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The microtubule-associated protein (MAP) Tau is an intrinsically
disordered protein (IDP) primarily expressed in axons, where it
functions to regulate microtubule dynamics, modulate motor pro-
tein motility, and participate in signaling cascades. Tau misregula-
tion and point mutations are linked to neurodegenerative
diseases, including progressive supranuclear palsy (PSP), Pick’s dis-
ease, and Alzheimer’s disease. Many disease-associated mutations
in Tau occur in the C-terminal microtubule-binding domain of the
protein. Effects of C-terminal mutations in Tau have led to the
widely accepted disease-state theory that missense mutations in
Tau reduce microtubule-binding affinity or increase Tau propensity
to aggregate. Here, we investigate the effect of an N-terminal
arginine to leucine mutation at position 5 in Tau (R5L), associated
with PSP, on Tau-microtubule interactions using an in vitro recon-
stituted system. Contrary to the canonical disease-state theory, we
determine that the R5L mutation does not reduce Tau affinity for
the microtubule using total internal reflection fluorescence micros-
copy. Rather, the R5L mutation decreases the ability of Tau to
form larger-order complexes, or Tau patches, at high concentra-
tions of Tau. Using NMR, we show that the R5L mutation results in
a local structural change that reduces interactions of the projection
domain in the presence of microtubules. Altogether, these results
challenge both the current paradigm of how mutations in Tau lead
to disease and the role of the projection domain in modulating
Tau behavior on the microtubule surface.

Tau | microtubule | neurodegenerative diseases | TIRF microscopy | NMR
spectroscopy

he microtubule-associated protein (MAP) Tau is an intrinsi-

cally disordered protein (IDP) highly expressed in the axon,
where it functions to regulate microtubule dynamics (1, 2),
modulate motor protein motility (3-6), and participate in sig-
naling cascades (7, 8). Misregulation and aggregation of Tau
are linked to a number of neurodegenerative diseases known as
Tauopathies. These include Alzheimer’s disease, frontotempo-
ral dementia, and progressive supranuclear palsy (PSP) (9-13).
Disease-associated perturbations to Tau, including hyperphos-
phorylation, are generally thought to initiate the disease state
by decreasing the affinity for microtubules (14-16). In support,
there are over 50 disease-associated mutations in Tau and many
have been shown to either reduce Tau affinity for the microtu-
bule (17, 18) or promote Tau aggregation (18). However, many
of the studied alterations are within the regions of Tau that
directly bind to the microtubule, and less is understood about
disease-associated mutations outside of the microtubule-
binding region of Tau.

There are six isoforms of Tau expressed in the human brain
(19), and although the exact composition can vary dependent
on alternative splicing (20-22), all share the same functional
domains. Three or four imperfect microtubule-binding repeats
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directly interface with the microtubule (23-28) in an extended
conformation along a single protofilament (29), largely contrib-
uting to the high affinity of Tau for the microtubule. Adjacent
to the microtubule-binding repeats is the proline-rich region,
which helps mediate microtubule binding (24, 27, 28, 30). The
structurally flexible N-terminal region of Tau, known as the pro-
jection domain, contains alternatively spliced acidic inserts
(zero, one, or two) and has the lowest contribution to the over-
all binding affinity of Tau for the microtubule (23, 31).
Additionally, Tau interaction with the microtubule is compli-
cated by multiple binding modes. Tau binding is concentration
dependent. At low concentrations, Tau binds to the microtubule
in a dynamic equilibrium between static and diffusive binding
states (32, 33). However, as the concentration of Tau increases,
Tau binds nonuniformly and forms larger-order complexes,
referred to as Tau patches (6), Tau cohesive islands (34), or Tau
condensates (35). Tau complex formation on the microtubule is
not restricted to in vitro studies as microtubule-bound com-
plexes have been seen in neurons and other cell types (35-37).
Interestingly, in addition to the clear role for the C-terminal
microtubule-binding region of Tau in complex formation, the
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N-terminal projection domain has been shown to be necessary
in Tau cohesive island formation (34).

Although many of the mutations in Tau are found within the
C-terminal half of the protein, disease-associated mutations
also occur in the N-terminal projection domain, specifically the
mutations at arginine 5 (R5L, RSH) associated with PSP (38).
The RS5L (arginine to leucine) mutation has been shown to
reduce microtubule assembly, although the mechanism behind
this change is unclear (39, 40). It has been shown that deletion
of the projection domain does not reduce Tau affinity for the
microtubule (26, 41, 42) but is necessary for Tau complex for-
mation (34). Thus, we hypothesize that the N-terminal disease-
associated mutation RSL alters Tau binding behavior on the
microtubule, disrupting patch formation without altering Tau
affinity. Our results suggest the RSL mutation is unlike other
disease-associated mutations and alters Tau-microtubule inter-
actions in a previously unreported manner, leading to insight
into a potential disease mechanism.

Results

R5L-Tau Reduces Occupancy but Does Not Alter Affinity on Taxol
Microtubules. To study the effect of RSL-Tau on Tau-microtubule
interactions, the R5SL mutation was cloned into the 3RS isoform
of Tau (RSL-Tau) and the affinity of RSL-Tau was assessed rela-
tive to wild-type Tau (WT-Tau) using a TIRF (total internal
reflection fluorescence) microscopy binding assay as previously
reported (43). Fluorescently labeled Tau (10 to 400 nM WT-Tau
or R5L-Tau) was incubated with microtubules stabilized with
paclitaxel (Taxol microtubules) (Fig. 14). The average Tau inten-
sity on the microtubule was plotted against the Tau concentra-
tion (Fig. 1B). It was determined that the RSL mutation did not
significantly alter the affinity of Tau for Taxol microtubules (WT-
Tau Kp = 277 + 30 nM, R5L-Tau Kp = 261 + 29 nM) (Fig. 1B).

Interestingly, the TIRF binding assay revealed a twofold dif-
ference in fluorescence intensity between WT-Tau and R5L-Tau
at binding saturation, despite similar affinities (Fig. 1B). It was
determined that this was not due to a difference in labeling effi-
ciency, which was determined by a modified Lowry assay in
conjunction with absorbance measurements or through liquid
chromatography—mass spectrometry (SI Appendix, Methods) or
quenching of the fluorescent probe (SI Appendix, Fig. S9).
Therefore, we hypothesized that the R5SL mutation reduces the
occupancy of Tau on microtubules without altering affinity,

leading to less Tau bound to microtubules at binding saturation.
To test this hypothesis, a microtubule pelleting assay was per-
formed by incubating 100 nM labeled WT-Tau or R5L-Tau with
varying concentrations of Taxol microtubules (50 nM to 1 pM).
The relative amount of Tau bound to Taxol microtubules was
assessed by measuring the fluorescence in the supernatant rela-
tive to the pellet. At saturating conditions, less RSL-Tau bound
to microtubules compared with WT-Tau (Fig. 1C).

The R5L Mutation Disrupts Tau Patch Formation. The TIRF binding
assays also showed nonuniform binding of Tau along the microtu-
bule as the concentration increased (Fig. 14 and Movies S1 and
S2). This is consistent with other reports of Tau forming larger-
order complexes on the microtubule surface, known as Tau
patches, cohesive islands, or condensates (6, 32, 33, 35). There-
fore, we studied the effect of the RSL mutation on Tau patches
by incubating 250 nM Tau (WT-Tau or RSL-Tau) with Taxol
microtubules using TIRF microscopy (Fig. 24). Patch frequency
was quantified as the number of patches per unit length along
the microtubule. WTTau formed twice as many patches per
micrometer compared with R5L-Tau (WTTau = 0.36 + 0.21,
R5L-Tau = 0.18 + 0.21) (Fig. 2B). WT-Tau patches also contained
~50% more molecules than R5L-Tau patches (WT-Tau = 3.3 + 1.
1 molecules per patch, RSL-Tau = 2.1 + 1.8 molecules per patch)
(Fig. 2C). Furthermore, we examined the fluorescence intensity
distribution along the microtubule (Fig. 2D). There was a higher
mean fluorescence intensity and a broader distribution for
WT-Tau compared with R5L-Tau. Thus, WT-Tau forms more
numerous and larger patches compared with RSL-Tau.

R5L-Tau Shifts Binding Behavior at High Concentrations on Taxol
Microtubules. We investigated the difference in the binding
behavior of individual RSL-Tau and WT-Tau molecules on Taxol
microtubules using TIRF microscopy. Previous work has shown
that at low concentrations of Tau, Tau binds to the microtubule in
a dynamic equilibrium between static and diffusive binding states
(32, 33). Therefore, we studied the binding behavior of 500 pM
WT-Tau or RSL-Tau bound to Taxol microtubules and measured
the binding-state equilibrium, diffusion coefficient, and dwell
times of both static and diffusive events (representative kymo-
graphs are shown in SI Appendix, Fig. S1). There was no signifi-
cant difference in the binding-state equilibrium at this low
concentration of WT-Tau and R5L-Tau, with approximately half
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Fig. 1. The R5L mutation reduces Tau occupancy on Taxol microtubules. (A) Representative images of WT-Tau (Left) and R5L-Tau (Right) decoration of
Taxol microtubules at varying Tau concentrations. (B) TIRF-based binding assays, measuring fluorescence intensity (F.l.) in arbitrary units (AU) normalized
to microtubule length (um), comparing WT-Tau (black; Kp = 277 + 30 nM) and R5L-Tau (orange; Kp = 261 + 29 nM). Data are mean + 95% Cl (n = 4). (C)
Microtubule pelleting assay comparing relative fluorescence-bound Tau of WT-Tau (black; 0.66 + 0.07) or R5L-Tau (orange; 0.45 + 0.04) at 100 nM Tau
and 1 pM Taxol microtubules. Data are mean + SD (n = 3). Statistical analysis was performed using the Student’s t test. *P < 0.05.
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Fig. 2. The R5L mutation alters Tau patches on Taxol microtubules. Tau patches were studied using 250 nM Alexa 488 Tau on Taxol microtubules. (A)
Representative kymographs of WT-Tau (Upper) and R5L-Tau (Lower) at 250 nM Tau concentration. (B) Patch frequency of WT-Tau (black; 0.36 + 0.21
patches per 1 pm microtubule [MT]) and R5L-Tau (orange; 0.18 + 0.21 patches per 1 um MT). Data are mean + SD (n = 80 kymographs). Statistical analysis
was performed using the Student’s t test. *P < 0.05. (C) Number of fluorescent molecules per patch of WT-Tau (black; 3.3 + 1.1 fluorescent molecules per
patch) and R5L-Tau (orange; 2.1 + 1.8 fluorescent molecules per patch). Data are mean + SD (n = 80 kymographs). Statistical analysis was performed using
the Student’s t test. *P < 0.05. (D) Histograms of normalized WT-Tau (black) and R5L-Tau (orange) Tau fluorescence intensity on microtubules. Values

above 1% are shown (n = 80 kymographs). Statistical analysis was performed using the Mann-Whitney test. *P < 0.01.

of the binding events observed in the static state (Table 1 and SI
Appendix, Fig. S2). Additionally, the RSL mutation had little
effect on the diffusion coefficient or dwell time of individual mol-
ecules in either the static or diffusive states (Table 1 and SI
Appendix, Figs. S3 and S4). Overall, these data showed little dif-
ference in the binding behavior between WT-Tau and RSL-Tau at
low concentrations.

However, at higher Tau concentrations, complexes composed
of statically bound Tau molecules form on the microtubule (35).
Due to the differences in RSL-Tau patch formation, we exam-
ined the binding behavior of individual Tau molecules at high
concentrations by performing a spiking experiment where either
250 or 500 nM Alexa 488 WT-Tau or RSL-Tau was spiked with
300 pM Alexa 647 Tau (Movies S3 and S4). We examined the
static-diffusive equilibrium, diffusion coefficient, and dwell
times. At high concentrations of Tau, both 250 and 500 nM Tau,
there was a shift toward diffusive binding for R5L-Tau. At 250
nM Tau, 48% of WT-Tau bound statically compared with 17%
for R5L-Tau (Table 1 and SI Appendix, Fig. S2). At 500 nM,
54% of WT-Tau bound statically compared with 29% for R5L-
Tau (Table 1 and SI Appendix, Fig. S2). There was little overall
difference in the diffusion coefficients or dwell times of either
static or diffusive molecules at higher Tau concentrations (Table
1 and SI Appendix, Figs. S3 and S4). Thus, at high concentra-
tions R5L-Tau shifts to a predominantly diffusive state (Table 1).
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R5L-Tau Reduces Occupancy but Does Not Alter Affinity on Guanosine
5'-[(or,B)-Methyleno] Triphosphate Sodium Salt Microtubules. On
Taxol microtubules, the RSL mutation had two effects: less
Tau bound to the microtubule and fewer Tau patches. How-
ever, it was unclear if these two effects of the R5L mutation
were linked. Previous work from our laboratory has shown
that in comparison with Taxol microtubules, Tau binds as sin-
gle molecules and does not form complexes on microtubules
stabilized with guanosine 5'-[(a,p)-methyleno] triphosphate
sodium salt (GMPCPP) microtubules (33). Consistent with
these data, recent work shows that Tau condensates do not
form on GMPCPP microtubules (35). Therefore, we studied
RSL-Tau binding to GMPCPP microtubules to examine the
effect of the RSL mutation independent of patch formation.
The TIRF binding assay indicated that, as expected, both
WT-Tau and R5L-Tau had a lower affinity for GMPCPP
microtubules compared with Taxol microtubules (44, 45).
However, there was little difference in affinity between
WT-Tau and R5L-Tau (WT-Tau Kp = 564 + 100 nM, R5L-Tau
Kp = 515 = 149 nM) (Fig. 3B and Movies S5 and S6).
Interestingly, there was a lower fluorescence intensity at satu-
ration with RS5L-Tau compared with WT-Tau (Fig. 3B).
Microtubule pelleting assays confirmed that less R5L-Tau
bound to GMPCPP microtubules compared with WT-Tau
(Fig. 3C).
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Table 1. Summary of WT-Tau and R5L-Tau behavior on microtubules

Static, % Diffusion coefficient, pmz/s Dwell time static, s Dwell time diffusive, s
Taxol
500 pM
WT-Tau 45 0.29 + 0.04 0.3 4 +0.1
R5L-Tau 57 0.33 + 0.04 + 0.2 2+0.2
250 nM
WT-Tau 48 0.14 + 0.02 0.4 24 + 03
R5L-Tau 17* 0.21 + 0.02* 2.1+03 23 +0.2
500 nM
WT-Tau 54 0.16 + 0.03 0.3 1.3 +0.3
R5L-Tau 29* 0.18 + 0.02 + 0.2 1.9 + 0.3*
GMPCPP
500 pM
WT-Tau 26 0.75 +£ 0.10 22+ 05 1.1 +£0.2
R5L-Tau 23 0.75 + 0.10 1.0 + 0.2* 0.9 + 0.1
400 nM
WT-Tau 15 0.50 = 0.08 2.0+ 0.6 1.5+04
R5L-Tau 14 0.44 + 0.09 1.1+ 0.1 1.2+ 0.1

Low-concentration studies were performed with 500 pM Alexa 647-labeled Tau on microtubules. For Taxol
microtubules, high-concentration studies were performed through a spiking experiment, incubating either 250 or 500 nM
Alexa 488-labeled Tau with 300 pM Alexa 647-labeled Tau. For GMPCPP microtubules, high-concentration studies were
performed through a spiking experiment, incubating 400 nM Alexa 488-labeled Tau with 300 pM Alexa 647-labeled Tau.
Static:Diffusive equilibrium is represented as percent static molecules. Statistical analysis was performed using the Fisher's
Exact test relative to WT-Tau under the same conditions. *P < 0.01. Dwell times and diffusion coefficients are represented
as medians + 95% Cls. Statistical analysis was performed using the Mann-Whitney test relative to WT-Tau under the same

conditions. *P < 0.01.

The RSL Mutation Does Not Alter Binding Behavior on GMPCPP
Microtubules. To further understand the effect of R5L-Tau on
GMPCPP microtubules, we studied the binding behavior at low
concentrations of Tau (500 pM WT-Tau or R5L-Tau) (Table 1).
At 500 pM, both WT-Tau and R5L-Tau shift toward diffusive
binding on GMPCPP microtubules, consistent with previous
work from our laboratory (33), but there was no significant dif-
ference in the overall binding behavior of WT-Tau vs. R5L-Tau.
Twenty-six percent of WT-Tau bound in the static state com-
pared with 23% of R5L-Tau (Table 1 and SI Appendix, Fig. S6),
and there was no difference in diffusion coefficient or diffusive
dwell time. However, when bound statically, WT-Tau had a

WT-Tau R5L-Tau B

100nM >

275 nM
F.I/ Unit Length (AU/um)

higher dwell time compared with RSL-Tau (WT-Tau = 2.2 +
0.5 s, RSL-Tau = 1.0 + 0.2 s) (Table 1 and SI Appendix, Figs. S7
and S8).

A shift in binding behavior for RSL-Tau occurred at high
concentrations on Taxol microtubules (Table 1 and SI Appendix,
Fig. S2). Therefore, we studied the binding behavior at high
concentrations of Tau on GMPCPP microtubules by performing
a spiking experiment where we incubated 400 nM Alexa 488
WT-Tau or R5L-Tau spiked with 300 pM Alexa 647 Tau to visu-
alize individual molecules on GMPCPP microtubules (Table 1;
representative kymographs are shown in SI Appendix, Fig. S5).
At 400 nM Tau, 15% of WT-Tau bound statically compared
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Fig. 3. The R5L mutation reduces occupancy on GMPCPP microtubules. (A) Representative images of WT-Tau (Left) and R5L-Tau (Right) decoration of
GMPCPP microtubules at varying Tau concentrations. (B) TIRF-based binding assays, measuring fluorescence intensity (F.l.) in arbitrary units (AU) normal-
ized to microtubule length (um), comparing WT-Tau (gray; Kp = 564 + 100 nM) and R5L-Tau (red; 515 + 149 nM). Data are mean + 95% Cl (n = 4). ()
Microtubule pelleting assay comparing relative fluorescence-bound Tau of 300 nM WT-Tau (gray; 0.57 + 0.08) or R5L-Tau (red; 0.42 + 0.04) bound to 1
pM GMPCPP microtubules. Data are mean + SD (n = 3). Statistical analysis was performed using the Student’s t test. *P < 0.05.
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with 14% of R5L-Tau (Table 1 and SI Appendix, Fig. S6). Simi-
lar to low concentrations of Tau, there was little difference in
the diffusion coefficient or diffusive dwell time (Table 1 and SI
Appendix, Figs. S7 and S8). However, WT-Tau had a higher
dwell time compared with R5L-Tau (WT-Tau = 2.0 + 0.6 s,
RS5L-Tau = 1.1 + 0.1 s) in the static state (Table 1 and SI
Appendix, Fig. S8), albeit that this is a small percentage of the
total binding events. Contrary to Taxol microtubules, we did
not see any significant differences in binding behavior on
GMPCPP microtubules at high concentrations of Tau.

The R5L Mutation Alters the Local Structure of Tau. We then exam-
ined the impact of the R5L mutation on the secondary structure
and global conformation of Tau using circular dichroism (CD)
and dynamic light scattering (DLS). Both WT-Tau and R5L-Tau
had similar CD spectra, typical for random coil conformation
with minima at ~200 nm (Fig. 44) (46), and hydrodynamic radii
(Rpy) as determined by DLS (Fig. 44). Two-dimensional (2D)
'H-"N heteronuclear single-quantum coherence (HSQC) NMR
spectroscopy experiments of 10 pM *N-labeled Tau (WT-Tau or
RS5L-Tau) were used to obtain residue-specific structural infor-
mation (47, 48) on the effect of the RSL mutation. Alterations
in chemical shift were observed within 5 to 10 residues of the
site of mutation, suggesting a local structural change restricted
to the first 20 amino acids within the N-terminal projection
domain (Fig. 4 B-D).

NMR spectra of IDPs like Tau are prone to signal overlap
(48). We therefore further investigated the consequences of the
R5L mutation using short peptides comprising the first 20 resi-
dues (WT-Tau or RSL-Tau) (Fig. 4 E and F). Similar to the full-
length protein, chemical shift perturbations from natural
abundance 2D 'H-'>N HSQC experiments on 1 mM peptides
were observed in direct proximity to the site of mutation (Fig.
4F). The two glutamate residues E3 and E7, which are one resi-
due away from the R5L mutation, showed the largest perturba-
tions (Fig. 4F). The combined analysis demonstrates that the
structural changes caused by the RSL mutation are highly local
and do not affect the microtubule-binding domain.

The R5L Mutation Causes a Reduction in Projection Domain
Interactions with the Microtubule. To investigate the effect of the
R5L mutation on the interaction of Tau with microtubules, we
recorded 2D H-1’N HSQC experiments of 10 pM °N-labeled
WT-Tau or R5L-Tau in the absence or presence of 20 pM Taxol
microtubules (Fig. 54). Upon binding to microtubules, the sig-
nal intensity of Tau residues interacting with the microtubule
surface decreases (25), which can be visualized in an intensity
ratio plot (Fig. 54). The strongest drop in signal intensity is
seen for both proteins in the second proline-rich region
through the microtubule-binding repeats, which together form
the microtubule-binding domain of Tau. In agreement with the
highly local nature of the structural perturbations of the R5L
mutation (Fig. 4 C-F), the R5L mutation does not influence
the high-affinity C-terminal microtubule-binding domain of
Tau. In contrast, the RSL mutation affects the N-terminal pro-
jection domain of Tau. The signal attenuation at the N terminus
of R5L-Tau is weaker when compared with WT-Tau (Fig. 54),
which becomes particularly evident upon inspection of the
intensity difference plot (Fig. 54). Notably, while the R5L-
induced chemical shift perturbation was restricted to the
N-terminal 15 residues in solution (Fig. 4C), the mutation
affects up to 50 residues of the projection domain of Tau in the
presence of microtubules.

To quantify the effect of the mutation on Tau binding to
microtubules, we used saturation transfer difference (STD)
NMR spectroscopy, which provides information on the residues
involved in the binding with a larger protein (i.e., microtubules)
(49-51). The efficiency of saturation transfer was investigated
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for the WT-Tau and R5L-Tau peptides in the presence of 5 pM
Taxol microtubules through the measurement of the STD
NMR signals at increasing saturation time. For selected pro-
tons (i.e., YI8H8 and A2HP), the STD buildup curve is dis-
played (Fig. 5B). Notably, we observe a larger effect for Y18Hd
when compared with A2HB. We attribute this to the tendency
of the aromatic residue Y18H$ to interact with the surface of
the microtubule and thus, decrease its interaction with the sol-
vent. The analysis further demonstrates that both peptides
receive magnetization from the microtubules, and for selected
protons, the saturation transfer is more efficient for the
WT-Tau peptide when compared with the R5L-Tau peptide.
Subsequently, we determined the microtubule-binding affinity
of the two peptides by measuring STD NMR experiments with
fixed concentration of Taxol microtubules and gradually
increasing peptide concentrations (Fig. 5C). The Kp values
obtained for Y18HS and A2HP of the WT-Tau peptide were 1.3
+ 0.3 and 0.9 + 0.2 mM, respectively. In case of the R5L-Tau
peptide, we derived Kp, values of 3.3 + 1.5 and 2.7 + 0.4 mM,
respectively.

Discussion

Missense mutations and hyperphosphorylation of Tau that leads
to neurodegeneration, such as PSP, are generally thought to be
initiated by a decrease in Tau’s interaction with the microtu-
bule. A reduction in binding affinity has been demonstrated in
previously studied disease-associated mutations in the
microtubule-binding region (e.g., A280K, P301L, and V337M)
(17, 52-56). However, the present work challenges the gener-
ally accepted model of Tauopathies as the RS5L mutation,
located in the N-terminal projection domain, does not alter Tau
affinity for the microtubule. This is consistent with past studies
where deletion of the entire projection domain did not reduce
Tau affinity (26, 41, 42). Furthermore, microtubule-induced
NMR signal broadening measurements show no differences
observed between WT-Tau and RSL-Tau signal attenuation
within the microtubule-binding region, consistent with no
change in affinity. It should be noted that other alterations in
the N terminus of Tau, such as phosphorylation of Y18 (43),
cause global conformational changes to Tau (7), likely through
disruption of transient long-range interactions between the
N- and C-terminal domains (31, 48, 57, 58). However, CD, DLS,
and NMR indicate no global conformational changes of R5L-
Tau relative to WT-Tau in solution, as the R5L mutation only
perturbs the local structure of Tau proximal to the mutation (up
to ~10 amino acids from RS5). Additionally, no long-range effects
are measured in the presence of microtubules, where changes to
the microtubule-induced signal broadening remain local but are
propagated ~50 residues from the site of the mutation. Thus,
the RS5L mutation does not alter the global conformational
ensemble of Tau or its microtubule-binding affinity.

Tau is known to form complexes on Taxol microtubules,
which have been referred to as Tau patches (6), condensates
(35), or cohesive islands (34). Similarly, microtubule-bound Tau
complexes have been shown to occur in neurons and other cell
types (35-37). Although it is not clear whether these complexes
are identical as experimental conditions differ, all Tau com-
plexes share similar properties. Our previous work has shown
that static Tau forms small complexes on Taxol microtubules
(33). Moreover, recent work has shown that Tau condensates/
cohesive islands are composed of statically bound molecules
(34, 35). Here, TIRF dynamics assays show a concentration-
dependent shift in the binding behavior of RSL-Tau on Taxol
microtubules, indicating that the R5L mutation disrupts the
ability of Tau to form patches. At low concentrations, Tau
patches do not form, and there is no difference in the binding
behavior between WT-Tau and R5L-Tau. The difference arises
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Fig. 4. Changes in the structural dynamics near the R5L mutation of Tau. (A) Structural impact of the R5L mutation probed by CD (Left) and DLS (Right).
CD data are reported as mean residue ellipticity for 10 uM samples of WT-Tau and R5L-Tau. (B) Superposition of 2D 'H-">N HSQC spectra of WT-Tau
(black) and R5L-Tau (orange). (C) Residue-specific "H-">N chemical shift perturbation of Tau upon mutation. The N-terminal region close to the mutated
site (indicated by the dashed green line and asterisk) shows chemical shift perturbations above the threshold (the dashed orange line). The threshold was
calculated as the SD between all SDNH values [the combined "H/'>N chemical shift perturbations calculated according to (((8H)>+ (8N/10)%)/2)"?] and multi-
plied by a factor of two. The domain organization of Tau is displayed on top of the plot. (D) Zoomed in view of two selected regions of superimposed
"H-">N HSQC spectra of WT-Tau (black) and R5L-Tau (orange); shifts are indicated by green arrows. (€ and F) NMR characterization of WT-Tau and R5L-
Tau peptides (residues 1 to 20 of Tau and R5L-Tau, respectively). (E) Superposition of 2D "H-">N HSQC spectra of Tau (black) and R5L-Tau (orange) pepti-
des. (F) Sequence-specific resonance assignments are indicated. Chemical shift perturbations (Upper) and intensity ratios (Lower) in the R5L-Tau peptide.
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Tau patches form

Tau patches don’t form

Fig. 6. Mechanistic model for the impact of the R5L mutation on Tau binding to microtubules. The R5L mutation disrupts Tau condensation on the
microtubule. (A) The R5 residue is important for salt bridge formation in WT-Tau that does not occur in R5L-Tau. (B) The salt bridge contacts in WT-Tau
allow Tau condensation that does not occur in R5L-Tau. Figure created with https://biorender.com/.

at higher Tau concentrations, where R5L-Tau shifts toward a
diffusive state, in agreement with less Tau patch formation
(Table 1). Further, R5L-Tau has a lower patch frequency and
fewer molecules per patch compared with WT-Tau at high con-
centrations (Fig. 2 B-D). Our NMR data reveal that the
decrease in the frequency and density of Tau patches on the
microtubule surface observed by TIRF microscopy is due to
changes in the local structure of the projection domain upon
introduction of the R5L mutation. Consistent with this finding,
previous work has shown that the deletion of the projection
domain abolished Tau cohesive islands formation (34). Taken
together, this indicates that the projection domain is necessary
for microtubule-bound Tau complex formation.

The ability of the RSL mutation to disrupt patch formation
is further supported by our work on GMPCPP microtubules,
which do not form Tau complexes (33, 35). There is no change
in binding behavior between WT-Tau and RSL-Tau on
GMPCPP microtubules, supporting that the shift in binding
behavior with the RSL mutation on Taxol microtubules is due
to disruption of patch formation (Table 1). Interestingly, there
is an overall reduction in the occupancy of Tau on GMPCPP
microtubules compared with Taxol microtubules, suggesting
that a shift toward diffusive binding contributes to the reduced
occupancy of R5L-Tau on Taxol microtubules. However, the
R5L mutation does not alter the binding-state equilibrium and
yet reduces the occupancy on GMPCPP microtubules, indicat-
ing that the reduction in occupancy with the RSL mutation is
more complicated than a shift in binding behavior and likely
due to the local structural changes within the projection
domain.

The loss of the arginine residue in R5L-Tau is likely to dis-
rupt one or more important salt bridges, which are known to
mediate intermolecular interactions between Tau molecules
(59) and between Tau and tubulin (60). However, due to the
high flexibility of the projection domain and the corresponding
lack of stable structure, the specific salt bridge the RSL muta-
tion disrupts is uncertain. The RS residue could be engaged in
a salt bridge within Tau, with other Tau molecules, or with the
microtubule. We hypothesize that the mechanism by which the
R5L mutation alters the behavior of microtubule-bound Tau is
through loss of a salt bridge involving RS, thus altering the
ensemble structural conformations occupied by the projection
domain. Our NMR data reveal that the RSL mutation disrupts

8 0of 10 | PNAS
https://doi.org/10.1073/pnas.2114215119

the local structure of Tau in solution, which could be attributed
to the loss of an intramolecular salt bridge. However, the struc-
tural change is enhanced in the presence of microtubules, and
therefore, a loss of an intramolecular salt bridge alone does not
fully explain how the R5L mutation would lead to disruption of
Tau patches. The N-terminal domain of Tau has been shown to
be important for intermolecular Tau interactions (61) and the
possible formation of an “electrostatic zipper” between Tau
molecules (59). Furthermore, the RS5L mutation disrupts
microtubule-bound Tau complexes, which are suggested to be
mediated by intermolecular Tau interactions involving the pro-
jection domain (34). Although the overall structure of Tau
within a Tau patch remains unclear, disruption on an intermo-
lecular Tau salt bridge between highly acidic projection
domains or with the C-terminal binding region of another Tau
molecule would lead to disruption of Tau patches. Finally, due
to the largely acidic surface of the microtubule, it is feasible
that RS is engaged in a salt bridge with tubulin. Microtubule-
induced NMR signal broadening shows a decrease in RSL-Tau
N-terminal interactions in the presence of microtubules, sug-
gesting that RS transiently associates with the microtubule sur-
face. Furthermore, STD measurements of peptides show a
reduced affinity with the RSL mutation. Taken together, these
experiments show that the RS5L mutation weakens the interac-
tion of the projection domain with the microtubule. Our data
are consistent with possible interactions of the projection
domain with the same microtubule or an adjacent microtubule
(62) in densely packed bundles in the axon. These three models
are not mutually exclusive, and based on the dynamic nature of
Tau, a loss of multiple transient interactions could contribute to
the overall effect of the RSL mutation, which is to disrupt
microtubule-bound Tau patches (Fig. 6).

Here, we find that the main effect of the disease-associated
RSL mutation is disruption of Tau patches, suggesting an
important physiological role for microtubule-bound complex
formation. Tau functions as a physiological regulator of axonal
transport and our results imply direct effects on the ability of
R5L-Tau to modulate motor protein motility. Static Tau com-
plexes are known to modulate the motility of kinesin-1
(KIF5C), acting as “roadblocks” on the microtubule (4, 6, 33,
34, 43, 63, 64). Additionally, Tau condensates have been shown
to reduce motility of dynein (35). Due to fewer static Tau
patches and a reduction in occupancy, we hypothesize that
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RS5L-Tau is less inhibitory of kinesin-1 and dynein motility com-
pared with WT-Tau. In contrast, diffusive Tau affects the motil-
ity of kinesin-3 (KIF1A) (65). Therefore, we would expect that
R5L-Tau is more inhibitory to KIF1A motility compared with
WT-Tau. However, it is also possible that structural changes in
the projection domain could allow R5L-Tau to directly interact
with motor proteins, which has been shown for other MAPs
(66, 67). Altogether, our data suggest that disruption of Tau
patches alters physiological cargo transport and is an intriguing
area of future investigation.

This work has additional implications on the ability of R5L-
Tau to regulate microtubules. Previous work has shown that,
compared with WT-Tau, R5L-Tau reduces total microtubule
assembly measured by absorbance at 350 nm (39, 40). The
reduction in absorbance could be attributed to a loss of individ-
ual microtubule assembly or bundling. The projection domain
has a known role in regulating the spacing of microtubule bun-
dles (68), and thus, the R5L mutation could reduce Tau-
induced microtubule bundling. However, the role of Tau patch
formation on microtubule regulation is unknown. It is possible
that Tau patches are important for microtubule stabilization,
which is another interesting avenue of future study.

Finally, our data have implications for pathological Tau. It is
proposed that the disease state in many Tauopathies is initiated
by promoting Tau aggregation and/or reducing Tau affinity for
the microtubule. Aggregation of hyperphosphorylated Tau is a
hallmark of Tauopathies, such as PSP, and structural changes to
the projection domain could alter the phosphorylation state or
aggregation propensity of R5L-Tau. Although there are some
putative phosphorylation sites in the N-terminal region around
the RS residue (69), NMR experiments show no global confor-
mational change in RSL-Tau. Therefore, it is unlikely that
overall phosphorylation patterns are affected by the mutation.
Furthermore, studies of the aggregation propensity of R5L-Tau
show no large effect of the mutation (39, 70, 71). In this work,
we also show that the R5L mutation, unlike other disease-
associated mutations, does not reduce Tau affinity for the
microtubule. Rather, through a local structural change in the
projection domain, the R5L mutation disrupts Tau patch for-
mation, suggesting that Tau patch formation is required for
normal Tau function. Therefore, we hypothesize that the mech-
anism by which the R5L mutation leads to disease is through
disruption of physiological Tau function, such as cargo trans-
port, which has been shown to be regulated by Tau complexes
(6, 34, 35). Overall, this work challenges the current paradigm
of Tauopathies and provides insight into the role of the
N-terminal projection domain in modulating normal and patho-
logical states of Tau on the microtubule surface.

Materials and Methods

Purification of Proteins. Tau constructs were purified, characterized, and fluo-
rescently labeled as described (33). Enrichment of 5N Tau was performed as
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described (25). Tubulin was purified from bovine brain (72) and polymerized
as described (33). Unless otherwise noted, purified proteins were maintained
in Brinkley Renaturing Buffer 80 (BRB80; 80 mM PIPES, 1 mM MgCl,, 1 mM
EGTA, pH 6.9). S| Appendix, Supplementary Information Text has details.

Microtubule Pelleting Assay. Microtubule pelleting assays were developed
based on Charafeddine et al. (73). Briefly, polymerized microtubules and
Alexa 488-labeled Tau constructs were incubated for 20 min at 25°C in
pelleting buffer (BRB80, 1 mM dithiothreitol, 10 pg/mL bovine serum albu-
min [BSA], pH 6.9) with the addition of 10 uM paclitaxel (Sigma Aldrich)
for Taxol microtubules in BSA-coated tubes. The reactions were centri-
fuged in a TLA-100 rotor in an Optima TLX Ultracentrifuge (Beckman).
The supernatant was removed, and the pellet was resuspended in ice-cold
BRB80 with 10 mg/mL BSA. Fluorescence was measured using a fluorome-
ter (Photon Technology International) with an excitation of 493 nm and
an emission of 517 nm. S/ Appendix, Supplementary Information Text
has details.

TIRF Microscopy. TIRF microscopy experiments were carried out at room
temperature using an inverted Eclipse Ti-E microscope (Nikon) with 100x
Apo TIRF objective lens (1.49 numerical aperture) and dual iXon Ultra Elec-
tron Multiplying charge-coupled device cameras running NIS Elements, ver-
sion 4.51.0. Tau binding assays were completed as previously described
with Alexa 488-labeled microtubules and Alexa 647-labeled Tau constructs
(43). TIRF dynamics assays using low concentrations of Tau were done as
described (43) using Alexa 488 microtubules and Alexa 647-labeled Tau.
Three color-spiking experiments examining dynamics at high concentra-
tions of Tau were performed using Alexa 405 microtubules and high con-
centrations of Alexa 488-labeled Tau spiked with 300 pM Alexa
647-labeled Tau. S/ Appendix, Supplementary Information Text has details.

CD. CD spectra of 10 pM WT-Tau and R5L-Tau were acquired on a Chirascan
(Applied Photophysics) spectrometer. S/ Appendix, Supplementary Information
Text has details.

NMR Spectroscopy. NMR experiments were performed on a Bruker 700-MHz
spectrometer equipped with a cryogenic probe. The 2D 'H-">N HSQC experi-
ments were recorded at 5°C on 10 uM '®N-labeled Tau in BRB80 buffer and
10% D0 in the absence or presence of 20 uM Taxol microtubules. For the
sequence-specific resonance assignment of the peptide (residues 1 to 20 of
Tau), natural abundance 2D "H-">N HSQC, 2D "H-"H total correlation spectros-
copy (TOCSY), and 2D "H-'H nuclear Overhauser effect spectroscopy were
recorded at 5°C on 2 mM samples in BRB80 buffer and 10% D,0. STD experi-
ments were recorded using the Bruker pulse sequence stdiffgp19.2 with 5 M
Taxol microtubules and peptides concentrations from 50 pM to 2 mM. S/
Appendix, Supplementary Information Text has details.

Data Availability. All study data are included in the article and/or supporting
information.
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