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ABSTRACT: Sir2 NAD+-dependent protein deacetylases are implicated in a variety of cellular processes
such as apoptosis, gene silencing, life-span regulation, and fatty acid metabolism. Despite this, there have
been relatively few investigations into the detailed chemical mechanism. Sir2 proteins (sirtuins) catalyze
the chemical conversion of NAD+ and acetylated lysine to nicotinamide, deacetylated lysine, and 2′-O-
acetyl-ADP-ribose (OAADPr). In this study, Sir2-catalyzed reactions are shown to transfer an18O label
from the peptide acetyl group to the ribose 1′-position of OAADPr, providing direct evidence for the
formation of a covalentR-1′-O-alkylamidate, whose existence is further supported by the observed
methanolysis of theR-1′-O-alkylamidate intermediate to yieldâ-1′-O-methyl-ADP-ribose in a Sir2 histidine-
to-alanine mutant. This conserved histidine (His-135 in HST2) activates the ribose 2′-hydroxyl for attack
on theR-1′-O-alkylamidate. The histidine mutant is stalled at the intermediate, allowing water and other
alcohols to compete kinetically with the attacking 2′-hydroxyl. Measurement of the pH dependence of
kcat andkcat/Km values for both wild-type and histidine-to-alanine mutant enzymes confirms roles of this
residue in NAD+ binding and in general-base activation of the 2′-hydroxyl. Also, transfer of an18O label
from water to the carbonyl oxygen of the acetyl group inOAADPr is consistent with water addition to
the proposed 1′,2′-cyclic intermediate formed after 2′-hydroxyl attack on theR-1′-O-alkylamidate. The
effect of pH and of solvent viscosity on thekcat values suggests that final product release is rate-limiting
in the wild-type enzyme. Implications of this new evidence on the mechanisms of deacetylation and possible
ADP-ribosylation catalyzed by Sir2 deacetylases are discussed.

The growing interest in the silent information regulator 2
(Sir21 or sirtuin) family of proteins lies in their involvement
in a rapidly expanding list of cellular processes including
gene silencing (1, 2), cell cycle regulation (3), fatty acid
metabolism (4), apoptosis (5-7), and life-span extension (8-
10). Conserved among all forms of life with five homologues
in yeast (ySir2 and HST1-4) and seven in humans (SIRT1-
7) (11, 12), most sirtuins display NAD+-dependent protein
deacetylase activity (13-16). SIRT1 has received the most
attention and is reported to deacetylate a growing number
of substrates including PGC-1R (17, 18), FOXO proteins
(19-21), and HIV Tat protein (22), suggesting its involve-
ment in a broad range of biological processes such as glucose
homeostasis, cell survival under stress, and HIV transcription.
In contrast to the primarily nuclear SIRT1, SIRT2 is localized
to the cytoplasm where it can deacetylateR-tubulin (23),

and SIRT3, SIRT4, and SIRT5 are located in the mitochon-
drial matrix (24-26), but knowledge of their cellular targets
is uncertain. The other human homologues, SIRT6 and
SIRT7, are found in the nucleus (24), where SIRT6 is
reported to possess ADP-ribosyltransferase activity (27).

The majority of Sir2 homologues are protein deacetylases
catalyzing the conversion of NAD+ and an acetylated lysine
residue to nicotinamide, the corresponding deacetylated
lysine residue, and 2′-O-acetyl-ADP-ribose (OAADPr)
(Scheme 1) (28-30). This mechanism differs from that of
class I and II histone deacetylases (HDACs), in which an
active site zinc directs hydrolysis of the acetylated lysine
residues to acetate and free lysine (31). This unusual
consumption of NAD+ in sirtuins (class III HDACs) with
linked generation of the novel productOAADPr has led to
the idea thatOAADPr possesses unique biological properties
whose cellular levels may be tightly regulated (32). Indeed,
OAADPr was shown to be metabolized by a variety of cell
extracts (33, 34). In more recent evidence,OAADPr was
shown to bind specifically to the histone splice variant macro
H2A1.1 (35) and to induce formation of the yeast Sir2/Sir3/
Sir4 complex in vitro (36).

The growing list of reported Sir2 substrates and the
generation of the potential secondary messenger,OAADPr,
has led to increased efforts to elucidate the molecular basis
of Sir2-catalyzed deacetylation. Previously, kinetic analyses
have shown that Sir2 deacetylases follow a sequential
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mechanism in which acetylated protein and then NAD+ bind
to form a ternary complex before chemical catalysis occurs
in two kinetically distinct steps (37). In the initial chemical
step, nicotinamide is released upon formation of an enzyme-
ADP-ribose-acetylated protein intermediate, which has been
postulated to be anR-1′-O-alkylamidate (Scheme 1) (28-
30). One line of evidence for anR-1′-O-alkylamidate is the
ability of nicotinamide, a potent product inhibitor (15, 16,
38-40), to rapidly react with the enzyme-ADP-ribose-
acetylated protein intermediate, regenerating NAD+ and
acetylated protein by a process dubbed the nicotinamide
exchange (or transglycosidation) reaction (39, 40). In addi-
tion, the 2′-hydroxyl of NAD+ does not play a significant
role in the first chemical step since replacement with fluorine
results in only a slight decrease in the nicotinamide exchange
rate (39). This suggested that the initial step occurs exclu-
sively about the 1′-position and that the acetylated lysine
carbonyl oxygen acts as a nucleophile directly displacing
nicotinamide. However, little evidence has been presented
to support this hypothesis. In the second chemical step, the
acetyl group is transferred to the ADP-ribose portion of
NAD+. It is believed that an active site histidine acts as the
general base, activating the 2′-hydroxyl for acetyl transfer,
but direct evidence for this is also lacking.

Here, we report direct evidence supporting the nucleophilic
attack of the acetyllysine oxygen at theR face of the
nicotinamide ribose to form a covalentR-1′-O-alkylamidate
intermediate. In addition, we provide biochemical evidence
for the role of the active site histidine as a general base and
for the identity of the rate-limiting step in Sir2 catalysis. The
implications of these findings on both the mechanism of

deacetylation and the potential mechanism of ADP-ribosy-
lation are discussed.

EXPERIMENTAL PROCEDURES

Materials and Methods.Synthetic 11-mer H3 peptide and
acetylated H3 peptide (AcH3), corresponding to the 11 amino
acids surrounding and including lysine-14 of the histone H3
N-terminal tail, H2N-KSTGGK(Ac)APRKQ-CONH2, were
purchased from the University of WisconsinsMadison
peptide synthesis center,3H-labeled acetyl H3 peptide (3H-
AcH3) was synthesized enzymatically from the 11-mer H3
peptide as previously reported (33). 18O-Labeled water was
purchased from Cambridge Isotope Laboratories, Inc. (An-
dover, MA). All other chemicals used were of the highest
purity commercially available and were purchased from
Sigma (St. Louis, MO), Aldrich (Milwaukee, WI), or Fisher
Scientific (Pittsburgh, PA). All mass spectral analyses were
performed at the University of WisconsinsMadison Bio-
technology Center mass spectrometry facility.

Expression and Purification of His-Tagged HST2 WT and
HST2 H135A.The expression and purification of histidine-
tagged full-length HST2 WT and HST2 H135A were
performed as previously reported (30, 39), and the concen-
tration of enzyme was determined using the method of
Bradford (41). Enzyme aliquots were stored at-20 °C until
ready for use.

Synthesis of18O-AcH3.Synthetic18O-labeled acetylated
H3 peptide (18O-AcH3), H2N-KSTGGK(18O-Ac)APRKQ-
CONH2, was synthesized using standard tBu/Fmoc solid-
phase peptide synthesis techniques and HBTU/HOBt cou-

Scheme 1: General Reaction Catalyzed by Sir2 Protein Deacetylases
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pling conditions (42). The 18O label was specifically
incorporated at the desired lysine side chain by using an
ivDde protecting group that was orthogonally deprotected
with 2% hydrazine in DMF. The liberatedε-amino group
was then coupled to18O-labeled acetic acid using HBTU/
HOBt coupling conditions, resulting in the full-length
peptide, which was then deprotected and cleaved from the
resin using TFA.

18O-Labeling Experiments. Experiments for HST2 WT
were done in 60µL reaction volumes containing 1 mM DTT,
200µM 18O-AcH3, 185µM NAD+, 10µM HST2, in natural
abundance water or 90%18OH2 (98% 18O), and 20 mM
pyridine buffer adjusted to pH 7 with formic acid and were
reacted for 30 min at 25°C. Reactions were split into three
20 µL aliquots and flash frozen in dry ice. One aliquot was
submitted directly for mass spectral analysis [ESI, (-)-ion
mode, Applied Biosystems, MDS Sciex API 365, LC/MS/
MS triple quadrupole]. The other two aliquots were lyoph-
ilized and redissolved in 20µL of 10% formic acid and 90%
natural abundance OH2 or 18OH2 (98% 18O) and incubated
at room temperature for 2 h. These were then flash frozen
and kept at-20 °C until ready for mass spectral analysis as
above. The degree of18O incorporation was determined by
examining the relative peak heights atm/z ∼600.5,∼602.5,
and∼604.5 corresponding to incorporation of zero, one, or
two 18O atoms.

18O-Labeling experiments for HST2 H135A were done in
80 µL reaction volumes containing 1 mM DTT, 400µM
AcH3 (11-mer), 500µM NAD +, 50 µM HST2 H135A, in
natural abundance water or 84%18OH2 (98% 18O), and 20
mM pyridine buffer adjusted to pH 7 with formic acid and
were reacted for 30 min at 25°C. Reactions were split into
three aliquots and analyzed by ESI-MS as stated above for
HST2 WT. The degree of18O incorporation was determined
by examining the relative peak heights atm/z ∼558 and
∼560 for ADPr andm/z ∼600.5,∼602.5, and∼604.5 for
OAADPr.

Measurement of the Rate of Nonenzymatic18O Incorpora-
tion of OAADPr. OAADPr was synthesized and purified as
previously reported (33). Solutions of 16.5µM OAADPr,
20 mM pyridine buffer adjusted to pH 7 with formic acid,
and 90%18OH2 were made. Time points from 5 to 140 min
were analyzed by ESI-MS without further processing. The
fraction of18O incorporation was determined by the ratio of
the peak height atm/z ∼602.5 corresponding toOAADPr
with one 18O label to the sum of the peak heights atm/z
∼600.5 and∼602.5.

pH Profile Experiments.The effect of pH on the kinetic
parameters of HST2 WT was determined over a pH range
of 5.4-9.4. Reactions containing 150µM 3H-AcH3, 1 mM
DTT, 0.02-2 µM HST2 WT, and varying concentrations
of NAD+ from 5 to 320µM in TBA buffer (50 mM Tris-
HCl, 50 mM BisTris-HCl, 100 mM sodium acetate) were
analyzed by charcoal binding assay as published (43). To
ensure initial rate conditions, the reactions were quenched
before 10% of the substrate was converted to products. The
effect of pH on HST2 H135A was determined over a pH
range of 5.8-9.4 with 2-3 mM 3H-AcH3, 1 mM DTT, 2-5
µM HST2 H135A, and varying concentrations of NAD+

from 5 to 1280µM in TBA buffer. Graphs of rate (s-1)
versus NAD+ concentration were fitted to the Michaelis-
Menten equation (eq 1) using Kaleidagraph (Synergy Soft-

ware, Reading, PA) to obtain the kinetic parameterskcat and
kcat/Km. Plots ofkcat or kcat/Km versus pH were fitted to eq 2

using KinetAsyst (IntelliKinetics, State College, PA), where
C is the pH-independent value,Ka is the ionization constant,
andH is the proton concentration.

SolVent Viscosity Studies.The effect of viscosity on HST2
WT and HST2 H135A was determined using sucrose as a
microviscogen. The steady-state parameters for HST2 WT
were determined using the charcoal binding assay (43) and
80 µL reaction volumes with 500µM NAD+, 2-64 µM 3H-
AcH3 (11-mer), 1 mM DTT, 0-34% w/v sucrose, and 30-
40 nM HST2 WT in TBA buffer at pH 8. The steady-state
parameters for HST2 H135A were determined using the
charcoal binding assay (43) and 80µL reaction volumes with
2 mM NAD+, 150-2400µM AcH3 (11-mer), 1 mM DTT,
0-34% w/v sucrose, and 2µM HST2 H135A in TBA buffer
at pH 8. Graphs of rate (s-1) versus AcH3 concentration were
fitted to eq 1 to obtain the kinetic parameterskcat andkcat/Km

in Kaleidagraph. The ratio of thekcat measured at 0% sucrose
(kcat

0) to thekcat at each concentration of sucrose was plotted
versus the relative viscosity of each sucrose solution. The
relative viscosities of the reaction solutions as a function of
sucrose percentage were taken from those measured by
Murray et al. (44).

Measurement of ADPr and OAADPr Formation with HST2
H135A. ADPr and OAADPr formation over time was
measured using 20µL reaction volumes with 400-600µM
AcH3 (11-mer), 1 mM DTT, 500-1000µM 32P-NAD+, 20-
200µM HST2 H135A or 0.5-50 µM HST2 WT, and 20-
50 mM Tris-HCl buffer at pH 7.5 at 25°C. ADPr and
OAADPr formation was measured using the previously
described thin-layer chromatography (TLC) assay (16, 43,
45) with the following modifications. Reactions were quenched
by spotting 1µL time points of the reactions directly onto
the silica gel TLC plates. The plates were then run in 70:30
ethanol:2.5 M ammonium acetate and quantitated by phos-
phorimaging. Under these conditionsOAADPr, ADPr, and
NAD+ ran with an averageRf of 0.53, 0.42, and 0.26,
respectively.

Trapping of an Enzyme-ADPr-Acetyllysine Intermediate
in HST2 H135A with MeOH and EtOH. Twenty microliter
reaction volumes containing 1 mM DTT, 400µM AcH3 (11-
mer), 500µM NAD +, 50 µM HST2 H135A, 20% alcohol
by volume (4.93 M MeOH or 3.39 M EtOH), and 20 mM
pyridine buffer adjusted to pH 7 with formic acid were
reacted for 30 min at 25°C. Reactions were flash frozen in
dry ice and stored at-20 °C until ready for ESI-MS analysis
as outlined above for the18O-labeling experiments. A control
reaction was run with the above conditions and 21µM HST2
WT to determine if the methanolysis observed was specific
to the mutant enzyme. A no-enzyme control was run with
500µM ADPr replacing NAD+ and the above conditions to
measure the nonenzymatic methanol incorporation over 30
min.

Synthesis, Purification, and Characterization of 1′-O-
Methyl-ADPr. A 1 mL reaction containing 1.8 mM AcH3
(11-mer), 2 mM NAD+, 1 mM DTT, 100µM HST2 H135A,

V ) kcatS/(Km + S) (1)

V ) C/(1 + H/Ka) (2)
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5 M methanol, and 50 mM Tris-HCl pH 7.5, was reacted
for 2.5 h at 25°C and quenched with TFA to a final
concentration of 1%. The 1′-O-methyl-ADPr formed during
this reaction was purified on a reversed-phase, small-pore
C18 column (Vydac, Hesperia, CA) eluting with 0-20%
acetonitrile (with 0.02% TFA) in water (with 0.05% TFA)
and further purified on a poly(hydroxyethyl)aspartamide
column (The Nest Group, Inc., Southboro, MA) eluting with
30 mM ammonium acetate and a gradient of 15-100% water
in acetonitrile. Fractions containing the purified product were
pooled and lyophilized twice from D2O and then dissolved
in 50 mM potassium phosphate buffer, pD 7.1.1H NMR
spectra were obtained at 500 MHz on a Varian INOVA-500
NMR spectrometer and compared to previously published
spectra for stereochemical assignment (46).

Measurement of the RelatiVe Formation of ADPr and 1′-
O-Methyl-ADPr by HST2 H135A.Reactions of 60 or 120
µL containing 0.5-4 M methanol, 400µM AcH3 (11-mer),
500µM 32P-NAD+, 1 mM DTT, 50µM HST2 H135A, and
50 mM Tris-HCl buffer at pH 7.5 were reacted at 25°C for
30 min. The reactions were analyzed by the previously
described HPLC assay (43) and quantitated by UV absor-
bance of the adenine base at 260 nm or scintillation counting
of the collected fractions. The product partitioning ratio,K,
at each concentration of methanol was calculated from eq 3
assuming a water concentration of 55 M.

RESULTS AND DISCUSSION

Source of New Oxygens in the Product OAADPr.The Sir2
reaction incorporates two new oxygens into the product,
OAADPr, one from the net hydrolysis of the glycosidic bond
and one from acetyl group transfer toOAADPr. The source
of these oxygens presumably is from water and the acetyl
oxygen of the acetylated lysine residue. Therefore, determin-
ing the precise fate (i.e., location about the ribose ring) of
these oxygens as they are transferred toOAADPr is essential
in support of the proposedR-1′-O-alkylamidate intermediate
(Scheme 1). This was accomplished through specific18O-
labeling experiments followed by mass spectral analysis.

The yeast Sir2 homologue, HST2, was reacted with NAD+

and an 11-mer peptide based on the N-terminal tail of histone
H3 [H2N-KSTGGK(18O-Ac)APRK-CONH2, 18O-AcH3] with
a specific 18O label at the side chain corresponding to
acetylated lysine-14. This reaction revealed the incorporation
of one 18O label intoOAADPr as seen by the major ESI-
MS peak atm/z 602.4 (Figure 1A). Control experiments
confirmed that this incorporation was enzymatic, instead of
nonenzymatic incorporation over time (Figure 1B). Incuba-
tion of a lyophilized aliquot of the original reaction solution
in 10% formic acid with [18O]water resulted in no change
in mass (Figure 1A). However, the transferred18O label was
completely washed out when a separate lyophilized aliquot
was redissolved in 10% formic acid in natural abundance
water, as shown by the major ESI-MS peak atm/z 600.5
(Figure 1A). This indicated that the18O label from18O-AcH3
was specifically transferred to the 1′-hydroxyl of OAADPr
since only the 1′-hydroxyl can exchange with bulk solvent
under these acidified conditions. This result presents the first
direct evidence for the attack of the acetylated lysine oxygen

at the 1′-position of the nicotinamide ribose to form the initial
R-1′-O-alkylamidate intermediate.

Reactions of HST2 were then carried out with18O-AcH3
peptide and [18O]water, resulting in the major mass spectral
peak atm/z 604.4, indicating incorporation of18O labels at
two separate positions (Figure 1A). Incorporation of two
labels confirmed that water was the source of the other new
oxygen inOAADPr. Subsequent acid exchange ofOAADPr
in natural abundance water showed a decrease of two mass
units as seen by a peak at 602.4m/z, indicating the label
arising from water was in a nonexchangeable position (Figure
1A). The fact that the18O label from water could not be
exchanged indicated its placement as the acetyl carbonyl
oxygen inOAADPr, consistent with a previous report by
Sauve and Schramm (29).

Effect of pH on the ActiVity of HST2 WT and HST2 H135A.
The active site histidine corresponding to His-135 in HST2
is invariant among Sir2 enzymes. From the known crystal
structures with either NAD+, ADPr, orOAADPr bound (47-
52), the side chain imidazole group of this histidine is
generally positioned near the 3′-hydroxyl of the NAD+

nicotinamide ribose. This histidine has therefore been
postulated to be the general base responsible for activating
the 2′-hydroxyl for attack of the proposedR-1′-O-alkylami-
date intermediate and subsequent acetyl transfer to the 2′-
position.

To provide direct biochemical evidence for His-135 as a
general base in the Sir2 deacetylation mechanism, the effect
of pH on the kcat/Km and kcat of both HST2 and the
corresponding histidine-to-alanine mutant enzyme, HST2
H135A, was determined. These experiments were performed
by varying NAD+ at saturating AcH3 concentrations such
that the pH dependency ofkcat/Km would reflect ionizations
critical for any steps from NAD+ binding to nicotinamide
release. Determination of HST2 WTkcat/Km values over a
pH range from 5.4 to 9.4 revealed a critical ionization with
a pKa value of 6.77( 0.06 that must be unprotonated for
activity (Figure 2A), consistent with the pKa expected for a
histidine side chain. Conversely, thekcat/Km profile for HST2
H135A exhibited no pH dependence over the range tested,
with kcat/Km values 2 orders of magnitude lower than wild
type at high pH [(2.75( 0.22) × 104 M-1 s-1 for HST2
WT versus (1.5( 0.2)× 102 M-1 s-1 for HST2 H135A]. It
was previously shown that HST2 H135A exhibits only a
3-fold lower nicotinamide exchange rate compared to HST2
WT, suggesting that His-135 does not participate significantly
in the chemical steps involving nicotinamide cleavage and
release (39). Therefore, the critical ionization seen in the
wild-type kcat/Km pH profile is consistent with the His-135
side chain binding and positioning NAD+ into its catalytically
productive conformation.

Conversely, thekcat pH profile for HST2 WT showed no
critical ionizations but did show a slight pH dependence that
varied only 3-4-fold (0.07 s-1 at low pH and 0.26 s-1 at
high pH) across>4 pH units (Figure 2B). The lack of a
critical ionization is consistent with a pH-independent product
release step limiting turnover, as was previously suggested
(37). In contrast, HST2 H135A exhibitedkcat values 1-2
orders of magnitude lower than wild-type enzyme (0.26(
0.03 vs 0.026( 0.005 s-1 at high pH) and a pH dependency
on kcat revealing an ionization (pKa 7.43 ( 0.13) that must
be unprotonated for activity (Figure 2B). This decrease in

K ) ([1′-O-methyl-ADPr][H2O])/([ADPr][MeOH])
(3)
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reaction rate (10-fold at pH values>8), coupled with the
alteration in the pH dependency, indicates a change in the
rate-limiting step from a pH-independent step (observed with
wild type) to a pH-dependent chemical step in HST2 H135A.
The source of the ionization observed in the mutantkcat pH
profile is unclear. It would be attractive to suggest that this
group, which must be unprotonated, is the ribose 2′-OH;
however, with an apparent pKa of 7.4, this would be∼5 pH
units lower than that expected, making this possibility seem
implausible. On the other hand, the flattening out of the curve
above an apparent pKa of 7.4 may result from a downstream
pH-independent step beginning to limit turnover at very high
pH, whereas at low pH, the rate increases as a function of
the 2′-OH ionization.

As mentioned earlier, the Sir2 chemical reaction can be
kinetically resolved into two main steps: (1) attack of the
acetyllysine oxygen to form the proposedR-1′-O-alkylami-

date with nicotinamide release and (2) attack of the 2′-
hydroxyl at the proposedR-1′-O-alkylamidate and subsequent
acetyl transfer to formOAADPr (28-30, 37, 39, 40). The
small 3-fold change in the nicotinamide exchange rate
observed between HST2 WT and HST2 H135A (39) suggests
that the slowed catalytic step seen in the HST2 H135Akcat

pH profile (Figure 2B) occurs after nicotinamide cleavage
and release but beforeOAADPr and peptide release. By
default, this affected step would be the 2′-hydroxyl attack
of theR-1′-O-alkylamidate intermediate, which is expedited
in wild type by His-135 functioning as the general base but
is impaired in HST2 H135A. This possibility was explored
further in subsequent experiments.

Effect of Viscosity on the Rate of Deacetylation.The lack
of pH dependency on thekcat for the wild-type enzyme
suggested that product release might be rate-limiting. To test
this hypothesis, solvent viscosity studies were carried out.

FIGURE 1: (A) 18O-labeling experiments with HST2 WT. Reactions contained 1 mM DTT, 200µM 18O-AcH3, 185µM NAD+, 10 µM
HST2, in natural abundance water or 90%18OH2, and 20 mM pyridine buffer at pH 7. Each reaction was split into three aliquots, two of
which were lyophilized and exchanged in 10% formic acid and 90% natural abundance OH2 or 18OH2. 18O incorporation was determined
by examining the relative peak heights atm/z ∼600.5,∼602.5, and∼604.5 corresponding to zero, one, or two18O atoms. (B) Rate of
nonenzymatic exchange of an18O label from water intoOAADPr. PurifiedOAADPr was diluted to 16.5µM in 20 mM pyridine buffer and
90% 18OH2 at pH 7. Time points were injected directly into the mass spectrometer. They-intercept, which represents the zero time point
before exposingOAADPr to [18O]water, was calculated as 13.3% and is consistent with the natural distribution of heavy isotopes across
the entireOAADPr molecule. A rate of nonenzymatic incorporation of 0.15%/min was calculated, which corresponds to a maximum of
4.5% nonenzymatic incorporation for the 30 min reaction time used in our assays.
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Since the diffusion rate of small molecules is inversely
proportional to the viscosity of the solvent (53), the overall
rate of enzymatic reactions in which product release or
substrate association is rate-limiting can display a linear
dependence on the viscosity of the solution (54-57). In the
case of product release, this step could be either the
dissociation of product from the enzyme or a conformational
change allowing dissociation. Therefore, a slope equal to
unity in a plot of the inverse of the relative rate constant
(kcat

0/kcat) versus the relative viscosity of the solution reflects
a substrate association or product release as rate-limiting step,
whereas a slope of zero reflects a non-diffusion-mediated
step such as chemical catalysis. Indeed, using sucrose as a
viscogen, we found that thekcat of HST2 WT varied linearly
(slope ) 1.15 ( 0.07) with the relative viscosity of the
solution (Figure 3). In contrast, thekcat of HST2 H135A
displayed no dependence on viscosity (Figure 3). Thekcat/
Km values with acetylated peptide also displayed no viscosity
dependence (data not shown). With an overall turnover rate
of ∼0.26 s-1 for HST2 WT, the viscosity dependence
observed is likely due to a conformational change within

the active site allowing product (OAADPr and/or peptide)
release, whereas the mutant enzyme rate appears to be
restricted at the chemical step involving 2′-hydroxyl attack
of the R-1′-O-alkylamidate intermediate.

Partitioning between ADPr and OAADPr in HST2 H135A.
While analyzing the H135A mutant enzyme, we observed
significant production of ADP-ribose (ADPr) during turnover
that also yieldedOAADPr (39). As OAADPr is susceptible
to nonenzymatic hydrolysis to form ADPr and acetate, it was
important to establish the source of observed ADPr. The
relative amounts of ADPr andOAADPr formed in the
enzyme reactions were measured as outlined under Experi-
mental Procedures. From these assays, it was confirmed that
ADPr formation observed with HST2 H135A was not from
hydrolysis ofOAADPr but was due to inherent activity of
HST2 H135A (Figure 4). The negligible ADPr detected for
HST2 WT did not exceed background levels and did not
increase over time (Figure 4). In addition, HST2 H135A

FIGURE 2: pH rate profiles. Reaction rates were determined on the
basis ofOAADPr formation. Reactions for HST2 WT contained
150µM 3H-AcH3, 1 mM DTT, 0.02-2 µM HST2 WT, and varying
concentrations of NAD+ from 5 to 320µM in TBA buffer. The
reaction for HST2 H135A contained 2-3 mM 3H-AcH3, 1 mM
DTT, 2-5 µM HST2 H135A, and varying concentrations of NAD+

from 5 to 1280µM in TBA buffer. (A) Effect of pH onkcat/Km
varying NAD+ for HST2 WT (squares) and HST2 H135A (circles).
HST2 WT displayed a critical ionization with a pKa of 6.77( 0.06,
while HST2 H135A exhibited no effect over the pH range tested.
(B) Effect of pH onkcat for HST2 WT (squares) and HST2 H135A
(circles). HST2 H135A displayed a critical ionization with a pKa
of 7.43( 0.13 while HST2 WT showed no critical ionizations over
the pH range tested.

FIGURE 3: Effect of viscosity onkcat. Reaction rates were determined
on the basis ofOAADPr formation.kcat

0/kcat is thekcat in the absence
of sucrose divided by thekcat measured at each concentration of
sucrose. HST2 WT (squares) reactions contained 500µM NAD +,
2-64 µM AcH3 (11-mer form), 1 mM DTT, 0-34% w/v sucrose,
and 2µM HST2 H135A in TBA buffer at pH 8. HST2 H135A
(circles) reactions contained 2 mM NAD+, 150-2400µM AcH3
(11-mer), 1 mM DTT, 0-34% w/v sucrose, and 30-40 nM HST2
WT in TBA buffer at pH 8. Linear regression analysis showed a
slope of 1.15( 0.07 for HST2 WT and 0.02( 0.12 for HST2
H135A.

FIGURE 4: Relative formation of ADPr andOAADPr. Reactions
contained 400-600 µM AcH3 (11-mer), 1 mM DTT, 500-1000
µM 32P-NAD+, 20-200 µM HST2 H135A or 0.5-50 µM HST2
WT, and 20-50 mM Tris-HCl buffer at pH 7.5 and 25°C. The
ADPr observed from HST2 WT was at background levels, and its
formation did not increase over time. Each column was normalized
to the total product formed a each time point. Error bars represent
standard deviations.
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formed productsOAADPr:ADPr in a constant ratio of 25:
14 over the entire time course of this assay, suggesting
partitioning of a common intermediate between attack of the
2′-hydroxyl to formOAADPr and hydrolysis to form ADPr
(Scheme 2). With the H135A mutant, this partitioning is
consistent with the lack of 2′-hydroxyl activation by His-
135, resulting in the increased lifetime of theR-1′-O-
alkylamidate intermediate such that hydrolysis to form ADPr
now acts as a competing reaction with formation ofOAADPr
(pathway (a) in Scheme 2).

Hydrolysis of the Enzyme-ADPr-Acetyllysine Intermedi-
ate to ADP-ribose in HST2 H135A.To further characterize

the mechanism by which HST2 H135A forms ADPr,18O-
labeling experiments similar to those outlined above for
HST2 WT were performed. Both ADPr andOAADPr
showed the incorporation of a single18O label (Figure 5).
Subsequent acid exchange of the 1′-hydroxyl in natural
abundance water decreased the mass of ADPr by two mass
units, indicating that the18O label from water was at the
1′-position in ADPr. The enzymatic formation of ADPr was
completely dependent on the presence of the acetyllysine
peptide, as control reactions lacking AcH3 showed no
conversion of NAD+ by ESI-MS (data not shown), indicating
that the enzyme must be able to form the proposedR-1′-O-

Scheme 2: Proposed Mechanism of Formation of both ADPr andOAADPr

FIGURE 5: 18O-Labeling experiments with HST2 H135A. Reactions contained 1 mM DTT, 400µM AcH3 (11-mer), 500µM NAD +, 50
µM HST2 H135A, 84%18OH2, and 20 mM pyridine buffer adjusted at pH 7 and were reacted for 30 min at 25°C. Reactions were split
into three aliquots, two of which were lyophilized and then exchanged in 10% formic acid and 90% natural abundance OH2 or 18OH2. 18O
incorporation was determined by examining the relative peak heights atm/z ∼600.5,∼602.5, and∼604.5 corresponding to zero, one, or
two 18O atoms.
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alkylamidate intermediate in order for hydrolysis to ADPr
to occur. Furthermore, AcH3 showed no incorporation of
an18O label under the same reaction conditions by MALDI-
MS (data not shown), adding to the evidence that hydrolysis
to ADPr is due to the specific attack of water at the 1′-carbon
of the nicotinamide ribose and not due to hydrolysis by attack
of water at the imidate carbon of theR-1′-O-alkylamidate.
In accordance with the previous18O-labeling experiments
using HST2 WT, the18O label from OAADPr was non-
exchangeable and, therefore, is located in the acetyl carbonyl
oxygen, indicating thatOAADPr is formed by the same
mechanism in the mutant enzyme as in wild type. These
HST2 H135A18O-labeling experiments are consistent with
the proposed mechanism in which the hydrolysis to ADPr
is in direct competition with the attack of the 2′-hydroxyl to
form a 1′,2′-cyclic intermediate that is attacked by water to
form OAADPr (Scheme 2).

Trapping of the Intermediate with Alcohol Nucleophiles.
In the H135A mutant, the observed hydrolysis of theR-1′-
O-alkylamidate to form ADPr suggested that exogenous
alcohols could also be reacted. If so, this could provide
additional evidence for the suggested stereochemistry and
covalent nature of theR-1′-O-alkylamidate intermediate,
since the 1′-O-alkyl-ADPr product formed from alcoholysis
would be unable to undergo mutarotation. Therefore, H135A
mutant reactions containing 20% methanol or ethanol by
volume were reacted for 30 min and analyzed by ESI-MS.
The spectra displayed a new product with a mass ofm/z
572.4, consistent with 1′-O-methyl-ADPr for methanol-
containing reactions, and a mass ofm/z 586.4, consistent
with 1′-O-ethyl-ADPr for ethanol-containing reactions (Fig-
ure 6A). Control reactions utilizing HST2 WT showed no
formation of 1′-O-methyl-ADPr (Figure 6B). In addition, a
no-enzyme control with ADPr, 20% methanol, and identical
buffer conditions gave no detectable incorporation of metha-
nol over 30 min (Figure 6C). Therefore, the formation of
1′-O-methyl-ADPr and 1′-O-ethyl-ADPr is specific to HST2
H135A and is the direct result of methanolysis or ethanolysis
of an enzymatic intermediate.

To determine the stereochemistry of the enzyme-synthe-
sized 1′-O-methyl-ADPr, this product was purified from the
HST2 H135A reaction by reversed-phase and hydrophilic
interaction HPLC and analyzed by NMR spectroscopy. The
stereochemistry about the 1′-position was assigned asâ by
comparison with previously published spectra ofâ-1′-O-
methyl-ADPr (46). Because Sir2 enzymes are not expected
to possess an alcohol binding site that would direct alcohol
attack stereoselectively, the stereochemical assignment of
â-1′-O-methyl-ADPr provides direct evidence for a covalent
intermediate formed on theR face of the ribose ring such
that the alcohol nucleophiles react by a double-displacement
mechanism. Together, these data strongly suggest the exist-
ence of a covalentR-1′-O-alkylamidate intermediate during
Sir2 catalysis.

MethanolysisVersus Hydrolysis ReactiVity Profile. Previ-
ous studies of NAD+ glycohydrolases have gained valuable
insights into the reactivity of catalytic intermediates by
measurement of the product-partitioning ratio,K, for metha-
nolysis versus hydrolysis (58-65). Using 0.5-4 M methanol,
we determined a product-partitioning ratio for HST2 H135A
of 26.2 ( 3.3 compared to the range of values from 11 to
200 reported for other NAD+ glycohydrolases (58-65). In
contrast, nonenzymatic hydrolysis of NAD+ shows no
preference for methanol over water, as the product ratio
simply reflects the molar ratio of methanol to water as well
as the high reactivity of the oxocarbenium intermediate
formed during solvolysis (58, 60). Therefore, the selectivity
for methanolysis observed here reflects enzyme stabilization
of the intermediate compared to an oxocarbenium and
indicates that the intermediate has significant bond order
toward the incoming nucleophile. In addition, the ratio of
methanolysis to hydrolysis was found to increase linearly
with increasing concentrations of methanol, indicating that
methanol was not saturating the active site and that the
observed selectivity was due to the increased nucleophilicity
of methanol toward the enzyme-stabilizedR-1′-O-alkylami-
date intermediate.

FIGURE 6: (A) ESI-MS of the 30 min reaction of HST2 H135A with 1 mM DTT, 400µM AcH3 (11-mer), 500µM NAD +, 50 µM HST2
H135A, 20% v/v MeOH, and 20 mM pyridine buffer at pH 7 at 25°C. HST2 H135A forms ADPr, 1′-O-methyl-ADPr, andOAADPr under
these conditions. (B) ESI-MS of the 30 min control reaction of HST2 WT with 1 mM DTT, 400µM AcH3 (11-mer), 500µM NAD+, 21
µM HST2 WT, 20% (v/v) MeOH, and 20 mM pyridine buffer at pH 7 at 25°C. HST2 WT forms no detectable 1′-O-methyl-ADPr under
these reaction conditions. (C) ESI-MS of the 30 min nonenzymatic incorporation of 20% (v/v) MeOH into 500µM ADPr with 1 mM DTT,
400µM AcH3 (11-mer), and 20 mM pyridine buffer at pH 7 at 25°C. There was no detectable 1′-O-methyl-ADPr in this control. Therefore,
the 1′-O-methyl-ADPr observed with HST2 H135A was due to enzymatic activity inherent in the mutant enzyme only.
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Implications toward the Mechanism of ADP-ribosylation
As Catalyzed by Sir2 Homologues.Recently, several reports
have suggested that some Sir2 homologues possess ADP-
ribosyltransferase activity (11, 13, 27, 66, 67). These findings
are still controversial as the ADP-ribosylation activity has
not been demonstrated to be catalytic. The results presented
here provide some additional insight into possible mecha-
nisms of the observed ADP-ribosylation. In particular, the
ability of HST2 H135A to react with exogenous alcohol
nucleophiles suggests that theR-1′-O-alkylamidate interme-
diate may be able to accept other protein nucleophiles as
well, as was recently hypothesized (68). Therefore, while
the active site histidine corresponding to His-135 in HST2
is conserved across all yeast and human Sir2 homologues,
this histidine may not be poised to activate the 2′-hydroxyl
in Sir2 homologues that lack deacetylase activity. The loss
of general-base activation of the 2′-hydroxyl could allow
reaction of the stalledR-1′-O-alkylamidate with an incoming
nucleophile resulting in ADP-ribosylation and regeneration
of the acetylated residue. This nucleophile could be from
either another protein, the acetylated protein that reacted to
form the R-1′-O-alkylamidate, or the Sir2 protein itself
(resulting in auto-ADP-ribosylation) (68). Although the
above ADP-ribosylation mechanism requires an acetylated
substrate to initiate formation of theR-1′-O-alkylamidate, it
is possible that a Sir2 active site residue, such as an
asparagine or glutamine, could replace the acetylated lysine
residue to react in a manner similar to some NAD+

modifying enzymes. For example, CD38 is suggested to go
through a glutamate-ADP-ribose covalent intermediate at
the 1′-position in its catalysis to form cyclic ADP-ribose (69).
Future studies are necessary to reveal the significance of
ADP-ribosylation activity from the sirtuin family of proteins.

CONCLUSION

In this study, we have presented valuable new insights
into the chemical mechanism of Sir2 enzymes, using a variety
of approaches including18O-labeling analysis, solvent per-
turbation, and mutant and wild-type pH rate analysis. We
provided the first direct evidence for the attack of the
acetylated lysine oxygen at the 1′-position of the nicotinamide
ribose of NAD+ to form anR-1′-O-alkylamidate intermedi-
ate. Measurement of the effect of pH on thekcat andkcat/Km

values for both HST2 WT and HST2 H135A supported the
involvement of His-135 in both NAD+ binding/positioning
and activation of the 2′-hydroxyl for attack of theR-1′-O-
alkylamidate intermediate. Lack of pH dependence onkcat

for HST2 WT suggested that product release was rate-
limiting, a hypothesis supported through solvent viscosity
experiments. The production of bothOAADPr and ADPr
by HST2 H135A was consistent with partitioning of theR-1′-
O-alkylamidate intermediate between water attack and the
2′-hydroxyl of ribose. Hydrolysis required the presence of
peptide substrate, and the intermediate exhibited a preference
for methanolysis to giveâ-1′-O-methyl-ADPr.

Having established the existence of theR-1′-O-alkylami-
date intermediate, future work will utilize these findings in
the design of mechanism-based inhibitors and activators of
Sir2 enzymes. The discovery of more potent and specific
chemical regulators of Sir2 activity would permit more
specific investigations of Sir2-dependent cellular pathways,

as well as potential treatments of cancer, aging, diabetes,
and neurodegeneration.
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