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bstract

In connection with the chemical modification of protein, the photooxidation of histidine (His), tryptophan (Trp) and carnosine by singlet oxygen
1O2) is investigated by a Eu3+ luminescence probe ATTA-Eu3+ and UV Raman spectroscopy under physiological conditions (pH 7.5). The solutions
ontaining both the luminescence probe ATTA-Eu3+(1 × 10−5 M) and the different concentration of the biological targets His, Trp or carnosine
ere irradiated by a tungsten lamp in the presence of 1O2 photosensitizer H2TMPyP4 (1 × 10−5 M), the luminescence intensity of the Eu3+ complex
robe decreases linearly with increasing the concentration of the biological target. The reaction rate constants of 1O2 with His, Trp and carnosine
ere calculated to be 3.2 × 108, 7.7 × 107 and 1.3 × 108 M−1 s−1, respectively. The results suggest that the luminescence probe ATTA-Eu3+ can be
sed for detecting the reactions of 1O2 with the biological targets quantitatively under physiological conditions. UV Raman spectroscopy probes

he structural changes of these biological targets after reaction with 1O2, indicating that peroxides are main species for the reaction of Trp although
he products decomposed by peroxides are main forms for that of His in a buffer solution. The imidazole ring of carnosine is the target of 1O2, and
he peptide bond is almost intact after reaction with 1O2.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The molecular oxygen in the lowest excited electronic state,
inglet molecular oxygen (1O2), is a highly reactive oxidant
or biological system. It can be readily produced upon irradi-
tion of a photosensitizer that transfers its excited state energy
o ground-stated dioxygen (3O2), and also by some enzymatic
eactions catalyzed by peroxidases or oxygenases in biologi-
al systems [1]. Singlet oxygen can react rapidly with many
iological molecules, such as DNA, RNA, lipids, sterols, free
mino acids, peptides and proteins [2–4]. Due to the abundance
f proteins within most biological systems and the high reaction

ate constants for the reaction of 1O2 with some protein side-
hains, proteins and some amino acids are the major targets for
O2 [5]. It is known that many products of such oxidation are

∗ Corresponding author. Tel.: +86 411 84379070; fax: +86 411 84694447.
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oorly repaired, peroxides generated on peptides and proteins
y 1O2 are relatively easy to react with antioxidants, such as the
ow molecular mass thiols and proteins containing thiol groups,
o modify the prosthetic group within the protein structure [6]
ven to induce DNA base oxidation, strand breaks, DNA-protein
ross-links oxidation [7]. These modified species can result in
ide-ranging biophysical and biochemical changes in both the
roperties and functions of cells, and may be key intermediates
n cellular dysfunction and disease progress [6,7].

Among the amino acids, both tryptophan (Trp) and histidine
His) can react with 1O2 at significant rates under physiolog-
cal pH condition. The majority of reactions of 1O2 with His
nd Trp occur via the chemical routes that will result in modi-
cation of the target, while Trp also gives significant physical
uenching [8]. Carnosine, a biologically important dipeptide, is
histidine-containing dipeptide that is present in relatively high

oncentrations (1–20 mM) in several mammalian tissues, such
s skeletal muscle and brain. Carnosine has an excellent poten-
ial to act as a natural antioxidant in vivo, in fact, it is an efficient
O2 scavenger [9].

mailto:canli@dicp.ac.cn
dx.doi.org/10.1016/j.jphotochem.2007.01.005
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Scheme 1. Reaction of ATTA-Eu3+ with 1O2.

The deleterious effects of 1O2 in biological systems have
eceived increasing recognition recently. A number of meth-
ds for 1O2 detection have been developed. For example,
O2 can be directly detected by monitoring its emission
t 1270 nm [1,10] and by chemical trapping with some
pectroscopic probes [11]. Recently, Song et al. devel-
ped a Eu3+ complex, [4′-(9-anthryl)-2,2′:6′,2′′-terpyridine-
,6′′diyl]bis(methylenenitrilo) tetrakis(acetate)-Eu3+ (ATTA-
u3+), that can be used as a sensitive and specific luminescence
robe for 1O2 in a weakly basic, neutral or weakly acidic buffer
12,13]. This Eu3+ complex is nearly non-luminescent, and
an specifically react with 1O2 to form a highly luminescent
ndoperoxide (Ep-ATTA-Eu3+, Scheme 1) with a long lumi-
escence lifetime. Herein, we report the application of this
robe in detecting the reaction of 1O2 with three biological tar-
et molecules Trp, His and carnosine under physiological pH
ondition.

On the other hand, the chemical quenching of 1O2 can result
n the modification of the targets to yield complicated products.
hese species have major effects on the cellular function. How-
ver, to our knowledge, there have been much less work reported
n the detailed spectroscopic investigation on target modifica-
ion. So another aim of this study is to investigate the structural
hanges after the reactions of 1O2 with Trp, His and carnosine
nder physiological pH condition by UV Raman spectroscopy.

In the present work, we found that the ATTA-Eu3+ com-
lex can probe the reactions of 1O2 with the biological target
olecules Trp, His and carnosine under physiological pH con-

ition, and gives their reaction rate constants quantitatively.
urthermore, the information of structural changes for the 1O2-
romoted oxidation of His, Trp and carnosine was obtained by
V Raman spectroscopy. The results also provide the useful

nsights into the damage mechanisms of amino acids and even
roteins by 1O2.

. Materials and methods

.1. Chemicals

l-Tryptophan (Trp) and l-histidine (His) were purchased

rom Shanghai Chemical Reagent Company (China) and
ere used without further purification. Carnosine (�-alanyl-
-histidine) was purchased form Sigma–Aldrich. H2TMPyP4
5,10,15,20-tetrakis (1-methy-4-pyridyl)-21H, 23H-porphine)

t
u

1
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as purchased in the form of tetra-p-tosylate salt from Tokyo
asei Kogyo Co., Ltd. (Japan). [4′-(9-Anthryl)-2,2′:6′,2′′-te-

pyridine-6,6′′-diyl]bis(methylenenitrilo)tetrakis(acetate)-Eu3+

ATTA-Eu3+) were synthesized according to a literature method
12].

.2. Time-resolved luminescence measurement

The time-resolved luminescence measurement was carried
ut on a Perkin-Elmer Victor 1420 multilabel counter with the
xcitation wavelength, 340 nm; emission wavelength, 615 nm;
elay time, 0.2 ms; window time (counting time), 0.4 ms; cycling
ime, 1.0 ms.

The reaction rate constants of Trp, His and carnosine with 1O2
ere determined by a fluorometric method using the competitive

eaction between ATTA-Eu3+ and the amino acid (or carno-
ine) with 1O2 produced by the irradiation of H2TMPyP4 in
n oxygen-saturated buffer solution. The reaction rate constants
f Trp, His and carnosine with 1O2 were calculated according
o Eq. (1), where I0/I is the ratio of the luminescence intensity
f the Eu3+ complex in the absence and presence of the amino
cid (or carnosine), kT is the rate constant for ATTA-Eu3+-1O2
eaction, kd is the decay rate of 1O2 in an aqueous solution, kq
s the rate constant for Trp, His or carnosine-1O2 reaction, T is
he concentration of ATTA-Eu3+ and Q is the concentration of
he amino acid (or carnosine) [14,15].

I0

I
= 1 + kq

kT [T ] + kd
[Q] (1)

The photosensitization reactions were carried out in oxygen-
aturated 50 mM Tris–HCl buffer at pH 7.4. The buffer solution
ontaining 10 �M TMPyP4, 10 �M ATTA-Eu3+ and different
oncentrations of either the amino acid or carnosine (from

to 3 mM) were irradiated by a 100 W tungsten lamp for
0 min. After the reaction, the solution was 100-fold diluted
the final probe concentration is 100 nM) with buffer solution,
nd subjected to time-resolved luminescence measurement on a
erkin-Elmer Victor 1420 Multilable Counter at room temper-
ture.

.3. UV Raman spectroscopy

UV Raman spectroscopy was carried out on a home built
nstrument with T64000 triple-stage spectrometer of Jobin Yvon
.A. equipped with three gratings and a specially coated UV-
ensitive CCD detector. A 244 nm line from a Coherent Innova
00 FRED laser was used as the excitation source. The spectra
ere recorded using a 90◦ geometry with a laser power of less

han 1 mW on the sample to avoid the damage of the sample.
ach spectrum was collected for 60 s; two spectra were accu-
ulated to increase the signal-to-noise ratio. No photochemical

amage was observed for all samples as judged by the absence of
ransient and irreversible changes in UV Raman spectra within

he time of datum collection. Raman frequencies were calibrated
sing the spectrum of Teflon.

The buffer solutions of Trp, His and carnosine containing
0 �M TMPyP4 were irradiated by a 100 W tungsten lamp for
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Table 1
Comparison of the quenching rate constant (kq) for the reaction of 1O2 with Trp,
His and carnosine using ATTA-Eu3+ probea with literature resultsb,c

Compounds kq (M−1 s−1)a kq (M−1 s−1)b,c

Trp 3.2 × 108 1.0 × 108b, 4.0 × 107c

His 7.7 × 107 3.2 × 107b, 5.0 × 107c

Carnosine 1.3 × 108 –
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Trp is a little high compared with literature values and the inter-
cept in the Stern–Volmer plot does not have an intercept of unity.
In fact, the structure changes of Trp, His and carnosine after they
C. Wei et al. / Journal of Photochemistry an

5, 50 and 75 min, respectively. After the irradiation, the solution
emperature is a little high compared with the room tempera-
ure. In order to avoid the effect of the solution temperature on
he Raman spectra, the solution was cooled to room tempera-
ure after the reaction, and then UV Raman spectra were taken
mmediately. The concentrations of Trp, His and carnosine were
xed at 1.0 × 10−3, 1 × 10−2 and 5 × 10−2 M, respectively, in
uffer solutions containing 50 mM Tris–HCl, 150 mM NaClO4
pH 7.5). The Raman band at 933 cm−1 of NaClO4 in buffer
olution was chosen as the intensity internal standard.

. Results and discussion

.1. Measurement of reaction rate constants of Trp, His
nd carnosine with 1O2 by the luminescence probe

Indole ring of Trp and imidazole rings of His and carnosine
re easy to react with 1O2 and have shown to be responsible for
ntioxidation activity in vivo [16–18]. The ATTA-Eu3+ complex
an specifically react with 1O2 accompanied by the remarkable
uminescence increase upon the reaction [12,13]. In order to
xamine whether the ATTA-Eu3+ complex can probe the reac-
ion of 1O2 with the biological targets under physiological pH
ondition, we determined the effects of different concentrations
f Trp, His and carnosine on the luminescence intensities of the
u3+ complex after the solutions were irradiated by visible light

or 20 min in the presence of 1O2 photosensitizer H2TMPyP4.
s shown in Fig. 1, the luminescence intensity of the product of
TTA-Eu3+ reacted with 1O2 was decreased significantly with

he increase of the concentrations of Trp, His and carnosine,
nd the effects of these target molecules on the luminescence
ntensity were found in the order of Trp > carnosine > His. These
esults indicate that the ATTA-Eu3+ complex can probe the reac-
ions of 1O2 with Trp, His and carnosine under physiological pH
ondition.
As shown in Table 1, the reaction rate constants of Trp,
is and carnosine with 1O2 were calculated to be 3.2 × 108,
.7 × 107 and 1.3 × 108 M−1 s−1 by Eq. (1), respectively, using
T = 3.3 × 109 M−1 s−1 [19] and kd = 2.38 × 105 s−1 [20]. The

ig. 1. Stern–Volmer plots of the luminescence intensity of the Eu3+ complex
gainst the concentrations of Trp, His and carnosine.

F
(
c

a This work.
b Value according to Ref. [2].
c Value according to Ref. [18].

esults of this method show a consistency with the reported val-
es [2,18], especially for His and carnosine, which indicates that
he ATTA-Eu3+ complex can be used to quantitatively detect the
eactions of 1O2 with amino acids and small peptides. It has been
eported that the chemical rate constant for l-histidine-1O2 is in
he range of 4 × 107 to 1 × 108 M−1 s−1 [21,22], and carnosine
ontaining the imidazole ring is a more effective 1O2 scavenger
han l-histidine in aqueous solutions and in biological system
16,23]. Our results are in good agreement with this conclusion.

In the case of Trp, it was found that a broad absorption band
round 340 nm was formed after the irradiation, and the max-
mum absorption band of TMPyP4 was shifted from 424 to
76 nm (data not shown), which indicate that some new col-
red species were produced upon the irradiation. Because these
olored species can absorb the incident and emission lights,
esulting in the decrease of the I value in Eq. (1) due to the
uminescence internal filter effect, the rate constant obtained for
ig. 2. UV resonance Raman spectra of Trp at 1.0 × 10−3 M before irradiation
a), after irradiation for 20 min (b), 50 min (c) and 75 min (d) in buffer solution
ontaining 50 mM Tris–HCl, 120 mM NaClO4 (pH 7.5).
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eact with 1O2 are very significant and some new species are pro-
uced in the solution (see below), so other quenching reactions
ay also occur in these complex systems.

.2. Structural characterization of Trp, His and carnosine
eaction with 1O2 by UV Raman spectroscopy

Raman spectroscopy is a powerful tool for structural charac-
erization of molecules. UV Raman spectroscopy can enhance
he Raman intensities of the bands of molecules at relatively low
oncentration and is suitable to detect the structural changes
f biological molecules [24]. In order to investigate the 1O2-
nduced the structural damages of Trp, His and carnosine, we
arried out UV Raman studies on the reactions of Trp, His and
arnosine with 1O2 using a 244 nm line. In this case, UV reso-
ance Raman spectra are obtained for Trp because the 244 nm
ine is in the range of its absorption band [25].

Fig. 2 shows UV resonance Raman spectra of 1 × 10−3 M Trp
efore and after irradiation for 25, 50 and 75 min in the presence
f 10−5 M TMPyP4 in a neutral buffer solution. The character-
stic Raman band of ClO4

− (933 cm−1) was used as an internal
tandard band to normalize the intensity of the Raman spec-
ra. The Raman signal was not observed for 10−5 M TMPyP4
hen excited by a 244 nm laser (data not shown). UV resonance
aman bands of Trp and their assignments are summarized in
able 2.

Compared with the reaction taken before the irradiation,
lmost all bands are shifted with large intensity changes after
he irradiation in the presence of TMPyP4, suggesting that the
tructural modification of 1O2 to Trp is significant. According
o the assignments of bands in Table 2, the resonance Raman
ands of Trp when excited by 244 nm laser are all related to
he vibrations of indole ring. The bands at 760 and 1013 cm−1,
scribed to the ring breathing modes of pyrrole and benzene
26], are broadened and shifted to 744 and 1027 cm−1, respec-
ively. In addition, a new weak broad band near 1090 cm−1 is
scribed to the stretching vibration of the O O bond in O2

−
27], which indicates that 1O2 reacts with Trp to produce the
eroxide species.

The bands at 1340 and 1360 cm−1 are shifted to the
363 cm−1 and appear as a singlet, with almost two-fold

ncreased intensity. The bands at 1360/1340 cm−1, a Fermi
oublet between a fundamental band of an in-plane vibration
mainly N1-C8 stretch) and one or more combination band of
ut-of-plane vibrations involving the benzene and pyrrole rings,

b
t
s
T

able 2
V resonance Raman bands of Trp in aqueous solution

aman shift (cm−1) (Trp) Raman shift (cm−1

60 (W18) 744 (broadening)
013 (W16) 1027 (broadening)
340/1360 (W7) 1363 (increase)
466 (W5) Not observed
561 (W3) 1585 (decrease)
616 (W1) 1616 (increase)

and assignments according to Refs. [26,28–30].
a Abbreviations: ν, stretching; δ, bending; as, asymmetric modes.
Scheme 2. Reaction of Trp (a) and His (b) with 1O2.

re sensitive to the change of the hydrophobic environment of
ndole ring, the stronger the hydrophobicity the higher inten-
ity ratio of doublet (I1360/I1340) [28–30]. On the contrary, the
and at 1466 cm−1, corresponding to the NH bending vibra-
ion of the indole [30,31], disappears, which indicates that H
tom of N H bond is transferred after the reaction of Trp with
O2. The intensity of the band at 1616 cm−1, assigned to the
tretching vibration of C C bond, is increased with irradiation.
he band at 1561 cm−1 arises from indole ring vibration mainly
ontributed from the C2 C3 stretching. Because of its vibration
ode, the shift of this band is expected to be affected by the

orsion angle about the C� C� C3 C2 linkage [29,30]. The
urve fitting indicates that the band at 1561 cm−1 is shifted to
585 cm−1 and buried in the band of 1616 cm−1, and its intensity
s also decreased. According to the changes of Raman spectra
nd the results about the damage of 1O2 to Trp reported by the
iteratures, the reaction between Trp and 1O2 can be described
s shown in Scheme 2a.

Because of the binding of 1O2 to the C3 of Trp, hydro-
en of N H bond is transferred to the O2

− species to form
O H bond at C3 site, which makes the torsion angle about the

� C� C3 C2 linkage change, and the disappearance of the
H bending vibration and the changes of fermi double peaks

t 1340/1360 cm−1. In addition, the formation of the O O H
ond changes the electronic density of indole ring and leads

o the shifts of some bands related to indole ring, such as the
tretching vibration of C C and the breathing vibration of ring.
hese changes of bands can be an evidence for the damage of

) (Trp + 1O2) Assignmentsa

Ring breathing (pyrrole)
Ring breathing (benzene)
Fermi double peak
δ NH (indole)
ν C2 C3 (ring)
ν C C (ring)
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Fig. 3. UV Raman spectra of His at 2.0 × 10−2 M before irradiation (a), after
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Carnosine is a dipeptide consisting of His and �-amino
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rradiation for 20 min (b), 50 min (c) and 75 min (d) in buffer solution containing
0 mM Tris–HCl, 120 mM NaClO4 (pH 7.5).

rp and even protein containing Trp motif by 1O2. Reactions of
ertain amino acids, peptides, and proteins with 1O2 yield the
ubstrate-derived peroxides. Our experimental results indicate
hat the initial reaction of 1O2 with Trp yields a hydroperoxide
t C3. Recent studies have shown that these peroxide species
re formed within intact cells and can inactivate key cellular
nzymes and even break DNA strands [7,32].

The effect of 1O2 on His was also investigated with UV
aman spectroscopy, as shown in Fig. 3. Raman bands of His are
ainly from the imidazole ring and CH2 group (Table 3). Except

or the bands at 1074 and 1239 cm−1, which are corresponding to
he skeletal stretching vibration of the side-chain and the C H
n-plane bending vibration of ring, respectively [33,34], other
aman bands of His have some changes after the irradiation.
he most significant changes are the decrease of the relative
ntensity of the band at 1322 cm−1, and the increase of the rela-
ive intensity of the band at 1629 cm−1 and the shift from 1629
o 1642 cm−1. The band at 1322 cm−1 is assigned to the stretch-

a
p
B

able 3
V Raman bands of His in aqueous solution

aman shift (cm−1) (His) Raman shift (cm−1) (His

074 1074
156 1156 (decrease)
239 1239
322 1322 (decrease)
455 1466
492 1466
580 1575 (decrease)
629 1642 (increase)

and assignments according to Refs. [33–38].
a Abbreviations: ν and δ indicate stretching and deformation vibrations, respectivel
tobiology A: Chemistry 189 (2007) 39–45 43

ng vibrations of the C N and C N bonds of imidazole ring and
he bend vibration of CH2 [35,36], and the band at 1629 cm−1 is
orresponding to the stretching vibrations of both C C and C N
onds [35]. The band at 1580 cm−1, ascribed to the stretching
ibration of the C C bond of imidazole ring [34–37], is shifted
o 1575 cm−1 accompanying a slightly decrease in the intensity.
n addition, the relative intensity of the band at 1156 cm−1 is
lso decreased slightly. This band is corresponding to the NH3

+

ocking and the bending vibration of in-plane NH of imidazole
ing [33–36,38]. Two bands at 1455 and 1492 cm−1, ascribed to
he ring stretching of imidazole [33,35], are shifted and emerged
nto one band at 1466 cm−1.

Above results indicate that the reaction of 1O2 with His sig-
ificantly changes the structure of the imidazole ring, but we
ailed to confirm the peroxide products that are important inter-
ediates in the photooxidation of His-derived species including

he free His and His residues at low temperatures [39]. It was
ndicated that the detected decay of peroxides is accelerated at
he elevated temperatures [6,40]. It is reasonable that peroxides
re not main intermediate compounds under our experimen-
al condition, because the solution temperature was increased
pon irradiation by a 100 W tungsten lamp. It has been reported
hat the reaction of 1O2 with Trp can produce the higher perox-
de level than that with His, because peroxides formed by His
eacting with 1O2 are degraded more rapidly [7]. This report
lso supports our present results that peroxides were not been
etected in the His-1O2 system under our experimental condi-
ion, although we observed the peroxides in the Trp-1O2 system.

It is worth noting that with increasing irradiation time, the
ntensity of the band at 1642 cm−1 increases remarkably. We
peculate that the band at 1642 cm−1 comes partially from the
tretching vibration of the C O bond, because the intermediate
pecies decomposed by the initial peroxides contain the C O
ond that comes from the cleavage of the O O bond [2]. Fur-
hermore, the cleavage of the O O bond also produces the OH
ond that should be close to the CH2 group, so we observed the
vident change of the CH2 bending vibration.

According to above results, we propose the main species
resent in the solution after the reaction of His with 1O2 under
ur experimental condition (Scheme 2b).
lanine. Fig. 4 shows the UV Raman spectra of the carnosine-
orphyrin buffer solution before and after the irradiation.
esides Raman bands of imidazole ring, some amide bands

+ 1O2) Assignmentsa

ν C–N (side-chain)
δ NH (in-plane) (ring), NH3

+ rocking
δ CH (ring)
ν N C + ν N–C (ring), δ CH2

ν ring, δ CH2

ν ring
ν C C
ν C C, ν C N

y; s, symmetric modes.
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Table 4
UV Raman bands of carnosine in aqueous solution

Raman shift (cm−1) (carnosine) Raman shift (cm−1) (carnosine + 1O2) Assignmentsa

993 993 CH2 rock
1100 1100 CH2 rock
1172 1187 (decrease) ν N–C–N and δ N–H (ring)
1235 1239 Amide III (ν N–C and δ N–H)
1267 1257 (increase) Ring breathing
1317 1332 (decrease) Ring breathing
1373 1373 ν C–N (peptide bond)
1443 1430 (increase) δ N–H (ring), δ CH2

1487 1487 (decrease) δ N–H (ring)
1575 1568 ν C C
1647 1647 ν C O amide I

B
ctivel
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and assignments according to Refs. [27,33,41–43].
a Abbreviations: ν and δ indicate stretching and deformation vibrations, respe

re also observed (Table 4). Compared with His, the intensity
nd position of the Raman bands of carnosine change dra-
atically after irradiation in the presence of photosensitizer

orphyrin. The band at 1172 cm−1 is shifted to 1187 cm−1 with
he decrease of band intensity, which is ascribed to the N C N
tretching vibration and NH bending vibration in imidazole ring
26,41–43]. The bands at 1267 and 1317 cm−1, related to the
ing breathing vibration of imidazole [39–41], are shifted to
257 and 1332 cm−1, accompanying the notable increase and
ecrease of intensity, respectively. The band at 1443 cm−1, cor-
esponding to the NH bend vibration of imidazole ring and the
ending vibration of the CH2 group [27,33,41–43], is shifted to
430 cm−1, and its relative intensity is increased markedly. On
he contrary, the relative intensity of the band at 1487 cm−1 is
ecreased slightly, which is ascribed to the bending vibration of
he NH bond of imidazole ring [40,42]. The band at 1575 cm−1,

orresponding to the stretching vibrations of the C C bonds in
midazole ring [27,41–43], is shifted to 1568 cm−1.

No changes in intensity and shift are observed for the bands
t 993 and 1100 cm−1 ascribed to the CH2 rocking vibration

ig. 4. UV Raman spectra of carnosine at 5.0 × 10−2 M before irradiation (a),
fter irradiation for 20 min (b), 50 min (c) and 75 min (d) in buffer solution
ontaining 50 mM Tris–HCl, 120 mM NaClO4 (pH 7.5).
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y; s, symmetric modes, as, asymmetric modes.

n the side-chain skeletal [33]. There is a small shoulder peak
ear the band at 1257 cm−1, and the curve fitting shows that its
ntensity fails to change but the position is shifted from 1235
o 1239 cm−1 that is buried in the band of 1257 cm−1 (data not
hown). This band at 1235 cm−1 is corresponding to amide III.
imilarly, the band at 1647 cm−1 ascribed to the C O stretching
ibration of amide [41,42] is hardly changed. It was reported that
O2 does not cause the cleavage of the peptide bond [44], and
ur result is consistent with this conclusion.

Based on the above results, we can conclude that the damage
f 1O2 to carnosine mainly occurs on its imidazole ring, as the
ing breathing vibration, the stretching vibration of the C C
ond and the bending vibration of the NH bond in imidazole
ing are changed very significantly. In addition, the CH2 group
s also affected by 1O2. The detail damage mechanism induced
y 1O2 needs to be studied further.

In addition, we did not find any changes of Raman spectra
or His, Trp and carnosine after irradiated for 25, 50, and 75 min
n the absence of H2TMPyP4 (data not shown), this further con-
rms that their structural damages are due to the effect of 1O2
roduced by irradiation of H2TMPyP4.

. Conclusions

This study shows that the damage of His, Trp and carnosine by
O2 can be characterized quantitatively using ATTA-Eu3+ com-
lex as a luminescence probe under physiological pH condition.
ccording to the quenching rate constants, carnosine involving
is residue is a much more efficient scavenge of 1O2 than His.
V Raman spectroscopy can probe the structural changes of Trp,
is and carnosine after their reaction with 1O2. The damage of

arnosine by 1O2 occurs mainly in the reaction of its imidazole
ing, and the break of the peptide bond is not observed under
ur experimental condition. The current results provide a new

nsight into the damage of 1O2 to amino acids and small peptide
y the structural change probed by UV Raman and lumines-
ence spectroscopy. In particular, our luminescence probe can
e directly applied to measuring the reaction of 1O2 with the
iological small molecules.
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