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Abstract

Histone deacetylases catalyze the hydrolysis of an acetyl group from post-translationally modified
acetyl-lysine residues in a wide variety of essential cellular proteins, including histones. As these
lysine modifications can alter the activity and properties of affected proteins, aberrant acetylation/
deacetylation may contribute to disease states. Many fundamental questions regarding the
substrate specificity and regulation of these enzymes have yet to be answered. Here, we optimize
an enzyme-coupled assay to measure low micromolar concentrations of acetate, coupling acetate
production to the formation of NADH which is measured by changes in either absorbance or
fluorescence. Using this assay, we measured the steady-state kinetics of peptides representing the
H4 histone tail, and demonstrate that a C-terminally conjugated methylcoumarin enhances the
catalytic efficiency of deacetylation catalyzed by Co(l1)-HDAC8 compared to peptide substrates
containing a C-terminal carboxylate, amide, and tryptophan by 50-fold, 2.8-fold, and 2.3-fold,
respectively. This assay can be adapted for a high-throughput screening format to identify HDAC
substrates and inhibitors.
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Introduction

Histone (or acetyl-lysine) deacetylases (HDACs) are a family of 18 enzymes that catalyze
the deacetylation of acetylated lysine side chains.[1-2] Acetylation is a post-translational
modification identified on over 3,100 lysines within the mammalian proteome [3] that alter
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the activities and properties of modified proteins.[4] As many of these proteins are essential
to cellular processes,[5-6] aberrant acetylation and deacetylation may contribute to disease
states.[7] Attesting to the role of HDACs in diseases are two HDAC inhibitors (\Vorinostat
and Romidepsin) that have been approved by the FDA for the treatment of T-cell
Lymphoma,[8] though the mechanism of action for these drugs is not well understood. One
complicating factor to understanding the biological function and regulation of protein
deacetylation is the lack of identified HDAC isozyme-substrate pairs. Determining the
substrate specificity of HDACs would provide insight into cellular homeostasis and
development of isozyme-specific inhibitors.

There are four classes of HDAC enzymes. Classes I, I, and 1V use an active site divalent
metal ion cofactor to catalyze deacetylation, yielding lysine and acetate as products.[9] Class
I11 HDACs use NAD™ as a cofactor and produce 2’-O’acetylribose, nicotinamide, and the
deacetylated protein.[10] Current in vitro assays for the measurement of HDAC activity use
environmentally sensitive fluorophores,[9, 11-17] HPLC methods,[18] free amine reactive
reagents,[11] radiolabeled acetate,[19-20] and mass spectrometry.[21-23] While these assays
are useful, each has associated limitations. In particular, many of these techniques can only
be used to measure deacetylation of short peptide substrates rather than the biologically-
relevant acetylated proteins. Furthermore, in the most frequently used assay, the Fluor de
Lys assay, the methylcoumarin substituent alters substrate recognition.[23] For assays that
can be adapted to measure deacetylation of proteins, many cannot be adapted to high
throughput formats, are hard to quantify, or require specialized equipment.

Here we optimize an enzyme-coupled assay for the measurement of low micromolar acetate
concentrations that can be used to evaluate the activity of class I, 11, and IV HDACSs. This
assay couples the formation of acetate to the production of NADH that is monitored via an
absorbance or fluorescence signal. This assay quantitatively measures deacetylation
independent of the substrate size or structure, does not require specialized equipment, and
can be adapted to real-time and high throughput formats. Using this assay, we demonstrate
that cobalt(I1)-bound histone deacetylase 8 (Co(l1)-HDACS) catalyzes deacetylation of a
peptide sequence from the H4 histone tail containing a C-terminal methylcoumarin
fluorophore with a k.,/Kp value that is 50-fold, 2.8-fold, and 2.3-fold greater than the
keat/Km Value for deacetylation of the same peptide containing a C-terminal carboxylate,
amide, or tryptophan, respectively. The loss of catalytic efficiency for deacetylation of the
C-terminal carboxylate peptide is a result of a 2.3-fold increase in the value of Ky and a 22-
fold decrease in the kg5 value. These data demonstrate that interactions between HDAC8
and the C-terminal moiety are important for substrate recognition and efficient chemistry.

Materials and Methods

Reagents

ATP, Coenzyme A, NAD*, L-malic acid, citrate synthase (CS), and malate dehydrogenase
(MDH) were purchased from Sigma. The acetic acid detection kit was purchased from R-
biopharm. Fluor de Lys peptide and the developing reagent were purchased from Enzo Life
Sciences. The unlabeled peptides (Ac-KGGAKac-COO™, Ac-KGGAKac-NH,, and Ac-
KGGAKacW-NH,) were purchased from Peptide2.0 (>85 % purity). Cobalt and magnesium
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were purchased as ICP standards from GFS Chemicals and the acetic acid standard was
purchased from the Ricca Chemical Company. Chelex 100 resin was purchased from Bio-
Rad. HDAC3/NCOR1 was purchased from Enzo Life Sciences. Ethylenediaminetetraacetic
acid (EDTA) was purchased from Sigma-Aldrich at >99 % purity. All other materials were
purchased from Fisher and were of a purity >95 % unless otherwise noted.

Acetyl-CoA synthetase preparation

The chitin tagged acetyl-CoA synthetase (ACS) plasmid (Acs/pTYB1)[24] was a generous
gift from Professor Andrew Gulick (Hauptman-Woodward Institute). To increase the yield
of protein, the gene for ACS was subcloned from the chitin-tagged ACS plasmid into a pET
vector containing a Hisgy affinity tag. The ACS gene from Acs/pTYB21was amplified using
the polymerase chain reaction to add Xhol and Xbal restriction sites. The amplified DNA
segment was digested using Xhol and Xbal and ligated into a pHD4 vector[25] containing a
T7 RNA polymerase promoter and a C-terminal TEV (Tobacco Etch Virus) protease
sequence followed by a Hisgy motif to form the pHD4-ACS-TEV-Hisgy expression vector.
The plasmid sequence was confirmed by sequencing at the University of Michigan DNA
Sequencing Core.

The pHD4-ACS-TEV-Hisgy vector was transformed into BL21(DE3) cells. An overnight
culture (12.5 mL/L) was used to inoculate autoinduction TB medium (12 g/L tryptone, 24
g/L yeast extract, 4.6 g/L KH,POy, 20.6 g/L KoHPQy, 4 g/L lactose, 1 g/L glucose, 10 mL/L
glycerol) that was supplemented with 100 pg/mL ampicillin and grown at 30°C for 20 hours
prior to harvest. The cells were pelleted by centrifugation (9,000 x g, 10 min) and then
resuspended and lysed in low imidazole buffer (30 mM HEPES, 150 mM NaCl, 20 mM
imidazole, 1 mM TCEP, pH 8) using an M110L microfluidizer (Microfluidics). The lysate
was cleared by centrifugation (39,000 x g, 45 min) and the supernatant was loaded onto a 12
mL GE Chelating Sepharose column charged with NiCl,. The ACS was eluted with a
gradient of low (20 mM) to high (200 mM) imidazole buffer. Fractions containing ACS
were identified using SDS-PAGE chromatography and were concentrated to <1 mL using
30,000 MWCO Amicon Ultra-15 centrifugal units and loaded onto a GE HiPrep 16/60
Sephacryl S200 HR size exclusion column equilibrated with size exclusion buffer (30 mM
HEPES, 150 mM NaCl, 1 mM TCEP, pH 8). The fractions containing ACS were collected,
combined with his-tagged TEV(S219V) protease (0.5 mg per liter of culture) purified in our
lab using the method of Tropea et al. [26] and dialyzed against >500 fold excess of low
imidazole buffer at 4°C overnight. The dialyzed ACS was run over a second Ni2*-charged
Sepharose column, and the flow-through containing ACS was collected and concentrated to
~2 mM. The protein was then flash frozen in liquid nitrogen and stored at —80°C. Frozen
ACS can be used for at least 12 months with little to no effect on the assay.

HDACS expression and purification

HDACS was expressed and purified as previously described[9] with the exception that a 20
mL DEAE Sepharose column was used after the second Chelating Sepharose column to
remove excess metal from HDACS. This column utilized a gradient from low to high salt
buffer (50 mM HEPES, 10 uM ZnSOy,, 1 mM TCEP, 50 mM NaCl, 5 mM KClI, pH 7.8 and
50 mM HEPES, 10 pM ZnSOy4, 1 mM TCEP, 1 M NaCl, 5 mM KClI, pH 7.8, respectively).
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Fluor de Lys assay

All assays were performed in metal free tubes using metal free tips before being quenched
into 96 well black plates (Corning plate# 3638). The Fluor de Lys assay was performed as
previously described.[9] Briefly, HDACS8 was reconstituted with stoichiometric cobalt(l1) at
a final concentration of 10 uM and incubated on ice for 1 hour. Fluor de Lys HDACS8
deacetylase substrate (0 to 100 uM) was resuspended in HDACS assay buffer (50 mM
HEPES, 137 mM NaCl, 2.7 mM KCI, pH 8) and incubated at 30°C for 5 minutes. Reactions
were initiated by adding 0.5 uM Co(l1)-HDACS and the reaction was quenched by a10-fold
dilution into 0.05x Enzo developer 11 and 1.2 uM Trichostatin A (TSA) in HDACS assay
buffer at 0, 30, and 60 seconds. Samples were incubated at room temperature for 15 minutes
and the fluorescence was measured using a Polarstar Galaxy fluorometer (ex. = 340 nm; em.
=450 nm and 380 nm). The initial rate of deacetylation was determined from the time-
dependent increase in the fluorescence ratio (450 nm/380 nm) and the concentration of
product was calculated using a standard curve.

Acetate assay kit

Acetate standard curves were made by diluting the Ricca acetic acid standard with HDAC8
assay buffer (above). The acetic acid detection kit (R-biopharm) was used according to the
instructions except that the reaction volume and coupled solution volume were decreased
10-fold and no additional water was added to dilute the reaction. Solutions 1, 2, 3and 4 in
the kit were preincubated at room temperature for 20 minutes before being mixed with
acetate. The reaction was incubated at room temperature for 40 minutes and then NADH
fluorescence (ex. = 340 nm, em. = 460 nm) was measured using a Polarstar Galaxy
fluorometer in a 96 well plate.

Optimized stopped coupled acetate assay

To remove contaminating metals from peptide substrates, ~6 % (v/v) hydrated Chelex 100
was added to the Ac-KGGAKac-NH, and Ac-KGGAKacW-NH, peptides and incubated at
room temperature for three hours. The Ac-KGGAKacW-NH, peptide concentration was
determined from the absorbance measurement using an ND-1000 Spectrophotometer
(Nanodrop) with a calculated extinction coefficient of 5500 M~ cM~1.[27] Additionally, the
concentration of peptides containing a free amine (lysine) was measured using the
fluorescamine assay described below. Peptide substrates without a fluorophore (0 — 1600
uUM) were preincubated in HDACS assay buffer (above) at 30°C for 10 min. The reactions
were initiated by adding 0.5 uM (final concentration) Co(I1)-HDAC8 or HDAC3/NCOR1,
and quenched by addition of 0.37 % (v/v, final concentration) HCI after 0, 30, 60, and 90
minutes of incubation. The reactions were flash frozen within 20 minutes of quenching and
stored at —80°C. Upon thawing, the reactions were neutralized by addition of 0.6% (w/v,
final concentration) NaHCO3. The coupler mixture (50 mM HEPES, 400 uM ATP, 10 uM
NAD*, 30 uM CoA, 0.07 U/uL CS, 0.04 U/uL MDH, 50 uM ACS, 100 mM NaCl, 3 mM
KCI, 50 mM MgCl, 2.5 mM L-malic acid, pH 8) were incubated for 20 minutes at room
temperature and added to each quenched reaction (at a ratio of 10 uL coupler mix/65 pL
reaction) in a 96 well black plate. The reactions were incubated at room temperature for 40
minutes and the NADH fluorescence (ex. = 340 nm, em. = 460 nm) was measured. The
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steady state kinetic parameters for the Ac-KGGAKac-COO™ peptide were determined from
fitting the Michaelis-Menten equation to the concentration dependence of HDAC-catalyzed
deacetylation. Substrate inhibition is observed for the peptides Ac-KGGAKac-NH, and Ac-
KGGAKacW-NH,, therefore the kinetic parameters for these substrates were determined by
fitting Equation 1 to the dependence of the initial velocities on peptide concentration.
Equation 1 was derived from rearrangement of the Briggs-Haldane to report the value of
kcat/Km and the standard error directly from the output.

Ecat
Moo _ w x [ 5] |
E] ~ 14ISL IS [sI" FEauationl
[ ] —l—KM—FKMx—?

Optimized continuous coupled acetate assay

The 96 well plates were soaked (>3 hours) in 100 mM divalent metal-free EDTA to strip the
plate of contaminating metal. The continuous assay buffer (50 mM HEPES, 400 uM ATP,
10 uM NAD™, 30 uM CoA, 0.07 U/uL CS, 0.04 U/uL MDH, 50 uM ACS, 127 mM NacCl,
2.7 mM KCI, 2.5 mM L-malic acid, pH 8) was incubated with Chelex resin for 1 hour at
room temperature. The mixture was clarified by centrifugation at 16,800 x g for 2 minutes
and the supernatant was collected. Then 6 mM magnesium was added to the buffer and the
mixture was incubated for 20 minutes to allow NAD*/malate and NADH/OAA to
equilibrate. The peptide (100 uM final concentration Ac-KGGAKac-NH,) in HDACS assay
buffer was added to this mixture at a ratio of 2:1, respectively. The reaction was initiated
with the addition of Co(l1)-HDACS (0.5 — 1 uM final concentration) and deacetylation was
measured from the time-dependent increase in NADH fluorescence (ex. = 340 nm, em. =
460 nm).

Fluorescamine assay

The peptide substrate Ac-KGGAKac-COO™ (0 - 1600 uM) was preincubated in HDAC8
assay buffer (above) at 30°C for 10 minutes. The reactions were initiated by adding 0.5 uM
HDACS, and quenched by addition of 1 uM TSA after 0, 30, 60, and 90 minutes of
incubation. The reactions were used immediately or flash frozen and stored at —20°C. Upon
thawing, solutions were filtered through Pall 10K mwco NanosepMF Centrifugal devices to
remove HDACS. The flow-through (80 pL) was mixed with 50 pL of 1 M boric acid (pH 9)
and the mixture was added to a Corning 96 well black plate. 33 UL of 4.3 mM fluorescamine
(dissolved in acetone) was then added to the sample, incubated at room temperature for 10
minutes, and fluorescence (ex. = 340 nm, em. = 460 nm) was measured.[28] A standard
curve was created using N-a-acetyl lysine methyl ester (0 — 5 pM). To measure the peptide
concentration, peptides were diluted into 1 M borate, pH 9, and 0.56 mM fluorescamine was
added. The mixture was incubated at room temperature for 10 min and the fluorescence (ex.
= 340 nm, em. = 460 nm) was measured. The peptide concentration was determined from
the standard curve.
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An acetate detection assay was initially described in the Official Collection of Assays
according to § 35 of German food law [29] and a kit containing the assay components is
distributed by the R-biopharm company (Figure 1). This assay system couples enzymatic
reactions that produce one molecule of citrate, CoA, and NADH per molecule of acetate.
The NADH concentration is monitored using fluorescence and/or absorbance, allowing
determination of the acetate concentration from a spectroscopic signal. This assay is
optimized to measure millimolar concentrations of acetate with a detection limit of ~100 uM
(Figure 2 and S1), which is not sufficiently sensitive to measure the steady state kinetic
parameters of many enzymes, including HDACs.

Optimization of Assay for Measuring HDAC Activity

The Kpvalues for HDAC-catalyzed hydrolysis of acetyl-lysine residues in peptides are
typically in the low to mid micromolar range. Therefore, to measure the initial rate (<10 %)
of the reaction, the detection limit should be in the low micromolar range. To optimize the
detection limit for the acetate-coupled assay, the signal to noise ratio was improved by: (1)
using highly purified recombinant ACS, which decreased the background signal; (2)
lowering the concentration of L-malic acid and NAD™ to decrease the background signal due
to the equilibrium formation of OAA and NADH; and (3) increasing the ratio of the sample
to the coupling solution volume to improve the signal intensity. With these alterations, a
linear standard curve from 0 to 50 UM acetate with a limit of detection of ~1 uM (coefficient
of variance 2.2; Figure 2) was produced using this assay. This assay can be altered to
measure larger concentrations of acetate (>50 uM) by adding higher concentrations of the
limiting reagents CoA and NAD™*. This standard curve indicates that the optimized coupled
assay is sensitive enough to measure the steady state kinetic parameters for HDACs and
other enzymes.

Based on the assay design, each molecule of acetate should yield one molecule of NADH.
To test this, the fluorescence change from the addition of acetate to the coupled assay was
compared with the fluorescence of a comparable concentration of NADH (Figure 3). The
slopes of the standard curves for NADH and acetate were 770 + 61 and 790 £ 50
fluorescence units per uM, respectively. The equivalence of these slopes indicates that there
is a one to one relationship between the concentration of acetate and the signal created by
the production of NADH, allowing calculation of the acetate concentration from the
fluorescence change.

Stopped Assay

We first optimized the acetate assay in a stopped format to measure HDACS activity. After
reacting HDACS with the substrate of interest, the reaction was quenched by the addition of
HCI and flash frozen in liquid nitrogen. Upon thawing, the pH was neutralized by addition
of NaHCOs3. Using the Fluor de Lys assay to measure activity, the HCI solution quenches
HDACS activity immediately (<10 sec), and HDACS activity is not restored upon
neutralization (data not shown). The acetate concentration in this sample is then measured
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using the coupled assay. Under these optimized conditions, formation of NADH from the
addition of acetate occurs within minutes. Upon mixing the coupling enzymes with the assay
substrates, NAD* and L-malic acid equilibrate to form NADH and oxaloacetate. This
equilibration is complete in 20 minutes (Figure 4), forming ~4 uM NADH, consistent with
the equilibrium constant for the reaction catalyzed by malate dehydrogenase.[30] The
reaction of up to 20 uM acetate is complete within 30 minutes and the signal remains stable
for over an hour. The limiting step in this assay is the formation of citrate and CoA
catalyzed by citrate synthase. Therefore, the rate of acetate production can be increased by
the addition of higher concentrations of CS, if needed.

To demonstrate the effectiveness of the acetate assay in measuring deacetylation, we
compared the rate of HDACB8-catalyzed deacetylation determined using the coupled assay
with the fluorescamine assay. Fluorescamine is a reagent that increases in fluorescence
intensity upon reaction with primary amines[31] and therefore a fluorescent signal is
coupled to the formation of lysine generated by HDAC-catalyzed deacetylation. We
measured the reactivity of Co(I1)-HDACS8 with an unlabeled peptide (Ac-KGGAKac-COO™)
mimicking the H4 histone K16 acetylation site (H4 K16ac). HDACB8-catalyzed deacetylation
of this peptide (200 uM peptide, 0.5 uM HDACS8) measured by the coupled acetate assay
and the fluorescamine assay yielded comparable rates within experimental error of 0.0021 +
0.0003 pM s~1 and 0.0027 + 0.0008 M s~1, respectively. Therefore, both assays measure
the deacetylation rate and are viable for measuring HDACS activity, though the
fluorescamine assay is less accurate for substrates containing multiple lysine side chains due
to a higher signal to noise ratio.

To demonstrate that this optimized stopped assay can serve as a general acetate assay, we
measured deacetylation of 100 uM Ac-KGGAKac-NH, catalyzed by another HDAC
isozyme, 0.5 uM HDAC3/NCORL [Figure S3]. The initial rate for this reaction was 0.015 +
0.0016 pM s~1, comparable to the value measured for HDACS (see below).

Continuous Assay

We next evaluated whether the coupled acetate assay could be carried out as a continuous,
real-time assay to measure HDACS activity. Since HDACS is sensitive to inhibition by
metals,[9] and monovalent cations [15], the acetate coupling solutions were reformulated
with concentrations of NaCl and KClI typically used to assay HDACS activity (Biomol
unpublished)[15] and treated with Chelex resin prior to addition of magnesium. The
concentration of magnesium was decreased to 2 mM to minimize inhibition of HDAC8
activity (~2-fold inhibition under these conditions) [Figure S2]. To counteract the loss in
activity of the coupling enzymes due to the lower concentration of magnesium, the
concentration of these enzymes was increased by 2.3-fold to yield a final rate for the
coupling reactions of 0.046 pM s~1. These assay conditions were used to measure HDACS-
catalyzed deacetylation of 100 uM Ac-KGGAKac-NH> peptide yielding rates of 0.018 £
0.00013 puM s~ and 0.028 + 0.00024 uM s~1 at 0.5 uM and 1 uM HDACS, respectively
[Figure 5]. The linear dependence on the HDACS8 concentration demonstrates that the assay
rate is not limited by the coupling reactions. Furthermore, the HDACS activity measured
using the stopped assay (0.5 pM HDACS and 100 pM Ac-KGGAKac-NHy) is 0.033 +
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0.0034 pM s~1 which is within the two-fold of the stopped assay measured rate, and
represents the difference expected due to magnesium inhibition of Co(l11)-HDACS.

Additionally, we measured the HDACB8-catalyzed deacetylation of H3/H4 tetramer
acetylated using acetic anhydride, where ~100% of the lysines were acetylated as indicated
by mass spectrometry [data not shown]. The initial rate for deacetylation of ~0.076 uM
acetylated H3/H4 tetramer catalyzed by 0.5 uM Co-(11)-HDACS is 0.0021 + 0.0001 pM s~1
[Figure S4], demonstrating that this assay can measure deacetylation of both peptide and
protein substrates.

Reactivity of HDACS8 with peptides

Using a mass spectrometric assay, Gurard-Levin et al. [23] previously demonstrated that
HDACS catalyzes deacetylation of a p53 peptide mimic containing a C-terminal
methylcoumarin fluorophore significantly faster than a comparable peptide with a C-
terminal cysteine followed by an amide terminus. To further analyze the recognition of the
peptide C-terminus by HDACS, we measured Co(ll)-HDAC8-catalyzed deacetylation using
the stopped coupled assay of an H4 peptide mimic containing varied C-termini, including: a
carboxylate (Ac-KGGAKac-COO™); an amide (Ac-KGGAKac-NH,); and a tryptophan
capped by an amide (Ac-KGGAKacW-NH>) (Figure 6 and Table 1). The steady state kinetic
parameters for Ac-KGGAKac-COO™ were determined from fitting the Michaelis Menten
equation to the concentration dependence of activity, yielding values of kest/Km, Keat and Ky
of 56 M~1 571, 0.041 s1 and 730 uM, respectively (Figure 6). For the Ac-KGGAKac-NH,
and Ac-KGGAKacW-NH, peptides, modest to substantial inhibition was observed at higher
peptide concentrations. This inhibition is not due to metal contamination of the peptide[9] as
pre-incubation of the peptide with Chelex 100 resin had no effect on the observed activity
(Figure 6). Therefore, these data indicate that the activity is inhibited by high substrate
concentrations. As many HDAC isozymes form multi-protein complexes,[32-33] the
peptides may inhibit HDACS activity by binding to non-active site protein-protein
interaction sites. For these peptides the kinetic parameters were determined by fitting an
equation including terms for substrate inhibition (Equation 1) to the data; the values of
keat/Kn for deacetylation of Ac-KGGAKacW-NH, and Ac-KGGAKac-NH; are 1200 + 250
M~1s71 and 980 + 47 M~1s71 parameters are coupled, independent values for these
parameters could not be accurately determined. Substrate inhibition by the Ac-KGGAKac-
NH, peptide appears to be cooperative with a Hill coefficient (n) that is larger than 1. In
general, substrate inhibition significantly complicates the analysis of the reactivity of
HDACS with peptide libraries measured at a single peptide concentration.

These data demonstrate that the structure of the C-terminal moiety significantly affects the
reactivity of Co(ll)-HDACS with peptide substrates. Furthermore, a comparison of these
data to the kei/Ky value of 2800 M~1 s71 [25] for HDACS-catalyzed deacetylation of the
Ac-KGGAKac-methylcoumarin peptide demonstrates that the methylcoumarin fluorophore
enhances (up to 50-fold) the catalytic efficiency of HDAC8-catalyzed deacetylation (Table
1).
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Discussion

The current HDAC assays have limitations that do not allow in-depth and/or high
throughput analysis of HDAC substrate specificity. The first kinetic measurements of
HDAC activity employed radioactively labeled peptides and proteins and detected the
formation of radiolabeled acetate.[19-20] While this assay is effective and sensitive,
radioactive peptide substrates are expensive to produce, and many radiolabeled protein
substrates are acetylated non-specifically, preventing the determination of detailed kinetics
at specific sites. Recently, the Fluor de Lys assay (Biomol) has become popular for
measuring HDAC kinetics.[9, 11-17] This assay uses a methylcoumarin fluorophore-
conjugated peptide, which upon deacetylation becomes a substrate for the serine protease
trypsin, cleaving the fluorophore and altering the fluorescence spectrum of the
methylcoumarin. The rate of deacetylation is measured by the change in the fluorescence
signal.[12] However, the methylcoumarin fluorophore can interact with HDACs and alter
the kinetics of deacetylation [23](as discussed later). Thus, the results obtained using this
method may not accurately report the selectivity of HDACs for native peptides and proteins.
Additionally, because the fluorophore is located immediately on the C-terminal side of the
acetyl-lysine moiety, this method cannot be used to determine the preference for sequences
downstream of the acetylated lysine. Many of these limitations were solved by a mass
spectrometric assay developed by the Mrksich group; this assay uses MALDI mass
spectrometry of peptides attached to a gold surface to observe the mass difference caused by
deacetylation.[23] This assay is effective for peptide substrates and can be carried out in a
high throughput manner, however a MALDI mass spectrometer is required. Additionally,
this method requires the inclusion of a cysteine in the peptide sequence to conjugate the
peptide to the plate via a maleimide linkage. HPLC separation of acetylated and
deacetylated peptides on a C18 column is another method employed to determine
deacetylation kinetics.[18] This assay quantifies product formation by absorbance (230 or
280 nm) and can measure the deacetylation of any peptide, yet it suffers from labor intensive
techniques such as the determination of peak elution times making it not ideal for a high
throughput format. Furthermore, it is not easily transitioned to assaying the deacetylation of
proteins due to the difficulty of separating full length proteins differing by a single
acetylated lysine. The assay presented in this paper provides an alternative that overcomes
many of the limitations of the previous assays. This acetate assay is versatile; either
fluorescence or absorbance can be measured using a cuvette or 96-well plate and in a
stopped or continuous format. The continuous method is well-suited for high-throughput
screening. Peptide substrates for the assay are inexpensive to purchase as they do not require
conjugated fluorophores, and results can be quantified using an acetic acid standard curve.
Furthermore, the assay can measure deacetylation of proteins (Figure S4). However, the
acetate assay cannot be used with fluorescent peptides (i.e. methylcoumarin-conjugated
peptides) that absorb and emit at wavelengths similar to NADH, nor can it be used on cell
lysate extracts containing NADH, other metabolites, or various other enzymes. Overall, this
assay provides a stable and sensitive platform for the measurement of deacetylation with few
limitations. Finally, as this assay has been optimized to measure micromolar acetate
concentrations, it can be used to assay other enzymes that produce acetate as a product and
have Ky, values in the micromolar range, including other HDAC isozymes (Figure S3).
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While most kinetic measurements of HDACS8 have been performed using the Fluor de Lys
assay,[9, 11, 13-15] the Mrksich group used a mass spectrometric assay to demonstrate that
a peptide mimicking the p53 transcription factor was deacetylated significantly slower than
the same peptide containing a methyl-coumarin fluorophore.[23] However, the steady state
kinetic parameters were not determined for these substrates. Using the optimized coupled
assay that measures the formation of acetate, we demonstrated that substitution of the
coumarin fluorophore with a carboxylate lowered the value of k.o/Kp for Co(11)-HDACS by
50-fold, resulting from a 22-fold reduction in the value of k.5; and a 2.3-fold increase in the
Km value (Table 1). As the value of Ky, is relatively high (730 uM) and the value of k., is
relatively low (0.041 s™1) compared to other enzymes acting under diffusion control,[34] it
is likely that substrate dissociation is faster than deacetylation, indicative of a rapid
equilibrium substrate binding model. This assumption is further validated by the increase in
keat measured for trifluoro-acetyl lysine substrates, [18, 35] suggesting that deacetylation is
the rate-limiting step for kso; Based on this assumption, Ky reflects Kp for the peptide.
Therefore, AAGpinging, calculated from the alteration in the Ky values®, indicative of the
additional binding affinity conferred by the methylcoumarin fluorophore relative to a
carboxylate at the C-terminus, is equal to ~0.45 kcal/mol. This alteration in binding energy
is modest but within the range of energy due to the addition of a single pi-pi
interaction[36-37] or hydrogen bond.[34] Crystal structures of a methylcoumarin-conjugated
peptide bound to HDACS visualize interactions between the methylcoumarin and the side
chain of Tyr100.[13, 38] These structures suggest that the enhanced binding energy for the
methylcoumarin peptide results from a combination of interactions between the C-terminus
of the peptide and the hydrophobic cavity formed by the L1, L7, and L8 loops, and
interactions between the aromatic C-terminal residue of the peptide and Tyr100 on the L2
loop of HDACS.

The steady state kinetic parameters for deacetylation catalyzed by HDAC8 demonstrate that
the significant (50-fold) enhancement in Co(I1)-HDACS k.4/Kp for the Ac-KGGAKac-
methylcoumarin peptide compared to the Ac-KGGAK-COO™ peptides is largely due to an
increase in the kg4 Value. The change in the stabilization of the transition state relative to the
unbound ground state (AAG*)6 of 2.3 kcal/mol likely results from a combination of altered
electrostatic and pi-pi interactions between the peptide and HDACS that enhance optimal
positioning of the peptide and side chains in the active site to efficiently catalyze
deacetylation. The effects of the C-terminal interactions of the peptide with Co(ll)-HDAC8
on kegr and Ky, are consistent with data demonstrating that L2 loop residues are important
for both binding and catalysis; mutations at Asp101 in HDACS lead to both higher Ky, and
lower kg4t values,[13] compared to the wildtype enzyme. However, these mutations do not
lead to observable alterations in the crystal structure of inhibitor-bound HDACS,[13, 38]
suggesting that the activity decrease may be due to an alteration in the HDACS8 dynamics.
The catalytic efficiency (keat/Kn) of Co(l1)-HDACS with the Ac-KGGAKac-NH, peptide is
enhanced 9-fold (AAG* = 1.6 kal/mol)® compared to the Ac-KGGAKac-COO™ peptide
indicating that electrostatic interactions between the C-terminus and HDACS impair peptide

SAAGhindin
6ANG* (kea

=RT In(KM Fluor de Lys peptide) = RT In(KM non-fluorophore conjugated peptide)
M) = RT In(kcat/KMm peptide1) = RT In(kcat/KM peptide2)
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binding and/or reactivity. Addition of a tryptophan (Ac-KGGAKacW-NH>) or
methylcoumarin moiety to the peptide increases net transition state stabilization by 0.1 - 0.5
kcal/mol, providing an estimate of the enhancement of the catalytic efficiency by base
stacking with Tyr100. Previous studies performed by the Mrksich lab show that HDAC8
catalyzes deacetylation of peptides containing a phenylalanine on the C-terminal side of the
acetyl lysine faster than substrates containing any other amino acid, including tryptophan, at
that position.[21, 23] These data suggest that both amino acid hydrophobicity and volume
play a role in substrate preference. However, a direct comparison of the reactivity of
peptides in this paper compared to those in Gurard-Levin et al. [21, 23] is complicated by
differences in peptide length, the sequence at other positions of the peptide, and method of
kinetic measurement.

Interestingly, Co(l1)-HDACS-catalyzed deacetylation of acetyl-lysine peptides have low
values for keai/Knm(56 — 2800 M1 s71) compared to enzymes that are limited by diffusion,
[34] suggesting either that these peptides are poor substrates for this enzyme or that the low
activity is biologically relevant for control of enzyme activity.[39] The in vivo catalytic
efficiency could be enhanced either by additional interactions with the protein substrates or
by additional cofactors or binding partners. Furthermore, the measured rate constants for
Co(lIl)-HDACS8-catalyzed deacetylation of Ac-KGGAKac-COO™ and high concentrations of
Ac-KGGAKac-NH, peptides are similar to the rates measured for deacetylation catalyzed
by various class Il HDAC isozymes (HDACY7, 10)[17, 40] suggesting that the low activity of
these isozymes in the Fluor de Lys assay may reflect decreased enhancement of reactivity by
aromatic C-terminal moieties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Assay scheme. Acetate is a product of deacetylation catalyzed by HDACS. Acetate, ATP,

and CoA are converted into acetyl-CoA, AMP, and inorganic pyrophosphate by acetyl-CoA
synthetase. Acetyl-CoA and oxaloacetate are converted into citrate and CoA catalyzed by
citrate synthase. Simultaneously, malate dehydrogenase catalyzes equilibration of NAD*
and malate with NADH and oxaloacetate. When a molecule of oxaloacetate is removed from
solution by the citrate synthase reaction, a molecule of NADH is formed. NADH
concentrations are quantified using absorbance or fluorescence.
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Figure 2.
Comparison of R-biopharm kit and optimized assay for detection of acetate. The

fluorescence change as a function of acetate concentration is measured using the R-
biopharm kit (A) and the optimized acetate assay (). The fluorescent signal is normalized
to 0 uM acetate using the optimized assay. The signal from the optimized assay is much
larger in the pM range, which is required to measure steady state turnover catalyzed by
HDACS. This signal is accurate to ~1 uM with a coefficient of variance equal to 2.2. The R-
biopharm kit standard curve is linear at higher concentrations of acetate (250 — 1250 uM
acetate) (Figure S1).
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Figure 3.

Standard curve for the acetate assay compared to NADH fluorescence. The fluorescence
change observed upon addition of acetate to the coupled assay (M) is compared to the
NADH fluorescence under comparable conditions (50 mM HEPES, 100 mM NaCl, 3 mM
KCI, 50 mM MgCI, pH 8) (a). The two slopes are equal, indicating that in the coupled assay
one mole of NADH is formed per mole of acetate. The higher background observed in the
acetate standard curve is a result of NADH formed before addition of acetate due to the
equilibrium of the malate dehydrogenase-catalyzed reaction.

Anal Biochem. Author manuscript; available in PMC 2015 July 01.



Wolfson et al.

1duosnuey Joyiny

Fluorescence

Figure 4.

1duosnue Joyiny 1duosnuely Joyiny

1duosnuep Joyiny

25000+

20000-

15000~

10000+

5000+

0

Page 17

acetatle added

-50

25 50 75
Time (min)

L} L}
100 125

O =

T
-25

Time course for the formation of acetate. At —25 minutes the assay reagents are mixed and
incubated at room temperature (~25°C). Equilibration is complete in <20 minutes, forming
~4 uM NADH. The reaction is initiated (t = 0 min) by addition of 20 uM acetate. The
reaction reaches equilibrium at ~30 min and the signal is stable for at least one hour.
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Figure 5.
Continuous assay to measure HDACS activity. The initial rates for deacetylation of the Ac-

KGGAKACc-NH, peptide (100 uM) measured using the acetate assay in a continuous
formate are 0.011 + 0.00041 pM s~1 and 0.022 + 0.00043 pM s~2 for 0.5 uM () and 1 uM
(O) Co(ll)-HDACS, respectively. A side-by-side acetate assay using the stopped formate
(0.5 uM Co(l1)-HDACS, 100 uM Ac-KGGAKac-NH5) has an initial rate of 0.018 + 0.0021
UM s~1(m).
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Figure 6.
Dependence of HDACS8-catalyzed deacetylation on the concentration of H4 K16ac peptide

mimics. The steady state kinetics of deacetylation catalyzed by HDACS8 were measured at
30°C in 50 mM HEPES, 137 mM NaCl, 2.7 mM KCI, pH 8, 0.85 uM HDACS. A) The solid
line is a fit of the Michaelis-Menten to the initial rates for deacetylation of a peptide ending
in a carboxylic acid (Ac-KGGAKac-COQO™) using the values listed in Table 1. B) The
peptide ending in an amide (Ac-KGGAKac-NHy). C) The peptide ending in a tryptophan
and capped with an amide (Ac-KGGAKacW-NH>). Equation 1 was fir to the data for the
Ac-KGGAKacW-NH, and Ac-KGGAKacW-NH,. The solid lines shown are the best fits
with the following values: Ac-KGGAKac-NH, Keai/Km, Kwm, Kj, and nvalues of 980 + 47
M~1s71 90 + 21 uM, 190 + 15 uM, and 3.9 + 0.6, respectively and Ac-KGGAKacW-NH,,
keat/Km, K, and K; values of 1250 + 250 M~1 s™1, 890 + 2100 pM, and 440 + 1600 pM
respectively. As the Ky, and K| values are highly correlated, these values are not accurate.
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Table 1

Structure and kinetic constants for HDAC8-catalyzed deacetylation.a

Keat!Km Keat Km
Peptide (M1s (s™ (UM
NS AREAT 28002 0.90% | 3202
TETEY +200 +003 | %20
e
AGEERY 56 004® | 730°
I =_]._;_~I':_:..l._;_n_],c_c.a_n{n +14 +0.0042 + 160
n:::.:am.—.«nl o
L L C
1 980 d d
Lo B +47 N.D. N.D.
Frwy
1200° d d
950 N.D. N.D.

The four peptides differ in their C-terminus; the Fluor de Lys peptide contains a methylcoumarin fluorophore while the non-fluorophore conjugated
H4 K16ac peptides contain a C-terminal carboxylate, carbamide, or tryptophan followed by a carbamide. The kinetic constants of these peptides
suggest that the differences in the peptides affect both substrate binding and chemistry. Standard error is reported.

a‘I'he steady-state kinetic parameters and standard errors for HDAC8-catalyzed are measured as described in the legend of Figure 6.

bValues reported in ref. [25].

Kinetic parameters determined using Equation 1, including substrate inhibition.

dN.D. indicates values that were not determined as a result of substrate inhibition.
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