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ABSTRACT: A novel, high-throughput method for determining deacetylase substrate specificity was
developed using a one-bead, one-compound (OBOC) acetyl-peptide library with a quantum dot tagging
strategy and automated bead-sorting. A 5-mer OBOC peptide library of 104 907 unique sequences was
constructed around a centralε-amino acetylated lysine. The library was screened using the human NAD+-
dependent deacetylase SIRT1 for the most efficiently deacetylated peptide sequences. Beads preferentially
deacetylated by SIRT1 were biotinylated and labeled with streptavidin-coated quantum dots. After
fluorescent bead-sorting, the top 39 brightest beads were sequenced by mass spectrometry. In-solution
deacetylase assays on randomly chosen hit and nonhit sequences revealed that hits correlated with increased
catalytic activity by as much as 20-fold. We found that SIRT1 can discriminate peptide substrates in a
context-dependent fashion.

The silent information regulator 2 (Sir2)1 family of NAD+-
dependent protein deacetylases has been extensively docu-
mented in recent years (1-3). This burgeoning interest can
be attributed to the crucial roles of Sir2 enzymes (sirtuins)
in regulating chromatin architecture (4), promoting tran-
scriptional silencing and longevity (5), and in fatty acid
metabolism (6). NAD+-dependent lysyl deacetylation is
characterized by the stoichiometric release of nicotinamide
and a novel metabolite,O-acetyl-ADP-ribose (OAADPr) (7,
8). The Sir2 family of deacetylases is highly conversed
among all forms of life (9) with seven known human
homologues (SIRT1-7) (10, 11). The most studied mam-
malian homologue, SIRT1, is a nuclear enzyme (12) that
has been found to deacetylate a number of proteins (3).
Histones H3 and H4 (5), p53 (12), p300 (13), TAFI68 (14),
PCAF/MyoD (15), PGC-1R (16), FOXO1 (17) and 4 (18),
NF-κB (19), and Tat (20) are examples reported to be either
biological targets and/or in vitro substrates of SIRT1.
Collectively, the variety of proposed physiological targets
reflects the functional diversity of SIRT1.

Identifying biological substrates is a necessary step in
understanding the molecular basis for sirtuin phenotypes.
However, in many of the cases cited above, a certain degree
of logical bias was used to link the target protein and SIRT1,
as unbiased global substrate screening procedures were not

used. Varying conclusions have been reached in regard to
sirtuin substrate specificity and recognition. Most striking
are the conclusions that sirtuins display minimal side-chain
recognition (21, 22) and that SIRT1 displays no substrate
sequence specificity (23). In contrasting reports, clear
substrate preferences were noted for yeast Sir2 and HST2
(24) and human SIRT2 (24, 25). To date, only one study
has attempted to probe sirtuin substrate specificity using an
acetyl-peptide library approach (23). Curiously, the study
reported that SIRT1 displayed no substrate specificity in
vitro, a conclusion based on an oriented peptide library. With
this method, only globally preferred amino acids could be
resolved, and the actual sequence of individual peptides was
not elucidated. Although this technique has been successful
for examining protein kinase substrate specificity (26), its
usefulness toward protein deacetylases remains uncertain. To
resolve the issue of SIRT1 specificity, we have generated a
one-bead, one-compound (OBOC) (27, 28) combinatorial
acetylated peptide library to examine the sequence prefer-
ences (if any) of SIRT1.

OBOC libraries offer a solution to the problem of SIRT1
substrate specificity because they allow the isolation and
sequence characterization of the most catalytically efficient
peptide substrates, as opposed to “consensus sequences”. In
these OBOC libraries, all possible peptide sequences from
a group of selected amino acid building blocks are repre-
sented in an on-bead format in which many copies of only
one sequence exist on each bead. OBOC libraries permit
sifting through a list of privileged peptide substrate sequences
to correlate top hits with protein sequence databases. This
strategy has been used successfully to determine the optimal
peptide substrates of peptide deformylase, an Fe2+ metal-
loenzyme that catalyzes N-terminal deformylation of nascent
polypeptides in eubacteria (29). In addition to probing
substrate specificity, OBOC libraries provide starting points
for the development of peptidomimetics for use as potential
therapeutics (27, 30, 31).
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Using the OBOC library approach, we found that SIRT1
displays substrate preferences and have generated a list of
the top peptide substrate sequences. The legitimacy of the
library approach for determining optimal SIRT1 substrates
was established by the resynthesis and in-solution assay of
select hits and nonhits. In our efforts to elucidate SIRT1
substrate specificity, we have developed a general, high-
throughput methodology for the evaluation of protein
deacetylase substrates. Our approach utilized on-bead deacety-
lation assays with subsequent quantum dot tagging and
fluorescent bead-sorting instrumentation. Quantum dots are
nanoparticles that exhibit exquisite photochemical properties
owing to their semiconductor cores and are emerging as ideal
fluorophores for screening OBOC libraries (32). These
properties include robust photostability (33), a high quantum
yield, and a sharp emission with a broad range of excitation
wavelengths (34). Coupled with a bead-sorting instrument,
quantum dots allow the screening of hundreds of thousands
of peptide sequences for deacetylase activity in a single day.

EXPERIMENTAL PROCEDURES

General Methods.All amino acid derivatives and resins
were purchased from Peptides International (Louisville, KY)
or from Bachem (Bubendorf, Switzerland). Peptides used in
the solution deacetylase assays were obtained from the
University of Wisconsin Biotechnology Core Facility. All
other chemical reagents were obtained from Sigma-Aldrich,
Acros (Geel, Belgium), Novabiochem (San Diego, CA),
Amersham Biosciences (Buckinghampshire, England), or
Quantum Dot (Hayward, CA). Reaction vessels for peptide
library synthesis were purchased from Alltech Chromatog-
raphy (Deerfield, IL). Analytical gradient HPLC was con-
ducted on a Shimadzu series 2010C HPLC with a Vydac
C18 column (10µm, 4.6 mm× 250 mm). All runs used
linear gradients of 0.05% aqueous TFA and 0.02% TFA in
acetonitrile. MALDI-TOF MS was performed on a Bruker
REFLEX II using R-cyano-4-hydroxy-cinnamic acid as
matrix. Fluorescent bead-sorting was carried out on a COPAS
Select (Union Biometrica; Holliston, MA) instrument, and
fluorescent microscopy was done on an Olympus IX81
instrument (Tokyo, Japan) equipped with a Hamamatsu
digital camera (Hamamatsu-City, Japan).

Enzyme Preparation.SIRT1, SIRT2, and ySir2 were
expressed and purified as previously described (24, 49).
Trypanasome Sir2 was cloned, expressed, and purified using
a similar strategy (unpublished data, T. M. Kowieski and J.
M. Denu).

Determination of Peptide Concentrations.Prior to kinetic
analysis, peptide concentrations were established by amino
acid analysis (AAA) or with a coupled assay in which NAD+

leftover from exhaustive deacetylation reactions (acetylated
peptide was typically incubated with 5-10 µM Sir2 and 80
µM NAD + for 20 min.) was quantitatively converted to
NADH with alcohol dehydrogenase and monitored spectro-
photometrically in real-time at 340 nm. Peptide concentra-
tions were obtained by subtracting the amount of NADH
formed from the original amount of NAD+ used in the
reaction.

Solution Deacetylation Assays.All solution phase Sir2
assays were carried out at 25°C in 50 mM Tris‚HCl at a
pH of 7.5. Reactions were done in 50-100 µL with 0.1-

1.5µM enzyme, 0.1-1.2 mM NAD+, 0.5-1000µM peptide,
and 1 mM DTT. Reaction mixtures were quenched with TFA
to a final concentration of 1% after 5-10 min, and
nicotinamide levels were quantitated by HPLC at 264 nm.
Alternatively, [32P]NAD+ (10 mCi/mL) was used in assays,
and quenched reaction mixtures were spotted on a silica TLC
plate and run in a chamber containing 60% ethanol and 40%
2.5 mM ammonium acetate for 3-4 h. Levels of 32P-
OAADPr and32P-NAD+ were then quantitated by phospho-
rimaging, and the fraction turnover was calculated. Saturation
curves were done at varying concentrations of peptide while
holding that of NAD+ constant. Time points were chosen
such that product formation never exceeded 20% conversion,
and data were plotted as rate (s-1) versus peptide concentra-
tion. Plots were fitted to the Michaelis-Menten equation,V
) [(kcat/Km)[S]]/(1 + [S]/Km) using Kaleidagraph software
(Reading, PA) to extractKm andkcat/Km.

Library Construction.The acetylated peptide library was
constructed on TentaGel Macrobead NH2 resin (280-320
µm, 0.21 mmol/g loading, 65 550 beads/g) using the split-
pool approach (27, 28). Fmoc/tBu methodology (50) was
used to carry out the library synthesis on 4.80 g of resin.
Prior to randomization, a four amino acid linker, BBRM (B
) â-alanine), was synthesized. After deprotecting the N-
terminus with 20% (v/v) piperidine in DMF for 15 min, the
resin was split equally into 18 separate reaction vessels (one
for each amino acid in the library). To each vessel was added
4 equiv of amino acid and coupling reagent in addition to
5% (mol/mol) capping reagent for later sequencing. Capping
reagents included phenylacetic acid and 4-pentenoic acid.
Phenylacetic acid was used in conjunction with norleucine,
while 4-pentenoic acid was used with all other amino acids.
Equimolar ratios of both capping reagents were used for
isoleucine, asparagine, glutamine, and histidine. After a
second coupling, the resin from all vessels was washed three
times each with DCM and DMF, pooled, and deprotected.
Next, the resin was redistributed into the reaction vessels
for coupling of the second randomized residue. The process
was repeated, and after pooling,N-ε-acetyl lysine was
installed as the third residue with no capping. The split-pool
technique was repeated for the fourth and fifth randomized
residues. Finally, after the final N-terminal deprotection, the
N-termini of all the peptides were acetylated (70% DCM,
25% acetic anhydride, 5% triethylamine) and washed with
DCM. Reagent K (TFA/EDT/thioanisole/water/phenol, 82.5%:
2.5%:5%:5%:5%) (51) was used as the global deprotection
cocktail. The resin was washed thoroughly with DCM and
stored at-20 °C until use.

Determining the Viability of QuantitatiVe Quantum Dot
Analysis.Five 10 mg portions of TentaGel S NH2 resin (90
µm, 0.26 mmol/g loading, 2.86× 106 beads/g) were divided
out and swollen in DCM. After washing with DCM (3× 1
mL) and DMF (3× 1 mL), the beads were labeled with 1,
0.5, 0.01, 0.001, and 0 molar equivalents ofN-hydroxysuc-
cinimidobiotin in 200µL portions of DMF. After 1 h of
rocking at room temperature, the solutions were drained and
washed with DMF (3× 1 mL). Approximately 5 mg of resin
from each of the above reactions were combined and
incubated with 1 mL BSA (1 mg/mL) in TBST buffer (25
mM Tris‚HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween 20)
for 1 h. Next, the resin was washed with TBST buffer (3×
1 mL) and drained to the level of the resin bed. At this point,
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500 µL of 75 nM streptavidin coated Q-dot 605 in TBST
buffer was poured over the resin and rocked for 2 h, after
which the solution was drained to the resin bed before
washing with TBST (10× 1 mL). Beads were then
photographed using a fluorescence microscope with a FITC
filter and sorted on the basis of fluorescence (λex ) 488 nm,
λem ) 610 nm) with the COPAS Select sorting instrument.
Sorting data were evaluated with FCS Express (De Novo
Software; Thornhill, Ontario, Canada) in histogram and dot
plot form.

On-Bead Peptide Library Deacetylation by SIRT1.The
entire library was assayed in a 75-mL column equipped with
a filter. Prior to the assay, the resin was sequentially washed
with DCM (3 × 50 mL), DMF (3 × 50 mL), and
deacetylation assay buffer (50 mM Tris, pH 7.5) (1× 50
mL). The enzymatic reaction was initiated upon addition of
50 mL of deacetylation cocktail (0.35µM SIRT1, 1.5 mM
â-NAD+, and 1 mM DTT). The reaction mixture was
allowed to rock gently for 12 min. After draining, the resin
was washed with doubly distilled water (5× 50 mL) and
DMF (5 × 50 mL). Afterward, the resin was rocked with
biotin N-hydroxy-succinimide ester in DMF (3.5 mM, 50
mL) for 20 min. At this point, the solution was drained, and
the resin was washed with DMF (6× 50 mL) and TBST
buffer (2× 50 mL). To reduce nonspecific binding, the beads
were incubated with 50 mL of BSA (2 mg/mL) in TBST
buffer for 1.5 h. After draining and washing with TBST
buffer (1 × 50 mL), 50 mL of 4 nM streptavidin-coated
Q-Dot 605 in TBST buffer was added, and the mixture was
allowed to rock for 2 h. Again, the solution was drained and
washed with TBST buffer (10× 50 mL). The resin was then
suspended in a minimal amount of TBST buffer and
refrigerated at 4°C overnight.

Library Screening.Beads were sorted on the basis of
fluorescence (λex ) 488 nm, λem ) 610 nm) using the
COPAS instrument. First, an initial sort was conducted such
that the 300 beads exhibiting the highest fluorescence
readings were collected. These beads were then subjected
to a more stringent cutoff in which the 45 most fluorescent
beads (from the pool of 300) were collected in a 96-well
plate to generate an enriched sample.

Hit Sequencing with MALDI-MS.Beads from the enriched
sample were pooled and washed with 8 M guanidinium
hydrochloride (2× 1 mL), doubly distilled water (10× 1
mL), and DMF (3× 1 mL). Individual beads were then
deposited into separate microcentrifuge tubes containing 20
µL of cleavage cocktail (70% TFA, 30% doubly distilled
water, and 20% cyanogen bromide by weight) (29). After
incubation overnight in the dark, the samples were dried and
resuspended in 5µL of 0.1% TFA. Each sample (1µL) was
combined with saturated matrix solution (1µL) and dried
on the target for MALDI-TOF MS analysis (positive ion
mode).

RESULTS

Library Design: Considerations of Peptide Length.Prior
to library construction, it was essential to determine whether
relatively short acetyl-peptides would function as efficient
substrates of Sir2 enzymes. To evaluate peptide length
requirements, 10 acetyl-lysine-containing peptides corre-
sponding to the histone H3 sequence surrounding Lys-14

and of varying length were assayed using SIRT1 and a
variety of other sirtuins (SIRT2; yeast Sir2, ySir2; and
Trypanosoma bruceiSir2, TbSir2). We chose this sequence
based on our experience that Lys-14 of H3 is generally a
good substrate for sirtuins. Deacetylation assays were
conducted at fixed NAD+ concentrations, while peptide
concentrations were varied to produce saturation curves. The
resulting data were fitted to the Michaelis-Menten equation
to yield catalytic efficiencies, as defined by the apparent
second-order rate constant (kcat/Km), which takes into con-
sideration both binding and catalysis. All peptides used in
these studies were N-terminally acetylated, but the N-
terminus was not deacetylated by sirtuins in control assays
(data not shown). The results (Table 1) are represented as
relative kcat/Km values, with the longest peptide AcTGG-
(AcK)APRK given a value of 1. In these studies, all sirtuins
surveyed showed no more than a 2-3-fold difference inkcat/
Km for the various peptide substrates. Thus, the shortest
peptide, a 5-mer, was similar in catalytic efficiency to the
longest peptides in this preliminary set, regardless of the
enzyme assayed. These observations suggest amino acids
beyond the-2 and +2 positions are not necessary for
efficient binding and catalysis by sirtuins. For library
construction, balancing minimal peptide length with practical
limitations of library complexity was an important consid-
eration. Consequently, we elected to construct a 5-mer library
with an acetylated lysine residue in the central position.

Strategy for Sequencing Peptides on Beads.To extract
peptide sequences from individual beads in the library, we
devised a variation on the capping method developed by
Youngquist, in which sequence decoding is done by reading
a mass spectral peptide ladder (35). Instead of using the
acetyl group for capping during peptide synthesis, we chose
to use two carboxylic acids: phenylacetic acid and 4-pen-
tenoic acid. First, a four amino acid linker was synthesized
onto TentaGel beads to extend the bound peptide into
solution and to bring the peptide mass out of the MALDI
matrix region. This linker was composed of methionine (for
a cyanogen bromide cleavage point), arginine (for improved
mass spectral analysis), and twoâ-alanines (for added
flexibility). In each coupling step of a randomized residue,
a small amount of capping reagent was added to terminate
chain growth for later sequencing. In each capping step,
either one or both of the capping reagents were used. The
use of two reagents assisted in deciphering amino acids of
similar or identical masses. In cases where both caps were
used, a signature doublet would appear on the mass spectrum.
By HPLC analysis, we found that 5 mol % capping at each

Table 1: A Summary of the Relative Catalytic Efficiencies (kcat/Km)
of Various Sir2 Homologues with 10 Peptide Substrates

Relativekcat/Km

peptide SIRT1 SIRT2 ySir2 TbSir2

AcGG(AcK)AP 1.7( 0.5 0.6( 0.1 1.5( 0.7 1.3( 0.2
AcTGG(AcK)AP 0.5( 0.1 0.6( 0.1 1.6( 0.6 0.7( 0.2
AcSTGG(AcK)AP 1.6( 0.5 0.8( 0.1 1.8( 0.8 0.6( 0.1
AcGG(AcK)APR 0.7( 0.1 0.6( 0.1 2.5( 1.3 1.2( 0.2
AcTGG(AcK)APR 0.6( 0.1 0.7( 0.1 1.7( 0.8 0.9( 0.2
AcSTGG(AcK)APR 0.7( 0.1 0.9( 0.2 1.6( 0.8 1.4( 0.2
AcGG(AcK)APRK 1.0( 0.2 0.7( 0.1 2.3( 0.9 1.8( 0.2
AcGG(AcK)APRKQ 0.8( 0.2 0.7( 0.1 2.1( 0.8 1.4( 0.2
AcKSTGG(AcK)AP 0.7( 0.1 0.6( 0.1 2.1( 0.8 1.8( 0.7
AcTGG(AcK)APRK 1.0( 0.1 1.0( 0.1 1.0( 0.4 1.0( 0.1
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step in the synthesis of a prototypical 5-mer yielded∼79%
full-length peptide. This amount of capping reagent provided
a more than adequate amount for on-bead assay, yet produced
enough capped material to yield quality peptide ladders in
the mass spectra. An acetyl group served as the N-terminal
cap.

Screening Methodology.Our screening strategy relies on
the reaction of biotinN-hydroxy-succinimide ester with the
newly generatedε-amino group formed upon SIRT1 deacety-
lation. Subsequent binding of the streptavidin-conjugated
quantum dots provides the fluorescent tag for screening.
Initially, it was important to establish that quantum dot
labeling was proportional to the molar abundance reacted
biotin. Resin bearing free amino groups was aliquoted into
five reaction vessels and labeled with 1, 0.5, 0.01, 0.001,
and 0 equiv of biotinN-hydroxy-succinimide ester. After
differential labeling, the resin was pooled into the reaction
vessel and a streptavidin-conjugated quantum dot (λem ) 605
nm) solution was added. After draining the quantum dot
solution and washing the resin, the resulting pooled beads
displayed differential levels of associated quantum dots,
correlating with the amount of covalently linked biotin.
Indeed, viewing the labeled beads under a fluorescence
microscope showed the predicted dichromic color scheme
(Figure 1). Quantum dot-labeled beads had an orange/red
color, while the background autofluorescence of the TentaGel
resin appeared green. The varying shades of orange correlated
qualitatively to the amount of bound quantum dot.

To provide a more quantitative assessment of fluorescent
quantum dot labeling, a complex object parametric analyzer
and sorter (COPAS) instrument was utilized. COPAS sorts
beads based on fluorescence intensity while also gathering
data on bead size (time-of-flight). When this instrument was
used, beads labeled in the previously mentioned experiment
were sorted with an excitation of 488 nm and an emission
of 610 nm. The fluorescence distribution was plotted, and
distinct populations could be visualized (Figure 1). These
populations resided in a fluorescence regime that encom-

passed more than 2 orders of magnitude. Moreover, the bead
groupings corresponded to the differential levels of biotiny-
lation (although the 0.001 and 0 biotin equiv coalesced into
a single cluster). It is important to note that when the
emission wavelength was set to green light ((λex ) 510 nm)
corresponding to the intrinsic TentaGel autofluorescence,
only a single population was observed. From these studies,
we concluded that quantum dot labeling is quantitative in
substoichiometric amounts and that it can be coupled to the
COPAS instrument for sorting beads on the basis of
fluorescence intensity.

Library Construction and Screening.After validating that
quantitative quantum dot labeling could be used in conjunc-
tion with fluorescence-based bead sorting, an OBOC peptide

FIGURE 1: Differential biotinylation experiments with quantum dot tagging. Left panel: Log scale plot of fluorescence intensity vs TOF
(bead size) for quantum dot-labeled beads with biotinylation levels of 1, 0.5, 0.01, 0.001, and 0 equiv as analyzed by the COPAS beadsorter
at 610 nm (individual beads are red, and positions with 10 or more beads are green). Right panel: A microscopic representation of the
differentially biontinylated TentaGel beads after incubation with streptavidin-coated quantum dots. Quantum dot-labeled beads appear orange
while TentaGel autofluorescence is green.

FIGURE 2: Quantum dot bead-based assay. After deacetylation with
SIRT1, beads are washed, and free lysylamines are biotinylated.
Next, the beads are blocked from nonspecific binding with a BSA
solution and incubated with quantum dots (red sphere). Finally,
the beads are sorted with a COPAS instrument.
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library was constructed using the split-pool method (27, 28).
Eighteen variable amino acids were used at four positions
centered around an acetylated lysine. All common natural
amino acids excluding cysteine, lysine, methionine, and
arginine were used. To mimic charged residues, dimethyl
arginine was substituted for lysine and arginine. To avoid
unwanted cyanogen bromide cleavage points, isosteric nor-
leucine was used in place of methionine. Lysine and cysteine
were not included in the library because both residues would
produce false hits (in addition to the problems posed by
disulfide formation in the latter case) as the nucleophilicity
of the amine and sulfhydryl groups, respectively, would result
in their biotinylation and subsequent quantum dot labeling
(Figure 2). In preliminary studies, incorporation of arginine
residues beyond the linker position gave false positive signals
in the on-bead assays due to reaction with the biotin ester
during the labeling step. This was an unfortunate result, as
it precluded incorporation of arginine in the library. The same
problems posed by the reactivity of arginine have prevented
its incorporation in a previous library (29). To mimic
positively charged residues, lysine and arginine, we used
symmetrical dimethyl arginine. Thus, 184 ) 104 907 se-
quences were represented in the library. A 3-fold excess of
beads was used to give 95% probability that all sequences
were represented (36).

After library synthesis, the on-bead SIRT1 deacetylation
assay was carried out (Figure 2). In this assay, all beads were
simultaneously subjected to deacetylation conditions (0.35
µM SIRT1, 12 min. at 25°C), allowing competition of all
peptide sequences for reaction with SIRT1. Afterward, the
beads were washed and subjected to biotinylation conditions
in DMF. Excess reagent was removed prior to blocking
nonspecific protein binding sites with BSA and subsequent
quantum dot labeling. Last, beads were washed a final time
and sorted using the COPAS instrument (Figure 3).

Top 40 Hits.Initially, the 300 most intensely fluorescent
beads (0.1%) were collected, pooled, and then sorted a
second time to generate an enriched sample of the 45
brightest beads. After washing in a guanidinium hydrochlo-
ride solution, single beads were placed in separate micro-

centrifuge tubes and treated overnight with a cyanogen
bromide cleavage cocktail. The cleavage products were
subsequently subjected to MALDI-TOF MS for sequence
analysis (Figure 3). Of those 45 beads, 33 were sequenced
successfully from their mass spectra (Table 2), 6 were found
to be damaged and were not sequenced, while the remaining

FIGURE 3: Example of the fluorescence distribution of library members and an example of the mass spectrum obtained for microsequencing
of a top hit sequence. Left panel: a histogram displaying the number of beads versus fluorescence intensity of a portion of the library (the
sharp peak on the left corresponds to bubbles trapped in the instrument). Right panel: a representative mass spectrum of the cleavage
products of one of the top 40 most fluorescent beads. The amino acids corresponding to various mass differences are annotated. Signature
doublets are obtained for asparagine and histidine as result of the use of both capping reagents (1 and2) during those coupling reactions.

Table 2: Peptide Sequences of Hits from the SIRT1 Combinatorial
Library Screena

position-2 position-1 position 0 position+1 position+2

Leu Asn AcLys Asp Gln
Trp His AcLys Phe Gln
Trp His AcLys Phe Glu
Ser Tyr AcLys Gln Trp
Gln Pro AcLys Gln Ile
Val Gln AcLys Ile Ile
His Me2Arg AcLys Nle Pro
Ala Val AcLys Phe Nle
Asn His AcLys Leu Leu
Me2Arg Phe AcLys Pro Glu
Nle Nle AcLys Gln Gln
Trp Gly AcLys Ser Pro
Phe Glu AcLys Tyr Me2Arg
Trp Pro AcLys Trp Gln
Me2Arg Ala AcLys Nle Asp
Gly Thr AcLys Thr Gly
Gly Tyr AcLys Pro Thr
Ile Phe AcLys Thr Phe
Thr Glu AcLys Gln Glu
His Trp AcLys Thr His
Asp Ser AcLys Gly Ala
Ser Asp AcLys Tyr His
Asn His AcLys Ile Ile
Trp Trp AcLys His Gly
Pro Ile AcLys Glu Gln
Me2Arg Pro AcLys Gln Phe
Asp Val AcLys Nle His
Ile Tyr AcLys Asn Asp
Thr Pro AcLys Asn Ala
Pro Gly AcLys Leu Tyr
Me2Arg/Trp Me2Arg/Trp AcLys Ile Thr
Pro/Trp Pro/Trp AcLys Ile Thr
Me2Arg/Pro Me2Arg/Pro AcLys Ser Ile

a Position-2 is the N-terminal end, and position+2 is the C-terminal
end. Uncertainty in the order of N-terminal (and adjacent) amino acids
is signified by /.
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6 yielded spectra that were not interpretable. BLAST (37)
searches of the mammalian proteome were performed in the
short, nearly exact mode for the 33 sequences obtained from
the library (see Discussion and Supporting Information).

Library Validation.To validate the results of our library
screen, select hits and nonhits were resynthesized and
subjected to in-solution kinetic analysis (Table 3). A radioac-
tive TLC-based assay was employed with subsaturating levels
of [32P]NAD+ to determine the relative catalytic efficiencies
(38). In addition, we analyzed two “consensus” peptides
containing residues occurring with the highest and lowest
frequency at each position, independent of context. For
comparison, a 5-mer comprised of a sequence corresponding
to a known site for p53 deacetylation by SIRT1 was assayed
(Table 3). We found that hit sequences had significantly
higher catalytic activity than nonhits. In fact, some hits were
near or greater than an order of magnitude more catalytically
active than their nonhit counterparts. We also noted that most
hit sequences assayed in solution had significantly higher
activity than the peptide sequence relevant to in vivo p53
deacetylation. One nonhit sequence AY(AcK)EV, however,
had a catalytic activity comparable to those of a few of the
hits. It is important to note that, although the apparent second-
order rate constant (kcat/Km) varied widely among the peptides
tested, the turnover number (kcat) was relatively constant at
∼0.1 s-1, suggesting that differences inkcat/Km reflect
differences in peptide binding affinity.

DISCUSSION

We have developed a new high-throughput method for
constructing, screening, and identifying novel SIRT1 sub-
strates that can be applied to all protein deacetylases. This
method takes advantage of the split-pool approach to
synthesizing all possible peptide permutations from a diverse
set of amino acid building blocks and utilizes a screening

methodology that incorporates fluorescent quantum dots and
a bead-sorting instrument. In this approach, substrate iden-
tification is achieved by a capping strategy that permits the
facile differentiation of isomeric amino acids in randomized
peptide sequences. Although this approach is not without a
few caveats (e.g., not all 20 amino acids are used in the
library and the length of peptide sequences were restricted),
here, we demonstrate its usefulness in probing sirtuin
substrate recognition.

Data obtained from the combinatorial peptide library
suggests that SIRT1 shows considerable preference for
certain substrate sequences over others. For example, QP-
(AcK)QI is over an order of magnitude more reactive than
most nonhits assayed against SIRT1. Other sequences that
showed especially high activity in the validation studies are
those that contained N-terminal dimethyl arginine residues.
In addition, the catalytic activity of all peptide hits assayed
in the library validation were superior to or in the range of
that determined for a 5-mer sequence corresponding to the
reported deacetylation site of p53, an in vivo substrate of
SIRT1 (12). These data suggest that the hit sequences isolated
from the library are preferred peptide substrates of SIRT1.

One of the main advantages of the OBOC library is its
context-specific nature. In other words, there is no implicit
assumption that residues in substrate sequences function
independently of one another. While oriented peptide librar-
ies, on the other hand, can be useful in resolving globally
preferred “consensus” sequences (26, 23), they do not
provide contextual information. It is interesting to note that
our so-called “consensus” peptides WH(AcK)QQ and WP-
(AcK)QQ show a 7-fold difference in catalytic activity in
favor of WH(AcK)QQ (Table 3). Thus, in the context of
WX(AcK)QQ, a histidine is greatly preferred at position-1.
Within theXP(AcK)QX context, QP(AcK)QI is favored over
WP(AcK)QQ by 18-fold. This suggests that SIRT1-mediated
deacetylation is stringently context-dependent and that there
is no best “average sequence”. Further support comes from
the fact that, although proline residues (at-1) are not well-
tolerated when adjacent to a tryptophan at-2, they appear
to function well when adjacent to dimethyl arginine at-2.
These observations imply that there are synergistic/antago-
nistic relationships among certain residues and that this plays
a significant role in substrate recognition by SIRT1.

The top 40 hits represent 0.04% of the total number of
unique sequences in the library. These acetylated peptides
were deacetylated∼10-fold faster than randomly selected
sequences from nonhits beads. Because the nonhit sequences
were randomly chosen from 99.7% of the total library, the
catalytic efficiency of these sequences likely represents an
average peptide deacetylation rate. Thus, a peptide displaying
an average deacetylation rate is likely to be up to 10-fold
lower than the top 40 peptides identified here. Accordingly,
the worst peptide substrates (far left of the symmetrical
Gaussian curve, Figure 3) would be predicted to be deacety-
lated∼100-fold slower than the top 40. Given this context-
dependent sequence preference of SIRT1, it is not surprising
that Blander et al. (23) observed no significant consensus.
With SIRT1 capable of deacetylating a variety of peptide
sequences, identification of the very best and the very worst
peptide sequences would be masked in an oriented-peptide
library analysis (23).

Table 3: Peptide Sequences and Catalytic Efficiencies of
Resynthesized Select Hits and Nonhits from the SIRT1 Peptide
Library Screena

peptide kcat/Km (10-3 M-1 s-1)

Select Hits
QP(AcK)QI 27.2( 4.2
Me2RP(AcK)QF 14.7( 3.2
Me2RP(AcK)SI 8.4( 0.6
NH(AcK)II 3.6 ( 0.8
WH(AcK)FQ 3.3( 0.4x

VQ(AcK)II b g2.5( 1.3x

Select Nonhits
AY(AcK)EV 5.3 ( 0.6
QNle(AcK)GF 2.3( 0.1
LNle((AcK)VG 1.6 ( 0.5x

For Comparison
WH(AcK)QQb1 7.2( 1.1
WP(AcK)QQb1 1.5( 1.1
EL(AcK)ASb2 1.4( 0.1
HK(AcK)LM b3 3.1( 05

a Efficiencies (x ) average) were obtained by fitting the data from
[32P]NAD+ assays to the modified Michaelis-Menten equation,V )
[(kcat/Km)[S]]/(1 + [S]/Km). b We were not able to determine a definite
catalytic efficiency for VQ(AcK)II due to problems with insolubility
but were able to establish a lower limit. Catalytic efficiencies of peptides
containing the residues of the highestb1/lowestb2 frequency at each
position and the sequence relevant to p53 deacetylation in vivob3 are
shown for comparison.
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Although there is a strong correlation between the on-
bead and the in-solution deacetylation assays, there was one
exception, AY(AcK)EV, which was a randomly selected
nonhit that displayed a relatively highkcat/Km value. It is quite
possible that this sequence falls on the far right side of the
Gaussian-type distribution (shown in Figure 3), but narrowly
failed to make our stringent selection of Top 40 sequences.
Moreover, substrate recognition and binding on the solid
phase may differ slightly from that in the solution phase for
certain peptide sequences. Nonetheless, a general correlation
between peptide hits and increased catalytic efficiency has
been established.

BLAST (37) searches of the SIRT1 hits (Table 2) within
the mammalian proteome reveal correspondence to a number
of proteins (see Supporting Information), some of which are
known to be acetylated in vivo. A few proteins that have
exact-match sequences with our peptide hits include moesin
(functions in cell survival) (39), p33 (negatively regulates
cell proliferation through acetylation of p53) (40), RNA
guanylyltransferase (mRNA processing) (41), ROS1 (an
oncogene highly expressed in various tumor cell lines) (42),
amyloid precursor-like protein (APPs have been linked to
Alzhheimer’s disease and transcriptional activation) (43), and
PARPs 6 and 8 (DNA damage repair and aging) (44).
Perhaps, one of the more intriguing matches was that for
the Werner syndrome protein, a RecQ helicase known to be
acetylated in vivo and thought to be involved in the repair
of double-strand DNA breaks (45, 46). Mutations of the
Werner gene trigger a rare autosomal disorder that results
in premature aging (45).

Our findings suggest that substrate sequence recognition
may play an important role in controlling acetyl-protein
selectivity of SIRT1 activity in vivo. However, in a complex
cellular environment, additional factors likely contribute to
SIRT1 specificity. A recent study suggests that there may
be conformational requirements for SIRT1-catalyzed deacety-
lation (47). Other parameters that would influence SIRT1
activity are the availability of NAD+, the levels of the
inhibitor nicotinamide, and subcellular localization. For
example, it is thought that SIRT1 interacts and localizes with
PML nuclear bodies (48) and that this may partially dictate
its deacetylase activity on localized targets. Also, substrate
specificity may be influenced through associations with other
protein factors that can either tether potential targets or alter
the intrinsic binding affinity for certain substrates. Although
we have established that SIRT1 does indeed harbor intrinsic
substrate preferences, further studies will be needed to
determine how these others factors contribute to substrate
selection.

Various applications of libraries of this type can be
envisioned. For example, the sequence information obtained
from this library could be used to generate acetyl-peptide-
specific antibodies for Western blot analysis. This would
provide in vivo validation of acetylation at protein sites
discovered in BLAST searches. Such antibodies could also
be employed in cell extract immunoprecipitation studies.
Mass spectral analysis could then be performed to identify
the acetylated proteins. Other potential uses of the library
include the creation of super-substrates for the in vivo
generation ofOAADPr to elucidate its cellular roles. In
another application, cocrystal studies could be executed to
uncover how Sir2 interacts with these optimal substrate

sequences. As noted earlier, limited peptide substrates
cocrystallized with Sir2 have shown interactions primarily
with the peptide backbone (21, 22). Here, we have demon-
strated that side-chain interactions are important factors in
the ability of sirtuins to bind and efficiently catalyzed protein
deacetylation.

In addition to applications noted above, hits from libraries
of this type could serve as starting points for the design of
peptidomimetics. Our data suggest that optimized substrates
reflect higher binding affinity to SIRT1. Modification of the
peptide to prohibit enzymatic turnover and protease degrada-
tion could be implemented to generate a specific, tight-
binding in vivo inhibitor. The original peptide sequence could
be further modified to confer altered chemical and biological
properties (30, 31). This strategy has been used to tailor-
make peptides into therapeutics that avoid the pitfalls of
proteolytic cleavage, rapid clearance from the circulatory
system, inability to pass through the blood brain barrier, and
lack of oral activity (30).
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