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The metal-dependent histone deacetylases (HDACs) catalyze
hydrolysis of acetyl groups from acetyllysine side chains and are
targets of cancer therapeutics. Two bound monovalent cations
(MVCs) of unknown function have been previously observed in
crystal structures of HDACS; site 1 is near the active site,
whereas site 2 is located >20 A from the catalytic metal ion.
Here we demonstrate that one bound MVC activates catalytic
activity (K;,, = 3.4 mm for K*), whereas the second, weaker-
binding MVC (K, = 26 mm for K*) decreases catalytic activity
by 11-fold. The weaker binding MVC also enhances the affinity
of the HDAC inhibitor suberoylanilide hydroxamic acid by
5-fold. The site 1 MVC is coordinated by the side chain of Asp-
176 that also forms a hydrogen bond with His-142, one of two
histidines important for catalytic activity. The D176A and
H142A mutants each increase the K, for potassium inhibition
by =40-fold, demonstrating that the inhibitory cation binds to
site 1. Furthermore, the MVC inhibition is mediated by His-142,
suggesting that this residue is protonated for maximal HDACS8
activity. Therefore, His-142 functions either as an electrostatic
catalyst or a general acid. The activating MVC binds in the distal
site and causes a time-dependent increase in activity, suggesting
that the site 2 MVC stabilizes an active conformation of the
enzyme. Sodium binds more weakly to both sites and activates
HDACS to a lesser extent than potassium. Therefore, it is likely
that potassium is the predominant MVC bound to HDACS8
in vivo.

The post-translational acetylation of lysine residues regu-
lates an array of biological processes, including transcription,
protein degradation, cellular proliferation, and apoptosis (1).
Lysine acetylation is catalyzed by histone acetyltransferases,
which acetylate-specific lysine side chains, whereas histone
deacetylases (HDACs)? reverse this modification. The interest
in HDACs has grown rapidly over recent years, as it was discov-
ered that HDAC inhibitors have the potential to effectively
treat cancer (1). Currently, one HDAC inhibitor has been
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approved by the Food and Drug Administration, with several
more in clinical trials (2, 3). The majority of these inhibitors
target the HDAC: of classes I, I, and IV, which require a diva-
lent metal ion such as Zn(II) or Fe(II) as an obligate cofactor (4).
The class II HDACs are a separate family and are not related to
the metal-dependent HDACs.

HDACS is a member of the class I HDAC family, which
includes HDACs 1, 2, 3, and 8. HDACS is predominantly
expressed in smooth muscle tissues, where it associates with the
cytoskeletal protein smooth muscle a-actin (5, 6). Upon RNAi
knockdown of HDACS, the contractile ability of smooth mus-
cle cells is decreased (6). In addition, abnormally low levels of
HDACS are associated with severe colorectal motility disorders
such as Hirschprung disease and idiopathic megacolon (7).
HDACS may also play a role in the progression of specific can-
cers given that selective inhibition of HDACS8 induces apoptosis
in tumor cells derived from T-cell lymphomas (8).

The catalytic mechanism originally proposed for HDACS
and the other class | HDACs is based on the crystal structure of
the histone deacetylase-like protein (HDLP) from Agquifex
aeolicus (9). In this general acid-base catalytic pair mechanism,
His-142 functions as a general base, deprotonating the metal-
activated catalytic water molecule for attack on the substrate
amide, and a second active site residue, His-143, serves as a
general acid, protonating the leaving group.

Crystal structures reveal that HDACS8 binds two monovalent
cations (MVCs), either Na™ or K", in addition to the essential
divalent catalytic metal ion (10—12). These two MVC sites in
HDACS8 have been designated as site 1 and site 2 (10). The MVC
of site 1 is 7 A from the divalent catalytic metal ion and is
coordinated by the side-chain oxygens of Asp-176 and Ser-199
and the backbone carbonyl oxygens of Asp-176, Asp-178, His-
180, and Leu-200 (Fig. 1). Site 2 is 21 A from the divalent cata-
lytic metal ion, and this MVC is ligated by two water molecules
and the backbone carbonyl oxygens of Phe-189, Thr-192, Val-
195, and Tyr-225. Other class I and I human HDACs that have
been crystallized also bind K™ in these same sites, as does the
bacterial histone deacetylase-like amidohydrolase (13-15).
Given this conservation of the MVC sites, it is likely that the
functions revealed here for the MVCs in HDACS also apply to
other class I and II HDAC:s.

Current knowledge of the functions of MVCs in HDACS is
quite limited; the enzyme has greater thermal stability in KCl
than in NaCl, refolds more rapidly when 10 mm KCl is present
(16), and is slightly more active in 10 mm KCI than 1 mm KCI
(10, 17). Suggested roles for the site 1 MVC include stabilizing a
tight turn of the polypeptide backbone and altering the pK, of

VOLUME 285-NUMBER 9-FEBRUARY 26, 2010



Substrate - Lys

/_U\ Ser
Leu 199
200

FIGURE 1. HDAC8 active site and monovalent site 1. The site 1 MVCis coor-
dinated by the backbone carbonyl oxygens of Asp-176, Asp-178, His-180, and
Leu-200 and by the side chains of Asp-176 and Ser-199. The carboxylate of
Asp-176 also forms a hydrogen bond with His-142. With MVC 1 bound, as
shown, the catalytic activity is less than maximal, likely due to the deprotona-
tion of His-142.

His-142 (10, 12). The purpose of the distant site 2 MVC is not
readily apparent. The identity of the MVC that HDACS8 uses in
vivo is also unclear, as crystal structures have been obtained
with either Na* or K* bound, depending on the salt that was
included during crystallization.

To understand the roles of the two MVCs visualized in the
HDACS crystal structures (10—12), we have examined the
effects of MVCs on the deacetylase activity of both wild-type
HDACS (wt-HDACS) and active site mutants. The results from
these studies demonstrate that the MVC bound to site 1 inhib-
its catalytic activity, likely by altering the pK, of His-142,
whereas the site 2 MVC enhances activity, likely by an allosteric
effect. However, K* binding to site 1 enhances the affinity of
HDACS for SAHA. Under in vivo sodium and potassium con-
centrations, the activation site is saturated with potassium. Fur-
thermore, the enzyme is partially inhibited by potassium under
these conditions, rendering the enzyme activity sensitive to
changes in the potassium concentration.

EXPERIMENTAL PROCEDURES

Materials—Unless specified, chemicals and supplies were
purchased from Fisher. All chemicals were of the highest qual-
ity available. Chromatography resins were purchased from GE
Healthcare.

Expression and Purification of HDAC8—Recombinant
human HDAC8 was expressed and purified as previously
described (4). After divalent metal ions were removed from the
enzyme (4), apoHDACS (> 240 um) was stored at —80 °C in 25
mm MOPS, pH 7.5, 100 mm NaCl, and 0.1 um EDTA. HDAC8
mutants were constructed in the pHD2-TEV-His plasmid (4)
using a QuikChange site-directed mutagenesis kit (Stratagene).

HDACS Activity Assay—The deacetylase activity of HDACS8
was measured using the commercially available Fluor de Lys
H4-AcK16 and Fluor de Lys HDACS fluorescent substrates
(Biomol) as previously described (4). Before assaying catalytic
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activity, apoHDACS8 was preincubated for 1 h on ice with stoi-
chiometric Co(II) or Zn(II) and varying concentrations of KCl
and/or NaCl in 25 mm Tris base, pH 8.0. The steady-state
kinetic parameter k_, /K, was calculated from initial reaction
rates measured under conditions of subsaturating substrate
(50-200 pm) and enzyme (0.2-20 uMm). The monovalent
dependence of HDACS8 was primarily characterized using
Co(II)-HDACS. Although HDACS8 may use the Fe(II) cofactor
in vivo under some conditions, both Co(II) and Fe(II) support
higher levels of catalysis in HDAC8 than does Zn(II) (4), allow-
ing for greater sensitivity in measuring the activity of HDACS8
mutants. Additionally, Co(II)-HDACS is stable in the presence
of oxygen and behaves similarly to Fe(II)-HDACS in other
respects. In all assays the NaCl contributed by the enzyme stor-
age buffer is less than 3 mm.

The bell-shaped MVC dependence of wt-HDACS was fit by
Equation 1, which is derived from the sequential two-site bind-
ing model shown in Scheme 1. Here the enzyme is catalytically
active when either one or two monovalent ions are bound but
with a different level of activity when two MVCs are bound

(k. ps2) than when one is bound (k. ;).
kobs1 : Etot kosz ° Etot
v = +
1+ K1/2,act n [MC” Kl/Z,act : K1/2,inhib K1/2,inhib
[MCIT * Ki/innib [mcP [mci]
(Eq. 1)

The concentration of either KCl or NaCl is represented by
[MCI], E,,, is the total enzyme concentration, and the apparent
binding affinities for activation and inhibition are represented
by K5 aee and K /5 i 115- When the values of the apparent affin-
ities of the activating and inhibitory MVCs are not clearly
resolved, as in the dependence of activity on NaCl, it is possible
that the identities of sites 1 and 2 could be switched. For the
D176N and D176A mutants as well as wt-Co(II)-HDACS8 with
NaCl, the value of K, ; .1.;1, is too high to accurately fit a value to
Kops,o- In these cases Equation 2 is used, which is derived from a
model in which the binding of a second monovalent metal ion
completely inhibits catalysis (k, ., = 0).

v = kobs1 : Etot
[K']

(Eq.2)
<_I + K1/2,act + ) i
K1/2,inhib

(K]
In the absence of inhibition by KCl, the data are fit to the
single binding isotherm described by Equation 3.

kobs1 . Etot : [KJr]

V=" 7 (Eq.3)
K1/2,act + [K+] k

When only the inhibition phase is observed, the data are fit to
the single binding isotherm described by Equation 4.

kosz . Etot
K+
(1 o
K1/2,inhib

Time Dependence of KCI Activation—The rate of HDAC8
activation by KCl was determined by incubating Co(II)-

v= (Eq.4)

JOURNAL OF BIOLOGICAL CHEMISTRY 6037



Monovalent Cations Modulate HDACS8 Activity

HDACS8 in 5 mm KCl with 25 mm Tris, pH 8.0, at 25 °C for 0-20
min before measuring the catalytic activity. The initial rates
were fit to a single exponential (Equation 5) as a function of
preincubation time with a non-zero rate of deacetylation (v,)
when ¢t = 0.

v=A-(1— e k) 4y (Eq. 5)
The term A represents the amplitude, which is the difference
between the rate measured at ¢ = 0 and after the rate has
reached a maximum. The rate constant for this increase is rep-
resented by k... The half-life for the KCl-mediated activation
(t1) is related to k,, by the equation #, = In 2/k_..

The rate at £ = 0 min was measured by initiating the reaction
with the addition of substrate and 5 mm KCl (final concentra-
tion). The last assay time point under these conditions was
quenched 80 s after initiation. There was no significant devia-
tion from linearity in the formation of product versus time.

Inhibition by SAHA—For measurement of inhibition by
SAHA, reconstituted Co(II)-HDACS8 was incubated with 1 mm
KClonice for 1 hin 25 mm Tris, pH 8.0. Before assaying activity
at 25 °C, Co(II)-HDACS8 (0.2 um) was incubated with varied
concentrations of KCl (0.04 -200 mMm) and SAHA (0.2-5 um) in
25 mm Tris, pH 8.0, on ice for 1 h and then at 25 °C for 4 min.
The initial velocity for deacetylation was measured as described
above. The inhibition constant for SAHA (K] ,,,,) was obtained
by fitting a binding isotherm that accounts for ligand depletion
(Equation 6) to the initial velocities. The concentration of
SAHA (I,,,) was varied (0.2-5 um) while using fixed concentra-
tions of HDACS8 (E,,,, 0.2 um), KCl (0.04-200 mm), and sub-
saturating substrate (50 um).

v = Bt = Ki = It + \J/(Ki + hot — Etot)2 + 4Eo - K
— Njobs 2 . Etot

(Eq.6)

The dependence of the observed inhibition constant for SAHA
(K;,obs) on the KCI concentration was fit using an equation for
a two-state model (Equation 7) where the SAHA affinity is
coupled to KCl binding where K; is the SAHA dissociation
constant at saturating K, and K, and K, are the dissociation
constants for K* from HDACS8 and the HDAC8-SAHA com-
plex, respectively.

ofge)
Ka
(‘ *m)

These data were also fit with an equation derived for the
three-state model shown in Scheme 2 that accounts for K*
binding to both MVC sites using the values for the K™ dissociation
constants, K; and K,, determined from K, ., and K5
(Equation 1, Table 1), respectively, from the K dependence of
activity. In Equation 8, K; and K, reflect the SAHA dissocia-
tion constants from ['EK, " and I‘EK™, respectively, whereas K,
reflects the K dissociation constant from FEK™ (see Scheme

Kapps two states = (Eq.7)
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FIGURE 2. HDACS8 activation and inhibition by monovalentions. Co(ll)-wt-
HDAC8 was incubated with KCI (@) or NaCl ((J) for 1 h on ice before assay-
ing activity with 0.4 um enzyme and 50 um Fluor de Lys HDAC8 substrate in
25 mm Tris pH 8.0, 25 °C. Initial velocities were determined based on
changesinfluorescence, and Equations 1 and 2 are fit to the resulting rates
at varying KCl and NaCl, respectively, yielding the K, ... and K;5;nnip Values
shown in Table 1.

K1/2,act M* K1/2,inhib M*
N
E = E < Ep
Inactive

kobs1l l kobsz

SCHEME 1. MVC binding of HDACS. The first MVC activates HDAC8, whereas
the second MVC partially inhibits activity (Kype; > Kopso)-

2). The SAHA dissociation constant from I'E is calculated from
the equilibrium box as K;; = K; K,/K.

o gy (4 ey

(e[l

(Eq.8)

K.pps three states =

RESULTS

KCl and NaCl Modulate HDAC8 Activity—The roles of the
two MVCs observed in the HDACS crystal structures were
determined by measuring activity as a function of KClI concen-
tration. The KCl dependence of Co(II)-HDACS is bell-shaped
(Fig. 2), with maximal deacetylase activity observed at 10 mm
KCl (Fig. 2) and partial inhibition at high KCI. These data are
described well by Equation 1, which is derived from a two-site
sequential binding model in which the enzyme is inactive until
the first site is occupied, whereas the binding of a second cation
decreases the rate of catalysis but does not lead to complete
inhibition (Scheme 1). It is also possible that the MVCs could
bind in random order rather than sequentially. K™ binding to
the tighter affinity site (K}, .., = 3.4 = 0.3 mm) activated enzy-
matic activity 45-fold between 0.03 and 10 mm KCl. From a fit of
Equation 1 to the data, the calculated value of k_,/K,, for

cat

HDACS8 with a single K* ion bound was 37,000 = 2,000
M~ ' 57! The maximal observed rate constant was lower than
this due to K" binding to the inhibitory site at KCI concentra-
tions less than that required to saturate the activating MVC site.
The inhibitory K™ ion bound with weaker affinity (K, 5 ;nni, =

26 = 3 mm), and Co(II)-HDAC8 was 11-fold less active with two
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TABLE 1
Apparent MVC affinities of wt-HDAC8 and mutants

HDACS activity was measured, and K, .. and K, ,;, were determined as
described in the legends of Figs. 2 and 3.

HDACS form Monovalent salt K e K, innin
mm mm

Co(II)-wt” KCl 34+ 0.3 26+ 3
Co(ID)-wt? NaCl 90 * 40 320 + 140
Zn(IT)-wt® KCl 14+ 2 130 + 30
Co(II)-D176N” KCl 41 +2 320 * 30
Co(I)-D176A° KCl 93 +24 1200 *+ 300
Co(I)-H142A¢ KCl 03+0.1 >>1000

“ MVC affinities are determined by fitting the initial rate data to Equation 1.

 Equation 2, in which activity is completely inhibited at high KCl, is fit to the initial
rate data.

¢ Equation 3, in which there is no MVC inhibition, is fit to the initial rate data.

K™ ions bound (k_,,
bound.

The second most abundant MVC inside the cell after K" is
Na™ (18); the dependence of HDACS activity on sodium con-
centration was also bell-shaped, demonstrating both activation
and inhibition (Fig. 2). Differing from K", Na™ activated
HDACS to a smaller extent and bound both sites more weakly.
The higher value of K, ;..;, for Na™ prevented the measure-
ment of deacetylase activity at saturating NaCl. Therefore, the
Na™-dependent data were fit using Equation 2. Because the
binding affinities of Na™ for both sites are within 4-fold of each
other, it is difficult to accurately determine K, .., and K, ;5 ;nni
for NaCl, and thus, these values have a large margin of error
(Table 1).

The KCl dependence of Zn(II)-HDACS8 was also measured to
ensure that the effects of MVCs on HDACS activity were not
limited to Co(II)-HDACS. The Zn(II)-bound form shows sim-
ilar distinct activation and inhibition by KCI, with weaker
apparent binding affinities for both sites than observed with
Co(IT)-HDACS (Table 1).

Inhibitory MVC Binds to Site 1 and Activating MV C Binds to
Site 2—To understand how MVCs alter the catalytic activity of
HDACS, it is important to know where the activating and
inhibitory MVCs bind. According to previously published crys-
tal structures (10—-12), the MVC that is distant from the diva-
lent catalytic metal ion (site 2) is coordinated by peptide back-
bone oxygens and water molecules and is, therefore, not
amenable to perturbation by site-directed mutagenesis. Site 1,
which is near the active site, is composed of the side-chain oxy-
gen atoms of Asp-176 and Ser-199 and four backbone carbonyl
oxygens.

To determine whether site 1 binds the activating or the
inhibitory MVC, Asp-176 was mutated to either alanine, which
cannot coordinate to MVCs, or to asparagine, which is
expected to bind MVCs more weakly than aspartate. Both the
D176A and D176N mutants showed a significant decrease in
affinity of the inhibitory MVC, with K, ;.;, becoming pro-
gressively larger from wt-HDACS (26 mMm) to D176N (320 mm)
and D176A (1200 mm) (Fig. 3 and Table 1). Because of the
weakening of K, ;i in D176A and D176N, the activity of
these mutants with K™ bound to both sites could not be accu-
rately measured. The KCIl dependence data for D176A and
D176N were, therefore, fit by Equation 2 in which the activity is
modeled as completely inhibited at high KCl. Although a mod-

/K, = 3400 m~ ' s~ ') than with one K"
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FIGURE 3. Dependence of the activity of HDAC8 mutants on KCI. Initial
rates for HDAC8-catalyzed deacetylation of Fluor de Lys H4-Ack16 (wt,
H142A,D176N) or HDAC8 (D176A) substrate were measured at 25 °Cin 25 mm
Tris pH 8.0 with 0.03-2000 mm KClI for the Co(Il)-HDAC8 mutants H142A (@, 10
uM enzyme, 50 um substrate), D176N ([, 10 um enzyme, 200 uMm substrate),
and D176A (A, 20 um enzyme, 150 um substrate). Equation 2 is fit to the data
for for D176N and D176A, and Equation 3 is fit to the data for H142A with the
resulting apparent binding affinities listed in Table 1.

erate increase was also seen in the value of K, ., (3-fold) for
the D176A mutant, the increase in the value of K, ;.p.;p, (46-
fold) was much larger. The weakened affinity for the inhibitory
MVC upon mutating Asp-176 strongly suggests that this resi-
due forms part of the binding site for the inhibitory MVC.

To confirm the assignment of the inhibitory MVC to site 1,
the K* dependence was examined for the H142A mutant. This
residue was targeted because it is a second-shell K™ ligand via a
hydrogen bond with Asp-176 (Fig. 1). Binding of K™ to site 1 is
predicted to decrease the strength of the His-Asp hydrogen
bond, thereby lowering the pK, of His-142. Strikingly, the
H142A mutant showed a complete loss of inhibition by K* (Fig.
3), with a 10-fold decrease in the apparent value of K, .,
(Table 1). This loss of K* inhibition in the H142A mutant pro-
vides further evidence that the inhibitory K™ binds in site 1 and
demonstrates that His-142 plays a role in K™ inhibition.

Based on the assignment of site 1 as the inhibitory site, we
propose that site 2 is the activating site. To further investigate
the activation by MVCs, the activity of Co(II)-HDACS8 was
measured as a function of preincubation time with 5 mm KCI.
The activation by KCl was found to occur in two phases with the
initial phase completed before the first time point was mea-
sured (Fig. 4). The amplitude of the first activation phase, mea-
sured by comparison to the activity of HDACS8 in the absence of
KCl, was ~50% of the final deacetylase activity. The slower
activation phase is well described by a single exponential curve
(Equation 5) with a t, of 1.5 £ 0.1 min. Possible models to
explain the biphasic activation by KCI are presented under
“Discussion.”

KClI Alters Inhibition of HDAC8 by SAHA—Inhibition of
Co(II)-HDACS8 by the hydroxamic acid inhibitor SAHA was
also dependent on the KCI concentration. In contrast to the
decreased HDACS activity observed in the presence of high
potassium, SAHA exhibited higher potency as an inhibitor
under saturating potassium conditions. As the KCl concentra-
tion decreased, the observed value of the K, for SAHA increased
until it reached a plateau near 0.4 um at low KCI (Fig. 5). These
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FIGURE 4. Time dependence of HDACS8 activation by KCI. Co(ll)-wt-HDAC8
(0.44 um) was incubated with 5 mm KCl in 25 mm Tris, pH 8.0, at 25 °C for the
indicated length of time before assaying activity with 0.4 um HDAC8 and 50
um Fluor de Lys HDAC8 substrate. A single exponential curve (Equation 5) was
fit to these data to determine the observed rate constant, k., for activation
of Co(Il)-HDAC8 by KCl.
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FIGURE 5.Dependence of the SAHA inhibition constant for HDAC8 on KCl.
Co(ll)-HDACS (0.2 um) was incubated with SAHA at a given K™ concentration.
Initial rates for deacetylation of Fluor de Lys HDAC8 (50 um) were measured at
25°Cin 25 mm Tris, pH 8.0, containing 0.2-5 um SAHA and 0.04-200 mm KCI.
The SAHA inhibition constant at each K™ concentration was obtained from a
fit of Equation 6 to the dependence of activity on the concentration of
SAHA. Equations 7 and 8 are fit to these data to determine affinity of SAHA
for E, EK, and EK,.

data can be described most simply with a two-state model
(Equation 7) where the SAHA affinity increases as K* binds to
HDACS; at saturating K™ the value of K; was 0.041 * 0.03 M,
indicating that potassium binding to HDAC8 enhances the
affinity of SAHA by 10-fold. Similarly, the K" dissociation con-
stant decreased ~10-fold when SAHA was bound to HDACS,
from 29 * 6 mM (consistent with the value of K, ;,,.;;, deter-
mined from steady-state kinetics, Table 1) to 3.2 = 0.6 mm.
Because this two-state scheme accurately modeled the ob-
served data with a K; comparable with the K™ affinity of the site
1 MVCin HDACS, it is likely that potassium binding to the site
2 MVC has little effect on the SAHA affinity. To further analyze
the coupling between SAHA and K™ binding to HDACS,
we modeled a three-state scheme that includes distinct changes in
SAHA binding affinity upon K" binding to both MVC sites 1
and 2 (Scheme 2; Equation 8). Fitting the data in Fig. 5 using
Equation 8 (derived from Scheme 2) with the dissociation con-
stants for K™ determined from the steady-state kinetic data
yielded values for K,SAHA of 0.4, 0.2, and 0.040 uM for the E,
EK, and EK, species, respectively. Therefore, SAHA had the
highest affinity for the potassium-inhibited form of HDACS
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SCHEME 2. Coupled binding of SAHA and K* to HDACS. The influence of
potassium binding to MVC1 and MVC2 sites of wt-HDACS8 on the affinity of
this enzyme for SAHA is described by this simplified three-state scheme
where SAHA binds to the three major enzyme species, HDAC8 with no bound
K* (E), K* bound to MVC site 2 (EK), and K™ bound to both MVC sites 1 and 2
(EK,). For simplicity, this scheme does not include SAHA binding to HDAC8
with K™ bound to MVC2, which constitutes only a minor fraction of the total
enzyme. Fits to this model demonstrate that the affinity of SAHA decreases as
K™ dissociates from the enzyme.

TABLE 2

Apparent affinities of NaCl and KCl in the presence of physiological
levels of the other MVC

HDACS activity was measured as described in the legends of Figs. 2 and 3.

Monovalent Monovalent ion

ion varied held constant Kizace K inni
mm mm
KCl 4 mM NaCl 33*02 28 %3
NaCl* 100 mm KCI - 100 = 20

“ Activation by NaCl was not observed in the presence of 100 mm KCl. Equation 4 is
fit to the initial rates for deacetylation as a function of NaCl concentration.

(EK,) with the affinity decreasing up to 10-fold as potassium
dissociates from the enzyme.

Effects of Physiological Levels of Monovalent lons—In smooth
muscle cells, where HDACS8 is predominantly found, the potas-
sium ion concentration is ~100 mm (19). When this concentra-
tion of KCI was present in vitro, the addition of NaCl did not
lead to any further activation of Co(II)-HDACS, and the
value of K, ;.ni, for NaCl decreased 3-fold to 100 mm (Table
2). The loss of Na*-mediated activation in the presence of
100 mMm KCI was expected, as the activating site is saturated
by KCl (K5 oc¢ = 3.4 mm) before adding NaCl. In the con-
verse experiment, the addition of physiological concentra-
tions of NaCl (4 mm) did not measurably alter either activa-
tion or inhibition by K™ (Table 2). This provides further
evidence that potassium functions as the in vivo MVC.

DISCUSSION

MVCs Modulate HDACS8 Activity—Before the outset of this
study, two bound monovalent cations of unknown function
were identified in crystal structures of HDACS (10, 12). Here,
we demonstrate that one of these two MVCs is essential for
catalysis, as no measurable activity was observed in the absence
of added KCl or NaCl. The binding of a second MVC resulted in
partial inhibition of deacetylase activity (Fig. 2). HDACS8 shows
moderate specificity for K*, which supports higher levels of
activity than Na™, and is bound with tighter affinity. This pref-
erence for K* is commonly seen in intracellular enzymes, given
the greater abundance of K* than Na* in this environment
(20). The cytosol of smooth muscle cells, where HDACS is pre-
dominantly observed, contains free MVC concentrations of
~100 mMm KCl and 4 mm NaCl (19, 21). Under these conditions,
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SCHEME 3. A conformational change may explain the slow activation of
HDACS by KCl. In this model E and E* are two slowly interconverting confor-
mations of HDAC8. Until M* binds, the enzyme is inactive, and E* must con-
vert to E before it can bind M*. Rapid binding of M* to E activates catalysis, as
shown in Scheme 1.

the activating site of both Co-HDACS8 and Zn-HDAC8 would
be saturated and the inhibitory site partially occupied.
Although the intracellular K* concentration is tightly con-
trolled, it varies during certain conditions, such as apoptosis,
where intracellular K* decreases to ~35 mM (22). It is, thus,
possible that HDACS activity may be regulated by changes in
the fractional occupancy of the inhibitory site, which has a K ,,
value of 130 mm for Zn(ITI)-HDACS8 and 26 mwMm for Co(II)-
HDACS (Fig. 2 and Table 1).

Although non-natural Fluor de Lys peptide substrates were
used for these studies, the MVC affinities and the affects on
catalytic activity will be the same for subsaturating concentra-
tions of native protein substrates. This is because the MVC
binding affinities measured here are for the free species of
HDACS rather than for the HDAC8-substrate complex, as sub-
saturating substrate conditions were used (k_,/K,,, conditions).
However, at saturating concentrations of substrate (k_,, condi-
tions), it is possible that the extent of activation and inhibition
by MVCs may depend on the substrate.

Locations of Activating and Inhibitory MVCs—To delineate
which MVC site is activating and which is inhibitory, mutants
of the site 1 MVC ligand Asp-176 were characterized. The
D176A mutant had a larger effect on K, ;,,pip, than K, ., and
the inhibitory K™ affinity became progressively weaker as the
residue at position 176 was changed from aspartate to aspara-
gine to alanine (Table 1), whereas the effect of the mutations on
the affinity of the activating site was variable, indicating that the
inhibitory MVC is bound by site 1. The complete loss of MVC
inhibition upon mutation of His-142, which is linked to site 1 by
a hydrogen bond with Asp-176 (Fig. 1), reveals that His-142 is
required for MVC inhibition. The mechanistic implications of
inhibition resulting from site 1 occupancy are discussed below.

Given the strong evidence supporting site 1 as the location of
the inhibitory MVC and the observation of only two MVC sites
by crystallographic (10, 12) and kinetic studies (Fig. 2), site 2 is
the most reasonable location for the activating MVC. As the
MVC of site 2 is ~21 A from the active site, this MVC is con-
sidered to be an allosteric effector. A likely role for the site 2
MVC is to stabilize the active conformation of HDACS8. Most
enzymes that are activated by allosteric MVCs retain some
activity in the absence of added MVC (18); in contrast, HDAC8
is inactive when no MVC is bound (Fig. 2). This suggests that
the active conformation of HDACS is strongly disfavored when
site 2 is unoccupied.

Interestingly, the time-dependent activation of HDAC8 by 5
mwm KCl is biphasic with an initial rapid increase in activity
followed by a slow doubling of activity with a #, of 1.5 min (Fig.
4). One model that can explain this time dependence is shown
in Scheme 3 and is similar to the activation of thrombin by Na™
(23). Here, HDACS is in equilibrium between a minimum of
two slowly interconverting conformations, £* and E, with E*
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FIGURE 6. Inhibitory K* binding influences His-142 protonation. The pro-
tonated form of His-142 is expected to be thermodynamically more favored
in the absence of the inhibitory K™ (upper panel) than when K* is bound
(lower panel).

unable to bind K*. When K™ is added, it is rapidly bound by E
but not by E*. After this fast activation phase, E* slowly converts
to E, which can then bind K™ and become catalytically active.
One alternative mechanism is that this slow interconversion
step occurs but only after potassium binding. These mecha-
nisms cannot be distinguished from the current data. Similar
slow conformational transitions have been reported for other
proteins (24, 25), and conformational plasticity has been linked
to allosteric activation by MVCs (26). Crystal structures of
HDACS complexes with different inhibitors or substrates dem-
onstrate that the protein displays significant structural plastic-
ity (11, 12, 27). Because both MVC sites are occupied in all of
the published crystal structures of HDACS, the nature of this
proposed conformational change upon MVC binding to site 2 is
not known but would be expected to influence the positioning
of active site residues.

The activation and inhibition of HDAC8 by MVCs is not
limited to Co(II)-HDACS, as demonstrated by the qualitatively
similar K™ dependence for Zn(I)- and Co(II)-substituted
HDACS. However, the identity of the divalent catalytic metal
influences the affinities of the activating and inhibiting MVCs,
as both decrease 4 —5-fold when Zn(II) is substituted for Co(II)
(Table 1). The differences in K, ., between Zn(II)- and
Co(II)-HDACS8 may be due to the linkage of the inhibitory
MVCsite and the divalent metal ion by Asp-178 and His-180, as
these residues contribute to the coordination spheres of both
cations (Fig. 1). Furthermore, if the divalent metal ion has dif-
ferential affinity for the active and inactive conformations, the
affinities of the metal ion and the distant site 2 MVC could be
coupled. This would result in the affinity of the site 2 MVC
depending on the identity of the metal ion.

Maximal Activity When His-142 Is Protonated—The finding
that catalysis is partially inhibited when an MVC binds to site 1
in wt-HDACS (Fig. 2), with this MVC inhibition eliminated by
the H142A mutation (Fig. 3), indicates that the side chain of
His-142 is required for MVC inhibition. One interpretation of
these data is that the MVC binding site is completely disrupted
by loss of a hydrogen bond between Asp-176 and His-142.
However, this model is not consistent with the observation of
potassium inhibition of the D176A and D176N mutants. A
more likely model is that binding of the positively charged
inhibitory K™ to site 1 in wt-HDACS diminishes catalytic activ-
ity by decreasing the fraction of protonated His-142, which is
linked to the inhibitory MVC by Asp-176 (Fig. 6). The decrease
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in activity is ~11-fold, consistent with a decrease in the pK, by
1 unit. Thus, these data argue that His-142 is protonated in the
catalytically active form of HDACS, in contrast to the previ-
ously proposed mechanism with His-142 functioning as the
general base (9). Two possible catalytic functions for the proto-
nated His-142 are 1) to function as a general acid to protonate
the amine leaving group or 2) to serve as an electrostatic catalyst
stabilizing the negative charge that develops during the forma-
tion of the tetrahedral intermediate, analogous to the function
of His231 in thermolysin and Arg-127 in carboxypeptidase A
(28, 29). The H142A mutant of HDACS lacks the positive
charge of this histidine under all conditions and is, therefore,
less active than wt-HDACS but not inhibited by K™. Although
site 1 MVC has previously been suggested to control the basic-
ity of His-142 (12), it was not known whether the proposed
decrease in the pK, of His-142 would activate or inhibit cataly-
sis. The MVC dependence data presented here indicate that the
protonated form of His-142 is most active, providing insight
into the mechanism of this important enzyme.

Inhibition of enzymatic activity by a specifically bound MVC
is much less common than activation by MVCs (18, 30). Two
other enzymes that are also inhibited by MVCs are the Kex2
protease and homocitrate synthase; in both cases the inhibitory
MVC is thought to prevent effective substrate binding (31, 32).
Interestingly, the apparent mode of MVC inhibition in HDACS,
affecting the protonation state of a catalytic residue, may be
somewhat unique.

MVCs Enhance SAHA Inhibition of HDAC8—In contrast to
the inhibitory effect of high KCl on the catalytic activity, potas-
sium binding to the MVC site near the catalytic metal ion
(MVC1) enhances the affinity of SAHA by at least 5-fold (Fig.
5). As discussed previously, under physiological conditions
(~100 mm KCI and 4 mm NaCl (19, 21)) the MVC1 of both
Co-HDACS8 and Zn-HDACS should be partially occupied by
K* (Table 1), enhancing the potency of SAHA. Structures of
hydroxamate inhibitors bound to HDACS8 (10) demonstrate
that the hydroxamate moiety chelates the active site zinc, with
the hydroxamate NH and OH groups making hydrogen bond
interactions with His-142, His-143, and Asp-178. Therefore,
the increase in SAHA affinity caused by K™ binding to the site 1
MVC is most likely mediated via the hydrogen bond with His-
142, which is linked to site 1 by a hydrogen bond with Asp-176.
Because the increase in SAHA affinity is comparable with the
decrease in catalytic activity caused by K™ binding to this site, it
is possible that the molecular origin of both effects is deproto-
nation of His-142.

Conclusions—The roles of the two MVCs bound by metal-
dependent HDACs have now been determined for HDACS.
This enzyme is activated by low concentrations of both KCl and
NaCl, and elevated concentrations of these MVCs result in par-
tial inhibition. The activating MVC binds to site 2, which is 21 A
from the catalytic site. These results are consistent with MVC2
being an allosteric effector, which stabilizes the active confor-
mation of HDACS. The inhibitory MVC binds near the active
site and decreases activity likely by depressing the pK, of His-
142, which is protonated for maximal activity. Potassium bind-
ing to MVC1 also enhances the affinity of SAHA, likely by a
similar mechanism. The affinities of both MV Cs are sensitive to

6042 JOURNAL OF BIOLOGICAL CHEMISTRY

the identity of the divalent catalytic metal ion, and it is possible
that HDACS activity may be regulated in vivo by changes in the
potassium concentration and/or changes in the divalent metal
ion identity.
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