JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Electron Transfer between a Tyrosyl Radical and a Cysteine
Residue in Hemoproteins: Spin Trapping Analysis
Suchandra Bhattacharjee, Leesa J. Deterding, JinJie Jiang, Marcelo
G. Bonini, Kenneth B. Tomer, Dario C. Ramirez, and Ronald P. Mason
J. Am. Chem. Soc., 2007, 129 (44), 13493-13501+ DOI: 10.1021/ja073349w « Publication Date (Web): 16 October 2007
Downloaded from http://pubs.acs.org on February 14, 2009

DMPO-S-Mb-Y-DMPO

2> HS-Mb-Y-DMPO

H,0,
Mb —— 'S-Mb-Y"
DMPO-S-Mb-Y

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 3 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja073349w

JIAICIS

ARTICLES

Published on Web 10/16/2007

Electron Transfer between a Tyrosyl Radical and a Cysteine
Residue in Hemoproteins: Spin Trapping Analysis

Suchandra Bhattacharjee,* ' Leesa J. Deterding,* JinJie Jiang,” Marcelo G. Bonini,T
Kenneth B. Tomer,* Dario C. Ramirez," and Ronald P. Mason'

Contribution from the Laboratories of Pharmacology and Chemistry and Structural Biology,
National Institute of Enironmental Health Sciences, NIH,
Research Triangle Park, North Carolina 27709

Received May 11, 2007; E-mail: bhattacl@niehs.nih.gov

Abstract: We investigated electron transfer between a tyrosyl radical and cysteine residue in two systems,
oxyhemoglobin (oxyHb)/peroxynitrite/5,5-dimethyl-1-pyrroline N-oxide (DMPO) and myoglobin (Mb)/hydrogen
peroxide/DMPO, using a combination of techniques including ESR, immuno-spin trapping (IST), and ESI/
MS. These techniques show that the nitrone spin trap DMPO covalently binds to one or more amino acid
radicals in the protein. Treating oxyHb with peroxynitrite and Mb with H,O in the presence of a low DMPO
concentration yielded secondary Cys-DMPO radical adduct exclusively, whereas in the presence of high
DMPO, more of the primary Tyr-DMPO radical adduct was detected. In both systems studied, we found
that, at high DMPO concentrations, mainly tyrosyl radicals (Hb-Tyr*?/Tyr?* and Mb-Tyr'%) are trapped and
the secondary electron-transfer reaction does not compete, whereas in the presence of low concentrations
of DMPO, the secondary reaction predominates over tyrosyl trapping, and a thiyl radical is formed and
then trapped (Hb-Cys® or Mb-Cys!%0). With increasing concentrations of DMPO in the reaction medium,
primary radicals have an increasing probability of being trapped. MS/MS was used to identify the specific
Tyr and Cys residues forming radicals in the myoglobin system. All data obtained from this combination of
approaches support the conclusion that the initial site of radical formation is a Tyr, which then abstracts an
electron from a cysteine residue to produce a cysteinyl radical. This complex phenomenon of electron
transfer from one radical to another has been investigated in proteins by IST, ESR, and MS.

Introduction Some of the potentially toxic effects of protein radicals, as

. . _ ) _ exemplified by protein-mediated initiation of lipid peroxida-
Protein-centered radicals are implicated in the pathoge”es'stion,”—zoinvolve both intermoleculd#22and intramolecul 8?23

of va_rious o_Iiseflsses su_ch as atherosglerosis, heart disease, anghnsjocation of radical centers from one amino acid to anéther.
possibly agind:* Considerable attention has been focused on |t ha5 4150 been proposed that free radical damage in proteins
the formation, stability, and reactions of hemoprotein radicals may well occur through a chain process similar to that of lipid
formed from hemoglobin and myoglobin. A number of such peroxidatior?s One particularly well-studied example of radical

globin-centered free radicals have been detected in biological ransiocation is provided by globin radicals formed by myo-
systems"® In particular, biochemical studies have been focused

on hemoprotein-derived radicé&i$ such as the prostaglandin
H synthase tyrosyl radicdlthe mitochondrial cytochrome
oxidase thiyl radical? the cytochrome peroxidase tryptophanyl
radicall® the cytochrome tyrosyl radicalt? the horse metmyo-
globin tyrosyl radical? and the hemoglobin thid#15and tyrosyl
radicals!®
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globin upon reaction with hydrogen peroxife?8 It has recently be stabilized through extensive resonance delocalizétisuch
been reported that electron transfer from the Cys residue to theradicals may then undergo subsequent chenifsttyo oxidize
tyrosyl radical inhibits tyrosine nitration in model peptid8s.  other biological molecule®

The technique presently most widely used to study protein- Both ESR and immuno-spin trapping have been used to
centered radicals is electron spin resonance (ESR), either direcexamine the reaction of human ferrous oxyhemoglobin (oxyHb)
or in combination with the spin-trapping technique. The spin- with peroxynitrite*3 The term peroxynitrite is used to refer to
trapping technique involves the addition of the reactive free the sum of the peroxynitrite anion (ONOQoxoperoxonitrate
radical across the double bond of a diamagnetic spin trap to (—1)) and peroxynitrous acid (ONOOH, hydrogen oxoperox-
form a much more stable radical adduct that is examined with onitrate). Curiously, while ESR analysis of this system showed
ESR. The spin-trapped adduct of the radical exists in three redoxthe trapped DMPO thiyl radical adduct, after blocking the
forms: (1) the nitroxide radical adduct, (2) the corresponding cysteine site by reaction witN-ethylmaleimide (NEM), IST
hydroxylamine formed by one-electron reduction of the radical led to more detected nitrone adduct, consistent with trapping
adduct, and (3) the corresponding nitrone formed by one-electronradicals at sites other than cysteine. Since the tyrosyl radical
oxidation of the radical addué?.ESR is useful in detecting the  was known to react with DMPO, its nitrone was proposed as
nitroxide radical adduct, which is almost always very short- the moiety reacting with the antibody. It was further proposed
lived. The radical adduct then decays over time to the ESR- that the anti-DMPO antibody may not recognize the DMPO
silent, stable nitrone adduct and, potentially, other product(s). thiyl radical adduct in this case. In this work, our aim was to
Of the three redox forms of trapped radicals, the nitrone adduct explore the phenomenon of residuesidue radical transfer
is the most stable end product and preserves the chemical bongyithin proteins to see if this could give insight into the earlier
formed during spin trappin® The residues where the spintrap  result. To that end, we have studied two model systems, human
is attached, as well as the molecular weight and sequence ofoxyHb with peroxynitrite and human heart myoglobin (Mb) with
the protein, can be determined with mass spectrometry, thusH,0,,26.27to elucidate electron transfer between Tyr and Cys

providing unambiguous identification.

Recently, a novel rabbit polyclonal antiserum against the
nitrone spin trap 5,5-dimethyl-1-pyroliné-oxide (DMPO) was
developed and used in the horse heart metmyoglob®/H
system, where DMPO is known to trap the tyrosyl-1Fyr

residues and its effect on DMPO adduct detection by ESR, MS,
and IST. In both systems studied, formation of the globin-
centered radical is well established.

We have now confirmed that, in both systems, the initial site
of radical formation is at the tyrosine residue, followed by an

radicgl?l This antibody was used to develop immyno-spin electron transfer from tyrosine to the cysteine residue to form
trapping (IST), a technique that combines the specificity of Spin g thiy| radical. In the presence of high DMPO concentrations,
trapping with the sensitivity of an antigen antibody-based assay tyrosy| radicals were trapped and the secondary reactions could
and is a simple and reliable method for detecting protein radicals ot compete, whereas in the presence of low DMPO concentra-
in the stable nitrone forr#P.32The antibody has been extensively tions, the secondary reaction was able to proceed and a thiyl

used in detecting several DMPO nitrone adducts in a number 5 ica| was formed and subsequently trapped. This type of result

of biochemical systeni& 36 and has been successfully used to
detect nitrones derived from thiyl radical adducts on small
peptides as wefl’?

In hemoprotein oxidation chemistry, the precise location of
the radical on the protein likely depends, to some extent, on
both the mechanism by which it is formed and the stability of
the radical species formed at the particular amino acid regidue.
Globin radicals have generally been found on the tyrgSitfe
and/or tryptophan residu#swhere the unpaired electron can
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has been reported in the human heart myoglobin system with
ESR2%27but has been investigated here for the first time through
the combined use of IST, ESR, and MS for both Mb and Hb
systems. We further conclude that caution must be exercised
by judiciously adjusting the DMPO concentration when an
electron-transfer process is suspected.

Experimental Procedures

Reagents.Human oxyferrous Hbegs; = 13.8 mM* cm™1) was a
kind gift of Apex Biosciences Inc. Highly purified human cardiac
myoglobin €405 = 188000 M cmY)* was obtained from Life
Diagnostics. ThioGlo-1 was purchased from Calbiochem. Diethyl-
enetriamine pentaacetic acid (DTPA), S¢hithio-bis-(2-nitrobenzoic
acid) (DTNB), NEM, and sodium dodecyl sulfate (SDS) were purchased
from Sigma-Aldrich. The spin trap DMPO was purchased from Alexis
Biochemicals and purified twice by vacuum distillation at room
temperature and stored under argon atmospher8@tC. The DMPO
concentration was measured at 228 nm assuming a molar absorption
coefficient of 7800 M* cm™%. Hydrogen peroxide was obtained from
Fisher Scientific Company. The hydrogen peroxide concentration was
verified using UV absorption at 240 nnexgo = 43.6 Mt cm™?).
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Peroxynitrite was synthesized and stored as desctib&dContaminat- experiments, 1tM human Mb (as heme) was mixed with %M

ing H,O, was eliminated with Mn@ and peroxynitrite concentration ~ hydrogen peroxide (molar ratio 1:5, hemef) in the presence of

was determined at 302 nnazf, = 1670 Mt cm™2). All buffers used varying amounts of DMPO fol h at 37°C. Reactions were stored at

were treated with Chelex 100 ion-exchange resin (Bio-Rad Laboratories) —80 °C until analysis.

to avoid transition-metal-catalyzed reactions. Immuno-Spin Trapping Analysis. A rabbit anti-DMPO polyclonal
Chemical Modifications of the Hemoproteins. Modification of serum was obtained and applied in our laborafofyr the develop-

Cysteine Residue of the Heme ProteirFree Cys residues on human  ment of immuno-spin trapping. In the present study, we used the
oxyHb and Mb were chemically modified by mixing native heme antiserum to immunochemically evaluate the respective radical-derived
proteins with NEM at a molar ratio of 1:10. The mixture was incubated DMPO nitrone adducts in two systems involving electron-transfer
at room temperature fd. h in thedark. The mixtures were then dialyzed  processes. Two heterogeneous immunoassays were used, ELISA and
against 10 mM sodium phosphate buffer, pH 7.4. A second aliquot of Western blot.

the hemoproteins was mixed with a 30 mM DTNB solution in (1) ELISA. A standard ELISA procedure in 96 well plates (Greiner
dimethylsulfoxide at a molar ratio (heme/DTNB) equal to 1:10. The Labortechnik) was used. Ten microliters of the adduct solution in 190

reaction mixtures were incubated in the dark foh at 24°C and, uL of the coating buffer (100 mM sodium bicarbonate, pH 9.6) was

after three changes of buffer, were dialyzed overnight against sodium incubated for 60 min at 37C. The plates were washed once with

phosphate buffer, pH 7.4. washing buffer (1x Tris-buffered saline containing 0.05% Tween 20
lodination of Tyrosine Residues of the Heme Protein.The and 0.05% casein) and blocked with coating buffer (0.1 M bicarbonate

iodination reaction mixture contained 50 mM hemoprotein (as heme) buffer, pH 9.6, containing 2.5% casein) for 60 min. Thereafter, the
in 50 mM phosphate buffer and Nal. The iodination of Tyr residues rabbit anti-DMPO serum, diluted 1:5000 in wash buffer, was added
was initiated by the addition of twd-chlorobenzenesulfonamide-  and incubated at 37C for 60 min. After three more washes, the
immobilized beads (IODO-Beads, Pierce Chemical Co.). The reaction secondary antibody (alkaline phosphatase (AP)-conjugated anti-rabbit
was allowed to proceed with shaking at 26 for 10 min and then 19Grc), Pierce), diluted 1:5000 in wash buffer, was added and incubated
dialyzed against 10 mM phosphate buffer. Protein concentration was for 60 min. After three washes, the antigesntibody complexes were
determined using the BCA protein assay kit using bovine serum albumin developed using a chemiluminescence system (CDP-Star, Roche

as the standard. Applied Bioscience), and the light emitted was recorded as arbitrary
Total protein-SH in iodinated samples was measured by two different light units using X-Fluor software (Tecan).
methods: (2) Western blot. Proteins (dg/lane) were separated on a reducing

(1) Fluorescence assay. The concentration of protein-SH was 4—12% BisTris NuPage system (Invitrogen) and electroblotted onto a
determined using ThioGlo-1, which is a maleimide reagent that produces nitrocellulose membrane. The membrane was blocked with a 4% cold
a highly fluorescent product upon its reaction with SH grotiffotein- water fish gelatin solution in 100 mM bicarbonate buffer, pH 9.6, for
SH was determined from the fluorescence response after addition of 690 min at room temperature. The membrane was washed once with
mM SDS to 10 mM of each sample. All reactions were carried out in washing buffer (0.2% cold water fish skin gelatin in Tris-buffered saline,
0.1 M phosphate buffer, pH 7.4, and ThioGlo concentration used was pH 7.4), then exposed to the anti-DMPO serum (1:5000 in washing
10 mM. A fluorescence plate reader (Tecan) was used to detectbuffer) for 1 h, followed by three washing steps. The secondary
fluorescence at excitation and emission wavelengths of 360 and 535antiserum anti-rabbit IgG (conjugated to AP) was added at a dilution
nm, respectively. Protein-SH concentration was determined to be 83%.0f 1:5000 in washing buffer. After exposure for 1 h, the membrane
This method used SDS to make available all the SH in the proteins. was washed three times with washing buffer and one time with Tris-
Thus fluorescence evoked by the addition of this detergent was due tobuffered saline, pH 9.6. The antigeantibody complexes were detected
all of the protein-SH groups and may be more accurate than the DTNB using enhanced chemiluminescence (Nitroblock Il and CDP-Star), and
assay. then the nitrocellulose membranes were exposed to an X-ray film.

(2) DTNB assay. Samples were diluted 5 times in phosphate buffer ~ESR Spin-Trapping Experiments. Typically, 3 mM OxyHb was
containing 5 mM DTNB. After 15 min of incubations at room mixed with 1.5 mM peroxynitrite in the presence of varying concentra-
temperature, samples were transferred to Millipore 5 kDa mass cut-off tions of DMPO. The reaction was carried out in phosphate buffer
filters and made to spin for 15 min to separate the protein (heme- containing 100uM DTPA to minimize the possibility of transition-
containing fraction) from the low molecular weight (TNB-containing metal-mediated decomposition of peroxide by Fenton chemistry. The
fraction). This was necessary to avoid interference since TNB and hemereaction mixture (25@.L, final volume) was transferred to a flat cell
absorb strongly in the 460420-nm region. After filtration, TNB was immediately after peroxynitrite addition, and the spectra were recorded
further diluted 10 times in phosphate buffer, pH 7.9, and absorbance within 1 min after starting the reaction. ESR spectra were obtained
at 412 nm &, = 13.6 x 10°* M1 s71) was measured. In the case of  with a Bruker EMX ESR spectrometer equipped with an ER4122SHQ
heme quantitation, the samples were diluted directly in phosphate buffer cavity operating at 9.76 GHz and at room temperature. The ESR

(100 times), and absorbance at 406 rieg(= 154 x 1 Mt cm™?) spectrometer settings were as follows: scan range, 100 G; modulation
was recorded. The thiol content was normalized to the heme concentra-frequency, 100 kHz; modulation amplitude, 3.0 G; microwave power,
tion and was determined to be 60%. 20 mW; receiver gain, Xk 10°; time constant, 164 ms; and conversion

Chemical Reactions Typically, the reaction mixture contained 0.5  time, 164 ms. The spectra shown are an average of three scans.
mM native or modified oxyHb and 0.25 mM peroxynitrite (i.e., a molar Mass Spectrometry Analyses.Typically, the reaction mixture
ratio equal to 2:1, heme/ONO®In the presence of varying amounts  consisted of 3Q«tM human Mb and 15&M H,O. in the presence of
of DMPO. After 1 h ofincubation at 37C, the reaction mixture was 100 mM or 6 mM DMPO. Samples of the reaction mixture were first
diluted by a factor of 50 in phosphate buffer and then analyzed by dialyzed exhaustively against ammonium bicarbonate buffer and water
enzyme-linked immuno-sorbent assay (ELISA). In the myoglobin to remove traces of inorganic contaminants. A Waters Q-Tof Global
or a Waters Q-Tof Premier hybrid mass spectrometer was used for the
(45) Bonini, M. G.; Radi, R.; Ferrer-Sueta, G.; Ferreira, A. M. D.; Augusto, O. acquisition of the electrospray ionization mass spectrometry (ESI/MS)

J. Biol. Chem 1999 274, 19508. . ; .
(46) Beckman, J. S.; Beckman, T. W.: Chen, J.: Marshall, P. A.: Freeman, B. and tandem mass spectra. These instruments were equipped Wl'th a

A. Proc. Natl. Acad. Sci. U.S.A499Q 87, 1620. nanoflow electrospray source and consisted of a quadrupole mass filter
(47) Radi, R.; Beckman, J. S.; Bush, K. M.; Freeman, B.JABiol. Chem. and an orthogonal acceleration time-of-flight mass spectrometer. The

1991, 266, 4244. .
(48) Kagan, V. E.; Kuzmenko, A. |.; Tyurina, Y. Y.; Shvedova, A. A.; Matsura, needle Voltage was3500 V, and the collision energy was 10 eV for

T.; Yalowich, J. C.Cancer Res2001, 61, 7777. the MS analysis. Samples for flow injection analyses were diluted 1:1
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A high [DMPO] B low [DMPO]
A +100 mM DMPO
106 L0
— native- X10  native-
X2 oxyHb oxyHb
B + 50 mM DMPO

DTNB-
NEM-
X20 oxyHb WMWM oxyHb

C + 25 mM DMPO
A A A A DTNB-
X20 oxyHb

D +13 mM DMPO

Figure 1. Formation of the hemoglobin radical-derived DMPO adducts
from the reaction of native oxyHb with peroxynitrite in the presence of

DMPO—-DMPO spin trapping of the thiyl radicals formed from the reaction lodo- w
of oxyHb with peroxynitrite as a function of DMPO concentrations. oxyHb

Typically 3 mM oxyHb was mixed with 1.5 mM peroxynitrite in 10 mM . . . .

phosphate buffer containing 0.1 mM DTPA, in the presence of various Figure 2. Effect of cysteine and tyrosine blocking on the nature of the

concentrations of DMPO. Instrumental conditions: modulation amplitude, ESR radicals trapped from the reaction of oxyHb with peroxynitrite in the

3.0 G; time constant, 164 ms; receiver gain 105; and microwave power, presence of high and low concentrations of DMPO (A, B). Changes in the
20 mW. ESR spectral features obtained from the reaction of oxyHb and modified

oxyHb. (A) Reactions carried out with 100 mM DMPO of native and NEM
. . ) . 0 . . and DTNB chemically modified oxyHb and (B) reaction of native and
with a solution of 50:50 acetonitrile/water (0.1% formic acid) and pTNB-blocked oxyHD with 13 mM DMPO. Note that no thiyl radical is

infused into a Waters Ultima Global mass spectrometerQ0 nL/ detected in the cysteine-blocked oxyHb. (C) The reaction of tyrosine-
min using a pressure injection vessel. modified (iodinated) oxyHb with peroxynitrite fails to yield a significant

For the LC/MS/MS analyses, a Waters Q-Tof Premier spectrometer amount of thiyl radical adduct over the entire DMPO concentration range.
and automated data-dependent acquisition software were employed. FofXPerimental conditions used are as described earlier.

these acquisitions, the instrument can switch from the MS mode to the . . . .
MS/MS mode and then return back to the MS mode based on When the protein was chemically modified with NEM or

predetermined or operator-entered parameters, such as abundance afdTNB to block Cy$® and reacted under identical conditions,
time. The advantage of this software is that both MS and MS/MS data no DMPO protein thiyl radical adduct was produced (Figure
can be acquired from a single chromatographic separation of the 2A,B; DMPO concentration 100 and 13 mM, respectively).
mixture. The collision energy used for these experiments was set | sieaq we primarily observed some unidentified, low molecular
according to the charge state and thie of the precursor as determined . . . .

weight radical adducts, which have narrow lines. In an analogous

from a charge state recognition algorithm. A Waters NanoAquity Ultra . o .
Performance LC system was used to deliver the gradients. Injections &XPeriment, when the oxyHb modified at the Tyr residue by

of ZIML were made onto a Waters Symmetry C18 trapping column (20 |0d|nat|on was I’eaC'[ed W|th peroXynitrite and 100 mM DMPO,

mm x 180um id), and a linear gradient of-240% (0.1% formic acid) no significant thiyl radical adduct was detected (Figure 2C).
over 60 min was used for the chromatographic separations. The columnThis experiment suggests tyrosyl as the initial site of radical
used was a 100 mm 100u4m id Waters Atlantis dC18 column ata  formation, followed by an electron transfer from the Cys residue
flow rate of 300 nL/min. Data analysis was accomplished with a 5 the tyrosyl radical. With 13 mM DMPO, new, stronger

MassLynx data system, MaxEnt deconvolution software, and a Pro- unknown radical adducts were formed It’ is k,nown that
teinLynx software program supplied by the manufacturer. . . . . o oeaEl

iodotyrosines form radicals with peroxida$€8However, the

Results radical is very unstable and decays extremely rapidly as is
ESR Spin Trapping of DMPO Oxyhemoglobin Radical evident from the absence of any EPR characteristic data of
Adducts. When oxyHb (3 mM) was reacted with peroxynitrite ~ i0dotyrosyl radical as opposed to that of chloro- and fluoro-
(1.5 mM) and trapped with 100 mM DMPO, it produced a thiyl tyrosyl phenoxyl radicaf? We used commercially available
radical whose ESR spectrum (Figure 1A) showed a four-line mono and diiodotyrosines (from Sigma-Aldrich) and used spin
pattern with a3-hydrogen hyperfine splitting constant of 15.4 traps DMPO and 3,5-dibromo-4-nitrosobenzene sulphonate
G, a value consistent with previously assigned DMPO/protein (DBNBS) to see if any radical is formed. No radical detection
thiyl radical adductg%49At lower DMPO concentrations (13 was observed with any of the spin traps (data not shown), which
25 mM), the four-line spectrum of the DMPO thiyl radical bind at different positions of the phenol ring. With earlier studies
adduct was superimposed on a broad single line, probably fromtoo, no iodotyrosyl radical was detected by either direct BSR
untrapped protein tyrosyl radical (Figure £B), which would or by DMPO spin trappin§? The iodotyrosyl radical, if formed,
indicate a low trapping efficiency of DMPO for this tyrosyl
radical. These data demonstrate the formation of the thiyl radical (s0) ontaki, S.; Nakagawa, H.: Nakamura, M.; YamazakiJ.|Biol. Chem.
addUCt’ bL_Jt no other_detectablg radical aquCt' The DMPO 51) 1D9c§3e2rgzeS,7I’3.l?F’Q?.’;9$éurog, A.; Dorris, M. lArch. Biochem. Biophy4.994
tyrosyl radical adduct, if present, is too short-lived to accumulate 315 90.
t0 a detectable level. (62) Landolc Smtei;, Numercal Dt and Punclone Rejatonships
Atomic and Molecular Physics; Magnetic Properties of Free Radicals;

(49) Quijano, C.; Alvarez, B.; Gatti, R. M.; Augusto, O.; Radi, Blochem. J. Springer-Verlag: Berlin, 1979; Vol. 9, p 32.
1997 322 167. (53) Davies, M. JBiochem. Biophys. Act&991 1077, 86.
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Figure 3. Immunological detection of the hemoglobin radical-derived :E
DMPO adducts from the reaction of native oxyHb with peroxynitrite in £ g, 000
the presence of DMPO. Reaction mixtures were incubated 4C3r 1 5%
h and then analyzed as described in Experimental Procedures with IST € '@
detection. (A) In the absence of any component of the reaction mixture, ™~ 0 . T
significant luminescence is not produced. (B) IST of the nitrone DMPO N >
adducts with increasing concentration of DMPO. (C) Corresponding Western [DMPO] (mM)

blot experiment, under conditions described in Experimental Procedures.
Figure 4. Immunological detection of the effect of cysteine blocking and

; ; ;- tyrosine blocking on the reaction of oxyHb with peroxynitrite in the presence
decays by a mechanism other than radical transfer to the CyStem%‘ varying concentrations of DMPO. IST analysis of oxyHb and biochemi-

residue. ) ] ) ) ] cally modified oxyHb. The reaction mixture contained 0.5 mM oxyHb and
Immuno-Spin Trapping Analysis of DMPO Globin Ni- 0.25 mM peroxynitrite in the presence of varying concentrations of DMPO.
trone Adducts. We next examined the above oxyHb thiyl The reaction mixture was incubated at7for 1 h and diluted by a factor

L - . of 50 for immunological analysis. (A) Comparison between the nitrone
protein nitrone adduct and its human heart myoglobin analogue . cts detected in native oxyHb, NEM oxyHb, and DTNB oxyHb with

with immuno-spin trapping analyzed with ELISA. To thoroughly  varying concentrations of DMPO. (B) Western blot detection of nitrone
G e o e, e e s e ot ke ot oo
compleme_nted our ELISA data for pxyHb by subjecting a.” our NIIrEnI\I/I-bIocked oxyHb as compared to lower doses of DMPO. (D) Corre-
reaction mixtures to the corresponding Western blot eXpe”memssponding Western blot experiment, under conditions described in the text.
as well. (E) Reaction of tyrosine-modified (iodinated) oxyHb with peroxynitrite fails
For the oxyHb system, oxyHb was reacted with peroxynitrite to yield a significant amount of any radical adduct at any DMPO
fo Lhin thepresence of DMPO at 5, and the gobin irone _ (27ES1Laten, Rescler concltons v were 25 eserben 1 e e,
adducts thus generated were measured. Production of nitron&i mm bMPO; note the diminution of the nitrone adduct in the iodinated
adducts, as assessed by ELISA, required all the components obxyHb.
the reaction system (oxyHb, DMPO, and peroxynitrite) (Figure
3A). The nitrone adduct formation increased with increased with increasing concentration of DMPO up 160 mM (data
DMPO concentration up te-50 mM (Figure 3B,C). As has  not shown).
been reported, in addition to the Hb monomer, Hb dimer and However, at higher DMPO concentrations, the difference in
higher molecular weight aggregates were dete#i&dhen the the signal intensity between native oxyHb and NEM oxyHb
ELISA and Western blot experiments were carried out with decreased as expected in ELISA (Figure 4C) and unexpectedly
thiol-blocked oxyHb (NEM or DTNB), lower concentrations increased in Western blot experiments (Figure 4D and ref 43).
of nitrone adduct were observed as compared to the native This effect is presumably due to more effective trapping of other
oxyHb (Figure 4A,B). The decrease in production of protein nonthiyl radicals, presumably tyrosyl, that may be produced
nitrone adducts was more notable for DTNB oxyHb than NEM during the reaction even though only DMPO thiyl radical
oxyHb; DTNB is apparently the better thiol-blocking agent adducts were detected by ESR (this work and ref 43).
under our experimental conditions. This trend was consistent Interestingly, when ELISA analysis was carried out with Tyr
blocked in iodo oxyHb, no nitrone adduct formation was
) e ey e e, B oSk e A lson O Observed over the entire range of DMPO concentrations studied
330,1293.” S o ' (Figure 4E,F). These results are consistent with the hypothesis
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that the primary site of radical formation is the tyrosyl radical,

followed by an electron-transfer reaction from cysteine to the
tyrosyl phenoxyl radical to form the cysteinyl radical. As a

result, when the primary radical site was blocked, no significant
radical adduct of any kind could be detected.

Human heart Mb is similar in sequence to other mammalian
myoglobins. However, one of the most notable differences is
the presence of a Cys residue at position 110 {&yOnly a
few mammalian myoglobins possess a Cys residue in their
primary sequences. The reaction of human Mb an®Hs
proposed to produce the thiyl radical via the initial formation
of the tyrosyl phenoxyl radic#?’ as does oxyHb with
peroxynitrite. To further test the validity of the immuno-spin
trapping technique in studying protein thiyl radicals and electron-
transfer processes, we characterized the MBFHDMPO system
with varying DMPO concentrations using ELISA. If any of the
components were omitted from the reaction mixture, no nitrone
adducts were observed (Figure 5A).

When ELISA experiments were performed over a wide range
of DMPO concentrations for the native, NEM, or DTNB Mb/
H,O, systems, some very interesting observations were made
(Figure 5B). At a low DMPO concentration, thiol modification
decreased nitrone adduct formation. As the concentration of
DMPO increased (above 26 mM), the differences in the signal
intensities for the nitrone adducts between the native, NEM,
and DTNB Mb/HO, systems were clearly diminished. This
observation is consistent with an earlier ESR findirthat, at
low concentrations of DMPO, Mb thiyl radical is trapped almost
exclusively, whereas at higher DMPO concentrations, either both
tyrosyl and thiyl radicals are trapped or only the tyrosyl radical
is. At low concentrations of DMPO, the trapping efficiency is
very low; thus, the tyrosyl radical can participate in electron-
transfer reactions with Cy¥. However, at high DMPO
concentration, the trapping efficiency is high enough to trap
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IST detection of the DMPO nitrone adduct from the reaction of

human Mb with hydrogen peroxide in the presence of DMPO. Typically,
104M human Mb was mixed with 5@M hydrogen peroxide in the presence
of DMPO and incubated at 37C for 1 h. (A) No significant adduct
formation in the absence of any of the components. (B, C) IST of the DMPO

most of the tyrosine phenoxyl radical, which is then unavailable ' 3 ; o

. . . . nitrone adducts derived from the reaction of human Mb and modified human
to partlc_lpate n eIeCtron'trar_‘Sfer reactions W'th GQSThe Mb with hydrogen peroxide in the presence of varying amounts of DMPO.
ELISA signal observed here is the sum of the nitrone form of The reaction mixture was incubated at°&7for 1 h and subjected to ELISA
the tyrosyl radical adduct and the nitrone form of the &%s analysis as described in Experimental Procedures. (B) Comparison of the

; ; . ; ; native Mb, NEM-blocked, and DTNB-blocked Mb. At low DMPO
radical adduct, if any. When similar experiments were carried concentrations, thiyl radicals are apparently trapped nearly exclusively,

out with iodinated Mb (Figure 5C), the signal intensity was hereas at high DMPO concentrations, the secondary reactions are
decreased to near baseline, indicating an absence of radicabutcompeted by the trapping reaction for the primary radical. Thus, the

formation when the Tyr residue is chemically modified. effect of thiol blocking with both the blockers is significant at low DMPO

. . concentration as opposed to high DMPO. (C) Native Mb compared to
Mass Spectrometric Analysis of DMPO Mb Adducts.The iodinated Mb. When tyrosine was blocked, no adduct formation was
location of the DMPO binding was verified in the human Mb/ observed, indicating tyrosine as the primary radical site; neither the tyrosyl
H,O./DMPO system by mass spectrometric analysis. The Nor the cysteinyl radical was formed.
reaction mixtures were first analyzed by flow injection elec-
trospray ionization mass spectrometry. In the deconvoluted ESI/6D) and the human myoglobinf®,/100 mM DMPO reaction
MS spectrum of native human Mb alone (Figure 6A), a mixture (Figure 6E) showed an ion dfl, = 17 163 Da
protonated molecule with an average molecular weilyh} 6f corresponding in mass to the addition of one DMPO (113Da-
17053 was observed/ calcd= 17 052.65). When kD, was 2H) molecule to human myoglobin as well as an ion due to
added in the absence of DMPO (Figure 6B), both native human protonated myoglobiny, = 17 053 Da. The incorporation of
Mb (M, = 17 052.3) and oxidized forms of the protein were oxygen into Mb caused by 4D, was inhibited by DMPO as is
observed, the latter representing incorporation of oxygen into consistent with this oxidation being radical-mediated. In the
the protein presumably by the reaction of protein radicals with reaction mixture containing 100 mM DMPO, an ion M =
molecular oxygen. The most abundant ion observdd € 17 274.4 Da was also observed corresponding in mass to the
17 100.3) corresponds in mass to the addition of three oxygensaddition of two DMPO molecules to the human Mb. This ion
to human Mb. In the absence of,®, (Figure 6C), the may also be present in the 6 mM DMPO reaction mixture
deconvoluted mass spectrum was similar to that of human Mb (Figure 6D), but is of low relative abundance3%). These
alone (Figure 6A). The deconvoluted ESI mass spectra of the data indicate that the formation of the DMPO adduct on human
human myoglobin/KD./6 mM DMPO reaction mixture (Figure  Mb is dependent on the presence of boti®kland the DMPO
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A 100 17052.9 corresponds in mass to tryptic peptide 17 (amino acid residues
Mb 103-118) and 111 Da (one DMPO nitrone adduct). The
resulting MS/MS spectrum of this ion (after transformation of
all ions to the single-charge state) shows a series of y ions (y
through ) as well as the loss of 145 from theg through y»
ions (Figure 7A¥5% The loss of 145 has been observed

o . Lu o ka . \ previously® and corresponds in mass to a DMPO maodification
16900 17050 17200 17380 17500 on the sulfhydryl group of the cysteine side chain followed by

B 100 17100.3 cleavage between the Gkwnd the sulfhydryl with hydrogen
Mb + H,0, transfer to the leaving moiety. In addition, several b ions (b

through h) are also observed. These structurally informative
fragment ions not only allow the assignment of the DMPO
molecule to the Cy<40 residue of human Mb in this reaction,
but also prove that DMPO reacted at the sulfur atom as expected
when trapping the thiyl radical. An (M- 3H)*" ion of m/z

17052.3
l La l‘ Aaanda

2555 050 7500 Taen 500 712.45, which corresponds in mass to T17 plus two DMPO
17052.8 Mass moieties, was also observed in the mass spectra from this
C™ reaction, but because of the low relative abundance of this ion,
Mb + DMPO an interpretable MS/MS spectrum was not obtained.
The reaction mixture of human myoglobin,®, and 100
mM DMPO was then analyzed by LC/MS/MS. In these
analyses, ions were observed that correspond in mass to
| predicted tryptic peptide 17 of human Mb with one and with
Q4= eishhuosch s o two DMPO molecules. For the addition of one DMPO modi-
17053.2 Mass fication, the deconvoluted MS/MS spectra of both the v
D 2H)?* ion and the (M+ 3H)3* ion (data not shown) resulted in
Mb + H,0, + Low DMPO a fragmentation spectrum similar to that shown in Figure 7A,
thereby allowing assignment of the singly bound DMPO T17
peptide to be located at Cy& The MS/MS spectrum of the
(M + 3H)3" ion of m/z 712.36 was deconvoluted; this ion
17163.6 corresponds in mass to tryptic peptide 17 and the trapping of
0 s ladiadoin two DMPO molecules, and the resulting MS/MS spectrum
16900 17050 17200 17350 17500 . . . .
Mass transformed to the single-charge state is shown in Figure 7B.
100 17163.9 An abundant ion of/z 1990.02 (labeled as145) corresponds
E in mass to the loss of S-DMPO and hydrogen (cleavage between
Mb + H,0, + High DMPO the CH and S of the cysteine side chain). A nearly complete
series of both y and b ions (or y-145 and b-145) was observed
that corresponds to cleavages along the peptide backbone,
170932 providing unequivocal data to assign the DMPO modifications
o e to Cys1%and Ty~ in this peptide. In addition, an ion afVz
16900 17050 17200 17350 17500 247.15 was observed that corresponds in mass to an immonium
Mass ion of tyrosine and DMPO (labeled as+). These data
Figure 6. Deconvoluted electrospray mass spectra obtained from the demonstrate that DMPO does, in fact, trap the tyrosyl radical
reaction of human myoglobin (3M) with hydrogen peroxide (150M) even though the adduct is not observed with ESR. Under the

in the presence of (D) 6 MM DMPO and (E) 100 mM DMPO. Experimental . . .
details were as given in the text. Note that in the ESI spectra of the human "€action conditions using 100 mM DMPO, these MS/MS data

Mb/H,0,/DMPO systems, ions observed correspond to the addition of one allow the assignment of DMPO to two amino acids in tryptic
(D) and one and two (E) DMPO molecules to the human Mb. In the absence peptide 17 of human Mb, C¥#, and Tyr103
of hydrogen peroxide (C), the spectrum is similar to the spectrum of Mb

alone (A). Discussion
spin trap in the reaction mixture. It also indicates the presence
of mainly one site of radical formation under the 6 mM DMPO
reaction condition, whereas two sites of radical formation were
observed from the reaction containing 100 mM DMPO.

To determine the location of the DMPO molecules on the
human Mb, the reaction mixtures of Mb/8,/DMPO were

In both reaction systems studied, the oxyHb/peroxynitrite/
DMPO system and the human Mb/B,/DMPO system, the
formation of the ferryl heme and globin-centered radicals is well
established. In the studies reported here, we have confirmed by
immuno-spin trapping that at low DMPO concentration, thiyl

subjected to tryptic digestion and analysis by LC/MS/MS. The rag!ca:s are trappeg, ar_1d_?t h(;gh DMPO %on_c er:jtratlc:_n, tgro;mg
spectra acquired from data-dependent MS/MS acquisitions were;:; IﬁSni;r:en:raoprigbi. ﬁsﬁ'? ITE;]re izx\:grgfoth??: difaall; I?r; ye dS
searched using ProteinLynx software. A user-defined modifica- has been cor?firgmed With the combined use of ESR arf)dp MS/
tion of DMPO to all amino acid residues was included in the

Searc\fh' From the analys_ls of the myoglobigZt#6 mM DMPO (55) Roepstorff, P.; Fohlman, Biomed. Mass Spectror984 11, 601.
reaction, an (MH+ 2H)2" ion of m/z 1012.6 was observed that  (56) Biemann, K Biomed. Emiron. Mass Spectron988 16, 99.
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Figure 7. Deconvoluted ESI/MS/MS of the (A) (M- 2H)?" ion of 1012.60 which corresponds in mass to tryptic peptide FIDMPO of human Mb and
(B) (M + 3H)%* ion of 712.36, which corresponds in mass to tryptic peptide ¥1Z DMPO of human Mb. The reaction mixtures were digested with

trypsin and analyzed by LC/MS/MS.

MS. A simplified mechanism can be outlined for the oxyHb/
peroxynitrite system [peroxynitrite reacts with heme moieties
(ko > 100 M~1s72 kyp &~ 4 x 10 M1 s7157)], where amino
acid-derived radicals form a minor pathw#y.

oxyHb + peroxynitrite—
[Hb tyrosyl radical (F§=0)]"" + NO,~
Hb tyrosyl radicaH- oxyHb Cys—
Hb Tyr + Hb Cys thiyl radical
Spin-trapping experiments support the conclusion that a thiyl
radical is formed. However, the trapping of the thiyl radical

13500 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007

may be rationalized by either of two pathways: (i) the €ys

of oxyHb or Cy$1° of human Mb may be oxidized directly by

the ferryl heme porphyrin cation radical or (ii) electron transfer
between tyrosyl radical and the Cys residue results in the
formation of the thiyl radical. Most of the peroxynitrite that
reacts with heme is isomerized to produce N however, a
portion of the reaction leads to the production of ferryl heme
hypervalent states, which can propagate radical transfer reactions
(ref 43 and this work) to produce a thiyl radical product. In

(57) Boccini, F.; Herold, SBiochemistry2004 43, 16393.
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addition, our experiments with iodinated globin, where the proteins. These results are consistent with the presence of a Cys
tyrosine is chemically modified but the Cys is not, produced residue adjacent to the Tyr group facilitating radical transfer
no significant nitrone adducts detected by ESR or by immuno- between the tyrosyl radical and a Cys resié#.This process,
spin trapping. Thus, direct oxidation of cysteine to a thiyl radical in which Cys acts as a radical sink, will also impede the
is of very low efficiency if not ruled out altogether. If electron  formation of nitrotyrosineg?
transfer occurred by either an intra- or intermolecular mechanism The MS/MS results show clearly that DMPO does trap the
between the edge of the ferryl heme and Cys, the treatment ofcysteinyl radical in large proteins; thus, the immunological
iodinated globin with the oxidants would be expected to yield results at high DMPO concentration in the oxyHb/peroxynitrite
significant amounts of DMPO Cys radical adducts in both our system cannot be due to the failure of DMPO to trap the thiyl
systems, which was not the case. radical in a large protein as propos€dt is possible that the
Our data reported here show the effect of DMPO concentra- stability of the DMPO thiyl adduct, the very factor that allows
tion on trapping the different radicals that are formed. We used it to be easily seen by ESR, prevents it from being detected in
immuno-spin trapping to study the phenomenon where Tyr is a quantity by the anti-DMPO antibody, which recognizes only
primary radical site followed by a secondary electron-transfer the nitrone oxidation product. In addition, the DMPO thiyl
process producing a Cys radical. At low DMPO concentrations, radical adduct is known to decompose, at least in part,
a Cys thiyl radical is trapped exclusively, suggesting that this unimolecularly to DMPO and the parent thiyl radié&ln this
radical is thermodynamically favored under the experimental case, the bond formed during spin trapping is lost and nitrone
conditions and that cysteine acts as a radical sink. However, atadduct formation is impossible. Similarly, the DMPO tyrosyl
high DMPO concentrations (i.e., high DMPO-trapping ef- adduct, which is not seen with ESR, is apparently oxidized so
ficiency), DMPO will react with the tyrosyl radical, thus readily to the nitrone that it is easily detected by immuno-spin

blocking the subsequent reactions of the tyrosyl radical. trapping.

The MS/MS data of the Mb/pD,/6 mM DMPO system In summary, immuno-spin trapping, ESR spin trapping, and
clearly indicates that a Cys thiyl radical adduct is trapped at mass spectrometry have been used in combination to elucidate
this low DMPO concentration, while for the Mbf®,/100 mM a radical transfer mechanism by varying the DMPO concentra-

DMPO system, both the tyrosyl and the Cys thiyl radicals are tion to trap different radicals. To our knowledge, the present
trapped. lodinated oxyHb and iodinated Mb produced near- work represents the first application of IST and MS to
baseline nitrone adducts when reacted with peroxynitrite and understanding the complex mechanism of electron-transfer
H.0,, respectively, as assessed by ELISA and Western blot. processes in proteins. Because in electron-transfer reactions the
This result indicates that the primary radical site is at Tyr and identity of the radical trapped depends on the DMPO concentra-
that this radical is essential in producing the subsequent thiyl tion, extreme caution must be exercised in interpreting spin
radical. Conversely, as analyzed by ELISA and Western blot, trapping information. At high DMPO concentrations, adduct
Cys-blocked oxyHb and human Mb produced significantly lower formation will occur exclusively with any primary radical that
nitrone adducts than the native hemoproteins at low concentra-is sterically accessible, and data thus obtained can be misleading
tions of DMPO. However, the signal intensity was not reduced with respect to the subsequent radical chemistry, which may
to baseline as in the case of iodinated heme proteins, indicatingbe inhibited. Although the type of free radical trapped can
that the tyrosyl radicals are formed in the cysteine-modified sometimes be determined by ESR alone, only MS can unam-
heme proteins. These results indicate that the tyrosyl radical isbiguously determine the type of amino acid radical trapped and
formed in the unmodified proteins and is the initial site of radical its location. The immuno-spin trapping technique which requires
formation. A recent ESR spin trapping study by Zhang éfal. only simple and inexpensive equipment has promise as a simple,
showed that DBNBS thiyl radical adduct formation in model sensitive, and reliable tool for the investigation of radical species
peptides treated with myeloperoxidase0z and NQ~ was formed by electron transfer reactions, but the complexity of free
completely inhibited when free thiol groups were modified. radical chemistry makes it prudent that the combination of ESR,
However, tyrosyl radical formation was enhanced in these thiol- IST, ESI/MS, and MS/MS be used before mechanistic conclu-
modified peptides as detected by the spin trap DBNBS. Thus, sions are drawn.
the precise position of the equilibrium between thiyl and tyrosyl
radical may be variable®

Our observation of the concentration dependence of DMPO
spin trapping and the absence of significant DMPO adducts from
iodinated human oxyHb and Mb treated with peroxynitrite or
H.0,, respectively, indicates that a tyrosyl radical is formed
before the formation of the thiyl radical in both systems studied.
Also, from a structural standpoint, the formation of either the
Hb (Tyr*2 and TyF% or Mb (Tyrl%) radicals before the
formation of Hb (Cy&) or Mb (Cys19 radicals is consistent
with the proximity of Tyr to the heme group in both hemo- JA073349W
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