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磷酸基团在环丙沙星光敏损伤 DNA 中的作用
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摘要:
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利用紫外-可见稳态吸收光谱, 稳态荧光发射光谱和激光光解瞬态光谱实验方法研究了磷酸基团在环丙

沙星(CPX)光敏损伤 DNA 中的作用. 紫外-可见和稳态荧光光谱实验证实了磷酸根离子影响环丙沙星的稳态吸
收和发射谱, 实验结果表明磷酸根是通过弱相互作用与环丙沙星结合. 我们还利用激光闪光光解实验分别研究
了鸟苷(Gua), 脱氧鸟苷(dG)以及脱氧鸟苷酸(dGMP)对环丙沙星三线态(3CPX*)的影响, 通过对比实验证实了
在环丙沙星光敏损伤 dGMP 中, 由于磷酸基团的存在, 导致了环丙沙星三线态吸收峰的改变, 从而改变了光敏
损伤反应的途径. 通过研究发现, 光敏损伤途径的改变是由于 dGMP 结构上磷酸基团通过氢键与环丙沙星结合
所造成的. 最后, 根据实验结果并对比 Gua, dG 和 dGMP 的结构, 提出了一个合理的磷酸基团的作用机理.
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Phosphate Base Effect on DNA Damage Photo-Induced by Ciprofloxacin
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Abstract: Stable and transient spectroscopic studies were conducted to investigate the influence of DNA
phosphate bases in the process of DNA damage photo-induced by ciprofloxacin (CPX). The results of
UV-visible and fluorescence studies confirmed that the absorption and emission properties of CPX were
affected by the concentration of phosphate buffer (PB), and these results indicated that there are
interactions between CPX and the phosphate anion. To investigate the relationship between the phosphate
base and CPX, a comparative experiment was conducted using guanosine (Gua), 2ʹ-deoxyguanosine
(dG), and 2ʹ-deoxyguanosine-5ʹ-monophosphate (dGMP). By comparative experiments, we found that the
type of spectrum of CPX triplet state was changed due to the phosphate base of dGMP, hence, we
concluded that the photo-damage process was changed. The effects of phosphate base of dGMP on the
CPX triplet state (3CPX*) spectrum have been investigated by laser flash photolysis methods, and the
results confirmed that there are hydrogen-bonding interactions between the phosphate base of dGMP and
CPX. In this study, we found that CPX and dGMP are combined together by the hydrogen bond which
changed the mode of DNA damage photo-induced by CPX. Finally, based on the results obtained in this
study, a rational scheme to describe the role of phosphate base playing in the DNA damage process
photo-induced by CPX is proposed.
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Introduction

Fluoroquinolone antibiotic (FQ) is one of the most successful drugs, which were widely used as antibiotics because of
their optimal properties. Their pharmacological action consists
in specific inhibition of subunit-A of the bacterial topoisomerase DNA gyrase, which controls the shape of DNA.1 FQs are
considered to be well tolerated drugs. Hence, the use of several
compounds of the series in therapy is increasing. In the last
few years, these molecules have been received growing attention from interdisciplinary areas of the scientific community
due to both practical purposes and fundamental aspects. However, a serious drawback for their use is the phototoxic and
photocarcinogenic activity. In order to elucidate the mechanism which leads to photosensitivity associated with this family of compounds, the photophysical and photochemical properties of FQs have been extensively studied in recent years.2-6
These studies have revealed some damaging paths involved in
transient parts of degradation, singlet oxygen and triplet state
of FQs.
As stated above, FQs can inhibit the bacterial gyrase. Although the exact mechanism of this action is still unclear, it has
been evidenced that FQs interact directly with DNA in synergy
with the gyrase enzyme.7-9 Therefore, DNA is thought to be
one of the main cellular targets responsible for the aforementioned drug-photoinduced disorders. Evidence in literature has
suggested that some FQs can be binded to DNA. However, the
binding mode in details is still unclear. Other evidences have
been found that a ground state association between the phosphate dianion and the positively charged 4ʹ-NH2+ moiety of
some FQs.10,11 However, no related reports on ciprofloxacin
were found in papers published.
Ciprofloxacin (CPX) is a member of FQ family. The photounstable character of CPX has been reported in papers published,10-12 which evidenced that it was a pH dependent compound and the main form was zwitterions in neutral pH solutions.13,14 Reaction mechanism between ciprofloxacin hydrochloride and bovine serum albumin has been studied by Shang
et al.15 The co-adsorption of DNA bases with per-chlorate has
been studied by Cui et al.16 The binding mode and photochemical reactivity of complexes between lomefloxacin, enoxacin
(two members of FQs), and calf thymus DNA has been studied
by Sortino group.13 The pH and phosphate dianion effects on
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the photochemical feature of CPX and other FQ members
have been studied extensively by UV-visible spectrum method. 2,14,17-19 However, to the best of our knowledge, no evidence
of phosphate acid base effect in the process of CPX photosensitive damage to DNA has been found in literature published.
DNA damage photo-induced by photosensitizer is commonly considered by two types: (1) electron transfer from DNA to
excited state of photosensitizer and (2) energy transfer from excited state of photosensitizer to DNA.20,21 DNA damage photo-induced by CPX has been studied from the aspect of biology.7,22 However, few studies on the relationship between structures and effects in the process of damage were reported. Especially, the effect of functional group in structures on the damaging process was not found in reports. Hence, it is interesting
for us to study this point.
As we all know that there are so many phosphate acid bases
in DNA double strand. These bases may play a very important
role in the process of CPX photosensitive damage to DNA. To
gain insight into the role of phosphate base of DNA in the FQs
photo-induced DNA damage process, a stable study and a laser
flash photolysis study were carried out.

2

Materials and methods

2.1 Materials
Ciprofloxacin (CPX), guanosine (Gua), 2ʹ-deoxyguanosine
(dG), and 2ʹ-deoxyguanosine-5ʹ-monophosphate (dGMP) were
purchased from Sigma Chemical Co. and they were used without purified. NaOH, HClO4, and phosphate (analytical grade reagent) were commercially available and used as received. Water was purified through a Millipore Milli-Q system. The pH
values of the solutions were measured with a glass electrode.
Structures of CPX, Gua, dG, and dGMP are shown in Scheme
1.
2.2 Absorption/emission measurements
UV-Vis absorbance was measured on a Hitachi U-3900 spectrophotometer (Hitachi Co., Japan). Fluorescence signals were
measured on a Hitachi F-4500 luminescence spectrometer (Hitachi Co., Japan) equipped with a xenon-lamp and computer
working with the Hitachi software.
2.3 Laser flash photolysis
Laser flash photolysis experiments were carried out using a
Nd:YAG laser (EKSPLA Co., Lithuania). The system essential-

Structures of CPX, Gua, dG, and dGMP
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ly consists of a Q-switched 1 J of energy at 1064 nm in pulse
of 12 ns duration as the excitation source. The fundamental
beam can be frequency doubled, tripled, and quadrupled to deliver light of 532, 355, and 266 nm, respectively. The harmonics are separated using a beam splitter. The sample under investigation is contained in a quartz cell and replaced after each laser pulse. The analyzing beam generated by a xenon lamp,
which can be pulsed to increase the analyzing light up to 200
times in the UV region, passes through the sample at right angles to the laser beam. A shutter which opens a few microseconds before the laser pulse and closes again when the event under examination is completed, and appropriate filters are
placed between the analyzing lamp and sample in order to minimize the photolysis of the sample by the monitoring light. The
monitoring light is dispersed in wavelength by a monochromator and then onto a photo-detector. The transmittance of light at
this wavelength is detected by the photo-detector before, during and after the laser pulse. The detector is also connected to
an automatic back-off box which enables changes in transmittance to be observed by feeding back a signal equal and opposite to the detector anode current prior to the laser pulse, thus
maintaining the anode current close to zero.
The output of the photomultiplier (Hamamatsu R925, Japan)
is displayed on a HP 54510B digitizing oscilloscope. Data processing was performed on a PC-586 personal computer using
software developed in house. Back-off and energy meter readings are digitized using an Analogue to Digital Converter
(ADC) attached to a DI-AN data acquisition system. Data acquisition and processing are obtained by repeating the above
procedure at successive wavelengths.

3

Results and discussion

3.1 Effects on absorption properties
In neutral aqueous medium, CPX was characterized by an intense absorption band with a maximum in the region of
260-280 nm and a weak band in the region of 310-340 nm.
The absorption spectra of CPX recorded in the presence of increasing amounts of phosphate buffer (PB) at pH 7.1 are
shown in Fig.1. As shown in Fig.1, significant hyper-chromic
effect was observed at about 270 nm with increasing the concentration of phosphate buffer. As we all know phosphate buffer has no absorption in the region of 240-360 nm. Hence, this
finding provided an indication that a ground-state complex was
formed.
3.2 Effects on fluorescence properties
Fluorescence emission spectra of 2×10-5 mol·L-1 CPX in water at neutral pH are shown in Fig.2. When excited at 355 nm,
the fluorescence spectra were characterized by a broad band in
the region of 350-600 nm with a peak at about 450 nm. As
shown in Fig.2, the fluorescence intensity of CPX at neutral
pH depended on the concentration of dissolved phosphate salt.
Specific effects were observed with phosphate ions added (see
Fig.2). The emission intensity decreased by increasing the con-
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Fig.1 Absorption spectra of 2×10-5 mol·L-1 ciprofloxacin (CPX)
in water at pH 7.1 containing different concentrations of
phosphate buffer (PB)

centration of the phosphate buffer. According to a linear relationship (Fig.2, inset), the slope value Ka was obtained. By applying the Stern-Volmer equation (I0/I=1 + Ka[Q] with Ka=kqτ0,
Q: quencher, kq: quenching rate, τ0: fluorescence lifetime),
these values indicated that the short-lived excited singlet of
FQs (τ0≤10-9 s-1) was quenched with bimolecular rate constants
kq≥1010 mol-1·dm3·s-1, which was larger than the diffusion limit
(in water, 6.5×109 mol-1·dm3·s-1). Hence, it was reasonable to
think that the quenching mechanism was mainly of“static”origin. This mechanism has been proposed for other members of
FQs in literature published.19,23
The presence of multiple proton binding sites in FQs makes
the pattern of acid-base equilibrium rather complex. By several
techniques, mainly potentiometry, UV and NMR spectroscopies and, more recent studies showed that the carboxylate
group and the 4ʹ-amino of the piperazine ring were the most
significant proton binding sites from biological view.3,24,25 As described above, CPX was a zwitterionic form in neutral pH solutions. Based on the results and discussion mentioned above,

Fig.2 Fluorescence emission spectra of 2×10-5 mol·L-1 CPX in
water at pH 7.1 containing different concentrations of
phosphate buffer
I0: emission intensity without phosphate buffer, I: emission intensity with
different concentrations of phosphate buffer. Inset shows the fluorescence
intensity quenching by phosphate buffer salts at pH 7.1.
λex=355 nm, Ka: ~14 mol-1·L
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Scheme 2 was proposed. In the ground state association, the
phosphate dianion binded the positively charged 4ʹ-NH+2 moiety
with two hydrogen bonds.
To investigate the phosphate base of dGMP effect on the fluorescence spectra of CPX, an experiment was carried out with
dGMP, dG, and Gua as quenchers. In this experiment, the
quenching effect was observed when dGMP was used as a
quencher (see Fig.3). However, the similarity was not observed
when dG and Gua were used as quenchers. Hence, it was reasonable to think that the phosphate base of dGMP played an
important role in the quenching effect.
3.3 Laser flash photolysis
Laser flash photolysis experiments were carried out to investigate the phosphate dianion effect on the transient spectrum of
the triplet state of CPX (3CPX*). The transient absorption at

Scheme 2 Ground state association between phosphate dianion
and CPX zwitterions in neutral aqueous solution

Fig.3 Fluorescence emission spectra of 2×10-5 mol·L-1 CPX in
water at pH 7.1 containing different concentrations of dGMP
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550-750 nm has been evidenced to be the transient absorption
of 3CPX*, as it was found to be sensitive to O2 and can transfer
energy to naproxen forming the triplet state of naproxen
(3NP*).26 As shown in Fig.4, after adding phosphate buffer, a
significant red shift of the transient spectrum of 3CPX* was observed in the study (see Fig.4). Similarity has been found in
other members of FQs. Hence, it was reasonable to think that
an interaction between phosphate dianion and CPX occurred.
As we all know there is a phosphate base in the structure of
dGMP (see Scheme 1). This phosphate base may play an important role in the process of CPX photo-induced DNA dam-

Fig.4 Transient absorption spectra recorded at 1 µs after laser
flash photolysis of 1×10-4 mol·L-1 CPX neutral aqueous solution

(■) keep pH at 6.9 by NaOH and HCl, (○) keep pH at 6.9 by 5×10-3 mol·L-1 PB;
A: absorbance

Fig.5 Transient absorption spectra recorded at 1 μs after
laser flash photolysis of 1×10-4 mol·L-1 CPX neutral aqueous
solutions containing 2.5×10-4 mol·L-1 dGMP, dG, and Gua

Scheme 3 Ground state association between dGMP and CPX zwitterions in neutral aqueous solution
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age. To investigate this effect, following experiments were carried out by laser flash photolysis method.
After CPX neutral aqueous solution containing dGMP was
irradiated by laser pulse, the transient absorption in the region
of 650-750 nm was higher than that of the CPX neutral aqueous solutions containing dG or Gua (see Fig.5). In three solutions, the pH value was kept at 7.1 by adding drops of NaOH
and HCl aqueous solution. Hence, the effect of phosphate buffer can be ruled out. Based on the results found in experiments
and comparing the structures of dGMP, dG, and Gua, it was
reasonable to think that the phosphate base in dGMP was the
reason causing the transient absorption higher than that in the
presence of dG and Gua in the region of 650-750 nm. Similar
to the association between phosphate buffer and CPX, a
ground state association between dGMP and CPX by the phosphate dianion of dGMP in neutral aqueous solution occurred.
Because of this association, the electron distribution in the
structure of CPX was changed. Hence, the transient spectrum
of 3CPX* was redshift and the width of spectrum became wider. Based on the results obtained, Scheme 3 was proposed.

4

Conclusions

To investigate the phosphate base effect on the photochemistry of CPX, UV-Vis, fluorescence, and Laser flash photolysis
experiments were carried out in this study. Based on the results
obtained in this study, the scheme of associations between
dGMP and CPX zwitterions was proposed. The results obtained in our study indicated a new scheme for dGMP damage
photo-induced by CPX. It may help in understanding the phototoxicity of FQs to DNA. This binding mode proposed in our
study provides an insight in designing new drugs for potential
photo-chemotherapeutics. To the best of our knowledge, it was
the first finding about the phosphate base effect on DNA damage photo-induced by CPX.
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