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ABSTRACT. Sirtuins comprise a family of enzymes that catalyze the deacetylation of acetyllysine side

chains in a reaction that consumes NADAIthough

several crystal structures of sirtuins bound to non-

native acetyl peptides have been determined, relatively little about how sirtuins discriminate among different
substrates is understood. We have carried out a systematic structural and thermodynamic analysis of several
peptides bound to a single sirtuin, the Sir2 homologue fildrarmatoga maritimgSir2Tm). We report
structures of five different forms of Sir2Tm: two forms bound to the p53 C-terminal tail in the acetylated
and unacetylated states, two forms bound to putative acetyl peptide substrates derived from the structured
domains of histones H3 and H4, and one form bound to polypropylene glycol (PPG), which resembles
the apoenzyme. The structures reveal previously unobserved complementary side chain interactions between
Sir2Tm and the first residue N-terminal to the acetyllysine (positidh and the second residue C-terminal

to the acetyllysine (positior-2). Isothermal titration

calorimetry was used to compare binding constants

between wild-type and mutant forms of Sir2Tm and between additional acetyl peptide substrates with
substitutions at positions1 and-+2. The results are consistent with a model in which peptide positions
—1 and+2 play a significant role in sirtuin substrate binding. This model provides a framework for

identifying sirtuin substrates.

The Sir2 family of enzymes, known as sirtuins, catalyze
the removal of an acetyl group from tkeamino group of
lysine in a reaction that consumes NAL1), releasing
nicotinamide, O-acetyl-ADP-ribose, and the deacetylated
peptide 2—6). This deacetylation activity is important for a
number of biological processes, including transcriptional
silencing ), DNA recombination 8, 9), DNA repair (L0),
apoptosis 11-13), axonal protection14), fat mobilization
(15), and aging 16, 17). Sirtuins, which are conserved from

molecular details of how different sirtuins discriminate
among substrates have remained elusive.

Crystal structures of several different sirtuins in a variety
of liganded states have provided insights into the enzymatic
mechanism of NAD-dependent deacetylati@ Z5—33).
However, the molecular basis of sirtuin substrate selectivity
has been more difficult to resolve. Three structures of sirtuins
bound to non-native substrates have been reported: that of
an archaeal sirtuin to an acetyl peptide derived from the

bacteria to humans, have a variety of physiological substratesC-terminal regulatory domain of p527) and of the yeast

that include histoneslj, acetyl-coA synthetasdl §), a-tu-
bulin (19), myoD @0), p53 @2, 13), Foxo3 (1, 21), Ku70
(22), and NF«B (23). Many organisms have multiple sirtuin
paralogs, some of which differ in subcellular localizati@d)(

HST2 @31) and bacterial CobB32) enzymes bound to a

peptide derived from the histone H4 tail. These structures
show that peptide binding is dominated by the insertion of
the acetyllysine into a highly conserved hydrophobic tunnel

and, presumably, in substrate specificity. However, the and by the formation of an enzyme substratsheet, called
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af-staple, with peptide residues adjacent to the acetyllysine.
The §-sheet interactions between the enzyme and substrate
in all three cases involve primarily main chain atoms of the
substrate and enzyme, leading to the suggestion that sirtuins
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determinates of specificity lie outside the conserved catalytic
core of the enzyme. While some observations support this
"view (32, 34, 35), others do notZ7, 36, 37). For example,
recent quantitative steady-state kinetic analyses with three
different sirtuin enzymes and several peptide substrates show
varying catalytic efficiencies, suggesting that sirtuins do
indeed discriminate among substratg8)( This is supported

by the recent demonstration that the human ortholog, SirT1,
can discriminate among peptide substrates in an acetyl
peptide library by as much as 20-fol87). In addition, a
triple mutation of surface side chain residues in the archaeal
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Table 1: Data Collection and Refinement Statistics

Sir2Tm-PPG p53-K382ac p53-K382 H4-K79ac H3-K115ac
space group P432 P212:2; P2:2:2; P212:2; P212,2;
cell parameters
a(h) 133.1 45.2 45.8 46.0 46.2
b (A) 133.1 58.7 59.0 59.3 58.1
c(A) 133.1 104.5 105.9 106.2 109.1
resolution (A) 56-1.94 50-1.83 50-2.3 50-2.0 50-1.63
no. of measured reflections 700216 245614 107741 90761 222888
no. of unique reflections 37913 31371 17279 20296 37292
completeness (%) 99.9 (100) 100 (100) 99.2 (99.2) 98.4 (95.1) 99.9 (100)
averagd/o? 41 (10) 24 (5) 29 (7) 21 (4) 26 (4)
multiplicity 18 7.8 6.2 4.5 6.0
mosaicity 0.29 0.36 1.62 0.41 0.80
Rmerge(%0) 7.8 (37) 7.0 (30) 9.2 (39) 6.3 (27) 6.9 (51)
refinement statistics
Ruorking (%0) 18.6 21.7 20.9 215 20.6
Riree (%) 21.3 22.8 24.9 24.4 22.9
no. of atomsB factors (&)
protein 1938/26.6 1871/33.7 1835/36.1 1847/26.6 1864/18.3
peptide 115/38.5 66/60.6 68/41.2 54/25.7
water 208 /38.6 95/30.9 100/47.0 165/38.44 252/33.3
Zn ions 1/24.8 1/28.2 1/44.2 1/32.6 2/21.5
rms deviations
bond lengths (A) 0.02 0.01 0.01 0.01 0.0005
bond angles (deg) 1.75 1.34 1.08 1.14 1.14

aValues in parentheses are for the highest-resolution shell.

Sir2 from Archaeoglobus fulgidugcreases the affinity of  the effect of N- and C-terminal charges in the shortened
this enzyme for a p53-derived peptid27). However, the peptides, the N- and C-termini were blocked by acetylation
rules that govern the substrate specificity of sirtuins have and amidation, respectively.
remained unclear, due in part to the lack of a systematic Crystallization and Data CollectiorStock peptide solu-
structural analysis of different peptides within a single model tions at concentrations of 460 mM were made up in
system. deionized water and brought to neutral pH by the addition
In this investigation, we carried out a structural study of of NaOH. Four to five microliters of peptide stock solutions
peptide recognition by sirtuins using a systematic structural was added to concentrated solutions of Sir2Tm, and the
and thermodynamic analysis of peptide binding to the volume was adjusted to give a final Sir2Tm concentration
bacterial sirtuin, Sir2Tm, fronThermatoga maritimaWe of 10 mg/mL and final peptide concentrations cf3mM.
report here five structures of Sir2Tm: three bound to Crystals were grown using the hanging drop method. p53-
different acetylated peptides, one bound to an unacetylatedk382ac and p53-K382 cocrystals were grown in 100 mM
peptide, and one bound to polypropylene glycol, which CHES (pH 9.6) and 19% PEG 3350. Crystals of histone
resembles the apoenzyme. Our analysis of the structurespeptide H3-K115ac in complex with Sir2Tm were grown in
together with enzymatic and thermodynamic data, reveals 100 mM HEPES (pH 7.5) with 10% PEG 8000. Crystals of
structural features suggesting that sirtuins recognize specifichistone peptide H4-K79ac in complex with Sir2Tm were
substrates by selecting particular amino acid side chains ingrown in 100 mM CHES (pH 9.5) wht1 M K/Na tartarate
positions—1 and+2 of the peptide substrate relative to the and 200 mM LiSQ. All peptide cocrystals were flash-frozen
acetyllysine side chain. These results provide a frameworkin mother liquor containing 20% ethylene glycol.
for identifying sirtuin substrates. Sir2Tm—PPG crystals were grown using the hanging drop
method with 20 mg/mL Sir2Tm, 2 mM NADQ 0.1 M
sodium citrate 1 M Li,SOy, 0.5 M (NH,),SO, 150 mM
NaCl, and 4% polypropylene glycol (PPG400). The crystals

MATERIALS AND METHODS

Protein Expression and Purificatioithe Sir2Tm enzyme
from T. maritimawas expressed ifEscherichia coliand ~ grew in 7 days and were flash-frozen in Nujol oil.
purified as previously describe®8). Purified Sir2Tm was Structure Determination and Refinemebiffraction data
dialyzed into 10 mM HEPES (pH 7.4) and concentrated to for the p53-K382ac, H3-K115ac, and H4-K79ac Sir2tm
16 mg/mL. Site-directed mutagenesis (QuickChange) was peptide complexes were collected at Biocars beamlines
used to introduce the N165A and N165D mutations into 14BMC and 14BMD at the Advanced Photon Source (APS).
Sir2Tm. The mutant enzymes were expressed and purifiedDiffraction data for the p53K382 complex and the Sir2Tm
as described for the wild-type enzyme. PPG crystals were collected at the National Synchrotron

The unblocked 18- and 12-residue p53 peptides were Light Source (NSLS) on beamlines X25 and X4A, respec-
synthesized and purified as previously describ&d.(The tively. All data were collected with Quantum CCD detectors
remaining peptides were synthesized and purifie85%) and reduced with HKL200®E@) and CCP4. Data collection
by Global Peptide Services, LLC, and were designed on the statistics are given in Table 1. The Sir2+#RPG structure
basis of previous sirtuinpeptide structures to include only was determined by molecular replacement with MOLREP
portions of the peptide that were ordered in those complexes(40) using the coordinates of the previously determined Sir2-
(27, 31, 32). To eliminate interference with binding due to  Afl bound to NAD" as a search mode29). The structure
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was refined with simulated annealing, energy minimization, a
and individualB-factor refinement with a maximum likeli-
hood target using CNS4(). The final refined structure
contained all 246 amino acids, one Zinc atom, one sulfate
ion, 29 atoms of PPG, and 225 waters.

Sir2Tm—peptide complex structures were determined by
molecular replacement using as a search model the Sir2Tm
PPG structure separated into large and small domains.
Difference Fourier maps were calculated with CNS and used
to locate electron density corresponding to bound peptides.
The structures were built with O42) and refined with
simulated annealing and energy minimization in CM3)(
Peptide positions were verified with simulated annealing omit
maps (Figure 1). Final refinement statistics are given in Table
1.

Isothermal Titration CalorimetryWild-type, N165A, and
N165D Sir2Tm proteins were dialyzed against a buffer
solution containing 50 mM Tris-HCI (pH 8.0), 50 mM NacCl,
and 0.5 mM TCEP prior to analysis. All ITC measurements
were carried out using a MicroCal VP-ITC isothermal
titration calorimeter (MicroCal, Inc.). A 0.08 mM solution
of Sir2Tm diluted in sample buffer was added to the sample
well, and a 0.8-1.6 mM solution of peptide made up in
sample buffer was loaded into the injection syringe. For each
experiment, a 60 s delay at the start of the experiment was
followed by 25 injections of 1QiL of the titrant solution,
spaced 240 s apart. The sample cell was stirred at 300 rpm
throughout and maintained at a temperature df@5Control
titrations were performed by titrating titrant solutions into
dialysis buffer. Titration data were analyzed by correcting
for baseline heats of dilution using Origin version 5.0
supplied by MicroCal Inc. The corrected data were fit to a
theoretical titration curve describing one binding site per
titrant. The area under each peak of the resultant heat profile
was integrated and plotted against the molar ratio of Sir2Tm
protein to titrant. A nonlinear best-fit binding isotherm for _
the data was used to calculate the protein:titrant stoichiom- b LR
etry, dissociation constant, and standard change in enthalpy

RESULTS

Crystallization and Structure Determination of Sir2Tm
ComplexesWe attempted to cocrystallize Sir2Tm with six
different acetylated substrates and one unacetylated peptide
product (Table 2). Three of the peptides were derived from
known sirtuin substrates. Two of the peptides correspondto 4 ) &
an 18-residue sequence derived from the C-terminal domain & '\
of the p53 tumor suppressor, which is a substrate of the ™ U
human sirtuin, SirT1. One peptide corresponds to the Figure 1: Crystal structures of Sir2Tm in the peptide-bound and
unacetylated state of Lys 382 (p53-K382), while the other unbound forms. (a) Superposition of backbone atoms of Sir2Tm
corresponds to the acetylated state (p53-K382ac). The othelPPG crystals (magenta) and Sir2Tm bound to the p53-K382ac
peptde derived from nown siftin substates correspondsPEE1e Geen) SUpemceitons werecondictss M aioae
to the N'term'nfil tfi'l of h'Stor_]e H4 acetY'a“?d at Lys 16 by the thick green line. The acetyllysine is shown for reference.
(H4-K16ac), which is a known in vitro and in vivo substrate - The green and magenta balls represent the positions2fitund
for the yeast Sir2 proteinlj. In addition, we set up to the zinc binding domain. (b) Representatiuge— F. simulated
crystallization trials with putative peptide substrates derived annealing omit map showing peptide density for the p53-K382ac
from loop regions of the histone core domain: histone H4 complex at 3.
acetylated at Lys 77 (H4-K77ac) and Lys 79 (H4-K79ac), in histone L2 loop regions on the lateral surface of the
histone H3 acetylated at Lys 115 (H3-K115ac), and histone nucleosome core particle where they are likely to regulate
H2B acetylated at Lys 82 (H2B-K82ac). These peptides were histone-DNA contacts 44). Interestingly, the histone loop
chosen because of the recent finding that these sequencepeptides share some sequence similarities with the histone
can be acetylated in vivalB) and because they are located H4 tail that is a known substrate for yeast Sir2, H4-K16ac
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Table 2: Summary of Peptide Sequences and Thermodynamic Binding Constants for Wild-Type, N165D, and N165A Sir2Tms

Substrate Sequence Crystallized Sir2Tm ™4 Sir2Tm"\'%°P Sir2Tm"'®A
Ka (uM) Ka (uM) Kq (uM)
P53-K382  KKGQSTSRHKK LMFKTEG yes > 1000 >1000 >1000
P53-K382ac KKGQSTSRHKK®*°LMFKTEG yes 43+05 1.5+023 3.8+0.7
H3-K115ac HAK**RVTIQKKD  yes 92+1.6 152+32 8.6+0.5
H4-K79ac HAKRK**TVTSLD yes 10514 5.5+0.8 17.0£3.1
H4-K77ac HAK**RKTVTSLD no 13.1+1.8 47.8+18.8 587+ 11.4
H2B-K82ac YNK**KSTISARE  no ND* 185.8 +49.1 76.2+15.7
H4-K16ac GAK**RHRKILRD no 1.1+£0.3 3.7+1.6 2.0%0.5

aNot determined.

(Table 2). With the exception of the unacetylated p53 peptide, fold domain, connected to a small zinc binding domain by
all of the peptides are in vitro substrates for the bacterial a flexible loop that is disordered in the peptide-bound forms.
sirtuin, Sir2Tm, as well as yeast Sir2, yeast Hst2, and humanThe cleft that is formed between domains makes up the
SirT1 enzymes (data not shown). peptide substrate binding site, which binds in an extended

Crystallization trials were set up for Sir2Tm in the presence conformation, completing g-sheet interaction between
of 5 mM peptide (see Materials and Methods). Of the seven conserved residues from the small and large domains. This
peptide-Sir2Tm complexes assayed in a sparse matrix motif has been called g3*staple”, referring to the way in
crystallization screen, four yielded crystals under multiple Which peptide binding tethers the interaction between the
conditions (Table 2). The crystals diffracted X-rays to large and small domain7). Comparison of peptide-bound
resolutions that ranged from 1.6 A for the H3-K115ac and apoenzyme forms of Sir2Tm suggests that peptide
complex to 2.3 A for the complex with unacetylated p53 binding induces a significant shift in the position of the small
peptide (Table 1). The structure of each peptide complex domain relative to the large domain, bringing the two
was determined by molecular replacement as described indomains together to form thgstaple motif (Figure 1). This
Materials and Methods. The resulting electron density maps shift is apparent in superpositions of the apoenzyme with
allowed us to place the acetyllysine and at least two residuesthe peptide-bound form. Whereas individual large and small
N- and C-terminal to the acetyllysine in each structure. domains of the peptide-bound and apoenzyme forms super-

Crystallization trials with apo-Sir2Tm failed to produce Impose well, with root-mean-square differences (rmsd) in
crystals. However, trials conducted in the presence of the C positions of 0.8 and 0.6 A, respectively, superpositions
coenzyme NAD produced crystals that diffracted to 1.9 A Using the entire two-domain enzyme as a single rigid body
(Table 1). When the structure was determined, it was &re poor, with a rmsd of 12.1 A, due to the relative change
discovered that the structure lacked density consistent within orientation between the two domains. This shift was
a bound NAD molecule but instead contained a sulfate ion Previously predicted on the basis of a comparison of different
bound in the NAD binding site and a polypropylene glycol ~ Sirtuin homologues in differently liganded stat@g)( Taken
(PPG) molecule that stretched from the hydrophobic tunnel together, these observations imply that peptide binding
to the NAD" binding site. Since this structure of Sir2Tm induces closure of the cleft between large and small domains
lacks evidence of NAD binding and because the angle Of sirtuins. This results in the correct positioning of conserved
between large and small domains more closely resemblesresidues for formation of the acetyllysine binding tunnel, as
that of the apoenzyme form of the human SirT2 structure described below.

(28) and the apoenzyme form of the Sir2 from fulgidus Structures of Sir2Tm Bound to Acetylated and Unacety-
(25), we believe that the Sir2TmPPG structure is a close  |ated PeptidesAll peptide-bound Sir2Tm structures crystal-
approximation of the apoenzyme form of Sir2Tm. lize isomorphously (see Table 1) and are essentially super-

Overall Structure of Sir2Tm in Apoenzyme and Peptide- imposable, with an average rmsd-e0.4 A for Ca. atoms.
Bound FormsThe overall structure of Sir2Tm is topologi- The overall features of the Sir2Tapeptide complexes are
cally and structurally similar to that of previously reported similar to those described for previously described structures
structures of bacteriaB@), archaealZ7, 29), yeast 80), and (27, 31, 32). The acetyllysine binds in a conserved hydro-
human orthologs 28). The structure consists of a large phobic tunnel, forming van der Waals interactions with
pyridine dinucleotide binding domain, known as a Rossman surrounding side chains as well as a single hydrogen bond
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Ficure 2: Peptide binding cleft of Sir2Tm showing specific interactions with the peptides used in this study. Panels show the active sites
of Sir2Tm bound to (a) the p53-K382ac peptide, (b) the p53-K382 peptide (unacetylated), (c) the H4-K79ac peptide, (d) the H3-K115ac
peptide, and (e) the apoenzyme. Panel f shows the p53-K382ac peptide bound to the archaeal sirtuin, Sfj2 i3 panel shows two
additional p53 residuestH3 and+4) that are ordered in the Sir2 Af2 structure. Hydrogen bonds are shown as green dashed lines. Peptide
residue positions are labeled with acetyllysine at position 0, N-terminal residues with negative numbers, and C-terminal residues with
positive numbers. Sir2Tm residues that interact with the peptide are labeled with conventional single-letter amino acid designations.

between the M atom of the acetyllysine and the backbone (Figure 3a). In the two structures with peptides containing a
carbonyl of Val 160. The peptides form a series of main valine at positiont+2 (H3-K79ac and K3-K115ac), the valine
chain hydrogen bond interactions with flanking strands in Cy2 methyl is located 3.3 and 3.9 A fromeC of Phe 162,
the large and small domain. Figure 2 summarizes the respectively, and 4.5 and 3.9 A formyC of Val 193,
interactions in each peptide complex. respectively (Figure 3b).

In addition to thes-sheet-like interactions noted above, The bridging van der Waals interactions between the
side chains flanking the acetyllysine interact with residues peptide side chain at positioh2 and enzyme residues Phe
in the enzyme in a peptide sequence-dependent manner. Ir162 and Val 193 that flank the substrate peptide may help
particular, the residue immediately N-terminal to the acetyll- stabilizef-staple formation and cleft closure that is observed
ysine, which we call peptide position1, and the peptide  when the peptide binds. For example, while the distance
residue two residues C-terminal to the acetyl lysine (peptide between Phe 162 and Val 193 is shortened by at least 2 A
position+2) appear to govern sequence specific interaction. when the peptide binds, the distance between these residues
These interactions have not been observed in previouslyis still too great for van der Waals interactions4 A). These
determined structures. Three of the four peptide-bound formshydrophobic and van der Waals interactions between the
show hydrogen bond interactions between the amino acidenzyme and residue positioh2 help bridge interactions
in peptide position—1 and the side chain of Asn 165 and between opposite strands of thestaple and likely contribute
the main chain carbonyl of Gly 163 (Figure-2@). In the to the overall energy required for domain closure when a
p53-K382ac peptide complex, for example, tbh@mino peptide binds.
group of the lysine residue at positiefil of the peptide is We also observed several unique features among the
3.1 A from the carbonyl oxygen of the carboxamide of Asn peptide complexes. The complex of Sir2Tm with the p53-
165 and 2.9 A from the main chain carbonyl of Gly 163 K382ac peptide shows continuous density for the main chain
(Figure 2a). Similar interactions are observed in Sir2Tm atoms of several additional residues N-terminal to the peptide
complexes with the p53-K382 and H4-K79ac peptides. All binding site (residues 37379). This stretch of residues
four peptide complexes show additional hydrophobic and van forms ana-helix that projects away from the enzyme and is
der Waals interactions between the residue at positidn  stabilized in the crystal by contacts with two symmetry-
of the peptide and the side chains of conserved sirtuin related molecules. The side chain for the arginine at position
residues Phe 162 and Val 193 (Figure 3). For exampte, C —3 is well-ordered and forms direct and water-mediated
of the methionine in position+2 of the p53-K382ac and interactions with the side chain of Glu 198. Th& arginine
p53-K382 complexes is in van der Waals contact witi C  side chain is also stabilized by hydrogen bond interactions
of Phe 162. Similarly, € of the +2 methionine contacts  with Tyr 155 from a symmetry-related molecule. The
Cy2 of Val 193 in the p53-K382ac and p53-K382 complexes structure of the complex with the deacetylated version of
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Ficure 3: Transparent surface representations of interactions of peptide posRiaith Sir2Tm. (a) The p53-K382a¢cSir2Tm complex
showing interactions of the-2 methionine with conserved residues Val 193 and Phe 162 in Sir2Tm. (b) The H4-K3Ba&m complex
showing interactions with the peptide2 valine and the same conserved residues in Sir2Tm.

the same peptide (p53-K382) did not show the same 165
interactions, and the N-terminal residues were consequently
not ordered. One other unique feature observed in the

structure of the H3-K115ac peptide complex is that the Sfjfgggrzn %;%
electron density map showed features consistent with angy 5257 169
additional metal ion with tetrahedral coordination geometry, g4 1 424
consistent with that of a zinc ion. This metal ion is S1irT2 245
coordinated by the imidazole moiety of the N-terminal SirTh 233
histidine residue of the bound peptide, and by His 56 and ySir2p 434
Glu 58 from a symmetry-related molecule. A water molecule HST1 381
fills the last coordination sphere. While the metal binding ggg% igg
in the crystal is clearly facilitated by crystal packing, itis gggir2 172

possible that similar interactions could occur when Sir2Tm , o i
Ficure 4: Sequence alignments of several sirtuins in the peptide

binds a pgptlde within a larger substrate. binding region around Asn 165. The position of residue 165
Comparison of Substrate- and Product-Bound Forms of (Sir2Tm numbering) is indicated with the arrow. Conserved and
Sir2Tm.Analysis of the structures of Sir2Tm bound to both semiconserved residues are highlighted in red and yellow, respec-

the acetylated and deacetylated p53-K382 peptide allows udiively. Sir2Tm residues interacting with the peptide are boxed.

to compare the way in which the enzyme binds to both ) )
peptides. Overall, the two structures are highly similar and disordered in most structures described here and elsewhere

superimpose with an rmsd foroCatoms of 0.43 A. The and do not participate in crystal contacts, it appears likely
greatest difference occurs in the acetyllysine binding tunnel, that the selectivity for binding of a particular lysine within
where the acetyl group on Lys 382 in the p53-K382ac f[he hyd_rophoblc tunnel is governed by sequence specmc
complex is replaced with a bound water molecule that is mteracthns between the enzyme and residues flanking the
3.25 A from Ne of the unacetylated Lys 382. Interestingly, acetyllysine.
despite the presence of five lysine residues in the unacetylated Thermodynamic Binding Analysisthe peptides that
p53-K382 peptide product, the peptide binds to Sir2Tm in crystallized with Sir2Tm share several features that differ
an orientation identical to that seen in the structure containing from peptides that failed to yield crystals. Peptides with a
the acetyllysine. As a result, the same interactions with hydrophobic side chain at positiofr2 formed crystals,
flanking residues are present in both complexes (comparewhereas those with a polar side chain at positiéhdid not
panels a and b of Figure 2). yield cocrystals with the enzyme. In addition, three of the
It is notable that Sir2Tm selects K382 over the four other four peptides that cocrystallized with Sir2Tm contain a lysine
lysines in the unacetylated p53-K382 peptide for insertion Or arginine residue in the-1 position, which is a residue
into the hydrophobic tunnel. One possibility is that constraints that forms complementary hydrogen bond interactions with
imposed by crystal contacts determine the register in which the side chain of Asn 165. Since the identity of the residue

the peptide binds to Sir2Tm. Alternatively, Sir2Tm may at position 165 varies in different sirtuins (Figure 4), we
select which residue from the peptide to insert into the reasoned that this interaction may be a mechanism for how

hydrophobic tunnel on the basis of specific side chain different sirtuins discriminate among different substrates.
interactions with the surrounding peptide sequence. Since To test the role of Asn 165 in governing peptide affinity,
the N- and C-termini of the peptides bound to sirtuins are we constructed two mutant forms of Sir2Tm that differ from
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Table 3: Summary of Thermodynamic Binding Constants for Peptides that Vary at Positloasd+2

Substrate Sequence Sir2Tm" "o oPe Sir2Tm" "
Ka (uM) Kq (uM)
H4-K79ac HAKRK*°TVTSLD 105+ 1.4 55+0.8
H4-K79acR78A/V8IK HAKAK**TKTSLD 35.9+2.6 134.4 + 63.6
H4-K77ac HAK**RKTVTSLD 13.1+1.8 47.8+18.8
H4-K77acAToRKTEY HRK*°RVTVTSLD ND* 1.9+ 0.06
H4-K77ac"™? HRK**RKTVTSLD 3.9+05 23+0.08
H4-K77ac*™V HAK**RVTVTSLD 159+ 1.7 21.5+26

aNot determined.

the wild-type enzyme at position 165 and then compared tions that swapped amino acids at position and +2
thermodynamic binding parameters using isothermal titration between the H4-K77ac and H4-K79ac peptides and assayed
calorimetry (ITC) for the wild-type and mutant enzymes with for changes in binding affinity by ITC. The results are
the peptides used in this study. The results are summarizedsummarized in Table 3. For the H4 peptide that crystallized
in Table 2. When Asn 165 is replaced with aspartate with Sir2Tm (H4-K79ac), replacement of residue4 and
(Sir2TnV1650), the K, for peptides with a lysine or arginine 42 with those found in H4 K77ac (H4-K79EAV8lK)
residue at peptide positior-1 decreases -23-fold. By results in 3- and 24-fold increases in fgvalues for peptide
contrast, theky for peptides with an alanine at positiefil binding in the wild-type and N165D enzymes, respectively.
increases 24-fold. These results indicate that a negatively These marked decreases in affinity are consistent with a
charged residue at position 165 increases the Sir2Tm affinity central role for positions-1 and-+2 of the peptide substrate
for peptides that contain a positively charged side chain atin determining sirtuin substrate affinity. To verify that this
peptide position—1, but not for peptides with an alanine at was indeed the case, we made the reciprocal substitutions
position —1. When Asn 165 of Sir2Tm is replaced with in the H4-K77ac peptide, changing the residues at positions
alanine (Sir2Tr{64), dissociation constants remain the same —1 and+2 to those found in the H4-K79ac peptide (H4-
or are increased up to 5-fold for the peptide complexes that K77ad76rk78V)  and measured this peptide’s binding affinity
were studied (Table 2). These results indicate that a Sir2Tmin the N165D enzyme. As predicted, replacement of residues
with an alanine at position 165 is not able to discriminate —1 and+2 in the wild-type H4 peptide sequence with Arg
among this group of substrates. Therefore, the identity of and Val increases the affinity of peptide binding by 25-fold.
the residue at position 165 in Sir2Tm likely plays an  To quantitate the individual roles of peptide positichs
important role in sirtuin substrate recognition. and+2 in enhancing the affinity of the H4-K77&ER/K78v

To further probe the role of specific side chain interactions peptide, we constructed two peptides with the individual
in sirtuin affinity, we constructed peptides with substitutions substitutions (A76R and K78V) and measured their thermo-
at positions—1 and+2 and characterized their thermody- dynamic binding parameters with both wild-type and
namic binding parameters with wild-type and Sir2¥P Sir2TnV1650 enzymes (Table 3). The results show that when
enzymes.We chose to introduce substitutions into the H4-the Ala at peptide positior-1 is replaced with an arginine
K77ac and H4-K79ac peptides because they are identical inin the H4-K77ac peptide (H4-K774€R), Ky decreases 3-
sequence but are acetylated at different lysines and becausand 21-fold for the wild-type and N165D enzymes, respec-
they exhibit distinct behavior in the sparse matrix crystal- tively. In contrast, when the Lys at peptide positi&2 is
lization screen used to assay crystallization conditions. While replaced with a valine in the H4-K77ac peptide (H4-
the H4-K79ac peptide produced multiple hits in sparse matrix K77ac¢8V), Kq is not significantly altered when measured
screens for cocrystallization with Sir2Tm, the H4-K77ac with the wild-type enzyme and decreases only 2-fold when
peptide failed to yield crystals. These results suggest thatmeasured with Sir2TM®5P, These results demonstrate the
the interactions of the H4-K79ac complex with positiens important role of peptide positior-1 in sirtuin substrate
and+2 energetically favor Sir2Tm cocrystallization under affinity.
the assayed conditions over the H4-K77ac complex, which
have different residues at those positions. DISCUSSION

To assay the sequence selectivity of wild-type and The structures of the different peptied&ir2Tm complexes
Sir2TnmV165D enzymes, we constructed peptides with substitu- presented here reveal previously unobserved complementary
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side chain interactions that contribute to our understanding between the different lengths of peptides used in this
of sirtuin substrate specificity. Previously determined crystal investigation. In support of this, a recent investigation by
structures of sirtuin peptide complexe&s (31, 32) showed Garske and DenuB{) shows that peptides varying in length
that the binding of acetylated peptide substrates is governedbetween five and eight residues do not significantly differ
by the insertion of the acetyllysine side chain into a highly in catalytic efficiency as measured kys/Knm.
conserved hydrophobic tunnel and by the formation of an Comparison of the structures reported here reveals new
enzyme-substratgg-sheet. The lack of specific side interac- side chain interactions that likely contribute to sirtuin
tions in the substrate residues adjacent to the acetyllysinesubstrate specificity. These interactions contribute to peptide
has led to the suggestion that domains outside the catalyticbinding through complementary hydrogen bond and van der
core of sirtuins may be necessary for sirtuin specificig) ( Waals interactions with amino acidsl and +2 of the
However, the observation that some sirtuins can distinguish peptide, respectively. While the thermodynamic binding
between substrates that may contain multiple lysine residuesanalysis showed a relatively modest role for peptide position
that are acetylated suggests that the sirtuin catalytic core is+2 in binding affinity, peptide positior-1 exhibited a more
sufficient for substrate recognition. For example, it has been striking effect. This residue forms hydrogen bond interactions
shown that yeast Sir2p has preferential activity for a histone with the nonconserved Asn 165 of Sir2Tm, which appears
H4 peptide that is acetylated on Lys 16, as opposed to Lysto be important for specificity. The importance of this
5, 8, and 12 1). This is supported by (1) a recent steady- interaction is demonstrated by the effect of mutation of the
state kinetic analysis demonstrating that several different residue at position 165 in Sir2Tm. Mutagenesis of Asn 165
sirtuins display widely varying catalytic efficiencies with to aspartate results in an increased affinity for peptides with
several different peptide substrate36)( (2) the recent  a lysine or arginine at positiorr1 (Table 2), presumably
demonstration that the human ortholog, SirT1, discriminates due to the addition of a salt bridge interaction. More
among substrates in a pentamer acetyl peptide library by asdramatically, replacement of Ala at positierl with arginine
much as 20-fold37), and (3) mutagenesis of surface side in the H4-K77ac peptide that did not crystallize increased
chain residues in the catalytic core of the archaeal homo-the affinity of this peptide for N165D Sir2Tm by 21-fold
logue, Sir2Af1, that results in an increased affinity for a and for wild-type Sir2Tm by~3-fold. This confirms that
peptide derived from p532f). However, the rules that the identity of the residue at positionl of the peptide may
govern the substrate specificity of sirtuins have remained be specifically recognized by sirtuins through complementary
elusive, due in part to the lack of a systematic structural and side chain interactions with the residue equivalent to position
thermodynamic analysis of different peptides within a single 165 in Sir2Tm.
model system. Sequence alignments of sirtuins show that position 165 is
In this study, we compare the structural and thermody- a highly variable residue within an otherwise conserved
namic properties of several different peptides using bacterial stretch of amino acids that participate in peptide binding
homologue Sir2Tm as a model system. This enzyme was(Figure 4). The importance of this residue in peptide
chosen for this study because of its propensity to crystallize recognition is demonstrated by the structure of the p53-
with various acetyllysine substrates and its robust in vitro K382ac-Sir2Tm complex, in which N of the lysine side
catalytic activity. The peptides used in this investigation were chain at peptide positior-1 forms hydrogen bond interac-
derived from known physiological sirtuin substrates (the tions with the carbonyl oxygen of the side chain of
C-terminal tail of p53 and the flexible histone H4 N-terminal nonconserved Asn 165 (Figure 2a). Although this peptide is
tail) as well as another class of peptides derived from the not known to represent an in vivo substrate of Sir2Tm, we
structured domain of several histones that in recent studiesnote that the human SirT1 enzyme, which targets the p53
were shown to be targeted for acetylatid,(44). This latter tumor suppressor in vivo, also contains an Asn at position
class of peptides, derived from histone L2 loop regions, 165 (Sir2Tm numbering) (Figure 4). This suggests that this
shares some sequence homology with the histone H4residue helps SirT1 to recognize peptide positichof the
N-terminal tail acetylated at Lys 16, a known substrate for p53 C-terminal regulatory domain.
Sir2p (1), suggesting that the structured domain of histones The importance of the residue in peptide positib8 is
may also be sirtuin substrates. This is supported by recentsuggested by the crystal structures reported here and
studies showing that mutations in the histone H4 L2 loop elsewhere. In this investigation, a common feature of the
residue, Lys 79, which was shown to be acetylated in peptides that crystallized was the presence of a hydrophobic
mammals 43), partially phenocopy a Sir2 deletion in residue at peptide positio#2. This residue forms van der
budding yeast45, 46). In addition, preliminary enzymatic ~ Waals interactions with conserved residues Phe 162 and Vall
assays with several different sirtuins and the histone L2 loop 193 from opposite strands of tjfestaple motif. This suggests
peptides used in this study show comparable activities with that sirtuins may in part select substrates on the basis of the
peptides derived from known sirtuin substrates (not shown), identity of the residue at peptide positioh2. This is
indicating that the histone L2 loop peptides are substratessupported by a recent investigation by Garske and D&nu (
for sirtuins in vitro. It remains to be determined if these L2 that utilized a pentamer acetyl peptide library to identify
loop sequences are directly targeted by sirtuins in vivo.  sequences preferred by the human sirtuin ortholog, SirT1.
It should be noted that while the length of the peptides They identified isoleucine and glutamine as amino acids that
used in this investigation varies between 11 and 18 residueswere preferred at peptide positigr?. Isoleucine is expected
shortening the 18-residue p53-K382ac peptide to 12 residueso make contacts similar to those of valine and methionine,
does not significantly alter thi€q as measured by ITC (not  while glutamine may make contacts similar to those of
shown). This suggests that peptide length differences do notmethionine. However, in this investigation, replacement of
account for the variability in binding affinity observed the Lys at positiont2 with valine in the H4-K77ac peptide
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did not sig_nificantly alter the affinity of this peptide for wild- Table 4: Summary of Expected Interactions between Positibrof
type TmSir2, although thé&y decreased 2-fold when the  Known Sirtuin Substrates and the Sirtuin Residue at the Position
assay was conducted with N165D mutant Sir2Tm. It may Equivalent to Position 165 in Sir2Tm

be tha_t peptide gﬁinity is not significant_l){ affected by a lysine peptide enzyme
to valine substitution at peptide positioh2 because the enzyme  substrate position—1  position 165 ref
a_Iip_hatic portion of the_ Iysine_ side chain may also form ygj H4-K16ac A A 1
similar van der Waals interactions. SirT1 p53 K N 12,13, 47

The importance of peptide positioh2 is also suggested SirT2  tubulin D S 19

CobB  ACS G M 18

by the ternary complex crystal structure of the yeast Hst2 ssSi2 Alba p P 8
enzyme bound to a histone H4 peptide acetylated at Lys 16 pgo 29 22 D

(31, albeit by a mechanism different from that observed with " ) ) )
Sir2Tm. In the Hst2 structure, peptide binding is partially tween position—1 of the peptide and the amino acid
stabilized by a hydrogen bond and a salt bridge between thecorresponding to residue 165 of Sir2Tm place constraints
peptide+2 histidine and semiconserved Glu 64 from the UPON the lysine reS|du_es th_at a given sirtuin can deacety_late.
flexible loop of Hst2 that is disordered in several sirtuin D€pending upon the identity of the amino acid at position
structures, including all of the peptide-bound structures in 165 of the enzyme, certain substrates are likely to produce
this study. The van der Waals interactions between peptidefavorable interactions with the enzymes, whereas other
position+2 and conserved Phe 162 and Val 193 residues substrates will not be deacetylateq effluent!y due to steric
observed in the Sir2Tmpeptide complexes are absent in clashv_es or unfavqrat_)Ie el_ectrostatlc interactions. In_deed, an
the Hst2 complex, suggesting a different mechanism for examination of 3|rtL_J|_ns with known substrates |nd|c_ates a
recognition of peptide positiod-2. This may explain why ~ complementary pairing between the enzyme residue at
in this study the H4-K16ac peptide had the highest affinity POsition 165 and the amino acid in substrate peptide position
with Sir2Tm but did not crystallize. It may be that the flexible —1 (Table 4). In all cases, the enzymsubstrate complex
loop in Sir2Tm is ordered by a similar hydrogen bond IS predm;ted to allow mteracgons betweep the enzyme r¢S|due
interaction between the peptide histidine in the H4-K16ac &t Position 165 and the residue in peptide positidh This
peptide and GIn 45 (equivalent to Glu 64 in Hst2) from the May explain why a peptide derived from tubulin is such a
flexible loop. An ordered flexible loop may prevent the POOr substrate for the yeast Hst2 enzyme, whose in vivo
necessary crystal contacts for crystallization of Sir2Tm under Substrate is not known, as compared to other, histone-derived
the conditions that were tested. In contrast, in the crystal Substrates 19, 36). Tubulin contains an aspartic acid at
structure of the bacterial CobB enzyme bound to the samePeptide position—1, which is likely repelled by the nega-
histone H4 peptide3@), CA of the peptidet-2 histidine forms tlvely charged aspartate _Ioca_lted at position 187 in Hst2
a van der Waals contact with theeZ atom of conserved (€quivalent to position 16_5 in S|r2Tm)._Hst2 is app_roxma_tely
Phe 190 (equivalent to Phe 162 in Sir2Tm), suggesting thatGO(_)O—foId less efficient in deacetylgtlng a tupqlln peptide,
binding of the histone peptide to the bacterial enzyme is &S judged bya/Km, as compared with the activity of Hst2
partially stabilized by a mechanism similar to that of Sir2Tm. With a variety of histone peptide substrate)( This is
Regardless of the mechanism, these results underscore thgonsistent with an important role for positior1 in
importance of peptide positioft2 for side chain specific ~ deétérmining sirtuin substrate specificity. ,
interactions that may help sirtuins distinguish among different [N conclusion, the experiments reported here begin to shed
substrates. A systematic kinetic, thermodynamic, and struc-light on the molecular basis of sirtuin substrate affinity. Itis
tural analysis of peptides with different residues at peptide likely that as structures of sirtuins bound to their native
position-+2 will be required to improve our understanding substrates are determined other features that contribute to

of the quantitative role of peptide positioh2 in sirtuin sirtqi_n specificity will emerge. The interactions of p_eptide

specificity. positions —1 and +2 reported here form the basis for
These results raise the question of why these interactionsynderstanding hovy.the sirtuin catalytic core recognizes and

were not observed in previously reported structures of sirtuins d€acetylates specific substrates.
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