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ABSTRACT: The Silent information regulator 2 (Sir2) family of enzymes consists of NARpendent
histone/protein deacetylases that tightly couple the hydrolysis of NABd the deacetylation of an
acetylated substrate to form nicotinamide, the deacetylated product, and the novel me@xbolkty!-
ADP-ribose OQAADPR). In this paper, we analyzed the substrate specificity of the yeast Sir2 (ySir2), the
yeast HST2, and the human SIRT2 homologues toward various monoacetylated histone H3 and H4 peptides,
determined the basic kinetic mechanism, and resolved individual chemical steps of the Sir2 reaction.
Using steady-state kinetic analysis, we have shown that ySir2, HST2, and SIRT2 exhibit varying catalytic
efficiencies and display a preference among the monoacetylated peptide substrates. Bisubstrate kinetic
analysis indicates that Sir2 enzymes follow a sequential mechanism, where both the acetylated substrate
and NAD" must bind to form a ternary complex, prior to any catalytic step. Using rapid-kinetic analysis,
we have shown that after ternary complex formation, nicotinamide cleavage occurs first, followed by the
transfer of the acetyl group from the donor substrate to the ADP-ribose portion of fMAfdrm OAADPr

and the deacetylated product. Product and dead-end inhibition analyses revealed that nicotinamide is the
first product released followed by random releas®©#&ADPr and the deacetylated product.

Reversible acetylation is emerging as a major regulatory are absolutely dependent on NADor activity (3, 4). The
mechanism for histone and non-histone proteins involved in founding member of the Sir2 enzymes, also termed sirtuins
transcription, apoptosis, and other cellular functiohs2j. (5), is the yeast Sir2 (ySir2), which has been shown to be
It is becoming clearer that several histone acetyltransferasesssential for gene silencing at the three yeast silent ci (
(HATs)! and histone deacetylases (HDACs) utilize non- 4).

histone proteins as physiological substrates, leading to some  gjr2 proteins possess robust NAllependent deacetylase

reservations about referring to these enzymes as “histone"—activity (6—8) that tightly couples the cleavage of NAD

modifying enzymes. Nonetheless, there are three classes ohnd protein deacetylation to produce nicotinamide, the

so-called histone deacetylasel 8), which are classified  deacetylated product, and a unique compaDratetyl-ADP-

on the basis of their similarity to yeast enzymes. Unique ribose OQAADPR) (9—13). It has been estimated that the

among the deacetylases are class Ill deacetylases, whicljeacetylase activity of a yeast homologue HST2 is 1000-

make up the Silent information regulator 2 (Sir2) fami/ ( fold higher than its ADP-ribosyl transferase activig).(In

4). Unlike the class | and Il enzymes, class Ill deacetylases a few cases, physiological protein targets for some Sir2-like
proteins have been suggested, though most remain largely
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peptide and 20AADPr suggested that Sir2 enzymes exhibit unacetylated H3 and H4 peptides, corresponding to the 20
little specificity (22, 23). In both cases, the peptide substrate N-terminal residues of histones H3 and H4, respectively,
binds to a cleft between the two domains, forming an were purchased from the Protein Chemistry Core Lab at the
enzyme-substrates-sheet, and the acetyllysine side chain Baylor College of Medicine (Houston, TX). The 11-residue
is buried in a conserved hydrophobic pocket, which positions H3 peptide, which corresponds to the 11 residues surrounding
the acetyl group in the proximity of the predicted nicotin- and including lysine 14 of histone H3, was purchased from
amide ribose binding site2@, 23). The predominance of = SynPep Corp. (Dublin, CA). AcH3(K9) was a generous gift
backbone interactions between the peptide substrate androm C. D. Allis from the University of Virginia Health
enzyme led the authors of the two studies to conclude thatSciences Center (Charlottesville, VAjH]Acetylcoenzyme
residues flanking the acetyllysine group contribute minimally A and [“C]nicotinamide were purchased from NEN Life
to substrate recognition and specificiB2(23). Overall, Sir2 Sciences Products. All other reagents were of the highest
enzymes are composed of a large subdomain containing acommercially available quality.

Rossmann fold and a smaller zinc-binding subdomaB) ( Expression and PurificatiorExpression and purification
22—26). The NAD" binding site is located in the cleft of HST2 and SIRT2 were previously describedD) The
between the two domains. Crystallographic evidence showingplasmid containing ySir2 was transformed into XL1-Blue
2'-OAADPR in the active site I3, 23) is consistent with cells, and cells were grown onx2YT medium with 100

the previously published biochemical evidence which shows mg/L ampicillin. Cells were grown to an Qg of 0.6—0.8

that 2-OAADPR is the enzymatic product of the reaction prior to induction with isopropyp-p-thiogalactopyranoside
(11, 12). (IPTG) for 3-8 h.

How Sir2 enzymes catalyze substrate deacetylation and The ySir2 was purified using the same protocol as
form OAADPT is not clearly understood. Several mechanisms described for HST2 except tha M NaCl was added to all
have been propose#l3 27, 28); however, no detailed kinetic purification buffers. The final dialysis buffer contained 300
analyses have been performed. The proposed mechanism8'M NaCl. All proteins were concentrated and storeeta0
suggest an enzyme-ADP-ribose-like intermediate is formed, °C until they were used.
an aspect of the reaction that was also established by the Sir2 Deacetylation Assay$he HPLC-based deacetylation
observation of a nicotinamideNAD " exchange reactior8( ~ a@ssay was employed to determine the substrate specificity
27—29). However, a complete steady-state kinetic mecha- Of the various Sir2 homologues. HPLC-based assays were
nism for a Sir2 enzyme has not been described. Moreover,Performed as previously describegd( 31).

supportive evidence for distinct chemical steps in the reaction A charcoal binding assay was develop2d, 31) and was
is lacking. used to determine the kinetic mechanism of the Sir2 reaction.

; ; . o The charcoal binding assay is performed usiftd]AcH3
This paper focuses on three main goals: determining the[making of this substrate was previously descrit@@](and

inherent differences in catalytic efficiency and substrate ; S
preference among Sir2 enzymes for various histone peptides,takes advantage of the differential binding of substrates and

establishing the overall kinetic mechanism, and resolving products to activated charcoal. At high pkig.5) and high
individual chemical steps of the Sir2 reaction. We determined temperature, the acetyl group from tHHJOAADPT product

the steady-state kinetic parametiss keay andkeafKm with is hydrolyzed and can be separated from the rest of the
three different Sir2 family members (ySir2, yeast HST2, and c_har_coal-bound_ substra_tes and prod_ucts. Because the cha_rcoal
human SIRT2) using various monoacetylated histone H3 andblndlng assay Is less time-consuming and aI_Iows detection
H4 peptides. Our results show that ySir2, HST2, and SIRT2 of products at lowH]AcH3 concentrations, this assay was

can discriminate among the different peptide substrates, aLsused to perform the bisubstrate and the product inhibition

well as display differences in catalytic efficiency. Also, Sir2- an(_alyses as well as to determine the substrgte preference of
like enzymes follow a sequential mechanism, in which NAD ySIIDrZE HS_T2,t_and fSItﬁTZSfOk: E[hetACI;H3fpept?£. HPLC

and acetylated substrate must bind to form a ternary complex etermination ot the substrate Frelerendeie | .

prior to catalysis. Nicotinamide is the first product to be based assay was used to determine the catalytic efficiency

released, followed by a random release of the deacetylateoanq substrate preference of HST2, SIR.TZ’ and yS|r2.for

product andDAADPR. After the ternary complex has been various monoacgtylated H3 and H‘." peptu:!es. The reactions
established, product formation occurs in two distinct chemical V\;ere p(ta{jformed 'r,: thet.presence O]; |nfreaS|Pch£Sce3tratlons
steps, with nicotinamide cleavage preceding the transfer of© tplelta'l € a sta L;r?hlng concen_lf_a lon o i an ha

the acetyl group from the donor substrate to the ADP-ribose catalylic amount of the enzyme. 1ime points were chosen

portion of NAD* to form OAADPr and the deacetylated such that steady-state initial velocities were maintained in
product all reactions. Amounts of products were quantified as

described in the assay. Graphs of rate (inverse seconds)

EXPERIMENTAL PROCEDURES versus the concentration of acetylated peptide were fitted to
the Michaelis-Menten equation (eq 1), using Kaleidagraph,

Materials The plasmid containing the full-length, histi- to obtain the kinetic parametekg,, keay andkealKm.

dine-tagged HST2, pJWLO3, was obtained from R. Sternglanz

from the State University of New York (Stony Brook, NY). Vo = (Keof SD/(K, + [S]) 1)

The plasmid containing the human sirtuin, SIRT2, was

obtained from E. Verdin from the University of California Bisubstrate Kinetic MeasurementBisubstrate kinetic

(San Francisco, CA). The plasmid containing the yeast Sir2 analyses were performed with SIRT2 at®in 1 mM DTT

was obtained from R.-M. Xu from Cold Spring Harbor and 50 mM Tris (pH 7.5) using the charcoal binding

Laboratory (Cold Spring Harbor, NY). Monoacetylated and deacetylation assay as previously describ2g 81). The
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assay was performed in the presence of NADncentrations is the initial concentration of the limiting substrate, &rid
from 25 to 400uM, [3H]JAcH3 concentrations from 15 to  the reaction time.

200 uM, and 100 nM SIRT2. The®H]AcH3 (monoacety-

lated at Lys-14) was made using P/CAF as previously P=[S],1 - e_kt) (7
described 30). The initial velocity data were fitted to two

possible kinetic mechanisms, sequential (eq 2) and ping-pong  Synthesis of‘C-Labeled NAD. [“CINAD™, with the‘C-

(eq 3), using the algorithms of Clelanlj and the computer ~ carbonyl label on the nicotinamide moiety, was used for the
program KinetAssyst (IntelliKinetics, State College, PA), rapid-quench analysis to determine the rate of nicotinamide

using a nonlinear least-squares approach. formation. [*CINAD* was generated using th&C]nico-
tinamide-NAD™ exchange reaction that was previously
v = (V. [A][BD)/( KK, + KBl + K [A] + [A][B]) described §, 27, 29). The reaction is performed at 3T in

(2) the presence of 20M HST2-H135A, 1 mM NAD", 100
uM AcH3, 200 uM [**C]nicotinamide, and 1 mM DTT in
v = (V,[AIIBD/( Ki.K, + K, dB] + K, [A] + [A][B]) 50 mM Tris at pH 7.5 and 37C. The reaction is quenched
(3) by the addition of TFA to a final concentration of 1%. The
reaction mixture is then injected into the HPLC system with
Product and Dead-End Inhibition Analyse®roduct a reversed-phase column; substrates and products are eluted
inhibition analyses were performed using SIRT2 at 37 or using the acetonitrile gradient described above, and radio-
25°Cin 50 mM Tris (pH 7.5 at 37C) and 1 mM DTT. For activity of the fractions collected is determined by scintil-
all inhibition analyses, the AcH3 refers to the 11-mi#]f lation counting. Fractions containingfC]NAD* are pooled,
AcH3, monoacetylated at Lys-14 using P/CAF as described lyophilized, and resuspended in the desired buffer prior to
in Experimental Procedures. For inhibition against NAD  use. The concentration of“C]NAD™ is determined by
NAD* concentrations ranging from 28V to 1.2 mM were measuring the absorbance at 260 nm, with NAfaving an
used along with 1.2 mM AcH3 and varying concentrations e,s of 18 mM-1 cm L.,

of the inhibitor. For inhibition against AcHS3, varying Equilibrium Dialysis.Equilibrium dialysis was performed
concentrations of inhibitor were mixed with AcH3 concen- using Dispo-Equilibrium dialyzers from Harvard Bioscience.
trations ranging from 2aMto 1.2 mM and 1.2 mM NAD. [®H]JAcH3 concentrations ranging from 10 to 3@®1 were

The initial velocity data were fitted to three possible placed in the substrate chamber, while 28 HST2 was
inhibition patterns based on the algorithms defined by placed in the other chamber, with the total volume for each
Cleland 82): competitive (eq 4), noncompetitive (eq 5), and chamber being 7aL. The dialyzers were rocked at A

uncompetitive (eq 6). for at least 48 h. Control samples, where buffer was placed
in the enzyme chamber, were also prepared to determine
v = (V[SDH{K[1 + /(K + [SD]} 4) when equilibrium was reached, after which the radioactivities

of samples from both chambers of the dialyzers were
v=(V, [S)[K,(1+ I/KQ +[S]A+ I/K)] (B) determined using scintillation counting. The concentrations
of bound PH]AcH3 was plotted versus the concentrations

v = (V,[S)/IK, + [SI(1 + I/K;)] (6) of free PH]JAcH3 and fitted into eq 8 using Kaleidagraph:

Rapid-Quench Analysis for Determining the Rates of [AcH3-enzyme}=
Product FormationThe rates oDAADPr and nicotinamide ([AcH3-enzyme},, JACH3])/(K + [AcH3]) (8)
formation were determined under single-turnover conditions ) )
using a Hi-Tech RQF-63 rapid-quench-flow device (Hi-Tech where [AcH3enzy_me] is the concentration of bound AcH3,
Scientific, Salisbusy, U.K.). Single-turnover reactions that [ACH3-enzymejayis the maximum concentration of bound
included 325 M NAD*, 22.54M AcH3, 80uM HST2, and AcH3_, [AcHB] is the concentration of free AcH3, aid is
1 mM DTT were carried out at room temperature. Reactions the dissociation constant.
were quenched with TFA to a final concentration of 1%. RESULTS
Radioactivity of fractions collected via reversed-phase HPLC
was determined by scintillation counting. To determine the  Catalytic Efficiency and Substrate Preference of Sir2
rate of OAADPR formation, PH]JAcH3 was used as a EnzymesSubstrate preferences and catalytic efficiencies of
substrate and the reactions were carried out between 60 angSir2, HST2, and SIRT2 reactions were determined using a
1500 ms. The concentration @AADPr was determined  variety of monoacetylated histone H3 and H4 peptides (Table
from the percentage of total radioactivity found@AADPr 1). H3 peptides acetylated at Lys-9 and -14 as well as H4
and the initial fHJAcH3 concentration (22.5«M). To peptides acetylated at Lys-5, -8, -12, and -16 were employed,
determine the rate of nicotinamide formatio#JJNAD " as these are knowim vivo acetylation sites33, 34). The
was used as a substrate, and the formation of @] assays were performed under steady-state conditions (i.e.,
nicotinamide was monitored between 10.3 and 8000 ms. Thecatalytic amounts of enzymes and rates calculated over the
concentration of nicotinamide was determined by calculating initial linear portion of product formation) in the presence
the percentage of total radioactivity in the nicotinamide of varying concentrations of the acetylated histone peptides
fraction and the initial *CINAD™ concentration (32xM). and a saturating concentration of NACDeacetylation was
To obtain the ratek)), the plot of product concentration assessed by either the charcoal binding assay or the HPLC-
formed over time was fitted to a single-exponential equation based assay. The plots of initial velocities versus peptide
(eq 7), whereP is the concentration of product formed, {S]  concentrations were fitted to the Michaetidlenten equation
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Table 1: Sequences of Peptide Substrates and Kinetic Parameters Obtained for the ySir2, HST2, and SIRT2 Reactions

kealKm (M~1s71)

Keat (571)°

Km (uM)

SIRT2
2) x 1

HST2
>1.6x 1P

(56.7 + 10.0)x 10* (13.0"

ySir2

(2.80 + 0.48) x 10°

SIRT2

HST2
0.32+ 0.08 0.24+ 0.03

ySir2

SIRT2
24+ 4.2
90"+ 15

HST2

ySir2

sequence
ARTKQTAR(AcK)STGGKAPRKQL

K14) KSTGG(ACK)APRKQ

substrate

0
@
®?
?
0
0
®?

6) x 1
6) x 1
4)x 1
2)x 1
6) x 1

0) x 1%

(10.0+ 2

<2b

239

(1.64+ 0.1) x 10°

0.67+ 0.04

43+10

420t 40

(71.8+ 3.6) x 10°

3+2
0+9
2+1
4+1
0+9

(39
(36
7
(9
(29

>1.6x 10°
>1.6x 1P
>1.6x 10P
>1.6x 10°

14.9-54

(43.8+ 6.3) x 10°

(12.8+ 3.0) x 108
810+ 87

(4.2 1.0) x 10

0.085+ 004

544 23.0

48+ 19
249+ 6.2
255+1.0
141+ 97

0.28+ 0.01
<2b
<2b
<2b
<2b

140t 32
54t 17
105t 15

SGRGKGG(ACK)GLGKGGAKRHRK
K16) SGRGKGGKGLGKGGA(ACK)RHRK 17.@:5.0

SGRG(AcK)GGKGLGKGGAKRHRK
K12) SGRGKGGKGLG(AcK)GGAKRHRK

K14) ARTKQTARKSTGG(AcK)APRKQ

oo

9+ 1

@

0.144+ 0.005

(2.5+0.3)x 10°3

MPSD(ACK)TIGG

2
I

aThe keafKm values were obtained by fitting the data to the modified Michagienten equationy = [(kea/Km)[S]V/(L + [S)/Knm). ® Km values were too low for accurate determination using the HPLCE?

based assay.The assay was performed using the charcoal binding assay; therefgseadue was determined. This value is an averagépfalues obtained from saturation experiments as well as prod
inhibition analyses? Only the k../Kn value was obtained from the experiment. Thg value was calculated from tHe./Kn value with the assumption that, equaled 0.67 . ¢k values are averages

obtained from each of the peptide saturation curi/ks; andk../Km values were previously reported by North et aB)( ¢ The k.ofKm value is an average value obtained from saturation experiments as

as product inhibition analyse%k./Km andKy, values are averages from multiple assays.

Borra et al.

to determine thé, Kea, andkea/Km values (Table 1). The
Km is defined as the peptide concentration at half-maximal
velocity; ke represents the overall first-order rate of the
reaction at saturating levels of both NADand acetylated
peptide, andk../Kn, is the second-order rate constant that
represents the catalytic efficiency of the enzyme at low
substrate concentrations. Averdggvalues of 0.6 A 0.04,
0.324 0.08, and 0.24- 0.03 s* were determined for ySir2,
HST2, and SIRT2, respectively (Table 1), with the exception
of ySir2 using AcH3(K9) and AcH4(K12). Because tkhg
values are similar, changes in tKg reflect changes in the
catalytic efficiency k.a/Km). Because of the impractical
requirement of high peptide concentrations for obtaining a
saturation curve, only thie,/Kn, value was obtained for ySir2
using AcH3(K9) as a substrate. A tubulin peptide was
previously tested1(9) as a substrate for SIRT2 and HST2,
and the kinetic parameters are included in Table 1 for
comparison.

Comparisons ok.o{Kn, values showed that the homologues
exhibit varying catalytic efficiencies, with HST2 displaying
the highest efficiency with all histone peptides that were
examined. HST2, however, is approximately 6000-fold less
efficient in utilizing the tubulin peptide than in utilizing
histone peptides. For SIRTR,./Kr, values range from 1300
to 10 000 Mt st and ySir2 values range from 810 to 43 800
M~tst

Within each enzyme data set, comparisokefk, values
for the different peptides shows that the enzymes display a
substrate preference. For ySir2, there was a significant
preference for the AcH4(K16) peptide, withka/Kn, value
3—54-fold higher than those of the other histone peptides
(Table 1). The next preferred substrate of ySir2 was the
AcH4(K8) peptide, followed by AcH3(K9), AcH3(K14), and
AcHA4(K5), which were all similar. The worst substrate for
ySir2 was AcH4(K12), as indicated by the enzyme’s low
efficiency. Although theK.,, value for the AcH4(K12) peptide
was within the range of values for the other peptides that
were examined, the turnover rat&. was 1 order of
magnitude lower (Table 1), suggesting that the residues
surrounding the acetyllysine group may play a role in the
rate-limiting step of the reaction. Although SIRT2 does not
appear to display a preference between all of the histone
peptides, it displayed less preference for the tubulin peptides.
For HST2, thek.o/Km values for the AcH3(K9) peptide and
all of the AcH4 peptides were not determined due to the
high catalytic efficiency of the enzyme. Th&, values for
these peptides were in the high nanomolar range, which are
beyond the HPLC detection limit, and therefore, accurate
keaf Km values could not be obtained. However, using an
upper estimate of 2M for the K, value, we calculated a
lower limit of 1.6 x 10° M~! s for the k.o/Km value for
the AcH3(K9) and AcH4 peptides. Although the preference
of HST2 for the AcH4 and AcH3(K9) peptides could not be
determined, HST2 can discriminate between substrates, as
shown by the significantly different efficiencies for the
AcH3(K14) and tubulin peptides (Table 1).

Bisubstrate Kinetic AnalysisThe members of the Sir2
family of NAD"-dependent protein deacetylases catalyze a
reaction involving two substrates, NADand acetylated
protein, and three products, nicotinamide, deacetylated
protein, andOAADPT (9, 10). Despite the numerous mech-
anisms that have been suggest&@-13, 23, 27, 28, 35),
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Using the analysis described above, ihefor NAD+ was
determined. We obtained the followinl,, values for
NAD*: 82.6+ 18.3uM using SIRT2, 2.3+ 0.6 uM using
HST2, and 29.3t 8.6 uM for ySir2.

Inhibition AnalysesTo establish the order of substrate
binding and product release, product inhibition studies were
performed. The concentrations of one substrate and of one
product inhibitor were varied while the concentration of the
other substrate was kept constant, and initial velocities were
measured. The double-reciprocal plots af 1érsus 1/[sub-
strate] are fitted to competitive, uncompetitive, and non-
competitive equations to distinguish the mode of inhibition.
The type of inhibition for the different substratproduct
pairs can be diagnostic for determining the order of substrate
binding and product release.

The products, nicotinamide and the deacetylated product,
in this case, the unmodified H3 (11-mer) peptide, were used
as inhibitors against NADand AcH3(K14). To determine
the nicotinamide inhibition pattern versus NADinitial
velocities of the SIRT2-catalyzed reactions were measured
at varying concentrations of nicotinamide and NARnd
at a constant concentration of AcH3. The plot of ¥érsus
1/[INAD*] at various nicotinamide concentrations shows a
series of lines intersecting to the left of the Akis and above
the 1/[NAD'] axis, suggesting a noncompetitive inhibition
(Figure 2A). The inhibition constants; and Kis were 60
and 15u4M, respectively (Table 2)K;s andK; are noncom-

AcH3. The deacetylase assay was performed under steady-statgetitive inhibition constants, which reflect the effects of the

conditions with varying NAD and AcH3 concentrations. The data
were fitted to the sequential mechanism using KinetAsyst software
as described in Experimental Procedures. (A) Double-reciprocal
plot of 1/v vs 1/[NAD™] with the following AcH3 concentrations:
(©) 15, (@) 25, () 50, @) 75, (©) 125, and #) 200 uM. (B)
Double-reciprocal plot of 1/vs 1/[AcH3] with the following NAD"
concentrations: £) 25, @) 50, <) 75, @) 150, ©) 250, and #)

400 uM.

the kinetic mechanism for these enzymes has not been
established. Bisubstrate kinetic analysis was performed to

determine whether Sir2-like enzymes follow a sequential

mechanism, where catalysis only proceeds after binding of

both NAD' and acetylated substrate, or a ping-pong mech-

anism, where catalysis and product release occur, leaving 4he H

covalent enzyme intermediate, prior to the binding and
reaction of the second substrate.

The bisubstrate kinetic analysis was performed under
steady-state conditions, using SIRT2 with NABoncentra-
tions ranging from 25 to 40«M and AcH3 (11-mer,
monoacetylated at Lys-14) concentrations ranging from 40
to 450 uM. Initial velocities were measured, and double-
reciprocal plots of 1/ versus 1/[substrate] were generated
and fitted to a sequential or ping-pong kinetic mechanism.
The plot of 14 versus 1/[NAD] (Figure 1A) displays a
series of lines that intersects to the left of the &kis. A
graph showing 1/ versus 1/[AcH3] shows a series of lines
that intersects to the left of the:l4xis, consistent with the

inhibitor on the slope [1K..{Km)] and the intercept (kia)

of a Lineweavet-Burke analysis, respectively. The different
1/v intercepts indicate that NADand nicotinamide can bind

to different enzyme forms and that even high NAD
concentrations cannot overcome nicotinamide inhibition. The
inhibition pattern of nicotinamide versus AcH3 was deter-
mined by varying nicotinamide and AcH3 concentrations in
the presence of a constant NADoncentration. The double-
reciprocal plot of 1# versus 1/[AcH3], which displayed a
series of lines intersecting to the left of the dkis and above
the 1/[AcH3] axis, indicates noncompetitive inhibition
(Figure 2B). The inhibition constants; and Kis were 58
and 34uM, respectively (Table 2). The inhibition pattern of
3 peptide versus NADIn a SIRT2-catalyzed reaction
was determined by measuring the initial velocities at varied
NAD* and H3 concentrations and at a constant AcH3
concentration. The graph ofid¥ersus 1/[NAD] indicated
that the H3 peptide is a noncompetitive inhibitor against
NAD™ (Figure 3A). To determine the inhibition pattern of
the H3 peptide versus AcH3, the NAxoncentration was
kept constant while the concentrations of H3 versus AcH3
were varied. The graph of dhersus 1/[AcH3] at varying
H3 concentrations in an HST2-catalyzed reaction shows that
the H3 peptide exhibits competitive inhibition toward AcH3
(Figure 3B). The inhibition of AcH3 by H3 in the SIRT2-
catalyzed reaction also displayed a competitive inhibition
pattern (data not shown). However, in both cases, we cannot

sequential mechanism. A sequential mechanism was alsorule out the possibility that there is a small intercept effect
determined from a bisubstrate kinetic analysis of HST2 (data (noncompetitive component), which might be due to the
not shown), suggesting a similar kinetic mechanism. The formation of a nonproductive complex between NABNd
sequential mechanism requires that, prior to any catalytic the H3 peptide. The recently determined crystal structure of
step, both NAD and the acetylated substrate bind to form Sir2-Af2 with bound p53 peptide and’-©@AADPr (23)
a ternary complex with the enzyme. demonstrated that nonproductive complexes can form.



9882 Biochemistry, Vol. 43, No. 30, 2004 Borra et al.

A 50 . A 60 ——
400 [ ] 50
i ] 40 |-
. 300[ v " 4 —_ b
) [ 1 D b
S [ ] S 30f
= 200t b - i
: ] 20 [
100 [ ] i
[ 1 10 -
0:.‘|....|....|....|...._ 07 AP I T RS B BT
0 0.01 0.02 0.03 0.04 001 0 001 002 003 004 005
-1 -1
1/NAD" (uM™) 1/INAD*] (uM™)
B 300 e B 1000 —F——
250;. 800
200 £
: 600
— - —
L 150 )
2 i = 400
= 100} -
505_ 2007
°% of
= A PO SRNT  NNT TN S IR SN T TN NN SO SN W N L e e
-0.007 0 0.007 0.01 0.02 0.03 -0.5 0 0.5 1 15 2 2.5
-1 =
1/AcH3 (uM") 1/AcH3 (uM™)

Ficure 2: Nicotinamide exhibits noncompetitive inhibition toward  F5ure 3: H3 vs NAD and H3 vs AcH3. The charcoal bindin
NAD™ (A) and AcH3 (B) during the SIRT2-catalyzed reaction. The assay was utilized to determine the H3 inhibition vs NAD a ’
charcoal binding assay was performed under steady-state conditionsg|RT2-catalyzed reaction (A) and H3 inhibition vs AcH3 in a
(A) For nicotinamide inhibition toward NAD, the assay was  HsT2.catalyzed reaction (B). (A) Reactions were performed using
performed in the presence of 1.2 mM AcH3, NADoncentrations  NAD+ concentrations ranging from 25 to 598 and the following
ranging from 30 to 80QuM, and the following nicotinamide 3 peptide concentrationsOf 1200, @) 900, () 600, @) 300,
concentrations:¥) 100, @) 50, (@) 25, and #) 0 uM. (B) For  ang 1) 0 4M. (B) Reactions were performed using 2@l NAD*,
nicotinamide inhibition toward AcHS3, the assay was performed in - AcH3 concentrations ranging from 0.5 to 481, and the following

the presence of 1.2 mM NAD AcH3 concentrations ranging from 3 concentrations: ) 9 mM, (O) 4.2 mM 03 800uM, and )

40 to 800uM, and the following nicotinamide concentrations)( 0 uM. ' ' '

100, @) 50, @) 25, and ®) 0 uM. Data were fitted to
noncompetitive inhibition using the KinetAsyst software as de-

scribed in Experimental Procedures. which likely acts as a dead-end inhibitor, precluding accurate

interpretation of the data.
Table 2: Summary of Inhibition Constafts The dead-end inhibitors ADP-ribose and carba-NAB
nonhydrolyzable NAD analogue, were also evaluated. ADPr
was tested as an inhibitor against NARnd AcH3 in a
SIRT2-catalyzed reaction. ADPr displays noncompetitive

inhibitor  substrate type of inhibition Kj (M) Kis (M)

nicotinamide NAD  noncompetitive 60.%-12.1 14.6+2.2
nicotinamide AcH3  noncompetitive 5803.1 34.3-6.4

H3peptide ~NAD  noncompetitive 2506-500 891+162 inhibition versus NAD (Figure 4A) and versus AcH3

H3 peptide ~ AcH3  competitive 194 65 (Figure 4B), with inhibition constants in the high micromolar

ﬁgg;ﬂ;gzg ;“S_% ”ﬁgﬁé’g“ng’ggtt_'t\_’ee 1;3;'5 %28 132& %gg and millimolar range (Table 2). To determine the inhibition
-I 1TV .

caba-NAD' NAD* noncompetitive 21620 170+ 20 pattern of carba-NAD against NAD, the assay was

aFor each inhibition analysis, the concentrations of the indicated performed using SIRT2 in the presence of varying carba-
substrate and the inhibitors v)\//eré varied, while the concentration of the NAD* and_ NAD* Concentrat.lons and a constant AcH3
other substrate was kept constant. The initial velocities were plotted in CONcentration. The double-reciprocal plot showed that carba-
a double-reciprocal plot of #/vs 1/[substrate] and fitted to the =~ NAD™ is a noncompetitive inhibitor against NADwith Ki;;
appropriate inhibitor equations using the KinetAsyst software. andKjs values of 210 and 170M, respectively_
Equilibrium Dialysis in Assessing Substrate Bindimge

OAADPr was also tested as a product inhibitor against binding of [“CINAD* and PH]AcH3 to the free enzyme
NAD (data not shown)OAADPTr exhibited noncompetitive ~ was assessed using equilibrium dialysis. No NA#&Nnding
inhibition. However, the analysis is complicated by the fact was detected with HST2 at concentrations of up to 20D
that under these conditions there is an approximately 50:50(data not shown). Similarly, using isothermal titration calo-
mixture of 2- and 3-OAADPr present in the reaction rimentry (ITC), we detected no significant heats of binding
mixture. The enzymatic product of the reaction has been with HST2 or SIRT2 when each was titrated with NAD
shown to be 20AADPr (1113, 23), but in solution, 2 (up to 130uM) (data not shown). Binding offH]JAcH3 to
OAADPr rapidly equilibrates, through a nonenzymatic free HST2 was assessed usifig]AcH3 concentrations from
transesterification reaction, with thé-QAADPr (11, 12), 10 to 300uM and 25uM HST2. AcH3 bound independently
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FicUrRe 4. Dead-end inhibitor, ADPribose, exhibits noncompetitive 2 o
inhibition of the SIRT2 reaction. The charcoal binding assay was &
utilized to assess the inhibiton of ADP-ribose toward NA&nd = 10 A
AcH3. (A) For ADP-ribose inhibition toward NAD, the assay was % °
performed in the presence of 1.2 mM AcH3, NADBoncentrations =
ranging from 30 to 100Q«M, and the following ADP-ribose 5 .
concentrations: <) 3000, @) 1000, @) 350, and ©) 0 uM. (B)
For ADP-ribose inhibition toward AcH3, the assay was performed
in the presence of 1.2 mM NAD AcH3 concentrations ranging 0
from 30 to 1200uM, and the following ADP-ribose concentra- 0 50 100 150
tions: () 6500, @) 3000, (A) 100, @) 300, and ©) 0 uM. [AcH3]  (uM)
free

to the free HST2 (Figure 6), with ldg of 150+ 63 uM. To Ficure 6: Binding of the acetylated substrate to the free enzyme.
determine whether ADP-ribose, as a mimic of NADvould Vafyin? COF(;C_entfatiORS OEH]A?_:E’ rang:nbg_fmﬂ:j_l? to 309)tl\:|],l -
\ - : were placed in one chamber of the equilibrium dialyzers, while
alter the enzyme s affinity for the acgtylat_ed peptide, a UM HgTZ was placed in the othe®j. 'Iqhe dialyzers)\:vere rocked
separate set of dialyzers were prepared in which 1 mM ADP-5¢ 4 o for at least 48 h. Radioactivity of each chamber was
ribose was included in each of the chambers in addition to determined using scintillation counting, and the concentration of
HST2 and $H]JAcH3. Our results show that the presence of the bound fH]AcH3 was plotted vs the concentration of the free
ADP-ribose did not have a significant effect on binding of [HJACH3. The same concentrations 8H|AcH3 and HST2 were

; placed in the dialyzers. ADP-ribose (1 mM) was added into each
AcHS3 to the enzyme (Figure 6). The calculatégior AcH3 chamber to determine whether ADP-ribose binding has an effect

binding in the presence of ADP-ribose was 920 uM, on acetylated substrate bindirg)(
which was not significantly different than in the absence of
ADP-ribose. 10.3 ms and 8 s, and the amounts of HPLC-resolVéc]{

Rapid-Quench Analysi# pre-steady-state, rapid-quench- nicotinamide andfC]NAD* were quantified using scintil-
ing kinetic analysis was preformed to provide mechanistic lation counting. A plot of the concentration of nicotinamide
information about the individual steps involved in converting formed versus time was fitted to a single-exponential
the ternary complex into products. The assays were per-equation to determine the rate of nicotinamide formation
formed under one limiting substrate concentration, thus (Figure 7). Three separate experiments were performed with
allowing only a single turnover of the enzyme. The assays an average rate of 7.32 0.72 s*. In all three experiments,
were performed in the presence of 88 HST2, 325uM the later time points do not fit well to a simple exponential
NAD™, and 22.5uM AcH3. Under these conditions, all the equation, and an explanation for such a trend is discussed
AcH3 is predicted to bind to the enzyme. At various times, below. To determine the rate @AADPr formation, the
reactions were quenched with TFA to a final concentration reaction was performed usingHJAcH3 from 60 ms to 15
of 1%, and the products and reactants were resolved bys, and the amount ofti]JOAADPT produced was determined
HPLC. To determine the rate of nicotinamide formation, using scintillation counting. A single-exponential fit of the
[MCINAD*, with the'4C label on the nicotinamide carbonyl OAADPr formed over time (Figure 7) yielded a rate of 1.26
group, was utilized, the reactions were carried out between+ 0.1 s (average of two experiments).
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overall preference of HST2 for the histone peptides could
not be determined because of its high catalytic efficiency,
HST2 does display a substrate preference, as observed using
1 the 11-mer and 20-mer AcH3(K14) peptide, respectively,
. compared to a 9-mer acetylated tubulin peptide.

] The preference of ySir2 for Lys-5, -8, and -16 of the

] histone H4, with Lys-16 being the most preferred substrate,
] and the weakest preference for AcH4(K12) support previous
cellular studies on silent chromatin domains.Saccharo-
myces cergsiae, immunoprecipitation of chromatin using
antibodies specific for particular acetylated lysine residues
of histone H4 revealed that lysines 5, 8, and 16 of histone
H4 are hypoacetylated while lysine 12 shows significant
acetylation 86). In addition, histone H3 was shown to be
hypoacetylated 36). Previous biochemical data showing
FIGURE 7: Rates of nicotinamide an@AADPR formation. Using ~ YSir2's preference for Lys-16 of histone H)(also support

a quench-flow apparatus, the HST2 reaction under single-turnoverOUr observation. Although our results indicate that the yeast
conditions was monitored on the millisecond time scale. Reactions homologue HST2 has higher catalytic efficiency for histone
were quenched with TFA, and substrates and products were reso'}’ecbeptides than ySir2, it is important not to confuse catalytic
‘é?sf,\‘/’leﬁfgfhzﬁgﬂmpk&; hgngeggz&nagvﬁzr?ncgg'rﬁﬂﬂC’T‘;}Sus'ngeﬁiciency with overall substrate preference or specificity.
(pH 7.5) with 1 mM DTT. To determine the rate of nicotinamide  Likely, the accessory proteins in the complexes target ySir2
formation (), [“C]NAD* was used. Fractions from reversed-phase to the three silent loci, thereby increasing the effective
HPLC were subjected to scintillation counting to determine the substrate concentration and increasing the catalytic efficiency
amount of F“C]nicotinamide formed and{CJNAD* left. A of the enzymén vivo.

representative curve of nicotinamide formation from one of three Recently, tubulin has been identified as an authentic
substrate for SIRT219). Although our results suggest that

20 F i

—
wn

[Product] (uM)

time (s)

experiments is shown. An average rate of 7.8was determined
from three separate experiments. To determine the ra@&8DPR

formation @), [®BH]JAcH3 was used as a substrate. The amount of
OAADPR formed and the amount of nicotinamide formed vs log
time were fitted into a single-exponential equation to determine

SIRT2 has slightly higher catalytic efficiency for some
histone peptides than the tubulin peptide, SIRT2 appears to
be specifically targeted to the microtubule network in the

he r f pr formation. . . . .
the rate of product formatio cytoplasm, which would result in an increased effective

substrate concentration and an increased catalytic efficiency.
In addition, although SIRT2 does not appear to discriminate

Catalytic Efficiency and Substrate Preference of ySir2, between the 11-mer and 20-mer AcH3(K14) peptides, it is
HST2, and SIRTZ he recently determined crystal structures possible that the 9-mer tubulin peptide used in the previous
of an Archaea homologue, Sir2-Af2, bound to a p53 peptide study may be too short and thus results in an apparent
(22), and of HST2 in a ternary complex with an acetylated decrease in the catalytic efficiency of SIRWRuitro.
histone H4 peptide and-DAADPr (23) showed that the Kinetic Mechanism of the Sir2 Reactigkithough several
acetyllysine residue inserts into a hydrophobic tunnel, where catalytic mechanisms have been propost®j 27, 28), the
the peptide backbones of the substrate and of the enzymekinetic mechanism for this family of enzymes had not been
form hydrogen bonds, suggesting a minimal role for residues investigated in detail. Here, we determined that Sir2-like
flanking the acetyllysine. The lack of specific interactions enzymes (HST2 and SIRT2) follow a sequential mechanism,
between the enzymes and the substrates in both crystawhere the binding of both NAD and acetylated substrate
structures could be explained by the fact that p53 and histoneforms a ternary complex that is required prior to any chemical
are most likely not the physiological substrates for Sir2-Af2 step. Essentially, this means that no covalent enzyme
and HST2, respectively. A more recently determined crystal substrate intermediate can form with either substrate alone.
structure of cobB bound to a histone H4 peptide suggestsHowever, the sequential mechanism does not rule out the
that the zinc-binding domain and regions outside the acetyll- existence of enzymesubstrate intermediates once the ternary
ysine-binding site may contribute to substrate specifi@gy.( complex is formed.

Although some of our substrate specificity results support  Nicotinamide is the first product released by the enzyme,
the crystallographic conclusions, most do not. The quantita- based on the ability of the Sir2 enzymes to catalyz€@]{
tive steady-state kinetic analysis, which allowed for inves- nicotinamide-NAD™ exchange reactiorB( 27—29) in the
tigation of the inherent differences in Sir2 enzymes with absence of the other two products. That is, nicotinamide can
respect to monoacetylated histone H3 and H4 peptide reverse the reaction in the absence of the deacetylated product
substrates, revealed that Sir2 enzymes do indeed exhibit 2and OAADPr in the reaction. The ability to catalyz&€]-
substrate preference, albeit with varying catalytic efficiencies. nicotinamide-NAD ™ exchange is also consistent with the
Among the peptides that were examined, ySir2 displays the sequential mechanism, as no base exchange occurs in the
strongest preference for the AcH4(K16) peptide and the absence of the acetylated substra®.(Consistent with these
weakest preference for the AcH4(K12) peptide (Table 1). results, our inhibition data show that nicotinamide exhibits
The human SIRT2 also exhibits a preference among the noncompetitive inhibition with both NADand the acetylated
peptides that have been examined, with the strongestsubstrate. We27) and others 7) have also shown that
preference for AcH4(K12), AcH4(K16), and AcH4(K8) and nicotinamide is a noncompetitive inhibitor (versus NAD
the weakest preference for the tubulin peptide. Although the with ySir2 and human SIRT1, suggesting that these enzymes

DISCUSSION
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Ficure 8: Proposed kinetic mechanism of the Sir2 reaction. Sir2 enzymes follow a sequential mechanism, in which bothntsAle
acetylated substrate (Ac-R) bind prior to any catalytic step. AcH3 is the preferred first substrate to bind, althougkhdwhDalso bind
to the free enzyme independently. Following formation of the ternary complex, nicotinamide is cleaved and released, leaving an enzyme
ADP-ribose-like intermediate, denoted by asterisks. The acetyl group from the acetylated substrate is then transferred to the ADP-ribose
portion of NAD", forming OAADPr and the deacetylated product, which are released randomly.

employ the same basic kinetic mechanism. This fact is further aided by the binding of the acetylated lysine substrate, a
supported by the identical H3 versus AcH3 inhibition pattern conclusion that is consistent with the data presented in this
observed for both the HST2- and SIRT2-catalyzed reactions.study.
The competitive inhibition displayed by H3 against AcH3 From the available data, we propose the kinetic mechanism
suggests that H3 is the last product released and AcH3 isdepicted in Figure 8. With SIRT2 and HST2 (and likely ySir2
the first to bind. and SIRT1), the acetylated substrate is the preferred first
The noncompetitive inhibition displayed by ADP-ribose substrate to bind, followed by NAD However, NAD" has
and carba-NAD versus NAD and the acetylated substrate been shown to bind archaeal Sir2 homologues in the absence
indicates that these dead-end inhibitors can bind to anof the second substrate, as indicated by various crystal
enzyme-deacetylated product complex. The existence of the structures 13, 24, 38). Whether this complex is productive
enzyme-deacetylated product complex indicates thAAD- has not been evaluated. Following the formation of the
Pr is not the last product released in a fully ordered ternary complex and subsequent chemical catalysis, nicotin-
mechanism. The noncompetitive inhibition of the deacety- amide is released first followed by the random release of
lated product, histone H3 peptide, versus NAFigure 3) OAADPr and the deacetylated product.
suggests the existence of an enzy@AADPr complex, Because of the absolute NADrequirement for Sir2
where binding of H3 to this complex in addition to binding activity, it has been postulated that the cellular NABvels
to the free enzyme would result in the observed noncompeti- affect Sir2 activity. We have obtained NAIK,, values of
tive inhibition. Our inhibition analysis indicates that both 29, 90, and M for ySir2, SIRT2, and HST2, respectively.
the enzyme-OAADPr and enzyme deacetylated product TheK, values for ySir2 and HST2 are similar to previously
binary complexes can form during the reaction, suggesting reported values39), and are within the physiological range.
that there is randomness in the release of the deacetylatedn yeast, the NAD concentration was estimated to be
product andOAADPT. between 1.5 and 2 mM, although a significant percentage is
An equilibrium binding study showing that AcH3 can bind in the bound form39). In eukaryotes, NAD is synthesized
to the enzyme independently supports the idea that thevia two pathways: the de novo pathway using tryptophan
acetylated substrate is the first to bind. Using equilibrium and the salvage pathway in which degraded NAdoducts
dialysis, we found that the acetylated peptide AcH3 can bind are recycledg, 40). In yeast, it has been shown that steady-
to the free enzyme with reasonable affinity(= 150 M) state NAD" levels do not change and that Sir2 activity may
(Figure 6). The inclusion of ADP-ribose in the dialysis did be modulated not by the de novo synthesis pathway but by
not affect the binding of AcH3 to the enzyme (Figure 6). the NAD' salvage pathwayl{). Many of the NAD" salvage
Using both ITC and equilibrium dialysis, no significant enzymes are located in the nucleus, and increased flux
binding of NAD" to HST2 or SIRT2 was detected up to through this pathway is postulated to increase ySir2 activity.
200uM NAD*. From these data, it appears that Sir enzymes  Multistep ChemistryUsing rapid-quench analysis with
demonstrate a preference for binding acetylated peptide firstHST2, we have provided the first direct kinetic evidence of

and NAD' second. multistep acetyl group transfer, with the kinetic resolution
The crystal structure of HST2 in a nonproductive ternary of an ADP-ribose-like intermediate. After formation of the
complex with the acetylated histone and@AADPr (23) ternary complex, nicotinamide is cleaved at a rate of 7'3 s

is consistent with our kinetic data, providing support for the and subsequent formation GAADPr occurs at 1.3 The

formation of enzyme acetylated substrateADP-ribose or rate of nicotinamide formation does not fit perfectly to a
carba-NAD" dead-end ternary complexes. Formation of these single-exponential equation. The observed slowing of nico-
dead-end ternary complexes along with binding of ADP- tinamide formation near the end of the reaction (Figure 7)
ribose or carba-NAD to the enzyme deacetylated product is explained by the fact that cleavage of the nicotinamide
complex would result in the noncompetitive inhibition ribosyl bond is a highly reversible ste@7 28). As

observed in our analyses. After submission of this work, a nicotinamide accumulates, it can condense with an enzyme
paper showing the first ever structure of an intact NAD  ADP-ribose-like intermediate to re-form NADresulting in

molecule bound to a Sir2 enzyme was publishag).(From the progressive slowing of nicotinamide formation. This
this structural finding, it is postulated that NADinding is explanation was verified using the kinetic simulation program
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Specfit From this simulation analysis, the rate of nicotin- of these poor substrates may disrupt the optimal orientation

amide formation must be relatively fast, with a rate~dfO— of the acetyllysine side chain with respect to the bound

20 s L. The rate at which nicotinamide condenses with the NAD* and the catalytic residues on the enzyme such that

enzyme-ADP-ribose-like intermediate must be comparable catalysis or product release becomes rate-determining.

to the forward rate. Previously, this was shown to-b& Nevertheless, these data along with the differencds.ih

s 1 (27). Therefore, the trend in the data can be described K, provide strong support for the inherent substrate dis-

by the efficient reversibility of this portion of the reaction. crimination harbored by the catalytic domains of Sir2
The nature of an ADP-ribose-like intermediate was enzymes.

recently explored 47, 28). Cleavage of the ribosy
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