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The binding of phenosafranine (PS) to DNA was studied by a combination of spectroscopic methods (absorption and
fluorescence) together with hydrodynamic measurements (sedimentation and viscosity). Analysis of spectroscopic binding
curves revealed that the strength of binding of PS to DNA is gencrally lower than that of proflavine. These measurements
enabled recognition of several modes of interaction between P8 and native DNA: strong monomer binding prevailing at high
DNA phosphate/dye ratios {(p) comprising binding outside the DNA helix as well as intercalation; two modes of dimer bind-
ing at Jower values of p; and probably also weak surface-binding of monomers as p approaches unity. Longer surface-bound
aggregates of PS were not detected because of the low tendency of the dye to form apgregates, though the presence of di-
meric species distinct from pure surface-stacked PS dimer was indicated by various observations. It occurs over a broad range
of p values starting at p =~ 110 for ionic strengths 10~ 3-10~'. Thermal denaturation data indicate that this species 1s bound
more stronely than pure surface-bound stacked dimer. I1s dimeric character may be explained in terms of interaction of an
intercalated dye molecule with an adjacent outside-bound one as suggested for acridines by Armstrong et al. Various proper-
ties of this species are discussed. Both strong and weak modes of binding of PS to DNA are sensitive to the presence of or-
eanic solvents. The effectiveness of solvents to destabilise the complenes substantially roincides with their capacity to alter
the water activity. Viscometric investigations reveal that in the region of strongest binding (& 2 1£) the elongation of the
DNA helix by approximately 0.18 nm per bound PS molecule is accompanied by a strong negative change in persistence
length, i.c. bending. Similar bending is also found at higher levels of binding (¢ < 15) induced by less tighiy bound PS mol-
ecules, in which region, however, the unusually high elongation of approximately 0.34 nm per buund PS molecule is obsened.

characterised by the following binding parameters:

1. Introduction
binding constant & = 6.2 X 10° l.mole—!, number of

in the preceding communication of this series [1]
spectroscopic properties of phenosafranine (PS}) aggre-
gates formed in concentrated solutions or upon bind-
ing of the dye to linear polyphosphates were described.
The dimerisation constant of P8 is relatively low, K3 =
3.8 X 102 1.mole— 1, comparable to that of proflavine
[2]. Cooperative binding of PS to polyphosphates was

binding sites per phosphate monomeric unit g = 0.4,
and cooperativity parameter g = 30. The relatively low
values of Ky, g and g 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 ratio p, indicate that the non-cooperative
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mode of binding is limited only to high values of p [3].

In the present paper, optical and hydrodynamic
methods have been employed to characterise different
types of PS — DNA binding and relevant properties of
the DNA—dye complexes.

2. Materials and metheds

Phenosafranine (3, 6-diamino-10-phenyl phenazinium
chloride, PS), a product of Bayer { Leverkusen) had
properties described in the preceding communication
[1].

The following calf thymus DNA preparations were
used: (1) A preparation obtained by the method of
Zamenhof [4]. It contained less than 0.2% of protein
and less than 2% of RNA. DNA phosphorus content
was determined by the method of Martin and Doty [5];
the molar extinction coefficient related to phosphorus
content p was 6500 I.mole~!.cm—!.(2) A product
of Serva (Heidelberg); the phosphorus content in this
preparation was determined according to Hesse and
Geller [6]. (3) A product of Sigma Chemical Co.

(St. Louis, Mo.), which was sonicated so that molecules
of molecular weight approximately 4 X 105 daltons
were obtained. (4) A preparation isolated by Dipl.
Chem. Eva Sarfert (ZIMET, Jena) whirh had a protein
content of less than 0.2%. It was very lightly sonicated
to a molecular weight of approximately 8 X 106 daltons
and dissolved in 0.0015 M sodium citrate with 0.0055 M
NaCl. (5) The same preparation as (4) but dissolved
without NaCl. (6) A DNA preparation of molecular
weight of 15 X 108 daltons in SSC buffer (0.15 M NaCl
with 0.015 M sodium citrate). Ciosed circular DNA of
phage PM2 was prepared acrording to Espejo et al. [7]
and characterised as reported previously [8]. Both calf
thymus DNA and phage PM2 DINA have a G.C content
of 42% [7]. DNA of E. coli (G.C content 52.2%) was
prepared and characterised as previously described [9];
it contained 0.3% of protein and less than 2% of RNA;
€p was 6500 1.mole~1.cm~1.

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

Absorption spectroscopic and fluorometric measure-
ments were carried out as described in the preceding
paper [1]. In sedimeniation studies on unwinding the

closed circular DNA of phage PM2 by dye binding the
established procedure was used [3, 10, 11]. Indepen-
dent spectrophotometric binding measurements were
made with calf thymus DNA using the method of
Drummond et al. [12] to deiermine the fraction of
added dyve 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 capillary viscometer and other
apparatus described previously [8]. Viscosity measure-
ments with high molecular weight DNA samples were
performed with a titration version of a Zimm-Crothers
viscomeier [13, 14] equipped with an electronic time-
measuring device [15].

PS—DNA complexes are characierised either by the
ratio of total concentration of DNA phosphorus to to-
tal concentration of the dye added, p, or its reciprocal
value. The constitution of the complexes is expressed
as the ratio of the number of binding sites occupied by
the dye to the total number of potential binding sites
(i.e. the total number of nucleotide residues in the

DNA), r.

3. Results and discussion
3.1. Specirophotomeiric binding studies

The initial spectrophotometric measurements were
carried out in an unbufferad medium of low ionic
strength, 103 M sodium acetate. The changes in the
visible speciral region observed when native DNA was
titraied at a constant concentration of PS are shown
in fig. 1b. These changes follow generally the pattern
observed for other weakly aggregating dyes, such as
proflavine [16, 17]. At high phosphate-to-dye razio
(z > 150) the absorption maximum becomes hypo-
chromic and red-shifted from 19150 ecm—! (522 nm)
to 18300 cm—1 (546.5 nm). With aecreasing p, the
hypochromic effect deepens and eventually the maxi-
ynum starts to shifi gradually back to higher energies.
However, the spectral curve never becomes similar to
that of aggregated PS [1]; at p < 5 its shape changes
back towards that of free monomeric PS.

The binding of PS to DNA was evaluated by the
method of Li and Crothers [18, 19] from the spectral
changes at high p values, when calf thymus DNA (pre-

paration 1)was tritrated at high ionic strength (0.1 M Na™).
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Fig. 1. Effect of native DNA on the visible absorption spec-
wrum of phenosafranine. a. Limiting absorption spectra of free
phenosafranine (F, full line), phenosafranine bound to native
DNA as monomers, intercalated and outside-bound (1, dashed
line), and phenosafranine bound as dimers (I, dotied ling).
The spectrum H was calculated according to Schwarz et al.
[21] from spectra of phenosafranine bound to polyphosphates
{1]. The isosbestic points at 20900 em™" (A), 19960 cm™’
(B), 18600 cm~! (C) and 17600 em ™" (D) were used for de-
termining the fractions of free dye and dye bouné by different
binding modes shown in fig. 2 (sce text for details). b. Spec-
trophotometric titration of native E. coli DNA with 105 M
phenosafranine at low ionic strengih (10"3 M sodium acetate,
pH 6.5). The values of p given in the f{igure follow the order of
spectral curves. Titration of native calf thymus DNA gave es-
sentially the same results.

This method gives the value of an apparent binding
constant, K, which involves the contribution of all
bound PS molecules. At equilibrivm under the above
mentioned conditions the extent of surface binding is
low. As expected, the Kap value thus determined fcr
the PS — DNA complex, 7.4 X 103 1.mole~! is com-
parable with the value obtained for proflavine binding

{2 X 10% i.mole—!) [18]. However, the observed dif-
ference does indicate that the sirength of binding of
PS is generally lower.

In order to 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 ty Dr.rlent and Héléne
[20]. The limiting spectra of free PS, bound PS mono-
mers and bound PS dimers are shown in fig. la. The
limiting spectrum of the bound dye monomers was
obtained from the experimenis at high p values (p >
150) and at jonic strength 10~ %: under these conditions
practically all the dye is bound by 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 polyphosphates at
low p [1] calculated according to Schwarz et al. [21}.
The fractions of the free dye yg (which can involve al-
so the spectroscopically indistinguishable (raction of
monomers bound weakly on the surface of the bio-
polymer), non-cooperatively bound PS5 ¥ and bound
PS dimers vy were calculated for any value of p from
the experimental spectra at the wavelengths of appro-
priate isosbestic points in the limiting spectra (fig. 1a)
using values of absorbance for limiting free or bound
species [20]. Binding isotherms constructed {rom these
values are shown in fig. 2. It might be expected that
the maximum value of y;; would be found a1 p < 1.
i.e. under conditions where all potential binding sites
should be saturated. This was expe:imentally confirmed
for the proflavine—DNA system [22] and agrees well
with the theory of cooperative, competitive ligand
binding to biopo'ymers [23]. However, PS binding at
low p values apparently represents a more complicated
situation and we were unable to analyse it in greater
detaii. Thus, e.g. as fig. 2 shows. the maximum values
of yyy occur in the range of p = 6—12 both for low and
high ionic strength. The sirength of cooperative inter-
actions of PS is low, as follows from the parameters
obtained for free PS (dimerization constant Kg =
3.8 X 102 L.mole~ 1) and PS bound to polyphosphates
{parameter of cooperativity g = 30) [1], as compared
with similar parameters for the proflavine —polyphos-
phate system, K4 =5 X 102 I.mole~!. g =700 [21.24].
The difference between the maxima of yy fractions
observed for proflavine—DNA and PS—DNA may be
explained in the sense that only a fraction of PS mole-
cules mutually interact when surface-bound: the others
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Fig. 2. 1sotherms for phenosafranine binding to native DNA.
The curves correspond to fractions yx of intercalated and out-
side-bound dve monomers {x = i, 0), of dve bound as dimers
{x = {{, ») and of free dye, which includes dye monomers
bound weakly at the DNA surface {x = F, 2). The fractions
were calculated ac ording to Dourlent and Heléne [20] from
the expenmenital data and absorbance of the limiting specira
at isosbestic points shown in fig. 1: ] + 9} {or yF) at 19900
em™' 1 a1 17600 or 20900 cm—* and 1 2t 18600 em—".
The parallel calculations served as a control. a. Binding of
phenosafranine at low ionic strength (10> M sodium acetate,
pH 6.5) to calf thymus DNA (preparation (1)) (full symbols)
and E. coli DNA (open symbols). The dve conceniration was
107° M. b, Binding of phenosafranine to calf thymus DNA in
1072 M NaClat a dye concentration 1677 M. c. Binding of
phenosafranine to calf thy mus DNA in 0.1 M. NaCl at a dye
concentration of 5 X 1077 M;

may be considered as monomers bound weakly at the
surface.

Since the main proportion characterised by yhe di-
meric spectrum (yyp) occurs at p values higher than 1
and since this fraction is present even at relatively high
p. it can be assumed that it involves another type of
dye—dye interaction, namely an interaction between
the intercalated and a neighbouring PS molecule bound
outside the DNA helix [17]. This holds true for both

low and high ionic strength. Further support for this
corniclusion will be given in the following sections.

At this stage we can tentatively consider the follow-
ing scheme for PS binding at equilibrium: (i) Non-co-
operative monomer binding characterised by a red shift
of the visible band in the absorptioa spectrum of I'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 [16, 26]. (ii) Coop-
erative bindine characterised by the dimer spectrum.
This type of tinding can include at least two different-
ly interacting species of dye molecules: (1) inieraction
between an intercalated dye molecule and an ouiside
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 considerable frac-
tion of surface-bound PS molecules do not mutually
interact, but behave like monomeric dye characterised
by an ahsorption spectrum indistinguishable from that
of free monomeric PS.

3.2, Sedimientation mmeasuremenis

Direct evidence for intercalative binding of PS was
obtained from a study of the effect of the dye on the
sedimentation coefficient of closed circular DNA
derived from bacteriophage PM2. 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 decreast in sedimentation coefficient of
nicked circular DNA associated with intercalation
{fig. 3). The two DNA species cosediment as a single
uvnresolved boundary in the range of 7 = 0.05 to 0.07
yielding an equivalence binding ratio of 0.060 + 0.010
dye molecules bound per nucleotide. Under identical
experimental conditions ethidium yields an equivalence
binding ratio 0f 0.051 * 0.006 during molecules bound
per nucleotide [11]; thus PS has an apparent helix-
unwinding angle 0.85 * 0.15 times that of ethidium.
Taking the unwinding angle of ethidium to be —26°
[28,29] results in an apparent unwinding angle for PS
of —{22.1 £ 3.9)° per bound dye molecule.
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Fig. 3. Effect of phenosafranine on the sed mentation coeffi-
cients Sag of closed circular (@) and nicked () DNA of bac-
teriophage PM2 (phosphorus concentration 9.1 X 1077 M).

Tte buffer of pH 7.0 and ionic strength 0.01 contained 2 mM
hydroayethyl piperazine ethane sulphonic acid, 0.01 mM EDTA
and 9.4 mM Na(Cl (SHE buffer).

Whilst this apparent unwinding angle is weli within
the range of acceptable values for intercalation models
[27—-34] the possibility remains that the true unwinding
angle per intercalated PS molecule is equivalent io that
of ethidium. If this were the case the lower apparent
unwinding angle would indicate that only 855 of the
bound PS is intercalated in the equivalence region where
r = 0.060. This notion accords qualitatively 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. 2a, b) wherein 80—90% of the
bound dye molecules at » = 0.06 is identified as inter-
calated at 7 = 0.06 (fig. 2c) indicating that the distribu-
tion of species amongst the multiple bound forms is
ionic-strength-dependent.

3.3. Viscosity measurements

Changes in viscosity obseived upon interaction of
DNA with dyes can yield further information relevant
to the mode of ligand binding [26.35, 36]. Meglecting
the residual deviation of the structure of sonicated,
low-molecular weight DNA from a rod-like shape (i.e.
flexibility) Cohen and Eisenberg [36] ircated the vis-
cosity behaviour of short DNA molecules like that of
prolate ellipsoids of revolution. They derived the ratio
L/Ly of DNA contour length after (L) and before (Lg)
dye interaction from the coiresponding ratio of intrin-
sic viscosities [n]/[n] by means of the equation

L/Lg = ([n)/[n) )3 [f(0)o 1(p)] /3 | (1)

The term in square brackets is relatively weakly sensi-
tive to the axial ratio p [36]. The subscript zero always
indicates the absence of dye.

Viscometric measurements were cairied 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. (1) for sonicated
calf thymus DNA (preparation (3)) interacting with PS
at 0.01 M Na*, where [f(0)q/f(0)] 1/3 has been assumed
to be unity. In the curve of L/Ly versus r two regions
differing in slope can be clearly distinguished. In the
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Fig. 4. Dependence of the ratin L/Lg of contour lengths (right
scale) of sonicated calf thymus DNA (preparation (3). A7 =

0.4 X 106 daltons) after (L) and befcre (L) interaction with
phenosafranine as a function of 1/p {>) and r (2). L/Lg was
determined using eq. (1) from the rale of corresponding inirin-
sic viscosities [n]/[n]o (¢, plotted versus r, left scale) measurcd
in SHE buffer. pH 7.0. ionic strength 0.01.
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region of r < 0.07, where practically all the added dye
molecules are bound (see also fig. 5), the average slope
(AL/Lg) Ar (graphically obtained) is 0.61. At higher r
values the average slope is 1.35. Comparison of these
values with the theoretical model for complete ideal
iniercalation (for which a line of slope 2.0 is expected
[261) as well as with experimental data for a weli-
established intercalating acridine derivative profiavine
((ALJLy)Y/Ar= 1.53 on the basis of viscometric data
only {36])shows thai they are too low 10 correspond
to complete intercalative binding of the dye, vet too
high for a pure conventional external association.

The deviation from expected behaviour is especial-
ly striking ai r < 0.07 (i.c. a1 p 2 i5), where, as evi-
denced by spectroscopic and sedimentation measure-
ments, intercalation is evidently the dominant binding
mode. 1t cannot be excluded that the generally lower
values of the slopes than those expected on the basis
of the simple theoretical inodel reflect a fraction of PS
molecules attached to DNA othenwise than by inter-
calation even at low r values: some evidence for this is
implicit in the spectroscopic and sedimentation mea-

surements. However, the biphasic character of the curve,

the much lower value of the slope at » < 0.07. and es-
pecially the experimental viscometric data for high
molecular weight DNA (see figs. 5 and 6) indicate that
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Fig. 5. Dependence of relative change of viscosity 4y on the
ranie of added phenusafranine molecules per DNA phosphate
aroup 1/p at 0.01 M Na™ (pH 7) for diffcrent concentrations
of calf’ thy mus DNA (preparation (3), A7 = 8 X 10% daltons).
(0, ®) cg = 0.00330 g/dl (1w o titration experiments, cf. also
fig. 6): (0. ®) cp = 0.00164 p¢/dl (two titration experiments).
The divergence ol a part of both curves demonstrates selative-
Iy weak binding of the ligand in this range of 1/p. The dotted
line represents the funclion Ay vérsus 7 obiained by extrapola-
don of Ay versus 1/p for ey — o {(sec text).
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Fig. 6. Dependence of relative change of viscosity Ay of calf
thymus DNA of high molecular weight on the ratio of added
phenosafranine molecuks per DNA phosphate sroup at three
different ionic strengths: 0.0045 (o, preparation (3)): 0.010
(o, », preparation (4); the same data as shown in fig. 5).
0.2 (o. preparation (6)); nspec,0:0.322 (£); 0.240 (-.0):
0.322 (0).

the neglect of changes of persistence length g in eq. (1)
may have considerable influence on the interpretation
of the experimental data.

Now a quantitative basis is available for considering
both changes of DNA contour length (AL) and of DNA
persistence length (Ag) for DNA-—dye interaciions in
first order [13, 14,35} or higher order [35] approxi-
mation. Neglecting the small possible influence of
changes in the DNA helix diameter on its hydrodynamic
properties [13,35], the first order approximation is
given by

ay = Alnl/inlg = (g, * D(AL/Ly) + K, (Aalag). (2)
For practical purposss we may write

Aylar=({a, + WALILy) Ar + K, (Aalag)fAr.  (23)
where AX =X—Xg: X = 7], L, a, resp., and the sub-

script zero denotes the values before ligand interaction.
The parameters a, and K, depend on the DNA molec-
ular weight  (and, consequently, on [7]y) and are
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nublished for DNA under stand..rd conditions [13, 14,
35]. Whereas K, increases monotonically from zero to
1.5 with increasing A between 10° and 107 daltons, a,,
decreases from approximately 1.5 to 0.5 at the same
time. Generally. AL/LO and Aa/ao can be evaluated
independently from eq. (2), if Aln]/[n]y = Ay has
been determined for at least two DNA preparations
differing sufficiently in the values of K, and 4, .ie. in
molecular weight.

Viscometric data for calf thymus DNA of high
molecular 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 M Na*, i.e. at the same jonic strength used in the
experiments with sonicated DNA illustrated in fig. 4.
In fig. 6 curves Ay versus 1/p are plotted for different
counterion concentrations (preparations (4, 5, 6)).

Within the range of 1/p values shown in fig. 5 two
different regions of dye binding can be distinguished.
The first one, inducing only negligible changes of [n]

for the high molecular weight sample. occurs at r < 0.07.

corresponding thus to the region in which binding oc-
curs predominantly by intercalation, as determined by
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 concentrations. Assuming the experimental value
A(In 1) /c)/(In g glcq) to be asufficiently accurate
approximation for A[7]/[R]g. an approximation of
the function Ay versus 7 (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 corresponds to
the experimental curve in a Ay 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{Lgy and Aa/ag on the basis of the experimentally
determined relative changes of viscosity Ay 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. (2a). As already mentioned,
established data fora,_ 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 M Na*
from those at 0.2 M Na™ can be roughly estimated.

Reasonable assumptions for @,, and K, result in values

for AL/LO and Aa/ag which differ from those calcu-
lated on the basis of the data for 0.2 M Na* [13. 14,
35] by not more than 10—20%.

For the first region of binding (r <0.07) eq. (2a)
takes the following forms for experiments with the
two DNA samples:

1.87 = 2.35 (AL/Lp)/Ar + 0.45 (Aafag) Ar
(AM1=0.4 X 10%)
0.02 = 1.66 (AL/Ly)/Ar + 1.20 (Aajag)/Ar

(A1=8 X 109).

From these equations we obtain (AL/Ly)/Ar = 1.1 (or
AL/1 PS = 0.18 nm) and (Aalag)/ Ar = —1.5. Similar-
ly, for the second region (r > 0.07) with higher values
Ay/Arwe get (AL/L;)/Ar=20(or AL/1 PS = 0.34
nm) and (Aafay)/Ar == —1.7. The high negative values
of Aa/ag indicate considerable bending [13, 14] of
similar magnitude in both binding regions. Its negative
concribution to the viscosity change is not negligible
even for the low molecular weight DNA. Obviously
this effect contributes considerably to the difference
obtained for (AL/Ly)/Ar from eqgs. (1) and (2). re-
spectively: 0.61 compared to 1.1 for the first binding
region and 1.3> compared to 2.0 for the second one.
The influence of possible experimental znd theoretical
errors, which can be svaluated accurately only with
difficulty, is in this case clearly far short of the limits
which would be needed te 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/Lg values. whereas for
the high molecular weight DNA they affect predomi-
nantly the Az/ag data.) Thus, the neglect of changes in
persistence length in eq. (1) results in spurious values
for AL/L,. particularly in those cases where ligands
cause bending. (It should also be mentioned that in
general a positive Ag/ag value does not constitute
proof or 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}/Ar = 1.1 corresponding to
AL = 0.18 nm per bound PS molecule is relatively low
for normal intercalation of the majority of PS mole-
cules binding in the region of r < 0.07. it could be in-
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terpreted as indicating that some of the PS molecules
bound in this regior (approximaiely 40%) are not in-
tercalated. The viscometric data alone could be also
explained by partial intercalaticn, 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 AL = 0.34 nm would require that
nearly all bound PS miolecules be intercalaied 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 [16]. It can-
not be excluded that an unwinding and elongation
mechanism other than conventional intercalation is ac-
tive,

The interpretation or fig. 6 also suggests that the
absolute value of the Az increment per ligand increases
with increasing ionic strength andthat the free energy
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 mentionad that neutral red
(having a structure similar to that of PS, but withoui
the phenyl ring) induces a positive increase of viscosity
with high molecular weight DNA at 0.2 M Na* 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 1o DNA.

2.4. Stability of the phenosafranine—DNA complexes

Since the character of absorption spectira indicated
less stacking of the DNA-bound PS as compared, e.g.
with proflavine [17] or with PS bound io linear polv-
phosphates [1]. 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 of the complexes.

It 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
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Fig- 7. DNA-induced changes in the absorbance of phenosafra-
nine, A/A4¢, mn the presence of increasing amounts of ethanol,
formamide and p-dionane. Ag and A are absorbances at

19150 cm ™} (522 nm) in the absence and presence of DNA
respectively. Phenosafranine concentraticn 2 X 10_5 M;

NaCl concentration 0.01 M; DNA concentration is expressad
in terms of p. Percentages beside the curves indicate organic
solvent contents (v/v).

of DNA—dye complexes [25]. 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
[40].

Figs. 7 and 8 illustrate the influence of various or-
ganic solvents on the absorbance and relative fluores-
cence intensity of PS—-DNA complexes (DNA prepara-
tion (2)). As has already been seen, complex formation
is associated with a decrease of absorbance at 19150
em~! (522 nm). Similarly, the fluorescence intensity
of fluorescent dyes is typically altered upon binding to
DNA (for recent reviews see [41,42]). The additinn of
DNA to a PS solution leads to an overall quenchiug of
the dye fluorescence at 17090 cm—! (585 nm) (e>-
cited at 20800 cm—! (481 nm)) [1]. Thus, both figs.

7 and 8 demonstrate the lowered tendency for PS-DNA
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Fig. 8. DNA-induced changes o1 phenosafranine fluorescence.
F{Fg,n the presence of increasing amounts of ethanol, forma-
mide and p-dioxane. Fg and F are fluorescence intensities at
17090 cm™! (585 nm) in the absence and presence of DNA
respectively. Excaitadon was performed at 20800 cm ™' (481
nm). Other details 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 DNA denaturation [43]. Moreover, the concen-
tration of oreanic solvents is not high enough to induce
the conformational B — A transition of DNA in solu-
tion [44]. It is also obvicus that the observed =ffects
cannoi be related 1o the dielectric constant (e4) of the
solvent added: even though ethanol (¢4 = 25.8) and
p-dioxane (e4 = 2.24) have considerably lower dielec-
tric constants as compared with water, yet that of
formamide is higher (¢4 = 110.5), all decrease the bind-
ing of PS to DNA.

Thus, the results obtained for PS are in accord with
those reported for proflcvine. ethidium and other sim-
ilar cationic dyes [25]. The effectiveness of solvents in
destabilising the complexes increases in the order:
water < glycerol <ethylene glycol < methanot <
formamide < ethano] <isopropanol < n-propanol <
p-dioxane < dimethylsulphoxide. This order bhasically
coincides with the ability to induce the B~ A confor-
mational transition in DNA. a fact which has been in-
terpreted in terms of solvent-induced alteration of wa-
ter activity {44]. Thus far we suppose that water ac-
tivity is alsc important for the stability of dve —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 heatina.
Fig. 9 shows that upon binding of PS the double helix
of DNA is markedly stabilised against thermal denatu-
ration. The dependence of melting points T, . charac-
terising the collapse of the secondary structure of the
complexes, on the PS binding ratio a: room tempera-
ture (ry52) (fig. 9. inset) follows the patten observed
for other cationic dyes [9.45,46]: at low values of
rag» T, increases steeply with incieasing amounts of
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Fig. 9. Thermal _:1bility of phenosafranine complexes with
calf thymus DNA (preparation (1)) illustrated by the tempera-
ture dependence of » for complexes with different inttial com-
position. The inset showus melting points (T;) of the com-
pleaes as a function of the amount of phenosafranine bound
at ro mperature (r55°)- The upper scale gives the corre-
sponﬁaiues of 1/p. A constani total phenosafranine con-
centration (10"5 M) was maintainz in all measurements. The
medium was 10> M sodium acetate. pH 6.5.
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bound PS; at higher values of 7550 the curve bends and
nearly levels off for 7552 > 0.2. If the changes in total
bound PS with temperature were followed for com-
plexes with different levels of saturation of binding
sites at room temperature, iwo-phase curves were ob-
tained (fig. 9): (i) In the region of premelting tempera-
tures no change of r is observed for complexes with
ry50 < 0.1, whereas complexes with higher values of
ro5e exhibit a small continuous decrease of r. (ii) In
the range of temperatures of the helix-coil transition
of the coraplexes a sharp cooperative decrease of r oc-
curs. Similar two-phase curves were observed earlier
for thermal dissociation-of proflavine [9,47] and were
interpreted as being indicative of weakly bound dye in
complexes of r552 > 0.1, which dissociates in a broad
region below the 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 7, [9]. Consequently, the stabilisation ef-
fect is exerted only by a fraction of dye molecules that
are bound strongly [9,48], which explains the nonlin-
ear dependence of T,,, on rps (fig. 9).

The :ack of any decrease of 7 in the premelting
region for PS—DNA complexcs with ry4s < 0.1 indi-
cates that practically all dye molecules remain attached
to the DNA up to the melting temperature and are thus
characterised (by analogy with acridine dyes [9,48]) as
strongly bound ones.

Hitherto. for most cationic dyes the “weak’ and
“strong”” binding processes have been identified with
cooperative stacking at the surface of the 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 ilie DNA binding sites by PS5 (i.e. start-
ing with » = 0.012-0.017, which is far below the r val-
ues corresponding to saturation of 21l possible binding
sites for intercalation on the basis of the nearest neigh-
bour exclusion model [17]), PS starts to attach to the
DNA helix by a binding mode different from non-co-
operative mnonomer binding, characterised by the stacked
dye spectrum (fig. 2). This binding was observed over a
broad range of ionic strength. from 10-3 to 10~1. 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 (fi. 5; nevertheless indicate that
these PS molecules behave as strongly bound species.

It sho 14 =50 be mentioned that the amount of
weakly surfs :2-bound PS that dissociates at premelting
temperaiures is lower than the amount of proflavine
dissociating under similar conditions [9]. Considering
that total » 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 a1 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 tinding to DNA cannot be simply de-
scribed in terms of tv. o binding modes, viz. a strong
one, identical with intercalation of ligand monomers.
and a weak one, characterised by surface binding of
dye molecules mostly in the form of stacked aggregates
[16,26,41,49]. More specifically, the spectroscopic
and hydrodynamic measurements vield information
that can be summarized in the following points:

(i) Measurements of changes in absorption spectra
with r 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. 1). At 1/p = 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-
meric dye species.

(i1) Changes of r caused by heating PS—DNA com-
plexes, the viscometric measurements at high molecular
weight and the stabilising effects of the bound dye in
thermal denaturation experiments indicate that practi-
cally all PS bound at » < 0.1 can be classified (by anal-
ogy 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 ethidium bromide [28, 29}.
the results can be interpreted in such a way thatat r =
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0.06 (i.e. at the point of complete relaxation of super-
coiling) at least !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 ligand is rather small.
0.18 nm, whereas at higher 7 values the increase reaches
the theoretical value for pure intercalation, 0.34 nm
per bound PS molecule. For beth regions nearly the
same negative values were determined for the change
in persistence length. indicating -onsiderable bending
of the DNA molecule induced by the bound PS.

A model of PS binding to DNA that would satisfy
all the experimental data must necessarily be specula-
tive 1o a certain extent, because the information
yielded by one metho:d 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 1I: 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 1o 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 7 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 absorotion band accompanied by a hypochromic
effect. The spectral red shift together with 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 molecules are bound by intercalation.

However, viscometric data yield in the range of
r < 0.07 a much lower value for the increase of contour
lengtlr per bound PS molecule (0.18 nm), than would
correspond 1o the theoretical model for intercalation
[26]. Spectrophotometric analysis (see fig. 2) shows
that at » < 0.07 a fraction of PS molecules is indeed
bound in a different way exhibiting a hypochromic
shift in the spectrum. However, this fraction is relative-
ly small and cannot account for the observed low value

for elongation of the DNA helix. It must be supposed
that 2t 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—53} and luminescence [54] measurements of in-
teraction between acridine dyes and DNA. The non-
intercalated species (I} ) corresponds to the binding by
the second reaction step according to the model
proposed by Dourlent and Hogrel {51] and apparently
has absorption properties similar io those of the inter-
calated species (I,): this similarity follows from the
analysis of spectra at ionic streagin 19~ 3. One can
only speculate about the steric location of the non-in-
tercalated species. The obrervation that the visible ab-
scrption band of PS bound by mode I is red-shifted
and that these molecules contribute equally with thcse
bound by mode I, to the stabilisation of the DNA
double helix nevertheless seems to indicate that PS
molecules bound by mode I assume such 3 position
that thev can interact effectively with organic DNA
residues. We have previously shown that the red shift
in dye spectra can generally be ascribed 1o a transition
from the hydrated state to a more hydrophobic envi-
ronment [25]. 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 helix {55].

On the other hand, the viscometric measurements
indicate that at higher levels of saturation of DNA
binding sites (at 0.07 <r < 0.2) the increase in contour
length per bound P5 moiecule approaches the maximuin
value expected on the basis of the theoretical model
for intercalation [26].1i.e. 0.34 nm. In this range of r
values, besides PS molecules bound by modes I and I,
there is also present a considerable fraction of bound
PS molecules yielding the dimer spectrum. The unex-
pected viscometric behaviour of PS-DNA complexes
can be explained by properties of PS bound by modes
I1. which will be described below. However. as men-
tioned above, generally it cannot be excluded that an-
other mechanism than conventional intercalation is
responsible for the unwinding and eiongation. Bending
of DNA molecules due to PS binding (expressed in neg-
ative changes of persistence length) is very similar in
the two ranges of r values and cannct zccount for the
observed differences in viscometric behaviour.

Binding modes II comprise binding processes that
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can be classified as cooperative. These types ot dye
binding are manifested by changes in the visible ab-
sorption specira characteristic of mutually interacting
dye molecules which are similar to those accompany-
ing. e.g. dye aggregation in solution [16,41,49].

Speciral changes suggestiné the presence of PS
bound by modes 1l appear already at 7 values as low as
0.009 (figs. ! and 2). However, this fraction of PS mol-
ecules does not exhibit the same properties over the
whole range of . 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. At the
same time, upon heating, in the range of r < 0.1 this
species behaves in a way similar to PS molecules bound
by the modes 1. It was not possible to estimate its bind-
ing constani by spectrophotometric means, but the ap-
parent stability of this type of binding with respect to
heating (comparable to the stability of strongly bound
proflavine and acridine vrange [9.48]) indicates that
it would be classified as a stror.g binding rather than a
weak one. On the other hand. the deraturation tech-
nique indicates the presence of weakly bound, mutual-
ly interacting PS species at r > 0.1. The weak surface
binding was demonstrated viscometrically for acridine
dyes at r > 0.2 [17].

The resulis obtained can be explained by the exis-
tence of two different species of cooperatively bound
PS. The properties of the species bound at » < 0.1 (11;)
enable us to identify it with the “bound dimer™ species
proposed by Armstronget al. [17] for the binding of
proflavine and acridine orange to DNA. I¥; is little af-
fected by the ionic strength; this mode of binding can
be detected at both low (10~ 3) and relatively high
(10~1) ionic strengths. It represents an interacting pair
of dye moleccules, one being intercalated and the other
outside bound. It can reasonably be assumed that the
binding modes I, and 1, 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 PS molecules originally bound by modes I,
and I, can now be included in the fraction v, yielding
the dimer spectrum (see fig. 2), vet one half of the
fraction -y remains intercalated. Each intercalated
monomer can bz paired and thus interact with an out-
side attached molecule; this 1type of binding can pro-
ceed up to 7 = 0.5 if the model of neighbour-exclusive

interactions is considered [17,22,23]. This maximum
saturation level of binding is noi reached with PS, how-
ever. The viscometric behaviour of complexes PS—DNA
in the region of » > 0.07 indicates that besides the in-
tercalated species (bound either by mode I, or H;) al-
so the outside-bound fraction of PS interacting by

mode I, can contribute to modification of the DNA
structure and to the observed increase in contour ‘ength.

By combining the spectroscopic resulis shown in
fig. 2 with the data on thermal dissociation of PS
(fig. 9) an estimate of the fraction of bound PS mole-
cules that participate in the mode 11 at ionic strength
10~ 3 can be made. Thus,at 1/p <0.1, ny, is practi-
cally identical with rj;. At 1/p = 0.167 the decrease of
r in the premelting region shows that approximately
30% of the molecules included in the fraction vy is
bound by the mode 1I;. With increasing 1/p, iy, in-
creases slightly, but at 1/p = 0.5 it represents only 10%
of the fraction 7|;- The limiting value of rj;, cannot be
estimated, but it can be expected that i, will continue
to increase slightly even at 1/p > 1.0.

Binding by mode Hl; requires that the intercalated
PS molecules should be oriented inside the DNA helix
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 suggested 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 [30] 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 phosphate only via one amino group and its
other end projects into the large groove of DNA pro-
viding a site for interaction with an outside bound dye
molecule. The orientaticn of the intercaiated malecule
also permits the accommodation of a bulky subs-ituent
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
extreme cases, the intercalation between two base pairs
as suggested by Lerman [26] and intercalaiion between
two adjacent bases on the same chain, as proposed by
Pritchard et al. [571.

At present, litile can be said about the localization
of the nonintercalated poriion of the molecules bound
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by mode 1I; . 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 (1) are bound in a similar way.

Only at r > 0.1 do mutually interacting surface-
bound PS molecules (11,) become detectable as a frac-
tion of ccoperatively bound dimer species that dissoci-
ate at premelting temperatures. In the case of PS this
species is spzctroscopically indistinguishable from H; ;
dyes that exhibit a higher tendency to aggregate can
be bound at the DNA surface as spectroscopically dis-
tinct longer aggregates [17). The bincding by mode il,
is weak and becomes suppressed by increasing ionic
strength.

The hydrophobic character of mode 1; and mode I,
binding of PS8 is underlined by the destabilising influ-
ence of organic solvents [25]. Above a certain concen-
tration that usually does not excced 50—60% (v/v). the
binding decreases below the limits of spectroscopic de-
tection. The decrease in binding can be atiributed to
preferential interaction between the dye and the or-
ganic solvent molecules. No conclusive data pertaining
to solvent influence upon binding modes 11, and H,
are available for PS. However. experiments performed
with stacked complexes of acridine orange and inor-
ganic polyphosphate showed that complete unstacking
of the dye occurred in the presence of organic solvents
[40].

It should be mentioned that the difference between
the curves v versus p for PS (fig. 2) and correspond-
ing curves obtained for proflavine interaction with
DNA [22] indicates that the binding by the mode 11,
is not comparable in the two cases and that under con-
ditions of excess free PS a corsiderable fraction of PS
moletules can be weakly bound at the DNA surface
as noninteracting monomzrs in contrast to the spec-
trum of molecules bound by mode 1; the absorption
spectrum of this species upjeass sitnilar to that of the
free dye (an analogous specirum is exhibited by PS
bound to a polyphosphate at low 1/p values [1]), which
can lead to an underestirate of the amount of bound
PS5 in the region of high values of 1/p by spectroscopic
methiods.

Summarising the results we have obtained by spec-
troscopic and hydrodynamic methods we are led to
propose the following .nodes for PS binding to double

helical DNA:

I, : strong monomer non-cooperative binding outsice
the helix:

I,: strong monomer non-cooperative binding by inter-
calation;

I1; : strong cooperative binding of mutually interacting
PS molecules. one of them being intercalated, the oth-
er being bound ouiside the helix;

I, : weak ceooperative binding of stacked PS molecules
on the surface of the DNA molecule.

There is probably also weak and nen-cooperative bind-
ing at the surface which takes place as the saturation
level of DNA with dye molecules is approached.
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