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Abstract

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 protein motility,
and participate in signaling cascades. Tau misregulation and point mutations are linked to
neurodegenerative diseases, including Progressive Supranuclear Palsy (PSP), Pick’s Disease 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 disease-associated mutation in
Tau, R5L, on Tau-microtubule interactions using an in vitro reconstituted system. Contrary to the
canonical disease-state theory, we determine the R5L mutation does not reduce Tau affinity for the
microtubule using Total Internal Reflection Fluorescence (TIRF) Microscopy. Rather, the R5L mutation
decreases the ability of Tau to form larger order complexes, or Tau patches, at high concentrations of
Tau. Using Nuclear Magnetic Resonance (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.

Significance Statement

The microtubule-associated protein Tau is strongly linked to a number of neurological diseases. Disease
onset is typically associated with weakened interaction with the microtubule, but this widely accepted
model is based on hyperphosphorylation or mutations within the C-terminal microtubule-binding domain
of Tau. Here, we find an N-terminal disease-associated mutation in Tau, R5L, does not reduce Tau
affinity for microtubules, but instead modifies the N-terminal structure, altering Tau’s behavior and ability
to condense on the microtubule surface. Our findings challenge the current paradigms of both how

mutations in Tau lead to disease and the functional role of the N-terminal region of Tau.

Main Text

Introduction

The microtubule-associated protein (MAP) Tau is an intrinsically 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 signaling cascades (7, 8). Misregulation and aggregation of Tau is linked
to a number of neurodegenerative diseases known as Tauopathies. These include Alzheimer's disease,
Frontotemporal Dementia, and Progressive Supranuclear Palsy (PSP) (9-13). Disease-associated
perturbations to Tau, including hyperphosphorylation, are generally thought to initiate the disease state by

decreasing the affinity for microtubules (14-16). In support, there are over 50 disease-associated
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mutations in Tau and many have been shown to either reduce Tau affinity for the microtubule (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 directly interface with the microtubule (23-28) in an extended
conformation along a single protofilament (29), largely contributing 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
projection domain, also contains alternatively spliced acidic inserts (zero, one or two), and has the lowest

contribution to the overall binding affinity of Tau for the microtubule (23, 31).

Additionally, Tau interaction with the microtubule is complicated 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 complexes 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 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 the protein, disease-
associated mutations also occur in N-terminal projection domain, specifically the R5 mutations (R5L,
R5H), associated with PSP (38). The R5L mutation has been shown to reduce microtubule assembly,
although the mechanism behind this change is unclear (39, 40). Deletion of the projection domain does
not reduce Tau affinity for the microtubule (26, 41, 42), but is necessary for Tau complex formation (34).
Thus, we hypothesize that the N-terminal disease-associated mutation R5L alters Tau binding behavior
on the microtubule, disrupting patch formation without altering Tau affinity. Our results suggest the R5L
mutation is unlike other disease-associated mutations and alters Tau-microtubule interactions in a

previously unreported manner, leading insight into a new potential disease mechanism.

Results

R5L-Tau reduces occupancy but does not alter affinity on Taxol-microtubules
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To study the effect of R5L-Tau on Tau:microtubule interactions, the R5L mutation was cloned into the
3RS isoform of Tau and the affinity of R5L-Tau was assessed relative to WT-Tau using a TIRF (Total
Internal Reflection Fluorescence) Microscopy binding assay as previously reported (43). Fluorescently
labeled Tau (10-300 nM WT-Tau or R5L-Tau) was incubated with microtubules stabilized with paclitaxel
(Taxol-microtubules) (Fig. 1A). The average Tau intensity on the microtubule was plotted against the Tau
concentration and fit to a cooperative binding model (Fig. 1B). It was determined the R5L mutation did not
significantly alter the affinity of Tau for Taxol-microtubules (WT-Tau Kp = 140 + 19 nM, R5L-Tau Kp = 98 +
10 nM) (Fig. 1B).

Interestingly, the TIRF binding assay revealed a two-fold difference in fluorescence intensity between
WT-Tau and R5L-Tau at binding saturation, despite similar affinities (Fig. 1B). It was determined this was
not due to a difference in labeling efficiency or quenching of the fluorescent probe (Fig. S9). Labeling
efficiency was determined by either a Modified Lowry assay in conjunction with absorbance to measure
dye concentration or through Liquid Chromatography-mass spectrometry (LCMS) to determine the
percent of modified cysteine residues (Supplemental methods). Therefore, we hypothesized the R5L
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
performed by incubating 100 nM labeled WT-Tau or R5L-Tau with varying concentrations of Taxol-
microtubules (50 nM — 1 uM). The relative amount of Tau bound to Taxol-microtubules was assessed by
measuring the fluorescence in the supernatant relative to the pellet. At saturating conditions, less R5L-
Tau bound to microtubules compared to WT-Tau (Fig. 1C).

The R5L mutation disrupts Tau patch formation

The TIRF binding assays also showed non-uniform binding of Tau along the microtubule as the
concentration increased (Fig. 1A, Movie S1-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). Therefore, we studied the effect of the R5L mutation on Tau patches by incubating 250 nM
Tau (WT-Tau or R5L-Tau) with Taxol-microtubules using TIRF microscopy (Fig. 2A). Patch frequency
was quantified as the number of patches per unit length along the microtubule. WT-Tau formed twice as
many patches per micron compared to R5L-Tau (WT-Tau = 0.36 + 0.21, R5L-Tau = 0.18 £ 0.21) (Fig.
2B). WT-Tau patches also contained approximately 50% more molecules than R5L-Tau patches (WT-Tau
= 3.3 £ 1.1 molecules/patch, R5L-Tau = 2.1 + 1.8 molecules/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 to R5L-Tau. Thus, WT-Tau forms

more numerous and larger patches compared to R5L-Tau.

R5L-Tau shifts binding behavior at high concentrations on Taxol-microtubules
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We investigated the difference in the binding behavior of individual R5L-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).
(33). Therefore, we studied the binding behavior of 500 pM WT-Tau or R5L-Tau bound to Taxol-
microtubules and measured the binding state equilibrium, diffusion coefficient and dwell times of both
static and diffusive events (representative kymographs are shown in Fig. S1). There was no significant
difference in the binding state equilibrium at low concentrations of both WT-Tau and R5L-Tau, with
approximately half of the binding events observed in the static state. (Table 1, Fig. S2). Additionally, the
R5L mutation had little effect on the diffusion coefficient or dwell time of individual molecules in either the
static or diffusive states (Table 1, Fig. S3-S4). Overall, this data showed little difference in the binding

behavior between WT-Tau and R5L-Tau at low concentrations.

However, at higher Tau concentrations, complexes comprised of statically bound Tau molecules form on
the microtubule (35). Due to the differences in R5L-Tau patch formation, we examined the binding
behavior of individual Tau molecules at high concentration by performing a spiking experiment where 250
nM Alexa 488 WT- or R5L-Tau was spiked with 300 pM Alexa 647 Tau (Movie S3-S4). We examined the
static-diffusive equilibrium, diffusion coefficient and the dwell times. At high concentrations of Tau, 48% of
WT-Tau bound statically compared to 17% for R5L-Tau (Table 1, Fig. S2). When bound diffusively, WT-
Tau had a lower diffusion coefficient compared to R5L-Tau (WT-Tau = 0.14 + 0.02 ym?/sec, R5L-Tau
=0.21 £+ 0.02 uym?/sec) (Table 1, Fig. S3). There was little difference in the dwell times of either static or
diffusive molecules (Table 1, Fig. S4). Thus, at high concentration R5L-Tau shifts to a predominantly
diffusive state (Table 1).

R5L-Tau reduces occupancy but does not alter affinity on GMPCPP-microtubules

On Taxol-microtubules, the R5L mutation had two effects: less Tau bound to the microtubule and fewer
Tau patches. However, it was unclear if these two effects of the R5L mutation were linked. Previous work
from our lab has shown that in comparison to Taxol-microtubules, Tau binds as single molecules and
does not form complexes on microtubules stabilized with guanosine 5'-[(a.,3)-methyleno] triphosphate
sodium salt (GMPCPP-microtubules) (33). Consistent with this data, recent work shows Tau condensates
do not form on GMPCPP-microtubules (35). Therefore, we studied R5L-Tau binding to GMPCPP
microtubules to examine the effect of the R5L 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 to Taxol-microtubules (44, 45). However, there was little difference in affinity
between WT-Tau and R5L-Tau (WT-Tau Kp = 300 + 25 nM, R5L-Tau Ko = 209 + 20 nM) (Fig. 3B, Movies
S5-S6). Interestingly, there was a two-fold change in fluorescence intensity between WT-Tau and R5L-
Tau at saturating concentrations (Fig. 3B). Microtubule pelleting assays confirmed that less R5L-Tau
bound to GMPCPP-microtubules compared to WT-Tau (Fig. 3C).
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The R5L 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 low concentrations, both WT-Tau
and R5L-Tau shift towards diffusive binding on GMPCPP-microtubules, consistent with previous work
from our lab (33), but there was no significant difference in the overall binding behavior of WT-Tau vs.
R5L-Tau. 26% of WT-Tau bound in the static state compared to 23% R5L-Tau (Table 1, Fig. S6), and
there was no difference in diffusion coefficient or diffusive dwell time. However, when bound statically,
WT-Tau had a higher dwell time compared to R5L-Tau (WT-Tau = 2.7 + 0.4 seconds, R5L-Tau=1.9 +
0.3 seconds) (Table 1, Figs. S7-S8).

A shift in binding behavior for R5L-Tau occurred at high concentrations on Taxol-microtubules (Table 1,
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- or R5L-Tau
spiked with 300 pM Alexa 647 Tau to visualize individual molecules on GMPCPP-microtubules (Table 1;
representative kymographs are shown in Fig. S5). At high concentrations, 15% of WT-Tau bound
statically compared to 14% R5L-Tau (Table 1, Fig. S6). Similar to low concentrations of Tau, there was
little difference in the diffusion coefficient or diffusive dwell time (Table 1, Figs. S7-S8). However, WT-Tau
had a higher dwell time compared to R5L-Tau (WT-Tau = 2.8 + 1.5 seconds, R5L-Tau =1.9 £ 0.9
seconds) in the static state (Table 1, Fig. S8), albeit this 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 examined 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. 4A) (46), and
hydrodynamic radii (R+) as determined by DLS (Fig. 4A). Two dimensional *H->N heteronuclear single
guantum coherence (HSQC) experiments Nuclear Magnetic Resonance (NMR) spectroscopy of 10 uM
5N-labelled Tau (WT-Tau or R5L-Tau) was then used to obtain residue-specific structural information (47,
48) on the effect of the R5L mutation. Alterations in chemical shift were observed within 5-10 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. 4B-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 residues (WT-Tau or R5L-

Tau (Fig. 4E-F). Similar to the full-length protein, chemical shift perturbations from natural abundance 2D
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IH-15N HSQC experiments on 1 mM peptides were observed in direct proximity to the site of mutation
(Fig. 4E). The two glutamate residues E3 and E7, which are one residue away from the R5L mutation,
showed the largest perturbations (Fig. 4F). The combined analysis demonstrates that the structural

changes caused by the R5L 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
IH-15N HSQC experiments of 10 uM °N-labelled WT-Tau or R5L-Tau in the absence or presence of 20
MM Taxol-microtubules (Fig. 5A). Upon binding to microtubules the signal intensity of Tau residues
interacting with the microtubule surface decreases (25), which can be visualized in an intensity ratio plot
(Fig. 5A). The strongest drop in signal intensity is seen for both proteins in the second proline-rich region
(P2) 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. 4C-
F), the R5L mutation does not influence the high-affinity C-terminal microtubule-binding domain of Tau. In
contrast, the R5L-mutation affects the N-terminal projection domain of Tau. The signal attenuation at the
N-terminus of R5L-Tau is weaker when compared to WT-Tau (Fig. 5A), which becomes particularly
evident upon inspection of the intensity difference plot (Fig. 5A). 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 for
the WT-Tau and R5L-Tau peptides in the presence of 5 uM Taxol-microtubules through the measurement
of the STD-NMR signals at increasing saturation time. For selected protons, i.e. Y18Hd and A2Hp the
STD build up curve is displayed (Fig. 5B). The analysis demonstrates that both peptides receive
magnetization from the microtubules, but the saturation transfer is more efficient for the WT-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 Y18H35 and A2Hp of the WT-Tau peptide were 1.3 +
0.3 mM and 0.9 £ 0.2 mM respectively. In case of the R5L-Tau peptide, we derived Kp values of 3.3 £ 1.5
mM and 2.7 £ 0.4 mM, respectively.

Discussion
Missense mutations or hyperphosphorylation of Tau that lead to neurodegeneration, such as PSP, are
generally thought to be initiated by a decrease in Tau'’s interaction with the microtubule. A reduction in

binding affinity has been demonstrated in previously studied disease-associated mutations in the
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microtubule binding region (e.g., A280K, P301L and V337M) (17, 52-56). However, the present work
challenges the generally accepted model of Tauopathies as the R5L 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 does not reduce Tau affinity (26, 41, 42). In support of this
finding, microtubule induced NMR signal broadening measurements show the largest attenuation of
signal occurs within the microtubule binding region, with no differences observed between WT-Tau and
R5L-Tau. Rather, R5L-Tau has a loss of microtubule-induced attenuation in the projection domain relative
to WT-Tau, suggesting a decreased engagement of the projection domain of R5L-Tau in intermolecular or

intramolecular interactions.

Although Tau is an intrinsically disordered protein, it populates an ensemble of conformations in solution
where the N-terminal domain interacts with the C-terminal domain (31, 48, 57, 58). Measurements of the
conformational ensemble of R5L-Tau through CD, DLS and NMR indicate no global conformational
changes, consistent with no change in affinity, relative to WT-Tau. Alterations in the N-terminus that
reduce Tau affinity such as phosphorylation of Y18 (43) cause global conformational changes to Tau (7),
likely through disruption of these transient long range interactions. However, this is not seen with R5L-
Tau as the R5L mutation only perturbs the local structure of Tau proximal to the mutation (up to ~10 AA
from R5). Furthermore, no long-range effects are measured in the presence of microtubules, where
changes to the microtubule-induced signal broadening remain local but are propagated approximately 50
residues from the site of the mutation.

However, the local changes in R5L-Tau alter Tau behavior and disrupts Tau patch formation on Taxol-
microtubules. Tau is known 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 complexes share similar properties. Our
previous work has shown that static Tau forms small complexes on Taxol-microtubules (33). Moreover,
recent work has shown Tau condensates/cohesive islands are comprised of statically bound molecules
(34, 35). Here, TIRF mobility assays show a concentration dependent shift in the binding behavior of R5L-
Tau on Taxol-microtubules, indicating 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 at higher Tau concentrations, where R5L-Tau shifts towards 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 to WT-Tau at high concentrations (Fig. 2B-D). Our
NMR data reveals the R5L mutation causes changes in the local structure of the projection domain,
consistent with previous work that showed the projection domain is necessary for formation of Tau

cohesive islands (34), and phase separation properties of Tau condensates (35).
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The ability of the R5L 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 R5L-Tau on GMPCPP-microtubules, supporting the shift in binding behavior with the R5L
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 to Taxol-microtubules,
suggesting a shift towards 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, indicating the reduction in occupancy with the R5L mutation is
more complicated than a shift in binding behavior, and likely due to the local structural changes within the

projection domain.

In our experiments, the percent of static molecules for WT-Tau is lower than previously reported,
specifically at the higher Tau concentrations (33, 43). However, binding state classification is complicated
by the ability of a single event to contain both static and diffusive binding states (33, 43). Additionally, the
binding state analysis used in the current study differs from our previous work and is more sensitive to
diffusive binding. Further analysis of the classification of binding state indicates WT-Tau has a stronger
dependence on the classification parameter at high Tau concentrations compared to low Tau
concentrations, suggesting there are more binding events that contain both static and diffusive behavior
at high Tau concentration (Fig. S10). Furthermore, the reduction in diffusion coefficient at high Tau
concentrations is also consistent with events that exhibit a mix of static and diffusive binding (Table 1).
Thus, events that contain both binding states are more likely to be classified as diffusive, decreasing the
percent static molecules at higher Tau concentrations. We find that compared to R5L-Tau, WT-Tau has
more static molecules at any classification parameter value (Fig. S10), further supporting the shift towards

diffusive binding for R5L-Tau and disruption of patch formation.

Previously, we showed that arginine residues are important in the formation of salt bridges between Tau
and tubulin (59). We hypothesize the mechanism by which the R5L mutation alters the behavior of
microtubule-bound Tau is through loss of a salt bridge involving R5, thus altering the ensemble structural
conformations occupied by the projection domain. However, due to the high flexibility of the projection
domain and corresponding lack of stable structure, the specific salt bridge the R5L mutation disrupts is
uncertain. The R5 residue could be engaged in a salt bridge within Tau, with other Tau molecules, or with
the microtubule. 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 R5L mutation, which is

to disrupt microtubule bound Tau patches (Fig. 6).
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The N-terminal region of Tau is largely acidic and the R5 residue could engage in an intramolecular salt
bridge with a number of amino acids found within the projection domain. NMR data reveal the R5L
mutation disrupts the local structure of Tau in solution, which could be attributed to the loss of an
intramolecular salt bridge. However, the structural change is enhanced in the presence of microtubules
and therefore, a loss of an intramolecular salt bridge alone does not fully explain the effect of the R5L

mutation.

An additional possibility is the R5 residue is engaged in an intermolecular Tau salt bridge that is disrupted
by the R5L mutation. The N-terminal domain of Tau has been shown to be important for intermolecular
Tau interactions (60) and the possible formation of an “electrostatic zipper” between Tau molecules (61).
An intermolecular Tau salt bridge could occur between highly acidic projection domains or with the C-
terminal binding region of another Tau molecule, although the overall structure of Tau within a
microtubule-induced complex remains unclear. Furthermore, the R5L mutation disrupts microtubule
bound Tau complexes, which are suggested to be mediated by intermolecular Tau interactions involving

the projection domain (34).

Finally, due to the largely acidic surface of the microtubule, it is feasible R5 is engaged in a salt bridge
with tubulin. Microtubule induced NMR signal broadening show a decrease in R5L-Tau N-terminal
interactions in the presence of microtubules, suggesting R5 transiently associates with the microtubule
surface. Furthermore, STD measurements of peptides show a reduced affinity with the R5L mutation.
Taken together, these experiments show the R5L mutation weakens the interaction of the projection
domain with the microtubule. Our data is consistent with possible interactions of the projection and
microtubule-binding domains on the same microtubule or an adjacent microtubule (62), depending on
microtubule organization. For example, the R5 residue could interact with adjacent microtubules in

densely packed bundles in the axon.

Here we find the main effect of the R5L mutation is disruption of Tau patches, suggesting an important
physiological role for microtubule bound complex formation. Tau functions as a physiological regulator of
cargo transport within the axon and our results imply direct effects on the ability of R5L-Tau to modulate
motor protein motility. Static Tau complexes are known to modulate the moatility of kinesin-1 (KIF5C),
acting as “roadblocks” on the microtubule (4, 6, 33, 34, 43, 63, 64). Due to fewer static Tau patches and a
reduction in occupancy, we hypothesize R5L-Tau is less inhibitory of kinesin-1 motility compared to WT-
Tau. In contrast, diffusive Tau affects the motility of kinesin-3 (KIF1A) (65). Therefore, we would expect
R5L-Tau is more inhibitory to KIF1A motility compared to WT-Tau. However, it is also possible that
increased flexibility of the projection domain could allow R5L-Tau to directly interact with motor proteins,
which has been shown for other MAPs (66, 67). Altogether, the effect of R5L-Tau on cargo transport is an

intriguing area of future investigation.
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This work has additional implications on the ability of R5L-Tau to regulate microtubules. Previous work
has shown, compared to 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 individual microtubule
assembly or bundling. The projection domain has a known role in regulating the spacing of microtubule
bundles (68), and thus the R5L mutation could reduce Tau induced microtubule bundling due to
disruption of the R5 salt bridge with an adjacent microtubule. It is also possible that the R5L mutation
reduces the ability of Tau to stabilize individual microtubules due to disruption of patch formation, another

interesting avenue of future study.

Finally, our data has 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 increased
flexibility of the projection domain could alter the phosphorylation state or aggregation propensity of R5L-
Tau. There are a number of putative phosphorylation sites in the N-terminal region around the R5 residue
(69). However, NMR experiments show no global conformational change in R5L-Tau, and it is therefore
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, but alters microtubule bound behavior and disrupts Tau patch formation. Overall, this
work challenges the current paradigm of Tauopathies and provides new insight into the role of the N-
terminal projection domain in modulating normal and pathological states of Tau on the microtubule

surface.

Materials and Methods
Purification of Proteins. Tau constructs were purified, characterized, and fluorescently labeled as
described (33). Enrichment of >N Tau was performed as described (25). Tubulin was purified from

bovine brain (72) and polymerized as described (33). See Sl Text for details.

Microtubule Pelleting Assay. Microtubule pelleting assays were developed based on Charafeddine et
al., (2019) (73). Briefly, polymerized microtubules and Alexa 488 labeled Tau constructs were incubated
for 20 min at 25 °C in pelleting buffer (BRB80 1mM Dithiothreiol (DTT), 10 pg/ml Bovine Serum Albumin
(BSA) pH 6.9) with the addition of 10 uM paclitaxel (Sigma Aldrich, St. Louis, MO) for Taxol-microtubules
in Bovine Serum Albumin (BSA) coated tubes. The reactions were centrifuged in a TLA-100 rotor in an
Optima TLX Ultracentrifuge (Beckman, Pasadena, CA). The supernatant was removed, and the pellet

was resuspended in ice cold BRB80 with 10 mg/ml BSA. Fluorescence was measured using a

11


https://doi.org/10.1101/2021.10.15.464588
http://creativecommons.org/licenses/by-nc-nd/4.0/

O 00 N O L1 A W N -

W W W W W W NN DNDNNNDNDNDNMNDNRRRRRRRRR PR
U A W NP O OO0WNO OUVLEAE WDNPEPE O OOWOWNO UL PP WNPELO

w ww
(ool N Ne)]

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464588; this version posted October 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

fluorometer (Photon Technology International, Birmingham, NJ) with an excitation of 493 nm and

emission of 517 nm. See Sl Text for details.

TIRF Microscopy. Total Internal Reflection Fluorescent (TIRF) microscopy experiments were carried out
at room temperature using an inverted Eclipse Ti-E microscope (Nikon, Melville, NY) with 100x Apo TIRF
objective lens (1.49 N.A.) and dual iXon Ultra Electron Multiplying CCD cameras, running NIS Elements
version 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 concentrations of Tau were performed using Alexa
405 microtubules, high concentrations of Alexa 488 Tau spiked with 300 pM Alexa 647 Tau. See Sl Text
for details.

Circular Dichroism. Circular dichroism spectra of 10 yM WT-Tau and R5L-Tau were acquired on a

Chirascan (Applied Photophysics, UK) spectrometer. See Sl Text for details.

NMR Spectroscopy. NMR experiments were performed on a Bruker 700 MHz spectrometer equipped
with a cryogenic probe. 2D H-N HSQC experiments were recorded at 5 °C on 10 uM *N-labelled Tau
in BRB8O buffer and 10% D20, in the absence or presence of 20 uM Taxol-microtubules. For the
sequence-specific resonance assignment of the peptide (residues 1-20 of Tau), natural abundance 2D
IH-15N HSQC, 2D 'H-'H TOCSY and 2D 'H-'H NOESY were recorded at 5 °C on 2 mM samples in
BRB80 buffer and 10% D20O. STD experiments were recorded using the Bruker pulse sequence
stdiffgp19.2 with 5 uM Taxol-microtubules and peptides concentrations from 50 yM to 2 mM. See S| Text
for details.
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Figure Legends
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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 fit to a cooperative binding model comparing
WT-Tau (black, Ko = 140 + 19 nM with Hill Coefficient = 1.4 + 0.1) and R5L-Tau (orange, Ko = 98 + 10 nM
with Hill Coefficient = 1.8 + 0.2). Data are mean + 95% CI. (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 uM Taxol-microtubules. Data are mean + SD (N = 3). Statistical analysis was
performed using students 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 (top) and R5L-Tau (bottom) at 250 nM Tau concentration. B. Patch frequency of
WT-Tau (black, 0.36 £ 0.21 patches/um) and R5L-Tau (orange, 0.18 + 0.21 patches/um). Data are mean
+ SD (N = 80 kymographs). Statistical analysis was performed using students t-test (*p < 0.05). C.
Number of fluorescent molecules per patch of WT-Tau (black, 3.3 £ 1.1 fluorescent molecules/patch) and
R5L-Tau (orange, 2.1 + 1.8 fluorescent molecules/patch). Data are mean + SD (N = 80 kymographs).
Statistical analysis was performed using students 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 Mann-Whitney test (*p < 0.01).
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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 comparing WT-Tau (grey, Ko = 300 + 25 nM
with Hill Coefficient = 2.6 + 0.3) and R5L-Tau (red, 209 + 20 nM with a Hill Coefficient = 2.9 + 0.4). Data
are mean x 95% CI (N = 4) C. Microtubule pelleting assay comparing relative fluorescence bound Tau of
300 nM WT-Tau (grey, 0.57 + 0.08) or R5L-Tau (red, 0.42 £ 0.04) bound to 1 pyM GMPCPP-microtubules.
Data are mean + SD (N = 3) Statistical analysis was performed using students t-test (*p < 0.05).

18


https://doi.org/10.1101/2021.10.15.464588
http://creativecommons.org/licenses/by-nc-nd/4.0/

O 00 N OO U1 & W N

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464588; this version posted October 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Percent Diffusion Dwell time Dwell time
static Coefficient static diffusive
% pm’/sec sec sec
Taxol Low Conc. WT-Tau 45 0.29 +0.04 15+03 14+01
R5L-Tau 57 0.33+0.04 1.6+£0.2 1.2+0.2
High Conc. WT-Tau 48 0.14 +0.02 18+04 24+0.3
R5L-Tau 17* 0.21 + 0.02* 21+0.3 23%£0.2
GMPCPP Low Conc. WT-Tau 26 0.75+0.10 2205 1.1+£0.2
R5L-Tau 23 0.75+0.10 1.0+£0.2* 0.9+0.1
High Conc. WT-Tau 15 0.50 + 0.08 20x0.6 15+04
R5L-Tau 14 0.44 +0.09 1.1+£0.1 1.2+0.1

Table 1. Summary of WT-Tau and R5L-Tau behavior on microtubules.

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
250 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 Tau
with 300 pM Alexa 647 Tau. Dwell times and diffusion coefficients are represented as median + 95% CI.
(*p < 0.01) relative to WT-Tau under same conditions.
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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 circular dichroism (CD; left) and dynamic light
scattering (DLS; right). CD data are reported as Mean Residue Ellipticity (MRE) 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 a dashed, green line and the asterisk) shows chemical shift

perturbations above the threshold (dashed orange line). The threshold was calculated as the standard

deviation between all the dDNH values and multiplied by a factor of 2. The domain organization of Tau is

displayed on top of the plot. D. Zoom of selected regions of superimposed *H->N HSQC spectra of WT-

Tau (black) and R5L-Tau (orange); shifts are indicated by green arrows. E-F. NMR characterization of
WT-Tau and R5L-Tau peptides (residues 1-20 of Tau and R5L-Tau, respectively). Superposition of 2D
THSN-HSQC spectra of Tau (black) and R5L-Tau (orange) peptides (E). Sequence-specific resonance

assignments are indicated. Chemical shift perturbations (top panel) and intensity ratios (bottom panel) in

the R5L-Tau peptide (F).

20


https://doi.org/10.1101/2021.10.15.464588
http://creativecommons.org/licenses/by-nc-nd/4.0/

O 00 N OO U1 A W N B

[ S e
w N B O

available under aCC-BY-NC-ND 4.0 International license.

Y18H&

V10Hy1
+7.0 /

55| TI7HY VIQHR2

Lot /lmt

A2H
5 B

r8.0

| (R ] cai |
F8.5

B

| Lk

F#WM

FRRY b o (A
T T T T T T T T T T T T T T T
80 78 76 74 72 70 68 66 64 13 12 11 10 09 08 07

1H 1D Tau
0.4 — TH (ppm) H (ppm)

F8Hy | H14Hy
T T T T

F8He Y18HY
T T T
0 50 100 150 200 250 300 350
Residue number

Y18H3 A2H
Cc B

Ky=0.9+0.2mM

Kp=1.3£0.3mM
0.8 33115

IS

w
<<
0.4

~N

STD effect (10-2)
STD effect (103)

. 0.0 ¥ - T : ) ¢ ; . . :
o 2 4 6 8 0 500 1000 1500 2000 4 6 0 500 1000 1500 2000
Time (s) Protein Concentration (uM) Time (s) Protein Concentration (LM)

o

Fig. 5. The R5L mutation attenuates the interaction of the projection domain of Tau in the

presence of microtubule.
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A. Site-specific changes in the NMR signal intensities of WT-Tau (10 uM; black bars) or R5L-Tau (10 puM;

orange line) upon addition of 20 uM Taxol-microtubules (1:2 molar ratio of Tau:tubulin heterodimer). l-mr

and l+ut are the intensities of H-1>N HSQC cross peaks in the absence and presence of microtubules,

respectively. The dashed grey line displays the residue-specific differences between WT-Tau and R5L-

Tau. The site of mutation is indicated by the green bar and asterisk. B. Superposition of the aromatic (left

panel) and methyl (right panel) regions of *H 1D and 'H -'H 2D TOCSY spectra of the Tau peptide

(residues 1-20 of Tau) showing its assignment. The signals of Y18Hd and A2Hb (shown in red) were

used for further STD NMR analysis. C. STD effect and Ko values calculated for Y18Hd and A2Hb of the

N-terminal peptides of WT-Tau (black) and R5L-Tau (orange) for binding to 5 uM Taxol-microtubules.
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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 (left) that does not occur in R5L-Tau (right). B. The salt bridge contacts in

WT-Tau (left) allow Tau condensation that does not occur in R5L-Tau (right).
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