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INTERACTION OF PHENOSAFRANINE WITH NUCLEIC ACIDS AND MODEL POLYPHOSPHATES.
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Fluorescence and circular dichroism spectral measurements, thermal denaturation studies and binding competition ex-
periments with netropsin and actinomycin D were carried out in systems containing phenosafranine bound to DNA’s differ-
ing in base composition. The investigated properties exhibit a heterogeneity related to the content of A - T and G - C pairs
in DNA and to the nature of phenosaf-anine binding modes. At low level of saturation of binding sites ( < 0.1) pheno-
safranine does not show st:ong preference for any of the DNA base pairs in the overall binding. However, the strong mono-
mer non-cooperative binding outside the helix (inode I;) occurs predominantly, even though not exclusively in G - C rich
regions. The strong binding modes involving intercalated dye molecules (mode I; and eventually mode II;) prevailin A - T
rich regions. These binding modes become the principal types of strong phenosafranine interaction with DNA when the

Ievel of saturation of binding sites increases, L.e. at7 > 0.1.

1. Introduction

It has been shown in the preceding communica-
tions [1—3] that a cationic dye phenosafranine (PS)
can interact with double helical DNA by different
binding modes depending on the degree of saturation
of the binding sites. At high phosphate/dye ratios (p)
PS molecules are bound strongly as monomers, either
outside the DNA helix (binding mode I;) or inter-
calated (binding mode 1,); at lower p values a strong
binding of PS dimers is observed, which includes mu-
tually interacting intercalated and outside-bound dye
species (analogous to the mode described by Armstrong
et al. [4] in binding studies of proflavine and acridine

* To whom correspondence should be addressed.

orange with DNA) (binding mode II;). Similarly to
molecules bound by intercalation [5], also the dye
molecules bound by the two other modes can interact
with aromatic parts of neighbouring nucleotide pairs
[2]. On the other hand, weak external binding of PS
(binding mode II,) is less favorable for the interaction
with DNA bases [5].

There is a considerable evidence that the nature and
strength of interaction of most cationic dyes with A -T
pairs and G - C pairs of DNA differ. E.g., it was shown
by thermal denaturation technique that strongly bound
acridine dyes, proflavine and acridine orange, increase
the stability of A - T pairs in double helical DNA more
than the stability of G - C pairs [6—9]. These experi-
mental observations were supported by calculations of
free energy of interaction of intercalated acridine dyes
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with different neighbouring nucleotide pairs [9—11].
Conclusions on the preferential binding by intercala-
tion of acridine dyes to A - T rich regions of DNA
were made on the basis of fluorescence [12] and vis-
cosity measurements [13]. It was shown that fluores-
cence quantum yield of different bound acridine dyes
decreases with increasing content of G - C pairs in
DNA [12,14—18] due to a quenching effect of guanine
residues [19]. More recent studies using measurements
of fluorescence lifetimes [19,20] demonstirate the
specificity in interactions of acridine dyes with DNA
base pairs. Also the formation of chromosomal bands
upon staining with quinacrine or methylene blue re-
flects most likely the heterogeneity in the primary
structure of DNA [21]. Some other organic substances
exhibit a marked specificity towards A - T pairs (e.g.
netropsin or distamycin [22—241) or G - C paiss (e.g.
actinomycin [25—271).

Recently, in a series of papers, Miiller and coworkers
[28—30] examined systematically the base binding
specificity of a number of tricyclic heteroaromatic
compounds. They showed that systems of high polar-
izability, capable of interaction with DNA by inter-
calation (including PS and the acridine dyes mention-
ed above) could be classified as G - C specific or non-
specific {28,291. A - T specificity was observed only
for dyes which cannot intercalate between base pairs
due to structural limitations [30].

The results mentioned above can be understood if
we take into consideration that dyes are attached to
DNA in different binding modes and assume that the
distribution among these binding modes is as base as
dve dependent. Kinetic studies [13,31—34] indicate
that the binding of cationic dyes to the DNA double
helix proceeds via several steps, the step preceding in-
tercalation being binding outside the DNA helix. It
was demonsirated that the fraction of outside-bound

. proflavine at low level of saturation of binding sites is
proportional to the G - C content [13,33].

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

2. Material and methods

Phenosafranine (3,6-diamino-10-phenyl phenazinivm
chioride, PS) was a product of Bayer (Leverkusen) and
has properties described earlier {1]. Netropsin hydro-
chloride was isolated from Streptomyces netropsis as
described elsewhere [24]; €205nm = 2.1 X 10% 1 mole—1
cm—1. Actinomycin D was a research sample obtained
from Zeniralinstitui far Mikrobiologie der AdW der
DDR; €440nm = 2-45 X 104 1mole—1 cm—1.

Calf thymus DNA was purchased from Serva
(Heidelberg); its phosphorus content was determined
according to Hesse and Geller [35]. DNA’s of Micro-
coccus luteus (CCM 144, 72.0% G - C), Escherichia coli
(CCM 1654, 52.2% G - C) and Bacillus cereus (CCM
1253, 34.0% G - C) were isolated and characierized as
described elsewhere [7]. Their molar extinction coef-
ficients at 38460 cm—1 (260 nm) based on phosphorus
concentration (ep) determined according to Martin and
Doty [36] were 6400, 6500 and 62001 mole—! cm—1,
1espectively. Flavobacterium brevis (25% G - C) and
Streptomyces chrysomalius (72% G - C) served as a
source of DNA’s for circular dichroism measurements.
DNA’s were isolated by a method of Sarfert and Venner
[371; values of ep were 6500 and 62001 mole~! crn—1,
respectively. In all used DNA preparations protein con-
tent was less than 0.7%, RNA content less than 2%.

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

Unless stated otherwise, the complexes PS—DNA
were prepared as described previously [1,2] by spec-
trophotometric titration in a medium of low ionic
strength, 10—3M sodium acctate. They are character-
ized either by the molar ratio of DNA phosphorus
to the total amount of PS added () or by the number
of bound dye molecules per one nucleotide (7). The
latter value was determined specirophotometrically [2].

Thermal denaturation experiments were carzied out
and evaluated as described earlier [7,8] using a Unicam
SP 700 spectrophotometer. Fluorescence spectra were
measured with a Baird Atomic spectrofluorimeter,
Model Fluorispec SF 100E and with an apparatus of
own construction [38]; the spectra were not corrected
for variation of instrument response with wavelength.
CD spectra were recorded at room iemperature with a
spectropolarimeter Cary 6001 equipped with a CD-
attachment using 1 cm quartz cuvettes. CD data are
presented as molar ellipticity [©] in degree cm?2 deci-
mole—1,
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3. Resulis and discussion
3.1. Fluorescence studies

PS dissolved in an aqueous medium exhibits fluo-
rescence emission with a band peaked at 17094 cm—1
(585 nm) when excited with ultraviolet or visible
light. No shift of fluorescence maximum was detected
with increasing PS concentration or when the dye mol-
ecules became stacked on a polyphosphate matrix.
The aggregation of PS was in both cases accompanied
by a decrease of relative fluorescence intensity indi-
cating that the dye—dye interactions lead to a strong
quenching of fluorescence at room temperature [1].

Fig. 1 shows the dependence of relative fluores-
cence intensity on r values for PS complexes with
DNA’s of different G - C content, which were pre-
pared by titrating complexes of low initial 7 value
(<10~2) containing 105 M PS with the dye solution
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Fig. 1. Dependence of the ratio of fluorescence intensities of
phenosafranine in the presence of DNA (F) and free pheno-
safranine (Fp) on 1/r. Fluorescence was measured at 585 nm
(17090 cm™1), excitation wavelength was 522 nm (19150
em™1), phenosafranine concentation 10~5 M, medinm 10-3
M sodium acetate. Source of DNA: (a) Micrococcus luteus
(72% G - C), (») Escherichiu coli (52.2% G - C), () Bacillus
cereus {34% G+ C). Dashed lines at 1/r < 10 represent values
of F/Fq obtained after subtracting the calculated contribution
of unbound phenosafranine to fluorescence intensity.

of the same concentration. Tonic strength of the me-
dinm was 10—3, Starting with complexes of low 7 (i.e.
complexes containing an excess of unoccupied binding
sites, with no unbound PS present) we observed a con-
siderable decrease of fluorescence intensity, which was
dependent on the G - C content. Thus, for DNA of
Micrococeus luteus (72% G - C) strong quenching was
found even for complexes with 7 = 0.01. With increas-
ing r relative fluorescence intensity decreased and
reached a minimum in the region of r = 0.1; with fur-
ther addition of the dye it sharply increased and even-
tually approached the value characteristic for free PS.
The increase evidently corresponds to the presence of
free monomeric PS species in the equilibrated mixture
that yields complexes of 7 >> 0.1. The course of this
part of fluorescence dependence corresponds closely
to the curve indicating the fration of free PS (see fig.
2 of the preceding part of this series [2]). If the con-
tribution of free PS molecules to fluorescence intensi-
ty was estimated on the basis of calculated amount of
unbound dye molecules [2], an approximately con-
stant value of fluorescence intensity of bound PS re-
sulted for r > 0.1 (fig. 1). Its magnitude can be corre-
lated with the A * T content in DNA.

The dependence of fluorescence intensity of P8
bound to DNA on r values closely resembles similar
dependence found for proflavine [39]. Initial values
of fluorescence intensity, which are dependent of
G - C content (fig. 1) indicate that binding of PS in
the vicinity of G - C pairs results in total quenching of
its fluorescence. Practically complete quenching of
fluorescence takes place in PS complexes with DNA of
M. Iuteus with 72% G - C, even in the region of low r
values where strong monomer binding (i.e. binding by
modes I and Iy {2,3]) predominates. We assume that
PS attached in both these modes interacts with neigh-
bouring base pairs and can be thus efficiently quench-
ed by even one G - C pair occurring in its vicinity.
Moreover, it is highly probable that energy can be
transferred by Forster mechanism [40] from excited
PS molecules bound in A - T rich regions to a dye mol-
ecule bound near a G - C pair, which then represents
an energy sink, as shown in the case of acridine dyes
[39,41,42]. It seems likely that guanine moieties are
responsible for the quenching of fluorescence of PS

bound to DNA, similarly as it was found for proflavine
fio].

The continuous decrease of fluorescence intensity
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with increasing 7 observed up to approximately 0.1
(fig. 1) can be explained by two mechanisms: (i) With
higher level of saturation of binding sites the probabili-
ty of PS binding in the vicinity of G - C pairs and thus
the fluorescence quenching (either direct or via energy
transfer) increase. (ii) With increasing 7 the number of
PS molecules bound by modes comprising mutually
interacting dye molecules also increases: in mode I1,,
which occurs besides mnodes I at 7 < 0.1, an intercalated
PS molecule interacts with an outside-bound one; in
mode 115, which appears only at 7 > 0.1, surface-
bound PS molecules interaci mutually [2]. As shown
previously, fluorescence is totally quenched in PS
dimers or longer aggregates, both in concentrated solu-
tion or when bound in a stacked array to an inorganic
polyphosphate; on the other hand, binding of PS to a
polyphosphate in monomeric form does not change
its fluorescence quantum yield [1].

The levelling off of the fluorescence intensity de-
pendences in the region of 7 >> 0.1 at different values
depending on A - T content of DNA, which was ob-
served after subtracting the contribution of fluores-
cence of unbound PS, suggests that the dye molecules
entering the complex with DNA at high level of satu-
ration of binding sites become quenched predominant-
1y due to dye—dye interactions. It is possible, how-
ever, that in G - C rich regions the binding outside the
double helix, i.e. by modes Iy and II, is favoured.

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

In order to ascertain whether PS shows higher af--
finity in binding to any of base pairs it seems suiiable
to study the competitive binding with known base-
specific ligands. On the one hand we chose the
oligopeptide antibiotic netropsin because of its pro-
nounced selectivity towards A - T rich regions in DNA,
which was demonstrated by various physico-chemical
studies [22—24]. On the other hand, the phenazine
antibiotic actinomycin D binds rather selectively to
G - C sites in DNA either by hydrogen bonding with
the guanine moiety [25,26] or by an intercalation
mechanism with a preferred attachment to G - C pairs
[271.

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

be employed only if the competing inhibitors interact
with DNA more strongly than the investigated ligand
and its use is limited to the region of high level of satu-
ration of binding sites. The binding constant for PS—
DNA interaction at ionic strengths 10—1 and room
temperatitre is of the order of 10? 1 mole—1 as deter-
mined by polarographic method [431; equilibrium
dialysis experiments yiclded the value of 8.1 X 103 1
mole—1 [29], whereas the value of 7.4 X 103 1 mole—1
was obtained by spectrophotometric measurements
[21. These vatues are below that of actinomycin D,
which has binding constant of the value of 2.3 X 106
1mole—1 in jonic strength of the order of 10—1 [27]
and binding constant of the order of 107 1 mole—1! in
0.01 M NaCl [44], both for calf thymus DNA.
Distamycin A, an analogue of netropsin, has binding
constant of the order of 102 1mole—1 for A - T rich
class of binding sites in DNA of SPP 1 phage in ionic
strength of the order of 10—1 [45]. Viscometric titra-
tion curves at different concentiztions of DNA indi-
cate that the binding constant for netropsin is of the
same order of magnitude [23]. Recently a value of
the order of 5 X 108 1 mole—! was reported for the
interactiotn of netropsin with poly [d(A—T)], at ionic
strength of the order of 10—3 [47], but for the overall
binding with calf thymus DA only the value of 1.7 X
103 1 mole—! was found [46]. (All binding constants
given above refer to mole of binding sites of DNA.)
These data clearly indicate that both actinomycin D
and netropsin bind more strongly to DNA than PS at
various values of ionic sirength.

Netropsin is nonfluorescent and does not interfere
with PS luminescence. On the contrary, actinomycin
D yields a fluorescence band with maximum at 20618
cm~1 (485 nm), which overlaps on its long-wavelength
side with the short-wavelengih iail of PS fluorescence
band. Therefore we decided to follow quenching of
PS fluorescence at 15620 cm—1 (640 nm), where the
interference of actinomycin D fluorescence is largely

excluded.

Fig. 2 demonsirates that an addition of DNA to a
solution of PS in the region of low p values leads to a
quenching of the dye fluorescence, which serves as an
indication of the formation of a complex between the
dye and DNA. As shown in the preceding section, in
this range of  the quenching is due to dye—dye inter-
actions as well as to a quenching effect of G - C pairs
located in the vicinity of binding sites occupied by PS.
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Fig. 2. Effect of netropsin {a) and actinomycin (b) on pheno-
safranine fluorescence quenching (expressed as F/Fg) upon
addition of calf thymus DNA; p gives the ratio of DNA phos-
phorus to total dye. Fluorescence was measured at 640 nm
(15620 cm™), excitation was performed at 405 nm (24690
cm™1). Concentrations of phenosafranine, netropsin and
actinomycin D 5 X 107% M; (——) 0.01 M NaCl, (——-) 0.15
MNaCi; (@) without and (o) in the presence of the competitive
ligand.
An addition of netropsin to the solution of the dye
(fig. 2) decreases the degree of P'S fluorescence quench-
ing in both, 0.01 M and 0.15 M NaCl. On the contrary,
the sample containing PS and actinomycin D shows
quenching curve identical with that of the sample
without the competing ligand. This indicates that ac-
tinomycin D doses not interfere with PS—DNA inter-
action. The degree of quenching remains unchanged
and it can be supposed that also the degree of PS bind-
ing is not significantly influenced in the presence of
actinomycin I. Since the binding constant of actino-
mycin D is higher than that of P'S, the observed results
can be explained in the way that the two ligands do
not compete for binding sites and it can be assumed
that the PS cation can be bound by electrostatic forces
even to phosphate groups that are in the vicinity of
intercalated uncharged actinomycin D moieties. It has
been also shown recently [48] that intercalative bind-
ing of daunorubicin or adriamycin enables cooperative

ly binding of actinomycin D to poly(dA-dT) -
poly(dA-dT), which is not detected otherwise. It should
be pointed out that PS need not be bound to DNA on-
1y by intercalation, since binding by intercalation is

not the necessary condition for PS fluorescence quench-
ing (see the preceding section).

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

The competition studies on PS binding can be com-
pared with preliminary results obtained with a struc-
turally similar dye, phenyl neutral red [49]. As shown
by Miller et al. [29] this dye has the binding constant
of ~he same order of magnitude as PS, but shows much
higher G - C specificity than PS. It was shown that the
quenching of phenyl neutral red fluorescence is effec-
tively suppressed by actinomycin D [49], which can
be interpreted as due to competition of the two ligands
for binding sites.

3.3. Denaturation of DNA — phenosafranine complexes

1t has been shown previously that cationic dyes
stabilize DNA against thermal denaturation and that
this effect comprises 2 non-specific electrostatic sta-
bilization [6—8,50] and a specific stabilization due to
interaction of the dye molecules with DNA bases [6—
9]. Since it is known that the two principal binding
modes (i.e. binding modes classified as non-coopera-
tive (I) and cooperative ones (II)) do not contribuic to
the stabijlization effect in the same extent [6—9], in-
vestigation of the thermal stability of DNA complexes
saturated with PS to different levels could yield infor-
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Table 1
Denaturation of complexes phenosafranine — DNA
Source of G-C r2s° w T AT aGg
DNA [%1] [°C} {°Ci [°C} {cal/mole of
‘base paiss}
M. lutens 72.0 0.00 7.3 71.5 — —

0.0125 8.2 75.0 3.5 77
0.025 1.3 80.0 8.5 187
0.050 7.2 82.2 10.7 235
0.100 8.2 84.7 13.2 290
0.150 4.5 87.8 16.3 359
0.186 4.0 88.2 16.7 367
0.250 4.0 89.7 18.2 400

E. coli 52.2 0.00 10.5 60.5 — —_
0.0125 16.0 61.5 1.0 22
0.0250 13.5 68.0 7.5 165
0.050 11.5 71.6 11.1 244
0.090 13.0 74.2 13.7 301
0.157 6.5 80.5 20.0 440
0.195 5.0 81.5 21.0 462
0.270 6.0 81.8 21.3 469

B. cereus 34.0 0.00 0.2 50.2 — —
0.025 12.5 58.8 8.6 189
0.050 9.0 61.6 114 251
0.090 10.0 66.2 16.0 352
0.130 6.7 70.0 19.8 436
0.183 5.0 72.0 21.8 480
0.272 4.2 734 23.2 510

Temperature (T,) and width (W) of cooperative helix — coil transitions measured at 260 nm (38460 cm 1) ate given for complexes
whose composition was characterized at room temperature by 72s5-. The difference between melting temperatures of the complexes
and of the corresponding pure DNA (AT7;) was used for calculation of changes of free energy of stabilization. (AGs) using the rela-

tion ATy = AGg/ASg, where ASg = 22 entropy units [7,50].

mation on the nature of binding and eventual base
specificity of different binding modes of PS described
earlier [2,3]. The results obtained with bacterial DNA’s
differing in base composition are presented in figs. 3
and 4 and table 1. .

The basic characteristics of spectrophotometric
melting curves of PS complexes with calf thymus DNA
[2] are similar to those obtained for complexes of
proflavine [7]:

For complexes of low values of 7550 (characterizing
the binding ratio at room temperature) the shapes of -
melting curves resemble to those of pure DNA. At
7550 2> 0.1 the S-shaped cooperative transition is pre-
ceded by a broad increase of absorbance, becoming
more pronounced with increasing 7550 . This loss of
hypochromicity in the region of 260 nm reflecis the
dissociation of a part of dye molecules bound weakly

on the surface of DNA [7]. The cooperative melting
of the complexes is shifted to higher temperatures
with increasing 7550 . However, the dependence of 7,
on 7'y50 is bent, because the dye molecules dssociating
at premelting temperatures do not contribute to the
stabilization. -
With increasing 7550 ihe region of cooperative melt-

ing first broadens and then becomes again narrower
(table 1). The sharp cooperative dissociation of bound
dye (characterized on curves 7 versus temperaiure by

a midpoint temperature 7, defined analogically as 7,
[7,501), which accompanies the denaturation of the
complex always occurs at temperatures higher than

T’ - The difference between T,and T}, decreases with
increasing 755- and becomes very small for complexes
of 7950 >> 0.1. These effects reflect the increasing heie-
rogeneity of individual melting blocks at intermediate
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Fig. 3. Comparison of derivative denaturation curves of calf
thyrmus DNA (———) and its complex with phenosafranine
(250 = 0.045) (—) measured at 38460 cm~1(260 nm) in
10~3 M phosphate buffer (pH 7). Dissociation of bound
phenosafranine in the course of heating of the complex (curve
r versus z (...)) is characterized by the value T (cf. [50]).
Measnrements of absorbance at 19900 cm™! {502 nm) were
used for calculations of 7 [2]. Ty, and 7, denote melting
points of pure DNA and its complex with phenosafranine,
respectively.

7550 values. They can be also explained by the fact
that in complexes of low and intermediate 750 some
of the dye molecales bound in regions that melt at
lower part of the denaturation curve re-bind in still in-
tact double-helical regions. The melting of these re-
gions then coincides with the cooperative dye disso-
ciation [16,51]. The redistribution of the dye be-
comes less possible if binding sites for strong dye at-
tachment approach to the saturated state.

The increase of heterogeneity of the melting of
DNA — PS complexes is illustrated in fig. 3, which
comipares derivative melting curves of calf thymus
DNA and its complex with PS(7,5- = 0.045) with the
curve of PS dissociation. The melting curve of the com-
plex exhibits several prominent peaks on the high tem-
perature side of the main maximum, one coinciding
with the region of sharp decrease of 7.

The dependences of T, versus 755. for DNA’s dif-
fering in G - C content shown in fig. 4 indicate that
the total stabilization effect increases with increasing
content of A - T pairs. It was shown previously that
this effect can be expressed in terms of changes of
free energy of stabilization, AG,, which can be re-
solved into contributions of A - T and G - C pairs in-
teracting with the dye, if it can be assumed that the

Tm
[nos]

03
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Fig. 4. Dependence of me:ting points (T') of phenosafranine
complexes with DNA’s of different base composition on ra5°.
Conditions and sources of DNA’s as given in fig. 1.

dye binds randomly along the DNA molecule [8]. This
assumption is undoubtedly realized in complexes
whose binding sites are saturated or nearly saturated
with the dye, whereas it need not be necessarily ful-
filled in complexes with low 7550 . The marked depen-
dence of quenching of PS fluorescence on DNA G - C
content at very low 7 values (fig. 1) indicates, however,
that PS, similarly as proflavine [20], does not exhibit
any pronounced preference in binding to A - Tor G-C
pairs, and it can be thus assumed that PS binds random-
1y in the whole range of binding ratios.

The results of calculation of AG (s1) and AG(gc)
for PS complexes of different 7550 are compared in
table 2 with similar data for proflavine complexes [8].

In contrast to the stabilization by acridine dyes,
proflavine and acridine orange, which results in approx-
imately constant ratio AGg 5 1/AGg(Gcy, independent
of r,5-, the ratio for PS complexes increases with increas-
ing rp5e. At 7550 =0.05, i.e. for complexes with PS bound
predominantly by modes I; and 1,, the difference be-
tween AGS(AT) and AGS(GC) is very small and the
stabilization effect does not depend markedly on DNA
base composition. With increasing 7,5. , i.e. with in-
creasing fraction of PS binding by mode 1I4, the ratio
AGg AT)/AGs(GC) increases. Nevertheless, even for
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Table 2

Relative contribution of adenine—thymine pairs and guanine—cytosine pairs to the stabilization of the DNA helix by phencsafra-

nine and proflavine

Dye Phenosafranine 2) Proflavine b)

C;_)mposition AG(AT) AGy(GO) AGs(AT) AGy(GO)

of the

complexes [cal/(mole of base pairs in the complex)]

T25°

0.05 2660 = 10 2240= 10 5000 + 390 1660 = 380
0.1 1820 = 100 1250= 90

=0.25 620 = 20 33020 840 = 20 300+ 20

a) Apparent changes of free energy of stabilization corresponding to the interaction of a dve molecule bound to an A-T pair
(AGg(AT) and a G+ C pair (AGgG)y)Wwere determined for complexes of different 7250 from the values AGg/2r»s0 (see table 1)
as described earlier [8]: If it can be assumed that the dye is attached to DNA in a statistically random pattern, the change of
stabilization free energy of a DNA sample containing fractionsa and b of A - T and G - C pairs, respectively, can be expressed
by the equation AGg(DNA) = @AGg(AT) + bAGs(GC)- The measurements at given 7250 for several DNA’s differing in base com-
position yield a set of equations from which AGg(AT) and@ AGg(GC) can be calculated.

b} See ref. {8].

complexes practically saturated with PS it does not
reach the value obtained for proflavine complexes.
The values of AG (g ¢ are similar for proflavine and
PS complexes in the whole range of 7,50 ; the observed
differences between proflavine and PS stabilization ef-
fects and base-dependent differences in effectiveness
of PS bound in different binding modes are attribut-
able for a greater part to differences in \AGS( AT)"

The variations of the ratio AGS(AT)/AGS(GC) in
dependence on 7550 thus indicate that different PS
binding modes exhibit different degree of specificity
in interaction with A - T and.G - C pairs.

Under conditions of high level of saturation of
binding sites (7,50 = 0.25) A - T pairs contribute to
the DNA helix stabilization through interactions with
PS more than G - C pairs. Since weakly bound dye
molecules (mode 1I,) dissociate at premelting temper-
atures and do not participate in the stabilization ef-
fect, only PS binding by modes I, and 1I; [2,3] is
involved in these interactions. The more pronounced
stabilization effectiveness of A - T pairs participating
in these types of complexes with PS resembles the
properties of complexes of acridine dyes, however, it
is lower for PS than for proflavine or acridine orange
(see table 2).

On the other hand, in PS complexes of low 7550
(comprising binding modes 1; and I, [2,3]) the dif-
ference between AGS( AT) and AG ey i§ small, in
contrast to complexes of acridine dyes. Since binding

of proflavine or acridine orange outside the DNA helix
was not observed in such an extent as for PS com-
plexes and since it follows from the properties of com-
plexes with 7550 = 0.25 that PS binding by intercalat-
ion (modes I, and II;) to A - T pairs is connected
with higher effectiveness in the DNA stabilization
than intercalative binding in the vicinity of G - C pairs,
binding by mode I; is probably most responsible for
the different properties of PS complexes.

It was found that proflavine binding by intercalat-
ion is limited in favour of outside binding in G-C
rich regions [13,33]. PS complexes exhibit a markedly
decreased tendency of binding by intercalation (mode
1;), which is apparently due to the bulky phenyl group
attached to the conjugated tricyclic system of PS [2].
Similar effect of bulky substituents oa acridine orange
binding has been reported recently {52]. We can also
exclude the possibility that at low binding ratios PS
binds to only one type of DNA base pairs, since the
degree of fluorescence quenching (fig. 1) depends
markedly on DNA G-C content, especially at very low
level of saturation of binding sites.

These observations indicate that at low 7 values
much greater part of PS molecules (approximately
40% in the region of 7 < 0.07 [2]) are bound outside
the DNA helix (mode 1;) than in the case of proflavine.
This type of PS binding prevails in G - C rich regions,
but its occurrence in A - T rich regions is not excluded.
It is reasonable to suppose that this binding mode is
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less specific in the stabilization effect than binding
modes I, and II; , which become predominant at high-
er 7 values and which both comprise an inicrcalated
dye species [2,3]. Unfortunately, at present no exper-
imental data exist that could yield information about
exact position of PS bound by mode I; with respect
to the DNA double helix. Therefore it can be only
speculated that the overlap between DNA bases and
PS is only small in this case and that nonspecific inter-
actions, mainly electrostatic screening of phosphate
charges by the dye cations, represent a considerable
contribution to the stabilization effect.

3.4. Jonic strength dependence of circular dichroism
spectra of DNA—phenosafranine complexes

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

V= (0] - [el1p)/ [O]e

(I©1 and [®ly are molar ellipticities of complexed an¢
uncomplexed DNA solutions, respectively) for a con-
stant wavelength versus ionic strength is shown in fig. 5.
Ellipticities were always measured in the maximum of
the positive CD band, A = 271—-275 nm (36900
36360 cm—1). The term ¥V, was used in anzalogy to
UV-hypochromicity exhibited in absorption spectra.

The ionic strength dependence of ¥, determined
at various values of 1/p differs markedly for DNA’s
differing in base composition. For DNA of Flavobac-
terium brevis (30% G - C) maximum values of V,, are
observed at ionic strength ~10~2. ¥V, increases with
increasing PS binding (proportional to 1/p at constant
jonic strengith) and reflects thus conformational
changes of DNA. From binding modes 1;, I, and II;,
which should be considered for PS—DNA interaction
at ionic strength 10—2 and 1/p values shown in fig. 5,
the latter two affect markedly DNA conformation
[2,3]. Binding modes I, and II; also represent 2 high-
er proportion of bound PS as the saturation level of
binding sites increases. Lower values of ¥, at ionic
strength lower than 10—2 probably reflect the pres-
ence of relatively higher amount of surface-bound PS
(binding mode 1I,) [2], which does not cause con-
formational changes in DNA. At ionic strength great-
er than ~10—2 the overall binding of PS is reduced.

18
Va
16 F
14 F
12

10F

Fig. 5. Plot of ¥V (for explanation see the text) as a function
of sodium chloride concentration for various values of p: (o)
20, (9) 10, (2) 5. Source of DNA: (——) Flavobacterium brevis
(30% G- C), (——-) Streptomyces chrysomallus (712% G - C).
DNA concentration was 6 X 10~5 M (D).

In contrast to the pronounced changes in ellipticity
observed for PS complexes with DNA richin A-T
pairs, G - C rich DNA of Streptomyces chrysomallus
(72% G - C) and moderately G - C rich DNA of calf
thymus (42% G - C, not shown in fig. 5) exhibit much
smaller changes of ¥, with 1/p, which monotonously
decreases with increasing ionic strength (fig. 5.

In accord with the results presented in the preceding
sections and in part IT of this series [2], the increased
ellipticity of PS complexes with DNA of higher A - T
content can be explained by higher conformatioral
flexibility of A - T rich sequences in double-helical
DNA as compared with G -C rich sequences, which
leads to enhanced binding of PS by modes I, and II;
in A - T regions. On the other hand, the ellipticity is
not significantly increased by PS binding by mode 1,
which represents the prevailing binding mode in G - C
rich regions [13,33] and which apparently does not
markedly alter the DNA conformation [2]. The CD
spectrumn is more sensitive to structural alterations
caused by drug intercalation than to changes caused
by outside binding and hence the binding by mode I;,
which is characteristic for G - C rich regions, is not
reflected in the CD spectra to a significant extent.

In a preliminary communication [53] changes in
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CD spectra of PS complexes with DNA’s differing in
base content were interpreted not only as due to a dif-
ferent degree of structural changesin A- Tand G-C
regions induced by the dye binding, but also as indi-
cating different degree of binding tendency to the par-
ticular base pairs. Our present results indicate that in
the evaluation of the binding heterogeneity different
binding modes should be taken into consideration.
Thus, PS binding by modes I, and II, which include
intercalated dye molecules occurs more frequently in
A - T rich regions at low level of saturation of binding
sites and is reflected by more pronounced changes in
the CD spectra.

4. Conclusions

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

(1) PS fluorescence is quenched upon binding to
DNA. At least two different mechanisms are responsi-
ble for this effect: Specific quenching by guanine resi-
dues [19] and quenching of FS fluorescence due to
dye—dye interactions [1]. The dependence of PS fluo-
rescence quenching on the G - C content of DNA at
r < 0.1 indicates that the strong binding modes I, I,
and II; do not exhibit strong G - C specificity; it can
be assumed that PS is bound to DNA approximately
randomly at r <0.1.

(2) Analysis of thermal denaturation experiments
involving PS complexes with DNA’s differing in base
composition shows that practically no difference in
stabilization of A - T and G - C pairs exists at 7 << 0.1.
The relative effeciiveness of stabilization of A- T
pairs increases with increasing 7 and approaches the
value found for proflavine complexes at 7 == 0.25 {7,
8]. Thus, the strong outside binding (tnode I;) does
not exhibit any specificity in stabilizing A - T and
G - C pairs against denaturation, whereas binding by
intercalation (modes I, and I1;) stabilizes A - T pairs
more than G - C pairs.

(3) In competition binding studies performed at
low p values (corresponding to 7 = 0.1) the quenching
of PS fluorescence observed upon binding to DNA is
decreased in the presence of netropsin, whereas actino-
mycin D does not interfere with the quenching effect.’
The interference of netropsin with PS binding can be

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

(4) Tonic strength dependence of CD spectra shows
that, upon binding of PS, A - T rich regions are subject
to greater conformational changes than G - C rich re-
gions. This observation is related to the enhanced bind-
ing by the intercalative modes I; and I1; in A - Trich
regions. On the other hand, ouiside binding by mode
1; is preferred in G - C rich regions {13,33].

The daia presented here show that there exists a
pronounced heterogeneity in various properties of
PS_DNA complexes, which depends on DNA base
composition and PS binding modes. The course of PS
fluorescence quenching as a function of 7 and DNA
base composition indicaies thai in the overall binding
PS does not show strong preference for G - C rich re-
gions as it follows from results obtained by Miiller et
al. [29]. However, if we consider the individual PS
binding mocdes |2}, we can characterize them in the
following way: (2) Strong monomer non-cooperative
binding outside the helix (I;) occurs predominanily
but not exclusively in G - C rich regions at 7 < 0.1. (b)
Strong monomer non-cooperative binding by intercalat-
ion (I,) and strong cooperative binding of partially
intercalated dimers (11;)prevail in A - T rich regions at
lower levels of saturation of binding sites. At 7 = 0.07
{21 these binding modes represent the principal strong
binding modes involved in PS—DNA interaction. (c)
The weak cooperative binding on the surface of the
DNA molecule (I1,), which occurs at r > 0.1 exhibits
probably no preference in binding to the DNA base
pairs.

Our characterization of the strong binding modes,
1; on the one hand and I, and 1I; on the other hand,
is in accord with the conclusion on preferential out-
side binding of proflavine in G - C rich regions and in-
tercalative: binding in A - T rich regions, which was
made on the basis of kinetic measurements [13,33].
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