/K19 aggregates. Mukrasch et al. (19) summarized
the secondary structure distribution of K18 based on NMR
experiments. C,, signal shifts in K18 residues helped to deter-
mine that the *’*VQIINKKLDL?*®* and ***KDNIK**® in R2,
306yQIVYKPVDL*'"* in R3, and **”VEVKSEKLD?**® and
357LDNITJV>“! in R4 are with B-structure, whereas **>SN286,
316SK®'” and PGGG in each repeat are in a turn conformation
in soluble Tau. The averaged B-structure probability of our
nine K18 octamer models (supplemental Fig. S4 in supplemen-
tary material) confirms the observation of Mukrasch et al. Our
calculation also indicates more 3-enriched regions in all of the
four repeats of K18 octamers. The stable regions of K18 and
K19 octamers are measured from the final averaged structures
(supplemental Table S1). The dimensions of models with high
populations are consistent with experimental measurements
based on AFM images (15), which indicate that the heights of
K18 fibrils are ~8.0 = 1.4 or 8.8 = 1.0 nm, and those of K19
fibrils are 6.9 = 0.8 or 10.2 * 1.2 nm.

Unlike the amyloid growth by short peptides, only a small
core portion out of the long protein sequence controls the over-
all conformational selection in amyloid growth. Here, we dem-
onstrated that formation of stable R2 and R3 conformations is
the critical step for K18 aggregation and that R3 should be crit-
ical for K19 fibril formation. The different core units in K18 and
K19 may create cross-seeding barrier for K18 to trigger K19
fibril growth, because R2 is not available in K19.

Even though the amyloid landscape is highly polymorphic
and our current simulations cannot afford to explore all struc-
tural possibilities, our K18/K19 simulations provided insights
into cross-seeding involving heterogeneous structures. The
polymorphic nature of protein aggregation could be magnified
in the cross-seeding process, which could impede the fibril for-
mation. Such effect could also contribute to the asymmetric
barrier between K18 and K19. The higher exposed charge in R2

14958 JOURNAL OF BIOLOGICAL CHEMISTRY

in K18 than in R3 in K18/K19 (supplemental Fig. S5) is remi-
niscent of the role of polyanions in nucleating Tau isoforms, i.e.
polyanions can shift the free energy landscape to promote the
formation of dominant conformations.
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