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Neocarzinostatin (NCS), a potent mutagen and carcinogen, consists of an enediyne prodrug and a protein carrier. It
has a unique double role in that it intercalates into DNA and imposes radical-mediated damage after thiol activation.

Here we employed NCS as a probe to examine the DNA-protection capability of caffeine, one of common dietary
phytochemicals with potential cancer-chemopreventive activity. NCS at the nanomolar concentration range could
induce significant single- and double-strand lesions in DNA, but up to 75 � 5% of such lesions were found to be

efficiently inhibited by caffeine. The percentage of inhibition was caffeine-concentration dependent, but was not
sensitive to the DNA-lesion types. The well-characterized activation reactions of NCS allowed us to explore the effect
of caffeine on the enediyne-generated radicals. Postactivation analyses by chromatographic and mass spectroscopic
methods identified a caffeine-quenched enediyne-radical adduct, but the yield was too small to fully account for the

large inhibition effect on DNA lesions. The affinity between NCS chromophore and DNA was characterized by a
fluorescence-based kinetic method. The drug–DNA intercalation was hampered by caffeine, and the caffeine-induced
increases in DNA–drug dissociation constant was caffeine-concentration dependent, suggesting importance of binding

affinity in the protection mechanism. Caffeine has been shown to be both an effective free radical scavenger and an
intercalation inhibitor. Our results demonstrated that caffeine ingeniously protected DNA against the enediyne-
induced damages mainly by inhibiting DNA intercalation beforehand. The direct scavenging of the DNA-bound NCS

free radicals by caffeine played only a minor role. Mol. Carcinog. � 2011 Wiley-Liss, Inc.
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INTRODUCTION

Research on common dietary constituents that
can prevent mutagenesis and carcinogenesis is a
rapidly growing area with significant health
impacts. A potent mutagen and carcinogen like
neocarzinostatin (NCS) [1–3] could be used as a
sensitive probe to identify phytochemicals that
possess potential cancer-chemopreventive activity.
In particular, NCS plays a unique double role as a
DNA intercalator and free radical generator [4].
With its multi-genotoxic actions well-understood
at the molecular level, a probe like NCS has an
advantage in that it could further our understand-
ing about the mechanism of DNA protection.
Similar to radiation, a class of naturally occur-

ring enediyne antibiotics [5], which belongs to
some of the most potent categories discovered,
also exert their biological effects through radical-
mediated damage to the cellular genome. Among
the known enediyne antibiotics, NCS [6] was the
first to be characterized and has been studied in
the most detail [4]. Chromoprotein complex of
neocarzinostatin (holoNCS) is a 1:1 complex of an
enediyne chromophore (neocarzinostatin chromo-
phore [NCS-C]; MW ¼ 659; see Scheme 1 for its

structure) and a carrier protein (apoprotein com-
ponent of neocarzinostatin (apoNCS); 113 amino
acids, see Ref. [7] for its primary structure) [4]. The
mode-of-action of holoNCS involves the release of
NCS-C [8], which then binds to the target DNA by
intercalation of its naphthoate moiety [9,10]. The
activity of NCS-C is triggered by thiolate attack at
C-12 that irreversibly cascades down to a transient
C2,6-radical species (Scheme 1) [4]. The highly
reactive radical species abstracts hydrogen atoms
from DNA [11,12] or solvents [13,14] to form a
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stable thiol-NCS-C adduct. Subsequent oxidative
reactions lead to single-strand (SS) and double-
strand (DS) DNA lesions [4].

Among all known phytochemicals, caffeine is
arguably one of the most common dietary con-
stituents that have potential chemopreventive
activity. Coffee and tea are popular beverages
throughout the world, and caffeine (1,3,7-trime-
thylxanthine), a typical purine alkaloid, is one of
the most important components. Plants, like cof-
fee (Coffea arabica), cola (Cola nitida), and tea
(Camellia sinensis), use secondary metabolites such
as caffeine in chemical defense against reactive

species [15]. When consumed by humans, caffeine
is released and can often exert pleiotropic effects
in the cellular environment. In fact, there have
been a myriad of studies dealing with the physio-
logical protection effects of caffeine (e.g., see Refs.
[16–22]).
On the molecular level, caffeine has been shown

to act as an effective intercalation inhibitor. Muta-
gens and carcinogens such as acridine orange
[23,24], actinomycin [24], daunomycin [24,25],
doxorubicin [26], and dimethylbenz[a]anthracene
[27] have been shown to reduce their binding
to DNA through interference from caffeine. In

SCHEME 1. Schematic representation of NCS-C activation and DNA damage reactions.

2 CHIN ET AL.

Molecular Carcinogenesis



addition to inhibiting the intercalation of planar
aromatic molecules into DNA, caffeine is also
known to act as an efficient free radical scavenger
by quenching different types of free radicals to
form various radical adducts [28–30]. It has been
suggested that caffeine protects DNA from radi-
ation by its efficient ability to scavenge highly
reactive free radicals [31,32].
Interest in the effects of caffeine on the bioactiv-

ity of NCS in the cellular environment has devel-
oped since three decades ago [33–40]. Studies have
suggested that the interaction between caffeine
and NCS might be closely related to the cellular
effects of X-ray irradiation [36]. However, no
detailed mechanism has been explored, nor have
any caffeine-NCS interactions on the molecular
level been elucidated. Here, we aimed to study
whether NCS could effectively probe the DNA-pro-
tection capability of caffeine in vitro. If so, does it
play the role of a radical scavenger, an intercala-
tion inhibitor, or both in its DNA-protection
mechanism?

MATERIALS AND METHODS

Materials

NCS powder, a gift from Kayaku Co., Ltd (Itabashi-
Ku, Tokyo, Japan) was dissolved in water and
stored in the dark at �808C. The concentration of
holoNCS was determined by UV absorption at the
340-nm plateau (e340 ¼ 10 800 M�1 cm�1) [41].
The NCS-C stock was prepared by repetitive extrac-
tion from lyophilized holoNCS in 20 mM of
sodium citrate (pH 4.0)/methanol and stored at
�808C in amber glass vials [42]. Integrity of NCS-C
was confirmed by high-performance liquid
chromatography (HPLC) as described previously
[43]. Concentration of the NCS-C stock was deter-
mined by peak integration on the HPLC profile,
monitored by absorbance at 226 nm, or by the
increase in A340 following titration into excess
apoNCS using a UV/Vis spectrophotometer. Super-
coiled plasmid DNA pBR322 was purified from
E. coli DH5a harboring the plasmid DNA using a
Mini-Prep plasmid isolation kit (Qiagen, Inc., Hil-
den, Germany) [44]. Calf-thymus DNA (ct-DNA)
(Sigma, St. Louis, MO) was sonicated (�400 bp)
and purified as described in Refs. [9,42]. DNA con-
centration, expressed as nucleotide concentration,
was determined by A260. All purified DNA stock
solutions had an A260/280 absorbance ratio of 1.8–
1.9, indicating that the DNA was sufficiently free
of protein. Caffeine and all other reagents
obtained were of analytical grade.

NCS-Induced DNA Lesion Reactions and Analysis

The NCS-induced DNA lesions were performed
with or without caffeine using either holoNCS or

NCS-C. Samples of 5–100 nM (final concentration)
holoNCS or NCS-C were added to 100–3500 ng of
the supercoiled pBR322 containing 4.25 mM of
ammonium acetate (pH 4.0), 3 mM of EDTA (pH
4.0), 5 mM of glutathione (GSH), and caffeine (for
a final concentration range of 0–10 mM). Tris(hy-
droxymethyl)-aminomethane (Tris)–HCl (pH 7.4)
at a final concentration of 100 mM was added last
to initiate the NCS-DNA reaction. The final vol-
ume of each sample was 18 mL with methanol con-
tent of 10% (v/v) or below (resulting from the
methanolic NCS-C stock). Samples were incubated
for 30 min in the dark at 378C for the holoNCS-
mediated DNA lesion reactions, and 08C for the
NCS-C reactions. To convert all abasic site lesions
to DNA strand breaks and assess the total DNA
lesions, putrescine at pH 8.0 was added at a final
concentration of 100 mM after the NCS-DNA reac-
tions. Samples were further incubated for 1 h at
258C prior to analysis [42,45].
The NCS-cleaved DNA fragments were analyzed

on a 1% agarose gel containing ethidium bromide
(0.5 mg/mL) in a mini electrophoresis apparatus
(Hoefer Scientific Instrument, San Francisco, CA)
and were documented with an Alpha Imager 2000
(Alpha Innotech Corp., San Leandro, CA). Frac-
tions of supercoiled (form I), relaxed circular (form
II), and linear duplex (form III) DNA were esti-
mated by integration of their respective bands.
Since form I stained at 70% of forms II and III with
ethidium bromide, its fluorescence intensity was
corrected. The number of total strand (TS) breaks
per DNA molecule, NTS, was calculated from the
fraction of remaining form I (fI) following the Pois-
son distribution: NTS ¼ �ln (fI/[f1]0), where [f1]0 is
the fraction of form I in the control [42,45,46].
The number of DS breaks, NDS, was calculated from
the fraction of remaining form III (fIII) by the fol-
lowing equation: ln(NDS) � NDS ¼ ln(fIII/[f1]0). The
number of SS breaks, NSS, was calculated from the
difference between TS and DS: NSS ¼ NTS � NDS

[42,46].

Activation Reaction of NCS-C and Its Analyses

The thiol-induced activation reaction of NCS-C
was performed in the presence and absence of ct-
DNA both with and without caffeine. In the
absence of DNA, a series of samples of GSH-acti-
vated NCS-C reaction in a final volume of 100 mL
were prepared by mixing 5 mM of GSH, 4.5 mM of
ammonium acetate (pH 4), and 3 mM of EDTA
(pH 4) with a specified amount of NCS-C (10–
39 mM) in the presence of various concentrations
of caffeine (0–60 mM). Each reagent was precooled
to 08C, and Tris–HCl (pH 8.0) was added last at a
final concentration of 100 mM to initiate the acti-
vation reaction. The methanol content was kept
constant at 5% (v/v). The samples were incubated
at 08C for 5 min prior to HPLC analysis.
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In the presence of DNA, analyses were performed
at NCS-C concentration level either 10 mM or
100 nM. At 10 mM, samples of NCS-C were added
to ct-DNA at a DNA nucleotide phosphorus to drug
molar ratio (P:D) of 10 (100 mM), and were mixed
with caffeine (0–10 mM), GSH (5 mM), EDTA
(3 mM, pH 4), ammonium acetate (4.5 mM, pH 4),
and Tris–HCl (100 mM, pH 8.0) (final volume,
100 mL). The methanol content was kept constant
at 5% (v/v). Samples were incubated at 08C for 3 h.
DNA was then removed by precipitation in 70%
ethanol containing 0.3 M sodium acetate. The
filtrates were lyophilized to dryness to remove
excess ethanol and re-dissolved in water prior to
chromatographic analysis. When the activation
reaction was carried out at a concentration level of
100 nM of NCS-C, volume was increased to 10 mL.
Samples of NCS-C were mixed with ct-DNA
(10 mM), caffeine (0–10 mM), GSH (2 mM), EDTA
(0.3 mM, pH 4), and Tris–HCl (10 mM, pH 8.0).
The methanol content resulted from the metha-
nolic NCS-C stock was 0.042% (v/v). The reaction
mixtures were incubated at 08C for 30 min. Each
solution was then lyophilized to reduce the vol-
ume to about 0.5–1 mL before DNA was precipi-
tated by 70% ethanol containing 0.3 M sodium
acetate. The filtrates were lyophilized to dryness
and re-dissolved in water prior to HPLC analysis.

A Waters Millennium HPLC (Milford, MA)
equipped with a model 600E solvent delivery sys-
tem, a 996 photodiode array detector, and either a
Waters 474 or a Jasco FP-1520 (Tokyo, Japan) fluor-
escence detector was used for the drug activation
product analyses. Separations were carried out on a
Waters m-Bondapak reverse phase C18 column
(particle size, 10 mm; pore size, 125 Å; 0.39 cm �
30 cm) with a 0.4 cm guard column. All samples
were eluted with H2O/CH3OH gradient containing
5 mM of ammonium acetate at pH 4. NCS-C and
its products were characterized and identified by
previously established methods [43].

Mass Analyses

All mass measurements were performed on a Fin-
nigan LCQ mass spectrometry detector (Thermo
Electron, San Jose, CA) equipped with an atmos-
pheric pressure ionization source using electro-
spray ionization (ESI) (þ)-charge mode. Samples
isolated from HPLC (in approximately 50–70%
CH3OH/H2O containing 5 mM of ammonium
acetate at pH 4) were directly infused for mass
measurement. Data were acquired from 150 to
2000 m/z in profile mode at a flow rate of 3–10 mL/
min. The mass spectrometry (MS) MS/MS fragmen-
tation patterns of the isolated NCS-C activation
products were analyzed in the data-dependent
acquisition MS/MS (MSn) mode, in which the most
intense ions detected in the precursor MS scan
were selected for collision-induced dissociation.

Fragmentation data were acquired in the 200–
1000 m/z range in centroid mode using a normal-
ized collision energy setting of approximately
25%. The deviation of all measured m/z ratios was
typically <0.03%.

NCS-C–DNA Binding Study

Binding affinity of NCS-C to ct-DNA was esti-
mated using NCS-C degradation kinetics in the
absence and presence of DNA, monitored by a
SLM-Aminco Bowman series 2 Luminescence Spec-
trofluorimeter (SLM Aminco Bowman, Urbana, IL).
Samples at a final volume of 150 mL were prepared
by mixing different concentrations of caffeine (0–
10 mM), 20 mM of phosphate buffer (pH 7), and
1 mM of NCS-C in the absence or presence of
100 mM of ct-DNA (P:D, 100). The methanol con-
tent was kept constant at 5% (v/v) in all samples.
After excitation at 380 nm, the emission at
490 nm was recorded in time-scan mode until it
reached a plateau. The remaining concentration of
NCS-C ([NCS-C]) was determined by the following
equation: [NCS-C] ¼ [NCS-C]0 � {Ft/(F1 � F0)} �
[NCS-C]0. In the equation, [NCS-C]0 is the initial
concentration; Ft is the measured fluorescent emis-
sion at time t; F0 is the initial reading; and F1 is
the plateau reading. For each specific concen-
tration of caffeine, NCS-C degradation rates were
measured both with and without DNA. The first-
order rate constant in the absence (k0) and pres-
ence (kDNA) of ct-DNA were determined by the
slope of a linear plot of logarithmic [NCS-C] versus
time. The apparent equilibrium dissociation con-
stant (Kd) of the NCS-C–DNA binding complex
was determined by the derived equation [10]:
Kd¼ ½DNA��f =ððk0=kDNAÞ�1Þ, where ½DNA��f corre-
sponds to the concentration of free binding site on
DNA. Since there are 0.125 high affinity NCS-C bind-
ing sites per nucleotide, ½DNA��f is equivalent to 0.125
times of the total DNA nucleotide concentration [10].

RESULTS

NCS-Induced DNA Lesions Were Efficiently Inhibited by
the Presence of Caffeine

The ability of NCS to induce DNA damage is
known to vary with the structure of an applied
thiol activator [42,45], and the variation can be as
large as threefold [42]. Also, NCS-induced DNA SS
lesions are predominant over DS ones, but the DS
type is more lethal and has been correlated with
cell death in human tumors [4,47]. After careful
assessment of all known thiol activators for this
caffeine-related DNA damage study, we chose to
use GSH, which is the most abundant eukaryotic
cellular thiol. GSH not only efficiently activates
NCS to induce a high-level of TS DNA lesions, but,
more importantly, it is also the most effective thiol
known to produce lethal DS lesions [45].
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After hydrogen abstraction, the NCS-induced
DNA lesions can be oxidized to form either direct
strand breaks or abasic sites. The abasic site lesions,
although minor in occurrence, could not be
ignored because they contribute to a significant
portion of the lethal DS lesions [45]. For this
reason, we converted all abasic site lesions into
strand breaks by further putrescine treatment [42],
which cleaves strands at virtually all abasic sites
[48]. The DNA fragments that resulted from strand
breaks were then resolved in agarose gel electro-
phoresis. The number of TS, SS, and DS strand
breaks were analyzed by following the Poisson
distribution [46] in the conversion of supercoiled
DNA (form I) into relaxed circular (form II) and
linear duplex (form III) forms. Without added caf-
feine, the number of SS, DS, and TS breaks per nM
NCS obtained in the present study were compar-
able to known values [44,45], confirming the
validity of the employed analytical method.
Electrophoretic analyses revealed that the

addition of caffeine markedly reduced the NCS-
mediated DNA strand breaks. Figure 1 shows some
of the gel images obtained from reactions of hol-
oNCS and NCS-C at 10 and 100 nM. To compare
inhibition efficiencies for the different types of
lesions, we expressed the caffeine-induced inhi-
bition of DNA strand breaks as a percentage of the
controlled data without caffeine. The number of
different types of DNA scissions, SS, DS, or TS, in
the absence of caffeine was normalized to 100 and
set as 0% inhibition. Figure 2a shows the percent
inhibition of TS lesions induced by 10 nM of NCS
measured over a wide range of caffeine concen-
trations. The inhibition effect was small at a caf-
feine concentration below 1 mM, but increased
sharply above 1 mM. DNA scission activity from
NCS was largely suppressed by caffeine up to
75 � 5% at a concentration of 10 mM, where the
inhibition effect gradually leveled off. When the
drug concentration was increased to 100 nM (see
Figure 1c), the inhibition of DNA damage reduced
to 60 � 5% and showed no leveling off effect at
10 mM of caffeine. The results implied a compe-
tition for DNA between caffeine and the drug.
Because DNA damage was mediated by the NCS-
generated C2,6-free radicals (see Scheme 1), the
data suggest that caffeine could efficiently protect
DNA from the enediyne-generated active radicals.
The present electrophoresis results revealed that

the caffeine-induced inhibition of DNA damage
was similar in both holoNCS and NCS-C when the
drug concentration was 10 nM (see Figure 2a),
suggesting insensitivity to the drug form at the
nanomolar concentration range, although caffeine
stimulated NCS-C release from 10 mM of holoNCS
(data not shown). When the NCS-induced DNA TS
breaks were classified into SS and DS, both showed
very similar trends with increasing caffeine

concentrations and no significant differences in
percent inhibition were found between the two
types of lesions (see Figure 2, panel b and c). These
results suggest that the inhibition mechanism of
caffeine did not affect the type of DNA lesion pro-
duced by the activated NCS.

Caffeine Was Able to Quench the Thiol-Activated
Enediyne Radical Species

NCS is a prodrug [5] that needs to be activated
by a thiol to generate a highly active C2,6-radical
species (Scheme 1). This bioactive species abstracts
a hydrogen at C2 and C6 and transforms into a
postactivated thiol-drug adduct (see NCS-C–GSH

Figure 1. Agarose gel electrophoresis of ethidium bromide
stained pBR322 DNA after treatment with NCS. (a) Samples of
10 nM of holoNCS were mixed with 200 ng of DNA containing
ammonium acetate (4.25 mM, pH 4), EDTA (3 mM, pH 4), GSH
(5 mM), and (0–10 mM) caffeine. Tris–HCl (100 mM, pH 7.4) was
added last and the reaction mixtures were incubated at 378C for
30 min. Samples were then treated with putrescine (100 mM, pH
8.0) at 258C for 1 h before analyses. (b) Conditions were the same
as in (a), except that holoNCS was replaced by NCS-C and samples
were incubated at 08C for 30 min before putrescine treatment.
The methanol content in each sample was 10% (v/v). (c) Con-
ditions were the same as in (a), except that 100 nM of holoNCS
and 3500 ng of DNA were used for each sample. After putrescine
treatment, an aliquot of each sample that was equivalent to
200 ng of DNA was taken for electrophoretic analysis.
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in Scheme 1), which is stable and can be identified
by the established chromatographic and spectro-
scopic assignments [43]. Thus, analyses of the
postactivated NCS products were a reasonable
approach to understand the quenching process of
C2,6-radicals. Without caffeine, only one major
postactivated product, NCS-C–GSH, was found in
the HPLC chromatograms at 27 min (data not
shown), which was consistent with the previous
report [49]. The formation of NCS-C–GSH was fur-
ther confirmed by UV spectroscopy [43] and mass
measurement. In the presence of caffeine, an
additional product was observed at 46 min in the
chromatograms (Figure 3). This additional product
was formed at the expense of NCS-C–GSH, and
its yield was caffeine-concentration dependent,
suggesting that caffeine could quench the C2,6-
radical species to form a caffeine-drug adduct.
This caffeine-induced, postactivated NCS product
exhibited an intense fluorescence emission band at
440 nm similar to that of NCS-C–GSH. It also
showed a strong UV absorption b-band at 226 nm,
which is a characteristic feature for all postacti-
vated derivatives of NCS-C [43]. MS identified it as
a mono-caffeine adduct of NCS-C, with a m/z of
1161 that matched the theoretical (M þ Hþ) value
of NCS-C–GSH–caffeine (Scheme 1 and Figure 4).
Interestingly, even though activation of NCS-C

generated a C2,6-radical species, only a mono-caf-
feine adduct was detected. No di-caffeine adduct of
NCS-C was detected, even in the presence of
60 mM of caffeine, a 1500-fold excess concen-
tration of NCS-C. Presumably, addition of a thio-
late group at C12 of the bicyclic enediyne core
after activation of NCS-C (Scheme 1) could

Figure 2. Effect of caffeine on the NCS-mediated DNA lesions.
(a) Inhibition of TS breaks of DNA induced by holoNCS (black bar)
and NCS-C (hatched bar) in the presence of caffeine. (b) Inhibition
of holoNCS-induced SS (hatched bar) and DS (black bar) breaks of
DNA by the presence of caffeine. (c) Inhibition of NCS-C-induced
SS (hatched bar) and DS (black bar) breaks of DNA by the presence
of caffeine. The holoNCS- and NCS-C-induced DNA damage reac-
tions were performed at 378C and 08C, respectively. The drug con-
centration used was 10 nM and NCS-DNA reactions were
activated by GSH at pH 7.4 in the presence of caffeine between
0.1 mM and 10 mM. The NCS-induced DNA lesions were all con-
verted to strand breaks by treating with 100 mM of putrescine
at pH 8.0 and 258C for 1 h. All DNA fragments were analyzed by
electrophoresis. The percent inhibition was estimated based on a
controlled experiment without caffeine. All values were obtained
from an average of a minimum of three repetitions. The cap on
each bar represents standard deviation.

Figure 3. NCS-C activation in the presence of caffeine without
DNA. The postactivation products from the GSH-activated NCS-C
reaction were analyzed by HPLC. The profiles were monitored by
fluorescence emission (—) at 440 nm (excitation wavelength,
340 nm) and UV–Vis absorption (- - - -) at 340 nm. The activation
reaction of NCS-C (39 mM) was induced by GSH (5 mM) and per-
formed in the presence of caffeine (60 mM) at pH 8.0 and 08C in
a 100-mL aqueous solution containing 5% (v/v) methanol.
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effectively shield the nearby C2-radical from attack
by large molecules like caffeine. A similar reaction
of methyl thioglycolate with the activated C2,6-
radical of NCS-C has also been reported [50]. The
addition of methyl thioglycolate occurs only at

C6-, but not at the C2-radical. GSH is a tri-peptide
thiol with a considerably large molecular size.
Conceivably, the C6 position of the thiol-activated
C2,6-radical species was much less sterically hin-
dered and more accessible to caffeine attacks than

Figure 4. MS/MS fragmentation analyses of the NCS-C activation products. (a) Sequential MS/MS analyses of
NCS-C–GSH and NCS-C–GSH–caffeine adducts. Both NCS-C products were isolated by HPLC and subjected to
multistage MSn analyses. The first stage collision of both products produced two intense ions. Both the major
and minor fragment ions were selected as precursor ions for further fragmentation. The m/z values of the
(M þ Hþ) ions are shown in boxes. (b) Structural fragmentation analyses of the postactivation products, NCS-
C–GSH, and NCS-C–GSH–caffeine.
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C2. On the other hand, the C8 position of the caf-
feine purine ring has been shown to be the most
active site, forming numerous radical adducts with
different types of free radicals [28–30,51]. Thus, a
C8-substituent of caffeine at the C6 of NCS-C was
expected to form the mono-caffeine adduct NCS-
C–GSH–caffeine. Figure 4 shows the MS/MS frag-
mentation pattern of NCS-C–GSH–caffeine, which
was very similar to that of NCS-C–GSH. This
indicates that there was a close similarity in struc-
ture between these two postactivated NCS adducts.

Radical Quenching Efficiency Was Not Comparable to the
DNA-Protection Effect

Although we demonstrated that caffeine was
able to quench the active C2,6-radical generated
by activation of the unbound NCS-C, whether this
radical quenching resulted in inhibition of the
NCS-induced DNA lesions still needed to be care-
fully evaluated. We performed the same GSH-
induced activation reaction with NCS-C in an
environment that allowed NCS-C to interact with
DNA. Caffeine was added at a concentration range
of 1–10 mM, levels at which it was found to have
an obvious protection effect against NCS-induced
DNA damage (Figures 1 and 2). When the acti-
vation reaction was performed with 10 mM of
NCS-C, NCS-C–GSH was found to be the major
activation product with similar yields regardless of
increasing the applied caffeine concentration
(Figure 5a). The yield of the caffeine-quenched
postactivated adduct, NCS-C–GSH–caffeine, was
considerably smaller than that of the major prod-
uct, NCS-C–GSH. Production of NCS-C–GSH–caf-
feine was barely detectable at 1 mM of caffeine.
Interestingly, an 11 � 3% inhibition of the NCS-
induced DNA lesions could be clearly detected at
the same concentration level of caffeine (Figure 2).
As determined by peak area integration at A226

[43], the yield ratios of the caffeine-quenched
NCS-C–GSH–caffeine to the caffeine-unquenched
NCS-C–GSH were only 3 � 1% and 9 � 2% in the
presence of 5 and 10 mM of caffeine, respectively.
At these same concentration levels, caffeine caused
an inhibition of 49 � 4% and 75 � 5%, respect-
ively, in the NCS-induced DNA lesions. The effi-
ciency of quenching the activated C2,6-radical of
NCS by caffeine was far from comparable to that of
protecting DNA, suggesting that quenching
radicals was only the minor, but not its primary,
mechanism to reduce NCS-induced DNA lesions.

Because NCS is very potent in damaging DNA,
the concentration of NCS required to induce esti-
mable DNA strand breaks was in the nanomolar
range (see Figures 1 and 2). However, the postacti-
vated drug adducts analyses (shown in Figure 5a)
were carried out at a drug concentration level of
10 mM. Whether the results of HPLC could corre-
late to that of the electrophoretic analyses was a

concern because of the large drug concentration
difference. To eliminate the effect of drug level
on analyses, we managed to perform the
activation reaction in 100-fold diluted NCS-C
samples, in which the drug level was the same to
that used in the electrophoretic analyses shown in
Figure 1c. The overlain HPLC elution profiles
obtained from 10 mL reactions of 100 nM of NCS-
C illustrated that NCS-C–GSH remained as a major
activation product in the presence of 0–10 mM of
caffeine (Figure 5b). The yield ratios of the
caffeine-quenched NCS-C–GSH–caffeine to NCS-C–
GSH were about 20 � 3% in 10 mM of caffeine,

Figure 5. Effect of caffeine on NCS-C activation in the presence
of DNA. (a) Samples of 10 mM NCS-C in 100 mL of solutions con-
taining 100 mM ct-DNA were mixed with 5 mM GSH and 0–
10 mM caffeine at pH 8.0 and 08C. The methanol content was
kept constant at 5% (v/v). (b) Samples of 100 nM NCS-C in 10 mL
of solutions containing 10 mM ct-DNA were mixed with 2 mM
GSH and 0–10 mM caffeine at pH 8.0 and 08C. Samples were
lyophilized to reduce the volume and DNA was removed by pre-
cipitation. Filtrates were lyophilized to dryness and re-dissolved in
water prior to HPLC analyses. The elution profiles were monitored
by fluorescence emission at 440 nm (excited at 340 nm).
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whereas an inhibition of 60 � 5% in the NCS
activity was observed when the NCS-mediated
DNA lesions was examined at the same concen-
tration level of the drug (100 nM) and caffeine
(10 mM) (Figure 1c). The results confirmed that
the ability of caffeine to scavenge the enediyne-
generated free radicals played only a minor role in
protection of DNA.

Caffeine Inhibited NCS-C Binding to DNA

Because NCS-C binds to DNA prior to under-
going the thiol-induced drug activation process
[45], both quenching of the active C2,6-radical
and inhibition of the binding of NCS-C to DNA
could protect DNA. To clarify whether or not caf-
feine could inhibit the intercalation of NCS-C with
DNA, we measured changes in the binding affinity
of NCS-C to DNA in the presence of caffeine.
Because NCS-C is very labile, an indirect assay for
measuring association constant of NCS-C and DNA
has been developed by comparing the NCS-C
degradation rate constant in the absence (k0) and
presence (kDNA) of DNA [9,10]. Unbound NCS-C
has a pronounced tendency to degrade in an aque-
ous environment, whereas DNA affords evident
protection of NCS-C through binding [9]. Binding
affinity of NCS-C and DNA can thus be fairly esti-
mated by kinetic changes of the NCS-C degra-
dation from absence to presence of DNA [10].
Without interference from caffeine, the obtained
equilibrium dissociation constant (Kd) for the NCS-
C–DNA binding complex at pH 7 and 258C was
1.0 � 0.1 mM, which was reasonably close to the
reported value of 10�6 M [4]. In the presence of
caffeine, degradation rate of NCS-C decreased
noticeably in the absence of DNA, suggesting that
caffeine was able to protect the unbound NCS-C
from degradation to some extent. The obtained Kd

value, derived from the measured k0 and kDNA,
showed an increase with increasing caffeine
concentration. Figure 6 demonstrates a good
linear correlation between the observed Kd and
caffeine concentration (correlation coefficient
R ¼ 0.99906). Each additional mM increase in caf-
feine concentration raised the Kd value by
0.15 mM, suggesting that caffeine could efficiently
weaken the binding affinity between NCS-C and
DNA. Examination of the NCS-C–DNA binding
property revealed an increase in Kd of approxi-
mately 2.5-fold at 10 mM of caffeine compared to
the value obtained without caffeine. Such an
increase was comparable to the caffeine-produced
reduction in NCS-induced DNA lesions. The results
suggest a close correspondence of the caffeine-
inhibited drug activity with the caffeine-weakened
drug–DNA binding affinity. Inhibition of NCS-C
intercalation with DNA by caffeine was apparently
the primary protecting factor against NCS-induced
DNA damage.

DISCUSSION

Caffeine has been shown to repress tumor pro-
gression in rats [16,17], inhibit chemical carcino-
genesis in mouse skin [18], act as a cancer
preventive agent in benzo[a]pyrene-induced lung
tumors in mice [19], and provide substantial pro-
tection against radiation-induced damage in mice
[20,21] and mammalian cells [22]. It is also known
to protect DNA from cytotoxic compounds such as
ethidium bromide [24,52,53]. With its potential
cancer-chemopreventive activity, we chose caf-
feine as a representative dietary component to
study its molecular interaction with NCS. Early
in vivo studies show somewhat diverse results in
the influence of caffeine on the biological activity
of NCS, ranging from no effect [33,39] to inhi-
bition [36–38,40], or even enhancement [34,35].
This reflects the very complex nature in cellular
interaction between caffeine and NCS. In contrast
to our in vitro observation, Iseki et al. [36] reported
that NCS-induced SS DNA breaks in cells were not
inhibited by caffeine. In a cell the NCS-induced SS
DNA breaks are known to be rapidly repaired
[4,54]. In vitro studies show that the NCS-induced
nascent damage in DNA can not be fixed in the
absence of oxygen or a radiation sensitizer
[4,55,56]. Hatayama and Yukioka [38] reported
that caffeine does not aid in the repair of SS DNA
breaks in cells. Whether the rapid repair system of
a cell could offset the influence of caffeine on the
NCS-induced SS DNA breaks is an interesting ques-
tion and needs to be further investigated.
Caffeine is an effective intercalation inhibitor,

but its mechanism of DNA intercalation inhibition
seems quite complex. It has been shown that

Figure 6. Effect of caffeine on NCS-C–DNA binding. Correlation
between the concentration of caffeine and the equilibrium dis-
sociation constant (Kd) of the NCS-C–DNA binding complex
obtained at pH 7 and 258C.
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caffeine can reduce the sensitivity of cells to inter-
calation by interfering with the cellular transport
system and thereby decreasing cells’ permeability
to intercalators [52]. On the other hand, studies
have shown various interactions among caffeine,
intercalators, and DNA. Predominately through
hydrophobic attraction, caffeine has been shown
to interact with aromatic DNA intercalators such
as ethidium bromide, acridine orange, actinomy-
cin, and daunomycin to form noncovalent com-
plexes [23,24,26,57]. The association of caffeine
with these aromatic intercalators has been hypoth-
esized to interfere with their intercalation into
DNA [23,24]. Meanwhile, caffeine can also form a
three-component complex with both the intercala-
tor and DNA, for instance, the hetero association
system of ethidium bromide–caffeine–DNA [53]. In
addition to those caffeine complexes involving
DNA intercalators, various modes of direct inter-
action between caffeine and DNA have also been
suggested [25,58–61].

NMR and simulation studies on DNA binding of
the stable postactivated product, NCS-C–GSH
[4,62–64], suggest that formation of NCS-C–DNA
binding complex is accompanied by an insertion
of the naphthoate moiety in the minor grooves
between two stacked base pairs. Intercalation of
NCS-C has been shown to unwind the DNA helix
by 218 and increase DNA length by 3.3 Å [10].
Coincidentally, caffeine has also been thought to
insert into [61] and unwind [59] the DNA double
helix in a similar fashion. Although the exact inhi-
bition mechanism is not clear, caffeine was likely
to compete with NCS-C for DNA binding sites and
thereby reduce the NCS-induced DNA lesions. In
fact, formation of caffeine complexes involving
DNA has been suggested to displace the bound
mutagen and carcinogen molecules from DNA by
competition for binding sites [24,65]. Alterna-
tively, caffeine has been shown to bind with DNA
by an arrangement of caffeine molecules outside of
the DNA double helix [60]. Such an external bind-
ing of stacked caffeine molecules within the
grooves of DNA could substantially block the inser-
tion pathway of NCS-C through minor grooves.
The main protection mechanism of caffeine
against NCS could presumably involve caffeine
competition for DNA binding sites, blocking of
DNA grooves by caffeine, or both.

It is worth noting that the potent biological
activity of NCS does not arise directly from interca-
lation of NCS-C with DNA. Rather, it is from the
remarkable ability of the activated NCS-C C2,6-
radical to abstract hydrogen atoms [4]. Here we
demonstrated that caffeine could not compete
with the vicinal DNA hydrogen atoms for the
NCS-generated free radicals. However, these results
should not extrapolate to a conclusion that the
radical scavenging capability of caffeine was

inferior. The extremely active C2,6-radical species
was very short-lived; its reaction with DNA pro-
ceeds at a very rapid rate with an estimated half-
life of less than 5 � 10�6 s [50]. Consequently, its
reaction preference was more likely to be deter-
mined by the availability (i.e., the local distance),
but not the capability (i.e., the activity), of the
radical quenchers. Because NCS-C was bound to
DNA, the thiol-activated C2,6-radical species
would react preferentially with the surrounding
hydrogen atoms of DNA rather than with the dis-
tanced caffeine molecules. As a consequence, caf-
feine ingeniously protected DNA by blocking the
intercalation of NCS-C beforehand. Quenching the
radicals by caffeine only played a minor role in
protection of DNA.
Even though the physiological concentration of

GSH can be high as 10 mM [66], whether the inter-
action between caffeine and GSH played a role in
the caffeine-involved inhibition mechanism is an
interesting question. Caffeine is known to reduce
cellular GSH level [67,68], but seems with a rela-
tively low efficiency compared to the DNA damage
reactions induced by NCS. The GSH-activated
NCS–DNA reaction in general completes within
30 min [69], whereas cells treated with caffeine
show no changes in GSH level up to 2 h [67].
Furthermore, the decreased GSH level caused by
caffeine might not be large enough to significantly
inhibit NCS activity. A dose of 5 mM of caffeine in
cells produces only up to 34% GSH reduction after
a 3-h incubation [67], and 100 mg/kg in rates
results in merely 22.5% reduction after 4-h treat-
ment [68]. Although depletion of GSH results in a
decrease in NCS-mediated cytotoxicity and DNA
damage [69–71], only 67% decrease in NCS activity
is observed when cellular GSH is reduced by more
than 99.9% [69]. Considering that the optimal
concentration of GSH causing maximal NCS-medi-
ated damage in DNA is only 5 mM [45], the
reduction of GSH caused by caffeine probably
would not have a significant impact on NCS
activity.
Our study demonstrated that caffeine, as a com-

mon dietary supplement, could protect DNA
against NCS-induced lesions by up to 75 � 5%.
NCS, an enediyne mutagen and carcinogen, plays
a dual role by intercalating with DNA through its
planar naphthoate moiety and also damaging DNA
with its generated free radicals. We have shown
that caffeine was able to quench the NCS-C
radicals, but the quenching effect was considerably
insignificant and only played a minor role in
inhibition of DNA lesions. Rather, the DNA-bind-
ing inhibition by caffeine, which imposed restric-
tions on intercalation by the planar aromatic
functional groups between adjacent DNA base
pairs, played an important role in this detoxifica-
tion process.
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