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ABSTRACT. Methionines can play an important role in modulating protgirotein interactions associated

with intracellular signaling, and their reversible oxidation to form methionine sulfoxides [Met(O)] in
calmodulin (CaM) and other signaling proteins has been suggested to couple cellular redox changes to
protein functional changes through the action of methionine sulfoxide reductases (Msr). Prior measurements
indicate the full recovery of target protein activation upon the stereospecific reduction of oxidized CaM
by MsrA, where the formation of the S-stereoisomer of Met(O) selectively inhibits the CaM-dependent
activation of the Ca-ATPase. However, the physiological substrates of MsrA remain unclear, as neither
the binding specificities nor affinities of protein targets have been measured. To assess the specificity of
binding and its possible importance in the maintenance of CaM function, we have measured the kinetics
of repair and the binding affinity between oxidized CaM and MsrA. Reduction of Met(O) in fully oxidized
CaM by MsrA is sensitive to the protein fold, as repair of the intact protein is incomplete, xth
Met(O) remaining in each CaM following MsrA reduction. In contrast, following proteolytic digestion,
MsrA is able to fully reduce one-half of the oxidized methionines, indicating that surface-accessible Met-
(O) within folded proteins need not be substrates for MsrA repair. Mutation of the active site (i.e., C72S)
in MsrA permitted equilibrium-binding measurements using both ensemble and single-molecule fluorescence
correlation spectroscopy measurements. We observe cooperative binding of two MsrA to eagh CaM
with an apparent affinityl = 70 & 10 nM) that is 3 orders of magnitude greater than the Michaelis
constant Ky = 68 + 4 uM). The high-affinity and cooperative interaction between MsrA and GaM
suggests an important regulatory role of MsrA in the binding and reduction of Met(O) in functionally
sensitive proteins, such that multiple MsrA proteins are recruited to simultaneously bind and reduce Met-
(O) in highly oxidized proteins. Given the suggested role of Met(O) in modulating reversible binding
interactions between proteins associated with cellular signaling, these results indicate an ability of MsrA
to selectively reduce Met(O) within highly surface-accessible sequences to maintain cellular function as
part of an adaptive response to oxidative stress.

In response to environmental stressors, methionine residuegnd 9% of all methionines (depending on tissue source) are
in proteins can be oxidized to methionine sulfoxides [Met- oxidized to their corresponding methionine sulfoxid@y (
(O)] by reactive oxygen species (ROSand have the  emphasizing the sensitivity of methionine residues to oxida-

p g y
potential to modulate protein function and intracellular tion. Oxidation-dependent changes in protein function are
signaling (—6). Indeed, under basal conditions between 4 reversible, as endogenous Met(O) reductases (Msr) can
catalyze the reduction of free and protein-bound Met@&)) (
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CaM-binding sequences as a result of both their larger conditions of oxidative stress, we have expressed and purified
polarity and conformational flexibility relative to other both wild-type and a mutant bovine MsrA in which the active
hydrophobic residuedl @, 13). Additional understanding of  site cysteine at position 72 was changed to serine (i.e., MsrA-
the structural underpinning for this observation was described C72S), permitting both functional activity assays and binding
by Gellman (4), who emphasized two additional properties measurements of MsrA affinity. Using mass spectrometry,
of Met that promote the sequence-independent recognitionwe have identified the structural requirements of the recogni-
between nonpolar protein surfaces, which promotes thetion motif surrounding oxidized methionines, which must
structural plasticity associated with molecular recognition be surface exposed and conformationally disorderedKfhe
common in intracellular signaling. First, the presence of the associated with the reduction of CgMis 68 + 4 uM,
sulfur atom facilitates the flexibility of the methionine side indicating the reduction of protein bound Met(O) is physi-
chain by reducing the enthalpic discrimination among the ologically relevant. Using fluorescence spectroscopy, we
possibleys torsion angles, “permitting surfaces containing have measured the binding affinity of MsrA-C72S to GaM
this residue to have considerable freedom to mold themselvegK = 70 + 10 nM), which is substantially less th&x, and
to accommodate nonpolar binding partners of varying is consistent with earlier suggestions that the rate-limiting
structures” 14). Second, the greater polarizability of the step involves the reduction of the disulfide in Msr following
thioether sulfur atom in Met in comparison to typical the release of the reduced methionine from the subs28}e (
hydrocarbons enhances binding to nonpolar surfaces. FurtherBinding is not dependent on the redox state of MsrA. These
reversible binding interactions between proteins can be latter results suggest that in addition to the reduction of Met-
selectively modulated through the reversible oxidation of (O) an additional function of MsrA may be to minimize the
surface-exposed methionines to their corresponding methion-aggregation of Cali and other cellular proteins under
ine sulfoxides, which will affect the energetics of the binding conditions of oxidative stress.
interface (4). This latter suggestion has been extensively
validated in the case of CaM, where Met oxidation can EXPERIMENTAL PROCEDURES
disrupt a majority of the binding interactions with target  Materials. SDS polyacrylamide gels were obtained from
proteins (5). Thus, the accumulation of oxidized methion- Bio-Rad (Hercules, CA). Protein ladder molecular weight
ines in CaM and other proteins during biological aging may markers, rhodamine 6G, and Alexa Fluro 532 (Alexa532)
be sensitive to diminished cellular redox conditions and can were from Invitrogen (Carlsbad, CA). Hydrogen peroxide
contribute to a loss of cell functiorl§, 17). Indeed, CaM (H20,) was obtained from Fisher (Pittsburgh, PA), and the
isolated from the long-lived hybrid strains of rodents is not concentration was determined using the published extinction
oxidized in aged animalslg), suggesting that the ability to  coefficientezso = 39.44 0.2 Mt cm (32). A micro BCA
maintain reduced CaM may contribute to healthy aging. protein assay reagent kit was obtained from Pierce Chemical
Consistent with this latter suggestion, Msr activities are Co. (Rockford, IL). Type XIll TPCK-treated trypsin and type
essential for optimal cell function, and strong correlations |-S soybean trypsin inhibitor were obtained from Sigma (St.
are observed between genetic manipulations that modify MsrLouis, MO). Glutathione Sepharose 4B was obtained from
function and the resistance to oxidative stress and lifespanPharmacia Biotech (Sweden). All other chemicals were the
(19, 20). Indeed, age-dependent declines in MsrA activity purest grade commercially available. A single isoform of
correlate with multiple age-related diseases, including Alzhe- CaM corresponding to the cDNA encoding vertebrate CaM
imer's and Parkinson’s diseas2l(-24). provided by Professor Sam George (Duke University) was

Reduction of the S- and R-stereoisomers of Met(O) subcloned into the expression vector pALTER-Ex1 (Pro-
involves two complementary proteins, MsrA and Msg,( mega, Madison, WI), overexpresseddscherichia colistrain
26). While MsrA and MsrB have little sequence homology, JM109 (Promega, Madison, WI), and purified essentially as
the active sites of these enzymes are mirror images, consistenpreviously described using phenyl Sepharose CL-4B (Phar-
with their complementary stereochemical repair specificities macia, Piscataway, NJ) and weak anion exchange HBBC (
(8, 25, 27—30). The catalytic mechanism of reduction has 34). Methionines in CaM were oxidized upon incubation with
been most extensively studied for MsrA, whose catalytic 60 M CaM (1 mg/mL) in 1.0 mM imidazole (pH 6.5), 10
activity is significantly greater than that of Msr29). The mM CaCb, and 100 mM KCI with 100 mM KO, for 24 h
active site of MsrA is a highly conserved Gly-C$$he- at room temperature. The reaction was stopped by dialyzing
Trp-Gly motif, mutations of the active site cysteine (i.e., the sample against multiple changes of distilled water
Cys'd or either of the proximal hydrophobic side chains buffered with sodium bicarbonate af@. Purified proteins
result in a complete loss of reduction activiy 81). Enzyme were stored at-80 °C.
catalysis occurs through a series of thiol-disulfide exchange Cloning and Mutagenesis of the msrA Gehe allow ease
steps, which are proposed to involve a “Ping-Pong” mech- of purification, a poly histidine tag and linker (MGHHHH-
anism, whereby following the reduction of Met(O) the HHHHHHSSGHIEGRH) was added to the N-terminus of
catalytic cysteine (i.e., Cy3 in MsrA forms a sulfenic acid ~ MsrA for protein overexpression i&. coli, essentially as
intermediate that is subsequently reduced through the forma-described by Lowther and co-worker8).( The plasmid,
tion of an intradisulfide bond involving either C}8 or pPGEX-MsrA, containing the complete cDNA sequence of
Cys?7(9). Subsequent binding and reduction of the disulfide the gene encoding for bovine MsrA, was provided by
is mediated by thioredoxin, which has been suggested toProfessor Nat Brot35) and used as template for PCR. Upper
represent the rate-limiting step of the reacti@d, (29). (5-GCGTGGACATATG CTCTCG GTCACCAGGAG-3

To understand the functional regulation and binding and lower (5GCGCTCGAGTTACTTTTTAATACCCAG-
specificity of MsrA from eukaryotes and its possible 3') oligonucleotide primers were synthesized by Invitrogen
involvement in the reduction of oxidized CaM (CaMunder (Carlsbad, CA) and used to PCR amplify a 721 bp fragment
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corresponding to thensrAgene.Ndd and Xhd restriction
sites were added at thé &nd 3 end of the gene (bold),

Xiong et al.

whereezgo nm= 31 390 Mt cm™ (9) or using the Coomassie
Plus Bradford reagent from Pierce (Rockland, IL) using

respectively, to facilitate cloning. The PCR fragment was albumin as a standard.

cloned into pBluescript Il SK (Stratagene, La Jolla, CA),
which was previously modified to incorporate add
restriction site, and transformed info coli strain XL1-Blue

MRF’ (Stratagene) using standard molecular biology tech-

nigues 86). Plasmid DNA was extracted from a representa-

Cloning and Expression of MsrBAA 903-bp PCR
fragment encoding the gene for MsrBA fro8hewanella
oneidensisviR1 was amplified using the following primers,
MSRBAF (5-CACCATGGACAAACTGACTGATTTTG-
AA3") and MSRBAR (5AACTTGCAGTTCGGCAA ATA-

tive fraction of transformants using QIlAprep Spin Miniprep AAT GC-3'), and cloned into a pENTR/SD/D-TOPO vector
kit (Qiagen, Inc., Valencia, CA) and submitted for DNA (Invitrogen, Carlsbad, CA) and transformed ifocoli strain
sequencing (Biochemical Research Service Laboratory, Topl0. Clones were screened, and positive clones were
University of Kansas, Lawrence, KS). The sequence of the verified by DNA sequencing (Amplicon Express, Pullman,
clonedmsrAgene was confirmed, subcloned into tdd WA). To overexpress recombinant MsrBA protein, the
andXhd restriction sites of the expression vector, pET-16b MsrBA/pENTR construct was cloned into pETDEST 42

(EMD Biosciences, San Diego, CA), and transformed into (Invitrogen) using LR Clonase and transformed iEtacoli

E. colistrain DH5a (Invitrogen) using standard methdgf).(

strain BL21Star(DE3). This construct encoding MsrBA

Transformants were screened as described previously. Ongroduced a fusion protein containing a V5 epitope and a His

clone was selected and transformed iBta@oli strain BL21-
(DE3) (EMD Biosciences) for expression of thesrAgene.

tag at the C-terminus, which enables purification by TALON
metal affinity column chromatography (Clontech, Mountain

To create the inactivated MsrA protein, residue 72 was West, CA). Following induction using isopropgho-thiga-

mutated from cysteine to serine in the wildtypsrAgene
using a method previously describe&¥,(38). Briefly, upper
(5-AATGGGATCCTTCTGGGGAGCTGAAAG-3) and
lower (8-CCGAATACAGCCATCTGTGTTCCCTCTG-3
oligonucleotide primers were synthesized by MWG Biotech
Inc. (High Point, NC), incorporating the serine codon at
position 72 in the upper primer (bold). The plasmid,
pBluescript Il SK, containing the wild-typesrAgene was

lactopyranoside (IPTG), bacteria were harvested by centrifu-
gation, and cells were lysed by three passes through a French
pressure cell. Following removal of cell membranes by
centrifugation, the supernatant was loaded onto a cobalt
affinity column (BD Biosciences, Palo Alto, CA). Following
extensive washing with a buffer containing 10 mM Tris-
HCI (pH 8.0), 300 mM NacCl, and 20 mM imidazole, purified
MsrBA was eluted with 25 mL of 10 mM Tris-HCI (pH 8.0),

used as template in the PCR reactions. The PCR reactions300 mM NaCl, and 300 mM imidazole. Msr concentrations

were transformed int&. colistrain DH10B (Invitrogen) and

were determined by Pierce Coomassie Plus Protein assay

transformants were screened and submitted for DNA se-(Pierce Chemical Co., Rockford, IL).

qguencing (lowa State University DNA Sequencing and

CaMox Repair by MsrATo measure the repair of oxidized

Synthesis Facility, Ames, I1A). The sequence of the mutated CaM by MsrA, 10uM CaM, was incubated with 1.@M

msrAgene C72S-msriwas confirmed and subcloned into

MsrA or MsrBA in 10 mM MOPS (pH 7.5), 50 mM KCl,

the expression vector, pET-16b, as before. One clone wasand 15 mM DTT for 12 h at 25C. In some measurements,

selected and transformed info coli strain BL21(DE3) for

expression of th&€72S-msrAgene. Both MsrA and C72S-

MsrA proteins are expressed with an N-terminalblisg.
Expression and Purification of MsrA and C72S-MsFar

CaM,, was first digested with trypsin in 50 mM TriSI (pH
7.5) using a weight ratio of-2100 and incubated at 3TC
overnight. Following the addition of 1.8M trypsin, rates
of Met(O) reduction were measured upon addition of MsrA.

overexpression of both MsrA and C72S-MsrA proteins, 1.0 Alternatively, reactions were carried out in 10 mM Tris-HCI

L of Luria broth (LB) supplemented with carbenicillin (100
mg/mL) (Sigma-Aldrich, St. Louis, MO) was inoculated with

buffer (pH 7.5) using 40@M NADPH, 2.0uM thioredoxin
reductase, and the indicated concentrations of thioredoxin

a 40 mL overnight culture and incubated shaking at 250 rpm and CaM, permitting the enzymatic activity of MsrA to be

and 37°C. During incubation, the optical densities (OD) of

measured by changes in NADPH absorption at 340 ¢ym (

the bacterial cultures were monitored at 600 nm. When the nm = 6220 M™* cm™) (39).

OD reached-0.8, isopropyl-te-thiogalactopyranoside (IPTG)
was added to a final concentration of 1 mM to induce
expression of MsrA and C72S-MsrA. Incubation continued
at 250 rpm and 37C. After 5 h incubation, the cells were
pelleted by centrifugation at 4090for 15 min at 4°C,
resuspended in lysis buffer (50 mM NgPD,, 300 mM
NaCl, 10 mM imidazole, pH 8.0), lysed with 150 mg/mL

Fluorescent LabelingCaM was covalently labeled using
either Alexa488 or Alexa532 from Molecular Probes. Briefly,
CaM (1.0 mg) in 0.5 mL of 0.1 M N&O; (pH 8.3) was
incubated with either Alexa proberfd h at 20°C, and
unbound dye was removed using a G-25 Sephedex column.
Stoichiometries of binding were determined by measuring
the absorbances at 280 nm and either 495 nm (Alexa488) or

lysozyme, and sonicated. The suspension was centrifuged630 nm (Alexa532), wherezgo nm = 2560 Mt cm™* for

at 1500@ for 30 min at 4°C. Column chromatography was
performed at £C. The crude lysis supernatant solution was
applied to a Ni-NTA His-Bind Superflow (EMD Biosciences)
column (1.5x 20 cm) equilibrated with lysis buffer. The
column was washed extensively with lysis buffer, followed
by another wash with lysis buffer containing 20 mM
imidazole. MsrA and C72S-MsrA were eluted with 50 mM
NaH,PO, (pH 8.0), 300 mM NacCl, 250 mM imidazole.

CaM, €488 nm (Alexa488)= 71 000 Mt cm, andeszz nm
(Alexa532)= 81 000 Mt cm™ (40, 41). The final molar
stoichiometry was~1 mol of bound fluorophore per mole
of CaM.

Fluorescence Correlation Spectroscopy Measurements
Fluorescence correlation spectra (FCS) were obtained using
a Nikon TE300 inverted microscope modified for these
measurements, where excitation of Alexa532 was from a

Protein concentrations were determined using the absorbanceCoherent Verdi laser (532 nm) attenuated by a circular
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neutral density filter and focused by a X0@bjective lens w?
(S Fluol100, Nikon, Japan) 50m above the surface of the D
cover slide. The fluorescence was collected using the same i

objective, separated by a 550DCLP dichroic mirror (Chroma the stokes Einstein formula can be used to estimate the

Technology, Brattleboro, VT). A 5@m diameter pinhole  pyqrodynamic radiusR) of the complex assuming a spherical
was installed in the image plane of the output fluorescence particle, where

to get rid of the out-of-focus signal. To minimize the effect
of after pulse, the fluorescence was split by a cube beam
splitter (Thorlabs, Newton, NJ), and detected subsequent to
a HQ560 emission filter using a pair of SPCM-AQR-14 )
avalanche photodiodes (Perkin-Elmer Optoelectronics, Vau-K is the Boltzmann constant (1.38 1072 J/K), T is the
dreuil, Canada). The output was fed into a Flex01-05D multi- @bsolute temperature, (293 Kj,is the viscosity of water
tau correlator (Correlator.com, Bridgewater, NJ), and the (0-89 c¢P). From the hydrodynamic radius of the molecule
fluorescence correlation function was calculated in real time. e molecular masst{) can be calculated.
Alternatively, a two-photon excitation configuration was used _
for the excitation of Alexa488-labeled CaM involving the m= 4mp NAR3/3 )
output from a Mira 900 Ti:Sapphire femtosecond laser hereN, is Avogadro’s number, andis the mean density
(Coherent) (780 nm) using a 675dcsx4 dichroic and €700Sp-gf the molecule.
2p8 short-pass blocking filter and an HQ535 emission filter.  Binding Affinity Between Cajand MsrA.The fluores-
All mirrors were from Chroma Technology. cence autocorrelation curves were fitted simultaneously using
Unless otherwise stated, all FCS measurements involvedeq 1 to obtain the fraction of bound CaMi.e., 1— o) at
either Alexa488- or Alexa532-labeled CaM (5 nM) in 20 each concentration of MsrA-C72S, and the resulting binding
mM HEPES buffer (pH 7.5), 100 mM KCI, 1.0 mM Mgg!  curve was fit using the Hill equation:
and 0.2 mM EGTA in the absence and presence of 1.0 mM
CaCl, at 20°C, where the concentration of MsrA-C72S was
varied between 0 and 500 nM. When indicated, 15 mM DTT
were added to reduce MsrA. Prior to all measurements, the ) ) o ) )
cover slides (Fisher premium cover glass) were cleaned forWheren is the Hill coefficient andK is the macroscopic
30 min in a 10% (w/v) NaOH solution using a Branson 200 dissociation constant, which represents the sum of the

()

KT

R= 671D, ®)

(L—a) _  [MsrA]"
(11— Omax K"+ [MsrA]"

()

sonicator. A 10Q:L droplet of the sample solution was
placed on a clean cover slide. Typically, data were collecte

microscopic equilibrium binding constants (i.k.+ k) for

d homotropic cooperativiity43), where

for 30 s, and 515 replicates were measured for each sample. cgm + MsrA — k, — CaM:MsrA +

Evaluation of the curves was carried out using the nonlinear

fitter in ORIGIN (MicroCal Software, Northampton, MA).

FCS TheoryThe autocorrelation functio®(z) is the sum
of two species of fluorescent molecules.

fT —7/TT 1
G(r)—1+(l+leTe )N
¢ +
2
(1+i) x 1+(9) (i)
Tpy, Z] \Tpy,
1—a 2 1)
(1+i) x 1+(9) (i)
b2 Z] \Tpy

N is the total number of fluorescent molecules within the
focal point,fr andzr are the fractional population and decay
time of the triplet state, respectively; andz are the radial
and axial radii of the confocal volume, respectivelys the
lag time between two channets,is the fraction of unbound
CaM,y, andrp; andp, are the apparent diffusion times of
unbound Cal and the complex containing MsrA bound
to CaMy. The ratio,w/z, is a structural parameter of a FCS

MsrA — k, — CaM:MsrA, (6)

Further consideration of the mechanism underlying coopera-
tive binding is possible, where

(1-0)  KMsrA] + 2K,[MsrA]?
(1= Omax  2(1+ K,[MSrA] + K [MsrA]?)

()

The macroscopic equilibrium association constdntcor-
responds to the sum of the two intrinsic equilibrium constants
(k; andk) associated with MsrA binding to CajMandK;
corresponds to the product of the equilibrium constants
associated with binding to both sites and includes contribu-
tions

4K,

e (8)

C

associated with cooperativity (i.el3kokio) (44). A lower
estimate of the contribution of the cooperative interaction is
possible by assuming th&t = k..

Mass Spectrometric Analysitntact CaM samples were
loaded onto a & trap column with 1% aqueous acetic acid
for desalting and then eluted with 90:9.5:0.5 methanglH

setup and is calibrated using rhodamine 6G, whose diffusionformic acid (v/v/v) at 2Q:L/min into the source of a Q-TOF2

coefficient is 2.8x 1071°m? s1 (42). The relation between
the diffusion time {p;) and translational diffusion coefficient
(Dy) is

mass spectrometer (Micromass LTD, UK). Acquired intact
protein mass spectra were processed using MaxEntl or
transform algorithms for charge deconvolution in the Mass-
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Lynx 3.5 software (Micromass Ltd.). To identify peptide
abundances of oxidized and reduced tryptic peptides of
CaM,y, samples were divided into two parts and desalted
using either a hand-packedd3rap column for analysis by
electrospray ionization (ESI) or a ZipTip.£(Millipore,
Bedford, MA) for MALDI experiments. For ESI measure-
ments, peptides were directly eluted from the trap column
into the source of a Q-TOF2 mass spectrometer with 90:
9.5:0.5 methanol/kD/formic acid (v/v/v) at 2QiL/min. Mass
spectra were acquired in the/z 300—2000 mass range at
conditions optimized for peptide analysis. Charge deconvo-
lution was performed using the MaxEnt3 module in the D
MassLynx 3.5 software (Micromass Ltd, UK). Intensities of 16600 16700 16800 16900
ions corresponding to Met containing peptides and their Mass ( Da )

oxiforms were measured to determine the kinetics of me- Ficure 1. ESI-MS resolution of the distribution of CaM oxiforms

thlonlne sulfoxide repai. _For MALDI measurement_s, Pep- corresponding to native CaM (A), CaM following the oxidation of
tides desalted on a ZipTip.g€were eluted on a stainless || nine Met by HO, (B), or fully oxidized CaM following
steel sample plate with a matrix consisting of 10 mg/mL of incubation with either MsrA (C) or MsrBA (D). Experimental
a-cyano-carboxycinnamic acid in 50.0:49.9:0.1 acetonitrile/ conditions: 1.0uM MsrA or MsrBA in the presence of 1aM
H,O/TFA (v/viv). Mass spectra were acquired ou@z 700— %’;"\fzx ;?;02?0'\(’:' MOPS (pH 7.5), 50 mM KCI, and 15 mM DTT
4500 mass range using a Voyager-DE STR MALDI TOF '
mass spectrometer (PerSeptive Biosystems, Framinghamone observes the nearly complete reduction of all Met(O) in
MA). The instrument was operated at conditions described CaMy (Figure 1). Because MsrA selectively reduces the
in ref 45, lon intensities were taken for calculations after S-stereoisomer of Met(O), which accounts for one-half of
background subtract. the oxidized methionines in Cajy(51), these results suggest
that the formation of the native protein fold upon incubation
RESULTS of MsrA with CaM, may limit the ability of MsrA to
Prior measurements indicate that CgMvhich contains recognize remaining Met(O). To investigate this possibility,
nine surface-exposed methionine&s) is a substrate for  we have disrupted the tertiary structure of GgNhrough
MsrA and MsrB. There is a large decrease in the helical proteolytic digestion and measured the rates and extent of
structure of CaM upon oxidation of all nine methionines and Met(O) reduction by MsrA.
a corresponding loss in the CaM-dependent activation of We have used both ESI-MS and MALDI to measure the
target proteins47, 48). Upon incubation with MsrA, Calv kinetics of Met(O) reduction following the incubation of
assumes a native-like structure and fully recovers its function MsrA with tryptic fragments derived from CalM There are
(49, 50). To investigate the structural parameters that large differences in the relative rates of Met(O) reduction
facilitate the recognition and reduction of Met(O) by MsrA within different peptides to repair by MsrA (Figure 2),
in proteins, we measured the rates and extent of Met(O) suggesting that conformational restraints modulate the rec-
reduction of CaNy by Msr following the quantitative  ognition of oxidized methionines by MsrA. Indeed, following
oxidation of all nine methionines. We compared the extent tryptic digestion, rates of Met(O) reduction correlate inversely
of Met(O) reduction by MsrA in the intact protein with  with the acidic charge density of the peptide (Figure 2B),
peptide fragments generated by exhaustive tryptic digestion,which is consistent with the active site structure of MsrA
permitting a determination of how the protein fold affects that contains hydrophobic residues necessary for enzymatic
the ability of MsrA to recognize Met(O) in proteins. activity (31). Significant fractions of each of the oxidized
Incomplete Repair of S-Stereoisomer of Met(O) in GaM  peptides remain, which correlates with the expected stochas-
by MsrA We used ESI-MS to measure the mass of CaM. tic distribution of the R-sterecisomer of Met(O) in each
Prior to its oxidation by HO,, the mass of CaM is 16 706.7  peptide (Figure 2C)51). A summation of the remaining Met-
Da, consistent with the theoretical mass of 16 706.4 Da (O) in each of the resolved peptides indicates that one-half
(Figure 1). A dehydration artifact associated with the ion of the Met(O) is reduced following incubation of MsrA with
trap results in the appearance of a lower molecular mass attryptic peptides of Cal (Table 1). Thus, the incomplete
16 688.4 Da47). Following oxidation with HO,, the mass  repair of the intact CalM by MsrA is the result of the
of CaM, is 16 850.0 Da; the 143.3 Da increase in mass protein-fold, consistent with prior measurements that dem-
indicates the quantitative oxidation of all nine methionines onstrated the MsrA-mediated repair of CgMo induce a
to their corresponding sulfoxides. Upon incubation with native secondary structurdg, 50). Together, these results
MsrA, there is a distribution of oxiforms, which contain indicate that the recognition of Met(O) by MsrA in CaM
between two and nine Met(O) per CaM. On average there requires some disruption of the overall protein-fold.
are >6 Met(O) per CaM remaining after incubation with Substrate Dependence of CaMRepair To assess whether
MsrA, indicating that approximately one-third of the oxidized Met(O) in CaMy can be reduced by MsrA at physiological
methionines are reduced by MsrA. In contrast, upon incuba- concentrations, we measured the substrate-dependence of
tion of intact CaMy with MsrBA, a bacterial fusion protein  repair in the presence of saturating amounts of thioredoxin
in which enzymes that selectively reduce both the S- and reductase and NADPH by varying the concentration of
R-stereoisomers of Met(O) are within a single polypeptide CaM.. The substrate-dependence of reductase activity can
chain and function to induce a more open protein structure, be described by simple Michaelis-Menton kinetics, where

C

Intensity (arbitrary units)
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Ficure 2: (A) Time-dependent reduction of tryptic peptides from Galteasured using ESI-MS for peptide T3 (blue open circles), T4

(®), T10 (purple solid circles), T10(H), and T11 (red open squares) and (B) Relationship between rates of repair measured by ESI-MS
(O) or MALDI (®) and peptide charge density, calculated as the fraction of charged amino acids in the sequence. Inset shows active site
cysteine (yellow) and all amino acids within 5 A, where hydrophobic amino acids are in blue, oxygens are red, and sulfurs are in orange.

Tryptic peptides correspond to the following: T3, ELGTVMR; T4, SLGQNPTEAELQDMINEVDA DGNGTIDFPEFLTMMAR; 'T10
HVMTLGEK; T10", LTDEEVDEMIR; and T11, EADIDGDGQVNYEEF VQMMTAK. (C) Fraction of oxidized peptides following
incubation with MsrA fo 3 h (hatched) relative to the expected distribution of the R-stereoisomer of Met(O) assuming random oxidation
(solid), where peptides are as indicated with the number of oxygens.

Table 1: ESI-MS Measurements of Rates and Extent of Met(O) Reduction in Tryptic Peptides gf CaM

observed
tryptic monoisotopic theoretical residual Met(O)

fragment mass$ (Da) mas¢§ (Da) sequence retéM-1s7) fractiori remaining
T3(0) 820.4 820.4 E-Met®6-R37 3000 (1700) 0.55 (0.02) 0.55 (0.02)
T4(O) 4116.8 4116.8 B Metsl-Met’-Met’2-R" 10000 (2000) 0.21 (0.01) 0.63 (0.03)
T4(O) 4100.8 4100.8 12000 (8000) 0.34 (0.02) 0.68 (0.04)
T4(O) 4084.9 4084.8 3500 (700) 0.32 (0.01) 0.32 (0.01)
T10(0) 1043.5 1043.5 H7-Mett0%-K 115 8000 (5000) 0.42 (0.06) 0.42 (0.06)
T10'(0) 1364.6 1364.6 116, e 24 R126 400 (20) 0.42 (0.01) 0.42 (0.01)
T11(O) 2521.1 2521.1 E”Met!44Metl45K 148 3500 (400) 0.42 (0.02) 0.84 (0.03)
T11(0) 2505.1 2505.1 4100 (50) 0.42 (0.02) 0.42 (0.02)

a All peptide ions were detected with an accuracy within 0.002% of the theoretical mass, and there were no ambiguities to the mass assignments
of the peptide ions? Nomenclature regarding the relationship between the peptides resulting from tryptic cleavage and the primary sequence of

CaM is taken from Toda and co-worker80j. ¢ ESI masses are measured and corrected for multiple charged foGakulated masses are

monoisotopic® Apparent rate constants and standard deviations (in brackets) calculated from second-order rate equation, where the respective

concentrations of MsrA and CaM peptides are 1.0 andu®/0 f Residual Met(O) and standard deviations (in brackets) for each tryptic peptide
following exhaustive repai Number of Met(O) remaining after exhaustive repair for resolved peptides containing a total of 8 Met(O) was 4.3
Met(O) per CaM (i.e., 3.7 Met per CaM were repairedyraction of fully reduced T4 peptide remaining is 231%. ' Fraction of fully reduced

T11 peptide remaining is 1& 2%. Tryptic peptide T7 containing M&twas not resolved.
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Ficure 3: Substrate dependence of MsrA activity against GaM
where experimental conditions involve«dM MsrA in 10 mM Tris-
HCI (pH 7.5) in the presence of 2M thioredoxin reductase, 400
uM NADPH, and 50uM thioredoxin at 24°C. Line represents
nonlinear least-squares fit to the Michaelldenton equatiory =
(Vimna{CaMo])/(Kw + [CaMo,]), whereKy = 68 £ 4 uM and Viax
= 0.493+ 0.009umol mg* min~?t,

Km for CaMyy is 68 + 4 uM, with a maximal velocity of
0.493 £+ 0.009 umol mg* min! (Figure 3). Because
neuronal CaM concentrations are near @d (~1% of
cellular protein) and essentially all CaM is oxidized during
aging in some rat strainiT), these results indicate that MsrA
has the potential to modulate the reduction of Gakhd

other sensitive protein§®). Furthermore, MsrA has a similar
Km using CaMy as a substrate in comparison to free Met-
(0O), whereKy is 33 uM (31). These results indicate that
enzymatic turnover rates are not substantially affected by
the binding sequence surrounding Met(O) and that the
enzyme mechanism of the MsrA-dependent reduction of
CaMo is similar to that of free Met(O), where the rate-
limiting step occurs following the reduction of Met(O) and
is associated with the thioredoxin-dependent reduction of
MsrA (29).

High-Affinity Binding Between Cajland MsrA Under
conditions of mild oxidative stress, the rates of Met(O)
reduction are dependent on MsrA binding, while the sub-
sequent dissociation of MsrA and its reduction by thioredoxin
reductase may limit the overall rates of steady-state repair
that becomes important under conditions of acute oxidative
stress. However, current estimates that suggest relatively low-
affinity binding between MsrA and oxidized methionines are
derived primarily from kinetic measurements of the rates of
free Met(O) reductiond5, 29). There are no actual binding
measurements to assess whether MsrA may play an important
role in the recognition and repair of Met(O) in proteins,



14648 Biochemistry, Vol. 45, No. 49, 2006 Xiong et al.

- 101

5 c
0.84

é
E" 0.6 g
@ (I
O 0.4 p
g <= Msr-C725 o
= 02 -
5] @©
@ o= CaM.. °
L o0 =
00 02 04 06 08 S8

[MsrA],,., (M)
Ficure 4: CaM,y binding measured from fluorescence changes 0
resulting from the association between Alexa532-labeled &aM g
(0.1 uM) and MsrA were measured in 20 mM HEPES (pH 7.5), o
100 mM KCI, 1.0 mM MgC}, 0.2 mM EGTA, in the absencé&l( )

W) or presence®, ®) of 1.0 mM CaC} for reduced [@, O) or &J -

oxidized @, ®) MsrA, wherede, = 530 nm andiem = 580 nm.
Curve represents a nonlinear least-squares fit assuming a Langmuir .
binding isotherm, wher&y = 250+ 50 nM. Inset: SDSPAGE Lag Time (sec)

of proteins following urea denaturation of complex between GGaM  FIGURES: Fluorescence autocorrelation curves for Alexa532 alone
(10 uM) CaM,x and MsrA (1.0uM) that was affinity isolated using (free dye) and covalently bound to CaM and associated nonlinear
an immobilized antibody against the His-tag on MsrA using a Pierce least-squares fits along with associated residuals for free dye
ultralink Protein G resin and released by urea denaturation (6 M) (middle) and CaM (bottom) showing differences between experi-
following extensive washing. mental data and nonlinear least-squares fits. Experimental conditions

. _ . involved 1 nM free dye or 5 nM CaM in 10 mM MOPS (pH 7.0)
preventing a mechanistic understanding of whether the ;450 mm Kcl.

accumulation of Met(O) in CaM during biological aging
arises because of increased rates of ROS generation, dimineomplex through the direct measurement of the translational
ished thioredoxin levels, or an inability of MsrA to bind and diffusion coefficient Dy). Using FCS, we measured the
reduce modest amounts of oxidative damagel(y). To autocorrelation curves for the free dye Alexa532 and
measure the binding interaction between MsrA and GaM  following its covalent binding to CaM (Figure 5). Optimal
we used site-directed mutagenesis to substitute the activenonlinear least-squares fits to the data involved a model with
site cysteine (i.e., Cy3 with serine to functionally inactivate  one triplet state and one diffusion component, which resulted
the enzyme. The mutant enzyme (i.e., MsrA-C72S) retainsin excellent fits as evidenced by the essentially random
proximal cysteines (i.e., C¥$ and Cy3d?’) that are reduced  residuals. In the case of the free dye, the triplet lifetime and
by thioredoxin reductase and function as part of a redox diffusion times were 7.7+ 0.8 us and 64+ 1.5 us,
shuttle in promoting MsrA catalysi®(10). Following the respectively, with amplitudes of 16 and 84%. From the mass,
covalent attachment of the fluorophore Alexa532 onto we can calculate thdd; = 3.3 x 107°m? s* for Alexa532,
CaMy, there is a 50% increase in fluorescence upon which isin excellent agreement with the measured value (i.e.,
association of Alexa532-Cajd with MsrA-C72S, which D= 3.2 x 10 1m? s™1). Likewise, the triplet lifetime and
reflects the binding of Cal by MsrA, as demonstrated by  diffusion time for Alexa532-labeled CaM was 380.2 us
their co-immunoprecipitation (see inset in Figure 4). Upon and 1994+ 2 us with amplitudes of 23 and 77%. The
titration with MsrA-C72S, one observes substantial binding, corresponding diffusion coefficient is 1.0 107° m? s2,
with a half-point of the titration near 200 nM for both apo- which is in close agreement with the theoretical value of
and calcium-activated CaM (Figure 4). Furthermore, similar 0.9 x 10°° m? s for calcium-activated CaM calculated
binding curves are observed irrespective of whether MsrA from the crystal structure 1cll.pdb using the program
is in a reduced or oxidized state, indicating that there are noHydropro 63). Upon binding a CaM-specific antibody the
large changes around the active site of MsrA that modulate diffusion time calculated for Alexa532-labeled CaM increases
binding. These results demonstrate a high-affinity binding to 282us (data not shown), emphasizing the sensitivity of
interaction between MsrA and CaMand suggest that MsrA  measurements of translational diffusion to the size of the
can reduce low levels of Met(O) in CaMto modulate protein complex.
protein function. However, while these results indicate a Quantitatie Determination of Binding Affinity and Stoi-
high-affinity association between Capand MsrA, they are  chiometry Between MsrA and CagMFrom a consideration
unable to account for multisite binding in which multiple of the correlation functions for Alexa532-labeled CaM as a
MsrA proteins may associate with each CaMn contrast, function of increasing concentrations of MsrA-C72S, one
fluorescence correlation spectroscopy (FCS) provides thecan measure the binding affinity and stoichiometry. Increases
resolution to distinguish the relative populations of unbound in the concentration of MsrA-C72S result in progressive
CaM from that associating with MsrA bound to CaM by shifts in the correlation function of Alexa532-labeled CaM
their changes in size or diffusion coefficients (see below). toward longer lag times, which indicate a larger protein
Relationship Between Protein Size and Translational complex (Figure 6A). In comparison, there is no shift in the
Diffusion Coefficient High-affinity interactions between correlation function of fully reduced CaM in the presence
proteins are optimally measured using single-molecule of MsrA-C72S (Figure 7), indicating that in the absence of
methods such as fluorescence correlation spectroscopy (FCSkxidation CaM does not associate with MsrA. In these
which permits the determination of the size of the protein binding measurements, the concentration of Gald so

10° 10° 10* 10° 102 10"
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Ficure 6: (A) Fluorescence autocorrelation curves and midpoint
(see inset) for Alexa532-labeled CaM5 nM) in the presence of
variable concentrations of reduced MsrA-C72S, which varies from
0 nM (black), 50 nM (royal blue), 100 nM (pink), 150 nM (brown),
300 nM (navy blue), and 500 nM (yellow). Experimental conditions
involve 20 mM HEPES (pH 7.5), 100 mM KClI, 1.0 mM Mggl

Ficure 8: Cartoon showing structural arrangement of Met(O)
(orange) in CaN (white) relative to active site region GlyCys-
Phe-Trp-Gly® (green) of MsrA (purple), where clusters of methio-
inines are respectively located in the amino-domain (i.e.,3Met

Met!, Met’l, Met’?, and Met®) or the carboxyl-terminal domain
0.2 mM EGTA, 1 mM CaGl and 15 mM DTT at 20°C. (B) (Metl%9 Met!?4 Met44 and gMe%“f’). Structu)r/es correspond to

Fraction of CaMx bound to reduced) or oxidized @) MsrA- icll .
: . .pdb (CaM) or 1fva.pdb (MsrA)1(, 81), and are drawn using
C72S, where fraction of bound CaMcorresponds to (+ o) in the Swiss-pdb viewer prograrg3).

eq 1 in Experimental Procedures. Curves represent nonlinear least-
squares fit to the Hill eqn (eq 5, black curvé € 70 £+ 10 nM; . ) ]
n= 1.7+ 0.2) or a model involving homotropic cooperativity (eq N0 more than about 5%, since a 2-fold change in the axial

7, red curve) G, = —9.0% 0.2 keal/mol,AG, = —19.13= 0.05 ratio of the particle results in a 4.4 and 4.2% changes in the
keal/mol; AG; = —1.9 + 0.2 kcal/mol). frictional coefficient for a prolate and oblate ellipsofyj,
small (i.e., 5 nM) that binding has essentially no effect on suggesting an error of about 12 kDa in the estimated mass
the concentration of free (unbound) MsrA. There are of the complex. Thus, the calculated mass of 75 kDa is
progressively smaller shifts in the correlation function upon indicative of a complex involving one CaM and two bound
addition of MsrA-C72S, whereby essentially overlapping MsrA (i.e., 17+ 23 + 23 kDa= 63 kDa), as opposed to
curves are observed upon addition of 300 and 500 nM MsrA- CaM bound to a single MsrA (40 kDa) or three MsrA (98
C72S. Under saturating conditions, the correlation function kDa). This latter conclusion is, furthermore, consistent with
can be readily fit to a simple model to determine the diffusion the structure of CaM, which contains nine methionines
time, which was 23H- 3 us, corresponding to a diffusion located in two spatially distinct clusters; one in each domain
coefficient of 0.86+ 0.01x 10 19m?2s L. The 16% decrease (Figure 8). Indeed, considering the structure of MsrA, whose
in the translational diffusion coefficient permits an estimate active site is highlighted, it is apparent that steric constraints
of the size of the protein complex, which has an apparent limit the binding of one MsrA to each domain of CaM.
mass of~75 kDa, suggesting a complex involving two MsrA Additional resolution of the binding interaction between
proteins bound to each CaMThis calculation assumes that MsrA and CaMy was obtained from a consideration of all
both CaM and its bound complex with MsrA have the same FCS correlation curves, which were simultaneously fit
overall shape, such that changes in the translational diffusionassuming a linear combination of the diffusion times associ-
coefficient are directly related to changes in the mass of the ated with unbound Alexa532-labeled CaMi.e., 199+ 2
complex. The error in the calculated radius is likely to be u«s) and the MsrA-C72S bound complex (2313 us) (see
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eq 1 in Experimental Procedures) to determine the fraction A Calmodulin (1 C|_|__pdb)
of bound CaMy (Figure 6B), which is independent of

assumptions of the overall shape of CaM or its complex with
MsrA. Similar binding curves are observed irrespective of
whether redox cycling cysteines in MsrA-C72S were oxi-
dized or reduced, indicating that the specificity of binding
is independent of the redox state of MsrA. The binding
affinity determined using the Hill equation indicates tKat

= 70+ 10 nM; the Hill coefficient = 1.7 4+ 0.2) indicates
the cooperative binding of two MsrA to each CaM. Since
binding is cooperativeX is the sum of the two microscopic
equilibrium dissociation constants for binding each of the
MsrA proteins to CaM, i.e.K = k; + k; (i.e., homotropic
cooperativity) 43). An explicit consideration of this model
permits a lower estimation of the cooperative binding
interaction 44) and suggests that the free energy associated
with cooperative binding is about 2 kcal/mol (see legend of
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Figure 6B). These latter results suggest that the association * A
of one MsrA promotes the structural recognition of the “;25.
second MsrA, which may involve either the stabilization of = o)
CaM in a partially unfolded conformation to enhance MsrA 2
binding or some productive binding interaction between gl | 5
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We demonstrated the cooperative and high-affinity binding Methionine Position  Methionine Position

of multiple M§rA to CaMy (K = 70 i 1,0 nM) that reduce.s Ficure 9: Surface accessibilities of methionines in calmodulin
the S-stereoisomer of Met(O) within highly accessible (1icll.pdb) and glutamine synthetase (2gls.pdb) to a sphere of the
sequences (Figures 2 and 6). The majority of S-stereocisomersndicated radii were calculated using the program Surface Racer
of Met(O) are repaired, resulting in the restoration of a native 1.1 (5), assuming a radius of either 1.4 A (left panels; approximate
protein fold and CaM function @49, 50). However, signifi- radii of hydrogen peroxide) or 4.0 A (right panels; estimated to be

fthe S . f Met(O in th an accessible surface area of active site sulfur C72 in 1FVG.pdb
cant amounts of the S-stereoisomer of Met(O) remain that, protein associated methionine sulfoxides). In the case of

are not substrates for further reduction by MsrA, despite their glutamine synthetase, sites demonstrated to be selectively oxidized
significant surface accessibilities (Figures 1 and 9). In by hydrogen peroxide are indicated by an asterigk(9).

contrast, following tryptic digestion, there is a full reduction

of all of the S-stereoisomers of Met(O) by MsrA (Figure 2), indicates the active site cysteine has a relatively small surface
indicating that surface-exposed S-stereoisomers of Met(O)accessibility, whose sulfur is not accessible to sites with an
within folded proteins need not be substrates for MsrA. These effective radius larger timed A [calculated using 1FVG.pdb
latter results contrast with those of Grimaud and co-workers and the program Surface Racer 155){. Given the additional

who reported the complete repair of all S-Met(O) by MsrA
in CaM (25). However, these earlier MALDI measurements
lacked the resolution to fully resolve all oxidized methionines
and reported the reduction of more than 60% of Met(O) in

steric restriction associated with binding Met(O) within
folded proteins, these observations are consistent with an
inability of MsrA to reduce the majority of Met(O) in a wide
range of different proteins, which make up betweerb

CaMox using either MsrA or MsrB alone2f). In contrast,
we report that MsrA reducee35% of Met(O) in CalNj,

of all methionines 7). However, regardless of the mecha-
nism, the observation that there is essentially complete repair
while half of the Met(O) is reduced (i.e., virtually all of the of the S-stereoisomer of Met(O) by MsrA only following
S-stereoisomer) following tryptic digestion. Moreover, a proteolytic digestion indicates that the disruption of the
fusion protein obtained from pathogenic bacteria that can overall protein fold is necessary for recognition and repair
reduce both stereoisomers (MsrBA) fully reduces all oxidized of Met(O) by MsrA. These findings suggest that the ability
methionines (Figure 1), confirming that the observed reten- of MsrA to recognize and repair Met(O) within disordered
tion of >65% of Met(O) in CaMy is not the result of sequences regulates the function of a subset of proteins that
incomplete repair of the S-Met(O) by MsrA. Together, these are conformationally sensitive to oxidative stress.
results suggest that the oxidant-induced disruption of protein  MsrA and Met(O) ReductiorPrior measurements have
structure enhances the ability of Msr to bind and reduce Met- demonstrated that multiple Msr are present in all cell types,
(0). suggesting a universal requirement for maintaining some or
Oxidant-induced structural unfolding may facilitate rec- all Met(O) in a reduced state. Two classes of Msr enzymes
ognition and repair of Met(O) by enhancing access to the (i.e., A and B) with mirror-image active sites function to
active site cysteine (C72) in MsrA, whose limited surface specifically reduce the S- and R-sterecisomers of either free
accessibility precludes the recognition of highly structured or protein-bound Met(O), 10, 25, 30, 56). The maintenance
and surface-inaccessible sequences. Indeed, a consideratioof free methionine necessary for amino-acyl tRNA charging
of the structure solved by Lowther and colleagués) ( for the initiation of protein synthesis or in the biosynthesis
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of S-adenosylmethionine may represent primary functions our data concerning the MsrA-dependent reduction of GaM
of Msr. Consistent with this suggestion, tKg of bovine whose oxidation can be physiologically important during
Msr for free Met(O) is 3M (31), which is substantially  aging and serves as a model system to understand the
less than the 40@M concentration of the free amino acid substrate requirements associated with protein repair by
methionine in cells (Human Metabolite Database; http:// MsrA. This follows from the fact that all methionines in
metabolibrary.ca/). In addition, it has been suggested thatcalcium-activated CaM are surface exposed and are thus
Msr plays a general role in repair and refolding of oxidized readily oxidized by small molecules (such as hydrogen
proteins to modulate cell functior,(2, 57). Consistent with peroxide or peroxynitrite) (Figure 9). However, steric effects
the latter suggestion, we find that methionine sulfoxides associated with the active site geometry and protein fold of
within uncharged and hydrophobic protein sequences of MsrA limit the ability to recognize and reduce S-stereoiso-
CaM are selectively reduced (Figure 2B). These results areforms of Met(O) in folded proteins, consistent with the
consistent with the hydrophobic active site and structural dataretention of Met(O) in Calk and other proteins 7j.
indicating the stabilization of the terminal methyl of the Met- Following the proteolytic digestion of Cajall S-stereoi-
(O) by a hydrophobic side chain interaction involving a somers of Met(O) are fully reduced (Figure 2), suggesting
conserved tryptophan is necessary for catalytic reduction ofthat surface-exposed Met(O) within unstructured protein
Met(O) (Figure 2B) £8). sequences are substrates for MsrA. In contrast, the majority
Binding and reduction of Met(O) is an order of magnitude of methionines are excluded from the surface of proteig} (
larger for MsrA than MsrB 29), suggesting the preferential  such that when oxidized [for example, see Maind Met®
reduction of the S-stereoisomer of Met(O) in cells under in glutamine synthetase; 2GLS.pdif)] (see Figure 9) they
conditions of oxidative stress that may relate to differential are inaccessible to the active site of MsrA. These prior
stereochemical modifications by different reactive oxygen measurements suggest that some methionines that are suf-
species§9). The physiological consequences of the prefer- ficiently exposed to serve as antioxidant sinks for reactive
ential reduction of the S-stereoisomer of Met(O) is apparent oxygen species may not be substrates for Msr due to steric
from a consideration of CaM, whose nine surface-exposed constraints associated with the protein fold.
methionines serve as a model system to understand the A subset of conformationally sensitive proteins, including
structural requirements associated with the recognition andCaM, represent sensors whose oxidation modulates intrac-
repair of Met(O) by MsrA or MsrB 25, 51, 59). For ellular signaling {). Indeed, global structural changes
example, the site-specific oxidation of Met{@jMet(O)4° following the oxidation of Met** or Met*®in CaM result in
in CaM results in large tertiary structural changes of CaM its nonproductive interaction with some target proteins,
that allow repair by MsrA and degradation by the 20S including the plasma membrane Ca-ATPase, to modulate
proteasome 47, 49, 50, 60—63). The MsrA-dependent calcium resequestration to prolong the calcium transient and
reduction of the S-stereoisomer in CaM results in both the diminish energy use under conditions of oxidative strégs (
full restoration of function and the normal protein fol( 47,48, 60, 61, 70). Likewise, methionine oxidation has been
50), suggesting that stereospecific oxidation of Met to form reported to modulate the function of a number of other
S-Met(O) regulates CaM function. This is important because proteins, includingx,;-protease inhibitor, high-mobility-group
while hydrogen peroxide results in equimolar distributions protein HMG-D, chymotrypsin, thrombomodulin, and calcium-
of the S- and R-stereoisomers of Met(O), other reactive activated potassium channelg1l{-73). In contrast, less
oxygen species (e.g., peroxy radicals) can exhibit a stereo-accessible methionines can function as antioxidant sinks that
selective oxidation of methionines to preferentially form protect active sites, as in glutamine synthet&®. (In this
either the S- or R-stereocisomées9j. latter case, methionines have been suggested to line the
Aging and Methionine Sulfoxide Formatioimcreases in pocket leading to an active site metal and preserve protein
Met(O) content in cellular lysates have been observed in function (74). Thus, methionines can serve both antioxidant
response to conditions of oxidative stress and have beenand regulatory roles, maintaining protein activity or as part
linked to the loss of specific protein functions during aging of an adaptive cellular response to acute conditions of
(2). Consistent with this latter suggestion, protein abundancesoxidative stress.

of Msr decline during agingg4) and may contribute to age- Conclusions and Future Directiong/e have demonstrated
dependent declines in cellular function and the accumulation the cooperative and high-affinity binding of CaMby MsrA.
of functionally inactive CaM in some rodent straiig(65). Reduction Met(O) by MsrA is facilitated by a disruption of

Indeed, age-dependent increases in the levels of Met(O) inthe protein fold following proteolytic digestion, consistent
CaM isolated from both mouse and rat brains have beenwith conformational restrictions associated with the active
observed, which results in a diminished transport activity of site of MsrA. These observations are consistent with the
CaM-dependent calcium pumps and channg% §5—67). inability of MsrA to repair surface-accessible S-stereoisomers
Nevertheless, there are no global increases in the abundancesf Met(O) in CaMy following restoration of the native
of Met(O) in cellular brain lysates during biological aging protein fold (75). Oxidation of the vast majority of methion-
(7). Furthermore, in agreement with the observation by ines has essentially no effect on the structure of C&lj, (
Schimeich that the oxidation of calmodulin need not occur indicating that even in a metastable protein such as CaM
in all strains of rats7), CaM isolated from long-lived rodent  that Met(O) formation does not as a rule affect the global
strains is not oxidized in unstressed aged aninidfls These fold. Rather, the oxidation of specific Mets in CaM (i.e.,
latter results suggest that the ability to maintain reduced CaM Met!*and Met*9) destabilizes the C-terminus helix to induce
may contribute to healthy aging. global conformational change4g 61, 76—79). These results
An understanding of the mechanisms that underlie the suggest that MsrA selectively recognizes Met(O) following
accumulation of Met(O) in young animals is apparent from the introduction of oxidant-induced conformational disorder
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and that MsrA may function to modulate the functions of a

subset of proteins in a redox-dependent manner. Future

measurements should focus on identifying this family of

protein sensors and measuring time-dependent changes in
their oxidation to uncover inherent regulatory strategies that 19,

modulate cell function.
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