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Acetylation on lysine residues of histone and other proteins 
has been recognized as a major post-translational modifica-
tion that affects multiple aspects of protein function. Protein 

acetylation levels are regulated by the balance of enzymes with 
opposing activities: histone acetyltransferases (HATs) and HDACs1. 
HDAC6 is the major deacetylase for tubulin, and it also deacetylates 
proteins such as HSP90 and cortactin, among others2–4. It is mostly 
cytoplasmic with unique characteristics that set it apart from other 
deacetylases: tandem catalytic domains with the capacity to deacety-
late tubulin and the presence of a zinc finger domain with homology 
to ubiquitin-specific proteases (ZnF-UBP), which binds unanchored  
ubiquitin. HDAC6 is a central modulator of stress responses and 
autophagic clearance, essential for the formation of aggresomes 
or stress granules5–7. It also has an important role for regulatory  
T cells8, influenza virus infection9 and in pathological conditions 
such as cancer, inflammation and neurodegeneration10,11.

Microtubules (MTs) are assembled from α- and β-tubulin het-
erodimers to form dynamic cytoplasmic filaments, involved in 
multiple cellular functions comprising cell cycle, cell shape, cellu-
lar motility and intracellular transport of cargos such as vesicles or 
viruses12. MTs are heavily decorated by post-translational modifi-
cations including acetylation, glutamylation, tyrosination or phos-
phorylation, which have been proposed to regulate their properties, 
stability and functions13,14. α-TAT is the only acetyltransferase tar-
geting Lys40, a residue located in a flexible loop of α-tubulin in 
the luminal side of MTs15,16. α-TAT prefers MTs over α/β-tubulin 
heterodimers for the efficient acetylation of α-tubulin Lys40  
(refs. 17,18), and stochastic acetylation of MTs by α-TAT had been 
recently demonstrated19. Deacetylation of tubulin is promoted by 
HDAC6 (refs. 2,20) and by the NAD-dependent class III deacety-
lase SIRT2 (ref. 21). HDAC6 and SIRT2 interact and may function 
together21,22. However, alteration of HDAC6 levels is sufficient to 
increase tubulin acetylation, and fibroblasts lacking HDAC6 have 
fully acetylated tubulin23. HDAC6 also interacts with plus-end  
tip-binding proteins such as EB1 or Arp1 (ref. 24), indicating  
that it might deacetylate the end of microtubules. It is not firmly 

established which is the preferred substrate of HDAC6, α/β-tubulin 
dimers or polymeric MTs2,25. It has recently been reported that inter-
action between HDAC6 and tubulin is direct26 but also that septins 
facilitate interaction between HDAC6 and acetylated α-tubulin27.

HDACs comprise 11 family members and are considered prom-
ising targets in a number of pathologies, with cancer being the most 
advanced indication28. In most cases however, the critical HDAC(s) 
have not been conclusively identified, and the four inhibitors (vor-
inostat, romidepsin, belinostat and panobinostat) approved for 
cancer treatment until now all target multiple HDACs29. HDAC6 
is currently evaluated as a potential therapeutic target in particu-
lar in multiple myeloma. HDAC6-selective inhibitors have been 
developed and clinical trials are underway with a recent HDAC6-
selective inhibitor, ricolinostat (ACY-1215)30.

We solved the crystal structure of both catalytic domains of 
HDAC6, which together with the inter-domain linker form an ellip-
soid-shaped complex with pseudo-twofold symmetry. We structur-
ally and functionally defined features that are critical for HDAC6 
to deacetylate its physiologic substrate tubulin, and we showed that 
HDAC6 prefers tubulin dimers as substrate but that it can stochasti-
cally deacetylate MTs. We also determined the crystal structures of 
individual catalytic domains bound to either enantiomer of TSA or 
to the HDAC6-specific inhibitor nexturastat A (NextA), and found 
that (S)-TSA had moderate selectivity for HDAC6.

RESULTS
Organization of the HDAC6 tandem catalytic domains
To understand how HDAC6 deacetylates tubulin and other substrates 
we characterized this multidomain protein by X-ray crystallogra-
phy. As we did not obtain crystals with the mouse protein, we used 
the zebrafish ortholog, which efficiently deacetylates tubulin from 
various sources (Supplementary Results, Supplementary Fig. 1).  
To facilitate the comparison between zebrafish and other species, 
we aligned sequences of HDAC6 proteins (Supplementary Fig. 2). 
We first used proteins containing the tandem catalytic domains to 
characterize their activity in an HDAC assay using Fluor de Lys as 
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substrate. We compared wild-type catalytic 
domains 1 and 2 (CD1-CD2) to proteins with 
an inactivating substitution in either catalytic 
domain (CD1H193A-CD2 or CD1-CD2H574A) or 
in both domains (CD1H193A-CD2H574A)20,31,32. 
SDS-PAGE and size-exclusion chromatogra-
phy with multi-angle light scattering analysis 
showed that the proteins used were highly  
pure and homogeneous (Supplementary 
Fig. 3a,b). Whereas the wild-type CD1-CD2 
fusion was highly active, substitution of the 
first catalytic site (CD1H193A-CD2) had almost 
no impact. In contrast, substitution of the sec-
ond site (CD1-CD2H574A) strongly impaired 
the protein but without fully inactivating it, 
and the doubly substituted variant (CD1H193A-
CD2H574A) was fully inactive (Supplementary 
Fig. 3c). This indicates that the first catalytic 
domain of zebrafish HDAC6 has a weak but 
measurable enzymatic activity (see below). 
When tested in our assay, the full-length 
human HDAC6 protein showed weaker activ-
ity (Supplementary Fig. 3c).

We then determined structures of the  
tandem catalytic domains in complex with 
NextA (CD1-CD2, residues 25−831, 2.9 Å, 
interdomain linker present; and residues 
40−831, 2.0 Å, interdomain linker cleaved), 
CD1 in complex with TSA (CD1-TSA, residues 
40−418, 1.5 Å), CD2-TSA (residues 441−831, 
1.6 Å), as well as of the ZnF-UBP domain (res-
idues 974−1081, 1.9 Å; highly similar to the 
human ortholog33; Fig. 1a and Supplementary 
Fig. 4). Data collection and refinement  
statistics are summarized in Supplementary 
Table 1. In the CD1-CD2 crystal struc-
ture both CD1 and CD2 adopted a classical 
arginase-deacetylase fold34,35 and had a con-
served deacetylase active site ~50 Å apart. 
The two domains were closely attached to each other (Fig. 1b and 
Supplementary Fig. 5). The large domain-domain interface was 
formed by helices H13, H14, H15 and H18 of CD1, and H32, H33 
and H34 of CD2; by loops connecting helices H17 and H18 of CD1, 
and H36 and H37 of CD2; as well as by the linker (418−442) connect-
ing the two domains and by the C-terminal part of CD2 (794−806). 
This resulted in a large buried surface area of ~2,100 Å2 on each 
domain upon formation of the complex. CD1 and CD2 were struc-
turally very similar (r.m.s. deviation = 1.0 Å, 354 Cα atoms, 45% 
sequence identity), and the same structural elements were engaged 
in the domain-domain interface, resulting in a pseudo-twofold axis 
running along the interface perpendicular to the α-helices on both 
sides (Fig. 1b and Supplementary Fig. 5).

We next determined structures of individual CD1 and CD2 
domains in complex with the pan-HDAC inhibitor TSA. The isolated 
CD1 domain contained (R)-TSA in its catalytic center (Fig. 1c), and 
we obtained the structure of CD2-TSA as we were trying to crystal-
lize the tandem domains with TSA: during crystallization, prote-
olysis repeatedly took place and liberated the individual domains, 
yielding crystals of CD2 with (S)-TSA bound (Fig. 1d). Backbones 
of CD1 and CD2 were highly similar also in single domain struc-
tures (r.m.s. deviation = 0.77 Å). Superposition of other HDAC 
structures revealed variations in the N-terminal and C-terminal 
part of the HDAC6 catalytic domains (Supplementary Fig. 6). A 
notable feature is the presence of a uniquely positioned 10-residue 
α-helix, referred to as H6 in CD1 and H25 in CD2, found in each 
catalytic domain near the active sites, as well as a unique loop at 

the N terminal part of each catalytic domain: H1-H2 in CD1 and  
H20-H21 in CD2, containing Trp78 and Asp79 (CD1) and Trp459 
and Asp460 (CD2) (Fig. 1c,d and Supplementary Fig. 2).

CD1 and CD2 catalytic pockets, and TSA binding
Both HDAC6 CD1 and CD2 active sites were highly conserved 
and featured the typical narrow hydrophobic channel formed by 
residues Pro83, Gly201, Phe202 and Trp261 in CD1, and Pro464, 
Gly582, Phe583, Phe643 and Leu712 in CD2 (Fig. 1c,d). The 
Zn2+ ion was coordinated by Asp230, His232 and Asp323 in CD1, 
and Asp612, His614 and Asp705 in CD2. In CD1, the two charge 
relay systems consisted of the His192-Asp228 and His193-Gln235 
dyads, with the latter normally being a His-Asn pair. In contrast, 
CD2 had the classical dyad arrangement with His573-Asp610 
and His574-Asn617. Lastly, Tyr residues located next to the cata-
lytic zinc ion and thought to stabilize the reaction intermediate, 
as in class I enzymes35, were conserved in CD1 (Tyr363) and CD2 
(Tyr745). A noteworthy difference present in all HDAC6 sequences 
when comparing CD1 and CD2 is the use of the bulkier Trp261 
in CD1, instead of the usual phenylalanine (Phe643 in CD2), to 
form one wall of the hydrophobic acetylated lysine binding channel 
(Supplementary Figs. 2 and 7).

(R)- and (S)-TSA binding to CD1 and CD2 were highly similar 
for the hydroxamate moiety that complexes the corresponding Zn2+ 
ion in a bidentate fashion using its carbonyl and hydroxyl oxygens  
(Fig. 1c,d). The unsaturated aliphatic TSA linkers were nearly pla-
nar and sandwiched between the aromatic side chains of Phe202 
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Figure 1 | Overall structure of HDAC6 catalytic domains. (a) HdAc6 domain architecture and 
constructs used for structural studies. this color scheme is used throughout all figures. Amino 
acid boundaries of all constructs are indicated; for cd1-cd2, two alternative proteins were made 
starting at position 25 or at position 40. (b) cartoon representation of the cd1-cd2 crystal 
structure, with cd1 and cd2 in cyan and dark red, respectively, and the interdomain linker in 
green. Metal ions are shown as gray spheres and red arrows point to the substrate binding 
clefts. Helices engaged in the cd1-cd2 interface are labeled. (c,d) Magnified view into inhibitor 
binding sites of cd1-(R)-tSA (c) and cd2-(S)-tSA (d) structures. Residues interacting with tSA 
or involved in catalysis are drawn as sticks in cyan (cd1) and dark red (cd2); catalytic domain 
backbones are shown as light gray cartoons with helices H6 and H25 in light red and pink. (R)- and 
(S)-tSA are shown as orange (cd1) and green (cd2) sticks with sigma-A-weighted 2mFo − DFc 
composite omit electron density maps displayed as blue mesh (1 σ). Zinc ions are shown as gray 
spheres, and polar interactions involved in Zn2+ binding are represented as green dashed lines.
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and Trp261 in CD1, and Phe583 and Phe643 in CD2. Whereas 
the carbonyl group of the hydroxamate was almost coplanar with 
the unsaturated aliphatic chain, the best fit to the electron den-
sity was achieved by kinking the hydroxylamine toward the zinc 
ion by ~30°, somewhat resembling the TSA conformation in the 
HDAC7-TSA complex structure36 (Protein Data Bank: 3C10). 
The TSA dimethylamino-phenyl CAP group used the first part 
of a CD1 groove formed by H6 and loop H1-H2 for hydropho-
bic interaction with Trp78 and Phe202 side 
chains. Owing to crystallization of the (S) 
enantiomer in CD2, we did not see such an 
orientation of the CAP group, and it instead 
interacted with the Phe643 side chain. The 
side chains of Trp78 in CD1 and of the cor-
responding Trp459 in CD2 assumed differ-
ent conformations in their respective grooves 
when engaged in ligand binding (CD1) or 
it was free (CD2), thus pointing to a role in 
substrate recognition (see below). We present 
additional differences between CD1 and CD2 
and their possible role in substrate recogni-
tion in Supplementary Figure 7.

(S)-TSA vs. (R)-TSA inhibition of 
HDAC6 and other HDACs
It had previously been reported that the unnat-
ural (S) enantiomer of TSA is biologically 
inactive37 and does not inhibit partially puri-
fied HDACs from mouse cells38; subsequently 
most studies have used the natural form,  
(R)-TSA. Our observation that HDAC6 CD2 
was bound by (S)-TSA in our crystal struc-
ture was intriguing, and we set out to charac-
terize the activity of (S)-TSA vs. (R)-TSA on 
zebrafish and human HDAC6, as well as on all 
other human HDACs. With pure preparations 
of the two enantiomers39 (Supplementary 
Fig. 8), we found that (R)-TSA and (S)-TSA 
inhibited zebrafish and human HDAC6 simi-
larly (half-maximal inhibitory concentration 
(IC50) for zebrafish was 5.45 nM (R-TSA) and 

9.88 nM (S-TSA), and for human, 4.67 nM (R-TSA) and 11.1 nM 
(S-TSA)). In contrast, when we tested other human HDACs, we 
observed differences between (R)-TSA and (S)-TSA: class I HDACs 
HDAC1−3 and class II HDAC10 were all strongly inhibited by (R)-
TSA but only weakly by (S)-TSA, whereas other HDACs, including  
HDAC6, were inhibited about equally or with only small differ-
ences (Table 1). Thus, although (R)-TSA is a pan-HDAC inhibitor,  
(S)-TSA, the unnatural enantiomer, had in vitro moderate selectiv-
ity for HDAC6 (~20-fold lower IC50 compared to the next closest 
isoform, HDAC1).

To test whether (S)-TSA also has activity in vivo, we treated 
mouse embryonic fibroblasts (MEFs) with (R)-TSA or (S)-TSA, 
or with the HDAC6-specific inhibitor NextA. After treatment 
with inhibitor, we prepared protein lysates and monitored acetyla-
tion of tubulin or histone H3 by immunoblotting (Supplementary 
Fig. 9). (S)-TSA was active in vivo, although weaker than the (R) 
enantiomer. However, acetylation of tubulin increased slightly more 
rapidly than that of histone H3, indicating a moderate selectiv-
ity for HDAC6. As expected, NextA, which in vitro has very high 
selectivity for HDAC6 (600-fold over HDAC1 and >1,000-fold over 
HDAC2; ref. 40), affected acetylation of tubulin without appreciably 
impacting histone H3 acetylation.

Conservation of active site and surrounding residues
We wondered whether active site differences between CD1 and 
CD2 are conserved through evolution, and used ConSurf41 to build 
a multiple-sequence alignment to map site-specific conservation 
scores onto the CD1-CD2 surface (Supplementary Fig. 10a,b and 
Supplementary Dataset 1). This analysis indicated that the CD2 
active site and substrate recognition region were under more evolu-
tionary pressure for conservation than the CD1 site and may point 
to different functions for the two domains, with a more important 
role for CD2 (see below).

Table 1 | inhibitory profile of (R)-TSA and (S)-TSA against 
zebrafish and human HDAC6 as well as against human HDAC1−11
Isoform (R)-tsa IC50 (nM) (S)-tsa IC50 (nM)

Zebrafish HdAc6 (cd1-cd2) 5.45 ± 0.62 9.88 ± 1.01
Human HdAc6 4.67 ± 0.06 11.1 ± 0.62
Human HdAc1 5.76 ± 1.05 206.30 ± 15.84
Human HdAc2 17.81 ± 1.08 612.65 ± 116.60
Human HdAc3 8.09 ± 0.28 320.80 ± 27.01
Human HdAc4 9,613 ± 2,329.21 6,341 ± 627.91
Human HdAc5 4,385 ± 1,248.75 6,325 ± 117.38
Human HdAc7 3,499.50 ± 123.74 1,823.50 ± 6.36
Human HdAc8 410.50 ± 43.27 312.20 ± 3.96
Human HdAc9 8,861 ± 60.10 4,824 ± 228.40
Human HdAc10 29.19 ± 0.06 403.35 ± 10.25
Human HdAc11 3,642.50 ± 683.77 2,684.00 ± 398.81
ic50 is the mean of two experiments ± s.d. obtained from curve fitting of 10-point enzyme assays 
with threefold serial dilution. HdAc6 assays started at 2 μM inhibitor; HdAc4, HdAc5 and 
HdAc9 assays started at 450 μM inhibitor; HdAc1, HdAc2, HdAc3, HdAc7, HdAc8, HdAc10 
and HdAc11 assays started at 50 μM inhibitor. values were extracted from fitting dose-response 
curves to the data points using Graphpad software.
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Figure 2 | Conservation analysis of CD1 vs. CD2. (a) Site-specific conservation scores computed 
by conSurf (http://consurf.tau.ac.il/) from 150 HdAc6 sequences mapped onto the HdAc6 
surface. consurf color grades 9 (dark blue), 8 (light blue) and 7 (cyan) highlight the degree of 
residue conservation from high to medium. the surface representation of the cd1-cd2 crystal 
structure is shown in the center. the linker connecting cd1 and cd2 is shown in green as a coil. 
on the left and right, cd1 and cd2 domains are rotated by 90° around a vertical axis to display 
the interdomain interface. (b) detailed view on the linker connecting cd1 and cd2, and its 
interaction with conserved residues on both domains. (c) Mapping of the electrostatic surface 
potential from –8 kT/e (red) to +8 kT/e (blue) onto the cd1 and cd2 domains (ApbS implemented 
in pyMol). the domains have been reoriented to show the tSA-bound catalytic sites from the 
top. Here the linker is included in the surface representation of cd1.
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Conservation of domain-domain interface
We used the above information to examine in more detail the CD1-
CD2 interface (Fig. 2a). Several patches of conserved residues took 
part in the interface, and a large area was composed of less con-
served residues. Important hydrophobic binding energy was pro-
vided by CD1 residues Pro306, Pro383, Leu305 and Ile405, and on 
the CD2 side Pro688, Ile783 and the Arg691 guanidinium group 
contributed the most. A key interaction was formed by the side 
chain stacking of His345 and His727, located at the same structural 
position in CD1 and CD2, with the pseudo-twofold axis running 
through the imidazole stacking pair. Neither the linker connect-
ing CD1 and CD2 (418−442), nor loops H17-H18 in CD1 and  
H36-H37 in CD2, all of which contribute to the interface, are highly 
conserved (Supplementary Fig. 2). Nevertheless, a closer look at 
the linker and its interaction with CD1 and CD2 revealed that it 
interacted with conserved residues on both domains (for example, 
Pro383 on CD1; Arg605, Glu692 and Trp794 on CD2) and provided 
a seal between them (Fig. 2b).

Structural features critical for tubulin deacetylation
Because HDAC6 is a major tubulin deacetylase, it is important to 
understand which features endow it with the capacity to deacety-
late this substrate. Calculation of the electrostatic surface potentials 
around each catalytic pocket highlights the mixed hydrophobic 
and polar character and the differences between CD1 and CD2  
(Fig. 2c). This observation suggests the potential for differential 
substrate recognition by these two domains (Fig. 3). We hypoth-
esized that the H1-H2 and H20-H21 loops that contain Trp78 and 
Asp79 in CD1, or Trp459 and Asp460 in CD2, are flexible and con-
tribute to substrate recognition. In addition, we focused on several 
highly conserved amino acids, which are also around, but not in, 
the catalytic pocket, in particular Ser150 in CD1 and Ser531 in 
CD2, which correspond to Asp101 in the H6-H7 loop of HDAC8. 
This residue is critical for substrate or inhibitor binding by HDAC8  
(ref. 42). We analyzed activities of alanine substitutions (loss of 
function) or conserved amino acid substitutions (gain of function) 
variants in vitro (Fig. 3a,b). To determine the activity of the mutants 
against the physiologic substrate α-tubulin, we incubated purified 
HDAC6 proteins with extracts from Hdac6 knockout MEFs, in which 

α-tubulin is fully acetylated23, and measured the resulting level of 
α-tubulin K40 acetylation by immunoblotting. We also assayed the 
enzymatic potential of the variants on the small substrate Fluor de 
Lys. The different point mutations in the sequence encoding CD1 
did not result in compromised deacetylation activity on α-tubulin. 
In contrast, several point mutants in sequences encoding CD2 (the 
W459A,D460A double-substitution variant, or variants with single 
substitutions N530A, N530D or S531A) were all strongly impaired 
for α-tubulin deacetylation (Fig. 3b and Supplementary Figs. 11 
and 12). However, when we tested these variants on the Fluor de Lys 
substrate, their activity was almost intact (Supplementary Fig. 13), 
suggesting that these residues are involved in substrate recognition, 
but not in the catalytic process.

importance of H6 and H25 and of tandem catalytic domains
We considered that the unique H6 and H25 α-helices 
(Supplementary Fig. 6) might be critical for substrate specificity. 
Hence, we substituted them in CD1 or CD2 with the H6-H7 loop 
from HDAC8 (Supplementary Fig. 14). Replacement of CD2 H25 
by loop H6-H7 of HDAC8 (CD1-CD2H25 → 8L) dramatically impaired 
the activity on α-tubulin (Fig. 3c), whereas substitution of CD1 
H6 had almost no detrimental effect (CD1H6 → 8L-CD2). These pro-
teins were similarly active when tested on Fluor de Lys substrate 
(Fig. 3d), indicating that the catalytic potential of HDAC6 was not 
impaired, but rather the capacity to use tubulin as a substrate was 
impaired. This was further demonstrated by in vivo experiments in 
which we stably reintroduced the same variant zebrafish proteins 
into Hdac6 knockout MEFs and monitored tubulin acetylation by 
immunoblotting. The results of these experiments were identical 
to the in vitro results, and confirmed the critical role of CD2 H25 
(Supplementary Fig. 15).

We next interrogated the overall contribution of each catalytic 
domain for tubulin deacetylation, using the same assay as above. 
Inactivating CD1 (CD1H193A-CD2) had no impact, whereas inac-
tivating CD2 (CD1-CD2H574A) abolished tubulin deacetylation 
(Supplementary Fig. 16a). Furthermore, isolated CD2 deacetylated 
α-tubulin, but isolated CD1 did not; however, the isolated CD2 was 
about tenfold less active than CD1-CD2, as for human31. Moreover, 
adding increasing amounts of CD1 to a reaction containing a 
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Wt, wild-type cd1-cd2 sequence. (c) immunoblot analysis of HdAc6 α-helix (H6 and H25) to HdAc8 loop swap changes in cd2 (cd1H6 → 8l-cd2,  
cd1-cd2H25 → 8l), were tested with HdAc6 knockout (Ko) extracts as in b and compared to the wild-type cd1-cd2 fusion, cd1H6-cd2H25 (Wt). the top  
gel shows equal amounts of the different proteins used (full gel images are available in Supplementary Fig. 12). (d) enzymatic activity of purified HdAc6 
proteins with the indicated changes as in c, tested for activity with a Fluor de lys HdAc assay kit. Hela extract with or without tSA addition was used  
as a control. Shown are mean values of three independent experiments with s.d.
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fixed amount of CD2 did not influence tubu-
lin deacetylation (Supplementary Fig. 16b),  
suggesting that under these conditions CD1 
cannot enhance, or inhibit, CD2 activity.  
When tested on a Fluor de Lys substrate, iso-
lated CD1 showed weak but measurable activ-
ity and also enhanced the activity of CD2 when 
the two domains were linked (Supplementary 
Fig. 17a,b). The activity of zebrafish CD1 
largely depends on F202, which in other spe-
cies is a tyrosine (Supplementary Fig. 2);  
conversion of F202 into a tyrosine (CD1F202Y) 
strongly impaired activity (Supplementary 
Fig. 17c). The fact that zebrafish CD1 had 
no activity on α-tubulin but was catalytically 
active on Fluor de Lys suggested that it may 
recognize other substrates.

Stochastic deacetylation of 
microtubules by HDAC6
We next examined how HDAC6 deacety-
lates tubulin or MTs (for their preparation, 
see Online Methods and Supplementary  
Fig. 18a−c). We first tested whether HDAC6 
can act on MTs from the ends, or whether 
like α-TAT it diffuses in MTs and deacety-
lates them stochastically. We reacted MTs 
with the HDAC6 tandem catalytic domains 
using varying enzyme amounts or for various 
durations; then we fixed them and analyzed 
by fluorescence microscopy. Addition of the 
HDAC6 catalytic domains led to deacetylation 
of the MTs over their entire length, in a dose- 
dependent and stochastic manner (Fig. 4a,b). 
We observed no preferential reaction toward 
the ends of MTs, even at the shortest incubation 
duration (Fig. 4c). Thus, in vitro, the α-tubulin 
Lys40 in the lumen of MTs was accessible 
for deacetylation by HDAC6. Next, we compared the capacity of 
HDAC6 to deacetylate tubulin dimers or taxol-stabilized MTs; for 
this, we incubated HDAC6 tandem catalytic domains with radio-
labeled acetylated tubulin or MTs and used the TCA-precipitable 
radioactivity to determine HDAC6 activity. Deacetylation  
was ~2.5× more effective on tubulin heterodimers than on MTs 
(Fig. 4d), and we obtained the same results with a different experi-
mental setup (Supplementary Fig. 19).

Structure of CD1-CD2 in complex with NextA
Although no crystal structure of HDAC6 was available, several  
HDAC6 selective inhibitors have been developed in recent 
years40,43,44. To gain structural insight into HDAC6 selective inhibi-
tion, we determined the structure of the HDAC6 tandem catalytic 
domains in complex with NextA, an inhibitor with high selectiv-
ity for HDAC6 (ref. 40). NextA features a classical hydroxamate 
zinc-binding group (ZBG) with a benzylic linker connected to  
a urea-based cap group consisting of a second benzyl and an  
n-butyl moiety (Supplementary Fig. 20a). NextA bound to CD1 
and CD2 active sites with distinct characteristics when compared to 
our TSA structures, giving insight into selective inhibition (Fig. 5a 
and Supplementary Fig. 20b−d).

Human HDAC6 homology model and NextA selectivity
Using our zebrafish HDAC6 structures we computed CD1 and  
CD2 homology models of the human ortholog to understand selec-
tivity of NextA for human HDAC6. Zebrafish CD1 has two critical 
positions His82 and Phe202, which are Phe105 and Tyr225 in the 

human protein (Supplementary Fig. 21a). As mentioned above, 
mutation of zebrafish Phe202 into tyrosine resulted in a strong 
reduction in activity (Supplementary Fig. 17c). Human CD2 in 
contrast had only two amino acid changes located at the periphery 
of the pharmacophore: zebrafish residues Asn530 and Asn645 are 
Asp567 and Met682 in the human protein, and all residues found to 
interact with (S)-TSA or NextA are fully conserved (Supplementary 
Fig. 21b). This indicates that the structure of zebrafish CD2 and the 
corresponding homology model of the human protein may be valid 
to understand selective NextA inhibition of HDAC6 over other 
HDAC isoforms.

Superposition of all HDAC isoform structures with zebrafish 
HDAC6 CD2 and the corresponding human homology model 
revealed important differences between isoform-specific phar-
macophores influencing inhibitor selectivity (Fig. 5a–c and 
Supplementary Fig. 21c). Owing to the unique position of helix 
H25 and the conformation of the following loop, only HDAC6 had 
a large open basin ~14 Å wide. NextA selectivity for HDAC6 thus 
seems to come from (i) the isoform-specific shape and height of 
the rim between the wide HDAC6 basin and the acetylated lysine 
binding channel where the NextA benzyl cap group docked, and 
(ii) the bulkiness of residues occupying the basin in other isoforms. 
Owing to the rigid nature of NextA and the 90° angle between the 
linker and the urea-benzyl cap, these isoform-specific steric con-
straints will determine how far the short NextA benzylic linker can 
reach into the cavity and whether the ZBG can complex the Zn2+ 
ion favorably. Given these structural features, only HDAC6 pro-
vided sufficient space in this region to allow tight NextA binding, 
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monitor deacetylation (middle and right). Scale bars, 10 μm. Magenta staining identifies β-tubulin 
(Mts), and green staining corresponds to AcK40 of α-tubulin. (b) Quantification of fluorescence 
relative to that of fully acetylated Mts in a for an average of 20 line scans of microtubule ends; 
all scanned Mts were longer than 10 μm and initial Mts had been fully acetylated by α-tAt. 
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whereas other isoforms restricted binding either with bulky side 
chains occupying the basin or with an elevated rim hindering the 
ZBG from reaching the Zn2+ ion. Similarly, only HDAC6 provided 
the unique position of H25 and conformation of the following loop, 
which, together with residues located in loop H29-H30, seemed to 
provide superior binding energy for (S)-TSA, explaining selectivity 
over other HDAC isoforms (Supplementary Fig. 21d).

DiSCUSSiON
The crystal structure of the HDAC6 tandem catalytic domains 
revealed that the two domains interact over a large surface area, 
and that both catalytic sites point outside and are accessible to  
substrates. The interdomain linker, which varies in length between 
species, was at the outside of the complex and sealed the two catalytic 
domains. Previous mutagenesis studies had shown an important 
role of the linker for optimal activity of HDAC6 (ref. 32). Moreover 
the linker region is essential for interaction between human or 
mouse HDAC6 and dynein motor proteins6,9. Given the position of 
the linker observed in our structure, it is conceivable that it forms 
part of an interface interacting with dynein, possibly together with 
additional residues in the catalytic domains.

The structure of each domain in complex with inhibitors 
revealed features of the catalytic pockets. The binding of (R)-TSA 
and (S)-TSA to CD1 and CD2 was highly similar for the hydrox-
amate moiety, but crystal lattice constraints favored a packing of 
CD2 in complex with (S)-TSA where the CAP group orientation 
differed compared with (R)-TSA binding to CD1. Our observations 
did not indicate a preferential binding of (S)-TSA to CD2, but were 
intriguing, as early reports had suggested that this enantiomer is 
inactive37,38. We found that in vitro both pure (S)-TSA and (R)-TSA 
inhibited similarly HDAC6. In contrast, when tested on all human 
HDACs, the two forms showed distinct inhibitory profiles, and  
(S)-TSA appeared to be a HDAC6-selective inhibitor, with ~20-fold 
selectivity for that isoform. This observation may open up avenues 
for the generation of new HDAC6-specific inhibitors. Furthermore, 
in MEF cells (S)-TSA was active, albeit less than (R)-TSA, and also 
showed moderate selectivity. The reduced activity of (S)-TSA on the 

main class I HDACs may explain why it had 
initially been considered to be biologically 
inactive37,38.

Mutational analysis revealed that helix H25 
and the loop H20-H21 in CD2 were critical for 
deacetylation of Lys40 on α-tubulin, but not 
for the small substrate Fluor de Lys; together 
with Asn530 and Ser531 they form the recog-
nition platform for the α-tubulin loop encom-
passing Lys40.

Early studies showed that deacetylation of 
MTs correlates with their depolymerization  
in vivo45 and in C. elegans mutation of the 
acetyltransferase MEC-17 (the homolog of 
α-TAT) affects MTs integrity46,47. In cultured 
cells and mouse organs tubulin acetylation is 
usually low due to the action of HDAC6 and 
possibly SIRT2 (refs. 20,21,23). Ablation of 
HDAC6 in mice or cells leads to an almost 
complete acetylation of α-tubulin, indicating 
that the balance between HDAC6 and α-TAT 
is critical to maintain physiological levels of 
this modification. Recently molecular and 
structural studies described how α-TAT 
acetylates MTs, in preference over tubulin; 
thereby, the α-TAT enzyme enters the lumen 
of MTs and acetylates them stochastically19. 
When HDAC6 is tested in similar assays it 

can also deacetylate Lys40 in the lumen of MTs, but the preferred 
substrate is unpolymerized tubulin, as also observed in ref. 26.

Although zebrafish HDAC6 showed some differences compared 
to the human enzyme (for example, the activity of CD1 on Fluor de 
Lys substrate) our overall analysis indicated that it is a valid model to 
describe the human enzyme. Our structure of CD1-CD2 in complex 
with the HDAC6-specific inhibitor NextA and homology model-
ing of the human CD2 domain help to understand selective inhibi-
tion of HDAC6. The unique position of H25 and the conformation 
of the following loop provided selectivity for NextA, (S)-TSA and 
likely also other HDAC6-specific inhibitors. The results presented 
here will be useful to better understand the biology of HDAC6 and 
to accelerate drug development. 
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mETHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Atomic coordinates and structure factors have 
been deposited in the Protein Data Bank under accession codes 
5G0G (CD1-TSA), 5G0H (CD2-TSA), 5G0I (CD1-CD2 NextA, 
cleaved linker), 5G0J (CD1-CD2 NextA, linker intact) and 5G0F 
(ZnF-UBP).
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ONLiNE mETHODS
Cloning of HDAC6 constructs. A full-length Danio rerio HDAC6 cDNA clone 
was made by synthesizing the first 495 base pairs (bp) of the coding region 
(GeneArt) and fusing it to the partial cDNA IMAGE clone 7051100 (Source 
BioScience) via In-Fusion cloning (ClonTech). The translated sequence cor-
responds to Uniprot F8W4B7. PCR products were cloned into pOPINF, which 
introduces sequence encoding an N-terminal 6×His tag and a 3C protease 
cleavage site before the sequence encoding HDAC6; in some cases, pOPINM 
vectors containing sequence encoding an N-terminal 6×His tag and a maltose 
binding protein (MBP) tag before the 3C protease cleavage site were used.

Expression and purification of HDAC6 proteins. HDAC6 CD1-CD2 (encom-
passing amino acid residues 25−831, or 40−831) and HDAC6 CD1 (40−418) 
were expressed in Sf9 insect cells using the FlashBAC baculovirus system. 
HDAC6 CD1-CD2 protein was extracted from a baculovirus-infected Sf9 
cell pellet by thoroughly resuspending the cells in ice-cold nickel lysis buffer  
(50 mM Tris, pH 7.5, 200 mM NaCl, 20 mM imidazole, 5% glycerol, 2 mM 
TCEP, 0.2% Tween-20), freshly supplemented with Complete EDTA-free pro-
tease inhibitors (Roche) and Benzonase (Sigma). After 20 min on ice the lysate 
was centrifuged at 30,000g for 30 min at 4 °C. The clarified soluble lysate was 
incubated in batch mode with Ni-NTA IMAC agarose (Qiagen), and then 
transferred into a 10 ml Econo-Pac column (Bio-Rad) for washing with nickel 
wash buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 20 mM imidazole, 5% glyc-
erol, 2 mM TCEP). The target protein was eluted in nickel wash buffer contain-
ing 125 mM imidazole. The imidazole concentration in the eluate was adjusted 
to 20 mM. After an overnight digestion at 4 °C with His-tagged 3C protease, 
the cleaved HDAC6 was further purified over Ni-NTA agarose resin. The 
flow-through and wash fractions containing untagged HDAC6 were pooled, 
concentrated and separated using an AKTA Pure system (GE healthcare) with 
a HiLoad 16/600 Superdex 200 (GE Healthcare) gel filtration column equili-
brated in 20 mM Tris, pH 7.5, 200 mM NaCl, 2 mM TCEP, 0.02% NaN3. In some 
cases, a Sephacryl S-300 16/60 gelfiltration column (GE Healthcare) run on a  
DUO FLOW system (Bio-Rad) was used. Protein fractions were analyzed on a 
4–12% Bis-Tris NuPAGE gel and pure fractions containing HDAC6 CD1-CD2 
were pooled and concentrated to 11 mg/ml. Gels were stained with InstantBlue. 
HDAC6 CD1 protein was purified as described above for the HDAC6 CD1-
CD2 protein, with the following modifications. Two gel-filtration steps were 
performed on S200 in 20 mM Tris, pH 7.5, 200 mM NaCl, 2 mM TCEP, 0.02% 
NaN3. The first gel filtration run was after the initial Ni-NTA affinity step and 
the second gel filtration run was as a final polishing step. HDAC6 CD1 protein 
was concentrated to 10 mg/ml.

HDAC6 ZnF-UBP (974−1081) was expressed in E. coli BL21 (DE3) cells and 
induced with 0.5 mM IPTG at 20 °C for 20 h. E. coli BL21 (DE3) cells express-
ing HDAC6 ZnF-UBP were pelleted, resuspended in lysis buffer (50 mM Tris, 
pH7.5, 500 mM NaCl, 20 mM imidazole, 1 mM TCEP, 0.2% Tween-20) then 
rapidly frozen on dry-ice and stored at −80 °C. The frozen cell suspension was 
thawed at room temperature and supplemented with Complete EDTA-free 
protease inhibitors (Roche) and 3 U/ml Benzonase (Sigma), before passing 
through an Avestin EmulsiFlex-C3 cell disruptor. The clarified soluble lysate 
was incubated with Ni-NTA superflow resin (Qiagen) in batch mode and the 
bound protein was eluted in 50 mM Tris, pH 7.5, 500 mM NaCl, 500 mM 
imidazole. The protein was digested overnight with His-tagged 3C protease 
while dialyzing against 20 mM Tris, pH 7.5, 200 mM NaCl, 20 mM imidazole, 
1 mM TCEP, 0.02% NaN3 at 4 °C. The dialyzed protein was filtered through a  
0.22 μm filter and then purified over Ni-NTA superflow resin. Untagged 
HDAC6 ZnF-UBP protein was collected in the flow-through fraction and con-
centrated before separating on a Superdex 75 HiLoad 16/60 (GE Healthcare) 
gel filtration column equilibrated in 20 mM Tris, pH 7.5, 200 mM NaCl, 2 mM 
TCEP and 0.02% NaN3. Fractions corresponding to the pure HDAC6 ZnF-UBP 
protein were pooled and concentrated to 14 mg/ml.

Crystallization of HDAC6 proteins. Nanoliter crystallization experiments 
were performed with a Phoenix dispensing robot (Art Robbins) using the 
sitting-drop vapor diffusion method at 20 °C. Drops with HDAC6 CD1-CD2 
(40-831) protein at 14 mg/ml and 1.3 mM Nexturastat A (NextA, BioVision), 
an HDAC6-specific inhibitor, crystallized after 5 d in 3.3 M sodium formate.  

The single crystals were harvested after 15 d and cryoprotected in 3.3 M 
sodium formate, 0.1 M Tris, pH 7.5, 17% glycerol, 2 mM NextA and 4% 
DMSO. These crystals contained CD1 joined to CD2 via its internal intact 
linker. Crystallization experiments using HDAC6 CD1-CD2 (25−831) protein 
at 11 mg/ml and 0.66 mM NextA, yielded thick plate crystals after 40 days 
in 23.2% PEG3350, 0.1 M KCl. These crystals contained CD1 associated with 
CD2 although the linker region was proteolytically cleaved. The crystals were 
cryoprotected in mother liquid containing 17% ethylene glycol, 0.6 mM NextA 
and 1.3% DMSO. HDAC6 CD1 at 10 mg/ml was incubated with 1 mM TSA  
(R form, Sigma), a pan-HDAC inhibitor. Crystals did not appear in the absence 
of HDAC inhibitor. Long thick plate crystals appeared after 2 d in 23.2% 
PEG 3350, 0.2 M MgCl2, 0.1 M HEPES, pH 7.0 and Silver Bullet additive A7 
(Hampton Research). The crystals were harvested after 3 weeks and cryopro-
tected in mother liquor containing 20% ethylene glycol, 4 mM TSA (R form, 
Sigma) and 4% DMSO. Crystals containing HDAC6 CD2 were formed from 
crystallization experiments set up with HDAC6 CD1-CD2 at 9 mg/ml with  
0.5 mM TSA (racemic mixture, MBL) in 15% PEG 3350, 0.1 M KCl. Long thick 
plate crystals appeared after 13 days and were harvested two days later and cry-
oprotected in mother liquor containing 25% ethylene glycol and 0.5 mM TSA 
(racemic mixture, MBL) and 1.7% DMSO. Two crystals used for data collection 
were dissolved in H2O and analyzed by SDS-PAGE and mass-spectrometry. 
Crystals contained only the CD2 domain likely resulting from slow proteolysis 
of the CD1-CD2 protein during crystallization. Crystallization experiments 
with HDAC6 ZnF-UBP at 14.4 mg/ml yielded many poor quality crystals soon 
after the trays were dispensed. By slowing down the nucleation process, the 
best crystals appeared after several months in 1 M Li2SO4, 5 mM NiCl2, 0.1 M 
Tris, pH 8.5. Crystals were harvested and cryoprotected in 2 M Li2SO4.

Size-exclusion chromatography with multi-angle light scattering. Purified 
zebrafish HDAC6 proteins were concentrated to 1–5 mg/ml and filtered 
through a 0.1 μM Amicon filter before injection. In all, 38 μl of each pro-
tein was separated on a Superdex 200 10/300 GL gel-filtration column  
(GE Healthcare) equilibrated in 20 mM Tris, pH 7.5, 200 mM NaCl, 1 mM 
TCEP, 0.02% NaN3 at a flow rate of 0.65 ml/min. Light scattering was recorded 
on an in-line miniDAWN TREOS three-angle light scattering detector (Wyatt 
Technology) and protein concentration detected with an in-line Optilab Trex 
refractive index detector. The weight-averaged molecular mass of material 
contained in chromatographic peaks was determined using ASTRA 6 software 
(Wyatt Technology).

Data collection and structure solution. X-ray data collection was carried out at 
the SLS PX-II/III beamlines in Villigen, Switzerland. CD1-TSA and CD2-TSA 
crystals belonged to space group C2221 and P21, respectively, (one chain per 
a.u. in both cases) and diffracted to 1.50 (λ = 0.978 Å) and 1.60 Å (λ = 1.000 Å).  
CD1-CD2 (cleaved linker) in complex with NextA crystallized in space group 
C2 (two chains per a.u.) and crystals diffracted to 2.00 Å (λ = 1.000). CD1-
CD2 crystals with intact interdomain linker and NextA diffracted to 2.88 Å 
(λ = 1.000) and belonged to space group P3221 with one molecule per a.u. 
and a solvent content of ~79%. The ZnF-UBP domain crystallized in space 
group I23 with one molecule per a.u. and crystals diffracted to 1.9 Å resolution  
(λ = 1.000). Diffraction data for all projects was integrated and scaled using the 
XDS program package48, except for the anisotropic P3221 CD1-CD2 (NextA, 
intact linker) diffraction data which was processed with AutoPROC49.

CD1-TSA and CD2-TSA structures were solved by the molecular replace-
ment method with PHASER50 using homology models of respective zebrafish 
(Dr)HDAC6 domains. Phases from molecular replacement solutions were 
calculated and used for automatic model building with BUCCANEER51. 
Structures were then manually completed and further improved by the crys-
tallographic simulated annealing routine followed by individual B-factor 
refinement in PHENIX52. The CD1-TSA structure was finalized by alternating 
rounds of rebuilding in COOT53 and refinement in PHENIX using individual 
anisotropic B-factor refinement as this lowered Rfree by more than 1% com-
pared to isotropic ADP treatment.

The CD2-TSA structure was finalized by several rounds of manual rebuild-
ing in COOT and refinement in BUSTER54 using TLS and individual isotropic 
B-factor methods. Structures of CD1-CD2 (cleaved linker) and CD1-CD2 
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(intact linker) in complex with NextA were solved by molecular replacement 
using high resolution CD1 and CD2 structures as search models. Both CD1-
CD2 structures were finalized by alternating rounds of rebuilding in COOT 
and refinement in BUSTER with and without TLS refinement, respectively. 
Map sharpening implemented in COOT was used to enhance details for mode-
ling the CD1-CD2 (intact linker) structure. The ZnF-UBP structure was solved 
by molecular replacement using PDB entry 3C5K as search model and the 
structure was completed by iterating rounds of manual rebuilding in COOT 
and refinement in BUSTER.

Metal ions were modeled considering crystallization conditions and peak 
heights in anomalous difference Fourier electron density maps. The metal ion 
bound to the CD1 active site in the CD1-CD2 NextA (intact linker) structure 
did not display any significant peak in the anomalous difference Fourier elec-
tron density map and metal ligand distances refined to values > 2.7 Å with 
notable rearrangement of metal position and ligand orientations owing to a 
crystal contact with the Lys57 side chain from a symmetry related molecule 
which is bound in the active site channel. Therefore, Zn2+ binding was very 
unlikely and a K+ ion was modeled at this position instead which refined well 
at 100% occupancy (no mFo − DFc electron density peak at ± 3 σ) matching 
B-factor values of the environment. Contrary, the active site in CD2 of this 
structure (complexed by NextA) displayed a large peak in the anomalous dif-
ference Fourier electron density map (14.9 σ) with much shorter metal ligand 
distances confirming binding of a Zn2+ ion.

Metal sites were validated using the CheckMyMetal server (http://csgid.org/
csgid/metal_sites) and ligand restraints were generated with the Grade web 
server (http://grade.globalphasing.org). Final structures were validated using 
COOT. Ramachandran-plot statistics: CD1-TSA: allowed 99.3%, outliers 0.7%; 
CD2-TSA: allowed 99.4%, outliers 0.6%, CD1-CD2 NextA (cleaved linker): 
allowed 99.7%, outliers 0.3%; CD1-CD2 NextA (intact linker): allowed 99.1%, 
outliers 0.9%; ZnF-UBP: allowed 99.0%, outliers 1.0%. Structural images for 
figures were prepared with PyMOL55.

Homology modeling of human HDAC6 CD1 and CD2 domains. HHPRED56 
was used to generate a large multiple sequence alignment of HDAC6 ortholo-
gous protein sequences. Aligned zebrafish and human HDAC6 sequences 
from this alignment were used as input to the modeler software57 together with 
high-resolution HDAC6 CD1 or CD2 structures from zebrafish as templates. 
TSA inhibitors and Zn2+ ions were included in the modeling calculations, and 
treated as rigid bodies. 100 models for each domain were generated and the 
best model was chosen according to lowest values for the modeler objective 
function and quality of the Ramachandran plot.

Deacetylase assays with HDAC6 knockout MEFs extracts. Microtubule 
deacetylation activity was measured with Hdac6 knockout cell23 extracts fol-
lowed by immunoblotting analysis. Extracts were prepared by lysing cells on ice 
for 30 min with CSK buffer (10 mM PIPES, pH6.8, 300 mM sucrose, 100 mM 
NaCl, 3 mM MgCl2, 1 mM EGTA, 0.1% Triton X-100) containing Complete 
protease inhibitor cocktail (Roche). The soluble supernatant containing most 
of tubulin was collected by centrifugation for 5 min at 13,200 r.p.m. at 4 °C and 
protein concentration was measured by Bradford assay.

30 μg knockout extracts were mixed with different amounts of purified 
HDAC6 catalytic domains, and incubated for 1 h at 37 °C. The reaction  
was stopped by adding SDS sample buffer and proteins were loaded onto 
4–12% NuPAGE gels (Invitrogen), transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore) and detected with specific antibodies  
(anti-AcK40 (BML-SA452-0100, Enzo, 1:3,000) and Mcm7 (47DC141(Ab2360), 
Abcam, 1:3,000).

HDAC activity assays and IC50 determinations of (R)-TSA and (S)-TSA on 
HDAC1−11. Enzymatic characterization (Km determinations, Supplementary 
Fig. 3C) of zebrafish HDAC6 proteins (CD1-CD2; CD1H193A-CD2; CD1-
CD2H574A; CD1H193A- CD2H574A) was done with 50 nM of purified protein and 
increasing amounts of Fluor de Lys substrate, using an HDAC assay kit from 
Enzo biochemicals and following the manufacturer’s instructions. Human 
HDAC6 protein (HsHDAC6 FL) was obtained from Reaction Biology 
Corporation. The fluorescence intensity was detected with a Spectromax 

Gemini plate reader (Molecular Devices). Curve fitting was done using 
GraphPad (GraphPad Software). The values expressed are the average of dupli-
cate independent trials ± s.d.

IC50 of (R)- and (S)-TSA on human HDACs as well as on zebrafish HDAC6 
were determined by Reaction Biology Corporation. Fluorogenic peptide from 
p53 residues 379-382 (RHKK(Ac)AMC) was used for HDAC1, 2, 3, 6 and 
zebrafish HDAC6. Fluorogenic HDAC class IIa substrate (trifluoroacetyl 
Lysine) was used for HDAC4, 5, 7, 9, and 11. Fluorogenic peptide from p53 
residues 379−382 (RHK(Ac)K(Ac)AMC) was used for HDAC8. The assay 
buffer contained Tris-HCL, pH 8.0, 127 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 
1 mg/mL BSA and 1% DMSO. Inhibitors were diluted in DMSO, preincubated 
with the enzyme for 10 min, after which substrate was added and the reaction 
allowed to proceed for 2 h at 30 °C. The reaction was terminated by addition of 
TSA and developer. Dose-response curves were generated by serial threefold 
dilution of compound to generate 10-dose plots; curve-fitting was done with 
GraphPad. IC50 values were derived from the plots and the values are expressed 
as the average of duplicate determinations ± s.d.

Cellular assays with (R)-TSA and (S)-TSA. MEFs were treated with the dif-
ferent inhibitors ((R)-TSA, (S)-TSA, TSA (Sigma) and NextA) for 12 h. The 
cells were washed with PBS and lysed in RIPA buffer (50 mM Tris–HCl, pH8.0, 
500 mM sodium chloride, 1 mM EDTA, 1.0% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS and Complete EDTA-free protease inhibitors (Roche)). After 
removal of the insoluble fraction by centrifugation, 20-30 μg protein extract 
was boiled for 10 min in LDS sample buffer (Invitrogen), and separated  
on 4–12% NuPAGE gels (Invitrogen). Proteins were transferred onto PVDF 
membranes (Immobilon-P, Millipore), probed overnight with specific primary 
antibodies (α-tubulin: DM1A, Sigma T9026, 1:2,500), ((K(Ac)40)-alpha-
tubulin: BML-SA452-0100, Enzo, 1:5,000), (histone H3: Abcam1791, 1:4,000), 
(acetyl-histone H3: Millipore 06-599, 1:4,000), followed by secondary antibod-
ies in 5% non-fat dry milk in TBS blocking buffer. Detection was done with 
Amersham ECL western blotting reagent (GE Healthcare).

(R)- and (S)-TSA synthesis and purification. Racemic TSA was obtained via 
synthetic methods described in58. Racemic TSA was purified using a Waters 
XBridge Prep C18 5 μm OBD column (19 × 50 mm) and water/acetonitrile 
gradient (15–80% ACN in water, pH = 7; 18 min run, flow rate = 20 ml/min; 
racemic TSA RT = 8.0 min). With analytically pure racemic TSA in hand, 
a method was developed for the chiral separation. Racemic TSA was deter-
mined to be separable using a Daicel ChiralPAK AD-H 5 μm column (amylose 
tris(3,5-dimethylphenylcarbamate-coated 5 μm silica gel, 4.6 × 250 mm) and 
heptane/isopropanol gradient (10–60% IPA in heptane, no additives; 23 min 
run, flow rate = 3 ml/min). (R)-TSA eluted at RT = 15.81 min. (S)-TSA eluted at 
14.41 min. These samples were collected and measured for their optical rotation.  
(R)-TSA [a]20

D = + 80.5 (c = 0.2, MeOH). (S)-TSA [a]20
D = –75.5 (c = 0.2, 

MeOH). 1H NMR and LCMS data conform to previously reported structural 
data in ref. 39.

Cloning, expression and purification of mouse α-TAT. For expression of the 
α-TAT protein, a cDNA encoding mouse α-TAT (amino acids 1–197) was 
cloned into pOPINF vector via Gibson assembly (NEB) and expressed in Sf9 
cells. Primers were constructed based on cDNA sequence (NP_001136216.1), 
mRNA was extracted from MEFs by using RNeasy mini kit (QIAGEN) as a 
template for cDNA. α-TAT was purified with the same procedures as described 
above for HDAC6 CD1. After first Ni-NTA IMAC agarose, His-tag was digested 
with 3C protease at 4 °C overnight. The cleaved α-TAT was further purified 
with second Ni-NTA agarose resin, then injected onto S200 gel filtration col-
umn (one step gel filtration). Purified α-TAT was assessed by in vitro acetyla-
tion assay with acetyl-CoA in the microtubules as previously described17–19.

Tubulin and microtubule deacetylation assays. Microtubules were recon-
stituted with purified porcine brain tubulin or bovine brain tubulin 
(Cytoskeleton T238P or TL238, respectively). Microtubule reconstitution was 
done as described59; briefly, 10 mg/mL purified tubulin was polymerized with 
2× Polymix (80 mM PIPES pH6.8, 1 mM EGTA, 1 mM MgCl2, 2 mM GTP, 
20% DMSO) for 40 min at 37 °C, then stabilized with pre-warmed BRB80-DT  

http://www.rcsb.org/pdb/explore.do?structureId=3c5k
http://csgid.org/csgid/metal_sites
http://csgid.org/csgid/metal_sites
http://grade.globalphasing.org
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anti-beta tubulin antibodies (Sigma-Aldrich, 1:400 dilution), then detected by 
staining with Alexa-488 goat anti-rabbit (Lifetechnologies, 1:1,000 dilution) 
and Alexa-568 goat anti-mouse secondary antibodies (Lifetechnologies, 1:500 
dilution). Microtubule images were captured with an Axioimager Z1 micro-
scope (Zeiss) using a 100x objective lens. The acetylated microtubule signal 
intensity was traced and quantified by ImageJ (NIH).

(80 mM PIPES pH6.8, 1 mM EGTA, 1 mM MgCl2, 5 mM DTT, 20 μM Taxol) 
buffer for 10 min. Taxol-stabilized microtubules were spun down 16,000g for 
30 min at room temperature. Subsequently, polymerized microtubules were 
treated at 37 °C for 1 h with 5 μM mouse TAT (α-TAT) in the presence of 
3H-acetyl-CoA (0.1mCi/mL). Fully-acetylated microtubules were spun down 
at 16,000g for 30 min at room temperature, and washed with BRB80-DT 
buffer three times to remove α-tubulin α-TAT and unincorporated radioac-
tivity of acetyl-CoA. Free tubulin dimers were generated from this material 
by cold treatment together with nocodazole: radiolabeled microtubules were 
spun down and dissolved in BRB80 buffer containing 5 mM DTT and 1 mM 
nocodazole. After incubation on ice for 1 h, residual MTs were spun down at 
maximum speed for 30 min. The supernatant was used as the free tubulin frac-
tion. The absence of contamination with residual microtubules was checked 
by microscopy. For experiments with polymerized microtubules, MTs were 
stabilized with Taxol in BRB80-DT buffer. For the assays, different amounts of 
purified HDAC6 proteins were incubated at 37 °C for 1 h with equal amounts 
of radiolabeled acetylated microtubules or free tubulin. The reaction was 
stopped by adding 5% TCA, and the precipitated material was collected by 
a filter binding assay. The amount of precipitable 3[H] tritium remaining in 
the tubulin or MTs was measured by liquid scintillation counting (Beckman).  
The level of tubulin deacetylase activity was determined by subtracting the 
counts obtained with HDAC6 treatment from those without HDAC6 treat-
ment (i.e., input radioactivity).

Single molecule assay by immunofluorescence microscopy for microtubule 
deacetylation. Microtubules were reconstituted in vitro as mentioned above, 
and fully acetylated with 5 μM α-TAT and 250 μM acetyl-CoA, because tubu-
lin from brain is not fully acetylated60. Deacetylation assays were performed 
with purified catalytic domains of zebrafish HDAC6 at 37 °C for different time 
point. Reactions were stopped by fixation with 1% glutaraldehyde, and dropped 
onto poly-Lys-coated coverslips for 10 min. Microtubules were stained with 
rabbit anti-AcK40 antibodies (BML-SA452-0100, Enzo, 1:400 dilution) and 
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