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ABSTRACT: Aspirin (acetylsalicylic acid) is widely used for the acute treatment of inflammation and the management of
cardiovascular disease. More recently, it has also been shown to reduce the risk of a variety of cancers. The anti-inflammatory
properties of aspirin in pain-relief, cardio-protection, and chemoprevention are well-known to result from the covalent inhibition
of cyclooxygenase enzymes through nonenzymatic acetylation of key serine residues. However, any additional molecular
mechanisms that may contribute to the beneficial effects of aspirin remain poorly defined. Interestingly, studies over the past 50
years using radiolabeled aspirin demonstrated that other proteins are acetylated by aspirin and enrichment with antiacetyl-lysine
antibodies identified 33 potential targets of aspirin-dependent acetylation. Herein we describe the development of an alkyne-
modified aspirin analogue (AspAlk) as a chemical reporters of aspirin-dependent acetylation in living cells. When combined with
the Cu(I)-catalyzed [3 + 2] azide—alkyne cycloaddition, this chemical reporter allowed for the robust in-gel fluorescent detection
of acetylation and the subsequent enrichment and identification of 120 proteins, 112 of which have not been previously reported
to be acetylated by aspirin in cellular or in vivo contexts. Finally, AspAlk was shown to modify the core histone proteins,

implicating aspirin as a potential chemical-regulator of transcription.

B INTRODUCTION

Aspirin, a nonsteroidal anti-inflammatory drug (NSAID), is one
of the most common small-molecule treatments in the world,
and has been utilized in different forms for over a thousand
years for the reduction of inflammation, pain, and fever. Aspirin
has at least two biochemical mechanisms by which it produces
these anti-inflammatory effects. First, the salicylate moiety of
aspirin has been shown to down-regulate the NF-kB signaling
pathway through inhibition of IKK-A."> Second, the acetate
group of aspirin is directly transferred to and thereby inhibits
the cyclooxygenase (Cox) enzymes, preventing the production
of pro-inflammatory prostaglandins.”* Specifically, the acetyla-
tion occurs in a 1:1 stoichiometry on serine 530 in Coxl and
serine 516 in Cox2 preventing the binding of the lipid substrate
arachidonic acid. This acetylation is irreversible, requiring the
translation of a new Cox enzyme for prostaglandin production.
Interestingly, low-dose aspirin has also been shown to lower the
rates of heart attack and stroke in patients with cardiovascular
disease,”® and more recently, a variety of observational studies
and trials have demonstrated that chronic aspirin use greatly
reduces the incidence of cancer and cancer mortality, with the
largest decrease in gastrointestinal cancers.” ">

While the majority of effort toward understanding aspirin
cardioprotection and chemoprevention has focused on the
NFkB and Cox pathways, and much of the observed effects are
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clearly due to inhibition of these pathways,®'*"7 aspirin is

known to modify other proteins by chemical transfer of its
acetate group to amino acid side-chains.'® This modification,
which we have termed aspirin-dependent acetylation, raises the
possibility that other protein modification events could
contribute to the pharmacological effects of aspirin. The first
experiments to demonstrate this used radiolabeled aspirin (H?,
C') to show that human serum albumin is acetylated both in
vitro and in vivo and that a variety of other proteins including
immunoglobulins, enzymes, and histones are acetylated in
vitro.'”*° This was shortly followed by in vivo demonstration of
protein-actylation in mouse tissue using similar techniques.”"**
Additional studies demonstrated that the acetylation occurs on
the e-amine side-chains of lysine residues on fibrinogen.”> More
recently, mass spectrometry was used to identify aspirin-
dependent acetylation of cysteine side-chains of lens y-
crystallins in vitro, and this acetylation prevents cataract-
promoting carbamylation of the same residues.”* Finally,
specific antibodies were used to identify acetylation on lysine
382 of p53 resulting from aspirin treatment of MDA-MB-231
cells.”> Aspirin treatment increased p53 nuclear localization and
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expression of the target gene p21“""", although acetylation of
lysine 382 was not unambiguously identified as the mechanism.
Although these radioactivity-based techniques have allowed for
the characterization of aspirin-dependent acetylation events,
they cannot be used to visualize and identify the entire
spectrum of acetate modifications in a complex proteome. The
Bhat and Hagen laboratories addressed this limitation using an
antiacetyl—lysine antibody that allowed for the visualization of
increased cellular lysine-acetylation upon aspirin treatment and
enabled the enrichment and identification of 33 of these
proteins using mass spectrometry.26 However, this approach
necessarily suffers from contamination by endogenous lysine-
acetylated proteins and no identification of other acetylation
events (e.g, serine and cysteine).

Given the crucial role of protein-acetylation in almost every
area of biology, we expect that understanding aspirin-depend-
ent acetylation will be uniquely fruitful for uncovering other
cellular pathways affected by aspirin. However, research into
this area has languished since the 1960s and 70s due to a lack of
tools that could enable the robust and specific visualization and
identification of these aspirin-dependent modification events.
Bioorthogonal reactions, such as the Cu(I)-catalyzed [3 + 2]
azide—alkyne cycloaddition (CuAAC), have been used in a
variety of contexts to overcome the limitations of traditional
biological technologies (e.g., antibodies).”” > In fact, alkyne-
bearing probes have been applied to investigate protein
glycosylation, acetylation, methylation, lipidation, other post-
translational modifications, and covalent small molecule
inhibitors.>*~*' Herein, we describe the synthesis and character-
ization of the CuAAC compatible aspirin-analogue containing
an alkyne (AspAlk). AspAlk allowed for the robust fluorescent
visualization of aspirin-dependent acetylation events in a variety
of cells. In addition, the treatment of cells with AspAlk in
combination with CuAAC resulted in the identification of 120
potentially aspirin—acetylated proteins, representing a range of
biological functions.

B RESULTS AND DISCUSSION

To generate our chemical reporter of aspirin-dependent
acetylation, we reasoned that it should structurally mimic
aspirin as closely as possible. The smallest structural
perturbation would incorporate a 3-butynoic ester onto salicylic
acid to generate the corresponding alkyne-containing aspirin
analogue. However, we found that activation of 3-butynoic acid
for subsequent ester formation [e.g., N,N’-dicyclohexylcarbo-
diimide (DCC)] resulted in decomposition of the intermediate.
Therefore, the symmetric anhydride of 4-pentynoic acid was
synthesized by DCC mediated dehydration as previously
described*” and subsequently reacted with salicylic acid to
yield AspAlk (Figure 1A). A small panel of cell-lines (HCT-15,
PC-3, Cos-7, H1299, HEK293, HeLa, MCF?7, and NIH3T3)
were treated with AspAlk (1 mM) for 6 h. In-gel fluorescence,
following CuAAC with with a previously reported azide-
containing rhodamine fluorescent dye (az-rho),*' enabled
robust visualization of a large variety of proteins (Figure 1B).
Notably, the pattern of labeled proteins was largely consistent
between the different cell types. However, certain cell-types
(PC-3, HeLa, and MCF7) had somewhat lower levels, and
interestingly, HeLa and NIH3T3 cells have unique protein-
targets that are qualitatively not present at high levels in the
other cell-lines. Importantly, the pattern of visualized proteins
does not simply correspond to protein abundance as judged by
Coomassie blue staining (Figure S1 in Supporting Informa-
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Figure 1. AspAlk is a chemical reporter of aspirin-dependent protein
modification. (A) Reagents: (a) N,N’-dicyclohexcylcarbo-diimide
(DCC), CH,Cl, 16 h; (b) salicylic acid, pyridine, 16 h, 57% over
two steps. (B) The indicated cell-lines were incubated with AspAlk (1
mM) for 6 h before CuAAC with Az-Rho and analysis by in-gel
fluorescent scanning. Coomassie-blue staining shows protein loading.

tion), suggesting that modification occurs on specific protein—
substrates that are expressed in most cell-lines.

Because aspirin has the largest effect on the incidence of
gastrointestinal cancers, we next characterized AspAlk labeling
in HCT-15 colorectal-cancer cells. These cells were treated
with different concentrations of AspAlk for 6 h, before washing,
lysis, and reaction of the soluble protein fraction with az-rho
using CuAAC.*' In-gel fluorescent scanning showed dose-
dependent labeling of a variety of proteins in as little as S0 to
100 uM (Figure 2A), which represents a notable increase in
sensitivity over a published immunoblotting method.'®*¢
Importantly, the range of aspirin concentrations used (100 to
300 #M) is achievable in the plasma of patients treated with a
short analgesic dose (600 mg) and others undergoing chronic
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Figure 2. Characterization of AspAlk in HCT-15 colorectal cancer
cells. (A) HCT-15 cells were treated with the indicated concentrations
of AspAlk for 6 h before reaction with az-rho under CuAAC
conditions and visualization by in-gel fluorescence scanning. (B)
HCT-15 cells were treated with either AspAlk (250 uM) or AspAlk
and aspirin (both @ 250 uM) for 2 h before CuAAC and visualization
by in-gel fluorescence scanning. Coomassie-blue staining shows
protein loading.
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aspirin-treatment of rheumatoid arthritis.”>~* While the
concentrations of aspirin in tissues such as the colon are
unknown, even higher concentrations of aspirin (2.5 to 10
mM) are routinely used in phenotypic cell-based experi-
ments.***’ To qualitatively determine if AspAlk treatment
resulted in the acetylation of the same proteins that are
modified by aspirin, HCT-15 cells were treated with AspAlk
(250 uM) in the presence of an equal concentration of aspirin
(250 uM) for 2 h before CuAAC with az-rho and analysis by in-
gel fluorescence. Co-treatment with aspirin resulted in an
approximately S0% reduction in labeling signal (Figure 2B),
suggesting that AspAlk largely modifies the same proteins as
aspirin.

A significant property of many chemical reporters is the
ability to visualize labeling dynamics in a pulse-labeling
experiment. To visualize the rate of AspAlk labeling, HCT-15
cells were incubated with AspAlk (1 mM) for different amounts
of time. In-gel fluorescent scanning, after lysis and reaction with
az-tho by CuAAC, demonstrated robust labeling in as little as
30 min and near-maximal signal in 4 h (Figure 3A), potentially
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Figure 3. Kinetic analysis of AspAlk labeling. (A) HCT-15 cells were
treated with AspAlk (1 mM) for the indicated lengths of time before
reaction with az-rho under CuAAC conditions and visualization by in-
gel fluorescence scanning. (B) HCT-1S cells were treated with AspAlk
(1 mM) for 2 h before fresh media containing aspirin (1 mM) was
added. Cells were collected after the indicated lengths of time,
subjected to CuAAC, and visualization by in-gel fluorescence scanning.
Coomassie-blue staining shows protein loading.

representing an improvement compared to previous Western-
blotting based reports, where 8 to 12 h treatments were
used.'®*® Next, to determine how long aspirin-dependent
modifications persist in cells, HCT-15 cells were treated with
AspAlk (1 mM) for 2 h. At this time, the cells were washed with
PBS and media containing aspirin (1 mM) was added. Cell
were then harvested at different times, lysed, and subjected to
CuAAC with az-rho. Analysis by in-gel fluorescence scanning
showed that significant chemical-reporter signal was lost within
the first 12 h while some signal persisted for 48 h (Figure 3B).
To examine this in more detail, we treated HCT-15 cells as
above, followed by harvesting after shorter lengths of time
(Figure 3B). As in the previous pulse-chase, more than half of
the fluorescent signal was progressively lost within the first 12
h. This fraction of signal is consistent with other chemical
reporters of enzymatically reversible protein acylation path-
ways;49 however, the persistence of the remaining signal
suggests that at a percentage of AspAlk modifications are not
removed by protein deacetylases.

Finally, to we used AspAlk to identify proteins that are
potential substrates of aspirin-dependent acetylation. HCT-15

cells were treated in triplicate with AspAlk (1 mM) or DMSO
vehicle for 2 h and lysed under denaturing conditions (4%
SDS). CuAAC was then performed with an azido-biotin affinity
tag (azido-PEG3-biotin), followed by incubation with strepta-
vidin beads, washing, and on-bead trypsinolysis. Eluted peptides
were then concentrated, identified by LC—MS/MS, and
quantified by spectral counting. Proteins were considered
aspirin-dependent acetylation substrates using the following
criteria: (1) proteins must have been identified by at least one
unique peptide (not necessarily overlapping) in each
experimental replicate, (2) a total of at least three spectral
counts in the AspAlk-treated samples, (3) the average spectral
counts for each identified protein in the AspAlk-treated sample
must have been at least 3-times greater than the corresponding
average counts in the DMSO negative control, and (4) a p-
value of at most 0.05 (f test). Proteins meeting these conditions
were then rank-ordered based on enrichment-ratio and the
average number of spectral counts in the AspAlk-treated sample
(Supporting Information, Table S1). We identified 120 proteins
with diverse cellular functions, which importantly contained
eight proteins previously known to be acetylated by aspirin
(Figure 4A)."” 02659 1n our list of identified proteins were
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Figure 4. Identification of AspAlk-labeled proteins. (A) HCT-1S cells
were treated with AspAlk (1 mM) for 2 h before reaction with azido-
biotin under CuAAC conditions, on-bead trypsinolysis, and proteomic
identification by LC—MS/MS. Representative proteins are indicated
by name. (B) Histones were enriched from HCT-15 cells treated with
either AspAlk (1 mM) or DMSO vehicle for 6 h, followed by CuAAC
with az-rho and in-gel fluorescence. Coomassie-blue staining shows
protein loading.

several of the core histone proteins, including H2B and H3.
Given the crucial role of histone acetylation in transcriptional
regulation,”** we next confirmed the aspirin-dependent
modification of these proteins. Accordingly, histones were
enriched from HCT-1S cells treated with either AspAlk (1
mM) or DMSO. After reaction with az-rho under CuAAC
conditions, AspAlk-dependent fluorescent signal was readily
detected on all three histones identified by proteomics (Figure
4B).

B CONCLUSIONS

Aspirin-dependent acetylation and subsequent inhibition of
cyclooxygenase enzymes (Cox-1 and -2) is well established as
one molecular mechanism contributing to cardioprotection and
chemoprevention.®'*~73*5* Notably, aspirin is known to
acetylate a variety of additional proteins, giving it the potential
to simultaneously affect multiple other cellular pathways that
could also contribute to the effects of chronic aspirin-treatment.
However, understanding the molecular consequences of
aspirin-dependent acetylation has been hampered by a lack of
tools to visualize and identify protein targets. To enable the
robust visualization and identification of these modifications,

dx.doi.org/10.1021/ja408322b | J. Am. Chem. Soc. 2013, 135, 14568—14573



Journal of the American Chemical Society

we have developed an aspirin chemical-reporter (AspAlk) that
transfers an alkyne functionality to proteins that can be
subsequently detected using bio-orthogonal chemistries such as
CuAAC. Treatment of a small panel of mammalian cell-lines
with AspAlk, followed by CuAAC with an azide-bearing
fluorophore (az-tho), enabled the visualization of a range of
proteins by in-gel fluorescence scanning. Interestingly, the
qualitative pattern of these labeled-proteins was similar in most
cell-lines, suggesting that the major targets of aspirin-dependent
acetylation may be broadly expressed proteins.

To test the limitations of AspAlk, we next focused on HCT-
15 colorectal-cancer cells and aspirin use has the most dramatic
effect on gastrointestinal cancers. AspAlk displayed dose-
dependent labeling of proteins up to a 1 mM concentration.
This labeling could be competed by the equimolar addition of
aspirin at levels consistent with other chemical reporters.®” As
noted above, aspirin concentrations in the plasma of patients
receiving an analgesic dose (600 to 650 mg) can reach 100 to
300 uM."”~* However, to our knowledge, the concentrations
of aspirin in the gastrointestinal tract have not been precisely
measured, and millimolar concentrations (2.5 to 10 mM) of
aspirin have been routinely used in cell-culture experiments in
the past.*** Additionally, other studies have found that
repetitive administration of aspirin results in a disproportion-
ately large increase in serum levels.>> Therefore, although 1
mM AspAlk is somewhat higher than the observed plasma
concentrations, we utilized it to maximize our labeling
efficiency for AspAlk characterization in subsequent experi-
ments. In cells treated with a concentration of 1 mM AspAlk,
protein-labeling could be visualized in as little as 30 min, a large
improvement over previously reported studies using antiacetyl
lysine antibodies, which treated cells for 8 or 12 h with
aspirin.'®*® Crucially, our short labeling-times correspond well
to the measured stability of aspirin in the plasma of human
patients.*>*> A pulse-chase experiment showed that AspAlk-
dependent modifications are largely turned over in 12 h, a
length of time consistent with the enzymatic removal of other
chemical reporters of protein acylation.*” However some in-gel
fluorescent signal persisted over 48 h and could represent
protein degradation and/or dilution through cell division.

Given that the AspAlk chemical reporter improved the
visualization of aspirin-dependent acetylation substrates
compared to previous methods, it was used in combination
with an azido-biotin tag and on-bead trypsinolysis to identify
120 potential protein targets for modification by aspirin. Again,
we used AspAlk at a concentration of 1 mM to robustly identify
as many potential protein substrates as possible that could be
validated in cell-culture and animal model experiments in the
future. Finally, we validated our proteomics data by visualizing
the aspirin-dependent acetylation of several core histones,
suggesting a possible role for aspirin in transcriptional
regulation. In summary, the experiments described here
represent the first application of chemical-reporter technology
to aspirin-dependent acetylation and a significant improvement
in the analysis of this modification. The use of azide-containing
fluorescent tags, in combination with CuAAC, allows for the
visualization of modification patterns and dynamics not
accessible to immunoblotting methods. Furthermore, AspAlk
enables the direct identification of potentially acetylated
proteins using streptavidin-enrichment and proteomics. We
anticipate that this discovery tool will complement antiacetyl
lysine antibodies in efforts to functionally characterize aspirin-
dependent acetylation, which will be crucial for a complete

understanding of the role of aspirin in cardioprotection and
chemoprevention.

B EXPERIMENTAL PROCEDURES

General Information. All reagents used for chemical synthesis
were purchased from Sigma-Aldrich unless otherwise specified and
used without further purification. All anhydrous reactions were
performed under argon atmosphere. Analytical thin-layer chromatog-
raphy (TLC) was conducted on EMD Silica Gel 60 F,, plates with
detection by potassium permanganate (KMnO,), anisaldehyde, or UV.
Flash chromatography was performed on 60 A silica gel (EMD). 'H
and C spectra were obtained Varian VNMRS-600 at 600 and 125
MHz. Chemical shifts are recorded in ppm (8) relative to solvent.
Coupling constants (J) are reported in Hz.

Synthesis of 2-Acetylphenyl pent-4-ynoate (AspAlk). Penty-
noic acid (500 mg, 5.10 mmol) and N,N’-dicyclohexylcarbodiimide
(526 mg, 2.55 mmol) were dissolved in anhydrous CH,Cl, (20 mL),
and the solution was allowed to stir for 16 h at room temperature
under an argon atmosphere. The reaction mixture was then diluted
with CH,Cl, (10 mL), and filtered to remove N,N’-dicylohexylurea.
The resulting 4-pentynoic anhydride was dissolved in pyridine (20
mL), and salicylic acid (Alfa Aesar, 211 mg, 1.53 mmol) was added.
After it was stirred for 16 h under an argon atmosphere, the reaction
mixture was concentrated and subjected to silica gel column
chromatography (90:2.5:1, ethyl acetate:methanol:water). The result-
ing mixture was resuspended in CH,Cl, (5 mL), filtered to removed
contaminating 4-pentynoic acid, and concentrated to yield 188 mg,
(57% yield) of 2-acetylphenyl pent-4-ynate as a white solid. '"H NMR
(600 MHz, CDCl;) & 8.00 (dd, J = 7.8, 1.7 Hz, 1H), 7.59 (t, ] = 7.8
Hz, 1H), 7.35 (t, ] = 7.6 Hz, 1H), 7.14 (d, ] = 8.0 Hz, 1H), 2.82 (dd, J
= 8.3, 6.6 Hz, 2H), 2.60 — 2.54 (m, 2H), 2.30 (t, ] = 2.6 Hz, 1H). 3C
NMR (125 MHz, MeOH) § 225.53, 189.97, 185.16, 170.96, 153.86,
151.79, 146.00, 143.87, 102.36, 89.70, 53.25, 33.70. ESI-MS calcd for
C,H,00,Na [M+Na]* 241.05; found, 240.00.

Cell Culture. CHO, COS-7, HEK293, HeLa, and MCF-7 cells
were cultured in high glucose DMEM media (CellGro) enriched with
10% fetal bovine serum (FBS, CellGro,). NIH3T3 cells were cultured
in high glucose DMEM media (CellGro) with 10% fetal calf serum
(FCS, CellGro). H1299 cells were cultured in RPMI 1640 (CellGro)
medium enriched with 10% FBS. All cell lines were maintained in a
humidified incubator at 37 °C and 5.0% CO,.

Metabolic Labeling. To cells at 80—85% confluency, high glucose
media containing AspAlk (1000 X stock in DMSO), or DMSO vehicle
was added as indicated. For competition and chase experiments, the
indicated media was supplemented with O-acetyl salicylic acid (Alfa
Aesar) at the indicated concentrations.

Preparation of NP-40-Soluble Lysates. The cells were collected
by trypsinization and pelleted by centrifugation at 4 °C for 2 min at
2000y, followed by washing with PBS (1 mL) two times. Cell pellets
were then resuspended and lysed in 75 uL of 1% NP-40 lysis buffer
[1% NP-40, 150 mM NaCl, SO mM triethanolamine (TEA) pH 7.4]
with Complete Mini protease inhibitor cocktail (Roche Biosciences)
for 15 min, followed by centrifugation at 4 °C for 10 min at 10 000 g.
The resulting supernatant (soluble cell lysate) was collected and
protein concentration was determined via BCA assay (Pierce,
ThermoScientific).

Cu(l)-Catalyzed [3 + 2] Azide—Alkyne Cycloaddition
(CuAACQ). Soluble cell lysate (200 ug) was diluted with cold 1%
NP-40 lysis buffer to a concentration of 1 ug/uL. Newly made click
chemistry cocktail (12 uL) was added to each sample [az-rhodamine
tag (100 uM, 10 mM stock solution in DMSO); tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) (1 mM, 50 mM freshly prepared
stock solution in water); tris[ (1-benzyl-1-H-1,2,3-triazol-4-yl)methyl]-
amine (TBTA) (100 #M, 10 mM stock solution in DMSO); CuSO,-
SH,0 (1 mM, 50 mM freshly prepared stock solution in water) for a
total reaction volume of 200 L. The reaction was gently vortexed and
allowed to sit at room temperature for 1 h. Upon completion, 1 mL of
ice cold methanol was added to the reaction, and proteins were
precipitated at —20 °C for 2 h. The reactions were then centrifuged at
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4 °C for 10 min at 10 000 g. The supernatant was removed, the pellet
was allowed to air-dry for S min, and then 50 uL of 4% SDS buffer (4%
SDS, 150 mM NaCl, 50 mM TEA pH 7.4) was added to each sample.
The mixture was sonicated in a bath sonicator to ensure complete
dissolution, and SO uL of 2X loading buffer (20% glycerol, 0.2%
bromophenol blue, 1.4% p-mercaptoethanol) was then added. The
samples were boiled for S min at 98 °C, and 40 ug of protein was then
loaded per lane for SDS-PAGE separation (Any kD Criterion Gel, Bio-
Rad).

Biotin Enrichment and On-Bead Trypsinolysis. HCT-15 cell
pellets labeled with AspAlk (I mM) or DMSO for 2 h were
resuspended in 200 uL of H,O, 60 uL of PMSF in H,0 (250 mM),
and 500 uL of 0.05% SDS buffer (0.05% SDS, 10 mM TEA, pH 7.4,
150 mM NaCl) with Complete Mini protease inhibitor cocktail
(Roche Biosciences). To this was added 8 uL of Benzonase (Sigma),
and the cells were incubated on ice for 30 min. Then, 4% SDS buffer
(2000 pL) was added, and the cells were briefly sonicated in a bath
sonicator followed by centrifugation (20000 g for 10 min at 15 °C).
Soluble protein concentration was normalized by BCA assay (Pierce,
ThermoScientific) to 1 mg/mL, and 10 mg of total protein was
subjected to the appropriate amount of click chemistry cocktail
containing azido-PEG3-biotin (5 mM, Click Chemistry Tools) for 1 h,
after which time 10 volumes of ice-cold MeOH were added.
Precipitation proceeded for 2 h at —20 °C. Precipitated proteins
were centrifuged at 5200g for 30 min at 0 °C and washed three times
with 40 mL of ice-cold MeOH, with resuspension of the pellet each
time. The pellet was then air-dried for 1 h. To capture the biotinylated
proteins by streptavidin beads, the air-dried protein pellet was
resuspended in 2 mL of resuspension buffer (6 M urea, 2 M thiourea,
10 mM HEPES pH 8.0) by bath sonication. To cap cysteine residues,
100 uL of freshly made TCEP (200 mM stock solution, Thermo) was
then added, and the mixture was incubated for 30 min, followed by 40
UL of freshly prepared iodoacetamide (1 M stock solution, Sigma) and
incubation for a further 30 min in the dark. Steptavadin beads (250 L
of a 50% slurry per sample, Thermo) were washed 2X with 1 mL of
PBS and 1X with 1 mL of resuspension buffer and resuspended in
resuspension buffer (200 uL). Each sample was combined with
streptavadin beads and incubated on a rotator for 2 h. These mixtures
were then transferred to Mini Bio-Spin columns (Bio-Rad) and placed
on a vacuum manifold. Captured proteins were then washed 5X with
resuspension buffer (10 mL per wash), SX with 1% SDS in PBS (10
mL per wash), and 30X with PBS (1 mL per wash). Beads were then
resuspended in 2 M urea in PBS (1 mL), transferred to screw-top
tubes, and pelleted by centrifugation (2000g for 2 min). At this time,
800 uL of the supernatant was removed, leaving a volume of 200 yL.
To this bead-mixture was added 2 uL of CaCl, (200 mM stock, 1 mM
final concentration) and 2 uL of 1 mg/mL sequence grade trypsin
(Promega) and incubated at 37 °C for 18 h. The resulting mixtures of
tryptic peptides and beads were transferred to Mini Bio-Spin columns
(Bio-Rad) and the eluent was collected by centrifugation (1000g for 2
min). Any remaining peptides were eluted by the addition of 100 yL of
2 M urea in PBS followed by centrifugation as immediately above. The
tryptic peptides were then applied to C18 spin columns (Pierce)
according to manufacturer’s instructions, eluted with 70% acetonitrile
in H,O, and concentrated to dryness on a speedvac.

LC—MS/MS Analysis. Extracted peptides were desalted on a trap
column following separation on a 12 cm/75um reversed phase C18
column (Nikkyo Technos Co., Ltd. Japan). A 3 h gradient increasing
from 10% B to 45% B in 3 h (A, 0.1% formic acid; B, acetonitrile/0.1%
formic acid) was delivered at 150 nL/min. The liquid chromatography
setup (Dionex, Boston, MA, USA) was connected to an Orbitrap XL
(Thermo, San Jose, CA, USA) operated in top-S mode. Acquired
tandem MS spectra (CID) were extracted using ProteomeDiscoverer,
version 1.3 (Thermo, Bremen, Germany) and queried against the
human Uniprot protein database using MASCOT 2.3.02 (Matrixs-
cience, London, UK). Peptides fulfilling a Percolator calculated 1%
false discovery rate threshold were reported. All LC—MS/MS analysis
were carried out at the Proteomics Resource Center at The Rockefeller
University, New York, NY, USA. A total of 810 proteins were
identified, with 120 fulfilling our criteria as a “hit” A list of all

identified peptides and proteins will be made available in Excel format
upon request.

Acid Extraction of Histones. HCT-15 cells were treated with
DMSO or 1 mM AspAlk for 6 h. Cells were collected by trypsinization
and pelleted by centrifugation at 4 °C for 2 min at 2000g, followed by
washing with PBS (1 mL) two times. Cell pellets were then
resuspended in ice-cold hypotonic lysis buffer [10 mM triethanolamine
(TEA), 1 mM KCl, 1.5 mM MgCl, 1 mM PMSF, pH 7.4 with
Complete Mini protease inhibitor cocktail (Roche Biosciences)]. The
resuspended cells were homogenized by Dounce homogenizer and
lysed in three cycles of freeze—thaw. Intact nuclei were pelleted at 4 °C
for 10 min at 10 000 g and washed 2X with ice-cold hypotonic lysis
buffer. The nuclear pellet was resuspended in 0.4 N H,SO, and
agitated overnight on a rotator at 4 °C. Nuclear debris was pelleted at
4 °C for 10 min at 16 000 g and the supernatant containing histones
was collected and precipitated in ice-cold MeOH in —80 °C overnight.
Precipitated histones were collected at 4 °C for 10 min at 16 000 g and
washed 2X with ice-cold MeOH. The resulting protein pellet was air-
dried and resuspended in water. Concentration was determined by
BCA Assay and normalized with 1% NP-40 lysis buffer [1% NP-40,
150 mM NaCl, SO mM triethanolamine (TEA) pH 7.4] with
Complete Mini protease inhibitor cocktail] for CuAAC.

B ASSOCIATED CONTENT

© Supporting Information

Supporting figures, NMR characterization of AspAlk, and
proteomic data. This material is available free of charge via the
Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
matthew.pratt@usc.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

L.AB. is supported, in part, by a Women in Science and
Engineering Graduate Fellowship from the University of
Southern California. BW.Z. is a fellow of the National Science
Foundation Graduate Research Fellowship Program (DGE-
0937362). M.R.P. acknowledges support from the University of
Southern California, the Damon Runyon Cancer Research
Foundation, and the Concern Foundation. LC—MS/MS
analysis was performed at the Rockefeller University
Proteomics Resource Center. The authors would like to
thank J. Fernandez and H. Molina for assistance with MS-
data analysis.

B REFERENCES

(1) Kopp, E.; Ghosh, S. Science 1994, 265, 956—959.

(2) Grilli M.; Pizzi, M.; Memo, M.; Spano, P. Science 1996, 274,
1383—1385.

(3) Roth, G. J; Machuga, E. T.; Ozols, J. Biochemistry 1983, 22,
4672—4675.

(4) Vane, J. R; Botting, R. M. Thromb. Res. 2003, 110, 255—258.

(5) Hayden, M.; Pignone, M.; Phillips, C.; Mulrow, C. Ann. Intern.
Med. 2002, 136, 161—172.

(6) Weisman, S. M.; Graham, D. Y. Arch. Intern. Med. 2002, 162,
2197-2202.

(7) Sandler, R. S.; Halabi, S.; Baron, J. A.; Budinger, S.; Paskett, E.;
Keresztes, R.; Petrelli, N.; Pipas, J. M.; Karp, D. D.; Loprinzi, C. L;
Steinbach, G.; Schilsky, R. New Engl. . Med. 2003, 348, 883—890.

(8) Baron, J. A.; Cole, B. F; Sandler, R. S.; Haile, R. W.; Ahnen, D.;
Bresalier, R.; McKeown-Eyssen, G.; Summers, R. W.; Rothstein, R;;
Burke, C. A,; Snover, D. C.; Church, T. R; Allen, J. I; Beach, M,;
Beck, G. J; Bond, J. H,; Byers, T.; Greenberg, E. R;; Mandel, J. S;

dx.doi.org/10.1021/ja408322b | J. Am. Chem. Soc. 2013, 135, 14568—14573


http://pubs.acs.org
mailto:matthew.pratt@usc.edu

Journal of the American Chemical Society

Marcon, N.; Mott, L. A.; Pearson, L.; Saibil, F.; van Stolk, R. U. New
Engl. J. Med. 2003, 348, 891—899.

(9) Benamouzig, R; Deyra, J.; Martin, A; Girard, B.; Jullian, E;
Piednoir, B.; Couturier, D.; Coste, T.; Little, J; Chaussade, S.
Gastroenterology 2003, 125, 328—336.

(10) Brun, J.; Gerdes, A.-M.; Macrae, F.; Mecklin, J.-P.; Moeslein, G.;
Olschwang, S.; Eccles, D.; Evans, D. G.; Maher, E. R,; Bertario, L.;
Bisgaard, M.-L.; Dunlop, M. G.; Ho, J. W.; Hodgson, S. V.; Lindblom,
A.; Lubinski, J.; Morrison, P. J.; Murday, V.; Ramesar, R.; Side, L;
Scott, R. J.; Thomas, H. J. W.; Vasen, H. F.; Barker, G.; Crawford, G;
Elliott, F.; Movahedi, M.; Pylvanainen, K.; Wijnen, J. T.; Fodde, R;;
Lynch, H. T.; Mathers, J. C.; Bishop, D. T. Lancet Neurol. 2011, 378,
2081—2087.

(11) Rothwell, P. M.; Fowkes, F. G. R; Belch, J. F. F.; Ogawa, H;
Warlow, C. P.; Meade, T. W. Lancet Neurol. 2011, 377, 31—41.

(12) Rothwell, P. M.; Wilson, M.; Elwin, C.-E.; Norrving, B.; Algra,
A.; Warlow, C. P.; Meade, T. W. Lancet Neurol. 2010, 376, 1741—
1750.

(13) Rothwell, P. M,; Price, J. F.; Fowkes, F. G. R.; Zanchetti, A,
Roncaglioni, M. C.; Tognoni, G.; Belch, J. F. F,; Wilson, M.; Mehta,
Z.; Meade, T. W. Lancet Neurol. 2012, 379, 1602—1612.

(14) Antithrombotic Trialists” Collaboration. Br. Med. . 2002, 324,
71-86.

(15) Catella-Lawson, F.; Reilly, M. P.; Kapoor, S. C.; Cucchiara, A. J;
DeMarco, S.; Tournier, B.; Vyas, S. N.; FitzGerald, G. A. New Engl. J.
Med. 2001, 345, 1809—1817.

(16) Harris, R. E.; Beebe-Donk, J.; Doss, H.; Doss, D. B. Oncol. Rep.
2005, 13, 559—-583.

(17) Oshima, M; Dinchuk, J. E; Kargman, S. L; Oshima, H;
Hancock, B.; Kwong, E.; Trzaskos, J. M.; Evans, J. F.,; Taketo, M. M.
Cell 1996, 87, 803—809.

(18) Alfonso, L. F.; Srivenugopal, K. S.; Bhat, G. J. Mol. Med. Rep.
2009, 2, 533—537.

(19) Hawkins, D.; Pinckard, R. N.; Farr, R. S. Science 1968, 160,
780—781.

(20) Pinckard, R. N.; Hawkins, D.; Farr, R. S. Nature 1968, 219, 68—
69.

(21) Rainsford, K. D.; Schweitzer, A.; Brune, K. Biochem. Pharmacol.
1983, 32, 1301—-1308.

(22) Caterson, R. J,; Duggin, G. G.; Horvath, J.; Mohandas, J.; Tiller,
D. Br. J. Pharmacol. 1978, 64, 353—358.

(23) Bjornsson, T. D.; Schneider, D. E.; Berger, H. J. Pharmacol. Exp.
Ther. 1989, 250, 154—161.

(24) Qin, W.; Smith, J. B.; Smith, D. L. Biochim. Biophys. Acta 1993,
1181, 103—110.

(25) Alfonso, L. F; Srivenugopal, K. S; Arumugam, T. V,;
Abbruscato, T. J.; Weidanz, J. A.; Bhat, G. J. Int. ]. Oncol. 2009, 34.

(26) Marimuthu, S.; Chivukula, R. S. V.; Alfonso, L. F.; Moridani, M.;
Hagen, F. K; Bhat, G. J. Int. J. Oncol. 2011, 39, 1273—1283.

(27) Prescher, J. A,; Bertozzi, C. R. Nat. Chem. Biol. 2005, 1, 13—21.

(28) Best, M. D. Biochemistry 2009, 48, 6571—6584.

(29) Sletten, E. M.; Bertozzi, C. R. Acc. Chem. Res. 2011, 44, 666—
676.

(30) Agard, N. J; Bertozzi, C. R. Acc. Chem. Res. 2009, 42, 788—797.

(31) Bothwell, I. R;; Islam, K; Chen, Y.; Zheng, W.; Blum, G.; Deng,
H,; Luo, M. J. Am. Chem. Soc. 2012, 134, 14905—14912.

(32) Wang, R; Zheng, W.; Yu, H,; Deng, H.; Luo, M. J. Am. Chem.
Soc. 2011, 133, 7648—7651.

(33) Martin, B. R.; Cravatt, B. F. Nat. Methods 2009, 6, 135—138.

(34) Martin, B. R;; Wang, C; Adibekian, A.; Tully, S. E.; Cravatt, B.
F. Nat. Methods 2012, 9, 84—89.

(35) Hang, H. C; Linder, M. E. Chem. Rev. 2011, 111, 6341—6358.

(36) Hang, H. C.; Wilson, J. P.; Charron, G. Acc. Chem. Res. 2011, 44,
699—708.

(37) Charron, G.; Zhang, M. M.; Yount, J. S.; Wilson, J.; Raghavan,
A. S.; Shamir, E;; Hang, H. C. J. Am. Chem. Soc. 2009, 131, 4967—
497S.

(38) Grammel, M.; Luong, P.; Orth, K;; Hang, H. C. J. Am. Chem.
Soc. 2011, 133, 17103—171085.

14573

(39) Cravatt, B.; Wright, A.; Kozarich, J. Annu. Rev. Biochem. 2008,
77, 383—414.

(40) Jiang, H.; Kim, J. H.; Frizzell, K. M.; Kraus, W. L.; Lin, H. J. Am.
Chem. Soc. 2010, 132, 9363—9372.

(41) Zaro, B. W,; Yang, Y.-Y,; Hang, H. C; Pratt, M. R. Proc. Natl.
Acad. Sci. US.A. 2011, 108, 8146—8151.

(42) Malkoch, M.; Schleicher, K,; Drockenmuller, E.; Hawker, C.;
Russell, T.; Wu, P.; Fokin, V. Macromolecules 2005, 38, 3663—3678.

(43) Hartwig-Otto, H. Am. J. Med. 1983, 75, 30—37.

(44) Pachman, L. M; Olufs, R; Procknal, J. A; Levy, G. Arthritis
Rheum. 1979, 22, 826—831.

(45) Rowland, M.; Riegelman, S.; Harris, P. A; Sholkoff, S. D. J.
Pharm. Sci. 1972, 61, 379—38S.

(46) Pathi, S.; Jutooru, L; Chadalapaka, G.; Nair, V.; Lee, S.-O.; Safe,
S. PLoS ONE 2012, 7, e48208.

(47) Hardwick, J. C. H. Carcinogenesis 2004, 25, 1293—1298.

(48) Stark, L. A;; Din, F. V. N.; Zwacka, R. M.; Dunlop, M. G. FASEB
J. 2001, 25, 1273—1275.

(49) Bao, X; Zhao, Q; Yang, T.; Fung, Y. M. E; Li, X. D. Angew.
Chem., Int. Ed. 2013, 52, 4883—4886.

(50) Rome, L. H,; Lands, W. E. Proc. Natl. Acad. Sci. U.S.A. 1975, 72,
4863—4865.

(51) Strahl, B. D.; Allis, C. D. Nature 2000, 403, 41—4S.

(52) Jenuwein, T.; Allis, C. D. Science 2001, 293, 1074—1080.

(53) Chan, A. T.; Arber, N.; Burn, J.; Chia, W. K; Elwood, P.; Hull,
M. A; Logan, R. F.; Rothwell, P. M,; Schror, K.; Baron, J. A. Cancer
Prev. Res. 2012, S, 164—178.

(54) Jankowska, H.; Hooper, P.; Jankowski, J. A. Pol. Arch. Med.
Wewn. 2010, 120, 407—412.

(S5) Paulus, H. E.; Siegel, M.; Mongan, E.; Okun, R.; Calabro, J. J.
Arthritis Rheum. 1971, 14, 527—532.

dx.doi.org/10.1021/ja408322b | J. Am. Chem. Soc. 2013, 135, 14568—14573



