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Acetylation of �-tubulin at lysine 40 (K40) is a well-conserved posttranslational modification that marks long-lived microtubules but
has poorly understood functional significance. Recently, �TAT1, a member of the Gcn5-related N-acetyltransferase superfamily, has
been identified as an �-tubulin acetyltransferase in ciliated organisms. Here, we explored the function of �TAT1 with the aim of un-
derstanding the consequences of �TAT1-mediated microtubule acetylation. We demonstrate that �-tubulin is the major target of
�TAT1 but that �TAT1 also acetylates itself in a regulatory mechanism that is required for effective modification of tubulin. We fur-
ther show that in mammalian cells, �TAT1 promotes microtubule destabilization and accelerates microtubule dynamics. Intriguingly,
this effect persists in an �TAT1 mutant with no acetyltransferase activity, suggesting that interaction of �TAT1 with microtubules,
rather than acetylation per se, is the critical factor regulating microtubule stability. Our data demonstrate that �TAT1 has cellular
functions that extend beyond its classical enzymatic activity as an �-tubulin acetyltransferase.

Posttranslation modification of tubulin is a key regulatory
mechanism for adapting subsets of microtubules to special-

ized functions in eukaryotic cells (1). Acetylation of the ε-amino
group of K40 in �-tubulin is one such modification, and since its
first description in the flagella of Chlamydomonas (2, 3), a number
of cellular events have been shown to be influenced by this pro-
cess. They include accelerated kinesin-mediated transport along
acetylated microtubule tracks (4); increased sensitivity of acety-
lated microtubules to severing by the protein katanin (5); and
numerous biological processes, such as primary cilium disassem-
bly, cell migration, and the maturation of cortical neurons (6–9).
Intriguingly, �-tubulin acetylation accumulates in long-lived mi-
crotubules, such as those found in neuronal axons and cilia.
Whether acetylation is also responsible for enhanced microtubule
stability has attracted much debate.

Enzymes implicated in the regulation of microtubule acetyla-
tion include the deacetylases histone deacetylase 6 (HDAC6) and
SirT2 (7, 10) and the acetyltransferases ARD1-NAT1, ELP3, San,
and �TAT1 (8, 11–15). Of these, recent evidence suggests that
�TAT1 is likely to function as the major �-tubulin acetyltrans-
ferase in Tetrahymena and Caenorhabditis elegans. Genetic abla-
tion of �TAT1 genes abolishes �-tubulin K40 acetylation in these
organisms and leads to reduced mechanosensitivity in C. elegans
(13, 14, 16, 17). Furthermore, in mammalian cells, depletion of
�TAT1 delays assembly of the primary cilium (14). It has recently
been shown that some of these phenotypes do not depend on the
�-tubulin acetyltransferase activity of �TAT1, although it is still
not clear whether �TAT1 has further unknown functions on other
proteins, different than �-tubulin (15).

In the present study, we sought to determine the specificity of
�TAT1 for microtubules and investigated the relative contribu-
tions of �TAT1 and �-tubulin acetylation to microtubule stabil-
ity. We found that, in addition to �-tubulin, �TAT1 acetylates
itself and that this forms an important regulatory mechanism for
its action at microtubules. We also examined the expression pat-
tern of �TAT1 in mice and showed that it is particularly enriched
in neuronal tissues. Moreover, in mammalian cells, we observed

that overexpression of �TAT1 destabilizes microtubules and that this
effect persists in a catalytically inactive mutant. Thus, �TAT1 has a
conserved role as a microtubule-associated protein with enzymatic
and nonenzymatic actions that may determine its function in vivo.

MATERIALS AND METHODS
Antibodies, plasmids, short hairpin RNA (shRNA), and recombinant
protein. Mouse monoclonal antibodies to �-tubulin (T5168; Sigma),
acetylated �-tubulin (T7451; Sigma), and actin (MAB1501; Chemicon)
were used. Rabbit monoclonal antibody was used for �-tubulin (2125;
Cell Signaling). Rabbit polyclonal antibodies were used for panacetylly-
sine (AB3879 [Chemicon] and ICP0380 [Immunechem]), C6orf134/
�TAT1 (ab58742; Abcam), and detyrosinated tubulin (AB3201; Milli-
pore), as well as chicken polyclonal anti-green fluorescent protein
(anti-GFP) (ab13970; Abcam). Secondary antibodies used for immuno-
fluorescence were anti-rabbit, -chicken, or -mouse IgG–Alexa Fluor 488
(Invitrogen), anti-rabbit and -mouse IgG–Alexa Fluor 555 and 546 (In-
vitrogen), and anti-rabbit and -mouse IgG–Alexa Fluor 633 and 647 (In-
vitrogen). Secondary antibodies used for immunoblotting were horserad-
ish peroxidase (HRP)-conjugated anti-rabbit and -mouse antibodies
(NA931V and NA934V; GE Healthcare).

Mouse �TAT1 cDNA (ENSMUST00000056034) was used for all sub-
cloning purposes. All �TAT1 variants (full length and mutants) were sub-
cloned into the pEYFP vector and verified by sequencing. Point mutagen-
esis was carried out with the QuikChange II XL site-directed mutagenesis
kit (Stratagene). Multiple shRNA plasmids (HuSH shRNA Plasmid Pan-
els; Origene) were tested in knockdown experiments, and their effective-
ness was quantified by reverse transcription (RT)-PCR and Western blot-
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ting against acetylated �-tubulin at various times after transfection. The
best conditions were obtained with a combination of four shRNAs giving
the strongest reduction of �TAT1 expression 3.5 days posttransfection.
For recombinant protein production, �TAT1 was subcloned into the
pET-14 vector, and subsequently, His-tagged �TAT1 was purified as pre-
viously described (18). For the glutathione S-transferase (GST) pulldown
assays, �TAT1 was cloned into the pGEX-4T1 vector. Expression and
extraction of proteins were performed as previously described (19).

Quantitative real-time PCR. RNA from mouse tissues and NIH 3T3
cells was isolated using an RNeasy Micro kit (Qiagen) according to the
manufacturer’s instructions. mRNA was reverse transcribed by Super-
script II reverse transcription (Invitrogen) using poly(T) primers. Quan-
titative PCR was performed on a LightCycler 480 PCR instrument
(Roche) using SYBR green I master (Roche). The expression data were
normalized to ubiquitin as a reference gene.

In situ hybridization. Mouse tissues isolated from embryonic day
16.5 (E16.5) and adult wild-type C57BL/6 mice were fixed in 4% paraform-
aldehyde and embedded in paraffin. In situ hybridization was performed
according to procedures previously described (20) and using a probe that
targets the first seven exons that are common to all splice variants. The
probe was cloned using the following primers: 5=ATGGAGTTCCCG
TTCG and 5=GCTGATGGGCAAAG.

In vitro acetylation reaction. Reactions were performed in 10 �l ADE
buffer (14) with 1 �g bovine brain tubulin (TL238; Cytoskeleton), 5 �g
recombinant �TAT1, and 8 �M acetyl coenzyme A (AcCoA) (A2056;
Sigma) or [14C]AcCoA (NEC313N010UC; PerkinElmer) unless other-
wise indicated. Reaction mixtures were incubated at 37°C for the time
indicated and stopped by addition of SDS loading buffer. Gels were fixed,
dried, and exposed for 3 days. The signal was quantified with ImageJ.

GST pulldown assays. GST pulldown was performed as previously
described (19). Specifically, GST fusion proteins and polymerized micro-
tubules (TL238; Cytoskeleton) were allowed to form complexes for 1 h at
37°C. Pulldowns and washes were performed in the ADE buffer supple-
mented with 0.5% NP-40 and 200 mM KCl. After the elution, proteins
were separated by SDS-PAGE and visualized by Western blotting with anti
�-tubulin (T5168; Sigma) antibody.

Mass spectrometry. The standard in vitro reaction (described above)
was scaled up 40 times using [13C]AcCoA. In-solution digestion, enrich-
ment of acetylated peptides, and mass spectrometry (MS) analysis were
performed according to procedures previously described (21), with tryp-
sin and Glu-C used for �-tubulin digestion and trypsin and chymotrypsin
for �TAT1 digestion.

Transfection and immunocytochemistry. Primary mouse dorsal
root ganglion (DRG) neurons and CHO and NIH 3T3 cells were trans-
fected using the Nucleofector system (Amaxa Biosystems) following the
manufacturer’s instructions. Unless otherwise indicated, experiments
were conducted on cells 24 to 30 h after transfection. For the nocodazole-
induced microtubule depolymerization test, cells were incubated in 10
�M nocodazole (M1404; Sigma) for the time indicated and then fixed. For
trichostatin A (TSA) treatment, cells were incubated for 4 h with 5 �M
trichostatin A (9950; Cell Signaling) before harvesting. For immunocyto-
chemistry, cells were fixed in 4% paraformaldehyde in PBS for 15 min at
room temperature, washed in PBS, and permeabilized with 0.05% Triton
X. Nonspecific binding was blocked by incubation in 3% goat serum for
30 min. Incubations with primary antibodies were carried out overnight
in 4% bovine serum albumin (BSA). Subsequently, coverslips were
washed three times with PBS and incubated with a fluorescent secondary
antibody for 2 h at room temperature. After three washes, the coverslips
were mounted and examined on a Leica SP5 confocal microscope at room
temperature using a 63� objective. The images were processed, and the
fluorescent signal was quantified using ImageJ.

Live-cell imaging. To record microtubule plus-end growth in live
cells, NIH 3T3 cells were transfected with TagRFP-EB3 and yellow fluo-
rescent protein (YFP)-�TAT1, YFP-�TAT1-GGL, �TAT1 shRNA,
scrambled shRNA, or mock YFP using the Nucleofector system (Amaxa

Biosystems). The cells were imaged 80 to 85 h after transfection on a
Nikon Eclipse Ti system with a 100� objective for 1 min at 1 frame per
second in a chamber at 37°C, as previously described (22). To process and
track EB3 movement, the software package plusTipTracker was used, as
described previously (22). For live imaging of TagRFP–�-tubulin, NIH
3T3 cells were transfected in the same way as for the plus-end growth
assay. Cells were imaged 80 to 85 h after transfection on a Nikon Eclipse Ti
system with a 64� objective for 5 min at 1 frame per 2 s in a chamber at
37°C. The analysis of microtubule dynamic instability was performed us-
ing MT-LHAP software as described previously (23).

Statistical analysis. For all figures, the Student t test was used for
statistical analysis.

RESULTS
Tubulin is the major substrate of �TAT1. As a starting point in
the current study, we examined the expression pattern of �TAT1
at the whole-organism and cellular levels in order to determine
whether �TAT1 distribution mirrors �-tubulin acetylation levels.
Acetylation of �-tubulin at K40 is present at low levels in most cell
types, but with increased prevalence in specialized cells, such as
neurons (24). Since multiple alternatively spliced transcripts are
predicted for the �TAT1 gene (see Fig. S1 in the supplemental
material), we first analyzed the expression patterns of five repre-
sentative transcripts using quantitative RT-PCR. All �TAT1 tran-
scripts were expressed at low and relatively comparable levels in
each tissue, suggesting that alternative splicing does not regulate
�TAT1 expression at the gross tissue level (Fig. 1A). We examined
expression in more detail by performing in situ hybridization us-
ing a probe directed against the domain region of �TAT1 that is
common to all splice variants. The strongest signal was detected in
the nervous systems of embryonic and adult mice (Fig. 1B to I),
and neuronal labeling was clearly evident in the cerebellum, hip-
pocampus, spinal cord, and DRG.

To examine the subcellular distribution of �TAT1, we assessed
its colocalization with microtubules using immunocytochemistry
and fluorescence microscopy. In primary DRG neurons, we de-
tected native �TAT1 immunoreactivity enriched in the axons of
neurons and overlapping with acetylated �-tubulin (Fig. 2A and
B). Similarly, in transfected CHO cells, we observed pronounced
colocalization of YFP-�TAT1 fusion protein with �-tubulin (Fig.
2C). Finally, we performed a GST pulldown assay and demon-
strated direct interaction between �TAT1 protein and purified
microtubules by staining with an anti-�-tubulin antibody
(Fig. 2D). These data imply that �TAT1 is closely associated with
microtubules in a variety of cells and that it can interact directly
with microtubules in vitro.

We next examined the acetyltransferase activity of mouse
�TAT1 in mammalian cells and whole-cell extracts. We initially
used a well-characterized monoclonal antibody directed against
K40-acetylated �-tubulin (6-11b-1 [25]) to assess the levels of
tubulin acetylation. In agreement with previous reports (13, 14),
overexpression of �TAT1, or transfection of cells with �TAT1
shRNA, increased or decreased the levels of �-tubulin acetylation
as described previously (see Fig. S2A to F in the supplemental
material). We also generated a functionally inactive form of
�TAT1 by mutating 3 residues (G134W, G136W, and L139P,
termed �TAT1-GGL), which we reasoned would disrupt the
structure of the putative AcCoA binding domain (26). Overex-
pression of �TAT1-GGL, however, did not alter the levels of en-
dogenous �-tubulin acetylation in CHO or NIH 3T3 cells (see Fig.
S2C and F in the supplemental material).
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To determine whether �TAT1 has additional targets in mam-
malian cells besides its action at �-tubulin, we used a pan-anti-
acetyl lysine antibody to screen for substrates upon overexpres-
sion of �TAT1. Immunostaining of control CHO cells revealed
high levels of acetylation in the cell nucleus with less acetylation in
the cytoplasm (see Fig. S2G in the supplemental material). Trans-
fection of cells with �TAT1 induced a substantial increase in cy-
toplasmic acetylation levels, with no change in nuclear acetylation
(Fig. 3A and B; see Fig. S2G in the supplemental material). Fur-
thermore, cytoplasmic acetylation coincided entirely with �-tu-
bulin localization (Fig. 3A), implying that spatially, �TAT1-me-
diated acetylation is restricted to microtubule-associated targets.

We tested this assumption further by immunoblotting whole-
cell lysates with the panspecific acetylated lysine antibody. Trans-
fection of �TAT1 increased acetylation in only a single band cor-
responding to tubulin (Fig. 3C). To increase the sensitivity of this
assay and preclude the possibility of rapid deacetylation by endog-
enous deacetylases, we also treated cells with the general histone

deacetylase inhibitor TSA. Again, the predominant increase in acet-
ylation was most evident for tubulin, but we also detected an extra
band with the same molecular weight as �TAT1 itself (Fig. 3D).

�TAT1 acetylates K40 on �-tubulin and multiple lysine res-
idues on itself. To determine whether �TAT1 acetylates itself in
addition to �-tubulin, we established an in vitro acetylation assay
utilizing the transfer of [14C]acetyl from acetyl-CoA. As reported
previously (13, 14), increasing concentrations of recombinant
mouse �TAT1 augmented incorporation of [14C]acetyl into tubu-
lin (Fig. 3E and F), and acetylation proceeded more efficiently in
the presence of paclitaxel (Taxol)-stabilized microtubules than in
the presence of soluble tubulin (Fig. 3G; see Fig. S3A in the sup-
plemental material) (13, 14, 16, 17). In our assay, �TAT1-medi-
ated acetylation saturated within 30 min, contrasting with a pre-
vious report that the reaction required more than 12 h to reach
maximum (14). While we performed experiments at 37°C com-
pared to 24°C, it is unlikely that �TAT1 turnover has such high
temperature dependence (Q10, approximately 12, where the tem-

FIG 1 Expression pattern of �TAT1 mRNA. (A) Five different �TAT1 transcripts (see Fig. S1 in the supplemental material) were analyzed by quantitative
real-time PCR (n � 3). All transcripts were expressed at low levels in all tested tissues (DRG, brain, spinal [Sp.] cord, heart, kidney, lungs, and liver). The error
bars indicate standard errors. (B to I) In situ hybridization for �TAT1. (B) E16.5 mice show strong �TAT1 mRNA expression signal in the central nervous system.
(D to H) Adult mice display expression in the nervous system, especially in the hippocampus (D), cortex (E), cerebellum (F) and DRG (H), and also in the testis
(G). (C and I) Control hybridizations with sense probe. Bars, 100 �m (B and C), 500 �m (D, E, and F), 50 �m (G), and 40 �m (H and I).
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perature coefficient Q10 is a measure of the rate of change of a
biological or chemical system as a consequence of increasing the
temperature by 10°C); instead subtle differences in reaction con-
ditions or recombinant protein purity may be important in deter-
mining the kinetics of �TAT1 activity. We also investigated the
specificity of the in vitro assay by substituting recombinant histone
H3 or the histone acetyltransferase P300/CPB as an alternative
substrate or enzyme. �TAT1 was not able to acetylate H3, nor was
P300/CPB able to acetylate tubulin (see Fig. S3B in the supple-
mental material), confirming that microtubules are the preferred
specific target of �TAT1 (14).

In agreement with our cellular data, we also detected incorpo-
ration of [14C]acetyl into �TAT1 itself (Fig. 3E). This band was
consistently weaker than tubulin and more readily observed in the
absence of tubulin, suggesting that tubulin has higher affinity for
�TAT1 than �TAT1 itself and explaining the relatively low levels
of �TAT1 autoacetylation in cells. To explore the specificity of
�TAT1-mediated acetylation further, we subjected in vitro reac-
tion samples to mass spectrometry analysis. As expected, we de-

tected incorporation of [13C]acetyl onto K40 of �-tubulin (see
Table S1 in the supplemental material). Intriguingly, we also iden-
tified four separate acetylated lysine residues on �TAT1 itself,
spanning the putative acetyltransferase domain (K56 in motif C
and K146 in motif A) (26) and the unstructured C terminus (K210
and K221) (see Table S1 in the supplemental material).

Autoacetylation of �TAT1 increases its catalytic activity at
microtubules. We investigated �TAT1 autoacetylation in more
detail to determine whether it might function as a regulatory
mechanism for acetylation of microtubules. We first examined the
kinetics of the in vitro reaction and observed that autoacetylation
took 24 h to saturate (Fig. 4A and B). This was approximately 50
times slower than tubulin acetylation, and [14C]acetyl incorpora-
tion never attained levels equivalent to that of tubulin. We next
investigated the effects of �TAT1 autoacetylation on its catalytic
activity at tubulin. We preincubated �TAT1 with or without
[14C]acetyl-CoA for 24 h and then added tubulin and measured
[14C]acetyl incorporation (Fig. 4C). Autoacetylation of �TAT1
strongly increased tubulin acetylation, indicating that this may be

FIG 2 �TAT1 colocalizes and interacts with microtubules. (A and B) Endogenously expressed �TAT1 in DRG neurons colocalizes with acetylated �-tubulin,
especially in axons (B). (C) Transfected CHO cells show that �TAT1-YFP is recruited to the mitotic spindle during cell division. The cells were costained with an
antibody against �-tubulin. Endogenous levels of �TAT1 were too low to be detected with the anti-�TAT1 antibody. (D) GST pulldown assay showing
interaction between bacterially expressed �TAT1-GST and purified bovine microtubules. Ten percent of the input was loaded, and the membrane was blotted
against �-tubulin. Scale bars, 20 �m (A) and 5 �m (B and C).
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an important regulatory loop for enzymatic activity or �TAT1
protein stability (Fig. 4D).

To explore this further at the cellular level, we mutated four of
the lysine acetylation targets identified in mass spectrometry ex-
periments to arginine to eliminate acetylation at these sites (K56,
K146, K210, and K221: �TAT1-4R). We observed a dramatic re-
duction in tubulin acetylation in the presence of �TAT1-4R com-
pared to wild-type �TAT1 in NIH 3T3 cells (Fig. 4E and F). Al-
though other acetylation sites on �TAT1 might still be present, we
believe that these sites account for the majority of the �TAT1
acetylation, since we could not detect a 37-kDa band on the West-
ern blot after TSA treatment (see Fig. S3C in the supplemental
material). Furthermore, �TAT1-4R still interacted with microtu-
bules in GST pulldown assays (see Fig. S3D in the supplemental
material), suggesting that although autoacetylation is important

for acetylation of tubulin, it is not needed for the in vitro associa-
tion of �TAT1 with microtubules.

�TAT1 regulates microtubule dynamics. We next examined
the effects of �TAT1-mediated acetylation on microtubule func-
tion in mammalian cells. The relationship between acetylation
and microtubule stability has attracted much attention. It is gen-
erally agreed that posttranslational modifications, such as acetyla-
tion, accumulate in stable microtubules (1); however, the ques-
tion as to whether acetylation actively stabilizes microtubules
remains largely unresolved (27–31). Armed with our tools and
findings on the function of �TAT1, we sought to determine
whether �TAT1-mediated acetylation influences microtubule
stability.

As a measure of microtubule stability, we first investigated
their resistance to nocodazole, a microtubule-depolymerizing

FIG 3 Tubulin and �TAT1 itself are the primary substrates of �TAT1. (A) �TAT1-mediated acetylation predominates at microtubules. CHO cells were
transfected with YFP-�TAT1 and stained with panspecific antiacetyllysine antibody and �-tubulin antibody. Scale bar, 20 �m. (B) �TAT1-YFP transfection
increases cytoplasmic acetylation, as determined from fluorescence intensity measurements of acetyllysine staining (P � 0.01; n � 10). (C) Transfected CHO
whole-cell extracts immunoblotted with panspecific antiacetyllysine antibody showing that tubulin is the major target of �TAT1. (D) Acetyllysine immunoblot
of CHO cells treated with the histone deacetylase inhibitor TSA (5 �M) for 4 h. �TAT1-overexpressing cells display increased tubulin acetylation and an
additional band (arrow) that corresponds to �TAT1. (E) Autoradiography of �TAT1-mediated [14C]acetyl incorporation into polymerized microtubules (MT).
In the absence of tubulin, autoacetylation is more evident. (F) Concentration dependence of �TAT1-mediated acetylation of microtubules (n � 3). (G) �TAT1
preferentially acetylates polymerized tubulin. Paclitaxel and Polymerized, microtubules treated with 3 �M paclitaxel or 1 mM GTP plus 15% glycerol, respec-
tively, for 30 min before the acetylation reaction; Polymerizing, microtubules polymerized with 1 mM GTP and 15% glycerol during the acetylation reaction;
Soluble, microtubules incubated with 1 mM GDP and without glycerol during acetylation. The error bars indicate standard errors.
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drug. Unexpectedly, we found that shRNA-mediated knockdown
of �TAT1 in NIH 3T3 cells led to increased resistance of microtu-
bules to nocodazole (Fig. 5). We analyzed cells 5 and 10 min after
the application of nocodazole and observed significantly more

cells with intact microtubules (50% in the knockdown compared
to 30% in the scrambled control after 5 min of nocodazole appli-
cation). To evaluate this more systematically, we divided cells with
microtubules that were not intact into two groups: cells with spo-

FIG 4 Autoacetylation increases the catalytic activity of �TAT1. (A and B) Autoradiography of [14C]acetyl incorporation into �TAT1. Recombinant �TAT1 is
present as two bands (37 kDa and 30 kDa). For both bands, saturation of the autoacetylation reaction is achieved after 24 h (n � 3). (C and D) Preincubation of
�TAT1 with [14C]acetyl-CoA for 24 h increases its subsequent catalytic activity at tubulin (n � 3; P � 0.02). (E and F) �TAT1 autoacetylation regulates its
catalytic activity in vivo. (E) Immunoblot of mock-, �TAT1-, and �TAT1-4R-transfected NIH 3T3 cell extracts against acetylated tubulin and actin (n � 3). (F)
Quantification of acetylated tubulin (n � 3; P � 0.02). The error bars indicate standard errors.

FIG 5 �TAT1 decreases resistance to nocodazole. (A) NIH 3T3 cells were transfected with �TAT1 shRNA (KD), scrambled shRNA (SC), or �TAT1-YFP (OE).
The insets show transfected cells. Twenty-four hours posttransfection, nocodazole was applied for the indicated time. Cells with �TAT1 knockdown show
increased resistance on nocodazole. (B) Quantification of data from panel A. Polymerized, cells with an intact MT network; Fragmented and Depolymerized,
partial and widespread depolymerization, respectively.

�TAT1 Regulates Microtubule Dynamics

March 2013 Volume 33 Number 6 mcb.asm.org 1119

http://mcb.asm.org


radic depolymerization (which we termed fragmented) and cells
with full depolymerization of microtubules (termed depolymer-
ized). The image in Fig. 5A shows that after 10 min of nocodazole
application some cells transfected with shRNA against �TAT1
(transfected cells are shown in the insets) have a fully polymerized
microtubule cytoskeleton, while the untransfected and scrambled
control cells display an accumulation of diffuse tubulin with oc-
casional short, fragmented microtubules. In contrast, in NIH 3T3
cells overexpressing �TAT1, most microtubules were fully depo-
lymerized following 10 min of nocodazole application (Fig. 5A,
compare the two �TAT1-transfected cells to the untransfected
cells). Quantification of these data revealed that only 25% of the
shRNA-transfected cells show depolymerized microtubules after
10 min compared to approximately 50% in the scrambled control
and more than 80% of the �TAT1-transfected cells (Fig. 5B).
These experiments imply that �TAT1 renders microtubules more
prone to nocodazole-mediated depolymerization.

To explore these findings further, we used an assay in which we
distinguished stable from short-lived microtubules by immuno-
staining cells with an antibody directed against detyrosinated tu-
bulin that accumulates in stable microtubules. In agreement with
our nocodazole experiments, knockdown of �TAT1 in NIH 3T3
cells led to an increased intensity of detyrosinated tubulin staining
while overexpression had the reverse effect and significantly de-
creased the number of cells containing detyrosinated microtu-
bules (Fig. 6A to C and E). We also examined the effects of the
catalytically inactive mutant �TAT1-GGL in these cells and, sur-
prisingly, found that the mutant had the same effect as overex-
pression of wild-type �TAT1 (Fig. 6D and E). These observations
indicate that increased acetylation per se is not sufficient to stabi-
lize microtubules. Levels of tubulin acetylation were approxi-
mately 4-fold higher in cells transfected with �TAT1 (see Fig. S2B
in the supplemental material), yet these cells displayed fewer sta-
ble microtubules and accumulated less detyrosinated �-tubulin.

Furthermore, since decreased microtubule stability persisted in
cells expressing the acetyltransferase inactive mutant, our data
suggest that �TAT1 might exert its influence on microtubule sta-
bility independently of its acetyltransferase activity.

To explore this in detail and to obtain a more dynamic readout
of microtubule behavior in the presence of �TAT1, we assayed
microtubule growth using the plus-end marker EB3. We used a
recently developed computational-tracking package (plusTip-
Tracker [22, 32, 33]) to measure microtubule growth events from
live-cell images of EB3-TagRFP (see Movie S1 in the supplemental
material). We quantified the speed, displacement, and lifetime of
EB3 particles during the growth phase of microtubule dynamics
and evaluated the effects of �TAT1 depletion and overexpression
on these parameters. shRNA targeted against �TAT1 reduced the
speed and displacement of microtubules undergoing growth (Fig.
7A, B, E, and F; see Fig. S4 in the supplemental material). In con-
trast, overexpression of �TAT1 induced substantial increases in
the speed and displacement of EB3 particles (Fig. 7C, E, and F; see
Fig. S4 in the supplemental material). Finally, we examined the
effects of the catalytically inactive mutant �TAT1-GGL. This mu-
tant closely copied the behavior of wild-type �TAT1 and displayed
similar effects on the speed and displacement of EB3 particles
during the growth phase (Fig. 7D, E, and F; see Fig. S4 in the
supplemental material). Thus, acetylation is not required for
�TAT1-mediated acceleration of microtubule plus-end growth.

To understand how �TAT1 increases microtubule growth, we
performed an additional set of experiments in which we quanti-
fied microtubule growth, shortening, and time spent in pause by
directly monitoring microtubule dynamics using a red fluorescent
protein (RFP)-tagged �-tubulin construct. Live imaging of
TagRFP–�-tubulin in NIH 3T3 cells showed that microtubule dy-
namicity (the rate of total tubulin exchanged at a microtubule end
during all growing and shortening events) was increased upon
�TAT1 or �TAT1-GGL overexpression and reduced when

FIG 6 �TAT1 reduces levels of detyrosinated tubulin. (A to D) NIH 3T3 cells, transfected with mock YFP (A), �TAT1 shRNA (B), �TAT1-YFP (C), and
catalytically inactive �TAT1-GGL-YFP (D), were stained with anti-detyrosinated tubulin antibody. The �TAT1- and �TAT1-GGL-transfected cells (the insets
show transfected cells) show reduced detyrosination. (E) The proportion of cells with stable microtubules is increased upon transfection with �TAT1 shRNA and
reduced after transfection with �TAT1 and the catalytically inactive mutant �TAT1-GGL (n � 100). Scale bars, 20 �m.
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�TAT1 was knocked down (Fig. 7G). Detailed analysis revealed
that �TAT1- or �TAT1-GGL-overexpressing cells spent margin-
ally more time in shortening and growth phases and less time at
pause, while �TAT1-shRNA had opposite effects (Fig. 7H). More-
over, microtubules from overexpressing cells also displayed
greater growth and shortening speeds and higher catastrophe fre-
quency, which were again reversed by �TAT1-shRNA (Fig. 7I and
J). Together, these data argue that �TAT1 has a role in regulating
microtubule dynamic instability and that this role is independent
of its acetylation activity.

DISCUSSION

Here, we have examined the function of mouse �TAT1 and report
that in mammalian cells, �-tubulin is the major target of �TAT1.

�TAT1 is also able to acetylate itself, and this acts as a regulatory
mechanism for its action at �-tubulin. Moreover, we establish
that, in addition to its role as an acetyltransferase, �TAT1 regu-
lates microtubule stability through a nonenzymatic effect on mi-
crotubule dynamics. This mechanism could contribute to the cel-
lular function of �TAT1 and underlie some of the phenotypes
associated with its depletion.

Our experiments on the expression and acetyltransferase activ-
ity of �TAT1 argue for a constrained role of �TAT1 at microtu-
bules. The endogenous localization of �TAT1 mRNA and protein
overlaps with the distribution of acetylated tubulin, and YFP-
fused �TAT1 colocalizes with microtubules. Moreover, �TAT1 is
able to interact directly with microtubules in vitro. Similarly, over-

FIG 7 �TAT1 increases microtubule dynamics. (A to F) Live-cell images with a color-coded overlay representing EB3 particle growth speed. NIH 3T3 cells were
transfected with TagRFP-EB3 and mock YFP (A), �TAT1 shRNA (B), YFP-�TAT1 (C), and catalytically inactive YFP-�TAT1-GGL (D). Video microscopy data
were analyzed using the plusTipTracker software package. (E and F) Data for the speed of plus-tip growth (E) and for particle displacement (F) (n � 20). (G to
J) Live-cell imaging with TagRFP–�-tubulin. Microtubule dynamicity (the sum of all growth events and all shortening events divided by total time) (G) and the
percentage of time microtubules spend in growth or shortening (H) are increased upon YFP-�TAT1 and YFP-�TAT1-GGL overexpression and decreased upon
�TAT1 knockdown (the numbers indicate percentages). (I and J) Data for the speed of shortening and frequency of catastrophe (the number of transitions from
growth and pause to shortening per minute). The error bars indicate standard errors.
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expression of �TAT1 induces detectable acetylation only on mi-
crotubules, and �-tubulin is the principal acetylated protein in
whole-cell extracts. Intriguingly, we also observed that �TAT1
itself becomes acetylated in vitro and upon pharmacological inhi-
bition of the endogenous �-tubulin deacetylase HDAC6. These
data imply that while �-tubulin is the major substrate of �TAT1,
self-acetylation could function to regulate activity at microtu-
bules.

We explored this idea further in vitro and demonstrated that
autoacetylation of �TAT1 is functionally significant, albeit at acet-
ylation levels that are substantially lower than those of tubulin.
From our in vitro analysis, it is difficult to gauge whether this
process is an essential requirement for catalytic activity at tubulin,
since presumably, �TAT1 is undergoing acetylation continually.
However, cellular experiments using nonacetylatable mutants
suggest that self-acetylation is critical for activity at tubulin and
that levels of �TAT1 acetylation may serve as a means to regulate
enzymatic activity. In support of this hypothesis, autoacetylation
of acetyltransferases has been described previously and shown to
be essential for several different classes of histone acetyltransferase
(34–37). Mechanistically, autoacetylation could regulate enzy-
matic activity either by acting as an intermediate for transfer of the
acetyl group to its substrate (38) or via conformational effects on
the enzyme and subsequent alterations in complex formation
(39). Recently, studies describing the crystal structure of �TAT1
(40, 41) suggest that residues 196 to 236 of human �TAT1 (where
acetylated lysines K210 and K221 are located) are disordered and
do not contribute significantly to catalytic activity. In contrast,
acetylated residues K56 and K146 are both within the catalytic
domain (�1 and �3 helices, respectively) and close to the AcCoA
binding site, which suggests that these residues might act as an
intermediate for the transfer of the acetyl group (40, 41). How-
ever, further structural data with autoacetylation mutants are
needed to fully understand this mechanism and to test the possi-
bility of conformational changes caused by �TAT1 autoacetyla-
tion.

The role of �-tubulin acetylation in microtubule stability has
been the subject of extensive debate. Early in vitro studies showed
that acetylation does not affect the polymerization rate of tubulin
(42) and that Tetrahymena mutants lacking detectable microtu-
bule acetylation have no impairment of microtubule function
(43). Since the identification of HDAC6 as an �-tubulin deacety-
lase enzyme, several studies have reported that acetylation of �-tu-
bulin increases the stability of microtubules (27, 28), while others
have observed no change (29–31). Many of these studies relied
upon pharmacological or genetic approaches to manipulate the
activity or expression of HDAC6. Since HDAC6 has numerous
other targets in addition to �-tubulin, some of which regulate
microtubule dynamics themselves (44), interpretation of these
findings is complicated by difficulties in discriminating between
direct HDAC6-mediated deacetylation of microtubules and indi-
rect effects via other molecules. We reasoned that the identifica-
tion of �TAT1 as the primary �-tubulin acetyltransferase should
allow us to address these issues and determine whether acetylation
influences microtubule dynamics.

We used four distinct approaches to assess the influence of
�TAT1 and �-tubulin acetylation on microtubule stability: resis-
tance of microtubules to depolymerization, accumulation of de-
tyrosinated tubulin, microtubule plus-end growth, and direct
monitoring of microtubule dynamics with fluorescently tagged

�-tubulin. In all of these measures, overexpression of �TAT1 (and
increased �-tubulin acetylation) led to a decrease in microtubule
stability, while depletion resulted in more stable microtubules,
contrary to previous reports (27, 28). This was most evident in
those experiments where we measured microtubule dynamics di-
rectly using RFP-tagged �-tubulin. We observed an increase in
catastrophe frequency and dynamicity (the rate of tubulin ex-
changed at a microtubule end) upon overexpression of �TAT1
and a decrease in these parameters after treatment with �TAT1
shRNA. Thus, the majority of microtubules recorded in these cells
display either an increase in dynamics in the presence of aTAT1 or
a decrease when it is depleted.

Importantly, the influence of �TAT1 on microtubule stability
does not appear to be dependent upon levels of �-tubulin acety-
lation. Overexpression of a catalytically inactive mutant of �TAT1
also destabilized microtubules in the absence of any change in
�-tubulin acetylation. In support of this finding, catalytically in-
active mutants of the tubulin deacetylase HDAC6 have also been
demonstrated to modulate microtubule dynamics without alter-
ing acetylation (44). Moreover, it has recently been demonstrated
that MEC-17, the C. elegans orthologue of �TAT1, does not re-
quire catalytic activity for normal neuronal development and
touch sensitivity (15). These data, together with ours, suggest that
�TAT1 has a more complex effect on microtubule dynamics than
would be expected from its function as an acetyltransferase, and it
is the physical presence of �TAT1 and its interactions with tubulin
or other as-yet-unidentified regulatory proteins that are the key
factors in regulating microtubule stability. Accordingly, we sug-
gest that microtubule acetylation per se does not overtly influence
microtubule stability but that �TAT1 and HDAC6 have addi-
tional roles at microtubules that extend beyond their classical en-
zymatic activities.

Our study demonstrates that �TAT1 is functionally more so-
phisticated than its original description as a K40 �-tubulin acetyl-
transferase (13). We identified a self-regulatory mechanism for
catalytic activity involving autoacetylation of �TAT1 that has
functional equivalents among many other acetyltransferases.
Most importantly, we also demonstrated that, in addition to its
acetyltransferase activity, �TAT1 accelerates microtubule dynam-
ics via a mechanism distinct from acetylation. Further in vitro and
in vivo studies are required to reveal the details of these processes
and to determine the importance of �TAT1 for mammalian phys-
iology and microtubule-associated diseases.
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