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Abstract

Sirtuins are protein modifying enzymes distributed throughout all forms of life. These enzymes
bind NAD™, a universal metabolite, and react it with acetyllysine residues to effect deacetylation
of protein side chains. This NAD"-dependent deacetylation reaction has been observed for sirtuin
enzymes derived from archaeal, eubacterial, yeast, metazoan and mammalian species, suggesting
conserved chemical mechanisms for these enzymes. The first chemical step of deacetylation is the
reaction of NAD™ with an acetyllysine residue which forms an enzyme-bound ADPR-
peptidylimidate intermediate and nicotinamide. In this manuscript, the transition state for the
ADP-ribosylation of acetyllysine is solved for an Archaeaglobus fulgidus sirtuin (Af2Sir2).
Kinetic isotope effects (KIEs) were obtained by the competitive substrate method and were
[1n-19N] = 1.024(2), [1'N-14C] = 1.014(4), [1'n-3H] = 1.300(3), [2/N-2H] =1.099(5), [4'N-2H] =
0.997(2), [5'n-3H] = 1.020(5), [4'N-180] = 0.984(5). KIEs were calculated for candidate transition
state structures using computational methods (Gaussian 03 and ISOEFF 98) in order to match
computed and experimentally determined KIEs to solve the transition state. The results indicate
that the enzyme stabilizes a highly dissociated oxocarbenium ion-like transition state with very
low bond orders to the leaving group nicotinamide and the nucleophile acetyllysine. A concerted
yet highly asynchronous substitution mechanism forms the ADPR-peptidylimidate intermediate of
the sirtuin deacetylation reaction.

1. Introduction

The sirtuins are phylogenetically conserved NAD™* dependent enzymes that regulate diverse
signaling processes within cells via protein covalent modification.l: 2 The sirtuins catalyze
removal of protein acetyllysines, although in some cases they have been reported to ADP-
ribosylate proteins and other substrates as well.3=8 The sirtuins have been implicated in
cellular and organism adaptations to stress and nutrient intake,? 11 and regulate lifespan in
different organisms including yeast,12 worms,13 flies14 and probably in mammals.1®> The
mammalian sirtuins regulate adipogenesis,16 adipolysis, 16 apoptosis,1’=20 insulin secretion,
21, 22 glyconeogenesis, 23 24 mitochondrial biogenesis, 2 26 metabolic pathways,25 26 DNA
repair,20: 27730 senescence3? and proliferation.29: 31 32 Sjrtuins are profound regulators of
diverse biological processes and their chemical and enzymatic mechanisms are of
heightened interest. In turn, the development of small molecule modulators of sirtuins is an
active area of research.33—37
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In addition to fascinating biological effects, the sirtuins have unusual chemistry.! The
sirtuins deacetylate proteins using NAD* as a co-substrate and are sensitive to changes in
cellular NAD™* and nicotinamide concentrations.38=40 Sirtuin catalyzed deacetylation
generates nicotinamide and the acetyl-transfer product, 2'-O-acetyl-ADPribose (2'-AADPR).
41,42 sauve et al. proposed that the first step in sirtuin catalysed deacetylation is ADP-
ribosyltransfer to the acetyllysine group of a protein or peptide substrate to form an
intermediate called an O-alkylamidate,*! also called an ADP-ribosyl-peptidylimidate
(Scheme 1).1 The intermediate has versatile properties. For example, NAD™ can be reformed
from it when nicotinamide concentrations are elevated in solution (Scheme 1).41 Chemical
reversal accounts for the inhibition of sirtuins by metabolic and pharmacologic nicotinamide
concentrations.3% 40 Alternatively, the imidate reacts forward via nucleophilic attack of the
2'-OH on the imidate, resulting in deacetylation and enzymatic formation of 2'-AADPR
(Scheme 1).41 This mechanistic proposal has explained a variety of chemistries of sirtuins
reported by numerous laboratories; however, direct characterizations of mechanistic
intermediates or transition states have not been reported.

The ADP-ribosylation of the acetyllysine moiety was proposed to involve electrophilic
capture of the acetyl-oxygen by an oxacarbenium ion-like transition state, characterized by
low bond orders to leaving group and nucleophile (Scheme 2 PATH A).4L: 43 Significant
mechanistic precedent for this reaction was available from determinations of transition states
of both enzymatic and non-enzymatic ADP-ribosylation reactions. For example, kinetic
isotope effect (KIE) measurements and computational chemistry had elucidated well-formed
oxacarbenium ion-like transition states for ADP-ribosyltransfer reactions of the NAD™-
dependent bacterial toxins*4~—47 and hydrolysis of NAD* in water (pH = 5).48 Such an
electrophilic mechanism overcomes the limitation of the acetyllysine as a poor nucleophile.
We disfavored an Sy2-type mechanism, distinguished by significant association of the
nucleophile at the transition state (Scheme 2, PATH B). Crystallography and mutagenesis
also indicated that a proximate base at the active site for nucleophilic activation of the amide
was not necessary for the ADP-ribosylation.: 4°

Since the initial mechanistic proposal was published, debate about the mechanism of the
ADP-ribosylation step has increased. A provocative study by Smith and Denu generated
evidence that the nucleophile has “significant participation” in the ADP-ribosylation step.50
Modified acetyllysine analogues, such as a-monofluoro, difluoro and trifluoro-derivatives
provided extremely slow rates of NAD™ turnover leading the authors to conclude that “the
rate of nicotinamide-ribosyl bond cleavage [is] consistent with an Sy2 like mechanism”0
and inconsistent with a fully dissociated transition state oxacarbenium ion.#% 50 More
recently, both high-level computational QM/MM?5 and X-ray crystallographic studies®?
have supported a largely-dissociated transition state structure, although the computational
study concurred that the transition state had some association of the nucleophile.5!

The most rigorous experimental determination of transition state structure is from KIEs,
which have the advantage of probing the transition state directly without perturbing
substrate electronics or sterics. We chose this approach to determine the transition state for
the first chemical step of a sirtuin. The transition state for the nicotinamide cleavage/ADP-
ribosylation step was solved by the method of matching experimental KIEs to calculated
KIEs for candidate transition state structures. These methods have solved a large number of
transition state structures of N-ribosyltransferase enzymes,*=47: 53, 54 including thymidine
phosphorylase which proceeds via an associative mechanism.%® In this study, we solve the
transition state structure of an Archeaoglobus fulgidus sirtuin, Af2Sir2. This enzyme had
previously been studied by X-ray crystallography>® and has well characterized deacetylase*!
and base-exchange reactions.*0 We report here the transition state structure of the ADP-
ribosylation step to acetyllysine for this enzyme and conclude that this sirtuin stabilizes an
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oxacarbenium ion-like transition state with very low bond orders to nicotinamide and acetyl-
oxygen.

2. Materials and Methods

General Materials

Archeaoglobus fulgidus Af2Sir2 was expressed from a plasmid as previously described.*0 A
peptide based on p53 sequence (HLKSKKGQSTSRHK(K-Ac)LMFK), called p53A, was
synthesized by the Proteomics Resource Center at Rockefeller University. Enzymes and
reagents for NAD™ synthesis are reported in the Supporting Information.

Synthesis of Isotopically Labeled Substrates
[1'N-3H], [4'N-3H], [5'N-3H], [1'N-24C), [2,84-2H], [8a-14C], [1-19N-5'\-14C]-NAD™s (99 %
1-15N) were prepared enzymatically as described previously.>” [4'y-180-2,8-3H]-NAD*
(95% 4'y-180) was synthesized by modification of methods reported for making isotopically
labeled NAD*s%6: 57 and this method is included in the Supporting Information. Detailed
chemical and enzymatic synthesis of [2'y-H]-NAD* is described in the Supporting
Information.

Characterization of Steady State [Carbonyl-14C]-Nicotinamide Base Exchange Reactions

Reactions containing 400 uM of NAD™*, 250 uM of p53A with varying concentrations of
[carbonyl-14C]-nicotinamide were initiated by addition of Af2Sir2 (final concentration, 4.1
uM). Reactions were incubated for 90 min at 37 °C and quenched with 10% TFA to pH 2.
After centrifugation, clarified reaction mixtures were injected on HPLC (0.1% TFA eluent)
to separate nicotinamide and NAD™*. Collected fractions containing nicotinamide and NAD*
were assayed for radioactivity by scintillation counting. Rates were expressed as cpm/s
incorporated into NAD*, and converted to a turnover rate (1/s) after adjustment for enzyme
concentration and specific radioactivity. Rates were plotted versus nicotinamide
concentration and fit to the Michaelis—Menten equation with Kaleidagraph®.

KIE Measurement

A mixture of 3H- and 14C-labeled NAD* (total 300, 000 cpm each) and peptide was divided
into three portions. The first portion (420,000 cpm total) was diluted into 100 mM phosphate
buffer (pH 7.5) containing unlabeled NAD™ to a final concentration of 400 pM NAD™ with
250 uM p53A peptide in a volume of 80 pL. Reaction was initiated by addition of Af2Sir2
(final concentration = 4.1 uM). Reaction was stopped when 20% complete (45-60 min), and
terminated by addition of 10% TFA to pH 2.0. To convert AADPR to ADP-ribose (ADPR),
the quenched reaction was neutralized to pH 7.5 by addition of 3 M NaOH and 1 M
phosphate buffer (pH = 9). 1 unit of porcine liver esterase was added, followed by
incubation at 37 °C for 2 h. Reaction was quenched by addition of 8 uL of 10% TFA. The
second portion (90000 cpm) was incubated at 37 °C for 1 h in the absence of Af2Sir2 as the
background control to detect impurity and/or nonspecific hydrolysis of NAD* and treated
similarly with esterase. The third portion (90000 cpm) was used for a 100% hydrolysis
reaction using CD38 (prepared as described®®) to hydrolyze NAD* to ADPR. ADPR and
remaining NAD* were separated on a C18 column and fractions containing ADPR were
collected, measured to precise 2 mL volumes with 15 mL scintillant and the 3H/14C ratios
determined by scintillation counting. The “intrinsic” or experimental KIEs without
correction for commitments were determined by equation (1):

KIE(experimental)=In(1 — fR¢/R,)/In(1 — f) (1)
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where f is the fraction reaction progress and R¢ and R, are the ratios of light to heavy isotope
in product at partial and 100 % completion, respectively, corrected for background. The
intrinsic KIE was corrected by the factor 1.001 for cases where [2,84-3H]-NAD* was used
as the remote, except for the [4'N-180]KIE. In this case the value was divided by 1.001. The
remote KIE for [2,8a-3H]-NAD* was determined to be 1.001(4). Corrections for isotopic
purities for 180 and 1°N isotope effects were applied.

Forward Commitment to Catalysis

Forward commitment factor was determined by the isotope trapping method previously
described.®® A full description of the experimental method is found in the Supporting
Information.

Reverse Commitment to Catalysis

Reverse commitment to catalysis was determined by measuring the [1'n-H3]KIE as a
function of nicotinamide concentration. Nicotinamide at concentrations 0, 100 uM, 500 uM,
1 mM, 2 mM and 5 mM, was combined in mixtures of [1'y-H3]-, [8a-14C]-NAD*s and
p53A. [1'N-H3] KIEs were measured as described above. Forward and reverse commitment
factors govern observed KIEs and are predicted by Northrop’s equation (2):

KIE s =(KIEin+Cs+C-KIEq) [ (1+C+Cy) 2)

Where KIEqy, is the observed KIE, KIE;,; is the intrinsic KIE for the chemical step in
question, Cs and C; are the forward and reverse commitment factors, respectively, and KIEgq
is the equilibrium KIE separating reactants from the products of the reaction step in
question. With forward commitment negligible, equation (2) is reduced to (3):

KIE gos=(KIEin+CpKIEq)/(1+Cy) (3)

In the case of Af2Sir2 catalyzed reactions, equation (4) was derived from equation (3) to fit
the [1'y-H3] KIE data at different nicotinamide (NAM) concentrations. A full derivation
based on Scheme 3 is in the Supporting Information.

KIE ops =(KIEn:. +(KIEeq+Cx[ NAMD/(K4+[NAM]) /(1+(Cr+[NAM]) / (Kq+[NAM]))) (4)

Ky is defined according to Scheme 3 as the binding constant of NAM to the imidate
complex. The observed KIEs are corrected for the reverse commitment according to
equation (5) and intrinsic KIEs are listed in Table 1.

KIE n=KIE os(1+C,) — KIE 4 % C, ®)

Independently, using the relation C, = ka/ks, where kj is the reverse rate of nicotinamide
return to NAD™* from the imidate complex (Scheme 3), ks is the forward rate of reaction
from the fully nicotinamide complexed imidate (Scheme 3), the value of C, was computed
using Michaelis parameters for Af2Sir2 using the peptide substrate using the assumption
that Kq ~ K, (nicotinamide) for base exchange and with the assumption that ks ~ Kgeacetyi
and k4 ~ kg g as described in the text.

J Am Chem Soc. Author manuscript; available in PMC 2011 September 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cen and Sauve

Page 5

Computational Modeling

The reactant state model of NAD* was derived from the crystal structure of the lithium salt
of NAD™, truncated to nicotinamide riboside (NR) with all hydrogens included.®° The
geometry of the NR portion was optimized in vacuo using hybrid density functional methods
with B1LYP/6-31G** level of theory implemented in Gaussian 03,51 freezing two dihedral
angles to maintain the ribosyl 3'-endo conformation. The transition state was modeled as an
oxacarbenium ion-like intermediate, with nicotinamide leaving group and a N-
methylacetamide nucleophile placed at different distances to the anomeric carbon. The
starting structure for the ribose portion of the transition state was derived from the crystal
structure of ribonolactone as described.0:44:48 The carbonyl oxygen was replaced with
hydrogen, the orientation of the 5’-hydroxy group was modified according to the crystal
structure of Af2Sir2 bound NAD™, and all atoms were minimized at the BLLYP/6-31G**
level. The transition state model was adjusted by systematically altering C1'-N1, C1'-
nucleophile bond lengths and C1'-C2’, C1’-H1', C2'-H2' and C1’-04' bond angles and
dihedral angles while allowing the rest of the molecule to be optimized as described above.
The same level of theory and basis set were used for optimization of substrate as well as for
the computation of bond frequencies. KIEs were calculated from the computed frequencies
using ISOEFF98.52 The applied geometric constraints were optimized iteratively until the
KIEs predicted by the transition state model were a good match to the experimental KIEs.
Pauling bond orders were calculated with the equation:

n;=exp[(r; —r;)/0.3]

where rq is the bond length of a single bond, and the corresponding bond distances in the
optimized structures were used for the term r; in the equation.

Calculation of Molecular Electrostatic Potential Surface

The CUBE subprogram of Gaussian 03 was used to calculate molecular electrostatic
potential (MEP) surfaces. The formatted checkpoint files used in the CUBE subprogram
were generated by geometry optimization at the BILYP/6-31G** level. The MEP surfaces
were visualized using Molekel 5.4%3 at a density of 0.2 electron/A3.

Calculation of Group Partial Charges

The atomic and group charges for N-methylacetamide, nicotinamide and ribose for both
reactant state and transition state were obtained using hybrid density functional methods
with B1LYP/6-31G** level of theory implemented in Gaussian 03. These data sets were
generated using the Gaussian 03 outputs for Mulliken atomic charges in the initial
computational steps for KIE calculation.

Thermochemical Calculations of Transition State Energies

Geometries of the transition states were optimized in vacuo using hybrid density functional
methods with BILYP/6-31G™" level of theory implemented in Gaussian 03. The same level
of theory and basis set were used for the computation of bond frequencies, from which the
free energy change was determined for each molecule calculated. We calculated energies for
methylacetamide and nicotinamide riboside (calculated separately), methyl
trifluoroacetamide and nicotinamide riboside (calculated separately) and three complexes,
methylacetamide-ribosyl-nicotinamide transition state (exo, as described in text with 2.65 A
distance to leaving group and nucleophile) the corresponding iso-structural
methyltrifluoroacetamide-ribosyl-nicotinamide complex (exo with 2.65 A distance to
leaving group and nucleophile) and methylacetamide-ribosyl-nicotinamide, the fully
dissociated oxacarbenium ion (exo, as described in text with 3.5 A C1’ distance to leaving
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group and nucleophile). Energy of complex is relative to the reactant state. Gaussian 03
provides outputs in energy in Hartrees which were converted to kcal/mol by the relation: 1
hartree = 627.5 kcal/mol.

3. Results and Discussion

NAD* synthesis and assays for determining isotope effects

To measure isotope effects for sirtuin chemistry we chose the competitive radiolabel
method.*447: 53, 54 |sotopically labeled NAD*'s were synthesized according to established
procedures®’ except for synthesis of the [2'-3H]-NAD* which required development of new
synthetic methodology described in the Supporting Information. Syntheses of the
compounds, [1'n-3H], [4'Nn-2H], [5'n-3H], [1'N-14C], [2,84-2H], [8a-14C], [4'N-180-2,84-2H]
and [1-1°N-5'\-14C]-NAD™ are described in Materials and Methods and Supporting
Information. Each labeled NAD* was purified to homogeneity by HPLC, and checked for
isotopic purity by MALDI-MS in cases where 1°N and 180 labels were incorporated.

KIEs were measured by competing two distinctly isotopically labeled substrate NAD*s (one
labeled 14C, the other 3H) in a sirtuin reaction. Reactions were permitted to reach 20 %
product formation, quenched, neutralized and treated with esterase to convert AADPR to
ADPR. The experimental isotope ratio in products was determined by HPLC collection of
ADPR followed by scintillation counting. A 100% reaction was generated by converting
NAD* to ADPR by CD38 (See Materials and Methods for complete details). Experimental
isotope effects uncorrected for remote and commitment effects were computed according to
equation 1 in the Materials and Methods. (Corrections for remote KIEs are described in the
Materials and Methods and corrections for commitment factors are more described in a later
section).

The competitive method provides the V/K isotope effect, or more plainly, the isotope effect
for the first irreversible step(s) occurring on the enzyme. Conditions were identified wherein
the nicotinamide cleavage step was the one irreversible step (discussed with section on
commitments) using an acetyllysine substrate (HLKSKKGQSTSRHK(K-Ac)LMFK) p53A
reacted with Archeaglobus fulgidus Af2Sir2.

Kinetic Isotope Effects

The experimental KIEs corrected for remote effects and for turnover are reported in Table 1.
The intrinsic KIEs on nicotinamide cleavage corrected for commitments are also reported in
Table 1. The analysis of commitments follows a brief reporting and consideration of the
intrinsic KIEs for the reaction. Qualitative descriptions of the chemical and structural
influences that affect the values of these KIEs are presented.

[1'\-14C]KIE—The primary KIE at the anomeric carbon is sensitive to the bonding
occurring at this atom at the transition state. This KIE was measured by competition of
[1'\-14C]-NAD* against [2,8a-3H]-NAD™. The remote tritium label on adenine has a KIE of
1.001(4). The [1'N-24C]KIE was determined to be 1.014(4) (Table 1). For dissociative N-
ribosyltransfer mechanisms the [1'n-24C]KIE is close to unity and in the range 1.0-1.03.44~
47,53, 54 For thymidine phosphorylase the [1'\-14C]JKIE is elevated, 1.139(5),%° as expected
for an associative, non-oxacarbenium ion transition state.

[1-15N]KIE—The primary leaving group KIE was measured with [1-1°N, 5'\-14C]-NAD*
reacted against [2,8a-3H]-NAD™ wherein 15N is used to generate the primary isotope effect,
and the 14C acts as the reporter. We demonstrated by mass spectrometry that the 1°N is
incorporated to 99% (data not shown). The intrinsic value of the KIE was 1.024(2) (Table
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1). The theoretical value for this KIE is 1.027 for a fully dissociated transition state.8 A
KIE value of 1.025 was computed for a residual 0.0199 bond order remaining between
nicotinamide and the ribose ring of NAD* (Table 2).

[1'N-3H]KIE—The a-secondary KIE is sensitive to rehybridization occurring at the
anomeric carbon, specifically due to changes in steric parameters affecting out-of-plane
bending modes at the transition state.#4=47 53, 54 For an associated transition state of N-
ribosyltransfer, where nucleophile and leaving group are in a crowded pentacoordinate
structure, steric effects limit hydrogen bending and cause this KIE to be near unity or even
inverse.®® In cases where steric relief is apparent, as in a dissociative transition state the KIE
is well above unity and for many oxacarbenium ion-like transition states for N-
ribosyltransfer reactions it has been measured in the range 1.16-1.36.4447, 53, 54, 59, 64, 65
For Af2Sir2 the [1'n-2H]KIE is 1.300(3) on the very high end of reported values for this
KIE (Table 1). The a-secondary and the two primary KIEs indicate an oxacarbenium-type
transition state with significant dissociation of the leaving group and nucleophile at the
anomeric carbon. The large value for the a-secondary KIE indicates that commitments are
not significant and KIEs are nearly fully expressed.

[2'N-3H]KIE—The B-secondary KIE is sensitive to the presence of a transition state orbital
valency at the primary carbon 66: 67 In our case, the KIE is dependent upon the degree of
hyperconjugative overlap of the C-H bond at the B-position with the orbital at the anomeric
carbon at the transition state. Hyperconjugation weakens the -C-H bond and causes a
normal KIE. For solved oxacarbenium ion-like transition states the p-secondary [3H]KIEs
have ranged from 1.01-1.12.48: 59, 67, 68 | ower values are indicative of loss of the
appropriate dihedral angle for hyperconjugation, reaching the extreme when orthogonality
defines the overlap.59 Low values can also result from an associative mechanism where p-
orbital development at the primary carbon is less pronounced at the transition state, thus
preventing effective hyperconjugation.3® 67 For Af2Sir2 the [2'y-3H]KIE was determined to
be 1.099(5), at the high end of this KIE for N-ribosyltransfer oxacarbenium ion-like
transition states,*8: 67, 69 inconsistent with an associative transition state.>® The value
predicts that the B-hydrogen is in substantial overlap with a largely vacant orbital at C1’ at
the transition state.

[4'\-180]KIE—To obtain the value of the [4'\-180]KIE, we competed [4'\-180, 2,84-3H]-
NAD* against [84-14C]-NAD*. The KIE was 0.984(5) (Table 1), very close to the value
obtained for the solution hydrolysis of NAD* (0.988(7))*8 and for hydrolysis of NAD*
catalyzed by diphtheria toxin of (0.988(3)).46 The [4'\-180]KIE is inverse for oxacarbenium
ion-like transition states, because of double bond character at the 4'y-0xygen in a dissociated
transition state.*8 This effect is closer to unity in associative mechanisms, although the value
for the [4'y-180]KIE for thymidine phosphorylase was not reported.>®

[4'\-3H] and [5°-3H] KIEs—Remote effects typically do not deviate much from unity,
and have somewhat limited value for transition state determinations. On occasion, the 5'-
position [3H]KIE can be as high as 5%, although it appears the effect is traced to binding
isotope effects that propagate into the transition state. In our case we report a modest
[4'\-3H]KIE of 0.997(2) and a [5'y-2H]KIE of 1.020(5).

Commitments

In this study, we determined the KIE under conditions where the nicotinamide cleavage step
is uniquely the first irreversible enzymatic step. The condition occurs when binding steps are
fully reversible (no forward commitment), and if the nicotinamide cleavage step is not
reversible (no reverse commitment). The effects of forward and reverse commitments on
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KIE values are described by equation 2. A forward commitment means that binding is
partially irreversible and a reverse commitment means that the nicotinamide cleavage is
partially reversible. Commitments typically suppress the KIE and are determined
independently of the KIEs.

To measure forward commitment, the fraction of Michaelis complexes that go forward
irreversibly rather than dissociating substrate (Scheme 3), we used isotope-trapping
methods.59 However, Af2Sir2 is so slow as a catalyst (<1 x 1072 per second), we did not
expect an appreciable forward commitment. As shown in Figure 1A, initial incubation with
radiolabeled NAD* followed by treatment with excess unlabeled NAD* does not lead to
trapped counts, and C¢ = 0.000. Full details of this experiment are provided in the
Supporting Information and in the Figure 1 legend.

Reverse commitment is a more pertinent because sirtuins are known to reverse the imidate
complex back to NAD* (Scheme 3).39 40 Af2Sir2 was chosen in light of our prior
demonstration of inefficient nicotinamide reversal.? To obtain the reverse commitment, C;,
(equation 2) we considered the mechanism shown in Scheme 3. The proposed mechanism
assumes that nicotinamide is in fast binding equilibrium with the imidate complex and that
the forward chemistry terms ks and kg’ are nearly equal. To determine that nicotinamide is in
fast equilibrium compared to chemistry we determined the steady state base exchange rate as
a function of solvent viscosity. The base exchange rate is measured with radioactive
nicotinamide incubated in solution. Base exchange is caused by release of nicotinamide
from the imidate complex followed by rebinding of radioactive nicotinamide. Imidate
reversal forms radioactive NAD™ followed by radiolabeled NAD* release from the enzyme
(Scheme 3, See Methods and Materials for experimental). The steady state base-exchange
rate is not sensitive to viscosity (Figure S1 Supporting Information), consistent with rapid
association and dissociation steps for NAD®, acetyllysine substrate, and nicotinamide to the
enzyme compared to chemistry. To provide evidence that complexes E-11:NAM and E-l4
react forward at similar rates, the enzyme was incubated with elevated concentrations of
isonicotinamide and base exchange and deacetylation were assayed. At 20 mM,
isonicotinamide inhibited base exchange 18% (Figure S2 Supporting Information), but did
not inhibit deacetylation (Figure S3 Supporting Information). Thus, ligand occupancy of the
nicotinamide site does not alter the forward reaction parameter i.e. ks ~ ks'. Derivation of
equation 4, which describes commitments based on Scheme 3 is provided in the Supporting
Information.

To obtain the value for C,= ka/ks, we determined the [1'y-3H]KIE as a function of
nicotinamide concentrations. Fit of points for the KIE as a function of nicotinamide
concentration was obtained using equation 4 (Figure 1B), and provided a value for the
intrinsic KIE, the value of C, (k4/ks) and a value for Ky. The determined intrinsic value for
the [1'N-2H]KIE of 1.300 is in fair agreement to the observed experimental value of 1.289(1)
uncorrected for reverse commitment, and is in good agreement with the KIE determined in
the presence of nicotinamidase 1.307(5) (See Table 1). Nicotinamidase degrades
nicotinamide to nicotinic acid and prevents reaction reversal. The value of C; was found to
be 0.955 (at saturating nicotinamide concentrations), and the value of Ky, the nicotinamide
binding constant to the imidate complex, was determined to be 0.95 mM.

Reverse commitment could also be estimated from the Michaelis-Menten parameters for
base exchange and deacetylation. For base exchange K, was determined to be 1.13 mM, and
the keat Was determined to be 1.88 x 1073 s71 (See Methods and Materials). For
deacetylation, ke, was measured to be 2.58 x 1073 s71, Since deacetylation proceeds faster
than base exchange, we can infer that ks > k4 and ks< kg (Scheme 3). Using the assumptions
ks = keat (base exchange), ks = kgat (deacetylation) and Ky = Ky, Cy (Ka/ks) is 0.729, in fair
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agreement with the value obtained by curve fit of the KIE values. The curve for dependence
of KIE versus nicotinamide from the Michaelis parameters is shown in Figure 1B. For
correction of KIEs, we used C,= 0.955, since it has no assumptions on k4 and kg or Kg, and
was obtained by fit of experimental data. The reaction coordinate relevant for commitment
with saturating nicotinamide is shown in Figure 2A.

To determine the effect of reverse commitment on KIE measurements, consider that 400 uM
NAD* was used with 20% consumption. Under these conditions nicotinamide
concentrations average 40 uM, where the reverse commitment is 0.038 (from equation 4),
considerably below the maximal value of 0.955. The reaction coordinate relevant to
conditions of KIE measurement is shown in Figure 2B. Corrections to the intrinsic KIEs
using this commitment value are shown in Table 1. Resulting corrections provide changes to
the experimental values that are very small and were used for computational determination
of the transition state structure of the nicotinamide cleavage step catalyzed by the enzyme.

Transition state determination by Gaussian and ISOEFF98

The family of KIE data obtained is in good correspondence with values previously
determined for many N-ribosyltransferases, and ADP-ribosyltransferases which stabilize
oxacarbenium ion-like transition states. To solve a specifically defined transition state for
these KIEs, putative transition states were computationally minimized at B1LYP/6-31G**
level of theory implemented in Gaussian 03, frequency sets computed, and theoretical KIEs
for each putative structure computed via ISOEFF 98. Transition state structures were varied
conformationally and in nucleophile and leaving group distances to match calculated and
experimentally determined KIEs. Bias was given to matching the primary KIEs and the B-
secondary KIEs, since these KIEs were sensitive to nucleophile and leaving group distances
and the ribose ring conformation. We did not attempt to match the a-secondary KIE since it
did not vary across a variety of models (See Tables 2 and 3) and it is difficult to reliably

match computed and experimental a-secondary KIEs for ribosyltransfer transition states.5%
64, 68, 70

To calculate KIEs, a reactant reference structure and a putative transition state structure
were required. We chose the X-ray crystallographically determined Li* NAD™ structure as
the reactant,’! as has been employed in previous studies of this kind. In turn, the transition
state starting point was the geometry of ribonolactone’2 with subsequent replacement of the
anomeric carbonyl oxygen by hydrogen. The 5'-hydroxyl and 5'-carbon were matched to the
X-ray crystallographically determined geometry of NAD* bound on Af2Sir2.73 To improve
computational ease, we truncated the NAD™ structure to nicotinamide riboside (NR) as used
previously for solution of an ADP-ribosyltransfer transition state,5% and N-methylacetamide
was used as the reacting nucleophile. For a demonstration of the reasonableness of the NR
truncation, we present calculated KIEs for two isogeometric transition state structures being
different only in having a 5’-OH or 5'-phosphate (See Supporting Information, Table S5).

The reactant geometry of NAD™ is 3'-endo (Figure 3 left), but upon binding to a sirtuin, the
NAD* adopts a 3"-exo ring pucker as determined by X-ray crystallography (Figure 3,
middle).”® The ring conformation provides maximal hyperconjugative overlap of the 2'-
position with a vacant orbital at C1'. The 10% KIE for [2/\-3H]KIE (Figure 3 right) required
that the dihedral angle be close to 0 degrees (0.4 degrees) to successfully model the
transition state.

Nucleophile Associated Transition States—A series of calculations varying
symmetrical distances (2.30 to 2.725 A) of nicotinamide N and acetyllysine carbonyl
oxygen to C1’ were performed (Table 2). Two computed KIEs were particularly sensitive to
these distances, the [1'\-24C]KIE and the [2/\-3H]KIE. In a 2.3 A symmetrical 3'-exo-
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transition state, consistent with a nucleophile associated mechanism, the [1'\-14C]KIE
isotope effect was calculated to be 1.081, and the [2'y-2H]KIE was calculated to be 1.018.
These values are inconsistent with the experimental values of 1.014(4) and 1.099(5)
respectively for these KIEs.

We modeled 3'-exo transition states that were asymmetrical, with early or late character
(Table 3). The 2.8 A (LG), 2.35 A (NU) transition state model leads to a calculated
[1'\-14C]KIE of 1.040 and a calculated [2'n-3H]KIE of 1.107 outside errors for the
experimental KIEs. The 2.6 A (LG), 2.35 A (NU) model proposed by QM/MM
calculations®! provided poor matches for the [1'y-14C] KIE and [2\-3H]KIE with calculated
KIE values of 1.054 and 1.081 respectively. We conclude that transition states with less than
2.6 A distance to the incoming acetyllysine nucleophile (symmetric or asymmetric) are not
supported by our data.

Dissociated Transition States—We considered an early transition state in which
dissociation of the leaving group does not occur prior to nucleophile association. This is
reported in Table 3 as an asymmetric transition state, with bond distances of 2.5 A (LG) and
2.8 A (NU). The calculated [1'\-14C] and [2'n-3H]KIEs were 1.047 and 1.093 respectively.
Although the B-secondary KIE is within error, the poor match of [1'\-14C]KIE rules out an
early transition state. The fully dissociated oxacarbenium ion-like structure, where bond
orders were no greater than 0.001 for both nucleophile and leaving group (3.55 A (LG), 3.48
A (NU)) (Table 2) provided calculated [1’-14C] and [2-3H]KIEs values of 0.998 and 1.196
respectively. The calculated primary KIE is inverse, and the high calculated p-secondary is
well above the experimental value. The experimental data set cannot be matched to a fully
dissociated oxacarbenium ion.

Weak bonding participation of the nucleophile was required at the transition state to match
the primary and p-secondary KIEs. We explored a range of symmetric and asymmetric
possibilities as shown in Table 2 and Table 3. Our best values of bond distances were 2.65 A
(LG) and 2.65 A (NU) at the transition state (Table 2). The slightly more dissociated
transition state, 2.65 A (LG), 2.70 A (NU) in Table 3 also fit the primary and B-secondary
KIEs, but less closely. These transition states both match the intrinsic [1-1°N], [1'\-4C] and
[2'N-3H]KIEs within error and have reasonable agreement with the [4'\-180] and
[4'N-3H]KIEs. The geometric structures of solution reactant, enzyme bound Michaelis
complex and solved enzyme bound transition state (2.65 A LG, 2.65 A NU) are depicted in
Figure 3.

It is instructive to examine the calculated and experimental KIE values more in detail for the
transition state structure that we solved. The calculated values are shown in the asterisked
row of Table 2, and the experimental values are shown in the far right row. The primary
[1-15N]KIE determined experimentally was found to be 1.024(2), whereas the optimal
model was calculated to be 1.025. The agreement is very good, and is consistent with a
dissociated transition state structure, with 0.0199 leaving group bond order to the anomeric
carbon. The primary [1'N-14C]KIE experimentally determined to be 1.014(4) was calculated
to be 1.013. The low KIE for the primary carbon reflects low bond order to leaving group
and poor nucleophilic participation at the transition state, with bond order of 0.016 between
the anomeric carbon and the acetyl carbonyl oxygen.

The low [1’y-14C]KIE indicates compensatory bond stiffening at this atom, in spite of loss
of the C1'-N1 bond, which keeps the observed value near unity. In the optimal transition
state the calculated C1’-O4' bond length is 1.265 A (1.621 bond order, Table 4) as compared
with 1.381 A (1.101 bond order) in the reactant state. The bond order increases 0.520 at the
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transition state. Stiffening of the C1'-O4’ bond is also manifested in the inverse
[4'\-180]KIE, calculated to be 0.993, and experimentally determined to be 0.984(5).

The o and B secondary KIEs are interesting in comparison to the values for the fully
dissociated transition state structure. In moving from a 2.65 A to a 3.5 A distance for both
the leaving and incoming group, the calculated [1'y-3H]KIE increases from 1.424 to 1.514
(Table 2). The calculated value for the oxacarbenium [1'y-3H]KIE is near the theoretical
limit for ADPribosyltransfer. The calculated [2'n-3H]KIE for the oxacarbenium ion is 1.196
for a near perfect overlap of the C2'-H2' bond with the C1’ p-orbital (0.4 degrees) (Table 2),
again near the theoretical limit forADP-ribosyltransfer. The [2'n-3H]KIE for the 2.65 A
symmetrical structure was calculated 1.0998 in very good agreement with the
experimentally determined value of 1.099(5) (Table 2).

Michaelis Complex to Transition State Progression—An overlay of the geometry
of NAD™ bound to Af2Sir273 (truncated to NR) with the determined transition state is shown
in Figure 4. This overlay, which assumes nicotinamide N position is virtually unchanged at
the transition state is consistent with “nucleophilic displacement by electrophilic migration”,
as suggested by recent structural studies.>? The reactant acetyl oxygen at 3.6 A to the
reactant NAD* C1', is in fair agreement with the distance of of 3.2 A reported in the NAD*-
acetyllysine termolecular structure of Thermatoga maritime Sir2.”# These superpositions,
with the assumption that the leaving group N and acetyl O positions remain largely fixed, as
proposed for nucleophilic displacement by electrophilic migration®2 7° indicates that the
sugar anomeric carbon progresses 1.1 A translationally to form the transition state structure.
The sugar translates 1.14 A from the transition state to the imidate complex with a C1'-O
bond distance computed to be 1.510 A .51 The total motion of the sugar ring from reactants
to products is 2.24 A. Interestingly, the 2'-OH migrates 1.8 A from the NAD* acetyllysine
complex to the thio-imidate on TmSir2.52 The ribose ring movement reduces the bond angle
of the nicotinamide N to the ribose ring so that the N1 atom remains in optimal electronic
overlap with the developing p-orbital at the transition state.

The sugar translation process causes the C2'-H2’ bond, initially predicted to be —33.8
degrees in dihedral angle to the N1-C1' bond in the reactant complex, to narrow to 0.4
degrees at the transition state (Figure 5). This provides essentially maximal
hyperconjugative overlap of the C2'-H2’ bond with the largely vacant p-orbital at the
anomeric carbon in the transition state, and explains the large p-secondary KIE. The initial
3'-exo reactant ring geometry of NAD™ in the reactant complex determined
crystallographically”3: 74 leads naturally to the solved transition state geometry with ring
flattening and anomeric carbon translation.

Electrostatic Features of the Reactants and Transition State—To visualize
electronic changes that occur in the reactant as it reaches the transition state we calculated
the electrostatic surfaces of reactant and transition state complexes (Figure 6 and 7
respectively) using Gaussian 03. In the reactant, H2, H6 and C2 of the nicotinamide ring
bear significant positive charge density prior to reaction. These charges are calculated to be
0.215, 0.218 and 0.189 respectively (See Supporting Information for Table of calculated
Mulliken charges for reactant and transition state structures). These charges largely account
for the 0.541 charge on the pyridinium ring prior to reaction (Figure 8). The ribose ring also
has positive charge density in the reactant state (See Supporting Information), totaling 0.483
charge (Figure 8). The calculations of charge distribution are in agreement with values
determined for the pyridinium and ribose ring in a prior computational study.>!

At the transition state the nicotinamide is nearly neutral (Figure 7). The net charge on the
pyridine ring at the transition state is reduced to 0.089 charge (Figure 8), a net charge loss of
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0.452. The ribose ring gains charge, so that the total charge is 0.782 charge units at the
transition state (Figure 8). The net increase in charge on ribose in going from reactant to
transition state is 0.298. The greatest increase of charge occurs on the O4’ atom (increase of
0.168), followed by the H2’, which increases 0.085.

Interestingly, the group charge on the acetyllysine increases from fully neutral at the reactant
state to 0.129 at the transition state, even though only 0.016 bond order is calculated for the
transition state structure. Inspection of the atomic charges reveals increased negative charge
on the carbonyl oxygen (—0.518 in the reactant to —0.599 at the transition state). The charge
on the nucleophile indicates a potent effect of the ribose cation on charge distributions on
the acetyllysine, even at weak bonding. Increased partial positive charge density on the
alpha-hydrogens, amide N, amide H and on N-methyl hydrogens also results (See
Supporting Information). A similar charge transfer effect was seen by Hu et al. in the
calculation of the 2.6 A (LG distance), 2.35 A (NU distance) transition state model, where
the bond order was reported to be 0.15 at the transition state, the acetyllysine charge was
found to be approximately 0.15.51

Energies and Charge Distributions for Oxacarbenium and Trifluoroacetyl
Complexes—The finding that KIEs and calculation determine a weakly bonded
oxacarbenium ion-like transition state was very different from interpretations of Smith and
Denu,%% where very low rates of turnover with fluorinated acetyllysine derivatives led these
authors to propose significant nucleophilic participation in the nicotinamide cleavage
transition state. We were interested to understand how a weakly dissociated oxacarbenium-
like transition state could be consistent with both data sets. Therefore, we calculated the
thermochemical energies in vacuo of the solved transition state structure, a fully dissociated
oxacarbenium ion (3.55 A C1'-LG distance, 3.48 A C1'-NU distance), and an isogeometric
structure to the solved transition state (2.65 A symmetric) with N-methyltrifluoro-acetamide
(See Supporting information Figure S4 for structures). The solved transition state structure
relative to reactants was 21.05 kcal/mol, but the fully dissociated oxacarbenium was 25.88
kcal/mol. Thus, calculations confirm that the weakly-bonded transition state is intrinsically
stabilized relative to the fully dissociated oxacarbenium.

Mulliken charges for the fully dissociated oxacarbenium ion (See Supporting Information
for full charge tables) revealed that the N-methylacetamide nucleophile bears a net charge of
0.094. However, the charge on the fully dissociated ribosyl cation is increased to 0.885 from
0.782 in the oxacarbenium ion-like transition state. The weakly-bonded transition state has
increased charge distribution to nicotinamide (Charge on group: Oxacarbenium: 0.0207 TS:
0.0891) and N-methylacetamide (Charge on group: Oxacarbenium: 0.0938, TS:0.129) which
could provide some energetic stabilization.

The calculations with the trifluorogroup were consistent with experimental observations
showing it reacts very slowly.>® The calculated energy of the trifluoro structure was
determined to be 25.17 kcal/mol, destabilized 4.12 kcal/mol versus the isosteric N-
methylacetamide structure. The energy accounts for half needed to explain the 670000 fold
slower reaction of the trifluoroacetyllysine versus the unsubstituted acetyllysine,*° although
our calculations explicitly ignore enzyme and solvent effects. The slow rate could imply
poor charge transfer from the weaker nucleophile to the oxacarbenium ion. However,
surprisingly, the charge on the N-methyI-trifluoroacetamide was determined to be 0.121
charge units. Moreover the charges on nicotinamide and sugar were 0.0918 and 0.787, very
close to the observed charges for the solved transition state with unsubstituted N-
methylacetamide. Thus, the charge distribution per se does not define the energy of the
complex. We suspect that the interaction of the trifluoro-nucleophile, which the calculation
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indicates can still redistribute charge, is not stabilizing, since the fully dissociated
oxacarbenium ion and the trifluoro-complex are only 0.71 kcal/mol different in energy.

This result sets up the following scenario, proposed by Jencks, for weak nucleophiles.”® He
suggested that when a strong nucleophile undergoes a substitution reaction at a reactive
sugar anomeric carbon, the reaction is more able to proceed via a concerted mechanism.’® If
the nucleophile is sufficiently weakened, the reaction cannot be stabilized through pre-
association (even in an “exploded” or highly dissociated transition state), and thereby
becomes stepwise. The results here can be interpreted in this manner. For sirtuin chemistry,
the acetyllysine nucleophile preassociates in the substitution mechanism to the extent of
0.016 bond order, with the leaving group still associated to the extent of 0.019 bond order.
The reaction mechanism, is a concerted one, although highly asynchronous, since the
leaving group is largely departed before the nucleophile bond forms. The concerted
mechanism of this type is highly energetically favorable relative to the stepwise mechanism,
as shown by our energy calculations. However, when the sirtuin nucleophile is switched to
trifluoroacetyllysine, the calculations suggest a much higher transition state barrier with
little energetic benefit gained from nucleophile pre-association. In fact there is little energy
difference between the preassociated structure versus the dissociated oxacarbenium ion as
predicted by the Jencks argument. This result implies that the trifluoroacetyllysine
nucleophile could react via a stepwise substitution reaction.

A change to a stepwise mechanism opens the reaction coordinate for alternative reaction
outcomes. For example, there is a highly conserved Phe residue that sits just over the ribose
oxygen, which could intercept the oxacarbenium to form a cation-t complex,>? rather than
allowing ribosylation to the trifluoroacetyl nucleophile. Since the nicotinamide is still the
best nucleophile in a competitive attack on the oxacarbenium ion, the nicotinamide could
rebound onto the oxacarbenium before delivery to the trifluoroacetyllysine ever occurred.
Such “internal return” could provide additional rate slowing, which in combination with a
much higher barrier to nicotinamide bond cleavage as calculated (in vacuo 4.12 kcal/mol)
could account for the majority of the 670000 fold rate decrease observed for trifluoro-
substitution. Importantly, almost none of the rate difference is attributable to a mechanism
requiring significant preassociation of the nucleophile, as has been suggested.®® There is the
additional possibility that a smaller part of the rate difference arises from non-optimal
binding of trifluoroacetyllysine to the active site.

Related work has been done in the reactions of -N-acetylglucosaminidases,’” which
process substrates bearing 2-acetamide modifications. Fluorine substitution on the acetyl
group causes significant rate deceleration, but not in each case.’®: 7 Recent work has
suggested that some of the rate deceleration observed for a-fluoro-substitution to the 2-
acetamido-group could be attributable to increased positive charge on the pyranose ring at
the transition state.”® That does not appear to be the case here. A weaker nucleophile
delivers similar charge transfer to the sugar species as compared with a stronger nucleophile
in an iso-geometric structure, but with appreciably less overall stabilization.

4, Summary

The transition state structure of Af2Sir2 has been solved by KIE and computational methods
and the solved transition state structure shows that Af2Sir2 stabilizes an oxacarbenium ion-
like structure in the initial ADP-ribosylation of acetyllysine of proteins with weak bond
orders to nucleophile and leaving group. The result is inconsistent with mechanistic
proposals invoking significant nucleophilic participation (as measured by bond order) at the
transition state. The factors on the enzyme that stabilize an oxacarbenium-like transition
state are currently poorly understood.”* Nevertheless the weak acetyllysine and
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nicotinamide association to the oxacarbenium structure provides a significant energetic
stabilization relative to a fully dissociated oxacarbenium ion. Computational studies

pr
su

ovided insight into the origins of significant rate decelerations observed for fluoro-
bstituted acetyllysine nucleophiles. Characterization of other transition states within this

family of enzymes is expected to determine how widely conserved the transition state
structures are, and how much they can differ on sirtuins from different sources. We suspect,
given the high sequence conservation of these enzymes, that sirtuins generally react highly-
dissociated oxacarbenium ion-like transition state structures to ribosylate acetyllysine
residues to form nicotinamide and the ADP-ribosylpeptidylimidate. It is anticipated that
these transition state structures can be used as blueprints for inhibitor design.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. Measurement of forward commitment to catalysis for Af2Sir2 by the isotope trapping
method. Af2Sir2 was mixed with [85-14C]-NAD*. After 10s, the reaction was either
terminated and analyzed for product formation (circle) or diluted with chase solution
containing a large excess (10 mM) of unlabeled NAD™. Aliquots were removed at the
indicated time points and analyzed for product formation (square). Controls used the same
amount of enzyme added directly to 10 mM NAD™ solution containing [8a-14C]-NAD™,
aliquots were removed and quenched at the indicated time points (diamond). The expected
results for 50% commitment is shown as dotted line. B. [1’-3H]KIE as a function of
nicotinamide concentration (circle). The curve was fitted to the equation 4 in experimental.
Values fit for the solid curve are shown in the figure. Independently, the Michaelis
parameters of base exchange and deacetylation were used to predict commitment as
discussed in the experimental section, and the curve predicting [1'-3H] KIE versus
nicotinamide concentration is shown as the dashed curve.

J Am Chem Soc. Author manuscript; available in PMC 2011 September 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cen and Sauve Page 18

Saturating [NAM]
Ki/ks = 955

> LA
5 e A
w L

E4NAD" + AcLYs (enapvAcLys) I
[E1NAM]

Reaction coordinate

[NAM] = 40 M
kalks =0.038

IS

2 |
E+NAD' + AcLyS (BNAD+ACLys]

Energy

Figure 2.
Reaction coordinate diagram of Af2Sir2 catalyzed reactions. The irreversible step is

nicotinamide-glycosidic bond breaking and making (k3 and kg). A. At saturating
nicotinamide concentration, the maximum reverse commitment was found to be 0.955. B.
The relevant reaction coordinate during KIE measurements. Under these conditions the
average nicotinamide concentration is 40 uM, and the reverse commitment during
experiment is 0.038.
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Figure 3.
Stick-ball models of reactant (left), Michaelis complex (middle) and solved transition state
(right; 2.65 A leaving group distance, 2.65 A nucleophile distance).
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Figure 4.

Overlay of structures of Michaelis complex structure determined from crystallography (red)
and solved transition state (green; 2.65 A leaving group distance, 2.65 A nucleophile
distance). The structures are overlaid with pyridine N-position largely unchanged. The
proposed displacement of sugar anomeric carbon is determined to be 1.1 A from the reactant
C1’ position. The reactant acetyllysine oxygen was placed 3.6 A from the anomeric carbon
of the reactant.
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Figure 5.

Left: 3’-exo conformation of enzyme-bound reactant state, the N1-C1’-C2’-H2’ dihedral
angle is —33.8°; right: 3’-exo conformation of the transition state, the p-orbital-C1’-C2'-H2’
dihedral angle is 0.4°.
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Figure 6.
Molecular electrostatic potential surfaces of NAD™* reactant state (front top, side middle and

back bottom).
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Figure 7.
Molecular electrostatic potential surfaces of transition state with 2.65 A leaving group

distance, 2.65 A nucleophile distance (front top, side middle and back bottom). The
transition state was determined in vacuo using the hybrid density functional methods
implemented in Gaussian 03 using the BILYP functional and 6-31G** basis set. The CUBE
subprogram of Gaussian 03 was used to generate molecular electrostatic potential (MEP)
surfaces, which are visualized using Molekel 5.4.
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Figure 8.
Computed group partial charges of acetyllysine, nicotinamide and ribose ring for reactant
and transition state.
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Scheme 1.
Reaction scheme for Af2Sir2 catalyzed deacetylation.

J Am Chem Soc. Author manuscript; available in PMC 2011 September 8.

Page 25



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cen and Sauve

Oxacarbenium
lon-ike, Dissociated

0

oo o_|
$

OH OH O

e

g

£He

Michealis Complex Imidate Complex

Scheme 2.

Proposed mechanisms for Af2Sir2 catalyzed deacetylation. (A) Oxacarbenium ion,
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dissociated transition state; (B) non-oxacarbenium ion, nucleophile-associated transition

state.
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Scheme 3.

Chemical mechanism for sirtuin catalyzed ADP-ribosylation of acetyllysine and relevant
reaction downstream chemistry from imidate. Lower scheme depicts kinetic mechanism,
including relevant rate constants and definitions of forward and reverse commitments
relevant to the V/K KIE measurement for the ADP-ribosylation of acetyllysine. The base
exchange reaction described in text occurs via reaction of NAD* forward to form the
imidate complex (El,), dissociation of nicotinamide from the El{-NAM complex,
reassociation of radiolabeled nicotinamide to the complex (as shown by fast equilibrium),
reformation of NAD™ via step governed by ky, and release of reformed NAD™* back into
solution. Commitment equations relevant to observed KIE values are found in Methods and
Materials and derivations for this kinetic mechanism are found in Supporting Information.
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Table 1
Experimental and intrinsic KIEs for Af2Sir2 catalyzed deacetylation
NH, Q
= N NHE
.
o~
N N
o
OH OH

label of interest  remote label KIE type experimental KIE&D  intrinsic KIEC

1n-15N 2,85-3H primary 1.024(2) 1.024(2)d
1'y-4C 2,85-3H primary 1.014(4) 1.014(4)
1'N-3H 8-14C a-secondary 1.289(1) 1.300(3)
2'\-3H 8,-14C B-secondary 1.095(5) 1.099(5)
4'\-3H 8-14C y-secondary 0.997(2) 0.997(2)
5'\-3H 8-14C §-secondary 1.019(5) 1.020(5)
4180 8,-14C a-secondary 0.985(5) 0.984(5)
2,8a-3H 8-14C remote 1.001 (4) 1.001(2)

a . h . . . .
KIE determined from at least three experiments and from correction for isotopic depletion.
b, . . . -
The number in the parenthesis represents the error in the last digit.

KIE determined from experimental KIE using equation 3 and corrected for commitment factors of Cr = 0.038 and KIEgq = 1.000 except for first
entry (See Supporting Information for KIEs calculated for KIEgq = 1.100). Error to the intrinsic KIE value includes variability in the value of Cr
(0.036-0.042) due to variability in the 20% conversion to products (+2%).

dKIE determined from experimental KIE using equation 3 and corrected for commitment factors of Cr = 0.038 and KlEeq = 1.027 (see reference

for the equilibrium isotope effect of 1.027 for full dissociation of nicotinamide). Measurement of [1'N—3H]KIE in the presence of nicotinamidase,

which minimizes reverse commitment by degrading nicotinamide, gave an experimental KIE corrected for isotope depletion of but without
correction for reverse commitment of 1.307(5) in agreement with the calculated intrinsic in Table 1.
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