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New oxidation products and free radicals derived from tryptophan (Trp) oxidation under
Fenton reaction conditions were identified using mass spectrometry. After the oxidation of
tryptophan using hydrogen peroxide and iron (II) system (Fenton reaction), mono- and
dihydoxy tryptophans and N-formylkynurenine were identified using electrospray mass
spectrometry (ES-MS) and ES-MS/MS. Besides these products, new products resulting from
the reaction of tryptophan and oxidized tryptophan and 3-methyl indole derivatives were also
identified. The 3-methyl indole derivatives resulted, most probably, from the oxidation process
and not from in-source processes. A dimer formed by cross-linking between two Trp radicals
(Trp-Trp), similar to the previously described tyrosine dimer was observed, as well as the
corresponding monohydroxy-dimer (Trp-Trp-OH). Tandem mass spectrometry was used to
identify the structures of these new oxidation products. Free radicals derived from tryptophan
oxidation under Fenton reaction were detected using as spin trap the DMPO. The free radical
species originated during the oxidation reaction formed stable adducts with the spin trap, and
these adducts were identified by ES-MS. New adducts of oxidized tryptophan radicals, namely
monohydroxy-tryptophan and dihydroxy-Trp dimer radicals, with one and two DMPO spin
trap molecules where identified. Tandem mass spectrometry was used to confirm the
proposed structure of the observed adducts. (J Am Soc Mass Spectrom 2003, 14, 406–416) ©
2003 American Society for Mass Spectrometry

The oxidation of proteins by free radicals is admit-
ted to play a major role in many oxidative pro-
cesses within cells. The oxidized forms of pro-

teins accumulate during aging, oxidative stress, and
several pathological conditions [1–3]. This has focused
attention on physiological and non-physiological mech-
anisms for the generation of reactive oxygen species
(ROS). Hydroxyl radical, in particular, is known to be
one of the most reactive ROS in vitro and in vivo
systems, capable of reacting with almost all constituents
of the cell, such as proteins, lipids, and nucleic acids [4].
The Fenton reaction is one of the main sources of
hydroxyl radical in biological systems, with implication
in oxidative stress and diseases [4]. The hydroxyl radi-
cal, OH�, is formed by reduction of hydrogen peroxide
with Fe(II) [4]. The other products of this reaction are
OH� and Fe(III). This reaction can be catalyzed by other
transition metals, such as copper, manganese, cobalt,
and vanadium which can be oxidized by hydrogen

peroxide, leading to the formation of the OH�. The
reaction between the hydrogen peroxide and the Fe(II)
is the first reaction of a complex process; the reaction of
these primary products with solvated molecules lead to
the formation of reactive secondary radicals by a series
of pathways [4–6].
All amino acid residues are susceptible to oxidation

by hydroxyl radical [1, 5]. Kinetic data for the reactions
of the OH radicals in aqueous solution have been
studied by pulse radiolysis, flash photolysis, and other
methods. These results have shown that the hydroxyl
radical displays selectivity in its reactions with amino
acid residues [7]. However, the relative rates of oxida-
tion of amino acids by the Fenton system, as well as the
distribution of the products formed, were found to be
significantly different from those reported for oxidation
by ionizing radiation [5]. The products formed in the
oxidation of amino acids have not been fully character-
ized [8]. This is probably as a consequence of the fact
that hydroxyl radical can react with amino acids at
different sites, either in the � carbon or in the side chain
of the amino acid, leading to a diversity of products [8].
Recent results published by Goshe et al. [9] proved that
the reactivity of any amino acid is not significantly
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altered by being incorporated into a peptide, that the
�-hydrogen is not the primary site of reaction of the
hydroxyl radical, and that oxidation of side chains
occur frequently. Also, it is recognized that aromatic
residues are among the preferred targets for ROS attack.
Radicals are formed during oxidation of amino acids,

peptides, and proteins by the hydroxyl radical [10].
These species can propagate the oxidative reaction,
since they can oxidize other species [11]. The detection
and identification of these species is a very difficult task
since radicals are very reactive and, in consequence, are
very short lived species. Spin trapping agents have been
used as free radical interceptors in the study of radicals
because they form stable adducts with radicals which
are suitable for analysis by electron paramagnetic reso-
nance, EPR [12]. The structural information given by
this technique is limited, so there is a need for new
techniques that provide more information about the
origin and location of radical. Recently, it has been
shown that mass spectrometry is a suitable technique to
detect the stable adducts formed by radicals and spin
adducts of DMPO [13–15], POBN [16, 17], and other
[18–20] spin traps. NMR has also been used in deter-
mining the sites of reaction of the hydroxyl radical and
in identifying the oxidation products [21, 22].
Tryptophan oxidation by hydroxyl radical formed

either by Fenton reaction or radiolysis has already been
studied [23–25]. However, none of these studies in-
cluded a complete characterization of the oxidation
products. These studies have identified the principal
oxidation products of Trp, 2-, 4-, 5-, 6-, 7-hydroxyl
derivatives and N-formylkynurenine, and some other
less representative species. Several other observed oxi-
dation products haven’t been identified by the methods
used in the monitoring of these reactions, specially
when UV or fluorescence were used to detect and
identify the final products of oxidation [23, 25]. To our
knowledge, the detection of tryptophan radicals formed
by oxidation reactions, other than in proteins using MS,
has not been reported. Some studies reported the ob-
servation of tryptophan centered radicals using spin
traps and ESR [14, 26] or absorbance spectra [27]. The
purpose of the present study was to identify oxidation
products and radicals formed during oxidation of the
tryptophan by hydrogen peroxide, in a Fenton reaction
system, in hydrogencarbonate buffer, pH 7.4, similar to
physiological conditions. Both pH [28] and hydrogen-
carbonate [8] seem to be important factors in amino acid
oxidation by Fenton reaction. The detection and identi-
fication of oxidized species of tryptophan formed under
Fenton reaction conditions was done by mass spectro-
metry using electrospray (ES) as ionization method. The
radical species formed in these conditions were de-
tected as DMPO adducts by mass spectrometry. Tan-
dem mass spectrometry was used to confirm the struc-
tures of the observed species.

Experimental

Amino acid oxidations were performed by adding the
tryptophan solution (5 mM), hydrogen peroxide (25
mM) and FeCl2 (0.1mM) in ammonium hydrogencar-
bonate buffer (pH 7.4). The systems were left to react at
37° C for different periods of time. Spin trapping exper-
iments were performed by adding the DMPO (5 mM) at
the beginning of the oxidation reaction and letting the
system react for at least 1 hour at 37° C. The reactions
were monitored by ES-MS and the new oxidized species
and spin trap radical adducts were analyzed by tandem
mass spectrometry.
Electrospray mass spectra and tandem mass spectra

were acquired with a Q-TOF 2 (Micromass, Manchester,
UK). The instrument resolution was set at 9500 (50%
peak valley). The capillary needle voltage was 3 KV and
the source temperature was maintained at 150° C. Ni-
trogen was used as nebulizer gas and argon was used as
collision gas. Cone voltage was at 35 V for MS and
MS/MS. Collision induced decomposition mass spectra
(MS/MS) were acquired by selecting the desired ion
with the quadrupole section of the mass spectrometer,
and colliding it in the collision cell with argon gas
(measured pressure in the penning gauge �6 � 10�6

mBar) using a collision energy of 20–25 eV. The result-
ing product ions were determined by the TOF analyzer.
Data acquisition was carried out with a Micromass
MassLynx 3.4 data system.
As solvent system we have used water:methanol:

acetic acid 50:50:0.1%. The initial reaction solution was
diluted 100-fold with the solvent system prior to the
injection in the electrospray source. These sample solu-
tions were introduced into the electrospray source at a
flow rate of 5 �l/min. The methanol used was HPLC
grade (Riedel-deHaë, Germany).

Results and Discussion

Oxidation of tryptophan (Trp) by the hydroxyl radical
produced by the Fenton reaction was studied. The
reaction was monitored by electrospray MS. In Figure 1,
the mass spectra of Trp obtained under oxidative (Fig-
ure 1a) and non-oxidative (Figure 1b) conditions are
presented. In both spectra, ions of m/z 205 and 227,
corresponding to the [M � H]� and to the sodium
adduct [M � Na]� of Trp, respectively, were observed.
After oxidation, new ions were observed in the mass
spectra indicating that oxidation of tryptophan has
occurred and new species have been formed. Compar-
ing the low mass region of spectra (Figure 1a and b), it
is possible to observe, in the spectrum of tryptophan
after oxidation (Figure 1a1), the formation of an ion of
m/z 221 corresponding to hydroxytryptophan, and an
ion of m/z 237 corresponding to dihydroxytryptophan
and/or the isomeric N-formylkynurenine. These are
well known products of oxidation of this amino acid [8,
23, 24]. The hydroxylation of tryptophan occurs in
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different positions of the molecule yielding the several
possible isomers 2, 4, 5, 6, or 7-hydroxytryptophan [23].
Another oxidation product of tryptophan was ob-

served of m/z 203, which probably arises because of the

formation of a double bond between carbon � and the
adjacent carbon � (Scheme 1). This structure was pro-
posed based on the MS/MS data of the ion of m/z 203,
(showing the fragment ions of m/z 185, formed because

Scheme 1. Proposed structure and fragmentation pathways for the ion of m/z 203.

Figure 1. ES mass spectra of tryptophan (a) under oxidative Fenton reaction conditions [(a1) low
mass region and (a2) high mass region] and (b) under non oxidative conditions [(b1) low mass region
and (b2) high mass region].
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of the loss of water and ions of m/z 157 and 130), and
that the �-� unstauration formed as a result of the
oxidative process will be in conjugation with the aro-
matic system of the indole ring, forming a stable struc-
ture. In the interpretation of the fragmentation observed
in the MS/MS spectrum it was considered the fragmen-
tation of the ion with the structure proposed in Scheme
1. The proposed fragmentation patterns are based on
the occurrence of rearrangement with hydrogen migra-
tion in the precursor ion. In low energy collision in-
duced dissociation, rearrangement of the precursor ion
between collisions can occur [29]. Also, product ions
may actually represent a more stable isomer of the
corresponding substructure in the original molecule
[30].
After oxidation, other unreported ions were detected

in the high-mass region of the ES mass spectrum of m/z
334, 332, 350, 348, 364, 366, 407, and 423 (Figure 1a2).
The collision induced fragmentation of these ions was
studied to obtained information about the composition
of these ions and some structures are proposed. These
ions have not been previously identified as oxidation
products of tryptophan.
The ion of m/z 334 is, most probably, an adduct of

tryptophan with 3-methyl indole, according to the pro-
posed structures presented in Scheme 2. The ion of m/z
332 is the corresponding oxidized form of this adduct
with a double bond between the �-� carbons of the
tryptophan molecule, as it is represented in Scheme 2.
This scheme represents the adducts 6-(3-methyl indole)
tryptophan, however it is possible that the other iso-
mers where the 3-methylindole is linked to the 2- 3-, 4-,
5-, 7-carbons of the tryptophan, similarly to the differ-

ent hydroxylation positions in the tryptophan, are also
present. This comment should be considered also for
the proposed structure of the other new adducts iden-
tified and will be addressed in the text.
These proposed structures in Scheme 2 are based on

the ES-MS/MS spectra of both ions. The ES-MS/MS
spectra of the ion of m/z 334 (Figure 2) showed an
abundant fragment ion of m/z 205, corresponding to the
base peak, which indicate that the tryptophan group is
present in the structure of this ion. No ions correspond-
ing to mono- or dihydroxytryptophan were observed.
Another abundant ion of m/z 130 with a relative abun-
dance of 98% was observed. This ion was attributed to
the 3-methyleno-indole as is represented in Scheme 3.
We considered the hypothesis that this ion could be

due to the fragmentation of the tryptophan moiety.
However, since this ion appeared in the ES-MS/MS
spectrum of the [M�H]� ion of tryptophan with a very
low relative abundance of less than 5% (data not
shown), this hypothesis, although plausible, seems not
to be valid. These data are consistent with the structure
of this ion as the 3-methyl indole moiety and that it
should be linked to the tryptophan moiety, validating
the proposed structure. Another feature that allowed
the confirmation of the proposed structure is the con-
cordance between observed mass in the ES-MS spec-
trum and the calculated exact mass for this ion
(334.1555 for the measured mass, �0.2 ppm), since the
values obtained with the instrument Q-TOF 2 are char-
acterized by high accuracy. Similar accuracy in the
results was obtained for daughter ions.
The ion of m/z 332 corresponds to a similar structure

of the ion of m/z 334, with the tryptophan in its oxidized

Scheme 2. Proposed structures for the ions of m/z 334 and 332.

Figure 2. ES-MS/MS spectrum of the ion of m/z 334.
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form with a double bond between the � and � carbons
(Scheme 2). This structure was proposed considering
that in the ES-MS/MS spectrum of the ion of m/z 332
(Figure 3) the major fragment ion corresponded to the
ion ofm/z 203. In this spectrum, the ion ofm/z 130 is also
observed, confirming the presence of the 3-methyl-
indole group. These adducts have not been previously
identified as products of oxidation of tryptophan.
The ions of m/z 350 and 366 are 16 and 32 mass units

higher than the ion of m/z 334 (Scheme 4). In accordance
with the proposed structures for the ions of m/z 334, the
ions of m/z 350 and 366 correspond to the mono- and
dihydroxy derivatives of the ion ofm/z 334. The location
of the hydroxyl groups should be discussed since they
could be linked either to the tryptophan or the indole
moieties, or in both moieties, in the case of the dihy-
droxy derivative. Analyzing the MS/MS spectrum of
the ion of m/z 350 (Figure 4), a major ion of m/z 221
corresponding to the monohydroxytryptophan (relative
abundance of 85%) is observed indicating that the
hydroxyl is linked to the tryptophan. The ion of m/z 130
was also observed. However, an ion corresponding to
the hydroxy-methylene-indole derivative of m/z 146
was also observed, although with a significantly smaller
relative abundance (�10%). The presence of this ion
(m/z 146) indicates that hydroxylation of both the tryp-
tophan and methyl-indole moieties contribute to the ion
of m/z 350. In this ES-MS/MS spectrum (Figure 4) the
major ion ofm/z 175 is attributable to the loss of HCO2H
from the hydroxyl tryptophan (m/z 221) (data not
shown).
After analysis of the MS/MS spectrum of the dihy-

droxy derivative, m/z 366 (Figure 5), several isomers
were suspected to contribute to this ion. The observa-
tion of the ion of m/z 237 in the MS/MS spectrum
confirms that the tryptophan group is doubly oxidized
with two hydroxyl groups (Scheme 5, Structure B). On
the other hand, the ions of m/z 221 and 146 indicated
that the two hydroxyl groups could be linked one to
each tryptophan and the methyl-indole moieties of the
molecule. The contribution of N-formylkynurenine, an
isomer of the dihydroxy tryptophan, should be consid-
ered in the proposed structure of these adducts as
shown in Schemes 4 and 5 (Structure A). The formation
of low abundance ions ofm/z 322 and 321 in the MS/MS
spectrum of the ion of m/z 366 can be attributed to the
elimination of NHCHO and HNHCHO, respectively,
consistent with a minor contribution from this isomer
(Scheme 5, Structure A,) to the adduct of m/z 366. The
three possible structures for this adduct and their main
fragmentation pathways are shown in Scheme 5.
The fragmentation of the ion of m/z 366 leads also to

other abundant ions such as the ion of m/z 348, formed
because of the loss of H2O, the ion of m/z 331 because of
the loss of H2O and OH, and the ion of m/z 317 that
seems to be due to the loss of O2 and OH (Scheme 5). A
fragment ion of m/z 333 is also observed, formed
probably by the loss of OOH. These last two fragmen-
tations suggest that a hydroperoxide, represented in
Structure C of Scheme 5, was also formed during the
oxidation process.
The other previously unreported oxidation products

observed in Figure 1a are of m/z 348 and 364, the �-�
unsaturated derivatives of the adducts of methylindole

Scheme 3. Proposed fragmentation pathway of the ion of m/z 334 that originates the fragment ion of
m/z 130.

Figure 3. ES-MS/MS spectrum of the ion of m/z 332.
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with HO-Trp (m/z 350) and methylindole with (HO)2-
Trp (m/z 366), respectively, (Scheme 4). In the ES-
MS/MS spectrum of the ion of m/z 348, the major
fragment ions are the ions of m/z 203 and the ions of m/z
130 and 146, with a relative abundance of approxi-
mately 10%. The MS/MS spectrum of the ion of m/z 364
shows a fragment ion of m/z 203 with a relative abun-
dance of approximately 20% and fragment ions of m/z
130 and 146 with a relative abundance of approximately
10%. In this spectrum the major fragment ion is the ion
of m/z 336, formed by to the loss of CO. This loss is
evidence for the presence of a contribution of an isomer
of N-formylkynurenine with unsaturation between the
� and � carbons, also to the ion of m/z 364.
The formation of the adducts of m/z 332, 334, 348,

350, 364, and 366 probably occurs in solution by reac-
tion of 3-methylene-indole with tryptophan or hy-
droxytryptophan. In fact, a new ion of m/z 130 (3-
methylene-indole) is observed in the ES-MS spectrum
of the tryptophan solution after oxidation (Figure 1a).
A bis adduct of tryptophan, Trp-Trp, was observed

of m/z 407. This specie is probably formed via a radical–
radical reaction, by a process similar to the formation of
bis-tyrosine, a well known major product of tyrosine
oxidation, which is formed by cross-linking two ty-

rosine radicals [8]. The same process seems to occur
with tryptophan, since Mason and coworkers [31] and
Minetti and coworkers [26] demonstrated the formation
of tryptophan centred radical in proteins under oxida-
tive conditions. Also, formation of a dimer and poly-
mers of tryptophan under oxidative conditions was
mentioned by Maskos et al. [23], although the com-
pounds structures were not identified. The formation of
the dimer cross-linking Trp-Trp should occur between
two Trp radicals, probably at the C3 carbon [26] or C6
carbon [31] of the indole ring, as inferred previously.
However, linkage between other positions, such as C2,
C4, C5, or C7 carbons of the indole ring should not be
excluded. The formation of the dimer was confirmed
based on the ES-MS/MS mass spectrum of the ion of
m/z 407, which shows a fragment ion of m/z 203 (see
Scheme 1) as the second most abundant ion with a
relative abundance (RA) of approximately 90%. The
major ion of the spectrum was the ion of m/z 390,
formed due to the loss of OH or NH3.
The hydroxy dimer Trp-Trp-OH, corresponding to

the ion of m/z 423, was also formed during oxidation by
Fenton reaction. The formation of this specie could be
due to cross-linking between tryptophan and hy-
droxytryptophan or due to the hydroxylation of the

Scheme 4. Proposed structures for the ions of m/z 350, 348, 366 and 364.

Figure 4. ES-MS/MS spectrum of the ion of m/z 350.
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Figure 5. ES-MS/MS spectrum of the ion of m/z 366.

Scheme 5. Proposed structures for the ions of m/z 366 and correspondent fragmentation path-
ways.
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dimer Trp-Trp. This structure was confirmed from the
ES-MS/MS spectrum based on the observation of an ion
of m/z 203 (RA 30%) and an ion of m/z 219 (RA 30%)
corresponding to the oxidized hydroxytryptophan.
The formation of radical species during the oxidation

reaction was detected by using a spin trap, DMPO. The
spin trap was added to the reaction mixture and after a
period of time the reaction was monitored by ES-MS.
Radicals are very unstable species, but in the presence
of spin traps they form a stable adduct with the trap.
Previous work has shown that mass spectrometry is a
good method to detect the stable adducts of DMPO
with hydroxyl radicals [15]. Following the same meth-
odology, new adducts of DMPO and radical species
resulting from tryptophan oxidation under Fenton re-

action conditions were detected and identified by mass
spectrometry. As can be seen in Figure 6 that compares
the ES mass spectra after the oxidation of tryptophan
under Fenton conditions, Figure 6a in the presence of
DMPO and Figure 6b without DMPO, new ions can be
observed. ES-MS/MS mass spectra of these ions were
obtained in order to define the structure of these
adducts of spin.
New ions were observed of m/z 356, 383, 385, and

469. The ions of m/z 394 and 438 were observed in a
control reaction of DMPO, H2O2, and Fe(II) in bicarbon-
ate buffer, so they are not spin adducts of DMPO with
tryptophan. The ion of m/z 356 corresponds to the [M �
Na]� of the spin adduct of hydroxyl-tryptophan with
DMPO, and the proposed structure is represented in

Scheme 6. Proposed structure for the spin adduct of m/z 356 and correspondingfragment ions.

Figure 6. ES mass spectra of the oxidation of tryptophan by Fenton reaction (a) in the presence of
DMPO and (b) in absence of DMPO.
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Scheme 6. This structure shows 7-hydroxytryptophan,
but the oxygen can be linked to the other possible
positions at C2, C4, C5, and C6. This consideration
should be extended to the other radical adducts that
will be referred to below. The protonated molecule of
this spin adduct corresponds to the ion of m/z 334, the
same m/z as the previously discussed oxidized form of
tryptophan, so it could not be assigned.
The MS/MS spectrum of the ion of m/z 356 (Figure 7

shows an ion of m/z 114, attributed to [DMPO � H]�.
The ion of m/z 130 can be attributed to the protonated
molecule of hydroxyl-DMPO [15] that resulted from the
cleavage of the spin adduct of HO-Trp with DMPO.
Also, an abundant ion of m/z 243 formed by the loss of
the DMPO (loss of 113 Da) confirms the presence of an
DMPO adduct. The ion of m/z 243 corresponds to the
sodium adduct of hydroxytryptophan. This is consis-
tent with the sodium ion complexed either to the
tryptophan moiety or to the DMPO molecule.
Analyzing the ES-MS/MS spectrum of the DMPO

adduct of m/z 356, we found that it was possible to
attribute two possible structures for this adduct of
DMPO and the monohydroxy-tryptophan, as it can be
seen in Scheme 6. The ion of m/z 130 (the hydroxyl-
DMPO) suggests that the DMPO molecule is linked to
the hydroxyl oxygen, so the radical is centered in the
oxygen (Scheme 6, Structure A). However, the ions of
m/z 261 and 279 are only rationalized considering that
the radical is centered in a carbon, and that the DMPO
is linked to the carbon centered radical (Scheme 6,
Structure B). This is in accordance with the previously
observed Trp-Trp dimer in oxidative conditions, similar
to the Tyr-Tyr dimer that presupposes the formation of
a carbon centered radical.
In the spectrum of the reaction with DMPO present

(Figure 6a), all the DMPO adducts of oxidized trypto-
phan were identified as sodium adducts. It is interest-
ing to note that the spin adducts were observed under
ES-MS as sodium adducts rather than protonated mol-
ecules. No explanation was found for this observation,

Figure 7. ES-MS/MS spectrum of the spin adduct of m/z 356.

Scheme 7. Proposed structure for the spin adduct of m/z 469 and corresponding fragment ions.

414 DOMINGUES ET AL. J Am Soc Mass Spectrom 2003, 14, 406–416



although the sodium adducts of both tryptophan and
monohydroxytryptophan of m/z 227 and 243 respec-
tively, and also the sodium adduct of DMPO of m/z 136
(data not shown) were observed in the ES-MS spectra.
However these ions were of low abundance relative to
the corresponding protonated molecules.
The ion of m/z 469 corresponds to a bis adduct of two

molecules of DMPO with a hydroxyl-tryptophan as it is
shown in Scheme 7. Although in the ES-MS spectrum of
the reaction of Trp without DMPO (Figure 6b) we were
able to detect a low abundance ion of m/z 469.1, the new
ion observed in Figure 6a (after oxidation in presence of
DMPO) has anm/z of 469.22, which is in accord with the
calculated mass for the proposed structure, 469.24
(C23H34N4NaO5

�). The ES-MS/MS spectrum of this ion
(Figure 8) shows as the major fragment ion the ion of
m/z 356, formed by elimination of one molecule of
DMPO. An ion of m/z 243 is also observed with relative
abundance of approximately 20%, which confirm the
presence of the sodium adduct of the HO-Trp.
The adduct of m/z 469 should have one DMPO

molecule linked to a carbon centered radical and the
other DMPO molecule linked to an oxygen centred
radical, as it is shown in Scheme 7. Another fragmen-
tation pathway of the adduct ion of m/z 469 leads to the
formation of the ion of m/z 374. This fragment ion is
probably formed by combined elimination of H2O and
HO2CCH2NH2 followed by elimination of two hydro-
gen radicals, as proposed in Scheme 7. The elimination
of two hydrogen radicals from the DMPO moieties
leads to the formation of an intramolecular seven mem-
bered ring, which suggests that DMPO molecules are
present in this structure in positions in the vicinity. The
intramolecular seven-membered ring is a structure
which is similar to previously proposed adducts
formed between two and three DMPO with radical
hydroxyl [15].
The ions of m/z 483 and 485 correspond to the bis

adduct of two molecules of DMPO with the dihy-
droxytryptophan, shown in Scheme 8. The spin adduct
of m/z 483 corresponds to the �-� unsaturated form of
the bis adduct, of m/z 485.
The structures of these ions were corroborated by the

ES-MS/MS spectra. In the ES-MS/MS spectrum of the
ion ofm/z 483, we were able to see a major ion ofm/z 370
(RA 70%) formed due to the loss of 113 that corresponds
to the loss of a DMPO molecule. Another fragment ion
was observed of m/z 257 formed due to the loss of
another molecule of DMPO. This ion of m/z 257 corre-
sponds to a sodium adduct of �-� unsaturated dihy-
droxytryptophan. The ES-MS/MS spectrum of the ion
of m/z 385 showed a major ion of m/z 372 (RA 100%)
formed due to the loss of 113 Da which corresponds to
a molecule of DMPO, and also loss of 129, correspond-
ing to loss of an hydroxyl-DMPO molecule, with for-
mation of the ion of m/z 356 (Scheme 6).

Conclusion

Mass spectrometry proved to be a valuable tool in the
identification of new oxidation products of tryptophan
formed by Fenton reaction and in the detection of
tryptophan oxidation radicals species, using ES as the
ionization method. We have identified, using this direct
approach, the well known mono- and dihydoxytrypto-
phans and N-formylkynurenine, the Trp-Trp dimer and
new oxidized species, new products resulting from the
reaction of tryptophan and oxidized tryptophan with
3-methyl indole derivatives. The monohydroxytrypto-
phan dimer (Trp-Trp-OH) was also found to be formed
under these oxidative conditions. Using DMPO as a spin
trap and analyzing the oxidation products using ES-MS
and ES-MS/MS, we were able to identify spin adducts,
namely monohydroxyl-tryptophan, with one and two

Figure 8. ES-MS/MS spectrum of the spin adduct of m/z 469.

Scheme 8. Proposed structures for the spin adducts of m/z 485
and 483.
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spin trap DMPO molecule and dihydroxytryptophan and
dihydroxytryptophan �-� unsaturated with two DMPO
spin trap molecules. DMPO was found to be linked with
oxygen radicals and/or carbon centered radicals.
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