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Abstract-Interactions between acridine orange (AO) and nucleic acids (calf thymus DNA, and 
homoribo- and homodeoxyribo-polynucleotides) were studied in solutions containing ethanol as a 
cosolvent. Light absorption, scattering and luminescence were measured as a function of A0 concen- 
tration at different dye/phosphate (D/P) ratios, and the data were analyzed using the McGhee-von 
Hippel probabilistic model of the polymer-ligand interactions. The absorption spectra of A0 complexes 
with four homoribopolymers are presented. The intrinsic association constants and cooperativity coef- 
ficients of the formation of the complexes were calculated. The effects of ethanol (up to 35%, v/v) on 
these interactions were concentration dependent and may be extrapolated to zero concentration of this 
cosolvent. The possibility of destabilization of the double helix of nucleic acids by A0 at high D,/P 
ratios is discussed in light of the available thermodynamic data. 

Interest in studying the interactions of acridine dyes 
with nucleic acids stems from the fact that these dyes 
exhibit a variety of important properties. Thus, they 
have antibacterial and mutagenic activities and their 
structures and modes of binding resemble other bio- 
logically active chemicals such as carcinogens, certain 
antibiotics or proteins [I]. In addition, some dyes, 
such as acridine orange (AO)t, show metachromasia 
(the color of the dye changes, usually toward the 
red, when bound to certain cellular components), 
a phenomenon which is responsible for its wide 
application for analytical purposes, especially in 
cytochemistry. 

The metachromatic properties of A0 in interac- 
tions with nucleic acids were the subject of extensive 
studies during the past four decades (for reviews see 
Refs. 2 and 3). While it is clear that the dye inter- 
calates into double stranded (ds) nucleic acids, the 
mechanism of its binding to single stranded (ss) 
nucleic acids still remains unclear. The present 
interpretation of the metachromasia of A0 upon 
binding to ss-nucleic acids assumes electrostatic 
interactions between the nucleic acids and the dye, 
and subsequent formation of dye-stacks along the 
nucleic acid backbone (for reviews see Refs. 3 and 

* Address all correspondence to: Jan Kapuscinski, 
Ph.D., Memorial Sloan-Kettering Cancer Center, Walker 
Laboratory, 145 Boston Post Road, Rye, NY 10580. 

* Abbreviations: AO; 3,4-bis~dimethvlamino~acridine 
hydrochloride = aeridine orange: ss; single stranded; ds, 
double stranded; D/P, dye/phosphate molar ratio; r, bind- 
ing density; n, binding site size; o, cooperativity coefficient; 
K, association constant; Cpand Cg, free and bound dye 
concentrations; &, molar extinction coefficient; AGo = 
-RTlnK, Gibbs free energy change; and Hepes, 4-(2- 
hydroxyethyl)-1-piperazine-ethanesulfonic acid. 

4). This interpretation, however, fails to explain a 
variety of properties of the nucleic acid-A0 com- 
plexes (e.g. Refs. 2,3,5 and 6). 

Studies of the interaction of A0 with biopolytners 
are hindered by several peculiarities of the dye. One 
is the propensity of the dye to form dimers and 
higher aggregates, resulting in a multicomponent 
spectrum that is difficult to analyze [7]. Also, the 
dye is adsorbed by various surfaces, including glass; 
this phenomenon decreases the accuracy of such 
techniques as dialysis or filtration. Finally, the com- 
plexes of A0 with ss-nucleic acids are poorly soluble 
and precipitate during titrations [6]. The precipita- 
tion, often neglected in previous studies, may alter 
the spectral data and also be a source of inaccuracies 
in calculations based on the mass action law. In the 
present studies we have tried to circumvent the above 
obstacles by studying interactions of A0 with syn- 
thetic RNA and DNA homopolymers and with calf 
thymus DNA in solutions containing ethanol. The 
influence of ethanol, as a cosolvent, on complex 
formation was studied separately. The results were 
analyzed using the theoretical model of McGhee and 
von Hippel[8] which, albeit originally developed for 
large ligand-polymer interactions, has been applied 
successfully to investigations of small intercalators 
and even of inorganic cations (e.g. Refs. 9-11). 

MATERIALS AND METHODS 

Acrid&e orange. (AO), chromatographically pur- 
ified, was obtained from Polysciences (Warrington, 
PA) and used without further purification. The stock 
solution of 1.58mM was made in distilled water. Dye 
concentrations were estimated calorimetrically at the 
isosbestic point of the monomer-dimer system, using 
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values of the molar absorption coefficients of 
EUO = 4.33 X 10” M-’ cm-’ for aqueous solutions 
[12] and of E-~T~ = 4.76 X 10J Mm’ cm-’ for solutions 
containing 25% (v/v) ethanol. Most measurements 
were made in a standard solution containing 10 mM 
Na:HPOJ-NaH:PO, and 1 mM EDTA at pH 7.0, in 
the presence (25%) or absence of ethanol. When 
other solvents were used. the value of E was adjusted 
accordingly. 

Nucleic acids. RNA homopolymers poly(rA), 
poly(rC). poly(rI), and poly(rU), obtained from P- 
L Biochemicals. Inc. (Milwaukee, WI), were used 
without additional purification. Their concentrations 
(in 100mM NaCl, 5 mM Hepes, 1 mM EDTA, 
pH 7.0) were estimated spectrophotometrically using 
molar absorption coefficients given by the vendor. 
Coefficient corrections were made when other sol- 
vents were used. Calf-thymus DNA (Type I, Sigma) 
concentration was determined as for the homori- 
bopolymers. All other chemicals were of the highest 
commercial grade. 

Spectrophotometric measurements. These 
measurements were carried out with a Zeiss PM6 
spectrophotometer equipped with a temperature 
control unit (25 t 0.05’). The spectra, in digital 
form, at 1 or 2 nm increments were transferred into 
a Hewlett-Packard (HP) 9815s computer, stored on 
magnetic tape. processed using an SLM PR-8000 
spectrum-processing program, and drawn by an HP 
7225A graphic plotter connected to the computer. 

The measurements were carried out in quartz 
cuvettes with a light path of 1 cm or less, depending 
on dye concentration, to avoid absorption above 1.8. 
The cuvettes were prewashed three times with a 
small volume of the measured solution to minimize 
the effect of adsorption of the dye to the walls of 
the cuvettes. 

Titrations of the nucleic acids with A0 were per- 
formed in conical Sarstedt plastic test tubes [12], 
each containing 2 ml of RNA solution. The aliquots 
(l-100 ~1) of A0 stock solution were adeed to each 
tube. The mixtures were then thoroughly stirred, 
kept at 25” for 20 hr, centrifuged (- 400 g for 10 min) 
and examined for the presence of a precipitate [6]; 
only samples with no visible precipitate were meas- 
ured. The error resulting from the adsorption of A0 
to the test tube surfaces was estimated in each series 
of experiments (twice) by absorption measurements 
of an aliquot of the A0 solution, prior to and after 
exposure to the test tube. 

To obtain the association constant for binding 
density (r) < 0.3, the titrations were done directly 
in cuvettes. In these cases, the absorption increments 
at 474 and 494 nm were measured in two cuvettes, 
one containing nucleic acid and the other containing 
buffer alone. The measurements were made 10 min 
following addition of the aliquots of A0 solution 
(1-5 ~1). Measurements of cuvettes containing A0 
solution alone provided estimates of the extinction 
coefficient of the free dye in different solutions. 
Because the extinction coefficient of nucleic acids 
varied depending on the ethanol and salt concentra- 
tions, multiple titrations of nucleic acids in various 
solutions and in the standard buffer, for which the 
coefficient was known, were always carried out. 

Fluorescence emission spectra. Spectra were meas- 

ured with an SLM 4800 (Urbana, IL) spectrofluor- 
imeter, equipped with a thermostatic cuvette cham- 
ber (25 ‘- 0.1”). a quartz cuvette (0.3 x 0.3 cm i.d.), 
and a 450W Xenon lamp, and interfaced to a com- 
puter and digital graphic plotter. The excitation 
wavelength was set at the isosbestic point (4 nm band 
width). The emission spectra (4nm band width), 
recorded on magnetic tape, were processed using 
the SLM PR-8000 program. All results were cor- 
rected for the inner filter effect; this correction 
extended the linear concentration-fluorescence rela- 
tionship up to an O.D. of 3.0 [6, 131. 

Light scattering measurements. These measure- 
ments were done at right angle geometry, using the 
SLM-4800 spectrofiuorimeter, with no polarizers. 
The excitation and emission monochromators were 
set at the same wavelength (350 nm). For titrations, 
a solution of nucleic acid of known concentration 
was placed in the square (1 cm) quartz cuvette 
equipped with a magnetic stirrer. The scattered light 
was measured at 10 min after the addition of aliquots 
of AO, using the ratio mode, with glycogen solution 
as a standard. The results are expressed as a ratio 
of the intensity of scattered light of the sample to 
the intensity of scatter of the nucleic acid solution 
alone. The effect of increase of free dye concentra- 
tion has been found to be negligible. 

RESULTS 

The first experiments were directed towards selec- 
tion of the optimal cosolvent, and analysis of the 
cosolvent effect on the physicochemical properties 
of the reactants and products. 

Solubilities of AO-RNA complexes, at various 
D/P ratios (up to 2.0), were tested by adding aliquots 
of A0 stock solution to 50 PM RNA dissolved in a 
mixture of the buffer and organic solvent and were 
inspected for the presence of precipitate following 
centrifugation 20 hr later [6]. Ethanol, dioxane, 
dimethylformamide and dimethyl sulfoxide at con- 
centrations up to 50% (v/v) were tested. The best 
solubility was observed in solutions containing 
ethanol and dioxane; ethanol at a concentration of 
25% (v/v) was then arbitrarily chosen for most 
experiments reported in this paper. 

In the presence of 5-35% ethanol, increased 
optical density of homoribopolymers was observed, 
especially for poly(rA) and poly(rC). Thus, the 
extinction coefficients at 260 nm of poly(rA) and 
poly(rC) were increased by 20 and 27%) respectively, 
in the presence of 25% (v/v) ethanol. 

The effect of ethanol on dsDNA was less pro- 
nounced. Extinction of dsDNA was increased by less 
than 10% in the presence of up to 35% ethanol. 

Ethanol markedly decreased dimerization of AO. 
The constant of dimerization, measured as described 
by von Tscharner and Schwarz [12], was found 
to be 9.1 x 103M-r in aqueous buffer and 
9.0 x lO‘M_’ in buffer containing 25% ethanol. This 
large difference indicates that, at an A0 concentra- 
tion of 20 PM, for example, monomers are only 78% 
of the monomers-dimer total in aqueous solution 
but are over 96% in a solution of 25% ethanol. 

Ethanol induced red shifts in the maximum of 
absorption and in the isosbestic point for the 
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Fig. 1. (A) Absorption spectra of AO. From top to bottom A0 concentrations: 7.5, X5,22,29, 36 and 
40 PM. All samples were measured in standard buffer [25% (v/v) ethanol] except 40 PM which was 
measured in the absence of ethanol. Insert: Changes in the molar extinction coefficient at: (0) 494 and 
(0) 474 nm (isosbestic point) as a function of A0 concentration [standard buffer, 25% (v/v) ethanol]. 
(B) Change of molar extinction coefficient of A0 at 494 nm and at 474 nm as a function of ethanol 

concentration (50 mM Na-, 5 mM Hepes, pH 7.0). 

monomer+5mer system (Fig. 1, Table 1) and a 2 nm 
blue shift in the m~irn~rn of A0 emission. 

Titration of calf thymus DNA with A0 is shown 
in Fig. 2. The red shift of the maximum absorption 
and the hypochromic effect, both characteristic of 
dye interaction, are not much different in the pres- 
ence or absence of ethanol [14]. The presence of a 
well defined isosbestic point (Fig. 2, insert) shows 
lack of precipitation of the complex during titration. 
By extrapolation of the reciprocal of the hyper- 
chromicity to a dye to phosphate ratio (D/P) that is 
equal to 0 (not shown), the molar extinction coef- 
ficient of the bound dye (Es,,B) was calculated at 
474nm, i.e. at the isosbestic point for the A0 
monomer-dimer system (Table 1). The concentra- 
tions of the free (C,) and bound (CR) dye were 

* The authors of Ref. 15 used the affinity parameter CJ 
which is in accordance with the intrinsic association constant 
&. 

calculated for each point of titration. The results 
were then presented on a Scatchard plot and, using 
the computer interactive program, compared with 
the theoretical isotherm according to the McGhee 
and von Hippel equation [8]: 

r I 1 --n-r 1 
n-1 c, = zG(1--n*r) l_+_l).r (1) 

where r = binding density (r = 2C&&;n; C~F;+, is 
expressed in pmoles/l); K, = intrinsic association 
constant (M-l) of the non-cooperative binding; and 
n = binding site size (number of base pairs}. 

Using this approach, the association constant KI 
was found to be 5 x 10” M-‘. This value is consider- 
ably lower than the Kt of 2 x 10FM-’ found for 
aqueous solutions of dsDNA and A0 [l.S]“, despite 
the fact that the latter constant was measured at 
higher ionic strength (0.15 M Nat). The n value of 
3 base pairs obtained in our experiment (Fig. 2) is 
within the limits of 2.5 to 3 base pairs reported for 
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Fig. 2. Scatchard plot of the spectrophotometric titration (at 474 rim) of calf thymus DNA (52 PM) with 
A0 [in standard buffer, 25% (v/v) ethanol] fitted to the McGhee-von Hippel probabilistic model [8]. 
Solid lines: the computer-drawn isotherms represented by equation 1 calculated for n = 2, 3 or 4 base 
pairs and K, = 5.0 X lo4 M-l. Open circles: experimental points. Insert: The changes in molar extinction 
coefficient of A0 during DNA titration. The upper curve represents the free dye; next curves from top 
to the bottom represent spectra of the mixtures of A0 and DNA at D/p ratios of 0.95, 0.48, 0.19, 

0.093, 0.031 and 0.003 respectively. 

A0 in aqueous solutions by various authors [e.g. 
Refs. 3,4 and 71. 

Figure 3 presents the spectra of mixtures of A0 
with poly rA), poly(rC), poly(r1) and poly(rU) at 

P several D ratios, in the presence of 25% ethanol. 
The spectra are characterized by the presence of 
distinct isosbestic points located at different wave- 
lengths for each polymer. The inability to observe 
clear isosbestic points in earlier studies (e.g. Ref. 
16) was most likely a consequence of the presence 
of A0 dimers, eliminated here by the use of ethanol 
as a cosolvent. Another characteristic feature of the 
spectra is the distinct difference in their shapes, 
depending on the type of homopolymer. 

The spectra of complexes of A0 with different 
homopolymers (Fig. 4) were calculated under the 
assumptions that: (i) the amount of A0 dimers was 
negligible (Fig. l), and (ii) free A0 contributes to 
at least 99% of the absorption at 494 nm [12]. The 
first assumption is based on the fact that, at low free 
dye concentration (- 10 ,&I), the A0 dimer con- 
centration was below 2% in 25% ethanol. The second 
assumption [12] seems to be valid in light of the 
observation that the. Scatchard plots calculated from 
absorption (at 474 and 494nm) and fluorescence 
emission (at 525 nm) provided the same data (Fig. 
5C). The spectrum of the AO-dsDNA complex, 
obtained by extrapolation (D/P+ 0) from the data 
of the titration experiment illustrated in Fig. 2,‘is 
also included (Fig. 4) for comparison. Some numer- 
ical data of these spectra are included in Table 1. 

The Scatchard plots calculated from titration data 
of four homoribopolymers are shown in Fig. 5. The 
values of E~x.F and E47.t.~ (474 nm is the isosbestic 
point for the free A0 monomer-dimer system) were 
used for the calculations (Table 1). The plots show 
characteristic “humps”, typical of cooperative reac- 
tions [8]. The shapes clearly indicate, however, that 
at least two different processes occur, namely, a 
cooperative one followed by a second phase that 
appears to be non-cooperative, but which, we 

believe, is an artifact of the solute-solid phase tran- 
sition [e.g. poly(rA)] (Fig. 5A). 

Calculations of the parameters of the first process 
were based on the McGhee-von Hippel model 
assuming cooperativity of the reaction [8]. The fol- 
lowing formula was used: 

r 
- = K,(l - n ’ r) 

CF 

(2w--l)(l-n.r)+r-R n-i 
2(0 - 1) (1 - n . r) 1 

(2) 

where R = {[l - (n + 1) * r]* + 4 . w. r(1 - II . r)}“.‘. 

The intrinsic association constant K, represents the 
binding of the ligand molecule to the isolated binding 
sites of the polymer. The cooperative association 
constant of the ligand binding in a singly contiguous 
fashion Kc = Ki*w, where w is the cooperativity par- 
ameter and n is the binding site size of the polymer 
expressed in nucleotide units [8]. 

The theoretical curves which best fit the experi- 
mental points (Fig. 5) were constructed using 
computer-interactive programs based on the strategy 
described by Wilson and Lopp [lo]. In the calcula- 
tions, the n values of 2 for purine- and of 1.41.S for 
the pyrimidine-homopolymers were used. The values 
of n, Ki and w are listed in the legend to Fig. 5. 

The titration data also can be expressed as a change 
of the extinction coefficients (for one or more wave- 
lengths) and compared with the theoretical titration 
curves which, in turn, were constructed based on the 
parameters n, Ki and w obtained from the Scatchard 
plot (Fig. 6). The theoretical titration curves were 
drawn by the computer according to the equations: 

V, = ri.B [C$.f(r,)+l] [C”,of(rl)-r,]m’ (3) 

EA., = [(V,.Cio - BT~.C$.EI,F + r,.B .Cj.EnB] 

(V,T20) - ’ (4) 
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Fig. 4. Absorption spectra (left ordinate) of: (1) A0 monomer; (2) A0 dimer; (3) AO-dsDNA; (4) 
AO-poly(rA); (5) AO-poly(r1); (6) AO-poly(rU); and (7)AO-poly(rC). Fluorescence emission spectra 
(right ordinate) of: (8) A0 monomer and; (9) AO-dsDNA. All spectra except spectrum 2 were recorded 
in standard buffer, 25% (v/v) ethanol. Spectrum 2 was measured in the absence of ethanol. Fluorescence 
spectra were not corrected for the emission monochromator and phototube responses. Spectra were 

calculated as described in the text, using data from experiments in Figs. l-3. 

where f(ri) is the value of the McGhee-von Hippel 
function (Eqn. 2) calculated for 0 < ri < 
l/n and El., M-r cm-’ is the extinction coefficient of 
the mixture of the V, volume of stock A0 solution 
at concentration c?,,~ and the B volume of the poly- 
mer at the initial concentration C$ (M, nucleotides)*. 

The calculations can be done for any wavelength 
h provided that the molecular extinction coefficients 
of free (&,F) and bound (E,IJ) ligand are known. 
Since deviations from the Beer-Lambert law are not 
taken into consideration in equations 3 and 4, the 
most accurate data are obtained using the wavelength 
of the isosbestic point of the A0 monomer-dimer 
system. The above approach makes it possible to 
estimate directly the deviation of the experimental 
points from the theoretical titration curve. As can 
be seen from Fig. 6, the deviations were small for 
a large part of the experimental data. Despite that, 
the detailed analysis of the data, which will be given 
in detail later (Discussion), provides strong evidence 
that there is only one type of AO-ss-nucleic acid 
interaction, with binding site n = 1 nucleotide for 
all homopolymers, and the results of titrations, 
especially for r > 0.4, were strongly affected by a 
phase (solute-solid state) transition of the complex. 
Such a transition is evident from the data of the 
nephelometric titration of poly(rA) with A0 (Fig. 
7). Since the error of measurement is smaller for 
lower r values, 0.05 s r s 0.3 was chosen arbitrarily 
for calculation of the set of parameters characterizing 

* Equations 3 and 4 were obtained by combining the 
equations: 
Crf Ca = -PL.o.V/(E + V)andC, = r/f(r) (from Eqn. 2), 
Cs = r.CF.B/(B + V), Ei = (EL&B + EwG)/ 
(CB + Cd. 

the homoribopolymer-A0 interactions (Table 1, 
Fig. 8). The calculations were made using the method 
described above but with the assumption that n = 
1 for all the polymers studied. 

It should be noted that, although the value of the 
cooperative association constant (KC = Ki’W) was 
calculated with good accuracy and reproducibility 
[several repetitive experiments indicated a standard 
deviation of less than 10% (not shown)], accurate 
values of the intrinsic association constant, Ki, and 
the cooperativity coefficient, o, were more difficult, 
to obtain, and the standard deviation of the repeated 
measurements was higher (below 30%). 

To better characterize the nature of the interac- 
tions, the effect of ethanol on A0 binding was stud- 
ied in more detail (Fig. 9). For poly(rA) and poly(r1) 
a linear relationship was observed between log K,, 
log Kc and ethanol concentration, e.g. 

log K, = AO + Arjethanol] (5) 

where A0 represents the extrapolated value of log 
Ki at 0% ethanol concentration and Al is the slope 
(Fig. 9). The regression coefficients A1 and A,, are 
listed in Table 2. 

The experiments show that the changes in the 
cooperative association constants, Kc, for both 
RNAs studied were due to changes in the intrinsic 
binding constants, because the cooperativity factors 
varied little with change in ethanol concentration. 
These data are not consistent with the classical stack- 
ing mechanism of dye binding [12, 171; the effect of 
ethanol on cooperativity is expected to be much 
more pronounced than on Ki in a process involving 
dye-dye stacking. 

Preliminary experiments indicated that A0 shows 
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Fig. 5. Scatchard plots of the spectrophotometric titration of different homoribopolymers with A0 
[standard buffer, 25% (v/v) ethanol]. Solid line: the computer-drawn isotherms obtained based on 
equation 2, fitting the experimental points (-0-, -O-) with values of K,, a) and n (given in parentheses). 
(A) -0- poly(rA) (1000, 220, 2)(-O- poly(r1) (700,210,2). 
B) -0- poly(rU) (130,277,l.S); -O- poly(rC) (560,277, 1.5). 
(C) Fluorimetric titration (excitation 474 nm) of poly(rC) (21.3 PM) with A0 [standard buffer. 35Q 
(v/v) ethanol]. D/P ratios from top to bottom: 0; 0.45; 0.68; 0.90; 1.35; 1.80. Insert: The Scatchard plot 
calculated from (-b-) fluorescence measurement (with assumption that A0 fluorescence at 525 nm is 
completely quenched when complexed with ss nucleic acids); or spectrophotometric measurement at 
474 (-El-) and 494 nm (-0-). Solid line: the computer-drawn isotherm for K, = 300 Mm’. u = 285. n = 
1.39 (nucleotides). The actual binding size n = 1; The corrected values of the other parameters are 

presented in Table 1. 
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Fig. 6. Titration experimental points (symbols) and their fit-curves (solid lines), expressed as change 
of molecular extinction coefficient of A0 (-O- at 494 and -O- at 474nm). The theoretical fit-curves 
were drawn by the computer after equations 3 and 4, using values of K,, w and n as listed in the legend 

to Fig. 5. (A) poly(rC); and (B) poly(r1). 

Table 2. Effect of ethanol concentration on A0 binding to ss RNA* 

Ethanol; mol c/c (X) Regression coefficients 

Standard error 
of estimation 

3.9 11.8 19.6 27.5 AU Al of Ao on X 

(ai,P,“IKY(rA): 
log K: 

6.12 5.56 4.98 4.45 6.40 -0.071 0.015 
3.42 2.75 2.13 1.67 3.67 -0.075 0.076 

log w 2.70 2.81 2.85 2.78 2.73 +0.004 0.064 

(b) poly(rI): 
log K 
log K 
log w 

5.85 5.42 4.89 4.30 6.15 -0.066 0.056 
3.55 3.16 2.58 2.09 3.84 -0.063 0.055 
2.30 2.27 2.30 2.22 2.32 -0.003 0.034 

* Solvent: 10mM Hepes, pH7.0. Key: (a) 50mM NaCl; (b) 25 mM NaCI. Binding parameters 
have been calculated as described in Results with the assumption that n = 1. 

BP 32:24-B 
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Fig. 7. Nephelometric titration of poly(rA) (concn = 21 PM) with A0 in the absence (curve 1) and 
presence of ethanol (curve 2 - 25%; curve 3 - 35%, v/v). The intensity of the scattered light is expressed 
as a ratio of the intensity of the light dispersed by the sample “i” to the initial intensity of light dispersed 
by nucleic acid solution without AO, “&“. The arrows indicate points of titration in which binding 

density r = 0.5. 

Fig. 8. Scatchard plot of the spectrophotometric titration of homoribopolymers: (0) poly(rA); (D) 
poly(r1); (cl) poly(rC) and (+) poly(rU). Soiid lines represent the best fit of isotherms obtained 
(equation 2) at 0.05 s r s 0.3, with the assumption that n = 1 (parameters Kz and w are listed in 

Table 1). 

significantly lower affinity towards deoxyribohom- 
opolymers poly(dA), poly(dC), poly(dU) and 
poly(dT) than towards their respective ribo-analogs. 
Thus, the intrinsic association constant K, was found 
to be 2.28 x 10’ and 0.40 x lo” M-’ for poly(rA) and 
poly(dA) and the estimated cooperativity coefficient 
w was 65 and 69 respectively (measured in 10mM 
NaCl. 10mM Hepes, 1 mM EDTA, 25% 
ethanol, pH 7.0). While deoxyribopolymers (e = 
30pM. the same buffer) did not show a tendency 
toward complex formation up to 50 /LM AO, the 
cooperative transition of ribohomopolymers was 
already evident at 4-25 FM dye concentration (not 
shown). 

DISCUSSION 

Models describing A0 binding to ss-nucleic acids. 
According to generally accepted views, binding of 
A0 to ss-nucleic acids. especially at a high D/P ratio, 
involves the formation of dye stacks (“dye stacking”) 
along the nucleic acid backbone (for reviews, see 
Refs. 3.4 and 17). As summarized recently by von 
Tscharner and Schwarz [12], three consecutive steps 
can be distinguished in the course of the binding 
process. During the first step (nucleation), the dye 
attaches electrostatically to the phosphates of the 
polyanion. The second step involves dye rotation 
around the nucleic acid backbone and its transient 



Interactions of acridine orange with nucleic acid 3689 

MOLE%ETHANOL 

2.oi 
20 40 

[AO],rM 

Fig. 9. Titration of poly(rA) with A0 at different ethanol concentrations. Curves 1 to 4 represent 3.9, 
11.8, 19.6 and 27.5 mol % of ethanol, respectively, in 50mM Na’, 10mM Hepes, pH7.0. The 
experimental points (-0-) are compared with the theoretical curves (solid lines), which are drawn by 
computer-based equations 3 and 4, using the equilibrium data listed in Table 2. The corrections for the 
ethanol concentration dependence of the extinction coefficient of free dye have been made (Fig. 1). 
The polymer concentrations were: 22.6, 24.2, 20.9 and 45.2 PM from curves 1 to 4 respectively. Insert: 
The regression of equilibrium constants according to equation 5: (0) log KC, (A) log K, and (0) log 

w, as a function of cosolvent concentration. 

intercalation between neighboring bases. With a fur- 
ther increase in D/P ratios, the third step, dye-dye 
stacking, is believed to occur. In this step A0 mol- 
ecules rotate back to the side of the polymer opposite 
to bases and form long stacks which are attached 
electrostatically to the phosphates [12]. 

The possibility of such intercalation during A0 
binding has been suggested in numerous studies 
[3, 18, 191 and the terms “partial” or “sandwich” 
intercalation were proposed to discriminate this type 
of binding from the intercalation into double helical 
molecules [12]. The intercalative structure of 
poly(rA)-A0 complexes is also strongly supported 
by recent findings in which the induced circular 
dichroism of the dye was observed [20]. In studies 
on binding of proflavine (3,6_diaminoacridine) to 
ss-nucleic acids, to explain optical properties of the 
complexes, Dourlent and Helene [5] suggest that the 
dye may be partially intercalated also during the 
final step of binding. According to our observations 
[6], a similar mechanism may also explain spectral 
properties of AO-ssRNA complexes. 

The model proposed by us recently postulates 
partial intercalation of A0 between the adjacent 
bases, resulting in the formation of dye-base alter- 
nating costacks of a strongly hydrophobic nature. A 
collapse of the polymer structure (precipitation of 
the complex), which in time is associated with 
changes of spectral properties, is a consequence of 
such interactions [6]. In contrast to previous models 
[ 12,201, our model assumes that partial intercalation 
(dye-base costacking) is present throughout the 
whole range of binding density [6]. Arguments in 
support of this model are provided below. 

Effects of ethanol on A0 and nucleic acids. In the 
earlier experiments, because of poor solubility of the 
product, studies on interactions of the dye with 
nucleic acid, especially at higher D/P ratios, were 
severely limited. Introducing ethanol into the reac- 

tion mixture in the present experiments helped us 
to circumvent this problem. The question, therefore, 
may be raised as to what extent the results obtained 
in its presence may be extrapolated to aqueous 
media. To answer this question, the effects of ethanol 
on the substrates and on the reaction itself were 
studied in separate experiments. 

With respect to AO, ethanol diminished dimeri- 
zation, stacking or intercalation of the dye monomer. 
This effect was concentration dependent and could 
be extrapolated to zero concentration (Figs. 1 and 
9, Table 2). Initially, the traditional hydrophobic 
interactions (and thus a strong requirement for 
water) were implicated in dye dimerization or stack- 
ing. Recent studies, however, provide evidence that 
the bulk solvent properties do not correlate with the 
kinetics of association of dyes similar to AO. The 
solvation model, therefore, was proposed in which 
the stacking forces of the dye are determined by 
specific dye-solvent interactions [21,22]. According 
to the model, dye stacking in the presence of ethanol 
is decreased because relatively strong solvation com- 
plexes (AO-ethanol) are formed. This solvation pro- 
cess competes, in a sense, with any reaction in which 
a dye is involved, i.e. polymerization, stacking or 
intercalation. Our present data conform with the 
solvation model. 

Ethanol, like most organic solvents, destabilizes 
the double helix. At lower concentrations, however, 
the effects are modest. Recent studies by Albergo 
and Turner [23] show that ethanol, at concentrations 
up to 27% (v/v), does not change significantly the 
thermodynamic properties of the double helix. Only 
at higher concentrations (> 50%, v/v) does it affect 
DNA conformation, presumably by inducing a tran- 
sition from the B to C form. The effect of ethanol 
on ds-nucleic acid was also explained recently in light 
of the solvation mechanism rather than by traditional 
hydrophobic interactions. Thus, the changes in the 
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bulk solvent have a minor effect (mostly entropic) 
on the double helix until it begins to be dehydrated. 
It appears, therefore, that hydrophobic interactions 
are much less affected by the solvent than was 
initially thought [23]. 

Structure of the complex. Ethanol simplified our 
studies of AO-nucleic acid interacions by drastically 
reducing dye aggregation (Fig. 1) and suppressing 

Some ss-homoribopolymers have well developed 
secondary structures in solution. At pH 7.0, poly(rA) 

cooperative agglomeration of the complex (Fig. 7). 

and poly(rC) are believed to have helical structures, 
while poly(rU) or poly(r1) have a random-coil con- 

As a consequence, distinctive isosbestic points, never 

formation over a wide range of salt concentrations 
[2+28]. Both electronic and solvent forces appear 

clearly seen before, could be observed for all poly- 

to play a role in the bases’ stacking interactions which 
dominate the thermodynamics of the helix formation 

mers studied (Fig. 3). 

[29-311. Generally, the effect of ethanol on the sta- 
bility of the helical structure of ss-homoribopolymers 
was similar to that observed for ds-structures. Des- 
tabilization of the helical conformation was evi- 
denced by a marked decrease in the equilibrium 
constant for the random coil-helix poly(rA) transi- 
tion. In analyzing this effect, however, one has to 
take into account that changes in the extinction coef- 
ficient are also attributed to dissociation of solvent 
molecules bound by hydrogen bonds to the bases, 
both in the helical and coil forms [31]. The melting 
profiles and laser temperature jump study of 
poly(rA) and poly(rC) indicate that the still have 
some helical arrangement in 27% (v v) ethanol r 
[29-311. Thus, interactions in the presence of ethanol 
are not qualitatively different from those occurring 
in an aqueous environment, and the effects of 
ethanol, which are concentration dependent, may 
be extrapolated to zero concentration of this cosol- 
vent (Fig. 9 and Table 2). 

The presence of isosbestic points over a wide range 
of D/P at first sight appears to be inconsistent with 
the cooperative mode of dye-polymer interactions 
or implies that the dye molecules, bound with 0, 1 
or 2 neighbors, all have the same absorption spectra. 
This inconsistency, however, is more apparent than 
real. Namely. according to the theory of ligand- 
poiymer interaction [8], the ratios of probabilities 
of finding bound ligand molecules with 0,l or 2 
nearest neighbors are equal to K,:K,~w:K,.cd = o.-*: 
w-‘:l respectively. Under the assumption that 
w = 100 (which is conservative), the respective ratios 
are 10-4:10-2:1. Thus, the long dye clusters prevail 
even at moderately low D/P, and more than 99% of 
the bound dye molecules have two adjacent binding 
sites occupied by other molecules of the dye. The 
effects of 0 or 1 neighbor frequencies on the observed 
spectra are, therefore, negligible. Despite this fact, 
however, the titration patterns still were not entirely 
clear (Fig. 5). Specifically, the Scatchard plots indi- 
cated two phases of the reaction: while the first phase 
indicated the cooperative interactions, the second 
phase was initially difficult to interpret. 

Careful analysis of these data, as well as other 
observations [6], convinced us that the solute-solid 
state transition, occurring at higher binding density 

even in the presence of ethanol (Fig. 7), disturbed 
not only optical measurements but also the equilib- 
rium of the reaction and was responsible for the 
second phase of the titration plots. Specifically: 

(1) No clear explanation is provided by the stack- 
ing or partial intercalation models for the larger 
binding sites of purine compared with pyrimidine- 
homoribopolymers (2 vs 1.5 nucleotides) under the 
same conditions. The difference in solubility or 
ability to aggregate thus may be responsible for this 
discrepancy. 

(2) The size of the binding site, n, calculated with 
an assumption of two types of interactions decreases 
with increasing ethanol concentration. The calcula- 
tion for poly(rA) in 0, 25 and 35% ethanol showed 
n = 2.5, 2 and 1.4 nucleotides respectively (not 
shown). 

(3) The nephelometric measurements indicated 
formation of large (~0.35 pm) particles during titra- 
tion of poly(rA) (Fig. 7. [6]). This is direct evidence 
of the solute-solid state transition, occurring at 
r > 0.5, which may be mistakenly considered as 
cooperative dye-dye stack formation [12]. 

Considering the above, the assumption was made 
that n = 1 (see also evidence provided before [6], 
and this value was used for further calculations. It 
should be emphasized that, because the net slope of 
the cooperative isotherm equals K,(20+2n-1) [8], the 
results of calculations, as proposed, are less depen- 
dent on n when n << w. 

(1) The presence of well defined isosbestic points 
during titration (Fig. 3) indicates that only one type 
of product existed throughout the whole range of 
D/P ratios. Thus, no evidence can be found that A0 
rotates around the backbone of nucleic acids and, 
depending on the D/P ratio, at first forms interca- 
lative and then dye-dye stacking structures [12]. 

Several present findings cannot be explained by 
the stacking model and its modifications [12,17,20] 
of AO-nucleic acid interactions. Namely: 

(2) The Scatchard plots (Figs. 5 and 8) clearly 
indicate that the reaction was cooperative from the 
onset of titration. According to the stacking model, 
cooperativity is expected to be manifested only at 
higher D/P ratios, while the initial binding should 
be noncooperative [ 121. 

(3) There were significant differences in the 
absorption spectra of the complexes with different 
RNA types depending on the base composition (Fig. 
4). These differences, noted before by others, were 
explained either as due to a different orientation 
between adjacent dye molecules in the stack bound 
to different lattices or as a result of different degrees 
of dye aggregation [17,32,33]. The first explanation, 
however, contradicts the observation that spectral 
properties of the complexes are related to base com- 
position (purine vs pyrimidine) rather than to the 
secondary structure of the polymers (Fig. 4, [6,34]). 
The second explanation fails in light of the well 
defined isosbestic points in the AO-ssRNA system 
(Fig. 3), which is not consistent with a mixture of 
AO-stacks of varying length. At a given n and cc). 
the average cluster length is related to the binding 
density r, which varies [8]. 

(4) When the absorption maxima bands of the 
AO-RNA complexes (calculated for low binding 



density r < 0.5) are compared with the emission 
maxima of the solid, saturated (r = 1) complexes 
[6]. mirror symmetry is evident (Fig. 10). Such sym- 
metry is expected only if one type of binding char- 
acterizes both high and low binding density, and if 
the structure of the complex is determined by the 
base composition. If the spectral differences were 
related to different lattices of the polymer, the prob- 
ability of such a correlation between the polymer 
in solution vs the precipitate would be negligible. 

(5) Both the intrinsic (K,) as well as the cooperative 
(K, = K,.w) association constants correlate with the 
RNA-base composition (purines vs pyrimidines) but 
not with the secondary structure of the polymers. 
Two of the polymers investigated, poly(rA) and 
poly(rC). have well defined helical structures; the 
other two are random coil structures in the salt 
concentration and pH range currently used [2428]. 

(6) According to the stacking model, the dye-dye 
stack formation is the main force of cooperativity. 
Thus, one would expect that with the increase in 
ethanol concentration the cooperativity factor o 
would be markedly lowered due to competitive 
dyeecosolvent interactions. On the other hand, if K, 
represents the “nucleation” process [12], i.e. elec- 
trostatic attachment. its value should be little 
affected by ethanol; our data, however, indicate the 
opposite relationship [Figs. 1 and 9-insert; see 
poly(rA) and poly(rI), Table 21. Thus, the data con- 
tradict the presence of dye-dye interactions as visual- 
ized in the classic model of dye stacking on the 

* High cooperativity of the process makes it difficult, if 
not impossible. to observe this selectivity for natural 
polymers. 

backbone of the nucleic acids. Further studies, how- 
ever, are required (now in progress) to explain the 
relationship between changes of K, and LO vs ethanol 
concentration according to the alternative models of 
AO-ss-nucleic acid complexes. 

(7) According to the classical model, neither K, 
nor (cl is expected to correlate with base composition 
(purines vs pyrimidines). The equilibrium data 
(Table 1) showed high selectivity of A0 binding 
with regard to base composition of the 
homoribopolymers*. 

In summary, all the observations listed above can- 
not support the classic stacking model of A0 inter- 
actions with ssRNA. On the other hand, these 
observations (especially the presence of well defined 
isosbestic points, high cooperativity from the onset 
of titration, differences in absorption, specific and 
equilibrium data in relation to different RNA types, 
and the mirror symmetry of the absorption vs emis- 
sion spectra) all may be explained by our model [6] 
which we summarized in the first part of the 
Discussion. 

Destabilizing effect of A0 on the double helix. 
Free energy changes of the A0 binding to ds- vs 
ss-nucleic acids (Table 3) bear interesting implica- 
tions. Thus, as generally accepted, intercalation of 
the dye, which is characterized by the high associ- 
ation constant, increases the stability of the double 
helix [35]. This binding may be described as: 

(BP), + A0 z AO,(Bp),; AC? (6) 
where Bp represents two nucleotides involved in 
base pairing, II is the binding site size for the inter- 
calation (n = 2 or 3 [7]). and K, is the association 
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Fig. 10. Positions of the absorption maxima and extinction coefficients (left of the broken line) and 
maxima of luminescence (right) of A0 and A0 complexes with nucleic acids. Key: (1) A0 monomer; 
(2) A0 dimer; (3) AO-intercalated into dsDNA; (4) poly(rI)-AO; (5) poly(rA)-A-0; (6) poly(rU)-AO; 
(7) poly(rC)-AO; (8) A0 monomer; (9) A0 dimer; (10) AO-intercalated into dsDNA; (11) A0 
aggregates (crystals) [6]; (12) poly(rf)-AO; (13) poly(rA)-AO; (14) poly(rU)-A0 and (15) poly(rC)- 
AO. From 1 to 10 were all measured in standard buffer. 25% Iv/v) ethanol: 12-15 were measured in 
buffer in the absence of ethanol (data from Ref. 6). Whife height’s of the bars representing absorption 
are proportional to the respective E values (ordinate), weights of the luminescence bars are not scaled 

to be in proportion to fluorescence intensity or quantum yield. 
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Table 3. Standard free energy changes of the cooperative 
AC!) and non-cooperative (AC:) interactions of nucleic 
acid with A0 calculated per 1 mole of the dye (based on 

data from Table 1) 

Polymer 

poly(rA) 
poly(rI) 
poly(rC) 
~;$.~ 

kcal/mole 
-A@ -A@ 

7.25 3.67 
7.02 3.86 
6.90 3.40 
6.21 2.05 

6.41 

constant of this binding; AOi indicates that the dye 
molecule is bound by intercalation. 

Additionally, A0 can be attached via electrostatic 
forces to the remaining (2n-1) phosphate groups 
(i.e. to the phosphates not neutralized by the already 
intercalated A0 cation), outside of the double helix 
[34]: 

KE 

AO, (BP), + (2n - 1)AO = AO, (Bp)nAO~(zn-~j; 

AG% (7) 

where AOE represents the dye bound by the “weak” 
interactions (external to the double helix) and KE is 
the association constant of this binding. The coop- 
erativity in the dye-dye interactions (stacking) out- 
side the double helix is rather low (w = 1.25) [36]. 
Because K( >> KE (at moderate and high ionic 
strength), at low D/P most A0 will bind preferen- 
tially by intercalation. After saturation of the inter- 
calation sites, the dye will bind externally to ds- or 
ss-regions. Considering the dynamic structure of 
nucleic acids, the ss-regions become available during 
“breathing” of the double helix [37, 381. Because 
binding of A0 to ss-regions is highly cooperative 
(w > 10’; Table l), the binding will expand inducing 
denaturation of the adjacent ds-regions. This reac- 
tion can be described as: 

AO, (BP), + (2n-l)AO : 2nA0.B; AC0 (8) 

where base pairing (BP) is broken and A0 binding 
can now be related per individual nucleotide (base; 
B). The above process is competitive with the exter- 
nal binding to the ds helix (Eqn. 7) and requires 
dissociation of the intercalative complex (Eqn. 6), 
and denaturation of the double helix. The approx- 
imate free energy change AGO of the process 
described by Eqn. 8 can, therefore, be calculated 
(e.g. for RNA) according to: 

AGO = AG: - AG: -AG$ -AG% 
= -2.7 kcal/mole (per nucleotide) (9) 

* The lower value obtained experimentally [40] seems 
to be too low to be accepted in a view of ion condensation 
theory of polyelectrolytes [ 11,41,42]. Therefore, most 
likely, two kinds of binding (Eqn. 7 and 8) contributed to 
these results [40]. Furthermore, at the ionic strength and 
A0 concentration used by the authors [40], only red 
luminescence, characteristic of A0 interactions with ss- 
nucleic acids, could be seen [43]. 

where AGF = - 6.9 Cal/mole (per 1 nucleotide, 
average for cooperative A0 complex formation, 
established based on studies of four different ss- 
homopolymers, Table 3); AG? =- 1.6 kcal/mole, 
free energy change of the intercalative A0 binding 
into the double helix (Eqn. 6) calculated per 1 
nucleotide, with the conservative assumption that 
n = 2 (base pairs) (Table 3): and AG: = 
-1.2 kcal/mole. Free energy change of the external 
A0 binding to ds-helix may be considered as 
AG% =AG$ + AG$, where AG$ represents electro- 
static binding of A0 to the ds helix [39]. Although 
AG$was not established for AO, its value is probably 
close to the one describing binding of charged amino 
groups of lysine to poly(rA).poly(rU) where AG$ 
has been found to be -1.15 kcal/mole (in 
O.lMNaCl,atpH7.0,4”) [ll]. TheAGff component 
represents stacking of A0 molecules outside the 
double helix [39]. According to Stone and Bradley 
[36], this value is -0.07 kcal/mole. 

The obtained value of AG”, (- 1.2 kcal/mole) is in 
agreement with the theoretical value calculated for 
proflavine by Gersch and Jordan [39]*. AC% = 
- 1.4 kcal/mole is the average free energy change for 
base pairing (per nucleotide) [44]. The extreme 
values are -0.6 kcal/mole (for A-U at the particular 
base pair configuration) and -2.4 kcal/mole (for 
G-C) [44]. 

The calculations (Eqn. 9) were made assuming 
that the intercalation of A0 into dsRNA has similar 
free energy change as to dsDNA and that base pair- 
ing of RNA is continuous along the molecule; both 
assumptions are conservative. The calculation indi- 
cated that, even for the continuous G-C sequences 
of RNA (i.e. the lowest limit of AG$), the value of 
AGO is - 1.7 kcal/mole (per nucleotide). 

The highly favorable free energy change of the 
denaturation process of RNA (Eqn. 8 and 9), as 
evident, is not only a result of the differences in A0 
association constants with ss- vs ds-regions, but also 
due to the different stoichiometry of the complexes, 
because ss-regions bind at least 4-fold more A0 than 
can be intercalated into the double helix. 

Because A0 has lower affinity for ss-deoxyribo- 
than ss-ribopolymers [e.g. for poly(dA) AG: = 
-6.07 kcal/mole as compared with AG: = -7.05 
kcal/mole for poly(rA); in 10mM Na+, 25% (v/v) 
ethanol, pH7.01, it is expected that the destabili- 
zation of the secondary structure of DNA could also 
occur but will require higher concentration of the 
dye. 

The described phenomenon may explain some 
earlier observations which appeared to contradict 
the stabilizing effect of intercalators on the double 
helix. Specifically: 

(1) It was observed that A0 prevented DNA 
renaturation [7,45]. 

(2) The principle of differential staining of ds- vs 
ss-nucleic acids was used in cytochemistry to assay 
DNA vs RNA respectively, [46-W], despite the evi- 
dence that a large portion of cellular RNA (rRNA, 
tRNA and HnRNA) has a double stranded confor- 
mation. It was suggested, therefore, that A0 per se 
could selectively denature dsRNA [46]. 

(3) The selectivity of DNA vs RNA assay disap- 
pears when the A0 concentration reaches 5 x 10m' 
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M (0.15 M Na+, 24”, pH 7.4); above that concen- 
tration only the red luminescence, which is charac- 
teristic for ss-nucleic acids, can be seen [49]. 

(4) Using A0 as a conformational probe for 
nucleic acids, Furano et al. [50] could not observe 
double helicity of rRNA in situ. Failure to detect 
ds-regions of rRNA, most likely, is a result of the 
denaturing effect of A0 on RNA. 

More direct evidence of the denaturing properties 
of A0 was obtained recently when increased acces- 
sibility of the DNA (calf thymus) bases to two dif- 
ferent conformational probes, formaldehyde and 
diethyl pyrocarbonate, was observed during for- 
mation or dissociation of the AO-DNA (1:l) 
complexes. * 

The mathematical model for helix-coil transition 
of nucleic acids in the presence of hgands which bind 
to both ss- and ds-nucleic acids was developed by 
McGhee 1351 and, according to the model, small 
ligands such as A0 are expected to be especially 
effective in lowering the temperature of thermal 
transition. Our results strongly support this model. 

Conclusions. Using ethanol as cosolvent in studies 
of AO-ss-nucleic acid interactions, several long 
standing problems (A0 dimerization, precipitation 
of the complex) could be bypassed. The results of 
spectrophotometric and equilibrium studies support 
the dye-base costacking structure of the complex 
rather than dye-dye stacking visualized in the classic 
model. 

The thermodynamj~s of the A0 binding to ss- and 
ds-nucleic acids indicates that at high D/P ratios the 
double helix can be destabilized. Because binding 
of other intercalators (dyes, antitumor agents) may 
induce a similar denaturing effect (e.g. Refs. 5,9 
and 51), the observed phenomenon may be rep- 
resentative of more general processes such as those 
operating during the unfolding of DNA in chromatin 
for transcription or the transition of DNA from B 
to Z conformation (for review see Ref. 52) triggered 
by the regulatory moiecuies [3.5,53,.54]. 
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