
Biophyskal Chemistry 9 (1979) 121-131 
0 North-Holland F’oblisbing Compmy 

INTERACI-ION OF PHENOSAFRANINE WITH NUCLEIC ACIDS AND MODEL POLYPHOSPHATES 

Xi. HETEROGENEITY IN PHENOSAFRANINE INTERACTIONS WITH DNA BASE PAIRS 

Zdenka BALCAROVA , Vladti KLEINWXCHTER * 
Institute of Biophysics, Czechoslovak Academy of Sciences. 612 65 Bmo. Czechoslovakia 

Giinter LGBER, Gerhard LUCK, Christoph ZIMMER, Renate KLARNER 
Akademie der Wissenschaften der DDR. Forschun,oszentmm fir Molekularbio!ogie und Medizin. 
Zentralinstitut fir Mikrobiologie und experimentelle Therapie, A bteilung Biophysikochemie. DDR-69 Jena 

and 

Emil SMj%CAL 
lnstiiute of Forensic Medicine, Medical Faculty, Universi~ of J.E. Purkyn#, 662 99 Bmo, CSechos&vakia 

Received 15 June 1978 
Revised manuscript received 28 September 1978 

Fluorescence and circular dichroism spectraI measurements, thermal denaturation studies and bin;ling competition ex- 
periments with netropsio and actinomycin D were carried out in systems containing phenosafranine bound to DNA’s diifer- 
ing in base composition. The investigated properties exhibit a heterogeneity related to the content of A _ T aad G _ C pairs 
in DNA and to the nature of phenosafzmine binding modes. At low level of saturation of binding sites (r < 0.1) pheno- 
safranine does not show &ong preference for any of the DNA base pairs in the overall bmdiig. However, the strong mono- 
mer non-cooperative binding outside the helix (mode Ix) occurs predo minantly, even though not exclusively in G _ C rich 
regions. The strong binding modes involving intercalated dye molecules (mode 12 and eventually mode 111) prevail in A - T 
rich regons. These binding modes become the principal types of strong phenosafranine interaction with DNA when the 
level of saturation of binding sites increases, i.e. at r > 0.1. 

1. Introauction 

It has been shown in the preceding communica- 

tions [l-33 that a cationic dye phenosafranine (PS) 

can interact with double helical DNA by different 
binding modes depending on the degree of saturation 
of the binding sites. At high phosphate/dye ratios Q 
PS molecules are bound strongly as monomers, either 
outside the DNA helix (binding mode 11) or inter- 
calated (binding mode I&; at lower p values a strong 
binding of PS dirners is observed, which includes mu- 
tually interacting intercalated and outside-bound dye 
species (analogous to the mode described by Armstrong 
et al. [4] in binding studies of proflavine and acridine 

* To whom correspondence should be addressed. 

orange with DNA) (binding mode II,). Similarly to 
molecules bound by intercalation [S], also the dye 
molecules bound by the two other modes can interact 
with aromatic parts of neighbouring nucleotide pairs 
[2] _ On the other hand, weak external binding of PS 

(binding mode II?) is less favorable for the interaction 

with DNA bases TS]. 
There is a considerable evidence that the nature and 

strength of interaction of most cationic dyes with A - T 

pairs and G - C pairs of DNA differ_ E.g., it was shown 
by thermal denaturation technique that strongly bound 
acridine dyes, proflavine and acridine orange, increase 
the stability of A - T pairs in double helical DNA more 
than the stability of G - C pairs [6-g]_ These experi- 

mental observations were supported by calculations of 
free energy of interaction of intercalated acridine dyes 
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with different neighbouring nucleotide pairs [9-l 13. 
Conclusions on the preferential binding by intercala- 
tion of a&dine dyes to A - T rich regions of DNA 
were made on the basis of flubrescence 1123 and vis- 
cosity measurements [ 131. It was shown that tluores- 

cence quantum yield of different bound acridine dyes 
decreases with increasing content of G - C pa& in 
DNA [12,14-183 due to a quenching effect ofguanine 
residues [ 193. More recent studies using measurements 
of fluorescence lifetimes [ 19,20 j demonstrate the 
specificity in interactions of acridme dyes with DNA 
base pairs. Also the formation of chromosomal bands 
upon staining with quinacrine or methylene blue re- 
flects most likely the heterogeneity in the primary 
struc?ure of DNA 1213 _ Some other organic substances 
exhibit a marked specificity towards A - T pairs (e-g. 
netropsin or distamycin [22-243) or G - C pairs (e-g. 
actinomycin [25-273). 

Recently, in a series of papers, Miiller and coworkers 
[28--303 examined systematically the base binding 
specificity of a number of tricyclic heteroaromatic 
compounds. They showed that systems of high polar- 
izability, capable of interaction with DNA by inter- 
calation (including PS and the acridme dyes mention- 
ed above) could be classified as G - C specific or non- 
specific i28,29]. A - T specificity was observed only 
for dyes which cannot intercalate between base pans 
due to structural limitations [3Oj. 

The results mentioned above can be understood if 
we take into consideration that dyes are attached to 
DNA in different binding modes and assume that the 
distribution among these binding modes is as base as 
dye dependent. Kinetic studies [13,31--341 indicate 
that the binding of c2tionic dyes to the DNA double 
helix proceeds via several steps, the step preceding in- 
tercalation being binding outside the DNA helix. It 
was demonstrated that the fraction of outside-bound 
proflavine at low level of saturation of binding sites is 
proportional to the G - C content [13,33]. 

Both these types of binding, outside binding (mode 
II) and intercalation (mode 12) were detected in com- 
plexes of PS with DNA under equilibrium conditions 
[2,3]. In the present study we use several methods 
(measurements of fluorescence and circular dichroism 
(CD) spectra, thermal denaturation and binding com- 
petition studier) in order to obtain information on 
properties of PS complexes with DNA’s differing in 
base composition, which could be also related to the 
base specificity in different binding modes. 

2. Material and methods 

Phenosafranine (3,6diamino-lO-phenyl phenazinium 
chloride, PS) was a product of Bayer (Leverkusen) and 
has properties described earlier [ 13. Netropsin hydro- 
chloride was isolated from Sreprotices netropsis as 

described elsewhere I24j; e296_ = 2.1 X 104 1 mole-l 
cm-l. Actinomycin D was a research sample obtained 
from Zentrahnstitut Err hiikrobiologie der AdW der 
DDR; Ebb_ = 2.45 X 104 1 mole-l cm-l. 

Calf thymus DNA was purchased from Serva 
(Heidelberg); its phosphorus content was determined 
according to Hesse and Geller [35]. DNA’s of Micro- 

COCCUS Zureixs (CCM 144,72-O% G - C), Eschtichti coli 

(CCM 3 654,52_2% G - C) end BuciZZus cereus (CCM 
1253,34-O% G - C) were isolated and characterized as 
described elsewhere [73. Their molar extinction coef- 
ficients at 38460 cm-1 (260 run) based on phosphorus 
concentration (ep) determined according to Martin and 
Doty 1363 were 6400,650O and 6200 1 mole-l cm-l, 
respectively_ Fbzvobucretizm brevik (3% G - C) and 
Streptomyces c&~sor?raZZ~s (72% G - C) served as a 
source of DNA’s for circular dichroism measurements. 
DNA’s were isolated by a method of Sarfert and Venner 
[37j ; values of ep were 6500 and 6200 1 mole-l cm-l, 
respectively. In a.U used DNA preparations protein con- 
tent was less than 0.7%, RNA content less than 2%. 

Au other chemicals were of analytical grade. Doubly 
distilled water was used in all experiments. 

Unless stated otherwise, the complexes PS-DNA 
were prepared as described previously [ 1,2] by spec- 
trophotometric titration in a medium of low ionic 
strength, 10-3M sodium acetate. They are character- 
ized either by the molar ratio of DNA phosphorus 
to the total amount of PS added @) or by the number 
of bound dye molecules per one nucleotide (r). The 
latter value was determined spectrophotometrically [2]. 

Thermal denaturation experiments were carried out 
and evaluated as described earlier [7,83 using a Unicam 
SP 700 spectrophotometer. Fluorescence spectra were 
measured with a Baird Atomic spectrofluorimeter, 
Model Fluorispec SF 1OOE and with an apparatus of 
own construction 1383 ; the spectra were not corrected 
for variation of instrument response with wavelength. 
CD spectra were recorded at room temperature with a 
spectropolarimeter Cary 6001 equipped with a CD. 
attachment using 1 cm quartz cuvettes. CD data are 
presented as molar ellipticity [QJ in degree cm2 deci- 
mole-l. 



PS dissolved in an aqueous medium exhibits fluo- 
rescence err&&on with a band peaked at 17094 cm-l 
(585 mnj when excited with ultraviolet or visible 
light. No shift of fluorescence maximum was detected 
with increasing PS concentration or when the dye mol- 
ecules became stacked on a polyphosphate matr’,x. 

The aggregation of PS was in both cases accompanied 
by a decrease of relative fluorescence intensity indi- 
cating that the dye-dye interactions lead to a strong 
quenching of fhrorescence at room temperature [I]. 

Fig. 1 rhows the dependence of relative fluores- 
cence intensity on I values for PS complexes with 
DNA’s of different G - C content, which were pre- 
pared by titrating complexes of low initial t value 
(<10-2) containing 10W5 M PS with the dye solution 

Fig. 1. Dependence of the ratio of fluorescence intensities of 
phenosafrznine in the pmwtce of DNA (n and free pheno- 
safranine (Fo) on I/r, Fiuorescence was measured at 585 run 
(17090 cm”), excitation wavelength was 522 nm (19150 
cm-‘), phenosafranine concen.tation IO-’ M, medium 1O-3 
M sodium acetate. Source of DAA: (A) IMicrococcus Iuteus 
(72% G - 0, (0) Es&etichL coZi (52.2% G - C), (I) BucZZZus 
cerrnrf (34% G - CT). Dashed Ems at f/r < 10 represent values 
ofFiF0 obtained after subtracting the calculated contribution 

of unbound phemxzdkanine to finorescence intensity. 

of the s8me concentration. Ionic strength of the me- 
dium was 10-3. Starting with complexes of low r (i.e. 
complexes containing an excess of unoccupied binding 
sites, with no unbound PS present) we observed a con- 
siderable decrease of fluorescence intensity, which was 
dependent on the G - C content. Thus, for DNA of 
Microc0ccus If&em f72% G - C) strong quenching was 
found even for complexes with r = 0.01. With lncreas- 
ing r relative fluorescence intensity decreased and 
reached a minimum in the region of r = 0.1; with fur- 
ther addition of the dye it sharply increased and even- 
tual& approached the value characteristic for free PS- 
The increase evidently corresponds to the presence of 
free monomeric PS species in the equilibrated mixture 
that yields complexes of r > O-l_ The course of this 
part of fluorescence dependence corresponds closely 
to the curve indicating the fration of free PS (see fig. 
2 of the preceding part of this series [;?I). If the con- 
tribution of free PS molecules to fluorescence intensi- 
ty was estimated OR the basis of calculated amount of 
unbound dye molecules 123, an approximately con- 
stant value of fluorescence intensity of bound PS re- 
sulted for r > 0.1 (fig. I). Its magnitude can be corre- 
lated with the A - T content in DNA. 

The dependence of fluorescence intensity of PS 
bound to DNA on r values closely resembles similar 
dependence found for proflavine [393. Initial values 
of fluorescence intensity, which are dependent of 
G - C content (fig. 1) indicate that binding of PS in 
the vicinity of G - C pairs results in total quenching of 
its fluorescence. Pracrically complete quenching of 
fluorescence takes place in PS complexes with DNA of 

&f_ luteus with 72% G . C, even in the region of low r 
values where strong monomer binding (i.e. binding by 
modes II and I2 l&3]) predominates. We assume that 
PS attached in both these modes interacts with neigh- 
bouring base pairs and can be thus efficiently quench- 
ed by even one G - C pair occurring in its vicinity. 
Moreover, it is highly probable that energy can be 
transferred by Forster mechanism [40] from excited 
PS molecules bound in A - T rich regions to a dye mol- 
ecule bound near a G - C pair, which then represents 
an energy sink, as shown in the case of acridine dyes 
[39,41,42]. It seems likely that guanine moieties are 
responsible for the quenching of fluorescence of PS 

bound to DNA, similady as it was found for proffavine 

fI91. 
The continuous decrease of fluorescence intensity 
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with increasing r observed up to approximately 0.1 
(ilg. 1) cau be explained by two mechanisms: (i) With 
higher level of saturation of binding sites the probabili- 
ty of PS binding in the vicinity of G - C pairs and thus 
the fluorescence quenching (either direct or via energy 
transfer) increase. (ii) With increasing 7 the number of 
PS molecules bound by modes comprising mutually 
interacting dye molecules also increases: in mode III, 
which occurs besides modes I at T < 0.1, an intercalated 
PS molecule interacts with an outside-bound one; in 
mode II,, which appears only at r > 0.1, surface- 

bound PS molecules interact t-nutually [ZJ. As shown 
previously, fluorescence is totally quenched in PS 
dimers or longer aggregates, both in concentrated solu- 
tion or when bound in a stacked array to an inorganic 
polyphosphate; on the other hand, binding of PS to a 
polyphosphate in monomeric form does not change 
its fluorescence quantum yield [ 11. 

The levelling off of the fluorescence intensity de- 
pendences in the region of r > 0.1 at different values 

depending on A - T content of DNA, which was ob- 
served after subtracting the contribution of fluores- 
cence of unbound F’S, suggests that the dye molecules 
entering the complex with DNA at high level of satu- 
ration of binding sites become quenched predominant- 
ly due to dye-dye interactions. It is possible, how- 
ever, that in G - C rich regions the binding outside the 
double helix, i.e. by modes It and 112 is favoured. 

3.2. Competitive binding of p_henosafianine with A - T- 
and G - C-specific ligands 

In order to ascertain whether PS shows higher af- 
finity in binding to any of base pairs it seems suitable 

to study the competitive binding with known base- 

specific ligands. On the one hand we chose the 
oligopeptide antibiotic netropsin because of its pro- 

nounced selectivity towards A - T rich regions in DNA, 
which was demonstrated by various physico-chemical 
studies [22-241. On the other hand, the phenazine 
antibiotic actinomycin D binds rather selectively to 
G - C sites in DNA either by hydrogen bonding with 
the guanine moiety [25,26] or by au intercalation 
mechanism with a preferred attachment to G - C pairs 
[27j. 

In this section we report results on the use of PS 
fluorescence for detecting its binding to DNAin the ?es- 
ence of the antibiotics. The competitive technique can 

be employed only if’ the competing inhibitors interact 
with DNA more strongly thau the investigated ligand 
and its use is limited to the region of high level of satu- 
ration of binding sites. The binding constant for P!L 
DNA interaction at ionic strengths 10-l and room 
temperature is of the order of 104 1 mole-l as deter- 
mined by polarographic method 1433 ; equilibrium 
dialysis experiments yielded the value of 8.1 X IO3 1 
mole-1 [29J, whereas the value of 7.4 X lo3 1 mole-r 
was obtained by spectrophotometric measurements 
[Zj . These values are below that of actinomycin D, 
which has biuding constant of the value of 23 X 106 
1 mole-l in ionic strength of the order of 10-t [27] 
and binding constant of the order of 107 1 mole-r in 
0.01 M NaCl [441, both for calf thymus DNA. 
Distamycin A, an anaiogue of netropsin, has binding 
constant of the order of 109 1 mole-l for A - T rich 
class of binding sites in DNA of SPP 1 phage in ionic 
strength of the order of 10-l [45]. Viscometric titra- 
tion curves at different concentrations of DNA indi- 
cate that the binding constant for netropsin is of the 
same order of magnitude [23] _ Recently a value of 
the order of 5 X IO8 1 mole-l was reported for the 
interaction. of netropsin with poly[d(A-T)J2 at ionic 
strength of the order olc 10-3 1471, but for the overall 
binding with calf thymus DNA only the value of 1.7 X 
105 1 mole-l was found [46]. (AU binding constants 
given above refer to mole of binding sites of DNA.) 
These data clearly indicate that both actinomycin D 
and netropsin bind more strongly to DNA than PS at 
various values of ionic strength. 

Netropsin is nonfluorescent and does not interfere 
with PS luminescence. On the contrary, actinomycln 
D yields a fluorescence band with maximum at 20618 
cm-l (485 run), which overlaps on its long-wavelength 
side with the short-wavelength tail of PS fluorescence 
band. Therefore we decided to follow quenching of 
E’S fluorescence at 15620 cm-l (640 nm), where the 
interference of actinomyciu D fluorescence is largely 
excluded. 

Pig. 2 demonstrates that an addition of DNA to a 
solution of PS iu the region of low p values leads to a 
quenching of the dye fluorescence, which serves as an 
indication of the formation of a complex between the 
dye and DNA. As shown in the preceding section, in 
this range of p the quenching is due to dye-dye inter- 
actions as well as to a quenching effect of G - C pairs 
located in the vicinity of binding sites occupied by PS. 



Wg. 2. Effect of netropsin ia) and actiomycin Cb) on pheno- 
szfranine fluorescence quenching (expressed as F/F01 upon 
addition of calf thymes DNA; p gives the ratio of RNA phos- 
plzoru~ to total dye. Fluorescence was measured at 640 nm 
(15620 cm-l ), excitation was performed at 405 nm (24690 
cm-r). Concentrations of phenosafmnine, netropsin and 
actinomycin D 5 X 10” W, (---_) 0.01 M NaC1. (---) 0.15 
MNaCi; (0) without iktd (0) in the presence of the competitive 
&and_ 

&I addition of netropsin to the sofution of the dye 
(fig. 2) decreases the degree of PS fluorescence quench- 
ing in both, 0.01 M and 0.15 M NaCI. On the corztrary, 
the sample containing PS and actinomycin D shows 
quenching curve identical with that of the sample 
without the competing ligand. This indicates that ac- 
tinomycin D does not Interfere with PS-DNA inter- 
action. The degree of quenching remains unchanged 
and it can be supposed that also the degree of PS bind- 
&g is not sigr&cantIy influenced in the presence of 
actinomycin D. Since the binding constant of actino- 
mycin D is higher than that of PS, the observed Tesults 
can be explained in the way that the two ligands do 
not compete for bin&g sites and it can be assumed 
that the PS cation can be bound by electrostatic forces 
even to phosphate groups that are in the vicinity of 
intercalated uncharged actinomycln D moieties. It has 
been also shown recently [48] that interdative bind- 
ing of daunorubicin or adriamycin enables cooperative 

ly binding of actinomycin D to poly(dA-dT) - 
poly(dA-dT), which is not detected otherwise_ It should 
be pointed out that PS need not be bound to DNA on- 
ly by intercalation, since binding by intercalation is 
not the necessary condition for PS fluorescence quench- 
ing (see the preceding section). 

The behaviour of the ternary system containing 
DNA, PS and netropsin can be explained by one or 
both of the following mechanisms: (i) PS binding to 
DNA is reduced in the presence of netropsin; as a con- 
sequence a lower,degree of PS fluorescence quenching 
is observed. @)Netropsin bound to DNA interferes 
with the F”thways of the PS fluorescence quenching. 
In the first case Z’S cannot be bound at sites blocked 
by netropsin, i.e. at low p values the ligands compete 
for binding in A - T rich regions. However, the absence 
of any effect of actinomycin D and the evidence that 
PS binds also to G - C pairs at high p values does not 
enable to interpret unequivocally the netropsin effect 
in terms of preferential binding of PS to A - T pairs 
even at low p values. We do not think that the mecha- 
nism (ii) can be effective alone, but it is possible that 
it contributes to the decrease of PS quenching by dis- 
turbing the dye stacking at the DNA surface. 

The competition studies on PS binding can be com- 
pared with preliminary results obtained with a struc- 
tumlly similar dye, phenyl neutral red [49] _ As shown 
by Miiller et al. [39] this dye has the binding constant 
of The same order of magnitude as PS, but shows much 
higher G - C specificity than PS. It was shown that t$e 
quenching ofphenyl neutral red fluorescence is effec- 
tively suppressed by actinomycin D [49], which can 
be interpreted as due to competition of the two ligands 
for binding sites. 

3.3. i3enururarion of DNA - pheFlOSafrZlF2i?ie co~aplexes 

It has been shown previously that cationic dyes 
stabilize DNA against thermal denaturation and that 
this effect comprises a non-specific electrostatic sta- 
biization [6--8,501 and a specific stabilization due to 
interaction of the dye molecules w&h DNA bases [6- 
91. Since it is known that the twq principal binding 
modes (Le_ binding modes classified as non-coopera- 
tive (I) and cooperative ones (II)) do not contribute to 
the stabilization effect in the same extent 16-91, in- 
vestigation of the thermal stability of DNA complexes 
saturated with PS to different Ievels could yield infor- 



M. luteus 72.0 0.00 7.3 71.5 - - 

0.0125 8.2 75.0 3.5 77 
0.025 11.3 80.0 8.5 187 
0.050 7.2 82.2 10.7 235 
0.100 8.2 84.7 13.2 290 
0.150 Z 87.8 16.3 359 
0.186 
0.250 4.0 

88.2 16.7 367 
89.7 18.2 400 

E. coli 52.2 0.00 10.5 60-S - 
0.0125 16.0 61.5 1.0 22 
0.0250 13.5 68.0 7.5 165 
0.050 11.5 71.6 11.1 244 
0.090 13.0 74.2 13-7 301 
0.157 6.5 80.5 20.0 440 
0.195 5.0 81.5 21.0 462 
0.270 6.0 81.8 21.3 469 

B. CeIeus 34.0 0.00 9.2 50.2 - - 

0.025 12.5 58.8 8.6 189 
0.050 9.0 61.6 11.4 251 
0.090 10.0 66.2 16.0 352 
0.140 6.7 70.0 19.8 436 
0.183 5.0 72.0 21.8 480 
0.272 4.2 73.4 23.2 510 

- 

Temperature (T,) and width (W) of cooperative helix - coil transitions measured at 260 mn (38460 cm”) me g%=en for complexes 
whose composition was characterized at room temperature by ~250. The difference bemaen melting temperatures of the complexes 
and of the corresponding pure DNA <AT,) was used for kkulation of changes of free energy of stabilkatior. (AGO using the reXa- 

Table 1 
Denaturation of complexes phenosafkanke - DNA 

Source of 
DNA 

G-C 

WI 

W 

[“Cl 
=rn 
WI 

ATrn 
[“Cl 

base pairs] 

tion AT, = AGJAS, where AS, = 22 entropy tits [7,50& 

mation on the nature of binding and eventual base 
specificity of different binding modes of PS described 
earlier [2,3] _ The results obtained with bacterial DNA’s 
differing in base composition are presented in figs. 3 
and 4 and table i. 

The basic characteristics of spdctrophotometric 
melting curves of PS complexes with calf thymus DYA 
[2] are similar to those obtained for complexes of 
proffavine [7] : 

For complexes of low values of 7X” (characterizing 
the binding ratio at room temperature) the shapes of. 
melting curves resemble to those of pure DNA. At 

~25” > 0.1 the S-shaped cooperative transition is pre- 
ceded by a broad increase of absorbance, becoming 
more pronounced with increasing rzD _ This loss of 
hypochromicity in the region of 260 run reflects the 
dissociation of a part of dye molecules bound weakly 

on the surface of DNA [73. The cooperative melting 
of the complexes is shifted to higher temperatures 
with increasing ‘x0 _ However, the dependence of T, 
on rzO is bent, because the dye molecules dssociating 
at premelting temperatures do not contribute to the 
stabilization. 

with increasing rsO the region of cooperative melt- 
ing first broadens and then becomes a@n narrower 
(table 1). The sharp cooperative dissociation of bound 
dye (characterized on curves T versus temperature by 
a midpoint temperature Tr defTned analogically as T, 

[7,503), which accompanies the denaturation of the 
complex always occurs at temperatures higher than 
T,. The difference between T,and T, decreases with 
increasing ‘En and becomes ve.y small for complexes 

of rzO > 0.1. These effects reflect tile increasing hete- 
rogeneity of individual melting blocks at intermediate 
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Fig_ 3. Comparkm of derivative denatumtion NNOS of calf 
thymes DNA (---) and its complex with phenosafmnine 
(QO = 0.045) (----), measur ed at 38460 m&(260 nm) in 
10m3 M phosphate buffer @H 7). Dissociation of bound 
phenosafmnin e in the course of heating of the complex (curve 
r versus t (...)) is characterized by the value Tr (cf. [50]). 
Measurements of absorbance at 19900 cm-’ (502 nm) were 
used for c&ulations ofr 121. T, and Tnsc denote melting 
points of pure DNA and its complex with phcnosafranine, 
respectively. 

rzO values. They can be also explained by the fact 

that in complexes of Iow and intermediate ~25” some 

pf the dye molecules bound in regions that melt ai 

lower part of the denaturation curve re-bind in still in- 

tact double-helical regions. The meitirzg of these re- 

gions then coincides with the cooperative dye disso- 

ciation [ 16,511. The redis?ribution of the dye be- 
comes less possible if binding sites for strong dye at- 
tachment approach to the saturated state. 

The increase of heterogeneity of the melting of 
DNA - PS complexes is illustrated in fig. 3, which 
compares derivative melting curves of calf thymus 
DNA and its complex with PS(rzo = 0.045) with the 
curve of PS dissociation. The melting curve of the com- 
plex exhibits several prominent peaks on the high tem- 
perature side of the main maximum, one coinciding 
with the region of sharp decrease of r. 

The dependences of T, versus rz- for DNA’s dif- 
fering in G - C content shown in fig_ 4 indicate that 
the total stabilization effect increases with increasing 
content of A - T pairs. It was shown previously that 
this effect can be expressed in terms of changes of 
free energy of stabilization, AG,, which can be re- 
solved into contributions of A - T and G - C pairs in- 
teracting with the dye, if it can be assumed that the 

Tm 

cc3 

00 01 02 I 
r25- 

3 

Fig. 4. Dependence of meiting points (T,) of phenosafranine 
complexes with DNA’s of different base composition on rzso. 
Conditions and sources of DNA’s as given in fig. 1. 

dye binds randomly along the DNA molecule [S] _ This 
assumption is undoubtedly realized in complexes 
whose binding sites are saturated or nearly saturated 
with the dye, whereas it need not be necessarily ful- 
ftied in complexes with low r250. The marked depen- 
dence of quenching of PS fluorescence on DNA G - C 
content at very low r values (fig. 1) indicates, however, 
that PS, similarly as proflavine [20], does not exhibit 
any pronounced preference in binding to A - Tor G - C 
pairs, and it can be thus assumed that PS binds random- 
ly in the whole range of binding ratios. 

The results of calculation of AG,(,,) and AG,~~> 
for PS complexes of different ‘so are compared in 
table 2 with similar data for proflavine complexes [S] . 

In contrast to the stabilization by a&dine dyes, 

proflavine Lnd acridine orange, which results in approx- 
hn;tely constant ratio AGs(AT)/AGs(G~), independent 

=o, the ratio for PS complexes increases with increas- 
ing ~~9. At r29 = 0.05, i.e. for complexes with PS bound 
predominantly by modes 1, and 12, the difference be- 
tween AG,(,,) and AGso,, is very small and the 
stabilization effect does not depend markedly on DNA 
base composition_ With increasing r250, i.e. with in- 
creasing fraction of PS binding by mode II,, the ratio 

AGs(AT)lAGs(GC> increases. Nevertheless, even for 



Table 2 
Relative contribution of adenine-thymine pairs and ,-me-cytosine pairs to the stabilization of the DNA helix by phenc-afra- 
nine and proffavine 

Dye Phenosafranine a) ~rofravine b) 

- .-- 

Composition *Gs(AT) *Gs(Gc) *Gs(AT) AGs(Gc> 
of the 
complexes 1c?d/(mole of base pairs in the complex)] 

J.29 

0.05 2660 f lC! 2240 + 10 5000 i 390 1660 f 380 
0.1 1820 f 100 1250 -L 90 

ao.25 620 + 20 330 f 20 840520 300 f 20 
-___ ___-.--___- 

a) Apparent changes of free energy of stabiition corresponding to the interaction of a dye molecule bound to an A-T pair 
(AG,(AT, and a G-C pair (AG,(Gc))Were determined for complexes of different ~50 from the values AG@,,o (see table 1) 
as described earlier [g]: If it can be assumed that the dye is attached to DNA in a statistically random pattern. the change of 
stabilization free energy of a DNA sample containing fractions a and b of A -T and G-C pairs, resp=ctively, can be expressed 
by the equation AGs(DNA) = uAG~(AT) -f b~G,(a The measurements at siven ~~0 for several DNA’s differing in base com- 
position yield a set of equations from which AG,(AT) and AG,(w) can be calculated 

b: See ref. IS]. 

complexes practically saturated with PS it does not 
reach the value obtained for proflavine complexes. 
The values of AGso,) are similar for proflavine and 
PS complexes in the whole range of rzo ; the observed 
differences between proflavine and PS stabilization ef- 
fects and base-dependent differences in effectiveness 
of PS bound in different binding modes are attribut- 
able for a greater part to differences in AGs(AT). 

The variations of the ratio AG,(A-&AG,(~) in 
dependence on rz5- thus indicate that different PS 
binding modes exhibit different degree of specificity 
in interaction with A - T and-G - C pairs. 

Under conditions of high level of saturation of 
binding sites (rzO > 0.25) A - T pairs contribute to 
the DNA helix stabilization through interactions with 
PS more than G - C pairs. Since weakly bound dye 
molecules (mode II,) dissociate at premelting temper- 
atures and do not participate in the stabilization ef- 
fect, only PS binding by modes I2 and IIt [2,3] is 
involved in these interactions. The more pronounced 
stabilization effectiveness of A - T pairs participating 
in these types of complexes with PS resembles the 
properties of complexes of acridine dyes, however, it 
is lower for PS than for protlavine or acridine orange 
(see table 2). 

On the other hand, in PS complexes of low rzO 
(comprising binding modes It and I2 [2,3]) the dif- 
ference between AGstAT) and AG,(,,) is small, in 
contrast to complexes of a&dine dyes. Since binding 

of proflavine or acridine orange outside the DNA helix 
was not observed in such an extent as for PS com- 
plexes and sin& it follows from the properties of com- 
plexes with rXO .-- > 0.25 that PS binding by intercalat- 
ion (modes I2 and II,) to A - T pairs is connected 
with higher effectiveness in the DNA stabilization 
than intercalative binding in the vicinity of G * C pairs, 
binding by mode I1 is probably most responsible for 
the different properties of PS complexes. 

It was found that proflavine binding by intercalat- 
ion is limited in favour of outside binding in G - C 
rich regions [ 13,333 _ PS complexes exhibit a markedly 
decreased tendency of binding by intercalation (mode 
I& which is apparently due to the bulky phenyl group 
attached to the conjugated tricyclic system of PS 123. 
Similar effect of bulky substituents oil acridine orange 
binding has been reported recently [S2] _ We can also 

exclude the possibility that at low binding ratios PS 
binds to only one type of DNA base pairs, since the 
degree of fluorescence quenching (fig. 1) depends 
markedly on DNA G-C content, especially at very low 
level of saturation of binding sites. 

These observations indicate that at low r values 
much greater part of PS molecules (approximately 
40% in the region of 7 < 0.07 [2]) are bound outside 
the DNA helix (mode 11) than in the case of prof’lavine. 
This type of PS binding prevails in G - C rich regions, 
but its occurrence in A - T rich regions is not excluded. 
It is reasonable to suppose that this binding mode is 



Z Ba1cann.G er a~/lnrerach~on of phenosafianine wirh polyanions III. 129 

less specific in the stabilization effect than binding 
modes I2 and III, which become predominant at high- 
err values and which both comprise an intercalated 
dye species [2,3]_ Unfortunately, at present no exper- 
imental data exist that could yield information about 
exact position of PS bound by mode I1 with respect 
to the DNA double helix. Therefore it can be only 
speculated that the overlap between DNA bases and 
PS is only small in this case and that nonspecific inter- 
actions, mainly electrostatic screening of phosphate 
charges by the dye cations, represent a considerable 
contribution to the stabilization effect. 

3.4. Ionic strength dependence of circular dichroism 

spectra of DNA-phenosaf~anine complexes 

Differences in PS interaction with DNA’s of varying 
A - T content could be observed by measuring circular 
dichroism (CD) spectra ai various ionic conditions. A 
plot of the ratio 

([QJ and [@JO are molar ellipticities of complexed and 
uncomplexed DNA solutions, respectively) for a con- 
stant wavelength versus ionic strength is shown in fig. 5. 
Ellipticities were always measured in the maximum of 
the positive CD band, A = 271-275 m-n (36900- 
36360 cm-l). The term V& was used in analo,T to 
UV-hypochromicity exhibited in absorption spectra. 

The ionic strength dependence of V, determined 
at various values of l/p differs markedly for DNA’s 
differing in base composition_ For DNA of FZavobac- 

terizm brevis (3oo/o G * C) maximum values of V. are 
observed at ionic strength -10-2. VA increases with 
increasing PS binding (Proportional to 1 /P at constant 
ionic strength) and reflects thus conformational 
changes of DNA. From binding modes I,, I, and II,, 
which should be considered for PS-DNA interaction 
at ionic strength 10-Z and l/p values shown in fig. 5, 

the latter two affect markedly DNA conformation 
[2,3]. Ending modes I2 and II, also represent 2 high- 
er proportion of bound I’S as the saturation le-!el of 
binding sites increases. Lower values of VA at ionic 
stren,,g lower than 10m2 probably reflect the pres- 
ence of relatively higher amount of surface-bound PS 
(binding mode II,) [2], which does not cause con- 
formational &a&es in DNA. At ionic strength great- 
er than -10-2 the overall binding of PS is reduced. 

Fig. 5. Plot of VA (for explanation see the text) as a function 
of sodium chloride concentration for various values ofp: (0) 
20, (0) 10, (A) 5. Source of DNA: (-) ~arobacteriunz breris 
(30% G - C), (---) Streptomyces clrrysomallus (72% G - C). 
DNA concentration was 6 X IO-’ hl (D). 

In contrast to the pronounced changes in ellipticity 
observed for PS complexes with DNA rich in A - T 
pairs, G - C rich DNA of Srreptomyces chlysomallus 

(72% G - C) and moderately G - C rich DNA of calf 
thymus (42% G - C, not shown in fig. 5) exhibit much 
smaller changes of Vh with l/p, which monotonously 
decreases with increasing ionic strength (fig. 5;. 

In accord with the results presented in the preceding 
sections and in part II of this series [2], the increased 
ellipticity of PS complexes with DNA of higher A - T 
content can be explained by higher conformatioxzal 
flexibility of A - T rich sequences in double-helical 
DNA as compared with G -C rich sequences, which 
leads to enhanced binding of PS by modes 12 and II1 
in A - T regions. On the other hand, the elliptic@ is 
not significantly increased by PS binding by mode I,, 
which represents the prevailing binding mode in G - C 
rich regions 113,331 and which apparently does not 
markedly alter the DNA conformation [2] _ The CD 
spectrum is more sensitive to structural alterations 
caused by drug intercalation than to changes caused 
by outside binding and hence the binding by mode I,, 
which is characteristic for G - C rich regions, is not 
reflected in the CD spectra to 2 significant extent. 

In a preliminary communication [53] changes in 



CD spectra of PS complexes with DNA’s differing in 
base content were interpreted not only as due to a dif- 
ferent degree of structural changes in A - T and G - C 
regions Induced by the dye binding, but also as indi- 
cating different degree of binding tendency to the par- 
ticular base pairs. Our present results indicate that in 
the evaluation of the binding heterogeneity different 
binding modes should be taken into consideration. 
Thus, PS binding by modes I2 and II, which include 
intercalated dye molecules occurs more frequently in 

A - T rich regions at low level of saturation of bindmg 
sites and is reflected by more pronounced changes in 
the CD spectra. 

4. Conclusions 

The results which have been presented in the pre- 
ceding sections can be summarized in the following 
points: 

(1) PS fluorescence is quenched upon binding to 
DNA. At least two different mechanisms are responsi- 
ble for this effect: Specific quenching by guanine resi- 
dues [ 193 and quenching of FS fluorescence due to 
dye-dye interactions 113. The dependence of PS fluo- 
rescence quenching on the G - C content of DNA at 
r < 0.1 indicates that the strong binding modes IL, I2 
and III do not exhibit strong G - C specificity; it can 
be assumed that PS is bound to DNA approximately 
randomly at r < 0.1. 

(2) Analysis of thermal denaturation experiments 
involving PS complexes with DNA’s differing in base 
composition shows that practically no difference in 
stabilization of A - T and G - C pairs exists at r < 0.1. 
The relative effectiveness of stabilization of A - T 
pairs increases with increasing 7 and approaches the 
value found for proflavine complexes at T > 0.25 [7. 
g] _ Thus, the strong outside binding (mode iI) does 
not exhibit any specificity in stabilizing A - T and 
G - C pairs against denaturation, whereas binding by 
intercalation (modes I2 and II,) stabilizes A - T pairs 
more than G - C pairs. 

(3) In competition binding studies performed at 
low p values (corresponding to r F 0.1) the quenching 
of PS fluorescence observed upon binding to DNA is 
decreased in the presence of netropsin, whereas actino- 
mycin D does not interfere with the quenching effect.’ 
The interference of netropsin with PS binding can be 

explained by blocking the A - T rich regions by bound 
netropsin. 

(4) Ionic strength dependence of CD spectra shows 
that, upon binding of PS, A - T rich regions are subject 
to greater conformational changes than G - C rich re- 
gions. This observation is related to the enhance~d bind- 
ing by the intercalative modes I2 aad II, in A - T rich 
regions. On the other hand, outside binding by mode 
I, is preferred in G - C rich regions [ 13,33]_ 

The data presented here show that there exists a 
pronounced heterogeneity in various properties of 
PS-DNA complexes, which depends on DNA base 
composition and PS binding modes. The course of PS 
fluorescence quenching as a function of 7 and DNA 
base composition indicates that in the overall binding 
PS does not show strong preference for G - C rich re- 
gions as it follows from results obtained by Muher et 
al. [29]. However, if we consider the individual PS 
binding modes I;?], we can characterize them in he 
following way: (a) Strong monomer non-cooperative 
binding outside the helix (Ii) occurs predominantly 
but not exclusively in G - C rich retions at 7 < 0.1. (b) 
Strong monomer non-cooperative binding by intercalat- 
ion (I& and strong cooperative binding of partially 
intercalated dimers (II1)prevail in A - T rich regions at 
lower levels of saturation of binding sites. At T 2 0.07 
[2] these binding modes represent the principal strong 
binding modes involved in PS-DNA interaction_ (c) 
The weak cooperative binding on the surface of the 
DNA molecule (112), which occurs at 7 > 0.1 exhibits 
probably no preference in bindiig to the DNA base 
pairs. 

Our characterization of the strong binding modes, 
IL on the one hand and 12 and II1 on the other hand, 
is in accord with the conclusion on preferential out- 
side binding of proflavine in G - C rich regions and in- 
tercalativu binding in A - T rich regions, which was 
made on 1 he basis of kinetic measurements [ 13,333 _ 
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