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The polarized fluorescence of the ecidium bromide (EB)-poly(rA--rUj complex has been studied by pulse fluoro- 
metry. As expected for a polynucleotide showing one si@e kind of intercalation site, the decay of the whole emission 
is a single exponential (time constant 27 ns). The anisotropy decay is analysed as follo\vs: (1) A brownian contribution 
having two correlation times, one of which characterizes local motions and the other a macromolecular motion. (2) A con- 
tribution due to transfers between EB moiecules fixed to the same polynucleotide molecule, is andysed by a method 
analogous to the method used in previous work on EB-DNA complexes. That method consists in choosing a molecular 
model of the compIex depending on geometrical parameters, and in simulating the energy migration on that model wiith 
a Monte Carlo calculation. Poly(rA-rU) is assumed here to adopt the structure A of RNA. Intercalated EB molecules 
modify the angle between two consecutive base pairs by 6. The anplar position of the EB transition moment & defmed 
by an angle 0. One finds that the angle Q is situated between 0” and 30”, which corresponds to a whole intercalation of 
the chromophore as opposed to the semi-intercalation which has been proposed for certain dyes. The angle 6 is negative; 
therefore there is an unwinding of the polyribonucleotide helix. Its absolute value is about 38”. sensibly greater than the 
value previously found for EB-DNA complexes_ 

1 _ Introduction 

In our previous work, we studied the complexes 
of EB with calf thymus DNA and with poly d(A-T), 
using a pulse fluorometry method. The anisotropy 
decay for small values of D/P (number of dyes per 
nucleotide) was interpreted as being a result of a local 
brownian motion [l-3]. 

As the ratio D/Pincreased, the anisotropy decay 
was accelerated. This observation was assigned to 
energy migration between dyes bound to the same 
DNA molecule [2&S]. In order to interprete quanti- 
tatively these experiments, we performed a Monte 
Car10 cakulation on a model of the complex in which 
the DNA molecule was assumed to be in the B form 
and in which the dye induced an angukr deformation 

[4,51_ A good fit of the computed curve with the 
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experimental results was obtained by assuming that 
the dye unwinds the DNA helix by a value of the 
order of 16” 13--S], This is in fair agreement with the 
unwinding angle that Bauer and Vinograd [6] have 
determined in their analysis of buoyant density ex- 

periments of circular DNA, and which Fiiller and 
Waring [7 ] have predicted by mole1 studies. 

We thought it interesting to extend our measure- 
ments to a complex of EB with atibonucleic acid in 
double helix, since the structure of these molecules 
is quite different from the structure of the DNA 
molecules [S] . in the present work, we present a 
study of the EB-poly(rA-rU) complex. 

2. Theory: Energy transfers and model of the compIex 

For the rate of an elementary transfer between two 
chromophores A and B, we use here the formula of 
Fkster [9I, valid in the case of “very weak inter- 
actions” 
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Cis an universal constant;J is the overIap integral of 
the absorption and fluorescence spectra: T,, the 
natural lifetime of the excited state; R the distance 
separating the chromophores A and B, K” is 
defined by: 

K’ = (cos 8 - 3 cos 8, cos t?,)? 

If pA and pg are unit vectors in the direction of the 
emission transition moments of the molecules A and 
B, and 11 the unit vector along the line joining A and 
B, one has (see appendix and fig. 10): 

CoSeA=~A-Cl, cOseB=flB -u. 

The geometrical factors R and K2 are determined by 
the structure of the EB-polynucleotic&&omplex. In 
our previous work, the polynucleotides were poly- 
deoxyribonucleotides, and the calculations were 
based on the B type structure. We assume that 
poly(rA-rU) molecules in solution have the A-type 
structure in double helix, the geometry of which has 

been determined by X-ray diffraction studies [S]. 
There are 11 base pairs per helix turn; consequently 
the angle between two neighbouring base pairs is 
(Y = 33”. The projection, on the helix axis of the seg- 
ment joining two equivalent points of two consecutive 
base pairs is b = 2.81 A. The distance between the 
base centers and_ the helix axis is: D = 4.32 A. The 

plane of the base is tilted by 14“. In our calculation, 
we neglect the angle of twist which is only 2.2O [8] _ 

The intercalation of EB increases the distance 

between the neighbouring base pairs by a distance 
c = 3.4 a. We designate by Q the angle of the dye 
transition moment with the plane tangent to a 
cylinder of axis Hand radius D. 

According to Giacomoni and Le Bret [lo], the 
transition moment of EB lies in the phenantridinium 

plane and makes an angle of 30” with its longitudinal 
axis. Therefore, if Q is of the order of O” or 309, this 
axis wilI be close to the direction of the line joining 

two paired bases. On the other hand, if Q is about 90°, 
the dye molecule has its longitudinal axis perpendicu- 
lar to the base line. The first case is in agreement with 
a complete intercaiation [7,1 I] while the second 
case corresponds to the semi-intercalation postulated 
by Pritchard et al. 1121 for certain acridine dyes. 
We assume that the intercalation of EB molecules 

does not change the diameter D of the helix and the 
rmgle of tilt, but the angle Q between two adjacent 
base pairs is increased by a value 6- TO superpose 

the chromophores A and B, we have to perform a 
translation h along the helix axis and a rotation r in 

a plane perpendicular to this axis. 
Under these conditions, the following relations 

can be established (see appendix I): 

R2 = 9 + (2 D sin +#, 

cos 8 = (sin*, c0s-y f cos2~)cos2+ f sin20 cosy, 

cos 6, = (D/R) [(COSY -_ I)sin@ f sin-y sinw co@] 

- (h/R)cosw COSQ, 

cos iYB = (D/R)[(l - cosy)sin+ f siny sine co*] 

- (IrfR)coso co%& (1) 

where w is the compIementary angle of the angle of 
tilt (w = 76”). When @ is replaced by --$ or rr-$ in 
these relations, the expressions of cost? and of the 
product CO&~ COS~?~ are not changed. 

h = (tz + i + 1)b f (i f l)(C/sinw - b)(a - 8)/2~, 

y=nn+(fit I)&_ (2) 

The anisotropy decay calculus has been performed 
by a Monte Carlo method which has been described 

in detail in a previousatrork [4,51. A first simulation 
calculus is used to determine a chromophore distrib;: 

ution on the basis of an equal probability of all the 
sites with exclusion of two neighbouring sites [ 13, 
14]_ The energy migration is simulated step by step. 

At each step, the probability of the excitation stay 
is given by an exponentia1 law depending on the total 
rate of energy transfer. This is the sum of the element- 
ary rates of transfers towards the four dyes which are 

the nearest neighbours of the excited dye. The speciti- 
cation of the dye which effectively received the exci- 
tation is determined by a third simulation [ 14]_ Each 
time, the anisotropy decay due to enerw migration ia 
given by: 

f-&) = f <cos’@(t)> - 5 

where @(t) is the angle of the transition moment of 
the primary excited dye and the dye excited at time t. 
The angular brackets mean an average taken on a great 
number of simulations. 
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3. Material and methods 

3. I. Biochemicals 

The polyribonucleotides poly rA and poly rU 
come from Miles Laboratories. They have been puri- 
fied by phenol extraction, dialysed against Tris-HCl 
buffer (NaCl O-01 M, EDTA lo-” M, pH 7.6) and 
against This-HClO.01 M, NaClO.01 M, in order to 
eliminate cations other than sodium_ A last dialysis 
against bidistilled water has been followed by a 
lyophylisation. 

cb = kpp - Ef)/($, - +)I CO, 

where Co is the total dye concentration. The binding 
isotherm was plotted according to the method of 
Scatchard [ 191. 

Two preparations of poly rA and poly rU have 
been done. 

The principle of the method is only outlined here. 
Full details have been given in previous work [2,5, 
20]_ in order to determine the overlap integral J. the 
absolute fluorescence spectrum of EB-poly(rA-rU) 
was determined with a Gary special product no. 

50903 spectrofluorometer. 
The respective sedimentation coefficients SzO+ 

of poly rA and poly rU, determined at 20°C! in 

Tris-HCl buffer (0.01 M, NaClO.15 M, pH 7.5) were 

equal to 7.3 and 3.46 for sample I and to 4.76 and 
3.92 for sample II. 

The fluorescence decay in polarized light s(r) and 
d(t) was obtained with a pulse fluorometer. 

The poly (rA--rU) solutions were obtained by 

mixing equimolar solutions of poly rA and poly rU. 

Concentrations of poly rA and poly rU were deter- 
mined by spectrophotometry, using the following values 
for extinction coefficients [IS] : 

E = lo4 M-’ cm-t for poIy rA at 257 nm, 
E = 0.943 &04 M-t cm-’ for poly rU at 260 nm. 

The “true decay” of the fluorescence, S(t), was 
determined by deconvolution ofs(t), with the appara- 

tus response g(l). This function has been determined 
by using a scattering solution in the case of sample I, 

and a reference compound as described before [3] in 
the case of sample II. The curve d(t) was compared with 
curves d’(r) calculated according to the following 

formula [4,5] : 

In order to check that only the double helix form 
poly(rA-rU) and not the triple helix form poly- 
(rA-2rU) was present in solution , we determined the 
melting curves by measuring the temperature depen- 
dence of thwptical densities at 280 and 283.5 nm 

WI- 

d’(t) = &I X Cs(~)~oqd~)~T(~) I - 

r. is the anisotropy at time 0, rg(t) the anisotropy 

due to the brownian motion. rorB(f) is measured with 
a solution of the complex containing a small amount 
of dye, so that energy transfers are negligible and 

‘T = I_ rT, the anisotropy due to ener,v migration, 
is calculatedas described above. 

3.2. Binding curve 

The values of d(r) and d’(r) are known in II points. 

For each computed curve, one determines the mean 
weighted residue [2 1 ] : 

The binding curve of EB to poly(rA--rU) was 
determined by absorption measurements as described 
by Waring (17,18]_ The molar extinction coefficient 

if free EB (Q) was taken equal to 5600 cm-’ mole-’ 
at 480 nm [ 181. Absorbancy measurements were 
performed at 460 nm and 480 run, keeping the EB 
concentration constant, and varying the polymer 
concentration. Thi: apparent value of the molar ex- 
tinction coefficient (e&) reaches a plateau at high 
polymer concentrations. which provides the molar 
extinction coefficient of the bound cbromophore Ed_ 

F = ,I-’ 6 (di - di)‘/di 

The computed curve which corresponds to the best 
geometrical model gives the smalles value of F. 

4. Results 

The fraction C, of EB bound to poly(rA-rU) was The binding isotherms of EB to poly(rA-rU) was 
determined by using the formula: determined with sample II in a Tris-HClO.05 M 
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CONCENTRATION I-A- I-U 

Frg. 1. Variation of the molar absorbancy of poly(rA-rU) 
with concentration (0: measurements made immediately 

after dilution, x : measurements made 48 h after dilution). 

NaCl 0.15 M buffer @H 7.6), as described in sec- 
tion 3. 

In a first step we verified the stability of poly 
(rA--rU) at low concentrations by measuring the 
absorbancy of successive dilutions, at 260 nm. The 
molar absorptivity of poly(rA-rU) was taken to be 
equal to 7-14 X LO3 M-’ cm-’ at bigb concentra- 
tions [15]. For each solution, measurements have 
been done with the freshly prepared solution (time 

smaller than eh) and after a delay of 48 h_ The 
results are shoti in fig. 1. It can be seen that for 
concentrations above lOa5 M, poly(rA--rU) is stable_ 
Consequently we used in our measurements poly- 
(rA-rU) concentrations greater than 3 X IOU5 M. 

Fig. 2 shows the apparent molar absorptivity eapp 
of EB at 460 nm and 480 nm, for different polymer 

Fig. 2. Variation of eapp of EB with polymer concentration. 
The EB concentration is equal to 1.77 X lo4 M (0: absorp- 
tion at 480 nm; +: absorption at 460 nmj. 
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Fig. 3. Scatchard plot for the binding of EB to poly(rA--rU). 
The EB concentration was equal to 1.77 X lo5 ht (0: expeti- 
mental data; -: theoretical cm-ve computed with the ex- 
cluded site modeI). 

concentrations. As stated in section 3, ~~ was de- 

termined by the plateau value of E, 
In fig. 3 the binding of EB to f 

p. 
po y(rA-rU) is 

plotted using the Scatchard representation. On the 
same figure is shown the curve computed according 
:o the excluded site model with an association con- 
stant of 2.36 X 10’ M-l_ It can be seen that the 
theoretical curve fits the experimental data. 

Fig. 4. Absorption and fluorescence spectra of ESpoCy- 

(rA-rU) complex. The fluorescence intensity [is expressed 
in arbitrary units and the wavenumber v in m-l X lo*. 
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Fig. 5. Experimental curves s(t) (+) and d(t) for P/D = 160 (0) znd P/D = 7.35 (3). 

4.2. F’horescence measurements 

The overlap integral was found to be: 

J = 1.07 x 1o-‘5 cm6 mole-‘. 

As refractive index of poly(rA-rU) we take n = 
1.6 (S] and as the natural lifetime of the excited state 

‘0 = 73 ns [S]_ 

F 

0 I 
-40 -20 O’S_ 

Fig. 6. Average weighted residues versus 6 for different con- 
formations of EB-poly(rA-rU) complex (sample I): (0 A 
form of RNA with Q = 0’ ; 9 A form of RNA with Q = 30”; 
p A form of RNA with 0 = 90” ; A B form of DNA). 

Fig. 4 shows the absorption and fluorescence 
spectra of EB bound to poly(rA--rU). 

We determined the transient fluorescence of EB on 

the following conditions: (I) poiy(rA-rU) sampIe I 
was used in a Tris-HCI 0.005 M, NaCl O-015 M buffer 
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Fig. 7. Average weighted residues versus 6 for different con- 
formations of EB-poly(rA--rU) complex (s3mplc 11) (0 A 
form of RNA with 0 = 0”; + A form of RNA with 0 = 90”). 



(pH 6.6) with P/D equal to 160 and 735. 

(2) Poly(rA--rU) sample II was used in a Tris-HCl 

0.05 M, NaC10.15 M buffer (pH 7.6) with P/D equal 
to 115 and 7.35. In all cases, the S(f) decay is described 
by a single exponential: 

S(r) = e-r’7 

withr=27ns. 

The d(t) curves obtained with poly(rA--rU) 

sample I are shown in fig. 5. 
We determined rOrb(f) for P/D = 160 and we find: 

r. = 0.345, 
r&t) = 0.436e-f’p’ + 0.564e-f/pa, 

with p, = 22 ns and p2 = 270 ns. 
With poly(rA-rU) sample II and with P/D = 115 we 

obtained: 

To = 0.345, 

rg(t) = 0.29e-z’oi + 0.7k4p;: 

with pi = 8-6 ns and p’; = 120 ns. 

We computed the r=(r) functions assuming P/D = 
7.35 for 3 values of 6: O”, 30” and 90”, and for 6 

values varying from -50” to -I 6”. In the case of 4 = 
O”, we added the value -loo, O” and i-lOa. 

Figs. 6 and 7 show the average weighted residue F 

versus 6 for the different cases. One can see on these 
figures that the best fits are obtained with Q = 0” and 

6 = -40°, Q = 30° and 6 = -36O, with both poly- 

(rA-rU) samples. It can also be seen on these figures 

that the curves computed with 4 = 90” disagree with 
the experimental ones. 

In fig- 8, the experimental d(t) curve relative to 

sample I is compared with computed curves for three 
values of 6 taking r$ = 0. 

In order to determine the influence of the poly- 
ribonucleotide structure on the curve rT(t), we used 
the curve computed in our previous works for the 
DNA-B structure [4,5] _ Fig. 9 shows that the d’(t) 
curves thus obtained do not fit d(t) even with the best 

value of 6 = -36". 
In order to study how the chromophore distribu- 

tion along the polymer influences our results, we 

computed the anisotropy corresponding to a “two ex- 
cluded sites model”, in which the four sites adjacent 

to an occupied one cannot bind a chromophore. The 
corresponding results are shown in table I where Q 
is taken equal to zero. Similar results were obtained 

4 

a 

3 

Fig. 8. Compxison between the experimental curve d(t) (3) 
for P/D = 7.35 and the computed d(r) curves assuming the A 
structure of RNA with 0 = 0” for different values of 6: 
(-.--.6=--50°; -~=-4,J”;___-_~_-_160)_ 

Fig. 9. Comparison between experimental cuwe d(f) (0) for 
P/D = 7.35 and computed curves d(f) assuming the B strut- 
ture of DNA for different values of 6: (- . - - 6 = -50” ; 
-~=_36”;-_--_6--_16”). 



Table 1 
Variation of F with 6. assumin_e a two cxcfuded sites model 
of EB-poly(rA-rU) cornpIe% with Q = 0 
--__- 

6 Ideg) F 

-45 600 
-40 580 
-36 610 
-30 595 
-26 585 
-20 635 
-16 815 
-10 2060 
-____ -_____ 

with 4 = 90”. It can be seen that the Fvalues remain 
very high whatever the 6 value is. 

5. Discussion 

We fust notice that the fluorescence decay of the 
EB-poly(rA-rU) complex is a single exponential. 
This result corresponds to a great homogeneity of the 
intercalation sites. 

The brownian anisotropy comprises two exponen- 
tial terms. The exponential time constants are the 

molecular correlation times. The shortest correlation 
time has a value which is of the same magnitude to 
the one found with the EB-DNA complex [3,5] ; 
By analogy with that case, we attributed it to a 
torsional motion of the double helix polynucleotide. 
The greatest relaxarion time must involve much 
longer sections of moIecular helk and perhaps a 
rotation of the whole molecule. One must envisage 
indeed that in this synthetic polynucleotide, the 
helii sections are interrupted by single strand sections 

which are relatively flexible. In addition, the molt?- 
cular weight of the polymers used here is relatively 
small and some contribution of the rotation of the 
whole moiecule may also exist. 

On the contrary, in the case of EB-DNA, the 
second correlation time was infiite. This was well 
explained since the molecular weight was very high 
and no helix interruption was expected with these 
molecules. 

For each sample I and II we selected the param- 
eters of the brownian anisotropy function, which 
corresponds to the minimum value of the residual F. 

However we found that F increases only slightly when 
the parameters are varied about the values correspond- 
ing to the minimum. So we will not speculate in this 

work about the different parameters values obtained 
with the two samples I and II_ 

In a first attempt to interpret the fluorescence 

depolarization due to energy transfers in the complex 
EB-poly(rA--rU), we simply used the calculations 
we made in our previous work [4,5] _ This means that 

in the Monte Car10 simulation, the B structure of 

DNA was used. In this case the only adjustable 
parameter was the angle 6. By this means, it was not 
possible to achieve a good fit of the calculated curves 

with the experimental one. 

We then decided to introduce in the calculation 
the A structure of RNA defined above. Due to this 

relatively complicated structure, ener,T migration 

among intercalated EB depends, in addition to 6, on 
two other parameters. In particular, we had to 

evaluate the projection 6 f ALJ of the distance between 
two base pairs separated by an EB molecule_ The 
variation of this parameter must depend on the varia- 

tion of S. We assumed somewhat arbitrarily that this 

dependence is linear. In order to estimate the error 

involved by this approximation, calculations have 

been made for different 6 values with fixed values of 
b f & equal to 2.8 A and 3.5 I% In both cases, the 

best 6 value was changed by less than 5”. 
Another parameter invoIved in the calculation is 

the angle Q which defines the position of the EB 
transition moment in the site. AS we have seen, Q can 

vzry from O” to 30° without sensibly altering the 
quality of the fit. 

However, Q cannot have an arbitrary value; when 

Q equals 90”, the average residue is considerably 
increased_ According to the calculation of Giacomoni 

and JL.e Bret [lo]. the transition moment makes an 

angle of 30” with the longitudinal axis of the EB 

molecule. 
We then arrive at the interesting result, namely that 

the position of the EB longitudinal axis is about 
parallel to the Iine joining two appaired bases. 

It also emerges from our analysis that the depolarisa- 

tion decays agree well with the ‘one excluded site” 

model, but not with a “two excluded site” one. This 

result is in good agreement wiht the binding curve of 
ethidium on poly(rA--rU). 

As with the EB-DNA complex, the best value of 6 
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is negative, which implies that EB induces an unwind- 
ing of thz polynucleotide helix. However, the precise 
value cf the parameter depends on the chosen value 
of +,6 being equal to -40° with 4 = 0“ and 6 equaI to 
-36” with Q = 30”. In any case, 6 has clearly an ab- 
solute value greater than in the case of ES--DNA com- 
plex where it was equal to - 16” [3--5J. 

It is interesting to compare out results with the 
structures proposed by Fiiller and Waring [7] and 
by Pigram et al. [22] - For EB-polynucleotide 
complexes, X-ray diffraction and model studies lead 
these authors to assume that a dye molecule is inter- 

calated with its long axis along the hne joining two 
appaired bases. In addition, they found that the value 
of the unwinding angle must be situated between IO0 
and 25O in the case of the B structure of DNA, and 
between 24” and 38” in the case of the A structure 
of DNA. We note that our results are in fair agree- 
ment with these proposals since the A structures are 
very similar in DNA and in RNA [S]. 

We must however stress that Pigram et al.? work 

concerning the A structure of DNA was based oniy 
on mode1 studies. 

It then appears that our work gives the first experi- 
mental data concerning a complex of EB with a poly- 
nucleotide in structure A. We think that this fact 
illustrates well the possibilities of our method. 

Acknowledgement 

We thank Dr. M. Leng for his valuabfe advice in 
the purification process of poIy(rA) and poly(rU), 
and Dr. de Witt who allowed us to use the Gary spec- 
s-ofluorimeter. 

Appendix I 

We compute the components of the unit vectors 
PA and pB in the XJJZ axes system having its origin in 
A(fig IO). 

flA = (sin& co* sinw, -cosw cos4), 

pB = (sin@ cosy -sine co* shy, 

sir@ sin-y f sin0 co@ cosy, -420s~ cosQ)_ 

The A and B coordinates in the same system are: 

Fig. 10. Geometrical model of EB-pol~<rA-KU) complex- 

A = (00, 0, 01, B = (D(cosr - l), D siny, k)_ 

We can then write: 

R2 = D’(cosy - 1)’ i- D2 sin27 f k2 

= 2D2( 1 - COST) f k2 = 4 D2 sin2$y f k2 
= (2 D siniy)2 f tr”. 

On ihe other hand, we have: 

cos0 = pA - pB = sin29 cosy - sin0 sin0 co* sin7 

+ sin@ co@ sinw shy f cos2Q sin”w cosy 

f cos%J c0s2@ 

= cos2d(cos2u f sin2w COST) + sin29 cosy. 

Let u be the unit vector on AB. Its components are: 

u = (D/R)(cosy - 1), ((D/R)siny, h/R). 

The scalar products of &A and ~~ with CL give the 
two last equations of eq. (1) in the text. 

Appendix II 

We designate by 2x the projection on the helix 
axis of the distance between two consecutive base 
pa&separated by an EB molecule. Furthermore, we 
assume that this projection varies linearly with fi = 
a+& 
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Far/3=0,6 =-a one has x = 6’ = c/sine. 
ForP= 2or,6 =a one hasx =b. 

This immediately leads to the formula: 

x=b+Ab, 

with 

At3 = [(cr - 6)/2tY~(c/sblo - 6). 

For the projection between any chromophores A and 
B one obtains: 

iz=nb+(i+ 1)x=(tz+~+ l)b+(i+ I)& 
= (n f 1 f + + (i f l)(c/sinczJ - b)(a! - S/2@. 
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