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Abstract

Adaptive responses associated with environmental stressors are critical to cell survival. Under conditions when cellular redox and

antioxidant defenses are overwhelmed, the selective oxidation of critical methionines within selected protein sensors functions to down-

regulate energy metabolism and the further generation of reactive oxygen species (ROS). Mechanistically, these functional changes

within protein sensors take advantage of the helix-breaking character of methionine sulfoxide. The sensitivity of several calcium

regulatory proteins to oxidative modification provides cellular sensors that link oxidative stress to cellular response and recovery.

Calmodulin (CaM) is one such critical calcium regulatory protein, which is functionally sensitive to methionine oxidation. Helix

destabilization resulting from the oxidation of either Met144 or Met145 results in the nonproductive association between CaM and target

proteins. The ability of oxidized CaM to stabilize its target proteins in an inhibited state with an affinity similar to that of native

(unoxidized) CaM permits this central regulatory protein to function as a cellular rheostat that down-regulates energy metabolism in

response to oxidative stress. Likewise, oxidation of a methionine within a critical switch region of the regulatory protein

phospholamban is expected to destabilize the phosphorylation-dependent helix formation necessary for the release of enzyme inhibition,

resulting in a down-regulation of the Ca-ATPase in response to h-adrenergic signaling in the heart. We suggest that under acute

conditions, such as inflammation or ischemia, these types of mechanisms ensure minimal nonspecific cellular damage, allowing for

rapid restoration of cellular function through repair of oxidized methionines by methionine sulfoxide reductases and degradation

pathways after restoration of normal cellular redox conditions.
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1. Linkages between oxidative stress and energy

metabolism: identification of control points

The identification of oxidatively sensitive proteins that

modulate energy utilization and the associated generation of

reactive oxygen species (ROS) are critical to understanding

how cells respond to oxidative stress. In this latter respect,

oxidant-induced functional losses of the calcium regulatory

proteins calmodulin (CaM) and the sarcoplasmic/endoplas-

mic reticulum Ca-ATPase (SERCA) contribute to the down-

regulation of cellular metabolism and ATP utilization and
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the associated generation of ROS associated with replenish-

ing intracellular ATP through oxidative phosphorylation [1].

Reductions in the rate of ROS generation, in turn, will

minimize protein oxidation and facilitate intracellular repair

and degradative systems that function to eliminate damaged

and partially unfolded proteins (Fig. 1). Age-dependent

increases in the rate of ROS generation or declines in

cellular repair or degradation mechanisms will increase the

oxidative load on the cell, resulting in corresponding

increases in the concentrations of oxidized proteins and

the associated formation of protein aggregates, which have

been extensively documented in aged tissues. These results

suggest that the general mechanisms underlying oxidant-

dependent changes in cell function are likely to be relevant
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Fig. 1. Critical sensors of ROS determine cellular sensitivity to ROS. The

functional sensitivity of key proteins to oxidative damage serves as a

detector to balance metabolism, where there is a trade-off between optimal

cellular function and the minimization of cellular damage. Oxidative

modification of functionally sensitive sites on proteins that modulate

calcium signaling and energy utilization will down-regulate ATP con-

sumption through respiratory control mechanisms and minimize the

generation of ROS and the associated nonspecific oxidative damage to

cellular proteins. For example, helix destabilization in calmodulin (CaM)

and phospholamban following methionine oxidation is proposed to stabilize

the inhibited state of the Ca-ATPase. Likewise, direct nitration of tyrosines

in the Ca-ATPase functions to decrease function. Differential setpoints of

different organs are determined by the sensitivities of key sensors to

oxidative and nitrative modification, which is determined by the reactivity

of sensitive sites on regulatory proteins to particular ROS, endogenous

antioxidant levels, protein repair, and rates of protein degradation. Thus,

some systems (e.g., heart) have sensitive setpoints, which function to

minimize nonspecific collateral damage, while others with greater

regenerative capacities (e.g., skeletal muscle) tolerate larger amounts of

cellular damage, permitting high levels of cellular function under conditions

of oxidative stress.
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to diverse pathologies, and that generalities are possible

from a consideration of the aging process.
2. Aging, metabolic rate, and adaptive cellular responses

Biological aging represents a chronic oxidative stress that

initiates a series of adaptive cellular responses. Under-

standing these control mechanisms, which permit optimal

cell function and the management of oxidative stress, is

critical to an appreciation of cellular stress responses. In this

respect, caloric restriction results in an enhanced life span

that correlates with the differential expression of critical

proteins involved in energy metabolism, stress responses,

and calcium regulation [2–4]. These results suggest trade-

offs during the aging process between the energetic costs

associated with the maintenance of intracellular calcium

gradients necessary for cellular signaling, oxidative damage

associated with respiration, and physiological responses

associated with stress responses. Consistent with this latter

concept, 30–40% increases in life span and corresponding

decreases in age-related diseases are associated with caloric

restriction in mammals that correlate with a reduction in

basal energy metabolism [3,5]. Thus, a decrease in

metabolic rate and the associated generation of ROS appears
to be critical to the maintenance of cell function during

aging.
3. Calcium regulatory proteins and linkages to energy

metabolism

Calcium functions as a critical second messenger in

mediating fast intracellular responses in all eukaryotic

tissues through the activation of CaM and other signaling

proteins to coordinate cell function with energy metabolism.

In addition, calcium mediates adaptive responses through

the direct modulation of numerous transcription factors,

including Nrf2, NFAT, and NF-nB family members c-Rel

and RelA [6–9]. The sequence of events that modulates cell

function involves the feedback modulation of the calcium

signal through CaM binding to target proteins (Fig. 2). The

cycle of calcium release and resequestration, i.e., the

calcium transient, occurs in the following sequence: calcium

influx into the cytosol occurs largely through calcium

release channels in the intracellular compartment of the

endo/sarcoplasmic reticulum or the plasma membrane.

Finally, the calcium signal is reset by the rate-limiting

resequestration of calcium ions back into the SR/ER lumen

by the SERCA or by efflux through the plasma membrane.

In all cases, CaM functions as a key sensor of the calcium

signal to modulate cellular metabolism through the rever-

sible binding to over 50 different target proteins, including

calcium pumps and channels [10]. Thus, CaM functions to

interpret the calcium signal to function as a feedback

inhibitor of the calcium channels and a feed-forward

activator of the calcium pumps to modulate the calcium

signal and rates of intracellular metabolism, which in turn

affects the generation of ROS, including superoxide,

hydrogen peroxide, and peroxynitrite.

Key linkages between calcium regulation, energy metab-

olism, and intracellular signaling can be illustrated in the

case of the heart, where regulation of the calcium transient is

primarily through the h-adrenergic cascade. The h-adrener-
gic signaling cascade provides for increased rates of

relaxation and force of contraction. This regulation

impinges upon the calcium transient at three major points,

by phosphorylation of calcium channels, troponin I, and

phospholamban, which results in calcium channel activa-

tion, enhanced force generation, and enhanced rates of

calcium resequestration into the SR, respectively [11]. This

rapid release and resequestration of calcium in the heart on a

beat-to-beat basis requires large amounts of energy; the

diminished amplitudes and elongated times associated with

calcium transients in aged hearts represent an adaptive

mechanism that has the effect of reducing the energy

demands and associated production of ROS [11,12].

Decreasing energy demand on the aged myocardium takes

on additional importance if there are impairments in the

function of key components of oxidative metabolism, such

as the a-ketoglutarate dehydrogenase complex and aconi-



Fig. 2. Calcium transport systems and relationships to oxidative stress. Ca2+-activated CaM functions to enhance the activities of the SERCA and PMCA

calcium pumps (green), which are respectively located in either the endoplasmic reticulum (ER) or plasma membrane (PM). Regulation is either through the

phosphorylation of phospholamban (magenta), the protein that regulates SERCA, or direct binding to the autoinhibitory domain of the PMCA. Similarly, CaM

associates with voltage- and ligand-gated calcium release channels and functions to inhibit calcium release at high intracellular calcium concentrations.

Additional regulation of calcium involves sodium/calcium antiporters and calcium symporters in the mitochondria (M) and PM. Calcium entry into the

mitochondria regulates dehydrogenases associated with the citric acid cycle and directly modulates energy production. Further regulation involves respiratory

control mechanisms where ATP utilization through the maintenance of calcium gradients regulates flux through the electron transport chain and modulates the

generation of ROS. Normal antioxidant defense mechanisms associated with the detoxification of ROS are highlighted, where superoxide (O2
S�) produced

during normal cellular conditions is dismutated to form hydrogen peroxide (H2O2) by SOD. H2O2 is subsequently degraded to H2O by antioxidant enzymes

such as catalase and glutathione peroxidases. H2O2 also can lead to the generation of the highly reactive hydroxyl radical (SOH) through transition metal (Mn+)

catalyzed reactions. Cellular messenger nitric oxide (NOS) together with excessive O2
S� can form highly reactive peroxynitrite (ONOO�). Reduced and oxidized

forms of glutathione are indicated as GSH and GSSG, respectively.

D.J. Bigelow, T.C. Squier / Biochimica et Biophysica Acta 1703 (2005) 121–134 123
tase, which can result in the increased production of ROS

[13]. Alternatively, down-regulation of flux through the

electron transport chain resulting from decreases in energy

metabolism or the oxidation of key transporters (e.g., the

mitochondrial adenine nucleotide translocater) may com-

pensate for a decreased functionality of electron transfer

components [1,14]. By reducing the rate of ROS generation,

normal cellular antioxidant defenses (e.g., superoxide

dismutase and catalase), repair enzymes (e.g., MsrA and

MsrB), and degradative pathways (e.g., the proteasome)

have the potential to maintain normal cellular function.

Thus, it is likely that by decreasing cellular energy demands

that normal function can be optimized by minimizing the

accumulation of oxidized proteins and the associated

formation of protein aggregates that can lead to protein

aggregation and amyloid formation.
4. Functional targets of oxidation during aging

The selective and reversible oxidation of critical sites

within proteins involved in signal transduction cascades

would suggest a regulatory function analogous to previously

recognized mechanisms involving protein phosphorylation.
It is, therefore, important to consider the extent of protein

modifications that occurs under conditions of oxidative

stress. Approximately one-half of intracellular proteins are

oxidized in senescent animals, suggesting that during aging

there is a nonselective oxidation of many cellular proteins

[15]. However, in the majority of cases the oxidation of one

or two amino acids has a minimal effect on protein function,

altering neither the stability nor the function of the protein

[16,17]. In contrast, some proteins are selectively oxidized

at critical sites that regulate their function in a reversible

manner. In this respect, the calcium regulatory protein CaM,

calcium pumps in both sarcoplasmic reticulum (SERCA)

and the plasma membrane (PMCA), and calcium channels

(e.g., the ryanodine receptor) are preferentially damaged by

ROS [1,18]. In the case of CaM and SERCA, the structural

and functional consequences associated with the oxidative

modification of unique sites have been identified [19–26].

Thus, methionines in CaM are oxidized to their correspond-

ing methionine sulfoxides, while the specific nitration of

tyrosines in SERCA results in an age-related loss of

function. Loss of Ca-ATPase function has broad implica-

tions, since the major utilization of ATP in excitable cells is

for restoration of ion gradients, which are continually being

dissipated through a variety of ion channels for the initiation
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of rapid physiological processes such as nerve conduction

and muscle contraction. In muscle, the SERCA isoforms of

the Ca-ATPase in the sarcoplasmic reticulum (SR) mem-

brane are responsible for the rate-limiting removal of

cytosolic calcium to the SR lumen that resets the 1000-

fold calcium gradient after each contractile event. In aging

heart and skeletal muscle, the function of these ion

transporters is diminished, resulting in slower calcium

transients and prolonged relaxation times. Altered calcium

transients may have longer-term effects, as well, related to

calcium dependent transcriptional events.
5. Calmodulin and mechanisms underlying inhibitory

action of methionine oxidation

CaM functions to interpret the calcium signal in all

cells, and coordinates energy metabolism involving the

mobilization of cellular energy reserves with gene tran-

scriptional regulation through the differential activation of

over 50 different target proteins (Fig. 2) [10]. Thus,

modulation of the cellular concentration of CaM directly

affects cellular function through the differential activation
Fig. 3. Release of Ca-ATPase inhibition following stabilization of helix in sw

endoplasmic reticulum Ca-ATPase (SERCA) underlying inhibitory interaction

inhibitory domain (B) (shown in red), resulting in a reduction in catalytically impor

Ca-ATPase. Stabilization of helical structure within a conformational switch region

of the inhibitory interactions with the N-domain. Thus, in the example of SERCA

(yellow circle) by PKA or CaM-dependent protein kinase II (not shown), salt brid

[109,110]. In the case of the plasma membrane Ca-ATPase (B), the inhibitory doma

of the protein which contains a CaM-binding sequence, and assumes a helical struc

ATPase are structurally homologous; each contains 10 transmembrane helices (a

nucleotide binding site), P (aqua; contains site of covalent phosphorylation that tr

sites are located near the center of the bilayer, and critical calcium binding ligand

nitrated during biological aging [1]. Structural model of Ca-ATPase adapted from
of low-affinity target proteins. This regulation follows from

the observation that under all conditions, most CaM is

bound to intracellular targets and that the concentration of

binding targets exceeds the amount of CaM [27,28]. The

fact that there are limiting amounts of cellular CaM

implies that localized increases in cytosolic calcium

redistribute bound CaM to activate different target

enzymes. Depending on the time-duration and amplitude

of the calcium signal, varying amounts of CaM are

mobilized that can bind preferentially to target enzymes

with differing CaM-binding affinities. Different classes of

CaM-binding targets have been identified that bind

calcium-activated CaM with differing affinities [29]. Thus,

short-duration, low-amplitude calcium signals will mobi-

lize small amounts of CaM, which will preferentially bind

to high-affinity targets, such as the plasma membrane Ca-

ATPase (Kdb10 nM) (Fig. 3) [30]. In contrast, long-

duration, high-amplitude calcium signals will mobilize

large amounts of CaM that will promote the association

between CaM and a larger group of CaM binding partners,

including those with relatively low affinities such as CaM-

dependent protein kinase II (Kd=30 nM) and the epidermal

growth factor (EGF) receptor (Kd=400 nM) [31,32].
itch region. Binding to the nucleotide binding domain (N) of the sarco/

involves an extended switch region of either phospholamban (A) or the

tant motions necessary for function of SERCA (A) or plasma membrane (B)

results in a shortening of the physical dimensions and the necessary release

(A), following phosphorylation of either Ser16 or Thr17 in phospholamban

ges are respectively formed with Arg13 or Arg14, inducing helical formation

in represents a 25-kDa extension of the protein located at the C-terminal end

ture following CaM binding [113]. The SERCA and plasma membrane Ca-

qua) and three distinct cytosolic domains, labeled N (light green; contains

iggers release of calcium), and A (magenta). High affinity calcium binding

s are located on the helix containing Tyr294 and Tyr295 (orange), which are

that of Toyoshima and Inesi [98].



D.J. Bigelow, T.C. Squier / Biochimica et Biophysica Acta 1703 (2005) 121–134 125
In addition to the cellular regulation mediated by the

transcriptional regulation of CaM expression, additional

regulation occurs through reversible posttranslational mod-

ifications, which in the case of phosphorylation differ-

entially modulates the binding affinity of CaM to different

target proteins [33–35]. Likewise, the functional sensitivity

of CaM to ROS provides a means to rapidly down-regulate

cellular metabolism under conditions of oxidative stress [1].

In this respect, site-specific oxidative modifications to CaM

may be mediated through the interaction with specific

binding partners that include nitric oxide synthase (NOS)

and superoxide dismutase (SOD); the latter is known to

modulate calcineurin function in a redox-dependent process

involving CaM [36,37].

Wild-type (unoxidized) CaM binds to the inhibitory

domain of the plasma membrane Ca-ATPase, inducing helix

formation within the CaM-binding sequence and releasing

enzyme inhibition (Fig. 3B) [30,38]. In contrast, following

oxidative modification of Met144 or Met145 in CaM,

oxidized CaM (CaMox) binds to the autoinhibitory domain

and stabilizes the inhibited enzyme state of the plasma

membrane Ca-ATPase (Fig. 4) [19,23]. Likewise, other

enzyme activities have been found to be modulated by

oxidation of methionines in CaM, suggesting that there is a

coordinate control of the function of different binding

partners [25,26,39]. Since oxidation of methionines is

reversible, and CaMox is selectively degraded by the

proteasome [40,41], these results suggest that the site-
Fig. 4. Nonproductive binding of CaMox following methionine oxidation.

Helix stabilization within the CaM-binding sequence of the inhibitory

domain of the plasma membrane Ca-ATPase (red) upon CaM binding

functions as a conformational switch to release enzyme inhibition through

association with the nucleotide (N) binding domain of the Ca-ATPase. In

contrast, the opposing domains of CaMox are structurally uncoupled upon

oxidation of Met144 or Met145, resulting in an altered binding interaction

that does not promote helix formation and enzyme activation. Under this

latter condition, the association is retained between the inhibitory domain

and the N-domain of the Ca-ATPase, with an accompanying restriction in

catalytically important domain motions associated with optimal transport

activity. The transmembrane helix (TM) functions as a fixed point that

defines the overall dimensions of the cytosolic portion of the inhibitory

domain.
specific modulation of CaM function by methionine

oxidation is part of an adaptive cellular response to

coordinate intracellular signaling, metabolism, and energy

utilization.

5.1. Oxidation of CaM during aging: differential

sensitivities in brain and muscle

Multiple methionines in CaM isolated from brains of

Fisher 344 rats are oxidized to their corresponding

sulfoxides; oxidation occurs progressively during aging

and in senescent animals an average of two methionines are

oxidized in each CaM [42]. Accumulation of oxidized CaM

(CaMox) occurs in spite of the relatively short half-life of

CaM, which is approximately 18 h in these animals [43].

Further, essentially all CaM is oxidized in skeletal muscle,

while CaM isolated from the hearts of these same animals is

not appreciably oxidized (unpublished observations). Thus,

oxidation of CaM is not a biomarker of aging, as the

accumulation of oxidized CaM does not occur in all tissues

[44]. Rather, accumulation of CaMox is the result of a

combination of low antioxidant capacities, enhanced rates of

ROS generation, and diminished repair or degradation

systems in some tissues (i.e., skeletal muscle and brain) in

this animal model.

The observation that methionines in CaM are selective

targets under conditions of oxidative stress provides an

important clue to adaptive cellular responses that might be

missed normally. Furthermore, irrespective of whether

CaMox is isolated from senescent tissue or oxidized under

in vitro conditions, CaMox stabilizes target proteins (e.g., the

plasma membrane Ca-ATPase) in an inhibited state, thereby

diminishing ATP utilization under conditions of oxidative

stress [19,42]. These results indicate that under conditions

when ROS overwhelm antioxidant defenses, CaM is

oxidized selectively and will down-regulate energy metab-

olism. Thus, methionine oxidation appears to be a primary

signal that may play an important regulatory role is

coordinating cellular signaling, energy metabolism, and

calcium regulation. The fact that there are decreasing

amounts of methionine oxidation in CaM isolated respec-

tively from fast-twitch skeletal muscle, brain, and heart

indicate differences in sensitivity of CaM to oxidation that

reflect tissue-dependent differences in metabolism and

antioxidant defenses (Fig. 1).

5.2. Functional sensitivity determined by rate of oxidation of

Met144 or Met145

Oxidation of Met144 and Met145 near the carboxyl-

terminus of CaM induces a nonproductive binding inter-

action that stabilizes the inhibited state of the plasma

membrane Ca-ATPase (Fig. 5) [19,20,23,45]. Oxidation of

the remaining seven methionines has a minimal functional

effect, resulting in only modest decreases in calcium affinity

and target protein binding [24]. Sequence differences near



Fig. 5. CaM functions as a sensor of oxidative stress. Space filling model

of CaM depicting functionally sensitive methionines (yellow) near the

carboxyl-terminus (left) and proposed linkage between the generation of

ROS, the oxidative modification of CaM, and inhibition of the plasma

membrane (PM) Ca-ATPase that results in diminished calcium regulation

and energy utilization following conditions of oxidative stress. Under

acute conditions, the transient generation of oxidants such as peroxynitrite

results in the selective oxidation of Met144 or Met145 [46], resulting in the

rapid down-regulation of metabolism. In contrast, under chronic con-

ditions the generation of less reactive species (e.g., hydrogen peroxide)

that do not target the functionally sensitive methionines permit optimal

cell function without large changes in cellular metabolism [1,45]. Figure

adapted from that of Smallwood et al. [46].
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Met144 and Met145 between species modulate the functional

sensitivity to oxidative stress [45]. In this respect, all CaM

sequences have very high levels of sequence identity (91%

identity between wheat and vertebrate), with most of the

sequence divergence near the functionally sensitive sites

proximal to the carboxyl-terminus [45], suggesting that the

functional sensitivity of CaM to oxidation is modulated

depending on the ecological niche of an organism. Thus, a

comparison between the rates of oxidation of CaM isolated

from vertebrate and plant sources demonstrated that the

oxidation rates of the majority of methionines are essentially

identical; however, there is a four-fold greater rate of

oxidation of Met144 or Met145 in plant CaM that correlates

with the functional sensitivity of CaM to oxidative stress.

These results indicate large species-dependent differences in

the functional sensitivities of CaM to oxidative stress. Given

that the oxidation of CaM functions to stabilize the inhibited

state of the plasma membrane Ca-ATPase (and presumably

other targets as well), these results suggest an optimization

of the sensitivity of CaM to oxidative stress to modulate the

set point of the system (Fig. 1). Thus, in the case of

vertebrates, larger amounts of nonspecific collateral damage

occur prior to the down-regulation of CaM function in

comparison to plants. Markedly different sensitivities of

CaM to different ROS further modulate function [1]. For

example, while peroxynitrite selectively oxidizes Met144

and Met145, hydrogen peroxide has a minimal effect on

these functional sensors of ROS—indicating that the
metabolism of different tissues will result in markedly

different functional sensitivities of CaM to oxidative

modification [42,45,46]. Likewise, in a comparison of

different organ systems, differences in the levels of

antioxidants, repair, and degradative enzymes modulate

the set point of the system, whereby the accumulation of

oxidized CaM functions to down-regulate metabolism and

minimize the nonspecific oxidative damage to other proteins

and biomolecules. Thus, under acute conditions associated

with the generation of peroxynitrite, energy metabolism will

be transiently down-regulated through the reversible oxida-

tion of Met144 or Met145 in CaM, while under chronic

conditions involving the generation of hydrogen peroxide

minimal levels of oxidation occur at these functionally

important sites [1,45,46].

5.3. Helix destabilization and global structural changes

underlie oxidant-induced modulation of CaM function

The underlying mechanism responsible for modulation

of CaM function following site-specific oxidation of

Met144 or Met145 permits generalizations concerning the

possible roles of methionine oxidation in modulating

cellular function. Oxidation of these methionines in CaM

induces global structural changes that result in a non-

productive binding interaction that locks the plasma

membrane Ca-ATPase in an inhibited state [24,30,45,47].

Thus, the oxidation of Met144 and Met145 near the middle

of an amphipathic helix at the carboxyl-terminus of CaM

acts to destabilize the central linker connecting the

opposing domains of CaM, functioning as a general

switching mechanism to modulate calcium signaling in

response to oxidative stress [23]. Thus, oxidation of Met144

or Met145 results in the structural uncoupling between the

opposing domains of CaM, which favors the formation of

a high-affinity inhibited enzyme complex in the case of the

plasma membrane Ca-ATPase [23,48,49]. This nonproduc-

tive conformation of CaMox bound to the Ca-ATPase fails

to induce helix formation within the CaM-binding

sequence that is required for the release of enzyme

inhibition (Fig. 4).

Helix destabilization and the structural uncoupling

between the opposing domains of CaM upon oxidation

of Met144 or Met145 are consistent with other examples in

the literature where the structures of methionine-rich

amphipathic a-helices are known to be sensitive to

oxidation. For example, methionine sulfoxide formation

results in a loss of secondary structure that interferes with

helix–helix interactions to disrupt long-range stabilizing

interactions between domains in proteins such as amyloid

beta-peptide, HIV-2 protease, small heat shock proteins,

and thrombomodulin [50–53]. Furthermore, methionine

sulfoxide can disrupt the formation of higher order

structures involving polymer formation in proteins such

as a-synuclein and amyloid beta-peptide [54,55]. In

contrast, the methionine-rich structures around the active
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site in glutamine synthetase appear to be insensitive to

oxidation [16], suggesting that in these instances methio-

nine serves primarily as an antioxidant.

5.4. Redox coupling of cellular metabolism through repair

of oxidized CaM

Site-specific and reversible posttranslational modifica-

tions are the hallmark of cellular signaling mechanisms, and

identification of a correlation between the oxidation of a

methionine in CaM and function suggests its physiological

significance. Thus, the ability of endogenous methionine

sulfoxide reductases present in all organisms to reduce (i.e.,

repair) oxidized methionines indicates that following an

acute oxidative stress, oxidation of CaM is likely to be

transient [42,56–61]. Methionine sulfoxide reductases exist

in two forms (i.e., MsrA and MsrB) that mediate the

steriospecific reduction of S and R sterioisomers of

methionine sulfoxide, respectively [60]. Together, MsrA

and MsrB, in conjunction with electron donors NADPH and

thioredoxin, are able to fully reduce oxidized CaM and

restore function [58,60]. Regulation of rates of repair is

therefore tightly linked to cellular redox conditions. Thus,

when ROS exceed antioxidant cellular defense mechanisms,

cellular NADPH and reduced thioredoxin levels decrease

and result in the inactivation of methionine sulfoxide

reductases. Under these conditions, CaMox accumulation

will result in down-regulation of metabolism and a

corresponding decrease in the generation of ROS through

respiratory control mechanisms. Following restoration of

cellular redox conditions, repair of oxidized methionines

occurs with a restoration of protein function. Alternatively,

under chronic conditions of oxidative stress, selective

degradation of CaMox by the proteasome will function to

lower cellular CaM concentrations with an associated

decrease in metabolic rates [41,62]. In conclusion, CaM

oxidation represents an important switch point at the first

step of the calcium signal to modulate metabolism and

orchestrate an adaptive cellular response through transient

changes in activity or through the down-regulation of CaM

levels.
6. Nitration as an indicator of peroxynitrite: a potent

oxidant of methionines

Peroxynitrite (ONOO�), formed from the spontaneous

combination of nitric oxide (NOS) and superoxide (O2
�), is

among the most common physiological oxidants [63,64].

The near diffusion-controlled rate of this reaction competes

effectively with removal of superoxide by SOD, with the

effect that ONOO� formation occurs when cellular nitric

oxide levels are comparable to those of SOD (i.e., micro-

molar). Diffusive and capable of rapidly crossing lipid

membranes, peroxynitrite is highly reactive towards pro-

teins, lipids and nucleic acids [65].
Within proteins, methionine and cysteine oxidation are

common results of peroxynitrite exposure, as well as the

nitration of tyrosines. Sulfur oxidations are suggested to

involve a two-electron oxidation by peroxynitrous acid

(ONOOH); with a pKa of 6.8, the protonated form of

peroxynitrite is abundantly available at intracellular pH [66].

On the other hand, tyrosine nitration involves the CO2

adduct of peroxynitrite, i.e., nitrosoperoxo-carbonate

(ONOOCO2
�) which is abundant at physiological levels of

carbon dioxide/bicarbonate [66–68]). In metabolically

active tissues, such as respiring muscle, induced changes

in pH and carbon dioxide levels may determine the balance

between tyrosine nitration and oxidation of methionines or

cysteines. The development of an antibody reactive against

nitrotyrosine modifications within proteins has allowed

facile detection of this signature of reactive nitrogen species

(RNS); as a result, nitrotyrosine-modified proteins have

received more attention than other products of peroxynitrite

such as methionine sulfoxides [69]. Nevertheless, methio-

nine oxidation is present in samples that are immunoreactive

against nitrotyrosine antibodies, making it problematic to

differentiate between the functional effects of these oxida-

tive and nitrative modifications.

6.1. Nitration of the SR Ca-ATPase (SERCA2a)

In skeletal muscle, nitration of the SERCA Ca-ATPase, a

highly abundant SR protein, indicates the presence of

peroxynitrite within the myocyte. Alternative nitrating

species have been proposed, both in vitro and in vivo,

e.g., mechanisms involving peroxidases in inflammatory

cells [70]. However, the involvement of peroxynitrite in the

nitration of SERCA is consistent with the expression of all

three nitric oxide synthase isoforms (NOS I, II, III) within

the myocyte and the measured generation of both super-

oxide and nitric oxide in muscle as a result of contractile

activity [71–73].

The essential role of the Ca-ATPase in controlling

properties of the calcium transient suggests its possible role

as an additional sensor of oxidative stress working in

concert with CaM in muscle. Therefore, the nitration of the

Ca-ATPase and the oxidation of methionine within its

regulator protein, phospholamban, will be discussed in view

of its implications for stress response in aging muscle.

The SERCA Ca-ATPase is the major determinant of the

calcium transient in muscle. The sarcoplasmic reticulum

(SR) Ca2+-Mg2+-ATPase (Ca-ATPase) actively transports

calcium ions away from relaxing contractile fibers in the

cytosol into the lumen of the SR after each contractile event,

thereby resetting the 1000-fold calcium gradient across the

SR membrane. In addition to its immediate regulation of

muscle contraction, changes in amplitude and duration of

the calcium transient can be translated into longer-term

changes in myocyte properties through gene transcription.

For example, calcium transients, through CaM-kinase II and

calcineurin regulation of the phosphorylation state of the
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transcription factor NFAT drive processes that include fiber

type switching in skeletal muscle, exercise-induced changes,

changes leading to cardiac hypertrophy, and developmental

changes in both heart and skeletal muscle [8,74–78].

Nitration of SERCA2a results in functional inactivation

in aging muscle. Chronologically, one of the first deficits

observed during aging of skeletal muscle is a prolongation

of the calcium transient with concomitantly longer times of

muscle relaxation [79,80]. The basis of these changes is the

age-related decreases in rates of calcium transport coupled

with ATP hydrolysis by the SR Ca-ATPase [21,22,81–83].

This loss of Ca-ATPase activity, in turn, correlates with

accumulation of 3-nitrotyrosine-modified forms of SER-

CA2a, the isoform expressed in slow twitch muscle;

modification of other amino acids does not occur at

stoichiometric levels, with the exception of an increased

oxidation of 1.5 mol cysteine per SERCA2a. However, this

oxidation occurs early in the life span without an associated

effect on Ca-ATPase activity [22].

The increase in nitrotyrosine modification of SERCA2a

with aging is substantial, where the SERCA2a isoform of

the Ca-ATPase is associated with 4 mol nitrotyrosine per

mol of Ca-ATPase, increased from approximately equimolar

ratios of nitrotyrosine per Ca-ATPase in the young adult

muscle of the Fischer 344 rat. In vitro exposure of SR

membranes from young adult muscle to varying amounts of

peroxynitrite, which induces progressive formation of

nitrotyrosine up to 4 mol per mole of Ca-ATPase, correlates

with a progressive inhibition of Ca-ATPase activity. Thus,

these experiments provide strong evidence to indicate that

the in vivo increases in nitration observed during aging form

the basis for the observed loss of Ca-ATPase activity.

Nitration of SERCA2a appears to be a general marker of

nitrative stress in muscle. For example, nitration of

SERCA2a has also been observed in aging rat heart, in

ischemic human heart, and in hypercholestemic aortic

smooth muscle [84–86]. The presence of peroxynitrite in

the myocyte, a consequence of elevated levels of nitric

oxide in contracting muscle, suggests that decreased

activities of other muscle proteins with functionally

important cysteines and methionines may also contribute

to loss of function in aged cells. In view of the prolonged

calcium release step in aging muscle, modification of the

cysteine-rich ryanodine receptor calcium release channel or

of methionines within its major regulator, CaM, are likely to

be relevant. A recent proteomic screen demonstrated the

oxidation of Met20 of phospholamban in (nonfailing) human

heart [87].

6.2. Sites of nitrotyrosine suggest a functional mechanism

Among the 18 tyrosines within the SERCA2a

sequence, at least three are nitrated in senescent skeletal

muscle; these have been identified [22]. These consist of

Tyr753, which is present in young adult muscle and the

vicinal tyrosines, Tyr294 and Tyr295, which appear in their
nitrated form only in senescent skeletal muscle. Based on

the available crystal structures of the highly homologous

SERCA1 isoform of this protein, the location of these

sites within SERCA2a can be inferred and indicates their

buried positions within the Ca-ATPase structure (Fig. 3A),

suggesting the possibility that modified sites are not

accessible to repair or degradative enzymes. The vicinal

tyrosines, Tyr294 and Tyr295, lie on a membrane spanning

helix near the interface of the Ca-ATPase with the SR

lumen (Fig. 3); this position is consistent with the

diffusive nature of peroxynitrite, which is capable of

rapid diffusion across lipid bilayers [65]. These vicinal

tyrosines are the most functionally relevant, which is

apparent from their location in a functionally critical

region of the Ca-ATPase, on a helix that provides several

ligands for calcium binding and is co-linear with the

phosphorylation site of the enzyme. Moreover, this region

represents a pivot point, which must accommodate large

angular changes in transmembrane helices during the

transport cycle [88]. Thus, nitration of two closely

apposed tyrosines is likely to distort the local protein

structure due to the additional bulk of NO2 groups on the

phenolic ring. In addition, the decreased pKa of nitro-

tyrosine (~7.2) suggests the deprotonation of these nitro-

tyrosines with the accompanying electrostatic repulsion of

two negative charges that may constrain structural

rearrangements important to transport.

6.3. Isoform selectivity of nitration and inhibitory role of

phospholamban

A striking characteristic of the nitration of the Ca-

ATPase (SERCA) in muscle is its specificity in vivo for

the SERCA2a isoform of the Ca-ATPase, expressed in

slow twitch skeletal muscle, in preference for the highly

homologous SERCA1 form, expressed in fast twitch

skeletal muscle. In vitro exposure to peroxynitrite

demonstrates that SERCA1 is inherently less sensitive to

nitration than is SERCA2a. Indeed, SERCA1 can be

characterized as cysteine reactive under the same con-

ditions of peroxynitrite exposure that result in nitration of

SERCA2a [89]. In addition to the high extent of sequence

similarity (84% identical), 16 of the 18 Tyr present within

SERCA2a are conserved sites with respect to the

SERCA1 sequence; the latter isoform has a total of 22

Tyr [90]. Moreover, the amino acid sequences surround-

ing nitrotyrosine sites identified in skeletal muscle

SERCA2a, i.e., Tyr294, Tyr295, and Tyr753, are identical

with those in SERCA1, which are not sensitive to

nitration. Cysteine residues are also highly conserved

between these two isoforms. This perplexing difference in

oxidation characteristics between highly similar isoforms

is difficult to assess in the absence of an atomic

resolution structure for SERCA2a. However, a striking

difference between these isoforms is the in vivo co-

expression of SERCA2a with the inhibitory protein
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phospholamban [91]. This 52-amino-acid membrane-span-

ning phosphoprotein interacts with the Ca-ATPase to

inhibit function, resulting in a reduced calcium sensitivity

(Fig. 3A). Inhibition is released following phosphorylation

of either Ser16 by PKA or Thr17 by CaM-dependent

protein kinase II, permitting in vivo responses to h-
adrenergic stimulation. Furthermore, phospholamban bind-

ing to SERCA stabilizes helical structures and induces a

reorientation of the nucleotide binding domain, thereby

restricting catalytically important motions [92–94]. There-

fore, interaction with phospholamban may induce a

conformation of SERCA2a in which either tyrosines are

more accessible for nitration or reactive cysteines are

blocked, allowing the slower reacting tyrosines to be

modified [95]. Regardless of the specific mechanism, the

presence of a nitration-sensitive form of SERCA in a

mitochondria-rich oxidative cellular environment, such as

slow twitch skeletal muscle and heart, ensures the ability

of the myocyte for down regulation of energy metabolism

during an oxidative/nitrative stress.
7. Phospholamban and Ca-ATPase inhibition: linkage

between methionine oxidation and calcium uptake

A recent proteomic screen of phosphoproteins has

revealed the oxidation of Met20 within phospholamban in

nonfailing human heart following trauma, consistent with

the presence of an oxidative/nitrative stress in the heart by

peroxynitrite (Fig. 6) [87]. This observation also raises the

intriguing question regarding what functional significance

this oxidation may have on phospholamban regulation of

SERCA2a and its possible role as an alternate sensor of

cellular stress. Certain predictions can be made based on

our knowledge of the mechanism underlying the regulation

of the normal function of the Ca-ATPase.
Fig. 6. Structure of phospholamban. Methionine sulfoxide at Met20, shown in yello

(PKA) (Ser16; green) or calmodulin-dependent protein kinase II (Thr17; blue) in

protein; the right panel shows a close view of the flexible loop TIEM20. Illustratio

[114,115].
7.1. Phospholamban regulates the Ca-ATPase

Phospholamban is a 52-amino-acid phosphoprotein

having a single transmembrane helix and an N-terminal

cytosolic helix connected by a flexible loop region

(TIEM20), which acts as a conformational switch when

phospholamban is phosphorylated at Ser16 by cAMP-

dependent protein kinase (PKA) or at Thr17 by CaM-kinase

II, relieving inhibitory interactions between phospholamban

and SERCA2a of SERCA2a (Fig. 3A). These two

phosphorylation sites appear to serve as alternate switches

originating from different signal pathways; one phosphor-

ylation per phospholamban provides full activation of

SERCA with no additional effect from dual phosphoryla-

tion [96]. Activation of calcium transport is manifested by a

shift in the calcium concentration dependence of enzyme

activation to lower calcium concentrations; it is not calcium

affinity that is modulated by phospholamban, but rather the

conformational change of the Ca-ATPase subsequent to

calcium binding [97]. The nature of that conformational

change requires an understanding of the mechanism of

active calcium transport by the Ca-ATPase in the absence

of phospholamban. Virtually all of the detailed information,

available to date, originates from structural and kinetic

studies of the SERCA1 isoform, which by all indications

undergoes similar or identical kinetics and mechanism of

action relative to SERCA2a [98].

7.2. Mechanism of active calcium transport by the

Ca-ATPase

Integral to the mechanism of calcium transport is its

coupling through the protein structure to the distal sites of

ATP hydrolysis, which provides the chemical energy for

transport. This process is mediated through transfer of the

g-phosphoryl group of ATP bound to the N-domain to
w, lies proximal to sites phosphorylated by cAMP-dependent protein kinase

switch region. The left panel shows a model of the entire phospholamban

n was prepared using the coordinates 1FJK.pdb and the program RASMOL
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covalent binding at Asp351 in the P-domain (Fig. 3A); the

resulting phosphorylated intermediate is the hallmark

characteristic of SERCA and other E-P type ion transport

proteins. From high-resolution crystal structures in combi-

nation with dynamic measurements of SERCA in solution,

it is clear that calcium transport requires collaboration of

the entire protein structure. However, while conformational

changes within the transmembrane domain are restricted

by the bilayer, large amplitude motions of the cytoplasmic

domains facilitate their substantial angular and spatial

rearrangements that juxtapose ATP bound to the N

(nucleotide binding)-domain with Asp351 within the

P(phosphorylation)-domain (Fig. 3A) [88,99–102]. Thus,

Brownian diffusion of protein domains plays an important

role in the enzyme phosphorylation necessary for calcium

transport.

7.3. Mechanism of inhibition (and activation) by

phospholamban

Phospholamban regulates the Ca-ATPase with forma-

tion of a complex with the Ca-ATPase with several

sites of interaction identified by cross-linking reagents

and site-directed mutagenesis, which are located within

both transmembrane and cytosolic domains (Fig. 3A).

Specific sequences within the cytoplasmic N-domain

(DKKDPVK402) and within the cytosolic helix of phos-

pholamban (Glu2 to Ile18) have been identified as critical to

the inhibitory interactions of nonphosphorylated phospho-

lamban [103–105]. Phosphorylated phospholamban, media-

ting activation of the Ca-ATPase, retains its association with

the Ca-ATPase, but with a redistribution of protein–protein

contacts [106–109]. Phosphorylation of bound phospholam-

ban results in a slight shortening of the cytosolic region of
Fig. 7. Release of SERCA Ca-ATPase inhibition requires shortening of interdomai

in phospholamban induces helix formation (blue cylinder) with a concomitant sh

inhibitory interaction between phospholamban (red) and the N-domain (green)

following helical destabilization upon Met20 oxidation (orange), alleviating

phospholamban and the N-domain of the Ca-ATPase following phosphorylation

generation of peroxynitrite [116]. The transmembrane helix (TM) functions as a

phospholamban.
phospholamban, consistent with a-helical stabilization by

the salt bridge between the phosphoryl group at Ser16 and the

guanidino group of Arg13 [109,110].

When phospholamban binds to the Ca-ATPase, its

inherent flexibility, as measured by its rotational dynamics

and distance measurements from the N-terminal face of the

transmembrane helix (position 24) to the N-terminal side of

the cytoplasmic helix (position 6), is severely restricted,

indicating tight binding and modification of the orientation

and motional range of N-domain diffusion [106,110,111].

Thus, the kinetics of productive transfer of the g-phosphoryl

group of ATP bound to the N-domain to Asp351 in the P-

domain are diminished by the tight interaction with

phospholamban at sites on the N-domain of the ATPase

(Fig. 3). Phosphorylation of phospholamban releases the

inhibitory interactions with the N-domain of the Ca-ATPase

(Fig. 7). This mechanism of phospholamban regulation of

SERCA is reminiscent of the regulation of the PMCA

through the inhibitory domain, except that CaM binding,

rather than phosphorylation, is the trigger for activation of

the plasma membrane Ca-ATPase.

7.4. Predicted effect of oxidation of Met20 within

phospholamban on Ca-ATPase activation

Addition of an oxygen atom to the sulfur atom of

methionine to form methionine sulfoxide results in both

increased polarity and disruption of helical structures. The

latter effect has been demonstrated to provide the function-

ally relevant changes upon oxidation of methionines within

CaM. Thus, oxidation of Met20 at the interface with the

critical switch region of phospholamban is expected to

induce disorder within the N-terminal region of the trans-

membrane helix of phospholamban, reducing the ability of
n switch region in phospholamban. Phosphorylation (yellow circle) of Ser16

ortening of the cytoplasmic portion of phospholamban and release of the

of the Ca-ATPase [109,110,111]. This conformational switch is relaxed

physical constraint imposed to maintain inhibitory interaction between

, consistent with the reported insensitivity to h-adrenergic signaling upon

fixed point that defines the overall dimensions of the cytosolic portion of
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phosphorylation-induced shortening of the cytosolic region

of phospholamban to release inhibitory interactions with the

N-domain of the ATPase (Figs. 5 and 7). As in the case of

the inhibitory domain of the plasma membrane Ca-ATPase,

which does not dissociate from the N-domain of the PMCA

in the presence of oxidized CaM; upon oxidation of Met20

the phosphorylated phospholamban can no longer dissociate

from the N-domain of SERCA, effectively blocking h-
adrenergic signaling and locking the Ca-ATPase in the

inhibited state (Fig. 3).

through helix destabilization. Activation of Ca-ATPase function through

the release of the inhibitory interaction between either phospholamban or

the inhibitory domain of the plasma membrane Ca-ATPase and the N-

domain requires helix formation and associated physical shortening of

cytosolic portions of proteins, which is blocked by methionine oxidation.

Levels of methionine oxidation are modulated by cellular antioxidant

defenses and repair enzymes, providing a functional linkage between

cellular reducing conditions and energy utilization through Ca-ATPase

activation.
8. Methionine oxidation functions as a conformational

switch

The sensitivity of methionines to oxidation, coupled with

large differences in the helix-promoting abilities of methio-

nine and the resulting methionine sulfoxide, permits their

use as sensors of oxidative stress to serve as conformational

switches that modulate the activity of central regulatory

proteins (i.e., Ca-ATPase and the regulatory proteins

phospholamban and CaM) (Fig. 8). These conformational

switches are directly coupled to cellular redox conditions

through the actions of methionine sulfoxide reductases,

which function to couple reducing equivalents from

thioredoxin and NADPH to reduce surface exposed

methionine sulfoxides. Thus, the reversible oxidation of

methionines in critical regulatory proteins functions as a

rheostat of cellular metabolism to maintain optimal cell

function with minimal levels of nonspecific oxidative

damage to other biomolecules that can result in irreversible

cell damage.

Whereas addition of an oxygen to the methionine side-

chain results in its increased polarity, this change has only a

minor effect on the global protein structure. The primary

physical basis underlying the oxidation-induced structural

switching associated with methionine sulfoxide is that this

modified amino acid is particularly unsuited to helices, while

methionine is well favored. The ability of methionines to

stabilize helices is related to their extended and flexible

conformation, which is quite distinct from those of the more

bulky aliphatic side chains associated with Val and Ile whose

branch points at the h-carbon place additional constraints on
their conformations [112]. Thus, Met side chains extend far

from the helical backbone, and permit favorable interactions

with neighboring helices to stabilize tertiary structural

interactions. Furthermore, the sulfur in Met presents a

hydrogen-bonding capability that further differentiates this

amino acid from its more bulky cousin Leu in facilitating the

stabilization of helices. Thus, methionines are often found

near the center of helices at interfacial contact points that

stabilize protein structures. Upon methionine oxidation,

helices are destabilized, in part, because of a large reduction

in the conformational flexibility of the side chain. This can be

understood in analogy to the destabilizing influence asso-

ciated with the introduction of Ser or Thr into a-helices.
Indeed, Ser is one of the most unfavorable residues in a helix

due to the ability of hydrogen-bonding interactions involving

the oxygen to induce stabilizing interactions that favor turns,

sheets, and disordered structures [112].
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