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Localization of the Dye and Its Interaction with RNA1

Zbigniew Darzynkiewicz,2 Jan Kapuscinski, Sally P. Carter, Franz A. Schmid, and Myron R. Melamed

Sloan-Kettering Institute for Cancer Research, Walker Laboratory, Rye, New York 10580

ABSTRACT

Pyronin Y (PY) is an intercalating cationic dye that shows specificity
towards RNA. In viable cells this dye also accumulates in mitochondria.
I lie cytostatic and cytotoxic effects of PY on 11210 and Chinese hamster
ovary cells were studied in relation to its intracellular localization and
compared with the affinity of PY to bind to double-stranded DNA and
RNA and its propensity to condense single-stranded DNA and RNA.
Antitumor properties of PY were tested on LI 210 leukemia and Sarcoma
180 ascites in mice.

Ata concentration of 1.7 to 3.3 *iM,PY was localized almost exclusively
in mitochondria of cultured cells, similar to another mitochondria! probe,
rhodamine 123. At that concentration PY was not toxic but suppressed
cell growth, arresting cells in <.,- At a concentration of 6.7 to 33.0 JÂ»M,
PY was also localized in nucleoli and uniformly in cytoplasm, bound to
the RNase-sensitive material therein. At that high concentration PY
induced cell arrest in (.. and S and was cytotoxic. The dye exhibited a
propensity to bind and condense (precipitate) single-stranded nucleic
acids, and condensation could be measured by the appearance of light-
scattering products. Among a variety of natural and synthetic nucleic
acids the most sensitive were the RNA polymer, polyriboadenylate, and
the copolymer, polyriboadenylate and polyriboguanylate, which under
went condensation at a PY concentration of 6.6 to 10.0 JIM. Natural and
synthetic DNA polymers were resistant to condensation.

The data suggest that the cytostatic (G2 and S arrest) and cytotoxic
(inability to exclude trypan blue, loss of clonogenicity) effects of PY seen
at 6.7 to 33.0 u\\ concentration may be a consequence of the dye binding
to RNA. PY may intercalate to double-stranded RNA and/or cause the
specific condensation of single-stranded RNA; the polyadenylated sec
tions of inK\ A appear to be the most sensitive cellular targets to undergo
condensation.

PY showed antitumor properties extending survival of LI 210 leukemic
mice by 50% and slowing growth of Sarcoma 180 ascites tumor. The
possibility that certain antitumor drugs, generally believed to act via
intercalation to DNA, may exert chemotherapeutic effects via their
interactions with RNA is discussed.

INTRODUCTION

The mechanism of action of antitumor intercalating drugs is
poorly understood. Their antitumor properties cannot be ex
plained by the intercalative mode of binding to DNA alone. For
instance, it is often observed that the intercalators' affinities to

DNA do not correlate with their antitumor or cytostatic prop
erties (e.g., Refs. 1 and 2). Neither the base specificity of the
intercalating drugs nor their transport to tumor cells can ac
count for the observed differences in either their potencies or
specificity towards particular types of tumors.

We have recently reported that some intercalating agents can
denature double-stranded and condense single-stranded nucleic
acids (3-8). These phenomena were observed both in solutions
of free nucleic acids (3, 4, 7-9) and in situ in viable cells (5, 6).
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In the case of two intercalating drugs, Mitoxantrone and No-
vatrone, which are close structural analogues, their ability to
condense nucleic acids but not their affinity to intercalate into
DNA correlated with their antitumor and cytostatic potencies
(2, 7). Interestingly, RNA rather than DNA was more sensitive
to undergo condensation, and the effect on RNA was seen at
pharmacological concentrations of these drugs (7). The above
observations, buttressed by light and electron microscopic evi
dence of these drugs' preferential nucleolar localization (9) and

also early changes in nucleoli that could be explained by RNA
condensation (7), all suggested that RNA, possibly nucleolar
RNA, may be the primary target of at least these two interca
lating drugs.

To further explore the possible consequences of the interca-
lator-induced structural changes of RNA on cell proliferation,
we have presently studied the effects of an intercalator that is
known to react more specifically with RNA than with DNA.
We have chosen the dye commonly used in histochemistry,
PY,3 that shows such differential reactivity towards RNA versus
DNA (10-15). The cytostatic and cytotoxic effects of PY were
studied in relation to the dye's propensity to interact with and

condense DNA and RNA. Localization of PY was studied by
UV and light microscopy.

MATERIALS AND METHODS

Cells. The murine leukemic cell line LI210 was originally obtained
from Dr. F. Kingsley Sanders of the Sloan-Kettering Institute (16). The
cells were grown in suspension in UI'M I 1640 medium supplemented

with 10% fetal calf serum and antibiotics (Gibco, Grand Island, NY)
as described (16). At a cell density range of 2 x IO4to 5 x 10s cells per

1 ml, the growth was exponential, and the doubling time was approxi
mately 10 to 12 h.

The CHO cell line was obtained from Dr. Harry A. Crissman of the
Los Alamos National Laboratory. The cells were maintained as mon-
olayer cultures in F12 medium supplemented with 10% fetal calf serum
and antibiotics (Gibco) (15). Clonogenicity studies were done on ex
ponentially growing or stationary' cultures of CHO cells. Exponentially

growing CHO cells were seeded at a concentration of 100 and 1000
cells in a 5-ml volume in 60-mm-diameter Petri dishes (Falcon, Oxnard,
CA). Four h were allowed for cell reattachment before PY was added
directly to these cultures to give various concentrations. After incuba
tion for 4 h, the cells were washed 2 times with Hanks' balanced salt

solution and refed with fresh prewarmed medium. Stationary CHO
cultures were prepared by growing cells to confluence followed by the
addition of fresh medium. After a further 2 days these cultures were
treated with various concentrations of PY for 4 h, trypsinized, washed
free of PY, and replated at a concentration of 100 or 1000 cells per
plate in drug-free medium. PY itself did not affect the initial cell

'The abbreviations used are: PY, pyronin Y; R123, rhodamine 123; DAPI,
4',6'-diamidino-2-phenyl indole; ss. single stranded; ds, double stranded; CHO,
Chinese hamster ovary: HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid; poly(rA), polyriboadenylate; poly(rA.rG), copolymer of polyriboadenylate
and polyriboguanylale; poly(dA), polydeoxyadenylate; poly(dG), polydeoxyguan-
ylate; poly(dl), polydeoxyinosinylate; poly(dT), polydeoxythymidylate; poly(dU),
polydeoxyuridylate: poly(rtl), polyribouridylate; poly(rC), poly ribocy tidy lale;
poly(rG), polyriboguanylate; poly(rl), polyriboinosinylate; poly(rC.rU), copoly
mer of polyribocytidylate and polyribouridylate; poly(rU.rG), copolymer of po
lyribouridylate and polyriboguanylate; poly(rA,rC,rU), tripolymer of polyriboad
enylate, polyribocytidylate, and polyribouridylate; poly(dC), polydeoxycytidylate.
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attachment to the plates. Seven days later culture plates were rinsed,
fixed in Carnoy's fixative, and stained with crystal violet. Only colonies

containing SOor more cells were counted.
Survival studies were carried out in triplicate, and each experiment

was repeated at least once. The control plating efficiency was typically
80 to 90% for exponentially growing and 60 to 80% for stationary cell
cultures. The data are expressed as cloning efficiency of the PY-treated
cells related to the appropriate control. Other viability studies were
done using the trypan blue exclusion test.

Cell Cycle Analysis. DNA content of individual cells was measured
by flow cytometry as described (16, 17). The 0.2-ml aliquots of cell
suspensions containing approximately 2 to 5 x 105cells in tissue culture

medium were admixed with 2.0 ml of a solution containing DAPI (2
Mg/ml) 0.1% (v/v) Triton X-100 (Sigma Chemical Co., St. Louis, MO),
0.1 M piperazine-i'Vyv"-bis(2-ethanesulfonic acid) buffer (Calbiochem,
LaJolla, CA), and 2 mM MgCI2, pH 6.4, at O'C. DAPI was synthesized

and purified by one of us (J. K.) as described (18).
Fluorescence of individual cells was measured with an ICP-22 flow

cytometer (Ortho Diagnostics, Westwood, MA) using a UG1 excitation
filter and an emission filter combination transmitting light between 450
and 510 nm. The coefficient of variation of the mean value of the G,
peak was approximately 2.0 to 2.5%. The cell cycle distribution was
estimated by deconvolution of the DNA frequency histograms as de
scribed by Baisch et al. (19).

Microscopy. CHO cells growing on glass coverslips were cultured in
the presence of PY or another dye, R123, at various dye concentrations.
Also, fixed in 70% ethanol CHO cells were stained with PY before and
after their incubation with IO3 units of RNase A (Worthington, Free

hold, NJ). The inverted coverslips were then observed under a Zeiss
Ultraphot II microscope using either bright-field, phase-contrast, or
epifluorescence mode. In the case of PY, which is both a fluorescence
and absorption dye, the fluorescence was observed using a combination
of excitation filters to provide illumination of 530 to 570 nm and
emission filters to pass light above 580 nm. In the case of R123 the
excitation was in blue light (460 to 490 nm) and the emission at 520
to 550 nm. Photographs were made using either Polaroid 55 (bright-
field or phase-contrast) or 57 (fluorescence) 4- x 5-in Land Film, or
400 ASA Kodak TriX film.

Dyes. Pyronin Y was obtained from Fluka (Hauppauge, NY) and
was additionally purified. One g of PY was extracted under reflux with
CHC13 (3 times, 50 ml, 30 min) and crystallized from methanol. Thin-

layer chromatography (Silica Gel G) in normal butyl alcohohformic
acid (4:1, vol/vol) according to Schweppe (20) indicated that the sample
was homogeneous. The test for the presence of heavy metals (EDTA)
was negative. The concentration of the dye in solution was measured
colorimetrically at 545 nm using the molar extinction coefficient, I ,
= 1.03 x 105M~' cm~' (21).

Rhodamine 123, laser grade, was obtained from Eastman Kodak
(Rochester, NY) and was used without purification.

Nucleic Acids. Calf thymus DNA type I was obtained from Sigma
(St. Louis, MO), and tRNA and 16S plus 23S rRNA were from Miles
Laboratories (Elkhart, IN). All other synthetic polymers were from PL
Biochemicals (Milwaukee, WI). The concentration of nucleic aids was
determined by UV absorption using values of the molar extinction
coefficients supplied by the vendor. The double-strandedness of DNA
and rRNA was confirmed by their hypochromicity and typical thermal
denaturation transitions measured in 0.1 M NaCI:5 mM HEPES, pH
7.0, PC/min.

Spectral and Light-Scatter Studies on PY Interaction with Nucleic
Acids. Binding affinity of PY to calf thymus DNA and rRNA was
measured as described before for other ligands (2, 9). The PY-induced
condensation (collapse) of nucleic acids was measured by either of two
methods, (a) Aliquots containing 2 ml of nucleic acids (2 Â¿IM)in 0.15
N NaCl:5 mM HEPES, pH 7.0), were placed in a quartz cuvet in the
thermostatic holder (25 Â±0.1'C) of an SLM-4800 spectrofluorimeter

(SLM Instrument, Urbana, IL) and titrated with the dye. The intensity
of scattered light was measured at 400 nm. The results were corrected
for the effect produced by the dye alone (blank). Other details are given
elsewhere (3, 4). The results are expressed as critical free-ligand con
centration, representing concentration of free PY at the midpoint of

the transition, measured by the integration of the first derivatives of
the transition curves (3, 4). (b) The second method was based on direct
observation of the precipitation of the polymer-dye complexes and was
applied in the case of polymers that required high concentrations of
PY to undergo condensation. Because of high PY concentration, and
hence relatively high background in polymer-free dye solutions, tran
sitions could not be measured accurately by the light-scatter changes
alone. In the second method, 2-ml aliquots of nucleic acids (10 /AI)
were placed in conical tubes and titrated with different amounts of PY.
After 24 h at 25Â°C,the samples were centrifuged (10 min, 400 x g) and

examined for the presence of dark precipitate. By narrowing the gra
dient of the dye between the samples, it was possible to estimate the
critical free-ligand concentration value with an accuracy of Â±5/iM. The
observed precipitation is a consequence of gelation and agglomeration
of the condensed products. When both methods were applied to the
same polymer samples and compared, the differences in critical free-
ligand concentration did not exceed 5 f/\i. The critical free-ligand
concentration values are unrelated to the molecular weight of the
polymers.

Antitumor Testing. Female C57BL/6 x DBA/2 F, (hereafter called
B6D2F|) mice weighing 19 to 21 g were used in the study. L1210
leukemia HO" cells) and Sarcoma 180 ascites tumor (10 cells) were

implanted i.p. on Day 0, and PY was injected i.p. once daily for 6 days,
starting on Day 1. The parameters for evaluation were median survival
time for LI210 and Sarcoma 180 and average total packed cell volume
for Sarcoma 180. For the determination of the latter the ascitic fluid
was centrifuged at 10,000 rpm for 7 min in an International hematocrit
centrifuge; the total volume of ascitic fluid was then multiplied by the
fraction of the volume occupied by the packed cells.

RESULTS

Cell Growth and Viability. The growth and viability curves of
L1210 cells maintained in the presence of 1.7 to 16.7 ÃŸ\\(0.5
to 5.0 /Â¿g/ml)PY are shown in Fig. 1. As is evident, the effects
of PY were strongly concentration dependent. At a PY concen
tration of 1.7 to 2.3 fiM the growth rate was suppressed in the
absence of any significant cell death. The cytotoxic effects
became apparent at 3.3 and 16.7 ftM concentration of PY; at
3.3 ÃŸMthe toxicity manifested on the third day of treatment,
whereas at 16.7 /Ã•Mthe toxic effects were already prominent
after 24 h.

The long-term survival (clonogenicity) studies were carried
out on CHO cells. The 4-h exposure of exponentially growing
CHO cells to 16.7 UM PY reduced clonogenicity by 50%, and
exposure to 26.7 n\i decreased clonogenicity by 99.9% (Fig. 2).

Days i n culture

Fig. 1. Left, growth curtes of LI 210 cells in the absence or presence of PY.
PY was added at 0 time at a final concentration 1.7 to 16.7 /mml. as shown.
Right, cell viability in these cultures estimated by the trypan blue exclusion test.
The interexperimental SD bars are shown in these dala in which more than 3
experiments were done per single PY concentration.
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Fig. 2. Clonogenicity of CHO cells treated with different concentrations of
PY for 4 h, expressed as the percentage of control (untreated) cells. E, cells from
exponentially growing cultures: P. cells from the plateau cultures.
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Fig. 3. Frequency distribution histograms of DNA values of LI 210 cells from
cultures treated with 1.7 Â«IMPY for 4. 8. 24. and 48 h.

At a concentration of 6.7 UM and below, PY did not inhibit
colony formation.

Cells from the plateau cultures were more resistant to PY.
Treatment of these cultures with 33.0 and 330 ^M PY reduced
clonogenicity by 80 and 95%, respectively.

Cell Cycle Effects. Growth of LI 210 or CHO cells in the
presence of PY resulted in distinct changes in the cell cycle
distribution (Figs. 3 and 4; Table 1). Depending on the PY
concentration, two qualitatively different cell cycle effects were
seen. Namely, at 1.7 to 3.3 AIMconcentration, PY caused an
accumulation of cells in G|. The GÃ¬arrest became noticeable
after 8 h and was very distinct after 24 and 48 h. Thus, in
LI210 cultures in the presence of 1.7 nM PY, the proportion
of cells in GI was increased from 49 to 76% during 48 h. Under
the same conditions in CHO cultures, the proportion of cells
in G, was increased from 38 to 61%. At 16.7 and 33.0 Â¿IMPY
concentration, a significant increase in the number of G2+M-
and S-phase cells was observed in L1210 cultures and predom
inantly in G2 + M in CHO cultures. Thus, for instance, at 16.7
UM PY the proportion of S + G2 + M cells in LI210 cultures
was increased from 51 to 68% after 24 h. In CHO cultures, the
proportion of G2 + M cells was increased from 20 to 53 and
62% at 16.7 MMPY, after 24 and 48 h, respectively.

Cell viability and cell number have been estimated in all
cultures subjected to the cell cycle analysis by flow cytometry

o
C
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U

Oh 8h

fS

24h

DNA content (channel number x 100)
Fig. 4. Frequency distribution histograms of DNA values of L1210 cells from

cultures treated with 6.6 Â¿IMPY for 4, 8, and 24 h.

Table 1 Cell cycle distribution of LI 210 and CHO cells in the absence ana
presence of P Y in cultures

Exponentially growing cultures of L12IO or CHO cells were treated with PY
at various concentrations, and the cell cycle distribution was assayed by flow
cytometry, up to 48 h. All differences observed in the PY-treated cultures are
statistically significant with respect to the respective controls; variability of the
cell cycle phase estimates did not exceed 3% in repeated (n 10) measurements.
In control cultures incubated in the absence of PY no significant changes in the
cell cycle distribution were observed for up to 48 h.

CellsL1210LI210L1210LI210LI210L1210L1210CHOCHOCHOCHOCHOPYconcentrationO.M)01.71.73.33.316.716.701.71.716.716.7Time(h)024482448424024482448Cell

cycle
distribution(%)G,497076738134323848612213S342219201543434232212525Gj

+M1785142325202018S362

in order to reveal whether the observed changes in the propor
tion of cells at different phases of the cell cycle were a result of
phase-specific cell arrest or phase-specific cell death. At a low
PY concentration (<3.3 Â¡J.M)there was no evidence of cell death
for up to 48 h, yet there was a large increase in the proportion
of GI cells and suppression of cell proliferation, indicating
specific cell arrest in G,. This was apparent in both L1210 and
CHO cultures. At a PY concentration of 16.7 /uMno significant
cell death was observed for up to 8 and 24 h in L1210 and
CHO cultures, respectively. A striking increase in the propor
tion of S and/or G2 + M cells in these cultures provided
evidence that, at higher concentration, PY also induced phase-
specific cell arrest rather than preferentially killing the GI cells.
At still higher concentrations and/or longer incubation times,
the cell death occurred, which was shortly followed by nuclear
pyknosis and cell disintegration. Because DNA stainability of
the dead cells was markedly diminished, the cell cycle distri
bution under these conditions represents predominantly viable
cell populations.

Localization of PY in the Cells. Viable CHO cells attached to
coverslips were incubated with PY at different concentrations
and then studied by light and UV microscopy. Two different
patterns of PY localization were discerned, depending on the
dye's concentration. At a PY concentration of 3.3 ^M and lower,

the fluorochrome was localized almost exclusively in the cyto-
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plasm in granular or elongated structures resembling mitochon
dria (Fig. 5). The fluorescence was weak and very sensitive to
the illumination. Namely, even a short-duration exposure (>3
s) to the excitation light resulted in breakdown of this charac
teristic fluorescence pattern and appearance of a more uniform,
dull cytoplasmic fluorescence; thereafter the fluorescence also
appeared in nucleoli. This granular pattern was almost identical
to the one obtained by cell incubation with R123 as shown in
Fig. 6. In contrast to PY, however, the R123 fluorescence was
stronger, and the pattern was stable during exposure to light.
At a PY concentration below 6.7 pM, the presence of the dye
in cells could be detected only by fluorescence microscopy,
whereas at higher concentrations the dye's localization could

Fig. 5. Fluorescence photograph of the CHO cell incubated in the presence of
1.7 fjM PY for 1 h. Elongated structures undergo fragmentation during exposure
to excitation light.

be analyzed by both fluorescence and absorption microscopy.
Cells incubated with e6.7 /Â¿MPY showed cytoplasmic and

nucleolar localization of the dye. UV light microscopy revealed
both mitochondria-like localization of the fluorochrome as well
as uniform labeling of the cytoplasm. The most prominent,
however, were nucleoli which showed the strongest fluores
cence. Light absorption microscopy showed also that the dye
was localized uniformly in the cytoplasm and nucleoli (Fig. 7).

These two distinct patterns of dye localization were concen
tration dependent (e.g., 1.7 versus 16.7 //M), but much less time
dependent. Thus, for instance, the mitochondria-like localiza
tion with little accumulation of the dye in nucleoi predominated
even after cell exposure to a low (1.7 Â¡J.M)concentration of PY
for as long as 24 h.

Cells fixed and permealized by 70% ethanol were also stained
with PY. The staining pattern of fixed cells treated with 1.7 to
16.7 /UMPY resembled that of viable cells incubated with PY at
a concentration a6.7 ^mol, i.e., showed uniform cytoplasmic
and nucleolar localization, similar to that shown in Fig. 7. The
mitochondrial localization of the dye was not apparent in the
case of fixed cells, regardless of the dye concentration. Pretreat
ment of these cells with IO3 units of RNase per 1 ml abolished
the staining. At a PY concentration above 33.0 /Â¿Mthe nucleo-
plasm of the cells was also counterstained. The staining of
nucleoplasm was abolished by DNase.

Effects of PY on LI 210 Leukemia and Sarcoma 180 Ascites
Tumor. The effects of PY on LI 210 and Sarcoma 180 in vivo
are summarized in Table 2. Under the conditions used, PY had
a slight-to-moderate effect on both tumors as expressed by
survival time and total packed cell volume.

Interactions of PY with RNA and DNA. Fig. 8 illustrates
changes in light scatter during titration of nucleic acids with
PY. An increase in light scatter, reflecting condensation of the
PY-nucleic acid complexes, was typical of the cooperative re

action and occurred at different critical PY concentrations
depending on the structure of the nucleic acid. The critical free-
ligand concentration at which the transitions occurred was
estimated as described before (2, 3) and represents free-ligand
concentration at the midpoint of the light-scatter transition
curves (Table 3). As the data in Table 3 indicate, PY is highly
selective with respect to particular polynucleosides. Thus, in

Fig. 6. Fluorescence of the CHO cell incubated in the presence of 3.8 >IM
diminuÃ¬im- 123 for 1 h, indicating that similar structures, most likely mitochon
dria, stain with both PY and rhodamine 123.

Fig. 7. Photograph (bright field) of CHO cells grown in the presence of 16.7
UMPY for 4 h. Similar cell stainability was observed in the case of prefixed cells,
then stained with PY. The PY-stainable components were removed from both
nucleoli and the cytoplasm by pretreatment with RNase (not shown).
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Table 2 Effect ofpyronin Y on LI210 and Sarcoma 180 tumors
One million (LI2IO) or IO7 (Sarcoma 180) lumor cells were injected i.p. on

Day 0. PY was injected i.p. once daily for 6 days, starting on Day 1. There were
5 to 9 B6D2F, mice/group.

TumorL12IOPYdose(mg/mouse)00.010.100.1

ScSurvival(days)6

Â±0.5*7

Â±0.08
Â±0.59Â±

1.0%ofincreasein

lifespan17.VI50Survival(days)1114Sarcoma

180%ofincreasein

lifespan27Tumorsize"1.72

Â±0.230.76

Â±0.270.64
Â±0.28%of

decrease
insizerelativetocontrol5663

' Evaluated by average packed cell volume (Â±SD) on Day 7.
* Median Â±SD.
' The maximum tolerated dose is 0.15 mg/20-g mouse; mice treated with 0.01

to 0.15 mg of PY did not show weight loss or other signs of toxicity.

0)

poly (rA)

*poly (rA.rG)

poly(rC.rU)

50 100

Concentration, \Â¡M

Fig. 8. Changes in light scatter during titration of poly(rA), poly(rA,rG), and
poly(rC,rU). These curres, representing the appearance of the condensed com
plexes of PY-nucleic acid, were then normalized, derivatized, and served to
establish the critical free PY concentration at the midpoint of the transition
(Table 3). !,/!â€ž,â€¢increase in light scatter.

Table 3 Critical concentration ofPY at which different nucleic acids undergo
condensation (precipitation)

RNACriticalDNAconcentrationTypepoly(rA)

poly(rC)
poly(rG)
poly(rl)
poly(rÃ¼)poly(rA.rG)

poly(rC.rU)
poly(rU.rG)
poly(rA,rC,rU)tRNA

MS2RNAof

PY(I'M)9.2(1)"

>100(2)
45(2)
45(2)

>150(2)7.2(1)

85(1)
>100(2)

87(2)65(2)

55(2)Typepoly(dA)

poly(dC)
poly(dG)
poly(dl)
poly(dU)
poly(dT)DNA

(calf thymus)
DNA (denatured)CriticalconcentrationofPYCIM)95(2)

45(1)
20(1)

120(2)
>150(2)
>100(2)>125(2)

>150(2)
" Numbers in parentheses, the method of critical PY concentration estimate

used: I. light scatter measurements; 2. visual precipitate evaluation; see "Materials
and Methods."

general, condensation of RNA occurred at a lower PY concen
tration than condensation of DNA. The most sensitive were
poly(rA) and poly(rA,rG) which condensed at a PY concentra
tion below 10 /Â¿M.A one order of magnitude higher PY concen
tration was required to condense poly(dA) than poly(rA). Con
densation of natural RNAs was observed at 55 to 65 fiM PY,
whereas natural DNA condensed at a PY concentration above
125 to 150 /iM. Among DNA homopolymers, the most sensitive

was poly(dG) which condensed at 20 /Â¿MPY. Some RNA
homopolymers, such as poly(rC) and poly(rU), and DNA ho
mopolymers, such as poly(dl), poly(dT), and poly(dU), were
extremely resistant to condensation by PY.

We have also measured, by spectral methods as described
before (2, 9), affinity of PY to bind to ds DNA and RNA. The
intrinsic association constant in binding PY to calf thymus
DNA (in 0.15 N NaCl:5 mM HEPES, pH 7.0, 25Â°C)was found
to be 1.72 x 10" M~' and to ds RNA, 7.0 x IO4 NT'. The

association constant of PY binding to ds DNA is similar to the
one reported by Muller and Crothers (21), whereas affinity of
PY to ds RNA is lower than reported by Semmel and Duane
(22). AH these data, however, clearly show that PY has sever-
alfold higher affinity in binding to ds RNA than to ds DNA.
Detailed data on PY intercalation to nucleic acids of different
base composition will be presented elsewhere.4

DISCUSSION

Our origin! aim was to investigate the biological conse
quences of RNA condensation induced in situ by an intercalat
ing agent. To this end we chose PY as an intercalating dye
showing high selectivity towards RNA. The dye's affinity to

bind to ds RNA and DNA and its propensity to condense RNA
and DNA were measured in solutions of ionic strength similar
to that which exists within the cell. The cytostatic and cytotoxic
effects of PY were evaluated, and attempts were made to
correlate these effects with the dye localization in the cell.

The data show clearly that, depending on the concentration,
PY exhibits two qualitatively different effects. At a low concen
tration, within the range of 1.7 to 3.3 pM, the cytotoxic effect
measured either as immediate cell death or loss of clonogenicity
is minimal, and the cytostatic effect, expressed as cell arrest in
GÃ¬,prevails. At that concentration range the fluorochrome is
specifically localized in structures which resemble mitochon
dria. These structures stain identically with PY as with the
specific mitochondrial probe, R123 (23, 24). Our results thus
confirm observations of Cowden and Curtis (25) who reported
that PY stains mitochondria of viable cells. These authors also
have noticed that the PY-mitochondrial fluorescence pattern is
very unstable under the excitation light (25).

PY and R123 are both cationic aromatic molecules, and their
localization in mitochondria is due to electrostatic interactions
with the electronegative mitochondrial membrane (26-29).
R123, like PY, arrests cells in G, (30). With time, dramatic
changes in ultrastructure of mitochondria occur in the R123-
arrested cells (31). The cell arrest in GI caused by PY or R123
thus may be a consequence of the disruption of the energy
metabolism at the mitochondrial level. The cationic dyes bind
to the mitochondrial membrane, and the dye with a reduction
potential more negative than that of the respiratory chain
reaction could occupy electron acceptor sites, turning off the
transport of electrons and cellular respiration (28).

The PY binding to mitochondria complicated somewhat our
initial attempts to correlate the dye-RNA interactions with the
biological effects. The data at a higher PY concentration, how
ever, provided clues as to possible consequences of RNA con
densation. Namely, at a PY concentration of 6.7 Â¿IMand above,
both the localization and effects of the dye were distinctly
different from those observed at a lower dye concentration. The
dye, bound to the RNase-sensitive material, was localized uni
formly in the cytoplasm and was conspicuously present in

' I Kapuscinski, and Z. Darzynkiewicz. Interactions ofpyronin Y with nucleic

acids, manuscript in preparation.
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nucleoli. In all probability, therefore, at that high concentration,
PY interacted with RNA of these cells. The cells were arrested
in G2 and S rather than in G|. Prolonged growth under these
conditions led to cell death, whereas short (4 h) exposure
resulted in loss of clonogenicity.

Taking into account the rather low affinity of PY to bind to
ds nucleic acids by intercalation (K = 1.7 to 7.0 x 10" M~'; see

also Ref. 21) and its preferential reactivity with ss RNA to form
condensed complexes, it is likely that the observed effects (G2
and S arrest, loss of cell viability) are the consequence of RNA
condensation by this agent. A possibility that the intercalative
binding of PY to ds RNA is responsible for these effects,
although less likely, cannot, however, be formally excluded.
RNA condensation extensive enough to be detected by light-
scatter changes occurs at a PY concentration above 7.2 ^mol,
and the most sensitive are sections of RNA rich in poly(rA)
and poly(rA,rG) sequences. A higher PY concentration is
needed to condense ss DNA or to denature and condense ds
DNA (Table 3). DNA thus can be excluded as a possible target
of PY, at least below a 33.0 UM concentration of the dye.
Among RNAs the polyadenylated mRNA [poly(rA) sequences]
appears to be the most sensitive molecule to undergo conden
sation in reaction with PY.

It can be argued that PY at a concentration above 6.7 /xM,
although interacting with RNA, still exerted its effects on cells
via mitochondria, e.g., that the mitochondrial effects were qual
itatively different depending on PY concentration and that PY
binding to RNA had no additional effects on cell growth (cycle)
or viability. Such an explanation is difficult to accept in light
of evidence that another mitochondrial probe, R123, regardless
of concentration, does not arrest cells in G2 or S (30). Further
more, one would expect that RNA condensation in situ, even if
affecting only a portion of the molecule (e.g., the most sensitive
base sequences), would change the ability of such RNA to
undergo processing (e.g., heterogeneous nuclear RNA), trans
port, or to serve as a template for translation; this in turn would
be reflected in altered cell growth (cycle) and viability.

Despite an evident lack of correlation between the affinity of
intercalating drugs to bind to DNA and their antitumor poten
cies (e.g., Refs. 1 and 2), the intercalative mode of their binding
to DNA is still being considered as responsible for their anti-
tumor activity. The possibility that RNA rather than DNA is
the target of such drugs is neglected. The present data indicate
that an agent which shows selective affinity towards RNA
induces effects similar to those caused by other antitumor
agents, i.e., causes cell arrest in G2 and S, is cytotoxic, and has
antitumor activity in vivo. Therefore, these data, together with
our earlier observation that Mitoxantrone shows higher affinity
to RNA than to DNA (7) and binds in the cell to the RNase-
sensitive material predominantly in nucleoli (9), suggest that
RNA may be the primary cellular target of at least certain
intercalating antitumor drugs. There is evidence that RNA
metabolism and nucleolar (rRNA?) function are altered in
neoplasia (32-36) which may explain why RNA-specific agents
can be selectively cytotoxic with respect to tumor cells. It is
also known that the rate of rRNA synthesis is severalfold higher
in proliferating cells versus cells in stationary cultures (37). This
could explain the higher sensitivity of the exponentially growing
cells to PY compared to cells in plateau cultures (Fig. 2).

If indeed antitumor properties of some intercalating drugs
are causally related to their ability to condense RNA, this
phenomenon offers a novel strategy for antitumor drug devel
opment and their in vitro testing.

ACKNOWLEDGMENTS

We thank Monika Malinowska for her technical assistance and Rose
Vecchiolla for typing the manuscript.

REFERENCES

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Johnson. R. K., Zee-Cheng. RK-Y., Lee. W. W.. Acton, E. M.. Henry. D.
W., and Cheng, C. C. Experimental antitumor activity of aminoantraqui-
nones. Cancer Treat. Rep., 63:425-539, 1979.
Kapuscinski, J., and Darzynkiewicz, Z. Interactions of antitumor agents
ametantrone and mitoxantrone (novatrone) with double stranded DNA.
Biochem. Pharmacol., 34: 4203-4213, 1985.
Kapuscinski, J.. and Darzynkiewicz, Z. Condensation of nucleic acids by
intercalating aromatic cations. Proc. Nati. Acad. Sci. USA, SI: 7368-7372,
1984.
Kapuscinski, J.. and Darzynkiewicz, Z. Denaturation of nucleic acids induced
by intercalating agents. Biochemical and biophysical properties of acridine
orange-DNA complexes. J. Biomol. Struct. Dynamics, /.- 1485-1499, 1984.
Darzynkiewicz, Z., TrÃ¡ganos, F., Kapuscinski, J., and Melamed. M. R.
Denaturation and condensation of DNA in situ induced by acridine orange
in relation to chromatin changes during growth and differentiation of Friend
erythroleukemia cells. Cytometry, 6: 195-207, 1985.
Darzynkiewicz, Z., Evenson, D., Kapuscinski. J., and Melamed, M. R.
Denaturation of RNA and DNA in situ induced by acridine orange. Exp.
Cell Res., 148: 31-46, 1983.
Kapuscinski, J., and Darzynkiewicz. Z. Relationship between the pharma
cological activity of antitumor drugs ametantronc and mitoxantrone (nova
trone) and their ability to condense nucleic acids. Proc. Nati. Acad. Sci. USA,
in press, 1986.
Kapuscinski, J., and Darzynkiewicz. Z. Increased accessibility of bases in
DNA upon binding of acridine orange. Nucleic Acids Res., //: 7555-7568,
1983.
Kapuscinski. J., Darzynkiewicz, Z.. TrÃ¡ganos, F., and Melamed. M. R.
Interactions of a new antitumor agent. 1.4-dihydroxy-5,8-bis[[2-[(2-hy-
droxyethyl)amino]ethyl]amino]-9,10-anthracenedione. with nucleic acids.
Biochem. Pharmacol., 30: 231-240. 1981.
BrÃ¤chet.J. La detection histochemique des acides penlosenucleiques. C. R.
Soc. Biol. Paris, Â¡33:88-93. 1940.
Scott, J. E. On the mechanism of the methyl green-pyronin staining for
nucleic acids. Histochimie, 9: 30-47. 1967.
Tanke, H. J., Nieuwenhuis, I. A. B., Koper, G. J. M., Slats, J. C. M., and
Ploem, J. S. Flow cytometry of human reticulocytes based on RNA fluores
cence. Cytometry, /: 313-320, 1981.
Shapiro, H. M. Flow cytometric estimation of DNA and RNA content in
intact cells stained with Hoechst 33342 and pyronin Y. Cytometry, 2: 143-
150, 1981.
Pollack. A.. Prudhomme, D. L., Greenslein, D. B., Irvin, G. L., Ill, Claflin.
A. J., and Block, L. Flow cytometric analyses of RNA content in different
cell populations using pyronin Y and methyl green. Cytometry, 3: 28-35,
1982.
Crissman, H. A., Darzynkiewicz, Z., Tobey, R. A., and Steinkamp, J. A.
Correlated measurements of DNA, RNA, and protein in individual cells by
flow cytometry. Science (Wash. DC). 228: 1321-1324, 1985.
Darzynkiewicz, Z., Carter, S., and Kimmel, M. Effects of ['H]UdR on the
cell cycle progression of LI 210 cells. Cell Tissue Kinet.. 17:641-655, 1984.
Darzynkiewicz, Z., Williamson, B., Carswell, E. A., and Old, L. J. Cell cycle-
specific effects of tumor necrosis factor. Cancer Res., 44: 83-90. 1984.
Kapuscinski. J., and Skoczylas. B. Simple and rapid fluorimetrie method for
DNA microassay. Anal. Biochem., 83: 252-257, 1977.
Baisch. H., Gohde, W., and Linden, W. A. Analysis of PCPâ€”data to
determine fraction of cells in various phases of the cell cycle. Radial. Environ.
Biophys., 12: 31-42, 1975.
Schweppe. H. Basic dyes. In: E. Stahl (ed.). Thin-Layer Chromatograph).
Ed. 2, pp. 618-630. New York: Springer-Verlag, 1969.
MÃ¼ller,W., and Crothers, D. Interactions of hetcroaromatic compounds with
nucleic acids. I. The influence of heteroatoms and polarizability on the base
specificity of intercalating ligands. Eur. J. Biochem.. 54: 267-277, 1975.
Semmel, M., and Daune, M. Etudes des complexes de colorants basiques
avec le RNA. Biochim. Biophys. Acta. 145: 561-576, 1967.
Johnson, L. V., Walsh, M. L., and Chen, L. B. Localization of mitochondria
in living cells with rhodamine 123. Proc. Nati. Acad. Sci. USA, 77: 990-
994, 1980.
Darzynkiewicz, Z., Staiano-Coico, L., and Melamed, M. R. Increased mito
chondrial uptake of rhodamine 123 during lymphocyte stimulation. Proc.
Nati. Acad. Sci. USA, 78: 2383-2387. 1981.
Cowden. R. R., and Curtis, S. K. Supravital experiments with pyronin Y, a
fluorochrome of mitochondria and nucleic acids. Histochemistry, 77: 535-
542, 1983.
Conover, T. E., and Schneider. R. F. Interaction of certain cationic dyes with
the respiratory chain of rat liver mitochondria. J. Biol. Chem., 256: 402-
408, 1981.
Waggoner, A. S. Dye indicators of membrane potential. Annu. Rev. Biophys.
Bioeng., Â«.-47-68, 1979.
Gear, A. R. L. Rhodamine 6G. A potent inhibitor of mitochondrial oxidative
phosphor) lation. J. Biol. Chem., 249: 3628-3637, 1974.

5765

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424700/cr0460115760.pdf by guest on 19 M

ay 2023



CYTOSTATIC AND CYTOTOXIC EFFECTS OF PYRONIN Y

29. Zigman, s . and Gilman, P. Inhibition of cell division and growth by a redox stranded ribonucleic acid in tumor versus normal cells: biological and clinical
series of cyanine dyes. Science (Wash. DC), 20Â«:188-191, 1980. implications. Blood, 66: 39-46, 1985.

30. Darzynkiewicz, Z., TrÃ¡ganos, F., Staiano-Coico, L., Kapuscinski, J., and 34- Davis. F. M., Busch, R. K., Yeoman, L. C., and Busch, H. Differences in
Melamed, M. R. Interactions of rhodamine 123 with living cells studied by nucleolar antigens of rat liver and Novikoff hepatoma cells. Cancer Res., 38:
flow cytometry. Cancer Res., 42:799-806. 1982. SAT Â» Â«Ã•LaTÂ»Â» .. ^ D â€žT

31. Evenson. D. P., Lee, J.. Darzynkiewicz, Z., and Melamed, M. R. Rhodamine 35' B.us<;h-"-.l*ule.h- R K" an?Â£ha": P K lumor n"c'eÂ»'" antlf"s:JÂ»â€¢̂ S'
123 alters the mitochondrial ultrastruc.ure of cultured L1210 cells. J. His- "^FLORCP^T^0"' â„¢' ""'
lochem.Cytochem.,^: 353-359 1985. 36 Davis,>. M., Hittelman, W.'N., McCredie, K. B., Keating, M.J., Vellekoop,

32. Torelli, U.. Torelli. G., Cadossi. R., Ferrari, S., Ferrari, S., Narm, F.. and L and Rao p Human malignancy-associated nucleolar antigen as a market
Montagnam, G. Accumulation of giant heterogenous RNA molÃ©culesm for tumor ce||s Â¡npatients with acute leukemia. Blood, 63:676-683, 1984.
acute myeloid blasts. Cancer Res., 36: 4631-4640, 1976. 37. Ramagopal. S.. and Markus, A. RNA synthesis in growing and stationary

33. Kantarjian. H. M.. Barlogie, B., Pershouse, M., Swartzendruber, D., Keating. cells of a culture of Scarlet rose. Disproportionate synthesis of ribosomal
M. J., McCredie, K. B.,and Freireich. E. J. Preferential expression of double- subunits in the stationary state. J. Cell. Physiol., 98:603-612, 1979.

5766

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424700/cr0460115760.pdf by guest on 19 M

ay 2023




