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A B S T R A C T  

Caffeine (3,7-dihydro-l,3,7,-trimethyl-lH-purine-6,6-dione; CAF) is 
known to potentiate the cytotoxic effects of DNA damaging agents such as 
ionizing radiation and alkylating agents. In contrast, however, the cyto- 
toxic and cytostatic activity of aromatic, DNA-intercalating, DNA topo- 
isomerase II inhibitors such as Adriamycin, ellipticine, or mitoxantrone 
are diminished in the presence of CAF. To resolve whether the protective 
effect of CAF is associated with a particular mechanism of drug interac- 
tion (e.g., intercalation into DNA, inhibition of DNA topoisomerase II), or 
the aromatic nature of the drug structure, per  se, we have presently 
studied the effects of CAF on the cytostatic and cytotoxic action of camp- 
tothecin (CAM) and its less toxic but more water soluble derivative topo- 
tecan (TPT) on HL-60 human myelogenous leukemia cells: both drugs 
have aromatic structures but are nonintercalating inhibitors of DNA topo- 
isomerase I. By using spectroscopy and titration microcalorimetry, we 
have also studied the direct interaction between CAF and TPT in solution. 
Low (20 riM) concentrations of CAM or TPT perturbed progression of 
HL-60 calls through S-phase, whereas higher concentrations (0.15 pM) of 
these drugs induced apoptosis; both effects were easily demonstrable after 
4 h of treatment. When added simultaneously with CAM or TPT, CAF 
prevented both effects. The protective effect of CAF was concentration 
dependent and evident within the concentration range of 1-5 mM; nearly 
total protection was seen at a CALF concentration of 5 raM. The bathochro- 
mic and hypochromic shift in the absorption spectrum of the water soluble 
compound TPT upon addition of CAF indicated that CAF and TPT in- 
teract (stack) in a fashion similar to that previously observed for CAF and 
DNA intercalators. Microcalorimetric measurements of TPT titration with 
CAF indicate an exothermic reaction between these compounds (the en- 
thalpy change was AH ~ = -4.2 kcal/mol), which is consistent with a stack- 
ing model of CAF-TPT interaction. Thus, the ability of CAF to protect 
HL-60 cells against the cell kinetic effects of CAM or TPT, as in the case 
of DNA intercalating topoisomerase II inhibitors, is most likely due to 
formation of complexes between CAF and these aromatic molecules, 
which result in reducing the effective concentration of the free form of 
these drugs available to the cells. 

I N T R O D U C T I O N  

CAF 3 is arguably one of  the most  widely consumed drugs. Its 

pharmacological  activity varies depending on the dose (concentration) 

and the type of  target cells. In oncology, most  studies have focused on 

the propensity of  CAF to potentiate the cytotoxic effects of a variety 
of  DNA damaging agents, such a ionizing radiation, alkylating com- 

pounds, cisplatinum analogues, etc. (1, 2). The mechanism by which 
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CAF enhances the cytotoxicity of  these agents is believed to involve 

suppression of  repair of  the potentially lethal DNA lesions induced by 

such agents (3). 

In contrast to this potentiating activity, CAF has been shown to 

diminish, and under certain conditions to abrogate, the cytotoxic 

and/or cytostatic effects of several drugs known to interact with DNA 

by intercalation (4--6). Thus, the effects of  doxorubicin, novantrone 

(mitoxantrone), and ellipticine were markedly reduced when the cells 

were exposed to these drugs in the presence of  CAF (6). Likewise, the 

toxicity of  the classical DNA intercalating fluorochrome, ethidium 

bromide, was also reduced in the presence of CAF (7). 

To date, all agents whose cytotoxic/cytostatic activity has previ- 

ously been seen to be reduced by CAF share 3 properties: (a) they are 

fiat, aromatic molecules; (b) they interact with DNA by intercalation; 

and (c) they are DNA topoisomerase II inhibitors. Based on biophysi- 

cal studies of  the interaction between these drugs and CAF in solution, 

we proposed that the protective effect of  CAF may involve seques- 

tration of  the drugs via formation of  heterologous stacked complexes,  

which lower the free drug concentration available to the cell. Forma- 

tion of  such complexes is expected to be associated with the aromatic 
nature of  the drug rather than with a particular mechanism of  its 

binding to DNA or the involvement  of  a particular enzyme (e.g. ,  DNA 
topisomerase II). Results of  the present study, which demonstrate that 

CAF reduces the effects of  the aromatic, nonintercalating, DNA to- 

poisomerase I inhibitors CAM and TPT, provide additional evidence 

in support of  this mechanism. 

M A T E R I A L S  AND M E T H O D S  

Cell Lines. HL-60 human myelogenous leukemia cells were provided by 
Dr. Harry A. Crissman of the Los Alamos National Laboratory (Los Alamos, 
NM). The cells were maintained in RPMI 1640 (GIBCO, Grand Island, NY) 
supplemented with 10% fetal bovine serum, 100 units/ml of penicillin, 100 
~g/ml streptomycin, and 2 mM L-glutamine (GIBCO). The cell have an appar- 
ent doubling time of 22 h when growing exponentially over the concentration 
range of 1 • l0 s to 1 • 106 cells/ml. 

Reagents. CAF and CAM [4-ethyl-4-hydroxy-lH-pyrano(3',4':6,7-)in- 
dolizino(1,2-b)quinoline-3,14-(4H,12H)dione] were purchased from Sigma 
Chemical Co. (St. Louis, MO). TPT (no. 104864; 9-dimethylaminomethyl-10- 
hydroxycamptothecin; Smith Kline & French) was kindly provided by Dr. 
Randall K. Johnson of Smith Kline Beecham Pharmaceuticals (King of Prus- 
sia, PA). The stock solution of CAM was prepared in dimethyl sulfoxide at a 
concentration of 0.5 raM, whereas the other 2 compounds were dissolved in 
distilled water and diluted in medium or appropriate buffer as described in the 
text. The chemical structures of both CAM and TPT are shown in Fig. 1. 

Drug Treatment of HL-60 Cells. Exponentially growing HL-60 cells were 
exposed simultaneously to 20 nM CAM and 0, 0.2, 0.5, 1.0, 2.0, or 5.0 mM CAF 
for 4 h. In addition to control cultures that received no drug, HL-60 cells were 
incubated (4 h) with 1.0, 2.0, or 5.0 mM CAF alone. The cells from all cultures 
were then washed in HBSS and fixed in 50% ethanol overnight in the cold 
(4~ 

In separate experiments, exponentially growing HL-60 cell cultures either 
received no drug or were exposed to 0.15 ~XM CAN[ or TPT. At the time of drug 
addition, some cultures also received either 0.5, 1.0, 2.0, or 5.0 mM CAF. As 
above, cultures were washed free of the drug after 4 h of exposure and fixed 
in 50% ethanol. 

A stathmokinetic experiment was performed to determine whether CAF 
prevented cell transit through S-phase (8). Towards this end, HL-60 cells, 
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CAF AFFECTS CAM-  A N D  TPT-INDUCED CELL C Y C L E  C H A N G E S  
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Fig. 1. Chemical structure of CAM and TP'r. 

Table 1 Effect of  CAF on the cell cycle pertubation induced by 20 nM CAM 

Cell cycle distribution" 
CAM CAF Relative 
(riM) (raM) G 1 S G2M S peak b 

0 0 36 49 15 
20 0 28 61 (24.5) c 11 1.32 
0 1.0 38 50 (2) 12 0 
0 2.0 40 46 (0) 14 0 
0 5.0 38 48 (0) 14 0 

20 0.2 27 63 (28.6) 10 1.32 
20 0.5 28 63 (28.6) 9 1.32 
20 1.0 31 55 (12.2) 14 1.40 
20 2.0 35 49 (0) 16 1.48 
20 5.0 32 49 (0) 19 1.58 

"The cell cyle distribution was determined 4 h after addition of drugs. 
b Relative position of the peak in S-phase (as shown in Fig. 2, thick arrows) expressed 

as the DNA index of that peak divided by the mean of the G1 population (which has a DI 
of 1.0). 

c Numbers in parentheses, percentage increase in S-phase cells relative to control, 
untreated cultures. 

which received either 0 or 5 mu CAF, also received vinblastine sulfate (Sigma) 
at a final concentration of 0.05 ~g/ml. Cultures were harvested after 4 h and 
fixed in 50% ethanol, and the cell cycle distribution analyzed as described 
below. 

Cell Cycle Analysis. HL-60 cells from cultures treated with vinblastine 
sulfate or 20 nu CAM, in the presence or absence of CAF, were rehydrated 
from the ethanol fixative by centrifugation and resuspension in 1.0 ml of 
HBSS. 

Cells exposed to 0.15 p,M CAM or TPT are expected to contain cells 
undergoing apoptosis in which the cell's internucleosomal DNA is degraded by 
an endogenous nuclease (9). Removal of the degraded DNA lowers the stain- 
ability of apoptotic compared to intact cells in the staining protocol described 
below. To maximize extraction of small molecular weight DNA from apoptotic 
cells, a buffer consisting of a 1:4 dilution of 0.2 M Na2HPO4-0.1 M citric acid 
solution with HBSS at a final pH of 7.8 was used for rehydrating the cells 
following fixation. 

Staining of cellular DNA and protein content in individual cells was ac- 

complished as previously described (10) using a solution containing 1.0 p,g/ml 

diamidino-2-phenylindole (kindly provided by Dr. Jan Kapuscinski) and 10 

p,g/ml sulforhodamine 101 (Eastman Kodak, Rochester, NY), dissolved in 10 
m u  piperazine-N-N'-bis(2-ethane)sul fonic acid; buffer (Calbiochem, La Jolla, 

CA) containing 100 mM NaCI, 2 mM MgCI2, and 0.1% Triton X-100 (Sigma), 
pH 6.8, at 0-4~ The blue fluorescence of diamidino-2-phenylindole bound to 
DNA and red fluorescence of sulforhodamine 101 bound to protein in indi- 
vidual cells was measured with an ICP-22 flow cytometer (Ortho Diagnostics, 
Westwood, MA) using appropriate dichroic mirror and emission filter combi- 

nations (10). The data were collected on a Zeos 386 personal computer using 

Acqcyte software (Phoenix Flow Systems, San Diego, CA), and the cell cycle 
distribution of the DNA histograms deconvoluted using Multicycle (Phoenix 

Flow Systems). 
DNA Gel Electrophoresis. Untreated and drug-treated HL-60 cells were 

collected by centrifugation, washed in phosphate buffered saline (without Ca 2+ 
or Mg2§ and resuspended at a concentration of 5 x 106 cells/0.5 ml of 45 mu 

Tris-borate buffer, 1 mM EDTA, pH 8.0, containing 0.25% Nonidet P-40 

(Sigma) and 0.1% RNase A (Sigma). The mixture was incubated at 37~ for 
30 min and then incubated for an additional 30 min at 37~ with 1 mg/ml 
proteinase K (Boehringer Mannheim Biochemicals, Indianapolis, IN). Next, a 
loading buffer (0.1 ml of 0.25% bromphenol blue, 0.25% xylone cyanol FF, 
30% glycerol) was added and 25/xl of the tube content transferred to the gel. 
Horizontal 1.5% agarose gel electrophoresis was performed at 2 V/cm for 6 h, 
and the DNA in gels visualized under UV light after staining with ethidium 
bromide (5 p,g/ml; Polysciences, Inc., Warrington, PA). 

Spectrophotometry. Light absorption spectra were measured using an 
IBM 9410 2-beam spectrophotometer interfaced to a Hewlett Packard 9826 
computer at 1-nm intervals and stored in digital form. The spectra were 

corrected for the absorption of the buffer (or CAF solution when it was used) 
and expressed in the form of molar extinction coefficient (u-lcm-~). 

Microcalorimetry. The measurements were performed using a differential 

Omega Titration Calorimeter (Microcal, Inc., Northampton, MA). A detailed 
description of the instrument was presented before (11). Briefly, 2 identical 
cells ( -1 .3  ml) were located in an adiabatic shield to which they were ther- 
mally shunted by their access tubes. The reference cell was electrically heated 
at a very slow, constant rate. The difference in temperature between the 

reference and sample cell was regulated to zero with positive feedback power 
to the sample cell. A voltage proportional to the sample cell feedback power 
was sampled by the computer and plotted versus time. When heat was gener- 
ated (or absorbed) within the sample cell by addition of a titrant, a negative (or 
positive) compensating deflection appeared in the feedback power, which 
quickly reestablished zero temperature difference between the 2 cells. The time 

integral of the power deflection was a measure of the heat generated (or 
absorbed). The instrument was calibrated by electrically heating the sample 
with a known quantity of heat. We found the instrument very sensitive and 
stable with a root-mean-noise level not exceeding 10 -8 cal/s. 
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DNA Content 
Fig. 2. DNA frequency histograms of HL-60 cells either untreated (control) or exposed for 4 h to 20 nu CAM and varying concentrations of CAF. Cultures received 20 nM CAM 

(except control) and either 0 or 0.5, 1, 2, or 5 mM CAF. After 4 h, cultures were harvested, washed free of drugs, and the cells fixed in ethanol. DNA histograms were obtained following 
cell staining with diamidino-2-phenylindole as described in the text. The cell cycle distributions (G1, S, and G2M) were analyzed using the Multicycle program. The arrows indicate 
the mean channel of the S-phase cell accumulation. 
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CAF AFFECTS CAM- AND TPT-INDUCED CELL CYCLE CHANGES 

A set of 4 titrations were performed (buffer with buffer, CAF with buffer, 
buffer with TPT, and CAF with TPT) to correct the CAF-TPT heat of inter- 
action with the heat involved with dilution of the titrant (TPT) and CAF in the 
sample cell, as well as for the heat resulting from the temperature difference 
between the titrant and the solution in the cell. 

RESULTS 

Effect of CAF on CAM-induced Perturbation of S-Phase Pro- 
gression. Exposure of HL-60 cells to 20 nM CAM resulted in an arrest 
of cells in S-phase of the cycle. After 4 h incubation, the arrest was 
characterized by an increased (from 49 to 61%) percentage of cells in 
S-phase (Table 1). A very characteristic feature of the arrest was an 
accumulation of cells with DNA content equivalent of that of cells 
with a DI of approximately 1.3, represented by a peak in S-phase on 
the DNA frequency distribution histogram (Fig. 2). CAF alone, at 
concentrations up to 5 mM, had no measurable effect on the cell cycle 
distribution of HL-60 cells, when analyzed 4 h after addition of the 
agent (Table 1). Addition of 0.2 or 0.5 mM CAF at the same time as 
20 nM CAM neither altered the CAM-induced S-phase accumulation 
nor affected the position of the S-phase peak, which was still observed 
at approximately one-third (DI = 1.3) of the distance between Ga and 
G2. (Figs. 2 and 3B). At a concentration of 1 mM, CAF decreased but 
did not completely abolish the CAM-induced S-phase block (Table 1). 
In addition, the S-phase peak in these cultures shifted slightly to DI = 
1.4 (Fig. 2). At a CAF concentration of 2 mM, the CAM-induced 
S-phase accumulation was nearly abolished (Table 1 and Fig. 3B), 
though a peak, now in mid-S phase (DI = 1.5), was still apparent (Fig. 
2). When the CAF concentration was increased to 5 mM, the cytostatic 
effects of CAM were no longer apparent (Fig. 3B), and the S-phase 
peak was dramatically reduced, though a minor elevation could be 
distinguished at DI = 1.6 (Fig. 2). 

CAF Prevents Apoptosis of HL-60 Cells Induced by CAM or 
TPT. Incubation of HL-60 cells in the presence of 0.15/xM CAM led 
to a selective apoptosis of S-phase cells, observed as early as 4 h after 
addition of CAM (Fig. 3), confirming our previous observations (12). 
A subpopulation of apoptotic cells, characterized by fractional DNA 
content (13), was present on the DNA frequency histograms to the left 
of the G1 peak (Fig. 4). The apoptotic mode of cell death in these 
cultures was confirmed by microscopy: the changes in cell morphol- 
ogy were characterized by typical chromatin condensation and nuclear 
fragmentation, with preservation of the integrity of plasma membrane 
(data not shown, but see Ref. 12). The presence of the classical ladder 
of nucleosomal and oligonucleosomal size particles on DNA gels (Fig. 
5) provided additional evidence of apoptosis. In the present experi- 
ments, 0.15/XM CAM induced an apoptotic population that comprised 
approximately 40% of the total number of cells analyzed. The non- 
apoptotic cell population consisted of predominately G1 and, to a 
lesser extent, GeM phase cells (Fig. 4). Approximately 3-5% of 
HL-60 cells normally undergo spontaneous apoptosis in untreated 
cultures (Table 2). CAF alone, at concentrations up to 5 raM, neither 
increased the proportion of apoptotic cells nor, at short incubation 
times, appreciably affected the cell cycle distribution of exponentially 
growing cells (Table 2). 

At low concentrations (0.5 and 1.0 mM), CAF did not prevent 
apoptosis induced by CAM (Figs. 3A, 4, and 5). Increasing the CAF 
concentration to 2 mM reduced the apoptotic population to 22% (Figs. 
3A and 4); the drop in apoptotic cells was accompanied by an increase 
(from 6% to 38%) in the percentage of S-phase cells (Table 2) and 
disappearance of any evidence of endonucleolysis on DNA gels (Fig. 
5). At a CAF concentration of 5 mM, the apoptotic response of HL-60 
cells to CAM was virtually abolished, regardless of the parameter that 
was measured (Figs. 3-5, Table 2). 

Significant apoptosis in HL-60 cultures, concomitant with a de- 
crease in the proportion of S-phase cells, was also observed in cultures 
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Fig. 3. A, effect of increasing concentrations of CAF on the percent of apoptotic cells 

observed in HL-60 cultures treated with CAM ((3) or TPT (12]). Cell cultures were exposed 
to 0.15/XM CAM or TPT in the absence and presence of different concentrations of CAF, 
for 4 h. The percentage of cells with a fractional DNA content (<G1 phase ceils) following 
staining with diamidino-2-phenylindole were determined and the percentage of apoptotic 
cells relative to cultures treated with CAM or TPT alone (after subtraction of the per- 
centage of spontaneous apoptosis found in control, untreated cultures) determined. B, 
effect of CAF on reducing the S-phase accumulation caused by 20 nM CAM (e)  or 
preventing the loss of S-phase cells (by apoptosis) in cultures treated with 0.15 p,M CAM 
(O) or TPT (IS]). As in Fig. 2, the percentage of cells in S-phase was determined in cultures 
treated with 20 nM CAM in the absence and presence of varying concentrations of CAF; 
treatment with CAM alone increased S-phase accumulation and was considered 100%, 
whereas simultaneous addition of CAF reduced the relative S-phase increase. CAM or 
TPT alone at concentrations of 0.15 p.M, by inducing apoptosis, reduced the S-phase 
population in HL-60 cells. Simultaneous addition of increasing concentrations of CAF 
prevented loss of S-phase ceils caused by CAM or TPT. 

treated with TPT, at similar concentrations as CAM (Fig. 6). The 
presence of a cell subpopulation with DNA stainability below that of 
Ga phase cells (Fig. 6) coincided with the appearance of morphologi- 
cally apoptotic cells observed by fluorescence microscopy (data not 
shown). However, CAF was even more effective in reversing the 
apoptosis induced by TPT, compared to equimolar concentrations of 
CAM. Thus, a significant reduction in the proportion of apoptotic cells 
was observed in cultures that received TPT and 2 mr~ CAF (Table 3 
and Fig. 3A). In fact, the CAF concentration that reduced apoptosis by 
50% was 2.0 mM in CAM-treated cultures and 0.74 mM in TPT-treated 
cultures (Fig. 3A). In both instances, cultures exposed to 0.15 /XM 
CAM or TPT and 5 mr~ CAF exhibited a cell cycle distribution similar 
to unperturbed, exponentially growing control cultures (Figs. 4 and 6). 
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CAF AFFECTS CAM- AND TPT-1NDUCED CELL CYCLE CHANGES 

DNA Content 
Fig. 4. DNA frequency histograms of HL-60 cells untreated (control) or exposed to 0.15 /xM CAM and varying concentrations of CAF for 4 h. Cultures exposed to CAM alone 

demonstrated a loss of S-phase cells and the concomitant appearance of apoptotic cells with fractional DNA content (arrows) following staining with diamidino-2-phenylindole. 
Increasing concentrations of CAF, added at the time of CAM treatment, diminished the appearance of apoptotic cells as well as CAM-induced loss of S-phase cells (see Fig. 3). 

Fig. 5. Agarose gel electrophoresis of DNA extracted from control 
HL-60 cells and cells treated for 4 h with 0.15 /XM CAM alone, 2 or 5 
mM CAF alone, or combinations of CAM and 0.2-5 mM CAF. Arrow, 
band in the molecular weight marker lane equivalent to 564 base pairs. 

Markers 

Control 

0.15 t~M CAM 

5 mM CAF 

2 mM CAF 

0.15 I~M CAM + 5 mM CAF 

0.15 I~M CAM + 2 mM CAF 

0.15 I~M CAM + 1 mM CAF 

0.15 I~M CAM + 0.5 mM CAF 

0.15 ~M CAM + 0.2 mM CAF 

When the above cultures are washed free of drugs and resuspended in 
fresh, drug-free medium, the cells grew exponentially (data not 
shown). 

The fact that inhibition of CAM or TPT induced apoptosis was not 
simply the result of inhibition of S-phase progression by CAF could 
be demonstrated in a stathmokinetic experiment in which cells re- 
ceived either 0 or 5 mM CAF and 0.05/zg/ml vinblastine for 4 h. Cell 
cycle progression proceeded at 60% of normal (an increase in GeM 
cells from 13% to 25 versus 33% for control) in the presence of 5 mM 
CAF; 2 mr~ CAF had no inhibitory effect on cell cycle progression. 

Interactions between CAF and TPT in Solutions. Since both 
CAM and TPT induced similar degrees of apoptosis in HL-60 cells, 
and TPT is significantly more water soluble than CAM, the former 
was used to determine whether CAF formed complexes similar to that 
observed with DNA intercalating drugs (6). The interactions between 
CAF and TPT were studied spectrophotometrically and by titration 
microcalorimetry. 

In the first experiment, the light absorption spectrum of free TPT 
(37 /~M in 5 mM N-2-hydroxyethyl-piperazine-N'-2-ethanesulfonic 
acid buffer and TPT in combination with CAF (10 mM) were deter- 

DNA Content 
Fig. 6. DNA frequency histograms of HL-60 cells untreated (control) or exposed to 0.15 i~M TPT alone or with varying concentrations of CAF for 4 h. Conditions are as described 

in Fig. 4; arrows, apoptotic cell populations. 
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C A F  A F F E C T S  C A M -  A N D  T P T - I N D U C E D  C E L L  C Y C L E  C H A N G E S  

Table 2 Effect of CAF on apoptosis induced by 0.15 ktM CAM 

CAM 
(~ )  

Cell cycle distribution h 
CAF % 
(mM) apoptosis a G 1 S G2M 

0.15 
0.15 
0.15 
0.15 
0.15 

2.5 + 0.5 37 --- 3 49 _+ 3 14 
2.0 2.0 +- 0.2 41 • 2 45 +_. 1 14 +_ 1 
5.0 2.5 -+ 0.5 37 -+ 1 44 19 _+ 1 

4 4 . 0 •  84--+1 6 + 3  1 0 •  
0.5 4 3 . 5 •  8 4 •  8 - + 1  8 •  
1.0 42.0 • 1 80 10 _+ 2 10 • 2 
2.0 2 2 . 0 •  10 5 3 •  3 8 _ 4  9 •  
5.0 2.5 • 1.5 34 • 1 52 • 3 14 • 2 

a Apoptosis was determined as the percentage of cells with fractional DNA content, 
located on DNA frequency histograms to the left of the G1 peak (Fig. 4). 

b The cell cycle distribution was determined 4 h after addition of drugs and represents 
the mean - SD of 2 independent experiments. 
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Fig. 7. Light absorption spectrum of TPT alone (solid line) and after addition of 10 mM 
CAF (broken line). TPT, at a concentration of 37 JXM, was dissolved in a 5 mM N-2- 
hydroxyethyl-piperazine-N'-2-ethanesulfonic acid buffer containing 0.15 M NaC1, pH 6.8. 
The spectra were corrected for absorption of the buffer and, in the case of the TPT-CAF 
mixture for the absorption of CAF (identical amounts of CAF were added to both the 
sample and reference cuvettes). After measurement and correction for dilution, the spectra 
were recalculated and expressed as a function of the molar absorption coefficients 
(M-'Cm- b. 

mined (Fig. 7). A bathochromic (shift toward higher wavelength) and 
hypochromic (lowered extinction) effect was observed for the CAF- 
TPT mixture, which is characteristic for aromatic chromophore inter- 
actions, such as previously observed in reactions of CAF with the 
DNA intercalators acridine orange and mitoxantrone (6, 14). It should 
be noted that the CAF chromophore has no absorption in the visible 
region (i.e., above 350 nm). 

We have also studied the interaction between CAF and TPT by 
titration microcalorimetry. Fig. 8A presents the results of titration of 
CAF with TPT. Ten portions (10 /.zl each) of the titrant (TPT) were 
added at 3-min intervals, and the heat exchange (/.zcal/s) measured as 
a function of time. The curves (from the top in Fig. 8) at each time 
point represent the titration of: (a) CAF with buffer; (b) CAF with 
TPT (c) buffer with TPT; and (d) buffer with buffer. Curves (a) and 
(c) represent the heat of dilution of CAF and TPT, respectively. Curve 
(d) was used for correction of the results for the heat exchange 
occurring because of differences between the temperature of the titrant 
and the sample cell. Curve (b) is the resultant of all the heat exchanges 
combined with the heat of the CAF-TPT interaction. While all titra- 
dons were endothermic (values >0  indicate heat absorption by the 
sample), it is clear that because the amplitude of curve (b) is much 
smaller than the sum of curves (a) and (c), the interaction with CAF 
and TPT is exothermic (Fig. 8A). When calculated as kcal/mol of 
titrant injected versus total titrant concentration in the sample cell, the 
curves displayed in Fig. 8B can be obtained. The approximate heat of 
the CAF-TPT interaction can be extrapolated by subtracting the sum 
of heats of dilution (CAF with buffer and TPT with buffer). From the 
intercepts of the extrapolation of the curves in Fig. 8, the enthalpy 
change resulting from the interaction of CAF with TPT was calculated 
to be AH ~ = -4.2 kcal/mol. 
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DISCUSSION 

As mentioned in the "Introduction," studies from several laborato- 
ries demonstrated that CAF is able to reduce the cytostatic and/or 
cytotoxic effects of DNA intercalating topoisomerase II inhibitors 
such as mitoxantrone, doxorubicin, and ellipticine (4-6, 15). The 
present data indicate that the perturbation of cell cycle progression 
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Fig. 8. A, microcalorimetric titration of CAF (1.32 ml at a concentration of 20.6 mM) 
with TPT (1.75 mM) dissolved in 20 mM N-2-hydroxyethyl-piperazine-N'-2-ethanesulfonic 
acid, pH 6.8, at 25~ Ten portions (10/xl each) of the titrant were added at 3-min intervals 
and the heat exchange 0xcal/sec) measured as a function of time (only 6 points are 
presented for clarity). The curves at each addition represent (from the top) titration of: (a) 
CAF with buffer; (b) CAF with TPT; (c) buffer with TPT: and (d) buffer with buffer. 
Carves (a) and (b) represent heats of dilution of CAF and TPT, respectively. Curve (d) 
was used to correct the results for the heat exchange resulting from differences in 
temperature between the titrant and the sample cell. Curve (b) is the resultant of all these 
exchanges combined with the heat of interaction between CAF-TPT. While all titrations 
were endothermic (heat > 0), it is clear that because the amplitude of curve (b) is much 
smaller than the sum of curves (a) and (c), the interaction of CAF and TPT is exothermic. 
B, microcalorimetric titration of CAF with buffer (V), buffer with TPT (�9 and CAF with 
TPT (IS]) calculated as kcal/mol of titrant injected and plotted versus total titrant concen- 
tration after correction for the temperature difference between the titrant and sample cell. 
The approximate heat of the CAF-TPT interaction was calculated from the above data by 
subtracting the sum of the first 2 sets of points from the latter ( . ) .  The top 3 curves 
represent the extrapolation of experimental points to 0 titrant concentration. The heat of 
CAF dilution, while substantial, was constant throughout the titration and, thus, a linear 
interpolation was made in this case. The extrapolation of the heat of TPT dilution with 
buffer and with CAF was calculated using the equation Q a a -  ~b + A • [TPT] ~/2 (23, 24). 
Finally, the extrapolated heat of the CAF-TPT interaction was calculated be subtracting 
the sum of heats of dilutions from the heat of titration of CAF with TPT. 

Table 3 Effect of CAF on apoptosis induced by 0.15 ktM TPT 

Cell cycle distribution b 
TPT CAF % 
(p,M) (mM) apoptosis a G1 S GeM 

2 38 46 16 
0.15 33 87 4 9 
0.15 0.5 20.5 75 18 7 
0.15 1.0 14.5 54 39 7 
0.15 2.0 7 41 53 6 
0.15 5.0 2 36 48 16 

'~ Apoptosis was determined as in Table 2 (Fig. 6). 
b The cell cycle distribution was analyzed 4 h after addition of drugs. 
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CAF AFFECTS CAM- AND TPT-1NDUCED CELL CYCLE CHANGES 

(S-phase arrest) observed at low C A M  concentra t ions  as well  as 

apoptosis  (seen at higher  concentra t ion  of  C A M  and TPT)  was re- 

duced  by CAF. The  protect ive effect of  CAF  was  concentra t ion  de- 

pendent :  the effect was  not apparent  at 1 mM and lower  C A F  concen-  

trations, whi le  m a x i m u m  protect ion was observed  at 5 mM CAF. 

Because  C A M  and T P T  are nonintercala t ing D N A  topoisomerase  I 

inhibitors,  the present  data, therefore,  indicate that the protect ive 

effect of  C A F  is exclusive for nei ther  intercalat ing agents  nor  for 

topoisomerase  II inhibitors.  

C A M  and its analogues  are known  to stabilize the cleavable  com-  

plex fo rmed  be tween  topoisomerase  enzymes  and D N A  and may  

interfere wi th  the m o v e m e n t  o f  replicat ion forks and/or  the transcrip- 

t ional machinery  to cause the unique  in te rnuc leosomal  D N A  cleavage 

c o m m o n  to the process  of  apoptosis  (16, 17). Since D N A  topoisom-  

erase enzymes  are phosphory la ted  in their active state (18, 19), agents  

that directly or indirect ly affect phosphoryla t ion ,  for instance through 

protein kinase C or casein kinase II, migh t  alter the ability o f  C A M  (or 

TPT)  to induce accumula t ion  or apoptosis  of  S-phase  HL-60 cells (19, 

20). However ,  previous  results have demons t ra ted  that pre incubat ion  

wi th  C A F  immedia te ly  before  exposure  to agents  that  damage  D N A  

via topoisomerase  II had no protect ive effect, nor  did C A F  w h e n  

added  3 or more  h after such agents  (5). Therefore ,  a more  direct 
interact ion be tween  C A F  and these agents  appeared more  likely (6). 

Our  previous  spec t rophotomet r ic  studies on the interact ion be tween  

C A F  and D N A  intercalators have indicated that the observed  protec- 

tive m e c h a n i s m  of  C A F  may  be a consequence  of  sequestrat ion of  

such ant i tumor  drugs in s tacking complexes  wi th  CAF, thus lower ing  

the effective free drug concentra t ion in the solut ion and mak ing  the 

drugs  less accessible to the cell (6, 14). T P T  and C A M  are aromat ic  

molecules  and are also expected  to interact with C A F  in a manner  

similar  to the above intercalat ing drugs.  Indeed,  the present  b iophysi -  

cal s tudies provide  evidence  for such interactions.  Thus,  the spectral  
shift in the absorpt ion band of  T P T  in the presence  of  C A F  is very  

characterist ic  o f  interact ion be tween  the T P T  ch romophore  and CAF;  

the shift was  observed  at > 3 5 0  nm,  i.e.,  outside o f  the absorpt ion of  
CAF. The  titration microca lor imet r ic  data provide  addit ional  informa-  

t ion on the interact ion be tween  T P T  and CAF;  the enthalpy of  the 

react ion ( -4 .2  kca l /mol)  is consistant  with a s tacking type of  interac- 

t ion (21, 22). The  fact that C A M ' s  solubil i ty could  be increased 
20-fold in a 0.1 M solut ion of  C A F  over  that in water  (data not shown)  

also implies  a s tacking m o d e  of  interaction be tween  C A F  and C A M -  

like structures. However ,  the mechan i sms  involved  in mixed-aggre-  

gat ion react ions are very complex  (14), and a full t h e r m o d y n a m i c  

analysis of  C A F - T P T  complex  format ion  is outs ide the scope of  this 
s tudy and will  be publ i shed  separately. 4 

C A F  is relatively nontoxic,  and even at mi l l imolar  concentra t ions  it 

does  not  immedia te ly  affect cell viability (5). As  our  data indicate,  

C A F  and its less toxic analogue,  pentoxifyl l ine  (6), have a propensi ty  

to fo rm complexes  with other aromat ic  molecu les  thus reduc ing  the 

concentra t ion  of  the free fo rm of  the drug in solution.  Many  aromatic  

molecu les  (e .g . ,  intercalat ing agents,  and/or  topo isomerase  inhibitors) 
exert their pharmacolog ica l  or biological  activity at relatively low 

concentrat ions,  of ten several orders of  magni tude  lower  than the non- 

toxic concentra t ions  of  C A F  or pentoxifyl l ine.  These  methylxan-  
thines,  thus, w h e n  inc luded into solut ions conta in ing  active aromat ic  

compounds ,  can be used to reduce the effect ive concent ra t ion  of  the 

aromat ic  molecu les  in free form, and therefore to modula te  their 
activity. Our mos t  recent  data indicate that the mutagen ic  activity of  

4 j. Kapuscinski, E Traganos, and Z. Darzynkiewicz, manuscript in preparation. 

several aromatic  c o m p o u n d s  is marked ly  reduced in the presence of  

CAF. 4 Thus,  CAF, and similar nontoxic  compounds ,  can be consid-  

ered as factors mod i fy ing  the activity of  a variety of  active, aromatic  

molecules  and may  have practical appl icat ion in reducing  their un- 

desired effects. A m o n g  such appl icat ions is the possibil i ty of  us ing 

C A F  or s imilar  c o m p o u n d s  to neutralize the toxicity of  aromat ic  

compounds ,  e.g. ,  in the instance of  overdose.  
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