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Background: Excess 5-aminolevulinic acid (ALA) and α-aminoacetone (AA) are implicated in ketosis,
porphyrinpathies and diabetes. Pathologic manifestations involve •O2

−, H2O2, •OH, enoyl radicals (•ALA and •AA)
and their oxidation end products.
Methods: To characterize enoyl radicals resulting from reaction of •OH radicals with ALA and AA, micromolar •OH
concentrations were produced by pulse radiolysis of ALA and AA in aqueous solutions.
Results:ALA and AA reactwith •OHat k=1.5 × 109M−1 s−1. At pH 7.4, the •ALA absorbance spectrumhas amax-
imum at 330 nm (ε = 750 M−1 cm−1). This band appears as a shoulder at pH 8.3 where two ALA species are
present: (NH3)+-CH2-CO-CH2-CH2-COO− and NH2-CH2-CO-CH2-CH2-COO− (pKa = 8.3). At pH 8.3, •ALA reacts
with oxygen (k= 1.4 × 108 M−1 s−1) but not with •O2

−. At pH 8.3, AA oxidation produces two •AA species char-
acterized by an absorbance spectrumwithmaxima at 330 and 450 nm. •ALA and •AA are repaired by antioxidants
(quercetin (QH), catechin, trolox, ascorbate) which are semi-oxidized (k N 108M−1 s−1). QH bound to HSA or to
apoferritin and ferritin repairs •ALA and •AA. In O2-saturated apoferritin solutions, •Q, •O2

−, •AA and reaction

product(s) react with QH.
Conclusions: The optical absorption properties and the time evolution of •ALA and •AA were established for the
first time. These radicals and their reaction products may be neutralized by antioxidants free in solution or
bound to proteins.
General significance: Adjuvant antioxidant administration may be of interest in pathologies related to excess ALA
or AA production.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The metabolism of amino acids in humans can be dramatically
perturbed as a consequence of inborn or acquired enzyme deficiencies.
As a consequence, accumulation of an essentialmetabolite among those
involved in key metabolic pathways may occur. Such an imbalance can
affect locally or in a systemicmanner the function of essential organs. In
this article, we focus on twoα-aminoketones (AKs) involved in the nor-
mal metabolism of amino acids, namely, 5-aminolevulinic acid (ALA)
and α-aminoacetone (AA) (see scheme 1). 5-Aminolevulinic acid is a
heme precursor which accumulates in hepatic porphyrias and in
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tyrosinemia [1–3]. Excess ALA provokes acute neurological disorders
and is implicated in a high incidence of hepatoma [4]. α-
Aminoacetone is a threonine catabolite which accumulates in diseases
characterized by high levels of circulating threonine such as
threoninemia and the “cri-du-chat” syndrome [5]. Most importantly,
excess AA is thought to be a source of methylglyoxal, a potent
reagent of DNA bases and protein residues [3]. Both AKs are
characterized by the presence of methylene groups adjacent to the car-
bonyl. α-Aminoacetone and ALA have one and two methylene groups,
respectively. With such structural characteristics, these molecules un-
dergo a rapid enolization catalyzed by phosphate ions at physiological
pH. In the case of ALA, enolization occurs predominantly at C-5 [6].
These enols can donate one electron to oxygen by subsequent transition
metal ion-catalyzed oxidation reactions in oxygenated media [3]. It has
been proposed that, besides enoyl radical formation, these reactions
produce superoxide radical anions and hence H2O2 which generate
strongly reactive •OH radicals by Fenton-like reactions [3,7].

It is therefore of interest to characterize the enoyl radical species
(•ALA and •AA) formed by the reactions of •OH radicals with ALA and
AA. For thesemeasurements, micromolar concentrations of •OH radicals
have been selectively produced by pulse radiolysis of buffered aqueous
solutions of ALA and AA. Pulse radiolysis is a fast spectroscopic
technique which provides spectral characterization as well as time-
dependent behavior of radical species [8]. In N2O-saturated solutions
•OH radicals can be produced alone although •OH radicals and •O2

− rad-
icals are produced simultaneously in O2-saturated solutions. As the
•ALA and •AA radicals are thought to play a role in the physiopathology
of diseases mentioned above, it is important to examine the potential
neutralization of these harmful radicals by antioxidants. Representative
molecules from several families of antioxidants, namely, the hydropho-
bicflavoneQHand the hydrophilic flavanol catechin (CatH), the vitamin
E analog, trolox® (TrOH), and the ascorbate anion (AH−) were selected
for this model study.

2. Materials and methods

2.1. Chemicals and routine equipment

All inorganic chemicals were of analytical grade and were used as
received from the suppliers. 5-Aminolevulinic acid and AA were sup-
plied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Superoxide
dismutase from bovine erythrocytes (SOD), horse spleen Ft and
apoferritin (apoFt), delipidated human serum albumin (HSA), QH,
CatH, TrOH and ascorbic acid were purchased from Sigma-Aldrich
(St Louis, Mo, USA). Phosphate buffers were prepared in pure water ob-
tained with a reverse osmosis system from Ser-A-Pure Co. The water
from this system exhibited a resistivity of N18MΩ cm−1 and a total or-
ganic content of b10 ppb. Absorption spectrophotometry was carried
out in quartz cells with an Uvikon 922 spectrophotometer.

2.2. Pulse radiolysis

Pulse radiolysis measurements were performed with the Notre
Dame Radiation Laboratory 8-MeV linear accelerator, which generates
5 ns pulses of up to 30 Gy. In general, the doses used in this work
were ~20 Gy. The detection system, previously described [9,10], allows
one to follow reaction kinetics in time domains up to 15 ms after the
Scheme 1.
radiolytic pulse in the 290–700 nm spectral range. The radiolytic dose
was determined using as a dosimeter the transient absorbance of
the •(SCN)2− radical-anion measured immediately after the radiolytic
pulse at 472 nm. For this dosimetry (10−2 M SCN− in N2O-saturated
solution), a radical chemical yield (G) × ε value for •(SCN)2− equal to
5.28 × 10−4 m2 J−1 was assumed. The G value is defined as the
radical concentration divided by the radiolytic dose and can be
expressed as μM Gy−1 (or μmol J−1 in dilute solution). The G value for
•OH in N2O-saturated solution has been measured as ~0.64 μM Gy−1

[11]. Experiments were performed at room temperature (20 °C).

2.3. Preparation of the ALA and AA solutions for pulse radiolysis

The ALA and, to a lesser extent, AA rather readily auto-oxidize at
mildly basic pH. Solutions (up to 5 mM) were therefore prepared in
0.1 M phosphate buffer (pH 8.3) at room temperature (20 °C) immedi-
ately before pulse radiolysis to avoid significant oxidation and/or
dimerization (especially with ALA [6]) during the duration of a pulse ra-
diolysis run (30 min or less). The pH drop (up to 1 unit), recorded after
ALA solubilization in 0.1 M phosphate buffer (pH 8.8) was adjusted to
pH8.3 after stepwise addition of 1MNaOH solution inwater and the so-
lutions were immediately saturated with pure N2O. Some experiments
were performed at pH 7.4 with 10 mM phosphate buffer.

2.4. Preparation of the Ft and apoFt solutions for pulse radiolysis

The Ft and apoFt stock solutions (48 mg mL−1) from Sigma-Aldrich
were delivered in 150 mMNaCl. Before pulse radiolysis measurements,
these stock solutions were dialyzed twice against 1 L of pH 7.4 buffer.
The dialyzed protein solutions were then diluted to the desired concen-
tration assuming a molecular mass of ~440,000. An estimate of the
Fe(III) content of Ft was obtained with the spectroscopic method devel-
oped byMay and Fish [12] using the average value of themolar absorp-
tion coefficient given by Buettner et al. [13]. A solution containing
0.1 mg mL−1 leads to an absorbance of 0.23 at 380 nm. Thus, using
ε(380 nm) = 19.0 ml mg(Fe)−1 cm−1, it was found that Ft contained
~1000 Fe(III) per molecule. Diluted solutions (up to 40mL)were gently
bubbled with the desired gas for 10 min prior to pulse radiolysis. To
minimize the quantity of proteins consumed in each experiment, a
micro-cell (optical path: 1 cm, volume: 120 μL) was used for transient
recording. This micro-cell was emptied and refilled after each radiolytic
pulse by a remote syringe pump to assure that all data were obtained
with un-irradiated protein solutions. For the study of the effects of QH
on protein radicals, 2 μM protein solutions were equilibrated for 2 h in
the dark with aliquots of stock solutions of QH (10 mM in 0.1 M
NaOH) to ensure full binding of the flavone to apoFt or Ft.

2.5. Analysis of kinetic data

Kinetics and spectral measurements were taken at least twice, and
the results were found to be reproducible from day to day. Numerical
integrations for analyses of complex rate data were carried out using
Scientist software from Micromath Scientific Software. Rate constants
were determined from raw data by the calculations with the above
software.

3. Results and discussion

3.1. One-electron oxidation of AKs by •OH radicals in N2O- or O2-saturated
solutions

The sequence of reactions leading to the one-electron oxidation
of AKs by •OH radicals is as follows. The initial event is the radiolysis
of water producing as main species: eaq, H•, •OH, and H2O2. In
N2O-saturated solutions the hydrated electrons (eaq) are converted
into •OH radicals by the reaction: eaq + N2O + H2O •OH + N2 +
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OH− [7]. Under these conditions, the G of the •OH radicals is
0.64 μM Gy−1. In O2-saturated solutions hydrated electrons and
hydrogen atoms are converted into •O2

− radical-anions by the reac-
tion: eaq (or H•) + O2→

•O2
− (or •O2

− +H+). At pH N 6, only •O2
− spe-

cies are present in the solution as the pKa of the •HO2 radical is 4.8.
The •OH and •O2

− Gs are 0.32 μMGy−1 and 0.34 μMGy−1, respectively.
Under both conditions, •AK radicals are readily formed by the general re-
action: •OH+ AK(H)→ •AK+H2Owhere (H) indicates a hydrogen atom
on the carbon next to the carbonyl function. The carbon-centered radical
thus produced has been observed by spin trapping experiments during
the aerobic oxidation of ALA [7]. It is believed to be associated with the
hybrid resonant enoyl radical

R-C(O)-•CH-NH2 ↔ R-C(•O) = CH-NH2.
Fig. 1.A. Transient absorbance spectra observed after pulse radiolysis of 1mMALA inN2O-
saturated solutions pH 7.4, 10 mM phosphate buffered solution (●) or pH 8.3, and 0.1 M
phosphate buffered solution (○). The transient absorbance spectra were recorded 2 μs
after the radiolytic pulse. Dose per pulse was 19 Gy (●) or 21 Gy (○). Inset: Growth kinet-
ics recorded at 290 nm (○) and 330 nm (□,△,▽) after pulse radiolysis of 5 mM (○,□) or
1mM(△,▽) ALA inN2O-saturated pH8.3, 0.1Mphosphate buffered solution (○,□,△) or
pH7.4, 10mMphosphate buffered solution (▽). Solid lines correspond to fitted data. Dose
per pulse was 20 Gy. B. Lower time scale (↴): decay kinetics measured at 290 nm (□, ▽)
and 330 nm (○, △) after pulse radiolysis of 1 mM ALA in N2O-saturated pH 8.3, 0.1 M
phosphate buffered solution (○, □) or pH 7.4, 10 mM phosphate buffered solution (△,
▽). Upper time scale ( ): decay kinetics measured after pulse radiolysis of 1 mM ALA in
O2-saturatedpH8.3, 0.1Mphosphate buffered solution (◊). Solid line corresponds to fitted
data. The absorbance measured under O2-saturation was multiplied by 2 for better com-
parison with N2O-saturated solution. Dose per pulse was 20 Gy in all cases.
3.1.1. Characteristics of •ALA radicals produced by reaction of ALA with •OH
radicals

Fig. 1A shows the transient absorbance spectra obtained with ALA
solutions 2 μs after the radiolytic pulse under two pH and ionic strength
conditions. In N2O-saturated solutions at pH 7.4, the transient absor-
bance spectrum of the •ALA radicals had a well-resolved absorption
maximum at 330 nm whereas at pH 8.3, the 330 nm band appeared as
a shoulder in the transient spectrum. These spectral differences are
probably explained by the oxidation by •OH radicals of two different
ALA species whose concentration is governed by the ionic equilibrium:
H2O+(NH3)+-CH2-CO-CH2-CH2-COO−⇄NH2-CH2-CO-CH2-CH2-COO−+
H3O+ whose pKa is 8.3 [3]. Thus, at pH 7.4, the zwitterion was main-
ly present in the solutionwhile the anion contributed to ~50% at pH 8.3.
Furthermore, it has been demonstrated by NMR spectroscopy that two
enol forms can co-exist [6]. Their formation is catalyzed by phosphate
ions. At pH 8.3, they can be written as: NH2-CH = C(OH)-CH2-CH2-
COO− (a) orNH2-CH2-C(OH)= CH-CH2-COO− (b). TheNMRdata dem-
onstrated that (a) is by far the preponderant species, (b) being at a very
small concentration [6]

The inset in Fig. 1A shows the kinetics of growth in the transient
absorbance at 290 and 330 nm formed by the reaction

•
OH þ ALAðHÞ→•

ALA þ H2O: ð1Þ
Excellent concentration-dependent first order growths were ob-

served (data not shown) fromwhich bimolecular reaction rate constants
k1=1.4 × 109M−1 s−1 and 1.5 × 109M−1 s−1 were determined for re-
action (1) at pH 8.3 at 290 and 330 nm, respectively. The fair agreement
between the k1 values measured at these two wavelengths suggests
that therewas nomodification of the •ALA species susceptible to induce
spectral changes in the UV region on the 1 μs time scale. At pH 7.4 a sim-
ilar k1 value (1.2 × 109M−1 s−1)was determined reflecting comparable
reactivity of •OH radicals with the zwitterion and the anion.

Molar absorption coefficients (ε) were estimated assuming full •OH
scavenging by 5 mM ALA at pH 8.3 as suggested by data in the inset of
Fig. 1A. These data led to ε = 750 M−1 cm−1 and ε=1330 M−1 cm−1

at 330 and 290 nm, respectively. Under N2O saturation, •ALA radicals
decayed by a second-order process independent of the ALA concentra-
tion and of the observation wavelength (e.g. 290 or 330 nm) according
to the reaction

2
•
ALA→products: ð2Þ

characterized by 2 k2 = 7.6 × 108 M−1 s−1 and 6.6 × 108 M−1 s−1 at
pH 8.3 and pH 7.4, respectively (Fig. 1B).

The agreement between these two rate constants supports the for-
mation of a single •ALA radical species. The difference in the spectral
shapes shown in Fig. 1A, ismost probably due to substantial protonation
of the amino group at pH 7.4, but there is no data available on the pka of
the NH3

+/NH2 group of the radical species. There is no indication that
new species strongly absorbing in the near UV region were produced
by reaction (2).

The decay kinetics shown in Fig. 1B demonstrate that •ALA radicals
readily reacted with O2 since a strong increase in the decay rate was
observed that may be attributed to the reaction

•
ALA þ O2→productðsÞ: ð3Þ

Assuming [O2] = 1.25 mM under O2-saturation, the bimolecular
reaction rate constant k3 = 1.25 × 108 M−1 s−1 at pH 8.3, was calculat-
ed through the use of the Scientist software by taking into account the
recombination reaction of •ALA radicals (reaction (2)) which occurred
in parallel with the oxidation by O2. It may be noted that the fairly
effective reaction of •ALA radicals with oxygen led to the formation of
a long-lived product absorbing in the near-UV region as shown by a re-
maining absorbance at the end of the decay (Fig. 1B). In addition, there
was no indication on at least the 150 μs time scale of some reaction of

Unlabelled image


Fig. 2.A. Transient absorbance spectra observed 1 μs after pulse radiolysis of 2mMAA (○)
in N2O-saturated pH 8.3, 0.1 M phosphate buffered solution. (□, ◊) same as before but in
O2-saturated solutions containing 2 mM AA (□) or 2 mM AA and 15 μM SOD (◊). Dose
per pulse was 21 Gy (○, □) or 31 Gy (◊). Inset: Growth kinetics recorded at 330 nm (○)
and 470 nm (□) after pulse radiolysis of 2 mM AA in N2O-saturated pH 8.3, 0.1 M phos-
phate buffered solution. Dose per pulse was 20 Gy. Solid lines correspond to fitted data.
B. Decay kinetics measured at 330 nm after pulse radiolysis of N2O- (○, △) or O2- (□, ◊)
saturated pH 8.3, 0.1 M phosphate buffered solution containing 2 mM AA (○, △, □) or
2 mM AA and 15 μM SOD (◊). Lower time scale (○, □, ↴). Upper time scale (△, ◊, ).
Dose per pulse was 21 Gy (○, △, □) or 31 Gy (◊). C. Decay kinetics measured at 330 nm
(△) and 450 nm (○, □, ◊) after pulse radiolysis of N2O- (○, △) or O2- (□,◊) saturated
pH 8.3, 0.1 M phosphate buffered solution containing 2 mM AA (○, △, □) or 2 mM AA
and 15 μM SOD (◊). Dose per pulse was 21 Gy (○, △, □) or 31 Gy (◊).
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ALAwith the •O2
− radical-anions produced at a G (0.34 μMGy−1) similar

to that of •OH radicals (0.32 μM Gy−1).
3.1.2. Characteristics of •AA radicals produced by reaction of AA with •OH
radicals

The inset in Fig. 2A suggests that in the 0.1 M phosphate buffer
(pH 8.3) AA reacted with •OH radicals at the diffusion-controlled rate.
By analogy with ALA, this reaction is written as

•
OH þ AAðHÞ→•

AA þ H2O: ð4Þ
Accordingly, the •AA radical was produced by hydrogen abstraction

of H atoms on the carbon next to the carbonyl function yielding the
hybrid resonant enoyl radical [7]. Values of k4 = 1.3 × 109 M−1 s−1

and 1.6 × 109 M−1 s1 were calculated from the growth kinetics at 330
and 470 nm, respectively, fully consistent between them and compara-
ble to k1 measured with ALA.

In N2O- or O2-saturated buffered solutions containing 2 mM AA
(pH 8.3), reaction (4) produced transient species whose transient ab-
sorptions observed 1 μs after the radiolytic pulse are shown in Fig. 2A.
In the UV region, the spectrum of the •AA transient in N2O-saturated so-
lutions was rather similar to that obtained with •ALA with an absor-
bance maximum at 330 nm but the former exhibits an additional
absorption band with a maximum at about 470 nm. The pKa of AA is
6.8 [3]; consequently, only uncharged species, mainly NH2-CH2-CO-
CH3, were present in solutions at pH 8.3. However, two enolic forms
can co-exist in aqueous media, i.e. NH2-CH = C(OH)-CH3 or NH2-CH2-
C(OH) = CH2 in equilibrium with the ketone. However, in contrast
with ALA [6] no NMR data concerning these equilibria are presently
available in the literature. Apparent molar extinction coefficients of the
•AA species were determined assuming full •OH scavenging by 2 mM
AA at pH 8.3. The data in the inset of Fig. 2A led to ε ~ 950 M−1 cm−1

and ε ~ 450 M−1 cm−1 at 330 and 470 nm, respectively.
The kinetics shown in Fig. 2B,C demonstrate that under N2O satura-

tion the 330 nm and 450 nm transient absorption bands decayed at dif-
ferent rates. Indeed, the •AA radical species decayed by second-order
processes represented by the reaction

2
•
AA→products ð5Þ

characterized by 2 k5 = 2.2 × 109 M−1 s−1 and 6.7 × 109 M−1 s−1 at
330 and 450 nm, respectively. This suggests that they originate fromdif-
fering •AA species. It has been proposed that products of reaction (5)
could result from a dismutation reaction restoring AA and forming the
iminoAA(methylglyoximine) [14]. However, deamination of enoyl rad-
icalsmay also occur since NH4

+ is a product of AK autooxidation [3]. This
observation is at variance with ALA for which only a single species was
obtained upon oxidation by •OH. It should be noted that the k6 constants
are over-estimates as they were determined assuming the formation of
a single •AA species.

A comparison of transient spectra obtained 1 μs after the pulse in the
presence and in the absence of O2 suggests a fast reaction of •AA radicals
with O2. As observed with ALA, a general decrease in the absorbance al-
ready occurred within 1 μs in the UV and more dramatically in the visi-
ble regions. Clear evidence for a fast reaction

•
AA þ O2→productðsÞ ð6Þ
was also provided by decay kinetics recorded at several wavelengths
under O2 saturation on the 15 μs time scale (lower time scale in
Fig. 2B) and on a longer time scale (40 μs) in Fig. 2C. Both figures suggest
complex decay kinetics and thus complex oxidation paths occurring in
competition with the recombination of •AA radicals (reaction (5))
with no significant SOD effect on the kinetics at either 450 nm
(Fig. 2B) or 330 nm (data not shown). Unfortunately, the low transient
absorptions at the relevantwavelengths and the existence of two differ-
ent species contributing to reaction (5) precluded meaningful
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determination of rate constants. These complex decays are possibly due
to the parallel formation and decay of oxidation products of reaction (6)
involving several •AA radical species that might be expected from the
various equilibria which may take place in the solutions. Finally, the
kinetics measured on the 800 μs time scale (Fig. 2B) reveal the slow
formation of further product(s) (P) originating from the •AA recombina-
tion product(s). These P product(s) absorb in the UV, but their forma-
tion did not involve oxidation products of reaction (6) which
occurred in competition with reaction (5) as the yield of the
product(s) after 800 μs was ~50% lower in the presence of O2 than
in its absence (Fig. 2B). Indeed with the higher dose per pulse used in
these O2 experiments, the initial •OH concentration producing the •AA
species was only somewhat less than 25% lower than that under N2O.

3.2. Reactivity of AK enoyl radicals with electron donors

The •ALA and •AA radicals have been implicated in pathological pro-
cesses [3,14–16]. It is therefore of interest to determinewhether effective
neutralization of •AK radicals by good electrons or hydrogen donors like
antioxidants may be possible. The pulse radiolysis method is appropriate
to check this hypothesis. Here the deactivation of •AK free radicals and/or
toxic products due to their subsequent time evolutionwas evaluatedwith
several antioxidants from different families. The hydrophobic QH and the
water-soluble CatH of the flavonoid group, the water-soluble α-
tocopherol substitute TrOH and AH− were chosen in this study.

3.2.1. Evidence for one-electron reduction of •ALA and •AA radicals by
antioxidants

Transient absorbance spectra and their main spectroscopic parame-
ters, e.g. molar absorption coefficients, absorbance maxima (λmax) of
the one-electron oxidation product of QH (•Q), TrOH (TrO•), AH− (•A−),
andCatH (Cat•) arewell characterized as theyhave been the subject of ex-
tensive research [17–21]. Upon reaction with •ALA or •AA radicals, the
time-dependent appearance of the characteristic transient absorbance
of the one-electron oxidation product of the antioxidant was observed.
Fig. 3 presents in N2O-saturated buffered solutions (pH 8.3) the growth
of absorbance measured at 550 nm (ε = 9400 M−1 cm−1) and
430 nm (ε = 7100 M−1 cm−1) corresponding to the λmax of •Q and
TrO•, respectively [17,18]. Depending on the antioxidant concentration
(data not shown), the electron (or hydrogen) transfer from QH or
TrOH to •ALA or •AA took place over 50–100 μs, compared to less than
Fig. 3. Kinetics of absorbance growth of the •Q radicals at 550 nm (△,▽,○), and of the TrO•

radicals at 430 nm (□, ◊) after pulse radiolysis of 5mMALA (△,▽,□, ◊) or 2mMAA (○,⌧)
inN2O-saturated pH8.3, 0.1Mphosphate buffered solution containing 25 μMQH(△), 50 μM
QH (▽,○,⌧), 100 μM TrOH (□) or 250 μM TrOH (◊). The QH bleaching kinetics at 420 nm
after pulse radiolysis of anN2O- saturated pH8.3, 0.1Mphosphate buffered solution contain-
ing 50 μMQH and 2 mM AA is shown in (⌧). Dose per pulse was 22 Gy.
1 μs for the •OH scavenging by ALA or AA (see insets Figs. 1A and 2A).
This electron/hydrogen transfer can be represented by [17,19]

•
ALAðor•AAÞ þ QHðorTrOHÞ→ALAðorAAÞ þ•

QðorTrO•Þ: ð7Þ

Consistent with reaction (7), Fig. 3 shows the parallel bleaching of
QH at 420 nm (εQH = 9400 M−1 cm−1). This is a wavelength where
the transient •Q absorbance becomes negligible [19]. Antioxidant con-
sumption resulted from the electron/hydrogen transfer.Whenever pos-
sible, these transfer experiments were performedwith at least a 50-fold
excess of ALA (5mM) or a 10-fold excess of AA (2mM) as compared to
the antioxidant concentration. This ratio of ALA and AA to antioxidant
allowed for the scavenging of at least 80% of •OH radicals by ALA or
AA; AH− being most reactive with •OH radicals with a rate constant
1.1 × 1010 M−1 s−1 [20,22]. Under our dose per pulse conditions
(~20 Gy), the concentration of antioxidants – except that of the less
water-soluble QH –was kept ~10 times higher than that of •OH radicals.
All the antioxidants reacted with the •ALA and •AA radicals, the k7 rate
constants all exceeding 108 M−1 s−1 (Table 1) as estimated from
reasonably good pseudo first order growths (data not shown). The
ascorbate anion was found to be a particularly effective inhibitor. How-
ever, it must be stressed that the k7 values reported in Table 1 are only
indicative as obtained with pseudo-first order fittings without taking
into account the competition with radical–radical recombination
reactions (2) and (5). Thus, in the case of AA, the decay of two indepen-
dent •AA radical species produced by reactionwith •OH radicals compet-
ed with reaction (7). It is noteworthy that the antioxidant effectiveness
is correlated with the rate constant k7 and not to the yields reported in
Table 1 which are concentration-dependent. It should be mentioned
that products resulting from further reactions of the primary •AA radi-
cals can also be very effectively “repaired” by QH. Thus, the growth of
the transient •Q absorbance and the parallel bleaching of QH took
place over 500 μs (data not shown) at times when the primary •AA
radicals had disappeared (see Fig. 2C).

Relatively low yields of “repair” of ALA and AA by electron/hydrogen
transfer reactions are reported in Table 1. This may result from the
concentration needed to avoid substantial •OH scavenging by the anti-
oxidant and also from an over-estimate of the k7 values (see above).
The transfer yields were estimated as the ratio of the [•Q], [TrO•], [•Cat]
or [•A−], formed during the transfer, to the [•ALA] and [•AA] initially pro-
duced. The slow part of the transient absorbance growths similar to
those shown in Fig. 3 were attributed to the electron/hydrogen transfer,
taking into account any contributions from the fast absorbance rise as
being due to the initial •OH scavenging by ALA, AA or the antioxidants.
The [•ALA] and [•AA] initially produced were determined from the
[•OH] produced by the radiolytic dose after correction for the proportion
of •OH scavenging by the antioxidant (see [22] for relevant rate
constants).
Table 1
Transfer rate constant (k7) and transfer yield obtained after pulse radiolysis of 5 mM ALA
or 2 mM AA in presence of antioxidants in N2O-saturated pH 8.3, 0.1 M phosphate buff-
ered solutions.

Conditions k7 (108 M−1 s−1) Transfer yielda (%)

ALA + QH 8.1 9b, 5c

ALA + CatH 6.1 8b, 5c

ALA + TrOH 1.9 26b, 13c

ALA + AH− 24 12b, 6c

AA + QH 2.8 15
AA + TrOH 4.0 8d

a Observation wavelengths: •Q at 550 nm (ε = 9400 M−1 cm−1), TrO• at 430 nm
(ε = 7100 M−1 cm−1), •Cat at 310 nm (ε = 9400 M−1 cm−1) and •A at 360 nm
(ε = 9400 M−1 cm−1).

b [QH] = 50 μM, [CatH] = 200 μM, [TrOH] = 500 μM or [AH−] = 200 μM.
c [QH] = 25 μM, [CatH] = 100 μM, [TrOH] = 100 μM or [AH−] = 100 μM.
d [TrOH] = 250 μM.
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3.2.2. Neutralization of •ALA and •AA radicals by QH bound to proteins
Under physiological conditions, hydrophobic antioxidants may be

bound to transport proteins. Thus one may examine to which extent
the kinetic parameters of the repair reactions of •ALA and •AA radicals
by QH free in solution are modified upon binding to its natural trans-
porter, e.g. HSA. Furthermore, the pivotal role played by •ALA and •AA
radical species in Fe(II) mobilization from Ft has been suggested in pre-
vious non-time dependent studies [3,15]. As we previously showed that
QH could bind to apoFt and Ft [23], we also examined a possible protec-
tive role of QH in preventing apoFt and Ft from the oxidative damage in-
duced by •ALA and •AA radicals.
3.2.2.1. Interaction of •ALA and •AA radicals with HSA-bound QH. In
humans, the main conjugates resulting from QHmetabolism are glucu-
ronides, sulphates and the 3′-O-methyl derivative Their antioxidant ac-
tivity is comparable or superior to that of QH [24]. Since thermodynamic
data are available only for the HSA–QH complex formation, it is a good
model to study •AK repair attributable to HSA-bound flavonols.

Quercetin binds to a relatively inaccessible site in HSA [25] in plasma
with an equilibrium binding constant of 2.6 × 105 M−1 as reported by
Boulton et al. [26] and confirmed by Filipe et al. [27]. In a N2O-
saturated solution containing 25 μM HSA and 25 μM QH (Fig. 4), the
concentration of free QH (QHf) is 8 μM whereas that of bound QH
(QHb) is 17 μM. These concentrations were chosen to minimize direct
•OH scavenging by HSA (rate constant: 7.8 × 1010 M−1 s−1 [22]) in
the presence of 5 mM ALA or 3 mM AA. Furthermore, •AK radicals may
not react with the most oxidizable amino acid residues since Trp, Tyr
and Cys free in solution were unreactive with •ALA radicals (data not
shown).

Complex kinetics reflecting the difference in reactivity between free
and bound QHmolecules may be expected. In Figs. 3 and 4, the kinetics
of the absorbance growth at 550 nm, i.e. λmax of •Q or the kinetics of QH
bleaching at 410 or 420 nmwere compared. Time scales in Fig. 4 suggest
that the rates of transfer characterizing the electron/hydrogen transfer
reaction (reaction (7)) from QHb to •ALA and •AA radicals free in solu-
tions were about an order of magnitude slower than those of free QH
(Fig. 3). The QH bleaching shown in Fig. 4 is consistent with a two-
step process. The fast one may be attributed to both the repair of •AA
radicals by QHf and to the decay of the •AA radicals which notably ab-
sorb at 420 nm (see Fig. 2A). The slowest step involves the repair of
•AA radicals by QHb. Moreover, the transient absorbance change at
550 nmmeasured after 750 μs and 1.5ms in the presence of HSA, for re-
spectively ALA and AA (Fig. 4), was at least an order of magnitude
Fig. 4. Kinetics of absorbance change observed at 550 nm (□, ◊) and 410 nm (○) after
pulse radiolysis of 5 mMALA (◊) or 3mMAA (□,○) in N2O-saturated pH 8.3, 0.1 M phos-
phate buffered solution containing 25 μM QH and 25 μM HSA. Upper time scale (◊, ),
lower time scale (□, ○, ↴). Dose per pulse was 22 Gy.
smaller than those shown in Fig. 3 in the absence of HSA but measured
after 150 μs although QH concentration is the same in both cases. It sug-
gests that binding to its carrier markedly reduces the ability of QH to in-
hibit the potentially harmful •ALA and •AA radicals most probably
because the radical–radical recombination reactions (2) and (5) com-
petewith the transfer reaction (7) attributable to the rather inaccessible
QHb. Given the largeQHmolar extinction coefficients (14,300M−1 cm−1

at 410 nm and 9400 M−1 cm−1 at 420 nm at pH 7.4) as well as the
small •Q absorbance in the 410–420 nm region (b500 M−1 cm−1

[19]), it is possible to get a rough estimate of the QH percentage (Φ)
consumed at the end of reaction (7) with respect to the initial •OH con-
centration. In the case of AA, 0.15 ms after the radiolytic pulse, this Φ
value was found to be ~1% (Fig. 4). This is consistent with the low trans-
fer yield in HSA measured at 550 mm. It supports the premise of no QH
consumption by other paths than reaction (7) and full •OH scavenging
by 3 mM AA. For comparison, the same estimate from Fig. 3 obtained
with 2 mM AA yields Φ ~ 15%, this value being fully consistent with
the transfer yield measured at 550 nm (Table 1).

3.2.2.2. Interaction of •ALA and •AA radicals with QH free or bound to apoFt
and Ft. Ferritin – an essential protein responsible for iron storage in sol-
uble and non-toxic form [28] – has been shown to be quite sensitive to
harmful •AK radicals and to produce ROS [3,14–16]. It has recently been
demonstrated that QH could partially repair oxidative damage inflicted
to residues of apoFt or Ft [29]. In the current work, the putative protec-
tion brought byQH to apoFt and Ft, that have been subjected to •ALAand
•AA radicals produced by •OH radicals, was also investigated either
under N2O-saturation or O2-saturation as ROS are believed to play an
important role in the apoFt and Ft oxidation induced by ALA and AA.

Quercetin binds to apoFt and Ft on 8 binding sites with apparent as-
sociation constant K of ~80,000 M−1 and ~40,000 M−1, respectively,
reflecting a much weaker binding of QH to apoFt compared to that to
HSA [23]. In experiments dealing with Figs. 5A,B and 6, the solutions
contained 2 μM apoFt and 20 μM QH. Under these conditions, only
7.8 μM QH was bound to apoFt over 50% of the available sites.

In N2O-saturated solutions (Fig. 5A,B), it can be observed that the ki-
netics of “repair” of •ALA by QH measured at 550 nm with apoFt were
very different from those shown in Fig. 4 with HSAwhereas the kinetics
of bleaching measured at 410 nm indicate continuous QH depletion
over 1.5 ms with Φ ~ 0.8%. In Ft solutions, reaction (7) was almost
completely over after 50 μs at times corresponding to the “slow repair”
attributed to QHb. This result might suggest a fast deactivation of bound
•Qb by reactions involving the Fe3+ core. By contrast the kinetics obtain-
ed with AA in solutions containing either apoFt or Ft (Fig. 5B) are more
understandable as •AA radicals still absorbed appreciably at 550 nm and
their decay superimposed onto the •Qf and/or the •Qb growth. On the
other hand, in the Ft solutions, at 550 nm, the “slow repair” was ob-
served together with a fast absorbance decay observed at early times
that may also bear some relationship with the Fe3+ core. Nevertheless,
the complexity observed with the “repair” of •ALA and •AA probably
arose from the large proportion of QHf (60%) in the apoFt and Ft solu-
tions, from the presence of multiple and non-equivalent QH binding
sites and, possibly, from a decrease in the QHb concentration upon QHf

consumption by virtue of the binding equilibrium.Moreover, molecular
interactions of AKswith apoFt and Ft cannot be excludedwhereas in the
case of AA, the formation of several •AA species and decomposition
products upon •OH radical attack must also be taken into account.

The processes described above were characterized under anoxic
conditions, precluding any participation of O2. Because of the obvious
relationship to in vivo conditions and in view of previous literature re-
ports, the effects of oxygen on reactions involved in the sequence of
mechanisms discussed above were also investigated under aerobic
conditions. Pulse radiolysis of an O2-saturated solution produces •O2

−

with G = 0.34 μM Gy−1 and •OH radicals with a G = 0.32 μM Gy−1.
Itmustfirst be noted as shown above that the •O2

− radical-anion does
not react with ALA and AA, but it can directly oxidize QH by hydrogen

Unlabelled image


Fig. 5. A. Decay kinetics measured at 410 nm (○) and 550 nm (◊,□) after pulse radiolysis
of N2O-saturated pH 8.3, 0.1 M phosphate buffered solution containing 5 mM ALA, 20 μM
QH and 2 μM horse spleen apoFt (○, ◊) or 2 μM horse spleen Ft (□). Dose per pulse was
21 Gy. B. Decay kinetics measured at 410 nm (○) and 550 nm (◊,□) after pulse radiolysis
of N2O-saturated pH 8.3, 0.1 M phosphate buffered solution containing 3 mM AA, 20 μM
QH and 2 μM horse spleen apoFt (○, ◊) or 2 μM horse spleen Ft (□). Dose per pulse was
21 Gy.

Fig. 6. Transient absorbance spectra observed 20 μs (○) and 700 μs (●) after pulse radiol-
ysis of O2-saturated pH8.3, 0.1Mphosphate buffered solution containing 3mMAA, 20 μM
QH and 2 μM horse spleen apoFt. Dose per pulse was 31 Gy. Inset: Kinetics of absorbance
change measured at 410 nm (○, △) and 550 nm (□, ▽) after pulse radiolysis of O2-
saturated pH 8.3, 0.1 M phosphate buffered solution containing 3 mM AA, 20 μM QH
and 2 μM horse spleen apoFt. Lower time scale (○, □, ↴), upper time scale (△, ▽, ).
Dose per pulse was 31 Gy.
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abstraction or electron transfer followed by deprotonation with a rate
constant k8 = 8 × 105 M−1 s−1 [19] according to

QH þ•
O

−
2 þ H

þ→•
Q þ H2O2: ð8Þ

Fig. 6 presents the transient absorbance spectra recorded 20 μs and
700 μs after the radiolytic pulse in an O2-saturated solution containing
3 mM AA, 20 μM QH and 2 μM apoFt at pH 8.3. Given that the initial
•OH concentration in an O2-saturated solution is half that under N2O-
saturation and in view of the low absorbance shown by the kinetics in
Fig. 5A,B, these spectra were recorded using a dose per pulse of 31 Gy
to getmore accurate data. Twentymicroseconds after the pulse, the tran-
sient spectrumwas clearly a superposition of the •AA transient absorption
(λmax ~ 470 nm) with some contribution from the •Q absorption. After
700 μs, this transient absorption was replaced by that of bound and free
•Q with the caveat that •Qb and •Qf have the same transient absorption.
The growth and decay kinetics shown in the inset of Fig. 6 on different
time scales clearly reveal several steps in the QH oxidation process.
Thus, the 1.5 ms time scale suggests the occurrence of at least a fast
plus a slower step presumably involving reactions (7) and (8). Tak-
ing as the initial concentration of the oxidizing radicals, the sum
[•OH] + [•O2
−], Φ is found to be ~8%; that is to say much higher

than that measured in N2O-saturated solutions. This value supports
QH oxidation by both AA and •O2

−. Then, on the 15 ms time scale, an-
other distinct reaction occurred from 1.5 ms to 15 ms as •Q decayed
with still a parallel QH consumption. Thus in this model system and
in the presence of O2, all radical species such as •Q, •O2

−, and •AA rad-
icals as well as further reaction product(s) could be neutralized to
the expense of QH.
4. Conclusions

The optical absorption properties and the time evolution of the tran-
sient radical species resulting from the oxidation of ALA and AA, two es-
sential AKs, by •OH radicals have been established for the first time.
These radicals are likely formed by the abstraction of a hydrogen atom
on the carbon next to the carbonyl function yielding thehybrid resonant
enoyl radical [7]. The transient •ALA and •AA species have similar maxi-
mal absorption in the UV region at ~330 nmwithmolar extinction coef-
ficients b 1000 M−1 cm−1, but AA oxidation by •OH radicals produces
another weakly absorbing species absorbing at ~450 nm. No direct oxi-
dation of these AKs by •O2

− could be observed although the •O2
− inter-

vention has been suggested in the mechanistic interpretation of their
aerobic auto-oxidation ([3] and references therein). Another interesting
feature is the demonstration that •ALA and •AA were partially repaired
by potent anti-oxidants such as CatH, TrOH, AH− and QH, the latter
being free in solution or bound to HSA or to apoFt and Ft. Moreover,
studies in O2-saturated solutionswith QH suggest that not only reactive
oxygen species and other radical intermediates but also reaction prod-
ucts of AK radicals are neutralized at the expense of the antioxidant. It
might be speculated that these processes could be interesting ways to
alleviate damage caused during oxidation of AKs. This is particularly rel-
evant to physiological conditions as excess of both ALA and AA have
been implicated in the loss of the antioxidant role of Ft and in the in-
crease in iron overload leading to toxic pro-oxidant effects in rat brain,
liver and other tissues susceptible to lesions like retina, kidneys and
nerves accompanying chronic diseases such as diabetes or hepatic por-
phyries [3,16,29]. This work suggests some perspectives for exploring
the potential benefits of an adjuvant administration of anti-oxidants in

image of Fig.�6
Unlabelled image
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ameliorating diseases related to acquired or inborn amino-acid metab-
olism impairment involving AKs.
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