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cFaculté de Sciences Pharmaceutiques et Bio

France
dInstituto de Nutrición y Tecnoloǵıa de los
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, peptide and protein tryptophan
residues mediated by AAPH-derived free radicals:
role of alkoxyl and peroxyl radicals

E. Fuentes-Lemus,a E. Dorta,a E. Escobar,a A. Aspée,b E. Pino,b M. L. Abasq,c

H. Speisky,d E. Silva,e E. Lissi,b M. J. Daviesf and C. López-Alarcón*a

The oxidation of tryptophan (Trp) residues, mediated by peroxyl radicals (ROOc), follows a complex

mechanism involving free radical intermediates, and short chain reactions. The reactivity of Trp towards

ROOc should be strongly affected by its inclusion in peptides and proteins. To examine the latter, we

investigated (by fluorescence) the kinetic of the consumption of free, peptide- and protein-Trp residues

towards AAPH (2,20-azobis(2-amidinopropane)dihydrochloride)-derived free radicals. Interestingly, the

initial consumption rates (Ri) were only slightly influenced by the inclusion of Trp in small peptides and

proteins (human serum albumin and human superoxide dismutase). Depending on the Trp

concentration, the Ri versus Trp concentration ([Trp]) plots showed three regions. At low Trp

concentrations (1–10 mM), a linear dependence was observed between Ri and [Trp]; at intermediate Trp

concentrations (10–50 mM), the values of Ri were nearly constant; and at high Trp concentrations (50 mM

to 1 mM), a slower increase of Ri than expected for chain reactions. Similar behavior was detected for all

three systems (free Trp, and Trp in peptides and proteins). For the first time we are showing that alkoxyl

radicals, formed from self-reaction of ROOc, are responsible of the Trp oxidation at low concentrations,

while at high Trp concentrations, a mixture of peroxyl and alkoxyl radicals are involved in the oxidation

of Trp residues.
1. Introduction

Tryptophan (Trp) residues are known to be susceptible to
oxidation by reactive oxygen species (ROS), and in particular, by
peroxyl radicals (ROOc).1–3 Oxidation by radicals involves the
initial abstraction of a hydrogen atom from position 1 on the
indole ring of Trp, to generate a tryptophanyl (indolyl) radical
(Trpc). Although a low rate constant has been reported for
reaction of Trpc with O2,4 this process appears to be a major fate
of this radical, with this yielding a tryptophanyl-peroxyl radical
(Trp-OOc).5 The latter species can react with another Trp
molecule via a hydrogen-atom abstraction reaction generating
a Trp hydroperoxide, which could produce either a hexahy-
dropyrroloindole or an endoperoxide derivative.5 As multiple
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different reaction pathways appear to occur on reaction of ROOc
with Trp, it is not surprising that multiple products have
been identied, including hydroperoxides, alcohols, N-for-
mylkynurenine (NFKyn) and kynurenine (Kyn).5–7

The kinetics of Trp oxidation have been examined in several
studies and conicting data have been reported under different
experimental conditions, and with a range of different ROS.5–9

Friedman and Cuq reported that Trp is stable in aqueous
solutions at room temperature.6 However, at high temperatures
(100 �C), and in the presence of oxygen or air, autoxidation was
observed. This followed a rst kinetic order limit with kinetic
rate constants of �10 � 103 h�1.6 The mechanism of Trp
autoxidation has been reported to resemble that for oxidation
of Trp by ROS (i.e. involving Trpc and Trp-OOc).5,6 In other
studies, Krogull and coworkers observed that Trp is readily
consumed in the presence of oxidizing methyl linoleate,7 with
the consumption rate being dependent on the pH, ionic
strength, and the presence of metal ions.7 Interestingly, when
compared with free Trp, the rate of Trp consumption increased
when this amino acid was present in the form of the tripeptide
Gly–Trp–Gly.7

As azocompounds decompose during aerobic thermolysis to
yield ROOc at a constant and known rate, these derivatives have
been widely employed as source of model ROOc.10 Several
groups have employed AAPH (2,20-azobis(2-amidinopropane)
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra12859a&domain=pdf&date_stamp=2016-06-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra12859a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA006063


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

01
6.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
25

 1
:2

7:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
dihydrochloride) as a ROOc source for studies on the oxidation
of free, peptide, and protein Trp residues.11–19 In proteins, Trp
residues have been reported to be critical targets, whose
secondary reactions can result in modication of further amino
acids and/or fragmentation and oligomerization of the
protein.18 Aspee and Lissi5 provided evidence showing that the
incubation of free Trp with AAPH resulted in light emission
through a process in which the reaction of intermediates with
peroxyl radicals is involved.5 Such reaction has also been
implicated in the chemiluminescence observed from proteins
when they are exposed to AAPH.12 The decrease of the catalytic
activity of lysozyme by ROOc has been related to the oxidation of
Trp residues.16 Interestingly, the dependence of the initial
consumption rate of Trp residues with their initial concentra-
tion showed a S-shape behavior, which was attributed to the
presence of short chain reactions at high lysozyme concentra-
tions.16 Moreover, the addition of free Trp to solutions con-
taining lysozyme and AAPH clearly inhibited enzyme
inactivation induced by ROOc, indicating that free Trp can act as
a scavenger of these radicals.16 Inhibition of the oxidation of 5-
aminosalycilic acid and erythrocytes by free, and peptide-bound
Trp has also been proposed to be due to the capacity of Trp to
scavenge such radicals.17,20

As tyrosine,21 the oxidation of Trp mediated by reactive
species is likely to be inuenced by multiple factors, including
the incorporation of this residue into peptides or proteins. In
fact, the local protein environment has shown to modulate the
rate constant for the reaction between Trp and oxygen singlet.22

However, towards ROOc, only a few studies have been published
comparing the reactivity of free, peptide and protein-
incorporated Trp residues. In addition, and in spite of the
popularity of the use of AAPH as free radical source, only a few
studies have considered the formation and reactions of alkoxyl
radicals (ROc), which can be formed from self-reaction of two
ROOc.23,24 As ROc are considerably more reactive than ROOc, the
production of these species – even at low levels –may modulate
the rate of Trp consumption signicantly.

In the present study we have undertaken experiments to
investigate the kinetics of oxidation of free, peptide, and
protein Trp residues by AAPH-derived free radicals. Di- and
tripeptides, as well as proteins with a single Trp residue
(human superoxide dismutase (hSOD) and human serum
albumin (HSA)) were exposed to AAPH and the consumption of
Trp residues followed by use of uorescence spectroscopy. The
results obtained indicate that the inclusion of Trp in small
peptides or proteins only has minor inuences on the kinetic
behavior of Trp oxidation, however analysis of the kinetic data
shows that at low Trp concentrations, the formation and
reactions of ROc need to be considered when AAPH is
employed as a free radical source. The latter is the rst report
showing that during the oxidation of Trp, depending on the
experimental conditions, AAPH can give rise not just to ROOc,
but also to ROc. Since the reactivity of ROc is signicantly
greater than that of ROOc, only at high Trp concentrations
does the reaction with ROOc start to become dominant. This is
a particularly relevant and novel nding given the widespread
use of AAPH a presumptive source of ROOc.
This journal is © The Royal Society of Chemistry 2016
2. Material and methods
2.1 Reagents

Alanine (Ala), glycine (Gly), 2,20-azobis(2-amidinopropane)
dihydrochloride (AAPH), Chelex resin, human serum albumin
(HSA), Trp and N-acetyl-Trp (N-acetyl-Trp) were supplied by
Sigma-Aldrich (St Louis, MO, USA). Trp methyl ester (Trp-
COOMe) was purchased from AK Scientic Inc. (Union City,
USA). The peptides: Gly–Trp, Trp–Gly, Gly–Trp–Gly, Trp–Ala,
and Ala–Trp–Ala were obtained from Bachem (Bubendorf,
Switzerland). All compounds were employed as received. Formic
acid and methanol were HPLC grade and supplied by Merck
(Darmstad, Germany). In all experiments ultrapure water (Milli-
Q) was employed. Solutions were pretreated with Chelex resin
for 24 h to remove contaminating trace metal ions before use.
Human superoxide dismutase (hSOD) was obtained by the
procedure described by Álvarez and collaborators.25 Protein
concentrations (typically �0.3 mg mL�1) were determined by
the BCA (bicinchoninic acid) assay, using bovine serum
albumin as a standard.26
2.2 Solutions

Stock solutions of free Trp, dipeptides and proteins were
prepared daily in phosphate buffer (75 mM, pH 7.4) at
concentrations between 100 mM and 2 mM. Stock solutions of
tripeptides (2 mM) were daily prepared in a mixture of phos-
phate buffer (75 mM, pH 7.4) and acetic acid in an 80/20 ratio.
The stock solutions of AAPH (0.6 M) were prepared daily in
phosphate buffer.
2.3 Fluorescence studies

The kinetic prole of free, peptide, and protein Trp residue
consumption induced by AAPH-derived radicals was assessed
by uorescence spectroscopy. A reactionmixture containing Trp
(5 mM to 1 mM) with AAPH (6 mM) was incubated in phosphate
buffer 75 mM, pH 7.4 at 45 �C. Oxygen consumption experi-
ments indicated that the rate of AAPH decomposition (to give
ROOc) was 2.4 mM min�1 under these reaction conditions (data
not shown). Trp consumption was evaluated from the progres-
sive decrease of the uorescence intensity at 360 nm (lex ¼
295 nm). Fluorescence measurements were carried out using
a Perkin Elmer LS-55 spectrouorimeter (Beaconseld, UK). No
changes in the shape of the Trp uorescence spectrum were
observed during the incubation of solutions containing Trp and
AAPH (data not shown).
2.4 Electrochemical studies

Cyclic voltammograms of free Trp and peptides (500 mM to
2 mM) were recorded in 100 mM phosphate buffer, pH 7.4 in an
Autolab electrochemical working station (PGSTAT 302N) using
a three-electrode conguration. A glassy carbon and a platinum
wire were employed as working and auxiliary electrodes,
respectively. All potentials were measured and reported against
an Ag/AgCl/KClsat reference electrode, provided by Methrom.
RSC Adv., 2016, 6, 57948–57955 | 57949
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Fig. 2 Dependence of the initial consumption rate (Ri) of free Trp (Ο)
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3. Results
3.1 Fluorescence studies

To study the kinetics of the reaction between Trp and AAPH-
derived free radicals, solutions containing AAPH (6 mM) and
Trp (5 mM to 1 mM) were incubated in phosphate buffer (75
mM, pH 7.4) at 45 �C. The uorescence intensity (lex ¼ 295 nm;
lem ¼ 360 nm) of such solutions was measured for 30 min or
longer. As shown in Fig. 1, a signicant decrease in the uo-
rescence intensity of free Trp was observed in the presence of
AAPH. When the concentration of Trp was 5 mM, the uores-
cence intensity reached 0.2 (from an initial normalized value of
1) aer 20 min incubation, implying loss of 80% of the initial
Trp concentration. Aer the same incubation time, but with the
highest Trp concentration employed (1 mM), the uorescence
intensity only reached a (normalized) value of 0.9. Fig. 1 also
shows the kinetic prole of consumption of Trp residues
present in the dipeptide Gly–Trp on reaction with radicals from
thermolysis of AAPH. At 5 mM, the initial consumption rate (Ri)
of Gly–Trp was twice that seen with free Trp, with a normalised
uorescence intensity of 0.06 aer 20 min incubation. In
contrast with the highest concentration studied (1 mM), both
derivatives (Trp and Gly–Trp) showed similar values of Ri. The
dependence of the Ri values with the initial concentration of
free Trp and Gly–Trp is presented in Fig. 2. As shown in Fig. 2A,
at concentrations of 10 mM of lower, the Ri values were depen-
dent on the initial concentration of both substrates. At 5 mM, Ri

values of 0.32 and 0.65 mM min�1 were determined for free Trp
and Gly–Trp, respectively, consistent with a two-fold faster rate
of consumption of Trp in Gly–Trp compared to the free amino
acid. However at concentrations of 10 mM or greater, the
dependence between Ri values and the initial Trp concentration
showed a near-plateau with only a small gradient. At 50 mM, Ri

values of 0.82 and 1.25 mM min�1 were calculated for Trp and
Fig. 1 Kinetic profiles of Trp and Gly–Trp consumption mediated by
AAPH-derived free radicals. Solutions of Gly–Trp at 5 mM (,) and free
Trp at 5 mM (B), and 1 mM (>) were incubated in the presence of
AAPH (6 mM) in phosphate buffer at 45 �C. Trp consumption was
followed by fluorescence emission at 360 nm (lex ¼ 295 nm). The
kinetic profiles of Gly–Trp at 1 mM concentration showed the same
behaviour that free Trp. In order to simplify the plot, the Gly–Trp
profile (1 mM) was not included in this figure.

and Gly–Trp (,) with their initial concentration. Graphic (A) plot in the
range of 1 and 50 mM, and graphic (B) between 100 and 1000 mM.
[AAPH] ¼ 6 mM, t� ¼ 45 �C.

57950 | RSC Adv., 2016, 6, 57948–57955
Gly–Trp, respectively. However for concentrations between 100
mM and 1 mM a linear dependence of Ri values with the initial
Trp concentration was evident (Fig. 2B). For free Trp, linear
regression of this behaviour showed an intercept of 0.321
(mM min�1) and a slope of 0.0064 min�1 (r2 ¼ 0.99). In the case
of Gly–Trp, the linear regression showed an intercept of 0.933
(mM min�1) and a slope of 0.0065 min�1 (r2 ¼ 0.95). Interest-
ingly, between 100 mM and 1 mM, similar values of Ri were
determined for Trp and Gly–Trp. In fact, at the highest initial
concentration studied (1 mM) Ri values of 6.8 and 7.7 mMmin�1

were estimated for Trp and Gly–Trp, respectively, indicating
that Gly–Trp was consumed only 1.1-fold faster than free Trp at
this concentration (Fig. 2B).

The above described behaviour for Ri versus initial Trp
concentration was also observed for Trp–Gly, Gly–Trp–Gly, Trp–
Ala, and Ala–Trp–Ala, with the Ri values for 5 mM and 1 mM
substrate concentrations presented in Fig. 3A and B, respec-
tively. Independent of the peptide examined, the Ri values were
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Ri values of free Trp, peptides, N-acetyl-Trp, and Trp methyl-
ester. Graphic (A) at 5 mM concentration, and graphic (B) at 1 mM
concentration. [AAPH] ¼ 6 mM, t� ¼ 45 �C.

Fig. 4 Cyclic voltammograms of free and peptide-included Trp
derivatives. Free Trp (blue), Trp–Gly (black), Gly–Trp (green), and Gly–
Trp–Gly (red) were incubated at 1.5 mM concentration in buffer
phosphate 100 mM, pH 7.4. Voltammograms (0.5 V s�1) were regis-
tered employing a carbon vitreous working electrode, and Ag/AgCl as
working and reference electrodes, respectively.
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two-fold higher than those of free Trp at 5 mM (Fig. 3A), but at 1
mM each peptide had a similar Ri value to that of free Trp. In
contrast the Ri values for Trp-COOMe and N-acetyl-Trp at 5 mM
were not signicantly different to those for free Trp (Fig. 3A).
3.2 Cyclic voltammetry

To obtain further insight into the oxidation of Trp and its
peptides, electrochemical (cyclic voltammetry, CV) studies were
carried out. All compounds gave rise to irreversible electro-
chemical oxidation behavior as depicted in Fig. 4. The oxidation
peak potentials (Ep) were dependent on the scan rate (between
0.02 and 0.5 V s�1), giving slope values of the ip versus log(scan
rate)0.5 plots in agreement with a diffusion-controlled process.
Free Trp, Trp–Ala and Trp-COOMe all showed the same Ep value
(820 mV), with these being slightly lower than that for Trp–Gly
(840 mV) and signicantly lower than for Gly–Trp–Gly (940 mV).
This journal is © The Royal Society of Chemistry 2016
In contrast N-acetyl-Trp and Gly–Trp had lower Ep values (760
mV) than free Trp.
3.3 Kinetic of Trp consumption included in proteins

The above kinetic studies were subsequently extended to
proteins, with only proteins containing a single Trpmoiety (HSA
and hSOD) examined, in order to simplify analysis and mini-
mize or eliminate complications from inhomogeneous uo-
rescence of different Trp residues, and intra-protein energy
migration and oxidation.

When solutions of HSA and hSOD were incubated in the
presence of AAPH (6 mM, 45 �C) a signicant decrease in the
intensity of the Trp uorescence spectrum was evident (Fig. 5).
The shape of this spectrum did not change during incubation
with AAPH (data not shown). Aer 20 min incubation, the
percentage consumption of the Trp residues in hSOD and HSA
was 59 and 46% respectively. From the kinetic proles pre-
sented in Fig. 5, the initial Ri values for Trp consumption were
obtained, with these being 0.17, and 0.21 mM min�1 for HSA,
and hSOD, respectively (Fig. 6), and 1.7- and 2.1-fold lower than
for free Trp.

The dependence of Ri values with the initial concentration of
has showed the same behavior as free Trp; i.e. the presence of
a pseudo-plateau with a shallow gradient at intermediate
concentrations, and a linear dependence at high concentrations
(Fig. 7).
4. Discussion

Proteins are commonly exposed to ROOc derived from lipid
peroxidation.27,28 In these reactions, ROOc trigger the oxidation
of amino acids with Trp being one of the most susceptible
species to damage.3,18 Trp oxidation has been studied
RSC Adv., 2016, 6, 57948–57955 | 57951
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Fig. 6 Ri values of free Trp, Trp–Ala, and proteins. Ri values were
obtained from kinetic data at 5 mM concentration. [AAPH]¼ 6 mM, t� ¼
45 �C. HSA ¼ human serum albumin, hSOD ¼ human superoxide
dismutase.

Fig. 7 Dependence of the initial consumption rate (Ri) of free (Ο) and
HSA-included (,) Trp with its initial concentration. Graphic (A) plot in
the range of 1 and 50 mM, and graphic (B) between 50 and 500 mM.
[AAPH] ¼ 6 mM, t� ¼ 45 �C.

Fig. 5 Kinetic profiles of the free and protein-included Trp
consumptionmediated by AAPH-derived free radicals. Solutions of Trp
(B), HSA (,), and hSOD (O) were incubated in the presence of AAPH
(6mM) in phosphate buffer at 45 �C. Trp consumptionwas followed by
fluorescence emission at 360 nm (lex ¼ 295 nm). Protein concentra-
tion ¼ 5 mM.
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extensively and considerable information is known about both
the underlying mechanisms and the consequences of such
oxidation for biological processes.29

A limited number of studies have been carried out on the
kinetics of oxidation of Trp (free, or in peptides or proteins)
mediated by reactive species.7,9,16,17,30 Oxidation of Trp mediated
by ROOc has been reported to involve initial hydrogen atom
abstraction, formation of intermediate Trp peroxyl radicals, and
the formation of hydroperoxides, alcohols, NFK and Kyn
57952 | RSC Adv., 2016, 6, 57948–57955
(amongst others) as products.5,18 These mechanism are consis-
tent with, at low Trp concentrations, a stoichiometry of one (n,
dened as the number of ROOc required to oxidize one mole-
cule of Trp).5 However, at high Trp concentrations, short chain
reactions have been proposed to explain n values of �0.3 (at 1
mM Trp).16

In this study we have assessed the reactivity of free, peptide,
and protein Trp residues towards ROOc by use of uorescence
spectroscopy, with the rate of consumption (Ri) of these resi-
dues were determined (Fig. 1). At low Trp concentrations (5 mM)
di- and tripeptides had Ri values twice those of free Trp, whereas
at high concentrations (1 mM), all compounds showed similar
Ri values. At 5 mM, Trpc generated during the oxidation of free
Trp could disproportionate re-generating a Trp molecule and
producing a nal oxidized product. This process would give
one-half of the expected Ri value. Disproportionation reactions
between two Gly–Trpc would be difficult, giving Ri values two
times higher than free Trp.
This journal is © The Royal Society of Chemistry 2016
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To determine if Ri was related to the redox potentials of these
compounds we measured the oxidation peak potentials (Ep) of
the compounds by cyclic voltammetry (Fig. 4). These experi-
ments yielded Ep values in the order: Gly–Trp–Gly (940 mV) >
Trp–Gly (840 mV) > Trp–Ala, Trp, and Trp-COOMe (820 mV) >
Gly–Trp, and N-acetyl-Trp (760 mV). These values clearly do not
correlate with the kinetic data for free Trp and peptide oxida-
tion, indicating that the rate of Trp oxidation (Ri) is not related
directly to the ease of oxidation of the indole ring. The variation
in the Ri data may therefore relate to subsequent, or termination
reactions of the Trp radical intermediates.

The dependence of Ri with Trp concentration, is shown in
Fig. 2 and 7. These rates show a signicant dependence on the
Trp concentration, with the inclusion of Trp in peptides and
proteins inuencing Ri only at low substrate concentrations.
Interestingly, the shape of the Ri versus Trp concentration plots
were similar for free Trp, and Trp included in small peptides
and proteins. Overall, this behavior involves:

(i) at low Trp concentrations (1–10 mM): a linear dependence
between Ri and [Trp],

(ii) at intermediate Trp concentrations (10–50 mM): nearly
constant values of Ri, and

(iii) at high Trp concentrations (50 mM–1 mM): a slower
increase of Ri than that expected for chain reactions.

This behavior can be partly accounted for by the reactions
that take place in the absence of Trp (Scheme 1).24
Scheme 1
One of the most relevant aspects of this scheme is the
simultaneous formation of ROOc and ROc. However, in the
presence of Trp, the yield of both free radicals will depend on
the Trp concentration. At low Trp concentrations damage will
occur via reactions of both ROOc and ROc:

ROc + Trp / ROH + Trpc (6)

ROOc + Trp / ROOH + Trpc (7)

The rate of Trp consumption is therefore proportional to its
reactivity towards both oxygenated radicals. Considering that
ROOc are rather poor hydrogen abstractors,31 reaction [7] will be
quantitatively important only if the target (e.g. Trp) includes
a particularly labile H atom and/or is present at high concen-
trations. If these condition(s) are not fullled, reaction [4]
This journal is © The Royal Society of Chemistry 2016
transforms ROOc radicals in a more reactive free radical, ROc
favoring a signicant proportion of Trp consumption via reac-
tion [6].

We observed that the Ri values of the all studied systems (free
Trp, peptides and proteins) reached a plateau, i.e., the rate of
the process becomes almost independent of the Trp concen-
tration (zero order kinetic limit). This kinetic behavior is ex-
pected when all free radicals (or a type of them) are
quantitatively trapped by the target substrate (free Trp, peptides
or proteins). From the values of Ri determined for such plateaus
the stoichiometry of the reaction (n) can be determined. In this
context, a stoichiometry of reaction equal to one (n ¼ 1), as the
expected from the mechanism of Trp oxidation,5 should give
a plateau at 2.4 mMmin�1 in the Ri versus [Trp] plots for [AAPH]
¼ 6 mM, at 45 �C. Contrary to this expectation the data show
a pseudo plateau (characterized by a small gradient) at Ri values
of 0.57 mM min�1 at 25 mM Trp (Fig. 2A). This value indicates
that four ROOc were removed for each Trp molecule (i.e. n ¼ 4);
a stoichiometry that is not in agreement with the simple scheme
presented above. In this context, we have recently reported that
low Ri values in the zero order kinetic limit of uorescein could
be explained by the reaction of this probe towards ROc arising
from reaction [4].23 Consequently, we propose that at low target
concentrations, the Trp is mainly oxidized by ROc instead of
ROOc. Thus, Trp would react with the fraction of ROc (fROc)
generated from self-reactions of ROOc. If, at low concentrations,
Trp molecules react only with ROc (throughout a mechanism
with a n¼ 1) a fROc of 0.4 can be determined. This value is higher
than reported for uorescein, but is in line with that proposed
by Werber and collaborators.24 The small slope observed in the
plateau region, could be explained if the fROc is not constant in
the range of the Trp concentration studied (Fig. 2A). Therefore,
as the Trp concentration increases, fROc decreases, with
increasing contributions from reaction [7].

At high Trp concentrations, the reported Ri values can be
explained by the occurrence of short chain reactions. Thus at
Trp concentrations greater than 50 mM, our results showed
a linear dependence of Ri values with Trp concentration
(Fig. 2B) such that at the highest concentration (1 mM), a Ri

value of 6.8 mM min�1 was determined with n ¼ 0.34 (Fig. 2B).
Such behavior is not fullling with the expected for chain
reactions, but could be explained by a change of the reactive
species involved in the oxidation of Trp or a more complex
mechanism. Thus, ROc reactions may be relevant at low Trp
concentrations, but at high concentrations, both and ROc and
ROOc as well as short chain reactions (reactions [7]–[9])
involving a mixture of reactive species are involved; these may
involve further free radical species arising from decomposition
of Trp-OOH.8

Trpc + O2 / Trp-OOc (8)

TrpOOc + Trp / Trp-OOH + Trpc (9)

Additionally, Ri values at high Trp concentrations would be
also inuenced by changes in the termination reaction of the
RSC Adv., 2016, 6, 57948–57955 | 57953
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intermediates indicated above, however, this is unlikely to
contribute by more than a factor two to the Trp consumption.

To study Trp oxidation in proteins, we selected two proteins
with a single Trp; hSOD, and HSA. The former protein contains
an exposed Trp residue at position 32, while the Trp residue of
HSA is located in a hydrophobic pocket at position 214.32,33

Since proteins have other amino acid capable to react towards
ROOc, we expected Ri values considerably lower than deter-
mined for free Trp. Surprisingly, data obtained from these
proteins (Fig. 6) yielded Ri values only 2.0 (for HSA) and 1.7 (for
hSOD) times lower than free Trp. This data indicate means that
independent of the position of the Trp residues in these
proteins, their reactivity towards AAPH-derived free radicals
appears to be of the same order of magnitude as free Trp.
Furthermore, the shape of the Ri versus [Trp] plots was similar to
that free Trp and peptides showing the presence of short chain
reactions at high protein concentrations (Fig. 7). In fact, at 500
mM a value of 0.7 was determined, implying that 0.7 moles of
free radicals were consumed per mole of Trp residues. This
result is in agreement with chain reactions of Trp oxidation in
other proteins such as lysozyme and cytolysin St I.16,34

As a whole, our results show by rst time that the reactive
species involved in the oxidation of Trp mediated by AAPH-
derived free radicals depends on the experimental conditions.
At low concentrations, the oxidation of Trp ismostly mediated by
ROc derived from self-reactions of ROOc (Scheme 2, pathway B).
Only at high Trp concentrations, the reaction towards ROOc
starts to be relevant (Scheme 2, pathway A). The relevance of ROc
or ROOc also depend on the ratio between the steady state
concentration of ROOc ([ROOc]ss) and Trp concentration
([ROOc]ss/[Trp]). If such ratio is high, pathway (B) of Scheme 2
would be the principal pathway of Trp oxidation, on the contrary,
if the ratio is low, pathway (A) would explain the Trp oxidation.
5. Conclusions

The kinetics of Trp oxidation by AAPH-derived radicals are
complex and are inuenced not only by the reactivity of this
species towards ROOc, but also by contributions from ROc, short
chain reactions and also different termination reactions,
depending on the Trp concentration. The initial rates of Trp
consumption are slightly inuenced by the inclusion of the free
amino acids into small peptides and proteins, with Ri versus Trp
concentration plots showing the same prole for free, peptide and
57954 | RSC Adv., 2016, 6, 57948–57955
protein-included Trp. Thus when AAPH is employed as a radical
source, analysis of kinetic behavior can be highly complex as
a result of the generation of alkoxyl and peroxyl radicals in varying
amounts depending on the target concentration.
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(VRI), Ponticia Universidad Católica de Chile. MJD gratefully
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