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Abstract

Class III histone deacetylases, or sirtuins, are homologous to the Saccharomyces cerevisiae transcriptional regulator SIR2. The
class III enzymes are characterized by their dependence on nicotinamide adenine dinucleotide (NAD+). This cofactor serves as an
acetyl-group acceptor in the deacetylation reaction generating O-acetyl-ADP-ribose. Enzymatic activity of sirtuin can be measured
in vitro using recombinant proteins puriWed from mammalian cells after overexpression or after puriWcation from Escherichia coli.
This review discusses protocols for the puriWcation of enzymatically active human sirtuin 1, 2, and 3 and their activities on histone
and nonhistone substrates.
  2005 Elsevier Inc. All rights reserved.
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1. Introduction

Reversible acetylation of histone and nonhistone pro-
teins is emerging as a major mechanism for regulating
protein function. This form of acetylation is distin-
guished from N-terminal acetylation of proteins by its
reversibility and by its location on the �-amino group of
lysine residues within the peptide chain. While histones
were the Wrst proteins to be identiWed as acetylated,
probably because of their abundance, acetylation is
being identiWed in a growing number of nonhistone pro-
teins. These proteins are involved in many cellular func-
tions. They include nuclear, cytoplasmic, and even
mitochondrial proteins, and one can conWdently predict
that acetylation is a pervasive modiWcation involved in
most biological functions. The level of acetylation of his-
tone and nonhistone proteins is under the control of
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competing enzymatic activities of protein acetyltransfer-
ases and protein deacetylases.

Eighteen distinct human protein deacetylases have
been identiWed. They are grouped into three classes based
on their primary homology to three protein deacetylases
in Saccharomyces cerevisiae. Class I histone deacetlyases
(HDAC1, -2, -3, -8, and -11) are homologous to yRPD3,
share a compact structure, and are predominantly nuclear
proteins expressed in most tissues and cell lines (reviewed
in [1]). Class II HDACs are homologous to yHDA1 and
are subdivided in two subclasses, IIa (HDAC4, -5, -7, and
-9 and its splice variant MITR) and IIb (HDAC6 and
HDAC10), based on sequence homology and domain
organization (for recent review, see [2]). While class I and
II HDACs and their S. cerevisiae orthologs, yRPD3 and
yHDA1, all share some degree of homology in their
catalytic domain, class III HDACs are homologous to
ySIR2 and show no homology to class I and II proteins.
The class III enzymes are characterized by their depen-
dence on nicotinamide adenine dinucleotide (NAD+).
This cofactor serves as an acetyl-group acceptor in the
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deacetylation reaction generating 2�-O-acetyl-ADP-
ribose [3]. The properties of these enzymes have been
described in detail in several recent, extensive reviews
[2,4–6]. This review focuses on the experimental protocols
that are used to prepare and purify the enzymatic activity
associated with class III protein deacetylases.

2. PuriWcation of enzymatically active class III HDACs

Class III HDACs have generally proven easier to
manipulate than class I and II HDACs. While not all
class III HDACs have histone deacetylase activity, pro-
teins with high enzymatic activity can be puriWed by
immunoprecipitation after transient or stable transfec-
tion in mammalian cells. Recombinant proteins can also
be expressed in Escherichia coli in an enzymatically
active form.

2.1. Mammalian cell culture systems

This method allows the puriWcation of enzymatically
active sirtuins directly from mammalian cells. While no
qualitative or quantitative diVerences have been detected
between sirtuins expressed in mammalian cells and E.
coli, it can be safely assumed that proteins puriWed from
mammalian cells more faithfully represent the sirtuins in
their native environment. The presence of associated
cofactors and proper post-translational modiWcations
could contribute to diVerences in the activities of sirtuins
from mammalian cells and E. coli.

2.1.1. Plasmid
Each of the class III human HDACs has been cloned

into the pcDNA3.1 vector as a C-terminal fusion protein
with the FLAG epitope.

2.1.2. Procedure

(1) To purify active enzyme, 293T cells are transiently
transfected with the expression vector by the cal-
cium phosphate DNA precipitation method. The
DNA precipitate is left on the cells for 8–16 h, the
medium is changed and the cells are placed back in
culture for 24 h.

(2) Cells are washed twice in PBS by centrifugation
and resuspended in fresh PBS. After the last centri-
fugation, the cell pellet is lysed in Wve packed cell
pellet volumes of lysis buVer (50 mM Tris–HCl, pH
7.5, 120 mM NaCl, 0.5 mM EDTA, 0.5% NP-40) in
presence of protease inhibitor cocktail (Complete;
Roche Molecular Biochemicals, Indianapolis, IN)
for 30 min at 4 °C with agitation. After lysis, cellu-
lar debris are cleared by centrifugation at 14,000g
for 10 min at 4 °C and the supernatant is trans-
ferred to a precooled tube.
(3) The resulting lysates are immunoprecipitated with
an anti-FLAG peptide antiserum. We favor an
anti-FLAG antibody already conjugated to aga-
rose beads (anti-FLAG M2 agarose aYnity gel;
Sigma). Protein concentration is measured in cell
lysates with a detergent-compatible protein assay
kit (DC protein assay kit, Biorad). Anti-FLAG M2
aYnity gel should be added at 10�l/ml of lysate
and incubated for at least 2 h at 4 °C with constant
agitation.

(4) After incubation, immune complexes are pelleted
with the agarose beads by centrifugation at 6000g
for 5 min at 4 °C. The supernatant should be care-
fully removed from beads so as to not disturb the
pellet. The immune complexes are washed three
times in lysis buVer [50 mM Tris–HCl, pH 7.5,
120 mM NaCl, 0.5 mM EDTA, 0.5% NP-40] for
15 min each at 4 °C with agitation. After each
wash, the beads are pelleted and the supernatant is
replaced with fresh lysis buVer. The immune com-
plexes are then washed twice for 15 min each in the
buVer used for the enzymatic assay (see below).
The beads containing the immunoprecipitated
material are now ready to use in the assay.

2.1.3. Notes

• Using this protocol, signiWcant HDAC activity is
detected with SIRT1, 2, 3, and 5, whereas SIRT2 is
the sole sirtuin to show tubulin deacetylation activ-
ity (Fig. 1). These experiments suggest that the other
SIRT proteins, SIRT4, 6, and 7, might target other
substrates for deacetylation or that other cofactors,
proteins, or small molecules are needed for their
enzymatic activity. These enzymes may also func-
tion as mono-ADP ribosyltransferases, as recently
demonstrated for another sirtuin [7].

• HEK 293T cells do not attach tightly to the plastic of
the culture dish and tend to come oV during the
washes. We remove the cells from the plate by pipet-
ing and transferring them into a conical tube.

• The lysis buVer does not give complete nuclear lysis in
all cell types and should be supplemented with sonica-
tion if nuclear proteins are to be eYciently released
into the lysate. Determination if nuclear lysis has
occurred can be monitored by trypan blue staining to
visualize both lysed cells and intact nuclei.

2.2. Expression in E. coli

Class III HDACs can be readily puriWed as enzy-
matically active protein after overexpression in E. coli.
While this approach is generally more eYcient at gen-
erating a large amount of enzymatic deacetylase activ-
ity, it has some limitations including the possible
absence of regulatory cofactors and post-translation
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modiWcations. We have expressed SIRT1, 2, and 3 and
obtained enzymatically active recombinant enzyme for
each protein.

2.2.1. GST-SIRT1
2.2.1.1. Plasmid. A DNA fragment encompassing the
full SIRT1 open-reading frame was ampliWed by PCR
from a plasmid with primers containing BamHI (forward
primer) and SalI (reverse primer) restriction sites. The
digested DNA fragment was inserted into pGEX4T-1
cleaved with BamHI and SalI by ligation and conWrmed
by sequencing. This construct generates an N-terminal
GST fusion protein with the SIRT1 protein.

2.2.1.2. Procedure

(1) Bacteria cultured in 250 ml LB–Amp medium to
an absorbance of 0.6 are induced for 90 min with
0.5 mM IPTG. Cells are pelleted by centrifugation
(7700g for 15 min) and supernatant was discarded.
The bacterial pellet can be stored at ¡80 °C or pro-
cessed immediately.

Fig. 1. Measurement of histone and tubulin deacetylase activity associ-
ated with human SIRT proteins. 293T cells were transfected with
expression vectors for each of the human SIRT proteins. One half of
the immunoprecipitated material was subjected to HDAC activity
assay with a 3H-acetylated histone H4 peptide. The other half of the
immunoprecipitated protein corresponding to each SIRT-FLAG pro-
tein was incubated with total cellular lysate. The reaction products
were separated by SDS–PAGE and visualized by Western blotting
with antisera speciWc for acetylated tubulin, tubulin, and FLAG.
Adapted with modiWcations from [18].
(2) Cell lysis: the pellet from a 250 ml culture is resus-
pended in 12.5 ml of ice-cold PBS, supplemented
with 1 Complete Mini Protease Inhibitor Cock-
tail tablet (EDTA free, Roche), 1 mM EGTA,
1 mM PMSF, and 2 mM benzamidine. This is fol-
lowed by addition of 1 �g/ml of lysozyme and
10 mM DTT.

(3) Cells are lysed by sonication on ice (5 £ 15 s bursts
at 60% power) and PMSF (1 mM) and benzamide
(2 mM) are added again.

(4) This lysate is centrifuged at 35,000g for 10 min to
remove insoluble material.

(5) We use 125 �L glutathione–Sepharose 4B (Amer-
sham Biosciences) per 12.5 ml of sonicate for aYn-
ity puriWcation. This is done by pipeting 167 �L of
75% bead slurry to a tube, washing with 1£ PBS to
remove the 20% ethanol storage solution, spinning,
and decanting. Beads (125 �L) are resuspended in
12.5 ml of sonicate and incubated with gentle agita-
tion at 4 °C for 1 h.

(6) This mixture is centrifuged at 500g for 5 min, the
supernatant is decanted, and the matrix is resus-
pended in 1.25 ml PBS, 1 mM EGTA. This mix-
ture is transferred to a column and washed with
7 ml PBS, 1 mM DTT to remove unbound
proteins.

(7) The fusion protein is eluted by adding 125 �L ali-
quots (seven times) of elution buVer (10 mM glu-
tathione in 50 mM Tris–HCl, pH 8.0, 1 mM
DTT).

(8) Individual fractions are analyzed by SDS–PAGE,
and fractions containing the highest amounts of
recombinant protein are pooled, aliquoted, snap
frozen, and stored at ¡80 °C.

2.2.2. 6£ His-SIRT2
2.2.2.1. Plasmid. Full-length human SIRT2 cDNA was
cloned into pHEX, a modiWed version of pGEX-2T
(Pharmacia) in which the GST-encoding sequence was
replaced with a hexahistidine-encoding sequence (6£
His). The resulting protein is an N-tagged 6£ His-
SIRT2 fusion protein (see [8] for details). This vector is
transformed in DH5� F’IQ bacteria (Gibco) for
expression.

2.2.2.2. Procedure

(1) One liter of transformed bacterial culture is grown
in LB–Amp medium to an absorbance of 0.6
(A600), induced with 0.1 mM IPTG at 37 °C for 2 h,
and pelleted.

(2) The pellet is resuspended in buVer (50 mM
NaH2PO4, pH 8.0, 300 mM NaCl, and 10 mM
imidazole-2 ml/g wet weight) and incubated on ice
for 30 min in the presence of 1 mg/ml lysozyme.
This mixture is sonicated on ice (four 10–15-s
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bursts at 40–60% power) and centrifuged at 4 °C at
14,000g for 30 min.

(3) Supernatant (cleared lysate) is bound to Ni–NTA
resin (1 ml of 50% Ni–NTA slurry for 4 ml of
cleared lysate, batch method, Qiagen) on a rotary
mixer at 4 °C for 60 min.

(4) The batch mixture is passed through a commercial
column (Polyprep, BioRad) and the Xow-through
is saved. The resin bed is washed twice with 4 ml
buVer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,
and 20 mM imidazole).

(5) Bound proteins are eluted four times with 0.5 ml of
elution buVer (50 mM NaH2PO4, pH 8.0, 300 mM
NaCl, and 250 mM imidazole). SDS–PAGE analy-
sis revealed that the second eluting fraction con-
tains a majority of recombinant protein along with
contaminating proteins.

(6) Ion-exchange chromatography is used to further
purify the recombinant protein. The peak eluted
fraction is shifted to ion-exchange buVer (50 mM
Tris–HCl, pH 8.0, 0.2 mM DTT, 10% glycerol, and
50 mM NaCl) with a HiPrep26/10 desalting column
(Pharmacia, 2.0 ml/min Xow rate, 1.0-ml fractions).

(7) The peak fractions (as determined by UV monitor-
ing or SDS–PAGE) are pooled (Wve to seven 1-ml
fractions) and loaded on a Sepharose Q column
and washed with buVer (50 mM NaH2PO4, pH 8.0,
30 mM NaCl, and 10 mM imidazole).

(8) Recombinant SIRT2 is eluted with a linear gradi-
ent of 50–1000 mM NaCl in buVer (50 mM Tris–
HCl, pH 8.0, 0.2 mM DTT, and 10% glycerol).
Under these conditions, SIRT2 elutes at »265 mM
NaCl. Peak fractions are pooled and concentrated
using centrifuge concentrating spin columns
(Centricon, MWCO 30 kDa). Recombinant pro-
tein is aliquoted and stored at ¡20 °C in storage
buVer (50 mM Tris–HCl, pH 8.0, 265 mM NaCl,
0.2 mM DTT, and 10% glycerol).

2.2.2.3. Notes 

• This protocol yields a recombinant SIRT2 protein
with high enzymatic activity and >90% purity as
determined by SDS–PAGE (not shown).

• Using a linear gradient of imidazole (20–500 mM) for
elution of SIRT2 bound to the Ni–NTA resin has
yielded a signiWcantly purer recombinant preparation
(John Denu, University of Wisconsin, Madison, Wis-
consin, personal communication).

• Examples of enzymatic reactions performed with
SIRT1, 2, and 3 proteins expressed in E. coli are
shown in Fig. 2.

2.2.3. GST-tagged SIRT2
2.2.3.1. Plasmid. SIRT2 has also been expressed using a
GST fusion protein (N-terminal) using the same vector
(pGEX-4T3, Amersham) as described above for SIRT1.
The construct is transformed in E. coli BL21 (DE3) cells.

2.2.3.2. Procedure

• A single colony of transformed cells is inoculated
into 10 ml LB medium and allowed to incubate over-
night at 37 °C with vigorous shaking. The following
morning, the starter culture is used to inoculate 1 L
LB medium and the culture is allowed to grow at
37 °C with vigorous shaking until the absorbance at
600 nm reaches 0.6. The culture is then induced with
1 mM IPTG and allowed to grow for 4 h at 30 °C
with shaking.

Fig. 2. Measurement of HDAC activity associated with SIRT1, 2, and
3 expressed in E. coli. (A) The enzymatic activity of recombinant GST-
SIRT1, 6£ His-SIRT2 and 6£ His-SIRT3 on a 3H-acetylated histone
H4 peptide was measured in the presence 1 mM NAD+ at diVerent
concentrations of recombinant protein (rU D  relative units). (B) The
enzymatic activity of recombinant 6£ His-SIRT2 and 6£ His-SIRT3
on a 3H-acetylated histone H4 peptide was measured in the presence of
increasing concentrations of NAD+ (0, 1, 10, 100, 1000 �M). (C) The
activity of 6£ His-SIRT2 and 6£ His-SIRT3 on a 3H-acetylated his-
tone H4 peptide was measured in a range of pH [4–11] in the presence
of 1 mM NAD+.
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• The cells are harvested by centrifugation. The cell pel-
let is resuspended in 18 ml PBS, 1% Triton X-100, and
the cells are sonicated on ice (Wve 10 s bursts at 40%
power).

• Cell debris is removed by centrifugation and 300�l
glutathione– Sepharose 4B resin (equilibrated with
PBS containing Triton X-100) is added to the cleared
lysate. The resin is allowed to incubate with the lysate
at 4 °C for 30 min. Beads are washed twice with 10 ml
PBS–1% Triton X-100 followed by two washes with
PBS. The beads may be resuspended in PBS with 10%
glycerol and stored at ¡20 °C at this step or eluted as
described below.

• SIRT2 is eluted from the column with 5–10 column
volumes of the elution buVer (10 mM reduced gluta-
thione, pH 8.0). If removal of the GST tag is neces-
sary, fusion proteins may be cleaved with thrombin
either while bound to glutathione–Sepharose or in
solution after elution. To remove a GST tag after
elution of protein from the column, 10 U of thrombin
is added to 1 mg of eluted protein, and incubation is
allowed at room temperature for 2–16 h. To cleave
GST-SIRT2 bound to the column, 80 U of thrombin
is incubated with each ml of glutathione–Sepharose
bed volume, and incubation is allowed at room tem-
perature for 2–16 h. After incubation, three bed vol-
umes of PBS are added to the column to elute SIRT2.
Thrombin will co-elute with SIRT2 and maybe
removed by aYnity chromatography using a benzam-
idine–Sepharose column.

2.2.3.3. Notes

• High-level expression of SIRT2 has been achieved
with this procedure. The GST-SIRT2 fusion protein
puriWed by this procedure is >90% pure as deter-
mined by SDS–PAGE (not shown).

• We have observed that the enzymatic activity of
GST-SIRT2 is lower compared to the 6£ His-tagged
SIRT2 (data not shown). The larger size of the GST-
tag may interfere with the enzymatic activity of
SIRT2.

2.2.4. 6£ His-SIRT3
We previously reported that SIRT3 is proteolytically

processed after its import into the mitochondrial matrix
[9]. N-terminal sequencing of SIRT3 protein immuno-
precipitated from human cells established that the prote-
olytic processing of SIRT3 occurs between amino acids
Ser101 and Ile102 (B. Schwer and E. Verdin, unpub-
lished observations). Based on these results and the Wnd-
ing that in vitro-synthesized SIRT3 can be activated by
proteolytic processing [9], we constructed an expression
vector that expresses a truncated SIRT3 protein corre-
sponding to the mature SIRT3 protein detected in mam-
malian cells.
2.2.4.1. Plasmid. The region comprising the coding
sequence for SIRT3 amino acids 101–399 was cloned
into the bacterial expression vector pTrcHis (Invitrogen)
to yield an N-terminal 6£ His-tagged SIRT3, pTrcHis-
SIRT3101–399. In the following section the recombinant
6£ His-tagged SIRT3 protein expressed from pTrcHis-
SIRT3101–399 will be referred to as rSIRT3m, indicating
that it corresponds to the enzymatically active mature
SIRT3 protein.

2.2.4.2. Procedure

• To express rSIRT3m, the plasmid pTrcHis-
SIRT3101–399 is transformed into DH5� cells. The
rSIRT3m protein is puriWed under native conditions
by Ni–NTA aYnity chromatography (Qiagen). One
liter of transformed bacterial culture is grown in
LB–Amp to an absorbance of 0.6 (A600), induced
with 1 mM IPTG at 37 °C for 2 h, and pelleted.

• The pellet is resuspended in buVer (50 mM NaH2PO4,
pH 8.0, 300 NaCl, 10 mM imidazole-2 ml/g wet
weight) and incubated on ice for 30 min in the pres-
ence of 1 mg/ml lysozyme. This mixture is sonicated
on ice (four 10–15-s bursts at 40–60% power) and cen-
trifuged at 4 °C at 14,000g for 30 min.

• Supernatant (cleared lysate) is bound to Ni–NTA
resin (1 ml of 50% Ni–NTA slurry for 4 ml of cleared
lysate, batch method, Qiagen) on a rotary mixer at
4 °C for 60 min.

• The batch mixture is passed through a commercial
column (Polyprep, BioRad) and the Xow-through is
saved. The resin bed is washed twice with 4 ml buVer
(50 mM NaH2PO4, pH 8.0, 300 mM NaCl, and 20 mM
imidazole).

• Bound proteins are eluted four times with 0.5 ml of
elution buVer (50 mM NaH2PO4, pH 8.0, 300 mM
NaCl, and 250 mM imidazole). SDS–PAGE analysis
revealed that the second eluting fraction contains a
majority of recombinant protein along with contami-
nating proteins.

• Ion-exchange chromatography is used to further
purify the recombinant protein. The rSIRT3m
protein is concentrated and its buVer changed to
a new buVer (50 mM Tris–HCl, pH 8.0, 0.2 mM
DTT, 10% glycerol, and 50 mM NaCl) using a
spin concentration device (Vivaspin 6, MWCO 5000,
Vivascience) according to the manufacturer’s
instructions.

• After buVer exchange, protein is loaded on a
Sepharose Q column and washed with Wve column
volumes of ion-exchange buVer (50 mM Tris–HCl,
pH 8.0, 0.2 mM DTT, 10% glycerol, and 50 mM
NaCl).

• Recombinant SIRT3m is eluted with a linear gradi-
ent of 50–1000 mM NaCl in buVer (50 mM Tris–
HCl, pH 8.0, 0.2 mM DTT, and 10% glycerol).
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Under these conditions, SIRT3m elutes at »370 mM
NaCl.

• Peak fractions are pooled and concentrated using
Vivaspin concentrators (Vivascience, MWCO 5000).
Recombinant protein is aliquoted and stored at
¡20 °C in storage buVer (50 mM Tris–HCl, pH 8.0,
265 mM NaCl, 0.2 mM DTT, and 10% glycerol).

2.2.4.3. Notes

• This protocol yields an enzymatically active deace-
tylase with similar NAD2+ dependency and pH sen-
sitivity as recombinant SIRT2 (Fig. 2). As expected
for a class III protein deacetylase, rSIRT3m is inhib-
ited by nicotinamide (data not shown).

2.3. In vitro translated protein

As discussed above, SIRT3, the closest relative of
SIRT2, localizes to mitochondria [9,10]. After import
into the mitochondrial matrix, SIRT3 is proteolytically
processed and becomes activated as an NAD2+-depen-
dent protein deacetylase [9]. The activation process of
SIRT3 occurring within the mitochondrial matrix can be
reconstituted in vitro by incubation of in vitro synthe-
sized full-length SIRT3 with recombinant yeast mito-
chondrial processing peptidase (MPP). The following
section describes this protocol in  detail.

2.3.1. Procedure

• For in vitro synthesis of SIRT3 protein, the TNT
Coupled Reticulocyte Lysate System (Promega) is
used. All steps are carried out according to the man-
ufacturer’s instructions: 25 �l of TNT rabbit reticu-
locyte lysate is mixed with 2 �l of TNT reaction
buVer, 0.5 �l amino acid mixture minus leucine,
0.5 �l amino acid mixture minus methionine, 1 �l
RNasin ribonuclease inhibitor, 1 �g plasmid DNA
(pcDNA3.1+ expression vector containing the
SIRT3 cDNA downstream of T7 promoter), and 1 �l
TNT T7 RNA polymerase. The reaction is brought
to a total reaction volume of 50 �l with nuclease-free
water. The reaction is incubated at 30 °C for 60–
90 min.

• The in vitro-translated full-length SIRT3 protein is
incubated with recombinant yeast MPP in cleavage
buVer (1 mM dithiothreitol, 1 mM MnCl2, and
10 mM Hepes–KOH, pH 7.4) for 45 min at 27 °C.
A detailed protocol for the preparation and
puriWcation of bacterially expressed recombinant
yeast MPP has been reported [11]. If necessary, the
proteolytically processed and enzymatically active
SIRT3 is further puriWed by standard
chromatographic techniques or by immunoprecipi-
tation.
2.3.2. Notes

• Unprogrammed reticulocyte lysates contain a high
level of TSA-sensitive histone deacetylase activity.
Further puriWcation of the translated SIRT3 to mea-
sure its enzymatic activity is recommended. Alterna-
tively, it should be feasible to conduct the enzymatic
assay in the presence of TSA (1 �M), a speciWc inhib-
itor of class I and II HDACs.

• In vitro translated SIRT3 shows NAD+-dependent
deacetylase activity after processing by MPP
(Fig. 3). A mutant SIRT3 carrying a substitution
H248Y can be used to prove that the enzymatic
activity detected is originating from SIRT3 and not
from a contaminant from the reticulocyte lysate or
the MPP preparation. This mutant is processed by
MPP as eYciently as wild-type SIRT3, but remains
catalytically inactive after MPP processing (Fig. 3).

3. Enzymatic substrates and reaction

A large variety of substrates and assay systems have
been used to detect the deacetylase activity of class I,
II, and III enzymes. A recent method uses puriWed his-
tone acetyltransferase to acetylate isolated nucleosomes

Fig. 3. Proteolytic processing of SIRT3 by MPP leads to its enzymatic
activation. (A) SIRT3-Flag wild-type (WT) or the catalytically inac-
tive mutant SIRT3-H248Y-Flag (H248Y) was synthesized in vitro and
subsequently processed by recombinant yeast MPP. Flag-tagged pro-
teins were immunoprecipitated with anti-Flag M2-agarose beads and
analyzed for deacetylase activity with an acetylated H4 histone peptide
in the presence or absence of NAD+ (1 mM). (B) Western blot analysis
of immmunoprecipitates used in the deacetylase assay shown in (A)
indicates that both proteins are processed in the presence of MPP.
Adapted with modiWcations from [9].
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in vitro with high speciWc activity [12]. This method
oVers the signiWcant advantage of a physiologically rel-
evant substrate (chromatin) and should prove useful
for examining the activity of HDACs on their natural
substrates. A variety of novel nonradioactive assays,
based on Xuorescent oligopeptides [13,14] or on an
acetylated lysine derivative [15,16], have been devel-
oped recently. Since an extensive description of these
substrates is beyond the scope of this review, we
describe a sensitive assay using a peptide correspond-
ing to the N-terminal extremity of histone H4 acety-
lated in vitro.

3.1. Histone substrate procedure

• Immunoprecipitated material and recombinant
SIRT2 are resuspended in 100 �l of SIRT2 deacetyl-
ase buVer (50 mM Tris–HCl, pH 9.0, 4 mM MgCl2,
and 0.2 mM DTT) and 10,000 cpm of [3H]histone H4
peptide substrate. This substrate is prepared by
in vitro acetylation of a histone H4 N-terminal pep-
tide (amino acids 1–25) with radiolabeled acetylCoA
and recombinant PCAF.

• Enzymatic reactions are started by adding NAD+

are incubated for 2 h at room temperature with agi-
tation and are stopped by adding 25 �l of 100 mM
HCl and 160 mM acetic acid. Released acetate is
extracted in 500 �l ethyl acetate by vortexing for
15 s. After centrifugation at 14,000g for 5 min, 400 �l
of the ethyl acetate fraction is mixed with 5 ml of
scintillation Xuid and counted.

3.2. Notes

• The product of the enzymatic reaction catalyzed by
class III HDAC is not acetate but acetylADP ribose
[17]. It is therefore not entirely clear why the acetate
release assay described above functions with these
enzymes. Free acetate may be released from acety-
lADP ribose under these acidic experimental condi-
tions.

3.3. Nonhistone protein enzymatic assays for class III 
HDACs

Sirtuins target nonhistone proteins for deacetylation
[4]. Furthermore, the localization of SIRT3 in the mito-
chondrial matrix also implies that this enzyme targets a
nonhistone substrate in that organelle. Interestingly,
SIRT4, 5, 6, and 7 have little detectable activity on a his-
tone peptide substrate (see Fig. 1), an observation that
could indicate that they either target nonhistone proteins
for deacetylation or function primarily as ADP-ribo-
syltransferases, as recently documented for a trypano-
some sirtuin [7]. Given the documented ability of sirtuins
to deacetylate nonhistone proteins, we describe the har-
vesting of known sirtuin targets in an acetylated state for
use in in vitro deacetylation reactions below.

Acetylated proteins can be detected either by pulse
labeling of living cells with radiolabeled acetate or by
Western blotting with antibodies speciWc for the acety-
lated state. The latter procedure can be performed either
with a nonspeciWc antiacetylated lysine antiserum or
with an antiserum speciWc for the acetylated form of a
given protein. Such antibodies have been developed for a
number of acetylated proteins and represent the most
convenient reagents to study acetylation. However, anti-
acetylated lysine antisera represent an excellent alterna-
tive, in particular if the protein of interest is abundant or
if it can be immunoprecipitated using another speciWc
antiserum. The relative abundance of the protein in con-
junction with the detection method available will dictate
whether prior immunoprecipitation of the target is nec-
essary. For instance, tubulin is a highly abundant acety-
lated protein that is targeted for deacetylation by SIRT2.
An antiserum speciWc for anti-acetylated tubulin is avail-
able and allows for the direct detection of acetylated
tubulin without any immunoprecipitation step.
However, less abundant proteins may require immuno-
precipitation of either the endogenous protein or of epi-
tope-tagged proteins to enhance the detection of the
acetylated form. Tubulin is discussed below as an exam-
ple of a highly abundant protein for which a speciWc
acetylated tubulin antibody is available. The sirtuin to be
used in the assay can be either puriWed recombinant or
immunoprecipitated from transfected cell culture sys-
tems as described above.

3.3.1. Procedure

• Cells are lysed in buVer (50 mM Tris–HCl, pH 7.5,
0.5 mM EDTA, 0.5% NP-40, and 150 mM NaCl) and
the Wnal protein concentration is adjusted to 10 mg/
ml.

• The sirtuin immunoprecipitated material or recom-
binant protein is mixed with 50 �g of cell lysate (con-
taining the acetylated tubulin substrate) and 1 mM
NAD+ in a Wnal volume of 100 �l (50 mM Tris–HCl,
pH 9.0, 4 mM MgCl2, and 0.2 mM DTT). NAD+ is
added last to initiate the reaction. Reactions are car-
ried out at room temperature for 2 h on a vortex
shaker and stopped by addition of 20 �l 6£ SDS–
PAGE buVer. If an immunoprecipitated sirtuin is
used, the beads are pelleted by centrifugation at
14,000g for 10 min, 10–20 �l of the supernatant is
separated on two SDS–PAGE gels that are trans-
ferred to nitrocellulose membranes. One membrane
is probed with the anti-acetylated tubulin antibody
(Clone 6-11B-1, Sigma) to detect acetylated tubulin,
and the other membrane is probed with anti-tubulin
antibody to control for equal loading of tubulin
across reactions. (Fig. 1).
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3.3.2. Notes

• If the level of tubulin acetylation is low (this
depends on cell type), pretreatment of cells for 2 h
with 400 nM trichostatin A (TSA) will cause signiW-

cant tubulin hyperacetylation due to inhibition of
HDAC6, which also deacetylates tubulin. However,
TSA will not aVect SIRT enzymatic activity, since
sirtuins are insensitive to TSA.

• This protocol can be adapted to the study of other
acetylated proteins. For less abundant targets, or when
an anti-acetyl-lysine antibody is used to detect the acet-
ylated protein, it is recommended that the target pro-
tein be immunoprecipitated before the enzymatic assay.

• There are a number of commercially available anti-
acetylated lysine antibodies. We recommend testing
a new potential acetylated protein with several anti-
bodies since each antibody recognizes diVerent acet-
ylated proteins with diVerent eYciencies. If the level
of acetylation is low, treatment of cells with nicotin-
amide (20 mM) or TSA (400 nM), or both, for 16 h
before harvest and immunoprecipitation is likely to
increase the amount of acetylated protein in the
lysate signiWcantly.
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