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Abstract: The ESI (electrospray ionization)-Q-TOF (tandem quadrupole/orthogonal-acceleration time-of-flight)
mass spectrometer combined with the nano-HPLC (high performance liquid chromatography) system was
utilized to pinpoint the Cu-binding site in Cu,Zn-SOD (superoxide dismutase) protein. Cu,Zn-SOD was treated
with hydrogen peroxide, intended to specifically oxidize histidine residues coordinated to the copper ion as a
mass spectrometric probe. The oxidized Cu,Zn-SOD was then fragmented with the successive treatment of
endoproteinase Asp-N and DTT (dithiothreitol). Separation of the peptide mixture with the nano-HPLC and
the on-line ESI-Q-TOF MS analysis revealed that only two peptide fragments were oxidized to a significant
extent. Further analyses of oxidized peptide fragments with LC-ESI-Q-TOF-MS/MS disclosed that three out
of four Cu-coordinated histidine residues were specifically oxidized by action of a redox-active copper ion
and hydrogen peroxide, demonstrating the copper-catalyzed oxidation of amino acid ligands could be a versatile
tool for the mass spectrometric determination of the copper-binding site. In addition, proline and valine residues
in the proximity of the Cu ion were found to be oxidized upogCOhl treatment.

An ATPase called TIME-EA4 which was isolated from the time-of-flight)> mass spectrometer combined with the ap-
diapausing eggs of the silkworrBpmbyx morias a key to the propriately adjusted nano-HPLC system equipped with a column
termination of embryonic diapause, has a closely similar amino (internal diameter; 0.3 mmx 150 mm) to accurately determine
acid sequence to that of Cu,Zn-SOD (superoxide dismutase). the position of introduced probes in proteins. The hybrid type
Notably, amino acid residues constituting the Cu,Zn-binding mass spectrometer with quadrupole/time-of-flight having or-
site in Cu,Zn-SOD are exactly identical to those in TIME-EA4. thogonal acceleration after the collision chamber can perform
Thus, a three-dimensional model of TIME-EA4 was constructed, with high resolution €0.1 Da) and high sensitivity{10 pmol)
with the Cu,Zn-binding site as a core, on the basis of the known compared with the traditional MS/MS equipped with the EB-
crystallographic structure of Cu,Zn-SOD. Despite the similarity configuration (including electric and magnetic sectors) con-
in the amino acid sequence, these two proteins have quiteducted with many slits. The nonsplitting nano-HPLC system,
different functions. Cu,Zn-SOD catalyzes a dismutation of Which was carefully constructed to minimize dead volume to
superoxide to dioxgen and hydrogen peroxide through an the nL level, purifies and concentrates a small amount of a crude
alternate reduction and oxidation of the active-site copper ion. Sample in a buffered solution to the optimum conditions for
TIME-EA4, on the other hand, is seemingly not involved in direct introduction into the ESI source. For determining the Cu-
such redox reactions. Instead, TIME-EA4 was reported to exhibit Pinding site, a probe could be attached by “specific” oxidation
a transitory ATPase activity in coincidence with the completion ©Of histidine residues coordinated to a redox-active copper ion.
of the diapause development, probably because of a continuoudowever, itis not clear at present whether amino acid residues
conformational chang&Considering the completely different  N€ar the Cu-binding site are specifically oxidized and the other

function of these two proteins, the homology-based tertiary @Mino acids are not affected to any significant extent under
structure of TIME-EA4 seems insecure and requires further certain oxidation conditions. To establish the methodology to
experimental supports. pinpoint oxidized amino acids and optimize oxidation conditions

To give an experimental foundation to the proposed three- for the specific oxidation of amino acid residues in the close

. - o proximity to the Cu-binding site, we utilized Cu,Zn-SOD as a
dlm.ents?nall strqc:utrﬁ of -l:[n\l/lE.' E(f.‘4’ W.? hav_?_”\'/'?l'zt'aEtzi tge structurally well-defined model protein instead of a target TIME-
project fo pinpoint the metal-binding site 1n 11V "~ "1 EAJ protein. It was already reported that, in the case of Cu,-
pp§S|bIe dy”"f‘.m'c nature of its metal-binding site renders it Zn-SOD, the Cu-coordinated His118 is oxidized to oxo-histidine
d|ff|cullf to uﬂllzev\;a cr?mmqn mdethogolﬁgyEsulch las X-ray upon treatment with hydrogen peroxide, but it was not clarified
.cry.sta'ograp y. We have introduced the ESI (e ectrosprlay whether the other Cu-coordinated histidine residues are oxidized
ionization)-Q-TOF (tandem quadrupole/orthogonal-acceleration in the same mannés.

Identification of oxidized amino acids in oxidatively damaged
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maps of native and oxidized protethslew peaks which become

visible after oxidative treatment are isolated and analyzed with @) JL
an amino acid analyzer or a mass spectrometer. Experiments m
to determine the oxidized position by such a method were time- (b)

and sample-consuming, and the obtained results were sometimes
not conclusive, partly because of several unknown oxidative

. ()
reactions. Recently, tandem mass spectrometry and MALDI \\L

(matrix-assisted laser desorption ionization)-PSD (post source
decay) spectrometry have been applied to identify a chemically i\—a—_—/kﬁ_
modified amino acid in proteins labeled with an exogenous

chemical group. Protein oxidation has also been investigated (e) JJ\JL

with MS/MS spectrometr§.An oxidatively damaged protein

is surely one of the most challenging targets for analysis at the 5 5 10 15 20 % 30 35 40

amino acid level, because quite a few amino acids such as Tims {min)

methionine, cysteine, histidine, and tryptophan are susceptibleFigure 1. Develosil ODS-HG-5 chromatographic analyses of SOD:

to oxidation, and then oxidized amino acid residues could be (&) native, (b) oxidized at 0.05 MM, (c) oxidized at 0.5 mM kD,

distributed in various forms all over the oxidized protein. (d) oxidized at 5 mM HOz, and (€) oxidized at 50 mM #0,, for 30
We described herein the use of LC-ESI-Q-TOF-MS, MS/ mlnci Tftl_tfa_ ((:jolumE effluent was monitored at 210 nm; * indicates an

MS for analysis of HO,-treated Cu,Zn-SOD. The on-line mass vnicentiiied peat.

spectrometric analysis has made it possible to minimize sample (a) 111572

loss and evaluate the oxidation yield for each digested peptide 100 K 120145

fragment in a semiquantitative manner, assuming similar ioniza- e

tion efficiencies of intact and oxygen-attached peptides. Ac- 1o N 120024

curacy of Q-TOF has enabled detailed discussion on structures (+13)

of oxidized peptides. We found out that (1) oxidative damage e 130149

of amino acid residues was restricted within the proximity of «2

the Cu-binding site well enough to determine the metal center, 976.41 R

although oxidation yield for four Cu-coordinated histidine o7537 4® h

residues was distinctively different depending on the coordina- 18

tion environment, (2) proline and valine residues near the Cu-

binding site were unexpectedly oxidized upogOz#treatment,

and (3) a dioxygenized histidine which was supposed to be a

histidine hydroperoxide was formed selectively at position 46. o

Full details were disclosed in the following sections. 50 1000 1o 1200 1800 1400 1900

1419.70
(+11)

1418.24,
(+11)

(b)
Results 100 15606.0

Analysis of H,O,-Treated Cu,Zn-SOD. To investigate all
the possible chemical changes in Cu,Zn-SOD upo©H 15590.0
treatment, oxidized Cu,Zn-SOD was analyzed without enzymatic
digestion. Then, Cu,Zn-SOD was incubated in phosphate buffer
at pH 7.2 at 37C for 30 min at various concentration 065
(0.05, 0.5, 5, and 50 mM). The solution was frozen just after
30 min and then lyophilized. After removing a trace of hydrogen
peroxide by repeated lyophilization, the obtained reaction 15622.0 15639.0
mixture (~60 pmol of the starting Cu,Zn-SOD) was analyzed o

with LC-ESI-Q-TOF-MS without any off-line purification 199850 196700 196870 157020
operation. Shown in Figure 1 are HPLC profiles of native and
oxidized Cu,Zn-SODs. As the concentration of hydrogen — e e i 1SS

(4) (a) Uchida, K.; Kawakishi, SI. Biol. Chem1994 269, 2405-2410. Figure 2. (a) Raw electrospray data of the®-treated (5 mM) SOD
(b) Li, S.; Nguyen, T. H.; Scheeich, C.; Borchardt, R. TBiochemistry which was eluted around 28 min as shown in Figure 1d. Shown in
1995 34, 5762-5772. (c) Yao, Y.; Yin, D, Jas, G. S.; Kuczera, K.;  parentheses is the charge state of the ion peak. (b) Mass spectrum
Williams, T. D.; Schimeich, C.; Squier, T. GiochemistryLl996 35, 2767~ produced by MaxEnt1 processing of the raw electrospray data.
2787. (d) Zhao, F.; Ghezzo-Sameich, E.; Aced, G. I.; Hong, J.; Milby,
T.; Schaneich, C.J. Biol. Chem.1997 272 9019-9029. (e) Khossravi, . . .
M.; Shire, S. J.; Borchardt, R. Biochemistry200Q 39, 5876-5885. peroxide was increased, the peak corresponding to Cu,Zn-SOD
(5) (a) Klarskov, K.; Piens, K.; Shiberg, J.; Hgj, P. B.; Beeumen, J.  became broadened, suggesting that several oxidative products
V.; Claeyssens, MCarbohydr. Res1997 304, 143—-154. (b) Kelleher, N. were formed
L.; Nicewonger, R. B.; Begley, T. P.; McLafferty, F. W. Biol. Chem. )

1997, 272, 32215-32220. (c) MacMillan-Crow, L. A.; Crow, J. P.; A representative on-line electrospray mass spectrum of the
Thompson, J. ABiochemistry1998 37, 1613-1622. (d) Howard, S.; broadened peak (oxidized Cu,Zn-SOD with 5 mM i) is
Withers, S. GBiochemistryl998 37, 3858-3864. (e) Dan, S.; Marton, |.; in Ei ; i iati
Dekel. M- Bravdo, BA- He. S. Withers S. G.. Shoseyov.JOBio! shown in Figure 2a. Typical molecular ion envelopes con3|st|_ng
Chem 200 275 4973-4980. (f) Sauve, A. A.: Deng, H.-T.; Angelett of various charge states were observed. MaxEntl procéssing
R. H.; Schramm, V. LJ. Am. Chem. So200Q 122, 7855-7859. (g) Hart, of the raw electrospray data produced the mass of the species
D. O.; He, S.; Chany, C. J., Il.; Withers, S. G.; Sims, P. F. G.; Sinnott, M.

L.; Brumer, H., lll. Biochemistry200Q 39, 9826-9836. (7) MaxEnt1, supplied from Micromass (Manchester, UK), is a computer

(6) Schey, K. L.; Finley, E. LAcc. Chem. Re200Q 33, 299-306 and algorithm to produce true molecular mass spectra from multiply charged
references therein. electrospray spectra.
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Figure 3. Electrospray mass spectrometry of SOD: (a) native, (b) { « His which is coordinated to Cu
oxidized at 0.05 mM HO,, (c) oxidized at 0.5 mM KO, (d) oxidized § : His (or Asp) which is coordinated to Zn

at 5 mM HO,, and (e) oxidized at 50 mM #D,, for 30 min. Shown

in parentheses is the charge state of the ion peak. Figure 4. Primary structure of Cu,Zn-SOD and assignments of

endoproteinase Asp-N-digested fragments. Shown in parentheses is the

: : : : . onoisotopic mass of each fragment. Monoisotopic mass of D5 and
contained in the broadened peak (Figure 2b). The major SpeCIesgﬂ was calculated after reductive cleavage of the Cys55-Cysl144

in the oxidized sample had masses of 15590 and 15 606, ¢ /ifide bond.
corresponding to the apo-SOD and the mono-oxygen adduct of
apo-SOD, respectively (theoretical average mass of apo-SOD D4 D8
is 15 591). The double- and triple-oxygen adducts seemed to D5 D7 ¢
be formed as minor products. It was noteworthy that formation
of other degradation products was not significant. oS
Although a major oxidized product after€, treatment was e
a simple mono-oxygen adduct of Cu,Zn-SOD, it seemed to 17 18 18 20 21 22
contain various forms of oxidized proteins as deduced from the
broadened chromatographic trace.
To find out the optimum oxidation conditions, ,6,- 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
concentration-dependence and time-dependence were monitored ()
for the formation of oxygen adducts of SOD. Shown in Figure ,,/W
3 are electrospray mass spectra of native and oxidized Cu,Zn-
SOD treated at different concentration of;®3. As the 7 18 13 20 A 2
concentration of KO, was increased from 0.05 to 5 mM, the
ratio of the oxidized SOD was gradually increased. When Cu,- . ,
Zn-SOD was oxidized at 50 mM of 4, the ratio of the 17 18 19 20 21 22 23 24 25 2% 27 28 29 30 3 2 33
oxidized SOD was rather decreased, suggesting that some Time min)
undesirable oxidative fragmentation reaction occurred. On the Figure 5. Develosil ODS-HG-5 chromatographic analyses of the
other hand, oxidation of Cu,Zn-SOD did not depend on the PEPtide mixture from (a) Cu,Zn-SOD and (b) oxidized SOD succes-
incubation time, because the ratio of the oxidized to the intact sively treated with endoprqtemase ’.A‘Sp'N and DTT' Ins.etS: Develosil
SOD was unchanged when Cu,Zn-SOD was incubated at 5 mMCSO-UG-S chromatogra_pr_nc analysis of the peptlde_ mixture from (_a)
- ! . Cu,Zn-SOD and (b) oxidized Cu,Zn-SOD successively treated with
of Hx0; for 15 min to 6 h (data not shown). To obfain  gngoproteinase Asp-N. The column effluent was monitored at 210 nm.
specifically oxidized Cu,Zn-SOD in the highest yield without
undesirable secondary oxidation, the oxidation reaction was doneaccuracies less than 0.1 Da using LC-ESI-Q-TOF-MS/MS, any
by incubating Cu,Zn-SOD at 5 mM of 4@, for 30 min in the modification in any position could be pinpointed.
following experiments. As already mentioned, the mono-oxygen adduct was found
Identification of Oxidized Peptide Fragments.The oxidized to be a major product, as shown in Figure 2. The next thing to
Cu,Zn-SOD was fragmented both enzymatically and chemically do was to identify all the singly oxidized peptide fragments and
to a mixture of peptides of an appropriate size. Usual trypsin evaluate their formation in a semiquantitative manner. Then,
digestion was not suitable for LC-ESI-Q-TOF-MS analysis, we surveyed all the possible oxidized peptides on the total ion
because not all the fragments were observed. In the case of Cu,ehromatogram. Shown in Figure 6 are ion chromatograms for
Zn-SOD, endoproteinase Asp-N turned out to be an enzyme of molecular ions of native and oxidized peptides, which contain
choice. Endoproteinase Asp-N digestion of Cu,Zn-SOD and Cu- or Zn-coordinated histidine residues (for other peptide
subsequent reductive cleavage of the disulfide bond with DTT fragments, see Supporting Information). The oxidized peptides,
(dithiothreitol) yielded all the expected peptide fragments (Figure in which one oxygen atom was added to the native peptide,
4). To avoid loss of any peptide, the obtained peptide mixture were observed only for D4, D5, and D10. AlImost nho mono-
was subjected to LC-ESI-Q-TOF-MS analysis without any off- oxygen adduct was detected for other peptide fragments,
line purification. Shown in Figure 5 are chromatographic including those peptides containing the Zn-coordinated histidine
analyses of peptide mixtures from native and oxidized SOD, residues, although they are in the proximity of the active site.
as well as the on-line ESI-Q-TOF-MS assignments of 12 peptide The D10+ 16 fragment consisted of at least two components
fragments The assignment of each peptide fragment was further (8) The hydrophilic D6 fragment eluted with the solvent front when

confirmed with LC-ESI-Q-TOF-MS/MS. Now that all the  anajyzed with the Develosil ODS-HG-5 column. This fragment was detected
peptide fragments from Cu,Zn-SOD were characterized with using the Develosil C30-UG-5 column.

D10 D10-D11
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Figure 6. lon chromatograms of (a) D4, D# 16, D4+ 32; (b) D5, D5+ 16, D5+ 32; (c) D6, D6+ 16, D6+ 32; (d) D7, D7+ 16, D7+ 32;

and (e) D10, D16+ 16, D10+ 32. All of the ion chromatograms are plotted on the same scale for each peptide and its products; * indicates an
unidentified peptide of which monoisotopic mass differed more than 1 Da from the expected mass, and # indicates an unidentified peptide of which
monoisotopic mass was exactly as expected, but the ESI-Q-TOF-MS/MS data suggested that this peptide was utterly unrelated to the D6 fragment
(data not shown).

(peaks I and II). The D5- 16 fragment and peak | of the D10 D5 + 32 and the D12+ 32 peptide was observed without®h
+ 16 fragment were observed withous®b treatment, probably ~ treatment. It should be noted that the peptide fragments
because of air oxidation during the enzymatic digestion. The susceptible to air oxidation (D5, D10, and D12) contain cysteine
doubly oxidized peptides, in which two oxygen atoms were or methionine residues, but the other peptides ddnot.
attached to the native peptide, were substantially formed for |genification of Oxidized Amino Acids. Utilizing LC-ESI-
the D1, D4, D5, and D12 fragments, and in the case of the D1 Q-TOF-MS/MS, we attempted to pinpoint specifically oxidized
fragment, a triply oxidized peptide was also detected, although 5ming acids in the oxidized peptide fragments. First, the D4
doubly and triply oxidized peptides were rather minor products, 5.4 the D4+ 16 fragments were analyzed with LC-ESI-Q-
as shO\évn in F'gl.”e 2. Thﬁ D4 32 an((jj DS—;hSZf_fragmeEtsf h TOF-MS/MS, as shown in Figure 7a and b, respectively. The b
seemed to contain more than one product. The first peak of t efragmen'[ ion series was observed relatively well, compared to
(9) The D5 and the D12 fragments were analyzed after reductive cleavagethe y series. The(m/z 253.09), i (m/z 310.12), and b(m/z
of the disulfide bond with DTT. A possible oxidized D5 and D12 fragment 457 18) ions appeared in both D4 and 4.6, and no fragment
would be stable to the reaction condition, because treatment of the peptide., hifted b b h d d
mixture from oxidized Cu,Zn-SOD with DTT did not affect the D1016, lons shiite y 15.99 Da a Ove. the predicted masses were
D4 + 16, and D4+ 32 fragments at all. observed for D4+ 16. A fragment ion observed a¥z473.77,
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Figure 7. ESI-Q-TOF-MS/MS spectra of (a) the D4 fragmem{£ 590.80, in the doubly charged state) and (b) thetb#6 fragment vz 598.83,
in the doubly charged state). (c) Expansion of the designated region in (b). Inset: Expansion of the regioz#&® to 485 in (c). Observed
b- and y'-fragments are shown in the spectra. In the peptide sequences are shown the theoretical values ¢ftragme:pts. Observed ions are

shown in bold. Doubly charged ions are assignedgsaniol y's.

roughly corresponding tosbt 16, might be misleading without  of the region fromm/z 450 to 485 (Figure 7c, inset), this
a Q-TOF-MS/MS. However, as clearly seen in the expansion fragment ion was in the doubly charged state and therefore had
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D4+32
11603 | 25309 | 31012 | 457.18 | 59424 | 69331 | 86236 | 99042 | 569.25
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Figure 8. ESI-Q-TOF-MS/MS spectrum of the D4 32 fragment ¥z 606.82, in the doubly charged state). Observed b- anftagments are
shown in the spectrum. Shown in the peptide sequence are the theoretical values of 'bfragdents. Observed ions are shown in bold. Doubly
charged ions are assigned asabd y's.

nothing to do with i + 16. The Ig ion (fragmentation on the DP'%°LISLSGEYSI''®IGR TMVVHEK'2°p
C-terminal side of His44), on the other hand, split into the native D10T1 D10T2
bs (m/z 594.33) and the H+ 16 fragments ifVz 610.32), as (1618.86) (939.48)

shown in Figure 7c. T_he followinggfragment ion exhibited Figure 9. Assignments of tryptic D10. Shown in parentheses is the
the same heterogeneitynfz 693.40 and 709.40), but therb  monoisotopic mass of each fragment.

fragment (fragmentation on the C-terminal side of His46) was

observed exclusively as a fragment ion shifted by 15.99a ( giagnosis for the formation of peroxides. It is interesting to note

846.48). The subsequeng bnd b ions were also shifted by that histidine was reported to be not susceptible to peroxida-
15.99 Da above the predicted masses. Analysis of the b fragmentjgn 11

ion series clearly indicated that the D¥ 16 peptide was a The D10+ 16 fragment was subjected to the LC-ESI-Q-
mixture of mono-oxygen adducts in which His44 or His46 was Tor_MS/MS analysis likewise, but the length of the D10
specifically oxidized. fragment consisting of 23 amino acids prevented us from

The D4 fragment was the only peptide to which two oxygen obtaining a clear-cut MS/MS spectrum. Thus, the D10 peptide
atoms were significantly attached upopQd treatment, although ~ was further digested into two peptide fragments D10T1 and
the double-oxygen adduct was a rather minor product (Figure D10T2 at the C-terminal side of Arg113 by trypsin (Figure 9).
2). As seen in Figure 6a, D4 32 was eluted as two peaks. To minimize sample loss, the D10 peptide was digested without
However, the structure of the minor D4 32 could not be isolation as a peptide mixture from the endoproteinase Asp-N
analyzed unambiguously because of incomplete separation. Wedigestion. The obtained peptide mixture was directly analyzed
then investigated the major D# 32 peptide with LC-ESI-Q- with LC-ESI-Q-TOF-MS without any off-line purification. As
TOF-MS/MS (Figure 8). The b fragment ion series was analyzed shown in Figure 10, both D10T1 and D10T2 were clearly
in the same manner. In the case of the D82 fragment, not detected in the doubly charged state. Amino acid sequences of
only the Iy, bz, and h ions but also the pand ky ions were D10T1 and D10T2 were confirmed with LC-ESI-Q-TOF-MS/
observed exclusively at the predictedz values. In contrastto ~ MS. We would like to point out that exactly the same amount
the D4+ 16 fragment, neitherdot+ 16 nor ky + 16 ions were of the starting Cu,Zn-SOD was required for analyses of D10T1
observed at all. Instead, the ion was found to be shifted by —and D10T2, despite the additional trypsin digestion. lon
31.99 Da (W/z 862.50), indicating double oxidation of His46. chromatograms in Figure 10 showed that D10T1 was intact upon
The following ks and h ions were also observed @iz values H,0, treatment, indicating that oxidation occurred specifically
shifted by 31.99 Da. Interestingly, a fragment ion corresponding at the D10T2 part. In fact, two peaks,and If, corresponding
to the D4+ 32 minus 31.99 was observedratz 1180.69 in to the molecular ion of D10TZ- 16 were detected on the total
the singly charged state, indicating the oxygemygen bond ion chromatogram. Considering the intensity and the retention
in the oxidized D4 peptide. Although a 4- or 5-hydroxy-2- time, peaks 'l and If should correspond to peaks | and II
imidazolone product was already proposed as a double-oxygenobserved for D16t 16, respectively.
adduct of histidiné;!°a histidine hydroperoxide product seemed  Peaks'land Il were analyzed with LC-ESI-Q-TOF-MS/MS
more likely in this case because of a fragment ionmézt and were extensively compared with the MS/MS spectrum of
1180.69. The formation of amino acid and protein peroxides the intact D10T2 fragment (Figure 11). Shown in Figure 11a
has been studied using an iodometric assay so far. The fragmengénd b are the ESI-Q-TOF-MS/MS spectra of the intact D10T2

ion shifted by 31.99 Da below the parent ion could be another fragment and major peak, Irespectively. The N-terminus-
containing b — by were all shifted by 15.99 Da above the intact

(10) Chang, S. H.; Teshima, G. M.; Milby, T.; Gillece-Castro, B.;
Canova-Davis, EAnal. Biochem1997, 244, 221-227. (11) Gebicki, S.; Gebicki, J. MBiochem. J1993 289, 743-749.




9274 J. Am. Chem. Soc., Vol. 123, No. 38, 2001 Kurahashi et al.

fragment ions. The C-terminus-containin@;y— y"'s ions, on (a)

the other hand, remained intact. Th&;yion coming from

fragmentation between Thrll4 and Metl1l5 was found to be [D10T1+16+2H]%*
shifted by 15.99 Da. Then, methionine was identified to be (m/z818.47)
oxidized to methionine sulfoxide in the major D10H2 16
fragment (peak’), namely the major D16 16 fragment (peak
I). The formation of methionine sulfoxide at position 115 was 2e
further confirmed by the fragment ion peaks ratz 185.09, [D10T1+2H]

284.15, 383.21, 520.27, 649.31, 777.41, and 791.41, which were ~ (m/2810.47)

64.00 Da lower than those of b- by and y'7 ions, respectively.

It was reported that the mass difference of 64.00 Da is due to 17 18 19 20 21 22 23 24 25 26 27 28 29 30 81 32 33

the loss of sulfinic acid (CE8OH) from methionine sulfoxide Time (min)

and is diagnostic for the formation of methionine sulfoxide.

It is interesting to note that among thé fragment ion series, (b) r

only the y'z ion accompanied the fragment ion coming from [D10T2+16+2H]2*
loss of sulfinic acid, which is in complete agreement with (/2 478.77)

Met115 oxidation.

D10T2

10206 | 23310 | 33216 | 431.23 | 56829 | 697.33 | 82543 - [D10T2+2H]?*
by by by b, bs be by - (m/z 470.77)

Thr Met Val Val His Glu Lys Pro

Y7 Ve Y's Va Vs Y2 Y 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
83044 | 70840 | 60934 | 51027 | 37321 | 24417 | 11607 Time (min)
Figure 10. lon chromatograms of (a) D10T1, D10H 16 and (b)
D10T2+16 (peak 1) D10T2, D10T2+ 16. All of the ion chromatograms are plotted on the

10206 | 249.09 | 348.16 | 447.23 | 58420 | 71333 | 84142 - same scale for each peptide and its products; * indicates an unidentified
by b, b; by bs bs b, - peptide of which monoisotopic mass differed more than 1 Da from the
T | metrie | va val His Glu Lys Pro expeqted mass, and # indicates an unidentified peptide of which

. " - - " monoisotopic mass was exactly as expected, but the ESI-Q-TOF-MS/
Y7 Ve Vs Y4 Y3 Y Y MS data suggested that this peptide was utterly unrelated to the D10T2
85544 | 70840 | 60934 | 51027 | 37321 | 24447 | 11607 fragment (data not shown).
D10T2+16 (peak IV') to be oxidized'? even if these valine residues are positioned in
34816 | 44723 | 58420 | 71333 | 84142 - the proximity of the active site.

10206 | 23310 | 35216 | 45123 The D5 fragment was also too large to be analyzed directly
by b by by bs bs il . with LC-ESI-Q-TOF-MS/MS. Then, the D5 peptide was further
Thy Met | Val+16 | Vak16 | His+16 | Glu Lys Pro subjected to trypsin digestion in the same manner. Among the

v Vs Vs Y ¥ y's v three peptide fragments (Figure 12), D5T1 was the only
60034 | 51027 | 37321 | 24497 | 11607 fragment that could be detected with LC-ESI-Q-TOF-MS. LC-
85544 | 72440 | 62533 | 52626 ESI-Q-TOF-MS/MS analyses of the D5 16 and the D5+ 32

fragments indicated that oxidation occurred from Cys55 to
] . Pro64, although the oxidized amino acid could not be deter-
Minor peak Il was analyzed with LC-ESI-Q-TOF-MS/MS  mjined (data not shown). Indeed, the D5F132 fragment was

(Figure 11c). In the case of peptides from peak the y' found to exhibit a similar elution profile to the D5 32
fragment ion series was observed more clearly. The y", fragment, as shown in Figure 13. The D5F116 fragment, on
and y's ions appeared at the predictedz values. The Y, ion the other hand, was scarcely observed, probably because an

(fragmentation on the N-terminal side of His118) was shifted gxidized amino acid in D5+ 16 was further oxidized or
by 15.99 Da, indicating specific oxidation at His118, as already hydrolyzed during the additional trypsin digestion. On the basis
reported Unexpectedly, the 'y ion also remained intact at  of the MS/MS analysis of the D5T4 32 peptide described
m/z 510.25, suggesting that peak did not contain only the  pelow, the most probable was mono-oxidation of Cys55, which
His118-oxidized peptide. The following"y ion was also  might be converted to cysteine sulfinic acid to give the D5T1
observed as both intact and oxidized’Z 609.33 and 625.32,  + 32 fragment.

respectively). As clearly seen from Figure 11d, the ratio of the LC-ESI-Q-TOF-MS/MS analysis of the first peak of the D5T1
oxidized to the intact ion was larger for thésythan the ¥4 + 32 fragment suggested the oxidation of Cys55, because the
ion. The y's ion, corresponding to the fragmentation between - ion corresponding to the fragmentation on the C-terminal
_Met11$ and Valll6, was observed exclusively as a fragment gjqe of Cys55 appeared miz 651.38 (data not shown). Shown
ion shifted by 15.99 Danf/z 724.38). The most probable , Figure 14 are the MS/MS spectra of the D5T1 fragment and
explanation for this is that an oxygen atom was attached 10 tye second peak of the D5t 32 fragment. The % and y's
Valllé and Valll7 by action of a Cu ion and hydrogen ions of the D5T1 peptide were found to be shifted by 32.02

peroxide. It is noteworthy that valine residues, which are pa while the y,—y"s ions were observed at the predictett
considered to be inert for such oxidation conditions, were found

(13) The formation of valine hydroperoxides upon gamma radiolysis of
(12) Jiang, X.; Smith, J. B.; Abraham, E. @. Mass. Spectronl996 valine was reported: Fu, S.; Hick, L. A.; Sheil, M. M.; Dean, R.Ffee
31, 1309-1310. Radical Biol. Med.1995 19, 281-292.
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Figure 11. ESI-Q-TOF-MS/MS spectra of (a) the D10T2 fragmemtZ470.78, in the doubly charged state), (b) the D167 26 fragment'l (m/z
478.70, in the doubly charged state), and (c) the D161 fragment 11 (m/z478.70, in the doubly charged state). (d) Expansion of the designated

region in (c). Observed b- and'sfragments are shown in the spectra. Shown in the peptide sequences are the theoretical values of-b- and y
fragments. Observed ions are shown in bold.

values. Analysis of the'yfragment ion series thus indicated acid seemed most probable, because the amino acid analysis
that Pro60 or His61 was oxidized. Absence of tHe jon indicated the considerable loss of proline and the increase of
corresponding to the fragmentation on the N-terminal side of glutamic acid'®and the present LC-ESI-Q-TOF-MS/MS analy-
the His61 prevented the unambiguous determination of the ses revealed that the other four proline residues were intact upon
oxidized amino acid. However, conversion of Pro60 to glutamic H»O, treatment.
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D NTQGCTSAGPHENPLSK K HG°GPK of these sulfur-containing amino acids, the noncatalytic oxidation
D5T1 D5T2 D5T3 with H,O, seemed to proceed substantially under the present
(1872.84) (494.26) oxidation conditions. The distances between the sulfur atoms

of Met115, Cys6, Cysb5, Cys144, and the central copper ion is
9.25,12.68, 9.96, and 10.32 A, respectively. Therefore, it seems
generally difficult to determine whether these sulfur-containing
[D5T1+32+3H]** amino acid residues come close to the Cu-binding site from
(m/z 635.97) the oxidation experiment. However, other amino acid residues
which were oxidized upon ¥D, treatment were strictly restricted

— T within the proximity of the Cu-binding site. As anticipated, the
[D5T14+16+3H] present methodology could be readily applied to the determi-
(V2 630.61) nation of Cu-coordinated histidine residues in metalloproteins.
In the case of Cu,Zn-SOD, three out of four Cu-coordinated
histidine residues were identified as oxo-histidine having

Figure 12. Assignments of tryptic D5. Shown in parentheses is the
monoisotopic mass of each fragment.

34 2-imidazolone upon kD, treatment. Another oxidized form of
[D5T1+3H] o . o
(m/z 625.31) hl_st|d|n_e havmg dehydro-2-imidazolone has be_en _p_ropémxd,
this oxidative product was not formed to any significant extent.
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 The stereochemical arrangement of ligating amino acid residues
Time (min) and other oxidized amino acid residues are shown in Figure
Figure 13. lon chromatograms of D5T1, D5T% 16, and D5T1+ 15. Oxidation of His44 and His46 was especially remarkable.
32. All of the ion chromatograms are plotted on the same scale for The oxidation yield of His118 was far lower but still well above
each peptide and its products. those of other free histidines. The higher oxidation yield for

His44 and His46 could probably come from the bidentate nature
of the His44-Val45-His46 sequence. On the other hand, His61
coordinated to both Cu and Zn was relatively not susceptible
to H,O, oxidation, probably because of deactivation by a Lewis
acidic Zn atom. Other Zn-binding histidine residues (His69 and
His78) were not affected at all, although they are in the
proximity of the Cu-binding site. Pro60, Vall116, and Valll7,
which are not coordinated to Cu but are positioned in the close
proximity to Cu, were found to be oxidized to a considerable
extent. It is interesting to note that Vall16 is the only amino
acid residue that comes with& A around the copper ion, except
for the Cu-coordinated histidine residues. This result suggests
that the metal-catalyzed oxidation of metalloproteins could also
be utilized to elucidate noncoordinated amino acid residues in
the close proximity of the metal center with the exception of
To utilize an oxygen atom as a mass spectrometric probe for sulfur containing amino acids.
metal-binding ligands in metalloproteins, a metal-catalyzed )
oxidation of ligands must be demonstrated to be specific to a Conclusions

considerable extent. Although protein oxidation has been \We described in this paper the general methodology to
actively studied so far, it has been extremely difficult to prove determine oxidized amino acids in oxidatively damaged met-
the specific oxidation of amino acid residues around the Cu- alloproteins. In the case of Cu,Zn-SOD, three out of four
binding site. Our methodology relied on the nano-HPLC nhistidine residues coordinated to the copper ion were identified
separation/on-line ESI-Q-TOF-MS, MS/MS analysis combina- as oxo-histidines well above the noise level, demonstrating that
tion which has enabled a direct survey for a certain species onthe metal-catalyzed oxidation of amino acid ligands could be a
the basis of its mass with less than 0.1 Da accuracy. All the versatile tool for pinpointing the metal-binding site. The
peptides in chemically and enzymatically treated samples could advantage of the present methodology was highlighted by
be surveyed by molecular weight. In fact, all the peptide several new findings: (1) a dioxygenized histidine which was
fragments from Cu,Zn-SOD were identified as described in this supposed to be a histidine hydroperoxide was found to be
paper. Furthermore, the D10T1 and D10T2 fragments were formed selectively at position 46, and (2) proline (Pro60) and
successfully identified with ESI-Q-TOF-MS, MS/MS from the  valine residues (Val116 and Val117) in the close proximity of
complete mixture obtained by-B,-oxidation, endoproteinase  the copper ion were found to be oxidized uposOtitreatment.
Asp-N digestion, and trypsin digestion. Therefore, it could be The present highly sensitive mass spectrometric method com-
reliably concluded that all the possible oxidized fragments are pined with the nano-HPLC system will prove to be especially
detectable with our methodology. It should also be stressed thatpowerful for the analyses of metalloproteins of low purity and
use of ESI-Q-TOF-MS/MS allows more accurate determination |imited availability. The determination of the metal-binding site
of the position of oxidized amino acids, while ambiguity often in TIME-EA4 from Bombyxdiapause eggs will be reported as
remains in the interpretation of traditional MS/MS spectra with  a first example in near future. Dynamic aspects around a metal-
poor resolution. binding site, such as metal-insertion and displacement, in the
Utilizing nano-LC-ESI-Q-TOF-MS and MS/MS, we have context of biological events will be the next challenge.
conducted extensive investigations on oxidized Cu,Zn-SOD and . )
have obtained the following findings. The thiol, sulfide, and Experimental Section
disulfide functionality of cysteine and methionine was oxidized Instrumentation. MS and MS/MS spectra were measured utilizing
to some extent in a nonspecific manner. In the case of oxidationa Q-TOF mass spectrometer (Micromass, Manchester, UK) equipped

Finally, D1 + 32, D1+ 48, and D12T4+ 32 (one of the
tryptic peptides of the D12 32 peptide) were analyzed with
LC-ESI-Q-TOF-MS/MS. The DX 32 and D1+ 48 fragment
became apparent after,®&, treatment, while the D12+ 32
fragment was observed without®, treatment. In both cases,
cysteine residues (Cys6 and Cysl144) were identified to be
oxidized to cysteine sulfinic acid or cysteine sulfonic acid
(see Supporting Information). It is interesting to note that the
thiol functionality of cysteine was resistant to air oxidation,
but the sulfide and the disulfide functionality of methionine
and the oxidized form of cysteine was susceptible to air
oxidation.

Discussion
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D5T1
116.03 | 230.08 | 331.13 | 459.18 | 51621 | 61921 | 720.26 | 807.29 | 878.33 | 93535 | 51671 | 58524 | 65877 | 71579 | 764.32 | 820.86 | 864.38

by by by b, by bg b, by by byg by bz biz bia bys byg by
Asp Asn Thr Gin Gly Cys Thr Ser Ala Gly Pro His Phe Asn Pro Leu Ser Lys

Yy Y6 Y5 Y4 Y3 Y12 ¥4 ¥'0 Y's ¥'s ¥'7 ¥'s ¥'s Y's ¥'s Y ¥
- 87992 | 82289 | 77237 | 708.34 | 679.83 | 62833 | 577.80 | 53429 | 99653 | 93951 | 84245 | 705.39 | 558.33 | 444.28 | 34723 | 234.15 | 147.11

D5T1+32
116.08 | 230.08 | 331.13 | 459.18 | 51621 | 61921 | 72026 | 80729 | 87833 | 935.33 | 53270 | 601.23 | 67477 | 731.79 | 78031 | 83686 | 880.37
by by by by bs bs by by by by by byp bz bia bys byg by

Asp Asn Thr Gin Gly Cys Thr Ser Ala Gly Pro+32 His Phe Asn Pro Leu Ser Lys

Yz Y'ie Y5 Y'a Y3 Y12 Y11 Yo ¥ Y's ¥z ¥'s ¥'s ¥'s ¥ Y2 ¥
89591 | 83889 | 78837 | 724.34 | 69583 | 64432 | 593.80 | 55028 | 102852 | 971.49 | 84245 | 70539 | 558.33 | 44428 | 34723 | 234.15 | 147.11
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Figure 14. ESI-Q-TOF-MS/MS spectra of (a) the D5T1 fragmemi4 625.32, in the triply charged state) and (b) the D5fF B2 fragment vz
635.97, in the triply charged state). Shown in the peptide sequences are the theoretical values of fregyments. Observed ions are shown in
bold. Doubly charged ions are assigned as-b b7 and y'1o — y''17.

with a Z-spray type ESI source. All experiments were performed in uL, 62.5 mM, pH 7.2) was added a solution of hydrogen peroxide (6
the positive ion mode. Data were acquired and processed usingul, 25 mM). The solution was incubated at 3 for 30 min. Then,
MassLynx version 3.4. All samples were desalted and separated bythe oxidized sample was frozen in dry ieacetone and lyophilized
the appropriately adjusted nano-HPLC system (JASCO, Tokyo, Japan)for 3 h. To remove a trace of hydrogen peroxide, the lyophilization
before on-line ESI-MS and MS/MS analysis. Columns used were was repeated twice by adding water (20) to the reaction tube. The
Develosil C30-UG-5 (Nomura, Seto, Japan, 15 en®.3 mm i.d.) for obtained sample together with the phosphate salt was dissolved in water
the analysis of the hydrophilic D6 fragment and Develosil ODS-HG-5 (28 uL) and subjected to enzymatic digestion as described in the
(Nomura, 15 cmx 0.3 mm i.d.) for the analyses of the others. The following section. When oxidized Cu,Zn-SOD was analyzed without
columns were equilibrated with 26L of water containing 0.025% enzymatic digestion, the sample was dissolved in wateg(30from
trifluoroacetic acid at a flow rate of 18L/min and then developed which 2 uL was injected for the LC-ESI-Q-TOF-MS analysis.

using a linear gradient from 0% to 100% of acetonitrile containing General Procedure for Enzymatic and Chemical Fragmentation

0.025% trifluoroacetic acid for 40 min at a flow rate of:b/min. The of Intact and Oxidized Cu,Zn-SOD. The solution of HO,-treated
column effluent was monitored at 210 nm and then introduced into Cu,Zn-SOD in phosphate buffer or a solution of Cu,Zn-SOD (165
the electrospray nebulizer without splitting. 1050 pmol) in phosphate buffer (28., 54 mM, pH 7.2) was heated

Materials. Superoxide dismutase from bovine erythrocytes, hydrogen at about 90°C for 5 min to denature the protein. After being cooled in
peroxide (30%), disodium dihydrogen ethylenediaminetetraacetate an ice-water bath, a solution of endoproteinase Asp-N («083.0
dihydrate, DTT, acetonitrile (HPLC grade), and trifluoroacetic acid were pmol) in water (2«L) was added. The solution was incubated at3G7
purchased from Nacalai tesque (Kyoto, Japan). Endoproteinase Asp-Nfor 18 h. The enzyme was deactivated by heating the solution at about
and trypsin (sequence grade) were purchased from Roche Diagnostic®90 °C for 5 min. The obtained sample was stored-&0 °C before
(Mannheim, Germany). analysis. For LC-MS or LC-MS/MS analysis, AL or 2 uL of the

General Procedure for H;0O,-Oxidation of Cu,Zn-SOD. To a sample was utilized, respectively. For LC-MS/MS analyses of oxidized
solution of Cu,Zn-SOD (16.zg, 1050 pmol) in phosphate buffer (24  peptide fragments, 10L of the sample was injected.
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any off-line purification. Note that the reductive operation must be done
just before analysis and that the sample thus obtained cannot be used
any more after storage.

Trypsin digestion of the D5 and the D10 fragment was conducted
as follows. To the solution of endoproteinase Asp-N digested SOD
(30uL) was added a solution of trypsin (0.88, 35 pmol) in water (3
uL). After incubation at 37°C for 18 h, trypsin was deactivated by
heating the solution at about 9G for 5 min. The amount of the sample
required for analysis was exactly the same:Lifor LC-MS, 2 uL for
LC-MS/MS, and 10uL for LC-MS/MS analysis of the oxidized
fragment.
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The D5 and D12 peptide fragments, connected via the disulfide bond, D5, D10, and D12 without kD> treatment. ESI-Q-TOF-MS/
were analyzed after reductive cleavage of the disulfide bond. Thus, to MS spectra of D1, D2, D3, D5, D6, D7, D8, D9, D10, D10
an aliquot (15L) from the solution of the peptide mixture were added D11, D12, D10T1, D4 32, D1+ 48, D12T4, and D12T4
a solution of disodium dihydrogen ethylenediaminetetraacetate dihydrate32 (PDF). This material is available free of charge via the
(3 uL, 14 mM) and a solution of DTT (gL, 35 mM) successively. Internet at http:/pubs.acs.org.

The solution was incubated at 3C for 2 h; 1 uL of the obtained
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