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Histone deacetylases (HDACs) mediate changes in nucleosome
conformation and are important in the regulation of gene
expression1. HDACs are involved in cell-cycle progression and
differentiation, and their deregulation is associated with several
cancers2,3. HDAC inhibitors, such as trichostatin A (TSA) and
suberoylanilide hydroxamic acid (SAHA), have anti-tumour
effects, as they can inhibit cell growth4±6, induce terminal
differentiation4,5 and prevent the formation of tumours in mice
models7,8, and they are effective in the treatment of promyelocytic
leukemia3. Here we describe the structure of the histone deacetylase catalytic core, as revealed by the crystal structure of a
homologue from the hyperthermophilic bacterium Aquifex aeolicus, that shares 35.2% identity with human HDAC1 over 375
residues, deacetylates histones in vitro and is inhibited by TSA
and SAHA. The deacetylase, deacetylase±TSA and deacetylase±
SAHA structures reveal an active site consisting of a tubular
pocket, a zinc-binding site and two Asp±His charge-relay systems,
and establish the mechanism of HDAC inhibition. The residues
that make up the active site and contact the inhibitors are
conserved across the HDAC family. These structures also suggest
a mechanism for the deacetylation reaction and provide a framework for the further development of HDAC inhibitors as antitumour agents.
HDACs catalyse the removal of acetyl groups for the e-amino
groups of lysine residues clustered near the amino terminus of
nucleosomal histones, and this process is associated with transcriptional repression9. The deregulation of HDAC recruitment to
promoters appears to be one of the mechanisms by which these
enzymes contribute to tumorigenesis. For example, in acute promyelocytic leukemia (APL), chromosomal translocations fuse the
retinoic acid receptor-a (RARa) to either the promyelocytic leukaemia zinc ®nger (PLZF) or the promyelocytic leukaemia protein
(PML), which recruit a co-repressor and, in turn, HDACs3. There
are two related classes of eukaryotic HDACs (Class I and II; refs 10±
12) and they share a ,390-amino-acid region of homologyÐthe
deacetylase core. The deacetylase core belongs to a superfamily13 of
genes that includes the A. aeolicus HDAC homologue (35.2%
identity with HDAC1), the prokaryotic acetoin utilization proteins
(AcuC; 28.1% identity with HDAC1) and the prokaryotic acetylpolyamine amidohydrolases (APAH; 15.0% identity with HDAC1).
The function of the A. aeolicus HDAC homologue is unknown,
but it can deacetylate histones in vitro with a speci®c activity about
7.5% of that of insect cell-expressed and af®nity-puri®ed FLAGtagged HDAC1 (typically, 7,500 and 100,000 cpm of [3H]acetate
released per nmol of enzyme by the HDAC homologue and FLAGtagged HDAC1, respectively). The A. aeolicus HDAC homologue is
inhibited by TSA (half-maximal inhibition at 0.4 mM) and SAHA
and binds these inhibitors in a gel-®ltration chromatography assay
(data not shown). The in vitro deacetylase activity of the puri®ed
HDAC homologue was observed only after incubation with zinc
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chemical structures of TSA and SAHA are shown. Class I is characterized by human
HDAC1, 2, 3 and yeast RPD3, and class II by human HDAC4, 5, 6 and yeast HDA1 (refs
10±12). The function of HDLP is not known. It has been annotated as AcuC1 in the
genome sequence according to its homology to the B. subtilis AcuC acetoin utilization
protein, whose precise function is also not known. However, the A. aeolicus genome
appears to lack the acuA and acuB genes that are part of the acuABC operon of B.
subtilis27, and HDLP is as similar to human HDAC1 (35.2% identity) as it is to B. subtilis
AcuC (34.7% identity).
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Figure 2 The histone deacetylase catalytic core belongs to the open a/b-family of folds.
a, HDLP±Zn2+ ±TSA complex. Figure prepared with the programs MOLSCRIPT28 and
RASTER3D29. b, Topology diagram for HDLP. Loops forming the active-site pocket are in
bold. The end of the deacetylase motif is indicated with an arrow. HDLP has the same
topology as arginase30, which catalyses the hydrolysis of arginine to ornithine, and the two
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structures can be superimposed with a Ca r.m.s.d. of 2.5 AÊ for about 35% of the residues,
mapping primarily to the b-sheet. The arginase structure differs in that it has only nine
helices instead of sixteen, a two-manganese metal cluster and a wider active site that
lacks the internal cavity.
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chloride, consistent with previous suggestions that HDAC activity
requires a metal cofactor14, and with our observation that the zinc
chelator phenanthroline inhibits HDAC1 (data not shown). No
signi®cant activity was observed with HDAC homologue preparations reconstituted with Ca2+, Cu2+, Fe2+, Mg2+ or Mn2+, whereas
Co2+, which can often substitute for zinc in vitro, produced a
comparable level of activity (data not shown). Here we refer to
the A. aeolicus HDAC homologue as HDLP (histone deacetylaselike protein) to re¯ect its sequence homology to the HDAC family
(Fig. 1), its in vitro histone deacetylase activity and its inhibition by
the HDAC inhibitors.
The crystal structure reveals that HDLP has a single-domain
structure belonging to the open a/b class of folds. It consists of a
central eight-stranded parallel b-sheet and sixteen a-helices (Fig. 2).
Four helices pack on either face of the b-sheet, forming the core a/b
structure characteristic of this class of folds. Most of the remaining
eight helices are clustered near one side of the b-sheet (Fig. 2).
Large, well-de®ned loops originate from the carboxy-terminal ends
of the b-strands (loops L1±L7; Fig. 2b). The extra helices and the
large L1±L7 loops are associated with a signi®cant extension of the
structure beyond the core a/b motif. This gives rise to two

c

prominent architectural features: a deep, narrow pocket and an
internal cavity adjacent to the pocket (Fig. 3a).
The pocket has a tube-like shape with a depth of ,11 AÊ. The
pocket opening constricts halfway down to ,4.5 by 5.5 AÊ, but
becomes wider at the bottom (Fig. 3a). The pocket and its immediate surroundings are made up of seven loops. These originate from
strands near the centre of the sheet (L3±L7) and from the additional
helices that pack near the ends of the strands (L1 and L2; Figs 1, 2b).
The walls of the pocket are covered with hydrophobic and aromatic
residues that are identical in HDAC1 (Pro 22, Gly 140, Phe 141,
Phe 198, Leu 265 and Tyr 297; Fig. 3b). Of particular signi®cance are
Phe 141 and Phe 198, whose phenyl groups face each other in
parallel at a distance of 7.5 AÊ, marking the most slender portion
of the pocket (Fig. 3b, c).
In the crystal structure of the zinc-reconstituted enzyme, the zinc
ion is positioned near the bottom of the pocket, just beyond its
narrowest point. It is coordinated by Asp 168 (Od1, 2.1 AÊ), His 170
(Nd1, 2.1 AÊ), Asp 258 (Od1, 1.9 AÊ) and a water molecule (2.5 AÊ).
The protein ligands are arranged in a tetrahedral geometry, but the
position of the water molecule, which also hydrogen-bonds to
His 131, deviates from this geometry by ,258.
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Figure 3 TSA binds inside the pocket making contacts to residues at the rim, walls and
bottom of the pocket. a, Space-®lling representation of TSA in the active-site pocket. The
hydroxamic acid group, most of the aliphatic chain and part of the dimethylamino-phenyl
group of TSA are buried (60% of TSA's surface area). The internal cavity has a volume of
144 AÊ3. b, Closeup stereo view of the structure of the HDLP±Zn2+ ±TSA complex in an
orientation similar to Fig. 2a except for a 908 rotation about the vertical axis. TSA is in
white; active-site residues and residues that contact TSA, which are all identical in HDAC1
190

except Tyr 91, are in yellow. c, Schematic representation of HDLP±TSA interactions. TSA
is in black and the protein is in red. HDLP residues are labelled in red with their
counterparts in HDAC1 indicated in black. Thatched semi-circles indicate van der Waals
contacts between hydrophobic protein residues and TSA. Hydrogen bonds are shown as
green dashed lines. d, Surface representation of the HDLP±TSA interface in a similar
orientation to b. The protein surface is coloured according to residue identity with HDAC1.
Cyan indicates residues that are identical in HDAC1.
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In addition to the zinc ligands, the bottom of the pocket contains
two histidines (His 131 and His 132), two aspartic acids (Asp 166
and Asp 173) and a tyrosine (Tyr 297), all of which are identical in
HDAC1. Each of the histidines makes a hydrogen bond through its
Nd1 to an aspartic acid carboxylate oxygen, with the oxygen located
in the plane of the imidazole ring (Fig. 3b, c). This His±Asp
arrangement is characteristic of the charge-relay system found in
the active sites of serine proteases, where it polarizes the imidazole
Ne and increases its basicity15. The Asp 166±His 131 charge-relay
pair is positioned deeper inside the pocket, and is more buried than
the Asp 173±His 132 charge relay, which is partially solvent exposed.
The buried charge relay makes a hydrogen bond (2.6 AÊ) to the zincbound water molecule, which could contribute to the deviation of the
water±zinc coordination from ideal geometry. Tyr 297 is positioned
next to the zinc, opposite to the two charge-relay systems. Its hydroxyl
group lies 4.4 AÊ from the zinc atom and has no interactions with the
rest of the protein (Fig. 3b, c). Next to Tyr 297 there is an opening in
the pocket wall, which leads to the adjacent internal cavity.
The internal cavity is made up of portions of the L3 and L7 loops
as they emerge from the b-strands and the a1±L1±a2 segment. The
L1 loop, which demarcates the cavity from the solvent, has higher
temperature factors than the rest of the structure, indicating some
inherent ¯exibility that may allow the transient exchange of the
cavity contents with the bulk solvent. The cavity is lined primarily
with hydrophobic residues and is particularly rich in glycine
residues (Fig. 1). There are only two charged residues in the
cavity and these are contributed by the L1 loop (Arg 27 and
His 21). The function of the cavity is not clear. It is possible that
it provides space for the diffusion of the acetate product away from
the catalytic centre, which may otherwise be crowded and shielded
from the solvent when the substrate is bound.
The HDLP±HDAC1 homology maps mainly to the hydrophobic
core and to the L1±L7 loops, with the portions of the loops that
make up the pocket and adjacent cavity having the highest level of
conservation (Fig. 1). Speci®cally, all of the polar residues in the
active site and the hydrophobic residues that make up the walls of
the pocket are identical. Among the residues that make up the
internal cavity, the ones closest to the active site are either identical
or conservatively substituted (Fig. 1). The HDLP active-site residues
that are identical in HDAC1 are also conserved in the class II histone
deacetylases. One exception is Asp 173 of the exposed charge-relay
system, which is an asparagine in some class II HDACs (Fig. 1). The
overall 35.2% HDLP±HDAC1 sequence identity predicts structural
similarity with r.m.s. deviation in Ca positions of ,1.5 AÊ (ref. 16),
and indicates that the 375-amino-acid HDLP protein corresponds
to the histone deacetylase catalytic core that is conserved across the
HDAC family. The one region likely to have a less similar structure is
the 40-residue C terminus of HDLP (335±375), which has signi®cantly lower homology to HDAC1.
In the crystal structure of the HDLP±Zn2+ ±TSA complex, TSA
binds by inserting its long aliphatic chain into the HDLP pocket,
making multiple contacts to the tube-like hydrophobic portion of
the pocket (Fig. 3a). The hydroxamic acid group at one end of the
aliphatic chain reaches the polar bottom of the pocket, where it
coordinates the zinc in a bidentate fashion and also contacts activesite residues. The aromatic dimethylamino-phenyl group at the
other end of the TSA chain makes contacts at the pocket entrance
and in an adjacent surface groove, capping the pocket. The length of
the aliphatic chain appears to be optimal for spanning the length of
the pocket and allowing contacts both at the bottom and at the
entrance of the pocket.
The hydroxamic acid coordinates the zinc through its carbonyl
(2.4 AÊ) and hydroxyl groups (2.2 AÊ), resulting in a penta-coordinated Zn2+ (Fig. 3b, c). The hydroxamic acid also hydrogen-bonds
with both charge-relay histidines and the Tyr 297 hydroxyl group
(Fig. 3b, c) and replaces the zinc-bound water molecule of the active
structure with its hydroxyl group. The binding of the TSA hydroNATURE | VOL 401 | 9 SEPTEMBER 1999 | www.nature.com

xamic acid to HDLP shares several features with the binding of
hydroxamic-acid-containing inhibitors to zinc metalloproteases,
such as neutrophil collagenase17, collagenase-3 (ref. 18) and
thermolysin19. Like TSA, these inhibitors also (1) coordinate the
active-site zinc in a bidentate fashion using their hydroxamate
hydroxyl and carbonyl oxygens; (2) replace the nucleophilic water
molecule with their hydroxamate hydroxyl groups; and (3) form
hydrogen bonds with a general base in the active site.
The ®ve-carbon-long branched aliphatic chain of TSA ®ts snugly
in the narrow portion of the pocket, making multiple van der Waals
contacts with all of the hydrophobic groups lining the pocket. Near
its centre, the chain contains a methyl-substituted vinyl group that
is sandwiched between the phenyl groups of Phe 141 and Phe 98, at
the tightest point of the pocket (Fig. 3a±c).
The dimethylamino-phenyl and adjacent carbonyl groups of
TSA form a planar structure and contact residues at the rim of the
pocket and in an adjacent surface groove (Pro 22, Tyr 91, Phe 141; Fig.
3b, c). This packing is facilitated by the ,1108 angle in the overall
structure of TSA at the junction of the aliphatic chain and the
dimethylamino-phenyl group (at C8). Upon TSA binding, the side
chain of Tyr 91, which is at the periphery of the pocket and mostly
solvent exposed, changes conformation to make space for the dimethylamino-phenyl group. This is the only change near the active site
observed upon TSA binding. All but one (Tyr 91) of the HDLP residues
that TSA contacts are identical in HDAC1 (Figs 1, 3b, c), indicating that
TSA may bind and inhibit HDAC1 in a similar fashion.
SAHA, which has ,30-fold weaker inhibitory activity than TSA6,
binds HDLP similarly (Fig. 4). The SAHA hydroxamic acid group
makes the same contacts to the zinc and active-site residues, and the
importance of these interactions is underscored by the loss of activity
of SAHA derivatives lacking the hydroxamic acid group6. The sixcarbon-long aliphatic chain of SAHA packs in the tube-like hydrophobic portion of the pocket. Compared to TSA, however, SAHA's
aliphatic chain packs less snugly and makes fewer van der Waals
contacts, in part because SAHA lacks TSA's C15 methyl-group branch
(Figs 3b, 4). SAHA also lacks TSA's double bonds in this region, and
this may lead to increased ¯exibility of the aliphatic chain. The cap
group of SAHA consists of a phenyl-amino ketone group. In the
crystal structure, the phenyl group has weak electron density, suggesting that it may not pack as well as the cap group of TSA. This could be
due, in part, to the larger separation between the hydroxamic and cap
groups of SAHA than between those of TSA (Fig. 1).
The natural products trapoxin and HC-toxin, which represent a
chemically distinct family of HDAC inhibitors4,20, contain groups
that may be analogous to the cap, aliphatic chain and active-site/
zinc-binding groups of TSA. These inhibitors do not have a

Figure 4 SAHA binds HDLP like TSA, but its aliphatic chain and cap groups make fewer
contacts. Close-up view of the HDLP±Zn2+ ±SAHA complex in the same orientation and
colour scheme as Fig. 3b. Note that Tyr 91 is not in the TSA-bound conformation.
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Figure 5 The proposed catalytic mechanism for the deacetylation of acetylated lysine. HDLP active-site residues and their proposed HDAC1 counterparts (in parenthesis) are labelled.

hydroxamic acid, but their epoxy group may crosslink to an active
site nucleophile4. Also, their ketone group may interact with polar
residues, and possibly the zinc, at the bottom of the active-site
pocket. This is supported by the observation that the reduction of
the carbonyl to a hydroxyl, or its elimination, causes a large decrease
in the activity of HC-toxin20. Trapoxin and HC-toxin both have a
cyclic tetrapeptide with hydrophobic groups such as L-phenylalanine, D-proline, and L- or D-alanine that could, in principle, serve as
a cap. The larger size of their cap group compared to that of TSA
might allow them to make more extensive contacts at the rim of the
pocket and in the shallow grooves surrounding the pocket entrance
(Fig. 3d). The epoxy ketone and cyclic tetrapeptide groups of these
inhibitors are linked by a ®ve-carbon aliphatic chain, which probably binds in the hydrophobic tube-like portion of the pocket.
The structures of the HDLP±Zn2+ ±TSA and HDLP±Zn2+ ±
SAHA complexes support the overall analogy of the aliphatic
chain and hydroxamic acid groups of these inhibitors to the lysine
side chain and the acetyl group of the HDAC substrate10. The
branched C8 carbon, where the TSA structure bends as it enters
the pocket, may approximate the Ca of the lysine amino acid. This
positioning of the Ca would allow the aliphatic portion of the lysine
side chain to span the tube-like portion of the pocket and place the
acetylated amino group into the polar bottom of the pocket. The
polypeptide backbone could interact with surface residues and in
the shallow grooves around the pocket, including the groove where
the TSA cap binds (Fig. 3d).
The deacetylase active site has features of both metallo- and serine
proteases. We propose a mechanism that has aspects from both
families of proteases and that is also consistent with the contacts
TSA and SAHA make in the active site (Fig. 5). By analogy to the
zinc proteases21, the carbonyl oxygen of the N-acetyl amide bond
could bind the zinc, and the carbonyl carbon could be positioned in
close proximity to the water molecule. The zinc ion could polarize
the carbonyl group so that the carbon is a better electrophile, and
could also help orient the water molecule. The nucleophilicity of the
water molecule would be increased by the negative charge of the
buried Asp 166±His 131 charge-relay system to which the water is
hydrogen bonded. This is analogous to the activation of a serine
hydroxyl by a buried charge-relay system in the serine proteases15,
and to the activation of a water molecule by a glutamic acid in the
zinc proteases21. The nucleophilic attack of the water on the
carbonyl carbon would result in a tetrahedral carbon. This oxyanion intermediate could be stabilized by two zinc-oxygen interactions, in a manner analogous to the zinc proteases21, and possibly by
a hydrogen bond from the Tyr 297 hydroxyl group (Fig. 5). In the
®nal step, the carbon±nitrogen bond of the intermediate would
break, and the nitrogen of the scissile bond would accept a proton
from the exposed Asp 173±His 132 charge relay, yielding the acetate
and lysine products (Fig. 5).
The general aspects of this mechanism are supported by mutagenesis studies of Drosophila and human HDACs and of HDLP.
Mutation of the histidine and aspartic-acid residues of the buried
charge-relay system abolished activity14,22, consistent with Asp 166±
192

His 131 serving as a general base. Mutation of the histidine of the
exposed charge relay reduced but did not abolish the activity,
consistent with Asp 173±His 132 serving to protonate the epsilon
nitrogen atom, and with some class II HDACs having an asparagine
instead of aspartic acid in this charge relay. Mutation of Tyr 297 to
phenylalanine eliminated the activity of HDLP in our in vitro assay
(data not shown), supporting a role in catalysis.
The crystal structures of HDLP and the HDLP±Zn2+ ±TSA and
HDLP±Zn2+ ±SAHA complexes provide a framework for understanding the catalytic activity and inhibition of the histone deacetylase family, and form a basis for the further development of HDAC
inhibitors as antitumour agents.
M

Methods
Protein expression and puri®cation
The gene for HDLP (genbank accession no. AE000719) was subcloned from an A. aeolicus
chromosomal DNA preparation (provided by R. Huber) into the pGEX4T3 vector
(Pharmacia). The wild-type HDLP, Cys75Ser/Cys77Ser and active-site mutants were
expressed in Escherichia coli as glutathione S-transferase (GST) fusion proteins, puri®ed by
glutathione-sepharose af®nity chromatography, cleaved with thrombin and further
puri®ed by anion-exchange chromatography. HDLP was reconstituted with Zn2+ (we
presume the lack of metal in the puri®ed HDLP is due, in part, to the use of DTT during
puri®cation) by mixing the Cys75Ser/Cys77Ser double mutant, at 10 mg ml-1, with a 5fold molar excess of ZnCl2, followed by fractionation through a G25 desalting column. The
use of the Cys75Ser/Cys77Ser mutant largely overcame the problem of protein aggregation
during reconstitution, which we presume was due to the binding of free zinc to solventexposed cysteines. The HDLP±Zn2+ ±TSA and HDLP±Zn2+ ±SAHA complexes were
prepared by mixing the Zn2+-reconstituted HDLP Cys75Ser/Cys77Ser double mutant with
1 mM ligand, and were isolated by gel-®ltration chromatography. Compared to the apo±
or Zn2+ ±HDLP, the concentrated HDLP±Zn2+ ±TSA complex has a lower retention
volume in gel-®ltration chromatography, and this could correspond to the dimer observed
in the crystals of the HDLP±Zn2+ ±TSA complex. Proteins were concentrated to typically
25 mg ml-1 in a buffer of 25 mM bis-tris propane, 500 mM NaCl, 1% isopropanol, pH 7.0
by ultra®ltration. FLAG-epitope-tagged human HDAC1 was overexpressed using a
baculovirus expression system in Hi5 (Invitrogen) insect cells grown in suspension in
serum-free medium (Sf900, Gibco). The fusion protein was puri®ed by af®nity chromatography using Anti-FLAG M2 af®nity resin (Sigma) and FLAG Peptide (Sigma).

Crystallization and data collection
We grew crystals of apo±HDLP at room temperature by the hanging-drop vapourdiffusion method, from 7.5% isopropanol, 28% polyethylene glycol (PEG) 1500, 425 mM
NaCl, 100 mM Tris-Cl, pH 7.0; they contain one HDLP molecule in the asymmetric unit.
Crystals of the HDLP±Zn2+ complex were grown from 23% tert-butanol, 27% PEG 1500,
400 mM KCl, 100 mM bis-tris propane-Cl, pH 6.8. Crystals of the HDLP±Zn2+ ±TSA and
HDLP±Zn2+ ±SAHA complexes were grown from 23% tert-butanol, 27% PEG 1500,
600 mM KCl, 100 mM bis-tris propane-Cl, pH 6.8, by microseeding. The HDLP±Zn2+ ±
TSA crystals contain two complexes in the asymmetric unit. All data were collected on
¯ash-frozen crystals.

MIR analysis, model building and re®nement
Heavy-atom soaks were performed with the apo±HDLP crystals in a buffer of 7.5%
isopropanol, 30% PEG 1500, 75 mM NaCl, 100 mM Tris-Cl, pH 8.0, supplemented with
1.0 mM thimerosal for 2 h, 5 mM KAu(CN)2 for 1 h and 1 mM Pb(Me)3OAc for 2 h. MIR
phases, calculated with the program MLPHARE23 at 2.5 AÊ, included the anomalous
diffraction signal from the thimerosal derivative and had a mean ®gure of merit of 0.55
(Table 1). The phases were improved by solvent ¯attening with the program DM23, and
were used to build the initial model with the program O24. The model was re®ned with the
program CNS25.
We determined the structures of the HDLP±Zn2+ ±TSA and HDLP±Zn2+ ±SAHA
complexes by molecular replacement with the program AMORE23 using the apo±HDLP
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Table 1 Statistics from the crystallographic analysis
Data set
Space group
Resolution (AÊ)
Observations
Unique re¯ections
Data coverage (%)
Rsym (%)

Native

Hg

Pb

Au

Zn

TSA

SAHA

C2
1.8
134,952
32,143
92.3
2.9

C2
2.3
79,023
15,958
95.7
8.4

C2
3.5
11,454
4,040
86.4
9.6

C2
2.8
27,722
8,753
94.3
8.9

C2
2.0
125,769
23,643
90.6
7.2

P212121
2.1
180,427
50,796
93.8
7.1

C2
2.5
27,568
11,748
90.6
8.6

±
±

1.47
0.72
0.92

1.24
0.78

1.10
0.85

±
±

±
±

±
±

MIR analysis (20.0±2.5 AÊ):
Phasing power
Rcullis
Rcullis(ano)

...................................................................................................................................................................................................................................................................................................................................................................

Re®nement statistics:
Data set

r.m.s.d.
Resolution
(AÊ)

Re¯ections
(jFj . 1j)

Total
atoms

Water
atoms

R-factor
(%)

Rfree
(%)

Bonds
(AÊ)

Angles
(8)

B-factor
(AÊ2)

1.8
2.0
2.1
2.5

31,550
23,582
44,122
11,113

3,214
3,424
6,475
3,152

228
434
456
144

19.8
22.0
22.4
20.0

24.0
25.8
25.8
27.7

0.010
0.009
0.008
0.009

1.63
1.48
1.78
1.58

3.55
1.04
3.83
1.12

HDLP
HDLP±Zn
HDLP±Zn±TSA
HDLP±Zn±SAHA

...................................................................................................................................................................................................................................................................................................................................................................
Rsym  Sh Si jIh;j 2 hIh Ii=Sh Si Ih;i for the intensity (I) of i observations of re¯ection h. Phasing power is hFdii/E, where hFdi i is the root-mean-square heavy atom structure factor and E is the residual lack of closure
error. Rcullis is the mean residual lack of closure error divided by the dispersive difference. R-factor  SjFobs 2 Fcalc j=SjFobs j, where Fobs and Fcalc are the observed and calculated structure factors,
respectively. Figure of merit  jF hklbest j=F hkl. Rfree is R-factor calculated using 5% of the re¯ection data chosen randomly and omitted from the start of re®nement. r.m.s.d.: root mean square deviations
from ideal geometry and root mean square variation in the B-factor of bonded atoms.

structure as a search model. The structure of TSA from the Cambridge Structural Database
(Refcode TRCHST) was used to de®ne stereochemical restraints used in the re®nement
with the program CNS. The restraints for SAHA were constructed based on stereochemical
parameters from TSA and amino acids. The dimer interface in the HDLP±Zn2+ ±TSA
crystals primarily involves Phe 200 and Tyr 91 on the protein surface. These two residues
are not conserved in HDAC1.

Histone deacetylase assays.
We assayed puri®ed proteins by incubating them with 10 mg of [3H]acetyl-labelled murine
erythroleukaemia cell-derived histone substrate for 30±60 min at 37 8C in a total volume
of 30 ml as described26. The ®nal concentrations of HDLP±Zn2+ and FLAG-tagged HDAC1
were 3.6 mM and 0.24 mM, respectively, and assays were performed in duplicate. Inhibitors
were added in the absence of substrate and incubated on ice for 20 min, substrate was
added, and the assay performed as described above. Dialysis of FLAG-tagged HDAC1
against 20 mM ZnCl2 had no signi®cant effect on its activity, suggesting that FLAG-tagged
HDAC1 retains a metal as puri®ed.
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