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P
osttranslational modification of
proteins, including phosphoryla-
tion, ubiquitylation, and acetyla-
tion, is an important means of

signaling and functional specialization in
the cell. The acetylation of lysine residues
is best understood in histone proteins,
in which histone acetyltransferases
modify histone tail sequences to regulate
chromatin structure. However, lysine
acetylation has recently become more
appreciated as a widely distributed phe-
nomenon regulating diverse proteins and
cellular systems (1). One such system is the
microtubule (MT) cytoskeleton. MTs are
highly dynamic tubular polymers assem-
bled from protofilaments of α/β-tubulin
dimers, and are essential for intracellular
transport, architectural organization, and
force production in eukaryotic cells (2).
Acetylation of the conserved lysine 40
(K40) residue of α-tubulin, first reported
more than 25 y ago (3), is one of several
conserved posttranslational modifications
found in the tubulin protein (2, 3). Al-
though MTs generally function as highly
dynamic polymers, α-tubulin K40 acetyla-
tion is associated with unusually stable
MTs. These act as tracks for organelle and
macromolecule transport in neurons, and
form the structural scaffolds, called ax-
onemes, at the core of beating cilia and
flagella (4, 5). α-Tubulin K40 acetylation is
catalyzed by a conserved α-tubulin acetyl-
transferase (α-TAT), but neither the de-
tailed mechanism of tubulin acetylation
nor its downstream functional con-
sequences are well understood (6, 7). Now,
in parallel studies presented in PNAS,
Friedmann et al. (8) and Taschner et al.
(9) describe the 3D structure of human
α-TAT and the chemical basis for α-tubu-
lin K40 acetylation. The two studies
show how α-TAT selectively acetylates
α-tubulin K40 and explore α-TAT’s
catalytic mechanism through detailed
enzymatic analysis (8, 9).
MTs are regulated by a host of post-

translational modifications such as
polyglutamylation, polyglycylation,
detyrosination, and tyrosination, most of
which occur at the C termini of α- and
β-tubulin exposed on the outer MT sur-
face, and directly regulate MT association
with motor proteins and so-called plus-end
binding proteins (2). In contrast, α-tubulin
K40 acetylation occurs on the inner or
lumenal surface of the MT and probably
affects MT structure and dynamics directly

(Fig. 1) (2, 4). Structural modeling sug-
gests that acetylation may stabilize lateral
interactions between neighboring tubulin
protofilaments, potentially explaining the
increased stability of acetylated MTs ob-
served in vivo (10). Acetylation-mediated
modification of protofilament interactions
may also explain why loss of α-TAT in
Caenorhabditis elegans disrupts the tight
regulation of MT protofilament number in
touch receptor neurons, resulting in
shorter MTs with a range of protofilament
numbers (10, 11).
α-TAT was identified as a component

associated with intraflagellar Bardet–Biedl
syndrome complex (i.e., BBsome), which is
necessary for forming and stabilizing axo-
nemal MTs (7, 12), and α-TAT ortho-
logues are found in all organisms with MT
axonemal structures such as cilia and fla-
gella (7). Purified α-TAT is highly specific
for α-tubulin K40; it possesses no detect-
able activity on substrates such as histones.
α-TAT also shows a sixfold higher catalytic
rate when acetylating α-tubulin K40 in
preformed MTs vs. soluble α/β-tubulin
dimers (7, 13). To better understand
α-TAT mechanism and specificity,
Taschner et al. (9) and Friedmann et al. (8)
took a combined structural/biochemical
approach. Both groups determined the 3D
structure of the N-terminal two thirds of
the protein (residues 1–195 of 333), which
adopts a compact, roughly triangular
shape and binds an acetyl CoA (AcCoA)
cofactor in its active site (Fig. 1). The
structures reveal that α-TAT is distantly
related to the GCN5 family of histone
acetyltransferases, with the closest struc-
tural similarities evident in the cores of the
two proteins and the manner of their
binding to AcCoA. Outside the conserved
core, the most distinctive structural fea-

ture of α-TAT is a β-hairpin structure
(β4–β5) that is unique to and strictly con-
served within the α-TAT protein family
(Fig. 1, blue).
Although the structures lack a direct

visualization of α-tubulin binding, both
studies (8, 9) converge on a plausible
mechanism for α-TAT’s observed sub-
strate specificity. α-TAT contains a con-
served surface pocket close to the active
site composed largely of hydrophobic and
basic residues, which likely complement
the acidic loop containing α-tubulin K40.
Consistent with this idea, structure-based
mutagenesis of residues in this pocket
substantially reduces the enzyme’s cata-
lytic activity (8, 9). Friedmann et al. (8)
further identify two mutations in the
conserved α-TAT–specific β4–β5 hairpin
that actually enhance α-tubulin acetyla-
tion activity in vivo and in vitro, suggest-
ing more extensive interactions that may
further increase specificity for α-tubulin
(Fig. 1).
The four known families of histone

acetyltransferases—GCN5, Rtt109,
CBP300, and MYST—share a common
fold, yet they use distinct catalytic mech-
anisms (14). GCN5 is the most structurally
similar to α-TAT and uses an acidic resi-
due in the active site as a general base to
deprotonate the incoming substrate lysine
amine and catalyze transfer of the acetyl
group (15). The other three families use
two catalytic residues and catalyze acety-
lation through a “ping-pong” mechanism

Fig. 1. (A) Overview of the structure of human α-TAT (9). Right: Detailed view of the enzyme’s active
site shows bound AcCoA cofactor and proposed general base catalytic residues Q58, C120, and D157.
(B) α-TAT (brown) acetylates α-tubulin K40, located in the MT lumen, potentially altering its structure
and dynamics.
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(16) or a “hit-and-run” mechanism
(13, 17). In α-TAT, previous mutation of
a highly conserved aspartic acid (D157),
identified through sequence comparisons
with GCN5, to asparagine resulted in an
inactive enzyme (7, 13). Although this re-
sult suggested a close similarity to GCN5’s
catalytic mechanism, the structures of
α-TAT reveal a more complicated picture
of catalysis. The protein’s active site con-
tains several conserved residues that could
potentially function as general bases in the
reaction: glutamine 58 (Q58), cysteine
(C120), and aspartic acid 157 (D157;
Fig. 1). Based on their analysis of different
active-site mutants, Friedmann et al. (8)
suggest that C120 and D157 can both act
as general bases. Consistent with this
model, mutation of either C120 or D157
significantly compromises catalysis, but
neither mutant is completely inactive (9).
Taschner et al. (9), on the contrary, pro-
pose that Q58 may instead act as the
general base in catalysis, based on its
position close to the bound AcCoA and its
coordination of a water molecule in the
active site (8). Supporting this idea, enzy-
matic assays show that mutation of Q58
to alanine completely abolishes the en-
zyme’s activity in vitro (8). Although these
results make a strong case for Q58’s im-
portance for acetyl transfer, the final word
on α-TAT’s catalytic mechanism must
await more extensive biochemical analy-

sis of active site mutants, as well as
structural work to visualize α-TAT’s in-
teraction with its substrate. Such studies

Friedmann et al. and
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α-tubulin K40 acetylation.

may also aid the design of α-TAT catalytic
inhibitors, which could then be used to
examine the in vivo functions of α-TAT in
more detail.
The structural examination of α-TAT

highlights outstanding questions and criti-
cal experiments regarding the roles of
α-tubulin acetylation in specialized MT
structures (8, 9). In particular, the effects
of α-tubulin K40 acetylation on the struc-
ture and dynamics of MTs represent open
questions that could be readily addressed
in vitro with existing biochemical and
biophysical tools. Additionally, it is not
understood how α-TAT accesses the MT
lumen to acetylate α-tubulin K40, and
whether the enzyme functions alone or

with one or more binding partners. In-
deed, its original identification as part of
the BBsome complex highlights the possi-
bility of cooperation with other proteins in
this complex. Finally, a remaining struc-
tural question is exactly how α-TAT rec-
ognizes its substrate. In this context,
structural studies using X-ray crystallog-
raphy or EM will be important to charac-
terize α-TAT’s interactions with isolated
tubulin and/or polymerized MTs. The an-
swers to these and other questions will add
critical detail to the emerging picture of
MT regulation through diverse phenom-
ena, including protein–protein interactions
and posttranslational modifications, that
together allow for the functional speciali-
zation of these important polymers in
complex cellular systems.

Note added in proof: In addition to the
structures of human alpha-TAT, a struc-
ture of the enzyme from the zebrafish
Danio rerio by Kormendi et al. has been
published (J. Biol. Chem. published online,
DOI: jbc.C112.421222), which largely
agrees with the structural and functional
conclusions described above.
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