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SUMMARY

Sirtuins are NAD-dependent deacylases. Previous
studies have established two important enzymatic in-
termediates in sirtuin-catalyzed deacylation, an alky-
lamidate intermediate I, which is then converted to a
bicyclic intermediate II. However, how intermediate II
is converted toproducts is unknown.Basedonpotent
SIRT2-specific inhibitors we developed, here we
report crystal structures of SIRT2 in complexes with
a thiomyristoyl lysine peptide-based inhibitor and
carba-NAD or NAD. Interestingly, by soaking crystals
with NAD, we capture a distinct covalent catalytic in-
termediate (III) that is different from the previously es-
tablished intermediates I and II. In this intermediate,
the covalent bond between the S and the myristoyl
carbonyl carbon is broken, and we believe this inter-
mediate III to be the decomposition product of II en
route to form the end products. MALDI-TOF data
further support the intermediate III formation. This is
the first time such an intermediate has been captured
by X-ray crystallography and provides more mecha-
nistic insights into sirtuin-catalyzed reactions.

INTRODUCTION

Mammalian sirtuins (SIRT1–7) are nicotinamide adenine dinucle-

otide (NAD)-dependent enzymes that catalyze the removal of

acyl groups from lysine residues on substrates (Bouras et al.,

2005; Daitoku et al., 2004; Motta et al., 2004; Starai et al.,

2002). Theywere established initially as deacetylase on histones,

transcription factors, and metabolic enzymes (Imai et al., 2000;

Katto et al., 2013; Tao et al., 2013). However, recently they

have been shown to be able to remove a variety of different

acyl lysine modifications. SIRT1–3 are able to depropionylate

and debutyrylate lysines (Garrity et al., 2007; Smith and Denu,

2007). SIRT3 was also reported to have decrotonylation activity.

SIRT4 was recently shown as a lipoamidase regulating pyruvate
Ce
dehydrogenase complex activity, despite the enzymatic activity

being very inefficient in vitro (Bao et al., 2014; Mathias et al.,

2014). SIRT5 was reported to hydrolyze succinyl, malonyl, and

glutaryl lysines (Du et al., 2011; Roessler et al., 2014; Tan

et al., 2014). SIRT6 can efficiently remove long-chain fatty acyl

groups on tumor necrosis factor a (Jiang et al., 2013). Interest-

ingly, recent studies also demonstrated that SIRT2 is a defatty-

acylase (Feldman et al., 2013; Jin et al., 2016; Liu et al., 2015;

Teng et al., 2015). These findings have broadened the substrate

scope of sirtuins and provided important insights into the

diverse biological functions of sirtuins and novel protein lysine

acylations.

All sirtuins share a conserved core region, composed of one

NAD-binding Rossmann domain and a zinc-binding domain,

suggesting a similar catalytic mechanism for all sirtuins. The cat-

alytic mechanism of sirtuin-catalyzed deacylation (Figure 1) has

been well established (Sauve et al., 2001; Sauve and Youn,

2012). The first step of the reaction is the formation of an alkyla-

midate intermediate (I) between NAD and the acyl lysine sub-

strate, with the release of nicotinamide. A key conserved

catalytic His residue then deprotonates the 20-OH of the ribose,

which then attacks the amidate carbon to form a bicyclic inter-

mediate (II). The bicyclic intermediate then decomposes to

generate the products, the deacylated lysine and 20-O-acyl

ADPR. Structural studies later provided excellent support for

this mechanism. For example, the Michaelis complex that con-

tained both substrates, the acyl lysine peptide and NAD, showed

that the amide bond of the acyl lysine substrate is correctly posi-

tioned to react with the 10 position of the ribose of NAD, while the

catalytic histidine residue is positioned to deprotonate the 20- or
30-OH (Hoff et al., 2006). Furthermore, using mechanism-based

sirtuin inhibitors, thioacetyl-lysine peptides, researchers were

able to capture the two proposed intermediates, I and II (Figure 1)

(Hawse et al., 2008; He et al., 2012; Jin et al., 2009; Zhou

et al., 2012).

From intermediate II to the products, it is generally thought that

water directly attacks intermediate II, leading to the release of the

deacylated peptide. However, no direct experimental evidence

exists to support this. Additionally a dioxonium ion intermediate

was proposed based on studies for organic reactions, but there

has been no direct experimental evidence for the dioxomium ion
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Figure 1. The Catalytic Mechanism for Sirtuin-Catalyzed Deacylation Reactions
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in the enzymatic reactions of sirtuins (Sauve and Youn, 2012).

Here we report a crystal structure of SIRT2 crystallized with a

thiomyristoyl lysine peptide-based inhibitor and NAD. This struc-

ture captured a novel intermediate (III, Figure 1) that provides in-

sights into how intermediate II decomposes to form the end

products.

RESULTS

We previously developed a potent SIRT2 inhibitor and also ob-

tained a structure of SIRT2 in complex with it (PKK(TMy)TG),

referred to as BHJH-TM1 by Teng and colleagues (Jing et al.,

2016; Teng et al., 2015). To obtain more information about

the catalytic mechanism, we soaked the SIRT2/BHJH-TM1

crystals with carba-NAD or NAD to get potential catalytic

intermediates (Table 1). We also co-crystallized SIRT2 with

native (i.e., non-thio-modified) myristoyl peptides, but could

not obtain any crystals. Denu and co-workers had also tried

this experiment but the products, instead of intermediates,

were observed inside the catalytic pocket (Feldman et al.,

2015). It is very likely that the complex of SIRT2 with the native

myristoyl peptide is unstable.

The Crystal Structure of SIRT2 in Complex with BHJH-
TM1 and Carba-NAD
Carba-NAD is a non-cleavable analog of NAD and thus may

facilitate the capture of a Michaelis complex (Hoff et al., 2006;

Szczepankiewicz et al., 2012). The crystal structure of SIRT2 in

complexes with the TM peptide BHJH-TM1 and carba-NAD

was determined at 1.8-Å resolution (Figures 2A and S1). The

electron density for carba-NAD and BHJH-TM1 is well defined

(Figure 2B). The overall binding of acyl peptide and carba-NAD

superimposed well with that in other ternary sirtuin complexes

(Figure S1) (Sanders et al., 2007; Szczepankiewicz et al.,

2012). The carba-NAD is in an unproductive conformation, as

the distance between the S atom and 10-C from the N-ribose is

not close enough to allow the subsequent nucleophilic attack

at the 10 position (Figure 2C). Meanwhile, the 30-OH group of
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the ribose forms moderate hydrogen bonds with the S atom of

BHJH-TM1 and NH from the catalytic His, while the distance be-

tween 20-OH and the S atom is relatively far away.

The Crystal Structure of SIRT2 in Complex with BHJH-
TM1 and NAD
To capture potential reaction intermediates, we soaked the crys-

tals of SIRT2 in complex with BHJH-TM1 in 10 mM NAD over-

night. The resulting crystal diffracted to 1.5-Å resolution, which

allowed us to confidently solve the structure. Surprisingly,

a novel intermediate (III) was captured that is different from the

intermediates I and II that were trapped in SIRT3 and SIRT5

structures, respectively. A 2Fo-Fc omit map clearly defined

the covalent linkage between ADP-ribose and BHJH-TM1. The

20-O from the N-ribose is covalently bonded to the carbonyl car-

bon of myristoyl with a bond length of 1.4 Å. The ADP-ribose in

intermediate III superimposed well with the ADP-ribose in the

SIRT5 bicyclic intermediate II (Figures 3A and 3B). The zoom-in

comparison shows that the covalent bond between the S atom

and the myristoyl carbonyl carbon is broken (Figure 3B). The dis-

tance between these two atoms is 3.3 Å in contrast to the 1.8-Å

distance in the SIRT5 bicyclic intermediate II (Figure 3B). Mean-

while, the structure convincingly shows the electron density for

the 10-SH, which is no longer connected to the myristoyl group

(Figures 3C and 3D). Thus, the X-ray structural data suggest

that the intermediate III we captured is 10-SH-20-O-myristoyl

ADPR (Figure 1). The formation of intermediate III indicates that

intermediate II has undergone another step toward the formation

of end products (Figure 1). The bicyclic intermediate II is an inter-

mediate that interconverts I and III. A water molecule can react

with III in a way similar to the 20-OH reacting with I, forming a

tetrahedral intermediate (IV), which then can decompose to

form the end products.

The Formation of Intermediate III Analyzed by MALDI-
TOF Mass Spectrometry
We then used MALDI-TOF mass spectrometry (MS) to analyze

the covalent intermediate III directly from the crystals of SIRT2



Table 1. Crystallographic Data and Model Refinement Parameters

SIRT2/BHJH-TM1/Carba-NAD (PDB: 4X3P) SIRT2/BHJH-TM1/NAD (PDB: 4X3O)

Wavelength (Å) 0.9793 0.9791

Resolution range (Å) 50–1.8 (1.864–1.799) 50–1.5 (1.553–1.499)

Space group P 1 21 1 P 1 21 1

Unit cell a = 37.6, b = 77.7, c = 56.5 Å, a = 90�,
b = 97.73�, g = 90�

a = 37.4, b = 77.6, c = 56.2 Å, a = 90�,
b = 97.22�, g = 90�

Total reflections 366,081 345,257

Unique reflections 29,603 (2,868) 49,246 (3,898)

Multiplicity 3.7 4.1

Completeness (%) 99 (99) 99 (99)

Mean I/s(I) 19.29 (5.13) 16.72 (2.86)

Rmerge 0.073 0.069

Rwork 0.1540 (0.1357) 0.1211 (0.1530)

Rfree 0.1732 (0.1499) 0.1566 (0.2052)

Protein residues 302 303

RMSD (bonds Å) 0.014 0.01

RMSD (angles �) 1.45 1.53

Ramachandran favored (%) 98 98

Average B factor 25.8 19.8

Macromolecules 25.1 18.1

Ligands 20.9 17.4

Solvent 33.5 35.4

Highest-resolution shell is shown in parentheses. RMSD, root-mean-square deviation.
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in complex with TM peptide BHJH-TM1 soaked with NAD.

Indeed, ions with m/z of 1,296.65, which corresponded to the

mass of the protonated species of intermediate III, were

detected (Figures 3E and 3G). Additionally we found the ions

with m/z of 530.33, which corresponded to the mass of the pro-

tonated end product, indicating that this intermediate is able to

form the end product (Figures 3F and 3G) and is not an off-

pathway process. These MS data further support the formation

of this intermediate during the SIRT2 catalytic process.

The alkylamidate intermediate III is more stable than the previ-

ously proposed dioxonium ion intermediate because the cation

can be delocalized by twoO and oneN atoms, while in the dioxo-

nium the cation can only be delocalized by two O atoms. Thus, it

is more likely to form in sirtuin-catalyzed reactions. Furthermore,

intermediate III is similar to intermediate I in the sense that both

are alkylamidate (or S-alkylamidate), with the only difference be-

ing that I involves the 10 position of the N-ribose while III involves

the 20 position of the N-ribose. The reason we could trap the new

intermediate is similar to why the previous intermediates were

trapped. The substitution of O with S makes the intermediates

more stable (Hawse et al., 2008).

DISCUSSION

Our X-ray structural studies revealed the formation of a new

catalytic intermediate, III, which was not previously proposed

in sirtuin mechanistic studies (Figure 1). This represents a down-

stream intermediate and is one step closer to the formation of the

end products compared with intermediate II. It explained how in-

termediate II is converted to products. Thus, we can now further
refine the catalytic mechanism of sirtuin-catalyzed deacylation

reactions (Figure 1). Structural studies using mechanism-based

inhibitors (thioacetyl-lysine peptides) have now provided exper-

imental support for almost all of the reaction intermediates

(Figure 4). The current structure of SIRT2 crystallized with TM

peptide/carba-NAD showed the initial catalytic step (Figure 4A).

The structure of Sir2Tm thioacetyl peptides captured intermedi-

ate I (green in Figure 4B). Gertz et al. (2013) reported another

structure showing the intermediate I obtained by soaking

SIRT3/acetyl-peptide crystals with NAD and inhibitor Ex-243.

In this intermediate, however, the ribose is flipped (blue in Fig-

ure 4B). The structure of SIRT5 crystallized with a thiosuccinyl

peptide captured intermediate II (Figure 4C), while the current

SIRT2 structure crystallized with a TM peptide and NAD

captured intermediate III (Figure 4D). Given that sirtuins are

involved in various important biological pathways, understand-

ing their detailed reaction mechanismmay facilitate the develop-

ment of sirtuin inhibitors as therapeutic reagents or as tool

compounds to understand sirtuin biology.

SIGNIFICANCE

The coupling of nicotinamide adenine dinucleotide (NAD+)

breakdown and protein deacylation is a unique feature of

the family of proteins named Sirtuins, which are a class of

‘‘eraser’’ enzymes. They regulate energy metabolism, aging

and longevity in diverse organisms and are also considered

as promising targets for treating several human diseases.

There are seven human sirtuins (SIRT1–7). Understanding

the catalytic mechanism of sirtuins may facilitate the design
Cell Chemical Biology 24, 1–7, March 16, 2017 3



Figure 2. The Structure of SIRT2 with BHJH-

TM1 and Carba-NAD

(A) Overall structure.

(B) 2Fo-Fc omit map (1s) showing the BHJH-TM1

and carba-NAD.

(C) The relative positions of the BHJH-TM1, carba-

NAD, and catalytic His of SIRT2. The unit of bond

length is angstroms.
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of modulators to treat relevant diseases. In this study, we

have captured a novel catalytic intermediate of SIRT2 by

X-ray crystallography and confirmed it by MALDI-TOF

mass spectrometry. This is the first time such an intermedi-

ate has been captured by X-ray crystallography. Previous

studies have established two sirtuin enzymatic intermedi-

ates, an alkylamidate intermediate I, which is then converted

to a bicyclic intermediate II en route to form the final prod-

ucts. However, how intermediate II is converted to products

is not known. The new intermediate, III, was captured by

soaking the crystal of SIRT2 and a thiomyristoyl inhibitor

(BHJH-TM) complex with NAD. This intermediate III repre-

sents the decomposition product of II en route to form the

final reaction products. This discovery provides significant

mechanistic insights into the enzymatic reaction mecha-

nism of sirtuins.
EXPERIMENTAL PROCEDURES

Reagents and Material

Unless otherwise noted, all the chemical reagents were purchased from

Sigma-Aldrich. DMEM was purchased from Invitrogen. EDTA-free protease

inhibitor was purchased from Roche Applied Science. Pre-stained protein lad-

der was purchased from Thermo Fisher Scientific. Liquid chromatography-

mass spectrometry (LC-MS) was carried out on a Shimadzu LC and Thermo

LCQ Fleet MS with a Sprite TARGA C18 column (40 3 2.1 mm, 5 mm, Higgins

Analytical) monitoring at 215 and 260 nm. Solvents used in LC-MS were water

with 0.1% acetic acid and acetonitrile with 0.1% acetic acid. Analytical high-
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performance liquid chromatography (HPLC) anal-

ysis was carried out using a Kinetex XB-C18

100A, 100 3 4.60-mm, 2.6-mm reverse-phase col-

umn with UV detection at 215 and 280 nm. Prepar-

ative HPLC purification was carried out using Targa

Prep C18 2503 20-mm, 10-mm reverse-phase col-

umn with UV detection at 215 and 260 nm.

Solid Synthesis of Peptides

Synthesis of peptides of BHJH-TM1 was carried

out using the protocol of Jing et al. (2016). Thiomyr-

istoyl peptide was synthesized using the standard

Fmoc/tBu chemistry O-benzotriazol-N,N,N0,N0-tet-
ramethyluronium hexafluorophosphate/1-hydrox-

ybenzotriazol (HBTU/HOBt) protocol with Wang

resin. Modified lysine was incorporated using

L-Fmoc-Lys(thiomyristoyl)-OH. Cleavage from the

resin and removal of all protecting groups were

done by incubating the resin with trifluoroacetic

acid (TFA) containing phenol (5%), thioanisole

(5%), ethanedithiol (2.5%), and water (5%) for

2 hr. The crude peptide was purified by reverse-

phase HPLC on a Beckman Coulter System Gold

125P solvent module and 168 Detector with a

Targa C18 column (250 3 20 mm, 10 mm, Higgins
Analytical) monitoring at 215 nm. Mobile phases used were 0.1% aqueous

TFA (solvent A) and 0.1% TFA in acetonitrile (solvent B). Flow rate was

10 mL/min by using the following gradient: 0% solvent B for 10 min, 0%–

50% solvent B over 50 min, then 50%–95% solvent B for 5 min. The identity

and purity of the peptides were verified by LC-MS. BHJH-TM1 (PKK(TMy)

TG) was eluted at 55 min. LC-MS (electrospray ionization) calcd. for

C37H70N7O7S [M + H]+ 756.51, obsd. 756.58.

Expression and Purification of Truncated SIRT2 for Crystallization

SIRT2 expression and purification was carried out as per reported protocol

(Teng et al., 2015). The open reading frame of human SIRT2 (34–356) was in-

serted into a pET28a-sumo vector between the BamHI and NotI sites. SIRT2

was overexpressed in Escherichia coliBL21 (DE3) grown in LB culture medium.

Isopropylb-D-1-thiogalactopyranoside (0.2mM)wasused to induceexpression

when the OD value was 0.6. Bacteria were collected after growth for another

20hr at289K.After sonication, thesupernatantwas loadedontoanickel column

pre-equilibratedwith20mMHEPES (pH7.0)with500mMNaCl. Theproteinwas

eluted with a linear gradient of imidazole. The eluted protein fractions were

cleaved by ULP1 overnight and then loaded onto an Ni-nitrilotriacetic acid col-

umn. The collected protein fraction in flow-through was concentrated and

loaded onto Superdex200 to obtain further purification. The peak containing

SIRT2 was pooled, concentrated to 8 mg/mL, and stored at �80�C.

Crystallization, Data Collection, and Structural Determination

Crystals of SIRT2 in complex with 1 mM TM peptide (PKK(Tmy)TG), BHJH-

TM1, were obtained by hanging-drop vapor diffusion method at 291 K.

A solution containing 8 mg/mL SIRT2 in 20 mM HEPES (pH 7.0) and

100 mM NaCl was pre-incubated on ice with 1 mM BHJH-TM1 for about

1 hr. Hanging drops were formed by mixing 1 mL of protein solution and 1 mL

of well solution containing 1.6 M (NH4)2SO4, 0.1 M HEPES buffer (pH 7.0),

and 5% glycerol. Crystals were soaked with 10 mM carba-NAD and NAD,



Figure 3. The Intermediate III in SIRT2/BHJH-TM1/NAD Complex Structure

(A and B) Comparison between SIRT5 intermediate II structure (yellow) and SIRT2 intermediate III structure (cyan). The unit of bond length is angstroms.

(C and D) 2Fo-Fc omit map (1s) showing the linkage between the BHJH-TM1 and ADP-ribose.

(E and F) The chemical formulas and molecular weights of intermediate III from the reaction of BHJH-TM1 with NAD and the end product.

(G)MALDI-TOFMS spectrum of the crystals of SIRT2 in complexwith thiomyristoyl peptide BHJH-TM1 soakedwith NAD, using a-cyano-4-hydroxycinnamic acid

as matrix. The mass ranges corresponding to both intermediate III and the end product are enlarged.
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respectively for 1–8 hr. After data collection at the synchrotron, data were in-

dexed and integrated by using the HKL2000 program (Otwinowski and Minor,

1997). The complex structure was solved by molecular replacement using the

program Phaser (McCoy et al., 2007) from the CCP4 suite (Bailey et al., 1994)

with the SIRT2 binary structure (PDB: 4R8M) as the search model. Refinement

and ligand fitting were performed with REFMAC and Coot from CCP4. Data

collection and structure refinement statistics are shown in Table 1. Atomic co-

ordinates and structure factors have been deposited with the PDB under

accession codes PDB: 4X3P (SIRT2 in complexes with BHJH-TM1 and

carba-NAD) and PDB: 4X3O (SIRT2 with intermediate III).

MALDI-TOF MS Analysis

The positive Reflector mode of the MALDI-TOF MS instrument was

used. Crystals of SIRT2 in complex with TM peptide BHJH-TM1 soaked with

NAD overnight was mixed with a-cyano-4-hydroxycinnamic acid (CHCA)

and deposited onto a MALDI sample plate. The samples were spotted and
dried on the MALDI plate before applying 1 mL of 10 mg/mL CHCA matrix

(Fluka; catalog #28480) dissolved in 0.1% formic acid/50% acetonitrile.

Mass determination was performed using the 4800 MALDI-TOF/TOF Analyzer

(Sciex), which was equipped with an Nd:YAG laser operating at 355 nm to

ionize the samples. All mass spectra were acquired in positive ion Reflector

mode using the 4000 Series Explorer version 3.5.28193 software (Sciex).

Before each run, the mass spectrum was calibrated using the peptide calibra-

tion standard, 4700 Cal-Mix (Sciex; catalog #4333604). Characteristic spectra

were attained by averaging 500 acquisitions in Reflector mode with the

smallest amount possible of laser energy to maintain the best resolution.

The scanning range was from m/z 500 to 1,500.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure and can be found with this

article online at http://dx.doi.org/10.1016/j.chembiol.2017.02.007.
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Figure 4. The Catalytic Mechanism Shown by Specific Intermediate

Structures

(A) PDB: 4X3P (magenta, SIRT2) for initial step.

(B) PDB: 3D81 (green, Sir2Tm) and PDB: 4BVG (blue, SIRT3) for intermediate I.

(C) PDB: 4F56 (yellow, SIRT5) for intermediate II.

(D) PDB: 4X3O (cyan, SIRT2) for intermediate III.
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