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ABSTRACT 

We have investigated the ability of chlorophyllin (CHL) to interact with acridine 

mutagen ICR-191 (2-methoxy-6-chloro-9-(3-(2-chloroethyl)aminopropylamino)acridine) and 

also its ability to decrease binding of ICR-191 to DNA in a simple three-component 

competition system: CHL–ICR–DNA. Our data indicate a strong association of ICR-191 with 

CHL, stronger even than the association of ICR-191 with DNA. Calculations based on the 

measured affinity data show that a two- to three-fold excess of CHL reduces by about two-

fold the concentration of the mutagen–DNA complex. We also exposed human leukemic HL-

60 cells to ICR-191 in the absence and presence of CHL and measured the mutagen-induced 

DNA damage. The extent of DNA damage was assessed by analysis of histone H2AX 

phosphorylation. While ICR-191 induced significant increase in expression of 

phosphorylated H2AX (γH2AX), particularly in DNA replicating cells, this increase was 

totally abolished in the cells treated with ICR-191 in the presence of CHL.  

 

Keywords: Chlorophyllin; DNA damage; Histone H2AX phosphorylation; Mutagen 

interceptor; Intercalation; Competitive interactions.  
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INTRODUCTION 

Chlorophyllin (CHL) is a water-soluble derivative of chlorophyll differing from the latter 

by having copper instead of magnesium as a cofactor. Because of anti-mutagenic and anti-

oxidant properties both chlorophyll and CHL are in center of interest of many research 

laboratories. Several studies reported that CHL protects cells against mutagenic effects of 

benzo[a]pyrene [1-4], cyclophosphamide [3], heterocyclic amines [5-7], aflatoxin [8-12], 

heavy metals [13], and ionizing radiation [14]. Because of diversity of the mutagens 

neutralized by CHL and different modes of their genotoxicity it is quite apparent that more 

than a single mechanism may be responsible for the CHL-protective effects. One mechanism 

may involve the direct anti-oxidant properties of CHL. Indeed, the ability of CHL to 

scavenge reactive oxygen species (ROS) in vitro and in vivo was documented [15,16].  

Another mechanism by which CHL neutralizes mutagens stems from its ability to form 

complexes with the aromatic mutagens [17-20]. The complexes are thought to be maintained 

via stacking (π-π) interactions between the flat aromatic molecules of the mutagen and the 

porphyrin rings of CHL. Because the mutagen is sequestered within the complex its 

concentration in monomeric, i.e. active form in solution, is reduced. Thus, by capturing 

mutagen molecules CHL neutralizes them preventing their uptake by the cells and subsequent 

interaction with DNA. It was proposed to define the agents with such properties as the 

interceptor molecules [21-24]. Similar to chlorophyllin, caffeine and pentoxifillin were 

shown to be interceptors of several aromatic compounds such as acridine orange, quinacrine 

mustard and acridine mutagens ICR-191 and ICR-170, attenuating their mutagenic and 

cytotoxic effects and preventing interaction with DNA [25-29]. 

In prior studies we explored molecular interactions that may be responsible for the 

interceptor properties of CHL vis-à-vis several intercalators [22,23]. Towards this end using 
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optical spectroscopy we have studied interactions between the intercalators and DNA in the 

presence and absence of CHL. We have shown for example, that CHL forms complexes with 

acridine orange, quinacrine mustard and the antitumor drug doxorubicin, with association 

constants (Ka’s) 7.0×105, 3.2×105 and 3.3×105 M-1, respectively [22]. Applying experimental 

analysis to the three-component interactive system: intercalator-DNA-CHL we observed that 

CHL attenuated binding of these intercalators to DNA thereby showing the interceptor 

activity [23]. In the present study using similar experimental approach we investigated 

interactions between the acridine mutagen ICR-191 and DNA in the absence and presence of 

CHL. ICR-191 is an aromatic mutagen having a three-ring structure, it intercalates into DNA 

and has also mustard-like alkylating properties [30,31]. We expected, therefore, that similar 

as in the case of intercalators studied by us before [23] CHL will also have the interceptor 

activity towards ICR-191. 

Parallel to the biophysical studies we presently also assessed the potential of CHL to 

neutralize genotoxic activity of ICR-191. Towards this end we exposed human promyelocytic 

HL-60 cells to ICR-191 in the absence and presence of CHL and the extent of genotoxic 

effect of ICR-191 was measured by flow cytometry by means of immunocytochemical 

detection of phosphorylation of histone H2AX. Phosphorylation of histone H2AX on Ser-139 

(phosphorylated H2AX has been named γH2AX) is considered to be a marker of DNA 

damage, particularly the induction of DNA double-strand breaks (DSBs) [32,33]. Cytometric 

detection of γH2AX was shown to provide a convenient tool to measure extent of DNA 

damage induced by variety of genotoxic agents including radiation [34,35], antitumor drugs 

[36,37], exogenous and endogenous oxidants [38] and environmental carcinogens [39]. 
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MATERIALS AND METHODS 

Spectral studies 

Reagents. Chlorophyllin (sodium-copper salt), Acridine Mutagen ICR-191 (6-Chloro-9-

[3-(2-chloroethylamino)propylamino]-2-methoxyacridine dihydrochloride), (both from 

Sigma Chemical Co, St. Louis, MO, USA), Tris (Tris-(hydroksymethyl)-aminomethane) 

(Fluka Chemie AG, Buchs, Switzerland). All solutions were prepared in Tris-HCl (30 mM), 

NaCl (50 mM) at pH 7.4. 

Estimation of ICR – CHL association constant. Absorption and fluorescence emission 

measurement of ICR-191, CHL and mixtures of these compounds were done using Cary 300 

spectrophotometer (Varian, Australia) and LS 50B spectrofluorimeter (Perkin Elmer, UK), 

respectively. Titrations were carried out at constant ICR-191 concentrations (8, 10 or 12 μM) 

while altering CHL concentration within the range between 0.9 to 60.0 μM.  Absorption was 

measured in 3.0 cm width cuvettes while fluorescence emission was measured using 0.4 x 1.0 

cm cuvettes with 5 nm excitation-, and 8 nm spectral width emission- slits, at λex = 422 nm. 

The temperature of the cell-housing block was kept at 295±1 K. The data were processed 

using Prism 4 (GraphPad Software Inc, San Diego, CA, USA). Spectrophotometric and 

spectrofluorimetric titrations allowed us to estimate association constant Ka and molar 

absorption coefficient of the complex, assumed to have the components in 1:1 proportion, 

according to the method applied before [22]. 

Fluorescence spectrum was corrected with respect to the reabsorption and the inner filter 

effect as described before [40]. 

To estimate Ka from the spectrofluorimetric measurements we applied nonlinear 

regression for fluorescence intensity at λ= 492 nm according to (eq. 1). 
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where: 

CA
0 – total ICR-191 concentration 

CB
0 – total CHL concentration 

FAB – fluorescence of  ICR –191 totally bound to CHL  

F0 – fluorescence of ICR-191 in CA
0 

 

Estimation of ICR – DNA association constant. Absorption of ICR-191 and DNA 

separately as well as in mixture have been measured at constant ICR concentration within a 

range between 8.0 and 10.1 µM while DNA concentration was variable ranging between 1 to 

60 µMbp. Absorption measurements were carried out in cuvettes of l = 3 cm width while 0.4 

× 1.0 cm width cuvettes were used for fluorescence measurement. The association constant Ki 

and binding site size in DNA (n) were estimated according to the McGhee-von Hippel model 

[41]. The Ki association constant and molar extinction coefficient of the DNA-bound 

intercalator ICR-191 were estimated by the least squares regression analysis as described 

[23]. Spectral fragments within 360 – 500 nm have been used in which ICR-191 has 

absorption band while DNA is not absorbing light. A correction for light scattering by DNA 

molecules was applied as described before [23]. 

Estimation of concentration of complexes in the three-component system. 

Concentrations of individual complexes in the three-component (ICR – DNA – CHL) system 

was estimated based on the model of simple competition as described in previously [23]. 

Assumption was made that Ka, Ki and n parameters estimated in the two-component systems 
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remain unchanged in the three-component system. Further details pertaining this analytical 

approach are presented elsewhere [23]. 

 

Protection of DNA in HL-60 cells from ICR-191-induced damage by CHL 

Cells and culture conditions. Human promyelocytic leukemic HL-60 cells were 

obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). The cells 

were grown in 25 ml FALCON flasks (Becton Dickinson Co., Franklin Lakes, NJ) in RPMI 

1640 supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 μg/ml 

streptomycin and 2 mM L-glutamine (all from GIBCO/BRL Life Technologies, Inc., Grand 

Island, NY, USA) at 37 oC in an atmosphere of 5 % CO2 in air. At the onset of the 

experiments, there were fewer than 5 x 105 cells per ml in culture and the cells were in an 

exponential and asynchronous phase of growth. The cells were exposed in cultures to 1.2 μM 

of ICR-191 in the absence or presence of 1 μM CHL for 1 h. Cells in parallel cultures were 

either untreated or were treated with 1 μM of CHL alone for 1 h. Following the treatments the 

cells were fixed in ice-cold 1% methanol-free formaldehyde (Polysciences, Inc., Warrington, 

PA, USA) in PBS for 15 min in phosphate-buffered saline (PBS) for 15 min followed by 

suspension in 70% ethanol where they were stored at -20 oC for 2-24 h. The experiments 

were run in triplicate. 

Immunocytochemical detection of γH2AX. The fixed cells were washed twice in PBS 

and suspended in 0.2% Triton X-100 (Sigma) in a 1% (w/v) solution of bovine serum 

albumin (BSA; Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab) binding. The 

cells were then incubated in 100 μl of 1% BSA containing anti-phospho-histone H2A.X (Ser-

139) mAb (Upstate, Lake Placid, NY, USA 1:100) for 2 h at room temperature, as described. 

[35,36]. The cells were then rinsed with 1% BSA in PBS (200g, 5 min) and, after 
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centrifugation, the cell pellets were resuspended in 100 μl of 1% BSA containing FITC-

conjugated anti-mouse rabbit F(ab’)2 fragment (DAKO, Carpinteria, CA, USA,1:30) for 30 

min at room temperature in the dark. The cells were then counterstained with 5 µg/ml of 

propidium iodide (PI; Molecular Probes, Eugene, OR, USA) in the presence of 100 μg/ml of 

RNase A (Sigma). Cellular green (FITC) and red (PI) fluorescence (10,000 cells per sample) 

was measured using a FACScan flow cytometer (Becton-Dickinson, San Jose, CA, USA) and 

the data were analyzed using the CELLQuest software (Becton-Dickinson), as described 

[35,36]. 

 

RESULTS 

Interactions between ICR-191 and CHL. A shift of the main absorption bands of CHL 

and ICR-191 towards longer wavelength was observed during the titration of ICR-191 with 

CHL. This effect was not visually apparent by direct analysis of the measured spectra (Fig. 

1a) because of a large difference in molar extinction coefficient of both measured 

components and an overlap of the absorption bands, with maximum of CHL at 405 nm and of 

ICR-191 at 422 nm. However, the bathochromic shift was distinctly evident from analysis of 

the differential spectra (Fig. 1b). The shift was also apparent after superimposition of the 

absorption spectrum of ICR-191 - CHL complex on the spectra of individual components i.e. 

ICR-191 or CHL (Fig. 1c). The association constant Ka was estimated to be 2.8 ×105 M-1 ± 

0.5×105 M-1. 

During spectrofluorimetric titration we observed progressive quenching of ICR-191 

fluorescence with the increasing CHL concentration (Fig. 2a). At 60 µM concentration of 

CHL fluorescence of the complex was very low. While chlorophyll is known to emit 

fluorescence upon excitation we did not observe fluorescence of CHL itself. After 
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normalization of the fluorescence spectra a minor shift of the emission towards lower 

wavelength with an increases in CHL concentration become apparent. It appears therefore, 

that the ICR-191 - CHL complex shows low intensity fluorescence. Fig. 2b presents the 

nonlinear regression analysis according to the (eq. 1) at λem = 526 nm. The association 

constant Ka was estimated to be 3.0 ×105 M-1 ± 0.3×105 M-1. 

Interactions between ICR-191 and DNA. During spectrophotometric titration of ICR-

191 with DNA we observed a shift of the absorption band of ICR-191 towards longer 

wavelength combined with the hypochromic effect. The isosbestic point was apparent at 453 

nm (Fig. 3a, 3b). The spectrum of ICR-191 - DNA complex is presented in Fig. 3c. 

Similar as titration with CHL the titration of ICR-191 with DNA also led to fluorescence 

quenching. Likewise, the emission band was shifted towards lower wavelength compared to 

the emission of ICR-191 alone. The association constant Ki characterizing ICR-191 binding 

to DNA was found to be 6.2×104 M-1 ± 1.3×104 M-1 at n = 1.5. 

Interactions within the ICR - DNA - CHL mixture. The model of simple competition 

as described by us before [23] was used to estimate concentration of individual components 

within the three-component mixture, based on the estimates of Ka association constants of 

ICR - CHL, parameters Ki and n and interactions between ICR-191 and DNA under assumed 

initial concentrations of the individual components. Fig. 4 illustrates changes in concentration 

of the complexes and of the free intercalator ICR-191 in the three-component mixture. 

Observed was a reduction in concentration of the DNA-bound ICR-191 paralleled by the 

increase in concentration of ICR - CHL complex and by minor decrease in concentration of 

the free intercalator. 

Protection of DNA in live cells. Exposure of HL60 cells to ICR-191 induced histone 

H2AX phosphorylation reflected as an increase in expression of its phosphorylated form 
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(γH2AX) (Fig. 5; Table 1). In Fig. 5 the data are presented in form of bivariate distributions 

(scatterplots) in which individual cells, each represented by a single dot, are plotted on the 

coordinates where abscissa represents cellular DNA content and ordinate intensity of γH2AX 

immunofluorescence [36-38]. The DNA content abscissa is presented as DNA index (DI) and 

the intercellular differences in DNA content make it possible to identify cells in different 

phases of the cell cycle, namely G1 cells having DI = 1.0±0.2, G2M cells having DI = 

2.0±0.2 and S-phase cells with DI between 1.2 and 1.8 (left panel). As it is evident the 

increase in intensity of γH2AX immunofluorescence, reporting H2AX phosphorylation, was 

most pronounced in S phase cells. In contrast, the treatment of cells with ICR-191 in the 

presence of CHL had no effect on expression of γH2AX, which remained essentially at the 

same level as in the untreated (CTRL) cultures. Likewise, exposure of cells to CHL alone had 

no apparent effect on H2AX phosphorylation.  

The quantitative data representing mean values of the intensity of immunofluorescence 

of γH2AXcalculated either for all cells or separately for subpopulations of cells in G1, S or 

G2M phases of the cell cycle are shown in Table 1. These mean values were estimated by 

computer-assisted gating analysis of cells differing in DNA content (DI) as described above 

and reported before [36-38]. The data demonstrate that CHL, while alone had some effect 

increasing the level of γH2AX in G2M cell, at nearly equimolar concentration with ICR-191 

(1.0 μM versus 1.2 μM) totally prevented the genotoxic effect of the mutagen as expressed by 

induction of H2AX phosphorylation in S-phase cells. Interestingly, the suppressive effect on 

induction of DNA damage by ICR-191 was also apparent at concentration of CHL as low as 

0.5 μM and even 0.1 μM (Table 1). 
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DISCUSSION 

Interactions between ICR-191 and CHL. Our present data demonstrate that CHL 

forms complexes with ICR-191. The complex formation was reflected by the bathochromic 

shifts in the absorption spectra and strong quenching of ICR-191 fluorescence by CHL. The 

association constant, within the limits of the estimation errors, is high (2.8 ×105 M-1 ± 

0.5×105 M-1) when compared with complexes of other compounds considered as the 

interceptors with the mutagens. Thus, for example, the xanthines caffeine and pentoxifillin 

interact with ICR-191 and ICR-170 mutagens with association constants about 101 M-1 [28]. 

The association constant in the interaction between acridine orange and caffeine is 2x102 M-1 

[42]. The interceptors in the green or black tea (catechins, epigallocatechins) interact with the 

aromatic mutagens with association constant within the range between 102 and 103 M-1 [43]. 

CHL thus can be considered much more effective interceptor of aromatic mutagens 

compared with the xanthines. In our earlier study we observed that CHL interacted with 

acridine orange, quinacrine mustard or doxorubicin with association constant approximately 

105 M-1 [22]. Other authors report similar range of affinity of CHL in interaction with 

aflatoxin B1 [8], aflatoxin B2 [11] or dibenzo[a,1]pyrene [2,4]. This high affinity of CHL to 

intercept mutagens has already been recognized and CHL was applied in the clinic as a 

prophylactic agent for individuals having high level of aflatoxins in their diet [10,12] or in 

patients with trimethylaminuria [44]. 

Interactions between ICR-191 and DNA. The changes in absorption and fluorescence 

spectra of ICR-191 titrated with DNA are characteristic of intercalative mode of binding of 

this mutagen to DNA. The intrinsic association constant presently estimated (6.2×104 M-1 ± 

1.3×104 M-1 ) and parameter n = 1.5 indicate on relatively low affinity. We have previously 

observed that interactions of DNA with acridine orange, quinacrine mustard or doxorubicin 
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were stronger, with Ki being 2.4×105 M-1 (n = 2.4), 2.7×105 M-1 (n = 1.7) or 2.9×105 M-1 (n = 

1.8), respectively [23]. It should be noted, however, that these interactions are influenced by 

ionic strength and the binding affinity decreases with rise of salt concentration [45,46]. In the 

present study the ionic strength was higher (50 mM NaCl) compared with our previous 

studies in which we estimated binding affinity of other intercalators to DNA [23]. To some 

extent this may explain lower value of Ki in binding ICR-191 to DNA when compared to 

binding of quinacrine mustard [23], which is structurally similar do ICR-191. The difference, 

however, appears to be larger than expected if ionic strength would be the sole factor 

contributing to it. For example, a decrease of Ki from 1.5×105 M-1 to 5.0×104 M-1 was seen in 

binding of acridine orange to DNA when NaCl concentration was raised from 50 mM to 150 

mM [45]. It should noted however that estimates of Ki and n for such large molecules such as 

DNA are hindered by difficulties in obtaining highly uniform solutions and by relatively 

small changes in absorption spectra. Thus even minor inaccuracies in the initial concentration 

of the prepared solutions may lower precision of the estimates. 

Interactions within the mixture CHL - ICR - DNA: In the prior experiments we 

observed that CHL does not react with DNA, or if reacts, the interaction is so weak that is 

undetectable by the spectroscopy [23]. We adapted therefore the analytical model of simple 

competition between DNA and CHL for binding ICR-191. Theoretical calculations of 

concentrations of the individual components in the mixture DNA, CHL and one of the 

measured intercalators (acridine orange, quinacrine mustard or doxorubicin) were within the 

errors of the estimates based on spectrophotometric measurements [23]. Other authors also 

propose the model of simple competition in the interactions between DNA, mutagen and 

interceptor. This model was applied to study interactions between mutagen, caffeine and 

DNA [29] or mutagen, caffeine and vitamin B2 [47]. In the present study we applied 
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theoretical calculations to estimate the role of changeable concentration of CHL on 

concentration of free ICR-191 and its binding to DNA. The calculations show that a two- to 

three- fold excess of CHL in relation to the this mutagen reduced by about two-fold 

concentration of the mutagen – DNA complex.  

Protection of DNA in live cells. In the present study we also attempted to test whether 

CHL may protect DNA in live cells by exposing them to ICR-191 mutagen in the absence 

and presence of CHL. The extent of DNA damage was assessed by measurement the 

induction of H2AX phosphorylation, the marker considered to report genotoxic changes in 

DNA molecule in chromatin [32-39]. Indeed in numerous studies phosphorylation of H2AX 

was shown to strongly correlate with other markers of DNA damage, such as assessed by 

single cell gel electrophoresis (comet assay), micronucleus assay or clonogenicity [33-37,48]. 

Our data show for the first time that exposure of cells to ICR-191 mutagen for 1 h was 

adequate to induce phosphorylation of H2AX. The phosphorylation was most pronounced in 

DNA replicating cells. Perhaps as in the case of cell treatment with certain intercalating 

agents such as DNA topoisomerase 2 inhibitors with aromatic structure resembling that of 

ICR-191, the interaction of the mutagen led to formation of the “cleavable complexes” and 

collision of DNA replication forks with these complexes converted them into DNA double-

strand breaks, the potentially lethal lesions [49,50]. It is also possible that the mutagen caused 

local condensation of DNA in situ, preferentially in DNA replicating cells the cells, as 

described by us before [51], and this led to formation of DSBs. Whatever is the mechanism of 

induction of DNA damage by ICR-191 in live cells our data distinctly show that the presence 

of CHL at approximately equimolar concentration totally precluded the damage, at least as 

reported by H2AX phosphorylation. The protective effect most likely was due to the fact that 

ICR-191 once “intercepted” by CHL in solution of the culture media was unable to penetrate 
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plasma membrane and thereby react with DNA. It is less likely, although perhaps not totally 

impossible, that such large molecule as CHL could easily penetrate through plasma 

membrane and intercept the mutagen within the cell. In conclusion, thus, our data provide 

further evidence that CHL, and by analogy, its insoluble form chlorophyll, are effective 

interceptors of flat aromatic mutagens that are able to induce DNA damage. 

We recently reported that the background, constitutive, expression of γH2AX observed 

in untreated cells reports oxidative DNA damage caused by metabolically generated reactive 

species [38]. Because CHL is an antioxidant [7,8] it may have an ability to scavenge the 

radicals and thus potentially may attenuate constitutive DNA damage. In the present study, 

however, we observed that exposure of HL-60 cells to CHL alone had no significant effect on 

expression of γH2AX (Table 1). This lack of CHL effect on the level of constitutive DNA 

damage by endogenous oxidants may be due to the fact that the treatment was of short 

duration (1 h), much below the time required to see such effect [38]. Also, because of large 

size the CHL molecules could not effectively penetrate through plasma membrane of the cells 

to serve as scavenger of intracellular radicals. 
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Table 1. Effect of ICR-191 alone, CHL alone, and mixture of ICR and CHL, on level of 

expression of γH2AX in HL-60 cells. 

Cell treatment All cells G1 S G2M 

CTRL 169±2.5 112±4.0 184±4.5 149±4.5 

CHL, 1 μM 159±3.5 108±3.5 188±1.1 226±1.5 

ICR 191, 1.2 μM 190±7.0 119±7.1 256±12.1 248±4.5 

ICR 191 + CHL, 1 μM  151±4.5 112±6.0 179±5.0 209±8.2 

ICR 191 + CHL, 0.5 μM 164±5.4 111±3.8 186±4.9 231±6.6 

ICR 191 + CHL, 0.1 μM  167±4.4 119±3.8 202±6.1 237±3.9 

 

The cells were treated with these agents for 1 h and then intensity of γH2AX 

immunofluorescence concurrently with DNA content was measured in individual cells by 

flow cytometry as described in Material and Methods. The data show mean values of γH2AX 

expression (±SD) for all 10,000 cells measured in each sample as well as for cells in G1, S or 

G2M phases of the cell cycle, identified by the differences in cellular DNA content, as shown 

in Fig. 5 (left panel) and described in detail elsewhere [36-38]. Note an increase in γH2AX 

expression predominantly in S-phase cells in cells treated with ICR 191 alone, total 

elimination of the increase at 1 μM and 0.5 μM of CHL and partial suppression at 0.1 μM 

CHL. In all samples ICR 191 was present at 1.2 μM concentration. 
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Legends to Figures. 

Fig. 1. a) Absorption spectra of ICR-191 (broken line) and mixtures of ICR and CHL (solid 

lines), ICR was at 8µM, while CHL concentration varied from 1 to 20 µM, from 

bottom to top; l = 3 cm; b) respective differential spectra; c) absorption spectra of ICR 

(dotted line), CHL (dashed line), and computed spectrum of ICR – CHL complex 

(solid line). 

 

Fig. 2. a) Fluorescence spectra of ICR-191 (8µM) alone (dashed line) and admixed during 

titration with different concentration (from 2 to 60µM from top to bottom) of CHL 

(solid lines); b) non-linear regression calculated according to Eq. (1) at a wavelength 

of 526 nm. 

 

Fig. 3. a) Absorption spectra of ICR-191 (broken line) and mixtures of ICR and DNA (solid 

lines), ICR was at 10µM, while DNA concentration varied from 1 to 60 µMbp, from 

top to bottom; l = 3 cm; b) respective differential spectra; c) absorption spectra of 

ICR, free in solution (dotted line), and in complex with DNA (solid line). 

 

Fig. 4. Changes in concentration of individual constituents in the three-component mixture as 

a function of change in CHL concentration, determined assuming the simple 

competition model, on example of ICR-191 as the intercalator. Concentrations of ICR 

and DNA were 1.2 μM and 6 μMbp. 
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Fig. 5. Protection of DNA in HL-60 cells by CHL from the damage induced by ICR-191. 

The bivariate (DNA content versus expression of γH2AX) distributions (scatterplots) 

illustrating effect of ICR alone (1.2 μM), CHL alone (1.0 μM), and ICR (1.2 μM) 

together with CHL (1.0 μM), on phosphorylation of histone H2AX (expression of 

γH2AX). Based on differences in cellular DNA content the cells in G1, S and G2M 

phases of the cell cycle can be identified as shown in the left panel. Note an increase 

in expression of γH2AX detected immunocytochemically and measured by flow 

cytometry, particularly of the S-phase cells, upon treatment with ICR alone. This 

increase was prevented when the cells treated with ICR and CHL (right panel). CHL 

alone had no effect the level of H2AX phosphorylation. The skewed threshold lines 

show maximal level of γH2AX expression for 95% interphase untreated (CTRL) 

cells. 
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Fig.2 
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Fig.3 
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Fig.4 
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Fig. 5 

 


