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Ameyation ofFhenosafranine in concentrated sqceo~s solutions and Its internctmn Gth polyphosphales was studied 
by absorption and fluorescence spectroscopy. Al concent-ations > 10m3 hl phenoufranme forms dimers fKd = 3.8 X 10’ 
Lmole-‘1, which are characterized by a hypsochromic shiit of the visible and near uirraviolet absorption maxima accom- 
panied by a hypochromic effect. No fluorescence could btm detected from phenosdfranine dimers. Analogous spectral than- 
ges were observed when B polyphosphatc wzs titrated wit?. +nuxZwnine, which indicated that wiirh incrensing saturation 
of the poiyphosphate binding sites phenosafranine 3aduaC y became boun,. ’ il the cgrepated form. Full snturaiion of the 
polyphosphate binding sites with phcnossfranine was reach :d only when an excess or free dye was present. The coopcra- 
tive biding of phenosafranint to a polyphosphate could be evaluated by means of a theory proposed by Schwarz et al. At 
the zero ionic s-her& and a: 25°C the binding was characl?rized by cooperative binding constant A’ = 6.7 X 10’ 
Lmole-’ , number of binding sites per monomeric phosphate re:idueg = 0.4, and cooperativiIy parameter q n 30. Spectm 
scope properties of phenosafranine in &e aggregated and polyphosphate-bound stales were compared with those of ethi- 
dium bromide. 

1. lntroCuction 

Various organic ligands, e.g. cationic dyes can form 
stable complexes with synthetic polynucleotides and 

nucleic acids [4-6]. The dye can be bound by two 
types of binding [7]. Type i* corresponds to a 
monomeric bindirq of dye molecules which interca- 
late between neig,hbL!iring base pairs (or bases) of 

polynucleotides. In a number of papers, using ab- 
sorption spectrophotometry as a tool in analyzing 

the complexes of dyes with nucleic acids and polynu- 

cleotides, it was established that this type of binding 

is accompanied by a red shift of the long-wavelength 
absorption band. Spectroscopic behaviour is discussea 
on the basis of the interaction of the bound dye mole- 

cules with the less polar environment (as compared 

l Binding typzs I and II refer only to the geometry of binding. 

with the aqueous medium), i.e. purine, pyrimidine 

and sug r moieties of polynucleotides [8.9]. 
On t :e other hand, type II* binding corresponds 

to the binding of dye molecules on the surface of 
polynucleotide molecules [IO-I 31. Depending on 
the dye properties and on the degree of saturation of 
the polynucleotide binding sites, dye molecules can 
be bound in stacked asregates. A new blue-shifted 

absorption band is often typical for this type of com- 
plexes as it was demonstrated e.g. far acridine orange 

[ 11,13] methylene blue and toluidine blue [IO]. How- 
ever, this does not held true without exception. Thu:. 

the phenanthridine dye ethidium bromide (I), well 
known as an intercalating agent, forms verticail> 
stacked aggregates in concentrated solutions [ 141 as 

well as complexes with inorganic polyphosphates 
[IS.161 or maleic acid copolymers [ 171 characterized 

by a red shift of the long-wavelength absorption band. 
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II. 

It was suggested that this red shift c ould be due to the 

asymmetric structure of ethidium. Therefore we chose 
for our present study a phenazine dye phenosafranine 
(PS)(Il),which hassimilar, but moresymmetric stnrc- 
ture. 

In the present and following papers we would like 
to report results on the spectroscopic properties of PS 
and its interaction with nucleic acids and mode1 poly- 
phosphates. First indications of the complex forma- 
tioll of PS with deoxyribonucieic acid resulted from 
polsrographic investigations which were directed to- 
wards the anarysis of adduct iso*herms and of the in- 
hibition of DNA-unwmding process by the bound dye 
[ l&19]. However, no conclusions can be drawn 
whether or not both above described types of binding 
are involved in these processes. Binding of PS, probably 
by the intercalation mechanism, is decreased for chem- 
ica!ly me+&ylated DN.4 [ 20]_ On investigating the spec- 
troscopic properties of the PSDNA complex it was 
found that the observed red shift of the long wave- 
length absorption peak is due to the interaction of the 
dye with a less polar environment [S]. From this point 
of view PS is strongly similar to other dyes capable of 

intercalation like, e.g., proilavine, purified trypaflavine 
or ethidiurn bromide. On the other hand, spectroscopic 
studies of thermal stability of the PSDNA complexes 
(211 did not show unequivocally to what extent the 
PS binding by type II participates in the interaction 
with DNA. 

The first part of our investigation deals mainly with 
PS agregation in aqueous solutions as a t-unction of 
concentration and attempts to elucidate the properties 
of PS bound to a polyanion by the type II binding. We 
chose for this purpose polyphosphates, which can bind 
cationic dyes only in the foml of surface complexes 
that correspond to the type II binding with DNA. 

2. Materials and methods 

Phenosafranine (3.6.diamino-IO-phenyl phenazinium 
clrloride, (Ii)) was a product of Bayer (Leverkusen) and 
was used without further purification- The long wave- 
length absorption maximum of PS solution in water was 
at 1915Ocm-l (522 nm) with molar extinction coef- 
ficient 4.2 X 10’ I.mole-’ .cm -* , which agreed well 
with values given for PS picrate by Corbett [22]. So- 
dium polyphosphates of different molecular weight 

(1 S-20 and I28 monomer units) were a kind Sift of 
Dr. Schiiike from the institut fiir anorganische Chemie 
der Akademie der Wissenschaften der DDR in Berlin. 
The total phosphorus content in hydrolyzed polyphos- 
phate solutions was determined spectrophotometrically 
by the methods of Nesse and Geller [23] or Martin and 
Doty [24]. The orthophosphate content in polyphos- 
phate samples did not exceed 1% as determined by the 

method of Eibl and Lands [25]. 

Absorption spectra were reco;ded by means of spec- 
trophotometers Unicam SP 700 (Cambridge) and 
Ultrascan (Hilger & Watts, London). Fluorescence 
measurements were performed with a fluorescence 
spectrometer SF 100 E Baird Atomic (The Hague, 
The Netherlands) and with an apparatus constructed 
by Smekal [26]. 

2.3 Methods 

All measurements were carried out in nonbuffered 
solutions pre 

Jr 
ared from bidistilled water. Stock solu- 

tions’of IO--M PS and 1% polyphosphates (1% solu- 
tion corresponds to 9-S X IO-‘M solution expressed 
in phosphate units) were used for preparing the com- 



plexes polyphosphate - dye. The tirrarion of poly- 

phosphates under a constant dye concentration was 
carrizd out [ 121 and the complexzs were character- 
ized by vahresp, which represent the ratio of the total 
phosphorus content to the total amount of dye pres- 
ent in the mixture. In most experiments titration curves 
were obtain2d by recording absorption and fluorescence 
spectra parallelly. In order to minimize errors which 
could be caused by adsorption of the dye on glass or 
silica surface, we used always freshly prepared solu- 
tions in glassware and cuvettes pretreated with identi- 

cal dye or complex solutions_ 
The stability of several complexes of the hi& mo- 

lecular weight polyphosphates was checked by equiii- 
btium dialysis. Small volumes (5 mi) separated by a 
dialysis membrane (Union Carbide Corp., Chicago. ill.) 
were equilibrated for 73 hours at 25OC. Before us2 the 

membranes were boiled in 5% Na,C03, then in water. 
and subsequently thoroughly washed; their area was ap- 
proximarzly 1 cm2 so that dye adsorption on the mern- 
branes =?ould be minimized. Identical results were ob- 
tained when complexes were equilibrated against water 
or when corresponding concsntrations of PS and poly- 
phosphate were equilibrated against each other. pro- 
vided the amount of PS adsorbed on the membrane 
was taken into account. 

3. Results and discussion 

3.1. Spcctrcscopic properties o,~pl~enosa~ratliFle 

An information was obtained on the depenrknce of 
absorption and fiuorcscence spectra of PS on concen- 
tration so that it might b2 possible to evaluate spectral 
changes observed upon the binding of PS to a poly- 
phosphatz. 

The absorption speciral data are summarized in 
figs. I and 2. At concentrations higher thaw 4 X 1 O-“hi 
changes are observed that correspond to fcrmation of 
PS aggregates: With incrzasing concentration the posi- 
tions of both visible and near LlV maxima are gradually 
shifted to higher energies with a concomitant decrease 
of molar extinction coefficients_ 

Fluorescence of moncmeric PS solutions was repr+- 
sented by a smooth peak wirh a maximum at 
17090 cm-’ (585 nm), when excited at the wavelength 

corresponding to the monomer absorption band (at 
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Fis. 1. Visible spectra of different conccntr~~ions ofpheno- 
safrnnine in aqueous solurions at X°C (-.-) I X 1 0w5 51: 
(--) 1 X 10-3hl: (- - -) 5 x 10-3\t: (. -) I X IO-*\!. 

19150cm-1 (572 nm)). At concentrations higher than 

5 X lo-‘hl only quenching of this emission was ob- 
szrved. No iicorescrnce originating in the aggregatzd 
PS could b2 d2t:cted. even when wavelength corres- 

ponding to zggregatz absorption maximum was used 
for rscitation. 

The observed changes in absorption spectra resem- 
bls those found for symmetric acridin d2ri\Vativss: 
e.g. acridine orange, proflavinz [3--6)) and esy:ciallj 
for N-benzyl acridine orange [77]. and csn be similarI> 
explained as a consequence of forrnaticn of vertical:) 
stacked PS aE%regbtes. According to critsria oi Simpson 

and Peterson [?S] (table 1) PS belongs IO the group of 

molecules representing weak couplil,g cases. 
By estrapolating 012 values of molar rxtmction co- 

efficient of the masimual corresponding to monomeric 

PS to condirions yieidlng PS present totally in the mono- 
meric form (infinite dilurion) on the one hand. and PS 
totally aggregated on *he other hand, concentrations 
of these two forms wer2 calculated in the investigated 
rang2 of total PS collcentraticns [30]. Using the pro- 

cedure described by Zanker [SO]. it was found from 
the slope of the linear dependenc2 of equilibrium mono- 
mer vs. aggregate concentrations that PS formed dim2rs 
in thr investigated concentration range. The mean value 
of th2 dimerization constant 3t 25”C, I.‘, = 3.8 X 10’ 
I.mole-l, was estimated according to Schwarz 21 al. [2] 
f:om the plot shown in the insert in fig. Ib. The value 
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Fig. 2. Changes of positions (a) and molar extinction coefficients (b) of phenosafranine visible (0) and near ultraviolet (A) maxima 
with concentration in aqueous solutions at 2PC. The insert shows an extrapolation of the dependence As = Ed - c versus &zi$ 
(hereq,, isthemolaresthction coefficient ofmonomericphenosafranineat 19150cm~‘.42000I.mole~t cm-g.and~corresponds to 
measured absorbance v&es at phenoxafranine concentration CL,O). The intercept with x-axis yieids the value of the molar extinc- 
tion coefficient ofaggregated phenosafranine, AP’ = ELI - CD, the intcrcepi with Jwxis corresponds to ,!m 121. 

of molar extinction coefficient corresponding to di- 
merized PS at 19 150 cm-’ obtained by linear extra- 
polation from this plot (15000 Lmole- ’ cm-t) w2s 

Table 1 
Dimerization constants (Kd) and coupling characteristics of 
different cationic dyes measured in aqueous solutions at 2S°C 

Compound AW (a) - 
s 

Kd 
Lmole-’ 

Proflavine 0.44 @) 5x IO’@) 
4.77 x 10’ 0-I 

A&dine orange 1.5 fi) 
N-benzyl asridine orang+ 1.1 (cl 
F’henosafranine 0.6 
Ethidium bromide 0.4 (d) 

1.3 x 104 (c) 
5.4 x 103 (c) 
3.8 x IO2 
41(r) 

(a) Ratio of the monomer bandwidth (Aw) to the value of 
Davydov splitting (s), in cm-’ 1281. 

@)Ref. 1791. 
(c) Taken from spectroscopic data [ 271. 
(d) Calculated from spectroscopic data [ 15 ]_ 
(e) Spectroscopic determination [ 21. 
(f) Calorimetric determination 1311. 

lower than the value used for calculation of K, in the 
preliminary report [21] aad corresponded closely to 
the molar extinction coefficient of PS aggregated on 
polyphosphates. Consequently, the presently reported 
value of Kd is lower. 

This value is compared with dimerization constants 
for several acridine derivatives and ethidium bromide in 
table I. Even if Kd of PS is lower than that of geomet- 
rically similar N-benzyl acridine orange and is close to 
Kd of profiavine, its value is by one order of magnitude 
higher than Kd of ethidium bromide. The difference in 
the strengths of stacking of PS and ethidium bromide 
in solution might reflect differences in geometrical ar- 
rangement of these two dyes in vertical stacks, for 
which a spectroscopic evidence already exists. In con- 
trast to spectral changes observed with increasing PS 
concentration, Ihe hypochromic effect in the visible 

region of the absorption spectrum of ethidium bromicr: 
was accompanied by a red shift from 20650 clrl-l 
(484 nm) observed for concentrations 5 X 10m2M and 
lower to 19900 cm-’ (502 nm) for 5 X 10s2M solu- 
tion [ 151; for completely dimerized ethidium bromide 
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Fig 3. Visibfe (a) and near ~~itraviofet &) spect-a of 1 X 3 O-‘hi 
phenosafranine bound to a pdyphosphate fi2S monnmer units) 
ipI aqueous solutions 31 &C. Vduesp are given in the figures; 
(- - -) free I ON5 hi phenosafrauins. 

the maximum shifts up to 19300 cm-l (5 18 run) as 
estimared by Crescenzi and ~uad~fo~io [I 73. 

The changes in PS absorption speczra when titrated 
with different polyphosphates are illustrated in figs. 3 
a,ld 4. it can be seen that at high p spectra of the com- 
pyexes are similar to the spectrum of free PS; with de- 
< reasing p the hypoch rornic effect becomes prominent 
md a shoulder appears on the short-wavelength side of 
the maximum. This means that with decreaskgp a 
5.ompirtx, in which the dye is bound in the mon >meric 
f 3rm, is gradually transformed into a complex vith the 
d:re molecules bound in an aggregated form. Th : cor- 
r-spondence between the posi?ions of absorption ma>ii- 
ma. both visible and ultraviolet, of aggregated Ps in so- 
lution (figs. 1 and ?) and the spectra of the complexes 
with p < IO (fig. 3) indicat% that eventually most of 
the dye molecules are bound as aggregates. 

The titration of the longer poi_fphosphare (-123 
monomer units) was evaluated us:ng the model crfco- 

operative dye binding to linear pc Jymers [ I-S]. ‘ITIF: 
dependence of the fraction of fres PS rl (calcukted 
under assumption that all dye is bound in the aggre- 
gated form) as a function of Iowp values is shown in 
fig. 5 for different dye Concentrations. The intercept 
of the common straight part with the p axis yields the 
recjproc~ value of the number of binding sites per 
monomer u&&g- = 2.5, which is rather close tcp 
v&es corresponding IO minima on tfte titration curves 
(fig 4). The value ofg = 0.4 for PS is considerably 
lower than for proflavine interacting with a polyphos- 
phate (-500 monomer units), g = 0.8 [3]. It is most 
probable that the fact that practically only every sec- 
ond phosphate monomeric unit can be occupied by 
PS is due to the presence of the butky phenyl group. 

Ihe cooperative binding constant, K, was evaluated 
from the interception of the curves 7;. versu5 p with 
the straight line of half the negative slope of the pre- 
vious line. The intercept corresponds to 7; value of 
I/B. Since the binding strzngih parameter B is defined 
as B = KcQ-, f~=,~ is the total wei&ing-in concentra- 
tion of the dye), K = B/q0 fl,3] . The mean value of 
# ca’culated for the three PS concentrations was 6.3 
X 10’ Lmole-' , which is comparable to K = 3.5 X 10’ 
Lmole- ’ for proff avine binding to a polypfiosphate 131. 

The cooperativity parameter q was evaluated from 



the fraction of the dye bound as monomers flL at high 
p values. Equilibrium dialysis was used lo check whether 
in the broad region of high p values all PS molecules 

were totally bound to the polyphosphate. Irrespective 
of the arrangement, i.e. if the equilibrium was reached 
between a complex solution and water, or between PS 
on one side of the membrane and polyphosphate on 
the other one, total binding of PS to polyphosphate 
was always observed in the region ofp = 50-1000. 
Thus, or can be easily evaluated from the changes of 
molrlr extinction coefficienr. E, at 19 150 cm-‘, using 

the values of eL (corresponding to monomeric free or 
bound PS) and ED (corresponding to agregated PS) 
4.2 X IO4 and 1.5 X lo4 l.mole-’ cm-‘, respectively. 
From the theory [I] it follows that 

4=gP(l -*)/PI. 

The mean value of 4 calculated from data in the 
range ofp = 50-S X lo3 was relatively low, 9 c 30. 
Since by definition 9 = K/K’ [ 11, we obtained for the 

binding constant corresponding to the nucleation of 
an aEeregatr of bound ligands A’* e 2 X 1 04. 

The positions of minima on the titration curves de- 

pend on the degree of polymerization of a polyphos- 
phate: with decreasing chain length they become shifted 
to higherp. Similar results were obtained with other 

dyes, e.g_ crystal violet and maiachite green [32.33] or 
acridine orange [34]. Unfortunately the scatter of bind- 
ing data for the shorter polyphosphate was so high that 
their quantitative evaluation was not possible. 

For fluorescence measurements we used compleses 

polyphosphate-PS that had been prepared either by the 

absorption spectroscopic titration or by direct titration 
in the fluorescence cuvette. The radiation of 21320 cm-’ 
(366nm)or 19150cm-’ (522 nm) (the latter one cor- 
responding to the PS monomer absorption maximum) 
was used for excitation. The flurlrescence maximum of 

PS bound tct polyphosphates was broad and structure- 
less and had the same energy as fluorescence of free 

monomeric PS, i.e. 17090 cm-l (585 nm). Even if the 

complexes with low p were excited at 19900 cm-’ 
(502 nm). which corresponds to the maximPrm of the 
aggregated form of PS, no shift of the position of the 
fluorescence maximum was observed. 

The course of the fluorescence titration curves 
(fig. 4c) is in accord with the interpretation which 
was sugested for the absorption spectral changes. At 

very high p values the relative intensity of fluorescence, 
which originates in monomeric bound PS, is practically 
the same as that of free PS. With decreasingp, which is 

accompanied by increasing stacking of the dye mole- 

cules, the tlwrescence intensity decreases reaching at 
the minimum a value TEiTIgh3g from 30% (for longer 
polyphosphates) to 45% (for the short polyphosphate) 
of the free PS fluorescence intensity. This dependence 
as well measurements carried out with 5 X 10m3- 
IO-‘hl PS solutions indicate that PS in the aggregated 
form exhibits no detectable emission at 17090 cm-’ 
(585 nm) or longer wavelengths. 

Due to the identity of the absorption as well as 
fluorescence spectra of free PS on the one hand and 
PS bound to polyphosphates in the monomeric form 
on the other hand, it is impossibte to decide whether 
the residual fluorescence intensity in the minimum of 
the titration curves is attributable ?o the presence of 

free PS only or whether some contribution comes from 
PS molecules which are still bound as monomers. The 
low value of 4 seems to indicate that in the vicinity of 

p s 3 a small fraction of PS remains to be bound as non- 
interacting monomers. This can explain the relatively 

high residual fluorescence intensity in this region as well 

as tie decrease of R observed with decreasing CL,O 
(fig. 5). 

3.3. Comparison of spectroscopic properties of 

phe~zosofrani~ze and ethidium bromide 

The results obtained demonstrate that at concen- 
tration higher than 5 X 10-4hI as well as upon bindiag 

to polyphosphates PS can form dimers, eventually in 
the latter case higher aggregates, containing vertically 
stacked parallel molecules, in spite oi the presence of 
the bulky phenyl group at the heterocychc ring nitro- 
gen. The strength of coupling of PS molecules in dimer 
is weak. as classified according to criteria of Simpson 
and Peterson [28] (see table 1). Consequently, the 
tendency of PS to aggregate is also relatively weak, as 
it is manifested by low value of the dimerization con- 
stant (Kd = 3.8 X 10’ Lmole-‘) (table 1) and by 
parameters characterizing its binding to a polyphosphate 
(K = 6.2 X IO5 Lmole-’ , g = 0.4,4 s 30); the binding 
parameters are reflected by the presence of a relatively 
narrow plateau at the minimum on the titration curves 
(fig. 4). On the contrary, strongly aggregating dyes pro- 
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Fig. 4. Tiiration curves of 3 short polyphos?hare (18-20 mono- 
mer units) (A) and 3 long polyphosphare : i-78 monomer units) 
(0) with 1 O-‘hl phenosafranine in water 31 Z?C. 3). Drpen- 
dencc of the ratio of absorbance in phenoufranine monomer 
rnx\imum ($1, 19 150 cm-! ) and duner maximum (D. 19900 
cm-’ ) on p. b) Dependence of relative absorbances 31 I9 150 
cm-’ on p (A0 is absorbance of iree 10-s!Il phenos?iranine) 
and !he fraction of phenosafranine bound as isolated mcnomers 
Q_ IO tie lonp polyphosphaie (0) cdculatrd from A wlucs at 
high p, where practically all phenosafranine molecules are 
bound to the polyphosphnw. c) Dependence of relative fluores- 
cence intensities at 17090 cm-l on p; rhe escimrion wave- 
iixrh w3s 19 150 cm-’ 
lO’5hl phenosafnnine. 

: FO is fluorescence intensity of free 

duce usually a much broader pIateau someiimes exrend- 

ing over several orders of magnitude ofp for polvphos- 

phates of high molecular weight [33,34]. 
Molecular aggregation has been a subject of numer- 

ous investigatiL.ns. The absorption maximum cf ver- 

tically stacked parallel molecules is usually located at 
the short-wavelength side of the transition characterizing 

the monomer. The most common interpretation of this 
fact corresponds io the Davydov splitting as a conse- 
quence of the intermolecular interaction [35]. (i) For 

vertically stacked parallel molecules (“card pack” ag- 

gregates) the long-wavelength transition is symmetry- 
forbidden, while the short-wavelength transition is al- 

lowed and gives rise to the blue shift in the aggregate 
spectrum [36] _ 

On the other hand, other orientations of chromo- 
phores in an aggregate result in different spectral chan- 
ges. Thus, (ii) an q*mmetric oblique orientation of the 
corresponding transition dipole moments of the inter- 

acting molecules imposes no symmetry limitations and 
both transitions corresponding to the Davydov splitring 

can be observed; (iii) for a chain-like arrangement of 
molecules in an aggregate leading to the head-to-tail 
interactions of the particular transition dipole mo- 
ments. the short-wavelength transition is symmetry- 

forbidden and the long-wavelength one allowed [36]. 

The latter case evidently corresponds to the shifts 
in the visible absorption spectrum of ethidium bromide 

aggregates. Since there exists evidence from NhlR spec- 
tra [ 14,373 that ethidium bromide forms stacked di- 
mers, it was suggested as one possibility of the explana- 

tion that ethidium cations are mutually shifted in the 
stacked aggregat? [16] due to their asymmetric struc- 
ture and, consequently. asymmetric distribution of 
electron density [383. In such a%yregates n-electron 
clouds overlap only partially and the transition dipole 
moments corresponding to the lowest absorption maxi- 
mum at 20650 cm-’ are oriented so that the head-to- 
tail orientation prevails, which gives rise to the red 
shift of the band. The arrangement of ethidium cations 
would be thus necessarily different from that in models 
of dimer structure suggested earlier [37,38] ; the mutual 

orientation of eri;idium moieties will be most probabl> 

sim!Jzr ta; l;le “shifted” stacking found in ethidium 
bromide crystals by X-ray analysis [39]. 

The comparison with F’S shows that the bulky phenyl 
group itself does not interfere with the formation of the 

“card-pack” dimers of weakly coupled molecules: the 
observed differences in K, values and spectral shifts of 
PS and ethidi-m bromide should be attributed ro the 
lack of symmetry ir: the latter molecule. The fact that 

ethidium bromide aggregates are present r~ostiy as 
dimers [3 I] makes less probable the alternative possi- 

bility suggested for explaining the red shift in crhidium 

bromide visible spectrum connected with the aggregation 

[ 161, viz. that the shift could be caused by suLstituting 

the aqueous environment by a less polar organic one [S] 
i.e. when an absorbing ethidium cation is surrounded by 
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Fig!. 5. Tk fraction of unbound phenowfranine corrected for the free ligand association. ri = rL( 1 + 2Kd a*0 n), as a fnoction 
oip. The system contained thepolyphosphate (128 monomer units) and phenosafrardue in concentrations (c~,o) 10-sfil IO), 
2 x 104bl (0) and 4.25 X IO- M (a). The straight line identical with the initial parts of the curves was used for determining the 
number of binding sites per monomer unit g, the second straight line having half the slope of the first one yielded the values of 
cooperative binding constant K (see tcxl). 

other ethidium moieties upon the dye mofecules be- 
came stacked. ITte dye dimers remain still extensively 
hydrated and thus the environment of an eZhidium 
moiety in a dimer differs from that of the Jye inter- 

calated in DNA, even though spectral shifts of the 
same magnitude were observed in both cases [8]. 
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