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ABSTRACT: Sirtuins were originally shown to regulate a wide array of biological processes such as
transcription, genomic stability, and metabolism by catalyzing the NAD1-dependent deacetylation

of lysine residues. Recent proteomic studies have revealed a much wider array of lysine acyl modi-

fications in vivo than was previously known, which has prompted a reevaluation of sirtuin substrate
specificity. Several sirtuins have now been shown to preferentially remove propionyl, succinyl, and

long-chain fatty acyl groups from lysines, which has changed our understanding of sirtuin biology.

In light of these developments, we revisited the acyl specificity of several well-studied archaeal
and bacterial sirtuins. We find that the Archaeoglobus fulgidus sirtuins, Sir2Af1 and Sir2Af2, prefer-

entially remove succinyl and myristoyl groups, respectively. Crystal structures of Sir2Af1 bound to

a succinylated peptide and Sir2Af2 bound to a myristoylated peptide show how the active site of
each enzyme accommodates a noncanonical acyl chain. As compared to its structure in complex

with an acetylated peptide, Sir2Af2 undergoes a conformational change that expands the active

site to accommodate the myristoyl group. These findings point to both structural and biochemical
plasticity in sirtuin active sites and provide further evidence that sirtuins from all three domains of

life catalyze noncanonical deacylation.
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Introduction

Lysine acetylation is an abundant and well-studied

post-translational modification that regulates a broad

array of cellular processes in organisms ranging from

bacteria to mammals.1–3 In addition to identifying

specific acetylation sites,4,5 advances in mass spec-

trometry have also revealed a surprisingly broad array

of lysine acyl modifications in vivo whose chemical

properties differ from acetylation. Studies in eukar-

yotes have identified modifications such as propionyla-

tion,6 butyrylation,6 crotonylation,7 malonylation,8,9

succinylation,10 and glutarylation11 decorating lysine

residues. Although it remains to be seen how many of

these acyl modifications are conserved throughout evo-

lution, widespread lysine succinylation has been

detected in E. coli12,13 and lysine propionylation has

been discovered in Salmonella enterica.14 Acyl chain

identity is increasingly recognized as an additional

factor in regulating cellular activities, and there are
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now examples of lysine residues that can be modified

by more than one type of acyl chain in vivo.12,15,16

Identifying the enzymes that attach and remove differ-

ent types of lysine acyl modifications is therefore a

key aspect in elucidating regulatory pathways.

Sirtuins were initially identified as a class of

NAD1-dependent deacetylases conserved across all

three domains of life,17–19 where they regulate a

remarkably broad range of cellular processes. Sir-

tuins catalyze lysine deacetylation by cleaving nico-

tinamide from NAD1 and generating a mixture of 20

and 30-O-acetyl-ADP ribose in addition to the unmodi-

fied lysine (Fig. 1). The founding member of the sir-

tuin family, yeast Sir2, regulates transcriptional

silencing by deacetylating histones and promoting

the formation of heterochromatin.20 CobB, a bacterial

homolog of yeast Sir2, regulates signal transduction

pathways,21 the activity of metabolic enzymes,14,22,23

and mRNA transcription.24–26 The seven human sir-

tuins also regulate a wide variety of processes includ-

ing the response to oxidative stress, fatty acid

oxidation, genome stability, and transcription.27,28

Because of the central roles that sirtuins play in so

many critical pathways across biology, these enzymes

have been the subjects of intense study.27,29,30

Although biological functions of sirtuins were

originally ascribed to their deacetylation activity,

recent studies have shown that several sirtuins are

more active in vitro in removing other types of lysine

acyl modifications,11,16,31,32 and that these alternate

specificities are important for their biological

roles.11,16,31 In some cases, sirtuins that have little or

no deacetylase activity in vitro were shown to be

more active against longer or charged acyl chains,

pointing to acyl group identity as an important com-

ponent of sirtuin specificity.9,16,31–33 For example,

human SIRT5 preferentially removes negatively

charged succinyl, malonyl, and glutaryl acyl groups

from lysines.9,11,16 This activity is important for

SIRT5 regulation of the enzyme, carbamoyl phos-

phate synthase (CPS1), which is desuccinylated16

and deglutarylated11 by SIRT5 in vivo. Desuccinyla-

tion by SIRT5 also regulates the activity of the pyru-

vate dehydrogenase and succinate dehydrogenase

complexes in mouse embryonic fibroblasts,34 as well

as the activity of Cn/Zn superoxide dismutase

(SOD1) in human cells.35 A crystal structure of

human SIRT5 bound to a succinylated peptide has

revealed the molecular basis for preferential removal

of these negatively charged acyl modifications.16

Human SIRT6 also exhibits alternate acyl chain

specificity, preferentially removing long chain fatty

acyl groups from lysine.31,33 SIRT6 deacetylates his-

tone H3K936 and PGC1-a in vivo37; however, the

rate at which SIRT6 deacetylates lysines in vitro is

markedly lower than the rate for removal of long-

chain fatty acyl modifications, including myristoyl

groups.31,33 A biological target for SIRT6 demyris-

toylating activity has been identified in mammalian

cells, where SIRT6-demyristoylates the cytokine,

TNF-a, promoting its secretion.31 PfSir2a, a sirtuin

from the malaria parasite P. falciparum, also has

robust demyristoylating and low deacetylating activ-

ities,32 although the underlying biology for PfSir2a

remains to be elucidated. The bacterial sirtuin,

CobB, has multiple deacylating activities that are

biologically relevant. In addition to its deacetylation

activity, which regulates the activity of acetyl CoA

synthetase,22 CobB also regulates propionyl-CoA

synthetase (PrpE) activity by depropionylating the

enzyme in vivo14 and was recently shown to have

desuccinylating activity.13 These findings emphasize

the importance of alternative sirtuin deacylation

activities in diverse biological pathways.

Structural studies of sirtuins bound to different

substrates have provided clues to their true acyl spe-

cificities as well as insights into how their active

sites accommodate noncanonical acyl modifications.

The structure of human SIRT5 in complex with a

thioacetylated peptide revealed a negatively charged

CHES buffer molecule in the active site,16 which pro-

vided a clue that SIRT5 might also remove nega-

tively charged acyl modifications.16 Biochemical

assays confirmed this hypothesis, while a structure

of SIRT5 in complex with a succinylated peptide

revealed that the succinyl carboxylate was contacted

by the same residues that bound the negatively

charged buffer molecule.16 Structures of the demyris-

toylating enzymes, human SIRT6 and P. falciparum

Figure 1. Summary of the sirtuin deacylation reaction and

chemical structures of various lysine acyl modifications found

in cells.

Ringel et al. PROTEIN SCIENCE VOL 23:1686—1697 1687



PfSir2A, bound to myristoylated peptides show how

long hydrophobic tunnels near these sirtuins’ active

sites accommodate the long aliphatic chain of the

myristoyl group and explain why these enzymes pref-

erentially remove long acyl chains.31,32 These studies

highlight the important clues that structures can

shed on the true acyl specificities of sirtuins.

In light of the recent findings that some sirtuins

have alternative deacylation activities that are

important for their function, we revisited the sub-

strate preferences of several bacterial and archaeal

enzymes that have been used as model systems to

study the structure-based mechanism of the sirtuin

deacetylation reaction.38–42 Sir2Af1 and Sir2Af2

from Archaeoglobus fulgidus, TmSir2 from Thermo-

toga maritima and CobB from Escherichia coli were

tested against a panel of peptides containing differ-

ent acyl modifications. Of the enzymes tested, only

TmSir2 preferred acetylated substrates, whereas the

other three enzymes exhibited alternate acyl chain

specificities. Crystal structures of Sir2Af1 bound to

a succinylated peptide and Sir2Af2 bound to a myr-

istoylated peptide reveal features of the substrate-

binding pocket that govern the specificity of each

sirtuin for its preferred acyl modification. Interest-

ingly, Sir2Af2 undergoes a conformational change

that enables it to accommodate the long myristoyl

group. These studies underscore the principle that

sirtuins are a family of deacylases rather than

deacetylases and reveal principles for structure

based modeling of sirtuin acyl group specificity.

Results

Structure-based prediction of acyl chain
specificity for Sir2Af1 and Sir2Af2

In light of the chemically diverse array of lysine acyl

modifications that have been detected in cells and

the recently discovered ability of some sirtuins to

remove these modifications, we speculated that the

archaeal sirtuins, Sir2Af1 and Sir2Af2, might prefer-

entially remove acyl modifications from lysine other

than acetyl groups. Structures of these sirtuins

bound to a variety of substrates have been previ-

ously reported. These include structures of Sir2Af1

bound to NAD1,39,43 and of Sir2Af2 bound to an ace-

tylated peptide38 as well as in complex with NAD1-

derived metabolites.41,44 Although both enzymes

deacetylate peptides and proteins in vitro,38,39,43

comparisons with structures of SIRT516 and SIRT631

suggested that Sir2Af1 and Sir2Af2 might also

remove other types of acyl modifications.

Sir2Af1 contains features in common with

SIRT5 that are consistent with a preference for

removing negatively charged acyl groups from lysine.

Recent structural studies of the human demalonylat-

ing and desuccinylating enzyme, SIRT5, identified

tyrosine and arginine residues (Y102 and R105) that

confer specificity for the negatively charged succinyl

group.16 Y102 donates a hydrogen bond to the modi-

fied lysine, while the R105 guanidinium group par-

ticipates in both electrostatic and hydrogen bonding

interactions with the succinyl carboxylate.16 Interest-

ingly, SIRT5 is the only human sirtuin where these

residues are conserved,16 and biochemical studies

have confirmed that the other human sirtuins are

weak desuccinylases in vitro.33 Kinetically, SIRT5 is

remarkably specific for removing negatively charged

acyl modifications, as its Km decreases by two orders

of magnitude when supplied with succinyl or malonyl

lysine compared to acetyl lysine,16 which translates

into an increase of nearly three orders of magnitude

in the specificity constant, kcat/Km.16 Not only are

these two residues conserved in Sir2Af1 as well as in

the desuccinylating enzyme, E. coli CobB [Fig.

2(a)],13 but they are also strongly evolutionarily

coupled.45 A single point mutation of a corresponding

residue in Sir2Af2 (M70R) profoundly alters its speci-

ficity, conferring desuccinylating activity on the

mutant Sir2Af2-M70R while decreasing deacetylation

activity.45 We therefore hypothesized that Sir2Af1 is

a desuccinylating enzyme.

A previously reported crystal structure of

Sir2Af238 contains a serendipitously bound PEG mol-

ecule [Fig. 2(b)] that suggests that Sir2Af2 may be

able to remove medium to long fatty acyl modifica-

tions. Three of the five monomers within the crystal

asymmetric unit contain a long PEG molecule that

binds in a hydrophobic tunnel that extends away

from the acetyl lysine binding site.44 The PEG mole-

cules align remarkably well with the myristoyl group

in structures of both SIRT6 and PfSir2a bound to

myristoylated peptides [Fig. 2(b)],31,32 suggesting

that Sir2Af2 may also accommodate long fatty acyl

chains and thus catalyze lysine demyristoylation.

Alternative deacylating activities of archaeal

and bacterial sirtuins

To test our hypothesis that Sir2Af1 removes nega-

tively charged acyl modifications while Sir2Af2 has

demyristoylating activity, we assayed the activity of

these enzymes on peptides based on the sequence of

histone H4 containing acetyl, propionyl, butyryl,

succinyl, or myristoyl lysine at residue K16 (Fig. 1).

As a comparison, we also tested the bacterial sirtuin,

TmSir2, from Thermotoga maritima, whose active

site cannot accommodate larger acyl groups and is

thus predicted to be a bona fide deacetylase,46,47 and

E. coli CobB, which desuccinylates peptides in

vitro.13

Using an assay that monitors NAD1 consump-

tion,38 we found that Sir2Af1 activity is approxi-

mately fivefold higher against succinyl lysine as

compared to acetyl lysine [Fig. 3(a), Supporting

Information Table I). As previously observed, the

overall activity of Sir2Af1 is weak as compared to
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other archaeal and bacterial sirtuins.39 We con-

firmed that NAD1-consumption by Sir2Af1 reflects

peptide desuccinylation using an HPLC-based assay

that monitors the peptide directly [Fig. 3(b)], demon-

strated by a shift in its retention time in the pres-

ence of enzyme and NAD1. CobB also exhibits

robust desuccinylating activity in our assay, as it

desuccinylates peptides at a rate �2.3-fold faster

than deacetylation [Fig. 3(a), Supporting Informa-

tion Table I). Interestingly, CobB activity was lower

on the uncharged acyl modifications, propionyl and

butyryl, which are smaller than succinyl groups and

would be expected to be accommodated in the same

binding pocket. CobB depropionylates substrates

1.8-fold more slowly and debutyrylates 3-fold more

slowly than deacetylation of the same peptide; no

demyristoylating activity was detected [Fig. 3(a),

Supporting Information Table I).

We next tested the prediction that the archaeal

sirtuin Sir2Af2 would preferentially remove long

fatty acyl modifications. Consistent with our hypoth-

esis, Sir2Af2 shows increased reaction velocity with

increasing acyl chain length [Fig. 3(a), Supporting

Information Table I). As compared to its deacetylat-

ing activity, Sir2Af2 depropionylated, debutyrylated,

and demyristoylated a peptide of the same sequence

at 1.5-, 1.9-, and 3.4-fold higher rates, respectively

[Fig. 3(a), Supporting Information Table I]. Even

though the carbon backbone for succinyl lysine is

substantially shorter in length than myristoyl

lysine, Sir2Af2 had no detectable desuccinylating

activity, suggesting that its active site can accommo-

date substrates that are long and hydrophobic but

not charged. To confirm that NAD1-consumption

reflects peptide deacylation, we monitored reaction

progress using an HPLC-based assay [Fig. 3(b)].

We also examined the acyl specificity of the bac-

terial sirtuin, TmSir2, which we expected to prefer-

entially remove acetyl groups as compared to other

acyl modifications based on previous structural and

biochemical data. Structures of TmSir2 bound to

both acetylated46 and propionylated peptides47 have

been reported, showing that the modified lysine fits

snugly into a tight hydrophobic pocket. In addition,

Figure 2. Structure- and sequence-guided predictions of acyl chain specificity. (a) Sequence alignment between sirtuins that

are specific for negatively charged acyl chains (CobB, SIRT5, and Sir2Af1) and those that are not (Sir2Af2 and TmSir2). Con-

served tyrosine and arginine residues confer specificity for negatively charged acyl modifications to lysine.13,16 (b) Structural

alignment between human SIRT6 and PfSir2a, which are both demyristoylating enzymes, and Sir2Af2. All three ligands are

shown, but only the Sir2Af2 structure is displayed. Both myristoyl lysine residues overlay with a PEG molecule from the Sir2Af2

structure, suggesting alternate specificity for Sir2Af2.
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TmSir2 was previously shown to catalyze depropio-

nylation more slowly than deacetylation.47 Consist-

ent with previous data, TmSir2 preferentially

removed acetyl groups, with relatively lower activity

on all other acyl modifications tested [Fig. 3(a), Sup-

porting Information Table I]. No activity was detect-

able against myristoyl lysine or succinyl lysine [Fig.

3(a), Supporting Information Table I].

Crystal structure of Sir2Af1 bound to a
succinylated peptide

To determine the structural basis of Sir2Af1 specific-

ity for negatively charged acyl chains, we solved the

structure of Sir2Af1 sirtuin bound to a succinylated

H4 peptide at 1.8 Å resolution (PDB ID 4TWI).

Crystallographic statistics are summarized in Table

I. The overall structure resembles a previously

reported structure of Sir2Af1 bound to NAD1 [Fig.

4(a)].39 Electron density 2Fo-Fc maps [Fig. 4(b)] and

simulated annealing omit maps show unambiguous

density for the succinylated lysine [Fig. 4(c)]. Con-

served arginine and tyrosine residues, Y64 and R67

[Fig. 2(a)], hydrogen bond and form electrostatic

interactions with the succinyl carboxylate [Fig. 4(d)]

in the same way that SIRT5 engages a succinylated

peptide [Fig. 4(e)].16 Although CobB has not been

crystallized bound to a succinylated substrate, it

likely uses the same interactions to bind negatively

charged acyl chains. If a succinyl group is modeled

into its structure in complex with an acetylated pep-

tide,40 a single rotamer change by residue R95 can

recapitulate the hydrogen bonding network found in

the active sites of Sir2Af1 and SIRT5 [Fig. 4(f)].

Crystal structure of Sir2Af2 bound to a

myristoylated peptide
To elucidate how Sir2Af2 accommodates long acyl

chains in its active site, we determined the structure

of Sir2Af2 bound to a myristoylated peptide at a

resolution of 1.65 Å (PDB ID 4TWJ) [Fig. 5(a)].

Crystallographic statistics are summarized in Table

I. The structure resembles previously reported struc-

tures of Sir2Af2 bound to an acetylated p53 pep-

tide,38 NAD1, or ADP ribose.44 Electron density for

the myristoylated peptide is clearly observable in

both 2Fo-Fc and in simulated annealing omits maps

[Fig. 5(b)]. As predicted, the myristoyl group occu-

pies a hydrophobic tunnel in the Sir2Af2 active site

where a PEG molecule was located in a previous

structure.44 An alignment with crystal structures of

other sirtuins in complex with myristoylated pep-

tides (human SIRT631 and PfSir2a32) shows that the

myristoyl groups from all three structures overlay

Figure 3. Comparison of deacylation activities of bacterial and archaeal sirtuins. (a) Rates of NAD1-consumption were meas-

ured for different sirtuin enzymes against 250 lM acylated histone H4 peptide.5 TmSir2, Sir2Af2, and CobB were used at a con-

centration of 2 lM, and Sir2Af1 was used at a concentration of 15 lM. Initial rates were normalized to total enzyme

concentration for comparison. (b) HPLC chromatograms from deacylation reactions. Left: 15 lM Sir2Af1 was incubated with

250 lM succinylated H4 peptide for 1 h at 50�C. Right: 2 lM Sir2Af2 was incubated with 250 lM myristoylated H4 peptide for

20 min at 50�C. The peptides were deacylated only when 2 mM NAD1 was added, causing them to elute at an earlier retention

time.
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well, suggesting a conserved function for the hydro-

phobic tunnel [Fig. 5(c)].

In contrast with Sir2Af1, which does not require

a conformational change to bind succinyl lysine, the

substrate-binding pocket of Sir2Af2 must rearrange

in order to accommodate a myristoyl group. If a

myristoyl lysine is docked into the structure of

Sir2Af2 bound to an acetylated peptide,38 a kinked

helix obstructs the path of the acyl chain through

the hydrophobic tunnel [Fig. 5(d)]. Two residues,

L74 and F75, are located on the kinked helix and

sterically occlude the part of the hydrophobic tunnel

that is furthest from the active site in the structure

of Sir2Af2 bound to an acetylated peptide [Fig.

5(e)].38 Superposition with the structure reported

here shows that the terminal six carbons of the myr-

istoyl chain would clash with these two residues

[Fig. 5(e)]. However, in the structure of Sir2Af2

bound to a myristoylated peptide, the helix straight-

ens out, thereby moving the a-carbons of L74 and

F75 by 5.2 Å and 8.3 Å, respectively [Fig. 5(e)]. This

widens the tunnel by more than 6 Å, allowing

Sir2Af2 to accommodate the full length of the myris-

toyl chain [Fig. 5(e)].

Discussion
Renewed interest in sirtuin substrate preference has

been triggered by recent studies that have revealed

the presence of a large and chemically diverse reper-

toire of acyl modifications in cells. For a growing

number of sirtuins, the ability to remove acyl modifi-

cations other than acetyl groups has been implicated

in their biological roles. Determining the true specif-

icities of sirtuins for different acyl chains is thus

essential to understanding the roles of sirtuins in

biology. Here we have revisited the acyl chain speci-

ficity of two archaeal enzymes that were previously

used as models for understanding the sirtuin deace-

tylation reaction and showed that both enzymes

preferentially remove other types of acyl modifica-

tions. Sir2Af1 preferentially desuccinylates peptides

and the demyristoylating activity of Sir2Af2 is

markedly faster than its deacetylating activity on a

similar peptide. This finding underscores the princi-

ple that sirtuins are actually a family of deacylases,

and suggests that future studies on other sirtuins

will likely uncover alternate specificities as well.

Relative to its deacetylation activity, the arch-

aeal sirtuin Sir2Af2 is more active against acyl

chains of increasing length. This activity was sug-

gested by previous structural studies revealing the

presence of a hydrophobic tunnel adjacent to the

active site that was occupied by a PEG molecule in a

structure of Sir2Af2 bound to NAD1.38 However, in

contrast with the desuccinylating enzymes Sir2Af1,

SIRT5, and CobB, which contain a conserved R/Y

Table I. Crystallographic data collection and refinement statistics.

Diffraction data

Sir2-Af1 bound to a
succinylated peptide

Sir2-Af2 bound to a
myristoylated peptide

Space group P21 P21

Wavelength (Å) 1.54 1.033
Unit cell dimensions
a, b, c (Å) 44.61, 51.36, 57.69 38.48, 77.25, 45.90
a, b, g (�) 90.0, 101.9, 90.0 90.0, 110.7, 90.0
Resolution (Å) 21.94-1.79 (1.85-1.79) 42.93 - 1.65 (1.71 - 1.65)
Measured reflections 53220 (2921) 99631 (8711)
Unique reflections 23269 (2008) 30123 (2941)
Completeness (%) 95.39 (83.73) 99.73 (97.89)
Average I/r (merged reflections) 7.36 (1.85) 13.24 (4.15)
Multiplicity 2.3 (1.5) 3.3 (3.0)
Rmerge (%) 11.7 (33.9) 5.01 (18.3)

Refinement Statistics
Total atoms 2213 2139
Protein 1968 1906
Ligands 7 33
Water 238 200
CC1/2 0.977 (0.751) 0.997 (0.949)
CC* 0.994 (0.926) 0.999 (0.987)
Rwork (%)/Rfree (%) 19.2/ 22.1 18.0/ 20.6

B-factors
Protein 18.1 18.2
Ligands 39.6 32.9
Solvent 29.9 33.0

RMSD
Bond lengths (Å) 0.005 0.005
Bond angles (�) 1.00 1.02

Values in parentheses correspond to data from the highest resolution shell.
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motif that confers specificity for a negatively

charged acyl group, the ability of Sir2Af2, PfSir2a,

and SIRT6 to accommodate long acyl chains is not

the result of conserved sequence elements. When

the amino acid sequences of these three enzymes are

aligned along with other sirtuins with different spe-

cificities (Fig. 6), no pattern of sequence conserva-

tion emerges that distinguishes the demyristoylating

enzymes. Of all the amino acid residues within 5 Å

of the myristoyl acyl chain in the Sir2Af2 structure,

the only residues that are conserved among the

demyristoylating enzymes are also generally con-

served among sirtuins (Fig. 6). Therefore, structural

and biochemical studies remain the only way at

present to identify sirtuins specific for removing

long acyl chains.

Structural plasticity in the Sir2Af2 active site

may facilitate its ability to accommodate and remove

a broad array of acyl chains from lysine. In the

structure of Sir2Af2 bound to an acetylated pep-

tide,38 the hydrophobic tunnel is too short to accom-

modate a myristoyl lysine [Fig. 5(e)], despite the fact

that it efficiently catalyzes demyristoylation in vitro

[Fig. 3(a)]. It is important to point out that shorter

acyl chains such as butyryl or octanoyl lysine could

likely still bind to Sir2Af2 in this conformation.

However, its structure bound to a myristoylated pep-

tide reveals a conformational change, which gener-

ates a long channel that extends through the entire

enzyme and is open to solvent. In this new confor-

mation, Sir2fAf2 may be able to accommodate an

aliphatic chain of greater length, raising the possi-

bility that it could remove even longer acyl chains

such as palmitic acid [Fig. 5(f)]. However, other

structurally characterized sirtuins with open hydro-

phobic tunnels, like human SIRT631 and human

SIRT2,48 are still weak depalmitoylating

enzymes,33,48 suggesting that this modification may

not be targeted by sirtuins in general.

Interestingly, crystal structures of SIRT6 and

PfSir2a, which also remove long acyl chains from

lysine, do not exhibit the same degree of structural

flexibility as Sir2Af2 in this region. A comparison of

the structures of SIRT6 alone (PDB ID 3K35), in

complex with ADP-ribose (PDB ID 3PKI), or bound

to a myristoylated peptide (PDB ID 3ZG6)31 does not

show any structural differences in the vicinity of the

acyl modification. Likewise, crystal structures of

PfSir2a have been determined bound to AMP (PDB

ID 3JWP), to a myristoylated peptide (PDB ID

3U3D),32 and to both a myristoylated peptide and

NAD1 (PDB ID 3U31),32 all of which adopt similar

conformations near the myristoyl chain.

Figure 4. (a) Structure of Sir2Af1 bound to a succinylated

peptide. (b) 2Fo-Fc map of the succinylated peptide contoured

at 1r (gray). (c) Simulated annealing omit map of the succinyl

group shows density for the modified lysine. 2Fo-Fc map is

colored gray and contoured at 1r. Fo-Fc map is colored green

and contoured at 3r. (d) The hydrogen-bonding network in the

active site of Sir2Af1 (pink) bound to a succinylated peptide

(yellow) resembles (e) that for human SIRT5 (3RIY–teal) and (f)

E. coli CobB (1S5P–wheat). For CobB, the position of the suc-

cinylated peptide comes from an alignment with the structure

of Sir2Af1. Changing the rotamer for R95 in CobB (light blue)

recapitulates the hydrogen-bonding network seen in the other

two structures.

Figure 5. Structure of Sir2Af2 bound to a myristoylated pep-

tide. (a) Overall structure with Sir2Af2 shown in cyan and

myristoylated H4 peptide shown in yellow. (b) Simulated

annealing omit map of the myristoyl group (yellow). 2Fo-Fc

map (gray) is contoured at 1r and Fo-Fc map (green) is con-

toured at 2r. (c) The myristoyl group (yellow) aligns with the

PEG molecule in a previous structure of Sir2Af2 (green). (d)

Overlay of the Sir2Af2 (cyan) bound to myristoylated peptide

(yellow) with Sir2Af2 bound to an acetylated peptide (1MA3;

purple). Inset shows structural rearrangement required to

accommodate the myristoyl group. (e) The hydrophobic tun-

nel from the structure of Sir2Af2 (purple) bound to an acety-

lated peptide (1MA3) is occluded by L74 and F75 (magenta).

Superimposed myristoyl group (yellow spheres) clashes with

L74 and F75. (f) Conformational rearrangement when Sir2Af2

(cyan) is bound to a myristoylated peptide (yellow spheres)

opens up the hydrophobic tunnel by moving the positions of

L74 and F75 (magenta).
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The fact that Sir2Af2 must undergo a structural

rearrangement to accommodate myristoyl lysine has

important implications for studying the acyl specificity

of other sirtuins, as it suggests that modeling sub-

strates into preexisting structures will not be suffi-

cient to predict the types of acyl chains targeted by a

particular enzyme. Without directly testing the acyl

specificity of Sir2Af2, its ability to remove very long

chain acyl modifications would have been overlooked.

These observations make clear that simply using dock-

ing programs may not capture the acyl chain preferen-

ces of many sirtuins with unknown specificities.

For other sirtuins like Sir2Af1, E. coli CobB, and

human SIRT5, the presence of conserved sequence

elements is sufficient to predict their specificity for

negatively charged acyl chains. Here we make the

surprising observation that Sir2Af1 and E. coli CobB,

which are both desuccinylating enzymes, display

incrementally slower kinetics with increasing acyl

chain length, whereas the addition of a terminal car-

boxyl group to the acyl modification results in mark-

edly higher deacylation rates. A similar pattern has

been observed with human SIRT5, which has no

detectable debutyrylating activity but robustly cata-

lyzes desuccinylation.33 This is counterintuitive, as

one would expect that favorable hydrophobic interac-

tions between the acyl chain and enzyme might give

rise to the opposite effect. For example, butyryl lysine

and succinyl lysine contain the same number of back-

bone carbons and differ only by the presence of a ter-

minal carboxylate for succinyl lysine. However,

Sir2Af1 deacylation activity is 12-fold faster on succi-

nylated versus butyrylated substrates, but only

five-fold faster on acetylated versus butyrylated sub-

strates (Supporting Information Table I). Since full

kinetic and thermodynamic studies were not done, it

remains to be seen whether these differences are also

reflected in catalytic efficiency and how binding affin-

ity for different acyl chains correlates with activity

for these sirtuins.

TmSir2 was the only sirtuin of the four studied

here that exhibited preferential deacetylase activity.

Consistent with our findings, a previous study that

characterized the kinetics and thermodynamics of

TmSir2 against acetylated and propionylated sub-

strates showed tighter binding but slower overall

kinetics with the longer acyl chain.47 Moreover, the

active site of TmSir2 does not appear to be able to

rearrange and accommodate longer acyl chains, dem-

onstrated by a crystal structure of TmSir2 bound to a

propionylated peptide.47 Thus, while the ability to

remove diverse acyl modification seems increasingly

to be a characteristic of many sirtuins, some enzymes

in this family appear to be bona fide deacetylases

that are unlikely to remove larger acyl groups.

Promiscuity with regard to acyl chain specificity

is emerging as a common feature of sirtuin enzymes,

many of which are able to remove a number of

chemically related acyl groups from lysine.33,49 This

has been explicitly shown for human SIRT1–6,

which are each able to remove several types of acyl

chains in vitro.33 For example, human SIRT1 is able

to efficiently remove acyl chains ranging in length

from acetyl (two carbons) to myristoyl groups (14

carbons), although it is only weakly active against

palmitoyl lysine (16 carbons) and ignores acyl chains

Figure 6. Sequence alignment among sirtuins with different acyl specificities performed using ClustalW. Residues within 5 Å of

the myristoyl acyl chain are boxed in red.
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containing carboxylates or sulfhydryls.33 Human

SIRT5, which is very active against succinyl lysine,

also removes a number of long acyl chains from

lysine that vary in length from octanoylation (eight

carbons) to dodecanoylation (12 carbons).33 These

data support the idea that promiscuity is a common

feature of many sirtuin enzymes, and that this prop-

erty has been conserved throughout evolution. Intri-

guingly, the deacetylating activity of human SIRT6,

which preferentially removes acyl chains ranging in

length from 6 to 14 carbons,33 is strongly stimulated

by free fatty acids.33 This suggests that SIRT6-

catalyzed deacetylation may be coupled to the con-

centration of various intracellular metabolites. It is

likely that free fatty acids bind within the hydropho-

bic tunnel occupied by myristoyl lysine in the struc-

ture of SIRT6,31 since myristic acid competitively

inhibits SIRT6-catalyzed demyristoylation of histone

peptides while stimulating SIRT6-catalyzed deacety-

lation of the same substrate.33 Although not explic-

itly tested here, the archaeal sirtuin Sir2Af2 may

also be regulated in this way, as it also contains a

hydrophobic tunnel with the potential to bind free

fatty acids.

While the biological functions for the archaeal

sirtuins are not well characterized, it is clear that

these enzymes are not simply deacetylases. There

are likely other sirtuins whose true specificities

remain to be discovered. Although the conserved

Arg/Tyr sequence element can be used to predict

specificity for negatively charged acyl chains,16 bio-

chemical, and structural studies remain the primary

tool for predicting whether a sirtuin will accept long

acyl chains in its active site. We expect that the

identification of sirtuin enzymes with alternate spe-

cificities will keep pace with the discovery of new

acyl modifications in vivo, as lysine acylation

emerges as a common element of the signaling land-

scape in all three domains of life.50

Materials and Methods

Protein expression and purification

TmSir2 was expressed and purified as previously

described.51 Sir2Af2 was expressed and purified as

previously described,51 except that the Cibracron

Blue column was run before the anion exchange

(HiTrap Q, GE LifeSciences) column. Protein that

bound to the Cibacron Blue column was concen-

trated and loaded on a Superdex 75 26/60 column.

After gel filtration, fractions containing Sir2Af2

were dialyzed into 20 mM HEPES, pH 7.4, and

1 mM tris(2-carboxyethyl)phosphine (TCEP), concen-

trated to 20 mg/mL, and flash-frozen in liquid nitro-

gen. Sir2Af1 was purified as previously described38

with the following modifications: after heating the

cell lysate and passing the soluble portion over a

HiTrap Q column (HiTrap Q HP 5 mLs, GE

LifeSciences), the flow-through was bound to a 5 mL

HiTrap SP column (GE LifeSciences) equilibrated in

20 mM MES, pH 6.0, 25 mM NaCl, and 1 mM dithi-

othreitol (DTT), and eluted with a linear gradient of

0.025 to 1M NaCl. Fractions containing Sir2Af1

were concentrated and loaded on a Superdex 75 26/

60 (GE LifeSciences) in 20 mM HEPES, pH 8.0,

150 mM NaCl, 1 mM DTT, and 25 lM ZnCl2.

Sir2Af1 was concentrated to 20 mg/mL in the same

buffer and flash-frozen in liquid nitrogen.

E. coli CobB aa1–279 was amplified by colony

polymerase chain reaction (PCR) from XL1-Blue

cells (Stratagene) and cloned as a thioredoxin-fusion

into a pET32a vector (EMD Millipore, Merck KGaA,

Darmstadt, Germany) with an N-terminal Tobacco

Etch Virus (TEV) protease cleavage site and a four

amino acid unstructured linker before the start

codon (ENLYFQGASAS). Plasmid containing CobB

was expressed in Rosetta-2(DE3)pLysS cells (EMD

Millipore). Starter cultures were grown overnight in

MDG media,52 diluted into M9ZB52 media for pro-

tein expression, and grown at 37�C to an OD600nm of

2.0. The cells were transferred to an ice bath for 45

min, induced by addition of 0.5 mM IPTG, and

grown overnight at 15�C. Cells were lysed in 20 mM

HEPES, pH 7.6, 500 mM NaCl, 5 mM b-

mercaptoethanol (BME), and 20 mM Imidazole, and

passed over a 5 mL HisTrap column (GE LifeScien-

ces). CobB was eluted with a 20 to 400 mM imidaz-

ole gradient and dialyzed overnight at 4�C into

100 mM NaCl, 20 mM HEPES, pH 7.6, and 5 mM

BME in the presence of 1 mg TEV protease per

20 mg recombinant protein. Cleaved protein was

passed over a HisTrap column and the flow-through

was further purified using a 5 mL Q HP column

(GE LifeSciences) in 20 mM HEPES, pH 7.6, 50 mM

NaCl, and 200 lM TCEP with a linear gradient of

0.2 to 1M NaCl. Fractions containing CobB were

dialyzed into 20 mM HEPES, pH 7.6, 100 mM NaCl,

and 200 lM TCEP, concentrated to 5 mg/mL, and

flash-frozen in liquid nitrogen.

All peptides used in this study had the following

sequence: KGLGKGGA-K*-RHRKW, corresponding to

amino acids 8–20 of histone H4; K* indicates the

position of the acylated lysine. The following acyl

modifications were incorporated at the sixteenth posi-

tion (K*): acetyl lysine, propionyl lysine, butyryl

lysine, succinyl lysine, and myristoyl lysine. Peptides

for biochemical assays were purchased at >70%

purity from JPT Peptide Technologies GmBH (Berlin,

Germany) and used without further purification. Pep-

tides for crystallization were synthesized as previ-

ously described32 in the Johns Hopkins University

School of Medicine Synthesis and Sequencing Facility

(Baltimore, MD), where they were HPLC purified to

>90% purity. Peptide concentrations were determined

with a spectrophotometer using a molar extinction

coefficient of e280nm 5 5690 M21 cm21.
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Enzymatic activity assays
Enzyme-coupled assays monitoring NAD1-consump-

tion were performed as previously described with

the following modifications38: Assays were run in

buffer containing 100 mM HEPES, pH 8.0, 50 mM

NaCl, 0.5 mM DTT, and 1 mM NAD1 (Sigma

N7004-1G) that had been neutralized with NaOH.

Peptide stock solutions were made at 1 mM and

used at a final concentration of 250 lM in the

assays. Reactions were initiated with the addition of

enzyme, which was used at a final concentration of

2 lM for TmSir2, CobB, and Sir2Af2, and at a con-

centration of 15 lM for Sir2Af1. Reactions contain-

ing the thermophilic sirtuins TmSir2, Sir2Af2,

and Sir2Af1 were maintained at 50�C, and reactions

containing CobB were maintained at 37�C; all reac-

tions were run in a thermal cycler with heated lid to

prevent sample evaporation. Glucose-6-phosphate

(Sigma G7879-1G) and glucose-6-phosphate-

dehydrogenase (Sigma G8529-2KU) were purchased

from Sigma. For each rate measurement, six time

points were collected initially to determine the range

in which NAD1-consumption was linear with time

and steady-state conditions were met. Three to five

time points within the linear time frame were then

collected for each reaction. The remaining NAD1

was converted to NADH by addition of glucose-6-

phosphate and G6PD as described38 and the NADH

concentration was determined by measuring the

absorbance at 340 nm. To calculate v/[E], the concen-

tration of NADH versus time was plotted, the data

were fit to a line, and the slope of that line was nor-

malized to enzyme concentration.

Reactions whose products were analyzed by

high performance liquid chromatography (HPLC)

were run in the same assay buffer as the enzyme-

coupled assay. For Sir2Af2, 2 lM enzyme and 250

lM H4K16-myristoyl peptide were mixed in the

presence and absence of 2 mM NAD1 in a total reac-

tion volume of 50 lL. Reactions were incubated for

20 min at 50�C, quenched with an equal volume of

10% TFA, placed on ice for 30 min, and spun twice

for 10 min at room temperature at 18,000g to precip-

itate the enzyme. The reaction products were sepa-

rated on a Kinetex XB-C18 column (100Å, 75 3

4.60 mm2, 2.6 lm, Phenomenex) heated to 30�C

using a 40–100% acetonitrile gradient in 0.1% tri-

flouroacetic acid (TFA) developed at 0.5 mL/min over

20 min. Absorbance was monitored at 280 nm. For

Sir2Af1, 15 lM enzyme and 250 lM H4K16-succinyl

peptide were mixed in the presence and absence of

2 mM NAD1 in a total reaction volume of 50 lL.

Reactions were incubated for 60 min at 50�C,

quenched with an equal volume of 0.5N HCl in

methanol, incubated for >3 h at 220�C to precipi-

tate the enzyme, and spun twice for 10 min each at

18,000g. The reaction products were separated on

the same column as above using a 65–75% gradient,

where Buffer A contained 0.1% TFA and Buffer B

contained 0.1% TFA and 95% methanol developed at

0.5 mL/min. Absorbance was monitored at 280 nm.

Crystallization, data collection, and refinement
For the crystal structure of Sir2Af1 bound to a succi-

nylated peptide, equal volumes Sir2Af1 at 20 mg/mL

and peptide (H4K16-succinyl) at 3 mM in 20 mM

HEPES, pH 7.4 were mixed and incubated for

>30 min on ice. The resulting mixture contained

10 mg/mL Sir2Af1 and 1.5 mM peptide. Crystals

were grown by vapor diffusion at 20�C by mixing 1

lL of protein solution with 1 lL of well solution con-

taining 0.1M Tris, pH 8.5, 200 mM MgCl2, and 20%

(w/v) PEG 8,000. Crystals grew in 3–5 days, were

cryo-protected with the addition of glycerol to 30%

(v/v), and flash frozen in a liquid nitrogen stream.

Diffraction data were collected in-house using a

Rigaku FR-E X-ray generator using X-rays with a

wavelength of 1.54 Å and recorded with a Saturn

9441 detector. Crystals formed in primitive mono-

clinic space group P21 with unit cell dimensions

a 5 44.61 Å, b 5 51.36 Å, c 5 57.69 Å, and b 5 101.9�.

For the crystal structure of Sir2Af2 bound to a

myristoylated peptide, a mixture containing 10 mg/

mL Sir2Af2, 1.5 mM H4K16-myrisotyl peptide, 10%

(v/v) polystyrene nanospheres (Nanosphere Size

Standards, Cat. No.: 3020A, ThermoScientific),

10 mM HEPES, pH 7.4, and 1 mM TCEP was incu-

bated on ice for >30 min. The mixture precipitated

upon addition of the nanospheres, but was still used

to set trays. Crystals were grown by vapor diffusion

at 20�C by mixing 1 lL protein solution with 1 lL

well solution. The well solution contained 0.1M Na

acetate, pH 4.8, 14–18% (v/v) 2-propanol, and 14–

15% (w/v) PEG 6,000. Crystals grew to their final

dimensions in 5–8 days and were cryo-protected

with the addition of glycerol to 20% (v/v). Diffraction

data on frozen crystals were collected at the GM/CA-

CAT beamline 23-ID-D at the Advanced Photon

Source using a wavelength of 1.033 Å. The complex

crystallized in primitive monoclinic space group P21

with unit cell dimensions a 5 38.48 Å, b 5 77.25 Å,

c 5 45.90 Å, and b 5 110.7�.

Both data sets were indexed and scaled with

HKL200053 and structures were determined by molec-

ular replacement with MOLREP from the CCP4

suite.54–56 For the structure of Sir2Af1 bound to a suc-

cinylated peptide, the coordinates of Sir2Af1 (PDB ID

1ICI)39 were used as a search model. For the structure

of Sir2Af2 bound to a myristoylated peptide, the coordi-

nates of Sir2Af2 (PDB ID 1MA3)38 were used as a

search model. Subsequent rounds of model-building

and reciprocal space refinement were done with the

graphics program COOT57 and REFMAC5 from the

CCP4 suite.56,58 Crystallographic statistics are sum-

marized in Table I. Simulated annealing omit maps

were created by deleting the atoms corresponding to
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the succinyl or myristoyl groups from the refined struc-

tures followed by three rounds of refinement with Phe-

nix that included two cycles of simulated annealing.59

Coordinates have been deposited in the PDB

with the accession codes 4TWI for Sir2Af1 bound to

a succinylated peptide and 4TWJ for Sir2Af2 bound

to a myristoylated peptide.
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