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ABSTRACT: Sir2 protein deacetylases (or sirtuins) catalyze NAdzpendent conversion afamino-
acetylated lysine residues to deacetylated lysine, nicotinamide, @d&tyl-ADP-ribose. Small-molecule
modulation of sirtuin activity might treat age-associated diseases, such as type Il diabetes, obesity, and
neurodegenerative disorders. Here, we have evaluated the mechanisms of sirtuin inhibition of histone
peptides containing thioacetyl or mono-, di-, and trifluoroacetyl groups at-#mino of lysine. Although

all substituted peptides yielded inhibition of the deacetylation reaction, the thioacetyl-lysine peptide exhibited
exceptionally potent inhibition of sirtuins Sirtl, Sirt2, Sirt3, and Hst2. Using Hst2 as a representative
sirtuin, the trifluoroacetyl-lysine peptide displayed competitive inhibition with acetyl-lysine substrate and
yielded an inhibition constank(s) of 4.8 uM, similar to itsKq value of 3.3uM. In contrast, inhibition by
thioacetyl-lysine peptide yielded an inhibition constakit)(of 0.017 uM, 280-fold lower than itsKq

value of 4.7uM. Examination of thioacetyl-lysine peptide as an alternative sirtuin substrate revealed
conserved production of deacetylated peptide ar8H-2-O-acetyl-ADP-ribose. Pre-steady-state and
steady-state analysis of the thioacetyl-lysine peptide showed rapid nicotinamide formationt(46ts

slow overall turnover (0.0024 %), indicating that the reaction stalled at an intermediate after nicotinamide
formation. Mass spectral analysis yielded a novel speaies {754.3) that is consistent with an ADP-
ribose-peptidyl adduct (4S-alkylamidate) as the stalled intermediate. Additional experiments involving
solvent isotope effects, general base mutational analysis, and density functional calculations are consistent
with impaired 2-hydroxyl attack on the ADP-ribose-peptidyl intermediate. These results have implications
for the development of mechanism-based inhibitors of Sir2 deacetylases.

Members of the silent information regulator 2 (Sir2 or is cleaved and acetyl-lysine attacks to form nicotinamide and
sirtuin) family of protein deacetylases catalyze the conversion ana-1'-O-alkylamidate intermediatel2—16). In the second
of acetyl-lysine residues and NADXo deacetylated lysine,  portion, an active site histidine activates tHehgdroxyl for

nicotinamide, and'20-acetyl-ADP-ribose QAADPY) (1, 2). attack of theD-alkylamidate to form a']2'-cyclic intermedi-
The most studied human Sir2 homologue, Sirtl, is reported ate (L5). This is followed by addition of water to thé,2'-
to deacetylate a variety of substrates, including %35), cyclic intermediate to form the produc®AADPr and

PPARy (6), PGC-1n (7, 8), and AceCS1Y), implicating deacetylated peptidd(2).

sirtuins in a broad range of biological processes, including Recently, a thioacetyl-lysine peptide derived from the
stress resistance and glucose homeostasis. Sirtuin deacetylaggterminal region of p53 was shown to inhibit Sirt1-catalyzed
activity has also been associated with pathways that opposealeacetylation of an acetyl-lysine peptide with arJZalue
age-associated diseases, such as type Il diabetes, obesity, amnd 2 uM (17). The authors found the rate of Sirtl de(thio)-
neurodegenerative disordef). The design of mechanism-  acetylation with a thioacetyl p53 peptide was 400-fold slower
based sirtuin inhibitors is aided by a detailed understanding than that of the corresponding acetyl-lysine peptide, though
of the chemical mechanism. Toward this end, it has beenthe cleavage of NAD was suggested to be much less
shown that sirtuins use a sequential mechanism in which theaffected (7). Collectively, these observations suggested that
acetyl-lysine substrate binds first followed by NAED form this thioacetyl-lysine p53 peptide might form a catalytically
a productive complex that undergoes catalysis in two main less competent intermediate compared to an acetyl-lysine
chemical stepsi{l). In the first portion of the proposed peptide. However, the mechanism of thioacetyl-lysine peptide
catalytic mechanism, the nicotinamide ribosyl bond of NAD  inhibition and turnover by sirtuins was unknown. Here, we
determine the chemical mechanism of thioacetyl-lysine
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tions were determined using the method of Bradford using Vi adS]
BSA as the standar®() unless otherwise stated. Enzyme log(v) = log 0] 2)
aliquots were kept at-20 °C until they were used. Km(l + K_) +[S]

is

Solid-Phase Synthesis of Acetyl-Lysine Analogue Peptides.
The acetyl, monofluoroacetyl, difluoroacetyl, and trifluoro-

acetyl peptides with the sequence NHSTG.GK(e-acetyI Formation. Single-turnover reactions were conducted with
analogue)APRKQ-OH derivatized at thkeamino group of 325 uM [““CINAD*, 15-20 uM thioacetyl-lysine peptide
the central lysine residue were synthesized according t°40yM Hst2. and 1’mM DTT in 50 mM Tris-HCI (pH 7 5)'

previously published procedure8lj. The thioacetyl-lysine 5 550 Time points from 28.5 to 4000 ms were assessed
peptide (ThloAcH3) was glso synt.heS|zed in the same mannerusing a Hi-Tech RQF-63 rapid-quench flow system (TgK
that was prewously P“b"Shed using Fmoc-Lys(C3faH Scientific Ltd., Bradford on Avon, United Kingdom) and
(17). Thioacetyl-lysine peptide: MS (ESI) calcd for

A analyzed as previously describetll). In the rapid-quench
CsoHoiN1g01sS™ [M + H]™ m/z 1215.7, foundn'z 1215.9. {5,y the contents of one syringe containing Hst2 aHa]

Isothermal Titration Calorimetry of Thioacetyl-Lysine NAD™ were rapidly mixed in a 1:1 ratio with the contents
Peptide Binding The binding affinities of acetyl-lysine  of another syringe containing thioacetyl-lysine peptide to
analogues for Hst2 were determined as previously describedobtain the final concentrations listed above. The concentra-
(21) using a VP-ITC instrument (MicroCal, Northampton, tion of nicotinamide formation was determined by scintil-
MA). Briefly, 0.22—0.4 uM thioacetyl-lysine peptide was lation counting of the HPLC fractions containing*C]-
injected into the cell containing ¥20 uM Hst2, and heats  nicotinamide liberated fromCJNAD*. To obtain the rate
of binding were measured. Active enzyme concentrations (K), the plot of product concentration formed over time was
were determined by measurement of the initial deacetylation fitted to a single-exponential equation (eq 3)
rate using a FCINAD*/HPLC-based deacetylation assay
(22) and compared to the previously published value of 0.2 P=[S],1— e ™ 3
s1 (13). The least-squares fits to the binding parameters
AH®, Ky, andN were determined from the raw data using whereP is the concentration of product formed, {3 the

Rapid-Quench Analysis of the Rate of Nicotinamide

Origin (OriginLab, Northampton, MA). initial concentration of the limiting substrate, ahds the
Sir2 Homologue Inhibition by Thioacetyl-Lysine, Monof- féaction time. _ _
luoroacetyl-Lysine, Difluoroacetyl-Lysine, and Trifluoro- ~ Determination of the Catalytic Turner Rate of Thio-
acetyl-Lysine Peptidetnhibition reactions were performed ~ acetyl-Lysine Peptide with Hst2 and H5t+2 H133HPLC-
in 80 uL volumes containing 5@&M NAD™, 20 uM [3H]- based deacetylation assay usitfC][NAD* was employed

acetyl-lysine peptide prepared as previously descriigy (@S previously descnlbetﬂ). Tfe reactions were.performed
1 mM DTT, 0.1-0.24M enzyme, and acetyl-lysine analogue With 325 or 65:M [**CINAD", 325 or 65QuM thioacetyl-
peptide inhibitor concentrations ranging from 10 nM to 10 !ysme pept|de_, 1 mM DTT, and aM I—°|st2 or HSFZ H135A
mM in 50 mM Tris (pH 7.5) at 25°C. Reactions were In _50 mM T”S'_HO (pH 7.5) at 25°C. React|or_ls were
initiated by addition of enzyme, mixtures incubated ferZp) initiated by addition of enzyme and quenched with TFA at

. , 0 )
min, and reactions quenched with activated charcoal. Inhibi- a f|n.aI concentration of 1% (v/v). _The rate 9‘”@1 .
tion was assessed by measuring the initial forward rate Ofmcotmamlde formation was determined by scintillation

3 ) ) o counting of the HPLC fractions corresponding t4d]-
EZI—ZI§OAADPr formation using the charcoal binding assay nicotinamide and CJNAD*. The rate of deacetylated

peptide formation was determined by comparing peak areas
DuaI-ReCiprocaI Inhibition Plotdnhibition reactions were of the deacety|ated pep“de and acety| ana|ogue pep“de
performed in 80uL volumes containing 10cM NAD ™, detected at 214 nm.
2—32 uM [*H]acetyl-lysine peptideX®), 1 mM DTT, 0.04 Identification of Products Formed by Thioacetyl-Lysine
uM Hst2, and thioacetyl-lysine peptide concentrations rang- peptide by Mass Spectrometigeactions conducted in 20
ing from 100 nM to 3uM or trifluoroacetyl-lysine peptide 4L volumes containing 1 mM DTT, 400M thioacetyl-lysine
concentrations ranging from 1 to 1@0M in 50 mM Tris peptide, 50uM NAD*, 50 uM Hst2 or Hst2 H135A, 0 or
(pH 7.5) at 25°C. Reactions were initiated by addition of 20% (v/v) methanol, and 20 mM pyridine buffer adjusted to
enzyme, mixtures incubated fo—20 min, and reactions  pH 7 with formic acid were reacted for 30 min at room
quenched with activated charcoal. Inhibition was assessedtemperature. Reaction mixtures were flash-frozen and stored
by measuring the initial forward rate ofH]OAADPr at —20 °C until they were ready for mass spectral analysis
formation using the charcoal binding ass@®)( The initial as previously described %).
velocity data were fit in Kinetasyst (Intellikinetics, State Mass Spectrometry Detection of the Stalled Intermediate
College, PA) to competitive (eq 1 or 2) inhibition patterns with Thioacetyl-Lysine Peptid&eactions conducted in 20
based on the algorithms defined by Clela28)( All data uL volumes containing 1 mM DTT, 600M thioacetyl-lysine
were displayed using Kaleidagraph (Synergy Software, peptide, 500uM NAD*, 200 uM Hst2 or 150uM Hst2
Reading, PA). H135A, and 20 mM pyridine buffer adjusted to pH 7 with
formic acid were reacted for 360 s at 25°C. Controls
Vol S] were run in which thioacetyl-lysine peptide, NADor
T (1) enzyme was removed from the reaction mixture. Reaction
Km(l + _) +[S] mixtures were flash-frozen and stored-&20 °C until they
K were ready for mass spectral analysis utilizing a Bruker

V=

is



14480 Biochemistry, Vol. 46, No. 50, 2007 Smith and Denu

H N_KSTGGK APRKQ_OH Thioacetyl-Lysine Peptide Is a More Potent Inhibitor
2 than Fluoroacetyl-Lysine PeptidedVe have previously
\ shown that monofluoroacetyl-, difluoroacetyl-, and trifluo-

roacetyl-lysine peptides (Figure 1) stall at the Michaelis

0 s 0 o 0
S w2l Je ok F JXF complex with NAD" due to the decreased nucleophilicity
Ll A G ol

of the acetyl oxygen2l). Therefore, we predicted that
these fluoroacetyl-lysine peptides would be inhibitors of
sirtuin deacetylation through competition for AcH3 at the
FIGURE 1: e-Amino thioacetyl-lysine peptide (ThioAcH3), acetyl- Michaelis complex. To determine if ThioAcH3 inhibited by
lysine peptide (AcH3), and fluoroacetyl analogue peptides used in a similar mechanism, we compared the inhibition potency
this study. of ThioAcH3 to that of the fluoroacetyl-lysine peptides,
employing Hst2 as the representative sirtuin (Figure 2B and

) ) S ) Table 1). However, ThioAcH3 was by far the most potent
BIFI__EX 1l matnx-assmtegl laser desor_pt|o_n ionization t_|me- inhibitor, with an 1Gy >60-fold lower (1.0uM vs =61 4M)
of-flight (MALDI-TOF) instrument in linear negative  han those of the three fluoroacetyl-lysine peptides that were
mode. _ _ ~ tested.

Sobent Isotope Effects with Acetyl- and Thioacetyl-Lysine 14 determine if this difference in inhibitor efficacy
PeptidesDry buffer components were added directly tg) between ThioAcH3 and the fluoroacetyl-lysine peptides was
and the pD was adjusted with DCl and NaOD. The pD values gimply a result of tighter binding of ThioAcH3, thé value
were determined by adding 0.4 to the reading of the pH {4 ThioAcH3 was measured and compared to those values
electrode 24). Turnover rates were determined by measuring previously determined with the fluoroacetyl-lysine peptides
the rate of formation of fCJnicotinamide from {*CINAD* (21) (Table 1). Among the acetyl-lysine analogue peptides,
and the previously described HPLC assa@®)( Reaction  he 'k, values varied over an6-fold range from 3.3 to 21
mixtures contained 1 mM DTT, 326M [*“CINAD*, 650 uM. Interestingly, the ThioAcH3 and trifluoroacetyl-lysine
#M acetyl- or thioacetyl-lysine peptide, 50 mM Tris (pL 7.5)  peptide exhibited similarky values (4.7 and 3.3:M,
at 25°C, and 2-6 M Hst2. Reactions were initiated by  egpectively) while having vastly different 4gvalues (1.0
addition of 4ul of Hst2 (in H;O) to a final volume of 160 5,4 61uM, respectively) (Table 1 and Figure 2B).

uL. Time points were selected to measure after the initial 1 compare the inhibition displayed by ThioAcH3 and
burst of nicotinamide formation but before 10% conversion trifluoroacetyl-lysine peptide directly to thég values, the
to products to ensure initial rate conditions. Ki values for these peptides were obtained via steady-state
‘Computational Methodsll calculations were performed  ipipition analyses. Initial velocities foffi] OAADPT forma-
with the Gaussian 03 packadzs] using the three-parameter  {jon at saturating NAD concentrations were determined at
hybrid functional of BeckeZ6) together with the correlation aried concentrations ofifiJAcH3 as the substrate and either
functlonal**of Lee, Yang, and Pareq) (B3LYP) and the  ThioacH3 or trifluoroacetyl-lysine peptide as the inhibitor.
6-31++G** basis set. Geometry optimizations were carried At each inhibitor concentration, the data were plotted as
out on molecular fragments with methyl groups placed at 1/rate ¢) versus 1/[AcH3], revealing a series of lines that
the “cleavage sites” to prevent unwanted hydrogen bonding ntersected at the #/axis. Therefore, the inhibition was
|nterqcthns. 'I_'he qleavage sites were at th@yalroxyl of competitive with respect to AcH3, yielding values 29)
the nicotinamide ribose of NADand thee-carbon of the for ThioAcH3 and trifluoroacetyl-lysine peptide of 0.047

lysine side chain. To ensure optimized structures were trueq 093 and 4.8+ 1.6 uM, respectively (Figure 3A). This
minima, vibrational frequencies were determined to check ,,5,e (4.8uM) for trifluoroacetyl-lysine peptide is similar

that no imaginary f(equencies were present. Or_bital energ_iest0 the K4 value of 3.3uM (Figure 3B), consistent with
were determined with natural bond order analysis, and orbital jhijition occurring from competition with AcH3 for binding
interaction energies were determined by second-order per+y free Hst2 and stalling at the Michaelis complext)
turbation theory using NBO 5.2§). However, theK;s value of 0.017uM with ThioAcH3 was
significantly below itsKq4 value of 4.7uM, suggesting that
RESULTS AND DISCUSSION ThioAcH3 inhibited primarily by stalling a reaction step after
Inhibition of Sirtuins by Histone H3 Peptide Containing Michaelis complex formation.
Thioacetyl-LysineFirst, we examined whether thioacetyl- Thioacetyl-Lysine Peptide as the Substrate YieldSH
lysine peptide inhibition was a common feature among OAADPr. To determine if ThioAcH3 was competent to
sirtuins. The 1G, values for human Sirtl, Sirt2, and Sirt3 proceed to the predicted product3H-2-O-acetyl-ADP-
and yeast Hst2 were measured using a synthesized thioacetylribose (1-SH-OAADPr) (Scheme 1B) and therefore is
lysine peptide (ThioAcH3) as the inhibitor (Figure 1). This processed by the equivalent dethioacetylation reaction as
11-mer peptide was based on the human histone H3 sequenc@cH3, we analyzed products formed from the NAD
modified at thes-amino group of lysine 14 [bN-KSTGGK- dependent reaction of Hst2 with ThioAcH3. Using electro-
(e-thioacetyl) APRKQ-OH]. Indeed, similar inhibition was spray mass spectrometry in negative mode, we found that
observed among the four Sir2 homologues, withyMalues the enzyme-catalyzed dethioacetylation of ThioAcH3 pro-
of 2.0+ 0.2, 5.6+ 0.8, 2.3+ 0.3, and 1.02+ 0.04uM for duced 1-SH-OAADPT, as revealed by a major peakraiz
Sirtl, Sirt2, Sirt3, and Hst2, respectively (Figure 2A). The 616.1 [calcd for GH24Ns0:14P.S™ [M — H]~ m/z 616.1
result with Sirtl was consistent with the previous report (Figure 4)]. The small amount @AADPr formed is likely
utilizing an e-amino thioacetyl-lysine-containing p53 pep- due to hydrolysis of the'ithiol of 1'-SH-OAADPr during
tide (17). the course of the assay. These results indicated that Thio-

Acetyl Thioacetyl Monofluoroacetyl Difluoroacetyl Trifluoroacetyl
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Ficure 2: (A) Inhibition of the rate of acetyl-lysine deacetylation by ThioAcH3 of HdB, (Sirtl @), Sirt2 (#), and Sirt3 4). (B)
Inhibition of Hst2 by ThioAcH3 M), monofluoroacetyl-lysine peptideaj, difluoroacetyl-lysine peptide€), and trifluoroacetyl-lysine
peptide @). Reaction mixtures contained 5 NAD*, 20 uM [3H]acetyl-lysine peptide, 1 mM DTT, 0:10.2 uM enzyme, and 10 nM

to 10 mM acetyl-lysine analogue peptide inhibitor in 50 mM Tris (pH 7.5) af@5Inhibition was assessed by measuring the rate of
[BH]OAADPTr formation using the charcoal binding ass&p)( Error bars represent standard deviations from the mean.
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Ficure 3: Double-reciprocal inhibition plots. Initial rates were determined from the rate of formaticitHgOPADPr from [BH]JAcH3

using the charcoal binding ass&®2). The assay was performed in the presence of dddINAD * and AcH3 concentrations ranging from

2 to 32uM. (A) ThioAcH3 exhibits competitive inhibition toward AcH3 during the Hst2-catalyzed reaction. The following ThioAcH3
concentrations were used: @) 0.03 (), 0.1 @), 0.3 (»), 1 (@), and 3uM (O). (B) Trifluoroacetyl-lysine peptide exhibits competitive
inhibition toward AcH3 during the Hst2-catalyzed reaction. The following trifluoroacetyl-lysine peptide concentrations were usgd: 0 (
1 (@), 10 (»), 30 @), and 10uM (O). Data were fit to competitive inhibition using KinetAsyst as described in Experimental Procedures.

Table 1: Physical and Kinetic Parameters of Acetyl-Lysine Analogues with Hst2

acetyl analogue nicotinamide
peptide formation (s Keat (571 Kg (M)  AH° (kcal/mol) N ICs0 (uM) Kis (M)
acetyl (6.7 0.9)x 10°*  (2.0£0.3)x 10712 214+ 42 —-5.3+3.9 0.96+ 0.06 N/AP N/AP
thioacetyl (4.5:0.9)x 1C° (2.4+0.1)x 108 4.7+1.0 —6.6+ 3.7 1.07+0.24 1.02+-0.04 0.0174 0.003
monofluoroacetyl (3.2 0.6) x 1032 (3.3+0.5)x 1073 22+ 5° —-45+1.9 1.02+0.02 133+ 21 N/AP
difluoroacetyl (4.6£0.8) x 10752 N/AP 20+ 12 —10.3+ 2.1 1.04+ 0.20 132+ 12 N/AP
trifluoroacetyl (1.14+ 0.4) x 10752 N/AP 3.3+ 0.7 -9.0+1.3 0.99+ 0.07 61+ 6 48+1.6

aData from ref21. ® Not available.

AcH3 could be turned over to yield products analogous to x 1072 s™* was determined from dethioacetylated peptide
those with acetyl-lysine peptides and suggest that inhibition formation. This suggested that the 1:1 stoichiometry of
might be due to formation of a stalled catalytic intermediate NAD™ cleavage to deacetylation is retained when using
rather than a dead-end complex. ThioAcH3 and that ThioAcH3 is processed by the same
Thioacetyl-Lysine Peptide Displays Slowe®all Turnover mechanism as AcH3, albeit with an extremely low efficiency.
Rates.To examine the possibility that ThioAcH3 stalls the Thioacetyl-Lysine Peptide Displays Rapid Nicotinamide
enzyme at an intermediate along the catalytic pathway, aFormation. To resolve the step in catalysis that is altered
series of steady-state and pre-steady-state rapid-quenchingvith ThioAcH3 as a substrate, the rate of nicotinamide
kinetic analyses were performed. Catalytic stalling with formation was measured under rapid single-turnover condi-
ThioAcH3 predicts a significant retardation of the overall tions. Using ThioAcH3, a first-order rate of 4:56 0.9 s*!
turnover rate K..) compared to the value of 0.2 %swith for nicotinamide formation was determined, similar to the
AcH3 (21). Indeed, measurement of the steady-state rate ofpreviously published value of 6 % 0.9 s (21) for AcH3
nicotinamide formation at saturating NACand ThioAcH3 (Figure 5 and Table 1). A similar pre-steady-state rate for
concentrations resulted in a turnover rd¢g) of (2.4+ 0.1) nicotinamide formation suggested that ThioAcH3 was readily
x 1072 s71, which is ~80-fold slower than the rate using converted to the predicted-$-alkylamidate intermediate,
AcH3 (Table 1). A similar steady-state rate of (2£10.7) but that a subsequent step was impeded, as shown by an
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Ficure 4: Detection of products formed with ThioAcH3 and Hst2

by electrospray mass spectrometry in negative mode. Reaction

mixtures contained 1 mM DTT, 40@M ThioAcH3, 500 uM
NAD™, 50uM Hst2, and 20 mM pyridine buffer adjusted to pH 7
with formic acid.
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Ficure 5: Rapid-quench flow analysis of AcH®] and ThioAcH3

(m) as substrates. Single-turnover reactions were conducted with
325uM [CINAD™, 15—-20uM ThioAcH3 or AcH3, 40uM Hst2,

and 1 mM DTT in 50 mM Tris (pH 7.5) at 28C. Time points
from 10.3 to 4000 ms were evaluated using a Hi-Tech RQF-63
rapid-quench flow system and analyzed as previously described
(21). To obtain the ratek], the plot of product concentration formed
over time was fitted to the single-exponential equat®r [S]o(1

— e 1)), Paints for acetyl-lysine were published previousity

~2000-fold slower rate of turnovekd,) compared to the
rate of nicotinamide formation under single-turnover condi-
tions.

Kinetic Modeling of Inhibition.To explain the effects of
reaction kinetics on the distinct inhibitory behavior of the
ThioAcH3 and trifluoroacetyl-lysine peptides, we used
steady-state kinetic modeling and applied the equilibrium and
rate constants determined from the various kinetic and

Smith and Denu

(29) can be expressed in terms of the individual kinetic
constants for this simplified mechanism (Figure 6) as shown
below:

— I(8k11 + I(lel — deYkll + k9kll —
s k7k11 + k7k9 k7k11 + k7k9

kBkll + kall
Kd( kekes + kekg)

In the case of ThioAcH3, the pre-steady-state rate of
nicotinamide formationky = 4.5 s1) is much faster than
the steady-state turnover ratk.( = k;; = 0.0024 s3).
Therefore, the above equation can be simplified to

gkt Kokear K ki Kok
ok TKy Ktk

K
Therefore, the observdls for ThioAcH3 is equal to it¥n,
as an alternative substrate. We can estimater kg for
ThioAcHS3 using previously published values with AcH3 for
the nicotinamide formation rate (6.7%3, ke (0.24 s1), Ky
(4.3 uM), andKq (21 uM) (11, 21). Using this method, we
calculate limitingk; andkg values for ThioAcH3 0f>6.8 x
10 st M1 and <1.4 s, respectively. As the loweKgy
value displayed by ThioAcH3 compared to that of AcH3
might be due to both a small decrease in the rate of
dissociationkg) and a small increase in the rate of association
(k7), substitution of only one of these calculategdor kg
values into the above equations provides limiting cases of
10 and 38 nM on the predicteldis value. Indeed, the
measure;s value of 17 nM for ThioAcH3 falls between
these two limits. Thus, this potent inhibition is entirely
consistent with stalling at an intermediate enzyme form in
which substrate AcH3 cannot compete. Competitive inhibi-
tion patterns are observed since infinite ACH3 concentrations
would keep finite concentrations of ThioAcH3 from binding
to free enzyme.

In the case of trifluoroacetyl-lysine peptide, the rate of
nicotinamide formation is very slow compared to the other
rate constantk§ < kg or k;1). Therefore, the trifluoroacetyl-
lysine peptide is predicted to exhibitkas value near ity
since, whenkg is very small, the formula above fdf
reduces tKis = Kgq. Indeed, we determined l§s value of
4.8 uM for trifluoroacetyl-lysine peptide, similar to it&y
value of 3.3uM.

Detection of an ADP-Ribos&Peptide Intermediate with
Thioacetyl-Lysine Peptidelo gain insight into the nature

Ki K, Wwhere

m

equilibrium experiments. Sirtuins employ a sequential kinetic of the stalled intermediate, we analyzed potential novel
mechanism in which the acetyl-lysine substrate binds first species formed during the Hst2-catalyzed dethioacetylation
followed by NAD" to form the Michaelis complex. This  of ThioAcH3. To minimize the manipulation required prior
complex then reacts, resulting in nicotinamide and the to analysis, the mass spectrometry samples were taken
alkylamidate intermediate. Nicotinamide is released, and thedirectly from unquenched reactions. Using MALDI-TOF MS,
alkylamidate is further processed to yield deacetylated we identified a unique species afz 1754.3, which was
peptide andDAADPr (11). At saturating NAD concentra- dependent on the presence of Hst2, ThioAcH3, and NAD
tions, the kinetic mechanism can be simplified into three indicating this new species was a result of Hst2-catalyzed
main steps: initial acetyl-lysine substrate binding, reaction reaction with ThioAcH3 and NAD (Figure 7A-D). This

to form nicotinamide, and final formation of deacetylated new peak atm/z 1754.3 was consistent with the mass
peptide andDAADPr. Under initial velocity conditions, the  expected for either a stalledEalkylamidate, the subsequent
release of all products is irreversible, so only the forward 1',2'-cyclic thioalkyl intermediate along the proposed cata-
rate constants are shown (Figure 6). Using the net ratelytic pathway, or another isomer not on the proposed catalytic
constant method of Clelan@@), the inhibition constaniK;s pathway (Scheme 1B). As discussed below, additional results
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K, = k, AcH3 NAD* Nic H3 OAADPT
k, = nicotinamide
k, (AcH3]| |k, formation rate k= ke
E=AcH3 (E*AcH3*NAD* — E-O-alkylamidatesNic) (E+O-alkylamidate — E*H3-OAADPr) E+«OAADPr
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k, [ThioAcH3]| |k, k,= nicotinamide k,=k.,

K formation rate

ThioAcH3 NAD* Nic H3 1-SH-OAADPr

Ficure 6: Proposed kinetic mechanism of ThioAcH3 alternate substrate inhibition of sirtuin-catalyzed AcH3 deacetylation.

Scheme 1. Proposed Chemical Mechanism of (A) Acetyl-Lysine (AcH3) and (B) Thioacetyl-Lysine Peptide (ThioAcH3)
Substrates

Enzyme ternar) mpl 0] 1"-alkylamidat 1',2"-cyclic intermediatt
zyme ternary complex alkylamidate "2'-cyclic intermediate Hst2 Product Release

A O?/DNHZ @)L NH, \ Rate-lgr;itsir:g step
\ACY/'Q'/ o A\m . \m )( L,\m

\ -1
HO OH / 6.7s ”'O Deacetylated
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NAD* cetyl-lysine —<
His-135:J «"" o)
0 2'-0O-Acetyl-
ADP Ribose
B Os_NH, | Y7 NH,
7
= | N \/\
O_ (N O
RS Ly »\m
N \—/ ) 4.5 s-1 N H5t2
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NAD*  Thi Ht I-lysi H 0.0024 5™ —< peptide
ioacetyl-lysine
His-135:—" «-"”" o)
1'-SH-2'-O-Acetyl-
ADP Ribose

are most consistent with the speciesét 1754.3 being the  of the ability of the enzyme to proceed beyond the51

1'-Salkylamidate. alkylamidate. Furthermore, mass spectral analysis of the Hst2
Mutation of Histidine 135 to Alanine Further Slows H135A-catalyzed reaction of ThioAcH3 revealed a species

Dethioacetylation.To help distinguish between stalling at corresponding to deacetylated peptide and th&-dlkyla-

the 1-Salkylamidate versus thé,2-cyclic intermediate, we  midate intermediate (Figure 7E), suggesting that the mutant

utilized a Hst2 mutant enzyme (Hst2 H135A) in which the enzyme is not significantly impeded up to formation of the

active site histidine is mutated to alanine. His135 is 1'-S-alkylamidate and does proceed to dethioacetylation,

responsible for general base activation of théydroxyl albeit at a much slower rate.

for attack of the Talkylamidate to form the '12'-cyclic Thioacetyl-Lysine Peptide Displays a Large it
intermediate 15) (Scheme 1). Previously, we have shown Isotope Effectlf the sirtuin-catalyzed reaction with Thio-
that mutation of this histidine decreased the rate of deacety-AcH3 were stalled at the' S-alkylamidate, this rate-limiting

lation (kc.a) Of AcH3 approximately 20-fold from~0.2 to step would be expected to yield a significant normal solvent

~0.01 stat pH 7.5 (5). However, mutation of this histidine  isotope effect for ThioAcH3, as proton abstraction by the
minimally affected the cleavage of NADin forming the general base histidine of the riboseh®droxyl is critical

1'-alkylamidate as shown by a small 3-fold reduction in for attack on the 'tSalkylamidate. Indeed, reaction of
nicotinamide transglycosidation rate with AcHB3]. If 2'- ThioAcH3 revealed a large solvent isotope effect of 4.1
hydroxyl attack of the tS-alkylamidate were rate-limiting, 0.6 on theVqax value, consistent with stalling at thé-%

then a multiplicative reduction in the steady-state deacety- alkylamidate. In contrast, AcH3 exhibited an only modest
lation rate would be predicted when utilizing ThioAcH3 with ~ solvent isotope effect of 1.& 0.2. It was previously shown
Hst2 H135A. Because the steady-state rate with wild-type that the reaction rates of AcH3 with Hst2 correlate with

Hst2 is reduced~100-fold with ThioAcH3 compared to  solution viscosity due to a rate-limiting product release step

AcH3, we predict a rate reduction 6f2000-fold (~1 x 10™* (15). Therefore, a significant portion of the small isotope

s 1) when using ThioAcH3 and Hst2 H135A together. effect observed for AcH3 can be explained by the increased

Indeed, we found a rate af5 x 104 s 1 with ThioAcH3 viscosity of DO versus HO [1.100 mPa s vs 0.8903 mPa
and Hst2 H135A, consistent with an additional attenuation s; ratio of 1.24 at 25C (39)].
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FIGURE 7: Mass spectrometry detection dfSalkylamidate with
ThioAcH3. Spectra shown are from (A) the reaction mixture
containing 1 mM DTT, 60Q«M ThioAcH3, 500uM NAD*, 200
uM Hst2 WT, and 20 mM pyridine formate buffer, (B) the reaction
mixture without ThioAcH3, (C) the reaction mixture without
enzyme, (D) the reaction mixture without NADand (E) the
reaction mixture with Hst2 H135A instead of Hst2 WT.

Computational and Chemical Modeling Support Inefficient
Attack of the 2Hydroxyl at the 1-S-Alkylamidate One
possible explanation for a decreased rate-tfy2iroxyl attack
at the 1-Salkylamidate compared to that at thé-Q-
alkylamidate is that the 'zhydroxyl is not positioned
optimally for nucleophilic attack in the'4S-alkylamidate.
To examine this possibility, computational studies were
performed. Initially utilizing the coordinates of the ribose
ring and acetyl-lysine from the X-ray structure of NARnd
acetyl-lysine peptide bound to Sir2Trh2), the geometries
of fragments of the '10-alkylamidate and 'tS-alkylamidate

Smith and Denu

138.09° :

FicurRE 8: Geometry-optimized conformations of the fragment of
(left) 1'-O-alkylamidate and (right) 'i1S-alkylamidate. Shown are
the distances from the-Bxygen to the imidate carbon in angstroms
and the angle among thé-@xygen, imidate carbon, and imidate
nitrogen in degrees. Calculations were performed with Gaussian
03 (25) using the three-parameter hybrid functional B3LYP and
the 6-3H1-+G** basis set.

approaching a carbonyl group in an acyl transfer reaction
(31—33). This trajectory results from maximal overlap
between the lone pair (n) of the oxygen nucleophile and the
antibonding orbital £*) of the carbonyl group while
minimizing steric effects. Therefore, the angle of attack in
the 1-O-alkylamidate is closer to the ideal angle compared
to that in the 1-Salkylamidate, predicting a faster rate of
2'-hydroxyl attack with the 'tO-alkylamidate. Additionally,
natural bond order analysigg) indicated a 1.31 kcal/mol n
— gr* interaction in which electron density of a lone pair on
the 2-oxygen is donated to the antibonding orbital of the
imidate carbornitrogen bond for the '10-alkylamidate.
This interaction is important since these orbitals form the
new bond in the 12-cyclic intermediate. However, this
interaction is<0.5 kcal/mol in the tS-alkylamidate, further
slowing the reaction with the'-S-alkylamidate. These altered
bond angles and distances within th&Slalkylamidate
compared to the'10-alkylamidate may also reposition the
2'-hydroxyl relative to the active site general base histidine.
This repositioning could weaken the activation of tHe 2
hydroxyl by the active site histidine, thereby slowing the
rate of 2-hydroxyl attack in the tS-alkylamidate.

Another possible explanation for slowed/droxyl attack
is that the K, value of the imidate nitrogen is lowered in
the I-Salkylamidate, which would impede the rate of 2
hydroxyl attack since nucleophilic attack on the imidate

were optimized. In these models, interactions with protein carbon requires a protonated imidate nitrog&d, (35).
residues are removed for computational simplicity since the However, hydrolysis oN-alkyl acetimidate esters36, 37)
enzymatic environment is predicted to be unchanged whenor N-alkyl thioacetimidate ester84, 35) in chemical model
using an alternate substrate with a single-atom substitution.systems predictsiy, values of the tO-alkylamidate and
This optimization revealed distances of 2.97 and 3.36 A 1'-Salkylamidate of~7.5 and~7.75, respectively. These

between the 2oxygen and the imidate carbon for theQ-
alkylamidate and 'tS-alkylamidate, respectively (Figure 8).
The longer distance within the-Salkylamidate is consistent
with a slower attack of the'zhydroxyl within this intermedi-

intrinsic K, values are not significantly different and
therefore are not sufficient to explain the variation in
reactivity between the two intermediates. Nonetheless, we
cannot rule out the possibility that the change in bond lengths

ate. Geometry optimization also revealed angles among theand angles within the'iS-alkylamidate places the imidate

2'-oxygen, imidate carbon, and imidate nitrogen of .@ad

138 for the 1-O-alkylamidate and 'tS-alkylamidate, re-
spectively (Figure 8). The Bgi—Dunitz trajectory predicts
an optimal angle of~11(¢° for an oxygen nucleophile

nitrogen in a different local environment, which could alter
the K, value and therefore the reactivity.

A third explanation for a slowed rate of-Bydroxyl attack
in the 1-Salkylamidate is that the reactivity of the imidate
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carbon is inherently lower in the/-B-alkylamidate than in
the 1-O-alkylamidate. Indeed, chemical model studies show
an ~3—4 fold slower rate of hydrolysis foN-alkyl thio-
acetimidate esters versisalkyl acetimidate esters<(1.6—
1.8x 10°stvs 5.1-6.7 x 105 s71) (34—37), indicating
that the imidate carbon in thé-&alkylamidate is a weaker
electrophile than the'40-alkylamidate. Therefore, both the
inherent reactivity of the '1S-alkylamidate and the relative
positioning of the 2hydroxyl support a slower rate of-2
hydroxyl attack in the 'tS-alkylamidate compared to thé-1
O-alkylamidate, consistent with the Hst2-catalyzed dethio-
acetylation reaction stalling at thé-%alkylamidate.

CONCLUSIONS

We provide evidence that thioacetyl-lysine peptides exhibit
mechanism-based inhibition of sirtuins primarily by stalling
an enzyme intermediate. This inhibitory mechanism is in
stark contrast to the fluoroacetyl-lysine peptides that inhibit
sirtuin deacetylation through competition for acetyl-lysine
peptide binding to free enzyme but are prevented from
undergoing significant catalysis. While we cannot completely
rule out other possibilities, the collective data for thioacetyl-
lysine peptide are most consistent with stalling at th&1
alkylamidate intermediate. This study provides a groundwork
for the development of a variety of chemical tools for further

studying the biology of sirtuin protein deacetylases. The 11.

mechanism-based inhibition of sirtuins displayed by thio-
acetyl-lysine peptides will be invaluable in the further rational

2.

3.

7

8.

9.

10.

design of mechanism-based inhibitors and activity-based 1,

probes of Sir2 deacetylases. In particular, yet undiscovered
alternative substrates that undergo more rapid NA&Rav-

age in the first step or slower formation of products (or
formation of a dead-end intermediate that does not turnover)
compared to ThioAcH3 would be predicted to exhibit even
greater sirtuin inhibition. Furthermore, attachment of a
fluorophore and photolabeling group to these chemical probes
could allow synthesis of activity-based prob88)( providing

a direct readout for sirtuin activity in cell extracts and perhaps 15.

live cells. Alternatively, attachment of a photolabeling group
might label other associated proteins, providing a method
of identifying sirtuin protein complexes. Also, insertion of
the thioacetyl-lysine “war-head” into peptide sequences that
are specific substrates for a given sirtuin may allow for the
facile discovery of selective sirtuin inhibitors. These new
chemical tools will be useful in elucidating the roles of
protein deacetylases in a variety of human disease states such
as cancer, diabetes, and neurodegeneration.
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