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Friend leukemia cells from exponentially 
growing or differentiated (DMSO-induced) 
cultures were permealized and their DNA was 
stained with 4'6-diamidino-2-phenylindole 
(DAPI), Hoechst 33342, acridine organge, 
ethidium bromide, propidium iodide, quina- 
crine, 7-amino-actinomycin D, mithramycin, 
or chromomycin AB. Accessibility of DNA to 
each of the above fluorochromes was com- 
pared in differentiated and nondifferentiated 
cells before and after nuclear proteins, mostly 
histones, were extracted with 0.1N HCl. A 
decrease in the accessibility of DNA to several 
dyes, especially pronounced in the case of 
some intercalators, was observed in differen- 
tiated cells. After extraction of nuclear pro- 
teins with HCl there was an increase in DNA 
accessibility, of varying degree depending on 

the fluorochrome and the difference between 
differentiated and nondifferentiated cells was 
abolished for most of the intercalating dyes. 
The increase was the lowest for DAPI (45%), 
the highest for 7-amino-actinomycin D (13- 
fold), and in general was higher for the inter- 
calating dyes that unwind DNA than for dyes 
binding externally to the double helix. The 
results are discussed in terms of the mode of 
interactions between DNA and the fluoro- 
chromes and factors associated with chroma- 
tin structure that may affect accessibility of 
DNA in situ in exponentially growing and dif- 
ferentiated cells. 
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Cytochemical methods for nucleic acids have a long 
history of investigation (2,11), yet many facets of these 
reactions still remain unexplained. One such problem is 
accessibility of DNA in situ to the dye, and its relation- 
ship to chromatin structure. Thus, for instance, the bind- 
ing of acridine orange or ethidium bromide to DNA in 
situ is restricted by chromosomal proteins; extraction of 
these proteins by acids or salt solutions of high ionic 
strength, or digestion with trypsin results in a marked 
increase in accessibility of DNA to these dyes (8,10,29). 
Furthermore, in certain cell systems, binding of these 
ligands correlates with changes in chromatin structure 
that accompany cell differentiation (see 5,6 for reviews). 
Specifically, a decrease in DNA accessibility to acridine 
orange (AO) was demonstrated during spermiogenesis 
(7,10,12) and erythropoiesis (8,18,29). Neither mecha- 
nisms responsible for the restriction are known, nor 
were the particular chromatin constituents of the differ- 
entiating cells causing the phenomenon identified. 

In the present paper we analyze nine different DNA 
fluorochromes commonly used in flow cytometry (re- 

view, see 19) or for chromosome analysis (3,4) with re- 
spect to: 1) the extent of restriction in their binding by 
nuclear constituents extractable with 0.1N HCI and 2) 
the difference in their binding as related to erythroid 
cell differentiation. Because the modes of binding of 
these ligands to free DNA are different (intercalation, 
various degree of unwinding, external binding, involve- 
ment of the double helix grooves) the extent of restric- 
tion for each of the ligands may shed some light on the 
possible mechanisms of interaction between these dyes 
and DNA in chromatin, and the nature of the restric- 
tion. A model of Friend erythroleukemia cells was cho- 
sen because it offers a possibility to study populations of 
relatively uniform differentiated cells when treated with 
dimethylsulfoxide (DMSO), which can be compared with 
cells growing exponentially (8,29). Chromatin changes 
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associated with erythroid differentiation are quite well 
characterized a t  the molecular level (eg, 1,13,17,26). 

MATERIALS AND METHODS 
Cells 

Friend leukemia (FL) cells, strain 745 (GM-861, were 
obtained from the Medical Research Institute, Camden, 
N.J. The cells were grown as a suspension culture in 
Dulbecco’s modified Eagle’s medium containing 25mM 
HEPES buffer (Grand Island Biological Co., GIBCO, 
Grand Island, N.Y.), supplemented with 10% fetal calf 
serum (GIBCO) and antibiotics as described (30). All 
cultures were maintained at 37°C in a humidified at- 
mosphere of 95% air and 5% C02. The cultures were 
routinely passaged three times a week at a seeding 
density of 1-2 x lo5 cells per milliliter. To ensure expo- 
nential growth, the cultures were split 1:4 daily for 3 
consecutive days prior to harvesting. To induce eryth- 
roid differentiation, the cells were grown in the presence 
of 2% (v/v) DMSO (Fisher Scientific Co., Fairlawn, NJ) 
for 6 consecutive days at densities not exceeding 1 x lo6 
cells per ml as  described (8,29). Growth in the presence 
of DMSO manifested as cell arrest in GI and the appear- 
ance of hemoglobin in the cytoplasm which could be 
detected cytochemically by the benzidine method (25). 

Cell Staining 
The experiments were performed both on isolated nu- 

clei and in cells that were made permeable to the fluo- 
rochromes studied by pretreatment with the nonionic 
detergent Triton X-100. To isolate nuclei, the cells ob- 
tained from the cultures were rinsed once with Hanks’ 
balanced salt solution (HBSS) and resuspended in a SO- 
lution containing 0.2% (v/v) NP-40 (Calbiochem, La Jolla, 
CA), 3mM MgC12, 2mM CaC12, 0.32M sucrose, and 10m 
M PIPES buffer (Calbiochem) at  pH 6.4. The cells were 
then homogenized in a glass pestle homogenizer, the 
nuclei were rinsed twice with the buffer described above 
but without NP-40 and incubated with lo3 units of 
RNase A (RASE, Worthington Biochem. Corp., Free- 
hold, NJ) for 20 min at  24°C. All steps of nuclei isola- 
tion, excluding RNase treatment, were done at 0°C. 
Intact cells taken directly from culture were made 
permeable to the dyes by rinsing once with HBSS, sus- 
pending in HBSS ( -  lo7 celldl ml), and treating with 
an  equal volume of HBSS containing 0.2% (viv) Triton 
X-100 (Sigma Chemical Corp., St. Louis, MO) at  0°C. 
The cells were then incubated with lo3 units of RNase 
AJ1 ml for 20 rnin at  24°C. The suspensions of isolated 
nuclei or Triton X-100-treated cells were then stained 
with each of the fluorochromes either directly or after 
pretreatment with HCl. In the direct procedure, 0.2-ml 
aliquots of nuclei or cells (suspended in HBSS) were 
admixed with 2 ml of the respective dye solution in 0.1M 
PIPES buffer (pH 6.4), 2mM, MgC12 and 0.1% Triton X- 
100 at  0°C. In the two-step procedure, 0.2-ml aliquots of 
nuclei or cell suspension were treated with 0.2 ml of a 
solution containing 0.2N HC1, 0.15N NaC1, and 0.1% 
Triton X-100 for 30 s at  0°C (the final HC1 concentration 

was thus O.lM), and then with 2.0 ml of the respective 
dye solution in 0.1M PIPES buffer (pH 6.4) 2mM MgC12 
and 0.1% Triton X-100, also at  0°C. The relatively small 
volume of HC1, as compared with the large volume and 
high concentration of the PIPES buffer (high buffering 
capacity) added during the second step resulted in a final 
pH of the staining solution close to 6.4, ie, similar to 
that of the direct staining reaction. Care was taken, by 
adjusting nuclei (cell) number and dye concentration, to 
ensure that a t  equilibrium there was an  excess of free 
dye, and thus the staining was done at D/P > 2.0. 
Usually each dye was tested at  different concentrations, 
ranging between 0.1 to 10.0 pM and the measurements 
were performed at various times after addition of the 
dyes (between 1 to 40 rnin). In most cases, the staining 
reaction was rapid and a stable staining pattern was 
achieved during the initial 10 min. In  cases of Hoechst 
33342, mithramycin, and chromomycin AB, however, the 
staining reaction was slower and the equilibrium was 
observed after 30 min. While more detailed data, includ- 
ing that on isolated nuclei and the kinetics of the reac- 
tion, will be published at  a later date, in the present 
communication we report results of the experiments on 
permealized cells (which are essentially similar to these 
on isolated nuclei) obtained at  a single, equimolar dye 
concentration (5 pM), except in the case of DAPI which 
was studied at  1 pM, and Hoechst 33342 studied at 0.2 
pM. The latter two fluorochromes produced unstable 
pattern of cell stainability, with broad GI distribution 
(high C.V. values) when tested at higher concentration. 
All reported measurements were done when equilib- 
rium with the dyes was reached and the cell fluores- 
cence was stable; the cells were equilibrated with the 
dyes at 0°C. The following fluorochromes were studied: 
4’6-diamidino-2-phenyl-indole (DAPI; synthesized by Dr. 
Jan Kapuscinski-see ref 15), Hoechst 33342, acridine 
orange (AO; chromatographically purified), ethidium 
bromide (EB), and propidium iodide (PI) (all obtained 
from Polysciences, Inc., Warrington, PA), quinacrine hy- 
drochloride (Sigma), chromomycin A3 and 7-amino-acti- 
nomycin D (both from Calbiochem-Boehring Corp., La 
Jolla, CA) and mithramycin (Pfizer, New York, NY). 

Fluorescence Measurements 
The fluorescence of cells stained with DAPI and 

Hoechst 33342 was measured in an ICP 22 flow cyto- 
meter (Ortho Diagnostic Instruments, Westwood, MA) 
using the UG1 excitation filter and a combination of 
dichroic mirrors and secondary filters transmitting light 
between 460 and 500 nm. Cells stained with mithramy- 
cin and chromomycin A3 were also measured in the ICP 
22 instrument, using BG 12 excitation filter and a com- 
bination of dichroic mirrors and filters transmitting be- 
tween 535 and 630 nm. Cells stained with A0  were 
analyzed by both ICP 22 and FC 200 flow cytometers 
(Ortho Diagnostics) using excitation in blue light (“FITC 
special” dichroic filter for ICP) or the 488-nm excitation 
line of the FC 200 laser and measuring green fluores- 
cence (515-560nm). Fluorescence of cells stained with 
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EB, PI, and quinacrine was measured in FC 200 flow 
cytometer, using the excitation wavelength of 488 nm 
and measuring emission above 590 nm for EB and PI or 
between 515 and 560 nm for quinacrine. Fluorescence of 
cells stained with 7-amino-AMD was also measured with 
the FC 200 flow cytometer using 514-nm excitation 
wavelength and measuring fluorescence above 590 nm. 
At least lo4 cells were measured per sample and the 
peak values of the GI populations were compared. The 
experiments were repeated three times. Mean values f 
S.D. of these experiments are shown in Table 1. To avoid 
redundancy, the cell cycle distributions obtained with 
only five of the nine dyes are shown. These histograms 
were selected to illustrate the character of the raw data 
obtained after cell measurements using either the ICP 
22 (following DAPI-Hoechst- or acridine orange-stain- 
ing) or the FC 200 (following ethidium- or propidium- 
staining) flow cytometers. The distributions after stain- 
ing with mithramycin or chromomycin A3 were similar 
(with respect to the C.V. values) to those obtained after 
staining with the Hoechst dye, except that the difference 
between the exponentially growing and differentiated 
cells was minor. Quinacrine- and 7-amino-AMD- stained 
cells exhibited higher C.V. values, ranging between 
10-14%. 

RESULTS 
Representative histograms illustrating exponentially 

growing and differentiated cells either untreated or ex- 

tracted with 0.1N HC1 and stained with some of the 
fluorochromes are shown in Figures 1-4. Quantitative 
data are summarized in Table 1. The staining character- 
istics for each of the fluorochromes is described below. 

DAPI 
The reaction with DAPI was rapid and the equilib- 

rium was reached after 5 min. The resolution of the cell 
cycle phases was good, as reflected by low C.V. values of 
the GI population, varying between 2.0 and 3.0% in 
repeated measurements in different experiments. Differ- 
entiated cells exhibited 8% lower fluorescence than cells 
from exponentially growing cultures. This difference was 
significant and could be demonstrated in several exper- 
iments. Additionally, when the differentiated cells (or 
nuclei) were mixed with cells (or nuclei) from exponen- 
tially growing cultures and stained together, two GI- 
peaks were always apparent. Extraction with 0.1 N HC1 
resulted in 45% increase in DNA stainability, but the 
difference between differentiated and exponentially 
growing cells remained (Fig. 1). 

Hoechs t 33342 
The staining reaction was slow and the equilibrium 

was reached only after 30 min. About a 4% lower stain- 
ability was observed for the differentiated cells in re- 
peated experiments however, the presence of two distinct 
GI peaks in the mixed cell population could not be dem- 
onstrated prior to HC1 treatment. Cell treatment with 
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FIG. 1. Frequency distribution histograms representing fluorescence of FL cells stained with 
4'6-diamidino-2-phenylindole (DAPI). A) Exponentially growing cells before (peak value = 99) 
and after treatment with 0.1N HCl (peak value = 144). B) Differentiated cells before (peak = 
91) and after extraction with 0.1N HC1 (peak = 131). C) Differentiated cells were mixed with 
exponentially growing ones in 1:2 proportion, treated with 0.1N HC1, and stained. In these 
mixed cell populations, cells in GI exhibit different stainability, as  manifested by the divided 
GI peak (arrow). One-step staining (without HC1-treatment) of mixed populations resulted also 
in a bimodal cell distribution within the GI peak in repeated experiments (not shown). 
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FIG. 2. Frequency histograms of cells stained with Hoechst 33342. 

A) Exponentially growing cells before (peak = 100) and after extraction 
with 0.1N HCl (peak = 189). B) Differentiated cells before (peak = 95) 
and after extraction with HC1 (peak = 160). After acid extraction, a 

minor population in GI with somewhat lower stainability is apparent 
(arrow). C) Exponentially growing and differentiated cells were mixed, 
treated with HCl and stained. Two main peaks and the minor one in 
GI were apparent. 
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FIG. 3. Frequency histograms representing green fluorescence of 
cells stained with acridine orange. A) Exponentially growing cells 
before (peak = 101) and after (peak = 425) extraction with HCI. B) 
Differentiated cells before (peak = 77) and after (peak = 421) extrac- 

tion with HCl. C) Differentiated and exponentially growing cells were 
mixed and stained together with A0 (without HCl treatment). A bi- 
modal cell distribution in GI is evident (arrows). Mixed cells stained 
after HCl treatment exhibited a single GI peak (not shown). 
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FIG. 4. Frequency distribution histograms of cells stained with 
ethidium bromide (A and B) and propidium iodide (C and D). A and C) 
Exponentially growing cells stained before (peaks = 18 and 16) and 
after extraction with 0.1N HCI (peaks = 41 and 32). R and n) Differ- 

entiated cells stained prior (peaks = 17 and 15) and after extraction 
with HCl (peaks = 38 and 31). Mixed cell populations of exponentially 
growing and differentiated cells did not show a bimodal distribution 
within the GI popnlat,ion, either hefnre n r  aft,er HCl treatment. 

HC1 raised fluorescence of exponentially growing and 
differentiated cells by 88 and 69%, respectively. Thus, 
following the acid treatment, the difference between 
exponentially growing and differentiated cells was ac- 
tually increased (14%) and in the mixed cell population 
two peaks became evident (Fig. 2). 

Acridine Orange 
The equilibrium was reached rapidly (5 min) and the 

differentiated cells showed 24% lower stainability. Acid 
pretreatment increased fluorescence of nondifferen- 
tiated and differentiated cells by 328 and 451%, respec- 
tively. Following HC1 treatment, therefore, both 
exponentially growing and differentiated cells exhibited 
the same stainability and when mixed populations of 
these cells were stained, only a single GI peak could be 
seen. 

Ethidium Bromide 
A stable staining pattern was attained after 10 min. 

The fluorescence of differentiated cells was 6% lower 
than that of cells from exponentially growing cultures 
and two G1 peaks could not be seen in mixed cell popu- 
lations. Acid treatment of nondifferentiated and differ- 
entiated cells increased cell fluorescence by 125 and 
132%, respectively. 

Propidium Iodide 
Stainability of cells with PI was similar to EB (Fig. 4). 

The difference between nondifferentiated and differen- 
tiated cells was 6% and the result of the treatment was 
an 103 and 105% increase in cell fluorescence to similar 
levels for both exponentially growing and differentiated 
cells. 

Quinacrine 
The equilibrium was obtained after 10 min. The differ- 

ence between exponentially growing and differentiated 
cells was 6%. An increase in cell fluorescence by 315 and 
323% was observed following HC1 extraction of exponen- 
tially growing and differentiated cells, respectively. A 
single GI peak was observed in mixed cell populations 
both before and after acid treatment. 

7-amino-actinomyein D 
A stable pattern was observed after 10 minutes incu- 

bation. The difference between exponentially growing 
and differentiated cells was 33%, the highest of all the 
fluorochromes tested. Although the resolution was 
rather poor (c.v. values 10-14%), two GI peaks could be 
observed in mixed cell populations. A dramatic 13-fold 
increase in fluorescence was observed in cells extracted 
with HC1; following HC1 treatment, differentiated and 
nondifferentiated cells had similar fluorescence. 
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Table 1 
Results of the Experiments in Which Exponentially Growing and Differentiated Cells 

Were Stained With Various Fluorochromes Before and After Extraction of 
Nuclear Proteins With HCla 

Cell Fluorescence 
Dye Treatment Exponentially growing cells Differentiated cells 

DAPI None 1.00 0.92 f 0.04b 
DAPI 0.1N HC1 1.45 f 0.04 1.32 f 0.05 (-9)b 
Hoechst 33342' None 1.00 0.96 k 0.03 
Hoechst 33342' 0.1N HCl 1.88 f 0.05 1.62 k 0.06 ( -  14Ib 
Acridine orange None 1.00 0.76 f 0.04' 

Ethidium bromide None 1.00 0.94 f 0.05 

Propidium iodide None 1.00 0.94 f 0.05 

Quinacrine None 1.00 0.94 f 0.04 

7-amino-actinomycin D None 1.00 0.67 & 0.03' 
7-amino-actinomycin D 0.1N HC1 13.06 f 0.51 13.24 f 0.60 (+1) 
Mithramycin' None 1.00 0.96 f 0.05 

Chromomycin A3' None 1 .oo 0.97 f 0.04 

Acridine orange 0.1N HCl 4.28 f 0.16 4.19 f 0.19 (-1) 

Ethidium bromide 0.1N HC1 2.25 f 0.09 2.18 f 0.10 (-4) 

Propidium iodide 0.1N HC1 2.03 f 0.06 1.94 f 0.11 (-3) 

Quinacrine 0.1N HCl 4.15 f 0.18 3.98 f 0.19 (-5) 

Mithramycin' 0.1N HC1 1.96 k 0.08 1.90 * 0.10 (-2) 

Chromomycin A3' 0.1N HCl 2.04 f 0.10 1.97 f 0.11 (-2) 

aThe data are expressed as normalized peak values (exponentially growing, not treated 
with HCl cells = 1.00) when all measurements for each fluorochrome were done a t  the 
identical photomultiplier settings. Figures in brackets show the change (percent) of 
fluorescence of differentiated cells treated with HC1 with respect to exponentially growing, 
HC1-treated cells. 

*he difference between exponentially growing vs differentiated cells could be additionally 
demonstrated in mixed populations of these cells, stained and measured together, when a 
bimodal G1-peak distribution was evident (Figs. 1-31, 

'The staining reaction was slow, the equilibrium was established after 30 minutes. 

Mithramycin and Chromomycin A3 
Both dyes showed similar characteristics. The stain- 

ing reaction was slow; the equilibrium was established 
after 30 min. No significant difference between differ- 
entiated vs exponentially growing cells was evident. 
Pretreatment with HC1 doubled cell fluorescence. 

DISCUSSION 
The aim of these experiments was to estimate for each 

of several different DNA dyes whether a difference in 
DNA stainability in situ exists between exponentially 
growing vs differentiated FL cells, and also the extent 
of the restriction in DNA stainability by nuclear pro- 
teins extractable with 0.1N HC1. Before discussing the 
results in terms of differences between various fluoro- 
chromes, their mode of binding and chromatin struc- 
ture, certain technical points require comment. First of 
all, we assume that under the present conditions the 
staining was specifically restricted to DNA. This as- 
sumption is based on the following observations: 1) all 
fluorochromes exhibit rather high specificity toward nu- 
cleic acids and were tested a t  low concentrations; 2) the 
results were similar regardless of whether whole cells 
or isolated nuclei were measured; 3) both cells and iso- 

lated nuclei were preincubated with RNase prior to 
staining; 4) although the staining conditions (ionic 
strength, pH, dye concentration) were not tailored for 
optimal stainability for each individual dye, high reso- 
lution (low C.V. values of the GI population) character- 
ized nearly all measurements, especially prior to cell 
treatment with HCl; 5) in control experiments, nearly 
all fluorescence measured was sensitive to DNase (not 
shown). 

The second important consideration is that the results 
were not affected by changes in permeability of the cell 
membrane. The cells were fully permeable to the dyes, 
and thus the measurements reflect chromatin stainabil- 
ity a t  equilibrium. Both detergent-treated cells and iso- 
lated nuclei exhibited similar staining characteristics. 
Triton X-100-treated cells were also permeable to RNase 
inasmuch as RNase-treatment diminished their red lu- 
minescence (after differential staining of DNA vs RNA 
with AO, see ref. 9) which was as low as  that of isolated 
nuclei treated with RNase (not shown). 

The cells were treated with 0.1N HCl to extract basic 
nuclear proteins, including histones. Extensive bio- 
chemical literature indicates that most histones are sol- 
uble in 0.1N HC1 (review, 13). It is thus presumed that 
the acid treatment removes histone H1 and in all prob- 
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Table 2 
Binding Mode and Specificity of the Studied Fluorochrome.sa 

Fluorochrome Mode of binding; unwinding angle Specificity 

DAPI (15, 16,221 Presumably intercalation; dA.dT 

Hoechst 33342 (21) External dA.dT 
Acridine orange Intercalation; # = 20" pyrimidine - purine 
Ethidium bromide Intercalation; # = 26" pyrimidine - purine 
Propidium iodide Intercalation; # = 26" pyrimidine - purine 
Quinacrine Intercalation; # = 18" pyrimidine - purine 
7-amino-actinomycin D (23) Intercalation; I$ = 28", dG.dC 

minimal unwinding 

involvement of the minor groove; 
analog of actinomycin D 

Mithramycin External, Mg2+ requirement dG.dC 
Chromomycin A3 External (analog of mithramycin) dG.dC 

aThe binding characteristics of most of the dyes can be found in references 5, 20, 27, 31, and 32 (reviews). 
Some original references pertinent to the binding mechanisms of DAPI, Hoechst 33342, and 7-amino-AMD 
are additionally included in the Table. 

ability most of the nucleosome core histones. This treat- 
ment, therefore, is expected to dissociate the nucleosome 
components and displace or remove most of the histones 
from chromatin. In addition, other nuclear constituents, 
eg, such as HMG proteins, can also be removed by HC1 
(24). It has been previously shown that a similar in- 
crease in accessibility of DNA to A 0  could be obtained 
following either cuclear extraction with 0.1N HC1 or 
digestion with lrypsiri (10). Unfortunately, extraction of 
histones at  high ionic strength rather than by acids (2.0 
N NaC1) causes extensive nuclear aggregation, thus lim- 
iting the usefulness of this technique for flow cytometry. 

Cell treatment with 0.1N HC1 for 30 s at 0°C does not 
induce measurable DNA denaturation (8). It is also un- 
likely that significant DNA depurination takes place 
during such short exposure at 0°C. Thus, the observed 
stainability in HC1-treated cells (nuclei) reflects the 
staining properties of double-stranded DNA in chroma- 
tin in which the nucleosomal structure is largely de- 
stroyed. However, the interactions of DNA with the 
nuclear matrix, nuclear envelope, or its presence in 
closed loops may remain and be a factor limiting DNA 
accessibility. 

The observed difference in stainability between expo- 
nentially growing and differentiated cells is not due to 
the presence of hemoglobin, which might quench the 
luminescence in the DMSO-treated cells, since hemoglo- 
bin is released from cells treated with Triton X-100 and 
cannot be detected in isolated nuclei. It is very likely, 
therefore, that the observed differences in stainability 
reflect a change in the actual number of binding sites 
interacting with the fluorochromes at equilibrium. 

The relationship between the mode of binding of the 
dyes to free DNA (Table 2) and DNA accessibility to 
these dyes, in exponentially growing and differentiated 
cells (Table 1) is complex. While it may be debatable 
whether there is a significant difference between differ- 
entiated and nondifferentiated cells in accessibility to 
some of the dyes (eg, quinacrine, mithramycin, chromo- 

mycin A3 or even EB and PI), it is clear that binding of 
the two intercalating fluorophores, 7-amino-AMD and 
AO, is markedly diminished in differentiated cells. Also, 
accessibility of DNA to DAPI is lowered in differentiated 
cells, although to a lesser degree (8%). It is unclear at 
present why 7-amino-AMD and A0  are much more re- 
stricted in binding to DNA in differentiated cells than 
are other intercalators. No obvious correlation between 
the unwinding angle and DNA accessibility to these 
probes is apparent. Also, no correlation between the dye- 
base specificity and the accessibility can be seen. The 
common feature of 7-amino-AMD and A0  is that their 
binding to DNA in chromatin is also markedly re- 
stricted by HC1-extractable proteins. Namely, their 
binding increases 13-fold and 328%, respectively, follow- 
ing treatment with HCI. However, quinacrine, whose 
binding is also markedly restricted by acid-soluble pro- 
teins (315%) exhibits rather minor difference in binding 
to differentiated vs nondifferentiated cells (6%). 

Extraction of nuclear proteins with HCl nearly abol- 
ished the difference between exponentially growing and 
differentiated cells in regard to all of the intercalating 
probes except DAPI. Assuming that DAPI intercalates 
but produces minimal unwinding (15,16,22) of the dou- 
ble helix, this suggests that factors responsible for the 
difference in restriction of binding of the intercalators 
that unwind DNA are acid extractable. In contrast, in 
the case of Hoechst 33342, which binds externally, the 
difference in accessibility between differentiated and ex- 
ponentially growing cells was actually increased by acid 
pretreatment, from 4 to 14%, as seen in repeated exper- 
iments. The factors restricting binding of this external 
probe thus remain in HC1-treated differentiated cells. 

Extraction of basic proteins with HCl had the smallest 
effect on DNA accessibility of DAPI (45%) in comparison 
with other intercalators (101%-13-fold). This uniqueness 
of DAPI may be due to the lack of any significant DNA 
unwinding upon binding this probe. One has to be cau- 
tious, however, interpreting these data, as there is still 
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a controversy regarding the intercalative nature of DAPI 
(eg, 15,16,20,22). 

There are certain features common to all three dyes 
binding externally, Hoechst 33342, mithramycin, and 
chromomycin AS. Namely, their binding rate is slow, 
the binding to differentiated vs undifferentiated cells is 
not much different, and extraction of proteins with HC1 
increases DNA accessibility to them by nearly 100%. 

The size of the fluorochrome and involvement of the 
minor groove of the double helix plays a major role in 
dye binding to DNA in chromatin as illustrated by the 
example of 7-amino-AMD. The AMD binds by intercala- 
tion of the chromophore between the G-C bases while 
the bulky peptide rings are located in the minor groove 
(review, 14). This dye exhibits the greatest difference in 
binding to DNA in chromatin of differentiated vs non- 
differentiated cells (33%) and highest degree of suppres- 
sion in binding by acid-extractable proteins (13-fold). 

The mechanism of restriction of dye binding to DNA 
in chromatin is poorly understood. In the case of small 
intercalators the restriction is most likely related to the 
maintenance of DNA in the superhelical conformation 
since the topological rigidity of the superhelix con- 
strains its unwinding, which is necessary for the accept- 
ance of every intercalating molecule. Superhelicity is 
imposed by the coiling of DNA around the core histones 
in nucleosomes. Furthermore, the presence of closed 
DNA loops may additionally limit the number of the 
molecules that will intercalate. The present. ohservat,inn 
that removal of histones (HC1-extraction) enhances bind- 
ing of the intercalating dyes more than the externally 
binding dyes favors this interpretation. In agreement 
with this hypothesis is also the observation that DAPI, 
whose binding does not involve any significant unwind- 
ing of the double helix, is less restricted by the HC1- 
soluble proteins than other intercalators. 

The mechanism of restriction of dye binding associ- 
ated with erythroid cell differentiation is also poorly 
understood. The decreased binding of A 0  was observed 
during normal erythropoiesis in bone marrow (18), 
erythroid differentiation of FL cells (8,29), and spermio- 
genesis (7,10,12), but the effect is minor during chroma- 
tin condensation occurring as cells enter a Go state or 
mitosis (5,6). Extensive changes in histone composition, 
such as displacement of histone H1 and the appearance 
of histone H5 (13), appearance of histone H1" (17), 
or protamines (13) accompany the differentiation in these 
cell systems, respectively, and may be responsible for 
the observed changes in DNA stainability. 

The present data indicate that regardless of the dye 
used, a large portion of nuclear DNA (different for differ- 
ent dyes) in native chromatin is unstainable. Further- 
more, for certain dyes the amount of unstainable DNA 
varies depending upon chromatin structure. Thus, cau- 
tion should be exercised in studies in which cell staina- 
bility with these dyes is interpreted as representative of 
absolute DNA content per cell. 
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