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A B S T R A C T

Redox imbalance in cells induces lipid peroxidation and generates a class of highly reactive metabolites known
as lipid-derived electrophiles (LDEs) that can modify proteins and affects their functions. Identifying targets of
LDEs is critical to understand how such modifications are functionally implicated in oxidative-stress associated
diseases. Here we report a quantitative chemoproteomic method to globally profile protein targets and sites
modified by LDEs. In this strategy, we designed and synthesized an alkyne-functionalized aminooxy probe to
react with LDE-modified proteins for imaging and proteomic profiling. Using this probe, we successfully
quantified> 4000 proteins modified by 4-hydroxy-2-nonenal (HNE) of high confidence in mammalian cell
lysate and combined with a tandem-orthogonal proteolysis activity-based protein profiling (TOP-ABPP) strategy,
we identified ~400 residue sites targeted by HNE including reactive cysteines in peroxiredoxins, an important
family of enzymes with anti-oxidant roles. Our method expands the toolbox to quantitatively profile protein
targets of endogenous electrophiles and the enlarged inventory of LDE-modified proteins and sites will
contribute to functional elucidation of cellular pathways affected by oxidative stress.

1. Introduction

Reactive oxygen species (ROS) is closely related to human diseases
[1]. ROS leakage can attack lipids in biological membranes such as
arachidonic acid (AA) and linoleic acid (LA), and produce a series of
reactive electrophiles, including 4-hydroxy-2-nonenal (HNE), 4-oxo-2-
nonenal (ONE) and acrolein (ACR) [2]. These so-called lipid derived
electrophiles (LDEs) have a common α, β-unsaturated aldehyde or
ketone group, and are chemically reactive with nucleophilic amino
acids such as cysteine, histidine and lysine. Covalent modification of
proteins by LDEs and the resulting functional perturbation have been
implicated with onset and development of many pathological condi-
tions, including neurodegeneration, cancers, diabetes, and cardiovas-
cular diseases [3–8]. It is therefore of high importance to identify
protein targets and specific sites of LDE in order to help mechanistically
elucidate the functional consequences of such modifications in patho-
genesis of oxidative-stress associated diseases.

Several methods have been developed to profile LDE modifications
in proteomes [2]. Using a “bioorthogonal analogue” approach, Marnett

and co-workers synthesized azido and alkynyl derivatives of HNE and
used these bioorthogonal probes to identify protein targets of HNE in
RKO cells [9]. The concept was further demonstrated to assess
alkylation damage by LDE using the alkyne-functionalized HNE and
ONE probes [10]. Combined with a photo-release strategy [11], the
bioorthogonal probe has also been used to quantitatively analyze
proteins and sites modified by HNE [12]. While these studies have
revealed a large number of targets in proteomes that are sensitive to
LDE modification, the “unnatural surrogate” approach is not suitable
for detecting endogenous modifications and in principle is not applic-
able for LDEs with small structures, such as ACR, because any chemical
modification will perturb its reactivity. Recently, Wang et al. reported a
competitive activity-based protein profiling (ABPP) strategy which
enables the quantification of> 1000 cysteine sites of LDE modifications
in proteomes by a cysteine-reactive iodoacetamide(IA)-alkyne probe
[13]. Though it can be applied with any cysteine-reactive small
molecule including LDEs, this method indirectly identifies sites of
LDE modification by competitive displacement and it remains possible
that, in certain instances, blockade of IA-probe labeling can be due to
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modification of a neighboring residue rather than the IA-labeled
cysteine itself.

Given LDE can react with nucleophilic residues through Michael
addition, its modification on proteins often results in a free aldehyde or
ketone group, which is also known as “protein carbonylation” [14].
Based on this unique chemical feature, many studies have implemented
carbonyl-reactive reagents to capture LDE modifications from diversi-
fied biological samples [15–20]. Among these “aldehyde directed”
probes, hydrazide(HZ) or aminooxy(AO) are the most prevalent war-
heads and in combination with fluorophore or biotin, such probes
allows visualization of both exogenous and endogenous LDE modified
proteins directly in a complex system as well as enrichment for further
analysis by mass spectrometry(MS)-based proteomics.

While the aldehyde directed probes have been widely used in
capturing LDE modified proteins, their applications in site-specific
analysis of LDE modifications are less often reported. This is probably
due to the bulky fluorophore or biotin groups that hinder the release

and identification of LDE-adducted peptides during MS analysis. In
order to overcome this limitation, we synthesized HZ and AO derivative
probes with a bioorthognal alkyne group and evaluated their capability
in capturing both HNE-modified proteins and residue sites for MS
identification. We discovered that the AO probe is more reactive in
labeling LDE modifications and together with a reductive dimethyla-
tion-based strategy [21,22], we were able to successfully quantify>
4000 HNE modified proteins in mammalian cell lysates. Using the AO
probe in a TOP-ABPP strategy [23], we identified ~400 HNE-adducted
sites of high confidence including both catalytic and non-catalytic
cysteines of peroxiredoxin 6 that we further confirmed using biochem-
ical means.

2. Materials and methods

2.1. Synthesis of the HZyne and AOyne probes

The routes for synthesizing HZyne and AOyne probes are designed

Fig. 1. Evaluation of probe reactivity using a glutathione (GSH) model. (A) Structures of the HZyne and AOyne probes. (B) Scheme of the GSH model. After the thiol group of GSH reacts
with HNE through Michael addition, the HZyne and AOyne probes are used to capture the remaining aldehyde group on the adduct. (C) The extracted ion chromatographic peaks of GSH,
the HNE-GSH adduct, and the final products formed with the HZyne and AOyne probes, respectively.
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based on previous reports [24,25] and shown as below.

2.2. Test of HZyne and AOyne reactivity using a GSH model

1 mM Glutathione(GSH) is reacted with 1 mM HNE in Tris-HCl
buffer (pH=7.4) for 1 h at room temperature. The reaction is then
adjusted to pH 5.0 and added with 5 mM AOyne for another 30 min.
The reaction solutions are filtered through a 0.22 µm membrane. The
samples are analyzed on an ACQUITY H-Class ultra performance liquid
chromatography-electrospray ionization-mass spectrometry (UPLC-ESI-
MS) system (Waters Corp.) with a peptide BEH C18 column (Waters
300, 1.7 2.1 100 mm) and a quadrupole rods SQ Detector 2 mass
spectrometer (Waters Corp.) The ultra-pure water and acetonitrile are
used as the mobile phase in a 7 min gradient and the ion chromato-
graphic traces are extracted at m/z 306 for GSH, 462 for GSH-HNE, 557
for GSH-HNE-OAyne, and 572 for GSH-HNE-HZyne.

2.3. Cell preparation

HEK293T cells are cultured at 37℃ under 5% CO2 atmosphere in
DMEM culture medium supplemented with 10% FBS and 1% Penicillin-
Streptomycin. For in gel fluorescence and mass spectrometry experi-
ments, cells are grown to 100% confluence and washed 3 times with
PBS before collection. The cells are centrifuged at 1000 rpm for 3 min at

25 ℃ and the cell pallets are stored at −80℃. For the fluorescence
imaging experiment, cells are grown to 70% confluence in normal
media and transferred to serum-free media. The cells are incubated
with HNE at indicated concentrations for 1 h and washed with pre-
warmed PBS buffer. The cells are then fixed in PBS containing 4% (v/v)
formaldehyde at 37 ℃ for 15 min. After fixation, the cells are rinsed
three times with PBS buffer and permeabilized in PBS containing 0.2%
(v/v) Triton X-100 at 37℃ for 10 min. After permeabilization, the cells
are rinsed 3 times with PBS buffer and labeled with AOyne for 30 min
before conjugation with the Cy5 dye.

2.4. Capture of LDEs modified proteins using aminooxy-alkyne

Cell pallets are lysed by sonication in ice-cold PBS containing 0.1%
(v/v) Triton X-100, centrifuged at 100,000g for 30 min to remove cell
debris, and protein concentrations are determined by BCA protein assay
(Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific). Proteomes
are normalized to 2 mg/mL, incubated with 100 μM HNE and labeled
by 5 mM AOyne at pH 5.0 for 30 min (optimized conditions).
Proteomes labeled by AOyne are precipitated with methanol/chloro-
form(v/v=4:1) and resuspended in 1.2% (w/v) SDS/PBS.

Fig. 2. Optimization of AOyne for proteomic labeling and imaging. (A) AOyne shows much stronger labeling in proteomes than HZyne. (B) Optimization of pH for AOyne labeling. (C)
Optimization of probe concentration for AOyne labeling. (D) Optimization of time for AOyne labeling. (E) AOyne is able to label HNE modifications in cell lysates in a dose-dependent
manner. (F) AOyne is able to monitor HNE modification in living cells by fluorescence imaging. In A-E, the representative images of in-gel fluorescence (Fluo) and coomassie blue staining
(CBB) are shown on the left side and the quantification of fluorescence intensity averaged from multiple replicates are shown on the right.
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2.5. RD-ABPP

HNE treated proteomes or DMSO treated proteomes are separately
labeled by AOyne as mentioned in Section 2.4. Click chemistry is
performed in 1.2% SDS/PBS in 1 mL volume. The sample is added with
a premix of 1 mM CuSO4, 100 μM TBTA ligand and 100 μM biotin-
(PEG)2-N3 tag and then added with 1 mM TCEP to reduce the Cu2+ and
trigger this reaction. After incubation at room temperature for 1 h, the
proteome are precipitated again with methanol/chloroform and resus-
pended in 1.2% SDS/PBS. The proteomes are boiled at 90 ℃ for 5 min
and after centrifugation at 1400g for 1 min at room temperature, the
supernatant is diluted to 0.2% SDS/PBS and subjected to streptavidin
enrichment. The enriched proteins are digested by trypsin on-bead in
100 mM TEAB buffer and subjected to reductive dimethylation labeling
[22]. Briefly, 4 μL (per 100 μL of sample) of 4% (w/w) light or heavy
formaldehyde is added to HNE treated proteomes or DMSO treated
proteomes, respectively. At the same time, 4 μL (per 100 μL of sample)
of 0.6 M sodium cyanoborohydride is added. After labeling for 1 h at
room temperature, the reaction is sequentially quenched by 1% (w/w)
ammonia (16 μL per 100 μL of sample) and 5% (w/w) formic acid (8 μL
per 100 μL of sample). Finally, heavy and light labeled peptide samples
are mixed, concentrated, separated by the Fast-seq protocol [26], and
analyzed on a Q Exactive mass spectrometer (Thermo Fisher) as
described in Section 2.7.

2.6. TOP-ABPP

HNE treated proteomes are labeled by AOyne as described in

Section 2.4. Click chemistry is performed in 1.2% SDS/PBS and
2 mg/mL in 1 mL volume. The sample is added with a premix of
1 mM CuSO4, 100 μM TBTA ligand and 100 μM biotin-TEV-N3 tag and
then added with 1 mM TCEP to reduce the Cu2+ and trigger this
reaction. After incubation at room temperature for 1 h, the proteome
are precipitated again with methanol/chloroform and resuspended in
1.2% SDS/PBS. The proteomes are boiled at 90℃ for 5 min and after
centrifugation at 1400g for 1 min at room temperature, the supernatant
is diluted to 0.2% SDS/PBS and subjected to streptavidin enrichment
followed by on-bead trypsin digestion. The peptide supernatant is
collected and the beads are further subjected to TEV digestion. Finally,
the supernatant is collected, desalted, and analyzed on a Q Exactive
mass spectrometer (Thermo Fisher) as described in Section 2.7.

2.7. LC-MS/MS and data analysis

The peptides for protein and sites identification are analyzed on a Q
Exactive mass spectrometer (Thermo Fisher). Under the positive-ion
mode, full-scan mass spectra are acquired over the m/z range from 350
to 1800 using the Orbitrap mass analyzer with mass resolution setting
of 70000. MS/MS fragmentation is performed in a data-dependent
mode, of which the 20 most intense ions are selected from each full-
scan mass spectrum for high-energy collision induced dissociation
(HCD) and MS2 analysis. MS2 spectra are acquired with a resolution
setting of 17500 using the Orbitrap analyzer. Some other parameters in
the centroid format: isolation window, 2.0 m/z units; default charge,
2+; normalized collision energy, 28%; maximum IT, 50 ms; dynamic
exclusion, 20.0 s.

Fig. 3. Identification of HNE-modified proteins by reductive dimethylation (RD)-ABPP. (A) Scheme of identifying HNE modified proteins by RD-ABPP using the AOyne probe. (B) Ratio
distribution of a representative RD-ABPP profiling experiment in which ~6000 proteins are quantified and those with a light/heavy (HNE/DMSO) ratio>=4.0 are considered as HNE
modified proteins. (C) A total number of 4177 HNE modified proteins are commonly identified from three replicates of RD-ABPP profiling experiments. (D) The KEGG pathway analysis of
the HNE-modified proteins.
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LC-MS/MS data is analyzed by ProLuCID [27] with static modification
of cysteine (+57.0215 Da) and variable oxidation of methionine
(+15.9949 Da). For RD-ABPP data, the isotopic modifications (28.0313
and 34.0631 Da for light and heavy labeling respectively) are set as variable
modifications on the N-terminal of a peptide and lysines. For TOP-ABPP
data, 578.39042 Da are set as variable modifications on cysteines, histidines
or lysines. The searching results are filtered by DTASelect [28] and peptides
are also restricted to fully tryptic with a defined peptide false positive rate of
1%. The ratios of reductive dimethylation are quantified by the CIMAGE
software as described before [29].

2.8. Validation of C47 and C91 of PRDX6 as sites of HNE modification

HEK293T cell line with transient overexpression of PRDX6 (WT,
C47A, C91A and the double mutant) are grown to 70% confluency in
10 cm dishes. Cells are harvested, lysed in 0.1% Triton X-100, and
centrifuged at 100000g for 30 min to remove cell debris. The concen-
trations of the soluble fraction are determined by BCA protein assay and
normalized to 2 mg/mL. Proteomes are incubated with 100 μM HNE at
room temperature for 1 h and adjusted to pH 5 before AOyne is added
to label for 30 mins. The labeled proteomes are precipitated with

methanol/chloroform and resuspended in 1.2% SDS/PBS. Click chem-
istry with azido-biotin is done as described above, and after a second
precipitation, the proteomes are enriched with streptavidin beads for
3 h. The beads are washed with PBS for 3 times, and eluted with 20 μL
of 5X reducing gel loading buffer at 95℃for 20 min. Samples are
separated on a SDS-PAGE gel and immunoblotted with an anti-His6 tag
antibody.

To confirm the sites of modification by LC-MS/MS, lysates of
HEK293T cells overexpressing PRDX6 are incubated with HNE at room
temperature for 1 h and reduced with 4 mM NaBH4 for1h. FLAG-tagged
PRDX6 are immunoprecipitated by anti-FLAG agarose beads for 2 h at
room temperature and subjected to in gel digestion by trypsin. The
digested peptides are analyzed by LC-MS/MS and a variable modifica-
tion of 158.13068 Da on cysteines is searched using Mascot to identify
the HNE-adducted sites.

3. Results

3.1. Evaluation of probe reactivity using a glutathione (GSH) model

We designed and synthesized the hydrazide-alkyne (HZyne) and

Fig. 4. Identification of the sites of HNE modification by TOP-ABPP. (A) Scheme of identifying the sites of HNE modification by TOP-ABPP using the AOyne probe. (B) Number of
cysteine, histidine and lysine sites identified with HNE modification by TOP-ABPP. (C) The gene ontology (GO) analysis of the molecular functions of proteins that contain these HNE-
modified cysteines. (D) C47 and C91 of PRDX6 are modified by HNE as confirmed by LC-MS/MS. (E) The double mutant of C47A and C91A showed much reduced probe labeling
compared to the wild-type PRDX6.
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aminooxy-alkyne (AOyne) probes (Fig. 1A) based on the routes shown
in Section 2.1. Both warheads have been conjugated with biotin to
capture LDE-modified proteins before [16,18], but it remains challen-
ging to identify sites of LDE labeling. The alkyne group in our probes
can be flexibly conjugated via copper catalyzed click chemistry [30]
with either azido-fluorophore for imaging or with a cleavable azido-
biotin tag for enrichment and identification of LDE modified proteins
and sites. We firstly use a simple GSH model to validate the chemical
reaction between these probes and a representative LDE molecule, HNE
(Fig. 1B). LC-MS confirmed that once the HNE-GSH adduct is formed
via Michael addition, both HZyne and AOyne probes can efficiently
react with the remaining aldehyde group to form the desired final
products as expected (Fig. 1C).

3.2. Optimization of aminooxy-alkyne for proteomic labeling and imaging

We next examine the reactivity of the HZyne and AOyne probes in
detecting LDE modifications at the proteomic level. The HNE-treated
lysates of HEK293T were labeled with 5 mM of each probe and
conjugated with azido-fluorophore by click chemistry. In-gel fluores-
cence showed that AOyne exhibits much higher labeling signals in
proteomes than HZyne (Fig. 2A). The observed difference in reactivity
is consistent with a previous study using biotinylated HZ and AO probes
to label human serum albumins [20]. We therefore proceed to further
optimize the labeling conditions of AOyne including pH, time and probe
concentration. We found the optimal labeling of AOyne at pH 5.0
(Fig. 2B) and 5 mM probe concentration (Fig. 2C). In addition, the
labeling is fast, already reaching its maximum after 30 min (Fig. 2D).
With these optimized labeling conditions, we showed that AOyne is
able to monitor HNE-modifications in a dose-dependent manner in both
cell lysates (Fig. 2E) and living cells (Fig. 2F).

3.3. Identification of HNE-modified proteins by RD-ABPP using aminooxy-
alkyne

We next used the AOyne probe in a quantitative RD-ABPP platform
[31] that combines reductive dimethylation [21,22] labeling with ABPP
[32,33] to enrich and identify HNE modified proteins (Fig. 3A). Two
aliquots of HEK293T proteomes were first treated with either 100 μM of
HNE or DMSO, respectively. The “experiment” (HNE-treated) and
“control” (DMSO-treated) proteomes are independently labeled by with
AOyne, conjugated with azido-biotin, enriched by streptavidin beads
and digested with trypsin. After reductive dimethylation labeling, the
heavy (“control”) and light (“experiment”) peptides are combined and
subjected to LC-MS/MS analysis. We chose a light/heavy ratio of 4.0 as
the enrichment cutoff (Fig. 3B), and collectively identified>5000 HNE
modified proteins from each of the three replicates of experiments
which have 4177 proteins in common (Fig. 3B and C, Supplementary
Table 1). We performed the KEGG pathway analysis of these HNE-
modified proteins and found that ubiquitin mediated proteolysis, RNA
transport, and cell cycle are the three most enriched functional path-
ways (Fig. 3D).

3.4. Identification of HNE-modified sites by TOP-ABPP using aminooxy-
alkyne

One of the major advantages of the AOyne probe is to, in
combination with a cleavable azido-biotin tag, allow identification of
sites of LDE modifications in proteomes. To demonstrate this utility, we
employed AOyne in a TOP-ABPP strategy [23] in which a special azido-
biotin tag with a TEV protease cleavable linker was used for conjuga-
tion with the AOyne labeled proteins. After enrichment by streptavidin
and on-bead trypsin digestion, the HNE modified peptides are released
from the beads by an orthogonal round of TEV digestion and then
subjected to LC-MS/MS analysis (Fig. 4A). Using this method, we
identified a total number of 398 HNE modified sites including 342

cysteines, 27 histidines and 29 lysines (Fig. 4B, Supplementary
Table 2). We performed the gene ontology (GO) analysis of the proteins
containing these HNE-modified cysteines and found that the “peroxir-
edoxin activity” was highly enriched in the category of GO molecular
function (Fig. 4C). Peroxiredoxins (PRDXs) are a family of antioxidant
enzymes that catalyze the removal of hydroperoxides and maintain
redox balance in cells [34]. In human genome, the PRDX family consists
of 6 members (PRDX 1–6) and four of them (PRDX 1, 2, 3 and 6) were
identified in our profiling data with HNE-modified cysteines. Among
these four peroxiredoxins, PRDX6 is unique because it has only one
cysteine (Cys47) involved in catalysis (the so-called “1-Cys” peroxir-
edoxin). This protein was previously found to be adducted with HNE in
the livers of rat chronically fed an ethanol-containing diet and its
peroxiredoxin activity was inhibited upon HNE adduction in vitro [35].
However, the authors observed the modification only on the non-
catalytic cysteine, Cys91, and therefore proposed based on molecular
modeling that the adduction on Cys91 caused a change in the protein
active site conformation. Our TOP-ABPP profiling identified both the
catalytic Cys47 and non-catalytic Cys91 as the sites of HNE modifica-
tion in PRDX6 and to further confirm these results, we overexpressed
PRDX6 in HEK293T cells for biochemical verification. We treated the
cell lysates with 100 μM HNE and immunoprecipitated PRDX6 for
trypsin digestion. LC-MS/MS analysis of the digested peptides unam-
biguously mapped the sites of modification as Cys47 and Cys91
(Fig. 4D). We also immunoprecipitated the C47A and C91A mutants
of PRDX6 and found that the labeling by AOyne is much reduced only
in the double mutant but not in either of the single mutants (Fig. 4E).
This data confirmed our profiling results that both Cys47 and Cys91 are
modified by HNE and it provided additional evidence for explaining the
partial loss of PRDX6 activity upon HNE treatment [35].

4. Discussion

In this study we reported a novel chemoproteomic method to profile
LDE-modified proteins and residue sites in native proteomes. Using an
aminooxy-alkyne probe that can specifically capture the aldehyde
group on the Michael adducts, we successfully identified> 4000
HNE-modified proteins and ~400 residue sites in proteomes of
HEK293T cells. We demonstrated the alkyne-functionalized probe can
be conjugated with an azido reporter group of choice, maintaining its
full flexibility and compatibility for versatile applications including cell
imaging and ABPP-based quantitative chemical proteomics [33].

Both hydrazide and aminooxy warheads have been installed onto
the so-called “aldehyde-reactive probe” (ARP) [36,37] to capture LDE-
modified proteins, and literature survey indicated that hydrazide is so
far a more popular choice. Our comparison showed that AOyne has
much better labeling efficiency in HNE-treated proteomes than HZyne
and it is possible that the extra step of reduction to stabilize the
hydrazone adduct needs to be further optimized if a similar labeling
efficiency is achieved for the HZyne probe. Along this direction,
exploration of new chemistry to develop novel ARP warheads with
improved labeling efficiency and adduct stabilization is well warranted.

Our list of HNE-modified residues includes a large portion of
cysteines, which is consistent with another chemoproteomic profiling
study in which a surrogate HNE-akyne probe was used [12]. The results
are also supported by previous theoretical studies, which concluded
that HNE reacts nucleophilic residues in the following order: Cys> >
His> Lys [38]. It is worth noting that, while our manuscript is in
preparation, Lu and coworkers published their work of identifying
HNE-modified sites in MCF7 cell lysates using an aminooxy probe with
fluorous derivatization and found majority of them are histidines [39].
The striking difference on the amino acid preferences could be
attributed to different cell lines used (HEK293T vs. MCF7), different
labeling conditions (25 ℃, 1 h vs. 37℃, 4 h) or different enrichment
strategies (biotin-avidin vs. fluorous tag-fluorous solid phase extrac-
tion). Nevertheless, both studies confirmed that the aminooxy group is
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an effective and reliable warhead to capture LDE modifications in
native proteomes and chemical proteomics have been proven as
powerful strategies to globally identify and quantify events of LDE
modifications in cells, which will contribute to our understanding of
oxidative stress-mediated damage and signaling.
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