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Biophysical Studies on the Mechanism of Quinacrine 
Staining of Chromosomes? 

J. M. Gottesfeld,* J. Bonner, G. K. Radda, and I. 0. Walker 

ABSTRACT: The fluorescence of quinacrine was measured in 
solution in the presence of interphase chromosomal material 
(chromatin) and in the presence of chromatin which had been 
fractionated into extended and condensed regions (euchroma- 
t in  and heterochromatin). Quinacrine fluorescence is quenched 
most effectively by the euchromatin fraction, intermediately by 
unfractionated chromatin, and least effectively by the hetero- 
chromatin fractions. These differences are abolished when the 
fluorescence of quinacrine is measured in the presence of DNA 
isolated from chromatin and the chromatin fractions. Spectro- 
photometric titrations indicate that the association constants 
for quinacrine binding to the various chromatin fractions differ 

C a s p e r s s o n  et al. ( 1  968) and others have shown that the flu- 
orescent dye quinacrine mustard stains specific regions of chro- 
mosomes with a very brilliant intensity, leaving other areas of 
chromosomes relatively dark. It was originally thought that the 
linear differentiation of chromosomes into fluorescent bands 
and poorly staining interband regions was due to the specific 
alkylation of guanine residues by the mustard function of the 
dye. The finding that quinacrine itself produces identical band- 
ing patterns suggested that alkylation of guanine residues was 
not the primary mechanism of fluorescence staining of chromo- 
somes (Caspersson et al., 1969). Ellison and Barr (1972) have 

by only a factor of two, and that the number of sites per nucle- 
otide available for quinacrine binding at saturation are nearly 
identical for all fractions. Circular dichroism spectroscopy sug- 
gested that the conformation of the DNA in the euchromatin 
fraction is most like that of protein-free DNA in aqueous solu- 
tion (“B”-form DNA) while the DNA in the heterochromatin 
fractions is partially in the “C” conformation. These results 
suggest that protein-DNA interactions in chromatin are re- 
sponsible for the fluorescence patterns observed and that chro- 
mosome banding with quinacrine might arise from differences 
in protein-DNA interactions (and DNA conformation) along 
the chromatids of metaphase chromosomes. 

suggested that enhancement of quinacrine fluorescence might 
be a function of base ratio, with (A + T)-rich regions fluores- 
cing brightly. Weisblum and de Haseth (1 972) and Pachmann 
and Rigler ( 1972) have investigated quinacrine fluorescence in 
vitro with a series of natural and synthetic polynucleotides, and 
found that A-T base pairs are responsible for fluorescence en- 
hancement. Guanine residues were shown to give rise to 
quenching of quinacrine fluorescence. These data, and several 
other lines of evidence (Schreck et a/.,  1973; Lomholt and 
Mohr, 197 I ) ,  suggested that the fluorescent bands observed 
with quinacrine-stained chromosomes are indeed (A + T) rich. 

This investigation was undertaken to determine whether - 
quinacrine flourescence in the presence of isolated chromosom- 
a1 material is due solely to intrachromosomal differences in  
DNA base composition, or whether DNA-protein interactions 
in chromatin play a role in  producing banding patterns. Chro- 
matin has been fractionated into extended and condensed re- 

1972; Bonner et a/., 1974; Gottesfeld et al., 1974). It has been 
suggested that the extended chromatin fraction corresponds to 
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TABLE I :  Distribution of D N A  in the Chromatin Fractions. 

of Total D N A  

5-min DNase 15-min DNase 
Sample Exposure Exposure 

R a t  chromatin 
Euchromatin (S2) 1 1 3 = t 3 9 a  2 5 O = t 3 O 0 "  
Heterochromatin (P l )  84 6 =t 4 8 23 9 = 2 9 
Heterochromatin (P2) 4 1 r 2 5  5 0 6 z t 3 3  

Drosophrla chromatin 
Euchromatin (S2) 25 6 i 3 2' 
Heterochromatin (Pl) 2 8 2 i l 9  
Heterochromatin (P2) 4 5 4 i 5 8  

a Mean of 11 determinations + SD. ' Mean of 9 determina- 
tions I. SD.  Mean of 3 determinations f SD.  

the template active portion of chromatin in vivo and that the 
heterochromatin fractions correspond to the repressed or tem- 
plate inactive portion of chromatin in vivo (Bonner et al., 1973, 
1974; Gottesfeld et al., 1974). Fluorescence and binding data 
have been obtained for the interaction of quinacrine with chro- 
matin and the chromatin fractions. Significant differences in 
the quantum yield of quinacrine bound to these fractions were 
found; these differences were found to be due to protein-DNA 
interactions and not differences in D N A  base composition. I n  
addition, circular dichroism studies of the chromatin fractions 
have yielded information on the protein-induced conformation- 
al alteration of DNA in these fractions. 

Materials and Methods 

Preparation of Chromatin. Chromatin from rat liver was 
prepared by the method of Marushige and Bonner ( 1  966). 
Drosophila embryo chromatin was a gift of Dr. S. C. R.  Elgin 
(Elgin and Hood, 1973). The crude chromatin from both rat 
and Drosophila was purified by centrifugation through 1.7 M 
sucrose as described by Marushige and Bonner (1966). The su- 
crose pellet was homogenized in 0.01 M Tris-C1 (pH 8) and 
centrifuged a t  27,500g for 20 min. 

Fractionation of Chromatin. Purified chromatin was ho- 
mogenized with a motor-driven glass-Teflon homogenizer (20 
strokes a t  10 strokes per minute) in approximately 20-30 ml of 
0.01 M Tris-CI (pH 8).  The homogenate was dialyzed over- 
night vs. 6 I .  of 0.025 M sodium acetate (pH 6.6). After dialy- 
sis, the dialysate was homogenized as before with the motor- 
driven glass-Teflon homogenizer. The volume of the chromatin 
solution was adjusted to give 10 A260 units/ml when the ab- 
sorbance of an aliquot (100 p1) was measured in 0.9 \ NaOH.  
DNase I1 (Worthington, HDAC) was added to I O  units of en- 
zyme/Arho unit of chromatin (100 units of enzyme/ml). The 
digestion was allowed to proceed for 5-  15 min a t  ambient tem- 
perature (24'). At the end of the incubation period, the pH of 
the chromatin suspension was brought to 7.5 with 0.02 ,M Tris- 
C1 (pH 11). The chromatin suspension was cooled on ice and 
then centrifuged at 27,500g for 15 min a t  0-4'. To the super- 
natant, 0.2 M MgClz was added dropwise to give a final con- 
centration of 0.002 M .  After 30-min stirring a t  0-4', the solu- 
tion was centrifuged again a t  27,500g for 15 min. 

The final supernatant from above is termed S2 (extended 
euchromatin). A 5-min nuclease treatment of rat liver chroma- 
tin yields 10-15% of the total chromatin nucleic acid in S2. 
The DNA prepared from the S2  chromatin fraction (5-min 
DYase treatment) is double stranded and 700 base pairs in 

length (number-average length). Longer exposure to DNase 11 
yields up to 25% of the chromatin DNA in S2. When prepared 
from Drosophila embryo chromatin, the euchromatin fraction 
also contains 25% of the total chromatin D N A  ( 1  5-min diges- 
tion). Table I lists the amounts of nucleic acid found in the 
fractions obtained from both rat liver and Drosophila chroma- 
tin. 

The pellet heterochromatin fractions are termed PI (first 
pellet) and P2 (second pellet). Gottesfeld and Bonner (1974) 
have shown that the PI fraction from rat chromatin is relative- 
ly inaccessible to enzyme attack. Thus the D h A  in this frac- 
tion is likely to be more highly compacted and may correspond 
to the constitutive or centric heterochromatin in metaphase 
chromosomes. Measurement of template activity and DNA-- 
R N A  hybridization studies (Gottesfeld et al., 1974) show, that 
the pellet or heterochromatin fractions correspond to the tem- 
plate inactive fraction of interphase chromatin. Table I indi- 
cates that very little nucleic acid is found in the second pellet 
fraction (P2) after a 5-min enzyme treatment. Bonner et al. 
( 1  973, 1974) have given the chemical compositions of the frac- 
tions obtained from rat chromatin. Evidence for the validity of 
this fractionation procedure is also presented in Bonner el al .  
( 1973, 1974) and in Gottesfeld et al .  ( I  974). 

Preparation of DNA. DNA was prepared from chromatin 
and the chromatin fractions in the following manner. The chro- 
matin preparations were first extracted with phenol (saturated 
with 0.01 M Tris-C1, pH 8) until no visible material remained 
a t  the interface. The aqueous phase was extracted repeatedly 
with an equal volume of chloroform-isoamyl alcohol (24: I ,  v /  
v). The aqueous phase was then dialyzed overnight 1's. 0.01 M 

Tris-C1 (pH 8),  containing 0.5 M NaCI. The dialysate was 
treated with ribonuclease (Worthington, RAF; preincubated at 
80' for 10 min) a t  50 fig/ml for 1 hr a t  37'. After ribonuclease 
treatment, EDTA (pH 8) was added to 0.01 LI and sodium do- 
decyl sulfate to l% (w/v). Pronase (Calbiochem, CB; preincu- 
bated a t  37" for 1 hr) was added to 50 pg/ml. ;tnd the mixture 
was incubated a t  60' for 1-2 hr. After enzyme treatments. the 
D%A was phenol and chloroform-isoamyl alcohol extracted as 
before. The final D N A  solution was dialyzed extensively vs .  
distilled water and then lyophilized. 

Estimation of Nucleic Acid Concentrations. DNA concen- 
trations were determined spectrophotometrically using an  
E260 ",,- value of 6600. D N A  concentrations of chromatin sam- 
ples were estimated spectrophotometrically on solutions diluted 
with I N NaOH (final NaOH concentrations were 0.9-0.98 
n). An A26Onm reading of 1.0 corresponds to 37 fig/ml of 
chromatin DNA. 

Fluorescence Measurements. Fluorescence spectroscopy was 
performed with a Hitachi Perkin-Elmer spectrofluorimeter 
Model MPF-2A. All measurements were made a t  24-25', Flu- 
orescence of quinacrine in the presence of nucleic acid and n u -  
cleoprotein preparations was measured a t  a quinacrine concen- 
tration of 2.0 X M. The buffers used i n  this study were 0.1 
I.I sodium phosphate (pH 6.8-7.0) and 0.01 M Tris-CI (pH 8) .  
Fluorescence values reported herein are given relative to the 
fluorescence of quinacrine measured in the same solvent. Quin- 
acrine was the dihydrate hydrochloride (mol wt 506.9) ob- 
tained from the Sigma Chemical Co.. St .  Louis, 2.10. The exci- 
tation wavelength was 424 nm, and an emission spectrum was 
obtained for each sample. The excitation and emission slits 
were maintained a t  6 nm. 

To test the effect of chromosomal proteins on the fluores- 
cence of a quinacrine-chromatin complex, Pronase was added 
to the mixture and the fluorescence output of the solution was 
monitored with time. To 0.5 ml of a solution containing rat 
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liver P1 fraction heterochromatin (at 83 pg/ml of chromatin 
DNA) and quinacrine (at 2.0 X M) in 0.01 M Tris-C1 
(pH 8) ,  50 pl of a 200-pg/ml solution of Pronase (preincubated 
at 37' for 1 hr) was added a t  time zero. The excitation wave- 
length was 424 nm, and emission was monitored for 30 min a t  
495 nm. No significant instrument drift was observed with 
quinacrine alone measured a t  intervals over a 30-min period. 
Pronase (in the absence of nucleoprotein) had no effect on the 
fluorescence of quinacrine. 

Measurement of Quinacrine Binding to DNA, Chromatin, 
and the Chromatin Fractions. Owing to the fact that quina- 
crine fluorescence is affected differently by A.T and G-C base 
pairs (Weisblum and de Haseth, 1972; Pachmann and Rigler, 
1972), fluorescence titrations with natural DNAs cannot be 
used to estimate association constants or the number of sites 
per nucleotide available for dye binding. To study the interac- 
tion of quinacrine with DNA and chromatin quantitatively, we 
made use of the fact that the optical extinction coefficient of 
quinacrine is reduced on binding to DNA. Pachmann and Ri- 
gler (1972) have shown that both A-T- and G-C-containing 
polynucleotides cause a hypochromic shift in the absorption 
spectrum of quinacrine. Blake and Peacocke (1968) have pre- 
sented a detailed treatment of the use of spectrophotometric ti- 
trations and the Scatchard plot in  studying the binding of ami- 
noacridines to nucleic acids. Briefly, if one plots r/CF vs. r, 
where r is defined as the ratio of moles of bound dye (quina- 
crine) to moles of DNA nucleotides and CF is the molar con- 
centration of free dye, then a straight line is obtained for each 
class of binding sites present if  the sites within each class are 
equivalent and independent of one another. The,slope of the 
straight line is - K a ,  the association constant, and the intercept 
on the abscissa is ii, the maximal number of moles of dye 
bound per mole of DNA nucleotide. 

The molar extinction coefficient of bound quinacrine, 
e420nmb, was obtained experimentally for each DNA and nu- 
cleoprotein sample. At a constant concentration of quinacrine 
(4.4 X IO-5 M) in 0.01 M Tris-C1 (pH 8), the nucleic acid con- 
centration was varied over the range of 1.0 X to 3.0 x 

M. The absorbancies of the quinacrine-DNA or quina- 
crine-nucleoprotein complexes were measured at 420 nm with 
a blank of DNA or nucleoprotein in the absence of quinacrine. 
This serves to correct for light scattering at high nucleoprotein 
concentrations. The absorbance at 420 nm was obtained from 
an absorption spectrum performed with a Cary Model 1 1  re- 
cording spectrophotometer. All absorption measurements were 
made a t  ambient temperature (24'). The value of t420 nmb was 
obtained from the absorption value at infinite nucleotide con- 
centration. This latter value was obtained from a computer fit 
of a double-reciprocal plot of the experimental data by the 
method of least squares. Table I1 lists the extinction coeffi- 
cients for free quinacrine and for quinacrine bound to various 
DNA and nucleoprotein preparations. 

Data for the Scatchard plot were obtained from experiments 
where the concentration of quinacrine was varied over a 15- 
fold range at a fixed concentration of nucleic acid (DNA or 
chromatin). These experiments were performed as follows. To 
3.0 ml of a solution containing DNA or nucleoprotein (ranging 
in concentration from 1.4 to 2.5 X M in DNA nucleo- 
tides) in 0.01 M Tris-CI (pH 8.0), 5- to 2O-pI aliquots of a 5.0 
X M solution of quinacrine were added. After each addi- 
tion of quinacrine an absorption spectrum was taken. A blank 
containing DNA or nucleoprotein in the absence of quinacrine 
was used to compensate for light scattering. The absorption 
spectrum of free quinacrine a t  each concentration (1.0-15 X 

M) was also obtained. Beer's law was found to be obeyed 

TABLE 11: Extinction Coefficients of Quinacrine (Free) and 
Quinacrine Bound to Rat  Liver DNA,  Chromatin, and 
Chromatin Fractions. 
______---___ ___ 

Sample" 64x1 nl l l  

Quinacrine, free 7 . 6  x 103 
Quinacrine, bound to 

D N A  3 . 9  x 103 
Chromatin 3 . 8  X lo3 
Euchromatin 3 9 x 103 
Heterochromatin 4 I x 103 

a All measurements were made in 0.01 M Tris-Cl (pH 8). 

over this range of quinacrine concentrations. The molar frac- 
tion of bound quinacrine was obtained from the absorbance 
readings as described by Blake and Peacocke (1968). To obtain 
Ka, the association constant, and ii, the maximal number of 
moles of quinacrine bound per mole of DNA nucleotides, a 
computer fit of the Scatchard plot by the least-squares method 
was performed. 

Circular Dichroism Spectroscopy. Circular dichroism spec- 
tra were obtained with a Roussel-Jouan Dichrograph I1 and 
with a Durrum-Jasco ORD/UV-5. Spectra were recorded a t  
room temperature with a sample cell of I-cm path length. 
Spectra were scanned from 350 nm downward to lower wave- 
lengths until the noise level became too high to record mean- 
ingful data (usually around 210 nm). C D  spectra were ob- 
tained with samples at A260nmi cm values of 0.8-1.5. Spectra 
are reported in terms of the difference in extinction coefficients 
for left and right circularly polarized light, respectively. tl - t, 
is defined as ( A I  - A,)/lc,  where A I  and A ,  are the absor- 
bancies for left and right circularly polarized light, respective- 
ly, 1 is the path length of the sample in centimeters, and c is the 
molar concentration of the sample. All spectra presented here- 
in are reported in terms of molar concentrations of DNA nu- 
cleotides. 

Thermal Denaturation. The mean temperature of thermal 
denaturation ( Tm) of the DNA samples was determined with a 
Gilford spectrophotometer-multiple sample absorbance re- 
corder equipped with a Haake circulating bath. The tempera- 
ture of the bath was increased at a linear rate of about 0.5'/ 
min. DNA samples were dialyzed against standard saline ci- 
trate (0.15 M NaCI-0.015 M trisodium citrate) prior to dena- 
turation. 

Determination of DNA Size. The size o f  the DNA prepared 
from chromatin and the chromatin fractions was determined 
by electron microscopy. The DNA samples were spread from 
aqueous ammonium acetate by the method of Davis et al. 
(1971). 

Results 

Quinacrine Fluorescence. FLUORESCENCE OF QUINA-  

CLEOTIDES. When excited at 424 nm, the fluorescence maxi- 
mum of quinacrine in aqueous solution is 490-500 nm. The ad- 
dition of naturally occurring DNAs of moderate A.T content 
(less than 60% A-T) or G-C-containing polynucleotides to a so- 
lution of quinacrine causes the quenching of fluorescence. On 
the other hand, (A + T)-rich DNAs and polynucleotides cause 
an enhancement of quinacrine fluorescence (Weisblum and de 
Haseth, 1972; Pachmann and Rigler, 1972). Neither quench- 
ing nor enhancement of fluorescence affects the shape or the 
position of the maximum of the quinacrine emission spectrum. 

CRINE ON BINDING TO DNA AND SYNTHETIC POLYNU- 
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FIGURE I : Relative fluorescence intensity of quinacrine measured in 
the presence of increasing concentrations of unfractionated chromatin 
(O) ,  S2 euchromatin (A), and P1 heterochromatin (0). The data for 
P2 heterochromatin (not shown) were essentially identical with that for 
unfractionated chromatin. Chromatin fractions were isolated after 15- 
rnin exposure to DNase. Quinacrine fluorescence was measured in  0.1 
w phosphate buffer (pH 6.8) as described in Methods. Data are in- 
cluded for ( a )  rat liver (top panel) and (b) Drosophila melanogasrer 
chromatin (bottom panel). "S" indicates computer f i t  value of fluores- 
cence a t  infinite nucleotide concentration. 

Pachmann and Rigler ( 1  972) have presented absorption and 
emission spectra of quinacrine alone and quinacrine in the 
presence of both (A + T)- and (G + C)-rich polynucleotides. 

C H R O M A T I N  A N D  CHROMATIN FRACTIONS. Figure 1 pre- 
sents the data obtained from fluorescence titrations of a stan- 
dard amount of quinacrine (2.0 X M) with varying 
amounts of chromatin and fractionated euchromatin and heter- 
ochromatin. Data are presented for two experiments, one per- 
formed with rat liver chromatin and another with chromatin 
prepared from 6- to 16-hr embryos of Drosophila melanogas- 
f e r .  The two chromatin preparations gave the same qualitative 
results, Euchromatin fractions from both rat liver and Droso- 
phila embryo chromatin quenched quinacrine fluorescence to a 
greater extent than did either unfractionated chromatin or het- 
erochromatin. The curves appear to be simple first-order satu- 
ration curves. W e  have performed a fit of the data by the least- 
squares method (straight-line fit of an inverse plot) to obtain 
fluorescence values a t  saturating concentrations of chromatin. 
The saturation value is the relative fluorescence of completely 
bound quinacrine. These results are also shown in Figure 1 .  
The relative fluorescence of quinacrine bound to euchromatin 
is 0-19 for Drosophila and 0.28 for rat liver. Thus, the fluores- 
cence of quinacrine is quenched by 70-80% on binding to eu- 
chromatin; on the other hand, quinacrine fluorescence is 
quenched by only 22-35% on binding to heterochromatin. 

Q U I N A C R I N E  FLUORESCENCE IN T H E  PRESENCE OF 

: I- 021 

a 
J I ,  
W 0 0.1 0.2 a 

NUCLEOTIDE CONCENTRATION (b l )X  IO3 

w ,  \ 

I a 
i 
W 0 01 0.2 0.3 0.4 0.5 a 

NUCLEOTIDE CONCENTRATION ( M )  x103 
F I G C R E  2: Relative fluorescence intensity of quinacrine measured in  
the presence of increasing concentrations of D N A  prepared from S 2  
euchromatin (A) and PI heterochromatin (0). DNA was prepared 
from chromatin fractions obtained after 15-min exposure to DNase as  
described i n  Methods. Fluorescence was measured at  a quinacrine con- 
centration of 2 X M in 0.1 M phosphate buffer (pH 6.8) as de- 
scribed in Methods. Data are included for (a) rat liver (top panel) and 
(b) D. melanogaster chromatin (bottom panel). "S" indicates comput- 
er fit value of fluorescence at infinite nucleotide concentration. 

Quenching by the nucleoprotein samples did not shift the emis- 
sion maximum of quinacrine by more than 5 nm. 

ORESCENCE. We now attempt to answer the following ques- 
tion: Are the fluorescence patterns observed with quinacrine- 
nucleoprotein complexes due to differences in the base compo- 
sition of the DNA of the chromatin fractions. or are they due 
in part to differences in protein-DNA interactions? The first 
half of this question can be answered directly by determining 
the base composition of the DNA isolated from the chromatin 
fractions. Furthermore, the fluorescence of quinacrine can be 
measured in the presence of these DNA samples. 

The base composition of a DNA preparation (of 400 base 
pairs or greater in length) can be determined by measuring its 
T ,  (mean temperature of thermal denaturation) i n  standard 
saline-citrate (Mandel and Marmur, 1968). Rat DNA (42% 
G C )  theoretically should exhibit a T,  of 86". W e  observed a 
T ,  of 85" for rat liver DNA. The D N A  prepared from rat liver 
euchromatin (5-min DNase treatment) exhibited a T,  of 84". 
Similarly, the D N A  of rat liver PI heterochromatin had a T,, 
of 8 5 O .  To a first approximation, therefore, the base composi- 
tion of the DNAs from the chromatin fractions are identical 
(with 42 f 2% G-C). 

When the fluorescence output of quinacrine was measured in 
the presence of varying amounts of euchromatin and hetero- 
chromatin DNA, the saturation curves of Figure 2 were ob- 
tained. Data for euchromatin and heterochromatin DNA of rat 

PROTEIN-DNA INTERACTIONS A N D  QUINACRIXE FLU- 
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F I G U R E  3: Time course of Pronase treatment of a quinacrine-hetero- 
chromatin mixture. At time zero (arrow), 50 pl  of a 200-pg/ml solu- 
tion of Pronase was added to 500 pl of a solution containing quinacrine 
(2  X M )  and rat liver PI heterochromatin (83 wg/ml of nucleic 
acid). The heterochromatin sample was that obtained after 5-min ex- 
posure of chromatin to DNase. Other experimental details are given in 
Methods. Fluorescence is expressed in  arbitrary units. 

(Figure 2a) and Drosophila (Figure 2b) are shown. As expect- 
ed from base composition determinations, the data for euchro- 
matin and heterochromatin DNA (from the same organism) 
are identical. The fluorescence titration curves for unfraction- 
ated DNA were also found to be the same as those for euchro- 
matin and heterochromatin DNA from the same organism. 
The fluorescence titrations for euchromatin (Figure 1) most 
closely resemble those for deproteinized DNA (Figure 2), and 
the relative fluorescence of quinacrine at saturating concentra- 
tions of rat euchromatin (Figure l a )  was the same as that 
value a t  saturating concentration of rat DNA (Figure 2a). 

Since base composition differences cannot reasonably ac- 
count for the data of Figure 1 ,  some other component of chro- 
matin must be responsible. In  order to examine the role of 
chromosomal proteins, the fluorescence of a quinacrine-heter- 
ochromatin mixture was monitored with time after addition of 
Pronase to the solution (Figure 3). Over a 20-min period a 
marked decrease in fluorescence output was noted. This is the 
change one would expect as heterochromatin is deproteinized 
and transformed into DNA. Pronase by itself did not alter the 
fluorescence of quinacrine. Furthermore, chromosomal pro- 
teins by themselves (histone and non-histone proteins) did not 
affect quinacrine fluorescence under our experimental condi- 
tions (0.01 M Tris-C1 (pH 8) or 0.1 M sodium phosphate (pH 
6.8)). Thus it appears that protein-DNA interactions in chro- 
matin are responsible for the observed results (Figure 1). 

We have indicated that the fluorescence of quinacrine bound 
to heterochromatin is substantially greater than the fluores- 
cence of quinacrine bound to euchromatin or DNA. We attrib- 
ute this difference to the different quantum yields of the bound 
species. This conclusion rests on the value of relative fluores- 
cence a t  saturating nucleotide concentrations. However, if the 
fractions are vastly different with respect to either binding af- 
finities for quinacrine or the number of sites per nucleotide 
available for binding, the conclusions reached above must be 
reassessed. Therefore, a quantitative estimation of these bind- 
ing parameters has been obtained. 

Binding of Quinacrine to Chromatin and DNA. SPECTRAL 
C H A N G E S  ON BINDIKG. Quinacrine in aqueous solution has 
absorption maxima a t  345, 424, and 446 nm. On binding to 
DNA, the absorption maxima are  shifted to longer wave- 
lengths; moreover, the entire spectrum undergoes a hypo- 
chromic shift. This is characteristic of the interaction of planar 
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FIGURE 4: Visible difference spectra of quinacrine in the presence of 
near saturating concentrations of rat DNA (0.31 X id in nucleo- 
tides) and chromatin (0.23 X I O w 3  M in  nucleotides) as compared to 
free quinacrine. Absorption spectra were measured at a quinacrine 
concentration of 4.4 X IO-5 id in 0.01 M Tris-CI (pH 8). DNA = solid 
line; chromatin = dashed line. 

dye molecules with nucleic acids (Blake and Peacocke, 1968). 
Pachmann and Rigler ( 1  972) have presented data which indi- 
cate that both (G + C)- and (A + T)-rich polynucleotides have 
the same effect on the absorption spectrum of quinacrine as 
naturally occurring DNA (<60% A-T). 

On binding to either chromatin or the chromatin fractions, 
the absorption spectrum of quinacrine undergoes the same hy- 
pochromic shift as on binding to rat DNA. Absorption differ- 
ence spectra are presented in Figure 4. The absorption spectra 
of quinacrine-DNA and quinacrine-chromatin complexes 
were measured a t  near saturating nucleotide concentrations. 
Under these conditions nearly all the dye present in solution is 
bound. Spectra were taken with two cuvets in the reference po- 
sition of the spectrophotometer; one cuvet contained quinacrine 
alone while the second cuvet contained either DNA or chroma- 
tin. An instrument baseline was obtained by measuring the ab- 
sorption of quinacrine with an identical cuvet containing quina- 
crine in the reference position. The absorption difference spec- 
tra of quinacrine-DNA and quinacrine-chromatin complexes 
are nearly identical (Figure 4). Thus it appears that quinacrine 
forms a similar complex with chromatin as with DNA. Lerman 
( 1  963) has shown that the mode of interaction of quinacrine 
with DNA is intercalation. It is tempting, therefore, to specu- 
late that the mode of interaction of quinacrine with chromatin 
is also via intercalation of the dye between the stacked bases of 
DNA. Since the absorption spectrum of quinacrine undergoes 
the same transition upon interaction with DNA or chromatin, 
spectrophotometric titrations can be used to investigate the 
binding of quinacrine to DNA and nucleoproteins quantitative- 

A spectrophotometric titration of quinacrine with increasing 
concentrations of rat chromatin, euchromatin, and heterochro- 
matin was performed in order to obtain the value of the extinc- 
tion coefficient of bound quinacrine. Figure 5 and Table I1 
present the results of this experiment. The values of e42onmb 

are nearly identical (f3.5%) for DNA, chromatin and the 
chromatin fractions. Even though the absorption values a t  sat- 
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FlCiLRE 5: Spectrophotometric titration of quinacrine (4.4 X IO-' M )  
w i th  increasing concentrations of rat chromatin ( O ) ,  PI heterochroma- 
t in  (a), and S2 euchromatin (A). The absorption of quinacrine in 0.01 
M Tris-CI (pH 8)  in the absence of nucleoproteins was 0.335 at  420 
n m .  "S" indicates computer fi t  value of absorption at infinite nucleo- 
tide concentration. Chromatin fractions were obtained after 15-min ex- 
posure to DNase. 

uration are nearly identical for the nucleoprotein preparations, 
the spectrophotometric titrations are somewhat different. An 
equivalent hypochromic shift in the absorption of quinacrine 
was found a t  lower concentrations of euchromatin than hetero- 
chromatin; that is, more heterochromatin than euchromatin 
was required to produce the same decrease in absorption. This 
holds true for nonsaturating concentrations (less than 3 X 
M in nucleotides). Again, quinacrine fully bound to chromatin, 
euchromatin or heterochromatin has essentially the same ex- 
tinction a t  420 nm. 

SCATCHARD PLOTS. Spectrophotometric titrations were 
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FIGURE 6: Scatchard plots of data obtained from spectrophotometric 
titrations of a standard amount of DNA or chromatin with increasing 
concentrations of quinacrine (see Methods): DNA (0); unfractionated 
chromatin (0) ;  S2 euchromatin (A); and PI heterochromatin (0). 
Chromatin fractions were obtained after 15-min exposure to DNase. 

TABLE 111: Data from the Scatchard Plots. 

ii (Sites: 
K3 K d  Nucleo- Sites/lO 

Sample (10; W1) M) tide) Base Pairs 

DNA 4 . 0  2 . 5  0.051 1 . 0 2  
Chromatin 2 . 6  3 . 9  0.047 0 . 9 4  
Euchromatin 3 . 5  2 . 9  0.049 0.98 
Heterochromatin 2 . 0  5 . 0  0 .047  0 . 9 4  

also performed under conditions where the concentration of 
nucleic acid was fixed and the concentration of quinacrine was 
varied over a 15-fold range (see Methods). The results of such 
titrations were plotted according to the method of Scatchard 
(1949). Figure 6 illustrates Scatchard plots for rat DNA, chro- 
matin, euchromatin and heterochromatin. The intercept on the 
r axis (the abscissa) is a, the maximal number of moles of quin- 
acrine bound per mole of nucleotides, and the slope is - K a ,  the 
association constant. The values of ii obtained for DNA, chro- 
matin and the chromatin fractions are nearly identical (Table 
H I ) ;  the average value of A was 0.048 f 0.002. This corre- 
sponds to about one site available for quinacrine binding per 
turn o f  double-helical "B"-form DNA,  

The association constants obtained from the Scatchard plots 
are listed in Table 111. The values of K ,  for the interaction of 
quinacrine with D N A  and for quinacrine with heterochromatin 
differ by only a factor of two. The values of  K ,  for euchromatin 
and unfractionated chromatin lie between the values for DNA 
and heterochromatin. The data of the Scatchard plots appear 
to lie on one straight line; this indicates that only one cl 
binding sites for quinacrine exists in either DNA or chromatin 
(Blake and Peacocke, 1968). This finding was quite surprising 
since A-T and G.C base pairs affect the fluorescence of quina- 
crine so differently. From the Scatchard plots we must con- 
clude that quinacrine binds to A.T and G.C base pairs by the 
same thermodynamic process. Furthermore, since the maximal 
number of sites available for quinacrine binding ( i i )  is the same 
for DNA, chromatin and the chromatin fractions, chromosom- 
al proteins do not occupy potential binding sites. Chromosomal 
proteins do, however, decrease the association constant for the 
interaction of quinacrine with the nucleic acid in chromatin. 
These data are quite similar to those obtained by Simpson 
( 1  970) for the interaction of a reporter molecule with DNA 
and chromatin. The number of sites available for binding the 
reporter ( i i )  was found to be the same for DNA and chromatin; 
however, the association constant for the interaction o f  the re- 
porter with chromatin was one-half that for the interaction of 
the reporter with DNA. 

Pachmann and Rigler (1972) and Modest and Sengupta 
( 1973) have also presented results of binding experiments with 
quinacrine and DNA. Using fluorescence polarization, Pach- 
mann and Rigler ( 1  972) report an association constant of 6- I O  
X I O 5  M-I and ii = 0.08-0.16. These values are in close agree- 
ment with those of Figure 6 and Table 111. On the other hand. 
Modest and Sengupta (1973) have reported values of K = 1.6 
X I O 7  M-' and n = 0.72. These data were obtained by ultrafil- 
tration and probably reflect the ionic interaction of quinacrine 
with DKA phosphates. The spectroscopic binding data re- 
ported herein and by Pachmann and Rigler (1972) reflect 
binding via intercalation, The second (ionic) class of binding 
sites was not detected in our experiments (Figure 6); higher 
dye to nucleotide ratios, however, have revealed this class of 
binding. 
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ESTIMATION OF BINDING PARAMETERS FROM FLUO- 
RESCENCE DATA. We have mentioned before that the binding 
parameters K,  and A cannot be determined independently from 
fluorescence titrations with natural DNAs due to the fact that 
A.T and G-C base pairs have different effects on quinacrine 
fluorescence. Htlene et al. (1971), however, have shown that 
the product of K,A can be obtained directlyly from a titration 
of a fluorescent molecule with DNA. Equation 6 of MCltne et 
a/. (1  97 1) can be modified to give a general equation for the 
binding of fluorescent molecules to DNA 

This equation assumes that i classes of binding sites exist. @ F  is 
the quantum yield of free quinacrine; @ B ~  is the quantum yield 
of quinacrine bound to sites of class i; and @ is the observed 
quantum yield. @F/(@F - 4) is equal to I/AJ where Afis 1 
minus the quantum yield @/@F. Equation 1 describes a 
straight-line plot of I/Af vs. I/CDN*. Figure 7 illustrates such 
a plot for rat DNA and for poly(rG).poly(rC). The ratio of y 
intercept to slope is ZiKaiiii. From Figure 7, ZjKai Ai is 2.07 X 
I O 4  M-' for rat DNA, and 2.21 X lo4 M-I for poly(rG).po- 
ly(rC). From the Scatchard plot for rat DNA, K ,  is 4.0 X lo5 
M-I and A is 0.051. The product (K,A) is 2.04 X I O 4  M-I.  Thus 
by two independent measurements (fluorescence and spectro- 
photometric titrations), we arrive a t  the same value of K,A. 
This indicates that the values of K ,  and ii obtained from the 
Scatchard plots are reliable. 

We must reemphasize that fluorescence titrations cannot be 
used to estimate K ,  and A independently for natural DNAs. 
Binding parameters can be estimated, however, from fluores- 
cence titrations of quinacrine with synthetic homopolymer du- 
plexes. From a Scatchard plot of the fluorescence titration data 
for poly(dA).poly(dT) (Weisblum and de Haseth, 1972), a K ,  
of 3.3 X IO5 M-' was calculated. This value is quite similar to 
the value of K ,  calculated from the spectrophotometric titra- 
tion for rat DNA (4.0 X lo5 M-'). Furthermore, the value of 
K,  for poly(rG).poly(rC) is approximately 4.4 X I O 5  M - I .  

Thus quinacrine appears to have about the same affinity for 
A-T and G-C base pairs. Moreover, the number of sites per nu- 
cleotide available for binding (A) appear to be the same for all 
polynucleotides and nucleoproteins investigated ( A  = 0.048 f 
0.002). 

DNA Conformation. CIRCULAR DICHROISM SPECTROS- 
COPY. In recent years circular dichroism spectroscopy has 
come into wide use as a tool for investigating nucleic acid con- 
formation and protein-induced alterations in DNA conforma- 
tion. We have measured the C D  spectra of chromatin, euchro- 
matin, heterochromatin, and DNA under a variety of model 
conditions. Figure 8 illustrates the CD spectra for these nucleo- 
proteins and DNA isolated from rat liver. The C D  spectrum of 
DNA in aqueous solution is characterized by a major positive 
band at 275 nm and a major negative band at 245 nm with a 
crossover a t  the wavelength of maximal absorption, 258 nm. A 
second positive band is centered at about 220 nm. The C D  
spectrum of chromatin differs from that of DNA in several re- 
spects. The absolute magnitude of the positive band a t  275 nm 
is reduced from that of DNA in chromatin. By treating chro- 
matin with deproteinizing agents (sodium dodecyl sulfate, 
NaCI, or proteolytic enzymes), one can transform the CD spec- 
trum from that of chromatin to one resembling the C D  spec- 
trum of DNA (Shih and Fasman, 1970; Simpson, 1972; Hen- 
son and Walker, 1970). Below 250 nm, the major features of 
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FIGURE 7: Plot of l/Af vs. I /DNA concentration for rat DNA (e) 
and poly(rG).poly(rC) (m). The data for poly(rG)-poly(rC) were ob- 
tained from Weisblum and de Haseth (1972). 1 /Af is defined as the in- 
verse of ( I  - relative fluorescence intensity). The value of 8, Ka'it, was 
2.21 X I O 4  M-I for poly(rG).poly(rC) and 2.07 X I O 4  M-' for rat 
DNA. 

the CD spectrum of chromatin are the protein CD band at 220 
nm and the nucleic acid shoulder a t  245-250 nm. 

The reduced value of the C D  band at 275 nm has been inter- 
preted by many authors as evidence for the altered conforma- 
tion of DNA in chromatin. It has been suggested that the 
DNA in chromatin is partially in the "C" conformation (John- 
son et a/., 1972). DNA is thought to exist in the "C" confor- 
mation under a variety of conditions; for example, Li salts of 
DNA a t  95% relative humidity (Marvin et al., 1961; Tunis- 
Schneider and Maestre, 1970) and DNA in ethylene glycol 

0 
WAVELENGTH (nm) 

FIGURE 8: Circular dichroism spectra of rat DNA (0). chromatin 
( X ) ,  S2 euchromatin (A), PI heterochromatin (0) in 0.01 M Tris-CI 
(pH 8) and rat DNA in  90% ethylene glycol (e). The chromatin frac- 
tions were obtained after 15-min exposure to DNase. 
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TABLE iv: CD and Nucleic Acid Conformation. 
__________ -____ 

Z B  
Sample Ae?i5 ”,,, conformation 

DNA, aqueous solution 2 . 6 4  100 
DNA, 90% ethylene glycol -0.01 0 (“C” form) 
Chromatin 1.40 53 
Euchromatin 2 . 0 0  76 
Heterochromatin 0 83 32 

(Nelson and Johnson, 1970) show characteristics of the “C” 
form. The C D  spectrum of DNA in ethylene glycol (Figure 8 
and helson and Johnson, 1970) is nearly identical the spec- 
trum of films of Li salt DNA known to be in the “C” form 
(Tunis-Schneider and Maestre, 1970). W e  will therefore refer 
to the C D  spectrum of D N A  in ethylene glycol as a “C”-form 
spectrum. The B - C transition is characterized by an almost 
complete loss of the 275-nm positive band. Minor C D  bands 
are seen at 284 and 295 nm, respectively. A negative shoulder 
is seen at 265-270 nm. The major negative band of DNA is in- 
creased in the “C”-form spectrum; the value of A t 2 4 j n m  for 
“B”-form DlCA is - 1.96, while At245 ,,,,, in the “C”-form spec- 
trum is -2.67. 

The values of At275 n m  for D N A  (“B”- and “C”-form spec- 
tra) and the nucleoprotein samples are listed in Table IV. The 
spectrum of euchromatin is most like that of “B”-form DTVA 
while heterochromatin exhibits a spectrum more like that of 
the “C”-form of DNA. The spectrum of unfractionated chro- 
matin is intermediate between those of euchromatin and heter- 
ochromatin. Johnson et al. ( I  972) have assigned a per cent “B“ 
contribution to chromatin DNA from the C D  spectrum. I f  we 
assume that all the base pairs of rat DNA in aqueous solution 
are i n  the “B“ form, and that all the base pairs of rat DNA in 
90% ethylene glycol are i n  the “C” form. then we can ascribe a 
per cent “B“-form conformation to the nucleic acid of the nu- 
cleoprotein samples. Since protein does not contribute to the 
C D  spectrum of DNA above 250nm, we make use of At?jj  n m  

i n  making the assignment of conformation. Our only reserva- 
tion in making these assignments is that we do not know what 
effects. i f  any. light scattering may have on the circular di- 
chroism spectrum of chromatin (Dorman and Maestre. 1973). 
The heterochromatin fraction ( P l )  showed considerably more 
light scattering than either euchromatin or unfractionated 
chromatin ( A ~ ~ O / A * ~ O  1 0.1 for heterochromatin; A31o/A26(] 

<0.02 for euchromatin and unfractionated chromalin). I t  is 
clear that the C D  spectrum of heterochromatin does not fi t  ei- 
ther the “B”- or “C”-form spectra above 285 nm; this tailing of 
the positive C D  band to longer wavelengths is most likely due 
to light scattering (Dorman and Maestre. 1973). Thus. we do 
not know to what degree our assignment of per cent “ B ”  con- 
formation to heterochromatin DNA is influenced by scattering 
artefacts: nevertheless. the conformations of DNA in the chro- 
matin fractions are clearlb different (Polacow and Simpson. 
1973). 

Conclusions 
I n  this study, we have concerned ourselves with the biophysi- 

cal basis of differential staining of chromosomes with quina- 
crine. We have chosen to work with fractionated interphase 
heterochromatin and euchromatin. W e  have shown that the 
quantum yield of quinacrine bound to either unfractionated 
chromatin or heterochromatin is significantly greater than the 
quantum yield of quinacrine bound to either euchromatin or 
DNA in aqueous solution. Deproteinization abolishes this dif- 

ferential fluorescence; furthermore, no differences in DNA 
base composition were found between the euchromatin and 
heterochromatin fractions. These results cast doubt on whether 
the banding patterns seen with quinacrine-stained chromo- 
somes are solely a reflection of intrachromosomal differences 
in DNA base composition. It must be stressed, however. that 
this work does not dispute the findings of Weisblum and de 
Haseth ( 1  972) and Pachmann and Rigler ( 1  972) pertaining to 
the in vitro base specificity of quinacrine fluorescence with pu- 
rified nucleic acids. In fact, the very sharp (and very narrow) 
fluorescent bands seen on the Y chromosome of Drosophila 
(Vosa, 1970) could indicate the localization of ( A  + T)-rich 
satellite DNA. 

Quinacrine bands are generally thought to be localized in 
the heterochromatic regions of chromosomes (Vosa, 1970; Ad- 
kisson er a/ . ,  1971; GagnC et a/..  1971). Our results suggest 
that the conformation of the D N A  in the heterochromatic por- 
tion of chromosomes is altered from that of the “B” to the “C” 
form. Chromosomal proteins, in particular the histones, are 
thought to induce and maintain this change in nucleic acid con- 
formation (Simpson, 1972; Shih and Fasman. 1972: Henson 
and Walker, 1970; Simpson and Sober, 1970). Furthermore, 
our results suggest that quinacrine bound to heterochromatin is 
highly fluorescent while quinacrine bound to euchromatin is 
only weakly fluorescent. The alternation of heterochromatic 
and euchromatic regions along the chromatids of metaphase 
chromosomes would, therefore, lead to fluorescence banding 
patterns. Caspersson et al. (1972) have shown that the mitotic 
chromosomes of several cell types of the same organism have 
the same banding patterns. Thus, banding does not reflect the 
genetic activity of cells per se. More likely, banding reflects the 
ordered packaging of DNA into the chromosome. 

One of the most remarkable features of chromosome band- 
ing techniques is the similarity of bands produced by a varicty 
of methods. Lee et a / .  (1973) have identified four groups of 
techniques which produce similar patterns; these are ( I )  yuina- 
crine fluorescence; (2)  Giemsa in combination with alkali-heat- 
ing techniques; (3) Giemsa in combination w i t h  any one ofsev- 
era1 proteolytic enzymes: and (4) Giemsa in combination with 
protein-denaturing substances such as 5 LI urea and anionic 
and nonionic detergents. Until recently, it was thought that the 
Giemsa-alkali heating technique (number 2 abovc) reflected 
the differential chromosomal localization of classes of repeti- 
tious and nonrepetitious DNA. Comings PI  u l .  (1973) :ind 
Stockert and Lisanti (1972) have shown that in t i r u  renatura- 
tion of chromosomal DNA (repetitive and single copy) is com- 
plete within a few minutes. Thus. preferential reassociation of 
repetitious DNA cannot explain the banding patterns produced 
with Giesma. Comings et al .  (1973) have also shown that thc 
G-banding techniques remove very little DKA or protein from 
the chromosomes. Harsh treatment of chromosomes w i t h  alkali 
or prolonged exposure to proteolytic enzymes abolishes G 
bands altogether. 

The results of G-banding techniques employing mild treat- 
ment with proteolytic enzymes and detergents tend to support 
the idea that chromosome banding patterns do not reflect in- 
trachromosomal differences in DNA base ratio. These agents 
(enzymes and denaturants) presumably act only on the protein 
component of chromosomes. The fact that these techniques 
give rise to banding patterns which are similar to those ob- 
tained with quinacrine support the conclusion that bariations in 
protein-DNA interactions along the chromatids of nietaphax 
chromosomes are responsible for banding. Recently. Rodman 
and Tahiliani (1973) have shown that Feulgen staining o f  
mouse chromosomes reveals a banding pattern similar to  t h a t  

2944 B I O C H E M I S T R Y ,  V O L .  1 3 ,  N O  1 4 ,  1 9 7 4  



M E C H A N I S M  O F  Q U I N A C R I N E  S T A I N I N G  

obtained with Giemsa or quinacrine-mustard. These authors 
postulate that “the localization of Feulgen dark and light stain, 
representing relative DNA densities, reflects the regional pro- 
tein association of the DNA.” 

In conclusion, we suggest that chromosome banding with 
quinacrine reflects differences in protein-DNA interactions, 
and DNA conformation, along the chromatids of metaphase 
chromosomes. 
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