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The yeast Sir2 protein regulates epigenetic gene si-
encing and as a possible antiaging effect it suppresses
ecombination of rDNA. Studies involving cobB, a bac-
erial SIR2-like gene, have suggested it could encode a
yridine nucleotide transferase. Here five human sir-
uin cDNAs are characterized. The SIRT1 sequence
as the closest homology to the S. cerevisiae Sir2p. The
IRT4 and SIRT5 sirtuins more closely resemble pro-
aryotic sirtuin sequences. The five human sirtuins
re widely expressed in fetal and adult tissues. Recom-
inant E. coli cobT and cobB proteins each showed a
eak NAD-dependent mono-ADP-ribosyltransferase
ctivity using 5,6-dimethylbenzimidazole as a sub-
trate. Recombinant E. coli cobB and human SIRT2
irtuin proteins were able to cause radioactivity to be
ransfered from [32P]NAD to bovine serum albumin
BSA). When a conserved histidine within the human
IRT2 sirtuin was converted to a tyrosine, the mutant
ecombinant protein was unable to transfer radioac-
ivity from [32P]NAD to BSA. These results suggest that
he sirtuins may function via mono-ADP-ribosylation
f proteins. © 1999 Academic Press

Epigenetic mechanisms create and maintain regions
f a structurally altered form of chromatin called het-
rochromatin in which genes are largely silenced.
ome components of the epigenetic regulatory appara-
us such as Sir2 and proteins with SET-domains and
hromo-domains have been highly conserved during
he evolution of eukaryotes (1–3). In Saccharomyces
erevisiae, Sir2p participates in the establishment and
aintenance of a heterochromatin-like state of sup-

ression of genes located within or adjacent to the
ilent HM mating type loci, the telomeres, and the

1 To whom correspondence should be addressed. Fax: 412-688-
872. E-mail: frye01@pitt.edu.
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ucleolar chromatin (4–6). The other three Sir (Silent
nformation regulator) proteins (Sir1p, Sir3p, and
ir4p) function by controlling the distribution of Sir2p;
hey form multimeric complexes with Sir2p and target
ir2p to specific chromatin sites (4, 5, 7, 8). In addition
o these epigenetic gene-silencing effects, the yeast
ir2p functions in Ku-dependent double-strand DNA
reak repair and telomere maintenance (9, 10). Fur-
hermore the yeast Sir2p suppresses recombination of
ucleolar DNA and this could represent an antiaging
ffect (11–13).
Sir2-like proteins (sirtuins) are present in pro-

aryotes and in all eukaryotes including mammals (1).
tudies in Salmonella typhimurium have shown that
he CobB gene (a SIR2-like gene) enables bacteria with
oss of function mutations in the CobT gene to survive
14). The CobT gene encodes nicotinate mononucleo-
ide:5,6-dimethylbenzimidazole phosphoribosyltrans-
erase, an enzyme that transfers the 5-phospho-a-D-
ibosyl moiety from nicotinate mononucleotide onto
,6-dimethylbenzimidazole; this produces N1-(5-phospho-
-D-ribosyl)-5,6-dimethylbenzimidazole (also called a-
ibazole-59-phosphate), a precursor for the nucleotide
oop assembly step in cobalamin biosynthesis (15, 16).
ecause the CobT enzyme acts as a pyridine nucleotide

ransferase enzyme and because the CobB protein ap-
ears to be able to compensate for loss of function of
obT this raises the possibility that the CobB protein
ay perform some type of pyridine nucleotide trans-

erase function.
In this paper five human Sir2-like cDNAs are de-

cribed and these sirtuin-encoding genes are found to
e widely expressed. The E. coli CobB sirtuin is shown
o have weak NAD-dependent ADP-ribosyltransferase
ctivity using 5,6-dimethylbenzimidazole as a sub-
trate. Purified recombinant E. coli CobB sirtuin and
he human SIRT2 sirtuin are each able to cause bovine
erum albumin (BSA) to be labeled in the presence of
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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P]NAD and alteration of a conserved histidine
esidue in SIRT2 sirtuin abrogates this reaction;
hese results suggest that sirtuins may function by
tilizing NAD to modify substrate proteins via ADP-
ibosylation.

ATERIALS AND METHODS

Characterization of human sirtuin cDNAs. The S. cerevisiae Sir2
mino acid sequence was used to probe the GenBank EST databank
nd fragments from five different human cDNAs were obtained. To
acilitate analysis of the numerous human sirtuin cDNA EST frag-

ents, the “EST assembly machine” (http://gcg.tigem.it/cgi-bin/
niestass.pl) and “ESTblast” (http://www.hgmp.mrc.ac.uk/ESTBlast/)
rograms were utilized. SIRT1 had only scant fragments repre-
ented in the EST databank and this cDNA was cloned by PCR from
he human testis Marathon cDNA library using the Marathon AP1
rimer and sense and antisense primers derived from the EST se-
uence AA461259. For all five SIRT cDNAs the sequence of the
oding sequence was verified by sequencing clones from Clontech
arathon or MTC cDNAs obtained using the high fidelity poly-
erases Advantage-HF, (Clontech) or pfu-Turbo, (Stratogene) to

roduce amplicons which were subcloned into the TOPO TA pCR2.1
ector (Invitrogen). The pattern of expression of sirtuin genes in
arious fetal and adult human tissues was characterized with mul-
iple tissue cDNA (MTC) panels (Clontech). For this experiment the
uman sirtuin PCR primers were designed to generate amplicons in
he range of 500 to 600 bp. Primers used correspond to the following
DNA sequence intervals (sense, antisense): SIRT1(1021–1045,
559–1585), SIRT2 (698–723, 1210–1232), SIRT3 (800–825, 1283–
307), SIRT4 (457–482, 951–972), and SIRT5 (701–726, 1247–1273).
ilot experiments were done to establish appropriate numbers of
CR cycles for each cDNA in order to achieve a sensitive dynamic
ange of band intensity.

Expression of recombinant proteins. The pHEX vector is a modi-
ed form of Pharmacia’s pGEX-2T vector in which the GST-encoding
equence was replaced with a hexahistidine-encoding sequence;
ence the recombinant proteins expressed in this vector contain the
-terminal sequence MSPIHHHHHHGS fused to the native se-
uence. Primers (the sense primers incorporated BamH1 sites up-
tream of the ATG start codons) were used to amplify the full coding
equences of E. coli CobB sirtuin (GenBank AE000212) and E. coli
obT (GenBank U33333) genes and the human SIRT2 cDNA. These
mplicons were subcloned into TOPO TA pCR2.1 from which the
amH1-EcoR1 cDNA inserts were ligated into the pHEX vector.
he site-directed mutagenesis of the SIRT2 cDNA was done using
verlap extension PCR and confirmed by sequencing the TOPO TA
CR2.1-subcloned mutated cDNA. Bacteria (TOP10F’) were induced
ith 0.5 mM isopropyl b-D-thiogalactopyranoside (IPTG) for 3 hr

hen pelleted and lysed with BPER solution (Pierce). After centrifu-
ation of the lysate, the supernatant was applied to a Ni-
itrilotriacetic acid (Ni-NTA) agarose (Qiagen) column, it was rinsed
nd eluted with a gradient of imidazole. Fractions containing puri-
ed recombinant proteins were concentrated by ultrafiltration, de-
alted by gel filtration, and after BCA protein assay (Pierce) dithio-
hreitol was added and the recombinant proteins were aliquoted and
tored at 280°C in 10 mM DTT, 10 mM Tris pH 7.5 buffer.

TLC assay of pyridine nucleotide metabolism. The assay buffer
as 50 mM glycine/KOH buffer (pH 9.0), 10 mM DTT, 0.5 mg/ml
istone (Sigma cat. # H4380). The pyridine nucleotides (Sigma) and
he 5,6-dimethylbenzimidazole (Sigma) were present at 5 mM, the
,6-dimethylbenzimidazole was added added from a 0.5 M solution in
e2SO. The assay volume was 20 ml and after addition of 0.5 mg of

nzyme (cobT or sirtuins) incubation was at 37°C for 3 hr. For thin
ayer chromatography 10 3 20 cm silica gel HPTLC plates with
uourescent indicator (Whatman) were used with a solvent system of
274
ssay sample, the plates were run for 30 min. The plates were
xamined and photographed under short wave UV illumination.

Protein ADP-ribosylation assay. The assay buffers contained 10
M DTT and 50 mM Tris/HCl (pH 8.0) or 50 mM glycine/KOH (pH

.0). The assay volume was 10 ml, 5 mM NAD, with [32P]NAD 2.5 mCi
er sample, and bovine serum albumin (Sigma cat. # A3803) present
t 0.5 mg/ml. After addition of recombinant cobT or sirtuin proteins
0.5 mg/sample) incubation was at 37°C for 1 hr. Laemmli gel-loading
uffer was added and after heating to 90°C for 5 min the samples
ere separated on 12% SDS–PAGE gels and autoradiography (over-
ight exposure with no intensifying screen) was performed on the
ndried gel.

ESULTS

Identification, characterization, and pattern of ex-
ression of human sirtuin cDNAs. To identify cDNAs
hat encode human Sir2-like proteins a combination of
n silico and PCR-cloning techniques was used to ob-
ain cDNA sequences of five human sirtuin genes
IRT1 (GenBank accession number AF083106), SIRT2

AF083107), SIRT3 (AF083108), SIRT4 (AF083109),
nd SIRT5 (AF083110). Regarding the SIRT2 gene
roduct, partial rat and human amino acid sequences
ave previously been described (1). EST sequence frag-
ents of the SIRT1 cDNA have been grouped as the
nigene cluster Hs.42587 and mapped to chromosome
0. EST sequence fragments of the SIRT2 cDNA have
een grouped as the Unigene cluster Hs.112306 and
apped to chromosome 19q. The SIRT3 gene is con-

ained within the yac clone AF015416 from chromo-
ome 11p15.5 region and the SIRT4 gene is contained
ithin yac clone AC003982 from chromosome 12q.
PCR analysis of gene expression in multiple tissues

howed that the five sirtuin genes are widely expressed
n fetal and adult human tissues (Fig. 1). The five
uman sirtuin proteins vary in Mr from 33,881 (SIRT5)
o 61,957 (SIRT1) and each contains a domain homol-
gous to a sequence present in Sir2 proteins of S.
erevisiae, C. elegans and Drosophila (Fig. 2). SIRT1
ppears to be the human homologue of yeast SIR2
ecause of the five human sirtuins, it is the one with
he closest amino acid sequence homology to Sir2 (Fig.
). Furthermore the human SIRT1 protein contains a
otential nuclear localization signal (KRKKRK) in
mino acids 41-46; this is consonant with the known
ntranuclear localization of the yeast Sir2p. The
IRT1, SIRT2, and SIRT3 proteins are each more sim-

lar to the yeast Sir2 protein than are the SIRT4 and
IRT5 proteins (Fig. 2). The SIRT4 and SIRT5 se-
uences strongly resemble prokaryotic sirtuin se-
uences including the sirtuins encoded by the cobB
enes of E. coli and S. typhimurium (Fig. 3).

Pyridine nucleotide transferase activity of E. coli
obT and CobB using 5, 6-dimethylbenzimidazole
s a substrate. The cobB gene was identified in
enetic experiments that demonstrated that cobB
ould partially substitute for the function of cobT, the
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ene for nicotinic acid mononucleotide:5,6-dimeth-
lbenzimidazole phosphoribosyltransferase (14, 17).
he cobT-encoded enzyme transfers phosphoribose

PR) from the donor molecule, nicotinic acid mono-
ucleotide (NaMN), to the acceptor molecule, 5,6-
imethylbenzimidazole (DMB), to form the product N1-
5-phospho-a-D-ribosyl)-5,6-dimethylbenzimidazole
PR-DMB), a compound that is required for the synthe-
is of cobalamin (15, 16). This notion that cobB may
ncode a protein with pyridine nucleotide transferase
ctivity combined with the fact that cobB is a sirtuin,
aised the possibility that sirtuins might perform some
ype of transferase activity that utilizes pyridine nu-
leotides as donor molecules.

To test this hypothesis, three recombinant hexa-
istidine-tagged proteins were expressed and purified:
he E. coli cobT, the E. coli cobB sirtuin, and the human
IRT2 sirtuin. In assays utilizing DMB as a substrate,
ll four major types of pyridine nucleotides (nicotinate
ononucleotide, NaMN; nicotinamide mononucleotide,
MN; nicotinate adenine dinucleotide, NaAD; and nic-

tinamide adenine dinucleotide, NAD) were tested as
otential donor molecules. As expected from prior work
one with the S. typhimurium cobT enzyme (16), the E.
oli cobT gene product was able to transfer PR from
aMN or from NMN to form the product PR-DMB (Fig.
). Interestingly, the E. coli cobT enzyme was also able

FIG. 1. Expression of human sirtuin genes in normal adult an
Clontech MTC panels) pre-normalized for six housekeeping gene
enerate bands within a sensitive dynamic range of signal intensity
IRT2 (32 cycles), SIRT3 (32 cycles), SIRT4 (32 cycles), SIRT5 (32 c
275
o act as a mono-ADP-ribosyltransferase. The cobT en-
yme used NaAD (efficiently) and NAD (much less
fficiently) as donor molecules to transfer ADP-ribose
ADPR) onto DMB to form ADPR-DMB (Fig. 4). At a
ow level of efficiency the E. coli cobB sirtuin was also
ble to act as a mono-ADP-ribosyltransferase by utiliz-
ng NAD to form trace amounts of the ADPR-DMB
roduct (Fig. 4).

Protein ADP-ribosylation activity of the E. coli cobB
irtuin and the human SIRT2 sirtuin. To determine if
irtuins could possibly represent protein ADP-ribosyl-
ransferases, the E. coli cobB sirtuin and the human
IRT2 sirtuin proteins were incubated with [32P]NAD
nd bovine serum albumin (BSA). This resulted in
ransfer of label from the [32P]NAD to the BSA protein
Fig. 5A). The E. coli cobT protein and heat denatured
. coli cobB and human SIRT2 sirtuin proteins were
nable to transfer label to the BSA (Fig. 5A). To gain
urther assurance that this protein ADP-ribosylation
as a specific sirtuin-mediated effect, site-directed mu-

agenesis was used to generate a point mutation that
ltered a conserved histidine residue in the human
IRT2 sirtuin. Near the middle of the sirtuin homology
omain the residues “HG” are present in all eukaryotic
nd prokaryotic sirtuins (Figs. 2, 3). This histidine at
odon 171 of SIRT2 was converted to a tyrosine. The

etal tissues. PCR was performed on tissue specific cDNA samples
ncluding glyceraldehyde phosphate dehydrogenase (GAPDH). To
e number of PCR cycles was adjusted as follows: SIRT1 (36 cycles),
s), and GAPDH (23 cycles).
d f
s i
th

ycle
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ild type SIRT2 and the H171Y-SIRT2 showed identical
evels of IPTG-induced expression in E. coli and the
wo proteins were purified in parallel under identical
onditions. Whereas the wild type SIRT2 protein trans-
ered label from the [32P]NAD onto the BSA, the H171Y-
IRT2 was unable to catalyze this reaction (Fig. 5B).
he sirtuin-mediated labeling of BSA is enhanced at
n alkaline pH and in the presence of salt (Fig. 5B).

ISCUSSION

The yeast Sir2 protein contains a domain comprising
pproximately 275 amino acid residues that is con-
erved in Sir2-like proteins (sirtuins) found in both

FIG. 2. Comparison of the yeast Sir2 protein sequence with nema
nd Drosophila Sir2 proteins are compared with the five human sir
omains are shaded dark. The sequence-predicted molecular mass o
omology domains of the sirtuin proteins. The conserved “HG” is des
ir2-like proteins (1), are designated with overlying dashed lines. Ge
. melanogaster AF068758.
276
rokaryotes and eukaryotes (1). Here it is shown that
here are at least five human sirtuin genes, of these
ve human sirtuins the SIRT1 sirtuin shows the most
imilarity to the yeast Sir2 protein. The SIRT4 and
IRT5 sirtuins are quite similar to prokaryotic sir-
uins. All of the sirtuin proteins contain the ;275
esidue sirtuin homology domain. In many instances a
ighly conserved protein domain represents a con-
erved functional binding site for a metabolite or bio-
olecule and such conserved binding site domains are

ften found within enzymatic catalytic domains. Pre-
ious genetic studies (14, 17) of the cobalamin synthe-
is pathway in S. typhimurium have shown that the
obB gene (a SIR2-like gene) can compensate for loss
f function mutations in the CobT gene (a gene that

e, fruitfly, and human Sir2-like proteins. (A)S. cerevisiae, C. elegans,
s SIRT1, SIRT2, SIRT3, SIRT4, and SIRT5. The sirtuin homology
ch protein is noted. (B) The amino acid sequences from the sirtuin
ated (*). The putative zinc finger domain motifs previously noted in
nk accession numbers are: S. cerevisiae Z74090, C. elegans Z70310,
tod
tuin
f ea
ign
nBa
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ncodes the enzyme nicotinate mononucleotide:5,6-di-
ethylbenzimidazole phosphoribosyltransferase); this
as raised the possibility that sirtuins are enzymes
ith pyridine nucleotide transferase activity. My ex-
eriments indicated that E. coli CobB sirtuin is unable
o duplicate the previously described enzymatic activ-
ty of CobT (i.e., the transfer of the 5-phospho-a-D-
ibosyl moiety from nicotinate mononucleotide onto
,6-dimethylbenzimidazole); instead CobB showed a
eak ability to transfer the ADP-ribosyl moiety from
AD onto 5,6-dimethylbenzimidazole. Thus CobB
ay represent an NAD-dependent mono-ADP-ribosyl-

ransferase. Because CobB shows only a low level of
DP-ribosyltransferase activity with 5,6-dimethyl-
enzimidazole as a substrate, it is unlikely that 5,6-
imethylbenzimidazole represents the physiological
arget of the CobB protein’s NAD dependent mono-
DP-ribosyltransferase activity. Work on the cobB
ene in Salmonella has indicated that the actual phys-
ological function of cobB is probably unrelated to the

FIG. 3. Protein sequence of human SIRT4 and human SIRT5 co
ere obtained from GenBank: Pyrococcus horikoshii AB009498, A
E000776, Mycobacterium tuberculosis Z95584, Escherichia coli AE0
32103, Bacillus subtilis Z99109.
mpared with prokaryotic sirtuin sequences. The prokaryotic sequences
rchaeoglobus fulgidus 1- AE000987 2- AE001098, Aquifex aeolicus

00212, Salmonella typhimurium (cobB) U89687, Staphylococcus aureus
277
FIG. 4. Transfer of phosphoribose from pyridine mononucleo-
ides (left panel) or ADP-ribose from pyridine dinucleotides (right
anel) to 5,6-dimethylbenzimidazole (DMB). No enzyme added
lanes 1, 5, 9, 13), E. coli cobT-protein (lanes 2, 6, 10, 14), E. coli cobB
irtuin (lanes 3, 7, 11, 15), and the human SIRT2 sirtuin (lanes 4, 8,
2, 16). Purified recombinant hexahistidine-tagged proteins were
ncubated with 5 mM DMB, and 5 mM pyridine nucleotide (nicoti-
ate mononucleotide, NaMN; nicotinamide mononucleotide, NMN;
icotinate adenine dinucleotide, NaAD; or nicotinamide adenine
inucleotide, NAD) for 3 hr, samples were then separated by TLC.
he free DMB and the released nicotinate and nicotinamide com-
rise the bands near the top edge of the figure.



c
i
c
p
b
j
p
l
c
n
w
r
r
r
a
t
k
g
h
r
s
i
e
e
o
A

l
a
s
m
fi
t
a

s
f
c
b
s
i
r
A
t
l
r

r
r
t
i
A
r
c
d
i
a
f
t
A
r
A
s
m
i
a
t
t
a

A

b

R

[
w
R
1
S
s
R
(
5
h

Vol. 260, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
obalamin precursor synthesis reaction, instead cobB
s thought to function as a regulator of the propionate
atabolism pathway (17). The yeast Sir2 protein ap-
ears to act as a modulator of chromatin that regulates
oth epigenetic gene silencing and nonhomologous end
oining of double-strand DNA breaks (9, 11). Thus both
rokaryotic and eukaryotic sirtuins appear to be regu-
atory proteins. Regulatory proteins often function by
ovalently modifying other proteins, e.g., protein ki-
ases and protein acetyltransferases. One process by
hich proteins can be covalently modified is via ADP-

ibosylation, this can occur either by poly-ADP-
ibosylation or by mono-ADP-ribosylation. Poly-ADP-
ibose polymerases (PARPs) are absent in prokaryotes
nd yeast but multiple PARPs that share homology in
heir catalytic domain have been found in higher eu-
aryotes, e.g., mammals have at least three PARP-like
enes (18). However these PARP-like enzymes show no
omology to sirtuin sequences. Protein mono-ADP-
ibosylation is a potential mechanism for intracellular
ignal transduction and regulation of protein function
n both prokaryotes and eukaryotes. The cloning of
ukaryotic intracellular mono-ADP-ribosyltransferase
nzymes has not yet been reported despite the cloning
f several eukaryotic genes for extracellular mono-
DP-ribosyltransferases (19).
The sirtuin sequences available from prokaryotes,

ower eukaryotes and the five human sirtuin cDNAs all
ppear to encode intracellular proteins as no signal
equences for protein export or transmembrane do-
ains are seen. In an in vitro assay, addition of puri-
ed recombinant CobB sirtuin and human SIRT2 sir-
uin caused transfer of radioactivity from [32P]NAD to
protein (bovine serum albumin). This suggests that

FIG. 5. Labeling of bovine serum albumin in the presence of
32P]NAD by E. coli cobB sirtuin and human SIRT2 sirtuin. Samples
ere separated by 12% SDS–PAGE followed by autoradiograpy. (A)
eaction buffer of pH 8.0 used. No recombinant protein added (lane
), E. coli cobT enzyme (lane 2), E. coli cobB sirtuin (lane 3), human
IRT2 sirtuin (lane 4), heat denatured (5 min at 90°C) E. coli cobB
irtuin (lane 5), heat denatured human SIRT2 sirtuin (lane 6). (B)
eaction buffer of pH 9.0 used with absence (lanes 1-4) or presence

lanes 5-8) of 200 mM NaCl. No recombinant protein added (lanes 1,
), E. coli cobB sirtuin (lanes 2, 6), human SIRT2 sirtuin (lanes 3, 7),
uman H171Y SIRT2 sirtuin (lanes 4, 8).
278
irtuins might have protein mono-ADP-ribosyltrans-
erase activity; however firm proof of this will require
haracterization of the molecular structure of the la-
eled adduct(s) within the sirtuin-labeled protein sub-
trate. A point mutation of the human SIRT2 sirtuin,
n which a conserved histidine was converted to a ty-
osine residue, resulted in abrogation of this putative
DP-ribosyltransferase activity. These results suggest

hat the sirtuins could represent a family of intracel-
ular regulatory proteins that function as mono-ADP-
ibosyltransferases.
Little is known concerning the structure, function, or

egulation of intracellular mammalian mono-ADP-
ibosyltransferases. In addition to the well known ac-
ivation of poly-ADP-ribosylation, DNA damage repair
n mammalian cells is associated with increased mono-
DP-ribosylation of nuclear proteins (20, 21). Some
ecent studies have indicated that mammalian cells
ontain a cytoplasmic brefeldin A-activated NAD-
ependent protein mono-ADP-ribosyltransferase activ-
ty that can affect the function of the Golgi membrane
pparatus (22, 23). The ADP-riboslylation factor (ARF)
amily of G-proteins are regulated by guanine nucleo-
ide exchange proteins called ARF-GEPs and brefeldin

may directly interact with some ARF-GEPs (24). It
emains to be determined if the cytoplasmic brefeldin
-activated protein mono-ADP-ribosyltransferase is a
irtuin protein. Further investigation of sirtuin-
ediated NAD-dependent protein modification, includ-

ng the identification of intracellular proteins which
re physiological substrates for modification by sir-
uins, could lead to a more complete understanding of
he function of sir2-like proteins in both prokaryotic
nd eukaryotic organisms.
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