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Misfolding of the microtubule-binding protein tau into filamentous
aggregates is characteristic of many neurodegenerative diseases
such as Alzheimer’s disease and progressive supranuclear palsy. De-
termining the structures and dynamics of these tau fibrils is impor-
tant for designing inhibitors against tau aggregation. Tau fibrils
obtained from patient brains have been found by cryo-electron
microscopy to adopt disease-specific molecular conformations.
However, in vitro heparin-fibrillized 2N4R tau, which contains all
four microtubule-binding repeats (4R), was recently found to adopt
polymorphic structures. Here we use solid-state NMR spectroscopy
to investigate the global fold and dynamics of heparin-fibrillized
ONA4R tau. A single set of >C and "®N chemical shifts was observed
for residues in the four repeats, indicating a single -sheet confor-
mation for the fibril core. This rigid core spans the R2 and R3 repeats
and adopts a hairpin-like fold that has similarities to but also clear
differences from any of the polymorphic 2N4R folds. Obtaining a
homogeneous fibril sample required careful purification of the pro-
tein and removal of any proteolytic fragments. A variety of exper-
iments and polarization transfer from water and mobile side chains
indicate that ON4R tau fibrils exhibit heterogeneous dynamics: Out-
side the rigid R2-R3 core, the R1 and R4 repeats are semirigid even
though they exhibit p-strand character and the proline-rich domains
undergo large-amplitude anisotropic motions, whereas the two ter-
mini are nearly isotropically flexible. These results have significant
implications for the structure and dynamics of 4R tau fibrils in vivo.

solid-state NMR | conformational polymorphism | polymorphism

Tau is a microtubule-binding protein that aggregates into
intraneuronal filaments in a number of neurodegenerative
diseases called tauopathies. The protein contains four microtubule-
binding repeats, R1 to R4 (1), a subset of which aggregate into
cross-p fibrils. The rest of the protein is largely disordered, as shown
by the appearance of a “fuzzy coat” in electron micrographs (2).
Tau has six isoforms in the adult human brain, which are charac-
terized by the inclusion of 0 to 2 acidic 29-residue inserts in the N-
terminal half of the protein (ON, 1N, or 2N tau), and inclusion (4R
tau) or exclusion (3R tau) of the R2 repeat domain (3). The longest
isoform, 2N4R tau, contains 441 residues, whose numbering is used
for all isoforms (Fig. 14). Tauopathies are distinguished by the
isoforms involved. For example, Pick’s disease (PiD) fibrils contain
primarily 3R isoforms, progressive supranuclear palsy (PSP) fibrils
contain 4R isoforms, whereas Alzheimer’s disease (AD) and
chronic traumatic encephalopathy (CTE) fibrils contain a mixture
of 3R and 4R isoforms (4).

Tau fibrils in diseased brains propagate their misfolded con-
formations by recruiting monomeric tau to adopt the same
misfolded structures (5-7). To understand the molecular mech-
anism of this propagation, it is crucial to determine the 3D
structures of tau aggregates and establish whether each tauopathy
has a unique structure, and whether different tauopathies share
conserved structural elements. Given the multiple isoforms of
tau and the polymorphic structures of other amyloid-forming
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proteins such as Af in response to the environment (8, 9), one
might expect tau fibril structures to be variable both between
different diseases and within each disease. However, recent cryo-
electron microscopy (cryo-EM) data showed that the AD tau
structure (10) differs from the PiD tau structure (11), but mul-
tiple AD brains appear to adopt the same fibril core structure
(12). This observation suggests that tau fibril structures may be
conserved within a disease, despite the mixed isoform nature of
AD and other 3R/4R tauopathies.

Recombinant tau monomers can form fibrils in the presence
of anionic cofactors such as heparin, a sulfated glycosaminogly-
can polymer (13). Heparin-fibrillized tau is morphologically
similar to AD patient-derived fibrils, and thus it could in prin-
ciple serve as a model system for elucidating the folding pathway
and structures of tau fibrils. However, a recent cryo-EM study
reported that heparin-fibrillized 2N4R tau exhibits at least
4 molecular structures (14): The dominant polymorph represents
less than 45% of all fibrils and none of the structures are similar to
the in vivo tau structures of AD or CTE (10, 15). It is paradoxical
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Fig. 1. Heparin-fibrillized ON4R tau forms well-ordered amyloid fibrils with
a single dominant ultrastructural morphology. (A) Amino acid sequence di-
agram of ON4R tau. Residue 44 is followed by 103, based on the 2N4R
numbering scheme. (B) ThT fluorescence shows a lag time of about 1 h
during fibril formation. (C) Representative negative-stain electron micro-
graph of ON4R tau fibrils, showing predominantly straight fibrils with a di-
ameter of ~13 nm. (Scale bar: 100 nm.) (D) Trypsin digestion of multiple
batches of tau fibrils reproducibly show a band at ~10 kDa in the SDS/PAGE
gel. The mass spectrum indicates that a segment corresponding to residues
268 to 340 is the main species protected from trypsin.

that a mixture of tau isoforms formed in the complex environ-
ment of the brain is monomorphic whereas a single tau isoform
fibrillized under controlled conditions is polymorphic. For
comparison, AD brain-derived Ap40 fibrils show a predominant
structure within each brain but can differ between different
brains (16), between different clinical subtypes (17, 18), and
between vascular and parenchymal compartments of a given
brain (19). This in vivo polymorphism is qualitatively consistent
with the polymorphism of in vitro Ap40 fibrils (20-22). There-
fore, the relationship between in vitro and in vivo tau fibril
structure distribution is unclear. Moreover, little is known about
the dynamics of the non-microtubule-binding regions of tau.
Trypsin digestion data of fibrils from various tauopathies in-
dicate that the trypsin-resistant core contains 90 to 150 residues
(23) out of 352 to 441 residues for the full-length protein, and
thus the majority of the protein in the fibril is dynamic and
disordered. Atomic force microscopy data suggested a model of
a 2-layered polyelectrolyte brush for this disordered fuzzy coat,
where the rigid core is surrounded by a stiff, dense, and basic
region formed by the proline (Pro)-rich domains (residues 151 to
243), which is in turn surrounded by a softer and less dense acidic
layer formed by the N-terminal region (24). Solution NMR
studies of tau protofibrils found residues 1 to 160 and 400 to
441 to be highly dynamic, but most other residues were not de-
tected (25-27). To date, the dynamic differences between vari-
ous domains of tau fibrils are poorly understood, and the
structure of the microtubule-binding repeats that are unresolved
in the cryo-EM maps remains unknown.

Here we present a site-specific study of the molecular con-
formation and dynamics of a full-length 4R tau fibril formed
using heparin. The 2D and 3D correlation solid-state NMR

16358 | www.pnas.org/cgi/doi/10.1073/pnas.1906839116

(SSNMR) spectra and chemical shift analysis indicate that in
vitro heparin-fibrillized ON4R tau adopts a single p-sheet con-
formation for the fibril core, in contrast to the previous poly-
morphic results. This monomorphic fold shares a common
B-sheet steric zipper with the 2N4R structures but differs in the
region that contains 1 of 2 cysteines in the protein, C291. Bio-
chemical data indicate that high chemical homogeneity was re-
quired to obtain conformationally homogeneous fibrils, and
trace proteolytic contaminates can lead to pronounced hetero-
geneity in fibril morphology. We show that ON4R tau fibrils
contain 4 dynamically distinct domains: the R2 and R3 repeats
form the rigid core, the R1 and R4 repeats are semirigid but
B-sheet in character, and the proline-rich domains are aniso-
tropically mobile, whereas the N and C termini are nearly iso-
tropically flexible. These results have implications for the
possible structure of the in vivo 4R tau, the sequence determi-
nant of the structure distribution of the tau fibril core, and the
mechanism with which the dynamic domains might impact the
3D fold of the p-sheet core.

Results

ON4R Tau Forms a Single Ultrastructural Fibril Morphology In Vitro.
We expressed recombinant ON4R tau with high purity using a
combination of heat denaturation (28), cation exchange chro-
matography, and reversed-phase high-performance liquid chro-
matography (HPLC). Fibrils were formed by incubating tau at a
low concentration of 0.4 mg/mL with 0.125 mg/mL heparin under
reducing conditions to prevent Cys oxidation. The solution was
incubated at 37 °C with agitation for 3 d. Thioflavin-T (ThT)
fluorescence data showed that fibril formation had a lag time of
about 1 h and was mostly completed in about 8 h (Fig. 1B).
Negative-stain transmission electron microscopy (TEM) images
show straight, unbranched fibrils with a diameter of 13 nm as the
dominant species (Fig. 1C). Trypsin digestion followed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS/PAGE)
analysis reproducibly yielded a single band (<10 kDa) (Fig. 1D),
whose mass spectrum indicates that the main trypsin-resistant
species is a segment corresponding to residues 268 to 340.

ON4R Tau Contains a Monomorphic p-Sheet Core Coexisting with a
D5ynamically Disordered Domain. We labeled ON4R tau with *C,
15N, except for Gly, Glu, and Lys residues to simplify NMR
resonance assignment. Experiments that employ "H-">C cross-
polarization (CP) and dipolar polarization transfer selectively
detect immobilized residues, whereas pulse sequences such as
total correlation spectroscopy (TOCSY) and insensitive nuclei
enhanced by polarization transfer (INEPT) use scalar coupling
for polarization transfer and selectively detect highly dynamic
residues. Fig. 24 shows the 2D *C-'3C spin-diffusion correlation
spectrum. Two strong Cys Ca-Cp peaks are resolved whose Cp
chemical shifts correspond to reduced thiols. Since there are only
two cysteines in tau, C291 in R2 and C322 in R3, the presence of
two Cys Ca-Cp cross-peaks strongly suggests that ON4R tau has a
single fibril core conformation that encompasses R2 and R3. In
the Ser Ca-Cf chemical shift range, at least 10 correlation peaks
are resolved, in good agreement with the presence of 12 Ser
residues within the R1-R4 repeats. Consistent with the 2D *C-1*C
correlation spectrum, a 2D N-"Ca dipolar correlation spec-
trum shows more than 50 cross-peaks (see Fig. 5G), suggesting that
the p-sheet core of ON4R tau contains at least 50 residues. The
isolated peaks in these spectra show *C and °N line widths of
0.5 to 0.7 ppm and 1.1 to 1.5 ppm, respectively, indicating that the
rigid core of the protein is structurally homogeneous.

To detect highly dynamic residues, we measured a 2D *C-1*C
TOCSY spectrum, using scalar coupling for polarization transfer
(Fig. 2B). The spectrum shows well-resolved signals at random
coil 1*C chemical shifts and can be readily assigned based on the
connectivity patterns and the characteristic chemical shifts of
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Fig. 2. Two-dimensional SSNMR spectra of ON4R tau fibrils indicate the coexistence of a rigid p-sheet core with dynamic random coil domains. (A) Two-
dimensional '3C-"3C correlation spectrum with 23-ms '3C spin diffusion. (Inset) Expanded Ser/Thr and Cys regions where assignments obtained from 3D spectra
are indicated. A single set of chemical shifts is observed. (B) Two-dimensional '>C-'*C TOCSY spectrum shows narrow peaks at random coil chemical shifts,
indicating the presence of dynamically disordered residues. Amino acid type assignments are indicated for the most characteristic chemical shifts. (C) Two-
dimensional "H-">N INEPT spectrum. Previously reported solution NMR chemical shifts of the dynamic residues (red) in 2N4R tau protofibrils (25) are overlaid
to indicate the excellent agreement with the ON4R tau chemical shifts. Assignments of resolved peaks are shown.

amino acids. A single set of chemical shifts is observed for most
amino acid types, indicating that the same residue types have
similar dynamically averaged conformations. A small number of
residue types show two sets of signals, one occurring at averaged
random-coil chemical shifts and the other at chemical shifts
known for residues that are followed by a Pro (29, 30). We also
measured a 2D "H-">N INEPT correlation spectrum (Fig. 2C) to
detect the highly dynamic segments in the protein. Importantly,
the observed 'H and "N chemical shifts have excellent agree-
ment with previously reported solution NMR chemical shifts of
2N4R protofilaments (25, 26), despite the fact that N1 and
N2 domains are absent in the current construct. The only
chemical shift difference between the two proteins is observed at
A103, which is preceded by T102 in 2N4R tau but by K44 in
ON4R tau. The almost complete identity of these chemical shifts
suggests that the fuzzy coats of ON4R and 2N4R tau fibrils have
similar disordered structures.

The Fibril Core of ON4R Tau Spans R2 and R3 and Has a Unique 3D Fold.
To obtain unambiguous evidence that the p-sheet core of ON4R
tau is monomorphic, we measured 3 sets of 3D >N-'*C corre-
lation spectra. The intraresidue NCACX experiment combines
with the interresidue NCOCX and CONCA correlation experi-
ments to allow sequence-specific assignment of N and *C
chemical shifts (31-34). Representative strips from the 3D
spectra are shown in Fig. 34 and S/ Apgendix, Fig. S1. The ex-
periments were conducted using ’N-"*C dipolar polarization
transfer, which selectively detects only the most rigid residues
(31). The two cysteines in the protein, C291 and C322, are un-
ambiguously assigned (SI Appendix, Fig. S2 A and B): Each Cys
has a single set of resonances whose Cf chemical shifts
(26.9 ppm for C291 and 26.5 ppm for C322) correspond to re-
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duced thiols. R349 and Y310 have well-resolved C{ signals at
157 ppm, which show a single set of cross-peaks with the re-
spective carbons in each residue (SI Appendix, Fig. S2C). The
hexapeptide motifs of R2 (V275-N279) and R3 (V306-Y310)
manifest strong signals, indicating that these segments are
immobilized (35). In total, we assigned 66 residues between
$258 and T361 (Fig. 3B and SI Appendix, Table S1), and all
strong signals were assigned to a single conformation. Out of the
38 unassigned residues in this region, 19 are not labeled, 12 are
next to an unlabeled residue and thus are not detected in the
NCOCX and CONCA spectra, and 4 are prolines, which lack an
amide proton and thus show weak intensities in these '“N-'*C
correlation spectra. Based on the signal-to-noise ratios of the
assigned strong peaks such as C291 and S293 versus unassigned
peaks such as 2 Ser peaks in the 2D NCA spectrum (see Fig. 5G),
we estimate that the major conformation represents at least 80%
of the fibrils. Many unassigned peaks likely result from R1, R4,
and R’ residues (discussed below) instead of a second confor-
mation, and therefore we expect the true population of the main
conformer to exceed 90%.

The assigned Ca chemical shifts (Fig. 3B) are smaller than the
random coil chemical shifts while the Cp chemical shifts are
larger, indicating that all assigned residues adopt B-sheet con-
formation. The chemical-shift-derived (¢, ) torsion angles (36)
indicate six p-strands (B1-p6) (Fig. 3C and SI Appendix, Table
S2): p1 covers the R2 hexapeptide motif 2*VQIINK?®, which is
important for amyloid formation (35), and 6 spans the
FQVEVK** segment at the beginning of R4. These p-strand
positions differ from those of the in vitro 2N4R tau fibrils (dis-
cussed below) as well as the AD tau fibrils for the common
R3 and R4 domains (10). The '°C and "°N chemical shifts of full-
length ON4R tau also differ significantly from the chemical shifts
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Fig. 3. ON4R tau fibrils exhibit a single p-sheet core conformation. (A) Representative strips from the 3D NCACX (orange), NCOCX (black), and CONCA (blue)
spectra for R2 and R3 residues. (B) Secondary-structure-dependent Cax and CB chemical shifts of assigned residues indicate the presence of 6 f-strands (arrows)
in the 4 repeat domains. (C) Chemical-shift-derived backbone torsion angles (36). Error bars indicate the precision of the TALOS-N prediction. The positions of
unlabeled or weakly labeled G, E, and K residues and P residues are marked in brown on the x axis.

of two truncated tau constructs, K19 and an R3-only peptide (S
Appendix, Fig. S3) (37-39). Therefore, the fibril core of ON4R
tau is distinct from the folds of both in vivo tau fibrils and in vitro
truncated tau fibrils studied so far.

To determine the overall 3D shape of the ON4R fibril core, we
measured 2D *C-"*C and 3D NCACX correlation spectra using
a long "*C spin diffusion mixing time of 500 ms. We also mea-
sured a 3D *C-'3C-*C (CCC) correlation spectrum with *C
spin diffusion mixing times of 100 ms and 500 ms. The 2D CC
spectrum shows cross-peaks between G292 Coa and V309 Cy
(Fig. 44) and between S293 Cp and Q307 C8, indicating close
proximities between the B3 strand in R2 and the p4 strand, which
corresponds to the R3 hexapeptide motif. The 3D NCACX
spectrum shows many sequential and medium-range cross-peaks
but in addition shows long-range cross-peaks between S320 Ca
and V275 Cp or Q276 Cy and between V318 Ca and 1277 or 1278
Cy2 (Fig. 4B). The 3D CCC spectrum (Fig. 4C) resolved many

16360 | www.pnas.org/cgi/doi/10.1073/pnas.1906839116

additional long-range correlation peaks such as Q276-S320,
C322-V275, and S293-Q307. In total, we observed 14 unique
long-range interatomic contacts comprising 8 distinct residue
pairs (SI Appendix, Table S3). Together, these long-range cor-
relations indicate that the p1 strand packs against the 5 strand
whereas B3 packs against p4. Consistent with these interstrand
contacts, we also observed resolved Cy chemical shifts for the
2 methyl groups of V306, V309, and V318, indicating that these
Val side chains are located at steric zipper interfaces, unable to
undergo y; torsional motion. Therefore, the p-sheet core of
ON4R tau is shaped like a hairpin, with p1 and f5 marking the
approximate beginning and end (Fig. 4D). At least one side of
the hairpin is not straight, because the 1278-V318 correlation and
the G292-V309 correlation dictate that there are 14 residues in
the R2 segment (from 1278 to G292) but only 9 residues in the
R3 segment (from V318 to V309) between these contacts. The
additional 5 residues in R2 could be accommodated by a bulge in

Dregni et al.
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Fig.4. Long-range cross-peaks from 2D and 3D NMR spectra for constraining the overall 3D fold of the p-sheet core of ON4R tau fibrils. (A) Region of the 500-ms
2D "3C-"3C spin diffusion spectrum, showing a G292-V309 cross-peak (assigned in red). (B) Region of the 3D NCACX spectra with 500-ms '3C spin diffusion,
showing cross-peaks between 5320 and Q276/V275 and between V318 and 1277/1278. (C) Representative F1 planes of the 3D CCC spectrum, measured with 500-ms
spin diffusion between F2 and F3 dimensions. Q276-5320 cross-peaks and $293-Q307 cross-peaks are observed. (D) Schematic of the -strands (thick arrows) and
long-range correlations (red lines) measured in the SSNMR spectra. Gray lines indicate hypothetical locations of segments outside the R2-R3 core. Orange, blue,
magenta, and green arrows highlight the crucial R2 hexapeptide motif, the C291-containing segment, the R3 hexapeptide motif, and the C322-containing
segment. The same color scheme is used for the other schematics in F-H. (E) XPLOR-NIH lowest-energy structural fold of the ON4R tau fibril core, calculated using
dihedral angles and sparse long-range correlations. The f-strands were formed during simulated annealing and were not imposed. The backbone model on the
left emphasizes the p-strand positions, and the model on the right shows the side-chain positions at the p1-p5 and p3-p4 steric zippers for which long-range
correlations are observed. The exact side-chain positions are not fully determined by the data shown here, and thus this result should be taken as a low-
resolution model. (F) Schematic of the cryo-EM 3D fold of the most common in vitro 2N4R polymorph called snake (14). The fibril core spans the R2-R3 domains,
but C291 is located in a turn that is far from the R3 hexapeptide motif. (G) Schematic of the cryo-EM 3D fold of AD tau (10). The -sheet core spans R3-R4 and
part of the R’ domain. (H) Schematic of the 3D fold of the CTE 3R/4R mixed tau (15), which shares significant similarity with the AD structure.
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R2 or by a bend of R2 and R3 toward R3. In either case R2 must
traverse a longer distance than R3 between the long-range
contacts, as schematically depicted in Fig. 4D.

To investigate the possible structures that are consistent with
these experimental chemical shifts and long-range contacts, we
conducted structure calculations for residues 268 to 340 in
XPLOR-NIH (40), using chemical-shift restrained torsion angles
and the sparse long-range contacts as input parameters. We as-
sume parallel-in-register intermolecular packing, which is found
in most amyloid fibrils to date (41). The lowest-energy structural
model is shown in Fig. 4E while the next four low-energy
structural models are illustrated in SI Appendix, Fig. S4. All
five structural models show the experimentally observed p1—5
and B3-p4 packing but vary in the length of the p-strands and
the relative orientation of the two steric zippers. The lowest-
energy model places the two steric zippers in an approximately
parallel fashion and accommodates the length difference be-
tween the two sides of the hairpin shape by a bulge between
f1 and P2 strands. In 4 of the 5 lowest-energy models, the
C291 side chain lies at the steric zipper interface, close to the
V309 side chain. In all 5 lowest-energy models, there is a bulge or
turn at K280-L284 between the 1 and p2 strands and at K298—
G304 between the p3 and B4 strands. These structural models are
not identical to any of the 2N4R polymorphic structures (14).
Although the 2N4R structures have the same p-strand stacking
between the R2 hexapeptide motif and the center of R3,
38y TS none of the 2N4R folds packs the C291-containing
segment with the R3 hexapeptide motif (Fig. 4F). Instead, the
C291 segment is the most variable element in the 2N4R poly-
morphs. In comparison, the monomorphic ON4R tau shows the
C291 segment to be very rigid, manifesting some of the strongest
intensities in the dipolar SSNMR spectra.

ON4R Tau Contains a Semirigid f-Sheet Domain outside the R2-R3
Fibril Core. While the solution-like *C TOCSY spectrum (Fig.
2B) and "H-">N INEPT spectrum (Fig. 2C) indicate that some
segments of fibrillar tau undergo large-amplitude near-isotropic
motion, other correlation experiments depict a more complex
dynamic landscape, with at least three other distinguishable
domains (Fig. 54). First, the Pro-rich P1 and P2 domains can be
characterized as semimobile. Peaks with Pro-induced chemical
shift changes have intensities that agree well with the amino acid
distribution in the two termini and the Pro-rich domains. For
example, there are 19 Ala’s that do not precede a Pro residue
and 2 Ala’s that do in these domains (Fig. 5B). Consistently, the
2D TOCSY spectrum exhibits 2 resolved Ala Ca-Cp cross-peaks
with an intensity ratio of 10: 1. Similar X and X(P) chemical shift
differences are observed for Ser, Thr, and Pro residues, whose
intensity ratios also agree with the amino acid distribution in
these terminal and Pro-rich domains (Fig. 5C). Therefore, the
P1 and P2 domains are sufficiently mobile to give X(P) in-
tensities in the TOCSY and INEPT spectra. At the same time,
the dynamics of the P1 and P2 domains have restricted ampli-
tudes, as shown by several dipolar correlation experiments.
These experiments are designed to detect partly immobilized
residues that are in close proximity to highly dynamic side chains.
Pro signals feature prominently in these spectra. The basic ex-
periment begins with selective excitation of side-chain 'H signals
at about 1.5 ppm and suppression of the rigid 'H magnetization
by a relaxation filter (S Appendix, Fig. S5). The selected mobile-
side-chain polarization is then transferred to the rigid residues by
'H spin diffusion (16 ms) and 'H-">C CP. The resulting *C
spectrum (Fig. 5D) shows a pronounced Pro C3 peak at 48 ppm.
The *C-'H dipolar couplings of these mobile-side-chain trans-
ferred residues correspond to intermediate C-H order parame-
ters (Scy) of 0.2 to 0.6 (Fig. 5E). Moreover, when *C spin
diffusion is allowed after the mobile-side-chain selection and
polarization transfer, we found weak cross-peak intensities but
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strong diagonal intensities (Fig. 5F), indicating that '*C spin
diffusion is significantly attenuated by the mobility of the Pro-
rich domains. Together, these data indicate that the P1 and
P2 domains undergo fast anisotropic motions that are distinct
from the near-isotropic mobility of the termini.

Compared with the Pro-rich domains, R1, R4, and R’ repeats
are significantly more rigid but exhibit small-amplitude motions.
This “semirigid” nature is manifested by the fact that residues in
these domains show reasonably strong intensities in the "N-"*C
correlation spectra at 260 K but attenuated intensities at higher
temperatures (280-293 K) (Fig. 5G and SI Appendix, Fig. S6).
S$262 and T263 in R1 are two examples in this category, and 2
Ala residues also exhibit this temperature-dependent intensity
change. The entire R1-R4 and R’ segment contains only 4 Ala
residues, one Ala (A246) at the beginning of R1 and 3 Ala’s in
the middle of R’. Thus, the intensity reduction of 2 B-sheet Ala
peaks at high temperature lends strong support to the semirigid
nature of R1 and R’ repeats.

The p-sheet residues in R2 and R3 are fully immobilized,
displaying strong signals in >N-'3C correlation spectra at both
low and high temperatures (Fig. 5G and SI Appendix, Fig. S6).
Measured *C-'H dipolar couplings indicate Scy order pa-
rameters close to 1.0 (SI Appendix, Fig. S7). The mobility difference
between the R2-R3 segment and the R1 and R4-R’ segments is
also supported by the peak intensities of the 3D NCACX spec-
trum; we can distinguish three categories of cross-peak in-
tensities: strong, intermediate, and weak. While the f-strand
residues generally exhibit stronger intensities than turns or dis-
ordered residues (Fig. 5H), many R1 and R4 residues display
intermediate or weak intensities despite their p-sheet chemical
shifts. Together, these data indicate that the rigid R2-R3 p-sheet
core is surrounded by a semirigid matrix that includes part of R1,
most of R4, and some of the R’ repeats.

We next measured the water accessibilities of the R2-R3 core
and compared them with those of the semirigid R1 and R4-R’
domains using water-edited 2D "*C correlation experiments (42).
Interesting differences are observed in the water accessibilities of
Ser and Cys residues (SI Appendix, Fig. S84). For example,
S258 and S341 are poorly hydrated whereas C291 and S352 are
well hydrated. Ile peaks show low water-transferred intensities,
indicating that the Ile side chains are buried in a hydrophobic
core. The intensity ratios between the water-transferred spec-
trum and the full spectrum provide a semiquantitative measure
of the different water accessibilities of the residues (SI Appendir,
Fig. S8B). These hydration data are qualitatively consistent with
the long-range correlations in indicating that the p-sheet core
consists of R2-R3, largely surrounded by semirigid R1 and
R4 repeats (SI Appendix, Fig. S8C).

Protease Contamination Can Induce Polymorphic Tau Fibrils. The
protein samples used in this work are highly purified by HPLC
(Fig. 64), and this chemical homogeneity translates to structural
homogeneity of the fibrillized samples. Indeed, ensuring very
high purity of tau before and after fibrillization was critical for
obtaining fibrils with a single morphology. On occasion, we
obtained batches of tau fibrils with dramatically different ultra-
structural morphologies from the structural model shown here by
SSNMR. Fig. 6 illustrates one such sample. Negative-stain TEM
images show twisted, straight, and curved filaments, with striking
similarity to the polymorphic fibrils that were recently reported
for 2N4R tau (Fig. 6C) (14). The heterogeneity in this aberrant
sample was confirmed by trypsin digestion results, which show
four bands ranging from 5 to 15 kDa in a Coomassie blue-stained
SDS/PAGE gel (Fig. 6B). Low-molecular-weight fragments were
observed even before trypsin digestion, indicating proteolysis
during fibrillization (Fig. 6B). Upon addition of protease inhib-
itors to the fibrillization mixture (Fig. 6B), the monomorphic
morphology of the straight filaments was restored (Fig. 6C),
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Fig. 5. The ON4R tau fibrils exhibit heterogeneous dynamics. (A) Summary of the observed dynamic gradient in the protein. R2-R3 represents the rigid core.

(B) Distribution of several residue types without and with a subsequent Pro. (|
highly mobile residues without and with a subsequent Pro. (D) Mobile-side-c

C) Regions of the 2D '*C-"3C TOCSY spectra, showing well-resolved signals of
hain transferred '*C spectrum, showing prominent Pro peaks. (E) The *C-'H

DIPSHIFT curves of the mobile-side-chain transferred residues exhibit Sc.; order parameters of about 0.4. (F) Mobile-side-chain transferred 2D '*C spin dif-
fusion spectrum with 64-ms mixing. A high-intensity diagonal is observed but few cross-peaks are present, indicating inefficient spin diffusion due to large-

amplitude anisotropic motion of the Pro-rich domains. (G) Two-dimensional

5N-"3Ca correlation spectra measured at 260 K and 280 K. Residues in the

R1 repeat (assigned in red) such as S262 and Ala show larger intensity reduction at high temperature compared with R2-R3 residues. The two Cys-containing
triplets (cyan), 2°'CGS?%* and 322CGS®%4, display high intensities. The intensity ratios between the high- and low-temperature spectra are plotted on the right
for a number of resolved signals. (H) Relative intensities of residues in the 3D NCACX spectrum. R2 and R3 residues have the highest intensities, whereas

R1 and R4 residues have weaker average intensities, suggesting residual moti

together with a single trypsin-digestion band with a molecular
weight matching the previously observed segment of residues
268 to 340 (Fig. 6D). Therefore, proteolytic fragmentation of tau
induces polymorphic fibrils and should be carefully prevented in
future work, because even small amounts of truncated or co-
valently modified protein can clearly lead to heterogeneity. In
our hands, when proteolysis is prevented, heparin-fibrillized
ON4R has a predominant propensity to adopt a single structure
at both the ultrastructural and the molecular level.

Discussion

The single set of B-sheet chemical shifts (SI Appendix, Fig. S9),
together with a single dominant ultrastructural morphology
(Figs. 1 and 6), provide strong evidence that heparin-fibrillized
4R tau adopts a single conformation in the fibril core. The rigid
B-sheet core spans approximately residues 270 to 340 based on
the assigned NMR chemical shifts, in good agreement with the
trypsin digestion data. The conformational homogeneity con-

Dregni et al.

on on the millisecond timescale.

trasts the polymorphic structures reported recently for 2N4R tau
(14). It is known that short tau peptides such as the R3 peptide
alone self-assemble much faster than full-length tau and can
template the aggregation of longer tau constructs (43). It is thus
plausible that proteolytic fragments during fibrillization could
alter the aggregation pathway of the protein, leading to poly-
morphic fibrils. In addition, the concentrations of heparin, salt,
and tau monomers also affect fibril growth kinetics, and strong
interactions between tau and heparin could promote the for-
mation of multiple kinetically trapped structures (44). Further
investigations of the fibril growth kinetics and the resulting
structures will be valuable to gain insight into the folding land-
scape and pathological aggregation of tau in vivo.

The present SSNMR data on the straight filaments indicate
that the rigid core of in vitro ON4R tau fibrils spans R2 and
R3 and adopts a single 3D fold that differs from the brain-
derived tau fibrils (10, 11, 15) and from the 2N4R fibrils (14).
The ON4R fold shows the C291-containing p3 strand to be
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Fig. 6. Biochemical characterization of ON4R tau fibrils formed with heparin in the absence or presence of protease inhibitors. (A) SDS/PAGE with Coomassie
blue staining of purified ON4R tau monomers. A single band is observed, indicating high purity. The protein appears larger than its molecular weight of
40 kDa due to the large number of basic residues. (B) SDS/PAGE gel of tau fibrils before and after trypsin digestion. In the absence of protease inhibitors,
multiple proteolytic fragments were observed. The addition of protease inhibitors led to a single band both before and after trypsin digestion. (C) Negative-
stain TEM images of heparin-fibrillized ON4R tau. In the absence of protease inhibitors, multiple morphologies, including twisted, straight, and curved fil-
aments, are observed. In the presence of protease inhibitors, only straight fibrils were observed. (D) Mass spectrum of trypsin-digested fibrils formed in the
presence of protease inhibitors. A single peak corresponding to residues 268 to 340 is observed, consistent with the mass spectrum (Fig. 1D) for the samples

used for SSNMR.

stacked against the p4 strand formed by the R3 hexapeptide
motif **VQIVYK?!". None of the 2N4R tau polymorphs show
this antiparallel steric zipper; instead, they show the C291-
1297 segment to be conformationally variable and not interacting
with the R3 hexapeptide motif. This suggests that the C291-
containing segment is structurally plastic in response to envi-
ronmental changes. In comparison, both the ON4R fold and the
2N4R structures share a common steric zipper between the
R2 hexapeptide motif and the C322-containing 5 strand in
the middle of R3. The fact that this f1-f5 stacking is observed in
both constructs suggests that this interaction is extremely stable
and may be a good target for anti-tau inhibitors (45).

The monomorphic nature of the in vitro 4R tau observed here
differs from several recent biophysical studies of 4R tau (46, 47).
The discrepancy may result from the different protein constructs
used as well as differences in the fibril-forming conditions. For
example, double electron—electron resonance (DEER) distance
measurements of a truncated 4R tau (residues 255 to 441)
showed broad distributions (3.0 to 4.9 nm) of distances between
MTSL (2,2,5,5-tetramethyl-1-oxyl-3-methyl methanethiosulfo-
nate) electron spin labels tethered to cysteine residues that were
incorporated into the protein by site-directed mutagenesis (46).
Most spin-labeled pairs were placed into R3 and R4 repeats,
which straddle the rigid and semirigid domains of the protein as
revealed here. Thus, the large distance distribution may in part
reflect true disorder of the R4 repeat. However, since these spin-
labeling experiments require the mutation of the two native
C291 and C322, which occur in the two most rigid f-strands of
the protein, the mutation may affect the structural homogeneity
of 4R tau. The wild-type sequence also shows a broad distance
distribution between C291 and C322, suggesting that truncation
of the N-terminal half of the protein and/or the fibrillization
condition may reduce the structural homogeneity of the fibril
core. Another DEER electron paramagnetic resonance study of
full-length 2N4R tau fibrils obtained by seeded growth found a
broad distance distribution between K311 and 1328 (47). Al-
though K311 is exposed to the surface of the p-sheet core in the
AD tau structure, within in vitro 4R tau it is located in a spatially
constricted region between the p4 and p5 strands. Therefore, we
hypothesize that incorporation of the MTSL label at this site
might affect the fibril structural homogeneity.

What is the potential significance of the present in vitro 4R tau
fold for the structures of brain-derived tau fibrils? Fig. 4 G and H

16364 | www.pnas.org/cgi/doi/10.1073/pnas.1906839116

depicts the 3D folds of 3R/4R mixed tau structures found in AD
and CTE in comparison with the ON4R tau fold and the most
common in vitro 2N4R tau fold. All 3D folds of these tau sam-
ples can be qualitatively described as a C- or hairpin-shape;
however, the f-sheet cores span very different segments of the
four microtubule-binding repeats. In 3R/4R mixed tau, the C-
shape encompasses the R3 and R4 repeats and a small segment
of R’. In the pure 4R tau, the fibril core spans R2 and
R3 repeats. The 3R tau from PiD has the most expanded fibril
core, spanning R1, R3, R4, and a small portion of R’ (11).
Therefore, R3 is universally conserved among all in vivo and in
vitro tau fibril cores known so far. To gain insight into whether
the in vitro 4R tau structural fold determined here is potentially
relevant to in vivo 4R tau structures, we compare the known 3D
structures of tau fibrils with trypsin digestion data (23). In the
3R/4R AD tau, the shortest trypsin-resistant fragment of tau
ranges from residue H299 to K385, in good agreement with the
cryo-EM structures, which span residues 306 to 378 (10) (Fig.
4G). For the 3R tau of PiD, the trypsin-resistant tau fragment
spans residues 1.243 to K385, also in good agreement with the
cryo-EM structure that spans residues 254 to 378 (11). These
comparisons suggest that trypsin digestion data accurately report
the B-sheet core of diseased tau fibrils, so that we can use
available trypsin digestion data of 4R tauopathies to infer the
relevance of the in vitro ON4R structural fold. In the 4R tau
diseases of PSP and corticobasal degeneration, the shortest
trypsin-resistant fragment was reported to span residues H268 to
K369, or R2-R4 domains. The ON4R tau fibrils studied here
have a shorter trypsin-resistant core that spans residues 268 to
340 (R2 and R3) (Fig. 1D). However, we detected B-sheet signals
from the R4 repeat, although their intensities are weaker than
the R2-R3 B-sheet signals (Fig. 5H). Therefore, in vitro and in
vivo 4R tau fibrils most likely share the same rigid R2-R3 core,
but the in vivo 4R tau fibrils may contain a more rigid
R4 segment than the in vitro 4R tau fibril studied here.

A potential reason for the variations in the exact length and
fold of the rigid p-sheet core among tau fibrils is the electrostatic
interactions between the highly charged dynamic domains of the
protein and the pB-sheet core. The current SSNMR data indicate
a complex dynamical landscape in which the two Pro-rich seg-
ments undergo anisotropic motions with intermediate order
parameters of 0.2 to 0.6, making *C spin diffusion inefficient,
whereas the R1, R4, and R’ repeats undergo small-amplitude
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motion on the millisecond timescale, which cause temperature-
dependent intensities in the '’N-">C correlation spectra (Fig. 5 G
and H). The protein thus exhibits a dynamical gradient with re-
spect to the amino acid sequence, becoming increasingly mobile
from the R2-R3 core toward the two termini. Importantly,
chemical shift data indicate that the semirigid R1 and R4 repeats
retain f-sheet character, implying that these repeats may interact
with the well-ordered R2-R3 p-sheet core even though they do
not form long hydrogen-bonded chains along the fibril axis. This
semirigid R1 and R4 domain is partly shielded from trypsin di-
gestion (23). Its difference from the more mobile termini is also
suggested by the disordered electron densities in cryo-EM maps
of AD, PiD, and 2N4R fibrils (10, 11, 14) and by the absence of
solution NMR signals for residues in these domains in 2N4R tau
protofibrils (25). The current SSNMR data provide a first defi-
nition of the conformational dynamics of this domain.

In conclusion, the current SSNMR study provides a view of the
overall 3D fold, the structural homogeneity, and the dynamics of
fibrils formed by a full-length 4R tau. Our data show that intact
heparin-fibrillized ON4R tau adopts a single p-sheet conforma-
tion for the fibril core. This fibril core possesses a steric zipper
between the R2 hexapeptide motif and the middle of the
R3 repeat, near residue C322. The fibril core also contains a
second steric zipper between the C291-containing segment in
R2 and the R3 hexapeptide motif. This second steric zipper
structure is sensitive to environmental changes during fibril
growth, as shown by the polymorphic 2N4R structures. The rigid
R2-R3 p-sheet core is surrounded by p-sheet-rich R1 and
R4 repeats, which undergo small-amplitude motions on the
millisecond timescale, whereas the Pro-rich domains exhibit
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