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Deproteinized Calf Thymus Deoxynucleoproteins
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Spectrophotometric and fluorimetric studies
were made on the binding of quinacrine mustard
to whole and partially deproteinized calf thymus
deoxynucleoproteins. Proteins were extracted
from the deoxynucleoprotein with 0.2, 0.3, 0.4,
0.6, and 3 M NaCl in the presence of 6 M urea
and 0.04 M sodium bisulfite. The proteins were
further separated from the remaining deoxy-
nucleoprotein on Bio-Gel A-50 columns. A de-
crease in the fluorescence intensity of quinacrine
mustard was observed as the proteins were
removed from the deoxynucleoprotein. The
greatest decrease was obtained when most of the
proteins (extraction with 0.6 or 3 M NaCl in 6
M urea and 0.04 M sodium bisulfite) were
removed from the DNA core. At low dye-to-
polymer ratios the removal of all the histones
(NaCl concentrations above 0.4 M in 6 M urea
and 0.04 M sodium bisulfite) caused a marked
change in the fluorescence intensity of quina-
crine mustard. Probably the proteins compete
for the binding of the dye to deoxynucleo-
protein. Natural and artificial deoxynucleo-
proteins reacted differently with quinacrine
mustard. This probably reflects structural dif-
ferences between the polymers. When quinacrine
and quinacrine mustard were mixed with whole
deoxynucleoprotein, differences occurred in the
absorption and fluorescence properties of the
two dyes. This suggests that the two dyes must
interact in different ways with the polymer.

Studies on the chemical composition of chromo-
somes in eucaryotes show that several kinds of
proteins, both basic (histones) and acidic (non-
histones), as well as RNA, are bound to chro-
mosomal DNA.! Various techniques have been
used to investigate the structure of these
chromosomal components.’~* The interaction
between small molecules or dyes with macro-
molecules has also provided information about
the molecular organization of chromosomes.
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Dyes that have been found useful include
acridine derivatives, such as acridine orange,’-?
proflavine,®-** quinacrine and quinacrine mus-
tard.%"!-14 The interaction of other dyes such
as azure A, ethidium bromide,'® and toluidine
blue 7 with macromolecules has also been in-
vestigated.

A fair amount of evidence indicates that
quinacrine and quinacrine mustard bind dif-
ferentially to the bases in nucleic acids (see
reviews above). An enhancement of the fluo-
rescence intensity of these two dyes occurs with
adenine residues, whereas guanine residues de-
crease the fluorescence intensity of the dyes in
solution. Weisblum and de Haseth ? postulated
that the fluorescence intensity of bound quina-
crine also reflects the pattern of base-repetition
in the nucleic acid. The binding of the dye also
depends on the strandedness of the nucleic
acid.'»*® Studies on the interaction between
quinacrine mustard and proteins (histones) in
solution showed that the dye-protein interaction
depends on the physical state of the protein.'®

This paper describes the absorption and
fluorescence properties of quinacrine mustard
bound to deoxynucleoproteins in solution. Paral-
lel studies were made with the related dye,
quinacrine. The data refer to staining of meta-
phase chromosomes in situ with fluorochromes.

EXPERIMENTAL

Deozynucleoproteins. DNP* from calf thymus
was isolated according to the method of Zubay
and Doty.”” The DNP was characterized by a
low 320 nm to 260 nm ratio of absorbance
(<0.05) and by a protein to DNA ratio of
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Table 1. Chemical characterization of DNA, whole DNP and partial DNP’s from calf thymus.
Extraction performed with urea, NaHSO,, and increasing amounts of NaCl.

Sample B0 Egof E g0l Protein/ % Protein
(107%)  E,, By, DNA ratio remaining

DNP (whole) 7.9 1.16 0.71 1.62 100

DNP (extracted)

0.2 M NaCl 7.1 1.23 0.83 0.68 43

0.3 M NaCl 7.1 1.52 1.13 0.60 32

0.4 M NaCl 7.0 1.563 1.31 0.50 23

0.6 M NaCl 6.8 1.62 1.27 0.37 14

3 M Na(Cl 6.8 1.62 1.27 0.19 7

DNA? 6.8 1.95 1.93 0.00 0

@ Angerer and Moudrianakis.’* ® DNA from calf thymus was isolated as described elsewhere.®

approximately 1.6 (Table 1). The whole DNP
was stored in 0.7 x 10-* M potassium phosphate
buffer, pH 8.0 at — 20 °C.

Partial deoxynucleoproteins. Partial DNP’s
were prepared by selective dissociation of pro-
teins with: NaCl, urea, and sodium bisulfite.’!

Freshly prepared chromatin was dialyzed
against 6 M urea and placed in a buffer solution
containing both 6 M urea and 0.04 M sodium
bisulfite at pH 7.8 and with increasing amounts
of NaCl. The final NaCl concentrations were 0.2,
0.3, 0.4, 0.6, and 3 M. The solutions were
stored for 24 h at 4 °C before gel filtration in
the same salt concentration. Bio-Gel A-50 (BIO-
RAD Laboratories, U.S.A.) columns equili-
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Fig. 1. Chromatography of deoxynucleoprotein
on Bio-Gel A-50. Tge partially deproteinized
DNP (¢f. Experimental) in 0.6 M NaCl, 6 M
urea and 0.04 M NaHSO, was applied to a
Bio-Gel A-50 column and step-wise eluted (2.5
ml portions) with the same salt solution. The
DNP (O) was estimated at 260 nm and the
przltein (®) at 400 nm according to Bonner
et al.®*

brated at the same NaCl, urea, and NaHSO,
concentrations were used to separate the dis-
sociated proteins. Samples of 20 ml containing
ai)proximately 60 to 80 E,,, units DNP were
placed on these columns, 35 cm in length and
2.5 cm in diameter. The rate of elution at 4 °C
was approximately 0.5 ml/min. The DNP peak
separated off first followed by the protein peak
(Fig. 1). The recovery of the DNP was approxi-
mately 75 9% and that of the protein 60 to 70 %,
The DNP was assayed at 260 nm. It was not
possible to assay the proteins at 230 nm since
NaHSO, absorbs strongly at this wavelength.
The proteins were therefore assayed by measur-
ing the turbidity at 400 nm after precipitation
with trichloroacetic acid.®* The partial DNP’s
were stored in 2x 10-* M EDTA, pH 6.2 and
the proteins in 1 9, acetic acid.

Dyes, The dyes Quinacrine and Quinacrine
Mustard* were gifts from Sterling-Winthrop
Research Institute, U.8.A. The structures of

Hy
NHCHICH,3NICH,CH, ),

Quinacrine (Q)

g
NHCHICH, );N(CH,CH,Cl),

Quinacrine Mustard {QM)
(I)

* In this publication deoxynucleoprotein=DNP;
Quinacrine=Q; Quinacrine Mustard= QM.
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the two dyes are shown in (I). Spectral charac-
teristics of QM have been reported earlier.!? The
absorption and fluorescence properties of Q
were almost identical with those of QM. The
absorption spectra of Q showed peaks at 280,
345, 424, and 435 nm. The molar extinction
coefficient at 424 nm was 8.5x10°%% With
excitation at 436 nm a fluorescence peak was
obtained at 514 nm.*® The fluorescence intensity
of Q was greatest at pH 11 to 12.

Proteins. Calf thymus histone fractions ITA
(intermediate histone fraction), III (lysine-rich
histones) and IV (arginine-rich histones) were
purchased from Sigma Chemical, U.S.A.

Analysis. DNA content was determined by
the absorption at 260 nm using the molar
extinction coefficients for whole and partial
DNP’s in Table 1, and cross-checked with the
diphenylamine reaction.** Proteins were de-
termined by the method of Lowry et al.®®
calibrated against bovine serum albumin.

The methods of absorption and fluorescence
measurements have been described elsewhere.?
The fluorescence intensity was measured at 514
nm with excitation at 436 nm. Before any titra-
tion measurements the DNP samples were
dialyzed against 0.7 x 10-* M potassium phos-
phate buffer, pH 8.0 or against 0.05 M Tris
solution, pH 7.5 (¢f. Experimental). In absorp-
tion measurements an identical DNP sample
without dye was used in the reference cell to
eliminate any contribution to the absorption by
DNP. DNP did not disturb the fluorescence
measurements at 514 nm. -

The fluorescence data were expressed as the

percentage change (4 %) relative to the inten-
sity of the fluorescence intensity of the dye
alone.

Reconstitution of proteins and DN A. Artificial
DNP’s were prepared according to the method
described by Bonner et al.?t In these experiments
histone fractions ITA, III, and IV (Sigma) and
calf thymus DNA were used. The histone-to-
DNA mass ratios in the artificial nucleohistones
were: DNA-ITA 1.24, DNA-III 1.22, and DNA-
IV 0.96.

Analytical disc electrophoresis. Free proteins
from the Bio-Gel A-50 runs were lyophilized and
dissolved in 10 M wurea, 0.9 M acetic acid.
Histones were removed from whole and partial
DNP’s by acid extraction (0.2 M H,80,) and
dialyzed against 6 M urea, 0.9 M acetic acid.
Disc electrophoresis was .carried out using the
method of Panyim and Chalkley.?® The samples
(50 —-150 ug) were applied on the gels (0.6
em x 10 cm), which consisted of 15 9, poly-
acrylamide in 2.5 M urea, 0.9 M acetic acid,
pH 2.8, and were pre-electrophoresed for 2 h
at 200 V. Electrophoreses were carried out at
200 V for 2 h. Both upper and lower buffers
were 0.9 M acetic acid. The gels stained in
Amido-Black (0.5 % Amido-Black in- 50 %
ethanol, 7 9, acetic acid) for 4 h and destained
by electrophoresis in 7 9, acetic acid. Bovine
serum albumin was added as a marker protein.
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RESULTS

Composition of deoxynucleoprotein samples.
Fig. 1 depicts a run on a Bio-Gel A-50 column
with DNP extracted with 0.6 M NaCl, 6 M urea,
and 0.04 M NaHSO;. The DNP separated first
(E o) followed by the dissociated proteins (&,,).

The DNA and protein content in the various
samples were analyzed spectrophotometrically
and a summary of the results is shown-in Table
1. The electrophoretic patterns for the different
protein fractions are shown in Fig. 2. Fig. 2a
depicts the pattern obtained when the histone
fractions ITA, III, and IV (Sigma) were mixed
together.

NaCl concentrations of 0.2 M and 0.3 M
(urea, NaHSO,) removed, respectively, 57 %
and 68 9, of the proteins from the DNA core
(Table 1). These proteins were mostly lysine-
rich histones, and almost no arginine-rich his-
tones were extracted from the DNP at these
low NaCl concentrations (Fig. 2b, e¢). At 0.4
M NaCl (urea, NaHSO;) some arginine-rich his-
tones could be extracted from the DNP although
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Fig. 2. Polyacrylamide gel electrophoresis. (a)
Histones: ITA (intermediate histone fraction), IT
(lysine-rich), and IV (arginine-rich) from Sigma
were dissolved in 10 M urea, 0.9 M acetic acid.
(b—f) Bio-Gel A-50 separated free proteins in
10 M urea, 0.9 M acetic acid (¢f. Experimental)
extracted from whole DNP with 6 M urea, 0.04
M NaHSO, and increasing amounts of NaCl:
(b) 0.2 M NaCl, (c) 0.3 M NaCl, (d) 0.4 M NaCl,
(e) 0.6 M NaCl and (f) 3 M NaCl. (g — h) Histones
extracted with acid from whole DNP in (g)
0.7 x 10~* M potassium phosphate buffer, pH
8.0 and (h) 6 M urea. (i—k) Histones extracted
with acid from partial DNP’s, deproteinized
with 6 M urea, 0.04 M NaHSO, and increasing
amounts of NaCl: (i) 0.2 M NaCl, (j) 0.3 M
NaCl, and (k) 0.4 M NaCl. The slowest moving
band was bovine serum albumin.
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the fraction still consisted mainly of lysine-rich
histones and intermediate histones (Fig. 2d).
The extraction with 0.6 M NaCl (urea, NaHSO,)
removed all the histones, even the arginine-rich
ones (Fig. 2e), leaving 14 9, proteins, probably
the non-histones, on the DNA core (Table 1).
Even after extraction with 3 M NaCl (urea,
NaHSO0;) some of the proteins (7 9,) remain on
DNA (Table 1). Fig. 2f depicts the electro-
phoretic pattern of the histones dissociated at
3 M NaCl (urea, NaHSO;,).

The salt-dissociated protein fractions were
compared electrophoretically with the histones
which remain on partially deproteinized DNP’s,
The electrophoresis of histones removed by acid
extraction from whole freshly prepared chro-
matin is shown in Fig. 2g. An almost identical
electrophoretic pattern was obtained for his-
tones removed from chromatin in 6 M urea
(Fig. 2h). From this it is obvious that urea by
itself does not remove histones from DNP.
The electrophoresis of the histones that remain
on the partially deproteinized DNP’s shows that
an increased amount of histones was removed
as the NaCl concentration in urea-NaHSOj, solu-
tion was increased (Table 1 and Fig. 2 i-k).
Lysine-rich and arginine-rich histones as well as

350 400 450 500
Wavelength (nm)

Fig. 3. Absorption spectra of quinacrine mustard
mixed with whole deoxynucleoprotein. QM was
mixed with different amounts of whole DNP in
0.7x 10-* M potassium phosphate buffer, pH
8.0. (1) 0.033 mg/ml QM alone, (2) 0.040 mg/ml
DNP, (3) 0.072 mg/ml DNP, (4) 0.115 mg/ml
DNP, (5) 0.150 mg/ml DNP and (6) 0.200 mg/ml
DNP. (The values of concentration refer to
DNA plus proteins).
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Fig. 4. Absorption spectra of quinacrine mustard
bound to selectivity deproteinized deoxynucleo-
proteins. QM (0.013 mg/ml) was mixed with
different partial DNP’s (0.025 mg/ml) in 0.05
M Tris solution, pH 7.5. (1) QM alone, (2—6)
partial DNP’s from which the proteins were
selectively removed by extraction with 6 M
urea, 0.04 M NaHSO, and decreasing amounts of
NaCl: (2) 3 M NaCl, (3) 0.6 M NaCl, (4) 0.4 M
NaCl, (5) 0.3 M NaCl and (6) 0.2 M NaCl.

intermediate histones remained on DNA after
extraction with 0.2 M NaCl in urea—NaHSO,
(Fig. 2i). An almost complete absence of lysine-
rich histones was found on the DNA core after
extraction with 0.3 M, respectively 0.4 M, NaCl
in urea-NaHSO; (Fig. 2j and 2k). No histones
remained on DNA after extraction with 0.6 or
3 M NaCl in urea-NaHSO; (not shown in the
figure).

These data clearly show that the removal of
the histones is complete at 0.6 M NaCl (urea,
NaHSO,;) and that almost all lysine-rich histones
are removed with 0.4 M NaCl (urea, NaHSOj).
These findings are in agreement with the results
reported by Kleiman and Huang.?!

The release of proteins from the DNP’s is
shown by an increase in the 260 nm to 280 nm
ratio as well as in the 260 nm to 230 nm ratio
(Table 1).

Absorption studies. The change in the absorp-
tion spectra of QM upon the addition of in-
creasing amounts of whole DNP to the dye
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solution is shown in Fig. 3. Similar absorption
spectra have also been recorded for QM com-
plexed to DNA. At very low DNP-to-dye ratios,
however, there was an overall increase in the
absorption spectra (Fig. 3, curve 2). A similar
enhancement was found in the fluorescence
intensity of QM mixed with whole DNP (cf.
below). The shift of the absorption maximum
from 424 nm to higher wavelengths is similar to
the shift found with DNA. This shift and a
isosbestic point at 455 nm are indicative of the
formation of specific complexes of the dye with
macromolecules (Fig. 3, curves 3—5).2 The
absorption maximum at 345 nm is markedly
increased. The fact that the isosbestic point is
the same whether QM is bound to DNP or DNA
suggests that the dye must interact in the same
way with the two polymers. The step-by-step
addition of polymers to other dyes in solution
leads to similar changes in the absorption
spectra of the dye tested.!®

Similar changes occurred in the absorption
spectra of QM with addition of partially de-
proteinized DNP’s to the dye solution (Fig. 4).
For DNP’s from which the proteins have been
removed with 0.3 M NaCl in urea-NaHSO,
(mostly the lysine-rich histones, Fig. 2c) the
absorption maximum at 424 nm was reduced.
However, the DNP fraction extracted with 0.2
M NaCl (urea, NaHSO;) gave an overall
enhancement of the absorption spectra of QM
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Fig. 5. Difference spectra of quinacrine and
quinacrine mustard bound to whole deoxy-
nucleoprotein. Whole DNP (0.115 mg/ml) was
mixed with (1) 0.033 mg/ml QM and (2) the
same amount of Q in 0.7 x 10-* M potassium
phosphate buffer, pH 8.0.
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Fig. 6. Absorption properties of quinacrine and
quinacrine mustard bound to whole deoxy-
nucleoprotein. To a constant amount of Q
and QM (0.033 mg/ml) were added increasing
amounts of whole DNP in 0.7x 10-* M potas-
sium phosphate buffer, pH 8.0, Differences in
the absorption maximum at 424 nm for (O)
Q and (@) QM were estimated.

(Fig. 4, curve 6). The same enhancement was
found with whole DNP (Fig. 3, curve 2). The
absorption spectra of QM was reduced the most
with the DNP fraction extracted with 3 M NaCl
in urea-NaHSO, (all the histones were removed
from the DNA core, Fig. 2f). When the amount
of the proteins removed from the DNP increased
(increased NaCl concentration in urea-NaHSO,),
a corresponding increase in the ratio of absorp-
tion at 424 and 365 nm was observed. For DNP
extracted with 0.2 M NaCl (urea, NaHSO,) the
424 to 365 nm ratio was 2.15 whereas the corre-
sponding value for DNP extracted with 3 M
NaCl (urea, NaHSO;) was 3.11.

Whole DNP alters the absorption spectra of
Q, too. However, the absorption spectra of
bound Q differs from that of bound QM (Fig.
5). When equal amounts of Q and QM was used,
the spectra of Q were more reduced upon the
addition of whole DNP to the dye solution.
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The differences between these two dyes was
particularly marked at wavelengths around the
absorption maximum at 424 nm (Fig. 5).

The step-by-step addition of whole DNP to
Q or QM leads first to an enhancement of the
absorption maximum at 424 nm (Fig. 6).
However, DNP concentrations above 0.03
mg/ml give a continuous reduction of the ab-
sorption maximum at 424 nm. A much higher
enhancement of the absorption maximum (424
nm) was recorded in the QM-DNP mixtures
than in the Q-DNP mixtures. However, the
decrease of the absorption maximum is greater
in the Q-DNP system than in the QM-DNP
system. A DNP concentration of 0.4 mg/ml was
still effective in reducing the absorption maxi-
mum of Q. However, only DNP concentrations
below 0.2 mg/ml reduce the absorption maxi-
mum of QM, and further additions of whole
DNP to the dye solution did not change the
absorption maximum of bound QM at 424 nm.

40
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Fluorescence at 514 nm (4 %)

; : L
0 2 ) 4
Conc. of quinacrine mustard (umol)
Fig. 7. Effect of DNA, whole and selectively
deproteinized deoxynucleoproteins on the fluo-
rescence intensity of quinacrine mustard. To a
constant amount (0.025 mg/ml) of (1) whole
DNP and partial DNP’s extracted with (2) 0.2
M NaCl, (3) 0.3 M NaCl, (4) 0.4 M NaCl, (5) 0.6
M NaCl and (6) 8 M NaCl in 6 M urea, 0.04 M
NaHSO,, and (7) DNA, increasing amounts of
QM in 0.05 M Tris solution, pH 7.5 were added.

At DNP concentrations above 0.35 mg/ml there
was an increase in the absorption maximum of
QM. These differences between the two dyes
suggest that they must interact in different
ways with the DNP. This is in line with the
findings reported by Michelson et al.* They
showed differences in the interaction of Q and
QM with polynucleotides, particularly with
poly(I), poly(dT), and poly(rU).

Fluorescence studies. The changes in the
fluorescence intensity of QM bound to DNA,
whole DNP, and partial DNP’s are shown in
Fig. 7. All the samples gave a net quench of
the fluorescence intensity of the dye at high
dye-to-polymer ratios. From the figure it is
obvious that the samples- 'can be divided into
two separate groups. At high polymer-to-dye
ratios, whole DNP and partial DNP’s still con-
taining arginine-rich histones. (extraction with
0.2 to 0.4 M NaCl in urea-NaHSOQ,, Fig. 2)
enhanced the fluorescence intensity of the dye,
whereas DN'A and partial DNP's extracted with
20.6 M NaCl (urea, NaHSO,) always quenched
the fluorescence intensity of QM. It is evident
that the proteins bound to DNA are able to
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Fig. 8. Effect of selective removal of proteins
from deoxynucleoprotein on the fluorescence
intensity of quinacrine mustard. To a constant
amount of polymer (0.030 mg/ml) was added
QM (0.013 mg/ml) in 0.05 M Tris solution, pH
7.5. The proteins were selectively removed with
0.2, 0.3, 0.4, 0.6, and 3 M NaCl in 6 M urea
and 0.04 M NaHSO; (¢f. Experimental).
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prevent the binding of the dye (steric hin-
drance). The histones are bound to the phos-
phate groups in DNA,* thus also limiting the
external ionic binding of the dye to negative
phosphate groups. When the dye concentration
was increased, the fluorescence intensity of the
solution decreased as compared with the solu-
tion containing the dye alone. This is probably
due to an interaction between proteins and the
dye as well as to an increased dye-to-dye in-
teraction,!®

The effect of the quantity of the protems in
the DNP on the fluorescence intensity of QM
is shown in Fig. 8. The fluorescence intensity
of the dye was directly proportional to the
amount of protein in the DNP. The curve was
almost rectilinear between 0 and 42 9, protein
in the DNP. The fluorescence intensity de-
creased by 75 9%, when all histones (86 %, in the
whole DNP, Table 1) were removed from the
DNP  (extraction with 0.6 M NaCl in urea-
NaHSO,). The extraction of the remaining
proteins from the DNP (14 9, in whole DNP,
Table 1) accounts for the further decrease
(25 %) of the fluorescence intensity of the dye.
Thus the fluorescence intensity of nucleoprotein-
bound QM mostly depends on the tightly bound
proteins, probably the non-histones, in the DNP.
The quenching effect of native DNA on the
fluorescence intensity of the dye was 5 times
greater than that of whole DNP.

When whole DNP was added step-by-step to
QM there was first an enhancement of the
fluorescence intensity of the dye (Fig. 9). At
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Fig. 9. Effect of whole deoxynucleoprotem on
the fluorescenceé intensity of quinacrine and
quinacrine mustard. To & constant amount of
(0.033 mg/ml) Q (O) and QM (®). were added
increasing amounts of whole DNP in 0.7 x 10-*
M potassium phosphate buffer, pH 8.0.

higher DNP concentrations (>0.4 mg/ml),
however, there was a quenching of the fluores-
cence intensity of QM until a plateau was
obtained (approximately at 0.2 mg/ml DNP in
the solution).

Whole DNP enhanced and quenched the
fluorescence intensity of Q, too (Fig. 9). The

Table 2. Amount of quinacrine mustard bound to DNA, whole DNP and partlal DNP’s from
calf thymus. Extraction performed with urea, NaHSO,, a.nd mcreasmg amounts of NaCl. -

Sample Amount of bound quinacrine
mustard at the end of the
dialysis.® »
mg dyelmg DNA %

DNP (whole) 012 ... 44

DNP (extracted) o

0.2 M NaCl 0.15 56

0.3 M NaCl 0.17 63

0.4 M NaCl 0.18 87

0.6 M NaCl 0.20 74

3 M Na(Cl 0.21 78

DNA 0.27 100

4 Non- ethbrmm dialysis was performed in (5 ml) 0.056 M Tris solutmn, PH 7.5 4 °C for 48 h with

0.020 mg QM/ml and 0.025 mg polymer/ml.
Acta Chem. Scand. B 28 (1974) No. 8
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Table 3. Effect of different protein fractions on the fluorescence intensity of quinacrine mustard
in solution.® Protein fraction obtained by extraction with urea, NaHSO, and increasing amounts

of NaCl.

Cone. of NaCl Fluorescence at

Proteins in the fraction (¢f. Fig. 2).

(M) 514 nm (4 %)

0.2 +22 lysine-rich histones

0.3 +25 most lysine-rich and intermediate
histones

0.4 +29 lysine-rich, intermediate and some
arginine-rich histones

0.6 +35 all histones

3 +22 all histones and some tightly bound

proteins (probably non-histones)

% Protein fractions (0.025 mg/ml) from partial DNP’s were mixed with QM (0.007 mg/ml) in 1 9,

acetic acid solution.

quenching effect on the fluorescence intensity
of Q was more marked than the effect on the
fluorescence intensity of QM, particularly at
high DNP-to-dye ratios (¢f. Absorption studies).
This probably indicates that more Q is bound
to the DNP than QM. Difference in the type
of binding between Q and QM have also been
shown by Modest and Sengupta.?® They 're-
ported that QM binds approximately 25 times
strongly to DNA as does Q, but fewer QM
molecules, however, bind per unit length of
DNA.

Binding studies. Non-equilibrium dialysis 2
was used to estimate the amount of QM bound
to DNA, whole DNP and partial DNP’s (Table
2). The removal of the proteins from DNP led
to an increase of approximately 50 % in the
amount of available binding sites in the DNA.
DNP binds 0.12 mg QM/mg DNA, while 1 mg
DNA binds 0.27 mg dye. The greatest increase
in the binding sites was found after the removal

of proteins with 3 M NaCl (urea, NaHSO,) from
the DNA core (cf. Fig. 8). These findings are -
unlike the results reported for binding of"

ethidium bromide to partial DNP’s.** The
greatest effect on the interaction between ethi-
dium bromide and DNP was found when the
histone f1 was extracted. Differences in the
type of binding between acridine dyes and
ethidium bromide have also been shown ear-
lier.?

Interaction with proteins. The effect of the
selectively dissociated protein fractions on the
fluorescence intensity of QM was also tested
(Table 3). All the protein fractions enhanced

the fluorescence intensity of the dye. The
greatest enhancement was obtained with the
protein fraction containing all the histones
(extracted from DNP with 0.6 M NaCl in urea-
NaHSO;). When most of the proteins were
extracted (extraction with 3 M NaCl in urea-
NaHSO,), the enhancement obtained was iden-
tical with that of the protein fraction containing
only lysine-rich histones (extraction with 0.2
M NaCl in urea-NaHSO,, Fig. 2). This indicates

10 -
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Fig. 10. Effect of artificial partial nucleohistones
on the fluorescence intensity of quinacrine mus-
tard. To a constant amount (0.025 mg/ml) of (1)
DNA-IIA, (2) DNA-IITI and (3) DNA-IV were
added increasing amounts of QM in 1 M NaCl
solution (¢f. Experimental).
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that the proteins which are hard to remove
(probably the non-histones) prevent the en-
hancing effect of the histones on the fluorescence
intensity of the dye. The enhancement of the
fluorescence intensity of QM with different
histone fractions agrees well with previous
findings.1®

Artificial nucleohtistones. The effect of arti-
ficial DNP’s on the fluorescence intensity of
QM is shown in Fig. 10. The greatest quench of
the fluorescence intensity of the dye was ob-
tained with an artificial DNP composed of DNA
and of an intermediate histone fraction (DNA.-
ITIA). A net enhancement of the fluorescence
intensity of QM at low dye-to-polymer ratios
was obtained with all three artificial DNP’s.
These curves differ from those obtained for
natural DNP’s (¢f. Fig. 7); structural differences
between natural and artificial DNP’s  may
account for the differences.

DISCUSSION

Absorption and fluorescence studies. When
whole DNP was mixed with Q or QM in solu-
tion an enhancement of the absorption maxi-
mum as well as of the fluorescence intensity of
the two dyes was found. Several interpretations
for this phenomenon are possible: (1) the bind-
ing mechanism between the dyes and the DNA
core in the chromatin; (2) the interactions be-
tween the dyes and the proteins in the DNP
samples; (3) the limiting of the ionic binding
of the dyes by the proteins on the DNA core;
(4) the blockade of the base specificity of the
dyes by the proteins in the DNP.

The changes in the absorption and fluores-
cence properties of bound QM appear to be
quite similar in DNA, whole DNP, and partial
DNP’s. This indicates that the binding proces-
ses are very similar for these different types
of polymers. It is therefore possible that the
first binding, at low dye-to-polymer ratios, is an
intercalation of aromatic rings of the dye be-
tween the bases in the nucleohistone as first
suggested with DNA.® The second process, at
increased dye concentrations in the solution, is
an electrostatic interaction between the posi-
tive groups in the dye and the negative groups
in DNP. The titration curves obtained when
different DNP samples were mixed with QM
in solution indicate that the fluorescence inten-
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sity is determined by the concentration ratio
of the dye and DNP. At low dye concentrations
the intercalation is dominant and there is an
enhancement of the fluorescence intensity of
QM, whereas at high dye concentrations the
ionic bindings dominate and the fluorescence
intensity of QM is quenched.

In this paper it is shown that while all the
major classes of chromosomal proteins inhibit
the binding of QM to chromatin, the removal of
the tightly bound proteins (extraction with 0.6
and 3 M NaCl in urea-NaHSOQ,) has the greatest
effect on the binding of the dye to chromatin.
In an earlier paper an interaction between the
dye QM and calf thymus histones in solution
has been reported.!® It is therefore likely that
the dye also may be able to interact with
proteins which cover the DNA core in the
chromatin. Likely binding sites on the DNP
are the carboxyl groups on the histones, since
they are on the surface of the nucleoprotein
complex.®

The binding sites for QM in whole DNP were
reduced as compared to the binding sites for
QM in native DNA. An increase of approxi-
mately 50 9% in the amount of bound QM was
found when all the proteins were removed from
the DNA core. Clark and Felsenfeld ** have
shown that the proteins are not evenly distri-
buted in the chromatin. They postulated that
about half of the DNA is covered with proteins.
Their conclusion corroborates other reports of
dye-binding to chromatin. Klein and Szirmai **
found with the dye, azure A, that about the
half of the DNA in the chromatin reacted with
the dye. A similar dye-binding capacity sug-
gesting that approximately 50 % of the DNA
is covered with proteins, has been reported by
Angerer and Moudrianakis,'® Miura and Ohba,"
Ringertz and Bolund,*® ‘Bolund,* and Itz-
haki.®®* According to Phillips * the negative
charge of DNP is about 60 9, of that of DNA,
i.e. about half of the negative groups of DNA
are able to combine with the positive groups on
cationic dyes in the DNP. The proteins on the
DNA core reduce the amount of binding sites
for the dye because the positive residues on the
histones are bound to the negative groups in
DNP, thus limiting the ioniec binding of the dye.
Since the proteins on the DNA core reduce the
ionic binding sites between the dye and DNA,
the fluorescence intensity for a QM —DNP
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mixture is higher than for a QM —DNA mix-
ture.

The selective removal of proteins from whole
DNPincreases the quenching of the fluorescence
intensity of QM in solution. However, at low
dye-to-DNP ratios an enhancement of the
fluorescence intensity of the dye was found with
whole DNP and partially deproteinized DNP’s
still containing arginine-rich histones and other
proteins (probably non-histones). These results
indicate that the arginine.-rich histones, which
still covered the GC-rich regions in the DNA,¥
prevent the quenching effect of GC-rich regions
on the fluorescence intensity of QM.1* When all
the histones were removed from the DNP, a
net quench of the fluorescence intensity of the
dye was found. The fluorescence intensity of
QM as well as of Q is highly depending on the
base content of the DNA.%%0-1% When his-
tones blockade bases in the DNA they are able
to prevent the base specific interactions between
the dyes and the bases in the DNA.

However, from the results in this paper it is
not possible to say which one of the above
given alternatives would explain why the ab-
sorption maximum or the fluorescence intensity
was enhanced when the two dyes Q and QM
were mixed with whole DNP. Probably the
phenomenon is caused by the action of all the
alternatives together.

Comparison between Q and @M. The main
difference of the two dyes Q and QM is in the
long aliphatic side chain at C-9. QM has an
alkylating mustard group at the end of the
side chain and is therefore able to bind chemi-
cally to polymers, whereas the binding of Q is
only through intercalation or electrostatic (cf.
the structure of the two dyes).

Differencesin the absorption and fluorescence
properties were obtained when equal amounts
of Q-and QM were mixed with whole DNP in
solution. The absorption spectra of Q was more
reduiced and the quenching effect on the fluores-
cence. intensity of Q was more marked upon
the addition of whole DNP to the solution as
compared with the effect of whole DNP on
QM. These differences probably indicate that
more Q is bound to whole DNP than QM. This
is in agreement with the results reported by
Modest and Sengupta.** When they compared
the two dyes Q and QM they found that fewer
QM molecules was bound to DNA.

Natural and artificial nucleohistones. A quite
different picture emerged when artificial nucleo-
histones were mixed with QM in solution. Even
arginine-rich complexes (the DNA-IV complex)
were able to enhance the fluorescence intensity
of the dye at low dye-to-polymer ratios. This
reflects structural differences between natural
and artificial nucleohistones. These differences
might have resulted from the inability of the
histones to interact properly with the DNA,
t.e. the histones had assumed new positions on
the DNA core.” During the reconstitution a
rearrangement of the proteins may occur.?
Angerer and Moudrianakis ' reported that the
association constant for binding of ethidium
bromide to natural DNP differs from the
constant for the binding of the dye to artificially
reconstituted DNP.

The fluorescence of metaphase chromosomes in
situ. With the in situ hybridization technique
it has been possible to determine the composi-
tion of chromosomal DNA in some particular
regions in eucaryotic chromosomes. AT-rich
satellite DNA was found in the centromeric
regions of the mouse chromosomes * and in the
secondary constrictions of the human chromo-
somes 1, 9, and 16.* Saunders et al.* were
able to show a GC-rich satellite DNA in the
secondary constriction in No. 9. Moreover cyto-
chemical experiments indicate that regions
staining brightly with Q or QM contain AT-rich
DNA, while regions with dull fluorescence
contain GC-rich DNA.“-4 The mouse centro-
mers and the secondary constrictions of human
chromosomes 1, 9, and 16, however, show dull
fluorescence when stained with quinacrine deriv-
atives. These contradictory results, AT-richness
and dull fluorescence, might be explained from
the results in this paper.

Methanol-acetic acid fixed metaphase chro-
mosomes contain very little protein.* Comings
et al.** showed that the fixative was not able to
remove the non-histones. Therefore it can be
assumed that the above mentioned chromosomal
regions might be covered by non-histones which
compete with the dye, thereby giving dull
fluorescence. When metaphase slides were sub-
jected to denaturation and reassociation and
thereafter stained with QM, the centromeric
regions of the mouse chromosomes as well as of
the secondary constrictions in human chromo-
somes 1, 9, and 16 showed a bright fluorescence.*
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This phenomenon can be explained by a possible
extraction of proteins (non-histones) during the
treatment in sodium hydroxide (denaturation)
and the incubation in salt solution (reassocia-
tion).* Protein dissociation might uncover the
AT-rich regions, resulting in an enhancement of
the fluorescence. At all the dye-to-polymer
ratios tested, a quenching of the fluorescence
intensity of QM was seen with DNP from which
only the histones were removed (¢f. Results).
The other proteins, probably the non-histones,
therefore may be able to prevent the effect of
the bases in DNA on the fluorescence intensity
of the dye.

Comings et al.%® proposed that the non-
histone-DNA complexes contribute to the band-
ing after C- and G-banding procedures.*” On the
other hand recent findings of Zirkin * showed
an almost complete absence of non-histones in
the heterochromatin in metaphase chromo-
somes from bovine kidney. It is therefore
questionable whether bands reflect only the
presence of non-histones. Secondary and tertiary
configurations in the chromosomal macromole-
cules may also contribute to the bands. More-
over, the degree and pattern of the base repeti-
tion apperently contribute to the occurrence of
brighter and duller regions along the metaphase
chromosomes.®

In this paper it is shown that tightly bound
proteins, probably the non-histones in the
deoxynucleoprotein markedly affect the fluores-
cence intensity of QM in solution. The study
of the effect of isolated non-histones in solution
is underway in this laboratory.
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