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Abstract
The metal-dependent histone deacetylases (HDACs) adopt an α/β protein fold first identified in rat
liver arginase. Despite insignificant overall amino acid sequence identity, these enzymes share a
strictly conserved metal-binding site with divergent metal specificity and stoichiometry. HDAC8,
originally thought to be a Zn2+-metallohydrolase, exhibits increased activity with Co2+ and Fe2+

cofactors based on kcat/KM (Gantt, S. L., Gattis, S. G. & Fierke, C. A. (2006) Biochemistry 45,
6170–6178). Here, we report the first X-ray crystal structures of metallo-substituted HDAC8:
Co2+-HDAC8, D101L Co2+-HDAC8, D101L Mn2+-HDAC8, and D101L Fe2+-HDAC8, each
complexed with the inhibitor M344. Metal content of protein samples in solution is confirmed by
inductively coupled plasma mass spectrometry. For the crystalline enzymes, peaks in Bijvoet
difference Fourier maps calculated from X-ray diffraction data collected near the respective
elemental absorption edges confirm metal substitution. Additional solution studies confirm
incorporation of Cu2+; Fe3+ and Ni2+ do not bind under conditions tested. The metal dependence
of the substrate KM values and the Ki values of hydroxamate inhibitors that chelate the active site
metal are consistent with substrate-metal coordination in the precatalytic Michaelis complex that
enhances catalysis. Additionally, although HDAC8 binds Zn2+ nearly 106-fold more tightly than
Fe2+, the affinities for both metal ions are comparable to the readily exchangeable metal
concentrations estimated in living cells, suggesting that HDAC8 could bind either or both Fe2+ or
Zn2+ in vivo.

Posttranslational acetylation of the lysine side chain is documented in many proteins and has
diverse effects on protein activity (1). For example, acetylation of lysine residues at the N-
termini of histone proteins in the nucleosome is critical for regulating the accessibility of the
genetic code during replication, transcription, and repair (2–6). Among the array of covalent
modifications described to date in defining the “histone code”, those involving histone
lysine residues are particularly intriguing. Acetylation and deacetylation reactions are
catalyzed by the enzymes histone acetyltransferase and histone deacetylase (HDAC),
respectively. The acetylation of histone lysine residues alters interactions with the DNA
backbone, e.g., as observed in the X-ray crystal structure of the nucleosome (7).
Additionally, proteins containing the bromodomain have increased binding affinity for other
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proteins containing acetyl-L-lysine residues, implicating acetylation in the regulation of
protein-protein interactions (8–12).

There are 18 known HDAC enzymes divided phylogenetically into four classes: class I
(HDAC1-3 and HDAC8), class II (HDAC4-7 and HDAC9,10), class III (sirtuins 1–7), and
class IV (HDAC11) (13). Class I, II, and IV HDACs are metalloenzymes that require a
divalent metal ion for substrate binding and catalysis. The class III enzymes, termed sirtuins
due to their homology with yeast Sir2, have a protein fold and catalytic mechanism that
differ from those of class I, II, and IV enzymes. Although the class I, II, and IV enzymes are
referred to as histone deacetylases based on genomic sequence mining using the first
identified HDAC (HDAC1; see (14)), HDAC enzymes can function to deacetylate many
acetylated protein substrates in addition to histones and in various cellular locations beyond
the nucleus (15). For example, while the class I enzyme HDAC8 is localized within the
nucleus (14,16), HDAC8 is also found in the cytosol of smooth muscle cells where it
associates with the α-actin cytoskeleton (17,18). In another example, class II HDAC
enzymes are shuttled back and forth between the nucleus and cytosol depending on their
interaction with the 14-3-3 transporter protein, which is mediated by phosphorylation (19).

Class I, II, and IV HDAC enzymes adopt the α/β fold first observed for the binuclear
manganese metalloenzyme arginase, despite sharing extremely low amino acid sequence
identity (less than 13%) (20,21). Arginase catalyzes the hydrolysis of L-arginine to form L-
ornithine and urea. The first structure of a histone deacetylase-like protein from A. aeolicus
revealed a conserved metal binding site in the active site, corresponding to the MnB

2+ site of
arginase, in which a single catalytic Zn2+ ion is coordinated by two aspartate residues and a
histidine residue (Figure 1) (21). Subsequently determined crystal structures of human
HDAC8, HDAC4, HDAC7, and bacterial histone deacetylase-like amidohydrolase reveal
strict conservation of this metal binding site (22–26). In contrast, the Mn2+

A site of arginase
is not conserved in HDAC enzymes.

While it is clear that a single transition metal ion is required for catalysis by HDAC
enzymes, the precise identity of the physiologically relevant metal ion is somewhat
ambiguous. Intriguingly, the active site metal ligands of HDAC and HDAC-like enzymes
(Asp2His) are unusual for a zinc-dependent hydrolase (Figure 1). Considering the presence
of two negatively-charged aspartate residues, which are considered “hard” ligands, the
binding of a “hard” metal ion is expected, e.g., the Mn2+ ions found in the active site of
arginase (20). Moreover, activity measurements reveal that the catalytic efficiency (kcat/KM)
of HDAC8 is enhanced in the presence of Co2+ and Fe2+ compared with Zn2+ (27). Notably,
many metallohydrolases are activated by a single Fe2+ ion for catalysis, including peptide
deformylase, methionyl aminopeptidase, LuxS, γ-carbonic anhydrase, cytosine deaminase,
atrazine chlorohydrolase and UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine
deacetylase (LpxC) (28–35). Some of these metalloenzymes were initially mischaracterized
as Zn2+-metallohydrolases due to the facile oxidation of Fe2+ to Fe3+, which then
dissociated and thereby allowed the binding of adventitious Zn2+ (28,30). It is possible that
HDAC enzymes have been similarly mischaracterized.

Here, we report the X-ray crystal structures of HDAC8 containing the high-activity metal
ions Co2+ or Fe2+ as well as the low-activity metal ion Mn2+ with a bound hydroxamate
inhibitor. Metal ion content is confirmed in solution by inductively coupled plasma mass
spectrometry, and in the crystal by Bijvoet difference Fourier analysis. These results, along
with affinity data of HDAC8 for the physiologically relevant metal ions Zn2+ and Fe2+,
highlight the evolution of metal ion selectivity and stoichiometry in arginase and arginase-
related metalloenzymes such as HDAC.
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Materials and Methods
Protein preparation

Recombinant HDAC8-His was prepared and purified as previously described (36) and
concentrated to 2–12 mg/mL for metal exchange dialysis. To prevent trace metal
contamination, all plasticware was presoaked with 1 mM ethylenediaminetetraacetic acid
(EDTA) and triple rinsed with Millipure H2O; glassware was not used in these experiments.
Plastic disposables, including pipet tips and micro-centrifuge tubes, were certified trace
metal-free. Sodium hydroxide (Sigma, 99.999%) was used to titrate 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer (Ambion). Dialysis cassettes (Pierce) and
syringes with needles were presoaked with 1 mM EDTA and extensively washed with
Millipure H2O. When necessary, anaerobic conditions were achieved using either the
captair® pyramid glove bag filled with argon or nitrogen, or an anaerobic chamber (Coy,
Grass Lake, MI).

Metal-free HDAC8 was generated by dialyzing purified HDAC8 twice into 500 mL of 25
mM MOPS (pH 7.0), 1 mM EDTA, and 10 μM dipicolinic acid, followed by buffer
exchange into 25 mM MOPS (pH 7.5) and 0.1 mM EDTA, and finally 25 mM MOPS (pH
7.5) and 1 μM EDTA. Crystallization buffer (50 mM Tris (pH 8.0), 150 mM KCl, 5%
glycerol, and 1 mM tris(2-carboxyethyl)phosphine (TCEP; added to maintain reduced
cysteines and/or Fe2+)) was pre-treated with Chelex resin (Sigma) and used for the final
dialysis. To prepare each metal-substituted enzyme, the metal-free enzyme was dialyzed into
crystallization buffer supplemented with 100 μM of either CoCl2, FeCl2, MnCl2, CuCl2
(Sigma, 99.999%), NiCl2, or FeCl3 (Hampton Research, >98%), followed by a final dialysis
into crystallization buffer pre-treated with Chelex resin to remove any excess unbound
divalent metal ions. Metal content was quantified by inductively coupled plasma emission
mass spectrometry (ICP-MS) using a facility in the Geology Department at the University of
Michigan. Protein concentrations were determined by Bradford analysis (37) to determine
metal:protein ratios.

Inhibitor affinity measurements
The concentration of metal-free HDAC8 was determined using Ellman’s Reagent, as
previously described (27). Apo-HDAC8 was incubated with equimolar CoCl2, FeCl2, or
ZnCl2 on ice for 1 h, and metallosubstituted HDAC8 (0.5 μM) was assayed with 50 μM
Fluor de Lys HDAC8 substrate (BIOMOL) at 25 °C in 25 mM Tris (pH 8.0), 140 mM NaCl,
and 2.7 mM KCl pretreated with Chelex resin. Fe2+-HDAC8 activity was measured in the
presence of 5 mM sodium dithionite; these conditions have no effect on enzyme activity
when tested with Zn2+-HDAC8. Assays were stopped with Developer II solution
(BIOMOL) and 10 μM trichostatin A. Inhibition constants (Ki) were calculated for a
minimum of 12 inhibitor concentrations using the Cheng-Prusoff equation (38).

Protein crystallization
Considering that HDAC8 does not readily crystallize without a bound ligand, complexes
with the inhibitor 4-(dimethylamino)-N-[7-(hydroxyamino)-7-oxoheptyl]-benzamide
(designated “M344” (23,39)) were prepared to obtain diffraction quality crystals. The
inhibitor M344 was purchased from Sigma and used without further purification for
cocrystallization experiments (2 mM). Since D101L HDAC8 generally yielded better quality
crystals that diffracted to higher resolution, both wild-type and mutant enzymes were used
for crystallographic studies. For crystallization of Co2+- or Mn2+-substituted enzymes, a 4
μL sitting drop of 5 mg/mL Co2+- or Mn2+-HDAC8-M344 complex was mixed with a 4 μL
drop of precipitant buffer (0.1 M 2-(N-morpholino)-ethanesulfonic acid (MES) (pH 5.3), 0–
5% polyethylene glycol (PEG) monomethylether (MME) 550, 2 mM TCEP, and 0.03 mM
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Gly-Gly-Gly, pretreated with Chelex resin) and equilibrated against a 600 μL reservoir of
precipitant buffer at room temperature. Crystals formed after 3 – 4 weeks for the D101L and
wild-type Co2+-HDAC8-M344 complexes, and 1–2 days for the D101L and wild-type
Mn2+-HDAC8-M344 complexes. Suitable crystals of the Co2+-HDAC8-M344 complexes
were harvested and cryoprotected in 25 mM Tris-HCl, 50 mM MES (pH 5.8), 75 mM KCl,
0.5 mM TCEP, 50 μM M344, 10% PEG MME 550, and 30% glycerol and flash cooled in
liquid nitrogen. The wild-type Mn2+-HDAC8-M344 complex yielded thin clusters of plate-
like crystals; however, the D101L Mn2+-HDAC8-M344 complex formed higher-quality
crystals that were harvested and cryoprotected in 30% Jeffamine ED-2001 and 0.1 M
HEPES (pH 7.0) and flash cooled in liquid nitrogen.

For crystallization of the Fe2+-substituted enzyme, a 4 μL sitting drop of 5 mg/mL Fe2+-
HDAC8-M344 complex was mixed with a 4 μL drop of precipitant buffer (0.1 M MES (pH
6.8), 10–18% PEG 35K, 2 mM TCEP, and 0.03 M Gly-Gly-Gly, pretreated with Chelex
resin) and equilibrated against a 600 μL reservoir of precipitant buffer at room temperature.
Sodium dithionite was added to the reservoir before sealing with crystallization tape, and
trays were stored under a nitrogen atmosphere using either the captair® pyramid glove bag
or a dessicator equipped with a vacuum and gas port. Wild-type Fe2+-HDAC8 complexed
with M344 formed plate-like crystals within 1–2 days that were unsuitable for X-ray data
collection. However, crystals of the D101L Fe2+-HDAC8-M344 complex were larger and
more suitable for X-ray data collection. Crystals were harvested and cryoprotected in 25
mM Tris-HCl, 50 mM MES (pH 6.8), 75 mM KCl, 0.5 mM TCEP, 50 μM M344, 20% PEG
2,000, and 20% glycerol under a nitrogen atmosphere and flash cooled in liquid nitrogen.

Data collection and structure determination
Diffraction data for Co2+- and Fe2+-HDAC8 samples were measured on beamline 24-ID-C
at the Advanced Photon Source, Northeastern Collaborative Access Team (APS, NECAT,
Argonne, IL). Data for the D101L Co2+- and Fe2+-HDAC8-M344 structures were collected
at 11.566 keV/1.0720 Å; for the measurement of Bijvoet differences, data were collected at
7.725 keV/1.6050 Å or 7.120 keV/1.7143 Å for Co2+ or Fe2+ derivatives, respectively. Data
for the D101L Mn2+-HDAC8-M344 structure were collected on our home source (Rigaku
IV++ image plate area detector mounted on a Rigaku RU200HB rotating anode X-ray
generator; 8.048 keV/1.5406 Å) and on beamline X25 at the National Synchrotron Light
Source (NSLS, Brookhaven National Laboratory, NY). Crystallographic and data collection
statistics are recorded in Tables 1 and 2. Data were indexed and merged using HKL2000
(40). Molecular replacement calculations were performed with PHASER (41) using the
structure of either wild-type or D101L HDAC8 (PDB accession codes 1W22 or 3EW8,
respectively) minus ligands and solvent atoms as a search probe. Iterative cycles of
refinement were performed using CNS (42) or REFMAC (43) for wild-type or D101L
HDAC8, respectively, and models were fit into electron density maps using COOT (44).
Bijvoet difference Fourier maps were generated using CNS (42). At the conclusion of
refinement, residues M1-S13 at the N-terminus and 7–9 residues between E85–E95
appeared to be disordered in all monomers and were excluded from each final model. Data
collection and refinement statistics are recorded in Table 1.

Metal affinity measurements
The affinity of HDAC8 for Zn2+ and Fe2+ was measured from an increase in activity in the
presence of increasing concentrations of free Zn2+ or Fe2+ maintained using a metal buffer
in an anaerobic glove box. The standard assay buffer was replaced with 1 mM nitrilotriacetic
acid (NTA), 147 mM NaCl, 2.7 mM KCl, 5 mM MOPS (pH 7) (45,46) with [Fe]total = 0–
950 μM ([Fe2+]free 0–2.6 μM) or [Zn2+]total = 0–200 μM ([Zn2+]free 0–532 pM) and 0.4 μM
HDAC8. The concentration of bound versus free metal ion was calculated using the program
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MINEQL+ (Environmental Research Software). The assay mixtures, containing all
components except substrate, were incubated for 4 hours on ice in the anaerobic glove box.
Assays were incubated at 30°C for 30 min, initiated by the addition of substrate (50 μM
final), and the products analyzed as described above. The activity is dependent on the
concentration of [Me2+]free and not the total concentration of the metal ion and buffer. The
metal dissociation constant (KMe) was determined from fitting a binding isotherm (Eq. 1) to
the activity versus [Me2+]free data using the program KaleidaGraph (Synergy Software)
where A is the activity at saturating metal ion.

Eq. 1

Results
Metal Affinity Studies

Essentially complete metal ion substitution of HDAC8 with Co2+, Fe2+, Mn2+, or Cu2+ is
confirmed by the ICP mass spectrometry data recorded in Table 3. HDAC8 shows no
significant incorporation of Fe3+ or Ni2+ under the conditions tested. As initially prepared
aerobically, the recombinant enzyme expressed in the presence of 100 μM ZnCl2 contains
predominantly Zn2+, confirming that Zn2+ is bound in the active sites of HDAC8 structures
published to date (23,24,36,47).

Of the transition metals that activate HDAC8, Fe2+ and Zn2+ exist in high amounts in the
cell, with total concentrations around 0.1 – 0.2 mM in eukaryotes and E. coli (48–50). Thus,
these metal ions are the most likely native cofactors. The affinity of HDAC8 for Zn2+ and
Fe2+ was measured from the metal-dependent activation of catalytic activity with the free
metal concentration maintained using a metal buffer (Figure 2). HDAC8 has significantly
higher affinity for Zn2+ (KD = 9 ± 1 pM) than Fe2+ (KD = 1.1 ± 0.3 μM), consistent with the
higher Lewis acidity of Zn2+ (51,52). At first glance, this disparity suggests that HDAC8
should be a Zn2+-dependent enzyme. However, previous measurements in living cells
indicate that the readily exchangeable concentration of Zn2+ ([Zn2+]free ~ 10 – 400 pM
(53,54)) is also orders of magnitude lower than the readily exchangeable concentration of
Fe2+ ([Fe2+

free] ~ 0.2 – 6 μM) (55–57). The similarities between the metal affinities of
HDAC8 and the readily exchangeable metal concentrations in cells suggest that HDAC8 is
thermodynamically poised to be activated by either or both Zn2+ and Fe2+ in vivo. The metal
content of HDAC8 affects both the catalytic activity and the inhibitor affinity in vitro (27).
Therefore, altering the metal cofactor in vivo will affect the catalytic efficiency and,
possibly, the affinity and selectivity toward acetylated substrates.

Finally, inhibition of HDAC8 by M344 was tested. The inhibition constant (Ki) is metal ion-
dependent, and inhibition data are reported in Table 4. The inhibitory potency of M344
against metal-substituted HDAC8 enzymes is greatest with Co2+-HDAC8 as compared to
Fe2+-HDAC8 and Zn2+-HDAC8. A comparable metal-dependent affinity trend was
previously reported for the inhibitor SAHA (27). This is consistent with the same functional
group used by SAHA for metal coordination, a hydroxamate that forms a 5-membered ring
chelate complex.

Crystal Structures
To confirm metal binding in the crystal structures, X-ray diffraction data for wild-type and
D101L HDAC8 enzymes were collected at incident wavelengths near the absorption edges
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of cobalt or iron. A strong peak in the Bijvoet difference Fourier map of the active site in
each structure corresponds to a metal ion coordinated by D178, H180, and D267 (Figures 3
and 4). Considering that the absorption edges of cobalt or iron (7.7089 keV or 7.1120 keV,
respectively) and the copper Kα (8.048 keV) are significantly lower than the absorption edge
of zinc (9.6586 keV), the Bijvoet difference Fourier peaks confirm the binding of Co2+,
Fe2+, or Mn2+ (Figure 4). These crystallographic results are consistent with the metal ion
content of these protein samples determined in solution (Table 3). Refined metal ion
coordination geometries and distances in the Co2+, Fe2+, and Mn2+-substituted enzymes are
comparable to those observed in Zn2+-HDAC8 (Table 5).

Strong peaks in the Bijvoet difference Fourier maps are also observed at the sites
corresponding to two previously reported monovalent cation binding sites (Figure 5)
(21,23,24). Metal coordination distances average ~2.8–2.9 Å and are consistent with the
binding of K+ ions (absorption edge = 3.6074 eV), as previously reported (24).

In the structure of D101L Zn2+-HDAC8 (36), a crystallographic dimer forms such that
inhibitor binding in one monomer precludes inhibitor binding in the symmetry related
molecule (Figure 6), resulting in 50% inhibitor occupancy in each active site. Accordingly,
there is also electron density consistent with 50% occupancy of two zinc-bound solvent
molecules. Similar inhibitor binding and metal coordination interactions are observed in the
structures of D101L Co2+- or Fe2+-HDAC8 (Figure 7), indicating that Zn2+, Co2+, and Fe2+

are each pentacoordinate with square pyramidal geometry in the unliganded form of the
enzyme. Smeared electron density is observed for the catalytic water molecule (W1) in the
D101L Co2+-HDAC8 complex (data not shown), which is satisfactorily fit with a single
solvent molecule that refines to a position 2.8 Å away from the Co2+ ion with 25%
occupancy. In the Fe2+-substituted enzyme, a small 3.5σ electron density peak is seen ~1.5
Å from the Fe2+ center and is located close (~ 1.9 Å) to the metal-bound solvent molecules
(Figure 4). This peak does not refine satisfactorily as a water molecule with full or partial
occupancy, so we have not built anything into this density in the final model. Interestingly,
D101L Mn2+-HDAC8 crystallizes in space group P212121 with two molecules in the
asymmetric unit. The crystallographic symmetry formerly observed in the D101L Zn2+-,
Co2+-, and Fe2+-HDAC8 structures is broken due to unequal inhibitor occupancy in the two
D101L Mn2+-HDAC8 monomers in the asymmetric unit (30% in monomer A and 70% in
monomer B). Electron density for two metal-bound solvent molecules is clearly visible only
in monomer A with occupancy = 0.7. Both D101L Co2+- and Mn2+-HDAC8 reveal electron
density adjacent to the active site which is best fit with a disordered glycerol molecule, as
previously observed in D101L Zn2+-HDAC8 (36). D101L Fe2+-HDAC8 reveals electron
density for two alternate conformations of W141.

Discussion
Hydrolytic metalloenzymes can exhibit a wide range of catalytic activities when substituted
with different transition metal ions. Here, it is instructive to compare metal ion-activity
relationships in three enzymes that share the α/β arginase fold: arginase, HDAC8, and
acetylpolyamine amidohydrolase (APAH). Carvajal and colleagues demonstrate that
maximal human arginase I activity results from the binding of two Mn2+ ions, and the
enzyme exhibits minimal activity levels with Ni2+ and Co2+; the KM value does not
significantly change with different metal ions (58) (in contrast, Stone and colleagues report
that Co2+-substituted human arginase I exhibits significantly higher catalytic activity (59)).
The APAH from M. ramosa exhibits a similar preference for Mn2+, with the general metal
ion-activity trend Mn2+ > Co2+ > Zn2+ > Mg2+ > Cu2+ > Ca2+, but individual kinetic
constants are not reported (60). In contrast, the HDAC enzymes were initially thought to be
zinc metallohydrolases based on studies of the histone deacetylase-like protein from A.
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aeolicus (21), but HDAC8 exhibits the metal ion-activity dependence Co2+ > Fe2+ > Zn2+ >
Ni2+ > Mn2+ based on kcat/KM values (27). While the kcat value measured for HDAC8 is less
sensitive to the identity of the divalent metal ion, the KM values for Co2+-HDAC8 and Fe2+-
HDAC8 are 160 μM and 210 μM, respectively, in comparison with that of 1100 μM
measured for Zn2+-HDAC8 (27); the low values of kcat/KM combined with the high value of
KM for the coumarin-labeled peptide substrates suggest that KM likely reflects the substrate
dissociation constant. Consistent with this, the enhanced activity of HDAC8 with fluorinated
acetyl-L-lysine substrates suggests that deacetylation is the rate-limiting step for kcat (61,62).
Additionally, the Ki values measured for the hydroxamate inhibitors SAHA (Vorinostat) and
M344 indicate the preference Co2+ > Fe2+ ≈ Zn2+ (Table 4) (27). These data implicate a
substrate-metal ion coordination interaction in the precatalytic Michaelis complex;
moreover, as first noted by Fierke and colleagues, these data suggest that HDAC8 may be a
Fe2+-metalloenzyme in vivo, given the greater biological abundance of this metal ion (27).

However, the affinity of HDAC8 for Zn2+ is ~106-fold higher than Fe2+ affinity (Figure 2),
which combined with the oxidation of Fe2+ to Fe3+ explains the purification of HDAC8 with
bound zinc. A preference for Zn2+ binding is predicted by the increased Lewis acidity of
Zn2+ compared to Fe2+ and is also in accord with the Irving-Williams series of stability
constants (51,52). Nonetheless, it remains a possibility that HDAC8 binds either Fe2+ or
Zn2+ in vivo since the current data indicate that intracellular concentrations of readily
exchangeable Zn2+ are several orders of magnitude lower than readily exchangeable Fe2+

(5–400 pM vs. 0.2–6 μM) (53–57). Assuming that metal selectivity is determined mainly
based on thermodynamics, a competitive binding equation (Equation 2) can be used to
predict the fractional bound Zn2+ and Fe2+ at a given concentration of free Zn2+ and Fe2+.
These calculations demonstrate that in the expected physiological range of metal ion
concentrations (10 – 400 pM [Zn]free, 0.2 – 0.6 μM [Fe]free), HDAC8 could either bind
mainly Zn2+ (97% Zn/0.4% Fe) or Fe2+ (8% Zn/77% Fe), depending on the ratio of
exchangeable Fe2+/Zn2+ in the cell. Therefore, HDAC8 could be activated by either or both
metal ions in vivo and, possibly, metal ion composition could vary depending on cellular
conditions. However, the determinants of Fe2+/Zn2+ metal selectivity in eukaryotic cells is
currently unclear, and could be facilitated by metallochaperones, or kinetic control, rather
than thermodynamics (63). To date, no zinc-specific metallochaperones have been
identified, although several potential iron-specific metallochaperones are being investigated
for roles in iron homeostasis, particularly in the assembly of Fe-S clusters (63–65).
Therefore, direct measurement of metal-bound HDAC8 in vivo will be required to
definitively identify the native cofactor and to determine whether the metal content is
variable.

Eq. 2

Intracellular metal ion homeostasis can be important for regulating metal binding to
metalloenzymes. The eukaryotic Mn-dependent superoxide dismutase (SOD2) specifically
acquires Mn in S. cerevisiae but is inactive when Fe is bound. Deletion of a specific
transporter, Mtm1p, results in elevated mitochondrial iron concentrations and an inactive Fe-
SOD2 in vivo (66). It is also likely that metal ion binding to other metalloenzymes, such as
HDAC8, is sensitive to intracellular homeostasis (reviewed in (63)).

Metal ions in metalloenzymes can affect enzyme function by maintaining the structure of the
active site and providing coordination interactions for substrate, transition state(s), and
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intermediate(s) that facilitate catalysis. In the active site of arginase, MnA
2+ is bound with

square pyramidal geometry by four protein ligands (Asp3His) and MnB
2+ is bound with

octahedral geometry by four protein ligands (Asp3His); one aspartate, D234, serves as a
bidentate ligand (20). Two aspartates and one hydroxide ion serve as bridging ligands. The
MnB

2+ site of arginase corresponds to the single metal binding site of HDAC enzymes
(67,68). In HDAC8 substituted with Zn2+, Co2+, and Fe2+, the divalent metal ion is
coordinated by three protein ligands (Asp2His) and two water molecules with square
pyramidal geometry. Inspection of the HDAC8 active site suggests that D267, which
corresponds to D234 of arginase, cannot achieve a bidentate coordination geometry to yield
an octahedral coordination polyhedron. Interestingly, one of the monovalent cation binding
sites in HDAC8 includes the backbone C=O groups of two of the three divalent metal ion
coordination residues (H180 and D178) (Figure 5), and potassium binding to this site
inhibits catalytic activity (69). It appears that HDAC8 has evolved to favor square planar
metal coordination where the substrate C=O group displaces one of the metal-bound water
molecules and coordinates to an equatorial site in the precatalytic Michaelis complex. No
significant changes are observed between the crystal structures of wild type Zn2+- and Co2+-
HDAC8 (r.m.s. deviation = 0.40 for 331 Cα atoms) or D101L Co2+, Fe2+, Mn2+, and Zn2+-
HDAC8 bound with M344 (approximate r.m.s. deviations = 0.15 Å for 335 Cα atoms). The
visible absorption spectra of Co2+-HDAC8 with and without inhibitor trichostatin A reveal
no significant differences, consistent with similar Co2+ coordination geometries between the
unliganded and liganded states (70). It is notable that square planar metal coordination
geometry is also shared by the bacterial deacetylase UDP-3-O-(R-3-hydroxymyristoyl)-N-
acetylglucosamine deacetylase (LpxC), which has an AspHis2 ligand set for Zn2+

coordination and an α+β fold unrelated to the α/β fold of HDAC8 (71,72).

In contrast to substrate binding in HDAC8, the guanidinium group of L-arginine does not
coordinate to the metal ions in the precatalytic enzyme-substrate complex with Mn2+

2-
arginase, as indicated by the lack of metal dependence of KM values (which reflect substrate
binding affinity) (58,73). The KM value is similarly invariant upon mutation of Mn2+

ligands, which alters metal ion occupancy and stoichiometry in the binuclear manganese
cluster (74). Stability constants for metal ion chelation by ethylenediamine ligands are
ranked Mn2+ < Fe2+ < Co2+, Zn2+ < Ni2+, consistent with less favorable guanidino-Mn2+

interactions (75). It would seem that in a system where a precatalytic substrate-metal
coordination interaction is not important, the metal ion with the smaller stability constant is
favored. In contrast, in the HDAC enzymes where a precatalytic C=O···metal coordination
interaction is important, metal ions with larger stability constants are favored (for reference,
acetylacetone binding constants rank in the order Mn2+ < Zn2+ < Co2+; Fe2+ data not
currently available (75)). Moreover, the substitution of one metal ion for another could alter
the mechanism of catalysis with regard to precatalytic substrate-metal interactions. For
example, a decrease in KM has recently been observed for Co2+

2-human arginase I,
suggesting that metals with greater stability constants could favor guanidino-metal
coordination in the precatalytic enzyme-substrate complex (59). In the bacterial deacetylase
LpxC, metal substitution affects the value of kcat rather than KM with a metal reactivity trend
that is similar to HDAC8 (Mn2+ < Zn2+ < Fe2+ < Co2+) (35,76). In this case, it is possible
that the C=O···metal coordination interaction occurs in the transition state rather than the
ground state. Given that LpxC and HDAC8 adopt unrelated protein folds, it is reasonable to
expect structure-function differences between these two metalloamidases.

In conclusion, the ability of divalent metal ions to adopt specific geometries generally is
vital for proper enzyme function, and enzymes utilize specific ligand sets to select for
desired metal cofactors. The ligand set of HDAC8 (Asp2His) is unusual for Zn2+ binding
within the greater family of zinc enzymes (77,78). While HDAC enzymes are thought to be
Zn2+-hydrolases, it is intriguing that greater catalytic efficiencies result with Co2+ or Fe2+
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substitution in HDAC8 (27). Here, metal reconstitution experiments in solution and in the
crystal confirm stoichiometric binding of these divalent metal ions and reveal conservation
of square pyramidal metal coordination geometry regardless of the specific metal ion bound.
Metal affinity measurements show that HDAC8 binds Zn2+ approximately 106-fold more
tightly than Fe2+; however, since concentrations of readily exchangeable Zn2+ are
considerably lower than Fe2+ (5 – 400 pM vs. 0.2 – 6 μM) (53–57), HDAC8 may be
activated in vivo by either or both of these metals depending on cellular concentrations.
Because metallochaperones may influence metal trafficking in vivo, further analysis of
endogenous HDAC8 is warranted to confirm metal ion preference in vivo.
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APAH acetylpolyamine amidohydrolase

EDTA ethylenediaminetetraacetic acid

HDAC histone deacetylase

HDLP histone deacetylase-like protein

ICP inductively coupled plasma

M344 4-(dimethylamino)-N-[7-(hydroxyamino)-7-oxoheptyl]-benzamide

MES 2-(N-morpholino)ethanesulfonic acid

MOPS 3-(N-morpholino)propanesulfonic acid

NTA nitrilotriacetic acid

TCEP tris(2-carboxyethyl)phosphine

SOD superoxide dismutase
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Figure 1.
(a) Binuclear manganese cluster in rat arginase I (1RLA) (20); Mn2+ ions appear as pink
spheres, and the metal-bridging hydroxide ion is shown as a red sphere. (b) Zinc binding site
in HDAC8 (1T64) (23); the Zn2+ ion appears as a gray sphere, and the zinc-bound inhibitor
trichostatin A is not shown for clarity. Metal ligands topologically identical to those in rat
arginase I are color-coded accordingly. (c) First step in the proposed arginase mechanism
(67,68). (d) First step in the proposed HDAC8 mechanism (21,36,47).
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Figure 2.
Metal affinity of HDAC8. The activity of HDAC8 was assayed in the presence of increasing
concentrations of free Zn2+ (diamonds) or Fe2+ (circles) using a metal buffer, as described in
Materials and Methods. The relative initial velocity (vobs/vmax) is plotted to simplify the
graph. Under these conditions the activity of Fe2+-HDAC8 is 2.8-fold higher than that of
Zn2+-HDAC8 (27). The metal dissociation constant was determined from fitting a single
binding isotherm (Eq. 1) to these data.
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Figure 3.
Bijvoet difference Fourier map of the wild-type human Co2+-HDAC8-M344 complex
calculated with X-ray diffraction data collected near the cobalt edge (7.725 keV)
demonstrating the binding of Co2+ (contoured at 3σ). The enzyme packs as a
crystallographic dimer with two molecules in the asymmetric unit; selected active site
residues are indicated.
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Figure 4.
Bijvoet difference Fourier maps of the D101L Co2+-, Fe2+-, and Mn2+-HDAC8-M344
complexes (left to right, respectively), calculated with X-ray diffraction data collected at the
cobalt edge (7.725 keV), iron edge (7.120 keV), and the copper Kα (8.048 keV)
demonstrating the binding of Co2+, Fe2+, and Mn2+, respectively (contoured at 9σ, 4σ, and
4σ, respectively). Anomalous data collected using copper Kα radiation can include signal
from Co2+, Fe2+, or Mn2+, but excludes Zn2+. In the Fe2+-substituted enzyme,
uninterpretable difference density is evident (red peak, contoured at 3σ) and may reflect
incomplete changes in the metal coordination polyhedron. Protein atoms are color coded as
follows: carbon (protein, yellow; ligands, green), oxygen (red), nitrogen (blue). Water
molecules are represented as red spheres.
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Figure 5.
Bijvoet difference Fourier maps (contoured at 3σ) of K+ ions bound in the two monovalent
cation binding sites in the D101L Fe2+-HDAC8-M344 complex. (a) Monovalent cation
binding site adjacent to the active site. Metal ligands are color-coded as follows: carbon
(yellow), oxygen (red), nitrogen (blue). (b). Distal monovalent cation binding site. Atoms
are color-coded as in (a), and water molecules are represented as red spheres.
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Figure 6.
The crystallographic dimer of the D101L Fe2+-HDAC8-M344 complex. Monomer A and
monomer B are shown in green and yellow, respectively. Fe2+-coordinating residues and
L101 are shown as sticks. Protein atoms are color coded as follows: carbon (green or
yellow), oxygen (red), nitrogen (blue). Ions are colored as follows: Fe2+ (orange), K+

(purple). Inhibitor M344 atoms are colored as follows: carbon (green or yellow), nitrogen
(blue), oxygen (red).
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Figure 7.
Square-pyramidal Co2+, Fe2+, and Mn2+ coordination polyhedra in the liganded and
unliganded forms of D101L HDAC8 complexed with M344. Atoms are color coded as
follows: carbon = yellow for Fe2+ structure, grey for Co2+ structure, and green for Mn2+

structure, nitrogen = blue, oxygen = red, Fe2+ = orange sphere, Co2+ = pink sphere, Mn2+ =
magenta sphere, H2O = pink spheres. Metal coordination and hydrogen bond interactions
involving the inhibitor hydroxamate group are shown in solid black and dotted red lines,
respectively.
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Table 2

Anomalous scattering data collection statistics

Structure D101L Co2+-HDAC8-M334 complex D101L Fe2+-HDAC8-M334 complex D101L Mn2+-HDAC8-M334 complex

Resolution limits, Å 50 – 2.7 50 – 3.0 35 – 2.7

Energy/wavelength (eV/Å) 7725/1.6050 7120/1.7143 8048/1.5406

Space Group P21212 P21212 P212121

Total/unique reflections 21,310/11,556 19,561/10,633 42,388/22,990

Completeness (%) (overall/outer
shell)

99.9/100.0 98.5/89.1 95.7/97.8

Redundancy (overall/outer shell) 8.4/8.3 8.2/4.8 6.5/6.4

Rmerge
a (overall/outer shell) 0.162/0.567 0.129/0.230 0.126/0.461

I/σ(I) (overall/outer shell) 13.0/5.2 15.7/4.8 11.2/4.4

a
Rmerge = Σ|I−〈I〉|/Σ|I|, where I is the observed intensity and 〈I〉 is the average intensity calculated for replicate data.

b
Crystallographic R factor, R = Σ||Fo|−|Fc||/Σ|Fo|, for reflections contained in the working set. Free R factor, Rfree = Σ||Fo|−|Fc||/Σ|Fo|, for

reflections contained in the test set excluded from refinement. |Fo| and |Fc| are the observed and calculated structure factor amplitudes,
respectively.
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Table 4

Metal Ion Dependence of HDAC8 Inhibition

Inhibitor
Ki (nM)

Co2+ Fe2+ Zn2+

14.8 ± 0.8 63 ± 2 68 ± 6

44 ± 15 130 ± 40 250 ± 25

a
Reference (27).
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