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promotes rapid ciliogenesis and efficient
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Long-lived microtubules found in ciliary axonemes, neuronal pro-
cesses, and migrating cells are marked by a-tubulin acetylation on
lysine 40, a modification that takes place inside the microtubule
lumen. The physiological importance of microtubule acetylation
remains elusive. Here, we identify a BBSome-associated protein
that we name oTAT1, with a highly specific a-tubulin K40 acetyl-
transferase activity and a catalytic preference for microtubules
over free tubulin. In mammalian cells, the catalytic activity of
oTAT1 is necessary and sufficient for a-tubulin K40 acetylation.
Remarkably, aTAT1 is universally and exclusively conserved in cil-
iated organisms, and is required for the acetylation of axonemal
microtubules and for the normal kinetics of primary cilium assem-
bly. In Caenorhabditis elegans, microtubule acetylation is most
prominent in touch receptor neurons (TRNs) and MEC-17, a homo-
log of aTAT1, and its paralog «TAT-2 are required for a-tubulin
acetylation and for two distinct types of touch sensation. Further-
more, in animals lacking MEC-17, «TAT-2, and the sole C. elegans
K40a-tubulin MEC-12, touch sensation can be restored by expres-
sion of an acetyl-mimic MEC-12[K40Q]. We conclude that «TAT1 is
the major and possibly the sole a-tubulin K40 acetyltransferase in
mammals and nematodes, and that tubulin acetylation plays a con-
served role in several microtubule-based processes.

cytoskeleton | posttranslational modification | cilia |
Bardet-Biedl Syndrome | ciliopathy

Long-lived, stable microtubules are found inside neuronal
processes and cilia and provide stable tracks for motors.
Stable microtubules also play essential and conserved roles in the
sense of touch and harbor a variety of posttranslational mod-
ifications such as detyrosination, polyglutamylation, and N-
acetylation of e-lysines (1). Although most known modifications
are displayed on the outside of the microtubule lattice, the major
acetylation site in ciliary microtubules is located on lysine-40 of
a-tubulin, a residue that points into the lumen of microtubules
(2). Thus far, the functional consequences of a-tubulin K40
acetylation have remained perplexing, as genetic alteration of
a-tubulin K40 has failed to produce detectable phenotypes in
either protozoa (3, 4) or nematodes (5). Nonetheless, recent
evidence suggest that kinesin-1 preferentially travels on acety-
lated microtubule tracks (6, 7) and that a-tubulin K40 acetylation
is required for radial glial cell migration (8). These various data
have made the physiological role of a-tubulin K40 acetylation
subject to debates that have not been resolved because of a lack
of tools for eliminating a-tubulin K40 acetylation. In particular,
although two a-tubulin K40 deacetylases are known, the identity
of the o-tubulin K40 acetyltransferase (aK40 TAT or oTAT)
remains unknown (1), despite recent suggestions that some his-
tone acetyltransferases (HATs) and N-acetyltransferases in-
fluence microtubule acetylation (9, 10).

Results

A BBSome-Associated Protein Specifically Acetylates Lysine 40 of
a-Tubulin in Vitro. We previously showed that a subunit of the
BBSome, a ciliary trafficking complex, is required for a-tubulin
K40 acetylation (11). Recently, we copurified C6orfl34, an
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uncharacterized protein, together with the BBSome (12), and we
confirmed that C6orf134 directly binds to the BBSome (Fig. 14).
Intriguingly, C6orf134 is predicted to harbor the GNAT fold
found in HATS (13). We thus hypothesized that C6orf134 is the
long-sought TAT responsible for K40 acetylation of a-tubulin.
To test this assumption, we assayed recombinant C6orf134 for
enzymatic transfer of acetyl from acetyl-CoA onto tubulin.
Consistent with our hypothesis, we found robust incorporation of
radiolabeled acetyl into tubulin—as much as 0.51 mol/mol (Fig.
1C)—and a concomitant increase in the immunoreactivity for
mAD 6-11B-1 (Fig. 1 B and D), an antibody that sPeciﬁcally
recognizes a-tubulin K40Ac (14). The time courses of [*CJacetyl
incorporation and K40Ac synthesis were similar (Fig. 1 C and
D). Similar findings were reported independently (15). C6orf134
was thus renamed oTATI.

The boundaries of the predicted GNAT fold and of the minimal
acetyltransferase domain of «TAT1 are nearly identical (Fig. 1 E-
G), suggesting that the mechanism of acetyl group transfer is
conserved between oTAT1 and HATS. To test this idea and to
generate a catalytically inactive *TAT1, we searched for conserved
acidic residues, as most GNAT family members use an acidic res-
idue for catalysis. We identified D157 and found that aTAT1
[D157N]failed to acetylate purified tubulin (Figs. 1 F and H). Thus,
the TAT activity resides within «TAT1 and not a contaminant.

Recent proteome-wide studies have found multiple acetylated
lysines on a- and f-tubulin (16). We therefore tested whether
lysines other than a-tubulin K40 are acetylated by «aTAT1 in vitro.
Although aTAT1 acetylates tubulin purified from WT Tetrahy-
mena, it is unable to acetylate tubulin purified from an a-tubulin
[K40R] knock-in Tetrahymena strain (Fig. 24). Thus, aTAT1
specifically acetylates K40 of a-tubulin. In further support of this
conclusion, we calculated that the total amount of acetyl deposited
onto tubulin is nearly identical to the amount of acetyl specifically
incorporated at K40 of a-tubulin (Fig. 1 C and D).

All protein lysine acetyltransferases (KAT) identified to date
have been HATS, and some HATs acetylate nonhistone substrates
(17). To determine the substrate specificity of aTAT1, we in-
cubated recombinant a TAT1 with either recombinant histone H3/
H4 (Fig. 2B) or purified core histones (Fig. S14) and found that
oTAT1 is unable to detectably acetylate any of the core histones,
whereas HAT1/RbAp46 efficiently acetylates histone H4 under
the same conditions. Furthermore, HAT1/RbAp46 was unable to
acetylate tubulin (Fig. S14). Thus, aTAT1 is a KAT that is not
a HAT.
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Fig. 1. oTAT1 acetylates tubulin through its GNAT domain in vitro. (A)
C60rf134/aTAT1 directly binds to the BBSome. GST-aTAT1 and GST were
immobilized on beads and mixed with pure BBSome, and bound fractions
were immunoblotted for the BBSome subunit BBS4. All panels are from the
same film. (B) Recombinant oTAT1 efficiently transfers acetyl groups onto
K40 of a-tubulin. «TAT1 (1 pM) was mixed with tubulin and [**ClacetylCoA
and incubated at 24 °C for the indicated times. Reactions were conducted in
triplicate and immunoblotted for o-tubulin K40Ac (Top), subjected to
phosphorimaging (Middle), Coomassie staining (Bottom) or filtered to count
tubulin-bound radioactivity (plotted in C). Coomassie-stained gel shows
o/p-tubulin (thick band) and oTAT1 (thin band). (C and D) Time course of
acTubulin and «aK40Ac formation. Filter-bound radioactivity representing
acetyl groups transferred to tubulin was counted and used to calculate the
absolute amount of acetylated tubulin (C). At the final time point, the acet-
ylation level reached 0.51 + 0.02 mol acetyl per mol tubulin. Immunoblot
signals were quantified and normalized to the signal intensity at time 0 (D).
The level of aK40Ac is increased 12.6-fold at end of reaction. Because ~5% of
bovine brain a-tubulin is acetylated at K40 (42), we calculate that 0.58 + 0.13
mol of acetyl are transferred to K40 per mol tubulin after 12 h. Error bars are
SD and are smaller than some symbols. (E) Purified «TAT1 variants. A 2-ug
quantity of each «aTAT1 variant was resolved by SDS/PAGE and the gel stained
with Coomassie. aTAT1[10-236] is likely to be partially unfolded and contam-
inated with chaperones. (F) Activity of «TAT1 variants. 1 uM (hatched bars) or 5
1M (solid bars) of each «TAT1 variants were incubated with tubulin and BH]
acetylCoA for 1 h at 24 °C and acetyl incorporation into tubulin measured by
filter assay. (G) Summary diagram of truncation study, structural predictions
(13), and sequence conservation. The minimal «TAT domain extends N-termi-
nally from predicted GNAT fold, whereas the unstructured and poorly con-
served C terminus of aTAT1 enhances catalytic efficiency. (H) Aspartate D157 is
crucial for aTAT1 enzymatic activity. Either 5 or 2.5 pM oTAT1[2-236] or o TAT1
[2-236]P"*"N was incubated with tubulin as in B. No radiolabel incorporation
was detected with «TAT1[2-236]°">"N,

oTAT1 Exhibits Substrate Specificity for Tubulin in the Polymerized
Form. Microtubule acetylation takes place after microtubule as-
sembly (18, 19). It is therefore thought that the aK40 TAT pref-
erentially targets tubulin in the polymerized state. Substrate
saturation curves showed that «TAT1 follows a classic Michaelis—
Menten behavior using both free tubulin and taxol-stabilized mi-
crotubules as substrates (Fig. 2C). Surprisingly, although the K,

21518 | www.pnas.org/cgi/doi/10.1073/pnas.1013728107

C

A WT K40R WT K40R
& : Microtubules
K =16 0.36 uM
K, =615+ 34x10°s"

e
Coomassie ['“C]

oTAT1 + + -
HAT1/RbAp46 - - -
Tubulin + - -
Histone H3/H4 - + +

HAT1/
RbAp46

Tubulin
A TAT e —

+ 0+
IR
|
1
+ 14

= 30 Free Tubulin
~o0l6 [K,=2.0 £ 0.16 uM

k. =98+1.8x10°s"
81 10

—14 0 5 10 15 20 25
Coomassie  ['“C] [Tubulin] (uM)

Fig. 2. oTAT1 specifically acetylates K40 of a-tubulin and prefers micro-
tubules over free tubulin. (A) K40 of a-tubulin is the sole site of acetylation
by oTAT1. 5 pM oTAT1[2-236] was incubated for 1 h at 37 °C with 4 pM ax-
onemal tubulin purified from either WT or a-tubulin[K40R] Tetrahymena
strains and samples processed as in Fig. 1B. Because of high levels of aK40Ac
in axonemal microtubules, radiolabel incorporation is less efficient than
when using bovine brain tubulin as a substrate. However, no radiolabel in-
corporation was found after a 3-mo exposure to phosphor screen when
a-tubulin[K40R] was used as a substrate. (B) aTAT1 exhibits strict substrate
specificity for tubulin vs. histones. Reaction mixtures contained [*Clace-
tylCoA and various combinations of o«TAT1[2-236] (4 uM), tubulin, HAT1/
RbAp46, and histones H3/H4 and were incubated at 37 °C for 1 h. Even in the
presence of very high concentrations of «aTAT1 enzyme, histone H3/H4 did
not serve as an acetylation substrate, whereas HAT1/RbAp46 acetylated
histone H4 under the same experimental conditions. (C) «TAT1 displayed
a greater catalytic efficiency for taxol-stabilized microtubules than for free
tubulin. A range of substrate concentrations straddling the K,, value
were incubated for 30 min at 22 °C with 1 pM aTAT1, [*H]acetylCoA, and GTP
(microtubules) or GDP (tubulin) and radiolabel incorporation measured with
the filter assay. Time-course experiments indicated that the reaction pro-
ceeds linearly for the first hour (Fig. 1C). Data were fitted to the Michaelis—
Menten equation by nonlinear least-square regression. Tubulin was fully
polymerized in the microtubule sample and fully depolymerized in the free
tubulin sample, as determined in spindown assays (Fig. S1B). A larger version
of the tubulin saturation curve is shown in Fig. S1C. Reactions performed in
triplicate. Error bars represent SD and are smaller than some symbols.

values for tubulin and microtubules were not significantly different,
the turnover rate (kc,) of *TAT1 for microtubules was more than
sixfold greater than for free tubulin. Thus, aTAT1 preferentially
acetylates polymerized microtubules over free tubulin at saturating
substrate concentrations. Given that tubulin concentration varies
between 20 and 200 pM in cells (20) and that nearly 40% of tubulin
is polymerized in cells (Fig. 3H), aTAT1 is expected to operate at
saturating substrate concentrations in vivo and to preferentially
acetylate microtubules over free tubulin inside cells.

We note that the turnover rate of «TAT1 is extremely low (kc,,
for microtubules = 2.2 h™') and «TAT1 will therefore require
tens of minutes to efficiently acetylate microtubules. In mam-
malian cells, maximum levels of aK40 acetylation require incu-
bations with taxol for several hours (21). Thus, the enzymatic
rate constants of aTAT1 fit adequately with the kinetics of tu-
bulin acetylation inside the cell. Finally, we determined the en-
zymatic constant of « TAT1 for acetyl-CoA (Fig. S1D) and found
a nearly identical K, value to the previously purified TAT (22).

oTAT1 Is Necessary and Sufficient to Acetylate o-Tubulin at K40 in
Mammalian Cells. Our biochemical findings led us to examine the
activity of «TAT1 inside mammalian cells. It is known that PtK2
cells have no detectable a-tubulin K40 acetylation (21). Transient
overexpression of aTAT1 in PtK2 cells was sufficient to acetylate
nearly all microtubules, whereas catalytically inactive aTAT1
[D157N] or the HAT Elp3 failed to detectably elevate a-tubulin
K40 acetylation (Fig. 3 A and B). Similar results were found in
RPE-hTERT cells (Fig. S2). Thus, the catalytic activity of o TAT1
is sufficient to acetylate a-tubulin at K40 in mammalian cells.
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Fig. 3. The enzymatic activity of oTAT1 is necessary and sufficient for
acetylation of a-tubulin at lysine 40 in mammalian cells. (A and B) The en-
zymatic activity of «TAT1 is sufficient for acetylation of a-tubulin at lysine 40
in PtK2 cells. (A) Cells were transfected with GFP-tagged WT oTAT1 (Left),
oTAT1[D157N] (Middle), and ELP3 (Right) and stained for DNA (blue), o-tu-
bulin (red), and a-tubulin K40Ac (green). GFP fluorescence was visualized
directly. (B) Lysates from transfected cells were immunoblotted for the in-
dicated proteins. All GFP fusions are expressed at similar levels. (C-H) o TAT1
is required for a-tubulin K40 acetylation in RPE-hTERT cells. (E) RPE-hTERT
cells were transfected with two independent siRNA duplexes targeting
oTAT1 or control siRNA duplexes and stained for the indicated antigens
(white) and DNA (blue). (D) Lysates from transfected cells were immuno-
blotted for the indicated antigens. (C) «TAT1 mRNA levels were measured by
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Next, we determined the contribution of « TAT1 to microtu-
bule acetylation in RPE-hTERT cells. Two independent siRNA
duplexes targeting aTAT1 reduced «TAT1 mRNA and protein
by more than 80% (Fig. 3 C and D). Strikingly, acetylation of
a-tubulin at K40 was reduced by more than 80% after depletion
of aTAT1, thus indicating the « TAT1 is the major «K40 TAT in
mammalian cells (Fig. 3 D and F). The levels of polyglutamylated
tubulin, a marker of ultrastable microtubules found in cilia and
centrioles, remained unaffected by «TAT1 depletion (Fig. 3D).
oTAT1-depleted cells did not exhibit any gross morphological or
proliferation defects (Fig. 3 E and G). Furthermore, oTAT1
depletion did not affect bulk microtubule polymerization, as
judged qualitatively by immunofluorescence (Fig. 3E) and
quantitatively by microtubule spindown assays (Fig. 3H). Thus,
tubulin acetylation is not required for cell cycle progression or
for general microtubule organization.

oTAT1 Promotes Primary Cilium Assembly and Is Conserved in Ciliated
Organisms. Given that nearly all aK40 residues are acetylated in
ciliary microtubules, and given the association between aTAT1
and the BBSome, we wished to determine the role of «TAT1 in
cilium assembly. RPE-hTERT cells assemble a primary cilium
when entering quiescence, and we found that «TAT1 depletion
significantly delayed assembly of a primary cilia after serum star-
vation (Fig. 44). We note that although cilium assembly was im-
paired in «TAT1-depleted cells 12h after serum withdrawal (Fig. 4
A and B and Fig. S34), cilia were found in nearly equal numbers
24h after serum withdrawal in control or «TAT1-depleted cells
(Fig. 44 and C and Fig. S3B). Cilia assembled in « TAT1-depleted
cells contained barely detectable levels of a-tubulin K40 acetyla-
tion (Fig. 4C and Fig. S3B). Thus, aTAT1 is responsible for a-
tubulin K40 acetylation on cytoplasmic as well as ciliary micro-
tubules and aTAT1 facilitates ciliary assembly.

We next examined the phylogenetic distribution of «TAT1. In
a survey of 50 genomes of evolutionarily diverse organisms, we
found that the presence of a TAT1 ortholog correlates perfectly
with the presence of a cilium or a flagellum (Fig. 4 D and E, Fig. S4,
and Dataset S1). Most remarkably, when we examined the phy-
logenetic distribution of well-characterized cilia biogenesis fac-
tors, such as the BBSsome and the intraflagellar transport (IFT)
complexes IFT-A and IFT-B, we found that none of their subunits
were better correlated to the presence of a cilium than was a TAT1.
Thus, aTAT1 appears to be the molecule whose presence best
correlates with the existence of an axoneme.

oTAT Paralogs Are Required for «-Tubulin K40 Acetylation and Touch
Sensation in Caenorhabditis elegans. Given the broad phylogenetic
distribution of aTAT1, we set out to investigate the physiological
roles of a-tubulin K40 acetylation using C. elegans. The C. elegans
genome contains a single gene encoding an a-tubulin with a lysine
atposition 40, mec-12, and two genes encoding paralogs of o TAT1,
mec-17 and W06B11.1, which we renamed atat-2. As previously
reported (23), mec-17 is expressed exclusively in touch receptor
neurons (Fig. 54 and Fig. S5A). atat-2 is expressed not only in
touch receptor neurons but also in a subset of ciliated neurons,
namely, PDE, ADE, CEP, and OLQ (Fig. 54 and Fig. S5B). Like
the touch receptor neurons, CEP and OLQ are mechanoreceptor
neurons activated by external point loads (24, 25). Thus, aK40
acetylation is a feature shared by some, but not all, mechanore-
ceptor neurons. The restricted expression of mec-17 and atat-2
implies that only 12 of 60 of the ciliated sensory neurons in

RT-qPCR, and values were normalized to the levels in control siRNA-treated
cells. GAPDH was used for intrasample normalization purposes. (F) Levels of
a-tubulin acetylation at K40 were measured by fluorescent immunoblotting
as the ratios of signals for a-tubulin K40Ac over a-tubulin. (G) Growth curve
was created by measuring the number of cells in each condition starting 48 h
after siRNA transfection. (H) Amount of polymerized tubulin was measured
as fraction of pelletable tubulin in lysates. Error bars correspond to SDs of
three independent experiments. (Scale bars, 10 um.)
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Fig. 4. oTAT1 promotes rapid assembly of the primary cilium. (A-C) aTAT1 is
required for the normal kinetics of primary cilium assembly. (A) Following
siRNA transfection, cells were serum starved, and polyglutamylated tubulin-
positive cilia were counted immediately or after 12 or 24 h. Cilia counts were
confirmed by examination of the Arl13b channel. Although the difference in
cilia number between control and aTAT1-depleted cells is significant at 12 h
postserum starvation (P < 0.0001), no significant difference could be detected
after 24 h (P > 0.05). Error bars represent SDs among three independent
experiments. (B) Cells fixed 12 h after serum starvation were stained for pol-
yglutamylated tubulin (red), Arl13b (green), and DNA (blue). (C) Cells fixed
24 h after serum starvation were stained for polyGlu tubulin (red), a-tubulin
K40Ac (green), and DNA (blue). A large proportion of cells are ciliated in the
aTAT1-depleted cells. However, a-tubulin K40Ac staining in the cilia of « TAT1-
depleted cells is extremely faint. (D and E) Phylogenetic distribution of « TAT1
compared with IFT-A, IFT-B, BBSome, and Arl6. (D) Cilia:molecule correlation
coefficients were calculated from Dataset S1 as 100% for «aTAT1, 70-98% for
IFT-A subunits, 60-96% for IFT-B subunits, and 82-92% for BBSome subunits
and Arl6. (E) Simplified taxonomic tree, modified from Carvalho-Santos et al.
(43). The full name of each organism is shown in Fig. S4. When present in the
organism, the basal body structure is diagramed in black, and the cilium is
shown in green (motile) or green/blue (motile and primary) or blue (primary).
When no cilium is present, hatched bars fill the row. Membrane is omitted for
the Plasmodium cilium to represent IFT-independent flagellum assembly.
Presence of aTAT1 ortholog is indicated by a black circle. Conservation of IFT-A
and IFT-B complexes and BBSome and Arl6 are depicted with shades of gray
that correspond to the proportion of subunits present in the organism (black,
100%; dark gray, <100%; medium gray, <60%; and light gray, <30%).

C. elegans incorporate acetylated a-tubulin into their microtubules.
This further suggests that, as in mammalian cells and Tetrahymena,
a-tubulin K40 acetylation is dispensable for cilia formation.
Quantitative immunoblotting and immunofluorescence revealed
that the levels of MEC-12 a-tubulin K40 acetylation were re-
duced in mec-17 and atat-2 null mutants, and reached undetect-
able levels in mec-17;atat-2 double null mutants and a mec-12
null mutant (Fig. 5 B-E and Fig. S5 C and D). Similar effects of
the loss of mec-17, atat-2, and mec-12 on aK40Ac immunoreactivity
were recently reported (15, 26). [MEC-12 is the sole C. elegans a-
tubulin with a lysine at position 40 (5)]. Thus, the two oTAT1
paralogs appear to account for most, if not all, a-tubulin K40
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Fig. 5. C. elegans mechanosensation requires K40 o-tubulin acetylation. (A)
Pmec-17::GFP is expressed only in TRNs (Upper), whereas Patat-2::mCherry
is expressed in TRNs, OLQ, CEP, PVR, and neurons in the ventral nerve cord
(Lower). (B and C) Both mec-17 and atat-2 are required for a-tubulin K40
acetylation in C. elegans. a-Tubulin K40 acetylation is absent in mec-17;atat-
2 double null mutants and mec-12 o-tubulin null mutants. Bars are nor-
malized to WT intensity (n = 3). (D and E) a-tubulin K40Ac is present in OLQ,
CEP, and ALM in the head (D) and PVR and PLM in the tail (E). For clarity,
larger micrographs are shown in. Fig. S5. (F) Loss of aTAT-2, but not MEC-17
decreases sensitivity to nose touch (n = 30 worms/genotype). *P < 0.01 vs.
WT, one-way ANOVA F(4,145) = 154.3, P= 107°", Tukey post hoc test. (G) Loss
of both «TAT proteins decreases, but does not eliminate, responses to body
touch (n = 75 worms per genotype). *P < 0.01 vs. WT, one-way ANOVA F
(4,370) = 246.5, P = 107'°3, Tukey post hoc test. (H) Transgenic expression of
WT, but not catalytically inactive MEC-17 or MEC-12[K40R], restores touch
sensitivity to mec-17 and mec-12 null mutants, respectively (Left and Center).
Transgenic expression of acetyl-mimic MEC-12[K40Q] restores touch sensi-
tivity to mec-17;atat-2;mec-12 triple null mutants (Right) (n = 75 worms per
genotype). *P < 0.01, Student t test. Bars in all panels represent mean + SEM.

acetylation in C. elegans. Robust a-tubulin K40 acetylation was
detected in the TRNs and PVR, as reported previously (5,27). The
CEP and OLQ neurons also contain acetylated microtubules (Fig.
5C and Fig. S5C), but this modification was not detected in the
ciliated chemosensory neurons in the head. TRNs lacking mec-17
or atat-2 have decreased levels of a-tubulin K40 acetylation, and
loss of both genes reduces a-tubulin K40 acetylation to undetect-
able levels. a-Tubulin K40 acetylation in CEP or OLQ depends on
atat-2, but is independent of mec-17 (Fig. 5D and Fig. S5D).
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Consistent with the expression of atat-2, but not mec-17, in
OLQ, nose touch sensation was significantly reduced in atar-2
and mec-17;atat-2 mutants but not in mec-17 single null mutants
(Fig. 5F). The OLQ neurons act together with ASH and FLP to
mediate avoidance of nose touch (28). Of these three ciliated
mechanoreceptor neurons, only OLQ expresses an atat gene and
contains acetylated a-tubulin (Fig. 5 4 and D). Because CEP
neurons are mechanoreceptors that mediate food-induced
slowing (29), we measured the speed of atar-2 mutants off and on
bacterial food. atat-2 mutants move more slowly off food than
WT animals (0.14 + 0.02 and 0.09 + 0.01 mm/s in WT and atat-2
mutants, respectively), but retain the ability to slow when en-
countering a bacterial lawn. Thus, atat-2 has a role in locomo-
tion, although the atat-2-expressing neurons responsible for this
phenotype remain to be determined.

When we tested the body touch response that relies on TRN
function, we found that mec-17 and atat-2 single mutants as well as
mec-17;atat-2 mutants were partially touch insensitive or Mec (Fig.
5G). Consistent with the first report of a mec-17 missense allele
(30), the morphology of TRNs was not dramatically altered in any
of these mutants, as judged by imaging transgenic animals in which
TRNs were labeled with GFP (Fig. S6). The Mec phenotype was
more severe in mec-17 than in atat-2 mutants, but less severe than
in the mec-12 mutant. The variation in the severity of the behav-
ioral phenotype correlated with the level of aK40Ac immunore-
activity detected in the TRNs (Fig. S7). The mild phenotype of the
double mutant that lacks a-tubulin K40 acetylation entirely sug-
gests that although this posttranslational modification is important
for touch sensitivity, it is not essential. We note that Akella et al.
(15) reported that mec-17;atat-2 double mutants were more se-
verely Mec. The discrepancy may reflect a difference in the pre-
paration of the deletion mutants, which were outcrossed before
use in the present study. Although it is not yet clear how loss of K40
acetylation disrupts touch sensation, it is unlikely to act by altering
the growth or development of the TRNS.

To test whether the role of aTAT1 in touch sensation depends
on its ability to acetylate MEC-12 a-tubulin at K40, we geneti-
cally manipulated both the enzyme and its substrate. Transgenic
mec-17 mutants expressing MEC-17[+] were significantly more
touch sensitive than those expressing the catalytically inactive
MEC-17[D157N] (Fig. 5H). Similarly, mec-12 mutants express-
ing MEC-12[ +] a-tubulin were significantly more touch sensitive
than those expressing the nonacetylatable MEC-12[K40R]
a-tubulin. We note that mec-17;MEC-17[+] and mec-12;MEC-
12[+] transgenic animals were less touch sensitive than wild-
type animals. We suspect that this is an artifact of overexpression
of UNC-86::MEC-3 binding sites, as this manipulation is known
to decrease expression of multiple genes critical for touch re-
ceptor neuron function (31). [The mec-17 promoter used to di-
rect expression of all transgenic proteins to the TRNs contains
two binding sites (23).] Nevertheless, these results indicate that
acetylation of MEC-12 a-tubulin at K40 is required for full sen-
sitivity to gentle touch, and suggest that artificial acetylation of
MEC-12 a-tubulin should bypass the need for mec-17 and atat-2.
We tested this idea by expressing the acetyl-mimic MEC-12
[K40Q] a-tubulin, and found that this transgene was sufficient to
partially restore touch sensation to mec-17;atat-2;mec-12 triple
mutants (Fig. 5H).

Discussion

Using a combination of in vitro biochemistry and cell-based
studies, we and others (15) have shown that «TAT1 (C6orf134)
is a bona fide TAT. We additionally show that recombinant
oTAT1 efficiently deposits acetyl groups on K40 of a-tubulin in
vitro, that this activity is associated with the conserved GNAT-
like domain and is abrogated in a «TAT1[D157N] mutant, and
that «TAT1 is highly specific for tubulin over histones. Active
oTAT1, but not catalytically dead aTAT1[D157N)], is sufficient
to produce acetylated microtubules in PtK2 cells which lack
endogenous acetylated tubulin. TAT proteins are necessary for
the production of acetylated tubulin in mammalian cells and C.
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elegans. Recent studies have suggested that Elp3 also functions
as an aK40 TAT (8, 27). Although Elp3 may indirectly influence
microtubule acetylation, we report that Elp3 fails to detectably
acetylate microtubules in PtK2 cells. Because C. elegans TRNs
retain acetylated microtubules and wild-type touch sensitivity in
elpc-3 null mutants (27), Elp3 is unlikely to be a major contrib-
utor to microtubule acetylation in vivo. Thus, we propose that
oTAT1 is the major, and possibly only, aK40 TAT.

Acetylation of a-Tubulin K40 by oTAT1 Inside the Microtubule Lumen.
The intralumenal location of aK40 poses a significant accessi-
bility problem for aTAT1. An initial model proposes that «TAT1
(measured Stokes radius Rg = 3.5 nm) enters the microtubule
through the 14-nm diameter open ends, and is then restricted by
unidimensional diffusion inside the lumen to reach its substrate.
However, the nearly indistinguishable K, of «TAT1 for tubulin
and microtubules strongly suggests that aK40 is freely accessible
to aTAT1 in microtubules. How could «TAT1 possibly reach its
intralumenal substrate in an unrestricted manner?

The small molecule taxol (Rg = 0.8 nm) also binds to a site within
the microtubule lumen. Surprisingly, taxol binding to microtubules
is limited only by 3D diffusion and does not vary along the length of
microtubules (32), thus implying that the taxol binding site is freely
accessible. One idea is that taxol enters via 17-A pores between
protofilaments. Another is that lateral interactions between pro-
tofilaments are sufficiently weak to allow large openings to con-
tinuously appear and close in the microtubule wall (32). This
microtubule “breathing” model is supported by cryo-electron mi-
croscopy observations of lattice defects and by the finding that
microtubules rapidly change the number of their protofilaments
in response to taxol binding (33). Because «TAT1 cannot enter
through the 17-A pores, it most likely accesses its substrate by
entering through the transient lateral openings, and may therefore
enable a quantitative study of microtubule breathing.

Somewhat surprisingly, the preference of oTAT1 for poly-
merized tubulin manifests itself in an increased k.,; rather than
a decreased K,,,. Because the immediate vicinity of K40 is re-
solved in the crystal structure of tubulin dimers (34) but not in
the structure of microtubules (35), the K40 loop is likely more
flexible and thus more prone to adopt a conformation optimal
for catalysis in microtubules than in free tubulin. Beyond the
preference of «TAT1 for microtubules vs. free tubulin, a major
question relates to how aTAT1 might be directed to specific
regions of a given microtubule within the cell. Indeed, a-tubulin
K40Ac staining along cytoplasmic microtubules is often quite
discontinuous (19) (Figs. 3E and 5 C and D), whereas tubulin
detyrosination is seen all along the length of stable microtubules
(36). Perhaps the acetylated regions are those that were bent the
most and thus provided the greatest substrate accessibility to
oTAT1 through increased breathing.

Acetylation of «-Tubulin K40 and Cilium Assembly. In Chlamydo-
monas, Tetrahymena and C. elegans, o-tubulin K40 acetylation is
dispensable for cilium or flagellum assembly. However, in mam-
malian cells, we find that the normal kinetics of cilium assembly
require o TAT1. This is unlikely to be a consequence of siRNA off-
target effects, as we confirmed these results using two independent
siRNA duplexes. Likewise, we used two independent markers of
cilia, polyglutamylated tubulin and Arl13b (Fig. 4B). Although it is
conceivable that delays in the kinetics of flagellum assembly have
been overlooked in previous experiments, it is equally likely that
the assembly of mammalian primary cilia is more sensitive to the
loss of a-tubulin K40 acetylation than in other organisms. Our
results are also consistent with the findings that HDACS6 entry into
cilia triggers cilium disassembly (37). A unique feature of mam-
malian primary cilia is their regulated emergence and resorption in
quiescent vs. proliferating cells. Thus, an appealing hypothesis is
that a-tubulin K40 acetylation of axonemal microtubules serves to
couple the cycle of cilium emergence and resorption to the cell
division cycle (38). Indeed, whereas most cells resorb their cilium
in G1/S by shortening the axoneme, Ptkl cells (which lack
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a-tubulin K40 acetylation) resorb their cilium in mitotic prophase
by releasing the entire axoneme into the cytoplasm (39). Coupling
cilium assembly to the cell cycle is likely important in neuro-
epithelial cells, which must respond to Hedgehog using their
primary cilium while actively dividing. More generally, cilium as-
sembly and resorption may be linked to oncogenic transformation
and alteration in signaling responsiveness (40).

Acetylated Microtubules Are Essential for Normal Touch Sensation in
C. elegans. C. elegans hermaphrodites have 30 predicted mech-
anoreceptor neurons (41), and at least 14 of them express either
mec-17 or atat-2. Thus, although acetylated tubulin is a com-
mon feature of mechanoreceptor neurons, it does not appear to
be universal. For example, aTAT-2 expression and acetylated
tubulin staining are found in OLQ but not ASH or FLP, but
these sensory neurons mediate avoidance to nose touch in
parallel (28).

The touch receptor neurons coexpress mec-17 and atat-2. Loss
of one or both genes induces a partial defect in touch sensitivity.
This defect can be partially restored by transgenic expression of
MEC-17[+] but not catalytically dead MEC-17. Similarly, loss of
MEC-12 induces a profound loss of touch sensitivity that can be
partially restored by expression of MEC-12[+] but not an acet-
ylation resistant MEC-12. The mild defect observed in mec-17;
atat-2 double mutants was enhanced in a mec-12;mec-17;atat-2
triple mutant that lacks both «TAT activities and their a-tubulin
substrate. Consistent with the idea that modified a-tubulin per se
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is required for touch sensation, the severe touch insensitivity of
the triple mutant was partially restored by transgenic expression
of MEC-12[K40Q)], an a-tubulin allele that is predicted to mimic
a-tubulin acetylated at K40.

In conclusion, the identification of aTAT1 as an aK40 TAT
will enable further investigation of the physiology, biochemistry,
and biophysics of a-tubulin K40 acetylation.

Materials and Methods

General Methods, Antibodies, DNA Constructs, and C. elegans Strains. Recom-
binant protein expression and purification, microtubule purification, ace-
tyltransferase assays, cell culture, immunofluorescence microscopy, siRNA-
mediated oTAT1 depletion, phylogenetic analysis, generation of transgenic
C. elegans strains, and C. elegans behavioral assays are described in S/
Materials and Methods. Reagents used in this study are also described in S/
Materials and Methods.
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