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Abstract
Cardiovascular diseases (CVDs) remain the number one killer around the world, representing a
huge unmet need in innovative therapies. Platelet activation and their interaction with monocytes
are critical in the development of CVDs, particularly atherosclerosis. Activated platelets release
the contents of their granules, commonly called “platelet releasate”, and recruit monocytes to
damaged endothelium. However, the molecular mechanisms of the redox regulation in
monocytes in response to platelet releasate are not fully understood. To extend our knowledge in
this area, the modified biotin switch assays were developed and applied to an atherosclerotic
model in sequential experiments, i.e. the quantification of reversible cysteine oxidations and
sulfenic acid modification. We found that monocytes treated with platelet releasate activated
NADPH oxidase (NOX) to produce reactive oxygen species (ROS) and resulted in cysteine
oxidations. The proteome of reversible cysteine oxidations was analyzed in the atherosclerotic
model using the modified biotin switch assay, and several biological processes were identified
including glycolysis, cytoskeleton arrangement, and redox regulation. To better understand redox
regulation in monocytes, the proteome of the sulfenic acid modification, a subtype of reversible
cysteine oxidations, was obtained in the same model. Bioinformatics analysis of the proteome of
sulfenic acid modification highlighted the biological process of monocyte transendothelial
migration, which included integrin β2. Flow cytometry confirmed the activation of LFA-1 (αLβ2),
a subfamily of integrin β2 complex, on human primary monocytes following platelet releasate
treatment, which was mediated by the NOX-derived ROS. Furthermore, dyslipidemia is closely
associated with hyperactivity of platelets in atherosclerosis and the generation of biologically
active oxidized phospholipids including oxidized phosphatidylcholine (oxPC). Through our
studies, we found a previous unknown inhibitory effect of oxPC species on platelet activation via
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soluble guanylyl cyclase (sGC)– cyclic guanosine monophosphate (cGMP) pathway. In
summary, the versatile modified biotin switch assay provides an approach for the quantification
of reversible cysteine oxidation in biological systems. The application of this assay has extended
our understanding of redox regulation in platelet-monocyte interaction and platelet function in
atherosclerosis. The better understanding of redox regulation in atherosclerosis has the potential
to advance the design of more targeted antioxidant therapies for CVDs.
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Total Reversible Cysteine Oxidation in an Atherosclerosis Model Using a Modified Biotin
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Chapter 1: Introduction
1.1

Atherosclerosis

Cardiovascular diseases (CVDs) are the major cause of mortality worldwide, accounting for 17.5
million deaths or 31% of all deaths in 2012 (1). One repetitive cause of CVDs is atherosclerosis,
which is developed through the formation of atherosclerotic plaques. The build-up of plaques
over time causes hardening and narrowing of elastic arteries, which limits oxygen and nutrients
in downstream tissue (2). The sudden rupture of atherosclerotic plaque activates platelets to form
thrombus. The formation of thrombus and subsequent arterial occlusion in the heart (heart attack)
or brain (stroke) are particularly devastating, as they lead to permanent tissue damage in vital
organs (3). The plaque of atherosclerosis may be present throughout a person’s lifetime, with the
earliest type of lesion known as fatty streak. A fatty streak is a purely inflammatory lesion only
with monocyte-derived macrophages and T lymphocytes, and has been found in infants and
young children (4). It is still unclear how a plaque begins to form and its molecular mechanism
driving disease progression. Thus, a better understanding of the basic pathophysiologic
mechanism of atherosclerosis is crucial to provide the early prognosis and better therapies for
preventing and curing CVDs.

1.1.1

The development of the atherosclerotic plaque

Healthy endothelium is critical to maintain the vascular tone in blood vessels (5). However, a
wide variety of risk factors such as physical or chemical forces and infection can damage
endothelial cells (endothelial dysfunction). Of the identified risk factors, oxidized low-density
lipoprotein (oxLDL) from cholesterol in plasma is regarded as a principal cause (6). Endothelial
dysfunction in turn leads to the increase of endothelial permeability to oxLDL and other plasma
1

constituents, up-regulation of adhesion molecules, and the release of chemotactic factors (7). The
expression of adhesion molecules and the secretion of chemotactic factors facilitate tethering,
adhesion, and transendothelial migration of leukocytes, particularly monocytes (a leukocyte
subset), into the underlying tunica intima (8). Subsequently, monocytes differentiate into
macrophages, which become foam cells upon ingestion of accumulated oxLDL. The
accumulation of foam cells and T lymphocytes initiates the formation of the fatty streak. The
fatty streaks progress to intermediate and advanced plaques through the continuing influx of
monocytes, vascular smooth muscle cells (VSMC), and lipids (Figure 1-1) (9, 10).

1.1.2

Platelet-monocyte interaction in atherosclerosis

The rupture of vulnerable large plaque exposes coagulation factors, extracellular matrix, and its
lipid content, which trigger platelet activation (3). Activated platelets can interact with
monocytes to form platelet-monocyte aggregate (PMA). Circulating PMAs in blood have been
found to be an early marker for acute cardiovascular events, i.e. acute myocardial infarction (11),
stroke (12), and acute coronary syndromes (13). The PMAs are mainly mediated through the
interaction between P-selectin on the surface of activated platelets and P-selectin glycoprotein
ligand (PSGL-1) on monocytes (14). The formation of PMA triggers the production of reactive
oxygen species (ROS), activation of the GTPase Ras, and phosphorylation of various
cytoplasmic proteins in monocytes (15). This series of events lead to the up-regulation and
activation of integrin β1 and β2, and the secretion of various bioactive molecules from monocytes
(16). The PMA formation also increases the adhesion of monocytes to endothelial cells, and
subsequent transmigration of monocytes across the endothelial layer (Figure 1-1) (17, 18). In
addition to direct binding to monocytes, platelets release soluble factors, proteins, i.e. RANTES
2

and platelet factor (PF4), and microparticles that increase adhesion of monocytes to endothelial
cells (19).
Platelet!
oxLDL!

Blood Stream!
Activated
Platelet!

Plaque Rupture!

Monocyte!
Activation!

Migration!
Endothelial Cell!

Adhesion!

Differentiation!

Intake of oxLDL!
Macrophage!
Foam Cell!
Vascular Smooth Muscle Cell!

Figure 1-1. The development of an atherosclerotic plaque in vascular system. Endothelial dysfunction leads to
the increase of endothelial permeability to oxidized low-density lipoprotein (oxLDL), and recruits monocytes into
the adjacent tissue. The infiltrated monocytes then differentiate into macrophages. Macrophages as well as vascular
smooth muscle cells take in oxLDL and become foam cells. The accumulation of foam cells results in the formation
of fatty streak, and then the development of a plaque. The rupture of vulnerable plaque triggers platelet activation
and aggregation by exposing coagulation factors, extracellular matrix, and its lipid content. Activated platelets
interact with monocytes to promote the adhesion of monocytes on endothelial cells. Adapted from a grant figure
made by Jiqing Huang with permission.
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1.1.3

Platelets

Platelets are key components in the hemostatic system, which is crucial to maintain blood flow
under physiological conditions, and react to vascular injury in a rapid manner. Platelets are
fragments of megakaryocytes, which contain cytoplasm, membranes, and mitochondria. They are
the smallest corpuscular components of human blood (2 to 5 µm in diameter), have no nucleus,
and their physiological concentration varies from 200 × 109/L to 400 × 109/L. Resting platelets
have a smooth discoid shape, and circulate passively in the blood for 10 days before being
removed by spleen macrophages (20). The major secretory organelles within platelets are αgranules, dense granules, and lysosomes. The numerous α-granules contain many proteins,
including fibrinogen, vWF, PF4, and albumin (21). Dense granules, which are easily recognized
by their dense core surrounded by a clear halo, store and secrete small molecules, including
serotonin, ADP, adenosine triphosphate (ATP), and divalent cations such as Mg2+ and Ca2+ (22).
Lysosomes contain acid hydrolases (23).

At the site of endothelial injury, platelets adhere to the exposed sub-endothelial matrix. The
initial adhesion of platelets is mainly mediated by interactions of glycoprotein (GP) complex IbIX-V on platelets with vWF on endothelium (24), and GPVI on platelets with collagen in the
extracellular matrix (25). Once adhered, platelets undergo a shape change to a spherical form and
become activated. In activated platelets, granules migrate to and fuse with the platelet membrane
to release their contents, e.g. ADP and ATP, or molecules synthesized by activated platelets like
thromboxane A2 (TxA2) (26). These secondary agonists recruit circulating platelets and further
activate them to form aggregates. The platelet aggregation is formed by the activation of the
platelet specific integrin αIIbβ3 from a low affinity state to a high affinity state (27), which then
4

binds to its primary ligand fibrinogen to form bridges between adjacent platelets. Once a primary
layer of adhesive platelets has covered the exposed endothelial injury, subsequent adhesion will
continue in the form of platelet aggregation.

1.1.3.1

Platelet agonists in hemostasis

A number of agonists can be locally available at the site of endothelial injury, including
thrombin, collagen, TxA2, ADP, and epinephrine. Thrombin, collagen, and TxA2 are considered
strong platelet agonists, as they can cause platelet aggregation, TxA2 synthesis, and granule
secretion. ADP and epinephrine are weak platelet agonists that trigger platelet aggregation
without inducing granule release.

Thrombin is the main serine protease in the coagulation cascade, generated from prothrombin by
coagulation factor Xa and factor Va. As the most potent physiological agonist of platelets,
thrombin causes all the hallmarks of platelet activation, and is able to activate platelets at
concentrations as low as 0.1 nM (28). Thrombin mediates its action through binding to cellsurface G-protein coupled protease-activated receptors (PARs). Four PARs have been identified
so far, and PAR1 and PAR4 are expressed on human platelets, both of which are activated by
cleavage of its extended N-terminus by thrombin (29). The newly formed N-terminus then serves
as a tethered ligand for PAR1 or PAR4 to initiate transmembrane signaling (Figure 1-2) (30).
PAR1 and PAR4 trigger downstream G12/13 and Gq signaling. G12/13 regulates actin cytoskeletal
rearrangement via the activation of small GTPase Rho and Rac, which leads to platelet shape
change and degranulation (31). Activation of Gq leads to strong activation of phospholipase Cβ
(PLCβ), which mediate cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) to 1,4,5-inositol
5

triphosphate (IP3) and diacylglycerol (DAG) (32). These in turn increase concentration of
cytosolic Ca2+, activate protein kinase C (PKC) and integrin αIIbβ3, and stimulate the synthesis of
TxA2. PAR1 is also coupled to Gi, which inhibits adenylyl cyclase (AC) and leads to decreased
level of cyclic adenosine monophosphate (cAMP) (33). The AC-cAMP pathway is one of the
two dominant physiological inhibition pathways in platelets, through which the endothelial
derived platelet antagonist PGI2 signal to inhibit platelet activation.

Collagen is an extracellular matrix protein that is exposed at sites of endothelial damage or
ruptured plaques, and a key initiator of increased platelet adhesion and subsequent activation.
There are two types of receptors on platelet that bind directly to collagen: GPVI, a receptor of the
immunoglobulin superfamily, and integrin α2β1 (34). GPVI is considered to be the main platelet
collagen receptor (35). Firm adhesion of platelets on collagen under high shear pressure requires
prior activation of integrins through “inside-out” signaling generated by GPVI (36). GPVI is
associated with Fc-receptor γ-chain (FcRγ). Activation of GPVI leads to phosphorylation of
immunoreceptor tyrosine-based activation motif (ITAM) in FcRγ by Src kinase. This causes the
activation of Syk kinase, initiates downstream activation of PLCγ, and results in full platelet
activation (Figure 1-2) (37). The activation signal from collagen binding to GPVI is reinforced
by the release of ADP and the generation of TxA2 (25). Integrin α2β1 is an Mg2+-dependent
collagen receptor and involved in the initial rolling of platelets on collagen (38).

ADP is secreted from the dense granules in activated platelets and damaged cells at the injured
vessel wall, and acts as a potentiator of platelet responses to other agonists (39). Adenosine
nucleotides interact with the P2 receptor family, which consists of two distinct classes: P2Y G
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protein-coupled receptors (GPCRs), and P2X ligand-gated ion channels. ADP activates P2Y1 and
P2Y12 (Figure 1-2), while ATP activates P2X1 on human platelets. P2Y1 signals through Gq to
trigger Ca2+ mobilization from internal stores, activates PKC, and leads to platelet shape change
through small GTPase Rac. The P2Y12 receptor is coupled to Gi2, which is responsible for the
activation of phosphoinositide-3 kinase (PI3K), the small GTPase Rap1b, and integrin αIIbβ3 (40,
41). Due to the important contribution of ADP to platelet function through P2Y1 and P2Y12, a
number of pharmacological agents have been developed against ADP receptors and provided
effective antithrombotic therapy (42). Given the ubiquitous expression of P2Y1 receptor on other
cells, most clinical agents are designed to inhibit P2Y12, such as clopidogrel, prasugrel,
ticagrelor, cangrelor, and elinogrel (43).

1.1.3.2

Platelet agonists in atherosclerosis

The sudden rupture of vulnerable atherosclerotic plaque exposes the subendothelium, which
contains collagen, vWF, and tissue factor-derived thrombin. Besides these platelet agonists
relevant to hemostasis, ruptured plaques also release the content in their large necrotic lipid core,
which contains multiple thrombogenic species, including oxidized low-density lipoprotein
(oxLDL), lysophosphatidic acid (LPA), and oxidized phosphatidylcholine (oxPC).

Oxidized low-density lipoprotein (oxLDL) is generated from low-density lipoprotein (LDL) that
is trapped in the tunica intima, and plays an important role in CVDs through their pro-thrombotic
and pro-inflammatory properties. Oxidized LDL behaves as a mild platelet activator, and the
response of platelet to oxLDL seems to be dependent on the degree of LDL oxidation. Below
30% of oxidation, oxLDL primarily sensitizes platelets through p38 mitogen-activated protein
7

kinase (p38MAPK) signaling pathway (44). Increased oxidation of LDL is associated with Ca2+
mobilization and leads to platelet activation. However, part of this effect may be attributed to the
production of LPA, a platelet agonist, during LDL oxidation (45). Moreover, oxLDL binds to the
macrophage scavenger receptor CD36 to activate the c-Jun N-terminal kinase 2 (JNK2) and its
upstream kinase MKK4. The activation of JNK2 leads to assemble of a signaling complex,
which consists of Fyn, Lyn, and Src kinases (46). Highly oxidized LDL was suggested to be an
inhibitor of platelet activation, as it was observed to inhibit thrombin receptor-activating peptide
(TRAP)-induced platelet aggregation (45). Oxidized LDL also plays a role in activating NADPH
oxidase 2 (NOX2) for ROS generation, which rapidly reacts with endothelial-derived nitric oxide
(NO) and desensitizes the inhibitory cGMP signaling pathway (47). The soluble guanylyl cyclase
(sGC) –cyclic guanosine monophosphate (cGMP) pathway is an important inhibitory pathway in
platelets that is initiated by NO.

Lysophosphatidic acid (LPA) is a bioactive lipid accumulating in human atherosclerotic plaque,
and acyl- and alkyl-LPA was identified as the oxLDL component most strongly activating
platelets (48). LPA is enzymatically produced by autotaxin using lysophosphatidylcholine
(lysoPC) as a substrate (49), which is derived from the oxidation of LDL (50). Different forms of
LPA are present in plaques with variance in the types of fatty acid and the linkage to the glycerol
backbone (Scheme 1-1). LPA molecules also differ greatly in their potency for platelet activation
(48), e.g. alkyl-LPA is 20 times stronger compared to acyl-LPA in activating human platelets
(51). However, the signaling mechanisms by which LPA activates platelets and the receptors that
LPA binds to are still under investigation. To date, six LPA receptors are confirmed, LPA1 LPA6 (52-54), and a few others, i.e. GPR87 (55), P2Y10 (56), GPR35 (57), and PPARγ (58),
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require more validation. According to their structures, LPA1, LPA2, and LPA3 are classified into
the endothelial differentiation gene (EDG) subfamily of GPCRs (52); LPA4, LPA5, and LPA6 are
P2Y GPCRs (54). The mRNA of all six LPA receptors has been found in human platelets, with
LPA4 and LPA5 being the most abundant (59) (Figure 1-2). The downstream signaling pathways
mediated by LPA are not very well characterized. It has been suggested that LPA receptors
couple to G12/13 to activate the small GTPase Rho and induce platelet shape change (60). LPA
also act on platelets by activating ADP receptors (48). Moreover, the activation effect of LPA on
human platelets is donor dependent, such that platelets of 20% of healthy donors do not response
to LPA (61). Inhibition of cAMP production partially restores platelet aggregation induced by
LPA, and LPA4 is proposed to regulate inhibitory pathways in human platelets (61). What
exactly causes these differences is currently unknown.

Phosphatidylcholine (PC) is the main phospholipid within low-density lipoprotein (LDL) in all
mammalian cells (40~50%) (62). The oxidations of LDL by multiple pathways give rise to a
family of bioactive oxidized phosphatidylcholine (oxPC), which has been structurally
characterized by mass spectrometry (63). This study identified a class of oxPC comsisting of two
subgroups, four species derived from oxidized 1-palmitoyl-2-arachidonyl-PC (PAPC) and four
species from oxidized 1-palmitoyl-2-linoleoyl-PC (PLPC) (64). These eight oxPC species are
markedly increased in the plasma of patients with low high-density lipoprotein (HDL) (62, 65).
OxPC species have been demonstrated to serve as high-affinity ligands for the CD36 receptor.
The scavenger receptor CD36 on macrophage recognizes oxLDL, and assists foam cell
formation from macrophage through the uptake of oxLDL. For human platelets, some oxPC
species are observed to activate integrin αIIbβ3, increase p-selectin expression, and induce ROS
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production through activation of NOX2 in a CD36-dependent manner (47, 65). However, the
exact mechanism of oxPC on platelet activation and its relevance to CD36 are still not clear,
which requires more systematic analysis.
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Figure 1-2. Schematic view of signaling transductions in platelet activation. Platelet activation is achieved
through different receptors by thrombin (PAR1 and PAR4), collagen (GPVI and α2β1), and ADP (P2Y1 and P2Y12),
and coordinated with components from atherosclerotic plaque, e.g. LPA (LPA1-5), oxLDL, and oxPC (CD36 and
LOX-1). Some of these receptors couple to different G-proteins, whose signaling events downstream in platelets
lead to granule release and platelet aggregation. PLCβ, phospholipase C β; PLCγ, phospholipase γ; PIP2,
phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; IP3, inositol triphosphate; AA, arachidonic acid; TxA2,
thromboxane A2; TxAS, thromboxane synthase; SyK, spleen tyrosine kinase; PKA, protein kinase A; PKC protein
kinase C; PKG protein kinase G; PI3K, phosphoinositide 3-kinase; CalDAG-GEF1, calcium and DAG-regulated
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guanine exchange factor 1; AC, adenylate cyclase; sGC, soluble guanylate cyclase; VASP, vasodilator-stimulated
phosphoprotein; NO nitric oxide; ROS reactive oxygen species; NOX, NADPH oxidase. Adapted from a grant
figure made by Jiqing Huang with permission.
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1.1.4

Monocytes

Monocytes originate from myeloid progenitors in the bone marrow, and circulate in the
peripheral blood for several days without proliferation. Mature monocytes constitute ~5-10% of
peripheral blood leukocytes in humans. During their trip throughout the body, monocytes
scavenge dead cells and toxic molecules, and give rise to a variety of tissue-resident
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macrophages and dendritic cells (DCs). The morphology of mature monocytes is heterogeneous
in size, degrees of granularity, and the shape of nucleus. Differential expression of CD14, a
receptor for lipopolysaccharide, and CD16, also known as FcγRII, divides monocytes into three
subsets: the classical CD14hiCD16- monocytes, which express high level of CD14 and no CD16,
and represent 85% ~95% of the monocytes in healthy individuals; the non-classical
CD14+CD16hi monocytes, which express low level of CD14 and high level of CD16, and have
been suggested to resemble mature tissue macrophages; and the intermediate CD14hiCD16+
monocytes, which express high level of CD14 and low level of CD16 (66, 67). Phenotypic
differences, for example distinct chemokine-receptor expression profiles, are also recognized
between these subsets (68).

Monocytes mediate host antimicrobial defense (69) and play a central role in several
pathophysiological diseases, particularly when the diseases arise from underlying inflammatory
reactions, e.g. atherosclerosis (70). In the processes of hemostasis, infection, or inflammation,
monocytes leave the blood stream and migrate to lymphoid and nonlymphoid tissues (71).
Subsequently, monocytes get activated and differentiate into macrophages or DCs to ingest
apoptotic cells, microbes, and toxic molecules such as oxLDL (72, 73). Meanwhile, activated
monocytes release more than 100 different biological active molecules, such as coagulation
factors, growth factors, cytokines, chemokines, and reactive oxygen species (66, 74).

In the context of atherosclerosis, blood monocytes accumulate at sites of inflammation and enter
atherosclerotic plaque (75). When they encounter fatty deposits in intima and subintima,
monocytes differentiate into macrophages, and take up oxLDL and other lipids through their
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scavenger receptors (76). These monocyte-derived macrophages subsequently become foam cells
in the subintima and develop into fatty streaks. The accumulation and continued infiltration of
monocytes are key to the development of advanced plaque (77).

As a direct relationship among platelet activation, oxLDL accumulation, and CVDs has been
established, current therapies target primarily platelet and oxLDL as treatment options. For
patients at increased risk of acute atherothrombotic events, low-dose aspirin is one of the main
therapeutic interventions as an antiplatelet treatment. Aspirin therapy inhibits TxA2 synthesis via
the enzyme cyclooxygenase-1 (COX-1) in activated platelets to reduce overall platelet
aggregation (78). However, aspirin therapy targets signals shared by atherothrombotic and
hemostatic pathways, and increases the risk of bleeding (79). Statin therapy, which lowers the
oxLDL level, provides an alternative, but the use of statins may be limited by hepatotoxicity,
muscle damage (80), acute renal failure (81), and increased diabetes risk (82). Moreover, the side
effects associated with high doses of statin and their interactions with other drugs may be more
severe in older patients (8.3% of adverse events in adults ≥ 65 years) than middle-aged patients
(7.9% adverse events in adults < 65 years) (83).

Neither aspirin therapy nor statin therapy affects monocyte function, the key contributor to the
development of atherosclerosis. The signaling events induced by platelet-monocyte interactions
open a novel approach for therapeutic treatments of atherosclerosis. In order to fully exploit such
an approach, a thorough understanding of the mechanism of platelet-monocyte interactions and
platelet activation that lead to atherosclerosis is required.

13

1.2
1.2.1

Redox modulation in atherosclerosis
Reactive oxygen species (ROS) - a double-edged sword in cells

The processes of cell respiration are accompanied by the production of free radicals as
byproducts named reactive oxygen/nitrogen species (ROS/RNS). ROS is a collective term,
including hydrogen peroxide (H2O2), superoxide (O2-), and hydroxyl radical (OH); RNS
includes nitric oxide (NO), nitroxyl (HNO), and peroxynitrite (ONOO-). Since the first published
article on ROS in 1954, thousands of studies have been conducted in this area (84).

It is universally acknowledged that oxidative stress, the accumulation of ROS/RNS, is a major
contributor to human aging and diseases such as cancer, diabetes, cardiovascular disease, and
Alzheimer’s disease (85). However, numerous studies also suggest that ROS/RNS at relatively
low concentrations can also promote cell proliferation, act as a protective mechanism and
secondary messengers in physiological processes. For instance, ROS is essential for both innate
and acquired immune defense. Activated monocytes/macrophages present in the local
inflammatory milieu exaggerate ROS production to generate an oxidative burst against the
invading pathogens. Excess ROS continue to be locally produced by the activated
monocytes/macrophages to decrease the activation threshold within the T lymphocytes to initiate
the acquired immune response (86). Besides their involvement in the immune system, ROS/RNS
also participate extensively in regulating vascular tone. Endothelium-derived relaxing factor
nitric oxide (NO) inhibits platelet activation, and induces relaxation of vascular smooth muscle
(87).
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ROS/RNS are also proposed as second messengers (88). For example, ROS/RNS regulate
signaling pathways by affecting transcription factors, e.g. nuclear factor-κB (NF- κB) (89),
activator protein-1 (AP-1) (90), and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (91). In the
meantime, ROS/RNS can oxidatively modify redox-sensitive signaling proteins, such as tumor
protein p53 (p53), protein kinase B (Akt), c-Jun N-terminal kinase (JNK), and p38 mitogenactivated protein kinase (p38MAPK) (92). In ROS/RNS mediated signaling pathways and
oxidative stress, cysteine thiols play a central part, as the thiol groups are well suited as targets of
diverse oxidative modifications. The reversible cysteine oxidations can function as redox
switches and are able to integrate the intracellular changes in redox state to biochemical
processes. Therefore, my emphasis in this thesis is mainly on redox regulations in plateletmonocyte interaction through reversible cysteine oxidation.

1.2.2

Association of atherosclerosis with increased production of ROS

A substantial body of evidence from both research and clinical studies now implicate ROS in
various aspects of atherosclerosis development (Figure 1-3). It has been demonstrated that ROS
is able to inactivate endothelial nitric oxide synthase (eNOS) to decrease the NO level in
endothelium dysfunction. O2- reacts with NO three times faster than with Cu2+/Zn2+-superoxide
dismutase (SOD) (93). The lower level of NO and the consumption of NO by O2- lead to the
increased risk of platelet activation, PMA formation, and a pro-inflammatory state in the
vascular system. Moreover, oxidation of NO by O2- also results in the formation of peroxynitrite,
which in combination with other ROS enhance oxidative stress, and augment the oxidation of
LDL (94). OxLDL contributes to the atherosclerotic plaque formation and progression (95),
produces LPA, oxPC, and other bioactive lipid mediators found in the lipid–rich core of the
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atherosclerotic plaques (96). In addition, ROS also induces the expression of adhesion molecules
such as intercellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 (VCAM1) on endothelial cells, which assist in the recruitment of monocytes and oxLDL deposition in
the intimal layer (97).
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Figure 1-3. Interactions between reactive oxygen species (ROS), platelets, monocytes, and endothelial cells in
the presence of platelet agonists are crucial for atherosclerosis. NADPH oxidase (NOX)-derived ROS are
actively involved in various aspects of plaque development, including activation of platelets and monocytes, and
oxidation of LDL. The role of ROS in platelet activation and monocyte recruitment is the focus of our study.
Adapted from grant application by Jiqing Huang. Adapted with permission.

1.2.3

NADPH oxidase and atherosclerosis

NADPH oxidase (NOX) is a family of membrane associated multicomponent enzymes that
primarily catalyze the generation of superoxide and/or hydrogen peroxide. This property is
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distinct from other oxidoreductases that produce ROS as by-products of their catalytic pathways.
In addition to the originally discovered phagocytic NOX2, six isoforms of NOX2 (NOX1, -3, -4,
-5, and DUOX1, -2) have been described in nonphagocytic cells (98, 99).

Under physiological conditions, the expression levels of NOX1 and NOX2 are low in the
vasculature, but are up-regulated in atherosclerosis (100). The NOX1/4-targeting inhibitor,
streptozotocin (STZ), resulted in an anti-atherosclerotic effect in Apolipoprotein E (ApoE)
knockout (KO) mice (101). Three studies have further supported the role of NOX1 in
atherosclerosis. In the first study, laboratory mice received an atherogenic diet for 18 weeks to
induce lesion formation. NOX1/ApoE double KO mice exhibited decreased lesion area and
macrophage infiltration in comparison with ApoE KO mice (102), while the depletion of NOX4
did not decrease lesion area (103). The second study showed decreased atherosclerotic lesion
formation and cellular surface adhesion factor CD44 expression on vascular smooth muscle cells
(VSMCs) in ApoE KO mice treated with GKTB6901, a NOX specific inhibitor (104). The third
study revealed reduced proliferation and migration response from NOX1-deficient VSMCs,
whereas NOX1 overexpression had the opposite effect (105).

Monocytes are the prototype of a NOX2-expressing phagocyte, which utilizes the NOX2-derived
ROS in antimicrobial defense. The activation of monocytes leads to the activation of NOX2, and
the mechanism of NOX2 activation is summarized in Figure 1-4. In brief, the activation of
monocyte leads to the influx of calcium through receptor-regulated channels and the
mobilization of intracellular calcium (106), which then activate protein kinase C (PKC) (107)
and cytosolic phospholipase A2 (cPLA2) (108). PKCδ phosphorylates p47phox and p67phox
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(117), the two regulatory subunits of NOX2, resulting in their activation and translocation to cell
membrane for the assembly and activation of NOX2. The activation of cPLA2 leads to its
translocation from the cytosol to the membrane, and the production of arachidonic acid (AA),
which is also an essential regulator of NOX2 in monocytes (109). Monocytes/macrophages are
most likely a significant source of NOX2-derived superoxide in atherosclerotic lesions, and
NOX2-derived ROS has been shown to promote atherogenesis through provoking LDL
oxidation (110), monocyte adhesion and proliferation (111-113). Thus, the regulatory pathways
of NOX2 in monocytes are potential therapeutic targets for controlling atherosclerosis.

O2.-!

O2!

Phagosome/ER!

PM!
NOX2!

p22phox!

RAC1/
RAC2!

!!Ca2+!
Release & Influx!

p40phox!

p67phox!

p47phox!

Translocation!
PKCα!
p67phox!

cPLA2!

PKCδ!
p67phox!

p47phox!

Phosphorylation!
p47phox!

AA!
Figure 1-4. The activation mechanism and regulation pathways of NOX2 in monocytes. Activation of NOX2
depends on the binding of its organizer protein (p47phox and Rac), the activator protein (p67phox), and p40phox.
The translocation of p47phox and p67phox from cytosol to membrane for NOX2 activation requires their
phosphorylation by protein kinase Cδ (PKCδ). The increase of intracellular Ca2+ level also induces the activation of
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PKCα and cytosolic phospholipase A2 (cPLA2), which produce arachidonic acid (AA) for NOX2 activation in
monocytes.

Another important contributor to the development of atherosclerosis and atherothrombosis are
platelets. A variety of stimuli activate NOX in platelets, and the NOX-derived ROS in turn
promote platelet activation (47, 114-116). Platelets appear to only express NOX2, based on
Western blots of p47phox, p67phox, p22phox and gp91phox (117-119). However, these findings
do not exclude the presence of other NOX isoforms, since only incomplete suppression of
platelet O2- production was observed with a specific NOX2 inhibitor (120). NOX2-derived O2affects platelet activation by interfering with NO activity (121), cPLA2-dependent arachidonic
acid (AA) release from the membrane (122), and the downstream formation of F2-isoprostane
(123, 124). NOX2-derived O2- also acts as a secondary messenger to elicit the formation of
H2O2, which induces calcium mobilization, AA and TxA2 production, and phospholipase C
(PLC) up-regulation (125). Inhibition of platelet aggregation by NOX2 inhibitors is associated
with down-regulation of integrin αIIbβ3 activation, a central response in platelet aggregation,
indicating that integrin αIIbβ3 may be the receptor through which H2O2 and O2- affect platelets
(126).

The beneficial effects of statin therapy, a common intervention strategy for lowering cholesterol,
have been partially attributed to the indirect inhibition of NOX by statin through Rac
isoprenylation (127). The NOX-derived ROS are, therefore, compelling targets for the
prevention and treatment of atherosclerosis. However, our understanding is limited in the redox
regulation of platelet-monocyte interaction and platelet activation in contact with atherosclerosis.
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Clearly, a systems-level functional analysis involving redox regulation, platelets, and monocytes
would help identify possible pathways to potentially facilitate drug development.

1.3

System biology and the “omics” era

With the first draft of the sequenced human genome introduced in 2000, systems biology, a new
way of exploring human health, became available (128, 129). Systems biology consists of
“omics” techniques and bioinformatics to provide information on the global state of biological
systems (130). “Omics” approaches make it possible to comprehensively analyze DNA
(genomics), mRNA (transcriptomics), proteins (proteomics), and metabolites (metabolomics)
using large-scale, high throughput techniques (131). Bioinformatics focuses on integrating,
interpreting, and translating the information collected through omics approaches into an
understandable format (132).

1.3.1

Mass spectrometry and proteomics

The sequenced human genome reveals which protein sequences are coded. However, the protein
environment is much more complicated than simple sequence information, e.g. post-translational
modifications (PTMs), splicing variants, tertiary structure, formation of complexes and ligand
interactions. These intricate networks determine how biological functions occur, and
understanding of them requires information beyond genome, which forms the basis of
proteomics (133). Proteomics is the study of protein in cells or tissues under certain conditions,
and aims to understand the biological activities that are happening in the complex environment
on the protein level (134). For different fields of “omics” techniques, proteomics has experienced
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novel technical advances in the past decade due to the rapid development of mass spectrometry
(MS).

MS is an analytical technology that characterizes individual molecules by converting them into
gas-phase ions and manipulating them in electric and magnetic fields. Samples are converted to
gas-phase ions by adding or removing charged particles in an ion source. The gas-phase ions are
then separated in a mass analyzer on the basis of their mass-to-charge ratio (m/z). A detector
records the mass spectrum that delineates a statistical representation of the type and abundance
of each ion in a complex mixture.

The two major ionization techniques utilized in mass spectrometry-based proteomics, which
enable MS analysis of intact biological macromolecules, are electrospray ionization (ESI) (135)
and matrix-assisted laser desorption/ionization (MALDI) (136, 137). ESI liberates ions out of a
solution, and is readily coupled online with liquid chromatography for separation before MS
analysis. Hence, ESI is commonly applied to complex peptide/protein samples (138). Distinct
from ESI, MALDI volatizes ions out of a crystalline matrix via a focused laser beam. MALDIMS is, therefore, preferred for the analysis of relatively simple peptide mixtures, and has higher
tolerance of the presence of salts and detergents (139).

Four basic types of mass analyzers are currently used in proteomics research: ion trap, time-offlight (TOF), quadrupole, and Fourier Transform ion cyclotron resonance (FT-ICR). These mass
analyzers are very different in their strengths and weaknesses, and can be used alone, or put
together in sequence as a tandem mass spectrometer (hybrid instrument) to take advantage of the
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beneficial effects of each mass analyzer (140). For instance, LTQ-FTICR consists of a linear ion
trap (LTQ) and a FTICR. A linear ion trap captures ions in a two-dimensional radio frequency
(RF) field. With high sensitivity and fast in peptide sequencing, LTQ is able to study posttranslational modifications (PTMs) but has lower mass accuracy (141). FT-ICR traps ions under
vacuum in a high magnetic field, and acquire mass spectra based on Fourier Transformation of
image current of trapped ions. FT-ICR is able to provide high sensitivity, mass accuracy,
resolution, and dynamic range (142). The combination of LTQ with FTICR allows analysis of
PTMs with ultra-high resolution and sensitivity with sub ppm mass accuracy (143). The principle
of fourier transformation is also applied in Orbitrap MS, but without the use of a static magnetic
field. The recently introduced Orbitrap instrument provides similar accuracy and resolution to
FT-ICR at relatively high speed, and in most cases is coupled with other MS analyzers, such as
LTQ (144). Another example is quadrupole/time-of-flight (QqTOF), where Q refers to a massresolving quadrupole, and q refers to an RF-only quadrupole collision cell. TOF has the
advantages of simplicity, excellent mass accuracy, and comparability with different ion sources
(145).The QqTOF enable high mass accuracy and sensitivity with ESI for high-throughput
proteomic analysis (146).

1.3.2

Peptide sequencing by MS/MS: bottom up proteomics

MS-based proteomics can be categorized into two broad approaches, top-down and bottom-up,
based on the size of the analyte that enter the mass spectrometer. The “top-down” proteomic
analysis provides an effective methodology for analyzing modifications on large peptides and
intact proteins (147). Under rapid development, the mass range of intact proteins analyzed in topdown proteomics has been extended to more than 200 kDa, with more and more intact proteins
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being detected in a single analysis (148). The more widely used “bottom-up” proteomics
analyzes proteolytically digested samples with peptides of 25 amino acids or less (149), and is
the main method utilized in this thesis. The advantages of bottom-up proteomics is the
determination of the peptide amino acid sequence, and the types and sites of post-translational
modification (PTM) via tandem mass spectrometry (MS/MS) (150). Tandem mass spectrometry
is comprised of two mass analyzers connected by a fragmentation cell. The first mass analyzer,
MS1, selects an ion from an ion source. The selected precursor ion then undergoes fragmentation
in the collision cell through several different methods: collision-induced dissociation (CID),
electron capture dissociation (ECD), and electron transfer dissociation (ETD). The resulting
daughter ions are separated in the second mass analyzer, MS2, and the mass spectra are recorded
by a detector. Under CID conditions, the charged peptide precursor ions collide with a target
neutral gas (He, N2, or Ar), and the ion translational energy can partially transfers to the ion
internal energy. The collision results in ion dissociation occurring primarily at the amide bounds
to generate a-, b-, and y- type fragment ions, or losses of small neutral molecules, e.g. water,
ammonia, or other fragments derived from side chains of amino acids. CID can be performed in
two different energy regimes. Low-energy CID is conduced in most instruments, in which the
selected precursor ions undergo multiple collisions with a target gas molecule. In a TOF-TOF
instrument, high-energy CID can be performed using single kilo electron-volts collisions with He
to provide more informative and thus complex tandem mass spectra. CID is currently the most
prevalently applied fragmentation method for proteomic analysis. However, CID is more
effective for small, low-charged peptides and stable modifications, but not for the intact proteins
and peptides with labile PTMs, like phosphorylation (151).
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Complementary to CID, ECD and ETD allow the direct introduction of low energy electrons to
or the transfer of electrons between the gas-phase peptide/protein ions. They primarily lead to the
cleavage of N-C α-bonds to give rise to c- and z-type fragment ions (152). The advantages of
these approaches are the potential application in intact protein ions and PTM characterization.
ECD is preferred when dealing with phosphorylation, N- and O-glycosylation, and sulfation, as it
is able to efficiently break down the peptide backbone while leaving the modification intact
(153). ETD can fragment intact proteins in the top-down strategy, and perform better than CID
on highly-charged peptides (154).

Computational approaches are essential to fully decipher the enormous amount of data generated
by mass spectrometers. To identify a peptide/protein, the theoretical MS data of a peptide/protein
predicted from genomic database in silico is compared with experimental data using search
algorithms. The most widely used databases are Entrez Protein, Reference Sequence (RefSeq),
Swiss-Prot, GPMDB, and International Protein Index (IPI). A number of database search
algorithms have been described in the literature, including SEQUEST (155), MASCOT (156),
ProteinProspector (157), TANDEM (158), and OMSSA (159). These search engines have
scoring functions that measure the degree of similarity between experimental spectra and the
theoretical spectra. The matching score is used to establish false discovery rate (FDR) to
statistically validate the identification result and reduce false positives.

1.3.3

Quantitative proteomics

In a mass spectrometer, the signal intensity of a particular molecule is only a relative
measurement to its quantitation due to the variance in ionization, transmission and detection
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efficiency of different molecules. In order to quantitatively measure a protein/peptide in a
mixture, a lot of effort has been put into the field, and the state-of-the-art methods are reviewed
thoroughly and engagingly elsewhere (160, 161). Despite methods for label-free quantitative
proteomics still being an active area of research, metabolic- and chemical-labeling based
quantitative proteomics are widely applied in human health research to study drug effects,
biomarkers of disease, and pathways involved in disease processes. The core of the majority of
the quantitative proteomic techniques is the differential stable isotope labeling, which generate
chemically identical peptides/proteins but with mass difference to quantify small differences
between two or more states of a biological system.

1.3.3.1

Metabolic incorporation of stable isotopes

Stable isotope labeling by amino acids in cell culture (SILAC) was first introduced in 2002
(162), and by far is the most accurate proteomic quantitation method. In general, cells are grown
in media containing 13C/15N-labeled arginine or lysine, treated with agents, and then mixed with
those untreated cells grown in normal media. Proteins and peptides are extracted from the cell
lysate, and subjected to MS analysis. (163). In MS analysis, the peptides will be separated from a
column, and ionized with identical efficiency. To ensure every digested peptide has at least one
heavy-labeled arginine or lysine, trypsin is the most commonly used protease to digest proteins,
as it specifically cleaves the amine bonds next to the carbonyl group of either an arginine or a
lysine residue. The peak area of the two chemically identical co-eluting peptides can then be
directly compared to obtain their relative abundance (164).
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The accuracy of SILAC is mostly due to the ability to introduce the mass differences of the same
protein at the intact cell level, thus minimizing errors involved in sample preparation (162).
Different forms of isotopically-labeled arginine and/or lysine give rise to as many as eight
conditions to be performed in a single experiment (165). In spite of these strengths, SILAC is
limited to cultured cells, but not comparable to analyze human primary cells that cannot be
cultured in vitro. Although SILAC labeled mice have been successfully developed (166), it is
very expensive and time consuming for most research projects, and still not applicable to human
samples. An alternative method, named super-SILAC, has been explored recently (167). It uses a
mix of multiple SILAC-labeled cells to provide a physical proteome database as an internal
standard to compare with light isotope-labeled human tissue for quantitation.

1.3.3.2

Chemical tagging approaches

Chemical labeling methods quantitate the relative concentration of peptides or proteins through
an isotope-coded mass tags attaching to cysteines, amine groups or carboxylic groups. The first
chemical labeling method isotope-coded affinity tag (ICAT) was introduced in 1999, using a
mass tag containing eight hydrogen or deuterium to label cysteine residue (168). The labeled
peptides were then enriched using avidin chromatography against the biotin moiety in the tag,
and subsequently analyzed by MS. One limitation with ICAT is that it depends on the
modification of cysteine residues, which is a less common amino acid accounting for only 1.42%
of all amino acids in a sample (169). A large number of peptides and even some proteins, which
do not carry cysteine residues, can therefore not be quantitated by ICAT.
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An alternative to ICAT was the isobaric tags for relative and absolute quantitation (iTRAQ) label
developed in 2004 (Applied Biosystems; http://www.appliedbiosystems.com) (170). An iTRAQ
reagent consists of an isotope-coded reporter group, a peptide-reactive group, and an isotopelabeled balancing group to give the same total mass when all three groups are combined. The
isobaric tags are attached to a peptide through the reaction between the peptide-reactive group
and primary amines on lysine side chains or the N-terminal of peptides. Peptides from samples
under different conditions are labeled with different isobaric tags, and mixed together for
MS/MS analysis. During the fragmentation of the labeled peptides in MS/MS analysis, the tags
form a marker ion from the reporter group, each of which will be specific and highly sensitive
for each condition to be compared (171). With eight tags commercially available, iTRAQ is
suitable to analyze the proteome of human cells or tissues that cannot not be cultured.

Another recently introduced chemical labeling technique is the tandem mass tag (TMT) strategy
by Thermo Scientific (172). TMT utilize similar principle of iTRAQ, with up to 10 different
tandem mass tags. A set of six iodoTMT reagents was also developed to label cysteine residues
(173).

The disadvantage associated with chemical tagging approaches is the risk of introducing
systematic errors during sample preparation, as quantitative labeling and the combination of
differential labeled samples occurs late in the workflow.
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1.3.4
1.3.4.1

Post-translational modifications
Post-translational modification - functional modifications on proteins

Post-translational modifications (PTMs), the modifications on proteins after their translation,
profoundly affect various aspects of a protein, including protein structure, solubility, activity,
location in the cells, and binding to interaction partners. Of the twenty amino acids, cysteine is
one of the most susceptible residues for PTMs, such as oxidation and disulfide formation in
protein folding. All the PTMs on cysteine are due to the change of the oxidation state of the thiol
group on the side chain, and reflect the redox state of a cell. The analysis of PTMs on cysteine
therefore allows the understanding of the cellular oxidation state as well as redox regulations.

1.3.4.2

Cysteine oxidation modifications: a major modulator of cell signaling by ROS

Cysteine residues in proteins can be divided in four categories: 1) permanent structural disulfide
bonds which are typically observed in oxidizing environments; 2) thiols that coordinate with
metals, typically Fe, Zn or Cu; 3) those that are maintained in the reduced state; and 4) those that
are susceptible to reversible and irreversible oxidation (174).

The reactivity of cysteine thiol group is determined by protein microenvironments that enable
thiolate formation at neutral pH through reducing its pKa (Figure 1-5). Oxidation of cysteine
thiol group by hydrogen peroxide yields sulfenic acid modification (R-SOH), also known as
sulfenylation, as a reversible, labile moiety with a mass shift of + 16 Da. As the first PTM
generated by oxidation of a thiolate, sulfenic acid can be stabilized within certain protein
microenvironment (175), but is also vulnerable to be further irreversibly oxidized to sulfinic acid
(R-SO2H) and sulfonic acid (R-SO3H) with mass shifts of + 32 and + 48 Da, respectively.
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Sulfenic acid can also react with a neighboring amide nitrogen to form the stabilized cyclic 5membrane ring structure sulfenamide, characterized by a mass shift of 31 Da (176). Besides
ROS, RNS react with cysteine to form S-nitrosylation (R-SNO), which is a chemical
intermediate. Although found in low abundance, S-nitrosylation has been shown to be involved
in a variety of dynamic redox-signaling/regulation events, and implicated in cardioprotection by
several studies (177-179). A leading hypothesis for its protective effect is that reversible Snitrosylation modification protects critical cysteines from subsequent irreversible oxidation (178,
179). Another type of PTM on cysteines is the disulfide derivatives formed with another protein
cysteine (R-S-S-R’, as an intramolecular or intermolecular interaction), or with a small molecular
thiol like glutathione (R-SS-G) or cysteine. The disulfide bond has been initially regarded as a
static structural feature that occurs during protein folding in the oxidizing environment of the
endoplasmic reticulum, and is preserved throughout the lifetime of the protein. Nowadays, more
and more disulfides have been found to be dynamically interchangeable in the cellular redox
environment to alter protein conformation, association, and function (180). The mixed disulfide
bond formed between protein thiol and GSH, termed as S-glutathionylation, has now been
recognized as another potential modulator of redox-sensitive proteins in signal transduction.
Similar to S-nitrosylation, S-glutathionylation has also been proposed to function as a temporary
thiol cap to protect critical cysteines from potentially irreversible oxidative modifications (181).
The branch of proteomics that analyze oxidatively modified proteins, particularly oxidative
modifications of cysteine, is named redox proteomics.
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Figure 1-5. Schematic overview of various oxidative modifications on cysteines. The thiol group on cysteine can
be oxidized into different modifications, which range from protective, reversible modifications: S-nitrosylation (-SNO), sulfenic acid (-S-OH), S-glutathionylation (-S-SG), sulfenamide, disulfide (-S-SP), to detrimental, irreversible
modifications: sulfinic acid (-S-O2H), sulfonic acid (-S-O3H).

1.3.5

Mass spectrometry-based redox proteomics analysis of cysteine oxidation

In order to study the S-nitrosylation, Jaffrey et al introduced the biotin switch method in 2001,
which enabled the enrichment and detection of S-nitrosylation in complex biological samples
(182). Since then, several variations of the biotin switch assay have been developed and
expanded it to other reversible cysteine modifications. By switching the modification of interest
to a biotin moiety, these assays leverage the high affinity between biotin and avidin (Kd = 10-15
M) to enrich the modification (Figure 1-6). For all modified biotin switch assays, the logic of the
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strategy is the same. Briefly, free thiols are blocked with different cysteine alkylation reagents.
Cysteine modifications of interest are then reduced with selected reducing reagents, and labeled
with a thiol-reactive biotin. Once the modified sites are labeled with the stable biotin group, they
can easily be enriched by avidin beads and analyzed by MS to determine their positions in
corresponding proteins (Figure 1-7).
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Figure 1-6. Schematic diagram of the biotin switch method. Different reversible cysteine oxidative modifications
(-S-X) are selectively reduced by their corresponding reducing agents to free thiols (-SH). The newly released free
thiols are then alkylated with biotin agent (-S-Biotin).
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Figure 1-7. General workflow for mass spectrometry-based quantification of reversible cysteine oxidative
modifications. The various options and developments are available for detection, identification, and site mapping of
proteins with reversible cysteine oxidative modifications. Steps in the protocol can be customized depending on the
target modification and goals of the investigation. iTRAQ, isobaric tags for relative and absolute quantitation;
SILAC, stable labeling by amino acids in cell culture; MMTS, S-methyl methanethiosulfonate; NEM, Nethylmaleimide; IAA, iodoacetamide; TCEP, tris(2-carboxyethyl)phosphine;Grx, glutaredoxin; Biotin-HPDP, N-[6(Biotinamido)hexyl]3’-(2’pyridyldithio) propionamide: Biotin-M, N-Biotinoyl-N′-(6-maleimidohexanoyl)hydrazide;
ICAT, isotope coded affinity tag; and cysTMT, cysteine-reactive tandem mass tag.

In order to target sulfenic acid modification, the Eaton group has developed a biotin switch assay
utilizing m-arsenite to selectively reduce the sulfenic acid modification (183). However, this
approach has not been widely adopted due to the uncertainty of arsenite selectivity. Besides
arsenite, a widely applied strategy for identification of sulfenic acid modification uses dimedone
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as a specific targeting reagent (184). Dimedone-based probes take advantage of the highly
selective condensation reaction between sulfenic acid and dimedone (1,3-diketone), therefore,
eliminating blocking and reducing steps (185). Once labeled, the biotin group conjugated with
dimedone, or the azide group with a click reaction to add a biotin group, can be used for
enrichment and detection.

Different from the previous two labile modifications, S-glutathionylation is a relative stable
modification with a unique mass shift of 305 Da, making direct MS analysis possible. However,
even though it is relatively stable, enrichment procedures are still necessary for Sglutathionylation due to its low abundance. Until now, three different enrichment strategies have
been developed. The modified biotin switch assay employs glutaredoxin (Grx) to enzymatically
reduce S-glutathionylation, and make it available for biotin labeling and avidin enrichment and
detection (186). The second way is still based on the biotin-avidin interaction, but applies a
biotin-labeled GSH ester, a cell-permeable ester, to capture S-glutathionylation directly (187).
The third potential option is an antibody-based immuno-assay for S-glutathionylation detection
and enrichment (188). As developed against a GSH epitope, the antibody has only been tested on
an individual protein (189).

Regulatory disulfide identification currently favors site-directed determination of particular Cys
residues. To achieve an unbiased assessment of the disulfide proteome, enrichment techniques
have been widely used. For example, the biotin switch assay can be adapted for disulfide
identification through the reduction of disulfide with tris(2-carboxyethyl)phosphine or
dithiothreitol to release the disulfide-bonded Cys. After reduction, the uncovered cysteine
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residues can be either labeled with biotin and captured by avidin, or directly captured by
activated thiol sepharose (190). Another commercially available approach is to use the ICAT
reagent to quantitatively analyze disulfide formation in response to oxidative stress (191).

In addition to detection and mapping of the sites of different modifications on cysteine residues,
another important aspect of redox proteomics is to measure the extent of a given cysteine
modification, which can be achieved through quantitative proteomic methods such as ICAT,
iTRAQ, and SILAC. All these quantitative proteomic methods can be coupled with various
biotin switch assays. The newly developed cysteine-reactive TMT (iodoTMT) is an alternative
option for quantitation. The iodoTMT has six isotopic versions that release different reporter ions
(126~131 Da) during fragmentation, allowing comparing the extent of modification of each
cysteine across samples (173). The iodoTMT-labeled peptides can be reversibly captured by an
immunoaffinity resin, or combined with biotin switch assay for the enrichment.

ROS is actively involved in the progress of atherosclerosis on many aspects, particularly in
platelet activation and platelet-monocyte interaction through cysteine oxidation. However, the
reversible cysteine oxidation modifications and their effect on cell behaviors are not well
established in platelet-monocyte interaction and platelet activation. A variety of technologies are
now available in redox proteomics, which allow us to develop a versatile proteomic method to
study the redox regulation in these processes.
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1.4

Aims

Based on the current evidence and knowledge, we hypothesize that platelet releasate can induce
the production of ROS and cysteine oxidation in monocytes, and redox regulation is actively
involved in platelet-monocyte interaction and platelet activation. Consequently, there is an
urgent need to develop quantitative redox proteomic tools to analyze redox regulation in
monocytes and platelets in the context of atherosclerosis.

The first aim of this thesis was to establish redox states in monocytes treated with platelet
releasate. To achieve this, we decided to employ flow cytometry to investigate the intracellular
ROS level. To quantify the total reversible cysteine oxidations in monocytes, we chose to
develop a modified biotin switch assay and apply it to an atherosclerotic model (chapter 2).

As our second aim, we wanted to extend our understanding of redox regulation in plateletmonocyte interaction by focusing on an individual cysteine oxiation. To this purpose, we decided
to further modify the biotin switch assay to selectively quantify sulfenic acid modification in
monocytes treated with platelet releasate (chapter 3).

In the third and final aim, we sought to establish the involvement of ROS in platelet function,
and identify the differences of platelet behavior in hemostasis and atherothrombosis. We opted
for the analysis of the effects of different stimuli on platelet activation via ROS production using
platelet functional assays as a prerequisite of future redox proteomics studies (chapter 4).
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Chapter 2: Identification of Total Reversible Cysteine Oxidation in an
Atherosclerosis Model Using a Modified Biotin Switch Assay
2.1

Introduction

According to the World Health Organization, cardiovascular diseases (CVDs) are the leading
cause of death worldwide, accounting for 17.5 million deaths in 2012 and representing 31% of
all global deaths (1). The complication of atherosclerosis, a chronic inflammatory disease, results
in the majority of CVDs (2). Clinical studies have shown that direct binding between activated
platelets and monocytes promotes recruitment of the latter to the inflamed vascular endothelium,
which is critical to the development of atherosclerosis (192, 193). In addition, the degranulation
of activated platelets releases soluble molecules and microparticles, which are termed platelet
releasate (194). Chemokines and cytokines that are present in platelet releasates, e.g., RANTES
or platelet factor 4, have been shown to promote monocyte survival and LDL uptake and induce
monocyte differentiation (195, 196). In contrast to direct binding, which results in the formation
of platelet-monocyte aggregates, the concerted impact of platelet releasates on monocytes
(particularly those induced by platelet agonists in the atherosclerotic environment such as
lysophosphatidic acid (LPA), a bioactive phospholipid) is largely unknown.

Studies have correlated oxidative stress and the consequent oxidative modification of lipids and
proteins in vascular walls with atherosclerosis (197-199). For example, the oxidation of low
density lipoproteins (LDL) by reactive oxygen species (ROS) can generate LPA, which
accumulates at a high concentration in atherosclerotic plaques (200). In redox signaling
pathways, the oxidative modification of proteins is linked to ROS via the sequential reversible or
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irreversible oxidation of cysteine (Cys) (201-203). Upon reaction with ROS, cysteine residues
can be reversibly modified into undergoing S-nitrosylation, S-glutathionylation, and sulfenic acid
or disulfide bond formation (204). These protein modifications have been identified in human
atherosclerotic plaques and implicated in promoting LDL oxidation and lesion formation in vivo
(205, 206). However, the mechanism of the oxidative signaling from activated platelets to
monocytes, especially through platelet releasate, has not yet been well characterized. Thus the
establishment of an assay to monitor the cysteine oxidation within this process becomes
paramount.

For the study of reversible cysteine oxidation (CysOX), several methods have been developed
(204, 207). Among them is the biotin switch method described by Jaffrey and Snyder in 2001,
which has been widely used in mass spectrometry analysis (182). Numerous studies have
employed selective reducing reagents, such as ascorbic acid and arsenite, to identify specific
forms of reversible CysOX, e.g., S-nitrosylation or sulfenic acid (182, 183, 208). However, most
of these studies did not quantify the extent of the cysteine modification. Assessing the reversible
redox states of specific CysOX modifications may not reflect the global cellular redox status of
protein thiols. To address these issues, we modified the biotin switch assay by utilizing tris(2carboxyethyl) phosphine (TCEP) to analyze all reversible forms of CysOX by combining it with
the stable isotope labeling by amino acids in cell culture (SILAC) technique for quantitation
(209).

In this study, the modified biotin switch assay was applied to THP-1 monocytic cells, a model
system used to quantify CysOX change in monocytes that are in contact with platelet releasate.
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THP-1, a human monocytic leukemia cell line, has been successfully used to study monocyte
function and is amenable to SILAC labeling (210). We stimulated platelets from healthy donors
with different stimuli (LPA and thrombin) and collected platelet releasate to use for incubating
THP-1 cells. Through applying the modified biotin switch assay, we were able to quantify the
reversible CysOX in THP-1 cells upon platelet releasate stimulation. In addition, the intercellular
ROS level was also monitored in THP-1 cells and human primary monocytes in response to
platelet releasate.

2.2
2.2.1

Methods
Chemicals and reagents

N-Ethylmaleimide

(NEM),

dichlorodihydrofluorescein

DL

-dithiothreitol

diacetate

(DTT),

(H2DCFDA),

iodoacetamide
thrombin

and

(IAA),

2',

7’-

4-(2-aminoethyl)-

benzenesulfonyl fluoride hydrochloride (AEBSF) from human plasma, α-glycerophosphate
dehydrogenase, DL-glyceraldehyde 3-phosphate, β-NAD, and NADH were obtained from Sigma
(ON, Canada); EZ-Link Biotin-HPDP, NeutrAvidin agarose resins, and TCEP•HCl from Pierce,
diphenyleneiodonium chloride (DPI) from Cayman Chemical, 2-acetylphenothiazine (ML171)
from Tocris bioscience (ON, Canada), alkyl-LPA (16:0) from Avanti Polar Lipids (AL, USA),
and sequencing grade modified trypsin from Promega (WI, USA).

2.2.2

Cell culture

Human THP-1 monocytic cells (American Type Culture Collection, MD, USA) were cultured in
RPMI-1640 medium (Gibco, Life Technologies, Canada) supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were maintained at 37°C in 5% CO2 and 95% humidity. For all
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experiments, only cells less than two months old were used. The SILAC labeling was performed
as described previously (209). Briefly, lysine- and arginine-free RPMI medium (Caisson Labs,
UT, USA) was supplemented with 2 mM

L

-glutamine, 10% dialyzed FBS (Invitrogen

Corporation, CA, USA), 1% penicillin/streptomycin, heavy isotope Lys4 (L-[2H4]lysine), Arg6
(L-[13C6]arginine), or light isotope (the normal lysine and arginine) (Cambridge Isotope Labs,
MA, USA). Heavy isotopes were incorporated into THP-1 cells for two weeks before use.
During incorporation, the THP-1 cells were maintained at 0.5 × 106 /mL of medium, which was
changed every two to three days.

2.2.3

Ethics statement of blood donation and platelet releasate preparation

Ethical approval for the platelet and primary monocyte isolation from healthy volunteers was
granted by the University of British Columbia Research Ethics Board (certificate number H1200757). Platelets were isolated as described previously (211). Briefly, platelet-rich plasma (PRP)
was isolated from whole blood that was anticoagulated with 15% acid citrate dextrose (ACD)
following centrifugation at 150 relative centrifugal force (rcf) for 15 minutes at room
temperature. The PRP was then centrifuged at 720 rcf for 10 minutes with half volume ACD
buffer supplemented. Finally, pelleted platelets were washed twice in CGSA buffer (10 mM
trisodium citrate, 30 mM dextrose, 1 U/mL apyrase) by centrifugation at 720 rcf for 10 minutes
and suspended at physiological concentration (200 – 350 × 109 /L) in RPMI medium. Platelet
numbers were determined by counting with a hemocytometer.

After isolation, platelets were allowed to rest for 30 minutes then activated with either LPA (20
µM) or thrombin (1 U/mL) for 10 minutes at 37 °C(48). The platelets were then separated from
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releasate by centrifugation (750 rcf at 4 °C). The supernatant was subjected to centrifugation
again and the resulting supernatant was collected as platelet releasates.

2.2.4

Primary monocyte isolation and labeling

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density
gradient centrifugation over Ficoll-Paque (GE Healthcare, Canada) according to the
manufacturer’s protocol. Cells were then washed in HBSS (Gibco, Life Technologies, Canada)
and resuspended in RoboSep® buffer (StemCell Technologies, Canada) at a density of 1 ×
107/mL. Human primary monocytes were isolated from PBMCs by negative selection using the
EasySepTM Human Monocyte Enrichment Kit without CD16 depletion (StemCell Technologies,
Canada) according to the manufacturer’s instructions. After being washed with RoboSep®
buffer, the monocytes were resuspended in RPMI1640 at a density of 5 × 105/mL, labeled with
Pacific blue antihuman CD14 and APC antihuman CD16 antibodies, and subjected to platelet
releasate treatments.

2.2.5

Fluorescence-activated cell sorting (FACS) analysis

For the FACS method development, THP-1 cells were incubated with 100 µM / 1 mM H2O2 for
one or six hours. For the FACS method application, THP-1 cells or primary monocytes
(CD14+/CD16+) were treated with 10 µM alkyl-LPA (LPA), 0.5 U/mL thrombin or releasate
from LPA (LPA-PR) / thrombin (Thr-PR) for 1, 6 or 24 h. After incubation, THP-1 cells were
washed twice with cold PBS and then treated with 1 µM 2', 7’-dichlorodihydrofluorescein
diacetate for 20 minutes (212). The mean fluorescence intensity of the intracellular ROS level
was quantified on a BD LSR II flow cytometer (BDTM Bioscience, Canada).
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For NOX inhibitor experiments, the THP-1 cells or primary monocytes (CD14+/CD16+) were
treated with 10 µM DPI, 10 µM ML171 or 10 µM AEBSF for one hour to block NOX; DMSO
was used as vehicle control. After incubation, the cells were washed with PBS to remove
inhibitors or DMSO and then treated with platelet releasate for six hours. Finally, the
intracellular ROS level in the THP-1 cells or monocytes were measured by FACS as described
above.

2.2.6

Modified biotin switch assay

We developed a method to quantify CysOX by combining SILAC with a modified biotin switch
assay. After two weeks of incorporation in cell culture with SILAC medium, heavy-isotopelabeled THP-1 cells were treated with either 100 µM H2O2 or platelet releasate from LPA or
thrombin for six hours and light-isotope-labeled THP-1 cells were used as control. The heavyand light-SILAC-labeled THP-1 cells were then mixed in a 1:1 ratio and lysed with RIPA buffer
(25 mM TrisHCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS)
in the presence of protease inhibitors.

On the basis of the original protocols (182), we modified the biotin switch assay as follows. In a
first step starting with 2 mg protein, free thiols were blocked with NEM (12 mM) for one hour,
and the extra NEM was reacted with excess L-cysteine (48 mM) for one hour. Following that all
the reversible cysteine oxidations (including disulfide, S-nitrosothiols, and sulfenic acid) were
reduced with TCEP (3 mM), and the extra reducing reagent was removed by methanolchloroform precipitation. The precipitated protein pellet was then dissolved in 8 M urea and the
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newly released free thiols were labeled with biotin-HPDP (1.2 mM), followed by another
methanol chloroform precipitation to remove excess biotin-HPDP. Urea (8 M) was used to
dissolve the protein pellet and diluted to less than 1 M before undergoing trypsin digestion
overnight at 37 °C. After digestion, the peptide mixture was first incubated with sepharose 6B
beads for one hour and then NeutrAvidin agarose resins (1 mL) for 1.5 h. The NeutrAvidinbound peptides were then eluted with DTT (10 mM) and alkylated with IAA (31 mM). The
purified Cys-containing peptides were fractionated by anion exchange tip (213) into six fractions
and then desalted with a solid phase extraction on C18 stage tips (214). Purified peptides were
analyzed using a linear ion trap – FT-ICR cell (LTQ-FT, Thermo Fisher Scientific, USA) mass
spectrometer, online coupled to an Agilent 1100 Series nanoflow HPLC using a nanospray
ionization source (Proxeon Biosystems) and holding columns packed into 15 cm long, 75 µm ID
fused silica emitters (8 µm diameter opening, pulled on a P-2000 laser puller from Sutter
Instruments) using 3 µm diameter Reprosil-Pur C-18-AQ beads (Dr. Maisch, Germany,
www.Dr-Maisch.com). Buffer A consisted of 0.5% aqueous acetic acid, and buffer B consisted
of 0.5% acetic acid and 80% acetonitrile in water. Gradients were run from 6 to 30% B over 75
minutes (with a flow rate of 0.2 µL/minute), then from 30 to 80% B in the next 20 minutes, held
at 80% B for 8 minutes (while increasing the flow rate from 0.2 to 0.6 µL/minute), and then
dropped to 6% B to recondition the column. The LTQ-FT was set to acquire a full-range scan at
25000 resolution from 350 to 1500 Th in the FTICR cell, and the scan was followed by the
MS/MS of the top 5 ions in the LTQ (minimum intensity: 500 counts). The mass window for the
precursor ion selection was 1.0, and the normalized collision energy was 35. The selected ions
were then excluded from MS/MS for the next 180 sec. Singly charged ions were excluded.
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For inhibitor experiments, heavy-isotope-labeled THP-1 cells were incubated with DPI, and
light-isotope-labeled THP-1 cells were treated with DMSO as the vehicle control for one hour.
After that, 6-hour incubation with LPA-induced platelet releasate was performed, and the CysOX
containing peptides were enriched by the modified biotin switch assay as described above.

2.2.7

Database Search, quantification and bioinformatics analysis

The identification of peptides from THP-1 cell lysates was performed by searching each MS raw
file against the human Swiss-Prot database (version: May 30th, 2013; 540261 sequences;
191876607 residues) using Mascot Distiller (version 2.4.3.3). The following search criteria were
used: Lys + 4, Arg + 6 in quantitation; homo sapiens (20258 sequences) in taxonomy; trypsin/P
for digestion and cleavage specificity with up to two missed cleavage sites; no fixed
modifications; variable modifications of carbamidomethyl, NEM-modified cysteines, and
oxidized methionines; ± 20 ppm peptide tolerance; ± 0.6 Da MS/MS tolerance; ESI-TRAP as
instrument type. For peptide scoring, the significance threshold was 0.01. The cutoff score that
we used for peptide identification was > 23 (p < 0.05). The quantification of peptides in Mascot
Distiller was performed with the following parameters: the extracted ion chromatogram (XIC)
threshold was set to 0.1, XIC smooth to 3, and maximum XIC width to 250. The correlation
score, a quantification quality parameter, was set to 0.7. The median of the heavy/light isotope
ratio (H/L) of the peptide in the data set was used as the normalization factor. The percentage of
CysOX was calculated using H/L in an equation: percent of CysOX = 1 – [1/ (H/L)]*100%. The
quantified proteins were clustered by cellular component and biological function on the basis of
DAVID Functional Annotation, version 6.7 (215, 216). The mass spectrometry proteomics data
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have been deposited to the ProteomeXchange Consortium (217) via the PRIDE partner
repository using the data set identifier PXD001802 and 10.6019/PXD001802.

2.2.8

Enzyme activity assay of glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

triose phosphate isomerase (TPI) and α-Enolase
GAPDH activity was measured as described previously (218). After incubation with or without
NOX inhibitors followed by a 6-hour platelet releasate treatment, the THP-1 cell pellet was lysed
in RIPA buffer in the presence of a protease inhibitor. The protein concentrations of cell lysates
were determined by BCA assay. For the GAPDH enzyme activity assay, the cell lysate
containing 30 µg cellular protein was mixed with a reaction buffer containing 13 mM sodium
pyrophosphate, 26 mM sodium arsenate, 10 mM DTT, 750 µM β-NAD and 2.5 mM

D, L

-

glyceraldehyde-3-phosphate (pH 7.0). Absorbance at 340 nm was recorded at 10 sec intervals for
5 minutes. Enzyme activity was determined by the molar absorption coefficient of NADH and
then normalized to vehicle control.

TPI activity was measured for the same batch of samples used in the GAPDH activity assay
using a protocol that described in a previous study (219). Briefly, assays were carried out in 100
µL of 0.1 M triethanolamine buffer, pH 7.4, containing 10 mM EDTA, 0.05% BSA, 0.2 mM
NADH, 50 U/mL α-glycerophosphate dehydrogenase, and 1 mM

D, L

-glyceraldehyde 3-

phosphate. The reaction was started by the addition of 30 µg of cellular protein. The TPI activity
was determined on the basis of the reduction in absorbance at 340 nm due to the NADH
consumption.

44

The α-enolase activity was determined by measuring the conversion of NADH to NAD as
described elsewhere (220) with some modification. The enzymatic reaction was performed at 37
°C in 100 mM HEPES buffer (pH 7.0) containing 5.0 mM MgSO4, 0.2 mM NADH, 0.25 mM 2phosphoglycerate (2-PGE), 1.2 mM ADP, 15 U/mL lactate dehydrogenase and 5 U/mL pyruvate
kinase in a final volume of 100 µL. The reaction was started by adding 30 µg cellular protein.
The α-enolase activity was again determined on the basis of the conversion of NADH to NAD
and the resulting drop in absorbance at 340 nm.

2.3
2.3.1

Results
Adaptation of the biotin switch assay to quantify CysOX

Among different reactive oxygen species (ROS), H2O2 is one of the most important signaling
molecules. For method validation, we used H2O2 to treat THP-1 cells to mimic oxidative stress.
Before applying the proteomic assay, we used FACS-based experiments to screen H2O2
treatment conditions. The FACS results showed that the intracellular ROS levels significantly
increased after H2O2 treatment for both one hour (p<0.1) and six hours (p<0.01) and six-hour
incubation induced more ROS production than an incubation of one hour. With six-hour
incubation, 100 µM and 1 mM H2O2 had similar effects on ROS production (Appendix A.1).
Taking into account the FACS results and the toxicity of H2O2 (221), a 6-hour incubation with
100 µM H2O2 was chosen for the subsequent proteomics study.

The modified biotin switch assay was then applied to THP-1 cells treated with 100 µM H2O2 for
six hours. We were able to quantify 1506 peptides on average in three biological replicates. The
average percentage of Cys-containing peptides out of all enriched peptides was 40% (Table 2-1).
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There were 599 enriched peptides shared among the three biological replicates, which contained
245 Cys-containing peptides (Figure 2-1).

Table 2-1. Enrichment efficiency of the modified biotin switch assay. THP-1 Cells were first treated with 100
µM H2O2 for six hours, and then enriched with the modified biotin switch assay. After in-solution digestion, mass
spectrometric analysis of three replicates, the corresponding number of peptides, Cys-containing peptides were
extracted from the MaxQuant result file.

Replicate

Total number of peptide

Number of Cys-containing Peptide

1
2
3
Average

1423
1734
1360
1506

613
639
532
595

Figure 2-1. Overlap of three replicates in THP-1 cells. THP-1 Cells were first treated with 100 µM H2O2 for six
hours, and then enriched with the modified biotin switch assay. After in-solution digestion, peptides were identified
using mass spectrometric analysis. The Venn diagrams represent the common (A) peptides, and (B) Cys-containing
peptides among three repeats.

46

2.3.2

ROS level in THP-1 monocytic cells in response to 6-hour platelet releasate

incubation
To determine whether platelet releasate induces ROS production, we incubated THP-1 cells with
platelet releasates collected from platelets stimulated with LPA (20 µM) (LPA-PR) or thrombin
(1 U/mL) (Thr-PR). The ROS levels remarkably increased (p<0.01) in THP-1 cells in response to
both LPA-PR and Thr-PR for one hour. LPA alone (10 µM) doubled the intracellular ROS levels
(p<0.01) compared to those of control, whereas thrombin alone had no effect on ROS
production. For 6-hour incubation, intracellular ROS levels in LPA-PR or Thr-PR-treated THP-1
cells were three times higher than those of control (p<0.001) and were also significantly higher
than those of LPA alone (p<0.01) or thrombin alone (p<0.01). After 24 h incubation, only the
platelet releasates notably increased in intracellular ROS levels in the THP-1 cells (p<0.01)
(Figure 2-2). LPA had previously been shown to significantly increase intracellular ROS
production and DNA synthesis in THP-1 cells (200). Our results indicated that LPA-PR induced
more intracellular ROS generation than LPA alone. In summary, incubation with platelet
releasate for six hours resulted in a large amount of ROS production, and this method was
chosen to study reversible cysteine oxidation change in THP-1 cells in more detail.
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Figure 2-2. The accumulation of ROS in THP-1 cells with different treatments. THP-1 cells were treated with
LPA (10 µM), thrombin (0.5 U/mL), alkyl-LPA-induced platelet releasate (LPA-PR) and thrombin-induced platelet
releasate (Thr-PR) for one, six and 24 hours. Results are expressed as the mean ± SD, and asterisks indicate
significance (**, p<0.01; ***, p<0.001;two-way ANOVA plus Tukey’s post hoc test, n= 3-5).

2.3.3

Application of the modified biotin switch assay to platelet-releasate-treated THP-1

monocytic cells
The modified biotin switch assay was applied to THP-1 cells treated with LPA-PR for six hours.
On average, 1859 peptides were identified and 550 were shared among three biological replicates
(Appendix A.2, A.5). Out of a total of 550 peptides, 224 Cys-containing peptides could be
quantified on the basis of their H/L ratios. According to a standard power calculation (n = 3, 10%
RSD, 95% confidence interval), H/L=1.3, or more than a 20% increase of cysteine oxidation,
was set as the cutoff criteria for the determination of reversible CysOX. Of the 224 Cyscontaining peptides, 120 peptides (corresponding to 86 proteins) were identified with reversible
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CysOX (H/L >1.3) (Appendix A.6). For Thr-PR, an average of 1692 peptides were identified in
three biological replicates. Of the 584 peptides shared among the three replicates, 239 were Cyscontaining peptides (Appendix A.3, A.7). Out of 239 Cys-containing peptides, 104 peptides
(corresponding to 73 proteins) were quantified with reversible CysOX (Appendix A.8). There
were 75 reversible CysOX-containing peptides shared between LPA-PR and Thr-PR,
corresponding to 53 proteins (Figure 2-3 and Appendix A.9). This accounted for 63% or 71% of
CysOX-containing peptides quantified in LPA-PR or Thr-PR, respectively. For 23 out of the 75
peptides), the oxidized Cys residues had been reported in previous studies (Table 2-2).

A

Protein Level

58
33

LPA-PR

62
53

B

42
20

Thr-PR

Peptide Level

193 75
88
45

LPA-PR

148
29

Thr-PR

Figure 2-3. Overlap of proteomics result from LPA-PR and Thr-PR. Heavy SILAC-labeled THP-1 cells were
first treated with LPA-PR or Thr-PR for six hours, and then mixed 1:1 with untreated light SILAC-labeled THP-1
cells. After enrichment, in-solution digestion, and mass spectrometric analysis of three replicates for each treatment
condition, the Venn diagrams show the 75 peptides (B) with CysOX, corresponding to 53 proteins (A) shared
between LPA-PR and Thr-PR.
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Table 2-2. List of selected CysOX peptides that were quantified across two conditions with literature
Reference. Proteins quantified across all conditions (LPA-PR, Thr-PR treatment) were extracted from the
corresponding results files, and listed with their name, the peptide sequence carrying the CysOX modifications, and
the heavy/light (H/L) ratio obtained using three replicates each.

Protein name

Sequence

H/L ± SD
LPA-PR

Ref
Thr-PR

Glycolysis, Total 6
Alpha-enolase
L-lactate dehydrogenase A chain
Phosphoglycerate kinase 1
Triosephosphate isomerase

9.03±2.97
4.18±2.25
2.54±1.17
1.71±0.13
2.00±0.82

1.95±0.23
2.22±0.91
16.67±0.78
1.7±0.41
1.95±0.58

(222-225)

CDVDIR
LCYVALDFEQEMATAASSSSL
AVLFCLSEDK
EK
HELQANCYEEVK
YLECSALTQR
SIQFVDWCPTGFK

2.67±1.1
2.02±0.47
6.6±1.06
3.25±0.63
3.27±0.82
1.63±0.3

2.7±0.82
2±0.31
2.77±0.88
1.37±0.07
1.35±0.05
1.49±0.13

(226, 227)

NMMAACDPR

6.82±4.48

1.49±0.14

(223-225, 230)

STLTDSLVCK
TFCQLILDPIFK
ISLGLPVGAVINCADNTGAK

4.15±2.17
2.31±0.97
1.96±0.68

1.48±0.19
1.64±0.48
1.85±0.17

(231)

GCALQCAILSPAFK
VCNPIITK
KITIADCGQLE

2.93±1.33
2.25±0.26
1.93±0.7

2.58±0.79
1.54±0.33
1.89±0.95

(231)

ASCLYGQLPK
DINAYNCEEPTEK
CMPTFQFFK

2.44±0.72
1.41±0.06
2.62±0.94

1.78±0.13
1.33±0.13
2.42±0.4

(232, 233)

LLCGLLAER
YDDMAACMK

1.48±0.15
2.62±1.51

1.49±0.08
2.54±0.81

(225)

SCNCLLLK
VNQIGSVTESLQACK
VIGSGCNLDSAR
GCITIIGGGDTATCCAK
IAVAAQNCYK

(222-225)
(225)
(225)
(222)

Cytoskeleton organization, Total 11
Actin, cytoplasmic 1
Cofilin-1
Ras-related C3 botulinum toxin substrate
Tubulin alpha-1B chain
2
Tubulin beta-3 chain

(226, 227)
(228)
(228)
(229)
(222-225, 230)

Translation, Total 7
Elongation factor 2
60S ribosomal protein L23

(231)
(225)

Protein folding, Total 6
Heat shock 70 kDa protein 4
Heat shock cognate 71 kDa protein
Peptidyl-prolyl cis-trans isomerase A

(225)
(225)

Oxidation reduction, Total 6
Glutathione S-transferase P
Peroxiredoxin-6
Thioredoxin

(234)
(225)

Other
Macrophage migration inhibitory factor
14-3-3 protein zeta/delta

(235)
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2.3.4

Bioinformatics analysis of proteins with CysOX

The protein lists of reversible CysOX for LPA-PR and Thr-PR were submitted for Gene Ontology
(GO) enrichment by the DAVID Functional Annotation Analysis, and the resulting top 10
biological functions were extracted (Figure 2-4 A, B). GO enrichment revealed several biological
functions that were shared between LPA-PR and Thr-PR, including glycolysis, translation, and
actin cytoskeleton organization. Cellular component distribution was also performed (Figure 2-4
C, D). For LPA-PR, 30% of the proteins were associated with the cytoplasm, 30% with the
ribosome, 16% with the cytoskeleton, 11% with the nucleus, and 6% with the plasma membrane.
For Thr-PR, cytoplasmic proteins made up 40% of the total proteins, with another 22% of
proteins originating from the cytoskeleton, 15% from the nucleolus, 8% from the plasma
membrane, and 11% from the ribosome.
LPA-PR

ribosome biogenesis
ribonucleoprotein complex biogenesis
protein folding
actin cytoskeleton organization
generation of precursor metabolites and energy
cellular carbohydrate catabolic process
glucose catabolic process
glycolysis
translation
translational elongation
-Log 10 (p-value)

C

LPA-PR

10

8

6

4

-Log 10 (p-value)

D
Cytoplasma
Ribosom
Cytoskeleton
Nucleolus
Plasma membrane
others

2

0

30

20

oxidoreduction coenzyme metabolic process
translation
nicotinamide metabolic process
nicotinamide nucleotide metabolic process
actin cytoskeleton organization
cytoskeleton organization
translational elongation
cellular carbohydrate catabolic process
glycolysis
glucose catabolic process
10

0

Thr-PR

B

40

A

Thr-PR
Cytoplasma
Ribosom
Cytoskeleton
Nucleolus
Plasma membrane
Other

Figure 2-4. Bioinformatics analysis of proteins quantified with CysOX in THP-1 cells during platelet releasate
treatments. The proteins detected with CysOX were subjected to David Functional Annotation Analysis. Shown are
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the calculated p-value for the top 10 biological functions (A, B) and cellular component (C, D) distribution of (A, C)
LPA-PR and (B, D) Thr-PR.

2.3.5

Inhibition of NADPH oxidase in THP-1 monocytic cells

NADPH oxidase (NOX) is known as the major contributor of intracellular ROS in the vascular
system (236, 237). Thus, we introduced three different NOX inhibitors, DPI, AEBSF and ML171
to evaluate the role NOX played in our model. Both DPI and AEBSF are nonspecific NOX
inhibitors, and incubation with the inhibitors alone did not affect intracellular ROS production.
Preincubation with DPI or AEBSF significantly reduced intracellular ROS production following
LPA-PR/Thr-PR treatments for six hours (p<0.01). Exposure to ML171, which specifically
targets the NOX1 isoform, inhibited the ROS production in THP-1 cells induced by platelet
releasate treatment (p<0.01) to a similar extent as the nonspecific NOX inhibitors (Figure 2-5).
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Figure 2-5. Quantification of ROS accumulation in THP-1 cells upon platelet releasate treatment and DPI,
ML171, and AEBSF inhibition of NOX. THP-1 cells were first treated with DPI, ML171, AEBSF or DMSO as a
control for one hour. After that, THP-1 cells were incubated with different platelet releasate (LPA-PR and Thr-PR)
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or RPMI medium as a control for six hours. Results are expressed as the mean ± SD; asterisks indicate significance.
(*, p<0.05, **, p<0.01; two-way ANOVA plus Tukey’s post hoc test, n= 3).

We then applied the modified biotin switch assay to quantify reversible Cys oxidation upon DPI
preincubation. There were 1654 peptides being identified on average, and 584 were found to be
in common across three biological repeats (Appendix A.10). Among the 584 peptides, 215 were
Cys-containing peptides and 43 had reversible CysOX (Appendix A.4, A.11). A total of 131 Cyscontaining peptides were shared between the result of the 6-hour LPA-PR treatment and the DPI
pretreatment (Figure 2-6 A). DPI pretreatment reduced the contribution of the CysOX-containing
peptides to the total Cys-containing peptides from 40% in LPA-PR to 20% (Figure 2-6 B). We
further classified the 42 reversible CysOX-containing peptides following the LPA-PR treatment
on the basis of the change of their H/L ratios upon DPI pretreatment (Table 2-3). There were 32
peptides in which CysOX was blocked upon DPI pretreatment. This group included Cys152 in
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Cys39 and Cys139 in cofilin. In
another nine peptides, CysOX was partially prevented by DPI-pretreatment. This subset involved
additional glucose metabolic enzymes such as triose phosphate isomerase (TPI) and α-enolase, as
well as cytoskeleton proteins like actin and tubulin. In only one peptide, CysOX was not inhibited
upon DPI pretreatment.
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Figure 2-6. Comparison of the proteomics results of DPI treated THP-1 cells versus normal THP-1 cells upon
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LPA-PR
treatment. Heavy SILAC-labeled THP-1 cell were first treated with DPI for one hour followed by the
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D
PI
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D
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treatment
with LPA-PR for six hours, and then combined with an equal amount of untreated light SILAC-labeled
0
THP-1 cells. Samples were then subjected to the modified biotin switch assay followed by mass spectrometric
analysis. The peptides quantified in samples treated with DPI-LPA-PR were compared with samples treated with
LPA-PR.

(A) The Venn diagram represents the overlap of Cys-containing peptides across two conditions (DPI-

LPA-PR and LPA-PR treatment). (B) Percentage of CysOX in total Cys-peptides varies different treatments (DPILPA-PR and LPA-PR treatment).

Table 2-3. Classification of 42 Cys-containing peptides that overlapped between DPI-LPA-PR and LPA-PR
treated THP-1 cells. Proteins quantified across all conditions (DPI-LPA-PR, LPA-PR treatment) were grouped
based on the H/L ratio, and listed with their name, the peptide sequence carrying the CysOX modification.
Protein Name

Peptide Sequence

Inhibition of CysOX upon DPI treatment
Actin, cytoplasmic 1
CDVDIR
Annexin A6
CLIEILASR
Calreticulin
HEQNIDCGGGYVK
TDGCHAYLSK
NSLDCEIVSAK
Adenylyl cyclase-associated protein 1
INSITVDNCK
CVNTTLQIK
ALLVTASQCQQPAENK
Chloride intracellular channel protein 1
LHIVQVVCK
Elongation factor 2
TFCQLILDPIFK
Glyceraldehyde-3-phosphate dehydrogenase
IISNASCTTNCLAPLAK

H/L±SD
DPI(-)

DPI(+)

2.67±1.1
3.52±3.45
1.57±0.23
1.53±0.16
1.69±0.42
1.57±0.19
2.46±0.97
2.36±1.06
3.07±0.66
2.31±0.97
1.41±0.03

1.25±0.49
0.84±0.59
1±0.33
1.18±0.41
1.07±0.45
1.05±0.26
0.99±0.38
0.94±0.17
0.73±0.42
1.24±0.27
0.99±0.2
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Protein Name
Guanine nucleotide-binding protein G(i) subunit
alpha-2
Heterogeneous
nuclear ribonucleoprotein D0
Galectin-1
Macrophage migration inhibitory factor
Putative nucleoside diphosphate kinase
Poly(rC)-binding protein 2

Peptide Sequence

IIHEDGYSEEECR
GFCFLEYEDHK
FNAHGDANTIVCNSK
LLCGLLAER
GDFCIQVGR
LVVPATQCGSLIGK
AITIAGIPQSIIECVK
KITIADCGQLE
Peptidyl-prolyl cis-trans isomerase A
IIPGFMCQGGDFTR
60S ribosomal protein L23
ISLGLPVGAVINCADNTGAK
D-3-phosphoglycerate dehydrogenase
NAGNCLSPAVIVGLLK
Tubulin alpha-1B chain
SIQFVDWCPTGFK
Heat shock cognate 71 kDa protein
CNEIINWLDK
40S ribosomal protein S5
TIAECLADELINAAK
Cofilin-1
HELQANCYEEVKDR
Alpha-enolase
VNQIGSVTESLQACK
Integrin beta-2
TTEGCLNPR
L-lactate dehydrogenase A chain
VIGSGCNLDSAR
Phosphoglycerate kinase 1
GCITIIGGGDTATCCAK
Ubiquitin-like modifier-activating enzyme 1
YFLVGAGAIGCELLK
Ras-related C3 botulinum toxin substrate 2
YLECSALTQR
Partially inhibition of CysOX upon DPI treatment
Chloride intracellular channel protein 1
FLDGNELTLADCNLLPK
Alpha-enolase
SCNCLLLK
Tubulin beta chain
EIVHIQAGQCGNQIGAK
Triosephosphate isomerase
IAVAAQNCYK
Heat shock cognate 71 kDa protein
VCNPIITK
Phosphoglycerate kinase 1
DCVGPEVEK
Ubiquitin-conjugating enzyme E2 N
ICLDILK
Ras-related C3 botulinum toxin substrate 2
AVLCPQPTR
Actin, cytoplasmic 1
LCYVALDFEQEMATAASSSSL
No inhibition of CysEK
OX upon DPI treatment
Malate dehydrogenase
TIIPLISQCTPK

2.3.6

H/L±SD
DPI(-)
1.39±0.09
1.44±0.09
1.43±0.12
1.48±0.15
5.21±0.72
2.21±1.03
1.51±0.04
1.93±0.7
1.97±0.59
1.96±0.68
1.56±0.13
1.63±0.3
2.47±0.65
1.9±0.36
3.25±0.63
4.18±2.25
2±0.26
2.54±1.17
1.71±0.13
1.46±0.29
3.27±0.82

DPI(+)
0.93±0.19
0.97±0.24
1.08±0.28
1.12±0.06
1.19±0.19
1.18±0.08
1.11±0.17
1.15±0.19
0.96±0.57
1.29±0.3
0.92±0.11
0.91±0.18
1.13±0.08
1.24±0.18
0.81±0.2
1.03±0.21
1.03±0.28
1.05±0.22
1.11±0.19
1.22±0.45
0.8±0.45

2.5±1.23
9.03±2.97
1.91±0.82
2±0.82
2.25±0.26
1.64±0.35
1.6±0.17
2.18±1
2.02±0.47

1.31±0.38
1.56±0.45
1.42±0.05
1.8±0.43
1.63±0.06
1.88±0.81
1.36±0.44
1.37±0.5
1.64±0.11

1.7±0.62

2.94±0.15

Analysis of enzymatic activity in THP-1 cells following platelet releasate treatment

The proteomics data indicated that Cys152 in the active site of GAPDH was oxidized in response
to LPA-PR treatment (H/L= 1.41, 29%) and restored by DPI treatment (H/L=0.99). However,
Thr-PR treatment did not lead to a significantly increased H/L ratio of Cys152 (H/L=1.04) (Table
2-4). To validate the inhibition effect of Cys152 oxidation on GAPDH activity, we measured the
GAPDH enzyme activity via the increase of UV absorbance of NADH that is produced when
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GAPDH converts DL-glyceraldehyde 3-phosphate to D-glycerate 1,3-biophosphate (Figure 2-7 A).
Platelet releasate produced by both thrombin and LPA significantly impaired the GAPDH
activity in THP-1 cells by more than 20% (p<0.01). The reduced enzyme activity was consistent
with the proteomic result for LPA-PR but not with that for Thr-PR. Pretreatment with DPI or
ML171 partially restored the enzyme activity to more than 90%, which is in agreement with the
proteomic result of DPI treatment.

Another enzyme involved in glycolysis, triose phosphate isomerase (TPI), was also oxidized in
THP-1 cells upon both types of platelet releasate treatment. In contrast to the effect on GAPDH,
NOX inhibitor treatment did not fully restore the oxidation state of the TPI cysteine we had
detected and quantified (Table 2-4). Likewise, platelet releasate treatment reduced TPI activity in
THP-1 cells to 50% in the enzyme activity assay, but pretreatment with either DPI or ML171 did
not recover TPI activity (Figure 2-7 B), confirming the proteomic results of oxidative inhibition
of TPI in our model system.

Finally, we also evaluated α-enolase, a third enzyme involved in glycolysis. Proteomic data
indicated that LPA-PR and Thr-PR treatments resulted in a more than 80% and 40% increase in
oxidation of the observed cysteine in α-enolase, respectively. DPI pretreatment reduced the
extent of the oxidative Cys modification to 35% (Table 2-4). Similarly, the enzyme activity assay
revealed more than 70% inhibition upon exposure to either of the two platelet releasates and the
NOX inhibitor pretreatment did not recover α-enolase activity (Figure 2-7 C).
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Table 2-4. Proteomic results of three important enzymes in glycolysis with CysOX modification. The three
enzymes in glycolysis were quantified across all conditions (LPA-PR, Thr-PR, DPI-LPA-PR) with CysOX and listed
with the peptide sequence carrying the CysOX modification and the H/L raio obtained using three replicates each.
Sequence

IISNASCTTNCLAPLAK

IAVAAQNCYK

SCNCLLLK

1.24±0.05

Thr-PR 6 h

1.04±0.08

0.99±0.06

DPI-LPA-PR 6 h

0.99±0.2

0.93±0.06

LPA-PR 6 h

2.00±0.82

1.08±0.07

Thr-PR 6 h

1.95±0.58

0.99±0.28

DPI-LPA-PR 6 h

1.80±0.43

1.02±0.09

LPA-PR 6 h

9.03±2.97

0.96±0.13

Thr-PR 6 h

1.95±0.23

0.94±0.11

DPI-LPA-PR 6 h

1.56±0.45

0.97±0.13
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Figure 2-7. Enzyme activity assays of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), triose phosphate
isomerase (TPI), and α-enolase activity in THP-1 cells upon platelet releasate and NOX inhibitor treatments.
(A) GAPDH lost 20% of its activity upon platelet releasate treatment for six hours and recovered it by NOX
inhibitor treatment. (B) TPI enzyme activity assay showing the loss of more than 50% of its activity upon platelet
releasate treatment after 6 h. The activity did not recover upon NOX inhibitor pretreatments. (C) Results similar to
those of TPI seen as in α-Enolase (*, p<0.05; two-way ANOVA plus Tukey’s post hoc test, n = 3 - 5)
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2.3.7

ROS production induced by platelet releasate in human primary monocytes via

NADPH oxidase
To validate the results obtained for THP-1 cells in our model, we isolated human primary
monocytes (CD14+/CD16+) from healthy donors and incubated them with LPA (20 µM)-induced
releasate or thrombin (1 U/mL)-induced releasates from platelets of the same donor, or with
stimuli alone. The increase in ROS levels observed in THP-1 cells upon treatment was also seen
in monocytes. The fold change of intracellular ROS in human primary monocyte treated with
platelet releasates was lower than in THP-1 cells, but still reached statistical significance at six
hour (p<0.01). The incubation of one hour with LPA-PR also significantly increased ROS
production in monocytes (p<0.05). In contrast to THP-1 cells, the overnight incubation of
primary monocytes with Thr-PR also induced ROS production (p<0.01). Treatment with LPA or
thrombin alone slightly increased ROS production in monocytes at the different time points, but
none reached statistical significance (Figure 2-8). In addition, we also exposed primary
monocytes to the different NOX inhibitors, followed by 6-hour platelet releasate treatments.
Both DPI and ML171 reduced ROS production in primary monocytes, but AEBSF did not block
ROS production in monocytes (Figure 2-9).
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Figure 2-8. The accumulation of ROS in human primary monocyte with different treatments. Monocytes were
treated with LPA (10 µM), thrombin (0.5 U/mL), alkyl-LPA-induced platelet releasate (LPA-PR) and thrombininduced platelet releasate (Thr-PR) for 1, 6 and 24 h. Results are expressed as the mean ± SD, and asterisks indicate
significance (*, p<0.05; **, p<0.01; two-way ANOVA plus Tukey’s post hoc test, n= 3-5).

Figure 2-9. The quantification of ROS accumulation in the primary monocyte upon platelet releasate
treamtnes and DPI and ML171 inhibition of NOX. Monocytes were first treated with DPI, ML171, AEBSF, or
DMSO as a control for one hour. After that, monocytes were incubated with different platelet releasate (LPA-PR
and Thr-PR) or RPMI medium as a control for six hours. Results are expressed as the mean ± SD, and asterisks
indicate significance. (*, p<0.05; **, p<0.01; ***, p<0.001; two-way ANOVA plus Tukey’s post hoc test, n= 3)
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2.4

Discussion

It had already been demonstrated that the direct binding of activated platelets to monocytes
induces integrin activation, chemotaxis and intracellular ROS production in monocytes (192).
However, a recent study revealed that direct platelet-monocyte interaction is not necessarily
required, as proinflammatory signaling events in monocytes could be uncoupled from plateletmonocyte direct binding (238). Interestingly, our results now demonstrate that platelet releasate
could also trigger ROS production in both THP-1 cells and primary human monocytes without
platelet binding. Furthermore, we identified NADPH oxidase (NOX) as the key enzyme for ROS
production in this physiologically relevant process, as preincubation with NOX inhibitors
prevented intracellular ROS level increase in both THP-1 cells and primary monocytes as well as
oxidative modifications on almost all of the responsive cysteines. This novel mechanistic insight
was obtained by combining an established FACS assay with a modified biotin switch assay to
monitor the platelet-releasate-induced intracellular ROS level increase and the cysteine oxidation
in THP-1 monocytic cells, respectively.

We decided to develop such a modified assay because the existing biotin switch assays that
utilize selective reducing reagents have several disadvantages. First, the coverage of
modification sites is usually limited due to the instability of the S-nitrosylation and sulfenic acid.
On average, only 40 modification sites were identified by mass spectrometry in these studies
(183, 208, 225, 231). Second, most of these studies did not incorporate quantification methods
into the biotin switch assays. Indeed, there is only one report that combines SILAC with the
biotin switch assay to quantify endogenous S-nitrosylation (231). However, in this study the
elution of biotinylated peptides from streptavidin using DTT reduced not only the S-nitrosylation
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sites but also the disulfide bonds, which may lead to erroneous assignment. Third, both Snitrosylation and sulfenic acid formations are mostly involved in cell signaling under
physiological conditions, and S-nitrosyl and sulfenic acid preferentially react with other free
cysteines to form disulfide bonds (183, 204). Consequently, their identification provides little
information on the global redox state of a system under pathological conditions.

To address these issues, we modified the biotin switch assay in the following aspects. First,
instead of detecting specific forms of oxidized cysteines (CysOX), we used TCEP to recover all
reversible CysOX for enrichment. Moreover, we employed avidin enrichment on the peptide level
to reduce the amount of non-Cys-containing peptides. We also fractionated the peptide mixture
into six fractions by anion exchange to increase coverage. All of these steps help improve the
coverage of CysOX sites. As a result, we significantly increased coverage to more than 200 Cyscontaining peptides per experiment. Second, SILAC labeling was introduced into the biotin
switch assay to quantify the extent of cysteine oxidation. SILAC is a metabolic labeling strategy
that incorporates stable isotopes during cell culture (209). Consequently, our method provides an
alternative to iodoTMT (239) and ICAT (240) for quantifying the reversible cysteine oxidation
modification that, unlike these chemical labeling strategies, does not depend on the reduction
step that would otherwise affect the accuracy of the quantification. Indeed, the modified biotin
switch assay also showed improved quantification coverage of CysOX sites. For a 6-hour 100 µM
H2O2 treatment, over 100 reversible CysOX out of the more than 200 Cys-containing peptides
could be quantified. For the platelet releasate-treated THP-1 cells, similar performance was
achieved by enriching approximately 100 reversible CysOX sites.
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The advantages discussed above are partially offset by several shortcomings of our assay. First,
due to the multiple labeling steps and the biotin avidin enrichment, milligram amounts of
proteins are required. For the analysis of rare samples providing limited material, further
optimization may be required to render the assay practical. Second, SILAC as a quantitative
metabolic labeling method is generally restricted to cultured cells. Therefore, for primary cells
that cannot be cultured, such as primary monocytes or platelets, the biotin switch method will
have to rely on other quantitative labeling approaches or use label-free strategies. Alternatively,
if a surrogate cell line that adequately mimics the primary cells can be found, e.g., THP-1 cells
substituting for human primary monocytes in our case, subsequent validation of the proteomic
results on primary cells would also be possible. Third, contamination with non-Cys-containing
peptides (which are mostly due to the nonspecific binding of abundant proteins to avidin)
currently increases the complexity of the sample. This could result in the missed identification of
low abundance proteins as well as reduced reproducibility and coverage, as evident in our study
(40% overlap between three biological replicates, 1500 peptides observed). Further optimization
of the protocol and the use of state-of-the-art instrumentation to increase throughput and
sensitivity may help address this issue.

Despite these limitations, the biotin switch assay presented here has already provided a robust
workflow, and it has also produced reliable results. The identified CysOX sites listed in Table 2
were consistent with literature, including those in key enzymes for glycolysis and cytoskeleton
proteins (227, 241). Moreover, oxidation of Cys152 in the active site is known to inactivate the
GAPDH (241), and the enzyme assay revealed inhibition of GADPH activity after platelet
releasate treatment and restored activity through the inhibition of NOX. In addition to GADPH,
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several other enzymes involved in glycolysis also showed increased cysteine oxidation upon
platelet releasate treatment. The enzyme activity assay we performed for the other two enzymes
that are upstream of GADPH in the glycolytic pathway, TPI and α-enolase, also confirmed their
inhibition via cysteine oxidation. The inhibition of TPI and GAPDH by oxidative stress had
previously been proposed to reroute the glucose-6-phosphate into the pentose phosphate pathway
(PPP), the key pathway of NADPH production, to protect cells from oxidative stress (242).
Consequently, the enzyme activity assays not only supported the proteomics results but also were
consistent with the literature. The improved coverage of Cysox sites also enabled us to perform
Gene Ontology (GO) enrichment analysis. Both releasates affected proteins in multiple cellular
functions that overlapped between the two releasates, which notably included glycolysis. The
relative contributions of the various categories appeared to differ, but more detailed biological
experimentation will be needed to define whether this has any biological relevance.

In summary, owing to the identification of all reversible CysOX and the independent high
throughput quantification, the modified biotin switch assay has demonstrated its ability to reveal
the redox processes in our atherosclerosis model. This new, versatile assay enables the study of
the redox state by mapping the oxidative modifications of cysteine involved in redox signaling in
biological systems.
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Chapter 3: Quantitative Protein Sulfenic Acid Analysis Identifies Platelet
Releasate-induced Activation of Integrin β2 on Monocytes via NADPH
Oxidase
3.1

Introduction

Redox imbalance in cells, due to the accumulation of reactive oxygen species (ROS), has been
implicated in the pathogenesis of several diseases, including atherosclerosis. However, the
molecular details of redox regulation in atherosclerosis remain to be established (198). During
the progression of atherosclerotic plaque formation, ROS are mainly produced by NADPH
oxidase (NOX) complexes that are present in vascular cells, particularly in phagocytic cells
including monocytes (110). ROS from exogenous or endogenous sources are capable of
modifying DNA, lipids, and proteins. Cysteine residue in proteins, despite being one of the least
abundant amino acid residues, are a major target of ROS-mediated cell-signaling modulation
(201). The ROS-mediated regulation is accomplished through a variety of reversible and
irreversible oxidative modifications on cysteines such as sulfenic acid, S-nitrosylation, Sglutathionylation, or sulfonic acid.

Among the reversible cysteine oxidative modifications, sulfenic acid has emerged as an
important post-translational modification of proteins (243). Sulfenic acid, as the principle
product of the reaction between a thiol and hydrogen peroxide, is a pivotal reactive intermediate
under physiological and oxidative stress conditions. Several studies have identified the catalytic
or regulatory sulfenic acid formation in proteins such as NADH peroxidase, peroxiredoxins, and
protein tyrosine phosphatase (243). Pinpointing the precise location of sulfenic acid modification
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in proteins enables the localization of the reactive site where oxidation is initiated. However, the
detection of sulfenic acid modification is challenging, as the sulfenic acid moiety is highly
reactive and in most situations rapidly converted back to the reduced or further oxidized to a
more stable form. Certain protein microenvironments, such as the presence of polar uncharged
residues, particularly threonine, and the absence of the charged residues close to the sulfenic acid
sites, promote sulfenic acid formation and stabilization (244). In order to be able to conduct
proteomic studies of this oxidative modification, various analytical methods have been
developed to enrich proteins or peptides bearing sulfenic acid modifications (185).

Introduced first by Jaffrey in 2001, the biotin switch assay has been extensively adapted to
identify various cysteine modifications in complex biological samples (182). We had previously
combined the biotin switch assay with stable isotope labeling by amino acid in cell culture
(SILAC) to quantify total reversible cysteine oxidation, and had applied it to an atherosclerotic
model consisting of human platelets and monocytic THP-1 cells. In the development of
atherosclerosis, platelet activation facilitates the recruitment of monocytes to sites of inflamed
vascular endothelium not only via P-selectin-PSGL-1-mediated direct binding, but also via the
released contents of their granules, which are referred to as platelet releasate (PR). Our previous
work had demonstrated that thrombin- or LPA- induced PR led to ROS production in THP-1
cells, which in turn altered fundamental biological processes such as glycolysis (245). To further
characterize the redox regulation mechanism in this atherosclerotic model, we decided to alter
the modified biotin switch assay to selectively quantify sulfenic acid. The Eaton group had
modified the biotin switch assay using m-arsenite to selectively reduce sulfenic acid (183).
Consequently, we combined SILAC and m-arsenite in the biotin switch assay, and used it to
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quantify more than 100 sulfenic acid sites in our model system. Bioinformatics analysis of the
proteins showing quantitative changes in sulfenic acid modification highlighted integrin β2,
which was contained in the leukocyte transendothelium migration category. LFA-1 (αLβ2) and
Mac-1 (αMβ2) are the two integrin β2 complexes that are most relevant for the migration of
monocytes on endothelial cells (246). Using primary monocytes, we validated the activation of
LFA-1 and Mac-1 upon platelet releasate treatment and showed this to be independent of Pselectin-PSGL1 interaction on monocytes. Consequently, the selective quantitative analysis of
sulfenic acid modification reveals a new aspect of the crosstalk between platelet releasate and
monocytes in the early stage of atherosclerosis.

3.2
3.2.1

Method
Chemicals and antibodies

N-ethylmaleimide (NEM),

DL

-dithiothreitol (DTT), iodoacetamide (IAA), arsenite, biotin-

maleimide, propidium iodide, aldolase (rabbit), lysozyme (chicken) and thrombin from human
plasma were obtained from Sigma; EZ-Link Biotin-HPDP, NeutrAvidin Agarose resins from
Pierce (IL, USA); dimedone, diphenyleneiodonium chloride from Cayman Chemical (ON,
Canada); 2-acetylphenothiazine (ML171) from Tocris bioscence (ON, Canada); 1-O-hexadecyl2-hydroxy-sn-glycero-3-phosphatidic acid (16:0) from Avanti Polar Lipids (AL, USA);
sequencing grade modified trypsin from Promega (WI, USA). All antibodies i.e. anti-human
CD14-Pacific blue (Clone: HCD14), anti-human CD16-APC (Clone 3G8), anti-human
CD11a/CD18- Alexa Fluor® 488 (LFA-1; Clone m24), and anti-human CD11b- Alexa Fluor®
488 (Mac-1; Clone m44) were purchased from BioLegend (CA, USA).
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3.2.2

Platelet preparation and releasate collection

Ethics approval for platelet and monocyte isolation from whole blood was obtained from the
Clinical Research Ethics Board at the University of British Columbia (H12-00757) and written
consent was granted by the blood donors. After discarding the first 2 mL, whole blood from
healthy donors was collected in vacutainer blood collection tubes containing acid citrate-dextrose
(ACD) (Cat: 364606, BD Biosciences, Canada). Platelet rich plasma (PRP) was separated from
whole blood following initial centrifugation at 150 g at room temperature for 15 minutes.
Platelets were pelleted from PRP supplemented with half-volume of ACD by centrifugation at
720 g for 10 minutes, washed twice with citrate glucose saline buffer (10 mM tri-sodium citrate,
30 mM glucose, 120 mM sodium chloride and 1 U / mL apyrase, pH=6.5) and resuspended in
lysine and arginine free Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Life
Technologies, Canada) supplemented with 1.8 mM CaCl2. Platelet counts were determined on a
hemocytometer, and adjusted to physiological concentration (300 × 109 /L). Platelets were rested
at room temperature for 30 minutes and then activated with 1 U / mL thrombin from human
plasma or 20 µM 1-O-hexadecyl-2-hydroxy-sn-glycero-3-phosphatidic acid (LPA) at 37°C. Ten
minutes after activation, platelet releasate was collected as supernatant after two-time
centrifugation at 750 g at 4°C for 10 minutes, and the releasate was stored at -80°C.

3.2.3

Cell culture and incubation with platelet releasate

The human monocytic cell line THP-1 (American Type Culture Collection, Rockville, MD) was
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen
Coporation, Carlsbad, CA) and 100 units / ml of penicillin/streptomycin. For SILAC labeling,
THP-1 cells were maintained in lysine and arginine-free RPMI 1640 medium (Caisson Labs, UT,
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USA) with 2 mM L-glutamine, 10% heat-inactivated dialyzed FBS, 100 units / ml
penicillin/streptomycin, supplemented with either normal, 0.075 mg / mL 1H1-L-lysine and 0.044
mg / ml

12

C6-L-arginine (light) or 2D4-L-lysine and

13

C6-L-arginine (heavy) (Cambridge Isotope

Labs, Andover, MA, USA). THP-1 cells were cultured in SILAC media for at least two weeks to
allow full incorporation of labeled amino acids. The cell density was maintained at 1 - 5 × 105
cells / mL. Heavy SILAC-labeled cells were washed, resuspended in heavy SILAC media to 1 ×
106 cells / mL, and mixed 1:1 (v/v) with platelet releasate or treated with 100 µM H2O2 for six
hours, while light SILAC cells was used as control.

3.2.4

Differential alkylation method applied on model protein

Aldolase (1.6 µL from a stock of 25 µg/ µL in H2O) in Tris buffer (50 mM Tris, 0.05 M
GuanidineHCl, pH 6.5) was treated with 10 µM or 20 µM H2O2 for one hour at 37°C to convert
free thiols into sulfenic acid or subsequently disulfides. The mixture was quenched by adding a
100-fold molar ratio of NEM for one hour at 37°C (reagent excess here refers to molar excess
over the number of cysteines per protein) to block the free thiols. Excess NEM was removed
using Amicon Centrifugal Filter Units with 30 kDa cutoff (Millipore, Canada) and three times
buffer exchange with 200 µL Tris buffer. After that, sulfenic acids were reduced by adding a
1000-fold molar ratio of arsenite and alkylated with 3100-fold molar ratio of iodoacetamide
(IAA). The pKa of cysteine typically falls into the range of 8.3~8.5 and the conjugate base
derived from cysteine, the thiolate, exhibits a high reactivity with sulfenic acid. To avoid thiolate
formation and its subsequent reaction with nascent sulfenic acid, the pH of the whole buffer
system in this study was set to 6.5. In parallel, this protocol was repeated with arsenite being
replaced by DTT. Samples were then labeled with IAA and digested with trypsin (30:1 (w/w)
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protein: trypsin) overnight at 37°C and analyzed by mass spectrometry. In the meantime, H2O2
treated aldolase was also reacted with a 1000-fold molar ratio of dimedone to label sulfenic acid
directly for one hour at 37°C.

Similarly, lysozyme (1.8 µl from a stock of 20 µg/µL) in Tris buffer (50 mM Tris, 0.05 M
GuanidineHCl, pH 6.5) was also subjected to this differential alkylation method. Three
conditions were applied on lysozyme: no, arsenite, and DTT reduction. Digested peptides were
analyzed by mass spectrometry using a Thermo LTQ-FT (CA, USA).

Based on the LC-MS/MS results, the peak area of a thiol group with a modification (i.e. IAA
modification or NEM modification) was determined as follows: the ion chromatograms of the
Cys-containing peptide with different charge states in the full MS scan were extracted and their
peak areas were summed up as the total peak area of this specific cysteine. To quantitatively
assess the extent of sulfenic acid modification, the IAA-modification percentage was calculated
based on the equation: IAA-modification percentage = peak area of IAA-modification/(peak area
of IAA-modification + peak area of NEM-modification). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium (217) via the PRIDE partner
repository using the dataset identifier PXD003348 and 10.6019/PXD003348.

3.2.5

Modified biotin switch assay development

To determine the optimal arsenite concentration and reaction time for sulfenic acid reduction in
whole cell lysates, a pyridine-2-thione assay was performed by utilizing biotin-HPDP. THP-1
cells treated with 100 µM H2O2 for six hours were lysed in lysis buffer (1% NP-40, 0.1% sodium
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deoxycholate, 50 mM Tris, 1 mM EDTA, 150 mM NaCl, pH 6.5) in the presence of protease
inhibitors (Roche) to yield a protein concentration of 1 mg/ml, determined by BCA assay. A 200
µL aliquot of the whole cell lysate was treated with an equal amount of NEM (1:1, w/w) for one
hour at 37°C, and excess NEM was removed by buffer exchange using Amicon Centrifugal
Filter Units with 10 kDa cutoff (Millipore, Canada). The eluted mixture was then incubated with
various concentrations of arsenite and 1.2 mM biotin-HPDP. The reaction product of free thiols
with biotin-HPDP, pyridine-2-thione, has a molar extinction coefficient of 8.08 × 103 M-1cm-1 at
343 nm. Therefore, the protein mixture was monitored at 343 nm immediately before adding
biotin-HPDP to determine background absorbance, and at 15 minutes intervals for two hours
during the labeling reaction.

For all subsequent experiments, SILAC labeled THP-1 cells were incubated with 100 µM H2O2
or platelet releasate at 37°C for six hours. After treatment, light- and heavy-labeled THP-1 cells
were washed twice with PBS, and harvested in lysis buffer in the presence of an equal amount of
NEM (1:1, w/w) to block free thiols, and excess NEM was removed by buffer exchange using
Amicon Centrifugal Filter Units with 10 kDa cutoff. Sulfenic acids were then reduced by adding
200 mM arsenite, the reduced free thiols labeled with 1 mM biotin-maleimide for two hours at
37°C, and the labeled proteins enriched with NeutroAvidin. The proteins enriched by
NeutroAvidin were eluted by boiling in 4 × SDS buffer (composition) and 1mM biotin for five
minutes and loaded onto 10% SDS gel. Following electrophoretic separation, gels were stained
with Coomassie Brilliant Blue, and each lane was cut into five bands. In-gel digestion was
performed essentially as described previously (247). The gel pieces were reduced in 10 mM
dithiothreitol at 56°C for 30 minutes, followed by alkylation with 55 mM iodoacetamide at room
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temperature for 45 minutes. Trypsin digestion was performed in 50 mM NH4HCO3 at 37°C for at
least 16 hours. Then, peptides were extracted from the gel pieces by adding extraction buffer (1:2
(v/v) 5% formic acid / acetonitrile). Samples were analyzed by mass spectrometry using a Bruker
Impact Q-TOF.

3.2.6

LC-MS/MS analysis

All peptide mixtures were purified by solid phase extraction on C-18 stage tips prior to MS
analysis (214). For the model protein experiments, purified peptide mixtures were analyzed using
a linear ion trap - FT-ICR cell (LTQ-FT; Thermo Fisher Scientific) mass spectrometer on-line
coupled to an Agilent 1100 Series nanoflow HPLC using a nanospray ionization source (Proxeon
Biosystems) holding columns packed into a 15 cm long, 75 µm I.D. fused silica emitters (8 µm
diameter opening, pulled on a P-2000 laser puller from Sutter Instruments) using 3 µm diameter
Reprosil-Pur C-18-AQ beads (Dr. Maisch, Germany, www.Dr-Maisch.com). Buffer A consisted
of 0.5% aqueous acetic acid, and buffer B consisted of 0.5% acetic acid and 80% acetonitrile in
water. Gradients were run from 6% B to 30% B over 75 minutes (flow 0.2 µL/minute), then
from 30% B to 80% B in the next 20 minutes, held at 80% B for 8 minutes (while increasing the
flow rate from 0.2 µL/minute to 0.6 µL/minute), before returning to 6% B to recondition the
column. The LTQ-FT was set to acquire a full-range scan at 25,000 resolution from 350 to 1500
Th in the FT-ICR cell, followed by MS/MS of the top 5 ions in the LTQ (minimum intensity 500
counts). The mass window for precursor ion selection was 1.0, and the normalized collision
energy was 35. The selected ions were then excluded from MS/MS for the next 180 seconds.
Singly charged ions were excluded.
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For experiments involving THP-1 cell lysates, the purified peptide mixtures were analyzed using
an orthogonal quadrupole – time of flight mass spectrometer (Q-TOF) Impact II (Bruker
Daltonics) on-line coupled to an Easy nano LC 1000 nanoflow HPLC (Thermo Scientific) using
a Captive Spray nanospray ionization source (Bruker Daltonics) including a 2-cm-long, 100-µminner diameter fused silica trap column, 75-µm-inner diameter fused silica analytical column
with an integrated 10 µm opening spray tip (pulled on a P-2000 laser puller from Sutter
Instruments). The trap column was packed with 5 µm-diameter Aqua C-18 beads (Phenomenex,
www.phenomenex.com), while the analytical column was packed with 3 µm-diameter ReprosilPur C-18-AQ beads (Dr. Maisch, www.Dr-Maisch.com). Buffer A consisted of 0.1% formic
acid in water, and buffer B consisted of 0.1% formic acid in acetonitrile. Gradients were run at
250 nL/minute from 10% B to 35% B over 74 minutes, then the column was washed with 100%
B for 15 minutes. The HPLC autosampler was maintained at 7°C. The Captive Spray Tip holder
was modified similarly to an already described procedure (248) – the fused silica spray capillary
was removed (together with the tubing which holds it) to reduce the dead volume, and the
analytical column tip was fitted in the Bruker spray tip holder using a piece of 1/16” x 0.015
PEEK tubing (IDEX), an 1/16” metal two way connector, and a 16-004 Vespel ferrule. This
instrument was operated under OTOF Control 1.8 (version 4.0.17.1840), HiStar 3.2 and
Compass 4.2 (Bruker Daltonics) software. The Impact II was set to acquire an MS scan for 0.2
seconds followed by MS/MS scans for the remainder of a three second period using 0.06 seconds
per MS/MS scan. The mass range for the MS scan was 300 to 2200 Th and for the MS/MS scans
200 to 2200 Th. The minimum precursor ion intensity for triggering MS/MS was 500 counts.
Precursor ions were then excluded from MS/MS for the next 0.3 minutes. Singly charged ions
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and ions with unknown charge state were excluded and Strict Active Exclusion was used. The
error of mass measurement was usually within 5 ppm and was not allowed to exceed 10 ppm.

3.2.7

Protein identification and quantification

LTQ-FT raw files were analyzed using Mascot software. Database for Mascot searching was
Uniprot-Swissprot (Version: May 30th, 2013, 540,261 sequences, 191,876,607 residues).
Taxonomy was mammalia (540,261 sequences). Digestion enzyme was Trypsin/P, and a
maximum of one missed cleavage was allowed. Precursor ion error was 20 parts per million
(ppm). Fragment ion error was 0.5 Da. Instrument type was ESI-TRAP. For peptide scoring, the
significance threshold was 0.01. For the differential alkylation method, variable modifications
were carbamidomethyl and N-ethylmaleimide on cysteine and oxidation on methionine. For the
dimedone experiment, variable modifications were dimedone and carbamidomethyl on cysteine
and oxidation on methionine.

Analysis of Q-TOF data was performed using MaxQuant 1.5.2.8 (248). The data were searched
against a database comprised of the protein sequences from human using the following
parameters: peptide mass accuracy 20 ppm for the first search and 10 ppm for the second search;
double SILAC as quantitation method. All other parameters were used as preset: trypsin enzyme
specificity, variable modifications: biotin-maleimide, N-ethylmaleimide and carbamidomethyl
on cysteine, oxidation on methionine. Only peptides and proteins with 99% confidence limit (1%
false discovery rate) were considered as accurately identified. Data are available at
ProteomeXchange Consortium (217) via the PRIDE partner repository with dataset identifier
PXD003354, PXD003363, and PXD003365.
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The proteins that underwent sulfenic acid modifications after 6-hour treatment of platelet
releasate or H2O2 were submitted to Ingenuity Pathway Analysis (IPA, Ingenuity® Systems;
http://www.ingenuity.com). To reveal which pathways are significantly represented by the
quantified proteins, pathway analysis was performed using KEGG (Kyoto Encyclopedia of
Genes and Genomes) database available at: http://www.genome.jp/kegg/pathway.html.

3.2.8

Primary monocyte isolation and integrin β2 activity

Peripheral Blood Mononuclear Cells (PBMC) were separated from whole blood using FicollPaque (GE Healthcare, Canada) according to the manufacturer’s protocol. Primary monocytes
were isolated from PBMC utilizing the Human Monocyte Enrichment Kit without CD16
depletion (StemCell, Canada) based on the manufacturer’s instructions. After isolation, human
primary monocytes were treated with RPMI media (control), 100 µM H2O2 or thrombin- or LPA
induced platelet releasate for six hours. Treated monocytes were then washed twice with cold
PBS, incubated with 2% BSA in PBS for one hour, followed by fluorophore-conjugated
antibodies for CD14, CD16 and LFA-1 or Mac-1 for 30 minutes at 37°C, and stained with
propidium iodide (PI) for two minutes prior to subjecting them to flow cytometry analysis on an
LSR II Flow Cytometer System (BD Biosciences). Primary monocytes treated with 1 µM MnCl2
for 30 minutes were used as positive control for integrin β2 activation. Primary monocytes were
first gated based on size and granularity, then on cell viability using PI staining and finally
according to CD14 and CD16 channels. LFA-1 or Mac-1 was quantified using the mean
fluorescent intensity (MFI) and normalized to the control as fold change.
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For NOX inhibitor experiments, the primary monocytes (CD14+/CD16+) were treated with 10
µM DPI, or 1 µM, 3 µM, or 10 µM ML171 for one hour to block NOX; DMSO was used as
control. After incubation, the cells were washed with PBS to remove inhibitors or DMSO and
then treated with 100 µM H2O2 or thrombin- or LPA induced platelet releasate for six hours.
Finally, the intracellular ROS level, and the activation levels of LFA-1 and Mac-1 were
measured by FACS as described above.

In the P-Selectin (CD62P) binding inhibition experiment, thrombin- or LPA induced platelet
releasate was pre-incubated with 1 µg/mL anti-CD62P blocking antibody for 30 minutes. After
that, human primary monocytes were treated with the antibody-treated platelet releasate for six
hours and non-treated platelet releasate as control. Intracellular level of ROS, the activation
levels of LFA-1 and Mac-1 were assessed by flow cytometry.

3.3
3.3.1

Results and discussion
Validation of arsenite selective reduction using a protein model

The very first step towards quantifying sulfenic acid modifications on proteins is to confirm the
selective reducing ability of arsenite. Aldolase contains eight free cysteines without disulfide
formation in its native state, which makes it a suitable model to study oxidative modifications on
cysteine residues. Besides sulfenic acid, the principle product between H2O2 and cysteine
residues (244), this reaction can also lead to other reversible modifications such as disulfide
bonds, but also irreversible modifications such as sulfinic acid and sulfonic acid. To verify the
formation of sulfenic acid on aldolase upon treatment with H2O2, the treated aldolase was
incubated with dimedone, which is a reagent specific for sulfenic acid (185). The results obtained
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after LC-MS/MS analysis are shown in Appendix B.1 and Table 3-1. Of the four cysteine
residues that were identified, Cys 178 and Cys 339 were modified by dimedone, which indicated
the initial formation of sulfenic acid on these two cysteines.

Table 3-1. Summary of sulfenic acid identifications in aldolase under treatments of different concentrations
of H2O2. Four cysteine residuces initially carrying sulfenic acid modification sites were identified by mass
spectrometry in aldolase, using two different approaches: the direct approach used dimedone reaction with sulfenic
acid (dimedone), the indirect approach used arsenite reduction of modified cystienes after free thiols had been
blocked, and iodoacetamide labeling of the newly generated thiols (IAA).

Control

10 µM H2O2

20 µM H2O2

Cys178

IAA

IAA+dimedone

IAA

Cys202

IAA

IAA

IAA

Cys240

IAA

IAA

IAA

Cys339

IAA

IAA+dimedone

IAA+dimedone

To assess the reduction of the newly formed sulfenic acids on aldolase by arsenite, a differential
alkylation strategy was adapted as outlined in Figure 3-1. The original free cysteines were
reacted with NEM, and the sulfenic acid modifications were converted to free thiols by arsenite
and subsequently labeled with IAA. From the extracted ion chromatograms of the Cyscontaining peptides (Appendix B.2, B.8), the peak areas of each NEM- and IAA-labeled peptide
were calculated. The percentages of IAA-modification, a readout of the initial sulfenic acid
modification, for the corresponding cysteines are shown in Figure 3-2. Five Cys-containing
peptides were observed at all H2O2 concentrations, which together covered four cysteine
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residues: Cys178, Cys202, Cys240, and Cys339. The extent of IAA-modification on Cys240
increased from ~50% at 10 mM H2O2 to ~70% at 20 mM H2O2, and on Cys339 from ~90% to
nearly 100%. Cys202 was modified to 40% at both H2O2 concentrations. On Cys178, the extent
of modification increased to over 90% at 10 mM H2O2, but decreased to around 70% at 20 mM
H2O2. This implied the formation of other oxidative modifications, e.g. disulfide, that are not
amenable to arsenite reduction. The accessibility of cysteines in aldolase does not seem to be a
concern, as Cys135, Cys150, Cys178, and Cys202 are buried while Cys73, Cys240, Cys290, and
Cys339 are exposed on the periphery of the protein in the native state (249). The lack of
coverage for Cys73, Cys135, Cys150, and Cys290 is likely due to the formation of higher
oxidation modifications that cannot be reduced by arsenite. Moreover, unlike dimedone, the
differential alkylation method identified two more reactive sites and is adaptable to an affinity
enrichment method such as the modified biotin switch assay we had published previously (245).
Even though the development of dimedone-based chemical probes enables its application in the
affinity enrichment method (184), the concern of the cross reactions between dimedone and
aldehydes or amines under basic or organic solvent conditions still remains (250).
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Figure 3-1. Overview of the differential alkylation strategy for the detection of sulfenic acid modifications in
model proteins. Sulfenic acid modifications (-SOH) are generated by treatments with H2O2. Remaining free thiols
(-SH) are blocked with N-ethylmaleimide (NEM), and sulfenic acid modifications are reduced with arsenite. The
newly released free thiols are then labeled with iodoacetamide (IAA). Alternative oxidation states are abbreviated

% of Sulfenic acid formation

as -SX: cysteine oxidation other than sulfenic acid; -S-S-: disulfide.
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Figure 3-2. The extent of sulfenic acid modification in aldolase in response to different doses of H2O2. For
each cysteine residue, Cys178 (), Cys202 (), Cys240 (), and Cys339 (Δ), for which IAA-modification were
detectable by mass spectrometry, the IAA-modification percentage was determined as follows: peak area of IAA-
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modification of a specific cysteine divided by the sum of IAA- and NEM-modifications on this cysteine and plotted
against the corresponding H2O2 doses.

To further investigate the formation of other reversible cysteine oxidations such as disulfide on
aldolase, arsenite was replaced by DTT in the differential alkylation method to reduce all
reversible cysteine oxidations (Appendix B.3). Eleven cysteine-containing peptides were
identified at different concentrations of H2O2, which together covered six cysteine residues:
Cys73, Cys178, Cys202, Cys240, Cys290, and Cys339 (Appendix B.4, B.9). Among them,
Cys73 and Cys290 are newly covered cysteine residues in comparison with the quantification of
the sulfenic acid in aldolase. This evidently supported the hypothesis that H2O2 reversibly
oxidized these two cysteines into oxidation states that could not be reduced by arsenite and so
resulted in their absence in the previous experiment. For Cys178, Cys202, Cys240, and Cys290,
the percentages of IAA-modification were also higher when reducing all reversible oxidation
modifications (Appendix B.5).

To further validate the selectivity of the reducing ability of arsenite on sulfenic acid but not other
oxidative modifications especially disulfide, lysozyme was employed in the differential
alkylation method. Lysozyme has 8 cysteine residues that all already form disulfide bonds,
therefore it was not treated with H2O2 to avoid further oxidation. Lysozyme reduced by arsenite
was compared with lysozyme reduced by DTT, and non-reduced lysozyme was used as control
in the differential alkylation method (Appendix B.6, B.10). Cys94, Cys98, and Cys112 were
quantified only in the DTT-reducing sample, indicating the inability of arsenite to break disulfide
bonds. In contrast, Cys24, Cys82, Cys48, and Cys133 were quantified in all three samples. This
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suggests the original existence of the reduced forms in lysozyme, as no significant increases of
the percentages of IAA modifications on these four cysteine residues were observed in arsenitereducing samples in comparison with non-reduced samples. This data suggested that no further
reduction of disulfide bonds happened during the treatment with arsenite. Conversely, the
percentages of IAA modifications on these four cysteine residues drastically increased in DTTreducing samples (Appendix B.7).

3.3.2

Optimization of the modified biotin switch assay for sulfenic acid quantification

In a previous study, we had modified the biotin switch assay by using TCEP to reduce all
reversible cysteine oxidation modifications and introducing SILAC for quantification (245). In
order to extend the application of the modified biotin switch assay to selectively quantify
sulfenic acid, we needed to incorporate arsenite into this assay and transfer the reaction from
model proteins to a more complex system such as whole cell lysate. To determine the optimal
concentrations and reaction times of arsenite, a pyridine-2-thione assay was performed using
THP-1 cell lysate treated with H2O2. Different concentrations of arsenite were applied to THP-1
cell lysate to selectively reduce sulfenic acid. The reduced sulfenic acid was then reacted with
biotin-HPDP to give rise to pyridine-2 thione. The dose- and time-dependent yields of these
reactions are shown in Figure 3-3. The increase of the concentration of arsenite from 20 µM to
100 µM led to an increase of the production of pyridine-2-thione, while a further increase from
100 µM to 200 µM did not dramatically increase the production of pyridine-2-thione. For each
different concentration of arsenite, the production of pyridine-2 thione rose quickly within one
hour. The reactions reached a maximum around one and half to two hours and remained stable
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afterwards. Thus, two-hour incubation with 200 µM arsenite guaranteed the complete reduction
of sulfenic acid and was chosen for the modified biotin switch assay.
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Figure 3-3. Time course of the labeling of free thiols in THP-1 cell lysate with biotin-HPDP. THP-1 cell lysates
were incubated with different concentrations of arsenite, and the resulting free thiols were labeled with biotin-HPDP
for different periods of time. The concentration of the reaction product, pyridine-2-thione, was monitored by
measuring the absorption at 343 nm.

To quantify sulfenic acid in THP-1 cell lysate, we wanted to combine the SILAC labeling with
the modified biotin switch assay as we had done before (245). We therefore examined whether
the modified biotin switch assay would affect the quantification results. The heavy SILAC cells
were incubated with 100 µM H2O2 for six hours, while the light SILAC cells were incubated
with media as control. The two SILAC cell populations were mixed at a 1:1 ratio, and the lysate
was subjected to the modified biotin switch assay (Figure 3-4). The non-enriched THP-1 cell
lysate was subjected to SDS PAGE separation and in gel digestion with trypsin, and the resulting
peptides analyzed by LC-MS/MS. For the modified biotin switch assay, free thiols were first
blocked with NEM, and sulfenic acids then selectively reduced by arsenite, labeled with biotin81

maleimide and enriched with NeutrAvidin. The enriched peptides were then released, separated
on SDS PAGE, and analyzed by LC-MS/MS. We plotted the frequency distribution of the
logarithm of the heavy / light (H/L) ratios of all proteins quantified in the non-enriched and
enriched samples using Gaussian distribution regression (Figure 3-5). Similar means of the H/L
ratios for the non-enriched (0.9085) and the enriched (1.0150) sample were observed, indicating
that the modified biotin switch assay has no effect on the distribution of H/L ratio.

SOH

SH

NEM Blocking

S

NEM

SOH

LC-MS/MS!

Arsenite
Biotin-maleimide

S

NEM

Biotin
S
NeutrAvidin Enrichment

S Maleimide Biotin Avidin

SDS buffer!

In gel digestion!

Figure 3-4. Overview of the workflow in the modified biotin switch assay for protein sulfenic acid
quantification. Any protein may contain cysteines in the free thiol (-SH) or sulfenic acid modification (-SOH) form.
Free thiols are first blocked with N-ethylmaleimide (NEM), and sulfenic acid modifications are then selectively
reversed by arsenite to generate free thiols, which are then reacted with biotin-maleimide. Proteins enriched by
NeutrAvidin are eluted, separated by gel electrophoresis, and subjected to mass spectrometric analysis.
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Figure 3-5. The protein H/L ratio with and without the modified biotin switch assay. Heavy SILAC-labeled
THP-1 cells were treated with 100 µM H2O2 for six hours, and then combined with an equal amount of untreated
light SILAC-labeled THP-1 cells. Samples were then subjected to the biotin switch assay, or left as is, followed by
separation and mass spectrometric analysis. The frequency distribution of the corresponding protein H/L ratio and
regression by Gaussian distribution in the mixed cell lysate was calculated for samples that (A) were subjected to the
modified biotin switch assay or (B) was analyzed without enrichment.

3.3.3

Application of the biotin switch assay to an atherosclerotic model

In our previous study, we had established a model system in which monocytes were exposed to
platelet releasate, and had observed that this elevated intracellular ROS level in monocytes. This
had led us to explore redox signaling in this model by studying the total reversible cysteine
oxidation proteome (245). In an attempt to improve our understanding of the redox regulation,
we decided to study sulfenic acid modification in the same model. For this, heavy SILAClabeled THP-1 cells were treated with LPA- or thrombin-induced platelet releasate (LPA-PR /
Thr-PR) for six hours, and then combined with an equal amount of untreated light SILAClabeled THP-1 cells. Treatment with 100 µM H2O2 was used as positive control. The mixed cell
lysates were subjected to the modified biotin switch assay, and the enriched proteins were in-gel
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digested and analyzed by LC-MS/MS. For each type of treatment, three biological replicates
with different batches of THP-1 cells and platelet releasate from different donors were obtained
(Table 3-2). By using stringent cutoff criteria, including a minimum of two peptides matched to
each protein, an average of 4,156 peptides per repeat were identified corresponding to 1,161
proteins. Of all quantified peptides, an average of 481 peptides contained cysteines, which
suggested ~10% enrichment efficiency, and an average of 211 Cys-containing peptides were
quantified that had carried sulfenic acid modifications.
Table 3-2. Enrichment efficiency of the modified biotin switch assay. Heavy SILAC-labeled THP-1 cells were
first treated with with A) 100 µM H2O2; B) LPA-PR; C) Thr-PR treatment for six hours, and then mixed 1:1 with
untreated light SILAC-labeled THP-1 cells. After enrichment, protein separation, in-gel digestion, and mass
spectrometric analysis of three replicates for each treatment condition, the corresponding numbers of proteins,
peptides, Cys-containing peptides, and sulfenic acid modifications (Cys-SOH) were extracted from MaxQuant result
files.

A)
Replicate

Total

number

of

Total

number

of

Number

of

Cys-containing

Number of Cys-

proteins

peptides

peptides

SOH

1

1205

5191

666

350

2

1061

3783

440

240

3

1378

5705

722

322

B)
Replicate

Total

number

of

Total

number

of

Number

of

cys-containing

Number of Cys-

proteins

peptides

peptides

SOH

1

1236

4670

516

210

2

1387

4761

520

217

3

1396

4916

588

250

84

C)
Replicate

Total

number

of

Total

number

of

Number

of

cys-containing

Number of Cys-

proteins

peptides

peptides

SOH

1

825

2449

265

109

2

836

2537

251

90

3

1127

3393

367

118

The apparent low enrichment efficiency was not unexpected. First, the high reactivity that a
sulfenic acid group retains as an intermediate, together with its low abundance reduce the
likelihood of arsenite being able to reduce it and biotin-maleimide to trap it. Moreover, only
1.42% of the amino acids in a protein mixture are cysteine residues, even though almost 95% of
human proteins contain cysteine residues (251). As the modified biotin switch assay enriches
sulfenic acid modifications on the protein level, it contains mostly non-Cys-containing peptides
after protein digestion, resulting in a low enrichment efficiency for Cys-containing peptides.
However, a key advantage of the protein level enrichment and the presence of non-Cyscontaining peptides is the improved identification of proteins during database searching. Indeed,
we were able to quantify a higher number of modified proteins than in our previous study
utilizing peptide-level enrichment (245). In addition, being able to further separate the protein
mixture into five fractions by gel electrophoresis prior to mass spectrometry analysis also helped
expand the coverage of proteins/peptides in this study.

For each treatment, only Cys-containing peptides quantified in all three biological replicates
were considered to be confirmed sulfenic acid sites. A total of 113, 118 and 40 such peptides
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were quantified for H2O2, LPA-PR and Thr-PR treatments, respectively. Further comparison
showed that 17 sulfenic acid modification sites were shared among H2O2, LPA-PR and Thr-PR
treatments as listed in Table 3-3. The number of sulfenic acid modification sites quantified in the
current study is comparable with other established methods that utilize dimedone-based direct
sulfenic acid labeling probe (252, 253). In addition to identifying these sites, however, we also
report the average H/L ratios of each sulfenic acid modification site in three replicates as listed in
supplemental tables (Appendix B.11, B.12, B.13), which can be converted to the percentage of
sulfenic acid modification by applying the equation: % of sulfenic acid = (H/L)/[1+(H/L)].

Table 3-3. List of sulfenic acid modification sites of proteins in THP-1 cells that were quantified across all
three conditions. Proteins quantified across all conditions (H2O2, LPA-PR and Thr-PR treatment) were extracted
from the corresponding result files, and listed with their Swiss-Prot identification, their name, the peptide sequence
carrying the initial sulfenic acid modification site, and the heavy/light (H/L) ratio obtained using three replicates
each.

H/L±SD
Protein ID

Protein name

Sequence
H2 O2

LPA-PR

Thr-PR

CAP1_HUMAN

Adenylyl
cyclaseassociated protein 1

KTDGCHAYLSKNSLDCE
IVSAKSSEMNVLIP

0.95±0.07

1.08±0.17

0.83±0.14

CAP1_HUMAN

Adenylyl
cyclaseassociated protein

TGLKLERALLVTASQCQ
QPAENKLSDLLAPI

0.96±0.02

0.96±0.04

0.8±0.07

CATA_HUMAN

Catalase

HRHRLGPNYLHIPVNCP
YRARVANYQRDGPM

0.74±0.03

1.09±0.12

0.84±0.06

SHTFKLVNANGEAVYC
KFHYKTDQGIKNLSV

0.91±0.08

1.34±0.31

2.25±1.15

CH60_HUMAN

60 kDa heat shock protein,
mitochondrial

ATRAAVEEGIVLGGGCA
LLRCIPALDSLTPA

1.26±0.28

0.99±0.07

0.87±0.09

ENOA_HUMAN

Alpha-enolase

LKVNQIGSVTESLQACK
LAQANGWGVMVSHR

1.1±0.04

0.68±0.06

1.01±0.19
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H/L±SD
Protein ID
ITB2_HUMAN

Protein name
Integrin β2

Sequence
H2 O2

LPA-PR

Thr-PR

GFEGSACQCERTTEGCL
NPRRVECSGRGRCR

1.23±0.07

0.79±0.2

0.83±0.02

CECDTINCERYNGQVCG
GPGRGLCFCGKCRC

1.11±0.13

1.22±0.36

1.02±0.02

KPYM_HUMAN

Pyruvate kinase

DIDSPPITARNTGIICTIGP
ASRSVETLKEM

1.13±0.17

0.71±0.04

0.85±0.16

QCR1_HUMAN

Cytochrome b-c1 complex
subunit 1, mitochondrial

IDDMMFVLQGQWMRLC
TSATESEVARGKNIL

0.77±0.08

1.08±0.09

0.82±0.16

RINI_HUMAN

Ribonuclease inhibitor

LLPLLQQCQVVRLDDCG
LTEARCKDISSALR

0.78±0.06

1.1±0.1

1.03±0.14

QISNNRLEDAGVRELCQ
GLGQPGSVLRVLWL

0.93±0.03

0.96±0.11

0.76±0.15

ARQKLDPKIAVAAQNC
YKVTNGAFTGEISPG

1.07±0.06

0.97±0.11

0.96±0.04

QSTRIIYGGSVTGATCKE
LASQPDVDGFLVG

1.03±0.03

1.01±0.11

0.87±0.14

KVYVAKVDCTAHSDVC
SAQGVRGYPTLKLFK

1.16±0.04

0.97±0.31

1.15±0.14

YNSMEDAKVYVAKVDC
TAHSDVCSAQGVRGY

1.16±0.04

0.97±0.31

1.15±0.14

MSETVICSSRATVMLYD
DGNKR

0.88±0.28

1.14±0.13

1.23±0.08

TPIS_HUMAN

TXND5_HUMAN

VASP_HUMAN

Triosephosphate isomerase

Thioredoxin
domaincontaining protein 5

Vasodilator-stimulated
phosphoprotein

To better understand how monocytes were affected by platelet releasate treatments, we applied
Ingenuity Pathway Analysis (IPA) and KEGG pathway analysis to identify enriched biological
processes for the proteins that bear sulfenic acid modifications. IPA reported the top five
canonical and tox (toxicity assessment of candidate compounds through toxicogenomics
approaches) pathways with p-values <0.05 for each term for H2O2, LPA-PR and Thr-PR
treatments, respectively (Figure 3-6). Glycolysis and gluconeogenesis were enriched for all three
treatments, as also observed in our previous study (245). The pathways highlighted by toxicity
analysis, i.e. mitochondrial dysfunction, oxidative stress and cell death, also revealed the
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involvement of sulfenic acid formation in glucose metabolism. In contrast, KEGG pathway
analysis calculated a p-value, but also false discovery rate (FDR) and Bonferroni-method
adjusted p-value (cutoff criteria of p-value <0.05 per term). Besides glycolysis, KEGG pathway
analysis also highlighted leukocyte transendothelial migration, which is of particular interest in
atherosclerosis. The proteins identified within this pathway include integrin β2, vasodilatorstimulated phosphoprotein, actin, guanine nucleotide-binding protein G(i) subunit α2, vinculin,
and α-actinin-1. We selected integrin β2 to validate the effect of platelet releasate on its
activation.
LPA-PR treatment
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Figure 3-6. Pathway analysis of proteins quantified with sulfenic acid modifications in THP-1 Cells. The
proteins detected with sulfenic acid modifications in THP-1 cells treated with (A) H2O2, (B) LPA Induced Platelet
Releasate (LPA-PR), (C) Thrombin Induced Platelet Releasate (Thr-PR) were subjected to pathway analysis using
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Ingenuity Pathway Analysis (top two panels) or KEGG pathway analysis (bottom panel). Shown are the calculated
p-value for top canonical pathway and top toxicity pathway using Ingenuity Pathway Analysis, and the three
different p-values obtained for KEGG pathway analysis.

3.3.4

Flow cytometry validation of integrin β2 activated by redox signaling

Integrin β2, also designated as CD18, forms complexes with various integrin α subunits and
mediates leukocyte adhesion and dynamic cell-surface signaling through interactions with its
counter-receptors. The ligation of integrin β2 leads to its clustering and transition into a highaffinity state, which then triggers “outside-in” signaling to control acute and chronic
inflammatory responses in leukocytes. The integrin β2 is also the leading contributor to the
recruitment of circulating monocytes from blood vessels into the surrounding tissues during
atherosclerosis (254). There are three main forms of integrin β2 complexes: LFA-1
(CD11a/CD18, αLβ2), Mac-1 (CD11b/CD18, αMβ2), and p150/95 (CD11c/18, αXβ2). Recent
studies in vitro and in vivo highlighted two subfamilies of the integrin β2 complexes, LFA-1 and
Mac-1, which have distinct and cooperative roles in monocyte adhesion to, and migration
through the endothelium (255, 256). To analyze the effect of platelet releasate or H2O2
treatments on the activation of monocyte integrin β2, we measured the activity level of LFA-1
and Mac-1 on human primary monocytes by FACS. Indeed, LPA-PR, Thr-PR, and H2O2 all
induced a significant 1.5- to 2-fold increase in the activity of LFA-1 and Mac-1 on monocytes
compared with untreated monocytes (Figure 3-7 A, Figure 3-8 A). As the positive control, Mn2+
strongly induced a 4.5-fold and 3.5-fold increase of LFA-1 and Mac-1 activity, respectively.
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In our previous study, we had demonstrated that NADPH oxidase (NOX) was a potent enzyme
for ROS production in THP-1 cells as well as primary monocytes during platelet releasate
treatments (245). To verify the causality between the activation of NOX and integrin β2, two
different inhibitors, DPI (an inhibitor of flavoprotein oxireductases) and ML171 (a NOX-specific
inhibitor), were applied to monocytes before treatment with platelet releasate or H2O2. DPI
diminished LFA-1 activation to a level even lower than control (Figure 3-7 A), which linked
LFA-1 activation to NOX activation. In contrast to LFA-1, DPI pre-treatment did not affect the
increase in Mac-1 activity on monocytes induced by platelet releasate (Figure 3-8 A). ML171 is
a NOX1-specific inhibitor (IC50 of 0.25 µM) that only has marginal activity on other NOX
isoforms (IC50 > 3 µM in a HEK293-cell-based system) (257). Therefore, three concentrations (1
µM, 3 µM, and 10 µM) of ML171 were used, which all reduced the LFA-1 activation on
monocytes induced by platelet releasate or H2O2 treatment (Figure 3-7 B). Moreover, the lower
activity of LFA-1 in monocytes at higher concentrations of ML171 may indicate the inhibition of
multiple NOX isoforms. In contrast, ML171 failed to block the activation of Mac-1, and even
slightly increased Mac-1 activation at higher doses (Figure 3-8 B).
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Figure 3-7. Quantification of LFA-1 activation in primary monocytes upon H2O2 and platelet releasate
treatment and DPI and ML171 inhibition of NOX. Human primary monocytes were first treated with (A) DPI,
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(B) different doses of ML171 or DMSO as a control for one hour. After that, monocytes were incubated with H2O2,
different platelet releasate (LPA-PR and Thr-PR) or medium as a negative control for six hours and Mn2+ as positive
control for 30 minutes. Results are expressed as the mean ± SD; asterisks indicate significance (*, p < 0.05, **, p <
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0.01; two-way ANOVA plus Tukey’s post hoc test, n=3).

Figure 3-8. Quantification of Mac-1 activation in primary monocytes upon H2O2 and platelet releasate
treatment and DPI and ML171 inhibition of NOX. Human primary monocytes were first treated with (A) DPI,
(B) different doses of ML171 or DMSO as a control for one hour. After that, monocytes were incubated with H2O2,
different platelet releasate (LPA-PR and Thr-PR) or medium as a negative control for six hours and Mn2+ as positive
control for 30 minutes. Results are expressed as the mean ± SD; asterisks indicate significance (*, p < 0.05, **, p <
0.01; two-way ANOVA plus Tukey’s post hoc test, n=3)

Taken together, our results demonstrate the redox regulated LFA-1 and Mac-1 activation on
primary monocytes in response to platelet releasate, which confirmed our finding of platelet
releasate-induced redox regulation of integrin β2 on THP-1 cells. Earlier reports had shown that
the addition of exogenously H2O2 could activate LFA-1 and Mac-1 in neutrophils (258). We now
prove that H2O2 also activates LFA-1 and Mac-1 in human primary monocytes, and platelet
releasates show effects similar to H2O2 in activating LFA-1 and Mac-1. Moreover, our results
demonstrate that the activation of LFA-1 is dependent on NOX-derived ROS, but the activation
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of Mac-1 is not. Other studies have shown that monocytes interchangeably utilize both LFA-1
(in unstimulated venules) and Mac-1 (in inflammation) for intraluminal crawling (259, 260).
Our results also match a previous observation of NOX not being the oxidase involved in the
activation of Mac-1 in neutrophils (258).

Finally, we decided to test the effect of a known component of platelet releasates on the
activation of integrin β2. To this end, we eliminated the P-selectin activity with a blocking
antibody, since interactions between P-selectin and PSGL-1 on monocytes trigger the monocyte
activation and platelet-monocyte aggregate (PMA) formation (11). The antibody-treated platelet
releasates were applied to human primary monocytes for six hours. Depletion of P-selectin did
not affect ROS increase in human primary monocytes induced by platelet releasate (Figure 3-9
A). The activation level of LFA-1 on human primary monocytes also significantly increased after
six hours incubation with the processed platelet releasates compared to the baseline (Figure 3-9
B). In contrast, depletion of P-selectin in LPA-PR, but not Thr-PR, significantly inhibited the
increase Mac-1 activation after six hours platelet releasate treatment (Figure 3-9 C). These
results demonstrated that the production of ROS and the activation of LFA-1 did not depend on
the P-selectin – PSGL-1 interaction, whereas the activation of Mac-1 did. This corroborates a
recent study, which had shown that the induction of pro-inflammatory signaling events in
monocytes could be uncoupled from P-selectin signaling through PSGL-1 (238). A previous
study in our lab had already identified the platelet releasate-induced up-regulation of very late
antigen 5 (VLA-5, or integrin α5β1) on THP-1 cells via a P-selectin-independent mechanism
(261). Our findings now add new detail to this novel mechanism, and show that it also involves
the production of ROS and the activation of LFA-1.
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Figure 3-9. Quantification of ROS production and the activation of LFA-1 and Mac-1 in human primary
monocytes upon treatment with platelet releasates and P-selectin inhibition. Platelet releasates were treated
with P-selectin blocking antibody for 30 minutes prior to applying them to human primary monocytes for six hours.
(A) Intercellular ROS level, the activation level of (B) LFA-1 and (C) Mac-1 were measured. Results are expressed
as Mean +/- SD; asterisk indicates significance (*p<0.05, **p<0.01; two-way ANOVA plus Tukey’s post hoc test,
n=3)

Taken together, our novel quantitative proteomics approach enabled us to identify a new aspect
of platelet-induced monocyte activation, and revealed a remarkable difference in the regulation
of LFA-1 compared to Mac-1 via two separate mechanisms. This highlights the general utility of
the approach in profiling sulfenic acid modifications in physiological and pathological conditions
associated with oxidative stress.
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Chapter 4: A Novel Inhibitory Mechanism of oxPC Identified on Platelet
Activation and its Association with ROS.

4.1

Introduction

Atherosclerosis, as well as other pathophysiological states in cardiovascular diseases, is closely
associated with platelet hyperactivity (262) and increased prospective risks for arterial
thrombosis (263). In high-risk patients, platelet hyperactivity is also highly related to
dyslipidemia, the accumulation of oxidized lipids in plasma and vessel walls (264). Dyslipidemia
links oxidative stress to the generation of biologically active oxidized phospholipids, which
primarily exist in the form of oxidized low-density lipoproteins (oxLDL). Due to the
heterogeneous characterization of oxLDL, the mechanisms underlying platelet hyperactivity
during dyslipidemia in vivo are still largely unclear. Recently, a family of atherogenic oxidized
phosphatidylcholines (oxPC) from oxLDL was found to be formed by multiple pathways in vivo
at sites of intensified oxidative stress (64). These oxPC species are proposed to act through
CD36, a scavenger receptor, to alter platelet activity. In human platelets, oxLDL also serve as
ligands for CD36 to stimulate tyrosine kinase and protein kinase C (PKC)-dependent activation
of NADPH oxidase 2 (NOX2) and the generation of reactive oxygen species (ROS) (47).
Superoxide (O2-) can react rapidly with platelet or endothelium-derived nitric oxide (NO) to form
peroxynitrite (ONOO-). It has been suggested that the overwhelming inhibition of the key
protective NO-soluble guanylyl cyclase (sGC)-cyclic guanosine monophosphate (cGMP)
signaling pathway may result in uncontrolled platelet activity (265). The decreased
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bioavailability of NO as a potent inhibitor of platelet activation is of particular importance for
atherothrombosis.

ROS acts as intracellular messenger molecule(s) during the interaction of blood platelets with an
agonist. The two primary agonists in hemostasis, thrombin and collagen, both lead to the burst of
ROS (266, 267), although they act very differently on platelets at the molecular level. Thrombin
or thrombin-derived peptide activates NOX to stimulate the production of ROS during platelet
activation. The production of intracellular ROS significantly affects the activation of integrin
αIIbβ3, but not the secretion of alpha and dense granules or the shape change of platelets (116).
Collagen binding to glycoprotein VI (GPVI) causes the production of ROS, which in return
positively regulates the GPVI signaling cascade. ROS oxidizes tyrosine-protein phosphatase
non-receptor type 11 (PTPN11) to promote the phosphorylation of spleen tyrosine kinase (Syk),
vav guanine nucleotide exchange factor 1 (VAV1), and bruton agammaglobulinemia tyrosine
kinase (Btk) in the linker for the activation of T cells (LAT) signaling complex. The LAT
signaling complex further enhances the activation of phospholipase Cγ2 (PLCγ2), and elevates
the cytosolic calcium level for platelet aggregation and thrombosis formation (114). Moreover,
platelet-derived O2- is a functionally relevant scavenger of platelet-derived NO to inhibit the antiaggregatory effects of NO (268). In line with this, inhibitors of integrin αIIbβ3 enhance platelet
NO release while suppressing platelet-derived O2- (269). Some observations implicated plateletderived ROS to have a prominent role in the late phase of platelet aggregation (270, 271).
Although crucially involved, the mechanism by which ROS induces and enhances platelet
aggregation in the biological context is not yet fully deciphered.
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Apart from directly activating platelets, the accumulated evidence in vitro and in vivo suggests
that the platelet-derived ROS increases the adhesion of platelets to vascular endothelium (272).
In the meantime, the prothrombotic/proatherosclerotic effects of ROS were observed in the
pathophysiology of atherothrombosis in vivo (273). However, the relevance of oxLDL to
platelet-derived ROS and platelet hyperactivity in atherosclerosis is not yet fully elucidated. The
purpose of the current study was to clarify the relationship between ROS and platelet behavior in
atherothrombosis compared to that in hemostasis. To be able to apply proteomic tools such as
those discussed in the previous chapters on platelets in future studies, we first need to exactly
establish that ROS are produced during platelet activation induced by different stimuli occurring
in atherothrombosis, hemostasis, and inflammation. Based on the observation that oxPC species
are an important component of oxLDL that link ROS to atherothrombosis, we sought to examine
the modulation of platelet activity by (ox)PC. By analyzing NOX as the potential ROS source in
platelets, we further explored its association with platelet activation.

4.2
4.2.1

Materials and methods
Antibodies and reagents

Anti-human PAC-1- FITC (clone: PAC-1) was purchased from BD Bioscience and anti-human
CD62P-APC (P-selectin) was obtained from BioLegend (CA, USA). Thiobarbituric acid was
obtained from TCI (Tokyo, Japan); malondialdehyde derivative tetraethoxypropane from
ACROS (NJ, USA); ML171 from Tocris bioscience (ON, Canada); H-Gly-Pro-Arg-Pro-OH
(GPRP) from Millipore (ON, Canada); Collagen from Bio/Data Corporation; alkyl-LPA (16:0)
from Avanti Polar Lipids (AL, USA); and p91ds-tat and s-gp91ds-tat from AnaSpec (CA, USA).
Apyrase, 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA), thrombin, adenosine
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diphosphate (ADP), dipenyleneiodonium (DPI), 1H- (1, 2, 4) oxadizaole (4, 3-a) quinoxalin-1one (ODQ), lipopolysaccharide (LPS) (from Salmonella Minnesota), and all the other chemicals
were obtained from Sigma (ON, Canada). 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine
(PAPC) was purchased from Santa Cruz biotechnology (CA, USA); KOdiA-PC, KDdiA-PC,
POV-PC, and sulfosuccinimidyl oleate (SSO) were obtained from Cayman (ON, Canada).

4.2.2

Human platelet preparation

Ethical approval for platelet isolation from whole blood collected from healthy blood donors was
obtained from the Clinical Research Ethics Board at the University of British Columbia (H1200757) and informed consent was granted by blood donors. After discarding the first 2 mL,
blood was drawn into vacutainer blood collection tubes containing acid citrate-dextrose (ACD
solution A, BD Biosciences, Canada). Platelet-rich plasma was isolated from whole blood by an
initial centrifugation at 150 g at room temperature for 15 minutes. Platelet-rich plasma was then
supplied with a half volume of ACD buffer (11.5 mM citrate acid, 88.5 mM trisodium citrate,
111 mM glucose, pH=6) and centrifuged at 720 g at room temperature for 10 minutes to pellet
platelets. Subsequently, the platelet pellet was carefully washed twice with CGSA buffer (10
mM tri-sodium citrate, 30 mM glucose, 120 mM sodium chloride and 1 U/mL apyrase, pH=6.5)
to remove plasma proteins, and suspended in HEPES buffer (10 mM HEPES, 137 mM NaCl, 2.9
mM KCl, 12mM NaHCO3, pH 7.4). Platelet counts were determined on a hemocytometer and
adjusted to physiological concentration (300 x 109/L) using HEPES buffer, and supplemented
with CaCl2 to a final concentration of 1.8 mM. Platelets were rested at room temperature for 30
minutes before stimulation.
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4.2.3

Stimulations of human washed platelets

Washed platelets in HEPES buffer containing 1.8 mM CaCl2 were stimulated with various
concentrations of thrombin, collagen, ADP, alkyl-LPA, or LPS (from Salmonella Minnesota) for
10 minutes followed by the measurement of intracellular ROS level, P-selectin surface
expression, integrin αIIbβ3 activation, and thromboxane synthase activity as described below.

To investigate whether PC species are agonists or antagonists in a time-dependent manner,
washed platelets in HEPES buffer containing 1.8 mM CaCl2 were incubated with 5 µM KOdiAPC, KDdiA-PC, PAPC, or POV-PC for 0 or 15 minutes and then activated by various doses of
thrombin, collagen, or alkyl-LPA for 10 minutes. For the treatment with inhibitors, washed
platelets were treated with either 10 µM ODQ or 100 µM SSO for 15 minutes, followed by
incubation with 5 µM KOdiA-PC, KDdiA-PC, PAPC, or POV-PC. The treated platelets were
then characterized for aggregation, intracellular cAMP/cGMP level, ROS level, P-selectin
surface expression, or integrin αIIbβ3 activation.

4.2.4

Aggregation study

Washed platelets (200 µL) in HEPES buffer containing 1.8 mM CaCl2 were incubated at 37°C
for 3 minutes before adding agonists. For multiplexed screens, platelet aggregation was
monitored using a SpectraMax Plus384 plate reader (Molecular Devices, Sunnyvale, CA, USA)
to measure optical density through the sample at 630 nm. The platelets were agitated for 10
seconds before the first reading, after which point readings were taken at intervals of 20 seconds
for 10 minutes.
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4.2.5

Measurements of ROS production, P-selectin expression, and integrin αIIbβ3

activation by flow cytometry
For detection of intracellular ROS, washed platelets were preloaded with 2’, 7’dichlorodihydrofluorescein diacetate (H2DCF-DA) for half an hour in the dark. For
determination of P-selectin expression and integrin αIIbβ3 activation, washed platelets were
stained with anti-P-selectin-APC antibody (5 µg/mL) and anti-activated integrin αIIbβ3-FITC
antibody (5 µg/mL) for half an hour in the dark. Washed platelets were then activated by
different stimuli in the presence of GPRP. Flow cytometry analysis of platelets was performed,
without fixation, on an LSR II Flow Cytometer System (BD Biosciences, Missisauga, ON,
Canada). H2DCF-DA and FITC conjugated-antibody were excited at 488 nm, and APC
conjugated-antibody at 633 nm. The fluorescence emission of H2DCF-DA, FITC conjugatedantibody and APC conjugated-antibody were detected through the 520/20, 530/30, and 660/20
nm filters, respectively.

A minimum of 5 × 104 cells per sample was acquired for each

measurement.

4.2.6

Thromboxane synthase activity

Thromboxane synthase activity was determined by fluorometric quantification of derivatized
malondialdehyde as previously described (274). Briefly, 0.7 mL aliquots of washed platelets in
HEPES buffer were incubated with various reagents at 37°C in a thermomixer and stopped by
addition of 0.4 mL ice-cold trichloroacetic acid (20% wt/vol). The samples were kept on ice for
10 minutes and then centrifuged for 10 minutes at 14000 g. Equal volumes (0.6 mL) of the
derivatization reagent thiobarbituric acid (0.5% wt/vol) and the supernatant were combined and
incubated for 30 minutes at 70°C. The mixture was incubated for an additional 30 minutes at
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room temperature. Fluorescence was measured on an Agilent Cary Eclipse Fluorescence
Spectrophotometer (Agilent, Santa Clara, CA, USA) at an excitation wavelength of 533 nm with
a slit width of 2.5 nm and an emission wavelength of 550 nm with a slit width of 10 nm. The
standards were prepared from the stable malondialdehyde (MDA) derivative tetraethoxypropane
with thiobarbituric acid in the presence of trichloroacetic acid (20% wt/vol).

4.2.7

Cyclic AMP and cyclic GMP ELISA assays

Washed platelets were treated with different stimuli and pelleted by centrifugation at 720 g for
10 minutes at 4°C. The platelet pellets were then lysed in 0.1 M HCl at room temperature for 20
minutes and centrifuged at ≥ 600 g to remove cellular debris. The platelet lysates were assayed
immediately or stored frozen for later analysis according to the manufacturer’s protocol (Enzo
Life Sciences, Farmingdale, NY, USA). In the meantime, protein concentrations were
determined by the BCA assay (Sigma, Oakville, ON, Canada) to normalize the concentration of
cAMP or cGMP as pmol of cAMP/cGMP per milligram of total protein.

4.2.8

Statistical analysis

All experiments were performed at least in triplicate, and results are presented as mean ± SD.
The data were analyzed using analysis of variance (ANOVA) followed by the Tukey post hoc
test or Dunnett’s test. Differences were considered statistically significant when a p-value was
less than 0.05.
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4.3

Results

4.3.1

The response of platelets to LPA or (ox)PC species

Platelet activation induced by the atherosclerotic stimulus alkyl-LPA is donor-dependent, and
was categorized into weak (percentage of PAC-1 activity <5%) and strong (percentage of PAC-1
activity >5%) subgroups based on the activation level of integrin αIIbβ3 (PAC-1) in our study.
ROS production was monitored within both subgroups, but in neither of them it significantly
increased (Figure 4-1 A, B). For P-selectin expression, platelets from strong responders showed
dramatic elevation of P-selectin expression at concentrations of LPA higher than 20 µM (Figure
4-1 C, D), a trend that was similar for the activation of integrin αIIbβ3 (Figure 4-1 E, F).
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Figure 4-1. Different concentrations of alkyl-LPA induced the activation of platelets without the production
of ROS. The treated platelets were characterized for intracellular ROS level (A-B), P-selectin expression level (CD), and integrin αIIbβ3 (PAC-1) activation level (E-F). Platelets are categorized into strong (percentage of PAC-1
activity >5%) (A, C, E) and weak activation (percentage of PAC-1 activity <5%) (B, D, F) groups based on the
activation level of PAC-1. No significantly increase of ROS production was observed within both groups. Results
are expressed as mean +/- SD; asterisk indicates significance (*p<0.05, one-way ANOVA plus Dunnett’s test, n=5)
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KOdiA-PC was chosen as the representative of the oxidized 1-palmitoyl-2-arachidonylphosphatidylcholine (PAPC) series with PAPC as control, while KDdiA-PC was chosen from the
oxidized 1-palmitoyl-2-linoleoyl-phosphatidylcholine (PLPC) series with POV-PC as control
(Scheme 4-1). The sn-1 position of each of the (ox)PC is bound with palmitic acid, and the sn-3
position is bound with a choline group. The sn-2 position is linked to different polyunsaturated
acyl residues or their oxidized forms (275).
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Scheme 4-1. Chemical structures of different phosphatidylcholine (PC) species and their oxidized derivatives
(oxPC).

Platelets were incubated with 5 µM of each (ox)PC species for 15 minutes, followed by
measurements of platelet aggregation, P-selectin expression, integrin αIIbβ3 activation, and ROS
production. However, none of the four species led to significant platelet aggregation (Figure 4-2
A), or platelet activation as measured by P-selectin expression and integrin αIIbβ3 activation
(Figure 4-2 B, C). They also did not elicit ROS production (Figure 4-2 D). In contrast,
intracellular cGMP levels in platelets were significantly increased by treatments with the (ox)PC
species. KDdiA-PC and POV-PC led to a more than 20-fold increase of cGMP compared with
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that in control (Figure 4-2 E). KOdiA-PC and PAPC induced more than 4-fold increase of cGMP
level. Intracellular cAMP level was also measured, with a less than two-fold increase upon
(ox)PC treatments compared with non-treated platelets being observed (Figure 4-2 F). The extent
of change and the absolute concentration of cAMP were lower than those of cGMP in platelets.

Figure 4-2. (ox)PC species strongly elevated intracellular cGMP level in human platelets, but not platelet
aggregation or activation. Platelet aggregation (A), P-selectin expression level (B), integrin αIIbβ3 activation level
(C), and ROS production level (D) did not change dramatically after 15 minutes treatment with (ox)PC species. Four
(ox)PC species all significantly increased cGMP level (E). KDdiA-PC and POV-PC also increased cAMP level (F).
(*p<0.05, one-way ANOVA plus Dunnett’s test, n=4)
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4.3.2

ROS generation, P-selectin expression, and integrin αIIbβ3 activation in platelets

induced by agonists in hemostasis
To compare the effects of platelet agonists associated with atherosclerotic plaques with those
relevant in hemostasis on ROS production and platelet aggregation, platelets were stimulated
with thrombin, collagen, or adenosine diphosphate (ADP). The intracellular level of ROS in
platelets significantly increased upon stimulation with high doses of thrombin (0.5 U/mL or 1
U/mL) or collagen (0.1 mg/mL or 0.19 mg/mL), but not by low doses of thrombin (0.02 U/mL or
0.2 U/mL) or collagen (0.01 mg/mL) (Figure 4-3 A, B). Unlike thrombin and collagen, ADP did
not elicit ROS production at any concentration (Figure 4-3 C). To test platelet activation level, Pselectin expression (Figure 4-3 D-F) and integrin αIIbβ3 activation (Figure 4-3 G-I) were also
monitored with these three agonists. Thrombin at all concentrations significantly induced the
surface expression of P-selectin and activated integrin αIIbβ3 on platelets, as did a high dose (0.1
mg/mL or 0.19 mg/mL) but not a low dose (0.01 mg/mL) of collagen treatment. ADP at different
concentrations also led to integrin αIIbβ3 activation, but had no effect on P-selectin expression.
Intracellular cAMP and cGMP levels in platelets were also measured by ELISA, but none of
them were significantly changed during platelet activation induced by these three agonists
(Figure 4-4)
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Figure 4-3. Thrombin and collagen induced ROS production in platelet activation. Intracellular ROS level
increased in a dose-dependent manner in platelets activated by thrombin (A) and collagen (B) but not ADP (C). Pselectin expression and integrin αIIbβ3 activation also significantly increased in platelets activated by thrombin (D,
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4.3.3

Thromboxane synthase activity in platelets stimulated by different agonists

To further compare the role of different agonists in platelet activation, the activity of
thromboxane synthase was quantified by the determination of malondialdehyde (MDA)
production by means of the thiobarbituric acid (TBA) reaction. In the TBA reactions, MDA
reacted with TBA to generate a red, fluorescent 1:2 MDA: TBA adduct at low pH and elevated
temperature. Thrombin at concentrations higher than 0.5 U/mL significantly induced the
production of MDA, whereas other stimuli like collagen, ADP, or alkyl-LPA did not (Figure
4-5).
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Figure 4-5. Thrombin significantly induced thromboxane synthase activity in platelets. Washed platelets were
activated by different concentrations of thrombin (A), collagen (B), ADP (C), or alkyl-LPA (D), and the
thromboxane synthase activity was measured through the fluorescent determination of MDA production. Results are
expressed as Mean +/- SD; asterisk indicates significance (*p<0.05, one-way ANOVA plus Dunnett’s test, n=3)

4.3.4

Platelet NADPH oxidase as the major source of ROS production

We used different NOX inhibitors to investigate the possible NOX isoforms as sources of
intracellular ROS production. Thrombin (0.2U/mL) or collagen (0.1mg/mL), which were able to
trigger significant ROS production, was employed here. The NOX non-specific inhibitor DPI, as
well as the NOX2-specific inhibitor gp91ds-tat, significantly prevented ROS production induced
by thrombin or collagen in platelets, while the scrambled peptide S-gp91ds-tat as a control of
gp91ds-tat did not have any effect on ROS production (Figure 4-6 A). The NOX-specific
inhibitor ML171 exhibited a dose-dependent inhibition effect on ROS production in activated
platelets. ML171 at 1 µM specifically inhibited NOX1 over other NOX isoforms (IC50 > 3 µM),
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and indeed significantly inhibited ROS production. The inhibition effect of ML171 persisted
with increasing concentrations (Figure 4-6 B).
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Figure 4-6. NOX inhibitors prevented thrombin or collagen induced ROS production in platelets. (A) NOX2
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To further address the role of ROS in regulating platelets, we assessed the effect of NOX
inhibitors on P-selectin expression and integrin αIIbβ3 activation. DPI and gp91ds-tat significantly
reduced the increase of P-selectin expression provoked by collagen (0.1 mg/mL) or thrombin
(0.2 U/mL), but did not block it completely (Figure 4-7 A). ML171 at all concentrations
successfully inhibited the P-selectin expression induced by collagen, whereas only 10 µM
ML171 partially reduced P-selectin expression induced by thrombin stimulation (Figure 4-7 B).
The effects of different NOX inhibitors on integrin αIIbβ3 were consistent with those on Pselectin. DPI, gp91ds-tat, or ML171 at 10 µM were able to inhibit the activation of integrin αIIbβ3
induced by thrombin (0.2 U/mL) or collagen (0.1 mg/mL) (Figure 4-7 C, D). ML171 at low
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concentrations, 1 µM or 3 µM, inhibited integrin αIIbβ3 activation induced by collagen, but not
thrombin (Figure 4-7 D).
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Figure 4-7. NOX inhibitors partially prevented P-selectin expression and integrin αIIbβ3 activation induced by
thrombin or collagen. DPI, gp91ds-tat (A), or ML171 (B) significantly inhibited P-selectin expression in platelets
induced by thrombin or collagen. Similar results were observed with integrin αIIbβ3 activation. Results are expressed
as Mean +/- SD; asterisk indicates significance (***p<0.001, *p<0.05, two-way ANOVA plus Tukey’s post hoc test,
n=3)

4.3.5

ROS

production

but

no

activation

in

human

platelets

induced

by

lipopolysaccharide treatment
To assess the effect of stimuli relevant to the inflammation progress on platelet activation,
washed platelets were treated with lipopolysaccharide (LPS) (from Salmonella Minnesota)
ranging from 1 to 10 µg/mL for 10 minutes, followed by the analysis of ROS production, P109

selectin expression, and integrin αIIbβ3 activation. LPS at concentrations higher than 5 µg/mL
significantly increased ROS levels in platelets (Figure 4-8 A). However, LPS had no effect on Pselectin expression or integrin αIIbβ3 activation (Figure 4-8 B, C). DPI (non-specific NOX
inhibitor) and gp91ds-tat (NOX2-specific inhibitor) significantly inhibited LPS-induced ROS
production in platelets, while the scrambled peptide S-gp91ds-tat as the control of gp91ds-tat had
no effect on ROS production. ML 171 (NOX1-specific inhibitor) at 10 µM strongly blocked
ROS production in platelets stimulated with LPS, but also reduced the ROS level in the nonstimulated platelets (Figure 4-8 D).
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Figure 4-8. LPS induced NOX-derived ROS production in platelets without induction of platelet activation.
(A) Different concentrations of LPS significantly stimulated the production of ROS in platelets. The P-selectin
expression level (B) and integrin αIIbβ3 activation level (C) did not significantly change in platelets under the
treatments of various concentrations of LPS. (D) Different NOX inhibitors (gp91ds-tat, ML171, and DPI)
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successfully inhibited ROS production induced by LPS in platelets. The scrambled peptide S-gp91ds-tat as control
of gp91ds-tat had no effect on ROS production, while ML171 reduced ROS level in untreated platelets. Results are
expressed as Mean +/- SD; asterisk indicates significance. (*p<0.05, two-way ANOVA plus Tukey’s post hoc test,
n=3)

4.3.6

The inhibition effect of different (ox)PC species on platelet activation

The initial incubation of platelets for 15 minutes with either one of the two oxPC species
KOdiA-PC and KDdiA-PC, or their controls PAPC and POV-PC, significantly inhibited platelet
aggregation induced by 0.2 U/mL thrombin, 20 µM alkyl-LPA, or collagen at 0.01 or 0.19
mg/mL (Figure 4-9 A). To test the hypothesis that the inhibition effects of (ox)PC species on
platelet activity are dependent on the timing of addition, another set of aggregation experiments
involving the simultaneous addition of (ox)PC species with different agonists was conducted.
Only KOdiA-PC caused a decrease in platelet aggregation induced by 0.2 U/mL thrombin, while
other (ox)PC species did not inhibit platelet aggregation initiated by thrombin when added
simultaneously. KOdiA-PC and KDdiA-PC showed a statistically significant inhibition of
platelet aggregation induced by collagen at 0.01 mg/mL. All four (ox)PC species significantly
inhibited platelet aggregation induced by collagen at 0.19 mg/mL or alkyl-LPA at 2.5 or 20 µM
(Figure 4-9 B).
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Figure 4-9. Inhibitory effects of different (ox)PC species in agonist-stimulated platelets were dependent on the
timing of addition. (A) Incubation of platelets with KOdiA-PC, KDdiA-PC, PAPC, and POV-PC for 15 minutes
significantly inhibited the activation of platelets induced by thrombin (0.2 U/mL), collagen (0.01 or 0.19 mg/mL), or
alkyl-LPA (16:0) (20 µM). (B) The simultaneous addition of (ox)PC species and stimuli to platelets significantly
abolished platelet aggregation induced by collagen (0.19 mg/mL) and alkyl-LPA (16:0) (2.5 or 20 µM) . Only
KOdiA-PC reduced platelet aggregation induced by thrombin when added at the same time. (Two-way ANOVA
with Tukey post hoc test; *p<0.05; n= 3 - 5)

In addition to platelet aggregation, P-selectin expression and integrin αIIbβ3 activation, as well as
the production of ROS were also measured in platelets pre-treated with (ox)PC species. Each of
the two oxPC species KOdiA-PC and KDdiA-PC, as well as their corresponding controls PAPC
and POV-PC, prevented the ROS production induced by thrombin (0.2 U/mL) or collagen (0.2
mg/mL). Alkyl-LPA did not induce ROS production regardless of the presence or absence of
(ox)PC (Figure 4-10 A). The increase of the P-selectin expression level in platelets induced by
thrombin (0.2 U/mL) or collagen (0.19 mg/mL) was also significantly inhibited by incubation
with (ox)PC species for 15 minutes (Figure 4-10 B). Similar results were observed for the
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integrin αIIbβ3 activation level in platelets activated by thrombin (0.2 U/mL) or collagen (0.19
mg/mL) (Figure 4-10 C). Since alkyl-LPA alone did not significantly alter P-selectin expression
or integrin αIIbβ3 activation, no significant changes were observed upon treatments with each of
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Figure 4-10. Pre-treatment of human platelets with (ox)PC species prevented the induction of ROS
production, P-selectin expression and integrin αIIbβ3 activation by different stimuli. Incubation of platelets with
KOdiA-PC, KDdiA-PC, PAPC, POV-PC for 15 minutes significantly inhibited ROS production (A), P-selectin
expression (B) and integrin αIIbβ3 activation (C) induced by thrombin, collagen. Alkyl-LPA (16:0) had no significant
effect on ROS production (A), P-selectin expression (B) and integrin αIIbβ3 activation (C), therefore the additions of
the four (ox)PC species had no reduction effect. (Two-way ANOVA with Tukey post hoc test; *p<0.05; n= 3 - 5)

To examine if cAMP or cGMP are linked to the anti-aggregatory effect of (ox)PC species,
intracellular cAMP and cGMP levels were determined by ELISA. Incubation of platelets with
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each of the (ox)PC species for 15 minutes followed by stimulation with different agonists led to
significant increase of the intracellular cGMP level. The pre-treatment of platelets with KDdiAPC or POV-PC resulted in roughly 10-fold increase of intracellular cGMP in platelets activated
by thrombin (0.02 or 0.2 U/mL), collagen (0.01, or 0.19 mg/mL), or alkyl-LPA (2.5 or 20 µM),
and a 20-fold increase of the cGMP level in non-activated platelets. The pre-treatment of
platelets with KOdiA-PC or PAPC led to two-fold increase in platelets activated by thrombin,
collagen, or alkyl-LPA, and four-fold increase of the cGMP in non-activated platelets (Figure 411 A). In contrast, when (ox)PC species and 0.2 U/mL thrombin were added at the same time,
they failed to elevate the intracellular cGMP level in platelets. However, the concurrent addition
of KDdiA-PC or POV-PC still caused a significant 10-fold increase of cGMP in platelets
activated by 0.02 U/mL thrombin, collagen or alkyl-LPA. KOdiA-PC or PAPC also retained
their ability to elicit a two-fold increase of intracellular cGMP production in platelets stimulated
by 0.02 U/mL thrombin, 0.01 mg/mL collagen or 2.5 µM alkyl-LPA (Figure 4-11 B).
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Figure 4-11. Pre-treatment of human platelets with (ox)PC species suppressed the activation of platelets by
different agonists via elevated cGMP level. (A) Incubation of platelet with KDdiA-PC or POV-PC for 15 minutes
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significantly induced 10-fold increase of intracellular cGMP level in platelets in the presence of thrombin, collagen,
or alkyl-LPA (16:0), and KOdiA-PC or PAPC only led to a 2-fold increase of cGMP level. (B) Four (ox)PC species
significantly increased cGMP level in the presence of 0.02 U/mL thrombin, collagen or alkyl-LPA (16:0), but not
for 0.2 U/mL thrombin when added at the same time. (*p<0.05, two-way ANOVA with Tukey post hoc test, n= 3 5)

Conversely, the intracellular level of cAMP did not increase as strongly as the intracellular level
of cGMP. The 15-minute pre-treatment with KOdiA-PC, KDdiA-PC, PAPC, or POV-PC
induced a significant two-fold increase of cAMP in platelets activated by thrombin (0.02 or 0.2
U/mL), collagen (0.19 mg/mL), or non-stimulated control (Figure 4-12 A). In contrast, when
each of the four (ox)PC species was added at the same time as thrombin, collagen, or alkyl-LPA
(20 µM), they were no longer able to induce significant increase of the intracellular cAMP level
(Figure 4-12 B).
A. PC species adding 15 min before the stimulation of platelets
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115

activated by thrombin, collagen, or alkyl-LPA. (B) The simultaneous addition of the four (ox)PC species with
thrombin, collagen, or alkyl-LPA (16:0) into platelets did not significantly induce intracellular cAMP level.
(*p<0.05, two-way ANOVA with Tukey post hoc test, n= 3 - 5)

To further test our hypothesis that (ox)PC species inhibit platelet reactivity via the sGC-cGMP
pathway, the sGC inhibitor ODQ was applied to platelets prior to incubation with any one of the
(ox)PC species for 15 minutes. ODQ significantly restored the previously observed platelet
aggregation in response to thrombin (0.2 U/mL) or collagen (0.19 mg/mL) despite the presence
of KOdiA-PC, KDdiA-PC, PAPC, or POV-PC (Figure 4-13). The effect of ODQ on platelet
activity induced by alkyl-LPA was not significant, because alkyl-LPA itself did not induce any
significant platelet aggregation.
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Figure 4-13. The sGC inhibitor ODQ prevented the inhibition effect of platelet aggregation induced by
(ox)PC species. Incubation of platelets with 10 µM ODQ for 15 minutes significantly prevented the inhibition effect
of (ox)PC species on platelet activation induced by thrombin (A) or collagen (B), but not alkyl-LPA (C). (*p<0.05,
two-way ANOVA with Tukey post hoc test, n= 3 - 5)

CD36 was suggested to be the primary receptor of oxPC species (65). To determine the
involvement of CD36 in the inhibitory effect observed with (ox)PC species, we tested the
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inhibitor of scavenger receptor CD36, SSO, on platelets by measuring the integrin αIIbβ3
activation level. SSO itself prevented platelet activation induced by thrombin (0.2 U/mL),
collagen (0.19 mg/mL), or alkyl-LPA (20 µM) (Figure 4-14), as did the addition of SSO and
each of the (ox)PC species together.
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Figure 4-14. The CD36 inhibitor SSO inhibited platelet activation induced by thrombin, collagen, and alkylLPA. Incubation of platelets with 100 µM SSO for 15 minutes strongly inhibited platelet activation (PAC-1
activation) induced by thrombin, collagen, and alkyl-LPA (16:0). The combination of SSO with (ox)PC significantly
blocked PAC-1 activation on platelets induced by thrombin (A), collagen (B), or alkyl-LPA (C). (*p<0.05, two-way
ANOVA with Tukey post hoc test, n= 3 - 5)

4.4

Discussion

In the previous two chapters, we have explored the ROS-induced cysteine oxidation in
monocytes using redox proteomic tools. As platelets also contribute to the formation of the
atherosclerotic plaque, we need to focus on understanding how platelets are modulated by ROS.
In order to apply proteomic tools such as those discussed in the previous chapters on platelets in
future studies, we decided to first analyze the interaction between platelets and different stimuli
relevant to hemostasis, atherothrombosis, and inflammation The effect of ROS on platelet
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activation has been more or less explored in hemostasis (114, 116, 267, 276). Therefore,
thrombin, collagen, and ADP as the stimuli relevant to hemostasis were applied as reference for
LPA and (ox)PC species, the stimuli derived from atherosclerosis, to study redox regulation in
platelets. Using several assays for in vitro platelet activation, our results, consistent with previous
observations (114, 116), confirmed that primary strong agonists, including thrombin and
collagen, were able to generate NOX-derived ROS during platelet activation. The present study
also markedly extended the analysis of this phenomenon by resolving the dose-dependent ROS
production profiles in platelets, with no significant ROS production at the low dose of thrombin
or collagen. This implicated a tight regulated link between ROS production and the extent of
platelet activation.

However, the production of ROS is not always associated with platelet activation. ADP as a
critical secondary agonist and LPA as a plaque-derived platelet stimulus did not induce ROS
production in platelet activation. KOdiA-PC, a representative of oxPC series, had already been
shown to stimulated NOX2-derived ROS production to facilitate platelet activation and thrombus
formation (47). In contrast, our studies showed that KOdiA-PC and other (ox)PC species we
utilized suppressed the production of ROS, and did not induce platelet activation. To further
extend our understanding of redox regulation in platelet activity, the pro-inflammatory stimulus
lipopolysaccharide (LPS) was also tested. We utilized LPS from Salmonella Minnesota, a roughform LPS, because rough-form LPS is primarily used in cellular activation studies in vitro (277).
We found that LPS from Salmonella Minnesota did not trigger the platelet activation cascade,
but still induced the NOX-derived ROS production. Future studies to clarify whether LPSderived ROS sensitize platelets to other stimuli would be worthwhile. Taken together, these
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findings indicate that ROS may serve as indispensable signaling molecules only for specific
platelet activation pathways.

Platelet hyperactivity in the context of dyslipidemia has been reported to proceed through the
action of oxLDL (65, 278). Oxidized PC species are an important component of the
atherosclerotic plaque as well as oxLDL. It has been reported that oxPC species increased in the
plasma of humans with low high-density lipoprotein (HDL), and enhanced platelet activity (65).
Strikingly, those two oxPC species as well as the two control species we utilized did not activate
platelets, but acted as inhibitors of platelet activation induced by other stimuli. From this
observation, we proceeded to explore the underlying mechanism and demonstrated that an
increase in the intracellular cGMP level played a causal role in the inhibition effect of (ox)PC
species on platelet activation. The NO-sGC-cGMP signaling pathway is an important inhibitory
pathway to keep platelets deactivated. Rescue of (ox)PC-induced inhibitory effect by an sGC
inhibitor was observed in platelets, which confirmed the cGMP pathway as the major inhibitory
mechanism initiated by (ox)PC species. Furthermore, oxPCs are a component of oxLDL, for
which both activating and inhibitory potential have also been reported (45). These results
supported the inhibition effects of (ox)PC species on platelet activation. Taken together, our
studies suggest that oxPC species profoundly affect GC-cGMP signaling in platelets and inhibit
platelet activation (Figure 4-15). However, our observations are different from the literature in
regard to the platelet response to oxPC species. Therefore, the exact mechanism of the efforts of
oxLDL and oxPC on platelet activity still requires more systematical experiment analysis.
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Figure 4-15. The inhibition effect of (ox)PC species on platelets is mediated by the NO-sGC-cGMP level.
(ox)PC species elicit the intracellular cGMP level in platelets to inhibit platelet activation and ROS production. This
inhibitory effect may be regulated by CD36 ligation. NO, nitric oxide; sGC, soluble guanynyl cyclase; cGMP, cyclic
guanosine monophosphate; ROS, reactive oxygen species.

The sn-1 position of (ox)PC is usually bound with a saturated fatty acid, and the sn-2 position is
linked to a polyunsaturated fatty acid, which is highly oxidizable. It has been suggested that the
biological activities of (ox)PC species may depend on the recognition of the chemical structure
of the long-chain fatty acid by specific receptors like CD36 (275). However, the four (ox)PC
species we utilized with fatty acids of various structures did not show any significant difference
in inhibiting platelet activation. This indicates that the (ox)PC species may be able to induce
cellular responses regardless of the structure, or even the position of the fatty acid. In addition,
the scavenger receptor CD36 contains a binding pocket for long-chain fatty acid (279). The
inhibitor of CD36, SSO, was observed to reduce platelet activity in our studies. On the basis of
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its structure, SSO may mimic the fatty acid on the sn-2 position but not exclusive of the sn-1
position of (ox)PC species. These observations suggest that the inhibition of platelet activation
by SSO and (ox)PC species may be mediated by CD36 ligation. In order to unravel the
interaction of platelet with (ox)PC through CD36, more research is still needed to understand the
precise CD36 signalling pathways in platelets.

ROS reacts rapidly with nitric oxide (NO) to produce peroxynitrite, which depletes the NO level
in blood vessels. NO is known to be an important regulator of vascular tone that deactivates
platelets through the sGC-cGMP pathway. Low doses of NO-related drugs i.e. aspirin have been
very efficacious as an anti-platelet agent in the treatment of thrombotic disorders (280).
Moreover, another major therapeutic strategy that has emerged from studying the role of NO as a
regulator of platelet activity is phosphodiesterase (PDE) inhibitors. PDEs catalyze the hydrolysis
of cAMP and cGMP to regulate their intracellular concentration. PDE3 inhibitors, e.g. milrinone
and cilostazol, have been approved by FDA to treat patients with heart failure (281). PDE5 has a
relatively high expression in the vascular system, and its inhibitors such as sildenafil, tadalafil,
and vardenafil are approved for the treatment of cardiovascular disorders (282). However, all
these intervention strategies are associated with increased bleeding risk, because their targets are
shared by atherothrombotic and hemostatic pathways. In contrast, manipulation of ROS level to
maintain the NO level could be an alternative way to control platelet activation and prevent
atherothrombosis.

Numerous studies have now pinpointed platelet-derived ROS as a secondary messenger that
drives multiple aspects of platelet function in response to a variety of mediators. Thus the roles
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of platelets for atherogenic, inflammatory, and angiogenic processes are all likely to be
influenced by platelet-derived ROS. However, the specific significance of different ROS species
and ROS-producing enzymatic systems remains to be gradually defined in platelets. As the
primary factor that correlates ROS with atherosclerosis, oxLDL influences platelet reactivity
through a variety of mechanisms in both prothrombotic and antithrombotic ways. Many
questions remain outstanding about the role of oxLDL, in particular different oxPC species, with
respect to platelet activity. Therefore, the application of proteomic techniques such
phosphoproteomics, glycoproteomics, and redox proteomics will be critical to investigate ROSinduced platelet activation and oxLDL-mediated platelet signaling.
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Chapter 5: Conclusion and Future Direction

Platelet activation and their interaction with monocytes are critical steps in the initiation and
progression of atherosclerosis. The comprehensive analysis of the redox proteome in platelets
and monocytes is essential for gaining a complete understanding of redox modulations in
atherosclerosis. This is the motivation behind the development of versatile proteomic tools in this
thesis that can be used to study the platelet-monocyte interaction and platelet activation in the
context of atherosclerosis.

The biotin switch assay was originally designed approximately 15 years ago for the investigation
of S-nitrosylation, the reaction product between nitric oxide (NO) and cysteine residues in
proteins (182). After that, mass spectrometric analysis continued to focus on S-nitrosylation
because of the importance of this modification for signal transduction. In recent years, other
oxidative cysteine modifications have also been recognized as prevalent but relatively
underexplored regulators of cellular signaling cascades. Studies of those modifications represent
the major focus of this thesis, along with development of a tool to characterize such reversible
cysteine oxidations. On the basis of results obtained in Chapter 2 and Chapter 3, the modified
biotin switch assay coupled with SILAC has proven to be a useful tool for mapping oxidatively
modified peptides/proteins from cells under changing conditions, and for isolating modified
proteins for subsequent quantification. However, the biotin switch assay has some limitations as
it is biased towards the identification of abundant proteins. It has, therefore, been suggested that
the quantification of each individual modification should be validated by alternative approaches
in order to confirm its physiological relevance (283). Despite these drawbacks, the modified
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biotin switch assay developed in this thesis significantly improved previous existing biotin
switch assays through incorporation of quantification methods and the use of selective reducing
reagents.

To extend our knowledge of redox modulation that occurs in platelet-monocyte interaction, a
model system was established using THP-1 cells (a cell line model of monocytes) upon treatment
with platelet releasate, and analyzed by the modified biotin switch assay. The analysis of total
reversible cysteine oxidation in this model quantified more than one hundred proteins that are
relevant to fundamental biological processes, including glycolysis and redox regulation. To gain
a better understanding of the redox regulation of monocytes in atherosclerosis, we also assessed
the sulfenic acid modification in the same model. This analysis was expected to cover fewer
proteins than the study of reversible cysteine oxidation, because sulfenic acid modification is
only a small subset of total reversible cysteine oxidation. However, through the use of a high
performance mass spectrometer, the investigation of the sulfenic acid modification quantified
more than one hundred proteins. Moreover, some of those proteins identified with sulfenic acid
modification were involved in the disease-relevant, previously missed biological process of
monocyte transendothelial migration, which included integrin β2. Thus, the analysis of sulfenic
acid modification is more likely to reflect redox regulation relevant to disease than the
corresponding total analysis. Future studies of other individual reversible cysteine modifications
would be worthwhile.

Most of the enzymes in glycolysis that were quantified with reversible cysteine oxidation were
also identified with sulfenic acid modification, such as GAPDH, α-enolase (ENOA), aldolase
124

(ALDOA), triphosphate isomerase (TPIS), and malate dehydrogenase (MDHM). The consistent
quantification of key enzymes in glycolysis may be due to the following reasons. First, because
of their short lifetime, ROS species tend to react with targets at the sites where they generated,
instead of traveling across subcellular compartments. Glycolysis, i.e. the respiration chain, is an
important source of ROS in cellular systems. Therefore, ROS species encounter glycolytic
enzymes as soon as they are generated. Second, several enzymes in glycolysis such as GAPDH
and TPIS contain reactive cysteine residues that are part of their catalytic site or modulate their
function (284). Those cysteine residues are prone to become targets of ROS species (241). In
addition, interference with glycolysis initiates the pentose phosphate pathway to produce
NADPH to deactivate ROS species (242). Moreover, dysfunctional glycolysis is also associated
with the pro-inflammatory state in monocytes (285). The repeated identification of this pathway
in our studies as well as literature evidence indicates a profound effect of the platelet releasate on
the energy metabolism in monocytes through redox regulation.

In contrast to enzymes in glycolysis, several ribosomal proteins that had been quantified when
targeting reversible cysteine oxidations were not quantified as containing sulfenic acid
modifications. The ribosome is a molecular machine that is responsible for protein synthesis in
cells, and the global inhibition of protein synthesis is a common response to stress conditions.
Oxidation of ribosomal proteins may cause errors in the proteins that are produced, and increase
the toxicity of the oxidative stress (286). The oxidation of ribosomal proteins is relevant to the
general redox state of a cell and reflected in the analysis of total reversible cysteine oxidation.
On the other hand, sulfenic acid modification as a reactive intermediate is more likely to be
involved in signal transduction. The two studies may therefore emphasize different aspects of the
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system, and, consequently, have overlapping but distinct protein profiles.
The novel biological process of interest in the study of sulfenic acid modification is monocyte
transendothelial migration, which includes integrin β2. LFA-1 (αLβ2) and Mac-1 (αMβ2), two
complexes of integrin β2, serve as bridges between activated monocytes and the endothelium
(287). The precise mechanism(s) by which integrin β2 complexes are activated in monocytes in
response to activated platelets are not fully understood, but are believed to involve redox
modulation of cysteine residues (258). Integrins are a family of proteins rich in cysteine residues,
and cysteine oxidation has been reported to affect the conformation and activation of integrin
complexes, including integrin β2 (288, 289). On the basis of our proteomic study, we discovered
several sulfenic acid modification sites in integrin β2. Although the direct functional relevance of
those modifications was unclear, flow cytometry experiments clearly showed the activation of
LFA-1 but not Mac-1 in monocytes mediated by NOX-derived ROS. In addition, it has been
suggested that activated platelets bind to monocytes mainly through P-selectin-PSGL-1
interactions (193), and upregulate the expression and functionality of integrin β1 and β2 in
monocytes (17). We also observed P-selectin-PSGL-1 dependent activation of Mac-1 on
monocytes. However, the P-selectin-PSGL-1 interaction was not associated with ROS
production, or LFA-1 activation on monocytes in our model. The next step is to determine the
effect of sulfenic acid modification on the function of integrin β2. This can benefit from the
improvement in the quantification of sulfenic acid modification through applying dimedonebased biotin-labeling reagents. Since most sulfenic acid modifications are unstable and lost
easily, dimedone-based labeling reagents would preserve them, and have great potential to
improve the enrichment accuracy and efficiency (185). Among the dimedone-based sulfenic acid
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probes, DAz-1 and DAz-2 have the great advantage of being cell permeable which enables
detection of sulfenic acid modifications in living cells (252).
We have contributed to the ever-growing body of knowledge related to mechanisms of plateletmonocyte interaction. As illustrated in Figure 5-1, platelet releasate is sufficient to induce a proinflammatory state in monocytes through NOX activation, ROS production, and integrin β2
activation. The next step could be the application of current proteomic tools to samples from
patients with atherosclerosis to validate the targets quantified in this thesis, e.g. integrin β2.
Moreover, the quantitative redox proteomic tools we developed enable the monitoring of
multiplexed conditions of a biological system associated with atherosclerosis in drug
development.
Platelet
Alkyl-LPA
Thrombin

Platelet
Releasate

Unknown

NOX

PSGL-1

ROS ↑
Mac-1

Glycolysis
LFA-1

Figure 5-1. Platelet releasate induces monocyte activation via redox regulation. Platelets become activated in
response to thrombin or alkyl-LPA, and release their content. The platelet releasate then induces ROS production in
monocytes through the activation of NOX and other enzymes. The increased intracellular level of ROS leads to the
inhibition of glycolysis, and the activation of integrin β2 complexes by reversible oxidative modifications of cysteine
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residues. ROS, reactive oxygen species; NOX, NADPH oxidase; LFA-1, integrin αLβ2; Mac-1, integrin αMβ2; PSGL1, P-selectin glycoprotein ligand-1.

To further extend our understanding of redox regulation in atherosclerosis through proteomics,
another reversible cysteine modification that should be considered is S-glutathionylation, a
mixed disulfide bond formed between cysteine residues and glutathione (GSH). GSH is a potent
antioxidant in cells, and more than 90% of the total GSH amount remains in the reduced form in
healthy cells. S-glutathionylation is regarded as a cellular response to stress, and often found to
be increased in diseases (290). Even though protein S-glutathionylation has been reported in the
THP-1 human monocytic cell line, primary human monocytes (291), and human monocytederived macrophages (292), most of these studies have only quantified S-glutathionylation at the
global level. In contrast, very few S-glutathionylated proteins have been validated as redox
signaling proteins in monocytes or macrophages (293, 294). A modified biotin switch assay to
quantify S-glutathionylation through high-throughput proteomic method has already been
developed. It uses glutaredoxin (Grx) to enzymatically reduce S-glutathionylated proteins, and
then enrich the newly reduced proteins/peptides via biotin-avidin (295). In addition, a resinassisted enrichment has also been developed to directly capture cysteine-containing peptides, and
adapted with Grx reduction to offer a more efficient way to analyze S-glutathionylation (296).

A remarkable observation arising from the studies was that platelet releasate induced by
thrombin or alkyl-LPA did not show any significant difference in triggering ROS production and
cysteine oxidation in monocytes. Previous studies in our lab had implemented quantitative
proteomics studies to compare proteins released by platelets activated by different agonists.
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Those results showed that indeed there was a characteristic proteome profile with each of the
agonists, mostly due to difference in the relative abundance of individual components (297). This
suggests that various platelet-activating stimuli in atherosclerosis have distinct signaling
pathways in platelets. In Chapter 4, we therefore also focused on redox regulation of platelet
activation. As observed in monocytes, the measurement of ROS production is the most direct
way to monitor redox regulation. Thus, we started with the analysis of ROS production in
platelets activation. The two main platelet agonists associated with hemostasis, thrombin and
collagen, as well as the infection-specific agonist lipopolysaccharide (LPS), were able to
promote ROS production mainly via the activation of NOX, which in turn affected the activation
of integrin αIIbβ3 and P-selectin expression. However, no ROS production was observed in
platelets activated by the secondary agonist ADP, or the plaque-derived agonist alkyl-LPA. This
suggests that an agonist-dependent variation in the activation of NOX and the resulting ROS
production exists in platelets. The cause of this variation is still unclear and whether it occurs in
vivo still needs to be investigated.

As products of the oxidation of LDL, LPA and (ox)PC species share structural similarity. PCs
are first oxidized on their sn-2 position to produce oxPCs. PC and oxPC species then
enzymatically convert into lysoPC by PAF acetyl hydrolase (Lp-PLA2) (298), before the
removal of the choline group from lysoPC by autotaxin finally generates acyl-LPA (299).
Different forms of LPA have been established as platelet agonists. The oxPC species are now
also emerging as important regulators of platelet activity, and the platelet activation induced by
oxPC species has recently been reported (65). In spite of these findings, the precise role of oxPC
in activation/de-activation of platelets has yet to be fully elucidated. In our study, several (ox)PC
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species were found to inhibit platelet activation through elevating the intracellular cGMP level.
Our observations are different from the literature in regard to the platelet response to oxPC
species, which require more systematical analysis.
The agonist-dependent ROS production and the effects of (ox)PC species on platelets indicate
active redox regulation in platelets. Proteomics analysis provides one tool to evaluate changes in
redox state associated with phenotype changes. A deep exploration of the difference in platelet
behavior in hemostasis and atherothrombosis can be achieved through the application of such
redox proteomic tools we have developed. Although platelets cannot be metabolically labeled,
redox proteomics coupled with chemical labeling approaches, e.g. ICAT, iTRAQ, or iodoTMT,
could be applied to systematically quantify redox signaling events. To further extend our
understanding of the role platelet plays in atherosclerosis, it would be necessary to apply the
redox proteomic assay as well as the functional assays we utilized in chapter 4 to study platelets
from patients. A comparison of platelets from patients with platelets from healthy donors would
allow us to better understand platelet behavior in atherosclerosis, and develop novel intervention
strategies. Given the fact that increased platelet activity is observed in patients with myocardial
infarction (300) and stroke (301), modifications in the platelet preparation may also be needed.
Platelets are activated during the washing steps of our current platelet preparation protocol,
which may lead to false positive results. An alternative way to prepare platelets is gel filtration of
platelet-rich plasma, which effectively separates platelets from blood cells and plasma proteins
with less activation (302).

Given the involvement of ROS in various aspects of atherosclerosis, antioxidant therapy was
considered as one of the most promising strategies to prevent the development of a plaque.
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However, the results of large scale clinical trials and randomized controlled trials were mainly
disappointing (303, 304). Although antioxidant supplements fail to prevent cardiovascular
diseases in clinical trials, the NOX-dependent ROS still remains a compelling target for the
prevention and treatment of vascular disease. GKT137831 (http://www.genkyotex.com) as a
specific inhibitor for NOX1 and NOX4 has been approved for phase II clinical trials in patients
with diabetic nephropathy (305). Our studies have identified NOX as the primary source of ROS
in monocytes in contact with platelet releasate, and during platelet activation. However, we are
still not able to distinguish which NOX isoforms in monocytes and platelets are responsible for
the development of atherosclerosis. Given that NOX has emerged as the most promising
therapeutic target for diseases associated with oxidative stress, more studies are therefore
required for a complete validation of the role of individual NOX isoforms using inhibitors with
improved efficacy and specificity.

It is by now well accepted that chronic and acute events in atherosclerosis, including plateletmonocyte interaction and platelet activation, are associated with redox signaling through
reversible cysteine modification. However, the exact mechanism of reversible cysteine
modification and its impact on protein function is largely unknown. The development of redox
proteomic approaches addresses this need by providing a useful tool that provides direct insight
into the redox regulation of proteins in biological processes. Moreover, modulations of redox
regulation open up new avenues for design of therapeutic strategies for atherosclerosis. With the
capability for multiplexed monitoring of conditions simultaneously, quantitative redox
proteomics has guiding potential in discovery and validation of new therapeutic targets.
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Appendices
Appendix A
A.1

Increased ROS production in THP-1 cells upon H2O2 treatment for one hour and six

hours.

A.2

The overlap of A. total peptides; B. Cys-containing peptides among three replicates

in THP-1 cells with LPA-PR treatment for six hours.
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A.3

The overlap of A. total peptides; B. Cys-containing peptides among three replicates

in THP-1 cells with Thr-PR treatment for six hours.

A.4

The overlap of A. total peptides; B. Cys-containing peptides among three replicates

in THP-1 cells with DPI 1h pretreatment following by LPA-PR six hours treatment.
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A.5

Enrichment Efficiency of the Modified Biotin switch assay on THP-1 cells with

LPA-PR treatment for six hours.
# of replicates
1
2
3

A.6

Total # of peptides

# of Cys-containing peptides

1887
1688
2003

680
651
730

The 120 CysOX containing peptides in six hours LPA-PR treatment with their H/L

ratio.
UniProt ID
1433Z_HUMAN
ACTB_HUMAN
ALDOA_HUMAN
ANXA6_HUMAN
ARP2_HUMAN
ARP3_HUMAN
CALR_HUMAN
CAP1_HUMAN

CAPZB_HUMAN
CDC42_HUMAN
CH60_HUMAN
CLCB_HUMAN
CLIC1_HUMAN
COF1_HUMAN
DDX17_HUMAN
DX39B_HUMAN

Sequence
YDDMAACMK
DICNDVLSLLEK
LCYVALDFEQEMATAASSSSLEK
CDVDIR
ALANSLACQGK
CLIEILASR
LCYVGYNIEQEQK
LPACVVDCGTGYTK
YSYVCPDLVK
LGYAGNTEPQFIIPSCIAIK
HEQNIDCGGGYVK
ALLVTASQCQQPAENK
CVNTTLQIK
NSLDCEIVSAK
INSITVDNCK
TDGCHAYLSK
DYLLCDYNR
NLSDLIDLVPSLCEDLLSSVDQPLK
YVECSALTQK
AAVEEGIVLGGGCALLR
VAQLCDFNPK
FLDGNELTLADCNLLPK
LHIVQVVCK
IGNCPFSQR
AVLFCLSEDK
HELQANCYEEVK
STCIYGGAPK
HFILDECDK

H/L
2.62
1.44
2.02
2.67
1.39
1.53
2.79
4.05
2.44
1.61
1.57
2.36
2.46
1.69
1.57
1.53
1.69
2.11
2.54
3.00
1.83
2.50
3.07
2.72
6.60
3.25
2.19
1.95

SD
1.51
0.00
0.47
1.10
0.17
0.27
0.64
2.97
1.05
0.23
0.23
1.06
0.97
0.42
0.19
0.16
0.83
0.17
0.69
0.13
0.17
1.23
0.66
0.60
1.06
0.63
0.28
0.47
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UniProt ID
EF2_HUMAN
ENOA_HUMAN
ETFA_HUMAN
G3P_HUMAN
GBB1_HUMAN
GNAI2_HUMAN
GNAI3_HUMAN
GSTP1_HUMAN
HNRPD_HUMAN
HNRPQ_HUMAN
HS105_HUMAN
HSP7C_HUMAN
LDHA_HUMAN
LEG1_HUMAN
MDHM_HUMAN
MIF_HUMAN
NDK8_HUMAN
NH2L1_HUMAN
PCBP1_HUMAN
PCBP2_HUMAN
PGK1_HUMAN
PLSL_HUMAN
PP1G_HUMAN
PPIA_HUMAN
PRDX6_HUMAN
RAC2_HUMAN
RAN_HUMAN
RINI_HUMAN
RL12_HUMAN
RL14_HUMAN
RL18_HUMAN
RL18A_HUMAN
RL23_HUMAN

Sequence
STLTDSLVCK
TFCQLILDPIFK
SCNCLLLK
VNQIGSVTESLQACK
TIYAGNALCTVK
LGGEVSCLVAGTK
IISNASCTTNCLAPLAK
LFVSGACDASAK
IIHEDGYSEEECR
IIHEDGYSEDECK
ASCLYGQLPK
FGEVVDCTLK
GFCFITFK
GFCFLEYEDHK
GCALQCAILSPAFK
CNEIINWLDK
VCNPIITK
VIGSGCNLDSAR
IKCVAFD
FNAHGDANTIVCNSK
TIIPLISQCTPK
LLCGLLAER
GDFCIQVGR
PVIACSVTIK
LVVPATQCGSLIGK
LVVPASQCGSLIGK
AITIAGIPQSIIECVK
DCVGPEVEK
GCITIIGGGDTATCCAK
EGICAIGGTSEQSSVGTQHSYSEEE
IYGFYDECK
K
KITIADCGQLE
IIPGFMCQGGDFTR
DINAYNCEEPTEK
AVLCPQPTR
YLECSALTQR
VCENIPIVLCGNK
LDDCGLTEAR
EILGTAQSVGCNVDGR
ALVDGPCTQVR
CMQLTDFILK
GCGTVLLSGPR
DLTTAGAVTQCYR
ISLGLPVGAVINCADNTGAK

H/L
4.15
2.31
9.03
4.18
5.39
12.91
1.41
2.45
1.39
1.36
2.44
3.35
2.39
1.44
2.93
2.47
2.25
2.54
3.49
1.43
1.70
1.48
5.21
2.17
2.21
1.54
1.51
1.64
1.71
1.57
2.05
1.93
1.97
1.41
2.18
3.27
2.06
2.98
2.14
1.48
1.44
2.29
1.45
1.96

SD
2.17
0.97
2.97
2.25
2.91
1.18
0.03
0.50
0.09
0.05
0.72
1.67
0.40
0.09
1.33
0.65
0.26
1.17
1.61
0.12
0.62
0.15
0.72
0.88
1.03
0.53
0.04
0.35
0.13
0.04
1.06
0.70
0.59
0.06
1.00
0.82
0.49
0.62
0.82
0.26
0.05
0.70
0.15
0.68
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UniProt ID
RL24_HUMAN
RL28_HUMAN
RL30_HUMAN
RL32_HUMAN
RL34_HUMAN
RL36L_HUMAN
RL4_HUMAN
RL5_HUMAN
RLF_HUMAN
RS11_HUMAN
RS12_HUMAN
RS15A_HUMAN
RS17L_HUMAN
RS2_HUMAN
RS21_HUMAN
RS27L_HUMAN
RS28_HUMAN
RS3_HUMAN
RS3A_HUMAN
RS5_HUMAN
RS6_HUMAN
RS8_HUMAN
SERA_HUMAN
SMD2_HUMAN
TBA1B_HUMAN
TBA1C_HUMAN
TBB3_HUMAN
TBB5_HUMAN
TCPA_HUMAN
TCPB_HUMAN
TCPG_HUMAN
TEBP_HUMAN
THIO_HUMAN
TPIS_HUMAN

Sequence
VELCSFSGYK
NCSSFLIK
VCTLAIIDPGDSDIIR
SYCAEIAHNVSSK
SACGVCPGR
LECVEPNCR
SGQGAFGNMCR
FCIWTESAFR
DIICQIAYAR
SSEDEEMKASVCK
CPFTGNVSIR
KVVGCSCVVVK
LGEWVGLCK
VVGCSCVVVK
LVEALCAEHQINLIK
CGVISPR
VCEEIAIIPSK
GCTATLGNFAK
TYAICGAIR
LTEGCSFR
TGSQGQCTQVR
GCEVVVSGK
RACYGVLR
ACQSIYPLHDVFVR
TIAECLADELINAAK
VNQAIWLLCTGAR
AQCPIVER
LNISFPATGCQK
LLACIASR
VLISDSLDPCCRK
NAGNCLSPAVIVGLLK
HCNMVLENVK
SIQFVDWCPTGFK
AVCMLSNTTAIAEAWAR
TIQFVDWCPTGFK
NMMAACDPR
EIVHIQAGQCGNQIGAK
TAVCDIPPR
VLCELADLQDK
SLHDALCVLAQTVK
TLIQNCGASTIR
LTFSCLGGSDNFK
CMPTFQFFK
IAVAAQNCYK

H/L
2.32
2.22
1.62
2.94
1.84
1.74
1.62
1.49
1.70
15.65
1.51
2.25
2.31
2.93
1.69
1.70
4.98
2.43
3.76
2.70
4.25
12.41
1.37
2.15
1.90
1.98
1.78
2.50
1.52
2.82
1.56
1.72
1.63
1.63
1.91
6.82
1.91
2.68
1.57
1.80
2.73
1.73
2.62
2.00

SD
0.80
0.42
0.60
0.97
0.11
0.24
0.43
0.04
0.28
4.41
0.12
0.95
0.82
0.75
0.20
0.57
0.09
0.67
1.68
1.17
2.10
1.59
0.19
0.08
0.36
0.32
0.29
1.20
0.06
0.42
0.13
0.49
0.30
0.11
0.72
4.48
0.82
0.52
0.59
0.30
0.23
0.31
0.94
0.82
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UniProt ID
UB2L3_HUMAN
UBA1_HUMAN
UBC12_HUMAN
UBE2N_HUMAN
A.7

Sequence
GQVCLPVISAENWKPATK
YFLVGAGAIGCELLK
LVICPDEGFYK
ICLDILK

H/L
1.54
1.46
4.34
1.60

SD
0.07
0.29
0.66
0.17

Enrichment Efficiency of the Modified Biotin switch assay on THP-1 cells with Thr-

PR treatment for six hours.
# of replicates
1
2
3

A.8

Total # of peptides
1792
1662
1623

# of Cys-containing peptides
585
649
600

The 105 CysOX containing peptides in six-hour Thr-PR treatment with their H/L

ratio
UniProt ID
1433Z_HUMAN
ACTB_HUMAN
ALDOA_HUMAN
ARP2_HUMAN
ARP3_HUMAN
CALR_HUMAN
CAP1_HUMAN

CAPZB_HUMAN
CATA_HUMAN
CDC42_HUMAN
CH60_HUMAN
CLCB_HUMAN
CLIC1_HUMAN

Sequence
YDDMAACMK
DICNDVLSLLEK
LCYVALDFEQEMATAASSSSLEK
CDVDIR
ALANSLACQGK
LCYVGYNIEQEQK
KDYEEIGPSICR
YSYVCPDLVK
LPACVVDCGTGYTK
HEQNIDCGGGYVK
ALLVTASQCQQPAENK
NSLDCEIVSAK
CVNTTLQIK
INSITVDNCK
TDGCHAYLSK
NLSDLIDLVPSLCEDLLSSVDQPLK
DYLLCDYNR
LCENIAGHLK
YVECSALTQK
AAVEEGIVLGGGCALLR
VAQLCDFNPK
LHIVQVVCK
LHIVQVVCKK
FLDGNELTLADCNLLPK

H/L
2.54
1.70
2.00
2.70
1.41
1.53
2.43
1.67
1.38
2.18
2.79
1.65
1.69
1.79
1.64
1.74
1.58
3.35
4.30
1.36
1.56
6.86
9.87
2.68

SD
0.81
0.40
0.31
0.82
0.06
0.07
1.56
0.11
0.07
0.86
1.30
0.28
0.49
0.29
0.30
0.04
0.00
2.05
2.31
0.03
0.22
3.45
3.04
0.99
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UniProt ID
CNBP_HUMAN
COF1_HUMAN
DDX5_HUMAN
ECHM_HUMAN
EF2_HUMAN
ENOA_HUMAN
ETFA_HUMAN
GBB1_HUMAN
GPV_HUMAN
GPX1_HUMAN
GSTP1_HUMAN
HNRPD_HUMAN
HNRPK_HUMAN
HNRPQ_HUMAN
HSP74_HUMAN
HSP7C_HUMAN
IDH3A_HUMAN
ITB2_HUMAN
LDHA_HUMAN
LEG1_HUMAN
MDHC_HUMAN
MDHM_HUMAN
MIF_HUMAN
NDKA_HUMAN
NTAL_HUMAN
PCBP2_HUMAN
PGK1_HUMAN
PLSL_HUMAN
PPIA_HUMAN
PRDX6_HUMAN
PTN6_HUMAN
RAC2_HUMAN
RAN_HUMAN
RHOA_HUMAN

Sequence
IGNCPFSQR
CGETGHVAINCSK
AVLFCLSEDK
AVLFCLSEDKK
HELQANCYEEVK
LIDFLECGK
ICPVETLVEEAIQCAEK
TFCQLILDPIFK
STLTDSLVCK
SCNCLLLK
SGETEDTFIADLVVGLCTGQIK
VNQIGSVTESLQACK
LGGEVSCLVAGTK
TIYAGNALCTVK
LFVSGACDASAK
LRGTLLCAVLGLLR
LITWSPVCR
ASCLYGQLPK
FGEVVDCTLK
GFCFITFK
GSDFDCELR
GFCFLEYEDHK
GCALQCAILSPAFK
VCNPIITK
CNEIINWLDK
IEAACFATIK
YISCAECLK
VIGSGCNLDSAR
FNAHGDANTIVCNSK
DSNNLCLHFNPR
IKCVAFD
VIVVGNPANTNCLTASK
TIIPLISQCTPK
LLCGLLAER
GDFCIQVGR
FSKPPEDDDANSYENVLICK
AITIAGIPQSIIECVK
DVLFLKDCVGPEVEK
GCITIIGGGDTATCCAK
EGICAIGGTSEQSSVGTQHSYSEEEK
KITIADCGQLE
DINAYNCEEPTEK
AYGPYSVTNCGEHDTTEYK
CVVVGDGAVGK
YLECSALTQR
VCENIPIVLCGNK
IGAFGYMECSAK
LVIVGDGACGK

H/L
1.54
2.14
2.77
2.85
1.37
1.69
18.14
1.64
1.48
1.95
2.44
2.22
6.16
10.55
1.72
7.61
1.39
1.78
1.83
2.25
1.41
1.75
2.58
1.54
1.39
4.53
1.89
16.67
1.37
1.49
1.75
1.38
1.43
1.49
1.88
4.94
2.48
1.74
1.70
1.80
1.89
1.33
2.20
6.07
1.35
1.46
3.29
2.00

SD
0.03
0.90
0.88
0.93
0.07
0.07
13.90
0.48
0.19
0.23
0.33
0.91
3.91
0.94
0.40
6.53
0.05
0.13
0.63
0.88
0.03
0.55
0.79
0.33
0.09
0.91
0.58
0.78
0.04
0.00
0.44
0.06
0.06
0.08
0.29
0.91
0.01
0.13
0.41
0.34
0.95
0.13
0.65
0.51
0.05
0.08
0.37
0.46
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UniProt ID
RINI_HUMAN
RL10A_HUMAN
RL14_HUMAN
RL23_HUMAN
ROA3_HUMAN
RS12_HUMAN
RS27L_HUMAN
RS3A_HUMAN
RS5_HUMAN
RSSA_HUMAN
SERA_HUMAN
SMD2_HUMAN
SRSF9_HUMAN
SYWC_HUMAN
TALDO_HUMAN
TBA1B_HUMAN
TBA1C_HUMAN
TBB3_HUMAN
TBB5_HUMAN
TCPB_HUMAN
TCPG_HUMAN
TEBP_HUMAN
THIO_HUMAN
TPIS_HUMAN
UBC12_HUMAN
VDAC1_HUMAN
A.9

Sequence
LDDCGLTEAR
SNELGDVGVHCVLQGLQTPSCK
FSVCVLGDQQHCDEAK
CMQLTDFILK
ISLGLPVGAVINCADNTGAK
WGTLTDCVVMR
KVVGCSCVVVK
LVEALCAEHQINLIK
LGEWVGLCK
LTEGCSFR
ACQSIYPLHDVFVR
TIAECLADELINAAK
YVDIAIPCNNK
NAGNCLSPAVIVGLLK
VLISDSLDPCCRK
HCNMVLENVK
EAGDVCYADVQK
GIFGFTDSDCIGK
ALAGCDFLTISPK
SIQFVDWCPTGFK
AVCMLSNTTAIAEAWAR
TIQFVDWCPTGFK
EIVHIQAGQCGNQIGAK
NMMAACDPR
TAVCDIPPR
SLHDALCVLAQTVK
TLIQNCGASTIR
LTFSCLGGSDNFK
CMPTFQFFK
IAVAAQNCYK
LVICPDEGFYK
YQIDPDACFSAK

H/L
1.88
1.81
6.79
3.27
1.85
1.86
1.43
1.67
1.33
2.03
3.46
1.72
3.50
1.91
1.84
1.89
2.77
11.29
1.80
1.49
1.55
1.73
1.45
1.49
2.17
1.64
1.31
2.54
2.42
1.95
1.88
3.27

SD
0.23
0.32
3.42
0.81
0.17
0.11
0.08
0.11
0.18
0.25
0.88
0.36
0.25
0.46
0.18
0.44
0.60
7.50
0.07
0.13
0.11
0.22
0.09
0.14
0.51
0.41
0.07
0.31
0.40
0.58
0.59
1.58

CysOX containing peptides overlap between LPA-PR and Thr-PR with their H/L

ratio.
UniProt ID

Sequence

1433Z_HUMAN

DICNDVLSLLEK
YDDMAACMK
CDVDIR
LCYVALDFEQEMATAASSSSLEK
ALANSLACQGK
LCYVGYNIEQEQK

ACTB_HUMAN
ALDOA_HUMAN
ARP2_HUMAN

LPA-PR
H/L±SD
1.44±0
2.62±1.51
2.67±1.1
2.02±0.47
1.39±0.17
2.79±0.64

Thr-PR
H/L±SD
1.7±0.4
2.54±0.81
2.7±0.82
2±0.31
1.41±0.06
1.53±0.07
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UniProt ID
ARP3_HUMAN
CALR_HUMAN
CAP1_HUMAN

CAPZB_HUMAN
CDC42_HUMAN
CH60_HUMAN
CLCB_HUMAN
CLIC1_HUMAN
COF1_HUMAN
EF2_HUMAN
ENOA_HUMAN
ETFA_HUMAN
GBB1_HUMAN
GSTP1_HUMAN
HNRPD_HUMAN
HNRPQ_HUMAN
HSP74_HUMAN
HSP7C_HUMAN
LDHA_HUMAN
LEG1_HUMAN
MDHM_HUMAN
MIF_HUMAN
NDKA_HUMAN
PCBP2_HUMAN
PGK1_HUMAN
PLSL_HUMAN
PPIA_HUMAN

LPA-PR
H/L±SD
LPACVVDCGTGYTK
4.05±2.97
YSYVCPDLVK
2.44±1.05
HEQNIDCGGGYVK
1.57±0.23
ALLVTASQCQQPAENK
2.36±1.06
CVNTTLQIK
2.46±0.97
INSITVDNCK
1.57±0.19
NSLDCEIVSAK
1.69±0.42
TDGCHAYLSK
1.53±0.16
DYLLCDYNR
1.69±0.83
NLSDLIDLVPSLCEDLLSSVDQPL
2.11±0.17
YVECSALTQK
2.54±0.69
K
AAVEEGIVLGGGCALLR
3±0.13
VAQLCDFNPK
1.83±0.17
FLDGNELTLADCNLLPK
2.5±1.23
IGNCPFSQR
2.72±0.6
LHIVQVVCK
3.07±0.66
AVLFCLSEDK
6.6±1.06
HELQANCYEEVK
3.25±0.63
STLTDSLVCK
4.15±2.17
TFCQLILDPIFK
2.31±0.97
SCNCLLLK
9.03±2.97
VNQIGSVTESLQACK
4.18±2.25
LGGEVSCLVAGTK
12.91±1.1
TIYAGNALCTVK
5.39±2.91
82.45±0.5
LFVSGACDASAK
ASCLYGQLPK
2.44±0.72
FGEVVDCTLK
3.35±1.67
GFCFITFK
2.39±0.4
GFCFLEYEDHK
1.44±0.09
GCALQCAILSPAFK
2.93±1.33
CNEIINWLDK
2.47±0.65
VCNPIITK
2.25±0.26
VIGSGCNLDSAR
2.54±1.17
FNAHGDANTIVCNSK
1.43±0.12
IKCVAFD
3.49±1.61
TIIPLISQCTPK
1.7±0.62
LLCGLLAER
1.48±0.15
GDFCIQVGR
5.21±0.72
AITIAGIPQSIIECVK
1.51±0.04
GCITIIGGGDTATCCAK
1.71±0.13
EGICAIGGTSEQSSVGTQHSYSEEE 1.57±0.04
KITIADCGQLE
1.93±0.7
K
Sequence

Thr-PR
H/L±SD
1.38±0.07
1.67±0.11
2.18±0.86
2.79±1.3
1.69±0.49
1.79±0.29
1.65±0.28
1.64±0.3
1.58±0
1.74±0.04
4.3±2.31
1.36±0.03
1.56±0.22
2.68±0.99
1.54±0.03
6.86±3.45
2.77±0.88
1.37±0.07
1.48±0.19
1.64±0.48
1.95±0.23
2.22±0.91
6.16±3.91
10.55±0.9
1.72±0.4
4
1.78±0.13
1.83±0.63
2.25±0.88
1.75±0.55
2.58±0.79
1.39±0.09
1.54±0.33
16.67±0.7
1.37±0.04
8
1.75±0.44
1.43±0.06
1.49±0.08
1.88±0.29
2.48±0.01
1.7±0.41
1.8±0.34
1.89±0.95
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UniProt ID

Sequence

PRDX6_HUMAN
RAC2_HUMAN
RAN_HUMAN
RINI_HUMAN
RL14_HUMAN
RL23_HUMAN

DINAYNCEEPTEK
YLECSALTQR
VCENIPIVLCGNK
LDDCGLTEAR
CMQLTDFILK
ISLGLPVGAVINCADNTGAK
KVVGCSCVVVK
LGEWVGLCK
LVEALCAEHQINLIK
LTEGCSFR
ACQSIYPLHDVFVR
TIAECLADELINAAK
NAGNCLSPAVIVGLLK
VLISDSLDPCCRK
HCNMVLENVK
AVCMLSNTTAIAEAWAR
SIQFVDWCPTGFK
TIQFVDWCPTGFK
EIVHIQAGQCGNQIGAK
NMMAACDPR
TAVCDIPPR
SLHDALCVLAQTVK
TLIQNCGASTIR
LTFSCLGGSDNFK
CMPTFQFFK
IAVAAQNCYK
LVICPDEGFYK

RS12_HUMAN
RS27L_HUMAN
RS3A_HUMAN
RS5_HUMAN
SERA_HUMAN
SMD2_HUMAN
TBA1B_HUMAN
TBA1C_HUMAN
TBB3_HUMAN
TBB5_HUMAN
TCPB_HUMAN
TCPG_HUMAN
TEBP_HUMAN
THIO_HUMAN
TPIS_HUMAN
UBC12_HUMAN
A.10

LPA-PR
H/L±SD
1.41±0.06
3.27±0.82
2.06±0.49
2.98±0.62
1.44±0.05
1.96±0.68
2.25±0.95
2.31±0.82
1.69±0.2
2.7±1.17
2.15±0.08
1.9±0.36
1.56±0.13
2.82±0.42
1.72±0.49
1.63±0.11
1.63±0.3
1.91±0.72
1.91±0.82
6.82±4.48
2.68±0.52
1.8±0.3
2.73±0.23
1.73±0.31
2.62±0.94
2±0.82
4.34±0.66

Thr-PR
H/L±SD
1.33±0.13
1.35±0.05
1.46±0.08
1.88±0.23
3.27±0.81
1.85±0.17
1.43±0.08
1.33±0.18
1.67±0.11
2.03±0.25
3.46±0.88
1.72±0.36
1.91±0.46
1.84±0.18
1.89±0.44
1.55±0.11
1.49±0.13
1.73±0.22
1.45±0.09
1.49±0.14
2.17±0.51
1.64±0.41
1.31±0.07
2.54±0.31
2.42±0.4
1.95±0.58
1.88±0.59

Enrichment Efficiency of the Modified Biotin switch assay on THP-1 cells with DPI

one-hour pretreatment following by LPA-PR six-hour treatment.
# of Replicates

Total # of peptide

1
2
3

1745
1657
1560

# of Cys-containing
peptides 584
569
407
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A.11

The 43 CysOX containing peptides in DPI pre-treatment following by six-hour LPA-

PR treatment with their H/L ratio.
UniProt ID
1433Z_HUMAN
5HT1E_HUMAN
APT_HUMAN
C1TC_HUMAN
CAP1_HUMAN
CHCH2_HUMAN
ENOA_HUMAN
HNRPK_HUMAN
LEG1_HUMAN
MDHC_HUMAN
MDHM_HUMAN
ERP44_HUMAN
ABRAL_HUMAN
CL042_HUMAN
COR1A_HUMAN
DOCK2_HUMAN
DX39B_HUMAN
PRR9_HUMAN
PUR6_HUMAN
RINI_HUMAN
RTCA_HUMAN
SYAC_HUMAN
TBA1B_HUMAN
TOIP1_HUMAN
ZN579_HUMAN
TPIS_HUMAN
CUL7_HUMAN
FBN2_HUMAN
KAD2_HUMAN
LDHA_HUMAN
NLRC4_HUMAN
PARK7_HUMAN
PROF1_HUMAN
RTCA_HUMAN

Sequence
DICNDVLSLLEK
LIRCREHT
GFLFGPSLAQELGLGCVLIR
STTTIGLVQALGAHLYQNVFACVR
INSITVDNCKK
GKINSITVDNCK
LCEGFNEVLK
FGANAILGVSLAVCK
SGETEDTFIADLVVGLCTGQIK
GSDFDCELR
SFVLNLGKDSNNLCLHFNPR
VIVVGNPANTNCLTASK
TIIPLISQCTPK
GCDVVVIPAGVPR
TPADCPVIAIDSFR
CANLFEALVGTLK
MSTVICMKQR
ADQCYEDVR
TTQRNVEVIMCVCAEDGK
HFILDECDK
VQEKCSSPGKGK
ITSCIFQLLQEAGIK
WAELLPLLQQCQVVR
VSTALSCLLGLPLRVQK
NVGCLQEALQLATSFAQLR
SIQFVDWCPTGFK
YCDHENAAFK
APLPCPTCGR
IIYGGSVTGATCK
VAHALAEGLGVIACIGEK
CQQGGIDTRIR
SFCYRSYNGTTCENELPFNVTK
NLETPLCK
LVSDEMVVELIEKNLETPLCK
GLYGIKDDVFLSVPCILGQNGISDLVK
LQIKRCAGVAGSLSLVLSTCK
GLIAAICAGPTALLAHEIGFGSK
CYEMASHLR
VSTALSCLLGLPLRVQK

H/L
1.79
5.25
1.37
2.17
28.15
1.42
1.80
2.70
2.31
1.62
1.75
1.49
2.89
1.51
1.74
1.80
1.86
1.42
1.55
1.54
1.57
2.10
1.51
2.04
2.02
1.46
1.43
2.65
1.64
1.93
1.36
1.74
1.96
1.93
1.75
1.58
1.46
1.35
1.52

SD
0.06
0.45
0.04
0.84
15.85
0.07
0.35
0.05
0.03
0.13
0.20
0.13
0.12
0.12
0.47
0.39
0.25
0.03
0.02
0.09
0.09
0.03
0.14
0.57
0.03
0.13
0.23
0.01
0.29
0.13
0.04
0.47
0.68
0.13
0.20
0.21
0.13
0.21
0.15
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UniProt ID
TDRD6_HUMAN
TF3C1_HUMAN
Z804B_HUMAN
ZBT38_HUMAN

Sequence
MCSTPGMPAPGASLALR
CTMVEAFDR
YSPQSCLSR
CKYPAELDCAVGK

H/L
1.51
2.61
1.59
1.81

SD
0.14
3.49
0.49
0.49
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Appendix B
B.1

Extracted ion chromatograms of the sulfenic acid modification-containing peptides

in aldolase upon the treatment with H2O2, identified after labeling with dimedone.
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B.2

Extracted ion chromatograms of the sulfenic acid modification-containing peptides

in aldolase upon the treatment with H2O2, identified after arsenite reduction and
iodoacetamide labeling.
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B.3

Overview of differential alkylation strategy for the detection of reversible cysteine

oxidation in model protein. Reversible cysteine oxidations are introduced by treatment with
H2O2. Remaining free thiols (-SH) are blocked with N-ethylmaleimide (NEM), and reversible
cysteine oxidations are reduced with dithiothreitol (DTT). The newly released free thiols are then
labeled with iodoacetamide (IAA). Alternative oxidation states are abbreviated as -SX:
irreversible cysteine oxidation; -S-S-: disulfide.
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B.4

Extracted ion chromatograms of the cysteine-containing peptides in aldolase upon

the treatment with H2O2, identified after DTT reduction and iodoacetamide labeling.
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168

169

170

B.5

The analysis of reversible cysteine oxidation in Aldolase with the treatment with

H2O2. For each cysteine residue, Cys73 (), Cys178 (), Cys202 (), Cys240 (Δ), Cys290 (),
and Cys339 (☐), for which IAA-modification were detectable by mass spectrometry, the IAAmodification percentage was determined as follows: peak area of IAA-modification of a specific
cysteine divided by the sum of IAA- and NEM-modifications on this cysteine, and plotted
against the corresponding H2O2 dose.
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B.6

Extracted ion chromatograms of the cysteine-containing peptides in lysozyme upon

the treatment with H2O2, identified after DTT reduction and iodoacetamide labeling.
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173
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B.7

The analysis of disulfide bonds in lysozyme by using differential alkylation method.

For each cysteine residue, Cys24 (), Cys48 (), Cys82 (), Cys133 (▲), Cys94 (), Cys98 (☐),
and Cys122 (Δ), for which IAA-modification were detectable by mass spectrometry, the IAAmodification percentage was determined as follows: peak area of IAA-modification of a specific
cysteine divided by the sum of IAA- and NEM-modifications on this cysteine, and plotted
against different reducing agents.
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B.8

The sequences of the five sulfenic acid modification-containing peptides in aldolase

upon the treatment with H2O2, identified after arsenite reduction and iodoacetamide
labeling.
Protein

Peptide sequence
YASICQQNGIVPIVEPEILPDGDHDLK(174-200)
RCQYVTEK(201-208)
Aldolase_rabbit
CQYVTEK(202-208)
ALSDHHIYLEGTLLKPNMVTPGHACTQK(216-243)
ALANSLACQGK(332-342)
B.9

The sequences of the eleven cysteine-containing peptides in aldolase upon the

treatment with H2O2, identified after DTT reduction and iodo5acetamide labeling.
Protein

Peptide sequence
CQYVTEK(202-208)
ALANSLACQGK(332-342)
RALANSLACQGK(331-342)
CPLLKPWALTFSYGR(290-304)
VNPCIGGVILFHETLYQK(70-87)
Aldolase_rabbit
YASICQQNGIVPIVEPEILPDGDHDLK(174-200)
QLLLTADDRVNPCIGGVILFHETLYQK(61-87)
ALSDHHIYLEGTLLKPNMVTPGHACTQK(216-243)
YASICQQNGIVPIVEPEILPDGDHDLKR(174-201)
ALANSLACQGKYTPSGQAGAAASESLFISNHAY(332-364)
TVPPAVTGVTFLSGGQSEEEASINLNAINKCPLLKPWALTFSYGR(260B.10

304)
The sequences of the nine cysteine-containing peptides in lysozyme, identified by

iodoacetamide labeling.
Protein

Peptide sequence
CELAAAMK(24-31)
WWCNDGR(80-86)
Lysozyme_chicken CELAAAMKR(24-32)
GYSLGNWVCAAK(40-51)
CKGTDVQAWIR(133-143)
WWCNDGRTPGSR(80-91)
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Protein

B.11

Peptide sequence
HGLDNYRGYSLGNWVCAAK(33-51)
NLCNIPCSALLSSDITASVNCAK(92-114)
NLCNIPCSALLSSDITASVNCAKK(92-115)

The 113 sulfenic acid modification sites identified in THP-1 cells upon six-hour 100

µM H2O2 treatment with H/L ratio.
Protein ID

Protein Name

Sequence

H/L

SD

1433G_HUMAN

14-3-3 protein gamma

CQDVLSLLDNYLIKNCSETQYESKVFYLKMK

1.00

0.11

1433T_HUMAN

14-3-3 protein theta

LKMKGDYFRYLAEVACGDDRKQTIDNSQGAY

1.11

0.01

1433Z_HUMAN

AKLAEQAERYDDMAACMKSVTEQGAELSNEE

1.11

0.05

6PGD_HUMAN

14-3-3 protein zeta/delta
6-phosphogluconate
dehydrogenase,
decarboxylating

QNLLLDDFFKSAVENCQDSWRRAVSTGVQAG

1.03

0.02

ACTB_HUMAN

Actin, cytoplasmic 1

DDDIAALVVDNGSGMCKAGFAGDDAPRAVFP

1.17

0.11

ACTN1_HUMAN

DYYDSPSVNARCQKICDQWDNLGALTQKRRE

1.06

0.12

ALDOA_HUMAN

Alpha-actinin-1
Fructose-bisphosphate
aldolase A

AQEEYVKRALANSLACQGKYTPSGQAGAAAS

1.05

0.07

ANXA4_HUMAN

Annexin A4

EKKWGTDEVKFLTVLCSRNRNHLLHVFDEYK

0.97

0.01

ANXA6_HUMAN

Annexin A6
AP-1 complex subunit beta1

SGDKTSLETRFMTILCTRSYPHLRRVFQEFI

1.32

0.11

KDIPNENEAQFQIRDCPLNAEAASSKLQSSN

1.02

0.15

Actin-related protein 3
Actin-related protein
complex subunit 2

SLETAKAVKERYSYVCPDLVKEFNKYDTDGS

0.87

0.07

SKDSIVHQAGMLKRNCFASVFEKYFQFQEEG

1.09

0.01

TLVVQFTVKHEQNIDCGGGYVKLFPNSLDQT

1.17

0.05

KTDGCHAYLSKNSLDCEIVSAKSSEMNVLIP

0.95

0.07

TGLKLERALLVTASQCQQPAENKLSDLLAPI

0.96

0.02

CAP1_HUMAN

Calreticulin
Adenylyl cyclase-associated
protein 1
Adenylyl cyclase-associated
protein 1
Adenylyl cyclase-associated
protein 1

TLQIKGKINSITVDNCKKLGLVFDDVVGIVE

1.05

0.13

CATA_HUMAN

Catalase

HRHRLGPNYLHIPVNCPYRARVANYQRDGPM

0.74

0.03

CATA_HUMAN

SHTFKLVNANGEAVYCKFHYKTDQGIKNLSV

0.91

0.08

ATRAAVEEGIVLGGGCALLRCIPALDSLTPA

1.26

0.28

MALLCYNRGCGQRFDPETNS

1.34

0.28

CLIC1_HUMAN

Catalase
60 kDa heat shock protein,
mitochondrial
Cysteine and histidine-rich
domain-containing protein 1
Chloride
intracellular
channel protein 1

ELFVKAGSDGAKIGNCPFSQRLFMVLWLKGV

0.82

0.08

COR1A_HUMAN

Coronin-1A

DTIYSVDWSRDGGLICTSCRDKRVRIIEPRK

0.97

0.02

COR1A_HUMAN

Coronin-1A

YSVDWSRDGGLICTSCRDKRVRIIEPRKGTV

0.97

0.02

COR1A_HUMAN

Coronin-1A

SKFRHVFGQPAKADQCYEDVRVSQTTWDSGF

1.08

0.09

AP1B1_HUMAN
ARP3_HUMAN
ARPC2_HUMAN
CALR_HUMAN
CAP1_HUMAN
CAP1_HUMAN

CH60_HUMAN
CHRD1_HUMAN

2/3
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Protein ID

Protein Name

Sequence

H/L

SD

COR1A_HUMAN

Coronin-1A

YEDVRVSQTTWDSGFCAVNPKFVALICEASG

1.11

0.04

CYBP_HUMAN

Calcyclin-binding protein

EGSSKKVKTDTVLILCRKKVENTRWDYLTQV

1.06

0.05

ECH1_HUMAN

Delta

KRNAMNKVFWREMVECFNKISRDADCRAVVI

1.23

0.15

EF2_HUMAN

Elongation factor 2

AIHRGGGQIIPTARRCLYASVLTAQPRLMEP

0.85

0.14

EF2_HUMAN

Elongation factor 2

VVSYRETVSEESNVLCLSKSPNKHNRLYMKA

1.02

0.07

EF2_HUMAN

Elongation factor 2

SVVAGFQWATKEGALCEENMRGVRFDVHDVT

0.99

0.01

EF2_HUMAN

Elongation factor 2

AHVDHGKSTLTDSLVCKAGIIASARAGETRF

1.18

0.04

ELNE_HUMAN

Neutrophil elastase

LNVTVVTSLCRRSNVCTLVRGRQAGVCFGDS

0.76

0.24

ENOA_HUMAN

alpha enolase

LKVNQIGSVTESLQACKLAQANGWGVMVSHR

1.10

0.04

ENOA_HUMAN

alpha enolase

NPKRIAKAVNEKSCNCLLLKVNQIGSVTESL

1.19

0.03

ENOA_HUMAN

alpha enolase

VTNPKRIAKAVNEKSCNCLLLKVNQIGSVTE

1.19

0.03

ENPL_HUMAN

KIEKAVVSQRLTESPCALVASQYGWSGNMER

1.08

0.13

EEFPNENQVVFARVDCDQHSDIAQRYRISKY

0.97

0.03

KLVKEVIAVSCGPAQCQETIRTALAMGADRG

0.88

0.01

ETFB_HUMAN

Endoplasmin
Endoplasmic
reticulum
resident protein 44
Electron
transfer
flavoprotein subunit beta
Electron
transfer
flavoprotein subunit beta

RLKEKKLVKEVIAVSCGPAQCQETIRTALAM

0.88

0.01

FAS_HUMAN

Fatty acid synthase

LQELSSKADEASELACPTPKEDGLAQQQTQL

1.06

0.15

FSCN1_HUMAN

Fascin
Glyceraldehyde-3-phosphate
dehydrogenase
Guanine nucleotide-binding
protein G

HLGRYLAADKDGNVTCEREVPGPDCRFLIVA

1.13

0.06

AFRVPTANVSVVDLTCRLEKPAKYDDIKKVV

1.00

0.05

SLSLAPDTRLFVSGACDASAKLWDVREGMCR

0.88

0.07

Glucosidase 2 subunit beta
Guanine nucleotide-binding
protein G

DHDKFSAMKYEQGTGCWQGPNRSTTVRLLCG

0.82

0.08

KQMKIIHEDGYSEEECRQYRAVVYSNTIQSI

1.01

0.03

DRHLYFACRDDRERFCENTQAGEGRVYKCLF

1.07

0.02

LLEFTDTSYEEKRYTCGEAPDYDRSQWLDVK

1.07

0.03

KDLKDYFSKFGEVVDCTLKLDPITGRSRGFG

0.95

0.04

DPLTGLNRGYAFVTFCTKEAAQEAVKLYNNH

1.05

0.31

LDQTNVSAAAQRRKMCLFAGFQRKAVVVCPK

1.05

0.13

EKEEFEHQQKELEKVCNPIITKLYQSAGGMP

0.84

0.18

TTVMLKEKLAELRKLCQGLFFRVEERKKWPE

1.38

0.24

IDHP_HUMAN

Golgi apparatus protein 1
Glutathione
S-transferase
Mu 3
Heterogeneous
nuclear
ribonucleoprotein D0
Heterogeneous
nuclear
ribonucleoprotein Q
Heterogeneous
nuclear
ribonucleoprotein U
Heat shock cognate 71 kDa
protein
Hypoxia
up-regulated
protein 1
Isocitrate
dehydrogenase
[NADP], mitochondrial

GNQDLIRFAQMLEKVCVETVESGAMTKDLAG

1.32

0.30

ITB2_HUMAN

Integrin beta-2

PGCPSPCGKYISCAECLKFEKGPFGKNCSAA

1.30

0.48

ITB2_HUMAN

Integrin beta-2

QECPGCPSPCGKYISCAECLKFEKGPFGKNC

1.30

0.48

ITB2_HUMAN

Integrin beta-2

HPDKLRNPCPNKEKECQPPFAFRHVLKLTNN

1.19

0.07

ERP44_HUMAN
ETFB_HUMAN

G3P_HUMAN
GBB1_HUMAN
GLU2B_HUMAN
GNAI2_HUMAN
GSLG1_HUMAN
GSTM3_HUMAN
HNRPD_HUMAN
HNRPQ_HUMAN
HNRPU_HUMAN
HSP7C_HUMAN
HYOU1_HUMAN
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Protein ID

Protein Name

Sequence

H/L

SD

ITB2_HUMAN

Integrin beta-2

CECDTINCERYNGQVCGGPGRGLCFCGKCRC

1.23

0.07

ITB2_HUMAN

Integrin beta-2

GFEGSACQCERTTEGCLNPRRVECSGRGRCR

1.11

0.13

ITB2_HUMAN

ECQTQGRSSQELEGSCRKDNNSIICSGLGDC

1.43

0.07

KAD2_HUMAN

Integrin beta-2
Adenylate
kinase
mitochondrial

EMVVELIEKNLETPLCKNGFLLDGFPRTVRQ

0.88

0.09

KPYM_HUMAN

Pyruvate kinase PKM

DIDSPPITARNTGIICTIGPASRSEVELKKG

0.88

0.08

KPYM_HUMAN

Pyruvate kinase PKM

DIDSPPITARNTGIICTIGPASRSVETLKEM

1.13

0.17

LMNA_HUMAN

SPPTDLVWKAQNTWGCGNSLRTALINSTGEE

1.24

0.32

GDPSVAKSQLLRYVLCTAPRAIPTTGRGSSG

1.42

0.13

TASKSAPSIPKENFSCLTRLDHNRAKAQIAL

1.15

0.07

KGYLGPEQLPDCLKGCDVVVIPAGVPRKPGM

0.85

0.04

IGGHAGKTIIPLISQCTPKVDFPQDQLTALT

0.87

0.03

FSLVDAMNGKEGVVECSFVKSQETECTYFST

1.30

0.17

MPRI_HUMAN

Prelamin-A/C
DNA replication licensing
factor MCM3
Malate
dehydrogenase,
cytoplasmic
Malate
dehydrogenase,
mitochondrial
Malate
dehydrogenase,
mitochondrial
Malate
dehydrogenase,
mitochondrial
Cation-independent
mannose-6-phosphate
receptor

QDGCEYVFIWRTVEACPVVRVEGDNCEVKDP

0.62

0.11

P3H1_HUMAN

Prolyl 3-hydroxylase 1

TELDAKTVTAEVQPQCGRAVGFSSGTENPHG

0.46

0.28

PARK7_HUMAN

LAGKDPVQCSRDVVICPDASLEDAKKEGPYD

0.90

0.11

HEGALETLLRYYDQICSIEPKFPFSENQICL

1.90

0.68

PLOD3_HUMAN

Protein deglycase DJ-1
Programmed cell death 6interacting protein
Procollagen-lysine,2oxoglutarate 5-dioxygenase
3

GLDYEGGGCRFLRYDCVISSPRKGWALLHPG

1.22

0.09

PLSL_HUMAN

Plastin-2

GYISFNELNDLFKAACLPLPGYRVREITENL

0.81

0.01

PLSL_HUMAN

Plastin-2

PPYPKLGGNMKKLENCNYAVELGKNQAKFSL

0.96

0.13

PLSL_HUMAN

Plastin-2

AFVNWINKALENDPDCRHVIPMNPNTNDLFN

0.92

0.04

PLSL_HUMAN

Plastin-2
Nicotinate
phosphoribosyltransferase

DMSGLREKDDIQRAECMLQQAERLGCRQFVT

1.04

0.10

PDTDPAFFEHLRALDCSEVTVRALPEGSLAF

1.11

0.13

SWGILFSHPRDFTPVCTTELGRAAKLAPEFA

1.23

0.25

QLHDCTQVEKADTTICLKWKNIETFTCDTQN

1.00

0.17

QCR1_HUMAN

Peroxiredoxin-6
Receptor-type
tyrosineprotein phosphatase C
Cytochrome b-c1 complex
subunit 1, mitochondrial

IDDMMFVLQGQWMRLCTSATESEVARGKNIL

0.77

0.08

RCC2_HUMAN

Protein RCC2

YRNLGQNLWGPHRYGCLAGVRVRTVVSGSCA

0.94

0.07

RINI_HUMAN

Ribonuclease inhibitor

QISNNRLEDAGVRELCQGLGQPGSVLRVLWL

0.78

0.06

RINI_HUMAN

Ribonuclease inhibitor

LEALKLESCGVTSDNCRDLCGIVASKASLRE

0.88

0.05

RINI_HUMAN

Ribonuclease inhibitor

LKDSPCQLEALKLESCGVTSDNCRDLCGIVA

0.88

0.05

RINI_HUMAN

Ribonuclease inhibitor
Heterogeneous
nuclear
ribonucleoproteins A2/B1

LLPLLQQCQVVRLDDCGLTEARCKDISSALR

0.93

0.03

ESLRNYYEQWGKLTDCVVMRDPASKRSRGFG

0.91

0.03

MCM3_HUMAN
MDHC_HUMAN
MDHM_HUMAN
MDHM_HUMAN
MDHM_HUMAN

PDC6I_HUMAN

PNCB_HUMAN
PRDX6_HUMAN
PTPRC_HUMAN

ROA2_HUMAN

2,
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Protein ID

Protein Name
Phosphoserine
aminotransferase

Sequence

H/L

SD

VVIVRDDLLGFALRECPSVLEYKVQAGNSSL

0.76

0.12

PWQSSETRSITNTTVCTKCGGAGHIASDCKF

0.98

0.01

FFSGLFGGSSKIEEACEIYARAANMFKMAKN

1.28

0.33

VIEDTELKQVAYIYKCVNTTLQIKGKINSIT

1.02

0.08

SWQDLKDHMREAGDVCYADVYRDGTGVVEF
V

0.98

0.05

MLFTVDNEAGKITCLCQVPQNAANRGLKASE

0.61

0.18

SAMLFTVDNEAGKITCLCQVPQNAANRGLKA

0.61

0.18

ANEMIEAAKAVYTQDCPLAAAKAIQGLRAVF

0.76

0.16

MWEEMKKGSQFGQSCCLRAKIDMSSNNGCMR

0.87

0.15

QMWEEMKKGSQFGQSCCLRAKIDMSSNNGCM

0.87

0.15

GVPIRLEVGPRDMKSCQFVAVRRDTGEKLTV

0.71

0.35

WVQSHRDLPIKLNQWCNVVRWEFKHPQPFLR

2.20

1.24

HQMAKTGGTQTDLFTCGKCKKKNCTYTQVQT

0.67

0.10

TCPG_HUMAN

Splicing factor 1
Alpha-soluble
NSF
attachment protein
Adenylyl cyclase-associated
protein 1
Serine/arginine-rich splicing
factor 1
Alanine--tRNA
ligase,
cytoplasmic
Alanine--tRNA
ligase,
cytoplasmic
Alanine--tRNA
ligase,
cytoplasmic
Bifunctional
glutamate/proline--tRNA
ligase
Bifunctional
glutamate/proline--tRNA
ligase
Bifunctional
glutamate/proline--tRNA
ligase
Bifunctional
glutamate/proline--tRNA
ligase
Transcription
elongation
factor A protein 1
T-complex protein 1 subunit
gamma

VAQALEVIPRTLIQNCGASTIRLLTSLRAKH

1.94

0.15

TPIS_HUMAN

Triosephosphate isomerase

GTLNAAKVPADTEVVCAPPTAYIDFARQKLD

0.89

0.04

TPIS_HUMAN

Triosephosphate isomerase

ARQKLDPKIAVAAQNCYKVTNGAFTGEISPG

1.07

0.06

TPIS_HUMAN

Triosephosphate isomerase
Thioredoxin
domaincontaining protein 5
Thioredoxin
domaincontaining protein 5
Thioredoxin
domaincontaining protein 5
Ubiquitin-like
modifieractivating enzyme 1
Vasodilator-stimulated
phosphoprotein
Voltage-dependent
anionselective channel protein 3

QSTRIIYGGSVTGATCKELASQPDVDGFLVG

1.03

0.03

KVYVAKVDCTAHSDVCSAQGVRGYPTLKLFK

1.16

0.04

YNSMEDAKVYVAKVDCTAHSDVCSAQGVRGY

1.16

0.04

KEFPGLAGVKIAEVDCTAERNICSKYSVRGY

1.11

0.05

AMVSMVTKDNPGVVTCLDEARHGFESGDFVS

0.76

0.16

MSETVICSSRATVMLYDDGNKR

0.88

0.28

DTGKASGNLETKYKVCNYGLTFTQKWNTDNT

1.29

0.19

KQCTDKRIRTNLLQVCERIPTISTQLKILST

0.83

0.04

VPS35_HUMAN

Vinculin
Vacuolar protein sortingassociated protein 35

QHPLRGLFLRNYLLQCTRNILPDEGEPTDEE

1.33

0.24

ZYX_HUMAN

Zyxin

DMEHPQRQNVAVNELCGRCHQPLARAQPAVR

1.11

0.05

SERC_HUMAN
SF01_HUMAN
SNAA_HUMAN
CAP1_HUMAN
SRSF1_HUMAN
SYAC_HUMAN
SYAC_HUMAN
SYAC_HUMAN

SYEP_HUMAN

SYEP_HUMAN

SYEP_HUMAN

SYEP_HUMAN
TCEA1_HUMAN

TXND5_HUMAN
TXND5_HUMAN
TXND5_HUMAN
UBA1_HUMAN
VASP_HUMAN
VDAC3_HUMAN
VINC_HUMAN
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B.12

The 118 sulfenic acid modification sites identified in THP-1 cells upon six-hour

LPA-PR treatment with H/L ratio.
Protein ID

Protein Name

Sequence

H/L

SD

TBA4A_HUMAN

Tubulin alpha-4A chain
Tubulin alpha-4A chain;Tubulin
alpha-1B chain

TVVPGGDLAKVQRAVCMLSNTTAIAEAWARL

1.02

0.13

IAAIKTKRSIQFVDWCPTGFKVGINYQPPTV

0.90

0.23

WKISGFPKNRVIGSGCNLDSARFRYLMGERL

1.29

0.58

RAC2_HUMAN

L-lactate dehydrogenase
Ras-related C3 botulinum toxin
substrate 2

RGLKTVFDEAIRAVLCPQPTRQQKRACSLL_

1.08

0.10

P3H1_HUMAN

Prolyl 3-hydroxylase 1

TELDAKTVTAEVQPQCGRAVGFSSGTENPHG

0.55

0.07

TEBP_HUMAN

DPNDSKHKRTDRSILCCLRKGESGQSWPRLT

0.90

0.09

TCPG_HUMAN

Prostaglandin E synthase 3
T-complex protein 1 subunit
gamma

VAQALEVIPRTLIQNCGASTIRLLTSLRAKH

0.82

0.16

ARP3_HUMAN

Actin-related protein 3

SLETAKAVKERYSYVCPDLVKEFNKYDTDGS

0.95

0.10

PGK1_HUMAN

Phosphoglycerate kinase 1

ELKSLLGKDVLFLKDCVGPEVEKACANPAAG

0.92

0.09

PGK1_HUMAN

VLFLKDCVGPEVEKACANPAAGSVILLENLR

1.04

0.13

AKALDVGSGSGILTACFARMVGCTGKVIGID

0.60

0.18

MVIVVGNPANTNCLTASKSAPSIPKENF

1.12

0.16

MDHC_HUMAN

Phosphoglycerate kinase 1
Protein-L-isoaspartate
Omethyltransferase
Malate
dehydrogenase,
cytoplasmic
Malate
dehydrogenase,
cytoplasmic

TASKSAPSIPKENFSCLTRLDHNRAKAQIAL

1.44

0.30

RS27L_HUMAN

40S ribosomal protein S27

VLCQPTGGKARLTEGCSFRRKQH

0.91

0.10

RSSA_HUMAN

40S ribosomal protein SA
Peptidyl-prolyl
cis-trans
isomerase

PLTEASYVNLPTIALCNTDSPLRYVDIAIPC

0.46

0.24

FADVVPKTAENFRQFCTGEFRKDGVPIGYKG

0.99

0.15

NNIELGTACGKYYRVCTLAIIDPGDSDIIRS

0.58

0.12

IKTDFGSPGEPQIIFCRSEAAHQGVITWNPP

1.03

0.26

HNRH1_HUMAN

60S ribosomal protein L30
Receptor-type tyrosine-protein
phosphatase C
Heterogeneous
nuclear
ribonucleoprotein H

GGEGFVVKVRGLPWSCSADEVQRFFSDCKIQ

0.69

0.18

RS3_HUMAN

40S ribosomal protein S3

GSVELYAEKVATRGLCAIAQAESLRYKLLGG

0.67

0.10

TALDO_HUMAN

Transaldolase
Stress-induced-phosphoprotein
1
Adenylyl
cyclase-associated
protein 1
Adenylyl
cyclase-associated
protein 1
Adenylyl
cyclase-associated
protein 1
Adenylyl
cyclase-associated
protein 1

GASFRNTGEIKALAGCDFLTISPKLLGELLQ

0.86

0.19

KAMDVYQKALDLDSSCKEAADGYQRCMMAQ
Y

0.79

0.03

KTDGCHAYLSKNSLDCEIVSAKSSEMNVLIP

1.08

0.17

VIEDTELKQVAYIYKCVNTTLQIKGKINSIT

1.17

0.13

TLQIKGKINSITVDNCKKLGLVFDDVVGIVE

1.15

0.15

TGLKLERALLVTASQCQQPAENKLSDLLAPI

0.96

0.04

TBA8_HUMAN
LDH6A_HUMAN

PIMT_HUMAN
MDHC_HUMAN

PPIH_HUMAN
RL30_HUMAN
PTPRC_HUMAN

STIP1_HUMAN
CAP1_HUMAN
CAP1_HUMAN
CAP1_HUMAN
CAP1_HUMAN
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Protein ID

Protein Name

Sequence

H/L

SD

AP1B1_HUMAN

AP-1 complex subunit beta-1
Deoxyuridine
5'-triphosphate
nucleotidohydrolase,
mitochondrial

KDIPNENEAQFQIRDCPLNAEAASSKLQSSN

0.83

0.13

EKFEVKKGDRIAQLICERIFYPEIEEVQALD

0.27

0.06

Golgi apparatus protein 1
Cytochrome b-c1 complex
subunit 2, mitochondrial

DRHLYFACRDDRERFCENTQAGEGRVYKCLF

0.84

0.05

LHAAAYRNALANPLYCPDYRIGKVTSEE

0.80

0.02

IREESGARINISEGNCPERIITLTGPTNAIF

0.70

0.14

ELFVKAGSDGAKIGNCPFSQRLFMVLWLKGV

1.10

0.15

PLOD3_HUMAN

Poly(rC)-binding protein 2
Chloride intracellular channel
protein 1
Procollagen-lysine,2oxoglutarate 5-dioxygenase 3

GLDYEGGGCRFLRYDCVISSPRKGWALLHPG

1.13

0.07

6PGL_HUMAN

6-phosphogluconolactonase

ELGAALAQLVAQRAACCLAGARARFALGLSG

1.41

0.15

LMNA_HUMAN

Prelamin-A/C

SPPTDLVWKAQNTWGCGNSLRTALINSTGEE

1.42

0.36

CATA_HUMAN

Catalase

HRHRLGPNYLHIPVNCPYRARVANYQRDGPM

1.09

0.12

CATA_HUMAN

SHTFKLVNANGEAVYCKFHYKTDQGIKNLSV

1.34

0.31

QSEEEASINLNAINKCPLLKPWALTFSYGRA

1.01

0.16

AQEEYVKRALANSLACQGKYTPSGQAGAAAS

1.30

0.65

AFRVPTANVSVVDLTCRLEKPAKYDDIKKVV

0.99

0.05

DNSLKIISNASCTTNCLAPLAKVIHDNFGIV

0.87

0.06

G3P_HUMAN

Catalase
Fructose-bisphosphate aldolase
A
Fructose-bisphosphate aldolase
A
Glyceraldehyde-3-phosphate
dehydrogenase
Glyceraldehyde-3-phosphate
dehydrogenase
Glyceraldehyde-3-phosphate
dehydrogenase

HEKYDNSLKIISNASCTTNCLAPLAKVIHDN

1.00

0.10

ITB2_HUMAN

Integrin beta-2

GFEGSACQCERTTEGCLNPRRVECSGRGRCR

0.79

0.20

ITB2_HUMAN

Integrin beta-2

CECDTINCERYNGQVCGGPGRGLCFCGKCRC

1.22

0.36

ITB2_HUMAN

Integrin beta-2

FCSNGVTHRNQPRGDCDGVQINVPITFQVKV

0.85

0.22

ITB2_HUMAN

Integrin beta-2

HNALPDTLKVTYDSFCSNGVTHRNQPRGDCD

0.79

0.21

ENOA_HUMAN

Alpha-enolase

LKVNQIGSVTESLQACKLAQANGWGVMVSHR

0.68

0.06

ENOA_HUMAN

Alpha-enolase

NPKRIAKAVNEKSCNCLLLKVNQIGSVTESL

1.10

0.19

ENOA_HUMAN

Alpha-enolase

VTNPKRIAKAVNEKSCNCLLLKVNQIGSVTE

1.04

0.09

CATG_HUMAN

Cathepsin G

VALPRAQEGLRPGTLCTVAGWGRVSMRRGTD

0.33

0.22

GSTP1_HUMAN

Glutathione S-transferase P

VVTVETWQEGSLKASCLYGQLPKFQDGDLTL

0.89

0.01

LEG1_HUMAN

Galectin-1

AKSFVLNLGKDSNNLCLHFNPRFNAHGDANT

0.77

0.09

LEG1_HUMAN

Galectin-1

FNPRFNAHGDANTIVCNSKDGGAWGTEQREA

0.85

0.12

LEG1_HUMAN

Galectin-1

ACGLVASNLNLKPGECLRVRGEVAPDAKSFV

0.87

0.01

LEG1_HUMAN

MACGLVASNLNLKPGECL

0.58

0.31

ATRAAVEEGIVLGGGCALLRCIPALDSLTPA

0.99

0.07

HSP7C_HUMAN

Galectin-1
60 kDa heat shock protein,
mitochondrial
Heat shock cognate 71 kDa
protein

EKEEFEHQQKELEKVCNPIITKLYQSAGGMP

0.61

0.09

ACTN1_HUMAN

Alpha-actinin-1

DYYDSPSVNARCQKICDQWDNLGALTQKRRE

1.47

0.08

RINI_HUMAN

Ribonuclease inhibitor

LLPLLQQCQVVRLDDCGLTEARCKDISSALR

1.10

0.10

DUT_HUMAN
GSLG1_HUMAN
QCR2_HUMAN
PCBP2_HUMAN
CLIC1_HUMAN

ALDOA_HUMAN
ALDOA_HUMAN
G3P_HUMAN
G3P_HUMAN

CH60_HUMAN
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Protein ID

Protein Name

Sequence

H/L

SD

RINI_HUMAN

Ribonuclease inhibitor

QISNNRLEDAGVRELCQGLGQPGSVLRVLWL

0.96

0.11

RINI_HUMAN

Ribonuclease inhibitor

LRTLWIWECGITAKGCGDLCRVLRAKESLKE

1.12

0.15

EF2_HUMAN

Elongation factor 2

AIHRGGGQIIPTARRCLYASVLTAQPRLMEP

0.59

0.16

EF2_HUMAN

Elongation factor 2

SVVAGFQWATKEGALCEENMRGVRFDVHDVT

0.87

0.11

PLSL_HUMAN

Plastin-2

DMSGLREKDDIQRAECMLQQAERLGCRQFVT

1.08

0.10

PLSL_HUMAN

Plastin-2

PPYPKLGGNMKKLENCNYAVELGKNQAKFSL

1.01

0.15

PLST_HUMAN

Plastin-2

AFVNWINKALENDPDCRHVIPMNPNTNDLFN

1.01

0.23

PLST_HUMAN

Plastin-2

GYISFNELNDLFKAACLPLPGYRVREITENL

1.08

0.13

KPYM_HUMAN

Pyruvate kinase

DIDSPPITARNTGIICTIGPASRSVETLKEM

0.71

0.04

ENPL_HUMAN

KIEKAVVSQRLTESPCALVASQYGWSGNMER

0.74

0.07

NDKA_HUMAN

Endoplasmin
Nucleoside diphosphate kinase
A

TNPADSKPGTIRGDFCIQVGRNIIHGSDSVE

1.16

0.18

NDKB_HUMAN

Phosphoglycerate mutase 1

KDRRYADLTEDQLPSCESLKDTIARALPFWN

0.86

0.17

GSTM3_HUMAN

LLEFTDTSYEEKRYTCGEAPDYDRSQWLDVK

1.18

0.22

AMVSMVTKDNPGVVTCLDEARHGFESGDFVS

1.00

0.04

TCEA1_HUMAN

Glutathione S-transferase Mu 3
Ubiquitin-like
modifieractivating enzyme 1
Transcription elongation factor
A protein 1

TQTDLFTCGKCKKKNCTYTQVQTRSADEPMT

0.80

0.29

TCEA2_HUMAN

Elongation factor 1-gamma

SFRQAFPNTNRWFLTCINQPQFRAVLGEVKL

0.88

0.17

CALR_HUMAN

Calreticulin

TLVVQFTVKHEQNIDCGGGYVKLFPNSLDQT

1.03

0.13

PRDX6_HUMAN

Peroxiredoxin-6

SWGILFSHPRDFTPVCTTELGRAAKLAPEFA

0.89

0.22

RL12_HUMAN

60S ribosomal protein L12

PPKFDPNEIKVVYLRCTGGEVGATSALAPKI

0.74

0.08

COR1A_HUMAN

Coronin-1A

YSVDWSRDGGLICTSCRDKRVRIIEPRKGTV

1.19

0.20

COR1A_HUMAN

Coronin-1A

DTIYSVDWSRDGGLICTSCRDKRVRIIEPRK

1.14

0.18

COR1A_HUMAN

Coronin-1A

YEDVRVSQTTWDSGFCAVNPKFVALICEASG

1.14

0.05

COR1A_HUMAN

SKFRHVFGQPAKADQCYEDVRVSQTTWDSGF

1.03

0.15

IDDMMFVLQGQWMRLCTSATESEVARGKNIL

1.08

0.09

KAAVKGYLGPEQLPDCLKGCDVVVIPAGVPR

0.63

0.02

KGYLGPEQLPDCLKGCDVVVIPAGVPRKPGM

1.03

0.18

MDHM_HUMAN

Coronin-1A
Cytochrome b-c1 complex
subunit 1, mitochondrial
Malate
dehydrogenase,
mitochondrial
Malate
dehydrogenase,
mitochondrial
Malate
dehydrogenase,
mitochondrial;

EGVVECSFVKSQETECTYFSTPLLLGKKGIE

1.04

0.16

RS5_HUMAN

40S ribosomal protein S5

DVSPLRRVNQAIWLLCTGAREAAFRNIKTIA

0.59

0.12

HCFC1_HUMAN

Host cell factor 1

QPGTAYKFRVAGINACGRGPFSEISAFKTCL

0.88

0.14

TPIS_HUMAN

Triosephosphate isomerase

GTLNAAKVPADTEVVCAPPTAYIDFARQKLD

0.84

0.13

TPIS_HUMAN

Triosephosphate isomerase

ARQKLDPKIAVAAQNCYKVTNGAFTGEISPG

0.97

0.11

TPIS_HUMAN

Triosephosphate isomerase

QSTRIIYGGSVTGATCKELASQPDVDGFLVG

1.01

0.11

TPIS_HUMAN

Triosephosphate isomerase

QKVAHALAEGLGVIACIGEKLDEREAGITEK

1.14

0.05

ACTB_HUMAN

Actin, cytoplasmic 1

DDDIAALVVDNGSGMCKAGFAGDDAPRAVFP

0.83

0.13

RS20_HUMAN

40S ribosomal protein S20

RITLTSRNVKSLEKVCADLIRGAKEKNLKVK

0.91

0.07

UBA1_HUMAN

QCR1_HUMAN
MDHM_HUMAN
MDHM_HUMAN
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Protein ID

Protein Name

Sequence

H/L

SD

TGHVAINCSKTSEVNCYRCGESGHLARECTI

0.65

0.09

SLSLAPDTRLFVSGACDASAKLWDVREGMCR

1.25

0.07

GYKGSCFHRIIPGFMCQGGDFTRHNGTGGKS

0.79

0.19

GSRNGKTSKKITIADCGQLE

0.67

0.19

DSKPIDVSRLDLRIGCIITARKHPDADSLYV

0.96

0.03

AIMP1_HUMAN

Cellular nucleic acid-binding
protein
Guanine
nucleotide-binding
protein G(I)/G(S)/G(T) subunit
beta-1
Peptidyl-prolyl
cis-trans
isomerase A
Peptidyl-prolyl
cis-trans
isomerase A
Aminoacyl tRNA synthase
complex-interacting
multifunctional protein 1

PRDX4_HUMAN

Peroxiredoxin-4

QGWETEERPRTREEECHFYAGGQVYPGEASR

0.36

0.04

SF01_HUMAN

Splicing factor 1

PWQSSETRSITNTTVCTKCGGAGHIASDCKF

0.58

0.10

ZYX_HUMAN

Zyxin

DMEHPQRQNVAVNELCGRCHQPLARAQPAVR

0.70

0.16

FSCN1_HUMAN

Fascin

HLGRYLAADKDGNVTCEREVPGPDCRFLIVA

0.82

0.14

TBB5_HUMAN

SYFVEWIPNNVKTAVCDIPPRGLKMAVTFIG

1.14

0.17

PTLEEYQHYKGSDFDCELRLLIHQSLAGGII

0.78

0.06

PDTDPAFFEHLRALDCSEVTVRALPEGSLAF

1.01

0.03

KVYVAKVDCTAHSDVCSAQGVRGYPTLKLFK

0.97

0.31

YNSMEDAKVYVAKVDCTAHSDVCSAQGVRGY

0.97

0.31

TXND5_HUMAN

Tubulin beta chain
Heterogeneous
nuclear
ribonucleoprotein K
Nicotinate
phosphoribosyltransferase
Thioredoxin domain-containing
protein 5
Thioredoxin domain-containing
protein 5
Thioredoxin domain-containing
protein 5

KEFPGLAGVKIAEVDCTAERNICSKYSVRGY

1.05

0.10

PARK7_HUMAN

Protein DJ-1

IKVTVAGLAGKDPVQCSRDVVICPDASLEDA

0.65

0.14

PARK7_HUMAN

Protein DJ-1

LAGKDPVQCSRDVVICPDASLEDAKKEGPYD

0.71

0.12

ESYT1_HUMAN

Extended synaptotagmin-1

KSDPYALVRLGTQTFCSRVIDEELNPQWGET

1.08

0.09

ZN576_HUMAN

Zinc finger protein 576

FVAQKLQGVLFICFTCARSFPSSKALITHQR

5.25

1.13

ZN576_HUMAN

Zinc finger protein 576

PADFVAQKLQGVLFICFTCARSFPSSKALIT

5.25

1.13

DPP2_HUMAN

Dipeptidyl peptidase 2

SGSEHCYDIYRLYHSCADPTGCGTGPDARAW

1.41

0.20

DPP2_HUMAN

Dipeptidyl peptidase 2

YDIYRLYHSCADPTGCGTGPDARAWDYQACT

1.41

0.20

RL36_HUMAN

60S ribosomal protein L36
Vasodilator-stimulated
phosphoprotein

LTKHTKFVRDMIREVCGFAPYERRAMELLKV

0.75

0.14

MSETVICSSRATVMLYDDGNKR

1.14

0.13

CNBP_HUMAN

GBB1_HUMAN
PPIA_HUMAN
PPIA_HUMAN

HNRPK_HUMAN
PNCB_HUMAN
TXND5_HUMAN
TXND5_HUMAN

VASP_HUMAN

B.13

The 40 sulfenic acid modification sites identified in THP-1 cells upon six-hour Thr-

PR treatment with H/L ratio.
Protein ID

Protein name

Sequence

H/L

SD

ACTB_HUMAN

Actin, cytoplasmic 1

TTAEREIVRDIKEKLCYVALDFEQEMATAAS

1.07

0.11
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Protein ID

Protein name

Sequence

H/L

SD

ADP-dependent glucokinase

LAAVAAGARVAGTQACATETIDTSRVSLRAP

0.95

0.15

AILENANVLARYASICQQNGIVPIVEPEILP

0.60

0.02

VMGKVPTISINKTDGCHAYLSKNSLDCEIVS

0.76

0.08

KTDGCHAYLSKNSLDCEIVSAKSSEMNVLIP

0.83

0.14

CAP1_HUMAN

Fructose-bisphosphate aldolase C
Adenylyl cyclase-associated protein
1
Adenylyl cyclase-associated protein
1
Adenylyl cyclase-associated protein
1

0.80

0.07

CATA_HUMAN

Catalase

TGLKLERALLVTASQCQQPAENKLSDLLAPI
HRHRLGPNYLHIPVNCPYRARVANYQRDGP
M

0.84

0.06

CATA_HUMAN

Catalase

2.25

1.15

CATG_HUMAN

0.50

0.09

CH60_HUMAN

Cathepsin G
60 kDa heat
mitochondrial

SHTFKLVNANGEAVYCKFHYKTDQGIKNLSV
VALPRAQEGLRPGTLCTVAGWGRVSMRRGT
D
ATRAAVEEGIVLGGGCALLRCIPALDSLTPA

0.87

0.09

COMT_HUMAN

Catechol O-methyltransferase

LSPGARLITIEINPDCAAITQRMVDFAGVKD

1.01

0.05

DEST_HUMAN

Destrin

MASGVQVADEVCRIFYDMKVRKCSTPE

0.86

0.02

DPP2_HUMAN

Dipeptidyl peptidase 2

0.76

0.06

DPP2_HUMAN

Dipeptidyl peptidase 2

SGSEHCYDIYRLYHSCADPTGCGTGPDARAW
YDIYRLYHSCADPTGCGTGPDARAWDYQAC
T

0.76

0.06

EF2_HUMAN

Elongation factor 2

0.82

0.01

ENOA_HUMAN

Alpha-enolase

KSATSPEGKKLPRTFCQLILDPIFKVFDAIM
LKVNQIGSVTESLQACKLAQANGWGVMVSH
R

1.01

0.19

ITB2_HUMAN

Integrin beta-2

GFEGSACQCERTTEGCLNPRRVECSGRGRCR

0.83

0.02

ITB2_HUMAN

Integrin beta-2

CECDTINCERYNGQVCGGPGRGLCFCGKCRC

1.02

0.02

KPYM_HUMAN

Pyruvate kinase

DIDSPPITARNTGIICTIGPASRSVETLKEM

0.85

0.16

KPYM_HUMAN

Pyruvate kinase

PTEATAVGAVEASFKCCSGAIIVLTKSGRSA

0.95

0.08

KPYM_HUMAN

Pyruvate kinase

TEATAVGAVEASFKCCSGAIIVLTKSGRSAH

0.95

0.08

LDHA_HUMAN

L-lactate dehydrogenase A chain

1.36

0.14

LEG1_HUMAN

Galectin-1

WKISGFPKNRVIGSGCNLDSARFRYLMGERL
FNPRFNAHGDANTIVCNSKDGGAWGTEQRE
A

0.96

0.18

LEG1_HUMAN

Galectin-1

AKSFVLNLGKDSNNLCLHFNPRFNAHGDANT

1.27

0.15

LEG1_HUMAN

Galectin-1

MACGLVASNLNLKPGECL

0.60

0.17

LEG1_HUMAN

Galectin-1
U6 snRNA-associated Sm-like
protein LSm7
Macrophage migration inhibitory
factor

ACGLVASNLNLKPGECLRVRGEVAPDAKSFV

0.60

0.17

QYKLTEDTRQLGLVVCRGTSVVLICPQDGME

1.70

0.56

GKIGGAQNRSYSKLLCGLLAERLRISPDRVY

0.88

0.17

Peptidyl-prolyl cis-trans isomerase

GSRNGKTSKKITIADCGQLE

0.89

0.27

PCBP2_HUMAN

Poly(rC)-binding protein 2

IREESGARINISEGNCPERIITLTGPTNAIF

0.97

0.10

PPIA_HUMAN

GYKGSCFHRIIPGFMCQGGDFTRHNGTGGKS

0.94

0.20

QCR1_HUMAN

Peptidyl-prolyl cis-trans isomerase
Cytochrome b-c1 complex subunit
1, mitochondrial

IDDMMFVLQGQWMRLCTSATESEVARGKNI
L

0.82

0.16

RINI_HUMAN

Ribonuclease inhibitor

LLPLLQQCQVVRLDDCGLTEARCKDISSALR

1.03

0.14

RINI_HUMAN

Ribonuclease inhibitor

QISNNRLEDAGVRELCQGLGQPGSVLRVLWL

0.76

0.15

ADPGK_HUMA
N
ALDOC_HUMA
N
CAP1_HUMAN
CAP1_HUMAN

LSM7_HUMAN
MIF_HUMAN
PAL4A_HUMA
N

shock

protein,
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Protein name
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H/L
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RL30_HUMAN
TBA1B_HUMA
N
TBA4A_HUMA
N

60S ribosomal protein L30

NNIELGTACGKYYRVCTLAIIDPGDSDIIRS

0.83

0.16

Tubulin alpha-4A chain

TVVPGGDLAKVQRAVCMLSNTTAIAEAWAR
L

0.97

0.03

Tubulin alpha-4A chain

IAAIKTKRSIQFVDWCPTGFKVGINYQPPTV

0.93

0.00

TPIS_HUMAN

Triosephosphate isomerase

ARQKLDPKIAVAAQNCYKVTNGAFTGEISPG

0.96

0.04

TPIS_HUMAN
TXND5_HUMA
N
TXND5_HUMA
N

Triosephosphate isomerase
Thioredoxin
domain-containing
protein 5
Thioredoxin
domain-containing
protein 5
Vasodilator-stimulated
phosphoprotein

QSTRIIYGGSVTGATCKELASQPDVDGFLVG

0.87

0.14

KVYVAKVDCTAHSDVCSAQGVRGYPTLKLF
K

1.15

0.14

YNSMEDAKVYVAKVDCTAHSDVCSAQGVR
GY

1.15

0.14

MSETVICSSRATVMLYDDGNKR

1.23

0.08

VASP_HUMAN
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