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Table S1. Chemical shifts ('*C ppm / 'H ppm) of highly mobile residues in the INEPT spectra of

microtubule-bound P2R tau (1 :
brackets below the measured chemical shifts for tau.

1). Random coil chemical shift values (56) are shown in

Residues Co/Ha Cp/Hp Cy1/Hyl Cy2/Hy2 Co1/Hol Co62/Ho2 Cel/Hel
The 67.8/4.2 200/1.2
(67.8/4.2)
Tproy | 616747
Sor 62.1/3.9
(61.9/3.9)
61.0/3.9
Ser(Pro) (61.9/3.9)
17.7/ 1.4
Ala (17.0/ 1.4)
516/47 164714
AlaPro) | 507745 (17.0/1.4)
Pro 254/2.1 29.1/37
$38/39
Gly (43.3/4.0)
Arg 41.7/3.1
Lys 232/15 403/3.0
o 375728
(36.2/2.8)
Glu 347722
Gln 32.0/24
Lo 201/17 234/09  215/09
(39.9/1.6) 22.7/1.6)  (22.1/0.7)
Val 192709
e 366/18  256/12  160/08  11.5/08
(36.3/1.8)
Met 153/2.1
His 1184/7.1  135.6/82




Table S2. 2D INEPT intensity analysis of MT-bound P2R tau (1 : 1) and number of amino acid
residues in different domains of P2R tau. The first two rows show the integrated intensities relative
to the signals of A(P) CB and Met Ce. The last column gives the RMSD values between the residue
numbers in each domain and the INEPT-detected number of flexible residues based on the Ala C3
signal. The P2-R1 segment (residues 198-253) shows low RMSD, suggesting that this domain best
encapsulates the most mobile residues in MT-bound P2R tau. The T(P) signal partially overlaps
with a weak Pro Ca peak, thus its integrated intensity represents an upper bound.

Tau domains A |AP) | G I L S S(P) | K R Q E T TP) | M | RMSD
CB|CB |CA|CB |CB|CB|CB |CG |CD |CG |CG|CB |CB |CE
INEPT: AP)CB | 20 | 10 22 |14 |08 |62 |33 | 7.1 |25 |25 |35 |40 |31 |09
INEPT: MCg 2.1 | 1.1 23 |15 |09 |66 |35 |75 |27 (26 |37 |42 |33 |10
P2(198-243) 2 0 4 0 2 7 3 4 5 0 1 5 4 0 1.8
R1(244-274) 0 1 4 1 2 2 0 5 0 2 1 2 0 1 22
R2(275-305) 0 0 4 3 2 4 0 5 0 2 0 0 0 0 24
R3(306-336) 0 0 5 2 2 3 0 4 0 2 0 1 0 0 2.5
R4(337-368) 0 0 4 2 2 3 0 4 1 1 2 1 0 0 22
R’(369-399) 3 0 1 1 1 0 1 6 1 0 3 3 0 0 22
P2-R1(198-253) |2 1 4 0 3 7 3 5 5 1 1 6 0 1 1.7




Table S3. '*C and >N chemical shifts (ppm) of immobilized residues in microtubule-bound P2R
tau measured from dipolar NMR spectra.

Residues | Ca | Cp | C | N | Cyyl | Cy2 |CO/d1 | CO2 | Celel | Ce2/G | Nd
Sequentially assigned residues

1354 59.1 373 173.7 16.0 22.6 11.8

G355 452 1747 | 1116

5356 564 61.6 1723 | 1145

L357 53.6 40.1 1732 | 1235 27.1 22.7

D358 51.8 384 176.5 1189 178.2
H362 559 28.2 172.3 1223
V363 56.2 31.7 1712 | 1293 18.3

P364 60.6 30.5 1756 | 1375 25.7 48.7

G365 41.3 1719 | 1124

G366 42.5 1734 | 104.1

G367 443 173.1 105.8

A382 51.0 17.0 176.3 1249

K383 543 33.8 121.6 239 27.5 39.8
T386 59.3 66.9 172.8 19.9

D387 522 3905 | 176.7 | 1239
H388 57.8 25.6 1732 | 1184

G389 43.8 173.1 105.1
5396 54.6 61.1 1708 | 1234
P397 60.3 135.2 48.3
Thrl 66.5 20.0
Thr2 62.3 69.0 19.4
Type-assigned residues
Asn/Aspl | 48.9 37.1 174.9 117.9
Asn/Asp2 | 50.8 37.0 175.7 122.1
Asn/Asp3 | 513 37.3 123.4
Asn/Asp4 | 504 37.2 127.3
Ilel 25.2 15.5 |10.7
1le2 58.8 36.5 175.2 153
Vall 61.6 29.9 121.3 19.2
Val2 59.9 30.7 121.2 19.0
Val3 56.1 31.8 172.5 18.5
Val4 58.1 173.7 19.5
Vals 30.0 204
Gln/Glul 53.5 30.8 126.1 27.8 184.6
Phe/Tyrl 55.5 38.2 121.9
Alal 48.1 17.2 117.2
Ala2 51.5 19.6 128.5
Ala3 524 19.8
Leul 52.2 23.1 24.6




Table S4. Solid-state NMR experimental parameters of microtubule-bound tau. All experiments
were recorded on an 18.8 T spectrometer (800 MHz 'H frequency). Reported temperatures are
estimated sample temperatures based on the water 'H chemical shift.

Experiment NMR Parameters Samples Expt.
Time

2D CC with 23-80 Tsample = 278 K; vmas = 10.5 kHz, ns = 64, = 1.7s, | MT: P2R tau (1 : 1) 110 hr

ms CORD mixing t1,max = 8.7 MS; tiinc = 24.8 YUS; Tawell = 6 US; Tacg = 15.4 | MT : P2R tau (1 : 0.5) 130 hr
ms; e = 70-800 ps; tcorp = 23-80 mS; ViHacq = 71 Tub : P2R tau (1 : 2) 65 hr
kHz TPPM

2D NCA Tsample = 278 K; vmas = 10.5 kHz, ns = 256, t,¢ = 1.7 MT :P2R tau (1: 1) 50 hr

SPECCP S, timax = 9.5 MS; t1inc = 95.2 US; Tdwell = 6 US; Tacq = MT : P2R tau (1 :0.5) 80 hr
15.4 ms; tan = 1 ms; tne = 5.5 ms; Visngpecificce = 26.3 | MT : ON4R tau (1 : 1) 46 hr
kHz ramp 90-100%; Vi3cspecificce = 15.8 kHz; Tub : P2R tau (1 : 2) 75 hr
ViHspecificCP = 71 kHz CW ViHacq = 71 kHz TPPM

2D NCO Tsample = 278 K; vmas = 14 kHz, ns = 256/352, 1.4 = MT :P2Rtau (1:1) 38 hr

SPECCP 1.7 s, timax = 9.3 ms; t1inc = 142.9 ps; Tawell = 6 US; Tacq

=15.4 ms; tyny = 3 mS; e = 5 mS; Visnspecificcp = 25.2
kHz ramp 90-100%; Vi3cspecificce = 39.2 kHz;
V1HspecificCP = 71 kHz CW; ViHacq = 71 kHz TPPM

2D N(CO)CA Tsample = 278 K; vmas = 14 kHz, ns =512, 14 = 1.7 s, MT :ON4R tau (1: 1) 88 hr
SPECCP-BSHCP t1,max = 6.4 ms; t1 inc = 142.9 US; Tawell = 6 US; Tacqg =
15.4 ms; tyn = 3 ms; Ine = 5 ms; Tec = 4.5 ms;
V15NspecificCP = 25.2 kHz 90-100% ramp; Vi3CspecificCP =
39.2 kHZ; ViHspecificCP = 71 kHz CW ViHacq = 83 kHz
TPPM; VIHBSHCP — 90 kHz CW

2D 'H-BC INEPT Tsample =278 K; vmas = 10.5 kHz, ns = 112, ¢ =2 s, MT :P2R tau (1: 1) 17 hr
t1,max = 15.9 ms; t1jne = 124.8 PS; Tawell = 6 US; Tacq = MT : P2R tau (1 :0.5) 17 hr
24.6 ms; Viacq = 71 kHz TPPM

2D N(CA)CB Tsample = 278 K; vmas = 14 kHz, ns =480, 1.¢ = 1.7 s, MT : ON4R tau (1: 1) 84 hr

SPECCP-DREAM t1,max = 6.4 ms; t1 inc = 142.9 US; Tawell = 6 US; Tacqg =
15.4 ms; tun =3 ms; ™ne = 5.5 ms; tcc =2 ms;
V15NspecificCP = 26.3kHz 90-100% ramp; Vi3CspecificCP =
15.8 kHZ; ViHspecificCP = 83 kHz CW ViHacq = 83 kHz
TPPM; VIHDREAM — 83 kHz CW

1D 3C DP Tsampte = 278 K; vmas = 10.5 kHz, ns = 4096, ,q=3s, | MT: P2Rtau (1 : 1) 35hr
Tdwel = 0 US; Tacqg = 15.4 mS; ViHacqg = 83 kHz TPPM MT : P2R tau (1 :0.5) 35hr
MT : ON4R tau (1 : 1) 35hr
MT only 35hr
1D ’C CP Tsample = 278 K; vmas = 10.5 kHz, ns = 4096, tq=1.7 | MT : P2R tau (1 : 1) 2 hr
S, Tdwel = 0 US; Tacq = 15.3 ms; e = 70/800 US; ViHacq MT : P2R tau (1 :0.5) 2 hr
=71 kHz TPPM MT : ON4R tau (1 : 1) 2 hr
MT only 2 hr
1D C INEPT Tsample = 278 K; vmas = 10.5 kHz; ns = 4096, ta=2s; | MT : P2R tau (1 : 1) 25hr

Tdwell = 6 US; Tacqg = 24.6 MS; ViHacqg = 71 kHz TPPM MT : P2R tau (1 :0.5) 25hr
MT :ON4R tau (1: 1) 2.5 hr

MT only 2.5 hr
1D water-edited *C | Tsampie = 278 K; vmas = 10.5 kHz, ns = 1024, tq= 1.7 | MT : P2R tau (1 : 1) 2.5 hr
Cp S; Tdwell = 0 US; Tacqg = 15.3 mS; Tinselpulse = 950 ps; MT : P2R tau (1 :0.5) 25hr

Trafiter = 95 ps x10; tsp = 0/4/16/36/100 ms; trc = 70 MT :ON4R tau (1: 1) 2.5hr
US; MS; Vitacq = 71 kHz TPPM MT only 25hr

Symbols: Tsample = sample temperature; vmas = MAS frequency; ns = number of scans (transients) per free induction
decay (FID); ta = recycle delay between scans; timax = maximum t; (indirect dimension 1) evolution time; ti,inc =
increment for t1 (indirect dimension 1) evolution time; Tawen = dwell time during direct FID acquisition; Tacq =
maximum acquisition time during direct FID detection; txy = cross polarization (CP, SPECFICCP, BSH-CP, or DREAM)
contact time during CP from channel X to channel Y; vnuc-cpxy = radiofrequency field strength for CP spin lock on
nuc (nuc ="H, BC, N) during CP from X to Y; Vin, acq = dipolar decoupling field strength during FID acquisition and
indirect dimension evolution; vauence = rf spin lock field strength on nuc during heteronuclear CP; vin-op,pce = 'H



dipolar decoupling field strength during heteronuclear CP; toream = spin lock contact time during homonuclear
coherence transfer with the DREAM condition.
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Figure S1. Characterization of P2R tau purity and tau-tubulin interactions. (a) TEM images
of preformed microtubules with bound P2R tau (molar ratio 1 : 1). The sample was imaged after
storage for 10 days at 4°C as a pellet, the same condition as samples used for solid-state NMR
experiments. The microtubules remain intact, indicating that the solid-state NMR samples are
stable over the duration of the experiments. (b) TEM images of microtubules co-assembled with
P2R tau at a molar ratio of 1 : 0.5 for tubulin dimers : tau in the absence of taxol. (¢) TEM images
of microtubules co-assembled with ON4R tau at a molar ratio of 1 : 0.5 in the absence of taxol. (d)
SDS-PAGE gel of the pellet (P) and supernatant (S) of preformed microtubules with varying
concentrations of P2R tau after ultracentrifugation. Tubulin and P2R tau co-sediment into pellets,
indicating that P2R tau binds microtubules. (e¢) SDS-PAGE gel of the pellet and supernatant of

tubulin : tau mixtures prepared under similar conditions as those shown in (b) and (c) after
ultracentrifugation.
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Figure S2. 1D >N cross sections of the 2D NCa spectra of microtubule-bound tau show good
spectral sensitivity. (a) 2D spectra of P2R tau (top) and ON4R tau (bottom) bound to microtubules
at the 1 : 1 molar ratio. The 2D spectra were processed using the Gaussian window function with
LB = -20 and GB=0.05. The same 2D data are also shown in Fig. 1d but were processed using a
sine bell window function with SSB = 3 to better resolve some of the peaks. (b) Overlay of selected
5N cross sections, indicating some of the sequentially assigned peaks.
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Figure S3. 13C NMR spectra of microtubules with and without bound tau at varying molar
ratios of microtubules and tau. Four tau-containing samples are compared: P2R tau bound to
taxol-stabilized microtubules (MT) at 1 : 1 (red) and 1 : 0.5 (green) molar ratios of tubulin
heterodimers to tau, tubulin co-assembled with P2R tau at 1 : 2 molar ratio (marine blue), and
taxol-stabilized MTs with bound full-length ON4R tau at 1 : 1 ratio (royal blue). The MT-only
spectra (grey) are also shown for comparison. (a) '3C CP spectra measured with 800 us contact
time, detecting semi-rigid and rigid residues. (b) '3C CP with 70 ps contact time, detecting highly



rigid residues. (¢) *C DP spectra measured with a 3 s recycle delay. These spectra reflect nearly
quantitative intensities of all the residues. (d) '*C INEPT spectra, detecting nearly isotropically
mobile residues. Most spectra were measured on the 800 MHz NMR at ~5°C. The 25°C INEPT
spectrum of the 1 : 1 MT : P2R tau sample has very similar intensity patterns as the 5°C spectrum,
indicating that the INEPT-detected residues are dynamic even at 5°C. Asterisks in the MT-only
INEPT spectrum indicate the signals of solvents, buffer salt and small molecules such as glycerol,
PIPES, DMSO, and DSS. All molar ratios refer to tubulin heterodimers to tau, and all samples
contained 10 uM taxol-stabilized microtubules (MT) or tubulin co-assembled with tau.
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Figure S4. >N and "*C chemical shifts of microtubule-bound P2R tau (1 : 1) from 2D SN-13C
and 3C-13C correlation spectra. Unambiguous assignments are shown in blue while ambiguous
assignments are shown in black italics. (a) Inter-residue 2D NCO spectra. (b) Intra-residue 2D
NCa spectrum reproduced from Figure 1d. These 2D NC spectra were processed using a sine bell
window function with SSB = 2. (¢) Carbonyl region of the 50 ms 2D 3C-'3C CORD spectrum. (d)
Aliphatic region of the 50 ms 2D CC spectrum. The CC spectrum was processed using a Gaussian
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Figure S5. Backbone conformation of microtubule-bound P2R tau (1 : 1) residues. (a) Ca
and CP secondary chemical shifts. Residues *3*Lys-Gly*®” and 38! Asn-Val**® form two stretches
with largely assigned chemical shifts. (b) (¢, ) torsion angles obtained from the NMR chemical
shifts. (¢) Comparison of the chemical-shift derived torsion angles (filled circles) with the Rosetta
refined torsion angles (open circles) for 3°Lys-Val**’ (see analysis in Fig. S10) The two results
agree well for residues ¥ NAKAKTDH?3#8,



(a) MT : ON4R tau (1:1) (b) MT : ON4R tau (1:1)
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Figure S6. SN and 3C chemical shift assignment of taxol-stabilized microtubule-bound
ON4R tau (1 : 1). (a) Overlay of the 2D NCa (black) and N(CO)CA (blue) spectrum. Sequential
assignments are shown in blue. Ambiguous assignments are italicized and shown in black. (b) 2D
N(CA)CB spectrum. Positive signals are in orange and negative Cf signals are in black. The Cf3
cross peaks confirm some of the sequential assignments for the MT-bound P2R tau sample (1 : 1).
(¢) Amino acid sequence of the five repeats of tau. Unambiguously assigned residues are shown
in blue. Sequential assignments that are ambiguous or made by comparison with MT-bound P2R
tau (1 : 1) are underlined.
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Figure S7. Taxol-stabilized microtubule-bound P2R tau adopts the same conformation at 1
: 1 and 1 : 0.5 ratios of tubulin heterodimer : tau. (a) 2D NCa spectra of the 1 : 1 (red) and 1 :
0.5 (cyan) samples and representative 1D cross sections at various '’N chemical shifts. The spectral



patterns are similar between the two samples, indicating that the tau-MT interaction observed in
the 1 : 1 sample is not due to crowding, and the bound domain has the same conformation at the
two molar ratios. The MT concentrations were 10 uM before packing into the MAS rotors. (b) 2D
CC spectra of the 1 : 1 (red) and 1 : 0.5 (green) samples, measured with 50 ms '3C spin diffusion
at ~280 K under 10.5 kHz MAS. (¢) 2D 'H-'3C INEPT spectrum of the 1 : 0.5 sample (green)
compared to the 1 : 1 sample (red).
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Figure S8. Microtubule-bound tau is shielded from water. (a) Water-edited *C spectra of MT-
bound ON4R tau (1 : 1), measured with 'H spin diffusion mixing times of 4, 16, 36, and 100 ms.
Intensity ratios are integrated over 46-71 ppm. (b) Water-edited intensity ratios between 4 ms and
100 ms '"H mixing for various MT-bound tau samples compared with previously reported water-
edited intensities of heparin-fibrilized ON4R tau (/9, 20) and ON3R tau fibrils (27/). The rigid
domain of MT-bound tau is dehydrated: its S/So value of ~0.19 is similar to the 0ON4R and ON3R
tau fibrils' S/Sp values of ~0.15 and 0.23.
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Figure S9. 2D spectra of tubulin : P2R tau (1 : 2) co-assembled sample indicate that tau binds
dynamically unstable microtubules via the R’ repeat. (a) 2D dipolar NCa spectrum of the
tubulin : P2R tau co-assembled sample (blue, same as Fig. 3a) and its 1D >N cross sections. The
2D spectrum of the taxol-stabilized MT-P2R tau (1 : 1) sample is overlaid in red (same as Fig. 1d)
for comparison. (b) 2D 'H-'3C INEPT spectrum of the tubulin — tau co-assembled sample with
residue type assignment. The aromatic region of the 2D spectrum (inset) exhibits His signals but
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Figure S10. Structure modeling of microtubule-bound R’(369-395) using NMR chemical
shifts, cryo-EM density, and Rosetta. (a) Seven 27-residue sequences in R’ tested using Rosetta.
The sequences are chosen based on NMR spectra showing that PGGG is excluded from the rigid
domain and cryo-EM data that indicate 27 residues bound to the MT. (b) Amino acid sequence of
P2R tau. R2(274-300) is shown in blue and R’(369-395) is shown in red. (c¢) Rosetta energy scores
of the seven R’ sequences against the electron densities (EMD-7771) obtained for the chimera tau
construct R2 x 4. A R2(274-300) tau model (blue) was generated for comparison. Among the seven
R'sequences, R’-3 gives the lowest energy. (d) Prodigy scores (26) of the 5 models with the lowest
Rosetta energies for each sequence to assess binding affinities. R’-3 has the lowest AG (kcal.mol
1 value. (e) Predicted K4 values for each 27-residue segment. R’-3 has the highest affinity (lowest
K4) to microtubules. Error bars in (c-¢) are calculated based on the standard deviation of the 5 best
models.



(a) EMD-7769, R1 x 4 tau (P2-R1-R1-R1-R1-R’) PDB: 6CVJ
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(b) EMD-7771, R2 x 4 tau (P2-R2-R2-R2-R2-R’) PDB: 6CVN

Figure S11. Structural models of the microtubule-binding domains in chimeric tau versus
the microtubule-binding domain in wild-type tau. Cryo-EM density maps of three different tau
constructs reported before (/4) are shown on the left and the Rosetta-refined structures are shown
on the right. (a) Electron density map (EMD-7769) of chimeric R1 x 4 tau best matches a 12-
residue segment from V256 to K267, whose lowest energy structure model is shown on the right
(pink). (b) Electron density map (EMD-7771) of chimeric R2 x 4 tau best matches a 27-residue
segment from K274 to V300, whose lowest energy structure model (PDB: 6CVN) is shown on the
right (pink). (¢) Electron density map (EMD-7752) of wild-type tau overlaid with NMR chemical-
shifts-constrained and Rosetta-refined R’ lowest-energy model. This R’ segment, K369 to K395,
is constrained by the measured chemical shifts of the immobilized residues in the dipolar
correlation solid-state NMR spectra shown here. In each of the three structural models, the four
residues that show the closest approach to microtubules are indicated. These are 22°KIGS?%? in R1,
20K CGS?? in R2, and 3¥*AKTD*7 in R”.
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