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Tau is an intrinsically disordered, microtubule-associated
protein that has a role in regulating microtubule dynamics.
Despite intensive research, the molecular mechanisms of Tau-
mediated microtubule polymerization are poorly understood.
Here we used single-molecule fluorescence to investigate the
role of Tau’s N-terminal domain (NTD) and proline-rich region
(PRR) in regulating interactions of Tau with soluble tubulin. We
assayed both full-length Tau isoforms and truncated variants for
their ability to bind soluble tubulin and stimulate microtubule
polymerization. We found that Tau’s PRR is an independent
tubulin-binding domain that has tubulin polymerization capac-
ity. In contrast to the relatively weak interactions with tubulin
mediated by sites distributed throughout Tau’s microtubule-
binding region (MTBR), resulting in heterogeneous Tau:
tubulin complexes, the PRR bound tubulin tightly and stoi-
chiometrically. Moreover, we demonstrate that interactions
between the PRR and MTBR are reduced by the NTD through a
conserved conformational ensemble. On the basis of these
results, we propose that Tau’s PRR can serve as a core tubulin-
binding domain, whereas the MTBR enhances polymerization
capacity by increasing the local tubulin concentration. More-
over, the NTD appears to negatively regulate tubulin-binding
interactions of both of these domains. The findings of our study
draw attention to a central role of the PRR in Tau function and
provide mechanistic insight into Tau-mediated polymerization
of tubulin.

Tau belongs to a family of microtubule-associated proteins
that generally function to modulate microtubule stability and
dynamics (1, 2). Deposition of aggregates of Tau is linked to a
number of neurodegenerative disorders, collectively known as
tauopathies (reviewed in Ref. 3). Cell death is thought to arise
from the process of aggregation as well as from loss of func-
tional Tau and subsequent destabilization of microtubules
(3–5).

Tau is an intrinsically disordered protein, and it appears to
remain largely disordered, even upon binding to soluble tubulin
(6) or microtubules (7, 8). In vitro, Tau decreases the critical
concentration for tubulin polymerization and regulates micro-
tubule growth rates, catastrophe frequency, and recovery
(9 –11). More recently, Tau has been observed to sequester sol-
uble tubulin during liquid–liquid phase separation, leading to
microtubule polymerization and bundling (12). It has been pro-
posed that this phenomenon may underlie the initiation of
microtubules in the axons of neurons.

In the brain, there are six different isoforms of Tau, arising
from alternative splicing, resulting in the presence of no, one, or
two inserts in the N-terminal domain (NTD)2 and three or four
repeats within the microtubule-binding region (MTBR) (Fig. 1)
(13). Expression of these isoforms is regulated across develop-
mental stage, cell type, and cellular location (3, 13). The MTBR
is the best-studied domain of Tau because it contains the 31- or
32-residue-long eponymous repeat sequences that are impor-
tant for binding to microtubules (14 –16), but it also forms the
core of aggregates in tauopathies (Fig. 1) (16 –19). Several
recent studies have focused on the role of R’, the �25 residues
C-terminal to the MTBR, a highly conserved sequence some-
times referred to as a pseudo-repeat (Fig. 1) (20 –23). N-termi-
nally flanking the MTBR is the proline-rich region (PRR), com-
posed of �25% prolines across two subregions, P1 and P2 (Fig.
1). Addition of P2 and R’ to MTBR fragments increases micro-
tubule binding and stimulates polymerization (9 –11, 20 –24).
The NTD, together with P1, is thought to regulate binding to
and spacing of microtubules (9, 25–28) and mediate interac-
tions with other cellular partners, such as signaling proteins
(reviewed in Ref. 29) or the plasma membrane (30).

Despite intense interest in Tau, the molecular details of its
numerous proposed functions remain relatively obscure. This
is in part due to the challenges that arise from its lack of a stable
structure (31) and because it does not seem to form well-de-
fined stoichiometric complexes with tubulin (21). To illustrate,
it was demonstrated more than 20 years ago that P2 (9, 10, 23)
greatly enhanced Tau binding to microtubules and its ability to
polymerize tubulin (16), but this region of Tau is not observed
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in a recent structure of microtubule-bound Tau (7). It may be
that P2 enhances binding indirectly through interactions with
the MTBR (23) or that bound P2 is too disordered and dynamic
on the microtubule surface to be resolved by EM. These appar-
ently diverging observations and the need to reconcile them
highlight the requirement for studies of Tau function that look
beyond the MTBR.

Here we investigate the role of the NTD and PRR in regulat-
ing Tau’s interactions with soluble tubulin. Single-molecule
FRET (smFRET) and fluorescence correlation spectroscopy
(FCS) of the full-length, N-terminal variants that contain four
MTBR repeats (tau2N, tau1N, tau1N*, and tau0N) were used to
monitor binding and probe Tau’s conformation in Tau:tubulin
assemblies. We found that, in the absence of tubulin, the NTD
interacts with the PRR and MTBR through a conserved confor-
mational ensemble. The NTD negatively regulates binding to
soluble tubulin and subsequently slows polymerization. Strik-
ingly, we found that the isolated PRR is capable of both stoichio-
metric binding to and polymerization of soluble tubulin. The
presence of the NTD dramatically reduces the binding and poly-
merization capacity of the PRR. Based on our results, we pro-
pose a model where the PRR serves as a core tubulin-binding

domain of Tau, with both binding and polymerization capacity
enhanced by the MTBR and R’ and reduced by the NTD.

Results

Conformational ensemble of Tau’s NTD/PRR/MTBR is
conserved across isoforms

In solution, the N terminus of Tau makes relatively close
contacts with both the MTBR and the C terminus (32), which
are lost when Tau binds soluble tubulin (6). We used smFRET
to assess how the N-terminal inserts impact Tau’s solution con-
formational ensemble. Full-length Tau isoforms were labeled
with donor and acceptor fluorophores at sites spanning
domains of interest (Fig. 2A). The mean energy transfer effi-
ciencies, ETeff, were converted to experimental root-mean-
square (RMSexp) distances using a Gaussian coil model (see
“Experimental procedures” for details).

For constructs probing the C terminus, tau291– 433, as well as
the PRR, tau149 –244, all three isoforms gave rise to comparable
RMSexp values (Fig. 2B and Table 1); this was expected, as the
number of residues encompassed by the probes is the same for
all three NTD isoforms. The constructs probing the NTD,
tau17–149, also exhibited predicted behavior in that the presence
of each N-terminal insert resulted in an increase in the RMSexp
(Fig. 2B and Table 1).

Interestingly, constructs whose labels span the NTD through
the PRR, tau17–244, or the NTD through part of the MTBR,
tau17–291, had comparable ETeff histograms, and, thus, RMSexp
values in solution despite an increase of up to 60 residues
between isoforms (Fig. 2B and Table 1). Similarly, the RMSexp
values for the constructs probing the entirety of the isoforms,
tau17– 433, were also nearly equivalent; this is consistent with
our observations of comparable RMSexp values for the sub-
domain constructs, tau17–291 and tau291– 433, which make up
tau17– 433 (Fig. 2B and Table 1). The similar interdomain
distances suggest homologous conformational ensembles
between isoforms. Moreover, the ensembles for tau17–244 and
tau17–291 are significantly more compact than expected for a
random coil. To illustrate, the RMSexp values of the tau17–291

isoforms are of similar magnitude as those of tau149 –244 despite
being 120 to 180 residues longer (Fig. 2B and Table 1). Further-
more, the dimensions of tau149 –244 are close to values predicted
for an excluded volume polymer of an equivalent number of
residues (gray dashed line in Fig. 2, B and C; values calculated in
Table 1) so that, despite encompassing this very expanded
region, tau17–244 and tau17–291 constructs are very compact.

The comparable ETeff values for tau17–244 and tau17–291 con-
structs, irrespective of the number of N-terminal inserts, sug-
gested conserved interactions within the NTD/PRR/MTBR
that were not strongly dependent upon sequence. To test this,
we deleted the N1 insert from tau2N to create tau1N* (Fig. 1). As
expected, the ETeff values and, consequently, the calculated
RMSexp values for tau17–149, tau149 –244, and tau291– 433 con-
structs of tau1N* were all comparable with those of the physio-
logical isoforms (Fig. 2B and Table 1). Consistent with our
hypothesis, smFRET measurements of tau17–244, tau17–291, and
tau17– 433 constructs of tau1N* gave rise to RMSexp values com-
parable with those measured for the same constructs of tau0N,

Figure 1. Schematics of Tau constructs. The uppermost schematic shows the
longest Tau isoform, tau2N. The domains and corresponding residues that
delineate them are marked: the NTD with N-terminal inserts (N1 and N2), the
PRR with subregions (P1 and P2), and the MTBR with four imperfect repeat
sequences (R1–R4) flanked by the pseudo-repeat R’ and the C terminus.
Shown below are the additional Tau isoforms and truncated variants used in
this study. All numbering of residues throughout the manuscript is based on
tau2N. The nomenclature from Ref. 9 is shown in parentheses for relevant con-
structs. The corresponding amino acids for each construct with deletions sub-
scripted are given.
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tau1N, and tau2N (Fig. 2B and Table 1). As a whole, our data
demonstrate that the conserved ensemble within the NTD/
PRR/MTBR are not insert-dependent but arise from a more
general interaction mechanism within these domains. Both the
MTBR and the PRR carry a positive net mean charge compared
with the NTD, which carries a negative net mean charge irre-
spective of the specific isoform (Table 2) (55). One feasible
explanation is that attractive electrostatic interactions between
the NTD and the PRR/MTBR result in a compact ensemble that
is largely independent of the inserts themselves. Upon binding
to tubulin, deviations from scaling behavior were diminished,
and all constructs yielded RMSexp values that scaled with the

number of residues in a manner consistent with an extended
random structure (Fig. 2C and Table 1) (6 –8).

Tau’s NTD negatively regulates tubulin binding

The conservation of the conformational ensembles across
N-terminal isoforms suggests a functional origin. This led us to
examine the impact of the N-terminal inserts on Tau binding to
soluble tubulin. Tubulin binding was assessed by FCS under
nonpolymerizing conditions. Fluorescently labeled Tau was
measured in the presence of increasing concentrations of tubu-
lin. Both the longest full-length isoform, tau2N, and an NTD
deletion fragment, tau�N (amino acids 148 – 441), bound

Figure 2. SmFRET of Tau N-terminal isoforms. A, schematic of the reference construct tau2N, with residues labeled for smFRET measurements indicated. B,
SmFRET histograms of tau2N, tau1N, tau1N*, and tau0N in the absence (dark, left axis) and presence (light, right axis) of 10 �M tubulin. Labeling positions are
indicated at the top of each column. The histograms are fit to a sum of Gaussian distributions to determine the mean ETeff as detailed under “Experimental
procedures.” Measurements were carried out in phosphate buffer (pH 7.4) at 20 °C. C, RMSexp were plotted in the absence (left) and presence (right) of 10 �M

tubulin (53). Shaded regions indicate RMSexp that are too large to be determined accurately by the Alexa 488 –Alexa 594 fluorophore pair. For reference, the RMS
calculated for a random coil (RMSRC) as in Ref. 54 is indicated by the gray dashed line. Data are presented as mean � S.D. n � 3 independent measurements. See
Table 2 for numerical values of ETeff � S.D., RMSexp � S.D., and RMSRC for each construct.
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tubulin, as seen by an increase in the normalized diffusion time,
�norm, with increasing tubulin concentration (Fig. 3 and Table
3). However, there are significant differences in the binding
curves; tau2N reached its maximum �norm at �2.5 �M tubulin,
whereas the �norm for tau�N continued to increase. At 10 �M

tubulin, the �norm of tau�N was more than two times larger than
that of tau2N (Fig. 3). This effect was specific to the NTD. Bind-
ing by a C-terminal deletion construct, tau�C (amino acids
1–395), resembled that of tau2N (Fig. 3), whereas a combined
N-terminal and C-terminal deletion construct, PRR-MTBR-R’
(amino acids 148 –395) behaved like tau�N (Fig. 3). These mea-
surements suggest that the NTD of Tau reduces or negatively
regulates its binding to soluble tubulin, whereas the C terminus
does not have a significant role. The �norm values measured at
10 �M tubulin for constructs lacking the NTD are significantly
greater than those including this domain, �2.7 ms as compared
with �1 ms, with a larger spread in the diffusion times sampled
(Fig. 3). In our prior work, we demonstrated that Tau forms
fuzzy complexes with soluble tubulin consisting of multiple,
weakly associated tubulin dimers (21). Using a similar approach
as described in that work, we analyzed the individual autocor-

relation curves of tau2N and PRR-MTBR-R’ taken in the pres-
ence of 10 �M tubulin to assess the heterogeneity of the Tau:
tubulin complexes (Fig. 4A; for details regarding the analysis,
see “Experimental procedures”). From this analysis, it was
apparent that Tau:tubulin complexes formed by PRR-
MTBR-R’ were, on average, larger (median diffusion time,
�median, � 2.02 ms) than those formed by tau2N (�median � 1.29
ms), and that PRR-MTBR-R’–tubulin complexes also had the
largest spread in diffusion times (1.26 –2.89 ms). These com-
plexes persisted at 300 mM KCl, indicating that they were not
only present in low-salt buffer (Table 4). Analysis of the average

Table 1
Summary of SmFRET biophysical data of Tau N-terminal isoforms
All numbering is based on tau2N. Unless otherwise noted, all constructs contain C291S and C322S mutations. “Labels” identifies the residues mutated to cysteine for
site-specific labeling. Mean ETeff values are from fits to histograms as shown in Fig. 2 from measurements in the absence and presence of 10 �M tubulin. Values are mean �
S.D. for three or more independent measurements of 20 – 40 pM Tau in phosphate buffer (pH 7.4) at 20 °C. RMSexp was calculated from mean ETeff values as described under
“Experimental Procedures,” and RMSRC was calculated from the theoretical random coil model for the number of residues noted (54).

Isoform Labels No. of Residues
ETeff RMSexp (Å)

RMSRC (Å)�Tubulin �Tubulin �Tubulin �Tubulin

tau2N 17 433 417 0.27 � 0.02 0.10 � 0.01 88 � 3 134 � 2 181
17 291 275 0.52 � 0.02 0.11 � 0.02 62 � 1 129 � 6 141
17 244 228 0.62 � 0.01 0.11 � 0.01 52 � 1 127 � 2 126
17 149 133 0.48 � 0.01 0.25 � 0.01 64 � 1 92 � 1 91
149 244 96 0.43 � 0.01 0.39 � 0.01 68 � 1 72 � 1 75
291 433 143 0.44 � 0.01 0.31 � 0.02 67 � 1 82 � 3 95

tau1N 17 433 386 0.24 � 0.01 0.13 � 0.01 92 � 2 124 � 5 172
17 291 245 0.46 � 0.01 0.15 � 0.03 65 � 1 116 � 11 131
17 244 198 0.60 � 0.01 0.18 � 0.01 54 � 1 108 � 3 115
17 149 103 0.53 � 0.01 0.37 � 0.01 59 � 1 75 � 1 78
149 244 96 0.44 � 0.01 0.36 � 0.01 67 � 1 76 � 1 75
291 433 143 0.42 � 0.01 0.30 � 0.01 69 � 1 84 � 2 95

tau1N* 17 433 386 0.26 � 0.01 0.12 � 0.01 89 � 1 125 � 2 172
17 291 245 0.45 � 0.01 0.14 � 0.02 66 � 2 117 � 10 131
17 244 198 0.58 � 0.01 0.14 � 0.01 56 � 1 117 � 2 115
17 149 103 0.56 � 0.01 0.39 � 0.01 57 � 1 73 � 1 78
149 244 96 0.41 � 0.01 0.38 � 0.01 70 � 1 73 � 1 75
291 433 143 0.46 � 0.01 0.30 � 0.01 65 � 1 83 � 1 95

tau0N 17 433 358 0.28 � 0.02 0.15 � 0.01 86 � 1 115 � 5 165
17 291 216 0.46 � 0.01 0.19 � 0.01 67 � 1 103 � 3 122
17 244 168 0.61 � 0.01 0.20 � 0.01 54 � 1 101 � 2 105
17 149 75 0.72 � 0.01 0.60 � 0.01 46 � 1 54 � 1 65
149 244 96 0.44 � 0.01 0.40 � 0.01 68 � 1 71 � 1 75
291 433 143 0.46 � 0.01 0.30 � 0.02 65 � 1 83 � 2 95

Table 2
Charge profile of individual Tau domains
The net charge is the number of positively charged residues minus the number of
negatively charged residues for each domain listed, calculated at pH 7.4 using
Sequence Manipulation Suite (55). The mean net charge is the net charge divided by
the number of residues for each domain.

Domain No. of Residues Net Charge Mean Net Charge

NTD2N 149 �21 �0.14
NTD1N 119 �18 �0.15
NTD1N* 120 �13 �0.11
NTD0N 90 �10 �0.11
PRR 94 14 0.15
MTBR 125 9 0.07
MTBR-R’ 152 12 0.08
C-terminus 44 �3 �0.07

Figure 3. Inhibition of tubulin binding by the NTD. The increase in �norm as
a function of tubulin concentration reflects binding of fluorescently labeled
Tau to unlabeled tubulin. All measurements were carried out in phosphate
buffer (pH 7.4) at 20 °C. Data are presented as mean � S.D., n � 3 independent
measurements. See “Experimental procedures” for details regarding data
analysis. See Table 3 for numerical values for �D and �norm at 10 �M tubulin and
the labeling position for each construct.
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brightness, counts per molecule (CPM), of the diffusing species
demonstrated that, although tau2N typically consisted of a sin-
gle Tau molecule, the PRR-MTBR-R’–tubulin complexes, espe-
cially the larger ones, may contain several Tau molecules (Fig.
4B and Table 4).

Measurements of tubulin binding by all three physiological
N-terminal isoform variants (tau2N, tau1N, and tau0N), as well as
by tau1N* revealed their binding curves to be comparable (Fig.
5A). As observed for tau2N, analysis of the individual autocor-
relation curves of tau1N, tau1N*, and tau0N demonstrates that
these isoforms also form smaller Tau:tubulin complexes than
PRR-MTBR-R’ (Fig. 5B), containing only a single Tau (Fig. S1
and Table 4). Analysis of diffusion times and brightness of the
complexes suggests that the NTD limits the average number of
tubulin dimers bound to a single Tau molecule and the average
number of Tau found in Tau:tubulin complexes.

We explicitly tested for sequence specificity in the NTD’s
regulation of tubulin binding by scrambling the sequence of the
N1/N2 inserts while retaining a distribution of charged and
hydrophobic residues similar to the N1/N2 WT sequence,
tau2Nscr (Fig. 1 and Fig. S2). As predicted, both the tubulin bind-
ing curve as well as the heterogeneity analysis of tau2Nscr are
comparable with tau2N (Fig. S3 and Tables 3 and 4). Along with
our smFRET measurements, these data support a model
whereby regulation of tubulin binding by the NTD is largely
independent of sequence and insert, likely arising from gen-
eral electrostatic interactions between the NTD and the
PRR/MTBR.

To determine a relationship between tubulin binding and
polymerization of these constructs, the polymerization capac-
ity of each construct was quantified. PRR-MTBR-R’ had the
fastest polymerization half-time (t1⁄2 � 52 � 7 s) whereas the

Table 3
Summary of FCS biophysical data of Tau isoforms and constructs
All numbering is based on tau2N. Unless otherwise noted, all constructs contain C291S and C322S mutations. CFCS is the residue number mutated to cysteine for labeling
for FCS measurements. �D of Tau constructs are in the absence and presence of 10 �M tubulin. CPMnorm is the average CPM of labeled Tau in the presence of tubulin divided
by the CPM of labeled Tau without tubulin. Values are mean � S.D. for three or more independent measurements. Each measurement is the fitted average of multiple FCS
curves from 15–25 nM Tau incubated with 10 �M tubulin in phosphate buffer (pH 7.4) at 20 °C. Asterisks indicate measurements with 300 mM KCl. The �norm is calculated
as described under “Experimental procedures.”

Construct CFCS

�D (ms) �norm (ms) CPM (kHz) CPMnorm (kHz)
�Tubulin �Tubulin �Tubulin �Tubulin �Tubulin �Tubulin

tau2N 433 0.80 � 0.03 1.54 � 0.09 0.92 � 0.09 11 � 4 15 � 2 1.3
tau1N 433 0.76 � 0.01 1.51 � 0.16 0.87 � 0.24 12 � 1 15 � 1 1.3
tau1N* 433 0.78 � 0.03 1.53 � 0.14 0.96 � 0.14 12 � 1 15 � 2 1.3
tau0N 433 0.79 � 0.02 1.57 � 0.12 1.00 � 0.12 12 � 1 18 � 2 1.5
tau2Nscr 433 0.78 � 0.01 1.49 � 0.09 0.92 � 0.09 12 � 1 16 � 1 1.3
tau�N 433 0.78 � 0.02 2.71 � 0.73 2.48 � 0.73 18 � 2 35 � 8 1.9
tau�C 17 0.79 � 0.05 1.51 � 0.15 0.92 � 0.15 9 � 1 16 � 3 1.7
2N 17 0.53 � 0.07 0.53 � 0.06 -0.01 � 0.06 7 � 1 8 � 1 1.1
PRR 149 0.47 � 0.01 0.82 � 0.03 0.75 � 0.03 9 � 1 9 � 1 1.0
MTBR 322 0.50 � 0.02 0.52 � 0.01 0.05 � 0.01 10 � 1 10 � 1 1.0
MTBR-R’ 244 0.52 � 0.01 0.76 � 0.05 0.44 � 0.05 9 � 1 9 � 1 1.0
PRR-MTBR-R’ 149 0.72 � 0.01 2.67 � 0.63 2.72 � 0.63 9 � 2 26 � 9 2.9
PRR-MTBR-R’* 149 0.73 � 0.01 2.41 � 0.99 2.30 � 0.99 10 � 1 20 � 6 2.0
PRR-MTBR 149 0.70 � 0.01 2.61 � 0.26 2.25 � 0.26 11 � 1 22 � 2 2.0
2N-PRR 17 0.62 � 0.01 0.76 � 0.01 0.23 � 0.01 8 � 1 8 � 1 1.0
0N-PRR 17 0.51 � 0.02 0.71 � 0.01 0.40 � 0.01 8 � 1 7 � 1 0.9
2N-MTBR-R’ 17 0.72 � 0.01 0.72 � 0.02 -0.01 � 0.02 8 � 1 9 � 1 1.0
P1 149 0.32 � 0.01 0.37 � 0.01 0.16 � 0.01 10 � 1 10 � 1 1.0
P2 244 0.32 � 0.02 0.39 � 0.02 0.21 � 0.02 11 � 2 12 � 2 1.0
P2-MTBR 322 0.60 � 0.01 1.37 � 0.18 1.27 � 0.18 10 � 1 13 � 2 1.3
P2-MTBR* 322 0.67 � 0.06 0.89 � 0.13 0.33 � 0.13 11 � 2 10 � 1 0.9

Figure 4. Regulation of Tau:tubulin complex heterogeneity by the NTD. A, individual autocorrelation curves (gray dots) are plotted for tau2N (right) and
PRR-MTBR-R’ (left) in the presence of 10 �M tubulin. Averaged curves are indicated by colored dots, and fits of the averaged curves to Equation 2 are shown in
black. Data plotted represent all collected curves from independent triplicate measurements measured on different days. B, the autocorrelation curves from A
were fit individually to obtain a distribution of �D and CPM (kilohertz) values. When the NTD is absent, larger Tau:tubulin complexes form, as seen by the larger
values of �D containing additional Tau molecules, as indicated by the increase in CPM (kilohertz). Measurements were carried out in phosphate buffer (pH 7.4)
at 20 °C. See Table 3 for labeling positions of constructs.
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full-length isoforms, including tau1N*, were slower (Fig. 5C).
This observation is in good agreement with prior work, where
deletion of the NTD from various constructs led to small
increases in polymerization rates (9). Interestingly, tau2N was
the slowest (t1⁄2 � 137 � 9 s), lagging behind tau1N, tau1N*, and
tau0N (t1⁄2 � 85 � 5 s, 88 � 13 s, and 76 � 10 s, respectively, and
within error of each other) (Fig. 5C and Table 5). Thus,
although the presence of any part of the NTD has the largest
effect on binding and polymerization, the presence of both
native inserts may enhance the inhibitory interactions between
the NTD and PRR/MTBR. Minor differences in multiple
microtubule dynamic parameters have been noted previously
for tau2N and tau0N, both in vivo and in vitro (10, 22).

The PRR independently binds and polymerizes tubulin

The reduced binding of NTD-containing constructs (Figs. 3
and 4), coupled with the conserved conformational ensembles
in the NTD/PRR/MTBR constructs observed in the smFRET
measurements (Fig. 2), led us to hypothesize that the NTD may
regulate tubulin binding though interactions with the PRR or
MTBR. To investigate this hypothesis, we created constructs
corresponding to these domains and measured binding by FCS
as well as Tau-mediated polymerization. Although the MTBR
(amino acids 244 –372) associates with microtubules in the
context of the full-length protein or in constructs containing
P2 (7, 15), the isolated domain bound only weakly to soluble
tubulin (Fig. 6A) and was not capable of polymerizing tubulin
(Fig. 6B). Addition of R’, MTBR-R’ (amino acids 244 –395),

enhanced binding (Fig. 6A) but still did not yield a construct
that promoted efficient polymerization (Fig. 6B). Early studies
demonstrated that the MTBR-R’ (9), or even peptides corre-
sponding to the individual MTBR repeats (33), had weak poly-
merization capacity, although 5- to 10-fold more Tau was
required than the 10 �M used here.

Strikingly and surprisingly, the isolated PRR (amino acids
148 –244) bound tubulin tightly compared with the MTBR and
MTBR-R’ measured under the same conditions (Fig. 6A). Sim-
ilarly, PRR exhibited a higher affinity for Taxol-stabilized
microtubules compared with MTBR-R’ (Fig. S4). Furthermore,
unlike constructs where the PRR is coupled with the MTBR

Figure 5. Impact of NTD inserts N1 and N2 on binding and polymerization. A, the increase in �norm as a function of tubulin concentration reflects binding
of fluorescently labeled Tau to unlabeled tubulin. Data are presented as mean � S.D., n � 3 independent measurements. See Table 3 for numerical values for
�D and �norm at 10 �M tubulin. For comparison, tau2N and PRR-MTBR-R’ from Fig. 3 are replotted. B, the autocorrelation curves for tau2N, tau1N, tau1N*, tau0N, and
PRR-MTBR-R’ in the presence of 10 �M tubulin were fit individually to obtain a distribution of �norm values. Each individual �D was converted to �norm by the
average �D of each independent measurement (Table 3). When the NTD is absent, larger Tau:tubulin complexes form, as seen by the larger values of �norm.
Overlays are lognormal distributions. See Table 3 for labeling positions of constructs and Table 4 for descriptive statistics of distributions. Measurements were
carried out in phosphate buffer (pH 7.4) at 20 °C. See “Experimental procedures” for details regarding data analysis. C, tubulin polymerization as measured by
scattered light at 340 nm as a function of time. Measurements were made in phosphate buffer (pH 6.9) with 1 mM GTP at 37 °C with 5 �M Tau and 10 �M tubulin.
See Table 5 for fit parameters. Data are presented as mean � S.D. following normalization; n � 3 independent measurements. See “Experimental procedures”
for details regarding data analysis. Arrows indicate depolymerization at 4 °C.

Table 4
Descriptive statistics of Tau:tubulin fuzzy complexes
The resulting correlation curves from 15–25 nM Tau incubated with 10 �M tubulin in phosphate (pH 7.4) at 20 °C were analyzed individually rather than averaged and fit
to describe the distribution within each dataset. Shown are the statistics of the diffusion times from select Tau constructs incubated with 10 �M tubulin without and with
our filtering algorithm. IQR, interquartile range. See “Experimental procedures” for details.

Pre-filtering �D Post-filtering �D

Construct Median (ms) Mean � S.D. IQR No. of Curves Median (ms) Mean � S.D. IQR No. of Curves

PRR-MTBR-R’ 2.24 2.52 � 1.41 0.99 394 2.02 2.06 � 0.42 0.63 304
tau2N 1.35 1.43 � 0.34 0.29 419 1.29 1.31 � 0.12 0.23 327
tau2Nscr 1.48 1.79 � 1.11 0.37 392 1.42 1.44 � 0.15 0.20 301
tau1N 1.49 1.76 � 0.96 0.59 578 1.31 1.33 � 0.19 0.27 348
tau1N* 1.55 1.73 � 1.31 0.40 424 1.50 1.51 � 0.20 0.34 383
tau0N 1.61 1.80 � 0.86 0.47 434 1.55 1.57 � 0.25 0.36 378

Table 5
Tau-mediated polymerization
Polymerization t1⁄2 for Tau constructs shown in Figs. 5 and 6. Values listed for t1⁄2 are
mean � S.D. for n � 3 independent measurements. NA indicates constructs tested
that did not measurably polymerize under assay conditions. The tubulin concentra-
tion was held constant at 10 �M across all polymerization experiments, with the Tau
concentration varied according to the table below. Polymerizations were carried out
in phosphate buffer (pH 6.9) with 1 mM GTP at 37 °C.

Construct t1⁄2 (s) �Tau� (�M)

PRR-MTBR-R’ 52 � 7 5
tau2N 137 � 9 5
tau1N 85 � 5 5
tau1N* 88 � 13 5
tau0N 76 � 10 5
PRR 96 � 55 10
2N-PRR NA 10
MTBR NA 10
MTBR-R’ NA 10
2N-MTBR-R’ NA 10
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and/or R’, such as PRR-MTBR or PRR-MTBR-R’, the PRR dem-
onstrated saturable binding and did not form large Tau:tubulin
complexes (Fig. 7B and Fig. S5). As a consequence, unlike the
binding curves of PRR-MTBR and PRR-MTBR-R’, the PRR
binding curves can be meaningfully fit with the Hill equation:

�norm � �norm
max � �norm

max
[tub]n

KD	[tub]n (Eq. 1)

where �norm
max is the normalized diffusion time for Tau:tubulin

measured at 10 �M tubulin, n is the Hill coefficient and reflects
the extent of cooperativity, KD is the apparent dissociation con-
stant, and [tub] is the concentration of tubulin dimer. Fitting
the PRR–tubulin binding curve to the Hill equation yields n �
1.7 � 0.2 with an apparent KD 
 900 nM (Fig. 6A). In our pre-
vious work, we used the engineered protein construct RB3,
which binds tubulin with 1:2 RB3:tubulin dimer stoichiometry
to determine the expected �D of a 1:2 protein:tubulin dimer
complex (21, 34). Here, the �D measured for the PRR at 10 �M

tubulin (0.82 � 0.03 ms) is consistent with 1:2 Tau:tubulin
dimer stoichiometry. This observation, coupled with the coop-
erativity seen in the Hill equation fit, strongly supports the pres-
ence of two tubulin dimer binding sites in the PRR. This appar-
ent specificity suggests that formation of Tau:tubulin fuzzy
complexes arises primarily from the collective binding proper-
ties of the PRR and MTBR-R’. Tight binding of the PRR to
tubulin required the presence of both proline-rich regions;
fragments corresponding to P1 (amino acids 148 –198) or P2
(amino acids 199 –244) bound tubulin only weakly (Fig. 7A).
Interestingly, a prior study noted that, although a P2-MTBR-R’
construct lacked microtubule bundling capacity, addition of P1

to this construct conferred this ability (9), reflecting a similar
enhancement in the interaction with stabilized microtubules
that we found with soluble tubulin.

Notably, the PRR also stimulated rapid polymerization of
tubulin into microtubules (Figs. 6, B and C). Although P2 has
been identified to enhance binding and accelerate polymeriza-
tion in vitro when coupled to the MTBR (9, 10, 20, 23), inde-
pendent polymerization capacity for PRR has not been reported
previously. Rather, the opposite conclusion was reached by one
study; namely, that the PRR is not capable of robust indepen-
dent assembly of microtubules (23). More recent work demon-
strated binding of a PRR-like construct (amino acids 166 –246)
to both stathmin-complexed tubulin and Taxol-stabilized
microtubules with 1:2 stoichiometry (11). However, the poly-
merization capacity of this construct was not tested.

One reason why independent function of the PRR has been
overlooked may be in part due to the widespread use of the K16
fragment consisting of P2 and the 4R MTBR (amino acids 198 –
372, P2-MTBR) (9). By FCS, the P2-MTBR construct binds to
tubulin; however, it does not bind as many tubulin dimers at
high tubulin concentrations as PRR-MTBR (Fig. S6). Thus,
although the isolated P1 does not bind tubulin strongly (Fig.
7B), it does enhance binding and contribute to Tau function.

NTD negatively regulates the polymerization capacity of the
PRR

Our observation that the PRR binds to and polymerizes
tubulin independently of the MTBR (Fig. 6), combined with the
slower polymerization rate of Tau constructs, including the
NTD (tau2N, tau1N, tau1N*, and tau0N) relative to PRR-

Figure 6. Independent polymerization capacity of the PRR, regulated by the NTD. A, binding of Tau constructs to tubulin as measured by an increase in
�norm as a function of tubulin concentration. Data are presented as mean � S.D., n � 3 independent measurements. Measurements were carried out in
phosphate buffer (pH 7.4) at 20 °C. See Table 3 for labeling positions of constructs and Table 4 for descriptive statistics of distributions. See “Experimental
procedures” for details regarding data analysis. The PRR data are fit with the Hill equation (orange line, Equation 1), yielding n � 1.7 � 0.2 and an apparent KD

 900 nM. B, tubulin polymerization as measured by scattered light at 340 nm as a function of time. Measurements were made in phosphate buffer (pH 6.9) with
1 mM GTP at 37 °C with 10 �M Tau and 10 �M tubulin. See Table 5 for fit parameters. Data are presented as mean � S.D. following normalization, n � 3
independent measurements. Arrows indicate depolymerization at 4 °C. C, TEM images of microtubules formed by PRR-tubulin polymerization reaction, as in B
(left and center panels), and the tubulin-only control (right panel). The region outlined in white in the left panel is shown at higher magnification in the center
panel.
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MTBR-R’ (Figs. 3–5), motivated us to determine the impact of
the NTD on interactions of the PRR with tubulin. Tau2N was
truncated after the PRR at amino acid 244 (2N-PRR), and bind-
ing to soluble tubulin and polymerization capacity were mea-
sured. The presence of the NTD dramatically reduced binding
(Fig. 6A) and significantly diminished tubulin polymerization
capability (Fig. 6B). Truncated tau0N, 0N-PRR, showed similar
binding behavior (Fig. S7).

Collectively, these results led us to propose that the binding
and, by extension, polymerization capacities of Tau are regu-
lated by interactions between the NTD and the PRR, as evi-
denced by the conserved ensembles observed with smFRET for
this domain (in Fig. 2). Because the conserved ensembles
extend into the MTBR (in Fig. 2 and Fig. S1), we tested this idea
by making a construct lacking the PRR (2N-MTBR-R’ amino
acids 1–148 fused to 245–395). This construct also did not
demonstrate appreciable binding to tubulin (Fig. 6A)
whereas that same construct lacking the NTD (MTBR-R’)
clearly did (Fig. 6A). As expected from its weak binding to
soluble tubulin, 2N-MTBR-R’ was also not polymerization-
competent (Fig. 6B). As a whole, these results strongly sup-
port a functional regulatory role for the compact, albeit dis-
ordered, NTD/PRR/MTBR ensembles observed by smFRET.

Discussion

Since it was first isolated over 40 years ago (1), both func-
tional and structural studies of Tau have primarily focused on
the MTBR (7–9, 14, 35). This study examines two domains of
Tau that have been the subject of significantly less scrutiny: the
NTD and the PRR. Our discoveries that the isolated PRR has
the capacity to bind tubulin cooperatively and polymerize
microtubules in vitro and that this function is negatively regu-
lated by the NTD draw attention to the importance of these two
domains in understanding Tau function.

The NTD has been shown previously to regulate the interac-
tion of Tau with microtubules. Although not directly compara-
ble with our results presented here with soluble tubulin, prior
work by Mandelkow and co-workers (9) found that removal of
the NTD increases the affinity of Tau for microtubules. More-
over, they observed that an NTD-lacking Tau fragment was

capable of bundling Taxol-stabilized microtubules whereas the
comparable construct including the NTD was not (9). This sug-
gests a more promiscuous binding interaction for stabilized
microtubules in the absence of the NTD, an observation con-
sistent in spirit with the larger, heterogenous Tau:tubulin com-
plexes formed by Tau constructs lacking the NTD, as described
in our work (Fig. 4). Isoform-dependent regulation of microtu-
bule bundling by the NTD is also cited in more recent papers
(25, 26).

Although we do not quantify the impact of the NTD on the
affinity of Tau for soluble tubulin, we do find an inhibitory
effect of the NTD in binding to soluble tubulin (Figs. 3– 6). This
inhibition seems to be due to the NTD as a whole rather than
resulting from the absence or presence of a specific insert
within the domain, as only small differences in binding are
observed for the tau0N, tau1N, tau1N*, and tau2N variants com-
pared with a variant lacking the NTD (Fig. 5B). Insight into why
the inserts do not have a significant effect in regulating binding
is gained from our smFRET measurements, which show that
the relative dimensions corresponding to the NTD-PRR (tau17–

244) or NTD-MTBR (tau17–291) are independent of the number
of inserts (Fig. 2 and Table 1). This suggests that conserved
long-range interactions and/or conformational features of the
NTD are important for regulating interactions with tubulin,
more so than the inserts themselves. Given that the NTD also
significantly reduces the size and heterogeneity of fuzzy Tau:
tubulin complexes (Figs. 4 and 5 and Table 4) (21), it follows
that the NTD may dynamically shield the weak tubulin binding
sites distributed throughout the MTBR and R’ (Fig. 8). Our
results suggest that this screening is a general function of the
NTD that serves as an initial regulatory gate to Tau-mediated
polymerization and is largely independent of the individual
N-terminal inserts.

Prior work by our laboratory demonstrated a positive corre-
lation between the rate of Tau-mediated tubulin polymeriza-
tion and the size of Tau:tubulin complexes by systematically
varying the number of tubulin binding sites in tau fragments
(20). We find that this observation broadly holds for the full-
length isoforms and fragments studied here in that PRR-

Figure 7. The PRR forms stoichiometric complexes with tubulin. A, binding of Tau constructs to tubulin as measured by an increase in �norm as a function
of tubulin concentration. Data are presented as mean � S.D., n � 3 independent measurements. P1 and P2 bind only weakly but are comparable with or
stronger than MTBR. Measurements were made in phosphate buffer (pH 7.4) at 20 °C. See Table 3 for labeling positions of constructs. For comparison, PRR and
MTBR are replotted from Fig. 6A. B, the autocorrelation curves for PRR and PRR-MTBR-R’ were fit individually to obtain a distribution of �norm values at each
tubulin concentration. Each individual �D was converted to �norm by the average �D of each independent measurement (Table 3). Unlike PRR-MTBR-R’, which
forms tubulin concentration– dependent large complexes at tubulin concentrations exceeding �1 �M, PRR binding saturates and does not form large
complexes. Data plotted represent all collected curves from independent triplicate measurements on different days. See “Experimental procedures” for details
regarding data analysis.
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MTBR-R’ forms the largest Tau:tubulin complexes and has the
shortest polymerization lag time (Fig. 5, B and C). Our current
work refines that model to include controlling access to binding
sites, and not simply the number of binding sites, as further
regulating the kinetics of tubulin polymerization. Consistent
with this model are smFRET data that show that the interac-
tions between the NTD and PRR/MTBR observed in solution
are lost upon tubulin binding (Figs. 2 and 8).

Our observation of assembly of tubulin by the isolated PRR
was unexpected, as, to our knowledge, there are no prior
reports of this in the literature. NMR chemical shifts suggesting
binding were measured in the PRR of longer Tau fragments in
the presence of engineered tubulin constructs (8, 11). We also
found tight, saturable stoichiometric binding of 1:2 tau:tubulin
dimers. Notably, PRR residues were not observed in the recent
cryo-EM structure of microtubule-bound Tau (7). However,
the high-resolution structures shown in that study were
obtained with tau fragments lacking P1, which our results sug-
gest is critical for tight binding of the PRR (Fig. 7A). It may also
be that the PRR binds to a region unresolved within the struc-
ture, such as the intrinsically disordered tubulin tails. Alter-
natively, it may be that the PRR mediates binding at low Tau:
tubulin ratios, such as the conditions of our experiments, but that
it is not associated with the microtubule lattice at the high tau:
tubulin ratios required for cryo-EM reconstructions.

The stoichiometric binding to soluble tubulin of the PRR
provides a striking contrast with the dynamic, heterogeneous
fuzzy Tau:tubulin complexes formed when the MTBR and R’
were present in the constructs. In particular, tight and specific
binding of the PRR may offer an attractive target for therapeutic
targeting relative to the comparatively weak binding by the
MTBR-R’ (36). Interestingly, both P2 and R’ were identified rela-
tively early as sequences important for productive tau-mediated
polymerization (8, 37). The jaws model proposed that targeting of
tau to the microtubule lattice is through these regions, whereas the
MTBR plays a catalytic role in assembly (10, 20, 37). Specifically,
introduction of either P2 or R’ to the three-repeat MTBR fragment
enhanced binding to Taxol-stabilized microtubules almost 10-fold
and decreased the polymerization lag time by a factor of two (9).
The presence of both P2 and R’ further enhanced the binding affin-
ity and polymerization rate.

However, in our study, the PRR is the only isolated domain
that demonstrates any significant tubulin polymerization
capacity; this is not seen for MTBR or MTBR-R’ (Fig. 6). This
leads us to propose a variation of that model (Fig. 8). In our
model, the PRR serves as the core tubulin binding domain,

binding to two tubulin dimers in a critical step toward initiating
polymerization. Multiple weak tubulin binding sites in the
MTBR and R’ allow increasing the local concentration of tubu-
lin, resulting in accelerated microtubule growth. Ubiquitous
screening by the NTD of both the PRR and the MTBR serves as
an initial gating that controls the size of these Tau:tubulin
ensembles and, consequently, tubulin assembly.

Tau’s interactions with microtubules are regulated by phos-
phorylation (reviewed in Refs. 38, 39), and the majority of Tau’s
more than 40 known phosphorylation sites are located in the
PRR, including those associated with Alzheimer’s disease (40,
41). Given this, perhaps the relative importance of the PRR in
both binding to and polymerizing tubulin should not be so sur-
prising. It has long been known that phosphorylation at serines
199 and 202 and threonine 205 varies along growing axons (42).
One very recent study reported a link between phosphorylation
of P2 and proper axonal localization of Tau (43). However, the
relationship between phosphorylation and microtubule bind-
ing is not straightforward; to illustrate, although phosphoryla-
tion of serine 214 and threonines 212 and 231 in the PRR and
serine 262 in the MTBR lowers the affinity of Tau for microtu-
bules, phosphorylation at other PRR sites has only a minor
effect on microtubule binding (reviewed in Ref. 44). How phos-
phorylation at any of these sites impacts binding to soluble
tubulin has not yet been tested. Moreover, the MTBR is also
modified by lysine acetylation (40). Individual or combinatorial
effects of these modifications may alter both the binding affinity
and the stoichiometry of tubulin binding. There is at least one
example of coordinated modifications to Tau in the literature:
acetylation at lysines 280 and 281 within the MTBR influences
phosphorylation at serines 202 and 205 within the PRR (45). As
a whole, posttranslational modifications may influence the
interaction of the PRR or MTBR with the NTD, suggesting that
regulation of binding may be more complex than simply reduc-
ing affinity and stoichiometry, but instead, that there is an intri-
cate interplay between the NTD, PRR, and MTBR domains.

Experimental procedures

Tubulin purification and handling

Tubulin was purified from fresh bovine brains as described
previously (46). Purified tubulin was snap-frozen in BRB80 (80
mM PIPES (pH 6.8), 1 mM MgCl2, and 1 mM EGTA). Prior to
use, frozen aliquots were rapidly thawed and then clarified at
100,000 � g for 6 min. BioSpin 6 columns (Bio-Rad) were used
to buffer-exchange tubulin into the desired assay buffer. The

Figure 8. Model for regulation of Tau:tubulin interactions. The PRR (orange) binds tubulin tightly and stoichiometrically, negatively regulated by the NTD
(blue). The MTBR-R’ (red) increases the local tubulin concentration through distributed weak interactions, enhancing the polymerization capacity of Tau. The C
terminus is colored black. Increasing both Tau and tubulin concentrations favors polymerization.
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tubulin absorbance at 280 nm was converted to concentration
using a molar extinction coefficient of 115,000 M�1 cm�1.
Tubulin was used within 2 h following clarification.

Tau cloning, purification, and labeling

The parent tau plasmid encodes for the longest human Tau
isoform, tau2N. It includes an N-terminal His tag with a tobacco
etch virus (TEV) protease cleavage site for purification (6). For
site-specific fluorescent labeling, the native cysteines, Cys-291 and
Cys-322, are mutated to serine to allow introduction of cysteines at
the desired locations. Tau1N, tau1N*, and tau0N were generated
using deletion cloning from the tau2N plasmid. The nicked DNA
fragments were fused using T4 DNA ligase (New England Biolabs)
and T4 polynucleotide kinase (New England Biolabs). The remain-
ing Tau fragments were generated using either site-directed
mutagenesis to introduce stop codons and cysteines, deletion
cloning of the remaining Tau amino acids within the parent Tau
vector, or a combination of the two techniques.

For the tau2Nscr construct, the Sequence Manipulation Suite
(http://www.bioinformatics.org/sms/index.html)3 was used to
generate a series of random sequences based on residues
45–103, corresponding to the N1 and N2 inserts. We chose the
shuffled sequence that most closely matched the distribution of
hydrophobic and charged residues found in the WT sequence
without replicating the majority of that sequence. This oligo-
nucleotide was synthesized (Integrated DNA Technologies)
with flanking nucleotides in tau0N (C291S, C322S, S433C) for
splicing by overlap extension (47).

For all constructs (expect tau1N) longer than 200 residues,
protein expression was induced with 1 mM IPTG at OD �0.6
overnight at 16 °C. For constructs shorter than 200 residues,
Tau protein expression was induced with 1 mM IPTG at OD
�0.8 for 4 –5 h at 37 °C. Tau1N constructs were induced with 1
mM IPTG at OD �0.8 at 25 °C for 4 –5 h. Purification was based
on methods reported previously (6). Briefly, cells were lysed by
sonication, and the cell debris was pelleted by centrifugation.
The supernatant was incubated with nickel-nitrilotriacetic acid
resin (Qiagen or Bio-Rad), and the recombination protein was
bump-eluted with 500 mM imidazole. The His tag was removed
by incubation with laboratory-purified TEV proteinase for
either 4 h at 20 °C (constructs shorter than 200 residues) or
overnight at 4 °C (constructs longer than 200 residues). Un-
cleaved protein was removed by a second pass over the nickel-
nitrilotriacetic acid column. Remaining contaminants were
removed using size exclusion chromatography on a HiLoad
16/600 Superdex 200 Column (GE Life Sciences). Proteins that
did not require fluorescent labeling were buffer-exchanged
using Amicon concentrators (Millipore) into the final assay
buffer of interest, aliquoted, and snap-frozen for storage at
�80 °C. Because of the small size and lack of aromatic residues,
P1 and P2 were TEV-cleaved as described above but after fluo-
rescent labeling (below). All other proteins were labeled follow-
ing elution from the size exclusion column.

All FRET and FCS measurements were carried out in con-
structs where both native cysteines have been mutated to ser-

ine, C291/322S; for FRET, two additional cysteines were intro-
duced at the desired locations as indicated in Table 2. For FCS,
a single cysteine was introduced as indicated in Table 3. Site-
specific labeling of Tau for FRET or FCS measurements was
carried out as described previously (6). Briefly, Tau was incu-
bated with 1 mM DTT for 30 min and then buffer-exchanged
into labeling buffer (20 mM Tris (pH 7.4), 50 mM NaCl, and 6 M

guanidine HCl). For FRET-labeled constructs, the donor fluo-
rophore, Alexa Fluor 488 maleimide (Invitrogen), was added at
substoichiometric ratios (0.3– 0.5�) and incubated at room
temperature for 15 min. A 3-fold molar excess of the acceptor
fluorophore, Alexa Fluor 594 maleimide (Invitrogen), was
added, and the reaction was incubated for another 10 min at
room temperature and then moved to 4 °C for overnight incu-
bation. For FCS-labeled constructs, Alexa Fluor 488 maleimide
was added in 3-fold molar excess and incubated at room tem-
perature for 10 min, followed by overnight incubation at 4 °C.
Labeling reactions were protected from ambient light and
stirred constantly; the dye was added dropwise. For shorter con-
structs and tau1N, incubation for 1.5 h at room temperature
instead of overnight at 4 °C was used on occasion. The labeled
protein was buffer-exchanged into 20 mM Tris (pH 7.4) and 50
mM NaCl, and unreacted dye was removed using HiTrap desalt-
ing columns (GE Life Sciences). Labeled protein was aliquoted
and snap-frozen for storage at �80 °C. Cloned constructs were
verified by MALDI-TOF MS analysis.

FCS instrument and data analysis

All FCS measurements were performed on our home-built
instrument as described previously (21). Prior to entering the
inverted Olympus 1X-71 microscope, the laser power was
adjusted to �5 �W (488-nm diode-pumped solid-state laser,
Spectra-Physics) and focused into the sample via a �60 water
immersion objective (Olympus). Fluorescence emission from
the sample was collected through the objective, separated from
excitation light by a Z488RDC long-pass dichroic and a 500-nm
long pass filter (Chroma). The filtered emission was focused the
aperture of a 50-�m-diameter optical fiber (OzOptics) coupled
to an avalanche photodiode (PerkinElmer Life Sciences). A dig-
ital correlator (FLEX03LQ-12) generated the autocorrelation
curves.

Measurements were made in eight-chamber Nunc coverslips
(Thermo-Fisher) passivated by incubation with PEG-poly(L-ly-
sine) (PEG-PLL) (48). The labeled Tau (15–25 nM) and tubulin
(concentrations vary) were incubated in chambers for 5 min
prior to measurement. Unless otherwise noted, all FCS experi-
ments were carried out in phosphate buffer (pH 7.4) (20 mM

phosphate, 20 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, and 1 mM

DTT) at 20 °C. Multiple (20 – 40) 10-s autocorrelation curves
were collected per sample and fit to a single-component 3D
diffusion equation:

G(�) �
1

N�1 �
�

�D
�� 1

1 	
s2�

�D

(Eq. 2)

where G(�) is the autocorrelation function as a function of time
(�), �D is the translational diffusion time of the labeled mole-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party– hosted site.
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cules, and N is the average number of fluorescent species. For
our instrument, the ratio of the radial to axial dimensions of the
focal volume (s) was determined to be 0.2 and consequently
fixed for analysis. The recorded intensity trace is divided by N to
give CPM in kilohertz.

For some Tau constructs, high tubulin concentrations (�1
�M) result in formation of large bright species (Figs. 4 and 5,
Figs. S1 and S3, and Table 4). These species are not present in
the traces of protein in the absence of tubulin (Figs. S6 and S8).
A prior study by our laboratory demonstrated that these species
are Tau:tubulin–specific, electrostatically sensitive, and revers-
ible (21). For P2-MTBR, increasing the KCl concentration in
our phosphate buffer to 300 mM, seen previously by NMR to
disrupt interactions between the PRR and tubulin, results in
disassembly of the larger species (Table 3) (20). In the case of
PRR-MTBR-R’, these species persist even at 300 mM KCl, sug-
gesting that the binding is either tighter or has a more hydro-
phobic character (Table 3).

The individual autocorrelation curves arising from these
larger assemblies disproportionally weight the averaged auto-
correlation curves used in the analysis described above (Table 4
and Fig. S8). Working under the premise that removal of these
outliers would allow a more meaningful analysis of the majority
of Tau:tubulin complexes, we developed an algorithm to
remove aberrant curves, broadly following the approach we
described previously (21). Individual autocorrelation curves
were fit with Equation 2 and assessed the goodness of fit using
least-squares X2 � [G(�)fit � G(�)raw]2 with a tolerance of X2 �
0.0001 for a consecutive run of 75 ms. In other words, if the fit
deviated beyond the X2 for more than 75 ms, then the curve was
discarded. This process removes 99.5% of curves that cannot be
accurately fit using Equation 2. The frequency of these aberrant
curves is �3% (Fig. S8A).

Autocorrelation curves arising from larger assemblies that
pass this initial criterion still skew the data toward slower dif-
fusion times (Table 4). Descriptive statistics of these diffusion
times are reported in Table 4 as “pre-filtering.” In some cases,
such as PRR-MTBR-R’, the measured �D could be as large as
�14 ms and up to four times brighter than unbound Tau (Figs.
S8, B and C). Although of potential interest in another context,
these species do not represent the majority of the Tau:tubulin
complexes of interest here. These outliers were removed in an
iterative fashion by testing the individual curves using an
Anderson–Darling statistical test for either a lognormal or nor-
mal distribution. Diffusion times above or below the interquar-
tile range were removed until a stable population was reached,
and no more curves were removed from the dataset. We did not
enforce a lognormal or normal distribution on the dataset prior
to outlier removal or continue to use outlier removal when the
population was normal or lognormal after testing. This iterative
function is demonstrated for tau2N in the absence (Fig. S8D) or
presence of 10 �M tubulin (Fig. S8E). The initial iteration simply
tests for normality (seen by the straight line in Fig. S8D for a
single iteration). This results the removal approximately
�15%–25% of curves that passed the initial goodness-of-fit fil-
tering from the dataset (Table 4).

The fit parameters from the individual filtered curves are
presented in Fig. 4A and Fig. S8 (�norm and CPM), and the

descriptive statistics of these values across multiple indepen-
dent measurements are listed in Table 4 and graphed in Figs.
4B, 5B, and 7B and S1, S3B, and S8. There is a general correla-
tion showing that Tau:tubulin complexes with larger �Ds also
had larger CPMs, reflecting the presence of multiple Tau mol-
ecules in these assemblies (Fig. 4B). To allow straightforward
comparison between Tau constructs, we also averaged the fil-
tered curves from each independent measurement and fit the
average curve with Equation 2. These �D values obtained from
these fits are reported in Table 3 for saturating points and are
graphed in figures with FCS binding curves (Figs. 3, 4A, 5A, 6A,
and 7A and S2A, S3A, S5, S6, and S7).

Tau constructs of different lengths have different diffusion
times. To allow for straightforward comparison of the extent of
binding between the various constructs, the diffusion times for
each construct in the presence of tubulin �D

bound were normal-
ized to that of the construct in the absence of tubulin (�D

free) as
follows:

�norm �
�D

bound � �D
free

�D
free (Eq. 3)

Both �D and �norm are listed in Tables 3 and 4.

FRET instrument and analysis

FRET histograms where the protein signal was readily dis-
tinguishable from the “zero peak” (49), arising from imper-
fect labeling, were carried out on our laboratory-built instru-
ment, as described above with a few modifications. The laser
power was adjusted to �30 �W (488-nm diode-pumped sol-
id-state laser, Spectra-Physics) prior to entering the micro-
scope. Donor and acceptor photons were separated using a
HQ585 long-pass dichroic and further selected with
ET525/50 M band-pass and HQ600 long-pass filters
(Chroma). For each path, the emission was focused onto the
aperture of a 100-�m-diameter optical fiber (OzOptics) cou-
pled to an Avalanche photodiode (PerkinElmer Life Sci-
ences). Time traces were collected in 1-ms time bins for 1 h.
As described above, measurements were carried out in PEG-
PLL– coated Nunc chambers with 20 – 40 pM labeled Tau
following 5-min incubation with tubulin.

To differentiate photon bursts arising from transit of a
labeled molecule from background fluorescence, a photon
count threshold of 30 counts/ms was applied. For each burst,
ETeff was calculated using a laboratory-based written software
(MATLAB) according to the following equation (50, 51):

ETeff �
(Ia � �Id)

(Ia � �Id) 	 	(Id 	 �Id)
(Eq. 4)

where Ia is the intensity of the acceptor photons and Id is the
intensity of the donor photons. Within our system, the bleed-
through of the donor channel into the acceptor channel (�) and
the difference in the total quantum efficiency of the system and
fluorophores (	) were determined using Alexa Fluor 488 hydra-
zine (Invitrogen) and Alexa Fluor 594 hydrazine (Invitrogen)
and fixed for analysis. Because of variations in instrument build
and detector efficiency over the course of the study, � and 	
were redetermined regularly and checked with DNA standards
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of 10, 14, and 18 bases labeled with Alexa Fluor 488 and Alexa
Fluor 594 (Integrated DNA Technologies). The energy efficien-
cies were then binned, and the histograms were fit using a sum
of Gaussians in Origin. One Gaussian described the zero peak
(donor-only fluorescence), and the second peak described
donor- and acceptor-labeled protein (main peak fit listed in
Table 2). In some cases, the distribution was asymmetric (such
as tau17–149). In these cases, three Gaussians were used to fit the
data. The Gaussian that fit the dominant peak is reported in
Table 2.

At some of the labeling positions, the proteins gave rise to
low energy efficiencies with overlap with zero peak, making
it difficult to accurately determine the peak ETeff for the
protein sample. To separate donor-only labeled species from
the low-energy donor- and acceptor-labeled species, mea-
surements were repeated on a commercial MicroTime 200
time-resolved confocal microscope (Picoquant) using its
pulsed interleaved excitation FRET mode. The power of the
excitation lasers (485 nm and 562 nm) were matched �30
�W at 40 MHz. The fluorescence emission was focused
through a 100-�m pinhole and collected by Avalanche pho-
todiode. Fluorescence emissions of the donor and acceptor
fluorophores were separated using a HQ585 long-pass
dichroic and further selected with ET525/50 M band-pass
and HQ600 long-pass filters. SymphoTime 64 software was
used to analyze the photon bursts to yield the ETeff and stoi-
chiometry factors for each burst, using photon threshold,
binning, and experimentally determined � and 	 values as
described previously. The binned histograms were fit as
described above.

Tubulin light-scattering assay

Polymerization of soluble tubulin was measured by mon-
itoring the increase in scattered light at 340 nm. The tubulin
was clarified as described above and buffer-exchanged in
phosphate buffer (pH 6.9) (20 mM phosphate, 20 mM KCl, 1
mM MgCl2, 0.5 mM EGTA, and 1 mM DTT) immediately
prior to use. For polymerization reactions, 10 �M tubulin was
incubated with 5 �M Tau (for tau2N, tau1N, tau1N*, tau0N, and
PRR-MTBR-R’) or 10 �M Tau (for PRR, 2N-PRR, MTBR, and
MTBR-R’) for 2.5 min on ice prior to addition of 1 mM GTP.
Immediately after addition of GTP, the reaction was trans-
ferred to a warmed cuvette, and the reaction was monitored
for 10 min at 37 °C in a fluorometer (Fluorolog FL-1039/40,
Horiba) with a photon-counting module (SPEX DM302,
Horiba), with both excitation and emission wavelengths set
to 340 nm. Following polymerization, the samples were
quickly returned to 4 °C for 5 min; cold depolymerization is
evidence that the proteins are not aggregated.

The curves were normalized to account for account for day-
to-day variability in lamp intensity and fit in Origin with

y �
1

1 � e
t�t1/2

dt

(Eq. 5)

where y is the normalized fluorescence intensity, t is time, t1⁄2 is
the polymerization half-time, and dt is the time constant. The
mean and standard deviation of the t1⁄2 values are listed in Table

5. The plotted graphs represent the average of the normalized
triplicate with standard deviation. Curves with very little poly-
merization were normalized to the brightest intensity within
the given day.

Polymerization assays were carried out with WT con-
structs (containing the native cysteines at residues 291 and
322) and with constructs that had been designed for FCS
measurements but had not been labeled (native cysteines at
residues 291 and 322 mutated to serines with an additional
cysteine mutation introduced for labeling). For PRR-MTBR-
R’, we directly compared the polymerization kinetics of WT
and the T149C-C291S/C322S mutants and found that,
within the resolution of the light-scattering assay, the curves
are identical (Fig. S9). This indicates that removal of the
native cysteines does not impact the ability of Tau to polym-
erize tubulin and that introduction of a nonnative cysteine
for labeling purposes does not impact the ability of Tau to
polymerize tubulin (also tested with WT PRR and
PRRT149C). Thus, for the data shown in Figs. 5C and 6B, the
triplicate measurements often consist of both WT and
C291S/C322S variants. To illustrate, for one triplicate, one
curve was obtained with WT Tau, whereas the other two
were obtained with the C291S/C322S mutant (or vice versa).

EM imaging

Polymerization reactions using PRR were carried out and
monitored as described above. After 10 min of polymerization
at 37 °C, the sample was transferred to Cu-coated 200 mesh EM
grids (Electron Microscopy Sciences, FCF200-Cu) and incu-
bated with 20 �M Taxol on the grid for 1.5 min, as generally
described in published protocols (52). The grids were washed
with BRB80 buffer to remove interfering phosphate salts and
stained with 2% uranyl acetate. Images were taken on a JEOL
JEM-1011 transmission electron microscope.

Microtubule pelleting assay

Taxol-stabilized microtubules were made by incubating �65
�M clarified tubulin with 4 �M Taxol for 15 min at 37 °C. The
Taxol concentration was increased to 40 �M, followed by incu-
bation for another 15 min. The polymerized microtubules were
pelleted by ultracentrifugation at 353,000 � g for 20 min at
25 °C. The resulting pellet was resuspended in phosphate buffer
adjusted to pH 6.9. The concentration of the harvested micro-
tubules was determined by absorbance at 280 nm (
 � 115,000
M�1 cm�1) after cold and chemical denaturation in 8 M urea at
4 °C. The Taxol-stabilized microtubules were diluted to 10 �M

in phosphate buffer (pH 6.9) and incubated with 1 �M Alexa
Fluor 488 –labeled Tau for 10 min at room temperature. The
microtubules and associated Tau were pelleted by centrifuga-
tion at 353,000 � g for 20 min. The pellet was resuspended in an
equal volume as the collected supernatant (70 �l) and cold-
denatured. Tau in the absence of microtubules was subjected to
the same assay as a control. Quantification of microtubule
binding was by SDS-PAGE; the band intensity of Alexa Fluor
488 fluorescence was analyzed using ImageJ. The gels were
imaged using Typhoon FLA 7000. Both Alexa Fluor 488 fluo-
rescence and Coomassie staining were recorded for the same
gel.
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