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The microtubule (MT)-associated protein tau regulates the
critical growing and shortening behaviors of MTs, and its
normal activity is essential for neuronal development and
maintenance. Accordingly, aberrant tau action is tightly
associated with Alzheimer’s disease and is genetically linked
to several additional neurodegenerative diseases known as
tauopathies. Although tau is known to promote net MT
growth and stability, the precise mechanistic details govern-
ing its regulation of MT dynamics remain unclear. Here, we
have used the slowly-hydrolyzable GTP analog, guanylyl-
(�,�)-methylene-diphosphonate (GMPCPP), to examine the
structural effects of tau at MT ends that may otherwise be too
transient to observe. The addition of both four-repeat (4R)
and three-repeat (3R) tau isoforms to pre-formed GMPCPP
MTs resulted in the formation of extended, multiprotofila-
ment-wide projections at MT ends. Furthermore, at temper-
atures too low for assembly of bona fide MTs, both tau iso-
forms promoted the formation of long spiral ribbons from
GMPCPP tubulin heterodimers. In addition, GMPCPP MTs
undergoing cold-induced disassembly in the presence of 4R
tau (and to a much lesser extent 3R tau) also formed spirals.
Finally, three pathological tau mutations known to cause
neurodegeneration and dementia were differentially com-
promised in their abilities to stabilize MT disassembly inter-
mediates. Taken together, we propose that tau promotes the
formation/stabilization of intermediate states in MT assem-
bly and disassembly by promoting both longitudinal and lat-
eral tubulin–tubulin contacts. We hypothesize that these
activities represent fundamental aspects of tau action that
normally occur at the GTP-rich ends of GTP/GDP MTs and
that may be compromised in neurodegeneration-causing tau
variants.

Tau is a microtubule-associated protein (MAP)3 found pri-
marily in neuronal axons and cell bodies. Under normal cir-
cumstances, tau is necessary for the establishment of neuronal
cell polarity, the maintenance of neuronal cell morphology, and
various microtubule-dependent functions such as axonal trans-
port (1–7). Interestingly, although tau knockout mice exhibited
a rather modest phenotype (8), tau/MAP1B double-knockout
mice exhibited a much stronger phenotype than either individ-
ual knockout, demonstrating synergistic and necessary action
by both MAPs (9). Additionally, aberrant tau biochemistry has
long been correlated with Alzheimer’s disease and related
dementias, known collectively as tauopathies. Specifically, bio-
chemically altered tau is the primary component of neurofibril-
lary tangles, one of the two hallmark pathologies of Alzheimer’s
disease. Furthermore, human genetic analyses have demon-
strated that both structural and regulatory errors in tau expres-
sion can cause neurodegeneration and dementia in frontotem-
poral dementia with parkinsonism-17 (FTDP-17), progressive
supranuclear palsy, and a number of other tauopathies (10 –12).
Importantly, the molecular mechanism(s) by which aberrant
tau structure–function or regulation results in disease patho-
genesis remain unknown, although good evidence supporting
both loss– of–function and gain– of–function mechanisms has
been presented (12–15). Among the proposed mechanisms
underlying pathological tau action is altered tau–microtubule
interactions, ultimately leading to microtubule destabilization
and tau self-aggregation into neurofibrillary tangles (11, 12).
Indeed, the vast majority of known pathological mutations in
the tau gene leads to reduced tau affinity for MTs (16 –19),
reduced ability to regulate MT dynamics (17, 18, 20), and
increased propensity of tau aggregation (21, 22).

MTs are dynamic cytoskeletal polymers that are essential for
many cellular processes, including cell division, maintenance of
cellular shape, intracellular transport, and cell signaling (26 –
29). The best understood aspect of tau action is to regulate MT
dynamics, which are critical in order for MTs to perform their
essential functions. The adult human central nervous system
expresses six different isoforms of tau, generated by alternative
splicing of exons 2, 3, and 10 of the mapt gene (30). The pres-
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ence or absence of exon 10 in adults leads to the approximately
equal expression of tau proteins possessing three or four adja-
cent, 31-amino acid–long, imperfect MT-binding repeats (des-
ignated as 3R or 4R tau, respectively, see Fig. 1). Notably, muta-
tions in the mapt gene that disrupt the normal 3R/4R tau
isoform ratio, leading to the overproduction of wildtype (WT)
4R tau, cause dementia (31, 32). Mechanistically, 3R and 4R tau
regulate MT dynamics by (i) lowering the critical concentration
of tubulin dimers required for MT assembly, (ii) moderately
increasing MT growth rates, (iii) increasing the amount of time
MTs spend in an attenuated or static state, and (iv) suppressing
the frequency of MT catastrophes (a switch from a growing or
attenuated state to a shortening state) (13, 26, 29, 34). Impor-
tantly, 4R tau suppresses MT shortening rates and shortening
lengths per event much more effectively than does 3R tau (1,
13, 35, 36). Despite these insights, the underlying mecha-
nism(s) by which tau binding to MTs and tubulin het-
erodimers mediates its regulation of MT dynamic instability
remains poorly understood.

Multiple tau-binding sites upon MTs have been reported,
including sites along the outer MT surface (37–40), at the lon-
gitudinal interface between heterodimers (41), and within the
MT lumen (interior) (42, 43). Importantly, kinetic analyses in
vitro (44) and in cells (45) indicate that tau has at least two
modes of binding to MTs, one that is transient and readily
exchangeable with tau in solution and another that is relatively
nonexchangeable. The nonexchangeable binding site appears
to be accessible only when tau is present during MT assembly
and not when tau is added to pre-assembled MTs (44). The
notion of a strong association between tau and MTs contrasts
with recent studies indicating that tau’s association with MTs is
highly dynamic (46 –49). These data are all compatible with a
model in which the dynamic tau population corresponds to the
readily dissociable binding mode on the outside of the MT,
while the second very stable binding mode corresponds to the
tau-binding site within the lumen of the MT as described by Kar
et al. (42).

Tau binding to MTs reaches saturation at a molar ratio on
the order of 1 tau per �5–10 tubulin dimers (26, 50, 51), imply-
ing a high abundance of binding sites along the length of an MT.
However, the abundance of these sites could obscure a much
lower abundance of higher-affinity tau-binding sites at MT
ends, where growing and shortening events occur. Indeed, this
is the case for the MT-binding drug vinblastine (52–55). Tau
also binds to free tubulin heterodimers and is capable of bind-
ing multiple heterodimers simultaneously via multiple motifs
within the MT-binding repeats as well as sequences in the adja-
cent “pseudorepeat” R� (38, 56, 57). These regions of tau can
also interact with multiple sites on free tubulin heterodimers,

including, but not limited to, the disordered, negatively-
charged C-terminal “tails” of �- and �-tubulin (56, 57), which
are also important for tau binding on the outer MT surface (38,
39, 58).

Nucleation, the rate-limiting step in MT assembly, is a com-
plex process that culminates in the formation of the smallest
energetically favorable tubulin oligomer necessary to promote
assembly (59). Although the identity of this intermediate has
remained elusive, a number of transient intermediate struc-
tures have been reported, including rings, twisted ribbons, and
sheets (40, 60 – 68). During nucleation, GTP-bound tubulin
heterodimers first associate head–to–tail via longitudinal con-
tacts to form protofilaments, which then associate via lateral
contacts to form an MT (59, 69). Protofilaments are curved in
solution but are straight within the context of the MT lattice,
constrained by lateral contacts with neighboring protofila-
ments (68, 70 –73).

Dynamic MT ends can switch stochastically between phases
of assembly and disassembly. At the heart of this “dynamic
instability” is the hydrolysis of GTP by �-tubulin, which occurs
at the longitudinal interface between two heterodimers follow-
ing incorporation into the MT lattice and is thought to be
accompanied by conformational changes that introduce addi-
tional lattice strain (72, 73). MTs have been proposed to possess
a stabilizing “GTP” or “GDP-Pi” cap at their plus-ends com-
posed of tubulin heterodimers that have not yet undergone
conversion to GDP. This cap serves to promote further MT
elongation and prevent “catastrophe,” a switch to a rapidly-
shortening state in which lateral contacts between protofila-
ments are lost and protofilaments peel outward from the body
of the MT. While early models attributed the stabilizing effect
of the GTP cap and assembly competency of GTP tubulin to an
inherent difference in protofilament curvature between the
GTP and GDP state (with GTP possessing a straight conforma-
tion), more recent work indicates that whereas GTP tubulin is
straighter than GDP tubulin, it is also curved, arguing that
straightening occurs as MT-specific lateral contacts are estab-
lished (73, 74). Thus, rather than protofilament curvature, the
most recent picture of the conformational changes that accom-
pany GTP hydrolysis includes compaction of the interface
between longitudinally-associated heterodimers and rotation
of �-tubulin into a more bent structure (73, 75).

In an attempt to better understand how tau mechanistically
regulates MT assembly and dynamic instability, we examined
the action of tau at MT ends through experiments with the
slowly-hydrolysable GTP analog GMPCPP (76). MTs assem-
bled with GMPCPP tubulin are widely believed to model the
GTP-rich end of a normal (i.e. GTP/GDP)-growing MT (70, 71,
73, 74, 76).

This idea is supported by the fact that GTP and GMPCPP
tubulin both maintain similar lateral contacts (73). Addition-
ally, approximately equal MT elongation rates are observed in
the presence of GMPCPP and GTP (76). Furthermore, despite
GMPCPP tubulin’s enhanced nucleation abilities, early in vitro
MT assembly experiments comparing the two nucleotides
show that the same intermediate structures were produced in
the early phases of MT nucleation, albeit in much larger quan-
tities in GMPCPP-containing samples (62). We reasoned that

Figure 1. Schematic of 4R (top) and 3R (bottom) tau with major features
labeled, including the MT-binding repeats (R1–R4). Additional labels indi-
cate pathological (�K280, P301L, R406W) mutations.
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the use of GMPCPP, with its enhanced nucleation ability and
overall higher stability, might enable us to observe structural
intermediates that would ordinarily be too transient to detect.

Here, we show that pre-assembled GMPCPP MTs develop
extended projections composed of multiple aligned protofila-
ments upon the addition of tau. Furthermore, at temperatures too
low for MT assembly, GMPCPP tubulin heterodimers co-incu-
bated with tau form numerous long spirals reminiscent of the end
projections observed at higher temperatures on pre-formed MTs.
Next, GMPCPP MTs undergoing disassembly in the presence of
4R tau (and to a lesser extent 3R tau) also form spirals. Finally, we
show that three tau mutations that cause neurodegeneration and
dementia are compromised in their ability to stabilize MT disas-
sembly intermediates. Taken together, we propose that tau acts to
promote both longitudinal and lateral contacts to stabilize inter-
mediate states that can be reached via both assembly and disas-
sembly and that some of these abilities may be compromised in
pathological tau. We hypothesize that these activities represent
fundamental aspects of tau action that normally occur at the GTP-
rich ends of GTP/GDP MTs.

Results

Given tau’s potent regulation of MT dynamic instability, we
focused our attention upon tau action at MT ends, where tau’s
regulatory effects upon dynamics must ultimately be put into
action.

Tau promotes the stabilization of tubulin projections at the
ends of pre-assembled GMPCPP microtubules

Pre-assembled GMPCPP MTs (at a final concentration of 0.5
�M tubulin) were incubated in buffer, plus or minus tau at a
molar ratio of 1:5 tau/tubulin, for 10 min at 25 °C in a “decora-
tion” assay (Fig. 2A). We then examined MT end morphologies
using transmission EM (TEM).

In the absence of tau, nearly all of the GMPCPP MTs pos-
sessed normal blunt or slightly splayed end morphologies (Fig.
2, B and E), whereas the addition of 4R or 3R tau resulted in
coiled projections at many ends (Fig. 2, C–E). The tau effect was
rapid, specific, and observed across multiple independent
tubulin and tau preparations (this is true for all experiments

Figure 2. Tau stabilizes projections at the ends of pre-assembled GMPCPP microtubules. A, schematic of a GMPCPP MT decoration assay. B, GMPCPP MTs
in the absence of tau possess blunt or splayed ends. C and D, GMPCPP MTs decorated with 4R tau or 3R tau, respectively, develop spiral, ribbon-like projections
at microtubule ends (black arrowheads). Inset: high magnification image of an end projection. E, scoring guide for MT ends. F and G, projection frequency (F) and
length (G) of GMPCPP MTs (0.5 �M) decorated with buffer or tau (4R or 3R, 1:5 tau/tubulin molar ratio). Bars show total counts summed across all experiments.
Tukey’s boxplot, horizontal line at the median, plus sign at the mean. Outliers shown as individual points. *, p � 0.05; ****, p � 0.0001, ns, not significant. See also
Table S1.
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reported in this study). Specifically, projections appeared
within �1 min of tau addition and were not observed when
pre-assembled MTs were decorated with the MT-stabilizing
drug taxol, the MT end-binding protein EB1, or the non-MT–
interacting proteins with overall negative (BSA) or positive
(histone) charges (Fig. S1A).

To quantitatively assess these data, we developed a scoring
system for the different MT end morphologies (Fig. 2E). “Blunt”
and “splayed” describe normal MT end morphologies lacking
“projections,” with a splayed end having a slight gap between
terminal protofilaments. Projection describes MT ends pos-
sessing either one projection �25 nm in length (one MT diam-
eter) or at least three projections (with no length minimum).
MT ends not fitting into any of the above three categories were
extremely rare (�2%) and were therefore excluded from the
analysis.

As seen in Fig. 2F and Table S1, projection frequencies sig-
nificantly differed between the no-tau control samples and the
tau-decorated MTs (generalized linear model (GLM), p �
0.0001). Control MTs exhibited almost exclusively blunt and
splayed ends, with only 6.3% of ends possessing projections. In
contrast, MTs decorated with either 4R tau or 3R tau had
greatly increased projection frequencies relative to the no-tau
control (57.7 and 57.8%, respectively; p � 0.0001 for both com-
parisons), whereas the two tau isoforms were not different from
one another. Interestingly, these end projections appeared to be
derived primarily from blunt-ended MTs as opposed to those
with a splayed morphology (Fig. 2F).

Finally, MT length distributions measured before and after
decoration with tau revealed no detectable change in MT
length (excluding projection length) over the 10-min incuba-
tion at 25 °C (Fig. S1B).

Are tubulin projections at MT ends the result of tau-mediated
effects during MT assembly, disassembly, or both?

Projections at MT ends could result from tau-promoted
growth via addition of soluble tubulin heterodimers onto exist-
ing MT ends, perhaps analogous to the curved protofilament
sheets observed at fast-growing MT ends (68). However,
because the final step in our GMPCPP MT preparation is cen-
trifugation and resuspension in tubulin-free buffer (see under
“Experimental procedures”), only minimal quantities of free
tubulin heterodimers are expected to be present in these prep-
arations. However, GMPCPP tubulin has an estimated critical
concentration of only 20 nM for nucleated assembly onto pre-
existing MTs (76), and the critical concentration could be even
lower in the presence of tau. Therefore, we hypothesized that
small amounts of free tubulin subunits present in the GMPCPP
MT preparation (carried over after centrifugation and/or aris-
ing during the storage process) might be sufficient to support
some small amount of tau-mediated assembly at MT ends.
Alternatively, if the projections were generated during MT dis-
assembly events, the simplest model would be that the projec-
tions represent a normally short-lived disassembly intermedi-
ate that is stabilized by tau, perhaps analogous to the
protofilament peels observed at the ends of disassembling MTs
(70, 77– 80).

Tau-induced projections form during MT assembly events

To begin assessing whether the projections in the decoration
assays (Fig. 2) were the result of tau action during MT assembly,
disassembly, or both, we exploited a differential activity of 4R
and 3R tau that we and others have described in vitro and in
cultured cells; although both 4R and 3R tau promote MT
growth events to a similar extent, 4R tau suppresses MT short-
ening events much more effectively than does 3R tau (1, 13, 28,
35, 36, 81). Therefore, if the MT end projections were formed
by tau action during MT assembly, 4R and 3R tau would be
predicted to exhibit comparable projection formation abilities.
Alternatively, if the projections were generated by tau action
during MT disassembly, 4R tau would be predicted to exhibit
increased projection frequency and/or longer projection
lengths than those exhibited by 3R tau.

3R tau and 4R tau generate similar projections in MT deco-
ration assays, supporting tau-mediated formation of end projec-
tions during MT assembly events—The decoration assay pre-
sented in Fig. 2, in addition to revealing the existence of MT end
projections in the presence of 4R and 3R tau, also addresses the
question of whether or not projections can form during MT
assembly events. For example, at a 1:5 tau/tubulin molar ratio
(where the MT lattice is saturated with tau and where 3R tau
promotes MT growth comparably to 4R tau (13, 36)), we found
that the distribution of MT end morphologies was essentially
identical with both tau isoforms (Fig. 2F and Table S1). Further-
more, projections were similar lengths with both isoforms.
3R-decorated MTs had projections that were slightly longer,
with a mean length of 275 � 8.9 nm compared with 4R-deco-
rated MTs with a mean length of 245 � 9.3 nm. Both were
significantly longer than the relatively rare projections ob-
served in the no-tau controls (mean length 138 � 13 nm, p �
0.0001 for both comparisons; Fig. 2G and Table S1). The small
(30 nm) length difference between 3R- and 4R tau-promoted
projections was statistically significant (p � 0.017). Nonethe-
less, the similar lengths and nearly identical abundance of 4R-
and 3R-induced end projections support the notion that the
projections are the result of tau-mediated stabilization of an
assembly event. The simplest interpretation is that low levels of
free tubulin subunits present in the assay mixtures were suffi-
cient to support projection assembly.

We next reasoned that although sufficient for some
amount of projection assembly, the low level of free tubulin
in the decoration assay could be a limiting factor. Therefore,
as an additional assessment of the assembly origin model for
projections, we performed decoration assays in which we
supplemented the system with an additional 0.5 �M free
GMPCPP tubulin. In the presence of the additional tubulin,
we observed increases in both projection frequency and pro-
jection length in tau-containing samples. Specifically, pro-
jection frequency for 4R and 3R tau increased by 23 and 11%,
respectively, whereas the projection length increased by 43
and 30%, respectively.

Taken together, these data indicate that tau-promoted tubu-
lin assembly activity contributes to the generation of MT end
projections.

Tau stabilizes MT assembly/disassembly intermediates
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In the absence of MT assembly, tau promotes formation
of GMPCPP tubulin “spirals”—Interestingly, the decoration
experiment presented in Fig. 2 did not result in a measurable
change in MT length (Fig. S1B). Therefore, we next asked
whether tau can promote the assembly of any alternative tubu-
lin structures in the absence of pre-formed MTs, such as the
rings, “twisted ribbons,” and/or sheets observed at the earliest
time points of MT assembly reactions under various conditions
(40, 63, 66, 82– 84). It is especially notable that spirals observed
with GMPCPP tubulin and high concentrations of Mg2	 can
directly convert into MTs and have been proposed to corre-
spond to sheet-like intermediates observed at growing MT
ends (84).

To prevent assembly of complete MTs and therefore
increase the likelihood of observing pre-MT structures, we per-
formed our experiments at 4 °C. We incubated 0.9 �M GMP-
CPP tubulin heterodimers for 30 min at 4 °C in the presence or
absence of 4R or 3R tau (Fig. 3A). Under these conditions, both
4R tau and 3R tau promoted the assembly of long GMPCPP
tubulin spirals (Fig. 3B), which we term “de novo” spirals to
emphasize that the starting material was unpolymerized tubu-
lin dimers rather than pre-assembled MTs. No tau-containing
control samples possessed far fewer and significantly shorter
spirals (Fig. 3, B, G, and H). The fact that spirals were observed
even in the absence of tau suggests that these GMPCPP tubulin
spirals, like those observed by Wang et al. (84, using different
conditions), represent a normal intermediate in GMPCPP
tubulin assembly.

Width measurements from TEM images indicated that de
novo spirals were 25.2 � 0.9 nm, suggesting that our de novo
spirals were composed of an average of �6 protofilaments.
Both spiral number (ordered heterogeneity, OH p � 0.002) and
spiral length (OH p � 0.002) were positively correlated with
tubulin concentration (holding the tau/tubulin ratio constant;
Fig. 3, C and D, and Table S2). In contrast, spiral length (OH p �
0.0004; Fig. 3F and Table S3) but not spiral number (Fig. 3E and
Table S3) negatively correlated with increasing tau/tubulin
molar ratios. One simple interpretation compatible with all of
these data is that an increased number of tau molecules results
in an increased number of spiral nucleation events, ultimately
resulting in an increase in spiral abundance and a decrease in
average spiral length as tubulin subunits become limiting. This
would be consistent with tau lowering the critical concentra-
tion for spiral formation. In contrast, the trend toward
increased spiral abundance at higher tau/tubulin molar ratios
did not reach statistical significance (Fig. 3E and Table S3).

Next, we asked whether both 3R and 4R tau isoforms pro-
mote de novo spiral assembly to the same extent. We incubated
0.9 �M GMPCPP tubulin alone or with 3R or 4R tau (1:5 tau/
tubulin molar ratio) and then quantified spiral abundance and
length. The three conditions differed significantly in both the
numbers (ANOVA p � 0.0001) and lengths (Welch’s ANOVA
p � 0.0001) of de novo spirals. We found comparable numbers
of de novo spirals in the presence of 3R tau and 4R tau (Table
S4). Both tau isoforms assembled more spirals than controls
(p � 0.011 versus 3R tau and p � 0.0001 versus 4R; Fig. 3G).

Figure 3. Tau stabilizes a GMPCPP tubulin spiral structure under nonassembly-promoting conditions. A, schematic of a GMPCPP tubulin de novo spiral
formation experiment. B, left: GMPCPP tubulin dimers (0.9 �M) in the absence of tau only rarely form spirals. Center and right: in the presence of 4R tau and 3R
tau, respectively (1:5 tau/tubulin molar ratio), GMPCPP tubulin dimers assemble into plentiful spirals. Inset shows a higher magnification image of a de novo
spiral. C and D, effects of tubulin concentration on de novo spiral abundance (C) and length (D) with 4R tau at a constant 1:5 tau/tubulin molar ratio. E and F,
effects of 4R tau concentration on de novo spiral abundance (E) and length (F) at a constant tubulin concentration of 0.9 �M. G and H, de novo spiral abundance
(G) and lengths (H) with 3R and 4R tau (1:5 tau/tubulin molar ratio). Graphs (D, F, and H) are Tukey’s boxplots. Graphs (C, E, and G) show mean and 95%
confidence interval (CI); each data point represents a randomly chosen field at 
30,000 magnification. ****, p � 0.0001; ***, p � 0.001; **, p � 0.01; *, p � 0.05,
ns, not significant. See also Tables S2–S4.
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Spirals were also longer in the presence of either tau isoform
than in the no-tau control (p � 0.0001 versus 3R tau and p �
0.0008 versus 4R tau). 3R tau produced the longest spirals, with
a mean length of 450 � 14 nm, compared with 402 � 11 nm
with 4R tau, and 319 � 20 nm in controls (Fig. 3H and Table S4).
The length difference between 3R tau and 4R tau was statisti-
cally significant (p � 0.008). This observation is reminiscent of
the longer projection lengths observed with 3R tau relative to
4R tau in the decoration assay (Fig. 2). Both of these observa-
tions would be predicted if 4R tau is a slightly stronger nuclea-
tor of spiral and MT formation (i.e. given limited free tubulin
subunits, more nucleation events would result in shorter aver-
age lengths). Consistent with our earlier observations, a large
increase in the tau concentration (to 5:1 tau/tubulin molar
ratio) resulted in decreased mean spiral lengths for both 3R and
4R tau samples, giving spirals with mean lengths of 363 � 14
and 364 � 8.5 nm, respectively. These data are consistent with
the comparable assembly-promoting activities of 3R and 4R tau
reported in the literature and support the notion that spirals
represent a tau-stabilized intermediate in MT assembly.

Under MT assembly conditions, incubation of tau with GMP-
CPP tubulin supports the model that tau prolongs an interme-
diate assembly state—Tau’s ability to promote the assembly of
de novo spirals under non-MT assembly conditions coupled
with the assembly of a lesser number of spirals even in the
no-tau controls led us to hypothesize that the spirals represent
a normal intermediate in GMPCPP MT assembly and a funda-
mental component of tau action in MT assembly. Wang et al.
(84) demonstrated that GMPCPP tubulin spirals formed at 4 °C
and high Mg2	 concentrations could undergo a temperature-
dependent conversion into MTs (without a depolymerization
step), leading the authors to hypothesize a connection between
their spirals and the sheet-like intermediates sometimes
observed at the ends of fast-growing GTP MTs (84). The Wang
et al. (84) transition from spirals to MTs occurred around 25 °C,
the critical temperature for GTP tubulin assembly (84). To
determine whether our tau-induced de novo spirals could also
transition to bona fide MTs, we prepared de novo spirals as
above (0.9 �M GMPCPP tubulin, 1:5 4R tau/tubulin molar ratio,
30 min at 4 °C), then warmed the solution to 34 °C, and exam-
ined the samples by TEM. Control reactions lacking tau con-
tained abundant MTs with normal morphology. In contrast, we
found few morphologically normal MTs in 4R tau-containing
samples and instead observed tangled clumps of MTs, spirals,
and ribbon-like sheets (data not shown).

We reasoned that our conditions might promote the forma-
tion of very long spirals that become highly tangled, thereby
interfering with the temperature-induced conversion into
MTs. To provide conditions in the tau samples that might be
more conducive to complete MT assembly, we eliminated the
incubation at 4 °C. Additionally, we increased the tubulin con-
centration to promote more nucleation events. Therefore, we
repeated the tau plus tubulin co-assembly experiment at 6.6 �M

tubulin (1:5 tau/tubulin). Reaction components were mixed
together on ice and then immediately warmed to 34 °C. We
took TEM samples as soon as possible (� 5 min) after tau
addition (in warm buffer, simultaneous with the temperature
change) and then after 30 min and 24 h at 34 °C. Before the

temperature increase, TEM revealed no visible structures (data
not shown). In the absence of tau, MTs were observed at 5 min
and greatly increased in number by 30 min (Fig. 4B). At these
time points, the no-tau controls showed occasional spiral and
ribbon-like structures, both free and at MT ends (Fig. 4B). By
24 h, most of these control MTs had normal end morphologies
without projections. In contrast, non-MT structures were both
much more common and longer at all time points in samples
containing 4R tau. Spirals, but not MTs, were observed at 5 min
(Fig. 4B). By 30 min, some rare MTs with long end projections
were also present, although in tangled masses of spirals, MTs,

Figure 4. TEM time course of GMPCPP tubulin assembly at 34 °C suggests
that tau prolongs an intermediate structural state. A, schematic of a warm
co-assembly experiment. B, assembly time course of 6.6 �M GMPCPP tubulin
in the absence of tau. Note the presence of MTs (black arrowheads), spirals/
projections (white arrowheads), and ribbon/sheet structures (gray arrow-
heads) after only 5 min. By 30 min, more MTs and sheet structures that may be
unfolded MTs have formed. By 24 h, there are many MTs with normal mor-
phology. C, assembly time course in the presence of 4R tau (1:5 tau/tubulin
molar ratio). Note the lack of MTs at the earliest time point. By 30 min, MTs are
still scarce and large, and tangled clumps of spirals are visible. After 24 h, some
MTs are present, although tangled clumps and ribbons are still plentiful, espe-
cially in proximity to MT ends.
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and sheet- or ribbon-like structures (Fig. 4B). Width measure-
ments suggested that some of these structures might represent
unfolded, or not-yet-folded, MTs (average �75 � 9.6 nm,
which is the predicted circumference of MT). After 24 h, the 4R
tau-containing sample showed more MTs than the 30-min
sample, but many had long end projections, and tangled masses
were still present. Parallel experiments demonstrated that 3R
tau also stabilized spirals and produced similar tangled masses
as well as some normal MTs (data not shown). Importantly,
parallel co-assembly experiments of GTP tubulin both with and
without 4R tau yielded morphologically normal MTs (1:5 tau/
tubulin molar ratio; Fig. S2). Substitution of the MT-stabilizing
drug taxol for tau also led to MTs lacking projections. Taken
together, the data support the notion that the spirals represent
a prolonged view of a normally transient intermediate, assem-
bled and stabilized as a result of normal tau activity.

Tau stabilizes tubulin spirals during GMPCPP microtubule
disassembly

The results described above indicate that tau stabilizes an
intermediate structure during the process of MT assembly.
Next, we asked whether or not 4R tau, as a more potent stabi-
lizer against MT shortening relative to 3R tau, more effectively
stabilizes any MT disassembly intermediates compared with 3R
tau. We returned to the use of pre-assembled GMPCPP MTs
and pushed them toward cold temperature-induced disassem-
bly in the presence or absence of 4R or 3R tau. If 4R is more
effective than 3R tau, it should stabilize an MT disassembly
intermediate that is more abundant and/or longer than similar
non-MT structures observed in the presence of 3R tau or the
no-tau controls.

We induced disassembly by diluting pre-assembled GMP-
CPP MTs into ice-cold buffer alone or in buffer containing tau
(final tubulin �0.5 �M, final molar ratio 1:5 tau/tubulin) and
examined the structures present after 10 min by TEM (Fig. 5A).
In the absence of tau, diluted MTs disassembled almost com-
pletely, containing only rare spirals (Fig. 5B). We refer to these
as “disassembly” spirals to emphasize their origin from depo-
lymerizing MTs. In contrast, MTs disassembled in the presence
of 4R tau resulted in the presence of many more disassembly
spirals than either 3R or control (Welch’s ANOVA p � 0.0001;
Fig. 5, B and C). Specifically, 4R tau exhibited an average of 19 �
1.4 spirals per field, compared with 3.7 � 0.7 and 2.0 � 0.3 for
3R tau (p � 0.0001) and the no-tau controls (p � 0.0001),
respectively (Fig. 5C and Table S5). We also observed signifi-
cant differences in spiral lengths (Welch’s ANOVA, p �
0.0001). 4R tau-stabilized spirals were significantly longer on
average (497 � 14 nm) than the occasional 3R tau-stabilized
spirals (324 � 16 nm, p � 0.0001) or control spirals (296 � 23,
p � 0.0001; Fig. 5D and Table S5). It is also notable that 3R tau
had a comparatively small, although statistically significant,
effect in terms of both the spiral abundance and length versus
the control samples (p � 0.046 and p � 0.014, respectively).
Taken together, all of these data fit well with the well-estab-
lished observation that 4R has a markedly more potent effect
upon MT shortening events than does 3R tau (1, 13). Increasing
the tau/tubulin ratio from 1:5 to 10:1 (holding the tubulin con-
centration constant) had no effect on spiral abundance or

length for both 4R and 3R tau (data not shown), indicating that
tau isoform-specific differences in disassembly spiral stabiliza-
tion are intrinsic properties of the proteins themselves.

In all cases measured, disassembly spirals were an average of
18.1 � 0.4 nm wide, corresponding to �4 protofilaments wide.
Together with the fact that the disassembly spirals were differ-
entially stabilized by 4R tau versus 3R tau, this suggests that they
may be distinct from de novo spirals.

MTs are known to be more resistant to cold-induced disas-
sembly at higher concentrations (85). Therefore, we hypothe-
sized that performing the same disassembly experiment at a
higher MT concentration might slow depolymerization and
allow us to better observe the transition from MTs to disassem-
bly spirals. We cooled GMPCPP MTs (6.1 �M) to 4 °C in the
presence or absence of 4R tau (1:4 tau/tubulin; Fig. 5, E and F).
We took TEM samples immediately after tau addition (in ice-
cold buffer, simultaneous with the temperature change) and
then again after 60 min. MT length measurements indicated
that MTs disassembled over time to a nearly identical extent in
the presence and absence of tau, from 3.1 � 0.1 to 2.1 � 0.1 �m
in the no-tau controls (two-sample bootstrap p � 0.0001) and
from 3.0 � 0.1 to 2.2 � 0.1 �m with 4R tau (two-sample boot-
strap p � 0.0001; Fig. S3). Importantly, the ends of control MTs
showed few projections during disassembly, with an average of
1.3 � 1.0 projections per field (15% of total MT ends) at the
initial time point and 2.8 � 0.9 projections per field (20% of
total MT ends) at the 60-min time point (Fig. 5G). In contrast,
end projections for MTs incubated with 4R tau drastically
increased in frequency over time, from 4.3 � 0.8 projections per
field (22% of total MT ends) initially to 28 � 9.8 projections per
field (94% of total MT ends) after 60 min (Fig. 5G). This is
consistent with the results from Muller-Reichert et al. (70),
showing that �90% of both GDP and GMPCPP MT ends pos-
sessed “curved oligomers” upon inducing MT disassembly with
high concentrations (24 mM) of Ca2	.

MTs disassembled in the presence of 4R tau had an average of
26 more projections per field at 60 min than the no-tau control
samples (two-sample Alexander-Govern p � 0.040; Fig. 5G).
The average projection length increased over time for both
conditions, although the difference of 4R tau was not statisti-
cally significant. The no-tau control projection lengths
increased from 69 � 9.2 to 169 � 33 nm (difference in confi-
dence intervals, p � 0.039), despite the low number of projec-
tions observed at each time point (n � 8 for 0 min and n � 12 for
60 min). Projection lengths in 4R tau-containing samples
increased from 194 � 29 to 255 � 18 nm, but this difference was
not statistically significant (two-sample bootstrap p � 0.068;
Fig. 5H). The lack of statistical significance for the 4R tau sam-
ples may due to the high variability in projection lengths exhib-
ited by 0-min 4R tau samples (n � 25). Nonetheless, it is impor-
tant to note that the presence of 4R tau resulted in longer and
more numerous projections than the no-tau controls at each
time point. These data suggest that 4R tau stabilizes an inter-
mediate structure during MT disassembly, which may contrib-
ute to the ability of 4R tau but not 3R tau to stabilize MTs
against catastrophe (1, 13, 35, 36).

Taken together, these analyses demonstrate the ability of 4R
tau to stabilize an intermediate during MT disassembly.
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Three FTDP-17 tau mutants are differentially compromised in
their ability to stabilize disassembly spirals

We hypothesized that if the stabilization of intermediate
structures in MT assembly and disassembly is a normal physi-
ological tau activity, then it may be compromised by disease-
associated mutations in the tau gene. We therefore assessed the
effects of three known human tau mutations that cause neuro-
degeneration, �K280, P301L, and R406W, for their abilities to
stabilize (i) assembly projections at MT ends and (ii) disassem-
bly spirals. At a structural level, the P301L and �K280 muta-
tions map within the MT-binding repeat region, whereas
R406W maps downstream of the M- binding repeat region in

the C-terminal tail of the protein (Fig. 1). Functionally, P301L
and �K280 exhibit loss– of–function effects on MT-binding
affinity and the ability to regulate MT dynamics (15–20). They
also aggregate more readily than WT tau (21, 22). Although
R406W also causes disease, it has less marked effects on these
parameters (17, 18, 86).

We performed MT decoration experiments at 25 °C at a 10:1
tau/tubulin molar ratio with WT 4R tau (WT) and the three tau
mutant proteins. All four tau proteins increased the frequency
of projections at MT ends relative to controls lacking tau. Spe-
cifically, WT 4R tau induced projections at 39% of microtubule
ends, compared with 7.4% in the no-tau control (Fig. 6A). The

Figure 5. Tau stabilizes a GMPCPP tubulin spiral structure that is reached through microtubule disassembly. A, schematic of a disassembly spiral
experiment. B, GMPCPP MTs (0.5 �M) diluted into ice-cold buffer in the absence of tau (left) or in the presence of 3R tau (right) disassemble into tubulin dimers
and/or oligomers, with the occasional spiral observed. Cold dilution in the presence of 4R tau results in disassembly spirals (center). Inset shows a higher
magnification image of a disassembly spiral. C and D, disassembly spiral abundance (C) and length (D) from MTs disassembled in the presence of 3R or 4R tau.
E and F, time course of 6.1 �M GMPCPP MTs cooled to 4 °C in the absence (E) or presence (F) of 4R tau (1:4 tau/tubulin molar ratio). Note the presence of
projections at MT ends in the presence of tau, even at the earliest time point (left), and persistence of MTs in both samples, even after 60 min (right). G and H,
projection abundance (G) and length (H) from E and F, shown from one representative experiment. ****, p � 0.0001; *, p � 0.05. ns, not significant, p � 0.05. See
also Table S5.
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three mutants trended toward lower projection frequencies
than WT (25, 26, and 29% of ends overall for P301L, �K280, and
R406W, respectively; Fig. 6A and Table S6). These differences
came close to but did not reach statistical significance (GLM
p � 0.058). Projection length analysis showed that WT 4R tau
stabilized projections with a mean length of 252 � 24 nm (Fig.

6B). Although �K280 and R406W trended toward shorter
mean projection lengths (171 � 23 and 191 � 21 nm, respec-
tively), P301L projections (248 � 38 nm) were similar to WT
length, although there were no statistically significant differ-
ences between any mutant and WT (Welch’s ANOVA p �
0.06).

Figure 6. FTDP-17 mutants show differential abilities to stabilize intermediate structures. A and B, projection frequency (A) and length (B) after decora-
tion of GMPCPP MTs (0.5 �M) with WT 4R tau (4R/wt; 10:1 tau/tubulin molar ratio) or tau with the FTDP-17–associated tau mutations P301L, �K280, or R406W.
C–E, GMPCPP MTs (0.5 �M) disassembled in the presence of 4R/wt or FTDP-17 mutant tau (1:5 tau/tubulin molar ratio) differ in disassembly spiral abundance
(C) and length (D). ****, p � 0.0001; ***, p � 0.001; **, p � 0.01; *, p � 0.05. ns, not significant, p � 0.05. See also Tables S6 and S7.
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Next, we asked whether the same tau mutants were able to
stabilize disassembly spirals. GMPCPP MTs were diluted into
cold buffer with or without each tau protein (final tubulin �0.5
�M, 1:5 tau/tubulin molar ratio) and incubated at 4 °C for 10
min. WT 4R tau stabilized an average of 7.9 � 0.6 spirals per
field with a mean spiral length of 570 � 18 nm, compared with
2.8 � 0.5 spirals per field and a mean spiral length of 326 � 30
nm in the no-tau controls (Fig. 6, C–E, and Table S7). All three
tau mutants exhibited small but significant reductions in spirals
per field relative to WT 4R tau (ANOVA p � 0.0002, Fig. 6, C
and E). The �K280 and P301L mutants were more markedly
compromised, with an average of 4.4 � 0.9 spirals per field in
�K280 and 3.9 � 0.9 in P301L (p � 0.0026 and p � 0.0007
versus WT, respectively). Spiral lengths also differed among the
tau mutants (Welch’s ANOVA p � 0.0001). �K280 and P301L
stabilized spirals with shorter mean lengths (297 � 24 nm and
442 � 27 nm, respectively) relative to WT 4R tau (p � 0.0001
and p � 0.0004). R406W, while still compromised compared
with WT, appeared to be less affected than the other two
mutants, stabilizing an average of 5.3 � 0.5 spirals per field (p �
0.027 versus WT) that were no shorter than WT (579 � 30 nm;
Fig. 6D and Table S7). In summary, mutations �K280 and
P301L negatively affect tau’s ability to stabilize disassembly spi-
rals in terms of both quantity and length, whereas the R406W
mutation only negatively impacts spiral quantity.

Discussion

The best understood role of tau in neuronal cell biology is to
establish and maintain the proper regulation of MT dynamics,
the growing and shortening events at MT ends. Proper regula-
tion of these events is critical for many cellular functions, as
evidenced by the deleterious effects of both MT-stabilizing and
-destabilizing drugs (27). Indeed, one often suggested model for
pathological tau action in Alzheimer’s and related tauopathies
is the destabilization of axonal MTs, leading to aberrant axonal
transport and neuronal cell death (87, 88).

The simplest view of MT assembly involves the stepwise
addition of individual tubulin dimer subunits onto the growing
end of an MT (23). Indeed, measurements of incremental
length increases on very-short time intervals (100 ms) during
MT assembly using optical tweezers observed length incre-
ments of 8.1 nm (the length of a tubulin heterodimer) with only
rare length increments greater than 16 nm (the length of two
tubulin heterodimers) (23). Alternatively, other assembly data
suggested that MT length fluctuates “on subsecond timescales,
leading to apparent steps of 10 – 40 nm amplitude” (24), an
observation that cannot be explained by the stochastic addition
and subtraction of 8-nm dimers alone. Although the addition of
tubulin oligomers rather than dimers at MT ends (89) has been
proposed to explain this discrepancy, others favor a “dynamic
GTP cap” model where rapid growth and shortening at the MT
plus-end result in protofilaments containing unequal amounts
of GTP-tubulin (25). This variation in cap size then adds to the
overall variation in growth rate, as incoming dimers or oligo-
mers, which have a greater surface area to interact with (i.e.
more neighbors), will have a higher probability of forming pro-
ductive lateral interactions, eventually resulting in straighten-
ing and incorporation into the growing MT lattice. By virtue of

their curved morphology, GTP tubulin oligomers or protofila-
ments that have not yet been bound laterally on both sides may
also provide a target for end-specific MAPs. Indeed, MAPs,
including tau (47, 90), CLIP-170 (91), and EB1/3 (92), exhibit
differential binding preferences based on the curvature of the
tubulin.

We have used GMPCPP tubulin, which is widely used to
mimic the pre-hydrolysis state of GTP tubulin, to explore
effects of tau on MT assembly/disassembly structural interme-
diates that might otherwise be too transient to observe. We find
that co-incubation of GMPCPP tubulin and tau resulted in the
formation of tubulin spirals emanating (i) from the ends of pre-
assembled MTs at 25 °C, (ii) from free tubulin heterodimers
dimers at 4 °C, and (iii) from free tubulin heterodimers dimers
at 34 °C. Spirals were also formed when MTs were disassembled
by cold temperature in the presence of 4R tau. Importantly, all
of these spiral structures were also observed, albeit at much
lower frequencies, in the absence of tau and have also been
observed in previous studies of both GTP and GMPCPP tubulin
(62, 70, 82), consistent with the notion that that they are bona
fide intermediates in the MT assembly/disassembly processes.

Furthermore, we find that 3R and 4R tau isoforms were sim-
ilarly able to promote MT assembly intermediates but differ in
their ability to stabilize disassembly intermediates, consistent
with the well-established ability of 4R to suppress MT shorten-
ing events more effectively than does 3R tau (1, 13, 28, 35, 36,
81). Finally, we find that while three tau proteins harboring
mutations that cause neurodegeneration and dementia were
not compromised in their abilities to stabilize assembly inter-
mediates (MT end projections), they were compromised in
their abilities to stabilize disassembly intermediates (disassem-
bly spirals). Collectively, our results indicate that stabilization
of assembly/disassembly intermediates is a key feature of phys-
iological tau action.

Intermediates in MT assembly, disassembly, and dynamics

It has been proposed that the primary force at play within the
MT lattice is outward longitudinal bending due to the intrinsic
curvature of tubulin protofilaments. In general, MT lateral
bonds are estimated to be �5 times weaker in strength than
longitudinal bonds (78, 93). As a result, the formation of these
higher energy longitudinal bonds presents the larger barrier to
MT nucleation, whereas the breakage of weaker lateral contacts
between adjacent protofilaments at MT ends is believed to gov-
ern MT disassembly (78, 89, 93–95). Whereas a given region of
tubulin heterodimers located within the main body of an MT is
constrained in a straight conformation by lateral forces within
the MT lattice on both sides, heterodimers/protofilaments near
the MT end are less constrained structurally and may therefore
realize some of their intrinsic curvature (96), resulting in the
gently curving sheets observed at growing MT ends (68, 71, 76).
Indeed, dynamic instability is thought to derive from the GTP
hydrolysis event (and the resulting increased lattice strain) that
occurs post-incorporation into the MT lattice. At a critical
point following GTP hydrolysis, lateral bonds can break, and
the liberated protofilament(s) can assume their intrinsic curva-
ture and roll up, causing the straight and intact part of the tube
to shorten. If the energy released by breaking lateral bonds at
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MT ends is insufficient to propagate down the length of the
tube, or the liberated protofilament(s) engages with some other
stabilizing component (such as tau or other MAPs), the result
will be a “meta-stable” intermediate state in which the MT end
is energetically relaxed but not actively depolymerizing (96 –
100). This state defines a “rescue” event, when a depolymerizing
MT switches to a paused or growth state. Thermal fluctuations
may push MTs into or out of this meta-stable intermediate
state, providing a possible explanation for the temperature de-
pendence of rescue and catastrophe frequencies (96, 101).
Janosi et al. (96) have proposed that a meta-stable intermediate
is a potential point for regulation by MAPs through GTP–
tubulin association and/or dissociation rate, intrinsic curva-
ture, and/or cooperative binding.

The existence of intermediate states in MT assembly and
disassembly was first described in early in vitro studies of MT
nucleation and dynamics (61, 64, 70, 82, 102–104). Both rings
and “twisted ribbon” (spiral) species form during MT nucle-
ation in the presence of MAP-rich tubulin and GTP over the
first �4 min of assembly at 37 °C (64, 66, 82). These authors
noted that the twisted ribbons/spirals would provide a more
favorable intermediate state than rings, which would have to
undergo opening into a single linear oligomer prior to incorpo-
ration at the growing MT end (40). Indeed, quantitative EM by
Kirschner et al. (65) showed that ribbons were the predominant
species in the first 30 s to 2 min after GTP addition, and their
disappearance coincided with the appearance of increasing
numbers of MTs.

Spirals have also been observed in the earliest phases (�30 s)
(i) when free GMPCPP tubulin dimers are incubated at 4 °C in
the presence of high concentrations of Mg2	 (84), and (ii) when
GMPCPP MTs are disassembled in the presence of high con-
centrations of Ca2	 (70, 80). The Mg-induced spirals, which
Wang et al. (84, 107) proposed are analogous to the outwardly-
curved tubulin sheets observed at the ends of fast-growing
GTP/GDP MTs in vitro using purified tubulin (68), in cell
extracts (105), and in yeast (106), may constitute an intermedi-
ate structure during MT assembly. Different conditions, such
as temperature, tubulin concentration, salt concentration, or
the presence of MAPs, would be predicted to affect the equilib-
rium between sheet/MT elongation and sheet closure into MTs
and could thereby affect global MT dynamics. For example,
MAPs EB1 and EB3, which bind specifically to MT plus-ends
and promote MT growth as well as both rescue and catastro-
phe, have been shown to increase tubulin sheet formation as
well as to promote sheet closure into MTs (108, 109). Interest-
ingly, EBs exhibit preferential binding for the post-hydrolysis
but pre-phosphate release GDP-Pi tubulin state (corresponding
to the region immediately behind the GTP cap) but exhibit poor
binding to GMPCPP MTs (110, 111).

Structural studies of the Mg-induced spirals described above
revealed the existence of two types of lateral contacts, only one
of which is present in the mature MT lattice (84, 107). It seems
reasonable to suggest that tube closure requires the conversion
of the non-MT mode of lateral contacts to the MT mode of
contacts. We suspect that our tau-induced de novo spirals may
possess similar types of lateral contacts as the Mg-induced spi-
rals. The fact that our de novo spirals convert into intact MTs

less effectively when warmed than do the Mg-induced spirals
(84) suggests that tau may preferentially stabilize the non-MT
lateral contacts. Wang et al. (84) note that the equilibrium
between spiral and MT could be shifted based on the concen-
tration of magnesium, with higher concentrations resulting in a
longer time before conversion into MTs. In this regard, it is
useful to recall that while Mg is normally necessary for MT
assembly, it is not required for tau-mediated MT assembly
(112). Additionally, it appears that the tau-mediated spirals are
more stable than the Mg-induced spirals, because formation of
the Mg-induced spirals requires higher GMPCPP tubulin con-
centrations (18 –27 �M tubulin compared with 0.9 �M with tau)
and higher magnesium concentrations than the corresponding
tau-induced spirals (6 –20 mM Mg versus 0.015– 4.5 �M tau).

Implications for tau’s mechanism of action

The nature of the tau–MT interaction has been investigated
for many years. Beginning with the acquisition of tau’s amino
acid sequence, Lee et al. (113) proposed that the “repeat region”
of tau might serve as a microtubule-binding region, a hypothe-
sis that was subsequently supported by direct experimental evi-
dence (35, 114 –116). Recent cryo-EM structural data (38), as
well as several earlier studies, suggested that tau primarily sta-
bilizes longitudinal tubulin–tubulin interactions (37, 41, 112).
In contrast, several other studies have argued that tau primarily
stabilizes lateral contacts between protofilaments (42, 90). Our
biochemical data suggest that tau promotes both longitudinal
and lateral interactions, as shown by longer spirals and projec-
tions (i.e. more longitudinal bonds), and more numerous spirals
and projections (i.e. more protofilaments aligning together
requires more lateral bonds) in tau-containing samples than in
controls. Furthermore, as discussed above, our data suggest
that tau may stabilize more than one type of lateral interaction.

How might these interactions mediate tau’s effects on MT
nucleation and the regulation of MT dynamics? Based on our
observations and precedents in the literature, we suggest that
tau promotes MT nucleation by first promoting the assembly
and/or stabilization of longitudinal tubulin oligomers, which
then associate laterally into small, slightly curved GTP–tubulin
sheet- or spiral-like structures. It has been shown that tau can
bind multiple tubulin dimers at once to form heterogeneous
tau–tubulin “fuzzy” complexes that are positively correlated
with the rate of MT assembly (57). These assembly intermedi-
ates might act as seeds and help to overcome the MT nucleation
energy barrier. During MT growth, the sheet- or spiral-like
structure may form on, or associate with, growing MT ends,
forming new lateral interactions with other similar structures.

Our data suggest that promotion of tubulin sheet closure into
an MT is not a tau-mediated event. The tau-stabilized spirals
we observed, both at MT ends and free in solution, were ineffi-
cient at closing into MTs, especially under conditions promot-
ing the formation of longer spirals (e.g. lower tau/tubulin molar
ratios). Perhaps tubulin sheet closure is an intrinsic property of
an MT end. In support of the latter perspective, control reac-
tions containing only tubulin and no tau assemble efficiently
into bona fide MTs. In contrast, the presence of tau in parallel
reactions leads to abundant spirals and many fewer MTs. It is
notable that at low concentrations, 4R tau exhibits a much
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stronger effect on the suppression of MT catastrophe (�30-
fold) than it does on the promotion of MT growth (�1.5-fold).
Perhaps tau primarily serves to promote assembly and/or sta-
bilization of spirals, an otherwise unstable intermediate that
could either move toward tube closure by an intrinsic mecha-
nism or rapid disassembly. This would also be consistent with
the observations that addition of tau to MTs at steady state
leads to a marked increase in the percentage of MTs that are
neither growing nor shortening (29).

Finally, our disassembly experiments indicate that 4R tau
more effectively stabilizes intermediates generated during MT
disassembly than does 3R tau. The mechanisms underlying
these differential activities remain unclear. We speculate that
the differences may arise from the differential importance of
lateral and/or longitudinal bonds in MT assembly and disas-
sembly contexts. For example, 3R tau may be less efficient than
4R tau at stabilizing MT-specific lateral contacts, which would
be predicted to primarily affect MT disassembly. Alternatively,
the relatively equal abilities of both 3R and 4R tau to promote
MT nucleation and assembly may derive from the promotion of
longitudinal bonds and possibly also the non-MT type of lateral
contacts.

The fact that the ability to stabilize disassembly intermedi-
ates appears to be compromised in three well-characterized
mutant tau variants suggests that the loss of this ability may
contribute to pathological tau action.

Experimental procedures

Purification of tau and tubulin

cDNA expression vectors (pRK) encoding human tau iso-
forms (2N3R, 0N4R, and 2N4R) were kind gifts from Dr. Ken-
neth Kosik (University of California Santa Barbara) and Dr.
Gloria Lee (Iowa State University). All tau constructs possessed
both alternatively spliced, amino end exons (“2N”) except for
the pathological tau mutants, which possessed none of the
amino end inserts (“0N”). For experiments involving use of
FTDP-17 mutants, 0N4R tau was used as the WT control
because the mutations were in 0N4R background. Prior to
experiments with mutants, experiments were performed to
verify that 0N4R produced end projections and stabilized dis-
assembly spirals to the same extent as 2N4R tau (data not
shown). FTDP-17 tau mutation constructs (�K280, P301L, and
R406W) were generated as described in Ref. 18 from the 0N4R
WT construct by QuikChange site-directed mutagenesis
(Stratagene). All mutations were verified by DNA sequence
analysis.

Tau was expressed and purified according to standard pro-
cedures described in Ref. 117. Briefly, tau was expressed in
BL21(DE3) pLacI cells (Invitrogen). Bacteria were lysed by a
French press, boiled for 10 min, and then passed over a phos-
phocellulose column. Tau-containing fractions were subse-
quently pooled and then further purified using hydrophobic
interaction column chromatography (HisTrap Phenyl HP, GE
Healthcare). Fractions containing pure tau were then pooled,
concentrated, and buffer-exchanged into Na-BRB80 buffer (80
mM PIPES, 1 mM EGTA, 1 mM MgSO4, pH 6.8, with NaOH) and
stored at �80 °C. Concentration was determined by SDS-

PAGE comparison with a tau mass standard, the concentration
of which had been established by MS amino acid analysis (13).

Tubulin was purified as described in Ref. 118 from bovine
brain by three cycles of assembly and disassembly. Further sep-
aration of tubulin from microtubule-associated proteins was
achieved by elution through a phosphocellulose column equil-
ibrated with 50 mM PIPES, 1 mM MgSO4, 1 mM EGTA, 0.1 mM

GTP, pH 6.8. Purified tubulin (�99% pure) was drop-frozen in
liquid nitrogen and stored at �80 °C. All tubulin concentra-
tions in this paper refer to the heterodimer (mass � 110,000
Da).

Preparation of GMPCPP microtubules

GMPCPP microtubules were made as described in Ref. 33.
Briefly, purified tubulin (20 �M) was assembled in the presence
of 1 mM GMPCPP (GpCpp; Jena Bioscience) for 30 min at 34 °C.
The resulting microtubules were collected by centrifugation
(52,000 
 g, 25 °C, 12 min). To remove any residual GTP
remaining in the microtubule lattice, microtubules were then
depolymerized on ice, followed by a second warm assembly in
buffer containing GMPCPP (0.5 mM). These GMPCPP micro-
tubules were collected by centrifugation (12 min, 52,000 
 g,
4 °C), gently resuspended in warm K-BRB80 buffer (80 mM

PIPES, 1 mM EGTA, 1 mM MgSO4, pH 6.8, with KOH), and then
flash-frozen in liquid nitrogen and stored at �80 °C in single-
use aliquots.

GMPCPP microtubule decoration with tau

Just prior to each experiment, a fresh tube of the GMPCPP
microtubule stock was immediately transferred to a 34 °C water
bath for 10 min in order to recover from the frozen state. Micro-
tubules were then diluted into warm assay buffer (80 mM PIPES,
1 mM EGTA, 1 mM MgSO4, pH 6.8, with KOH) supplemented
with 1 mM DTT. Tau was thawed on ice and then warmed to
25 °C immediately prior to the experiment. Diluted microtu-
bules were added to samples containing tau or buffer and incu-
bated for 10 min at 25 °C.

Formation of GMPCPP tubulin de novo spirals

GMPCPP microtubule stocks were removed from storage at
�80 °C and immediately placed on ice for 30 min to depolymer-
ize. This depolymerized tubulin was then diluted to an appro-
priate working concentration (�0.9 �M) with cold K-BRB80
supplemented with 1 mM DTT. This working dilution was then
added to cold solutions of tau or tau buffer, mixed gently, and
co-incubated on ice for an additional 30 min. For experiments
using higher tubulin concentrations, MTs were prepared fresh,
as indicated above, immediately prior to the experiment and
then were diluted to the appropriate concentration as needed.

Formation of GMPCPP tubulin disassembly spirals

GMPCPP microtubules were removed from the freezer,
incubated for 10 min at 34 °C, and then diluted into warm assay
buffer as above. Microtubules were then added to cold tau or
buffer and incubated at 4 °C for 10 min. For experiments at
higher tubulin concentrations, GMPCPP microtubules were
prepared fresh as above, added to 25 °C tau or buffer, and then
chilled to 4 °C for 60 min.
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TEM

Samples were fixed with glutaraldehyde (0.2% final), applied
to grids (200 mesh Formvar/carbon/copper, Electron Micros-
copy Sciences), coated with cytochrome c, and then stained
with uranyl acetate (1% final). Grids were randomly imaged at

2500 (for microtubule length measurements) and 
30,000
(for end scoring, projection, and spiral measurements) magni-
fications using a JEOL 1230 transmission electron microscope
(80 kV) and AMT image capture software. Images were then
coded and analyzed blind to prevent investigator bias. At least
50 microtubule ends per sample were scored for all decoration
experiments.

Statistical analysis

Statistics were performed using RStudio (version 1.1.423
(RCore Team, 2018; RStudio Team, 2018)), JMP (JMP Pro 14),
and Statistics101 (version 4.7). Note that exact p values are only
reported for p � 0.0001.
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