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Abstract

The microtubule-associated protein tau aggregates into distinct neurofibrillary tangles in brains
afflicted with multiple neurodegenerative diseases such as Alzheimer’s disease and corticobasal
degeneration (CBD). The mechanism of tau misfolding and aggregation is poorly understood.
Determining the structure, dynamics, and water accessibility of tau filaments may give insight into
the pathway of tau misfolding. Here, we investigate the hydration and dynamics of the p-sheet
core of heparin-fibrillized ON4R tau using solid-state NMR spectroscopy. This B-sheet core
consists of the second and third microtubule-binding repeats, R2 and R3, which form a hairpin.
Water-edited 2D 13C-13C and 1°N-13C correlation spectra indicate that most residues in R2 and R3
domains have low water accessibility, indicating that this hairpin is surrounded by other
proteinaceous segments. However, a small number of residues, especially S285 and S316, are well
hydrated compared to other Ser and Thr residues, suggesting that there is a small water channel in
the middle of the hairpin. To probe whether water accessibility correlates with protein dynamics,
we measured the backbone N-H dipolar couplings of the p-sheet core. Interestingly, residues in the
fourth microtubule-binding repeat, R4, show rigid-limit N-H dipolar couplings, even though this
domain exhibits weaker intensities in the 2D 1°N-13C correlation spectra. These results suggest
that the R4 domain participates in cross-p hydrogen bonding in some of the subunits but exhibits
dynamic disorder in other subunits. Taken together, these hydration and dynamics data indicate
that the R2—-R3 hairpin of ON4R tau is shielded from water by other proteinaceous segments on the
exterior, but contains a small water pore in the interior. This structural topology has various
similarities with the CBD tau fibril structure, but also shows specific differences. The disorder of
the R4 domain and the presence of a small water channel in the heparin-fibrillized 4R tau have
implications for the structure of tau fibrils in diseased brains.
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Introduction

Tau is an intrinsically disordered microtubule-associated protein that is abundant in the
neurons of the human central nervous system. Due to the presence or absence of acidic
inserts in the N-terminal portion of the protein (ON, 1N, or 2N tau) and the presence of three
or four microtubule-binding repeats (3R or 4R), there are six tau isoforms in adult human
brains.1 In a number of neurodegenerative diseases, tau aggregates into cross- fibrils that
appear as intraneuronal tangles in patient brains. Each disease’s fibrils are characterized by
distinct tau isoform distributions. For example, Alzheimer’s disease (AD) and chronic
traumatic encephalopathy (CTE) involve aggregates of both 3R and 4R tau; Pick’s disease
has 3R tau aggregates; whereas corticobasal degeneration (CBD) involves 4R tau aggregates.
2 There is significant evidence that tau propagates its pathological aggregated form in a
prion-like fashion, by recruiting monomeric soluble tau into the same misfolded
conformation.3-5 Cryo-electron microscopy (cryoEM) structures of tau fibrils obtained from
patient brains®=19 have so far shown that each tauopathy has a unique B-sheet structure for
the fibril core. This structure is conserved between patients with the same disease, whereas
different tauopathies exhibit different fibril structures. These observations imply that each
disease has a distinct pathway of tau misfolding. However, whether these conformational
strains result from the tau isoform distributions in brains or from environmental factors is
unknown.

Interaction of tau with water is one of the environmental factors that may play a significant
role in shaping the misfolding of tau from its functional, dynamic and monomeric state to a
partially ordered oligomeric state, and finally to a well-ordered B-sheet state. The hydration
water of the soluble monomer must undergo pronounced reorganization in order to allow the
protein to assemble into compact cross-p fibrils that contain dry interior regions packed with
hydrophobic sidechains.11:12 The water reorganizational pathway cannot be unique, since
the protein is able to adopt multiple morphologically and conformationally distinct fibrils.
Moreover, two of the brain-derived tau fibrils contain unknown cofactors,2° whose
interactions with the protein and with solvent molecules may have affected the fibril
structure. Characterizing water interactions with tau is thus valuable for understanding the
mechanism of tau misfolding as well as the structural polymorphism of tau filaments.
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Because of the role of water in shaping protein misfolding, and because sufficiently large
water pockets are potential sites for small molecule binding to detect and inhibit amyloid
fibrils, water interactions with amyloid proteins are increasingly studied. Magnetic
resonance spectroscopy is well suited for investigating amyloid hydration. Water interactions
with the C-terminal half of tau (residues 255-441) in the initial stages of fibril assembly
have been studied using Overhauser dynamic nuclear polarization (DNP) NMR.1! The data
showed that the translational diffusivity of water that hydrates R3 residues slows
significantly in the first three hours after the addition of heparin, when oligomer and
spherical assemblies form. Water cavities in the mature fibrils of a transthyretin peptide,13
AB40,14.15 and FUS?® have been studied using solid-state NMR and cryoEM. The hydration
water of AB40 fibrils has been found by relaxation NMR to be heterogeneously dynamic.1®
Finally, distinct water exposures of surface residues versus interior steric-zipper residues
have been reported for glucagon fibrils and a zinc-bound amyloid fibril.1"18 These water
accessibility data provided important restraints for the three-dimensional structures of these
amyloid peptides.

We recently conducted the first solid-state NMR study of a full-length tau fibril, ON4R tau
(UniProtKB P10636-6), assembled using heparin.19 13C and 15N chemical shifts measured
from 2D and 3D correlation NMR spectra indicated a monomorphic rigid p-sheet core that
spans the second and third microtubule-binding repeats. The rest of the protein shows a
pronounced dynamic gradient: the R1 and R4 segments are semi-rigid and possess B-sheet
character; the proline-rich domains are anisotropically mobile; while the N- and C-termini,
containing about 150 residues, are nearly isotropically mobile. Based on long-range distance
restraints, we proposed a structural model for the p-sheet core of ON4R tau. This core is
folded into a hairpin, with the R2 hexapeptide motif packed against residues around C322 in
the R3 domain, while residues around C291 in the middle of the R2 is packed against the R3
hexapeptide motif. Because of the sparseness of the long-range distance restraints, this
structural model does not include sidechains or the R1 and R4 domains. Determining the
residue-specific water accessibility of the protein may provide information about the
locations of the R1 and R4 domains relative to the R2—R3 hairpin. It may also shed light on
the possible existence of internal water cavities in the R2—R3 hairpin. Since well hydrated
residues usually occur on protein surfaces, which have fewer structural constraints, the
dynamics of the microtubule-binding repeats, especially the elusive R1 and R4 domains, will
also be important to characterize further.

Here we present a study of the site-specific hydration of heparin-fibrillized ON4R tau and the
dynamics of the four microtubule-binding repeats. We employ water 1H polarization transfer
solid-state NMR experiments, which have been widely used to study the structural topology
of membrane proteins?%-24 and crystalline proteins.2526 Preliminary water-edited 2D
13¢-13¢ correlation spectra have been reported before.1® However they were measured
under conditions where the signals of the rigid p-sheet residues were not well resolved from
the signals of the dynamically disordered residues. We now employ more stringent dynamic
filters to resolve the water accessibility of p-sheet residues. We find that most of the R2-R3
residues are well protected from water, except for a small number of residues, including
S285 and S316. These data strongly suggest that the R2—R3 hairpin is surrounded by other
proteinaceous segments on the exterior and contains a small water pore in the interior. We

Biochemistry. Author manuscript; available in PMC 2020 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dregni et al.

Page 4

investigated the backbone mobility of the repeat domains by measuring 2D 15N-13Ca
resolved N-H dipolar couplings. The data indicate that R4 residues have rigid-limit N-H
dipolar couplings, even though their N-Ca correlation peaks are weakened by motion. This
result suggests that R4 participates in cross-p hydrogen bonding in some of the subunits
while being dynamically disordered in other subunits. These results shed new light on how
the structure and dynamics of in vitro 4R tau fibrils compare with brain-derived 4R tau.

Materials and Methods

Expression, purification and fibrilization of 13C, 15N-labeled ON4R tau

Recombinant ON4R tau was expressed and purified as described previously.1® Briefly, the
gene encoding ON4R tau was cloned into a pET-28a vector and used to transform Rosetta
(DE3) competent £. coli cells (Novagen). 1 L of LB was inoculated with an overnight starter
culture, grown at 37°C until ODggq reached 0.8-0.9, then spun down at 3,000 g for 5
minutes. The cell pellet was resuspended in 1 L M9 minimal media containing 1.0 g
15NH,CI, 3.0 g 13C-glucose, and 100 mg/L unlabeled glycine, glutamic acid and lysine. The
cells were allowed to grow for 40 min before induction with 0.5 mM IPTG for 3 h.

After expression, cells were pelleted and resuspended in 50 mL lysis buffer containing 5
mM DTT, 1 mM EGTA, and cOmplete protease inhibitor tablets (Roche), then lysed using
an M-110EH microfluidizer. The lysate was boiled for 20 min before being centrifuged at
127,000 g. The ON4R tau-containing supernatant was first purified using a cation exchange
column (SP Sepharose Fast Flow resin, GE Healthcare). It was then further purified on a
reverse-phase HPLC using a semi-preparative column (250 mm length, 10 mm I.D., C4, 5
um particle size, 300 A pore size, Higgins analytical) and an acetonitrile/water gradient from
5% to 50% in 45 min. The elution containing ON4R tau was pooled and lyophilized to yield
the protein in powder form.

The protein powder (0.4 mg/mL) was dissolved in 1x PBS (pH 7.4) together with DTT (1
mM) and heparin (0.125 mg/mL, Santa Cruz Biotech, sc203075, 8,000-25,000 Da) in 1.5
mL Eppendorf tubes. The solution was shaken at 37°C and 1400 rpm for 3 days. The
resulting fibril suspension was spun at 100,000 g and 4°C for 30 min. The supernatant was
removed, and the pellets were pooled and washed twice with DI water to reduce the salt
concentration. The solution was partially lyophilized to give a concentrated gel with ~4-fold
excess water (by mass). About 17 mg fibrils and ~19 mg water were centrifuged into a thin-
wall Revolution NMR pencil rotor with 3.2 mm diameter. The final free salt concentration
was estimated to be 5 mM.

Solid-State NMR experiments

All solid-state NMR spectra were measured on a Bruker Avance 800 MHz (18.8 T)
spectrometer using a BlackFox 3.2 mm HCN magic-angle-spinning (MAS) probe. The
probe includes a crossed-coil dual-resonator low-E stator?” with high radiofrequency (rf)
field homogeneity. The latter gives 3-fold higher sensitivity for 15N-13C cross polarization
(CP) experiments compared to Bruker 3.2 mm Efree probes. 13C chemical shifts were
referenced externally to the adamantane CH, chemical shift at 38.48 ppm on the

Biochemistry. Author manuscript; available in PMC 2020 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dregni et al.

Page 5

tetramethylsilane scale. 15N chemical shifts were referenced to the 1°N peak of N-
acetylvaline at 122.00 ppm on the liquid ammonia scale. Typical rf field strengths were 54—
83 kHz for 1H, 16-50 kHz for 13C, and 25-36 kHz for 1°N. Reported temperatures were
direct readings from the probe thermocouple. The actual sample temperatures were 16-36 K
higher in most experiments, based on the water 1H chemical shift of the sample.28 2% The
water 1H chemical shift of a hydrated DSS-containing POPC membrane sample was used as
a secondary external standard to calibrate both the H chemical shift and the sample
temperature.

Water-edited 2D 13C-13C correlation experiments were conducted under 10.5 kHz MAS at a
set temperature of 260 K, with an estimated sample temperature of 290 K. For the

equilibrium 2D spectrum, 70 ps 1H-13C CP and 23 ms Combined R2¢-Driven (CORD)30

spin diffusion were used. This CP contact time is much shorter than the previous value of
750 us , and was instrumental for suppressing the random coil signals that overlap with the
B-sheet signals in the spectra. The maximum # evolution time was 7.45 ms and the &
acquisition time was 15.36 ms. The # increment was chosen to give a spectral width of 200
ppm for the indirect dimension. 1H decoupling during # and % periods was implemented
using the two-pulse phase-modulated (TPPM)3! scheme at an rf field strength of 72 kHz.
For each 4 slice, 64 scans were averaged.

To transfer the water 1H polarization to the protein, we applied a selective Hahn echo
sequence that includes a hard 90° excitation pulse, a 950 ps Gaussian 180° pulse centered at
5.1 ppm, and a pair of 95 ps delays (Fig. S1a). This scheme differs from a 1H 7 filter with a
hard 180° pulse,15 17:32 or a water-selective Gaussian 90° excitation pulse followed by a
hard-180° 75 filter.33 We chose this scheme to maximally suppress the 1H signals of the
many mobile residues in tau. The selected water 1H polarization was stored along the z-axis
for magnetization transfer to the protein via chemical exchange and spin diffusion, and was
then transferred to 13C for detection. The maximum 13C ¢#; evolution time was 3.73 ms. We
measured water-edited 2D CC spectra with mixing times of 2 ms, 4 ms, 16 ms, and 36 ms.
The number of scans per t; increment was 880, 480, 288, and 160, respectively. Water-
transfer buildup curves for selected Ser/Thr Ca and CP were least-square fit to a single
exponential 1-exp(-t/z), and presented in Fig. S2b.

We also measured a water-edited 2D 1°N-13Ca correlation spectrum using a 2 ms *H mixing
time under 10.5 kHz MAS at a set temperature of 260 K. The same water selection and
mixing module was inserted before the IH-1°N CP step (Fig. S1b). The equilibrium
spectrum was measured without this module. Both spectra were measured using 1 ms
1H-15N CP with 70-100% amplitude on the 15N channel and 4 ms SPECIFICCP for 15N-13C
polarization transfer.34 35 IH TPPM and CW decoupling with an rf field strength of 83 kHz
were used during the ¢; and SPECIFICCP period, respectively. The maximum # evolution
time was 4.8 ms while the £,acquisition time was 15.4 ms. The number of scans per t; slice
was 160 for the equilibrium spectrum and 1536 were for the 2 ms water-edited spectrum.

We conducted a 13C and 1°N dipolar-dephased MELODI-HETCOR-CORD 3D 1H-13C-13C
correlation experiment (Fig. S1c) to measure the 1H chemical shifts of Ser and Thr hydroxyl
groups.2! The experiment was carried out under 7 kHz MAS at a set temperature of 255 K,
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with an estimated sample temperature of 288 K. 13C-1H and 15N-!H dipolar dephasing was
implemented using a 180° recoupling pulse on the 13C and 15N channels in the middle of
each rotor period. The recoupling time was two rotor periods, during which an FSLG pulse
train3 was used to decouple the 1H-1H dipolar interaction.2! The 1H transverse rf field
strength for FSLG was 84 kHz, which was chosen to synchronize with the rotation period
after accounting for a 7 ps 1H 180° pulse at the end of the first rotor period. This MELODI
period was followed by 1H ¢; evolution, during which the FSLG transverse field strength
was set to 68.5 kHz. The #; period was rotor-synchronized and measured to 50 rotor periods,
corresponding to an FSLG-scaled effective maximum #; of 4.1 ms. Subsequently, the 1H
magnetization was transferred to the protein using 1 ms mixing. A 30 ps 'H-13C CP and a
2D 13¢C-13C correlation module with 23 ms CORD mixing were then used to detect and
resolve the signals. The 13C £,and #;periods were 3.4 ms and 12.2 ms, respectively.

The 2D 15N-13Ca resolved 1°N-1H dipolar-shift (DIPSHIFT) experiment was conducted
under 7 kHz MAS at a set temperature of 302 K. At this high set temperature, the deviation
from true sample temperature is small. We estimated the sample temperature to be 305 K
based on the water 1H chemical shift. After 1 ms H-15N CP, the 1°N magnetization was
dephased by 1H-15N dipolar coupling during a 71 x 2 us doubled-DIPSHIFT period (Fig.
S1d).37 This dephasing was defined by an 15N 180° pulse in the middle of the rotor period.
A control experiment without N-H dipolar dephasing was conducted by placing the 1°N
180° pulse at the beginning of the rotor period (z = 0.5 ps). The dephased 1°N magnetization
evolved during # up to 8.6 ms, then transferred to 13C by 4-ms SPECIFICCP for detection.
The & acquisition time was 15.4 ms. The number of scans per #; increment was 416 for the
dephased experiment and 336 for the control experiment. 83-kHz TPPM and CW 1H
decoupling were applied during the #; evolution and SPECIFICCP, respectively. 1H
homonuclear decoupling during DIPSHIFT was conducted using the FSLG sequence with a
transverse rf field strength of 83 kHz.

Analysis of hydration maps and site-resolved N-H dipolar couplings

We analyzed the site-specific water accessibility of the protein in two ways. First, we
calculated and plotted 2D hydration maps (Fig. 1, 2) using Python scripts that interface with
NMRglue38 and matplotlib packages. The peak heights of the water-edited 2D CC and 2D
NC spectra (S) were divided by the equilibrium intensities (Sp) in a pointwise manner. The
latter were taken to be the CP-based 2D spectra measured without water selection. Based on
1D 13C spectra, the water transferred magnetization is equilibrated after 100 ms, but the
overall intensity is 1.61 times lower than the CP spectrum. Thus, we multiplied the S/Sg
ratios by 1.61. The same scaling factor was also applied to the 2D NC spectral analysis.
Peak picking in the 2D CC and NC spectra was based on chemical shift assignments from
previous 3D NCC correlation spectra.1® Intensities in the Sy spectra that are below the root-
mean-square (RMS) noise level were raised to one noise level, whereas intensities in the S
spectra that are below 2—3 noise level were set to zero. This procedure reduces the number
of abnormal contours in the heatmap.

While the 2D hydration maps give a visual representation of the varying water accessibilities
of the resolved peaks in the spectra, a comparison of hydration of residues along the protein
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sequence is better shown as S/Sg bar diagrams (Fig. 3). For the water-edited 2D CC spectra,
we combined the intensity ratios of the 2 ms and 4 ms spectra to give higher signal-to-noise
ratios. The 4 ms data was scaled to 51% to match the intensity of the 2 ms data before

adding, so that the weighted average values represent the hydration at 2 ms mixing. This 2D
CC data was then compared with the S/Sg values from the 2 ms water-edited 2D NC spectra.

For the 2D CC analysis, the S/Sg ratios of Ser and Thr residues were averaged between the
Ca-Cp and CB-Ca cross peaks on the two sides of the spectral diagonal. Error bars in the
S/Sq represent the one standard error propagated from the signal-to-noise values of 1D
cross-sections of the 2D spectra. We also calculated a whole-residue hydration value (Fig.
3c) by adding the S/Sg values of the 2D CC and NC data using a weighting factor of 43%
and 57%, which minimize the random uncertainty.

The N-H dipolar order parameters (Syn) Were obtained by comparing the experimentally
measured intensity ratios between the half-rotor-period dephased (S) spectrum and the
control spectrum (Sg) with the calculated S/Sg values in simulated N-H DIPSHIFT curves.

GROMACS simulations of tau fibril hydration

Results

We further investigated the water accessibility of 4R tau fibrils using molecular dynamics
simulations in GROMACS. The five lowest-energy solid-state NMR structural models of
ONA4R tau fibrils were simulated. These structural models vary due to the small number of
long-range distance restraints known so far.1® For comparison, we also simulated water
permeation into the CBD type-1 tau filaments using the cryoEM structure.® For each model,
we created a 15-monomer fibril by duplicating and translating 3-5 monomer structures
along the fibril axis to match the cross-f non-crystallographic symmetry. The 15 monomers
were placed into periodic boundary water cubes of ~130 A per side containing 100 mM
NaCl using the CHARMM-GUI “Glycan Modeler” package. This package was also used to
generate the GROMACS scripts.39-4! The structures were equilibrated, then molecular
dynamics were simulated up to 100 ns using NMRbox.#2 Snapshots of the simulated
dynamics were extracted, and only the central monomer of the 15-monomer fibril and its
nearby solvent molecules are shown.

Residue-specific water accessibility of ON4R tau from 2D NMR spectra.

To investigate the water accessibility of the rigid B-sheet core,19 we first measured water-
edited 2D 13C-13C correlation spectra. Compared to previous spectra, which were measured
using 750 ps 1H-13C CP,19 we now use a 70 ps CP contact time to selectively detect the most
rigid p-sheet residues while suppressing the random coil signals (Fig. 1a). As a result, the
2D CC spectra are significantly simplified, allowing better resolution of residues such as
S241, S289, S324 and S352. The application of a water-selective 1H 7, echo followed by a
short 1H mixing period significantly attenuated the spectral intensities (Fig. 1b). At 4 ms
mixing, strong signals such as C291 and C322 Ca.-Cp peaks still remain, but many signals
of hydrophobic residues are suppressed. In comparison, the Ser and Thr region of the 2D
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spectrum shows higher intensities, even though many of these residues reside in the p-sheet
19
core.

The preferential retention of Ser and Thr intensities in these water-edited spectra indicates
that proton exchange between water and sidechain OH facilitates 1H polarization transfer at
the sample temperature of ~290 K of these experiments. The intrinsic proton exchange rate
of Ser and Thr hydroxyl in water have been measured to be 700-900 s~1 at pH 7.0 at 36°C.
43 This rate decreases with temperature, to ~100 s™1 at 20°C and ~10 s™1 at 4°C for Thr OH.
For residues in the interior of folded proteins, hydrogen bonding and limited water exposure
further slow chemical exchange, and cause structurally dependent variations in the exchange
rates.16:25.26:44 Therefore, at our sample temperature of 290 K, the proton exchange rates of
Ser and Thr OH groups are at most 100-200 s™1. For the short H mixing time of 2-4 ms,
this chemical exchange favors the detection of Ser and Thr signals, but only modestly. At the
same time, 1H spin diffusion is rapid in the rigid B-sheet segments of the protonated tau,
which should reduce the difference between exchangeable and non-exchangeable residues.
45-48 Indeed, NMR detection of chemical exchange often involves protein deuteration, to
distinguish solvent-exposed and solvent-protected residues, or hydrogen-bonded and non-
bonded sidechains.16:25.26:44 Taken together, these considerations suggest that in these
protonated tau fibrils, the different water-edited spectral intensities between Ser/Thr residues
and hydrophobic residues have a moderate contribution from chemical exchange, while the
main difference should result from the water accessibility. Nevertheless, to ensure accurate
interpretation, below we compare the hydration of Ser and Thr residues separately from the
hydration of non-exchangeable hydrophobic residues.

To better visualize the relative water exposures of different residues and the time course of
water polarization transfer, we divided the intensity of the water-edited 2D spectrum by the
equilibrium intensity, and showed the result as hydration maps for the 2 ms and 4 ms 2D
spectra in Fig. 1c,d. As expected, all residues exhibit higher water polarization transfer at the
longer mixing time. Within each mixing time, the Ser and Thr residues display higher
hydration than the other residues. Comparing among the Ser and Thr residues, we found
three types of hydration behavior. First, S285 and S316 exhibit the highest water
accessibility in both the 2 ms and 4 ms spectra, even though these two residues lie in the
rigid R2 and R3 core. Second, the nearby S293 and S320 show lower water-transferred
intensities compared to S285 and S316, but the intensities increase significantly from 2 ms
to 4 ms, indicating intermediate hydration. Third, residues such as S289 and S324 are poorly
hydrated in both the 2 ms and 4 ms spectra. Taken together, these data indicate that the water
accessibility of the B-sheet core is not uniform, and small water cavities may be present
within the B-sheet core.

Additional information about sidechain hydration can be obtained by comparing the Ser and
Thr CB-Ca and Ca-Cp cross peak intensities. As water 1H polarization transfer precedes the
first 13C evolution period in the 2D experiment (Fig. S1a), a 13C-13C cross peak specifically
indicates the water accessibility of the first carbon. Hence asymmetries in cross-peak
intensities reveal whether the sidechain or backbone carbons are more water-exposed: if a
sidechain extends towards water, then the Cp-Ca cross peak should be more intense than the
Ca-Cp cross peak. Fig. S2 compares the Ser/Thr Cp-Ca and Ca-Cp cross peak buildup
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curves from 2 ms to 100 ms mixing. Residues such as S285, S316, and T319 exhibit higher
CB-Ca intensities than Ca-Cp intensities, consistent with their high water-transferred
intensities at short mixing times. Thus, these residues are well hydrated and point their
sidechains towards water. In comparison, residues such as S258 and S305 display higher
Ca-Cp cross peaks than Cp-Ca cross peaks, suggesting that their sidechains point to a dry
interior.

To compare the water exposure of all residues without the potential difference caused by
exchangeable protons, and to specifically probe backbone HN hydration, we conducted the
water-edited 2D N-Ca correlation experiment. Fig. 2 compares the equilibrium and 2 ms
water-edited N-Ca spectra, where the assignment is based on the previous 3D spectra (Fig.
S3). Similar to the 2D CC data, we observed non-uniform water polarization transfer.
Specifically, S258, S262, T263, S293, and S305 exhibit lower water accessibility than other
Ser and Thr residues. In comparison, residues such as C291, C322 and N286 have high
intensities, indicating high water accessibility.

Taken together, these water-edited 2D CC and NC spectra indicate that S285 and S316 are
the best hydrated residues in the B-sheet core, whereas other Ser, Thr and Cys residues are
moderately or poorly hydrated. To compare the residue-specific water exposure
quantitatively, we compared the water-transferred intensities (S/Sg) from the 2D CC and NC
spectra (Fig. 3). The S/Sg values range from 0.05 to 0.22. A whole-residue hydration value,
reflecting both the sidechain and backbone, is obtained by a weighted average of the S/Sg
values of the 2D CC and NC spectra (Fig. 3c). Several trends can be seen in this whole-
residue hydration diagram. The R2 and R3 hexapeptide motifs, which span V275-K280 and
V306-K311, exhibit the lowest S/Sy values, consistent with these segments being engaged in
tight steric zippers. Second, the R1 and R4 domains do not have very different water
accessibilities from R2 and R3 domains. This suggests that R1 and R4 are similarly
surrounded by proteinaceous segments instead of being exposed to water. When the residue-
specific water accessibilities are color-coded onto the ON4R tau schematic and structural
model (Fig. 4a, b), we find that the two most hydrated residues, S285 and S316, face each
other across a central pocket that is lined by residues that were previously found to be
disordered.1®

We also investigated whether there are Ser and Thr residues that do not exchange with water,
by implementing a 3D 1H-13C-13C MELODI-HETCOR experiment,2! This experiment
selectively suppresses the magnetization of protons that are directly bound to rigid 13C or
15N by dipolar dephasing, then encodes the 1H chemical shifts of the mobile water,
hydroxyl, and methyl groups (Fig. S1c). This H magnetization is allowed to diffuse to
neighboring protons during a 1 ms mixing period before being transferred to 13C for
detection. The 2D CC plane at the water 1H chemical shift of 5.1 ppm has a similar pattern
to the 2D water-edited spectra (Fig. S4), confirming that the source of the 'H magnetization
is indeed water. In 2D planes away from the water and methyl 1H chemical shifts, we did not
detect strong Ser and Thr cross peaks. We attribute this absence to a combination of limited
sensitivity and rapid *H spin diffusion in the protonated protein, which equilibrates the
magnetization of most protons. It is noteworthy that hydroxyl groups with non-water H
chemical shifts were recently reported in the FUS fibrils,16 which have a similarly polar
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amino acid composition as tau, and which contains similarly large disordered domains.
There, perdeuterated FUS that was back-exchanged with OH and NH was used to detect the
presence of water-protected sidechain OH moieties.

Molecular dynamics simulation of tau hydration

To gain further insight into residue-specific hydration of the tau fibrils, we conducted
molecular dynamics simulations of water permeation into the p-sheet core of both heparin-
fibrillized ON4R taul® and CBD 4R tau.® We recently proposed five structural models for in
vitro ON4R tau.1® The coexistence of several models is due to the small number of
experimentally measured long-range distance contacts. We simulated water permeation
using all five models, with model 1 (Fig. 4c) having the lowest energy. As these simulations
only included the structurally constrained microtubule-binding repeats, we only focus on the
number and locations of water molecules within the fibril core. Fig. 4c, d and Fig. S5 show
snapshots of the various hydrated tau structures. In most /n vitro structural models, a small
number of water molecules is seen to permeate the interior of the R2-R3 hairpin. Model 2
and model 4 exhibited higher water densities in the hairpin, but the structures were unstable
beyond 2 ns: cross-p hydrogen bonds fell apart along large stretches of the 15 monomer
filaments during the simulations. In comparison, the CBD tau structure® remained stable
during the simulations, and a large number of water molecules permeated into the core.
Interestingly, high water densities are found near residues K290, K294 and K370, the
position that is occupied by a cofactor in the cryoEM structure. This cofactor was not
included in the simulation. Water also infiltrated several pockets around residues S316 and
S341.

N-H dipolar couplings suggest that the semi-rigid R4 domain has cross-p character

We recently investigated the backbone and sidechain dynamics of ON4R tau using 2D-
resolved C-H dipolar couplings. An independent probe of backbone mobility is the N-H
dipolar coupling, which can be resolved in 2D N-Ca correlation spectra. A fully
immobilized N-H group should exhibit strong dipolar dephasing that corresponds to an order
parameter Sy of 1, whereas motions faster than tens of microseconds should partially
average the dipolar couplings and cause less dipolar dephasing. We measured two 1°N-13Ca
correlation spectra with 0 and 71 ps DIPSHIFT dephasing, the latter corresponding to half a
rotor period at the MAS rate of 7 kHz. The calculated N-H DIPSHIFT curves at this MAS
rate indicate S/Sg values of 0.40-0.95 at half a rotor period for Sy values of 1.0-0.2 (Fig.
5a). The measured dipolar-dephased 2D 15N-13Ca spectrum shows clearly weaker
intensities than the control spectrum (Sp) (Fig. 5b, ¢), indicating that most residues in the B-
sheet core are immobilized. However, a number of residues, including S305, V313 and
H329, show higher intensities in the dephased spectrum that correspond to Syy values of
0.5-0.7 (Fig. 5¢, d). Thus, these residues have a more dynamic backbone. Residue S305,
located between the 301PGGG304 segment and the hexapeptide motif 306vQIVY310,
manifests the highest residual intensity, indicating significant dynamic disorder.

Interestingly, the assigned p-sheet R4 residues also display large N-H order parameters (Fig.
5d), implying that the R4 domain is similarly involved in the hydrogen-bonded cross-p
fibrils. This result is unexpected, because R4 residues previously showed weaker intensity in
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3D NCACX and NCOCX spectra compared to R2 and R3 residues, and also showed lower
intensities at high temperature than R2 and R3 residues!9. These observations led to the
previous conclusion that the R4 domain is semi-rigid. However, the current N-H dipolar
couplings were measured after the 1H-1N CP and before the 1°N-13C CP (Fig. S1d), both of
which selectively detect rigid residues. Therefore, the high N-H order parameters observed
here are not necessarily contradictory to the previous data, but indicate that a fraction of
proteins contain well-ordered and rigid R4 residues while the rest contain a dynamic R4
domain.

Discussion

The interior and exterior of the fibril core from water accessibility data

These hydration and dynamics data provide new insights into the structure and disorder of
heparin-fibrillized ON4R tau fibrils. Our data indicate that the exterior of all four
microtubule-binding repeats is surrounded by extensive proteinaceous densities, while the
interior of the R2—R3 hairpin contains a small water channel. This conclusion results from
three lines of evidence. First, the R2 and R3 hexapeptide motifs, 275VQIINK?280 and
306yQIVYKS3LL, form tight steric zippers based on long-range contacts and strong -sheet
signals.1® Thus, these sidechains must zigzag and point to opposite sides of the backbone. If
these segments were exposed to solvent on one side and engaged in the steric zipper on the
other side, then half of the sidechains should be hydrated while the other half should be dry.
Such an alternating water-accessibility pattern has been observed in glucagon fibrils}” and a
de novo designed fibril.18 Instead, the water-edited 2D spectra show that both hexapeptide
motifs are uniformly poorly hydrated (Fig. 3), indicating that the residues that are not
involved in the steric zipper face other protein chains rather than water. Second, V306 and
V309 in the R3 hexapeptide motif exhibit two resolved Cy chemical shifts. The two methyl
groups in Val residues normally undergo rapid rotameric jumps as long as they are not
sterically hindered.*? This would give rise to a single averaged Cy chemical shift. V306 and
V309 are part of a rigid cross-p strand, thus their sidechains lie on opposite sides of the
backbone. Yet both residues display two distinct Cy chemical shifts: 19.4 and 20.6 ppm for
V306 and 19.7 and 17.7 ppm for V309.19 Hence V306 and V309 must each pack against
other sidechains, which also explain their low water accessibilities (Fig. 3c). Third, the R1
and R4 domains, which are less rigid than R2 and R3 based on their weaker N-Ca spectral
intensities,1® do not show higher water accessibility. This suggests that these two repeat
domains are surrounded by other protein residues.

If the exterior of the four repeat domains is surrounded by other proteinaceous density rather
than by water, then the presence of several well hydrated residues, especially S285 and
S316, implies the presence of a small water pore inside the R2—R3 hairpin. This water
pocket is local, because the water-edited S285 signal is significantly higher than the water-
edited signal of the neighboring S289 (Fig. 3c). A localized and “rugged” hydration
landscape for tau is overall consistent with emerging data about the hydration of other
amyloid fibrils. In the three-fold AB40 fibril, Met35 but not the neighboring hydrophobic
residues point toward a central water pore.1® The FUS fibril, which has a similarly polar
amino acid sequence as tau, also lacks large water channels.>% Moreover, a number of Ser
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and Thr residues in FUS form water-excluded sidechain hydrogen bonds, as evidenced by
the fact that their OH chemical shifts are well resolved from the bulk water 1H chemical
shift. The fibrils formed by a transthyretin peptide (residues 105-115) contain a large
number of hydration water.13 These water molecules lie in an elongated cavity that separates
multiple protofilaments, whereas each protofilament contains dry steric zippers. In the
glucagon fibril, a pair of antiparallel p-strands along the fibril axis alternately point the even
and odd-numbered residues toward water.1” This unusual symmetry may be caused by the
polar and diverse amino acid sequence of the peptide, which does not give a strong
preference for half of the residues to reside in a dry steric zipper. These structural data
suggest that the presence or absence of water pockets in cross-p amyloid fibrils, as well as
the size of these water pockets, may depend strongly on whether hydrophobic or polar
interactions provide the dominant stabilization energy for the B-sheet structure, and on how
protofilaments assemble together. We speculate that large water channels may form more
readily in hydrophobic amyloid fibrils whereas small water pockets may be more associated
with polar amyloid proteins.

The overall dryness of the ON4R tau fibril core has implications for therapeutic
interventions. It suggests that small-molecule drugs and imaging agents may not be able to
intercalate into the R2—R3 hairpin. Instead, the semi-rigid R1 and R4 domains, or regions
outside the four repeat domains, may be better target sites for drug binding.

The hydrophilicity of protein sidechains may also play a significant role in the folding
pathway of an amyloid protein. The formation of small oligomers®! as nucleation sites for
fibrils depends on the free energies of the monomer/water system relative to the oligomer/
water mixture. Changes of water dynamics during fibril formation have been investigated for
tau using neutron scattering, MD simulations,>? Overhauser DNP and EPR.1! Quasi-elastic
neutron scattering data showed that tau fibrils have more dynamic hydration water compared
to tau monomers. This increased water dynamics was suggested to result from the polar
fuzzy coat of the protein, which may form a two-layered polyelectrolyte brush with a
geometry that facilitates water diffusion.>2 When water molecules associated with the R3
domain are probed using nitroxide spin labeled residues and the Overhauser DNP effect,
Han and coworkers found that the R3-associated water slowed down its translational
diffusion in the first three hours of fibril assembly, whereas the dynamics of water associated
with the C-terminus of the protein is largely unaffected.1! These results suggest that water
interaction with amyloid proteins is sensitive to the conformation and hydrophilicity of the
protein residues. Systematic investigations of the water accessibility and water dynamics of
amyloid proteins in their monomeric, oligomeric, and fibrillar states should provide a more
comprehensive understanding of the folding process and structural polymorphism of these
proteins.

Our MD simulations (Fig. 4) show that the number of water molecules inside the R2-R3
hairpin is relatively small. This result is broadly consistent with the experimentally measured
low water accessibilities. Since the ON4R tau structural model is still low-resolution, these
water simulations should be taken qualitatively, to be refined by future experimental data.
Nevertheless, in membrane-embedded ion channels such as the influenza M2 protein, a
small pore diameter of ~8 A can already accommodate multiple water molecules, as seen in
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high-resolution crystal structures.?3>4 Relaxation-filtered solid-state NMR experiments
similar to the ones conducted here show that water 1H polarization can be transferred to
various M2 sidechains.20:32:33.55 Therefore, the number of water molecules in protein
interior does not need to be large for water to acquire the dynamics that is necessary to
survive the 7, relaxation filter and to transfer polarization to protein residues on the
millisecond timescale.

Similarities and differences between heparin-fibrilized ON4R tau and CBD tau

Our data indicate that the structure of heparin-fibrillized ON4R tau has a remarkably high
degree of similarity with the CBD tau structure, although the two fibril structures are distinct
(Fig. 4d).? First, both heparin-fibrillized ON4R tau and CBD tau exhibit a hairpin between
the R2 and R3 domains, with the turn spanning the 301PGGG3%4 segment. In CBD tau, C291
in the 291CGS293 motif forms a steric zipper with V313 after the end of the R3 hexapeptide,
306vQIVYK3LL, In heparin-fibrillized ON4R tau, C291 stacks against V309 (Fig. S6). Thus,
there is a four-residue shift in sidechain packing. Second, the CBD tau structure exhibits a
significant kink between the R2 hexapeptide motif and S285, which is also observed in
heparin-fibrillized ON4R tau. Third, in CBD tau, the R3 domain continues onward to form a
second hairpin with the R4 domain, such that the half of the R3 residues that do not contact
the R2 sidechains form steric zippers with R4 (Fig. S6). In heparin-fibrillized ON4R tau, the
R4 position is not yet known, but the current hydration data indicate that the R3 exterior is
protected from water, and the R4 segment is rigid and participates in hydrogen bonding in
some of the subunits. The most likely explanation of these observations is that that R3 and
R4 are packed together, likely through sidechain steric zippers, in agreement with the CBD
tau fold. Likewise, the enclosure of the R2 segment by the R’ domain in the CBD tau
structure is consistent with the current observation that R2 in heparin-fibrillized tau does not
have a solvent-exposed exterior.

An apparent difference between the heparin-fibrillized ON4R tau and CBD tau is that the
former does not include R4 and R’ domains in the rigid B-sheet core,® while the latter’s p-
sheet core spans R2-R4 and the first ten residues of R’.9 However, in the CBD tau structure,
the R4 and R’ domains have lower resolution (4.5 A) than the R2-R3 domain (2.5-3.0 A).
This disorder is in excellent agreement with the NMR-detected dynamic disorder of the R4
domain.1® Helical reconstruction of CBD tau structure used ~33% of all particle images
from six samples, with some samples giving only 10% high-quality particle images. The
small fraction of particles used for image analysis indicates the presence of static disorder in
the full population of CBD tau samples. For comparison, the NMR data reflect the structure
and dynamics of the full ensemble of protein molecules. Therefore, the NMR data of
heparin-fibrillized ON4R tau and the cryoEM data of brain-derived CBD tau are consistent in
showing that the R4 domain is less ordered than the R2-R3 domains.

In principle, two types of disorder could exist for the R4 domain. Either all protein
molecules exhibit the same dynamic disorder in R4, or some protein molecules contain rigid
and well-ordered R4 while other molecules have a dynamic R4 domain. The 2D 15N-13C
resolved N-H dipolar couplings (Fig. 5) indicate that the second scenario is true: R4 residues
that are sufficiently rigid to contribute to the 2D 15N-13C spectra have rigid-limit N-H
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dipolar coupling. Thus, some protein subunits have a well ordered R4 domain that interacts
with R3 through steric zippers, whereas other subunits have a dynamically disordered R4
domain that does not interact strongly with R3, especially at high temperature. Those
subunits that contain a well ordered R4 manifest their signals in the NCA and NCO spectra,
and their rigid-limit N-H dipolar couplings suggest that these R4 segments participate in
cross-P hydrogen bonding along the fibril axis. In comparison, those subunits that have a
dynamic R4 domain do not contribute significant intensities to the NCA and NCO spectra.
Thus their N-H order parameters are not measured in the experiment.

While the global three-dimensional fold of /n7 vitroand in vivo 4R tau is similar, our water
accessibility data indicate some specific differences in the sidechain structures. For example,
in ON4R tau, S285 is well hydrated while in CBD tau, the S285 sidechain is protected from
water by the neighboring L282 and VV287. In ON4R tau, S289 is poorly hydrated, while in
CBD tau, S289 points directly to the cofactor pocket, which is most likely well hydrated.

In conclusion, the present hydration and dynamics data indicate that the exterior of the R2—
R3 B-sheet hairpin of heparin-fibrillized ON4R tau is protected from water by other protein
segments, while the interior of the R2—-R3 hairpin contains a small water pore. The R4
domain most likely interacts with the R3 sidechains, as in CBD tau. The R4 domain
participates in cross-p hydrogen bonding in some of the subunits while showing dynamic
disorder in other subunits. Within the R2-R3 B-sheet core, the sidechain stacking of in vitro
ON4R tau has site-specific differences from the sidechain stacking of CBD tau. These water
accessibility and dynamics data thus give insights into the three-dimensional fold of both the
ordered and disordered regions of the microtubule-binding repeats in 4R tau fibrils. The
small size of the water pore in the R2—R3 hairpin and the poor hydration of most of the rigid
core suggests that small-molecule drugs should preferably target regions outside these two
repeats.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Water-edited 2D 13C-13C correlation spectra for investigating site-specific hydration. (a)
Equilibrium 2D spectrum, measured with CP without water selection. The Ser/Thr region
and the rest of the Ca.-CX aliphatic region are shown. Assignments are based on previous
3D NCC correlation spectra.1® (b) 4 ms water-edited 2D spectrum. (c) Hydration map
(pointwise S/Sg values) for the 2 ms water-edited spectrum, overlaid with the equilibrium
spectrum, which is plotted with half the number of contour levels as in (a) for clarity. (d)
Hydration map for the 4 ms water-edited spectrum. The same color scale as (c) is used to
show the increased water polarization transfer compared to 2 ms mixing.
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Figure2.

Water-edited 2D 15N-13C correlation spectra. (a) Equilibrium 2D spectrum, with
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assignments obtained from previous 3D NCC correlation spectra (Fig. S3). Ser, Cys, and
other selected residues are assigned in red, blue, and purple, respectively. (b) 2 ms water-
edited spectrum. (c) Hydration map (pointwise S/Sg values) for the 2 ms data, overlaid with
the equilibrium spectrum, which is plotted with only half the number of contour levels as in

(a) for clarity.
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Figure 3.
Residue-specific water accessibilities from 2D 13C-13C and 15N-13C correlation spectra. (a)

Water accessibility obtained from the 2 ms and 4 ms 2D CC data. The Ca-Cp and Cp-Ca
intensity values are averaged. The 4 ms S/Sy values were scaled to match the 2 ms S/Sg
value. Thus, the bars reflect effective hydration at 2 ms. (b) Water accessibility obtained
from the 2 ms N-Ca correlation spectra. (c) Combined water accessibility values at 2 ms,
obtained from a weighted average of the 2D CC and NC data. Representative residues with
high hydration are indicated in blue, whereas residues with low hydration are indicated in
red.
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(a) ON4R tau (b) Hydration model for ON4R tau
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(d) cBDtau

Figure 4.
Measured and simulated hydration of 4R tau fibrils. (a) Schematic of the solid-state NMR

structural model of heparin-fibrillized ON4R tau, where the measured whole-residue water-
accessibility values are indicated in color. Grey shaded area indicates segments whose 3D
fold is not known. (b) Structural model (#1) of the B-sheet core of heparin-fibrillized ON4R
tau and the proposed hydration. A water pocket flanked by S285 and S316 is proposed, and
the exterior of the R2 and R3 domains is surrounded by proteinaceous density and is thus
dry. (c) Simulated water permeation into ON4R tau fibrils after 100 ns. Structural model #1
was used for the simulation. (d) Simulated water permeation into CBD tau fibrils after 50 ns.
Blue arrows indicate the beginning of the R2 domain in the two structural models, and key
Ser and Cys residues are indicated. In both simulations, the water molecules on the external
surfaces of the B-sheet core should not be interpreted as real, because no information about
the structure of the disordered protein segments is known for either tau proteins. Only the
internal water density should be interpreted.

Biochemistry. Author manuscript; available in PMC 2020 December 07.



Dregni et al. Page 22

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

(a) (b) Equilibrium (S;), t = 0.5 ps Dephased (S), T =71 us
5262 S305
110 E s2s8_® —
- €201 N0 0 gpg3 222
S316
%’ g_ o ' S285 / 9 5289
E \29120- st Ne o
C >
= $320 WA G
= oS "“F :
1304 L R
€322 [
0.0 . : v v y -
0 20 40 60 80 100 120 140 85
Dephasing time 1 (us)
(d) A, B X B b L (c) sos8
e e ) e ) —
R1 | R2 Y R3 ; R4
o e & | e
V313
0.84 $305 I
co% 067 \
0.4 |
0.2 '
003 - |
VKSKIGFK‘ENLKHQPGGGK‘VQIINKKLDLSNV .JJ YKPVDLSKVTSKCGSLGNTI KLDFKDRVQSKIGSLDNITHVP
260 270 280 290 300 310 320 330 340 350 360
VKSKIGSTENLKHQPGGGKVQI INKKLDLSNVQSKCGSKDNIKHVPGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVP)
5 ; .
& AStrong L S S
=
2 |memeaae S MMM W WL W
o
2 |Weak
A AARGAT O ||| DO (1|
[0}
['4

LI

Figure5.

260 270 280 290

s -
300 310 320
Residue Number

e
330

56 54
C (ppm)

52

58 56
3C (ppm)

Mobility of ON4R tau from site-resolved N-H dipolar couplings. (a) Simulated N-H doubled
DIPSHIFT curves under 7 kHz MAS for a range of order parameters. The rigid-limit dipolar

coupling is 12.1 kHz after accounting for FSLG scaling of 0.577 and doubling due to

doubled DIPSHIFT. (b) 2D 15N-13C correlation spectra without N-H dipolar dephasing and
with half of a rotor period of dipolar dephasing. The spectra were measured under 7 kHz
MAS. For clarity, only Ser and Cys residues are assigned. Underlined residues are from the
R1 and R4 domains that show significant dipolar dephasing, indicating that they are rigid.
(c) Selected 1D cross sections from the control (black) and dipolar-dephased (red) spectrum.
More mobile residues such as S305 show less dipolar dephasing. (d) N-H dipolar order
parameters obtained from the DIPSHIFT spectra. Interestingly, R4 residues show large Sy
values, indicating that the CP-detected R4 residues are well ordered. For comparison, the
previously reported site-resolved peak intensities from 3D NCC spectra are shown below.19
Many R1 and R4 residues that show weak intensities in the 3D correlation spectra display
high N-H order parameters.
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