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bstract

The photoionization of kynurenine (KN) and 3-hydroxykynurenine (3OHKN) in aqueous solutions proceeds via a biphotonic mechanism. The
recursors for ionization are the triplet states TKN and T3OHKN, absorbing the second light quantum. The addition of solvated electrons to the

arent molecules with the rate constant 2.0 × 1010 M−1 s−1 results in the formation of anion radicals, the latter in neutral solutions undergoes fast
rotonation. The individual spectra of all intermediates – triplet states, cation radicals, electron adducts – formed under UV irradiation of KN and
OHKN are obtained.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A group of tryptophan-derived compounds: kynurenine
KN), 3-hydroxykynurenine (3OHKN), 3-hydroxykynurenine
lucoside (3OHKG), and 4-(2-amino-3-hydroxyphenyl)-4-
xobutanoic acid glucoside (AHBG), are found in the human
ens, where they absorb UV light in the 300–400 nm region pro-
ecting the lens and retina from light-induced tissue damage
1–5]. Three of these compounds, KN, 3OHKN and 3OHKG,
ave been shown to be chemically unstable: at physiological pH
nd temperature they can undergo deamination or decarboxy-
ation [6,7]. The products so formed, carboxyketoalkenes and
minoketoalkenes, are highly reactive species which can bind
o lens proteins [6,8–12]. These reactions can result in the even-
ual accumulation of the modified proteins in the lens and to the
evelopment of a cataract [13,14].

An alternative channel of lens protein modification is the
hotochemical reactions of the UV filter compounds [15–19].
ynurenine and most of its derivatives are weak photosensitiz-

rs. It has been reported that KN and 3OHKN do not photosen-

itize the formation of singlet oxygen and superoxide [20], and
hat the first singlet exited states of these compounds decay to
he ground state in picosecond time scale [21], directing light
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nergy into benign channels. Nevertheless, in model experi-
ents the reactions of photoexcited KN with some biological

ompounds have been observed [22]. In our recent publication
23] we revealed the formation of the KN triplet state under UV
rradiation. At physiological pH the quantum yield of the triplet
tate formation is relatively low, about 2%, and yet this route
ay be the primary step for the subsequent reactions, resulting

n the irreversible chemical modification of the lens proteins.
The present work is aimed at the study of one more potentially

armful photochemical reaction of KN and 3OHKN, photoion-
zation. This reaction is known for aromatic amino acids in aque-
us solutions: tryptophan, tyrosine, phenylalanine [24–26]. The
ntermediates formed – solvated electron and cation radical – can
eact with other molecules. In particular, the photoionization of
ryptophan is one of the major pathways of photo-oxidation of

any proteins [27]. The main goals of this work are to demon-
trate that photoionization takes place in the photolysis of KN
nd 3OHKN, to determine the precursor for ionization, and to
haracterize the short lived intermediates formed under photol-
sis of these compounds.

. Experimental details
A detailed description of the LFP equipment has been pub-
ished earlier [28,29]. Solutions, running through a rectangular
ell (inner dimensions 3 mm × 10 mm), were irradiated with a

mailto:yura@tomo.nsc.ru
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Fig. 2. Transient absorption spectra, obtained in 355 nm photolysis of
2.6 × 10−4 M 3OHKN – open triangles: under Ar, 50 ns after the laser pulse;
solid squares: under Ar, 1 �s after the laser pulse; open circles: under Ar in the
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uanta-Ray LAB-130-10 Nd:YAG laser (pulse duration 8 ns;
55 nm, pulse energy up to 150 mJ; 266 nm, pulse energy up
o 70 mJ). The dimensions of the laser beam at the front of the
ell were 2.5 mm × 8 mm. The monitoring system includes a
KSh-150 xenon short-arc lamp connected to a high current
ulser, a home-made monochromator, a 9794B photomultiplier
Electron Tubes Ltd.), and a LeCroy 9310A digitizer. The mon-
toring light, concentrated in a rectangle of 2.5 mm height and
mm width, passed through the cell along the front (laser irra-
iated) window. Thus, in all experiments the excitation optical
ength was 1 mm, and the monitoring optical length was 8 mm.
ll solutions were bubbled with argon for 15 min prior to, and
uring, irradiation.

Actinometry was performed using naphthalene in cyclo-
exane. The incident laser energy was determined by triplet
aphthalene absorption at 414 nm (absorption coefficient
.45 × 104 M−1 cm−1, triplet quantum yield 0.75 [30,31]).

d,l-Kynurenine and 3-hydroxy-d,l-kynurenine (Sigma/
ldrich) were used as received. Solutions were prepared with

he use of phosphate buffers.

. Results and discussion

Transient absorption spectra, obtained immediately after the
55 nm laser irradiation in the photolysis of Ar-saturated aque-
us solutions of KN (2 × 10−4 M) and 3OHKN (2.6 × 10−4 M),
re shown in Figs. 1 and 2 by open triangles. A promptly decay-
ng signal on the right-hand side of the spectra was attributed
o the solvated electron. Firstly, the spectrum of this intermedi-
te is similar to that of solvated electron; secondly, this signal

s readily quenched by well-known electron scavengers, N2O
nd acetone. The decay of the signal is monoexponential, the
bserved decay rate constants kobs1 (KN photolysis) and kobs2
3OHKN photolysis) are proportional to the concentration of the

ig. 1. Transient absorption spectra, obtained in 355 nm photolysis of
× 10−4 M KN–(a) open triangles: under Ar, 50 ns after the laser pulse; (b)

olid squares: under Ar, 1 �s after the laser pulse; (c) open circles: under Ar in
he presence of 5 × 10−3 M acetone, 1 �s after the laser pulse; (d) solid triangles:
nder O2 in the presence of 5 × 10−3 M acetone, 1 �s after the laser pulse. Solid
ine shows the absorption spectrum of KN.
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resence of 5 × 10−3 M acetone, 1 �s after the laser pulse; solid triangles: under

2 in the presence of 5 × 10−3 M acetone, 1 �s after the laser pulse. Solid line
hows the absorption spectrum of 3OHKN.

nitial compounds:

obs1 = ke1 × [KN], kobs2 = ke2 × [3OHKN]

hus, in our experimental conditions the main channel of
olvated electron decay is the attachment to the initial com-
ound. The observed rate constants kobs1 and kobs2 were
easured for the different concentrations of the initial com-

ounds, the calculated rate constants for the electron addi-
ion to KN and 3OHKN are ke1 = (2.0 ± 0.2) × 1010 M−1 s−1

nd ke2 = (1.9 ± 0.2) × 1010 M−1 s−1, respectively, which is in
good agreement with the values obtained by pulse radiolysis
32].
The comparison of the spectra, obtained 1 �s after the pho-

olysis of KN in neutral and basic solutions (Fig. 3), shows that
n neutral solution the electron adduct KN•− undergoes proto-

ig. 3. Transient absorption spectra, obtained 1 �s after 355 nm photolysis of
× 10−4 M KN–solid squares: pH 7.0; open diamonds: pH 11.9.
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Table 1. Earlier, the absorption coefficient of the triplet kynure-
nine at 430 nm was measured by acetone-sensitized photolysis:
εT(430) = 3700 M−1 cm−1 [23], which is in a perfect agreement
with the present results.

Table 1
66 O.A. Snytnikova et al. / Journal of Photochemistr

ation yielding the neutral radical KNH•. Thus, the transient
bsorption spectrum (b), obtained 1 �s after the laser irradiation
f Ar-saturated solutions of KN at pH 7.0 (Fig. 1, squares), is
superposition of spectra of three intermediates: cation radical
N•+ appears in the course of ionization; electron adduct KNH•

s formed due to electron addition to the ground state KN; the
pectrum also includes the contribution from the triplet state
KN, which is formed under UV irradiation with a quantum
ield of approximately 2% [23]. The negative absorption in the
40–390 nm region corresponds to the depletion of the starting
aterial, KN, the optical spectrum of which is shown in Fig. 1

y a solid line.
The spectrum (c), shown in Fig. 1 by circles, was obtained in

he presence of 5 mM of acetone in argon-saturated solution.
cetone scavenges solvated electrons with the rate constant

sc = 6 × 109 M−1 s−1 [33]. The formed electron adduct Ac•−
apidly protonates yielding AcH•. Radical AcH• is a weak
hromophore as compared to KN and its derivatives. Thus, the
resented spectrum includes the contributions from two species,
KN and KN•+.

The last spectrum (d) in Fig. 1 (solid triangles) was obtained
n the presence of 5 mM of acetone in O2-saturated solution.
xygen quenches the triplet state of KN with the rate constant

q = 2.1 × 109 M−1 s−1 [23]. Thus, this spectrum corresponds to
he absorption of KN•+ only.

The presented data allow for the obtaining of the individ-
al spectra of all three intermediates, TKN, KNH• and KN•+,
ormed in the photolysis of KN. They are shown in Fig. 4. Solid
riangles represent the spectrum of KN•+, it was obtained by
he correction of spectrum (d) from Fig. 1 for the depletion of
he starting compound. The spectrum of the triplet state, TKN
squares), is the difference between spectra (c) and (d) in Fig. 1,
hile the spectrum of electron adduct KNH• (circles) is the dif-
erence between spectra (b) and (c). Here, the correction for the
tarting KN depletion was also made.

The values of the absorption coefficients of intermediates
ere also extracted from the spectra presented in Fig. 1. At

ig. 4. Absorption spectra of intermediates formed during KN photolysis at pH
.0 – open circles: protonated electron adduct KNH•; solid squares: triplet TKN;
olid triangles: cation KN•+.
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ny given wavelength the observed transient absorption can be
xpressed as

�ODb

L
= εKN+CR + εKNHCR + εTCT − εKN(2CR + CT),

�ODc

L
= εKN+CR + εTCT − εKN(CR + CT),

�ODd

L
= εKN+CR − εKNCR

ere, �ODb, �ODc and �ODd are the values of the transient
bsorption in the spectra (b)–(d), correspondingly. L is the opti-
al length, L = 0.8 cm. εKN+ , εKNH, εT, and εKN are the absorp-
ion coefficients of cation KN•+, electron adduct KNH•, triplet
KN, and ground-state KN. CR and CT are the concentrations
f radicals and triplets, correspondingly (CR = CKN+ = CKNH).
s one can see from Fig. 1, there is an isobestic
oint at 350 nm: �ODc(350) = �ODd(350) = 0. Therefore,
KN+(350) = εT(350) = εKN(350) = 4.1 × 103 M−1 cm−1. These
alues were used to scale the absorption coefficients of KN•+

nd TKN for the whole wavelength range. Finally, the absorp-
ion coefficient of KNH•, εKNH, can be easily calculated at
avelengths longer than 420 nm, where the starting compound
as no absorption, and the obtained data can be used as a scal-
ng factor for shorter wavelengths. Thus, the spectra in Fig. 4
re presented in absolute values, and the main spectral fea-
ures of KN and its short-lived intermediates are collected in
pectral features of KN, 3OHKN, and their short-lived intermediates

ubstance State �max

(nm)
εmax (M−1 cm−1)

ynurenine Ground state KN 225 22, 000
260 7,200
360 4,500

Cation radical KN•+ 275 6, 100
350 4,100
420 2,800

Electron adduct
KNH•

285 20, 000
450 3,100

Triplet state TKN 280 9, 100
340 4,430
430 3,700

-OH-Kynurenine Ground state 3OHKN 230 19, 000
270 8,000
370 4,300

Cation radical
3OHKN•+

260 21, 200
315 8,000

Electron adduct
3OHKNH•

295 17, 600
450 2,000

Triplet state T3OHKN 265 –
295 –
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A precursor for the biphotonic ionization is most likely the
ig. 5. Absorption spectra of intermediates formed during 3OHKN photolysis
t pH 7.0 – open circles: protonated electron adduct 3OHKNH•; solid squares:
riplet T3OHKN (in arbitrary units); solid triangles: cation 3OHKN•+.

Similar manipulations were performed with the spectra
btained in 3OHKN photolysis. The individual spectra of elec-
ron adduct 3OHKNH•, cation radical 3OHKN•+ and triplet
tate T3OHKN are shown in Fig. 5, and the spectral features are
isted in Table 1. The absorption of the triplet state was very
mall at all wavelengths above 320 nm, so we were not able
o calculate the absolute values of the absorption coefficient of
his intermediate. Therefore, its spectrum in Fig. 5 is shown in
rbitrary units.

For a better understanding of the mechanism of KN and
OHKN photoionization, we performed the measurements of
he ionization quantum yield at different laser energies for
wo excitation wavelengths–355 nm and 266 nm. Fig. 6 shows
he dependences of transient absorption measured at 630 nm

mmediately after the 355 nm laser irradiation of 2.07 × 10−4 M
olution of KN and 2.48 × 10−4 M solution of 3OHKN on the
utput laser energy. Fig. 7 shows similar dependences, obtained

ig. 6. Dependence of transient absorption measured at 630 nm immediately
fter the 355 nm laser irradiation of KN (solid circles) and 3OHKN (open circles)
olutions on the intensity of laser irradiation.
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ig. 7. Dependence of transient absorption measured at 630 nm immediately
fter the 266 nm laser irradiation of KN (solid squares) and 3OHKN (open
quares) solutions on the intensity of laser irradiation.

ith the laser excitation at 266 nm. All measurements were
erformed at room temperature in neutral (pH 7.2) solutions.
pparently, the yield of the solvated electron formation depends
n the laser power quadratically rather than linearly. The second-
egree functions are shown in Figs. 6 and 7 by solid lines as
visual guide. The photoionization quantum yields were cal-

ulated using the absorption coefficient of solvated electron at
30 nm εe(630) = 1.5 × 104 M−1 cm−1 [34], the dependences of
he photoionization quantum yield on the laser energy are pre-
ented in Fig. 8. All four dependences show a good linear fit,
estifying that at both excitation wavelengths 355 and 266 nm the
hotoionization of KN and 3OHKN proceeds by a biphotonic
echanism.
riplet state. It has been reported that 3OHKN demonstrates very
hort fluorescence time–32 ps [21]. Thus, the lifetime of the sin-
let excited state is too short to absorb a second photon within

ig. 8. Dependence of photoionization quantum yield on the intensity of laser
rradiation – solid squares: KN, 266 nm photolysis; open squares: 3OHKN,
66 nm photolysis; solid circles: KN, 355 nm photolysis; open circles: 3OHKN,
55 nm photolysis.
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he duration of the same laser pulse (about 7 ns). The results
f the present work also speak in favor of a triplet precursor
or ionization. Indeed, both TKN and T3OHKN have stronger
bsorption at 266 nm than at 355 nm (see Figs. 4 and 5), and so
he photoionization quantum yield at 266 nm is higher (Fig. 8).
he signal of TKN at all wavelengths is stronger than that of
3OHKN, which means that either triplet yield in the KN pho-
olysis is higher, or its absorption is stronger. Correspondingly,
N demonstrates higher yields of photoionization than 3OHKN.
Thus, the common reaction scheme of KN and 3OHKN pho-

olysis can be presented as following:

M
hν−→SM∗ ISC−→TM, TM

hν−→M•+ + e−,

M + e− ke−→M•−, M•− + H+ � MH•

n conclusion, our study shows that the triplet state is the key
ntermediate in the photolysis of KN and its derivatives. Under
ntensive laser irradiation, the triplet state can absorb a second
ight quantum and undergo photoionization. This reaction results
n the formation of cation radical M•+ and electron adduct M•−,
he latter at neutral pH converts into neutral radical MH•. The
ame radicals can also appear in the reactions of KN triplet state
ith electron donors and acceptors, so their spectral features

eported here could be important for understanding reaction
echanisms. The reactivity of the kynurenine triplet state toward

mino acids and other biologically important molecules is cur-
ently under study in our lab and will be published in a separate
aper.
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