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The absorption spectra and circular dichroism of aqueous solutions of acridine orange mixed with 
poly(riboadenylic acid) [poly(rA)] have been measured for different mixin9 ratios at acid and neutral pH. The 
binding ratio of dye to poly(rA) has been determined by equilibrium dialysis..At acid pH where poly(rA) is in a 
double-stranded helix, monomeric dye molecules are intercalated between base pairs, first sparsely and then at 
neighbourin 9 sites with mutual coupling, as the nucleotide-to-dye mixin9 ratio decreases. In the presence of excess 
dye, dimeric dye molecules of antiparallel type are bound to phosphate groups electrostatically and stack together 
to Jorm linear sequences along a poly(rA) chain. At neutral pH where poly(rA) is sinqle-stranded, isolated 
intercalation of monomeric dye molecules can occur in the helical parts. At intermediate mixing ratios, halJ~ 
intercalated dimeric dye molecules are bound to adjacent sites and electronically coupled, inducin9 characteristic 
circular dichroism. In the presence of hiqher amounts of dye, external stacking of dimeric dye molecules of 
antiparallel type occurs along a poly(rA) chain. The bindin9 of dye cations is suppressed to some deqree at acid pH 
compared to that at neutral pH, owin 9 to the repulsion exerted by protonated adenine bases. 

Introduction 
Poly(riboadenylic acid) [poly(rA)] in aqueous solution 
undergoes conformational changes induced by changes 
of pH and temperature 1 -~ .  It has a parallel double- 
stranded helical conformation at acid pH, in which base 
pairs are formed and their molecular pla: es slightly tilt 
from the direction perpendicular to the helix axis 12. The 
double-stranded helix in solution melts into random coils 
above a certain definite temperature 5- 7. At neutral pH 
poly(rA) is single-stranded and its helical parts are 
stabilized by pairwise stacking interactions between ad- 
jacent bases 5'8. With rising temperature, its helical parts 
gradually convert into random coils 5- 8 

When acridine dye is added to an aqueous solution of 
poly(rA), it interacts with the poly(rA) in different ways, 
depending on the pH of the solution or the state of 
ionization of the adenine bases. Acridine orange has an 
absorption band at 502 nm at high [P ] / [D]  (nucleotide 
residue/added dye) molar mixing ratios, while it has a 
band around 465 nm at low [P] / [D]  ratios ~ 3.14. The shift 
of absorption band occurs at a different value of [P ] / [D]  
ratio, depending on whether the pH of solution is acid or 
neutral, as was first found by Bradley and Wolf 13. 
Extrinsic Cotton effects of proflavin induced in the 
presence of poly(rA) were investigated by Blake and 
Peacocke 15. Whereas the visible absorption band of 
proflavin exhibits Cotton effects at acid pH, no afiom- 
alous rotatory dispersion has been observed at neutral 
pH. Furthermore, some studies on the binding process, 
including its kinetic behaviour, of acridine dye with 
poly(rA) were performed more recently 16-19 

It is known that acridine dye binds with polynu- 
cleotides through two types of binding interaction 2°. One 

of them is strong binding, in which a dye molecule is 
inserted between two neighbouring bases of a polynu- 
cleotide chain, and the other is weak binding caused by 
electrostatic attraction between a dye cation and phos- 
phate ion. The two kinds of binding modes should 
influence the absorption spectra and circular dichroism of 
bound dye, and the induced optical activity of acridine 
orange interacting with D N A  21-27  and R N A  28'29 has 
been investigated in great detail. We have also carried out 
some calculation on the induced circular dichroism of 
acridine orange bound to DNA, assuming plausible 
structure of complexes composed of sequences of in- 
tercalated dye molecules or of externally bound dimeric 
dye molecules 3°. 

In this work we will study the binding interaction of 
acridine orange with P01y(rA) by measurements of absorp-  
tion spectra, circular dichroism and equilibrium dialysis. 
and propose possible binding modes of the dye with 
poly(rA) at acid and neutral pH. 

Experimental 
Poly(rA) as K salt was purchased from P - L  Biochemicals 
Inc., lot number 441102, and used without further purifi- 
cation. Acridine orange was purified as previously de- 
scribed 31, and it has a molar extinction coefficient, ~496 
= 6.76 × 1041 mol-  1 cm - 1, in chloroform. Solutions were 
prepared by the method similar to that given in a previous 
paper 32. A stock solution of poly(rA) in 0.001 M NaCI was 
made up, and its concentration was determined spectros- 
copically by using the residue extinction coefficient, e257 
= 1.01 x 104 1 mol-  1 cm-  1, at pH 7 in 0.001 M NaCI 3'5. 
The pH was adjusted by HCI or N a O H  solutions, 
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Figure I The pH dependence of the ultraviolet absorption and 
circular dichroic bands for solutions of poly(rA) with and 
without acridine orange. Left: poly(rA) of 2.05 x 10-4 N in 0.001 
M NaCI at 25°C; right: acridine orange poly(rA) mixture of 
[P]/[D]=9,  [D]=2.00x 10 -5 M, in 0.001 M NaC1 at 25'C. o, 
absorption; o, circular dichroism 

followed by the addition of a stock solution of dye. The 
NaC1 concentration in the final mixed solution was kept 
tO 0.00l  M in most cases and the concentration of acridine 
orange was 2.00 × 10- 5 M in all the experiments. The pH 
measurements were carried out by a Hitachi-Horiba F 7ss 
pH-meter  after spectroscopic measurements. 

The absorption spectra and circular dichroism were 
measured on a Shimadzu UV 200S spectrophotometer 
and a Jasco J-20 circular dichrometer, respectively. 
Quartz cells having path length, 20, 5 and 1 mm, were 
used. Temperature of sample cell chambers was adjusted 
to 25°C in most cases, by circulating water of constant 
temperature from a Haake or Tamson Thermobath.  
Residue extinction coefficient, ~:e, and residue ellipticity, 
[0el, were expressed on the basis of residue mole of 
poly(rA), and molar extinction coefficient, eo, and molar 
ellipticity, [0o] , were based on the total number of tools of 
dye added. 

Equilibrium dialysis was carried out by modifying the 
method described by Fredericq and Houssier 2v. The 
dialysis cell consisted of two Teflon vessels, each having a 
cylindrical compartment  of radius 1 cm and a depth of 
1 cm, and the vessels were separated by a sheet of Visking 
membrane. The Visking membrane was used after being 
boiled in a 1~o NaHCO3 solution for 1 h and rinsed with 
distilled water 33. A mixed solution of dye and poly(rA) 
was put in the inner compartment,  and an NaCI solution 
of the same pH and NaC1 concentration was put in the 
outer compartment.  The cell was kept for 60 h in a water 
bath at 25°C with intermittent rocking and the time for 
equilibration was checked. After having reached the 
dialysis equilibrium ethanol was added to the solution in 
each compar tment  to make the ethanol concentration 
60% (v/v), and the total dye concentration in each 
compar tment  was determined spectroscopically from a 
calibrated curve. 

For  the construction of a binding isotherm, the initial 
dye concentration was always kept at 2.00 x 10 5 M and 
the poly(rA) concentration was varied in such a way as to 
give the desired [P ] / [D]  value. However, it was found 
that considerable amounts of dye were adsorbed on 
Visking membrane,  especially when the amount  of un- 

bounddye  was high, i.e. when I-P]/[D] was 0.6. Thus it is 
not necessarily certain whether or not a I-P]/[D] value in 
the dialysis experiments corresponds accurately to that in 
the optical measurements. 

The molar concentration of unbound dye in the inner 
compartment,  i.e. in. equilibrium with poly(rA), was 
assumed to be equal to that of free dye in the outer 
compartment,  since the compartments  have an identical 
volume. The total molar concentration of dye in the inner 
compar tment  was obtained by direct determination. The 
mole of bound dye was derived from their difference, and 
the molar ratio of bound dye to total dye,f~,, was used to 
represent the results. Correction for the Donnan effect 
was not applied, since the binding was almost complete 
for [P ] / [D]  close to 10 and the correction was negligible 
at [P ] / [D]  around 1. 

R e s u l t s  

Figure 1 shows the pH dependence of ultraviolet absor- 
ption and circular dichroic bands for the solutions of 
poly(rA) with and without acridine orange. The absorp- 
tion spectra of poly(rA) solution of concentration 2.05 
× 10 -4 N have an absorption band at 252 nm when the 

pH is lower than 6.8, while the band shifts to 256 nm when 
the pH is neutral. The residue extinction coefficient of the 
band also undergoes a sudden change at pH 6.8. The 
circular dichroism also changes with pH in a correspond- 
ing way. An aqueous solution of poly(rA) at acid pH has a 
pair of dichroic bands in the ultraviolet region, i.e. a 
strong positive band at 262 nm and a weak negative band 
at 242 nm. When the pH is raised beyond 6.8 the positive 
dichroic band shifts to 265 nm and becomes weaker while 
the negative band also shifts to the red but becomes 
stronger; in addition, a shoulder around 275 nm disap- 
pears and a positive band appears at 220 nm 6 Similar 
spectral changes, which occur at pH 6.5 in this case, are 
observed in the ultraviolet region for solutions of poly(rA) 
mixed with acridine orange at [P ] / [D]  = 9. They can be 
attributed to the transition of poly(rA) from a double- 
stranded helix to single strands. 

The visible absorption spectra of the dye--poly(rA) 
solutions at acid pH are shown in Figure 2 for several 
[P ] / [D]  values. The absorption band is located at 506 nm 
for [P ] / [D]  =300. With decreasing [P ] / [D]  value, the 
band shifts to the blue and becomes weaker, but an 
isosbestic point is present at 491 nm down to [P ] / [D]  
=50. For [ P ] / [ D ] =  10, the band is at 495 nm and a 
stronger band appears at 470 nm. The band at 506 ntn can 
be assigned to an intercalated monomeric dye molecule, 
as in the case of binding to D N A  27"34, and the band at 470 
nm is associated with a dimeric dye molecule. For 
[P ] / [D]  = 2 the observed hypochromism is the strongest. 
However, the spectra for [P]/ ' [D] =0.6 resemble those of 
free acridine orange, indicating that the amount  of bound 
dye is low. 

For the dye-poly(rA) solution is induced the circular 
dichroism in the visible region, as shown in Figure 3. A 
negative dichroic band is located at 501 nm for [P ] / [D]  
= 300. It is noticed that the band shapes of the absorption 
and circular dichroism are identical, which supports the 
assignment to the single intercalation. Solutions of 
[P ] / [D]  = 100 and 50 exhibit, besides a negative band at 
496 nm, a pair of bands i.e. a weak positive band at 522 nm 
and a strong negative band at 478 nm. The pair of bands 
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Figure 2 Visible absorption spectra of acridine orange- 
poly(rA) mixtures in 0.001 M NaCi at acid pH. - - ,  [P]/[D] = 300 
(pn 4.39);---, [P]/[D] = 50 (pn 4.31);----, [P]/[D] = 10 (pn 
4.32);--- ,  [P]/[D] =0.6 (pH 4.07);..., free acridine orange 

can be attributed to the electronic coupling of monomeric 
dye molecules intercalated at the adjacent sites. For  
[P ] / [D]  = 10 and 2 the strong negative band at 478 nm 
shifts to the blue and the negative shoulder at 496 nm 
becomes weaker. A solution of [ P ] / [ D ] = 0 . 6  has a 
negative dichroic band at 470 nm and a positive band at 
435 nm, both being weak. 

At neutral pH different absorption behaviour is 
observed for the dye-poly(rA) solutions, as shown in 
Figure 4. For [P] / [D]  = 609 the band at 502 nm indicates 
intercalation of a monomeric dye molecule. For  [P ] / [D]  
= 41 and 9 a strong band is observed at 462 nm which can 
be assigned to dimeric dye molecules. An isosbestic point 
is manifest at 470 nm over [P ] / [D]  ratios from 609 to 2, 
and this means that an equilibrium exists between 
intercalated monomers and dimeric molecules of dye. 
Negligible amounts of free dye are left, as demonstrated 
by the equilibrium dialysis below. However, the spectrum 
for [P ] / [D]  =0.6 does not pass any more through the 
isosbestic point but strong hypochromism of the band for 
dimeric dye occurs. This suggests strong interaction 
between bound dimers or the formation of their stacked 
sequences. 

The visible circular dichroism of ,the dye-poly(rA) 
solutions at neutral pH is shown in Figure 5. For [P ] / [D]  
=609 a positive band is induced at 513 nm. Again the 
band shapes of the absorption and circular dichroism are 
identical, suggesting the single intercalation. The circular 
dichroism of the solutions of [P ] / [D]  from 180 to 2 is 
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characterized by a conservative pair of bands, i.e. a 
positive band at 477 nm and a negative band at 455 nm, 
accompanying a weaker band at 502 nm. The con- 
servative pair centred at 467 nm may be associated with 
an electronically coupled pair of dimeric dye molecules. A 
solution of [P ] / [D]=0 .6 ,  however, exhibits a weak 
negative band at 475 nm and a weak positive band at 442 
nm; the spectrum is similar to that observed for the same 
solution at acid pH. 

All the results given above were obtained with solutions 
in 0.001 M NaC1. In the presence of 0.1 M NaC1, the dye-  
poly(rA) solutions at acid pH precipitates, but 
the solutions were stable at neutral pH and their spectra 
were examined. While the increase in NaCI concentration 
scarcely influences the absorption and circular dichroism 
for [P] / [D]  =9  at neutral pH, it markedly alters both 
spectra for [P] / [D]  =0.6. For the low [P]/[D],  the absorp- 
tion offffee dye becomes stronger and the sign of dichroic 
bands is reversed by the increase in ionic strength. 

Thus the binding of dimeric molecules for [P] / [D]  
= 0.6 at neutral pH is primarily electrostatic, owing to the 
attraction of dimeric dye cations with phosphate ions, and 
their sequences are formed by stacking interactions be- 
tween bound dimers. The dimer molecule of dye would 
have an antiparallel stacked structure, as originally 
suggested by Zanker as. The same mode of binding would 
hold for [P] / [D]  =0.6 at acid pH, as will be seen below. 

On the other hand, for [P] / [D]  from 41 to 2 at neutral 
pH the binding of dimeric dye molecules is less elec- 
trostatic and, as was shown above, the circular dichroism 
is composed of a characteristic pair of dichroic bands. 
Thus the dimeric dye molecule referred to here should be 
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Figure 3 Visible circular dichroism of acridine orange- 
poly(rA) mixtures in 0.001 M NaCl at acid pH. Legends are the 
same as in Figure 2 
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Visible absorption spectra of acridine orange- Figure 4 
poly(rA) mixtures in 0.001 M NaCI at neutral pH. - - ,  [P]/rD] 
= 609 (pn 6.77);---, [P]/[D] = 41 (pn 7.20);- -- ,  [P]/[D] = 9 
(pH 7.15); . . . .  , [P]/[D] =0.6 (pH 7.30) 

distinguished from that forming external stacked se- 
quences at low [P]/[D-I ratios. Such a bound dye 
molecule would have a partially stacked structure consist- 
ing of a partly intercalated monomer molecule and 
another monomer molecule incompletely overlapping 
with it. It might be similar to the dimer species first 
proposed by Armstrong et al. 34 and, subsequently, by 
Fredericq and Houssier 2~ for the binding to DNA. We 
will call this dimeric molecule a half-intercalated or a 
partially intercalated dimeric molecule. 

In Figure 6 the molar ratio of bound dye to total dye,f~, 
is plotted against the [P ] / [D]  ratio. At neutral pH almost 
all dye molecules are bound to poly(rA), except in 
solutions of [P ] / [D]  < 1, but at acid pH a significant 
amount of unbound dye molecules is generally present in 
solution. Consequently, the solution of [P-I/[D]=0.6 
should show hypochromism at the visible band even at 
acid pH as it does at neutral pH, if the absorption 
spectrum is corrected for the amount of bound dye. 

Furthermore, it was found that the binding of dye is 
somewhat lower at acid pH than at neutral pH. The 
suppression of binding at acid pH would be mainly caused 
by the electrostatic repulsion exerted by protonated 
adenine bases of poly(rA), as the potentiometric titration 
has shown a strong buffering action at pH 6.8 in 0.001 M 
KC! 9. 

Absorption spectra and circular dichroism of the dye-  
poly(rA) solution of [P ] / [D]  = 10 at neutral pH were 
measured at three different temperatures, 5, 25 and 70°C. 

The absorption band at 258 nm becomes gradually 
stronger at higher temperatures, but the two bands at 492 
and 462 nm undergo abrupt changes at 70°C, indicating 
desorption of bound dye. 

All the circular dichroic bands become weaker at higher 
temperatures, as illustrated in Table 1. The molar ellip- 
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F igure  5 Visible circular dichroism of acridine orange 
poly(rA) mixtures in 0.001 M NaCl at neutral pH. Legends are 
the same as in Figure 4 
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Table 1 Effect of temperature on the circular dichroic bands for [P]/[D] 10 at pH 6.77 

Temperature (°C) 2 (nm) [Op] 2(nm) [0o]" 2 (nm) [0o34 2 (nm) [0o3" Fh b (%) 

5 265 56900 503 24000 478 40000 456 -39400 85 
25 265 45 100 503 22 300 478 37 400 456 -38  500 68 
70 268 18 700 503 6000 476 14400 453 - 1 9  800 27 

a The molar ellipticity [0o] was calibrated on the basis of mole of bound dye 
b The helical content F h w a s  estimated from the data in Figure 7 of Brahms et al. 7 
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Proposed structural scheme for the mode of binding of acridine orange on poly(rA) at acid pH 

ticity of visible dichroic bands associated with bound dye 
was calibrated for the number of mois of bound dye 
obtained in the following way. If the fraction of bound dye 
is jb, the molar extinction coefficient at 492 nm may be 
given by e =fbgb + ( 1  --fb)e.,  where eb and 5, are the molar 
extinction coefficients of bound and unbound dyes. The 
value of % was taken as 14300 from the absorption 
spectrum at 5°C, and the value of e, was 47 200 as 
observed for free acridine orange. Then fb can be evaluated 
from the observed spectrum, and, if multiplied by [D], the 
mole of bound dye per litre of solution is obtained. 

The helical content, F h, of single-stranded poly(rA) 
listed in Table 1 was estimated from the equilibrium 
constant K for the helix~coil transition, where K =  
(1-Fh) /F  h. Values of K at given temperatures were read 
from Figure 7 of Brahms et al. 7. The residual ellipticity of a 
dichroic band around 265 nm for the dye-poly(rA) 
solution was found to be proport ional  to the helical 
content. However, the molar ellipticity of visible dichroic 

bands is not necessarily proportional  to the  helical 
content but diminishes less sharply than it does, as the 
temperature rises. 

Discuss ion 

The conformational transition of poly(rA) between single- 
stranded helices and a double-stranded helix has been 
observed to occur at pH 6.8 in 0.001 M NaCI and it was 
found that the transition was not influenced very much by 
the addition of acridine orange even to [P ] / [D]  as low as 
9, for which the transition pH was 6.5. 

The absorption spectra of the dye-poly(rA) solutions of 
different [P ] / [D]  values have shown that at least three 
kinds of binding species are present for bound acridine 
orange irrespective of whether the poly(rA) helix is 
double-stranded or single-stranded. One is monomeric 
molecules participating in the strong binding at high 
I-P]/[D] ratios and intercalated between adenine bases. 

Int. J. Biol. Macromol.,  1981, Vol 3, August 263 
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Figure 8 Proposed structural scheme for the mode of binding of acridine orange on poly(rA) at neutral pH 

The other is half-intercalated dimeric molecules which 
appear at intermediate [P ] / [D]  ratios. These two dye 
species are in mutual equilibrium, unless [P] / [D]  is very 
low. For very low [P] / [D]  ratios dimeric dye molecules of 
antiparallel type 35 bind electrostatically with phosphate 
groups and form stacked sequences externally along a 
poly(rA) chain. It should be noted that the binding 
species for external association are not monomeric mole- 
cules but are dimeric molecules of antiparallel type. 

For the induction of optical activity of a symmetrical 
dye bound to polynucleotide, two types of mechanism 
have been considered 2°. In the first mechar~ism a bound 
dye molecule undergoes a dissymmetric perturbation 
from the bases in helical conformation through the 
dipole-dipole interaction. The other mechanism is caused 
by the electronic coupling of monomeric or dimeric dye 
molecules bound to neighbouring sites, in which the dye 
molecules are arranged in a helical way 3°. The first 
mechanism induces a single circular dichroic band at the 
absorption band of dye, while the second one gives rise to 
a pair of dichroic bands centred at the absorption band of 
the dye. 

Examination of the circular dichroism based on the two 
mechanisms has revealed the modes of binding involved 
in more detail. Acridine orange is bound to poly(rA) in 
one of the following five stages: a sparsely intercalated 
monomer, an electronically coupled pair of intercalated 
monomers, a half-intercalated dimer, an electronically 
coupled pair of half-intercalated dimers, and a stacked 
sequence of externally bound dimers. The binding 

schemes at different [P]/I-D] ratios are illustrated in 
Figure 7 for the case at acid pH and in Figure 8 for the case 
at neutral pH. 

At acid pH where poly(rA) is double-stranded and 
helical, the binding process of dye would be similar to that 
for DNA 27'3°. 

(a) When [P] / [D]  is 300, the absorption band and the 
negative circular dichroic band is located around 506 nm, 
and a monomeric dye is intercalated between adjacent 
bases on the same poly(rA) chain. Strong stacking in- 
teraction between dye and bases must be operative for the 
binding, and the intercalation should occur in such a way 
as to reduce possible electrostatic repulsion between dye 
cation and charged adenine bases. 

(b) For [ P ] / [ D ] = 1 0 0  and 50, the circular dichroic 
bands may be divided into a negative band and a 
conservative pair of bands, centred around 500 nm. The 
former can be ascribed to a singly intercalated monomer 
as above, and the latter pair of bands is associated with a 
neighbouring pair of intercalated monomers that are 
electronically coupled. 

(c) For [P-I/[D] = 10 and 2, an absorption band appears 
at 470 nm, in addition to the band due to intercalated 
monomers. The band at 470 nm may be attributed to the 
half-intercalated dimer. The circular dichroic bands can 
be divided into a conservative pair around 500 nm and a 
negative band at 470 nm, in agreement with the assign- 
ment of absorption bands. 

(d) For [P]/[-D] =0.6 the band at 470 nm of bound dye 
should be hypochromic, and externally bound dimers of 
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antiparallel type form stacked sequences along a poly(rA) 
chain. The dimers are bound to poly(rA) electrostatically, 
as supposed from the observation of analogous dichroic 
bands and their dependence on ionic strength at neutral 
pH. 

At neutral pH a single-stranded poly(rA) is stable and it 
is partly helical and partly coiled. Since the induced 
circular dichroism is observed to be parallel to the helical 
content, the dye bound to helical parts should be made 
optically active, and the intercalation and external asso- 
ciation will occur in a manner similar to those at acid pH. 
11) When [P] / [D]  is 609, the absorption and circular 
dichroic bands are around 502 nm, and intercalated 
monomers are sparsely distributed along a poly{rA) chain. 
(2) For [P] / [D]=41 ,  9 and 2, another absorption band 
appears at 462 nm, which can be ascribed to the half- 
intercalated dimer molecules. An equilibrium is estab- 
lished between intercalated monomers and half- 
intercalated dimers. The circular dichroic bands consist of 
a positive band at 502 nm and a characteristic con- 
servative pair of bands centred at 467 nm. The former is 
associated with the sparsely intercalated monomers and 
the latter pair is with the electronically coupled pair of 
half-intercalated dimers. 13) For [P ] / [D]=0 .6 ,  stacked 
sequences of externally bound dimers are formed along a 
polylrAI chain. The nature of binding mode is largely 
electrostatic, since it is sensitive to the ionic strength. 

The induced circular dichroism of dye bound to single- 
stranded poly{rA) suggests that a dye molecule is inserted 
between neighbouring adenine bases through stacking of 
dye with bases on the same chain, in such a way as 
proposed by Pritchard et ol. 36 for DNA. The original 
intercalation model due to Lerman 37 assumes that a dye 
molecule is inserted between hydrogen-bonded base pairs 
of DNA. Since the optical activity is induced on acridine 
orange bound by poly(rA) at neutral pH as well as to 
denatured DNA, it is concluded that a single-stranded 
helix can intercalate acridine orange and confer dissym- 
metry on it. 

It was also deduced from an observation on circular 
dichroism of acridine orange mixed with tRNA 29 that 
intercalation of dye occurs only on the double-stranded 
helix but not on the single-stranded part, because a 
dichroic band assigned to the dye intercalated on the 
double-stranded helix disappears when tRNA is treated 
with formaldehyde. This deduction is not in accord with 
the present results. 

Next we will consider the stability of three dye species 
bound to poly(rA) at acid or neutral pH and to DNA or, 
more exactly, the formation of three complexes consisting 
of mainly one of these bound dye species. The stability of 
intercalated monomer or intercalation complex can be 
measured by the reciprocal of the lowest [P ] / [D]  value 
for preponderance of the absorption band around 506 
502 nm over that around 470-462 nm. Thus we have the 
following order for the stability of intercalation: DNA 
>double-stranded poly{rA)>single-stranded poly(rA), 
with the corresponding [P] / [D]  value, 10, 50 and 180, 
respectively. Similarly, the stability of externally stacked 
sequence of antiparallel dimers or external association 
complex can be assessed by the [P] / [D]  value below 
which the spectrum ceases to pass the isosbestic point at 
491 or 470 nm or hypochromism occurs. Then we have 
the following order for the stability of external associa- 
tion: double-stranded poly(rA) > DNA > single-stranded 
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poly(rA), with the [P] / [D]  value, 10, 4 and 0.9, re- 
spectively.Here we have taken the data on DNA from 
Figure 5 of Frederieq and Houssier 2v. Between these two 
regions of [P] / [D]  value, the half-intercalated dimer is 
predominantly formed. It is evident that the intercalation 
and external association are less stable for single-stranded 
poly(rA), but the half-intercalated dimer is formed over a 
wide [P] / [D]  region at neutral pH. This is reasonable for 
a relatively open structure of single-stranded poly(rA). 

When we compare the binding process of dye on 
various polynucleotides we find that some of the stages of 
binding process proposed above are absent from some 
particular cases. For poly{rA) at acid pH and also for 
DNA 27, four stages are manifest except for the electronic 
coupling of half-intercalated dimers. A similar situation 
can be seen for tRNA 29. For single-stranded poly(rA) 
three stages are evident, among which the coupled pair of 
half-intercalated dimers is predominant over a very wide 
range of [P ] / [D]  ratios. However, only the isolated 
intercalation and external association occur with double- 
stranded cytoplasmic polyhedrosis virus RNA 29. 

Blake and Peacocke 23 failed to observe the induced 
Cotton effect of proflavin mixed with poly(rA) at neutral 
pH. The apparent difference between acridine orange and 
proflavine in the interaction with poly(rA) may be ex- 
plained in terms of the difference in stacking tendency of 
the two acridine dyes38; the former stacks more strongly. 

Dourlent and Hogre119 suggested reaction schemes for 
the binding of proflavin on poly(rA) and DNA. If their 
complexes, C,.~ and Cu.> for DNA are assigned to those of 
sparsely intercalated monomeric dye molecules and of 
coupled pairs of intercalated monomers, respectively, 
their reaction scheme will be in agreement with the 
present one for poly(rA) of high [P] / [D]  ratios at acid pH. 
Similarly, if their complex, C,, for poly(rA) is identified 
with that of sparsely intercalated monomers, the same is 
true for poly(rA) at neutral pH. However, our half- 
intercalated dimer is not represented in their schemes. 

It is relevant to note here that the magnitude of induced 
circular dichroism of acridine orange is generally much 
lower when bound to poly(rA) than to DNA, especially in 
the case of an external association mechanism. This could 
be related to the flexibility of poly(rA), which is greater 
than that of DNA, as revealed in the smaller exponent of 
the intrinsic viscosity-molecular weight relation for 
poly(rA) than for DNA, i.e. 0.65 for poly(rA) at neutral pH 
and 0.92 for poly(rA) at acidic pH 39, compared with 1.32 
for DNA 4°. 

It is known that a poly(rA) segment consisting of as 
many as 220 nucleotides constitutes an accessory 
polynucleotide sequence linked to 3' end of eukaryotic 
mRNA 41. The present work could provide a method 
applicable to the elucidation of its physiological 
significance, which is not yet understood. 
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