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ABSTRACT. Histone deacetylases play a key role in regulating transcription and other cellular processes
by catalyzing the hydrolysis efacetyl-lysine residues. For this reason, inhibitors of histone deacetylases
are potential targets for the treatment of cancer. A subset of these enzymes has previously been shown to
require divalent metal ions for catalysis. Here we demonstrate that histone deacetylase 8 (HDACS) is
catalytically active with a number of divalent metal ions in a 1:1 stoichiometry with the following order
of specific activity: Co(Il)> Fe(Il) > Zn(ll) > Ni(ll). The identity of the catalytic metal ion influences

both the affinity of the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) and the Michaelis
constant, with Fe(ll)- and Co(Il)-HDACS havirtgy values that are over 5-fold lower than that of Zn(ll)-
HDACS. These data suggest that Fe(ll), rather than Zn(ll), may be the in vivo catalytic metal. In further
support of this hypothesis, recombinant HDACS purified frentoli contains 8-fold more iron than zinc
before dialysis, and the HDACS activity in cell lysates is oxygen-sensitive. Identification of the in vivo
metal ion of HDACS8 is essential for understanding the biological function and regulation of HDAC8 and
for the development of improved inhibitors of this class of enzymes.

Post-translational modification of histones is important for Scheme 1: Balance between Acetylated and Nonacetylated
the regulation of gene expression. These covalent modifica-Lysine Residues Is Controlled by Histone Deacetylase
tions include phosphorylation, methylation, ubiquitylation, (HDAC) and Histone Acetyltransferase (HAT) Activities

sumoylation, and acetylationl,( 2). Many nonhistone Ho0 Acetate
transcription factors and other proteins are also acetylated H \ HDAC i‘
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proteins controlled by the activity of histone acetyltrans- o HAT
ferases (HATY and histone deacetylases (HDACS), respec- N-Acetyl-Lysine Lysine
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tively (Scheme 1). Decreased histone acetylation silences 0 oetyCo

affected genes and has been linked to cancer development
(4). Inhibitors of HDACs increase histone acetylation; in
malignant cells, these inhibitors reactivate the expression of
dormant p2¥AF! and are showing promise in clinical trials
for cancer treatment, with relatively few side effects because
of the selective targeting of cancer cels7).

There are 18 known human HDACSs, which are divided
into three groups on the basis of sequence similarity. HDACs
in classes | (HDAC#%3, 8, and 11) and Il (HDAC47, 9,
and 10) are metalloenzymes with a largely conserved
catalytic core, consistent with a common catalytic mechanism
(8). Class Il HDACs are distinguished by added sequence
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addition of other metal ions in the order Co(k) Fe(ll) >
Zn(Il) > Ni(ll). These data raise the possibility that HDACS8
may function as an Fe(ll) metalloenzyme in vivo, as recently
suggested for a number of other enzymes originally proposed
to be Zn(ll) enzymes31—33). The identity of the HDAC8
active site metal ion is important because it affects the
catalytic activity and the apparent substrate and inhibitor
affinities. Furthermore, it is possible that HDACS is regulated
under oxidative stress conditions by changes in the oxidation
state or the identity of the catalytic metal ion.

Ficure 1: Active site of HDACS8 with a bound TSA hydroxamate
inhibitor. D178, H180, D267, and TSA are direct metal ligands.

H142 and H143 are the proposed general base and general aciEXPERIMENTAL PROCEDURES
catalysts, with hydrogen bonds to D176 and D183, respectively.

(From pdb # 1T64Z0).) Materials. Unless otherwise specified, chemicals and
supplies were purchased from Fisher. Ethylenediaminetet-
A chemical mechanism has been proposed for the metal-raacetic acid (EDTA) and FegGhere purchased from Aldrich
dependent HDACsI(7), on the basis of biochemical and and chromatography resins from GE Healthsciences. All

genetic data 18, 19) as well as the crystal structures of chemicals were of the highest quality available.Hagged
HDACS8 and a bacterial histone deacetylase-like protein TEV Nla protease was recombinantly expressed from pET-
(HDLP) (16, 17, 20). In this mechanism, the catalytic metal 20d-TEV Nla, a generous gift from Dr. Z. Xu (University
ion and a general base (H142) activate the water moleculeof Michigan), and purified as describe84j. Suberoylanilide

for nucleophilic attack on the substrate carbonyl (Figure 1). hydroxamic acid (SAHA) was synthesized according to
The tetrahedral intermediate is stabilized by the formation published procedures%9).

of a hydrogen bond with Y306, and a general acid (H143) Plasmid ConstructionThe pET-20b-derived HDACE.
protonates the lysine leaving group to catalyze the formation coli expression plasmid, pHD2-His (Gantt, S. L. and Fierke,
of the products from the tetrahedral intermediate. Both H142 C. A., unpublished data), was modified to add a TEV Nla
and H143 are part of His-Asp dyads, which are proposed to protease cleavage site with the linker recommended by
modulate the basicity of the His residuds’), The use of Invitrogen (ENLYFQG-DYDIPTT) upstream of theC-

two histidines as a general acid/base catalytic (GABC) pair terminal Hig tag. After cleavage, this construct adds six

is unlike the prototypical metalloprotease mechanism that amino acids (-ENLYFQ) to theC-terminus of HDACS,

uses a single GABC()). However, a GABC pair mechanism

whereas the sequence of tNeterminus is identical to that

has been proposed for other metal-dependent deacetylasesf the native protein 34). An insert including the TEV

including UDP-30-acyl-N-acetylglucosamine deacetylase
(LpxC) (21, 22). Although the available data support this

recognition sequence flanked Bgul and Xho| restriction
sites was created using a primer overlap extens3éhdnd

mechanism, it has yet to be biochemically shown for any then amplified using the polymerase chain reaction (primer

class | or Il HDACs.

1: 5-GCC AAG CTG CAG GCC TGA CCG CAA CGA

The metal-dependent HDACs have been designated asGCC GCA CCG CAT CCA GCA GAT CCT CAA CTA

zinc-dependent enzymes(d) because the addition of Zn(ll)
increases HDLP activity, and a Zn(ll) ion was observed in
the active site of the HDLP crystal structure with the bound
hydroxamate inhibitor trichostatin A (TSALY). Interest-

CAT CAA AGG CAA CCT GAA ACA C-3 and primer 2:
5-GGT CGA CCT &T CGA GGG TGG TCG GGA TGT
CGT AGT CAC CCT GGA AGT ACA GGT TCT TAA
CAACGT GTT TCAGGT TGC CTT TGA TG-3. A Stu

ingly, the HDACs possess an unusual set of metal ligands| site was introduced into pHD2-His at Arg353 using the

for a mononuclear Zn(ll) enzyme2), Asp,-His-water,
suggesting that Zn(ll) may not be the in vivo metal ion. Other

QuikChange mutagenesis kit (Stratagene). This plasmid and
the PCR fragment were each digested v@thl and Xhol,

members of the histone deacetylase superfamily, the purified using an agarose gel, and then joined by reaction
acetylpolyamine amidohydrolases, are activated by Zn(Il) and with T4 DNA ligase (New England Biolabs) to create pHD2-

Co(ll) (24, 25). The HDACSs are also inhibited by millimolar

TEV-His. The plasmid sequence was verified by the Uni-

Zn(ll) (26—28), suggesting the presence of a second metal versity of Michigan DNA sequencing core.

binding site. Furthermore, the observation of a single metal

ion in the HDAC8 and HDLP crystal structures is not

HDACS8-His ExpressiarBL21(DE3)pHD2-TEV-His cells
were grown in 2X-YT media at 37°C and induced by the

conclusive evidence that HDACs are mononuclear enzymesaddition of isopropylg-D-thiogalactoside (0.4 mM) and
because the second metal of binuclear enzymes does noZnSQ, (0.2 mM) when Ag = 0.7—0.8. The temperature

always bind tightly enough to be resolved in crystal
structures, as observed for metgfidactamaseZ9). HDAC8

was decreased to 2& at induction, and protease inhibitors
(20 ug/mL of phenylmethylsulfonyl fluoride (PMSF) and 1

and HDLP are structurally homologous to the di-manganeseug/mL of tosyl-arginine methyl ester (TAME)) were added

enzyme arginase3(), leading to the proposal that HDACs
could be binuclear enzyme%7). These findings suggest that
HDACSs could potentially bind more than one metal ion and/
or be activated by metal ions other than zinc.

In this work, we demonstrate that HDACS8 is maximally
active with a single bound metal ion. The highest catalytic
activity is observed for a 1:1 complex of HDAC8 with Co(ll),
although HDACS is also activated by the stoichiometric

3.5 h after induction. The cells were incubated at'@5for

an additional 14 h and harvested by centrifugation (6000
15 min, 4°C). The cells were resuspended in buffer A (30
mM Hepes, pH 8.0, 0.5 mM imidazole and 150 mM NacCl)
with 10 ug/mL of PMSF and g/mL of TAME and frozen

at —80 °C.

HDACS Purification. The cells were lysed using a mi-

crofluidizer (Microfluidics) and centrifuged at 45 0§®or
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1 h. The cleared lysate was bound to a NiSBarged 8.0, 137 mM NaCl, and 2.7 mM KCI), which was treated
immobilized metal affinity column (Ni-IMAC) and then  with Chelex resin (Bio-Rad) to remove trace divalent metal
eluted with a step gradient of increasing imidazole concen- ions. Aliquots were quenched by dilution intgdM TSA (a
tration (0.5, 25, 50, 100, and 200 mM imidazole in 30 mM HDAC inhibitor) and Fluor de Lys Developer Il (BIOMOL).
Hepes at pH 8.0 and 150 mM NaCl). kimgged TEV Nla The fluorescence from both product and substrate were
protease was added (0.1 mg/mL) to the fraction containing measured using a fluorescence plate reader (BMG Labtech).
HDACS8-His, and the reaction was dialyzed overnight at 4 The ratio of the product fluorescence divided by the substrate
°C against buffer A with 1 mM tris(2-carboxyethyl) phos- fluorescence increases with product concentration and is
phine (TCEP). The cleaved HDACS8 was purified on a second linear up to 30% product. The concentration of the product
Ni-IMAC column. HDACS8 was eluted with 25 mM imida-  at each time point was calculated from a standard curve
zole, whereas HDACS8-His and Hitagged TEV Nla pro- prepared by using solutions containing known concentrations
tease were eluted with 200 mM imidazole. HDAC8 was of the product (6-10 uM) with the total concentration of
dialyzed overnight at 4C against 10 mM Hepes at pH 7.5, the product and substrate maintained at/80 and then
100 mM NacCl, and 1 mM TCEP, concentrated to 2600 diluted into quench. The product was formed by reacting
uM, and stored at-80 °C. The concentration of HDAC8 the substrate to completion and quenching the reaction with
was determined by measuring thegdvalue under denatur- 10 uM TSA and Developer Il. ICP-MS data demonstrate
ing conditions using a calculateebsy value of 52 120 that concentrations of Fe, Ni, Mn, Co, and Cu in the assay
M~tcm™t (37); similar concentrations of HDAC8 were buffer and substrate are below the 0 detection limit
obtained with the bicinchoninic acid ass&g) using bovine of the instrument. The Fluor de Lys HDACS8 substrate
serum albumin as a protein standard. The purity of the final contains a small concentration of Zn (0-01L0 uM per 50
HDACS, determined by SDSPAGE, was >95%. The uM substrate), which varies by lot number. Only the substrate
catalytic activity of HDAC8-His was not changed by the lots containing less than 0.08M Zn per 50uM substrate
removal of the Histag (data not shown). The metal content were used for the metal-dependent measurements.
of HDAC8 was measured by inductively coupled plasma- The kinetic parameterkea, kealKm and Ky for Co(ll)-,
mass spectrometry (ICP-MS) using a facility in the Geology Fe(ll)-, and Zn(ll)-HDAC8 were determined by fitting the
Department at the University of Michigan. Michaelis—-Menten equation to the initial velocity as a
Metal-Free HDAC8 PreparationAll plasticware and function of substrate concentration for 1M metal-
syringes used to make metal-free HDAC8 were soaked in 1 substituted HDACS8. The values di./Kw for Fe(lll)-,
mM EDTA overnight and extensively washed with Milli-Q  Mn(ll)-, Ni(ll)-, and apo-HDAC8 were determined by
ddH,0O. Low-metal pipet tips and plastic vials were used for dividing the initial rate for deacetylation by the concentration
all experiments involving apo-HDACS. To prepare the apo of the enzyme (0.4M) and subsaturating substrate (gd).
enzyme, HDACS8 (10:M) was dialyzed overnight against The SAHA inhibition constantK;) for metal-substituted
two exchanges of 25 mM 4-morpholinepropanesulfonic acid HDAC8 was determined by globally fitting eq 1 using Prism
(MOPS) at pH 7.0, 1 mM EDTA, and 10M dipicolinic 4.0 (GraphPad Software, Inc.) to the initial velocity for
acid at 4°C, followed by dialysis against 25 mM MOPS at enzyme assays, varying the concentrations of both enzyme
pH 7.5 and 0.1 mM EDTA. The calculated concentration of (Ewt, 0.2-0.8 uM) and SAHA (i 0—3 uM) at 50 uM
EDTA in the apo-HDACS8 was reduced to less thapM substrate. At [Sk Ky, theKgpp value is nearly equal to the
by buffer exchange with a Microcon centrifugal filtration inhibition constant.
device (10 000 MWCO, Millipore) using buffer C (25 mM
MOPS at pH 7.5 and kM EDTA), followed by a PD-10 ¥
gel filtration column equilibrated with buffer C. Apo-HDAC8 vy

was concentrated to 16200 M, flash-frozen and stored >

at —80 °C. HDACS contains 10 Cys residues, which were Biot — ot — Kapp \/(Etot ~ ot Kapp) + 4B oKapp
used to verify the concentration of apo-HDACS8 using the 2E,;

Ellman assay39). (eq 1)

HDACS Actuity Assay.The catalytic activity of HDACS
was measured using the commercially available Fluor de Lys  All work with Fe(ll) was performed anaerobically in a
HDACS peptide substrate (R-H-K(Ac)-K(Ac)-fluorophore) Nu/H, atmosphere glovebox from Coy Labs. The dissolved
(BIOMOL), which is based on the sequence of acetylated oxygen was removed from ddB by sparging with argon
p53. The basis of this assay is a shift in the wavelength andand incubating for 24 h in the glovebox. Fe@las dissolved
intensity of fluorescence upon proteolytic cleavage of the in anaerobic ddkD and used within 1 h. The enzyme and
peptide following deacetylation of thé-terminal substrate  substrate €10 uL) were each allowed to equilibrate in the
lysine. This is monitored by measuring the fluorescence of glovebox for at leas2 h at 4°C before Fe(ll) was added;
both the deacetylated product (&340 nm, em= 450 nm) Fe(Il) was incubated with apo-HDACS for 15 min prior to
and the remaining substrate (&x340 nm, em= 380 nm), beginning the assays.
following the incubation of quenched reactions with the  To test for the incorporation of iron into HDACS8 during
protease developer. The metal was bound to the enzyme bycell growth, ferric citrate (1 mg/mL), rather than zinc, was
the incubation of apo-HDACS (2M) with atomic absorption ~ added to the cell culture at induction. The pelleted cells were
metal standard on ice ffd. h prior to dilution into the assay  frozen under argon and then lysed and assayed for HDAC8
mix; the addition of metal does not affect the pH. Except activity either anaerobically (in the glovebox) or aerobically.
where noted, the assays containedud0 substrate and 0.4  The cells were lysed by treatment with B-Per Il cell lysis
uM HDACS at 25°C in the assay buffer (25 mM Tris at pH  solution (Pierce) and incubated at@ for 25 min. The cell
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Table 1: Metal Content of Purified HDAG8
initially purified

metal HDACS-His HDACS® apo-HDACSY
Fe 0.8 0.0% 0.029

Ni 0.5 0.2h 0.0F

Zn 0.1 1.09 0.039

Co <0.001 <0.007 <0.002
Cu 0.01 0.0% 0.028¢

Mn 0.004 <0.002 <0.003
total 14 1.8¢ 0.07h

aThe average metal content is expressed as mol metal/mol HDACS.
b The metal content measured in one preparation of HDACS8-His after
the first Ni-IMAC column without dialyzing or concentrating the
protein.© The metal content in HDACS after all of the purification steps;
an average of three prep5An average of four preps, two of which
used the HDACS8-TEV purified using slightly different conditions but
with the same protocol for removing met&lThe range of measured
metal concentrations had lower limits 0f-20% of the averagé.The
range of measured metal concentrations had lower limits 6f78096.
9 The range of measured metal concentrations had upper limits ef 110
170% of the averagé.The range of measured metal concentrations
had upper limits of 2086250%.' The range of measured metal
concentrations had upper limits of 400%.
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HDACS. Apo-HDACS consistently displays a residual level
of catalytic activity (~7% of the Zn-HDACS rate, Table 2),
which is likely due to the small amounts of metal contamina-
tion in both the substrate and the apo enzyme (Table 1). It
is also possible, although unlikely, that apo-HDACS retains
some catalytic activity.

To assess whether the catalytically active form of HDACS8
contains a mononuclear or binuclear metal site, the observed
steady-state velocity was measured as a function of metal
ion stoichiometry. Several divalent metal ions were evaluated
for the ability to activate HDACS8. No activation of catalytic
activity is seen after the incubation of apo-HDACS with 0.5,
1, or 2 mol of Fe(lll) or Mn(ll) per mol of HDACS. In
contrast, for Co(ll)-, Fe(ll)-, or Zn(Il)-HDACS, the activity
increases linearly with increasing metal ion concentration
until a stoichiometry of 1 mol metal/mole HDACS is reached,
at which point no further increase in activity is observed
(Figure 2). These data clearly indicate that HDACS8 requires
one catalytic metal ion for maximal activity and that a variety
of divalent metal ions can activate HDACS8 activity. The
linear dependence of activity on metal ion concentration
indicates that thep value for the dissociation of Co(ll),

debris was then pelleted, and the cleared lysate was assayefg(||), or zn(ll) from the HDAC8-metal complex is lower

for catalytic activity using 10Q«M Fluor de Lys HDACS8
substrate in standard assay buffer.

RESULTS

Preparation of Recombinant HDAC8DACS8-His was
recombinantly expressed E. coli and purified aerobically
using a Ni-IMAC column. At this point, the metal content
of the fraction containing the highest concentratiorr80%
pure HDACS8-His protein was determined by ICP-MS. This
HDACS8-His fraction contains a significant amount of iron
and nickel, with a metal to enzyme stoichiometry of 0.8 Fe,
0.5 Ni, and 0.1 Zn (Table 1). To avoid complications caused
by metal ions binding to the Hjgag, the tag was then
cleaved from HDACS8-His, followed by a final Ni-IMAC
column to yield >95% pure HDACS. After dialysis of
HDACS8 against buffers containing no added metals and
under aerobic conditions, the ratio of bound metal to HDAC8
from multiple enzyme preparations was determined. The

than the micromolar concentration of enzyme in the assay;
the affinity of catalytic Zn(ll) and Fe(ll) metal sites is
typically in the pM to nM range40, 41). The activation of
HDACS by Ni(ll) could be described by either stoichiometric
binding or a single binding isotherniK§ ~ 200 nM). The
activity of Fe(ll)-HDAC8 was measured under anaerobic
conditions to prevent the oxidation of Fe(ll) to Fe(lll). The
exposure of Fe(ll)-substituted HDACS to air for 2 min causes
the catalytic activity to decrease bBy85%, suggesting that
Fe(ll) bound to HDACS is readily oxidized to Fe(lll) upon
exposure to oxygen. These data clearly indicate that HDACS8
requires one catalytic metal ion for maximal activity and that
a variety of divalent metal ions can activate HDACS activity.
Metal Inhibition The addition of a second equivalent of
Zn(ll) halves the HDACS activity (Figure 2), indicating that
a second zinc ion binds to an inhibitory site in HDACS, as
observed for other metalloenzyme®1( 42, 43). Co(ll),
Fe(ll), and Ni(Il) did not significantly inhibit HDACS8 upon

most abundant metal present in this HDACS is Zn, with a addition of 2 equivalents of metal (Figure 2), suggesting that
metal to enzyme stoichiometry ranging from 0.5 to 1.4; this the inhibitory site has a weaker affinity for these metals.
is likely acquired during dialysis from low levels of Inhibition is observed at higher concentrations of Co(ll) and
contaminating zinc in the buffers and the dialysis tubing. Fe(ll) (~20 «M), consistent with this hypothesis. To test
(Buffers can contain 0.620.154M Zn unless they have been  whether Fe(lll) could inhibit HDACS8, 0.4uM Zn(ll)-
treated with Chelex or care is taken to ensure that zinc is HDAC8 was incubated with 68 uM Fe(lll) for 30 min,
not acquired during the buffer preparation or storage.) and the catalytic activity was measured. HDACS8 activity
Significant amounts of Ni are also present in the purified decreases with added Fe(lll), wittavalue of 0.7uM (data
HDACS; presumably, the Ni content is elevated because of not shown), indicating that excess Fe(lll) inhibits HDACS.
purification using the Ni-IMAC column. A significant  Although this metal inhibits Zn(Il)-HDACS, Fe(lll) does not
decrease in the bound iron concentration is observed fol-displace Zn(ll) bound to HDACS, but Zn(ll) can displace

lowing dialysis, indicating an exchange with zinc. Dialysis
of HDACS8 against chelators yields apo-HDACS containing
0.03-0.15 total bound mol metal ion/mol enzyme; apo-
HDACS8 containing=<0.08 metal/enzyme was used for all
assays.

One Catalytic Metal lon/HDAC8The apo-HDACS8 was
reconstituted with divalent metal ions prior to activity
measurements. The initial velocity for the catalysis of
deacetylation of the Fluor de Lys HDACS substrate is linearly

Fe(lll) bound to HDACS8 (data not shown). It is not known
whether the inactive Fe(lll)-HDAC8 (Table 2) contains
Fe(lll) in the catalytic site or the inhibitory site.

Kinetic Rate Constants of Metal-Substituted HDACS8
HDACS8 was stoichiometrically substituted with transition
metals, and the specific activity was measured for the
catalysis of deacetylation of the Fluor de Lys HDAC8
substrate. The following trend i./Kyw values is observed:
Co(ll) > Fe(ll) > Zn(Il) > Ni(ll), with no activity over

dependent on both the concentration of the substrate andbackground observed for Fe(lll)- or Mn(ll)-substituted
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Table 2: Reactivity of Metal-Substituted HDAE8

Keal Km Keat Kwm relative SAHA K;
enzyme (M~1s7) (sh (uM) rate (nM)

Co(Il)-HDAC8 7500+ 300 1.2+ 0.2 160+ 6° 9.4+ 0.7 44+ 15
Fe(ll)-HDACS8 2300+ 160° 0.48+ 0.0 210+ 2¢¢ 2.8+ 0.3 130+ 40
Zn(l1)-HDAC8 800+ 50¢ 0.90+ 0.03 1100+ 5C¢° 1.0 250+ 25
Ni(ll)-HDAC8 110+ 8¢ n.de n.d. 0.14+ 0.01 n.d.
Mn(ll)-HDACS8 40+ o n.d. n.d. 0.05+ 0.01 n.d.
Fe(ll)-HDACS8 <10 n.d. n.d. <0.01 n.d.
apo-HDACS 604 20¢ n.d. n.d. 0.07 0.02 n.d.

2 The metal-substituted HDACS8 was prepared and assayed as described in the legend of Fifhesv2alue ok../Ku for each metal-substituted
HDACS relative to that for Zn(ll)-HDACS8¢ The steady-state kinetic parameters were calculated from a fit of the Michdisten equation to
the dependence of the initial rate on the substrate concentration aMLEZDACS. ¢ An average of three measurementstandard deviation at
0.4 uM HDAC8 and 50uM substrate® The value was not determinedThe initial velocity using 0.4(M Fe(Ill)-HDACS8 was not detectable.

1.2 T T T 12 - 0.5 | ; :
o 1+ ® - @ LI S A S 'TE + lron - Iron
S o8l @®¥ % T s +# ] z B
2 o6 4 2 os| * 4 = 03l
2 2 . =
g 04r # 1 3% o T 8 o2} |
@ 02| & . X o2l K i g
' 05 1 15 2 % '.015 115 2 g % |
(Co(1l] / [HDACE] [Fe(ll)] / [HDACS] E , h
-0, +0 -0, +0
12 T T T 12 T T T L. 2 2 2 2
o - [ 2 1 o 1+ Ad Ficure 3: HDAC activity of cell lysates. The cells were grown
8 osl e 1 2 o8l Li”" 4 with (+Iron) or without (Iron) iron supplementation following
2 o6} ,“ el ¢ ;5 4 ; i induction. The cells were lysed and assayed for HDAC activity as
3 g4l @ _' B oalr | described in Experimental Procedures either anaerobicall:)
& 0' 4 & 0'245‘ or aerobically ¢O,). Exposure of cell lysate to air decreases
‘ 1 ’ o HDACS activity in both sets of cells but to a greater extent in cells
0o 05 1 15 2 0o 05 1 15 2 that were grown with added iron.

[Zn(11)] / [HDACS] INi(ll)] / [HDACS]
FIGURE 2: Metal stoichiometry. Apo-HDACS (2M) was incubated ~ HDACB8 recombinantly expressed i coli may bind Fe(ll)
with metal (Co(ll) @), Fe(ll) (@), Zn(ll) (@), or Ni(ll) (a) at 4°C as the in vivo metal ion. To examine this possibility further,

for 15 min (Fe(ll)) o 1 h (all other metals) and then diluted t0 0.4 forric citrate was added to the cell culture during HDACS8-
uM by the addition of the Fluor de Lys HDACS substrate (8) . . . : .
at 25°C in 25 mM Tris at pH 8.0, 140 mM NaCl, and 2.7 mM His expression. This source of iron is slowly absorbed by

KCI. The initial rates for deacetylation were determined from time- E. coliand can b?‘ intracellularly re(_:iuced to Fe(MpY. For
dependent changes in fluorescence. The observed rates for eackells grown with iron supplementation, the HDACS activity

metal ion were normalized to the highest rate for a given metal s ~4-fold larger when the cells are lysed and assayed under

ion. The absolute activity in the absence of added metal ion was 4,4arobic conditions compared to that under aerobic condi-

the same in each case. . . o - N . .
tions (Figure 3). This increase in activity is consistent with

the ratio of activities of Fe(ll)- and Zn(ll)-substituted

HDACS (Table 2). Co(ll)-HDACS8 and Fe(Il)-HDACS are . ; -
9.4-fold :Smd 2.8—f2)|d rfes)pectively more a(ct?ve than Zn(ll)- HDACSs (Table 2), suggesting that the decrease in activity
HDACS. whereas I\ii(ll) activates apo-HDACS less than is caused by a switch in the active site metal ion. Alterna-
2-fold 'I,'he values oke./Ky measured for HDACS recon- tively, the decrease in activity could be caused by the

o at ‘M S . formation of Fe(lll)-inhibited HDACS. The lysate from cells
stituted with Fe(Il), Co(ll), or Zn(ll) are significantly higher rown in nonsuoplemented media also shows increased
than those previously reported (44), with Zn(ll)-HDAC8 9 bp

. . HDAC activity when lysed and assayed anaerobically,
sh0W|_ng a 15-fold larger value @g"".{KM' Th|s_enhancemer_1t although the difference is less pronounce@<{fold). These
of activity may be due to the stoichiometric reconstitution

with divalent metals and/or differences in the substrate usedOlata suggest that HDAC8 expressedtincoli incorporates

- . redox-sensitive Fe(ll) as the active site metal ion, with the
to assay the activity (Ac-G-A-K(Ac)-7-amino-4-methylcou- firon i : . h )
marin (44) vs Fluor de Lys HDAC8, which is R-H-K(Ac)- extent of iron incorporation being dependent on the concen

tration of iron available during growth.
K(Ac)-fluorophore). o o
: . Inhibition by SAHAInhibition of HDACS8 by the hydrox-
The k.o Values are less dependent on the identity of the

. . ) amic acid inhibitor SAHA is also dependent on the active
metal ion tharkea/Ku. HDACS substituted with Co(ll) has  gjte metal jon. Because of the instability of HDACS at
the highest value ok (1.2 %), whereas Zn(ll)-HDAC8

! concentrations below~0.2 uM (data not shown), the
(0.90 s7) has a fastekea value than Fe(ll)-HDAC8 (0.48  jyhinition constant for SAHA was determined as a function
s 1) (Table 2). However, the metal identity has a marked

of both the enzyme and inhibitor concentrations using eq 1.
effect onKy; the Ky values of Co(ll)-HDAC8 and Fe(ll)-  The measured; values follow the same trend as that of
HDACS are 6.8- and 5.2-fold, respectively, lower than that keadKui, With Co(I)-HDAC binding SAHA with the highest
of Zn(Il)-HDACS (Table 2). affinity (44 + 15 nM), followed by Fe(ll)-HDACS (13Q:

The high specific activity of Fe(ll)-HDAC8 and the high 40 nM) and Zn(ll)-HDACS8 (250t 25 nM) (Table 2; Figure
iron content in the initially purified enzyme suggest that 4). The decreased affinity of Zn(ll)-HDAC8 for SAHA
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1.2

o
©

0.4

Fractional Activity

T5 2 25 3 35
[SAHA] (uM)

FiGUrE 4: Inhibition of HDAC by SAHA. A solution of holo-
HDACS (Co(ll) (O), Fe(ll) (m), or Zn(ll) (®@)) (final concentration
of 0.2 uM) was added to a reaction containing B™ Fluor de
Lys HDACS substrate at 28C in 25 mM Tris at pH 8.0, 140 mM
NaCl, 2.7 mM KCI, and 63 uM SAHA. Initial velocities were

0 05 1

determined from fluorescence changes over time. Inhibition con-

stants were calculated from a fit of eq 1 to the initial rates of
deacetylation for 83 uM inhibitor and 0.2-0.8 uM enzyme.

suggests an alteration in the active site environment upon

metal substitution.

DISCUSSION

Metal StoichiometryAlthough histone deacetylases have
been shown to be metalloenzymes by crystallograghy (
and biochemical analysid 9, 26, 28), little is known about
the metal ion dependence of HDAC activity. To determine
whether HDACS8 requires one or two bound metal ions for
catalysis, the metal stoichiometry of apo-HDACS activation

Biochemistry, Vol. 45, No. 19, 2006175

H180 H180
NH NH
/ Substrate / )
N/ V,
H0, | 0 H20, |
‘o 24 11 a2+ 1]
H0— 4 ~0-C, 0~ 4~0-C
o D267 HN-C o D267
c=0 R “CH, =0
D178 D178

Ficure 5: Proposed 5-coordinate HDAE8ubstrate complex.
Binding of the carbonyl oxygen to the metal is predicted to polarize
the carbonyl bond, thus activating the carbonyl carbon for nucleo-
philic attack. A bidentate interaction between the metal and the
tetrahedral intermediate could stabilize the transition state for the
formation of this intermediate.

substrates near the diffusion-controlled linB0). Thus, it
is reasonable to assume th&y equalsKpS, reflecting the
affinity of the HDACS8 substrate, wheredsg, is the rate
constant for the hydrolytic step, although this has not yet
been directly demonstrated. Thus far, the only known
HDACS substrates are the core histon2§ 61, 52). Other
acetylated nonhistone proteins may also be HDACS8 sub-
strates, and the identification of additional substrates remains
an area of active research. The steady-state kinetic parameters
and the dependence of HDACS activity upon stoichiometric
metal substitution have yet to be evaluated with full-length
protein substrates, which could reasonably be expected to
react with lowerKy values than that of the fluorescent
tetrapeptide substrate used in the present study.
Measurements of the specific activity of metal-substituted

was measured. These data clearly demonstrate that HDAC8HDACS show that Co(ll)-substituted HDACS is the most

requires one bound metal ion for maximal activity (Figure

active, followed by Fe(ll), then Zn(ll), and Ni(ll) (Table 2).

2), which is consistent with the proposed catalytic mecha- Similar metal dependence was seen with a peptide substrate

nism. Additionally, excess Zn(ll) inhibits HDACS8, explaining

based on the sequence of histone H4, Fluor de Lys H4-

earlier studies demonstrating that HDACs are inhibited, rather AcK16 (K-G-G-A-K(Ac)-fluorphore) (data not shown).

than activated, by millimolar Zn(ll) concentratiori6(-28).
Zinc inhibition is common in metallohydrolase enzymes,
including carboxypeptidase A and Lpx@3 46). Crystal

Insight into the HDACS catalytic mechanism may be derived
from the varying abilities of different metal ions to activate
this enzyme. The preference for Co(ll) or Fe(ll) could be

structures of carboxypeptidase A and LpxC with 2 bound based in part on the need for a catalytic metal ion that can
metal ions demonstrate that the inhibitory metal binds near be coordinated by five or six ligands in the transition state
the catalytic metal and is coordinated by the putative generaland/or that can directly bind and polarize the substrate

base and/or the metal-bound water, precluding catal¥gjs (
48). Therefore, the binding site in HDACS for inhibitory
metals is likely formed by a combination of the side chains
of H142, H143, D178, and/or a zinavater ligand (Figure
1). The crystal structures of HDAC8 show that only a
minimal rotation of D178 is required for these three side-
chains to optimally orient to coordinate a second metal ion.
This inhibitory metal ion binding site could potentially allow
the activity of HDACs to be regulated by changes in

carbonyl in addition to the catalytic water (Figure 5). A
pentacoordinate metal site is supported by the crystal
structures of HDACS, which show that the hydroxamate-
inhibited metal site has a distorted square pyramidal metal
geometry with H180 as the axial ligand (Figure 20X
Although catalytic Zn(ll) sites can have four to six ligands
with a variety of geometrie2(), the ligand-field stabiliza-
tion energy of Co(ll) and Fe(ll) gives these metals a
preference for higher coordination numbes8)( which may

physiological zinc concentrations, as proposed for the enable Co(ll) and Fe(ll) to more readily stabilize a 5-coor-
enzymes caspase-3 and glyceraldehyde 3-phosphate dehydinate intermediate. The increased affinity of the inhibitor

drogenase49). Zinc inhibition could be relevant in vivo even

SAHA for Fe(ll)- and Co(ll)-HDACS8 (Figure 4) is also

if a catalytic metal ion other than zinc is used because the consistent with a more stable formation of a 5-coordinate

activity of HDACS8 substituted with Co(ll) or Fe(ll) is also
inhibited by added zinc (data not shown).

Metal Specificity Determining which metal cofactors
activate HDACS is important for understanding how HDACS8
is regulated and for developing effective HDAC inhibitors.
The reaction of HDACS8 with the nonphysiological Fluor de
Lys HDACS substrate proceeds with relatively low values
of keofKm and highKy values compared to those of the
majority of enzymes that react with their physiological

species. The crystal structure of SAHA bound to HDACS8
shows that the inhibitor hydroxamate binds to the catalytic
metal ion in a bidentate mannezqj. The lower Michaelis
constants observed for Co(ll)- and Fe(Il)-HDACSs relative
to that for Zn(ll)-HDACS8 (Table 2) are consistent with a
stronger interaction of the substrate carbonyl with Co(ll) or
Fe(ll) than with Zn(ll).

Physiological Metal lonThe identity of the metal cofactor
that activates a given enzyme in vivo is important for
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determining how the enzyme is regulated and for developing previously been reported for methionyl aminopeptid&s&. (

effective inhibitors; however, the in vivo metal can be Redox Regulation of HDACS8 Acty. If HDACS8 uses
difficult to dlStlngUlSh Our aCtiVity data indicate that the Fe(“) as a metal cofactor in ViVO, the oxidation of the
most ||ke|y candidates for the metal cofactor used by HDACS8 Cata|ytic metal ion offers a novel exp|anation of the previ_
are Co(ll), Fe(ll), and Zn(ll). It is unlikely that Co(ll)-  ously observed partial inactivation of HDACs by oxidative
HDACS is the physiologically relevant species, despite its stress {4). The catalytic Fe(ll) could be oxidized to Fe(lll),
higher catalytic activity, because Co(ll)-dependent enzymeswhich either remains bound as an inactive cofactor in the
are extremely rare, with the exception of cobalamin- catalytic or inhibitory site, or the Fe(lll) could be displaced
containing enzymes, and the intracellular cobalt concentrationpy a |ess active but redox-stable metal such as zn(ll). For
is low (54). Of the remaining candidates, Fe(ll)-HDAC8 has instance, calcineurin is regulated by direct oxidation of a
a higher value ok.a/Kn than Zn(l1)-HDACS. The use of a  catalytic Fe(ll) ion to Fe(lll) under physiological conditions
single catalytic Fe(ll) ion has been shown for multiple (66). Our data show that HDACS8 can switch from the iron-
metallohydrolases, including peptide deformylase, methionyl hound form to the zinc-bound form in vitro; partially purified
aminopeptidase, Lux$;carbonic anhydrase, cytosine deam- HDACS-His initially has high levels of bound iron, which
inase, and atrazine chlorohydrolas&l{33, 55-57). A exchange with zinc ions during aerobic dialysis. On the basis
number of these enzymes were initially misidentified as Zn- of the ratio ofk.s/Ky values for Fe(ll) and Zn(ll)-HDACS,
metalloenzymes because of the difficulty in measuring Fe- switching from bound Fe(ll) to Zn(ll) should cause a 2- to
(I)-dependent activity and the complications of metal 3-fold loss in HDAC activity under oxidizing conditions. This
exchange upon oxidation of the active site Fe(82 (33). change in the active site metal ion could potentially alter
The trend in specific activity of HDAC8 substituted with  substrate selectivity as well. Upon treatment of cells with
Co(ll), Fe(ll), or Zn(ll) parallels that of methionyl ami-  hydrogen peroxide, a 2-fold decrease in HDAC activity has
nopeptidase, which is currently proposed to be an Fe(ll)- been observeds(), which is consistent with either metal
enzyme §5). The extent of activation ok.a/Kwv for Fe(ll) switching or the oxidation of a portion of the Fe(ll)-HDAC
relative to that of Zn(ll) in Fe(ll)-dependent enzymes such to Fe(l1)-HDAC. It is interesting to note that the class IlI
asy-carbonic anhydrase and peptide deformylase ranges fromHDACs are also proposed to be regulated by the cellular
1.7- to 100-fold 81, 33). HDACS has a 2.8-fold higheta/ redox state via changes in the ratio of NAR NADH (68).

Kw value for Fe(ll) than Zn(ll), which falls within this range.  Metal switching could also be caused by differences in the
Other data supporting the use of Fe(ll) as the physiological relative available concentrations of Fe(ll) and Zn(ll) due to
metal by HDAC8 expressed i&. coli include the lower  other cellular conditions or to the tissue in which a given
substrateKy value of Fe(ll)- relative to that of Zn(ll)-  HDAC isoform is expressed. Such a mechanism, in which
HDACS8 (Table 2) and the oxygen sensitivity of the the enzyme has evolved to bind either metal, could explain
recombinant HDACS8 activity irE. coli extracts (Figure 3).  the reproducible observation of a mixture of metal ions bound
Additionally, iron is the most abundant metal in HDAC8-  to recombinant HDACS. Because the catalytic activity and
His, immediately following the metal affinity column (Table  Michaelis constant for HDAC8 depend on the catalytic metal
1); the bound nickel is likely derived from the metal affinity jon, in vivo changes in the HDAC8 metal identity or
column. In bacteria and in mammalian cells, where HDAC8 oxidation state may be an important regu|at0ry process.

is naturally expressed, the concentration of labile iron is

estimated to be orders of magnitude greater than that of labile,, ;. onuclear metalloenzyme that may use Fe(ll) as a metal

zinc (nM touM vs fM to pM), and this intracellular iron is ¢ ¢actor in vivo. This is the first time that a metal-dependent
primarily present as Fe(ll)58—-61). Assuming that the  HAc has been shown to be activated by Fe(ll). If HDACS

identity of the catalytic metal bound to HDACS is under ;a5 Fe(il) under physiological conditions, changes in the
thermodynamic control, these results suggest that HDACS8 cellular redox potential may be an additional way of

may use Fe(ll) as a metal cofactor in vivo rather than Zn(ll). eqating its activity, although this remains to be tested.
Alternatively, certain metals, including copper, manganese, g ihermore, altering the identity of the catalytic metal ion

and iron, can be delivered to their target proteins by metal ponyeen zn(Il) and Fe(ll) as a function of cellular conditions
chaperones@2, 63). If HDACS requires a chaperone for . he 4 novel way of regulating enzyme activity. Consistent
metal ion insertion or if the metal identity is controlled by a it this. the identity of the catalytic metal ion in HDAC8

combination of these two mechanisms, determining the geecis the substratéy value and alters the affinity of the
identity of the HDACS catalytic metal ion may be more npinitor SAHA. Finally, if Fe(ll) is the catalytic metal ion,

complicated. The metal used could potentially vary by tissue ypAc inhibitors should be screened in vivo or under

or by HDAC isoform, depending on the specificity of the 5 ergpic conditions to prevent the oxidation of the metal
metal chaperones present, the relative available metal ion.,¢,tor.

concentrations, and/or subtle differences in the exact archi-

tecture of each HDAC’s metal ion binding site. Knowing aAckNOWLEDGMENT
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Summary.We have demonstrated that HDACS8 is a
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