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Redox biology is fundamental to both nor-
mal cellular homeostasis and pathological
states associated with excessive oxidative
stress. Reactive oxygen species function
not only as signaling molecules but also as
redox regulators of protein function. In the
vascular system, redox reactions help reg-
ulate key physiologic responses such as
celladhesion, vasoconstriction, plateletag-
gregation, angiogenesis, inflammatory gene
expression, and apoptosis. During patho-
logic states, altered redox balance can
cause vascular cell dysfunction and affect

the equilibrium between procoagulant and
anticoagulant systems, contributing to
thrombotic vascular disease. This review
focuses on the emerging role of a specific
reversible redox reaction, protein methio-
nine oxidation, in vascular disease and
thrombosis. A growing number of cardio-
vascular and hemostatic proteins are rec-
ognized to undergo reversible methionine
oxidation, in which methionine residues
are posttranslationally oxidized to methi-
onine sulfoxide. Protein methionine oxi-
dation can be reversed by the action of

stereospecific enzymes known as me-
thionine sulfoxide reductases. Calcium/
calmodulin-dependent protein kinase Il is
a prototypical methionine redox sensor
that responds to changes in the intracellu-
lar redox state via reversible oxidation of
tandem methionine residues in its regula-
tory domain. Several other proteins with
oxidation-sensitive methionine residues,
including apolipoprotein A-l, thrombomo-
dulin, and von Willebrand factor, may con-
tribute to vascular disease and thrombosis.
(Blood. 2015;125(25):3851-3859)

Introduction

Reactive oxygen species (ROS) are partially reduced metabolites of
oxygen that are generated during cellular homeostasis. During the last
decade, considerable evidence has emerged supporting the concept that
ROS regulate many normal physiological vascular responses such as
cell adhesion, vasoconstriction, platelet aggregation, angiogenesis, in-
flammatory gene expression, and apoptosis.'> The production and
metabolism of ROS are tightly regulated by cellular redox switches.’
During pathologic states, excessive generation of ROS can overwhelm
endogenous antioxidant systems, leading to dysregulated redox balance
with adverse consequences on cellular function. For example, dys-
regulation of ROS has been observed in a variety of disease states
associated with endothelial dysfunction.*

Despite convincing evidence from in vitro studies and animal
models implicating oxidative stress in the pathogenesis of vascular
disease, clinical trials of systemic antioxidant therapy have suggested
little or no benefit for the prevention of vascular or thrombotic events.>
One potential explanation for the lack of benefit of nonspecific anti-
oxidant therapy is that such therapy might interfere with physiologic
and pathologic redox mechanisms. There are numerous potential ox-
idative targets of ROS, including cellular proteins, lipids, and DNA.
However, the specific molecular targets and signaling pathways linking
ROS to vascular disease have remained elusive. This review focuses on
the role of a specific reversible redox reaction, protein methionine ox-
idation, in vascular disease and thrombosis.

Redox reactions in vascular cells

Figure 1 depicts the generation of some of the major forms of ROS in
vascular cells. A principal intermediate form of vascular ROS is

superoxide (O,°7), an oxygen anion that is formed through the uni-
valent reduction of oxygen by enzymes such as reduced NAD phos-
phate (NADPH) oxidase, xanthine oxidase, and uncoupled endothelial
nitric oxide synthase, or as a result of mitochondrial oxidative phos-
phorylation.” Superoxide itself is relatively unreactive toward bio-
macromolecules under physiologic conditions.® In many biological
systems, superoxide acts as a stronger reductant than oxidant.” In ad-
dition, it is a negatively charged free radical, making it unsuitable for
crossing membranes. Despite its relatively short half-life, superoxide
can be transformed into a variety of other biologically important ROS.
For example, it can react with nitric oxide (NO®) to form a highly
reactive molecule, peroxynitrite (ONOQO™), or undergo dismutation to
form hydrogen peroxide (H,O,) (Figure 1). H,O, can in turn give rise
to hydroxyl radical (OH") in a reaction catalyzed by Fe*" or Cu** orto
hypochlorous acid (HOCI) by serving as a substrate for myeloperox-
idase. Both OH® and HOCI are highly reactive ROS that can produce
cellular damage and tissue injury.

Unlike superoxide, H,O, has a relatively long half-life (up to mil-
liseconds), is uncharged, and is capable of diffusing across cellular
membranes.'® These characteristics make H,O, suitable to act as an
intracellular signaling molecule and a mediator of posttranslational ox-
idative amino acid modifications of proteins. Sulfur-containing amino
acids such as cysteine and methionine are especially susceptible to
oxidation by H,0,. Reversible oxidation and reduction of cysteine
thiols can regulate protein function through disulfide exchange, glu-
tathionylation, and formation of nitrosothiols, sulfenic acids, and sul-
fonic acids.'" Protein methionine residues also can undergo reversible
redox reactions with H,O,, HOCI, and other ROS to form methionine
sulfoxide (Figure 2). Protein methionine oxidation has emerged re-
cently as a potential molecular mechanism of redox regulation of pro-
tein function in vascular biology.
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Figure 1. Major pathways of ROS generation and elimination in vascular cells.
One electron reduction of O, can produce superoxide anion (O,°"). The main
pathways for O, transformation are via dismutation to hydrogen peroxide (H»O5)
catalyzed by superoxide dismutase (SOD) or reaction with nitric oxide (NO°®) to form
peroxynitrite (ONOO™). H,O, can be further metabolized to hypochlorous acid
(HOCI) by myeloperoxidase (MPO) or hydroxyl radical (OH®) through reactions
catalyzed by metal ions (Fe?* or Cu®*) via the Fenton reaction. Elimination of H,O,
is facilitated by antioxidant enzymes such as glutathione peroxidase, peroxiredoxin,
and catalase.

Protein methionine oxidation

ROS-mediated protein methionine oxidation occurs via addition of a
single oxygen molecule to the sulfur atom of protein methionine, form-
ing methionine sulfoxide (MetSO).'? This reaction creates a chiral
center with two diastereomers: methionine-S-sulfoxide and methionine-
R-sulfoxide (Figure 2). MetSO contains an amino acid side chain
that is more polar than that of methionine.'® This change can have pro-
found structural and functional consequences on the target protein, such
as altered conformation, solubility, protein function, or stability.”‘15
Most higher organisms have evolved methionine sulfoxide reductase
(MSR) enzymes that can reverse the oxidation of protein methionine
residues.'® In mammals, the MSR system is composed of 2 groups of
enzymes, MSRA and MSRB, which catalyze the stereospecific reduc-
tion of the S- and R- diastereomers, respectively, of MetSO (Figure 2).
MSRA is primarily localized in the cytoplasm and mitochondria.
There are multiple isoforms of mammalian MSRB that differ in sub-
cellular localization.'” In the face of persistent oxidative stress, both
methionine-S-sulfoxide and methionine-R-sulfoxide can undergo
a second oxidation reaction to form methionine sulfone, which is not
a substrate for MSR and is therefore considered to be an irreversible
posttranslational modification."’

The MSR reaction reduces MetSO to methionine, resulting in the
formation of a disulfide bond in the active site of the MSR enzyme.
Regeneration of the reduced thiol form of MSR requires the action of
the thioredoxin/thioredoxin reductase system, which uses catalytic
redox-active cysteine residues to reduce the active site disulfide of MSR
through a series of thiol exchange reactions (Figure 3). This system of
reversible methionine oxidation (by ROS) and reduction (by MSR) is
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emerging as a common biological mechanism for cellular regulation,
analogous to protein phosphorylation/dephosphorylation and cysteine
oxidation/reduction.

Protein methionine oxidation has been shown to be important in
a variety of physiologic processes in several organisms. Studies in
bacteria demonstrated a role for methionine oxidation and its regulation
by MSR in bacterial viability. Bacteria lacking MSR had increased
susceptibility to ROS-induced killing, which was rescued by restoration
of MSR expression.'® Similarly, mice homozygous for a targeted
deletion of MSRA (MsrA ™"~ mice) were reported to have enhanced
susceptibility to oxidative stress and to accumulate higher levels of
oxidized proteins than wild-type mice.'” MSR also may have a pro-
tective role in redox regulated processes associated with cancer, innate
immunity, and neurodegeneration.”***

Protein methionine oxidation in
vascular disease

There is evidence for a causal effect of ROS in vascular diseases
such as atherosclerosis, ischemic heart disease, hypertension, and
thrombosis,* and emerging data suggest that protein methionine
oxidation may play a pathogenic role. For example, cardiac myocytes
from MsrA™~ mice are hypersensitive to oxidant stress.”> Conversely,
overexpression of MSRA in cultured cardiac myocytes provided
strong protection against injury in a hypoxia-reoxygenation model,**
and transgenic mice overexpressing a myristoylated isoform of MSRA
were found to be protected against ischemia-reperfusion injury of
the heart ex vivo.”> Moreover, 2 recent clinical studies have identified
a single nucleotide polymorphism (rs10903323) in the human
MSRA gene to be associated with increased risk of cardiovascular
events and coronary artery disease.”®?’ The impact of the MSRA
rs10903323 polymorphism on MSRA protein expression or enzy-
matic activity is unknown.

Several proteins important in vascular biology have been shown
to contain oxidation-sensitive methionine residues with potential reg-
ulatory roles in the pathogenesis of vascular or thrombotic diseases
(Table 1). This list is likely to grow in the future as proteomic ap-
proaches to detect and identify modified methionine residues are in-
creasingly used.”® The functional significance of many of these specific
protein methionine oxidation reactions remains to be determined. In
the remainder of this review, we will focus on some of the better char-
acterized vascular proteins that contain redox-active methionine
residues, including calcium/calmodulin-dependent protein kinase II
(CaMKII), apolipoprotein A-I, thrombomodulin (TM), and von
Willebrand factor (VWF), and highlight their potential roles in the
pathogenesis of vascular disease.

By
NH o]
Figure 2. Biochemistry of protein methionine oxi-

dation and reduction. Oxidation of protein methionine
lo) residues produces 2 sulfoxide diastereomers, methionine-
S-sulfoxide and methionine-R-sulfoxide, which can
be stereospecifically reduced back to methionine by 2
classes of mammalian methionine sulfoxide reductases,
MSRA and MSRB, respectively. Further oxidation of
methionine sulfoxide to methionine sulfone is biologi-
cally irreversible.
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Figure 3. General mechanism of MSR and regeneration by the thioredoxin
system. Reduction of methionine sulfoxide to methionine by MSR results in the
transient formation of an intramolecular disulfide bond that inactivates the enzyme.
Disulfide exchange reaction with thioredoxin (TRX) regenerates the active form of
MSR and leads to inactivation of TRX. Regeneration of reduced TRX occurs through
a transfer of electrons from NADPH in a reaction catalyzed by thioredoxin reductase
(TR). The active reduced forms of the enzymes are depicted in yellow and the in-
active oxidized forms of enzymes in gray.

CaMKII: a prototypical methionine redox sensor

CaMKI1I is serine/threonine kinase that functions as a key mediator
of intracellular calcium signaling by phosphorylating proteins involved
in gene transcription, cell survival, excitation—contraction coupling,
and calcium homeostasis.> Like many kinases, CaMKII is subject to
autoregulation. Following transient activation by calcium/calmodulin
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binding, the catalytic domain of CaMKII can autophosphorylate its
C-terminal regulatory domain at Thr287.%® Autophosphorylation at
Thr287 results in a conformational change in CaMKII that causes
sustained activity that is no longer dependent on calcium/calmodulin
(Figure 4). In addition to this mechanism of autoregulation via phos-
phorylation, CaMKII is also subject to redox regulation mediated by
oxidation of a pair of tandem methionine residues (Met281/Met282)
located within its regulatory domain.®' When oxidized, the 2 redox-
active methionine residues block reassociation of the regulatory domain
with the catalytic domain, resulting in sustained, calcium/calmodulin-
independent kinase activity similar to that observed after Thr287 au-
tophosphorylation (Figure 4). Oxidation of Met281/Met282 can be
reversed by the action of MSRA, restoring CaMKII to an inactive
state.*'? In this way, CaMKII acts as a dynamic, reversible redox
sensor during normal cellular homeostasis.

Excessive or dysregulated CaMKII activity in cardiac myocytes
promotes downstream signaling pathways involved in the pathophys-
iology of heart failure and arthythmias.*® Increased levels of oxidized
CaMKII in mice have been shown to promote sinus node dysfunction
and atrial fibrillation.** Stimulation of cardiac myocytes with angio-
tensin II or aldosterone leads to oxidative activation of CaMKII, which
can be reversed by MSRA.>'*? Treatment of MsrA~~ mice with al-
dosterone caused exaggerated CaMKII oxidation and myocardial ap-
optosis, leading to impaired cardiac function and cardiac rupture after
myocardial infarction.** Increased levels of oxidized CaMKII have
been detected in atrial tissue from diabetic patients after myocardial
infarction and in mouse models of type 1 diabetes.> Interestingly, mice
expressing an oxidation-resistant form of cardiac CaMKII (in which the
tandem redox-active methionine residues are mutated to valines) are
resistant to diabetes-attributable mortality after myocardial infarction,
suggesting that oxidation of CaMKII may contribute to sudden cardiac
death in diabetes. Together, these in vivo studies confirm a regulatory
role for methionine oxidation of CaMKII in cardiac pathophysiology
and suggest that therapeutic approaches to decrease the oxidation of
CaMKII or inhibit the activity of oxidized CaMKII may prevent or
reduce complications of heart disease.

Table 1. Partial list of proteins with oxidation-sensitive methionine residues

Target protein Oxidation-sensitive methionine(s)* Effect of MetSO on protein functiont Reference(s)

Proteins relevant to cardiovascular biology
CaMKII Met281, Met282 1 31,32
Apolipoprotein A-l Met86, Met112, Met148 l 43,45,46
Actin Met46, Met49 l 21,93
IkBa Met45 1 94,95
p53 Met340 l 96
S100A9 Met63, Met83 1 92

Proteins involved in hemostasis and thrombosis
Thrombomodulin Met388 ! 57,60
Activated protein C Met59 | 67
VWF Met1606 1 75,76
ADAMTS13 Met249, Met331, Met496 l 80
Fibrinogen Met78, Met367, Met476 - 84,85
a-2-Antiplasmin 10 Met residues ND 90
Antithrombin Il Met314, Met315 ND 90,91
Factor VII Met298, Met306 15 89
Plasminogen activator inhibitor-1 Met347 - 87,88
Tissue plasminogen activator Met207 86

The listed proteins have been characterized by the presence of =1 methionine residue with a potential regulatory role or pathologic effect in cardiovascular biology or

thrombosis.

*The numbering scheme of the oxidation-sensitive methionine residues is based on the species and isoform of the proteins studied in the cited references.
1The relative change in function as a consequence of methionine oxidation is indicated as follows: 1, enhanced; |, suppressed; «, altered structure; —, no effect; ND, not

determined.
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Figure 4. CaMKIl domain structure and activation.
(A) Each CaMKII monomer contains a catalytic kinase
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and an association domain (white). Dimerization of
monomeric subunits is mediated via the association
domains, followed by oligomerization to form a holo-
enzyme consisting of 2 stacked hexameric rings (not
shown). The sequence of the regulatory domain con-
taining 2 redox-active methionine residues (Met281/
Met282) (red) and Thr287 (black) are indicated. (B)
In the resting state, the kinase activity of CaMKII is
287 autoinhibited by an interaction between its catalytic
and regulatory domains. Binding of calcium/calmodulin
(Ca2*/CaM) (green) to the regulatory domain causes
disassociation and transient activation of the catalytic
domain. Autophosphorylation at Thr-287 or oxidation
at Met281/Met282 prevents autoinhibition and causes
sustained activation of CaMKII that is independent of
calcium/calmodulin binding. Adapted with permission

from Scott et al.®®
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The role of CaMKII oxidation in vascular disease and thrombosis
remains less clear. CaMKII is expressed in vascular cells, including
vascular smooth muscle and endothelial cells, as well as in blood cells
such as platelets. Recent studies have suggested that activation of
CaMKII regulates vascular muscle responses such as proliferation,
migration, and vascular remodeling.***” Vascular injury is associ-
ated with elevated levels of ROS,*® and CaMKII oxidation was ob-
served to be increased following vascular injury in mice, possibly
contributing to vascular smooth muscle migration and phenotypic
switching.*® Subsequent studies found that oxidized CaMKII not
only promotes vascular muscle cell migration and apoptosis, but also
induces ROS generation by NADPH oxidase, providing a positive
pro-oxidant feedback loop.*’ Thus, there is emerging evidence that
CaMKII functions in the redox regulation of vascular function, at
least in vascular smooth muscle cells. Analogously, oxidation of
CaMKII in the bronchial epithelium of the lung was found to pro-
mote inflammation and airway hyperreactivity, and contribute to the
pathogenesis of allergic asthma.*' The potential role of CaMKII pro-
tein methionine oxidation in vascular endothelial cells and platelets
remains largely undefined and is a potentially interesting area for
future investigation.

Apolipoprotein A-l

Apolipoprotein A-I (apoA-I) is the major protein component of high-
density lipoprotein (HDL).** The primary sequence of apoA-I con-
tains 3 oxidation-sensitive methionine residues (Met86, Met112, and
Met148). These methionine residues were initially hypothesized to
function as an endogenous antioxidant system by reducing lipid
peroxides and cholesterol in oxidized lipoproteins**** and protect-
ing other functional domains of apoA-I from oxidation.*> Subse-
quent studies found that oxidation of Met148 impairs the ability of
apoA-I to activate lecithin-cholesterol acyltransferase (LCAT), an
enzyme that converts cholesterol to cholesterol ester and is required

Sustained activation

for reverse cholesterol transport to the liver via HDL.*® apoA-I-
mediated activation of LCAT is rescued when Met148 oxidation is
reversed by MSR in vitro, and HDL prepared with a mutant apoA-I
(M148L) is resistant to oxidative loss of LCAT activity.*® A decrease
in LCAT activity can lead to increased atherogenesis, and it has been
reported that patients with atherosclerosis have elevated levels of
apoA-I oxidized at Met148.*” However, it remains unknown if
apoA-1 protein methionine oxidation is reversible in vivo, and a
causal relationship between apoA-I Met148 oxidation and athero-
sclerosis has not been established.

™

TM is a transmembrane protein that is expressed on the luminal surface
of vascular endothelium, where it functions as a high-affinity thrombin
receptor.*® TM functions as an endogenous anticoagulant by modu-
lating the substrate specificity of thrombin from that of a procoagulant
to an anticoagulant protealse.49 When bound to TM on the endothelial
surface, thrombin is unable to convert fibrinogen to fibrin, activate fac-
tor V, or trigger platelet aggregation. Instead, thrombin becomes an
efficient activator of protein C. The activated form of protein C (APC)
is an anticoagulant protease that selectively inactivates coagulation
factors Vaand VIlIa, thereby inhibiting amplification of the coagulation
cascade. APC also has potent anti-inflammatory effects on endothelial
cells and monocytes.>

The clinical importance of the TM/protein C anticoagulant pathway
is underscored by the strong association between venous thromboem-
bolism and resistance to APC caused by the factor V Leiden mutation®"
and by the severe thrombotic phenotype of children born with homo-
zygous or compound heterozygous forms of protein C deficiency.>
The TM/APC pathway also may modulate atherosclerotic plaque
stability”® and susceptibility to ischemic stroke.”* Gene targeted mice
with endothelium-specific loss of TM develop severe spontaneous
thrombosis in both the arterial and venous circulations.>>
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Figure 5. Schematic representation of thrombomodulin domain structure. The
amino terminal portion of TM, which projects into the vascular lumen, contains a
lectin-like domain and 6 EGF-like domains. EGF-like domains 5 and 6 are required
for thrombin binding, and EGF-like domains 4 to 6 (yellow) are necessary for efficient
activation of protein C. The location of the oxidation-sensitive regulatory methionine
(M388) is in the short linker region between EGF-like domains 4 and 5 (arrow). TM
also contains a transmembrane domain and a cytoplasmic tail (CYTO).

TM contains an epidermal growth factor (EGF) homology re-
gion consisting of 6 EGF-like domains (Figure 5). The high-affinity
thrombin binding site is located within EGF-like domains 4 and 5,
and the minimal region of TM that supports protein C activation
consists of EGF-like domains 4, 5, and 6.°° An oxidation-sensitive
methionine residue (Met388) is located in a short linker sequence
connecting EGF-like domains 4 and 5. Oxidation of Met388 de-
stabilizes the orientation between EGF-like domains 4 and 5, re-
sulting in a fivefold decrease in the K, for protein C activation and
a 90% decrease in TM anticoagulant activity.>’>® When Met388 is
mutated to leucine, TM activity is maintained, even in the face of
oxidative challenge.’>® Using animal models, our group has de-
monstrated that the TM/protein C antithrombotic pathway becomes
compromised by atherosclerosis and improves during regression of
atherosclerosis.®'** More recently, we demonstrated increased sus-
ceptibility to thrombosis and obtained evidence for inactivation of
TM in hypercholesterolemic mice expressing human TM.** Loss of
TM-dependent protein C activation in mice is prevented by super-
oxide dismutase.®>® These observations support the hypothesis
that oxidation of TM Met388 may contribute to a prothrombotic
phenotype. Additionally, APC itself has been shown to undergo pro-
tein methionine oxidation at Met59, which may directly contribute to
loss of APC anticoagulant activity when it is exposed to oxidants
such as H,0, and HOCL.%’ It remains to be definitively determined,
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however, whether oxidation of TM and/or APC occurs in vivo under
pathophysiologic conditions of vascular oxidative stress and to what
extent these redox reactions may affect susceptibility to thrombosis
and vascular disease in humans.

VWF

VWF is a multimeric protein synthesized by endothelial cells as
high-molecular-weight multimers that are released into circulation
through both constitutive and regulated pathways.(’8 The primary
function of VWF in hemostasis is to mediate initial platelet adhesion
and promote clot formation at sites of vascular injury in a process that
is dependent on large multimers of VWF. Deficiency of VWF or loss
of high-molecular-weight VWF multimers causes the clinical bleed-
ing disorder von Willebrand disease.%® In contrast, an overabun-
dance of ultralarge multimers of VWF causes the microvascular
thrombotic disorder, thrombotic thrombocytopenic purpura.”® The
classic form of thrombotic thrombocytopenic purpura results from
a hereditary or acquired deficiency of the VWF-cleaving metal-
loprotease A disintegrin and metalloproteinase with a thrombo-
spondin type 1 motif, 13 (ADAMTS13).”" Partial deficiency of
ADAMTS13 may predispose to thrombotic events such as acute
coronary syndromes and stroke.”>”?

ADAMTS13 cleaves VWF at the Tyr1605-Met1606 peptide bond
within its A2 domain.”* VWF Met1606 is susceptible to oxidation,
which can affect its cleavage by ADAMTS13.7>7¢ Oxidation of
Met1606 can be enhanced by shear stress’’ or ristocetin,”® which in-
duces a conformational change in VWF that unfolds the A2 domain.
Met1606-oxidized VWF multimers are hyperactive in inducing
platelet agglutination.”” Therefore, methionine oxidation of VWF
Met1606 during vascular oxidative stress represents a potential
prothrombotic mechanism, leading to the persistence of ultralarge
VWF multimers that are resistant to proteolytic processing by
ADAMTSI13. Consistent with this notion, elevated plasma levels
of large VWF multimers and oxidized VWF (including VWF with
oxidized Met1606) have been detected in patients who have risk
factors for thrombotic vascular disease, such as chronic kidney
disease.”® Recent work suggests that ADAMTS13 also may be a tar-
get of methionine oxidation, leading to loss of its enzymatic activity
and contributing to the accumulation of large VWF multimers during
inflammation.®® Under such conditions, cleavage of VWF multimers
may occur primarily through the proteolytic activity of leukocyte
serine proteases rather than ADAMTS13.81:82 Interestingly, the ac-
tivity VWPF-cleaving proteases such as neutrophil elastase may be
further regulated by the oxidative inactivation of a-1-antitrypsin, which
itself contains several oxidation-sensitive methionine residues.® Thus,
the overall effect of protein methionine oxidation on VWF multimer
structure and function is likely to be complex and may involve multi-
ple redox regulated proteins. Future studies are needed to determine
whether these oxidized methionines can be reduced by MSR and better
define the impact of these redox reactions in vivo.

Other targets of protein methionine oxidation

Several additional proteins involved in vascular function and/or
thrombosis contain oxidation-sensitive methionine residues (Table 1).
Fibrinogen, the substrate for thrombin-mediated fibrin formation, con-
tains three methionine residues (Met78, Met367, and Met476) that are
highly susceptible to oxidation by HOCL.3* Oxidation of these methi-
onine residues alters fibrin polymerization, which affects the structural
and mechanical properties of the fibrin clot, potentially leading to
delayed fibrinolysis.®® Interestingly, both tissue plasminogen acti-
vator and its major inhibitor, plasminogen activator inhibitor-1, also

20z dunf G0 uo 3sanb Aq Jpd' L G8E/EGSI8E L/ L G8E/ST/ST | /Pd-aJo1E/POO|qAU"SUOKEDIgNdYSE//:d]lY WOl papeojumog



3856 GU etal

contain methionine residues that are subject to oxidation,%’87 butitis
not yet known whether methionine oxidation of these proteins affects
fibrinolysis in vivo.®® Several other hemostatic proteins, including
factor VII, antithrombin, and a-2-antiplasmin, have been shown to
contain oxidation-sensitive methionine residues that can regulate
their function in vitro.8! It should be recognized that almost all of
the work characterizing the effects of protein methionine oxidation
on hemostatic protein function has been performed in vitro; there-
fore, the pathophysiological relevance of these reactions has not
been established.

Macrophage function can be regulated by the stereospecific oxi-
dation and reduction of methionine residues (Met46 and Met49) in
actin.?"**%* Methionine oxidation inhibits actin polymerization and
actin-dependent processes such as cytokine release, which can be re-
versed by stereospecific reduction by MSRB. Additionally, there is
some evidence that signaling pathways involved in inflammation
and cell cycle regulation can be regulated by methionine oxidation.*
Thus, methionine oxidation and reduction might contribute to a
variety of cellular signal transduction processes related to vascular
disease.

Perspectives and clinical implications

It is now understood that redox biology is central to normal cellular
homeostasis. ROS are generated widely as products of aerobic meta-
bolism.”” ROS function not only as signaling molecules but also as
redox regulators of proteins and other macromolecules via reversible
reactions such as protein methionine oxidation. Because of their in-
herent reactivity, ROS are tightly regulated by a myriad of paired
molecular oxidation and reduction reactions (redox switches). During
pathologic states of oxidative stress, the normally tight regulation of
cellular ROS flux can become disrupted. In light of the central role of
redox reactions in normal vascular function, it is perhaps not surprising
that the early trials of systemic antioxidant therapy failed to demonstrate
a clinical benefit for the prevention of vascular or thrombotic events.>
One lesson from these trials is that a better basic understanding of
specific vascular redox reactions is needed.

Certain protein methionine residues are particularly sensitive to
reversible oxidation, especially those residing in accessible surface
domains or domains that can become exposed to ROS through con-
formation changes induced by shear stress or protein-protein inter-
actions. Like other reversible protein modification reactions such as
protein phosphorylation/dephosphorylation and cysteine oxidation/
reduction, protein methionine oxidation/reduction can regulate protein-
protein interactions, enzymatic activity, and cellular function. These
effects are highly dependent on subcellular localization, accessibility to
regulatory enzymes such as MSR, and the redox environment of the
specific intracellular or extracellular compartment in which the target
protein functions. Some proteins with oxidation-sensitive methionine
residues, including CaMKII, actin, inhibitor of kBa (IkBat), p53, and
S100A9, are intracellular proteins that are likely to be protected from
oxidation by an in vivo redox environment that is highly reducing and
rich in MSR. Conversely, many vascular and hemostatic proteins con-
taining oxidation-sensitive protein methionine residues, such as TM,
VWEF, and apoA-I, are plasma or endothelial cell surface proteins,
which may be more susceptible to oxidation due to the oxidizing redox
state of the extracellular environment.

None of the mammalian MSR isoforms are known to function
extracellularly, but MsrA ™"~ mice have been reported to have higher
levels of MetSO in serum proteins compared with wild-type mice,”®
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which suggests that MSRA can influence protein methionine oxidation
of secreted proteins. For most of the proteins listed in Table 1, the
identification and characterization of oxidation-sensitive methionine
residues was accomplished using in vitro systems under nonphysio-
logic conditions. Therefore, with a few notable exceptions such as
CaMKII and actin, the pathophysiologic consequences of these protein
methionine oxidation reactions and whether or not they are regulated by
MSR in a physiological environment have not been rigorously studied.
Future studies using more physiological approaches, such as oxidation-
resistant mutants, will be necessary to better delineate the role of
methionine oxidation in vascular disease. Finally, it is noteworthy that
several MSR isoforms are expressed at high levels in mitochondria,'”
which are a major source of intracellular ROS. Defining the regulatory
role of MSR on mitochondrial function will be an interesting topic for
future investigation.

Future progress in defining the contribution of dysregulated pro-
tein methionine oxidation in vascular disease will depend on the
development of quantitative methods to detect and measure MetSO
in biological samples. Recently, there has been considerable effort
directed toward developing methods for the large-scale detection
and quantification of specific protein methionine residues using
proteomics approaches.”® For example, adapting a combined frac-
tional diagonal chromatography method "' to enrich for methionine-
oxidized substrates shows promise for the high-throughput detection
and identification of MetSO in specific proteins. A recent proteome-
wide analysis identified >2000 specific protein methionine oxidation
sites in a H,O,-treated T-cell line.?® This method also was applied to
a mouse model of sepsis to demonstrate that it can be extended to
identify protein MetSO in vivo.”® The functional significance of
methionine oxidation in the vast majority of these target proteins
remains to determined. Molecular dynamic simulations are now
able to provide considerable insight into the potential effects of
methionine oxidation on protein structure and function.®”%* How-
ever, new methods and techniques clearly are needed to better in-
vestigate the structural and biological effects of protein methionine
oxidation.

As our understanding of the specific molecular targets of protein
methionine oxidation improves, it is very likely that new candidate
biomarkers of oxidative vascular disease will emerge.'°"'%> The
prospects for the development of novel therapeutic approaches to
target protein methionine oxidation are perhaps more daunting. For
proteins such as CaMKII or VWF, whose function is upregulated by
protein methionine oxidation, it might be more feasible to develop
pharmacologic inhibitors that inhibit the function of the oxidized
protein rather than attempting to prevent or reverse the formation of
MetSO. Unfortunately, it is more often the case that protein me-
thionine oxidation results in impairment of protein function rather
than hyperactivation (Table 1). Potential therapeutic strategies in
such cases might include the administration of an oxidation-resistant
protein therapeutic. For example, to overcome the inhibitory effect
of TM Met388 oxidation on its anticoagulant activity, a TM M388L
analog has been designed that is insensitive to oxidative inacti-
vation.'®*!'%* This oxidation-resistant TM analog could potentially
be used as an anticoagulant therapeutic agent in patients with acute
thrombotic vascular disease.'®> More general approaches might
include targeting ROS-generating enzymes, such as NADPH oxi-
dases, or developing selective ROS scavengers or antioxidant mi-
metics. A more specific method of controlling methionine redox
state theoretically could be accomplished by manipulating MSR
expression or activity. For example, new methods for nanocarrier-
mediated targeted delivery of antioxidant enzymes such as MSR to
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vascular cells are being developed as potential therapeutic strategies
in vascular disease.'*®

Conclusions

A number of vascular and hematostatic proteins are recognized
to undergo protein methionine oxidation. In some cases, such as
the oxidation of Met281/Met282 of CaMKII or Met1606 of VWF,
protein methionine oxidation leads to hyperfunctioning of the tar-
get protein. For many other target proteins, such as TM and APC,
oxidation of specific protein methionine residues causes loss of
protein function. Most of our current understanding of the specific
protein targets and functional consequences of protein methionine
oxidation are derived from in vitro or animal studies. Therefore,
much remains to be accomplished to fully understand the role of
methionine oxidation in vascular disease and thrombosis. New
methods and models are needed to define the mechanisms that
regulate specific methionine oxidation reactions and the molecular
effects of methionine oxidation on protein and cellular function.
Tissue-specific animal models with altered expression and/or ac-
tivity of MSR or oxidation-resistant vascular proteins are needed
to explore effects of defined protein methionine reactions in
endothelial and vascular smooth muscle cells and in hematopoietic
cells such as platelets and leukocytes. A better appreciation of
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methionine redox biology and its vascular targets has the potential
to lead to novel biomarkers and therapies for vascular disease and
thrombosis.
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