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二氟沙星激发态氧化损伤氨基酸和脱氧鸟苷酸的激光光解研究
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摘要：本文利用激光光解法研究了二氟沙星激发态氧化损伤氨基酸和脱氧鸟苷酸等生物小分子。实验结果显
示二氟沙星激发态水溶液氧化损伤色氨酸，酪氨酸，半胱氨酸和脱氧鸟苷酸的速率常数分别为 1.97 × 108,
1.48 × 108, 1.72 × 108, 6.92 × 107 dm3∙mol 1∙s 1。通过光谱分析和实验数据分析可以得出激发态二氟沙星氧
－

－

化损伤色氨酸，酪氨酸，半胱氨酸和脱氧鸟苷酸是通过电子转移的方式进行的。
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Abstract: The reactions of triplet-state difloxacin (DFX) with various amino acids and deoxyguanylic acid in
aqueous media were studied using laser flash photolysis. Tryptophan, tyrosine, cysteine, and 2′-deoxyguanosine5′-monophosphate (dGMP) were found to completely quench the triplet state of DFX in aqueous solution, the
corresponding second-order rate constants being 1.97 × 108, 1.48 × 108, 1.72 × 108, and 6.92 × 107 dm3∙mol 1∙
s 1. The quenching mechanism involves electron transfer to the photoexcited triplet state of DFX from the
tryptophan, tyrosine, cysteine, and dGMP moieties, followed by fast protonation of the resulting DFX anion
radical.
－

－
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Introduction

It is now well established that UVA light has cytotoxic and
mutagenic features. Because only a small amount of UVA light can
be absorbed by DNA or protein molecules, endogenous and exogenous photo-sensitizers are believed to play an important role
in UVA carcinogenesis1,2. UVA light absorbed by photo-sensitizers
may induce the damage of bio- molecules via photo- oxidation
reactions3.
Approximately 68% of the dry weight of cells and tissues is
composed of proteins4, so they are the major targets for potential

photo-oxidation. Oxidative modifications of proteins have been
suggested to play a key role in a number of human diseases and
aging5,6. Two major types of processes can occur with protein
photo-oxidation7. One process involves the formation of free
radicals via the transfer of hydrogen atoms or electrons (Type I
mechanism). The other process involves the generation of singlet
oxygen (1O2) by energy transfer from the triplet state of the sensitizer to the ground triplet state of molecular oxygen (Type II
mechanism). The crucial role of free and protein-bound tryptophan, tyrosine, cysteine in the light sensitivity of biological sys-
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tems, either following the direct absorption of light in the UVB
range or promoted by compounds acting as photo-sensitizers, has
received considerable attention8,9.
It is well known that guanine is the most easily oxidized base,
and photosensitization of DNA primarily occurs at guanine residues, which demonstrates that guanine lesions may be the major
cause of mutations10 12. Guanine, possessing the lowest oxidation
potential among the DNA bases, provides the most thermodynamically accessible source of electrons10,13,14. Therefore, intense
attention has been focused on understanding the photosensitization
of guanine as a DNA model compound to elucidate the mechanisms of photooxidative DNA degradation. For the current study,
dGMP was used because of its good solubility in water and the
fact that it represents the best model of the DNA monomer unit.
Fluoroquinolones antibiotics (FQs) are one of the most successful classes of drugs15 and are considered to be well-tolerated
drugs with relatively limited adverse effects16,17; therefore, the use
of several FQs in therapy is increasing. A number of reports have
shown that FQs may be very efficient photo-sensitizers18 and have
revealed that DNA is one of the most relevant biological targets
for this effect19. Indeed, FQs are one of the few families of drugs
that have been found to be photo-carcinogenic in vivo. Thus, the
photo-carcinogenic activity of lomefloxacin (LOM), fleroxacin
(FLE), ofloxacin (OFL) and ciprofloxacin (CIP) has been tested
in mice exposed to UVA after oral administration of the drugs.
Under these conditions, radiation enhances tumor prevalence and
drastically shortens the median latent period in comparison with
UVA alone20.
In the present study, properties of the triplet states of DFX
(Scheme 1) and the oxidation of amino acids photosensitized by
DFX were studied using 355 nm laser flash photolysis (LFP). A
possible mechanism was identified, and the related rate constants
for electron transfer from amino acids and dGMP to 3DFX* were
obtained. Irradiation of protein with UVA light in the presence of
DFX was performed under aerobic and anaerobic conditions to
study 3DFX*-induced protein damage. The results suggest that the
anti-tumor mechanism of DFX involves both Type I and Type II
processes and that the major mechanism in biological systems is
Type I photochemistry.
－

2

Materials and methods

2.1 Materials
High-purity (> 99.8%) DFX, tryptophan, tyrosine, cysteine and
dGMP were purchased from Sigma Chemicals and used as received. Phosphate salts were obtained from J&K Chemical Ltd.
All solutions were freshly prepared with ultrapure water provided
by a Millipore purification system.
2.2 Methods
Laser flash photolysis (LFP) experiments were carried out at the
Shanghai Institute of Applied Physics using an Nd:YAG laser. The
Nd:YAG laser provided a 355 nm pulse with a duration of 5 ns and
the maximum energy of 240 mJ per pulse was used as the pump
light source. A xenon lamp was employed as the detecting light
source. The laser and the analyzing light beam were passed perpendicularly through a quartz cell. The transmitted light entered
a monochromator equipped with an R955 photomultiplier. The
output signal from the HP54510B digital oscillograph was
transferred to a personal computer for further analysis. The LFP
setup has been previously described21. All experiments were
performed in water solutions. Samples were bubbled with highpurity (99.999%) N2, N2O, or O2 (99.999%) for at least 20 min
before photolysis experiments.
Pulse radiolysis experiments were performed utilizing a 10
MeV linear accelerator that delivers an electron pulse with duration of 10 ns. The dosimetry of the electron pulse was determined by a thiocyanate dosimeter using G[(SCN)∙2 ] = 5.8 (G:
radiation chemical yield) in a 0.1 mmol ∙ L 1 KSCN solution
saturated with N2O by taking ε480 nm = 7600 dm3 ∙m 1 ∙cm 1 for
(SCN)∙2 . The details of the setup and operation conditions were
given in a previous paper22. The dose per electron pulse was 10 Gy.
－

－

－

－

－

3

Results and discussion

3.1 Production of triplet states of DFX (3DFX*)
The transient absorption spectra of a nitrogen-saturated 1 × 10 4
mol∙L 1 aqueous solution of DFX at pH 7.17 after excitation by
a 355 nm laser pulse showed absorption in both the short and long
wavelength regions (Fig.1). The long wavelength band (centered
at 720 nm) completely decayed within 3 μs, with a first-order rate
of 1.5 × 106 s 1 (inset of Fig.1). When a nitrous oxide-saturated
solution was employed, the absorption band around 720 nm was
no longer observed, while the shorter wavelength absorption bands
remained unaffected. Based on this observation, the fast-decaying
absorption at 720 nm could reasonably be assigned to the hydrated
electron, formed according to reaction (2). This electron could be
scavenged by N2O as described by reaction (3)23.
－

－

－

hν
ISC
® 1DFX* ¾
¾¾
¾¾
® 3DFX*
DFX ¾¾

(1)

hν
® DFX∙+ + e－aq
DFX ¾¾

(2)

e + N 2 O + H 2 O → N 2 + ∙OH + OH
－
aq

Scheme 1

Structure of DFX

－

(3)

Fig.2 shows the transient absorption spectra of DFX in nitrous
oxide-saturated aqueous solution at different time after the laser
pulse. The post-pulse spectrum showed a band centered at 620 nm
that decayed with a first-order rate of 7.69 × 105 s 1; the decay of
－
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Fig.1 Transient difference absorption spectra observed at 100 ns
(-■-), 1 μs (-○-), and 2 μs (-▲-) after subjecting a nitrogensaturated aqueous solution of 1 × 10 4 mol∙L-1 FX in 2 × 10 3
mol∙L 1 phosphate buffer (pH 7.17) to 8 mJ of 355 nm laser pulse
Inset shows the decay profiles of the signal at 720 nm obtained after

Fig.3 Transient difference absorption spectra observed at
different pH conditions after pulse radiolysis of an aqueous
nitrogen-saturated 2 × 10 4 mol∙L 1 DFX solution in 5 × 10 3
mol∙L 1 phosphate buffer (pH 7.17) which contained 1% t-butanol
and nitrogen saturated aqueous

laser excitation of 1 × 10 4 mol∙L 1 aqueous DFX solution.

Inset shows the decay of the signal at 380 nm at different pH values

－

－

－

－

－

－

－

－

－

(1: pH = 10, 2: pH = 7.0, 3: pH = 3.9).

the transient species was found to increase to 3.32 × 106 s 1 in the
presence of oxygen. On the basis of this finding, the transient band
at 620 nm was tentatively assigned to the triplet state of DFX.
3.2 Production of a DFX anion radical and neutral
radical
The reaction of DFX with the hydrated electron of the reducing
species was investigated. Fig.3 shows the transient absorption
spectra obtained by pulse radiolysis of the nitrogen-saturated
solution containing 2.0 × 10 4 mol∙L 1 DFX in the presence of 0.1
mol∙L 1 tert-butanol at different pH values. Tert-butanol was used
to scavenge ∙OH produced by water radiolysis. The e aq was remained, after the complete decay of the e aq (approximately 1 μs),
strong bleaching was observed below 350 nm, as well as two
broad absorption bands, one band was around 380 nm with a
－

－

－

－

－

－

shoulder at about 450 nm and the other band was between 550 and
750 nm in the transient spectra.
According to the dynamics at 380 and 650 nm, which follow
first-order decay, the two bands were not ascribed to the same
transient species. The decay rate at 390 nm was 6 × 105 s 1.
However, the decay rate at 650 nm was 8 × 104 s 1. The reaction
of DFX with e aq is a reduction reaction with the formation of a
DFX radical anion (reaction (4)). Under neutral conditions, DFX
exists as a zwitterion bearing a protonated 4′-N and a dissociated
3-carboxyl group in an aqueous solution (Scheme 2). Thus, the
DFX radical anions might be protonated with the formation of
neutral radicals or deprotonated with the formation of radical
dianions (reactions (5) and (6)). To elucidate the assignment of the
two bands, we changed the pH. The absorption at 380 nm was
evidently pH dependent (Fig.2). When the pH was decreased, the
absorption at around 380 nm also decreased. However, the absorption at around 650 nm was enhanced, indicating that the
absorption around 380 nm was attributed to the DFX radical anion
and that the absorption around 650 nm included the contribution
of the neutral radical and radical dianions.
DFX + e－aq → DFX∙
(4)
－

－

－

－

DFX∙ + H+ → DFXH∙
DFX∙ → DFX(-H)∙2 + H+
－

－

－

－

－

－

－

Inset shows the decay profiles of the signal at 620 nm obtained after laser
excitation of aqueous 1.5 × 10 4 mol∙L 1 DFX solutions saturated with
－

－

N2 (-■-), air (-○-) and O2 (-▽-).

(6)

3.3 Reactions of DFX with amino acids
Further experiments were performed to investigate the reactivity of 3DFX* and its ability to oxidize amino acids such as
tryptophan, tyrosine and cysteine. These amino acids are common
oxidation targets within proteins, and their oxidation could be one
of the factors leading to photosensitized molecular damage. In the
presence of amino acids, the decay of 3DFX* was clearly accelerated, with rates proportional to the concentrations of the amino
acids present. These amino acids all have the accepted protons
group ―NH2 and the provided protons group ―COOH. In this
3

Fig.2 Transient difference absorption spectra observed at 100 ns
(-■-), 500 ns (-○-), 1 μs (-▲-), and 3 μs (-▽-) after subjecting a
nitrous oxide-saturated aqueous solution of 1.5 × 10 4 mol∙L 1
DFX in 2 × 10 3 mol∙L 1 phosphate buffer (pH 7.17) to 8 mJ of
a 355 nm laser pulse

(5)

*
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Scheme 2

Equilibrium between protonated forms of DFX

article, different pH solution was used to dissolve the amino acids
(Table 1). So in order to perform the different form of the proton
in different amino acids, different abbreviated formula was used
in different pH solution.
The energy of the DFX triplet state (ET) is 263.5 kJ ∙ mol 1
(calculated by the energy transfer method), while the ET of tryptophan, tyrosine and cysteine are all at approximately 300 kJ∙
mol 1 (for example, the ET of tryptophan is 297 kJ∙mol 1 and that
of tyrosine is 342 kJ∙mol 1)24. Consequently, energy transfer from
the triplet states of FQs to tryptophan, tyrosine or cysteine is
unlikely to occur. However, 3FQs* are able to oxidize amino acids,
forming FQ radical anions and oxidized radicals of amino acids.
In Fig.4, the transient absorption spectra after 355 nm LFP of
a N2-saturated aqueous solution with and without 1.0 × 10 4 mol∙
L 1 tryptophan are shown. In the presence of tryptophan, a rapid
decay of 3DFX* at 620 nm and an increase of absorbance in the
380 and 480－560 nm region were observed. The absorption in the
480 － 560 nm region was ascribed to the contribution of the deprotonated radical cation of tryptophan7,24. Following the decay of
triplet-state DFX, the spectrum with a maximum absorbance
around 380 nm appeared (Fig.4). The location and the shape of the
absorption bands shown were in good agreement with that of the
DFX radical anion studied in the previous section by pulse radiolysis. The pH of the solution was 7.0, so TrpH was used as
tryptophan abbreviated formula in the following article. Therefore,
the transient absorption spectrum resulting from the photoexcitation of DFX in the presence of TrpH could be explained in terms
－

－

－

－

－

of electron transfer from TrpH to 3DFX* producing a DFX anion
radical (DFX∙ ) and a TrpH cation radical (TrpH∙+). The formed
TrpH∙+ (pKa = 4.3) became a neutral radical Trp∙ by deprotonation
under our experimental conditions.
3
DFX* + TrpH → DFX∙ + TrpH∙+
(7)
TrpH∙+ → Trp∙ + H+
(8)
The quenching of 3DFX* by TyrOH (The pH of the solution was
7.0, so TyrOH was used as tyrosine abbreviated formula in the
following article) was similar to TrpH. In the presence of TyrOH,
the decay of 3DFX* was accelerated with rates roughly proportional to the concentration of TyrOH. Following the decay of
triplet DFX, a prominent broad absorption around 400 nm also
appeared, which was ascribed to TyrO∙ 7,24 (Fig.5). According to
－

－

－

Table 1 Different amino acids abbreviated formula in
different pH solution
Amino acid

pH

Abbreviated formula

tryptophan

7.4

TrpH

tyrosine

7

TyrOH

11

TyrO

6.5

CysH

10.5

Cys

Fig.4 Transient absorption spectra observed at 5 μs after 355 nm
laser flash excitation of 1.0 × 10 4 mol∙L 1 DFX in an aqueous N2saturated 2.0 × 10 3 mol∙L 1 phosphate buffer (pH = 7.0) solution
containing different concentrations of TrpH: in the absence of
TrpH (-■-) and in the presence of 5.0 × 10 3 mol∙L 1 TrpH (-○-)
－

－

－

－

－

－

Inset (left) shows the plot of the decay in absorbance at 620 nm of solutions

containing different concentrations of TrpH (1: 0 mmol∙L 1, 2: 1 mmol∙L 1,
－

cysteine

－

－

－

3: 2 mmol∙L 1); the (right) inset shows the buildup trace at 500 nm obtained by
－

subtracting the trace of the 2.0 × 10 3 mol∙L 1 TrpH at 500 nm from
－

－

the trace at 500 nm of the solution without TrpH.
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Fig.5 Transient absorption spectra observed at 6 μs after 355 nm
laser flash excitation of 1.0 × 10 4 mol∙L 1 DFX in an aqueous
N2-saturated 2.0 × 10 3 mol∙L 1 phosphate buffer (pH = 7.0)
solution containing different concentrations of TyrOH: in the
absence of TyrOH (-■-) and in the presence of 5.0 × 10 3
mol∙L 1 TyrOH (-○-)
－

－

－

－

－

－

Fig.6 Transient absorption spectra observed at 6 μs after 355 nm
laser flash excitation of 1.0 × 10 4 mol∙L 1 DFX in an aqueous N2saturated 2.0 × 10 3 mol∙L 1 phosphate buffer (pH = 7.0) solution
containing different concentrations of CysH: in the absence of
CysH (-■-); in the presence of 3.0 × 10 3 mol∙L 1 CysH (-○-)
－

－

－

－

－

－

Inset (right) shows the buildup trace at 420 nm obtained by subtracting the trace

Inset (right) shows the buildup trace at 410 nm obtained by subtracting the trace

at 420 nm of a solution with 5.0 × 10 3 mol∙L 1 CysH from the trace at 420 nm of

at 410 nm of the 5.0 × 10 3 mol∙L 1 TyrOH solution from the trace at 410 nm of

a solution without CysH; the (left) inset shows the plot of decay in absorbance at

the solution without TyrOH; the (left) inset shows the plot of the decay in

620 nm of solutions containing different concentrations of CysH.

－

－

－

－

absorbance at 620 nm of solutions containing different concentrations of
TyrOH (1: 0 mmol∙L 1, 2: 5 mmol∙L 1).
－

－

these results, it was concluded that the reactions of 3DFX* with
TyrOH occurred through electron transfer (reactions (9) and (10)).
3
DFX* + TyrOH → DFX∙ + TyrOH∙+
(9)
TyrOH∙+ → TyrO∙ + H+
(10)
Fig.6 shows the reaction of 3DFX* with cysteine. HCl was used
to increase the solubility of cysteine in water; the pH was 4, so
CysH was used as cysteine abbreviated formula in the following
article. In the presence of CysH, the decay of 3DFX* is accelerated;
however, the absorption around 650 nm simultaneously indicated
the generation of a long- life material (inset of Fig.6). This absorption was attributed to the neutral radical, which was verified
in the previous section by pulse radiolysis (section 3.2). Another
noticeably new broad absorption around 410 nm also appeared
that was ascribed to (Cys)∙2 25. According to these results, it was
concluded that the reactions of 3DFX* with CysH occurred through
electron transfer (reactions (11)－(14)).
－

(3DFX*), and the amount of light directly absorbed by dGMP likely
was negligible, which was further confirmed by performing the
experiment with a blank. After the laser pulse, the transient absorption of 3DFX* appeared, and it decayed faster in the presence
Table 2 Quenching rate constants (L∙mol 1∙s 1) of
DFX triplet states by amino acids and dGMP
－

Compound

TrpH

DFX

1.97 × 10

TyrOH
3.14 × 10

8

－

CysH

dGMP

－

6.92 × 107

8

－

CysH ⇌ Cys－ + H+

DFX* + Cys－, (CysH) → DFX∙ + Cys∙, (CysH∙+)
Cys∙ + Cys－ ⇌ (Cys)∙2
DFX∙ + H+ → DFXH∙
3

(11)

(12)
(13)
(14)
From the results obtained above, we concluded that under nitrogen conditions, the triplet state of DFX could be efficiently
quenched by TrpH, TyrOH and CysH through electron transfer
processes. The second-order rate constants for quenching of 3DFX*
by amino acids are shown in Table 2.
－

－

－

3.4 Reaction of 3DFX* with dGMP
Fig.7 shows the transient absorption spectra recorded 10 μs
after photolysis of 1.0 × 10 4 mol∙L 1 DFX neutral aqueous solutions containing either 1 × 10 2 mol∙L 1 dGMP or no dGMP.
Under these conditions, DFX was excited to its triplet state
－

－

－

－

Fig.7 Transient absorption spectra observed at 10 μs after 355
nm laser flash excitation of 1.0 × 10 4 mol∙L 1 DFX in an aqueous
N2-saturated 2.0 × 10 3 mol∙L 1 phosphate buffer (pH = 7.0)
solution containing different concentrations of dGMP: in the
absence of dGMP (-■-); in the presence of
10 mmol∙L 1 dGMP (-○-)
－

－

－

－

－

Inset (left) shows the plot of decay in absorbance at 620 nm of solutions

containing different concentrations of dGMP from 0 mol∙L 1 to 1 × 10 2 mol∙L 1;
－

－

the (right) inset shows the correlation of the 3DFX* decay rate constant at
620 nm, kobs, with the concentration of dGMP.

－
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of dGMP. Therefore, 3DFX* can be effectively quenched by dGMP,
and the quenching rate was determined to be 6.9 × 107 dm3∙mol 1∙
s 1. After 3DFX* was quenched, a new transient absorption maximum around 370 nm (attributed to the DFX radical anion) was
observed. Simultaneously, a considerably strong absorption in the
500 － 600 nm region appeared, which was ascribed to the contribution of the transient absorption spectra of the deprotonated
radical cation of dGMP [dGMP(-H) ∙] after the complete decay
of 3DFX*. However, it should be noted that the pH value of the
solutions is 7.1, and in such solutions, dGMP ∙ (pKa = 3.9)26
quickly switches to dGMP(- H) ∙ by losing a hydrogen atom.
Therefore, the reactions were estimated as follows:
3
DFX* + dGMP → DFX∙ + dGMP∙+ →
(15)
DFXH∙ + dGMP(-H)

(10)
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Conclusions

To the best of our knowledge, the oxidation of tryptophan,
tyrosine, cysteine and dGMP by oxidized DFX radicals was observed with a kinetically significant rate for the first time. The
reactions of oxidized radicals and excited states of DFX with
similar rate constants and similar reaction products demonstrate
that both the triplet states and oxidized radicals of DFX might be
involved in amino acid and protein photosensitization. The results
clearly demonstrate the importance of oxidized DFX radicals in
DFX photo-chemistry and photo-biology, which may suggest a
new mechanistic model for photo-dynamic therapy.
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