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The binding of phenosafranine (PS) to DNA was studied by a combination of spec:roscopic metiods (absorption and 
fluorescence) toFther with hydrodynamic measurements (sedimentation and \iscosityj. Analysis of sp+ctroscopic binding 
ww?s revealed that the strength of bindine of PS to DNA is gencnll?r,Iower than that of proflavine. These measurements 
enabled rccoznition of several modes of irtieraction between PS and native DN.4: strong monomer binding prevtilingat hi* 
DNA phosphate/dye ratios Cp) comprising binding outside the DNA helix as well as intercalation; two modes of dimer bind- 
ir@ at lower vaiues ofp; and probably also weak surfa~-~~d~g of monomers asp approaches unity. Longer s~rf3~-bound 
a_qmg.ates of PS u-en not detected because of the lee tendency of the dye to form ag_eregates, thou_& the presencx of di- 
merie species distinct from pure surfaa3swcked PS dimer was indicated by various observations. It occurs over a broad range 
of p values starling at p -- 110 for ionic strengths IO-3-1O-‘. Thermal denaturation data indicate that this species IS bound 
more s%.rongl~ ahan pure surface-bound stacked dimer. Its dimeric characrer may be explained in terms of interaction of an 
intercalated dye molecule with an adjacent outside-bound one as suggesred for acridines by Armstrong et al. Various proper- 
ties of this species are discussed. Bath slrong and weak modes of binding of PS to DNA are sensitive IO the presence of or- 
ganic solvents. Tke effectiveness of solvents to destabike the complexes substantinlly coincides with their capacity to alter 
the water activity. Viscometric investigations reval that in the radon ofstrongcst binding tp > 15) the elongntion of the 
DNA helix by approximately 0.18 nm per bound PS molecule is accompanied by a strong negative change in Prsisten= 
len_eth, i.e. bending. Similar bending is also faund at higher levels of binding (p 5 15; induced by less ti_ghEhy bound F’S mol- 

ecules, in which region, however, the unusully hi_& elongation of spprosimateig 0.33 nm per buund PS molecule is observed. 

2, fntroduction 

Jn the preceding communication of this series [ 1 ] 
spectroscopic properties of phenosafranine (PS) aggre- 
gates forrwd in concentrated solutions or upon bind- 
ing of the dye to linear polyphosphates were described. 
The dimerisation constant of PS is relatively low, Kd = 
3.8 X 10” l.mole-t, comparable to that of proflavine 
[2]. Cooperative binding of PS to polyphosphates was 

characterised by the following binding parameters: 
binding constant K = 6.2 X I O5 I .mole- * , number of 
binding sites per phosphate monomeric unit ,p = 0.4, 
and cooperativity parameter q fi 30. The relatively low 
values ofKd,g and q imply that the extent of surface 
stacking of PS when binding to DNA is likely to be 
limited. On the other hand, changes in the spectrum of 
PSbound to DNA, if plotted as a function of the phos- 
phate-to-dye ratiop, indicate thai the non-cooperative 



mode of binding is limited only to hi& values of p [3]. 
In the present paper, optical and hydrodynamic 

methods have been employed to charactetise different 
types of PS - DNA binding and relevant properties of 
the DNA-dye complexes. 

2. Mate&is and methods 

Phenosafranine (3,6-diamino- IO-phenyl phenazinium 
chloride, PS), a product of Esyer (Leverkusen) had 
properties described in the preceding communication 

[Il. 
The following calf thymus DNA preparations were 

used: (I) A preparation obtained by the method of 
Zamenhof [4]. It contained less than 0.2% of protein 
and iess than 2% of RNA. DNA phosphorus content 
was determined by the method of Martin and Doty [St; 
the molar extinction coefficient related to phosphors 
content fP was 6500 f .moie-t -cm-t - (2) A product 
of Serva (Heidelberg); the phosphorus content in this 
preparation was determined according to Hesse and 
Grller [6]. (3) A product of Sigma Chemical Co. 
(St. Louis, MO.), which was sonicated so that molecules 
of molecular weight approximately 4 X JO5 daltons 
were obtained. (4) A preparation isolated by Dipl. 
Chem. Eva Sarfert (ZIMET, Jena) whir? had a protein 
content of less than 0.2%. It iyas very tightly sonicated 
to a molecular wei&t of approximately 8 X IO6 daltons 
and dissolved in 0.0015 M sodium citrate with 0.0055 M 
NaCi. (5) The same preparation as (4) but dissolved 
vritho~t NaCI (6) A DNA preparation of molecular 
weight of 15 X IO6 dal tons in SSC buffer (0.15 M Nail 
with 0.015 M sodium citrate). Closed circular DNA of 
phage PM2 was prepared according to Espejo et al. [7] 
and characterised as reported previously IS]. Both calf 
thymes DNA and phage PM2 DNA have a G.C content 
of 42%~ [7). DNA of E. coli (C&C content 52.2%) was 
prepared and characterised as previously described 191; 
it contained 0.3% of protein and iess than 2% of RNA; 
ep was 6500 I_ mofe- 1 _ cm- t _ 

All other reagents and chemicals were of analytical 
grade. Organic so!vents were purified by fractional dis- 
tillatinn ill order to remove fluorescent contaminants. 
Doubly diitiUed water was used in all experiments. 

Absorption spectroscopic and fluorometric measure- 
ments were carried out as described in the preceding 
paper [I]. in sedimentation studies on unwinding the 

closed circular DNA of phage PM2 by dye binding the 
established procedure was used I3,10,11]_ Indepen- 
dent spectrophotometric binding measurements were 
made with calf thymus DNA using the method of 
Drummond et al. [ 3 2 ] to determine the fraction of 
added dye bound per phosphorus atom of DNA (r) at 
equivalence in the sedimentation velocity titration. 
Viscometric data for sonicated DNA samples were ob- 
tained using a simple capilfary viscometer and other 
apparatus described previously [S]. Viscosity measure- 
ments with high molecular weight DNA samples were 
performed with a titration version of a Zimm-Crothers 
viscometer [ 13. 141 equipped with an electronic time- 
measuring device [ 151. 

PS-DNA complexes are characterised either by the 
ratZo of tot& concentration of DNA phosphorus to to- 
tal concentration of the dye added, p, or its reciprocal 
value. The Constitution of the compIexes is expressed 
as the ratio of the number of binding sites occupied by 
the dye io the rotal number of potenrial binding sites 
t;_;re total number of nucleotide residues in the 

, r- 

3. Results and discussion 

The initial spectrophotomet~c measureinents were 
carried out in an unbuffered medium of low ionic 
strength, 1 O-3 hl sodium acetate. The changes in the 
visible spec*ral region observed when native DNA was 
titrated at a constant concentration of PS are shown 
in fig. 1 b. These changes follow generally the pattern 
observed for other weakly awesating dyes, such as 
profiavine [ 16, I 7 3. At high phosphate-to-dye rario 
(p 2 150) the absorption maximum becomes hypo- 
chromic and red-shifted from 19150 cm-l (532 nm) 
to 18300 cm-l (546.5 nm). Wilfi aecreasingp, the 
hypochromic effect deepens and eventually the mati- 
mum starts to shift gradually back to higher energies. 
However, the spectral cupe never becomes shnilar to 
that of asregated PS [ 1 ] ; at p < 5 its shape changes 
back towards that of free monomeric TS. 

The binding of I’S to DNA was evaluated by the 
method of Ii and Crothers [ l&19] from the spectral 
changes at high p values, when calf thymus DNA (pre- 
paration I )was t&rated at h&h ionic strength (0.1 M Ka 
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Rg. l_ Effec? of native DNA on the visible absorption spec- 
trum of phenosafranine. a. Limitirq absorption spectra of free 
pheno~fr~ine (F, full fine). phenos~r~ne bound to narivr 
DNA 3s monomers. intercalated and outside-bound (1, dashed 
tine), and phenowfranine bound as dimen (11, dotted Iine). 
The spectrum 11 ‘was cakuiafed according to Schwarz et al. 
1211 from spectra of phenosafranine bound to polyphosphates 
fl], The isosbestic points at 20900 cm-’ (A). 19900 cm-‘ 
(a), t 8600 cm-’ (C) an3 17600 cm-’ (D) were used for de- 
termining the frzxtions of free &e and dye bound by different 
binding modes shown in f,p. 2 (see test for details). b. Spec- 
trophotometric titration of native E. coli DNA with IO-’ M 
phenosafranine at low ionic strength (10F3 M sodium acetate, 
pH 6.5). The v&tes of p giwzn in the figure follow the order of 
.+ect.rai curves. Titration of nab-v.+ calf thymes DNA gave es- 
senttiy the same results. 

This method gives the value of an apparent binding 
constant, #Cap, wbkh involves the contribution of all 
bound R!S mo!ecules. At equilibrium under the above 
mentioned conditions the extent of surface binding is 
low. As expected, the KaP value thus determined fc: 
the PS - DNA complex, 7.4 X 1 OJ 1 .mole-1 is com- 
parable with the value obtained for proflavine binding 

(2 X 10’ I.mole-t) [18j. However, thr observed dif- 
ference does indicate that the strength of binding of 
FS is ge~eratly lower. 

In order ta obtain more information about the 
binding processes for PS. we have tried to estimate the 
fractions of dye bound by different binding modes, 
using the method described by D-.:rlent and HCl;tne 
[20]. The limiting spectra of free PS, bound PS mono- 
mers and bound PS dimers are shown ir? fig. la. The 
Iimilin~ spectrum of the bound dye munomers was 
obtained from the experiments at high p dues (p > 

150) and at ionic strength 10-3: under these conditions 
practically all the dye is bound b_v this mode. The lim- 
iting spectrum of bound PS dimers is difficult to ob- 
tain directly from experiment: we therefore used the 
spectrum of PS dimers bound to polrphosphates at 
Iowp f I ] calculated according to Schwarz ttt al_ 131 I. 
‘The fractions of the free dye yF (which can involve aI- 
so the spectroscopically indistinguishable iraction of 
monomers bound weakiy on the surfece of the bio- 
polymer), non-cooperatively bound PS yi and bound 
PS dimcrs yII were calculated for any value of p from 
the experimental spectra st the wavefrngths oiappro- 
piate isosbeqtic points in the limiting spectra (t?g. la) 
using values of absorbance for limiting free or bound 
species [20]. Binding isotherms constructed from these 
vaIues are shown in fig. 3. It m&&t be expected that 
the masimum value of yII would be found ar p B I. 
i.e. under conditions where all potential binding sites 
should be saturated. This was espe:;mentally confirmed 
for the pro&vine-DNA system [22] and agrees well 
with the theory of cooperative, competitive ligand 
binding to biopo’ymers f23j. Nc~vever. PS binding at 
low p values apparently represents n more complicated 
situation and we were unable to rtnalyse it in greater 
detaii. Thus, e.g. as fig. 2 shows. the maximum V~UZS 
of TIr occur in the range of p = 6-12 both for low and 
high ibnic strength. The strength of cooperative inter- 
actions of PS is low, as follows from the parameters 
obtained for free PS (dime~zation constant Kd = 
3.8 X IO” I .mole-l ) and PS bound to polyphosphates 
(parameter of coopttrativity q G 30) [ 11, as compared 
with similar parameters for the profla’vine-polyphos- 
phate system,& = 5 X 102 I.mole-*. 4 c 700 [21.241. 
‘I’& difference between the maxima of Ttt fractions 
obsemed for proflavine-DNA and PS--DNA may be 
expl&ned in the sense that anly a fraction of PS mole- 
cuies mutually interact when surface-bounds the others 



30 2 Bnicarovci et aL. Znreraction of phenosafranine with polyanions U 

co 
01 lb lb la, 1030 

Fig. 1. Isotherms for phenowfranine binding to nake DNA. 
The curves correspond to fractions rx of intercalated and out- 
side-bound dye monomers (x = 1. o), of dye bound as dimers 
(X = if. 3) and of ire@ dye, \vhich includes dye mo~om~ 
bound weakly at Ihe DNA surface (x = F, fl). The fractions 
were calculated x ording to I?ourfent and H&k (ZO] from 
the expenmenrat data and absorbance of the Iimiting spectra 
at iSOSb?SliC points shown in Iis. 1: -yl + 711 (Or TF) at 19900 

cm-‘. -y131 17600 or 70900 cm-’ and 711 at 18600 cm-‘_ 
The parallel calculations sewed as a control. a. Binding of 
phenosafranine at low ionic strength (10m3 M sodium acetate. 
pH 6.5) to calf thymus DNA (preparalion (1)) (full symbols) 
and E. coli DNA lop211 symbols). Thlfir dye concentration was 
10-s M. b. Eindinp of phenosafranine to calf thymes DNA in 
IO-* hi ?&Cl at 3 dya concentration iO-5 M. c. Binding of 
phe~osafran~ne to calf thymmus DNA in 0.1 M.NaC1 at 3 dye 
concenrmtion of 5 X iO_” MI; 

may be considered as monomers bound weakly at the 
surface. 

Since the main proportion characterised by yhe di- 
merit spectrum (yII) occurs at p values higher than 1 
end since this fraciion is present even at relatively high 
p, it can be assumed tiaf it invotves another type of 

dye-dye interaction, namely an interaction between 
the intercalated and a neighbouring PS molecule bound 
outside the DNA helix 1171. This holds true for both 

low and hi& ionic strength. Further support for this 
comAsion will be given in the following sections. 

At this stage we can tentatively consider the follow- 
ing scheme for PS binding at equ~ib~unl: (i) Nonco- 
operative monomer binding characterised by a red shift 
of &he visible band in the absorptioir spectrum of P.S. 
By analogy with other cationic dyes !25] the red shift 
can be explained by the change of environment of the 
dye from polar aqueous solution to a less polar one, in- 
dicating the interaction of PS with organic residues of 
DNA. A predominant part of molecules having these 
spectral properties is intercalated ( l&26]. (ii) Coop- 
erative bindino, characterised by the dimer spectrum. 
This type of knding can include at least two different- 
ly interacting species of dye molecules: (1) interaction 
between an intercalated dye molecule and an ourside 
bound one and (2) interaction between two surface 
bound dye molecules_ PS apparently does not bind in 
the form of longer aggregates at the DNA surface. On 
the contrary, it would appear that a considerablr frac- 
rion of surface-bound l?S molecules do not mutualfy 
interact, but behave like monomeric dye characterised 
by an ii’JSOI@On spectrum indistinguishable from that 
of free monomeric PS. 

Direct evidence for intercalative binding of PS uas 
obtained from a study of the effect of the dye on the 
sedimentation coefficient of closed circular DNA 
derived from bacteriophage Ph12. Fig. 3 illustrates that 
PS binding removes and reverses the supercoiling of 
closed circular DNA in a fashion qualitatively and 
quantitatively similar to established intercalating agents 
[10,27]. In addition. the dye causes the characteristic 
monotonic decreasr! in sedimentation coefficient of 
nicked circular DNA associated with ~terc~ation 
(fig. 3). The two DNA species cosedimtnt as a singie 
unresolved boundary in the range of r = 0.05 to 0.07 
yielding an equivalence binding ratio of 0.060 k 0.010 
dye mokcules bound per nucleotide. Under identical 
experimental conditions ethidium yields an equivalence 
binding ratio of0.05 I f 0.006 during molecules bound 
per nucleotide [I I ] ; thus PS has an apparent helix- 
unending angle 0.85 2 0. I 5 times that of ethidium. 
Taking the unwinding angle oferhidium to be -26O 
[ZS, 291 results in an apparent unwinding angle for PS 
of --(22.1 2 3.9)” per bound dye molecule. 
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Fig. 3. Effect of phenosafranine on the sed mcntation coeffi- 
wznts S20 of closed circular (0) and nicked (3) DNA of bac- 
teriophap Phl2 (phosphorus concentration 9.1 X IO-’ 31). 
The buffer of pH 7.0 and ionic strength 0.01 contained 2 mhl 
hydroxyethyl piperazine ethane sulphonic acid. 0.01 mhl EDTA 
and 9.4 ma1 NaCl (SHE buffer). 

Whilst this apparent unwinding angle is weli within 

the range of acceptable values for intercalation models 
[27-341 the possibility remains that the true unwinding 

an$e per intercalated PS molecule is eql;ivalent io that 

of ethidium. If this were the case the lower apparent 

unwinding angle wouid indicate that only 85% of the 
bound PS is intercalated in the equivalence region where 
r = 0.060. This notion accords qualitativeiy with the 
spectrophotometric measurements shown in fig. 2.for 
the interaction with calf thymus DNA with regard to 
the existence of multiple bound forms. In .?ddition, the 
quantitative agreement is good for measurements at low 
ionic strengths (see fig. ?a, b) wherein 80430% of the 

bound dye molecules at r = 0.06 is identified as inter- 
calated at r = 0.06 (fig. 2c) indicating that the distribu- 
tion of species amon@ the multiple bound forms is 

ionic-strength-dependent. 

3.3. Viscosity measwemenls 

Changes in viscosity observed upon Interaction of 
DNA with dyes can yield further information relevant 
to the mode of ligand bindir.g [26.35.36], P’egJecting 

the residual deviation of the structure of sonicated, 
low-molecular weight DNA from a rod-like shape (i.e. 
flexibility) Cohen and Eisenberg [36j ircated the vis- 
cosity behaviour of shorr DNA molecules like that of 

prolate ellipsoids of revolution. They derived !he ratio 
L/L,, of DNA contour IPngth after (L) and before (LO) 

dye inreraciion from the corresponding ratio of intrin- 

sic viscosities [v]/[~]~ by means of the equation 

(1) 

The term in square brackets is relatively weakly sensi- 

tive to the axial ratio p [36]. The sclbscript zero always 

indicates the absence of dye. 

Viscometric measurements were carried out in a 
range of p > 4, where the binding of PS is predominant- 

ly non-cooperative (see fig. 2). Fig. 4 shows a plot of 

experimental data derived from eq. (I) for sonicated 
calf thymus DNA (preparation (3)) interacting with PS 
at 0.01 M Na+, where ]f(p)o/J(~)] 113 has been assumed 

to be unity. In the curve of L/Lo versus r two regions 
differing in slope can be clearly distinguished. In the 
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Fig. 3. Dependeric? of thz ralin L/Lo of contour lengths (ri_ght 
scale) of sonicnted calf thyrnus DNA (preparation (3). .I; = 
0.4 X IO6 daltons) after tL) and berue (Lo) mteraction \vith 
phenosafranine as a function of I/p i 3) and r (a). L/L,, ~vas 
determined using eq. (1) from the ra:e of correspond&e inttin- 
sic viscostties [q]/[n]o (c, plotted vcrstts r, left scale) measured 
in SHE buffer. pH 7.0. ionic strength 0.01. 



retion ofr < 0.07, where practically all the added dye 
molecules are bound (see also fig. 5), the average slope 
(AL/Lo)/4r (graphically obtained) is O-61_ At higher r 
values the average slope is f -35. Comparison of these 
vducs with the theoreticat model for complete ideal 
iniercalation (for which a line of slope 2.0 is expected 
[ 263) as wcU as with experimental data for a wcll- 
established intercalating acridine derivative proflavine 
((AL.]Lo)/&= I .53 on the basis of viscometrie data 
only ISS]) shows ihal they are loo low IO correspond 
to complete interc~atjve binding of the dye, yet too 
hi:& for a pure conventional external association. 

The devia?ion from expected behaviour is especial- 

ly striking at T < 0.07 (i-c. ‘~1 p z i 5), where, as evi- 
denced by spectroscopic and sedimentation measure- 
ments, intercalation is evidently the dominent binding 
mode. It cannot be excluded that the generafty lower 
values of the slopes than those expected on the basis 
of the simple theoretical inode reflect a fraction of PS 
molecules attached to DNA otherwise than by inter- 
calation even al low r values: some evidence for this is 
implicit in the spectroscopic and sedimentation mca- 
surements. However, the biphasic character of the curve, 
the much lower value of the slope at r < 0.07. and es- 
pccially the experimental viscomrtric data for high 
molecular weipht DNA (see figs. 5 and 6) indicate that 
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FIN. 5. Wpendcnrr of relatire changs of viscosity 4,‘on the 
rauo of added phenosafranine molecules per DNA phosphate 
,group I/p at 0.01 M Na* (pH 7) for d~ffc~rlt concentrations 
ofcalt’ rltynlus DNA (preparation (J).M = 8 X IO6 daltons). 
(o, 0) co - 0.00330 FJdl (rr\o titration experiments. cf. also 
tiig. 6); (D. 9) cu = 0.00164 s/d! (IWO titrali~m experiments). 
The diver;encc ol a part of both curves demonslnles rel;ltive- 
ly ~a)i binding of the l&and in rhis range of I/p. The dotted 
line mpicxnls the function A_%’ vz!rsus r obtained by extrapola- 
tion of A_%. YersUs il#J for CD&.+ - = (set text). 
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I:ig. 6. Dependence of r&&e chxzpz oi viscosit?; A_T of calf 

thymus DNA of high molecular ~cighht on the ratio of added 
pheno~fr~jne molecules psi DKA phosphate group at three 
differenr ionic strengths: 0.0035 (0. preparcttion (5)); 0.010 
(0.0. preparation (4): the same data as shoxr-n in fig. 3): 
0.2 (cr. preparation (6)); qsPc,o: 0.321 (c); 0.230 (:. 01: 
0.322 (3). 

the neglect of changes of persistence length cz in eq. ( 1) 
may have considerable influence on the inte~retation 
of the experimental data. 

Now a quantitative basis is available for considering 
both changes of DNA contour length (4L) and of DN.4 
persistence length (&) for DNA-dye interacrions in 
first order [13,14.35] or higher order 1351 approxi- 
mation. Neglecting the small possible influence of 
changes in the DNA helix diameter on irs hydrodynamic 
properties [ 13,351~ the first order approximation is 
given by 

For practical purposes we may write 

where 4X =X-X,: X = [Q], L, II, rasp., and the sub- 
script zero denotes the values before ligand interaction. 
The parameters av and K2 depend on the DNA mdec- 
ular wei&ht M(and, consequently, on [qlo) and are 



Z l3o~xrov~ et al., Interaction of phenosnfranine with polymions. II 33 

Fublished for DNA ur.der stand.rd conditions [ 13,14, 

351. Whereas Ka increases monotonically from zero to 
1.5 with increasing M between 1 O5 and 1 O7 dal tons, un 
decreases from approximately I.5 to 0.5 at the same 
time. Generally. AL/L,-, and b/a0 can be evaiuared 
independently from eq. (2), if ~[o]/[_rl]~ E A-1’ has 
been determined for at least two DNA preparations 
diifering sufficiently in the values of I;, and Jo. i.e. in 
motecular weight. 

Vkometric data for calf thymus DNA of high 

moIecular weight interacting with PS are given in figs. 
5 and 6. In fig. 5 we see experimental curves for two 
different DNA (preparation (4)) concentrations at 
0.01 hl Na’, i.e. at the same ionic strength used in the 
experiments with sonicated DNA illustrated in fig. 4. 
In fig. 6 curves A-1’ versus 1 /p are plotted for different 

counterion concentrations (preparations (4,5,6)). 
Within the range of 1 /p values shown ih fig. 5 two 

different regions of dye binding can be distinguished_ 
The first one, inducing only negligible changes of [q] 
for the hi@ molecular weight sample. occurs at r < 0.07. 
corresponding thus to rhe region in which binding oc- 
curs predominantly by intercalation, as determined bl 
the spectroscopic and sedimentation measurements. 
For the second region at r > 0.07 a smaller binding 

constant is effective, as might be expected from the 
divergence of the two curves measured at different 
DNA concen?rations. Assuming the experimental value 

Wln sr,l/cMln 77rel,&o) to be a sufficiently accurate 

approximation for A[v]/[~]~. an approximation of 
the function A_>* versus r (dotted line in fig. 5; neces- 
sary for any quantitative interpretation) can be calcu- 

lated from the divergence of the two experimental 
curves [ 13,37,38,39]. -This function correspdnds to 
the experimental curve in a A-J’ versus 1 /p plot for in- 
finite DNA concentration (i.e. where there is effective- 
ly complete binding of all added dye molecules). 

We can perform a quantitative analysis in terms of 

AL/L, and Au/a0 on the basis of the expetimentall> 
determined relative changes of viscosity Ar for the low 
molecular weight DNA (fig. 4) and high molecular 
weight DNA (fig. 5, dotted line) in the first approxi- 
mation described by eq. (?a). As already mentioned, 
established data for n9 and K, as a function of M are 
available only for DNA at physiological ionic strength. 
The small deviation of the data for DNA at 0.01 hl Na+ 

from those at 0.2 AI Na+ can be roughly estimated. 
Reasonable assumptions for al) and K, result in values 

for AL/L, and Aala0 which differ from those calcu- 
lated on the basis of the data for 0.2 hl Na’ [ 13. 14. 
351 by not more than 10-205. 

For the first region of binding (r < 0.07) eq. (la) 
rakes the following forms for experiments with the 
two DN.4 samples: 

1 .s7 = 2.35 (U&))/Z’ + 0:+5 (2u?/uo)/~ 

(M = 0.4 x 106) 

O-O? = 1.66 (U./L,,)/& + I .?o (.k/Q/& 

(Al= 8 X 106). 

From these equations \ve obtain (U./Lo)/& 2 I .I (or 
AL./1 PS = 0.18 nm) and (&/uO),‘& 2 -1.5. Similnr- 

ly, for the second region (r > 0.07) with hiygher values 
Q/Arwe get (M./L,,)/* = 7.0 (or U/l PS = 0.34 
nm) and (&/a,,)/Ar =L -1.7. The high negative values 
of Aala, indicate cmsideruble bending [ 13, 141 of 
similar magnitude in both binding regions. Its negative 
contribution to the viscosity change is not negligible 

even for the low mo!ccular weight DNA. ObviousI) 
this effect contributes considerably to the difference 
obtained for (&L/Lo)/&- from eqs. (1) and (2). re- 

spectively: 0.61 rompnred to 1.1 for the first binding 

region and 1.31 compared to 2.0 for Ihe secor.2 one. 
The influence of possible esperimental z11d theoretical 
errors, which can be evaluated acc;lrately only with 
difficulty, is in this case clearly far short of the limits 
:vhich would be needed tr account for these differences. 
(Taking for example the accuracy of the binding cor- 

rection, errors arising from this source for the sonicated 
DNA mainly influence the AL/L0 values. whereas for 
the hi_@ molecular weight DNA they affect predomi- 
nantly the &z/o, data.)? hus, the neglect of changes in 
persistence length h eq. (I ) resulrs in spurious values 

for AL/L,. particularly in those cases where ligands 
cause bending. (It should also be mentioned that in 
general a positive h/u,-, value does not constitute 

proof 0; the absence of bending. A corresponding 

small negative increment may, in special cases, be over- 
compensated by a strong positive contribution from 

stiffening.) 

The value (AL/L, I/&- z I .I corresponding to 
AL f 0.1s nm per bound PS molecule is relatively low 

for normal intercalation of the majority of PS mole- 
cules binding in the regjon of r < 0.07. it could be in- 
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terprered as indicating that some of the PS molecules 
bound in tl-is region (approximately 40%) are not in- 
tercalated. The viscometric data alone could be also 

explained by partial intercalation, a mechanism that 
should induce bending of the double helix as observed. 
On the other hand, at r > 0.07 the elongation per 

bound PS molecule LU * 0.34 nm would require that 
nearly all bound PS molecules be intercalated and 

presumably contribute to unwinding of the DNA helix. 

However. in this range of r values spectroscopic data 
(fig. 2) indicate the presence of a considerable fraction 
of bound PS molecules showing spectral characteristics 
different from those of intercalated dyes [ 161. It can- 
not be excluded that an unwinding and elongation 

mechanism other than conventiona! intercalation is ac- 

tive. 

The interpretation oi fig. 6 also suggests that the 
absolute value of the b increment per ligand increases 
with increasing ionic strength andthat the free enera 
of binding decreases at the same time. 

The viscometric properties of PS-DNA complexes 
in the two regions will be further discussed in the light 

of results obtained by other methods. However, it is 
clear that the characteristics of these binding regions 
merit further investigation. 

Finally it should be menttoned that neutral red 
(having a s!ructure similar to that of PS, but tithoui 
the phenyl ring) induces a positive increase of viscosity 
with high molecular weight DNA at 0.2 M h’a+ at low 

r values [39]. Therefore the presence of the phenyl 
ring in PS seems to be essential for inducing the bend- 
ing associated with PS binding to DNA. 

3 4. Sfabifiry or rlre phenosafronine- DA’A complexes 

Since the character of absorption spectra indicated 

less stacking of the DNA-bound PS as compared, e.g. 

with proflavine [l7] or with PS bound to linear poly- 
phosphates [I]. we tried to obtain information on the 
strength and nature of PS binding to DNA especially 
in the region of low p values. Two methods were chosen: 

(i) a study of the effect of organic solvents on PS bind- 
ing properties, and (ii) an investigation of the thermal 
stability SJf the complexes. 

1 t was shown previously that binding of proflavine 
and other similar dyes (including ethidium) to DNA 
by intercalation is substantially decreased when organic 
solvents up to 60 volume per cent are added to solutions 

formamide 

0 - dlOxOW 
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Fig. 7. DNA-Induced changes in the absorbance of phenosafra- 
nine,A/Ao, m Ihe Presence of increasing amouiils of erhanol, 
formamide and p-diohane. Ao and A are absorbances ai 
19150cm-’ (522 nm) in Ihe absence md prejence of DNA 
respectively. Phenosafranine concenlraticn 2 X 10m5 hl; 
NLICI con~~n tration 0.01 M; DNA concentration is rxpreswd 
in terms of p. Percen:apes beside the curves indicate organic 
solvent contents (v/v). 

of DNA-dye complexes [Xl. The decrease of binding 

occurs in practically all organic solvents. A similar ef- 

fect is exerted by organic solvents on dye-polyanion 

complexes stabilised by dye-dye stacking interactions 

WI - 
Figs. 7 and 8 illustrate the influence ofvarious or- 

ganic solvents on the absorbance and relative fluores- 
cence intensity of PS-DNA complexes (DNA prepara- 

tion (3)). As has already been seen, complex formation 
is associated with a decrease of absorbance at 19150 

cm-l (522 nm). S’ rmilarly, the fluorescence intensity 

of fluoresceni dyes is typically altered upon bindIng to 
DNA (for recent reviews see [41,42]). The addition of 
DNA to a PS solution leads to an overall quenching of 

the dye fluorescence at 17090 crneJ (585 nm) (e>.- 
cited at 20800 cm-t (481 nm)) [I]. Thus, both figs. 
7 and 8 demonstrate the lowered tendency for PS -DNA 
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Thus, the results obtained for PS are in accord with 
those reported for profl:vine. ethidium and other sim- 
ilar cationic dyes [35 1. The effectiveness of solvents in 

destabilising the complexes increases in the order: 
water < glycerol <ethylene glycol < methanol < 

formamide <ethanol < isopropanol < n-propanol < 
p-dioxane < dimethylsulphoxide. This order hasicallj 
coincides with the ability to induce the B - A confor- 

mational transition in DNA. a fact which has been jn- 

terpreted in temls ofsolvent-Induced alteration of wa- 

ter activity [44] _ Thus far we suppose that waler ac- 
tivity is also important for the stability of dye-DNA 
complexes. 

Further information on the properties of PS bound 
to DNA at different values of r was obtained by study- 

ing the behaviour of the complexes during heating. 
Fig. 9 shows that upon binding of PS the double helis 
of DNA is markedly stsbilised against thcmmal denatu- 
ration. The dependence of melting points rr,, . charnc- 
terising the collapse of the secondary structure of the 
complexes, on the PS binding ratio a: room tempera- 

ture (r7s’) (fig. 9. inset) follo\v~s the pattern observed 
for other cationic dyes [9.$5,46]: at 1ov.p values of 

r25p T, increases steeply with inc,casing amounts of 
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Fig. 8. DNA-induced changes oi phenosairanine fluor~ccencr. 
F/F,-,, m the presence of increasing amounts of ethanol, forma- 
mide and pdiosane. Fo -Jnd F arc fluorescence intensities 31 
17090 cm-’ (585 nm) in tie absence and presence of DNA 
resp?ctiuely. E\cttL,i on was perfornrrii at 20800 cm-’ (38 I 
nm). Orher dstails as described in the legend to fig. 7. 

complex formation with increasing concentration of 
organic solvents: the hypochromic effect in the PS 
spectrum is lower and at the same time the fluorescence 
quenching effect decreases if the DNA is added in the 
presence of ethanol, formamide or p-dioxane. 

The binding is strongly decreased at organic solvent 
contents below 60% (v/v), which are not sufficient to 
cause DN.4 denaturation (431. Moreover, rhe concen- 

tration of organic solvents is not high enough to induce 
the conformational B + A transition of DNA in solu- 
tion [a]- it is also obvious that the observed effects 

cannoi be related to th2 dielectric constant (cd) of the 
solvent added: even though ethanol (ed = 25.8) and 

p-dioxarre (ed = 2.24) have considerably lower dielec- 
tric constants as compared with water, yet that of 
fommamide is higher (ed = 110.5), all decrease the bind- 
ing of PS to DNA. 
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Fig. 9. Thermal _:lbility of phenosafranine complexs with 
calf thymus DNA (preparation (I)) illustrated by the tempera- 
rwe dependence of r t-or complexs with different initial com- 
position. The inset shous meltinp points (T,) of the com- 
plexes as a iunction oi the amount of phenosafranine bound 
31 ro mperature (r2s”)- The upper scale gives the corre- 
span aiues of I/p. A constzmt total ph:nosairanine con- 
centration (IO-’ $1) was maintaii,:l in all rxawrcments. The 
medium was 10m3 hl sodium 3cetatc. pH 6.5. 



bound PS; at higher values of r2r the curve bends and 
nearly levels off for r-,9 > 0.2. If the changes in total 
bound PS with temperature were followed for com- 

plexes with different ievels of saturation of binding 
sites at room temperature, two-phase curves were ob- 

tained (fig. 9): (i) In the region of premelting tempera- 
tures no change of r is observed for complexes with 
r7p < 0.1, whereas complexes with higher values of 
r,g exhibit a small continuous decrease of r. (ii) in 
the range of temperatures of the helix-coil transition 
of the complexes a sharp cooperative decrease of r oc- 
curs_ Similar two-phase curves were observed earlier 

for themlal dissociation,of proflavine [9,47] and were 
interpreted as being indicative of weakly bound dye in 
complexes of r150 > 0. I, which dissociates in a broad 

region below ihe melting temperature [9]. On the oth- 
er hand, the strongly bound dye dissociates in parallel 
with the melting of the DNA double helix. i.e. in the 
vicinity of T, [9]* Consequently, the stabilisation ef- 

fect is exerted only by a fraction of dye molecules that 
are bound strongly (9,481, which explains the nonlin- 

ear dependence of T,,, on rz50 (fig. 9). 
The :ack of any decrease of r in the premelting 

retion for PS-DNA complexes \sith rzg G 0.1 indi- 

cates that pracGcally all dye molecules remain attached 
to the DNA up to the melting temperature and arc thus 
characterised (‘_; an alogy with acridine dyes [9,48]) as 
stron,@y bound ones. 

Hitherto. for most cationic dyes the “weak” and 
*‘strong” binding processes have been identified with 
cooperative stacking at the surface of *he DNA helix 
and non-cooperative binding by intercalation, respec- 

tively [9,16.49]. Evidence has been presented in the 
preceding sections that already at a relatively low level 
of saturation of the DNA binding sites by PS (i.e. start- 
kg with r = 0.01 Z-0.01 7, which is far below the r val- 

ues corresponding to saturation of PII possible binding 
sites for intercalation on the basis of the nearest nei& 

bour exclusion model [ I7]), PS starts to attach to the 
DNA helix by a binding mode different from non-co- 

operative monomer binding, characterised by the stacked 
dye spectrum (fig. 2). This binding was observed over a 
broad range of ionic stren,&. from 10M3 to 10-l. Even 
though PS molecules bound by the latter binding mode 

exhibit spectral properties similar to those of dye mole- 
cules bound weakly on the surface of DNA, the thermal 
dissociation behaviour (fig. ‘;; nevertheless indicate that 

these !Fi molecules behave as strongly bound species. 

It sho l Id ?!;I, be mentioned that the amount of 
weakly surfer :-_-bound PS that dissociates at premelting 
temperatures is lower than the amount of profiavine 
dissociating under similar conditions [93_ Considering 
that total r is estimated from changes of dye absorb- 
ance at the isosbestic point common to the spectra of 
intercalaied and stacked species, this implies that in 

the region of very low p values (i.e. high r values) 

where the surface-binding prevails, a fraction of PS is 
bound at the surface as monomers. This conclusion 
agrees with that obtained when the course of the curve 

corresponding to the fraction of stacked PS (fig. 2) was 

analysed. 

4. Conclusions 

The results presented in the preceding sections indi- 

cate that PS binding to DNA cannot be simply de- 

scribed in terms of tv.o binding modes, viz. a srrong 
one, identical with intercalation of ligarzd monomers. 
and a weak one, characterised by surface binding of 

dye molecules mostly in the form of stacked aggregates 
[ 16,26,4 I, 491. More specifically, the spectroscopic 

and hydrodynamic measurements yield information 
that can be summarized in the following points: 

(i) Measurements of chaqes in absorption spectra 
with T give evidence that at r > 0.009 two species of 
bound PS coexist. one characterised by a red-shifted 
visible band, the other by a blue shift of this band 
(fig. I). At I/p 2 0.2 the spectra indicate that the pre- 
vailing fraction of PS present in the mixture has spec- 
tral properties similar to those of nonbound mono- 
me ric dye species. 

(ii) Changes of J- caused by heating PS-DNA com- 
plexes, the viscometric measurements at high molecular 
wei&t and the stabilising effects of Lhe bound dye in 

thermal denaturation experiments indicate that practi- 
cally all PS bound at r GO.1 can be classified (by anal- 

03 with acridine dyes [9,46,48]) as strongly bound, 
while the weak binding only becomes significant at 
higher r values. 

(iii) The ability of PS to unwind the supercoiling of 
circular DNA gives evidence that PS binds by intercala- 
tion in a broad range of r values. However, if it is 
supposed that the unwinding angle per intercalated PS 

molecule is the same as for ethitium bromide [ X3,29]. 
the results can be interpreted in such a way that at r = 



Z. L?aicaroati er at, Inremcrion of phenosaft-anine with p&anions. II 37 

0.06 (i.e. at the point of complete relaxation of super- 
coiling) at least 1.5% of the bound dye molecules are 
not intercalated. 

(iv) Viscometric measurements revealed in the 

range of r < 0.2 two regions of binding with different 
hydrodynamic properties (figs- 4 and 5). Surprisingly, 
at r < 0.07 the increase in contour length of DNA mol- 
ecules caused by one bound PS ligmd is rather small. 
0.18 nm, whereas at hiher T values the increase reaches 
the theoretical value for pure intercalation, 0.34 nm 
per bound PS molecule. For bclh re@ons nearly the 
same negative values were determined for the change 

in persistence length. indicating Jonsiderable bending 
of the DNA molecule induced by the bound P.S. 

A model of PS binding to DNA that would satisfy 
ah the esperimental data must necessarily be specula- 
tive to a certain extent. because the information 
yielded by one metho, cannot always be supported by 
other types of measurement. In order to simplify the 
ensuing discussion we suggest the following scheme of 
nctation for the equilibrium modes of PS binding. We 

preserve the designation of the two main binding types 
by Roman numericals 1 and II: however, in the light of 
the present results they can be distinguished only by 
the degree of cooperativity in the binding process. 
Subscripts will be used to differentiate between sub- 
types within the two main modes of binding. 

Binding mode I is the dominating type of non- 
cooperative or negatively cooperative interaction which 

occurs at low r values and comprises PS molecules 
strongly bound to the DNA helix [16.26,41,49]. 
Spectral properties of this fraction of bound PS mole- 
cules are characterised by a bathochromic shift of the 
visible absomtion band accompanied by a hypochromic 
effect. The spectral red shift together \x+th the ability 
to unwind superhelical circular DNA indicate that - 
in agreement with the behaviour of other structurally 

similar ligands [ 16,26.27,41.49] - the majority of 
these PS moiecules are bound by interc&tion. 

However, viscometric data yield in the range of 
r < 0.07 a much lower value for the increase of contour 

length per bound PS molecule (0.18 nm), than would 
correspond to the theoretical model for intercalation 
[26]. Spectrophotometric analysis (see fig. 2) shows 
that at T < 0.07 a ,fraction of PS molecules is indeed 
bound in a different way e&biting a hypochromic 

shift in the spectrum. However, this fraction is relative- 
ly small and cannot account for the observed low value 

for eiongation of the DNA helix It must be supposed 

that zt low levels of saturation of the binding sites an 
appreciable fraction of PS molecules is bound as non- 
intercalated monomers. The same conclusion was 
reached by several authors on the basis of kinetic 
[50--531 and luminescence 1541 measurements of in- 
teraction between acridine dyes and DNA. The non- 
intercalated species (I, ) corresponds to the binding b>, 

the second reaction step according to the model 
proposed by Dourlenr and Hogrel r5 I] and apparently 
has absorption properties similar io those of the inter- 
calated species (1,): this similarity fol!ows from the 
analysis of spectra at ionic strength 10p3. One can 
only speculate about the steric location of the norr-in- 

tercalated species. The obrerva:ion that the visible ab- 
scrption band of PS bound by mode I, is red-Shifted 
and that these molecules contribute equally Lvith these 

bound by mode 12 to the stabilisation of the DNA 

double he!ix nevertheless seems to indicate that PS 
mdecules bound by mode I, assume such a position 
that they can interact effectiveljr with organic DNA 

residues. We have previously shown that the red shift 
in dye spectra can generally be ascribed to a rransition 
from the hydrated state to a more hydrophobic envi- 
ronment [x]. However, it is relevant to note that a 
bathochromic shift is also observed in the spectrum of 
netropsin upon interaction with DNA. which occurs on 
the surface of the DNA helis (551. 

On the other hand, rlrr viscomr tric measuremsn ts 
indicate that at higher levels of saturation of DNA 
binding sites (at 0.07 <r < 0.2) the increase in conrour 

length per bound PS molecule approaches the masimum 
value expected on the basis of the theoretical model 
for intercalation [26]. i.e. 0.34 nnt. In this range of r- 
vzslues. besides PS molecules bound by modes I, and I2 
there is also present a considerable fraction of bound 
PS molecules yielding the dimer spectrum. The unes- 

pecteL viscometric behaviour of PS-DNA compleses 

can be explained by properties of PS bound by modes 
II. which will be described below. However. as men- 

tioned above, generaliy it cannot be excluded that an- 
other mechanism than conventional intercalation is 
responsible for the unwinding and eiongatron. Bending 

of DNA molecules due to Ps binding (espressed in neg- 
ative changes of persistence length) is very similar in 
the two ranges of r values and cannc! account for the 
observed differences in viscometric behaviour. 

Binding modes /I comprise bindin- processes that 
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can be classified as cooperative. These types of’ dye 
binding are manifested by changes in the visible as- 
sorption specrra characteristic of mutually interacting 

dye molecules which are similar io those accompany- 
ing. e.g. dye aggregation in so!ution [ J6,4J ,491. 

Spectral changes suggestinb the presence of PS 

bound by modes II appear already at r values as low as 
0.009 (figs. Z and 2). However, this fraction of PS mol- 
ecules does not exhibit the same properties over the 

whole range of r. Viscometric measurements and prob- 
ably also the sedimentation studies indicate that up to 

r = 0.07 a fraction of bound PS molecules, which con- 
tains an increasing proportion of mutually interacting 

molecules with increasing r, is not intercalated. -41 the 
same time, upon heating, in the range of r < 0.1 this 
species behaves in 3 way similar to PS molecules bound 
by the modes 1. It was not possible to estimate its bind- 
ing constam by spectrophotometric means, but the ap- 
Farent stability of this type of binding with respect to 
heating (comparable to the stability of strongly bound 
proflavine and acridine arange [9.48]) indicates that 
it would be classified as a stror.g binding rather than a 
weak one. On the other hand. the detxturation tech. 
nique indicates the presence of weakly bound, mutud- 
ly interacting PS species at r > 0.1. The weak surface 
bindng was demonstrated viscometrically for acridlne 
dyesatr>0.2 [J7]. 

The results obtained can be explained by the exis- 

tence of two different species of cooperatively bound 

J?S. The properties of the species bound at r < 0.1 (I I, ) 
enable us ?o identify it with the “bound dimer” species 

proposed by Armstrong et al. [I 71 for the binding of 
proflnvine and acridine orange to DNA. lit is little af- 
fected by the ionic strength; this mode of binding can 

be detected at both low (I Oe3) and relatively high 
(I 0-t ) ionic strengths. It represents an interacting pair 
of dye molecules, one being intercalated and the other 

outside bound. It can reasonab!y be assumed that the 
binding modes 1, and I-, become transformed into the 
binding mode 11, when the saturation of binding sites 

is increased and other dye molecules bind in their vicin- 
ity. The l’s molecules originally bound by modes I, 
and I, CM now be included in the fraction y,, yielding 
the dimzr spectrum (see fig. 2), yet one half of the 
fraction -ytt remains intercalated. Each intercalated 
monomer can be paired and thus interact with an out- 
side attached molecule; this type of binding can pro. 
teed up to 7 = 0.5 if tie model of neiebour-exclusive 

interactions is considered [ 17,22,23]. This maximum 
saturation level of binding is not reached with PS, how- 
ever. The viscometric behaviour of compleses PS-DNA 

in the region ofr > 0.07 indicates that besides the in- 

tercalated species (bound either by mode 1, or Ii,) al- 
so the outside-bound fraction of PS interac%ng by 

mode JJJ can contribute to modification of rhe DZ\rA 

structure and to the observed increase in contour Tength. 
By combining the spectroscopic results shown In 

fig. 2 with the data on rhermal dissociation of PS 
(fig. 9) an estimate of the fraction of bound PS mole- 
cules that participate in the mode JJ1 at ionic strength 

1 Oe3 can be made. TJms, at 1 /p < 0.1, r, JI is practi- 
cally identical with r,t_ At I/p = 0.167 the decrease of 

r in the premel ting region shows that approximately 
30% of the molecules included in the fraction y,J is 

bound by the mode II,. With increasing I/p, ‘JJ, in- 
creases slightly, but at I/p = 0.5 it represents only 10% 
of the fraction y,t_ The limiting value of rtJ, cannot be 
estimated, but it can be expected that rJJI will continue 
to increase slightly even at 1 /p > 1.0. 

Binding by mode II, requires th3t the intercalated 
PS molecules should be oriented inside the DNA helis 
in such a way that an interaction with an outside 

bound molecule may be possible; moreover, this inter- 
action should be broadly comparable with interactions 
among surface-bound stacked molecules (see below). 
A suitable model was sugested by Dalgleish et al. [56]. 
who, using similarities in geometry between the ethi- 
dium ion and the aminoacridine skeleton, adapted the 

model of Fuller and Waring [SO] proposed for inter- 
calation of ethidium bromide to binding of proflavine 
and 3-aminoacridine. The relevant feature cf this mod- 
el is that the intercalated acridine dye interacts with 

the DNA phospha:e only via one amino group and its 
other end projects into the large groove of DNA pro. 
v-iding a site for interaction wi.th an outside bound dye 
molecule. The orientation of the intercaiatzd molecu!? 
also permits the accommodation of 3 bu%T subs-Went 
on the heterocyclic nitrogen. As pointed out by 
Dalgleish et al. [56], this model represents an interme- 
diate orientation of the intercalated dye between two 
extrzme cases, the intercalation between two base pairs 
as suggested by k-man [26] and intercalation between 

two adjacent bases on the same chain, as proposed by 
Pritchard et al. [571. 

At present, little can be said about the localization 
of the nonintercalated portion of the molecules bound 



Z Bdcarm~ et al., interacn’on ofphenosafkmine wirh polvanions. II 39 

by mode 11,. Tentatively it may be supposed that they 
are located in the large groove, more closely apposed 
to the DNA constituents than the weakly bound spe- 
cies, which are attached to the surface of the DNA 
molecule. It is probable that the nonintercalated mono- 
mers (I,) are bound in a similar way. 

Only at r > 0.1 do mutually interacting surface- 
bound PS molecules (II?) become detectable as a frac- 
tion ofcooperatively bound dimer species that dissoci- 
ate at prenrelting temperatures. In the case of PS this 
species is spectroscopically indistinguishable from II! ; 
dyes that r>ihibit a higher tendency to aggregate can 
be bound at the DNA surface as spectroscopically dis- 
tinct longer aggregates [ 17). The binZing by mode iI2 
is weak and becomes suppressed by increasing ionic 
strength. 

The hydrophobic character of mode I, and mode I-, 
binding of PS is underlined by the destabilising influ- - 
ence of or,wic solvents [25]. Above 3 certain concen- 
tration that usually does not exceed 50-60% (v/v). the 
binding decreases below the limits of spectroscopic de- 
tection. The decrease in binding can be attributed to 
preferential interaction between the dye and the or- 
ganic solvent molecules. No conclusive data pertaining 
IO solvent influence upon binding modes II, and 11, 
are available for PB. However. experiments performed 
with stacked complexes of acricline orange and inor- 
ganic polyphosphate showed that complete unstacking 
of the dye occurred in the presence of organic solvents 

[401. 
It should be mentioned that the difference between 

the curves 711 vcrs~~s p for PS (fig. 2) and correspond- 
ing curves obtained for proflavine interaction with 
DNA [?I!] indicates that the binding by the mode 112 
is not comparable in the two tales and that under con- 
ditions of escess free PS a considerable fraction of PS 
molc?ules can be weakly bound at the DNA surface 
3s noninter2cting monom3s in contrast to the spec- 
tmm of molecuks bocndby mode Ii the absorption 
spectrum of this S~X~CS spiezij similar to that of the 
free dye (an analogous spectrum is cshibited by PS 
bound to a polyphosphate at low 1 /p values [I]), which 
can lead to an lrnderestimatc of the amount of bound 
PS in the region of hi@ values of 1 /p by spectroscopic 
methods. 

Summarising the results we have obtained by spec- 
troscopic and hydrodynamic methods we are led to 
propose the followin& ,llodes for PS binding to double 

helical DNA: 
I, : strong monomer non-cooperative binding outsicie 
the helix: 
1, : strong monomer non-cooperative binding by inter- 
calation; 
II1 : strong cooperative binding of mutually interacting 
PS molecules. one of them being intercalated, the oih- 
er being bound ourside the helis; 
ll?: weak cooperative binding of stacked PS molecules 
on the surface of the DNA molecule. 
There is probably also weak and non-cooperativp bind- 
ing at the surface which takes place 3s the saturation 
level of DNA with dye molecules is approached. 
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