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The fluorescence anisotropy decays of the chromatin ethidium complexes have been measured in solutions in which 
the dye was bound to the hii afftity sites of the nucleosome DNA_ Energy transfers between chromatin-bound ethidium 
molecules cause an increase of the anisotropy decay rate for much smaller values of the concentration ratio of dye to nu- 
cieotide than in the case of nacked DYA-ethidium complexes. This result implies that the high affinity sites are clustered 
on a short nucleosomal DNA segment. Quantitative analysis of the experimental data by computer simulations of the ener- 
gy transfer process, shows that these sites are gathered on a singIe nucleosomal DNA segment, 28 base pairs long. Such a 
segment probably belongs to the nucleosome “linker”, contributing about half of it. 

1_ Introduction 

A number of recent investigations brought about 
important knowledge about the organization of DNA 

and histones in chromatin. It is now well established 
that chromatin consists of repeating subunits con- 
taining approximatively 200 base pairs of DNA, call- 
ed nucleosomes [l-l I] _ 140 base pairs of the nu- 
cleosomal DNA are wrapped around a core of his- 
tones, the rest forming a linker between the cores. 
The length of the linker depends on the nature of 
the tissue from which chromatin is extracted [5], 
while the number of base pairs of the core seems 
very stable. 

Aromatic compounds such as ethidium bromide, 
which inter&ate into nacked DNA, interacts also 
with DNA in chromatin. The study of this interac- 
tion should give informations about the accessibili- 
ty of DNA in chromatin [ 12-221. Measurements 
of binding isotherms indicate that ethidium bromide 
forms two kinds of intercalation complexes with 
chromatin, instead of one with nacked DNA. How- 
ever, there is no complete agreement between the 
authors about the values of association constants 
and the values of the total number of sites which 
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characterize these complexes_ Furthermore, many 
of these works have been performed with chromatin 
obtained by shearing. This procedure has been found 
to destroy the superstructure of chromatin [7] and 
to modify the binding isotherms of ethidium chroma- 
tin complex [20] _ Paoletti et al. used fluorescence 
titration to show that chromatin extracted by en- 
zymatic digestion forms only one type of complex 
at low ethidium bromide concentration [20] _ In- 
creasing the ethidium bromide concentration induces 
a change in chromatin conformation and a second 
type of complex appears with a lower affinity of 
ethidium for chrcmatin. Furthermore static fluores- 
cence polarization measurements indicate that in the 
first type of complex, the ethidium molecules are 
clustered together_ Accurate quantitative data how- 
ever cannot be obtained by these studies because of 
the difficulty of analyzing complex Scatchard’s plots, 
and the lack of information brought about by fluo- 
rescence static polarization measurements_ 

In previous works we studied [23-271 ethidium 
acid nucleic complexes by pulse fluorimetry in po- 
larized light. By this technique, we were able to fol- 
low the kinetics of excitation energy transfers be- 
tween ethidium molecules bound to nucleic acids. 
Analyse of these data by computer simulation pro- 
vided structural data on these complexes and espe- 
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cially accurate informations on the dye distribution 
along the nucleic acid double helix. 

In the present work, this method has been applied 
to the study of the ethidium bromide complex of 
high affinity. 

2. Materials and methods 

2.1. Biochemicals 

Three samples of chromatin obtained by enzymat- 
ic digestion have been used in this work. One prepa- 
ration has been performed from Ehrlich ascite cells 
of infected mice according to a technique already 
described [20,65] _ Both other preparations have 
been made from calf thymus stored at -70°C ac- 
cording to the technique described by No11 et al_ [7] _ 
The characterization of our chromatin preparations 
was done as follows: 1) The circular dichroism gave 
always an ellipticity at 283.5 nm equal to 2200 f 200 
deg cm2 dmole-t which is characteristic of a native 
chromatin [663 _ 2) The 3.5% polyacrylamid gels 
electrophoresis of the chromatin DNA, stained by 
ethidium bromide revealed no migration whereas a 
further digestion of our chromatin gave discrete bands 
of DNA under the same conditions, characteristic of 
mononucleosomes, dinucleosomes, etc. (fig. 1). 
3) Electrophoresis of histones were done as previous- 
ly described [65] and showed that all histones were 
present (see next paper, this issue). 4) The composi- 
tion in DNA, protein and RNA was determined as 
previously described [65] _ All these controls revealed 
that chromatin was native and present as large poly- 
nucleosomes. 

The sample of ethidium bromide used was the 
same as previously 123-273 _ AlI these solutions have 
been prepared in 2 X 10m4 M EDTA pH 7.7, from 
stock solutions of chromatin and ethidium bromide 
kept at 4OC in the dark. Concentration have been 
dcterrnined by absorption taking as molar absorp- 
livities E = 7300 cm2/mole at 260 nm for chromatin 
and E = 5600 cm2/mole for ethidium at 480 nm. 
The ratio of molar concentrations of nucleotides and 
dye (P/D) varied from 27 to 2000_ In any case the 
nucleotide concentration was greater than IO-3 M. 
AS the affinity of ethidium for DNA is high, prac- 
tically all the dye was bound to the chromatin under 

Fig. l_ 3.5% acrylamide electrophoresis gel of a sample of 
the chromatin used in our study (b) and of a further diges- 
tion of this chromatin (a). 

our experimental conditions and the number of li- 
gands bound per nucleotide, r, was equal to D,!P_ All 
measurements were performed at 2O”C, in 2 X lo-4 
M EDTA (pH 7.7). 

2.2. Fiuorescence measurements 

Transient fluorescence measurements have been 
performed with an apparatus already described [23, 
27-29]_ Luminescent solutions were excited with 



a short light pulse (1.6 ns at half-height) produced 
in hi, at 15 kg/cm* pressure, and vertically polarized_ 
The vertical and horizontal components of emission 
iv(t) and iI, were alternatively measured a great 
number of times, and the following transient curves 
were calculated: 

s(r) = i,(r) -I- 25(r), (I) 

d(r) = i”(f) - i,(f)_ (2) 

The corresponding decays S(r) and O(f) are solutions 
of the following convolution equations: 

s(t) = j S(t - TM0 dT, 
0 

(3) 

d(t) = jo(t - T)g(T) dT, 
0 

(4) 

while the fluorescence anisotropy decay is defined by: 

A(t) =o(t);s(t). (5) 

g(t) was obtained by using an ethidium bromide 
solution as a reference [30] , the lifetime of which 
was 1.65 ns [3 l] _ S(t) was obtained by a grid re- 
search of decay parameters [32] _ 

For very small values of r (’ 5 X 10V4), depolari- 
zation was only due to rotational brownian motions, 
and A(r) was a sum of exponential terms [33], the 

time constants of which being the correlation times 
of the motion. The parameters of these exponential 
sums were obtained by using a least square method 
recently described [34] _ For higher values of r, ener- 
gy migration introduced a new cause of depolariza- 
tion [35,36] _ The anisotropy was then assumed to 
be of the form: A(f) =An(r))A=(t) [24,37], where 
A&) and AT(t) were the brownian and the energy 
transfers contributions respectively.dn(t) was as- 
sumed to be identical to the anisotropy determined 
at low r values. AT(t) was determined by computer 
simulations as described in the following paragraph_ 

2.3. Computer simulation of fluorescence nzisotropy 
decay 

We shall briefly recall here the method of analysis 
set up and the results obtained in preceding works 
in which we studied the fluorescence anisotropy decay 

of ethidium-nucleic acids complexes [24-27]_ We 
shall then describe how this method has been modi- 
tied and applied in the present work. 

The analysis of the anisotropy decay of ethidium- 
nucleic acids complexes was based on a comparison 
between experimental curves and computed curves 
obtained by a simulation of the excitation energy mi- 
gration among the ethidium molecules included in a 
geometrical model of these complexes. This proce- 
dure was very similar to the method of Paoletti and 
Le Pecq which was set up by these authors in order 
to compute the steady-state polarization of ethidium- 
DNA complexes [46] _ But there was an important 
difference between their computations and ours since 
we had to simulate the time course of the ener,y mi- 
gration in order to describe the anisotropy decay of 
fluorescence (271, whereas in the Paoletti and Le 
Pecq simulation the steady-state polarization was di- 
rectly computed_ 

According to the FGrster’s theory relative to the 
“very weak resonance interaction”, the rate of exci- 
tation energy transfer is given by the following rela- 
tion [35,47] : 

k =CJu2 -. 
T n4,R6 ’ 

where C is a numerical constant, 11 the refractive in- 
dex of the propagating medium (here the nucleic 
acid), J the overlap integral between absorption and 
emission spectra of the chromophore molecules, r 
their fluorescence decay time, R the distance between 
the donor and acceptor molecule, and K an angular 
factor_ 

In the case of the ethidium-DNA complexes, the 
Lerman’s model [59] was chosen in which the DNA 
adopts the G structure, and the ethidium molecules 
intercalate between two base planes, lengthening 
their distance by 3.4 A and unwinding their angle by 
6. The ethidium molecule plane is perpendicular to 
the DNA longitudinal axis. In the simplest case stud- 
ied, the position of the ethidium molecules in their 
sites was identical for all molecules, and the position 
of two chromophores was obtained from one another 
by a helical displacement around the longitudinal 
DNA axis. The angular factor K* was reduced to 
cos* 0 where 0 was the rotation associated with this 
displacement_ 0 was simply related to 6 _ The distribu- 
tion of the ethidium bromide molecules along a 200 
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base pairs DNA segment was obtained by a first type 
of simulation in which the probability of site occu- 
pancy was given by 146,271: 

p = r/(OS - Kr). (7) 

K had one of the values 0,1 or 2 respectively, accord- 
ing to the following assumptions: 1) all the sites had 
the same probability of occupancy; 2) a site adjacent 
to an occupied one was excluded; 3) two adjacent 
sites were excluded. 

The energy migration among the ethidium mole- 
cules bound to the same nucleic acid molecule was 
simulated by choosing the most central ethidium of 
the simulated distribution as the primary excited 
molecule. 

The number of times that the excitation energy 
reached the most distal dyes bound to the 200 base 
pairs DNA segment was negligible_ Therefore the cal- 
culation could be considered to correspond to an in- 
finitely long DNA molecule_ It was found that, among 
the three distribution laws considered, only the law 
based on the single excluded adjacent site was able 
to represent the experimental data (K = 1 in formula 
(7)). The validity of this last distribution, which had 
been proposed in order to describe the binding iso- 
therms of dye intercalation into DNA [38], was then 
confirmed by our studies. The value 6 which fitted 
the experimental data depended on refractive index 
II assumed for DNA. Taking II = 1.6, one found 6 = 
-lS”_ 

In the present work, we were concerned with the 
high affinity complex formed between ethidium and 
chromatin. Chromatin is made of identical subunits 
containing a DNA segment of No base pairs (No = 
200). 

Static fluorescence polarization measurements 
and qualitative transient fluorescence measurements 
indicated that the ethidium high aCinity sites were 
clustered on a fraction of the nucleosomal DNA_ We 
assumed that these sites were identical to the nacked 
DNA sites, but that they were present only on DNA 
segments of equal length containing N base pairs each 
(N < No)_ Therefore we expected that the anisotropy 
depended on N and that the quantitative analysis 
of this curve would provide the value of N. The mod- 
el of the complex used in this work was the one de- 
scribed above. 6 was taken equal to -18”, the value 
which best fitted the experimental anisotropy decays 

of ethidium with naked DNA, when assuming N = l-6; 
the distribution of the ethidium molecules along the 
segment of DNA was assumed to follow the rule of 
excluded adjacent sites_ But the probability of site 
occupancy must be written now: 

p = r’l(O.5 - i), (8) 

where i = r/a, with o[ <l . a should satisfy the follow- 
ing equation: 

Q = (ININO, (9) 

where 4 is the number of DNA segments per nucleo- 
some which contained the high affinity sites. 

The simulation of energy migration had to take in- 
to account a specific effect coming from the bound- 
aries of the DNA segments_ That meant that for a 
given i value: 

1) The primary excited molecules should be ran- 
domly chosen among the ethidium molecules bound 
to the DNA segment 

2) When the excitation reached one of the most 
distal molecule, the next possible migration steps 
were restricted to the nearest neighbour situated on 
the side of the DNA segment center. 

The calculated time dependent anisotropy due to 
energy transfer could be considered as a function of 
i and N. This function will be represented by AT(t, 
i. N). The determination of N was obtained in the 
following way: For one arbitrary value of N, and 
several values of i, we determined the functions 
A=(t,r’,N) by computer simulation_ These func- 
tions were compared with the experimental results 
(characterized by a binding ratio r), by computation 
of the residuals [39] : _ 

R@‘, N r) 
1 -& idc(‘jP r’, N) - dex(fi7r)l 2 =- 

?I j=l dex<$,r) , 

where d,(t, r’, N) was the computed convolution de- 
fined by: 

c?,@, r’, N) = At) * [AB(O A#. r’, rv)SWl 
and d,x(t. r) the experimental transient fluorescence 
defined by the equation (2). 

For each solution (r fixed) one plotted R(r’, N, r) 
as a function of r’, and took the abscissa of the rnini- 
mum which was designated by f’(N, r)_ The quality 
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Table 1 
Ruorescence decay parameters [SW = al esp (-t/71) + (1 - a1 1 exp (--t/T?] of ethidium-chromatin complex for the three dif- 
ferent preparations studied, respectively Ehrlich ascite, calf thymus and calf thymus. The fluorescence lifetimes are given with an 
accuracy of 0.5 ns 

p/D 1515 380 200 135 103 81 64 50 40 33 27 

a1 0.12 0.08 0.09 0.12 0.07 0.10 0.12 0.06 0.08 0.13 0.14 
7-l (ns) 9.5 7.0 9.5 9.5 8.0 9.0 9.5 8.0 7.5 9.5 9.5 
f2 (ns) 24 .O 23.5 23.5 23.5 23.0 23.0 23.0 22.5 22.5 22.5 22.5 

P/D 1500 346 234 177 118 88 66 27 

01 0.13 0.13 0.13 0.12 0.12 0.15 0.11 0.13 
~1 (ns) 7.5 5.5 8.5 5.5 6.5 8.0 6.5 6.5 
77. W) 245 24.0 24-O 23.5 23.5 23.5 23.0 23.0 

P/D 2000 1000 150 117 98 84 68 

=1 0.07 O-09 0.11 0.10 0.13 0.13 0.16 
q (ns) 65 8.0 7.5 7.0 9.0 6.0 6.5 
~2 (ns) 23.5 23.0 22.5 22.5 22.5 22.0 22.0 

of this fit was checked by examining the following 
deviation functions [40] : 

Dvcti.ov. 7) = 
dctrj,‘^‘. n? - de,Cri.r) 

[d,&~)l 1’2 - 

Plotting r^’ = (IV, r) as a function of r yielded a 
straight line, the slope of which was the inverse of 
a, a function of N. According to the equation (9) the 
estimate fi of the number of base pairs in a DhTA seg- 
ment was the abscissa of the intersection point be- 
tween the curve (Y(N) and the straight line defined 
by: 

Y = @N/No 

and with q equal successively to 1,2, ___ 

3. Results 

3-I. I;luorescence decays 

We measured the transient fluorescence of ethidi- 
urn-chromatin complex solutions having binding 
ratios (r = D/P) varying from 5 X low4 to 0.037. The 
fluorescence decay of ethidium bound to chromatin 
was fitted with a sum of two exponential functions. 
One of this function had a relative amplitude equal 

to 0.1 and a short lifetime of 8 ns, while the other 
function had an amplitude of 09 and a longer life- 
time slowly decreasing with increasing r values (ta- 
ble I)_ 

Fig. 2 shows a transient fluorescence S(t) and the 
deviation function obtained with the best two expo- 
nential decays, These results are very similar to those 

obtained with naked DNA [23] except that in the 
latter case, the higher lifetime was independent of r. 

200 chonncls 

Fig. 2. Experimental transient fluorescence of et?ddium bro- 
mide in aqueous solution, used as standard for the determi- 
nation of the response g(r) (1) and a s(t) curve corresponding 
to ethidium calf thymus chromatin complex with P/D = 1500 
(2). The lower curve represents the deviation function be- 
tween s(r) and a convolution computed with al = 0.13, ~1 = 
75 ns and ~2 = 24.5 ns (1 channel = 0.416 ns). 
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Fig. 3. Experimental s(t) Cl), d(t) (2) and A(t) (3) transient 
fluorescence of ethidium Ehrlich ascite chromatin complex 
with P/D = 1515 and deviation functions between the aniso- 
tropy decay cm-ve and cnrves computed with the best mono- 
exponential anisotropy decay characterized by 0 = 260 ns 
(- ) and the best biexponential anisotropy decay charac- 
terized by ct = 0.13, e 1 = 7.6 ns, 02 = 421 ns and re = 0.314 
(---) (1 channel = 0.5 ns). 

3.2. Flttorescence anisotropy decay 

The browniau anisotropy decay AP(t) has been 
determined by measuring the transient fhrorescence 

of solutions with a r value comprised between 5 X 
10m4 and 7 X 10e4_ The anisotropy decay of the 
three chromatin preparations studied, obeyed the 
relation: 

dB(~)=dO[cl exp(-t/B1)+(l -cl)exp(-t/62]_ 

where cl = 0.125 f 0.005,8, = 6.5 +- 1 ns and 0, = 
435 f 15 ns. do was found to vary with the prepara- 
tions from 0.30 to 0.33. Fig_ 3 shows an example of 
the analysis of AB(t)- 

Fig. 4 shows experimental transient fluorescence 
d(t) of ethidium bromide-chromatin complex solu- 
tions having various D/P values. It can be seen on 
this figure that the slope of the decaying part of the 
curve increases with r, whereas in the case of DNA- 
ethidium complex, it has been previously found that 
the d(t) curves were independent of r in most of this 
range of r values_ For its greater part this variation 
is the result of the anisotropy change, a remaining 
small part coming from the variation of S(t). 

These experimental curves have been compared 
to computed curves based on energy transfers simu- 
lations, as explained in the materials and methods 

105- 

lo”- 

0 50 
t .ns 

100 

Fig. 4. Esperimental s(r) curve (upper curve) with P/D = 1515 
and d(r) curves characterized by different values of P/D: 
ISIS (I), 200 (2). 135 (3), 81 (4) and 50 (5) for ethidium 

Ehrlich ascite chromatin complex. 

section. The curvesdT(t, r’, N) have been computed 
for values of N equal to 10, 15,25,40 and for a very 
long DNA molecule (N = -)_ 

Fig. 5 shows an example of the variation of the 

residual R(r’, N, r) with i, for N = 25, and an ethidi- 
um-chromatin complex solution characterized by 
a binding ratio r = 0.0085. The abscissa of the mini- 
mum of R defines ?(N, r) = 0.0575. 

I I? (rk.N) . 

I . 
10 

. 

5 

iV 

I ’ I I I I I 
0.04 0.06 0.08 C’ ’ 

Fig_ 5. Example of variation of the residual R(r’. r. IV) with 
i for N = 25. This curve corresponds to an ethidium calf 
thymus chromatin complex characterized by r = 0.0085. The 
abscissa of its minimum gives r’ = 0.0575. 
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Fig. 6. Deviation function between an experimental d(t) 
NNB and a computed one in the case of N = 25. The esperi- 
mental curve and the value of 7 in the computation are the 
same as in fz_ 5 (I channel = 05 ns). 

Fig. 6 shows the deviation function of d(t) corre- 
sponding to the computed anisotropy decay. Similar 
results have been obtained for other values of N, ex- 
cept for N= 10, where we found that the minimum 
values of the residuals R(?, 10, r) were twice as high 
as for the other values of N. Therefore we concluded 
that N must be higher than 10. 

Fig. 7 shows the curves representing the variation 
of Z’(N, r) with t, for the different possible values of 
N. For small values of r, r” appears to be proportion- 
al to r, with a coefficient l/a(N) defined by the ini- 
tial slope of the curve f’(N, r)_ 

Fig. 8 shows the variation of cu(N)_ According to 

Fig. 7. Variations of ?’ with I for different values of ff. 

Fig. 8. Curve representing the variation of P with N(1) and 
the linesy, = h’l200 (2) and yz = 2Ai/200 (3). The intersec- 
tion between &‘V) and yr defines the length of the DNA seg- 
ments which contains the sites of high affinity for ethidium 
bromide. 

the discussion above, this curve is not defined for val- 
ues of N smaller than 10. The intersection of this 
curve wi_fiy = N/ho (q = 1 in formula (9)) defines 
a value N = 28, corresponding to one binding seg- 
ment per nucleosome. Fig. 8 also shows that the line 
y = (uV/No) (4 = 2) d&s not cut the curve ails). 
Therefore, the only solution which fits the data is 
q= l,N=28. 

4. Discussion 

In this work we measured the transient polarized 
fluorescence of the high affinity complex formed by 
ethidium with three different chromatin preparations 
(two from calf thymus and one from Ehrlich ascite 
cells). 

The fluorescence decay of ethidium bound to 
chromatin was found to be a sum of two exponential 
functions, with values of parameters practically iden- 
tical to those already found with ethidium-DNA 
complex [41]. The longest lifetime however decreased 
slightly when the binding ratio r was increased, where- 
as in the case of ethidium-naked DNA complex in 
0.2 hl NaCl buffer, the decay and the quantum yield 
was independent of r. This variation might be due 
to a weak change of conformation of DNA included 
in chromatin. We already reported that the longest 
fluorescence lifetime of ethidium being about 28 ns 
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for a A-form nucleic acid [25,42] and 23 ns for a B- 
form one [26,27] depends on the nucleic acids struc- 
ture_ Anyway it must be emphasized that the fluores- 
cence decay of the ethidium-chromatin complexes 
remains very close to the decay observed with ethidi- 
urn-naked DNA complex, which suggest that the 
structure of the nucleic acid is very similar in both 
complexes. 

At a very low value of the binding ratio (r = 5 X 
10el), the energy transfers between ethidium mole- 
cules were negligible and the anisotropy decay was 
only due to the brownian motion of the intercalated 
chromophores. The corresponding decay rate was 
found smaller for the chromatin complex than for 
the naked DNA one [41,43] , which indicates that 
the high affinity sites in chromatin are situated on 
a DNA fraction having a higher rigidity than the 
naked DNA_ To the high correlation time (6, = 
435 ns) (which is predominant in chromatin aniso- 
tropy), corresponds an equivalent sphere having a 
diameter of 145 A. This is approximatively the value 
expected for a rigid sphere of the nucleosome size. 
It seems then reasonable to attribute e2 to the mo- 
tion of the whole nucleosome particle. 

It has been previously reported that the fluores- 
cence static anisotropy decreased with r more rapid- 
ly in the case of ethidium bromide-chromatin com- 
plexes than in the case of ethidium-naked DNA 
complex ]44,15 20 ] _ This difference persisted in 
viscous solutions, which implied that energy trans- 
fers are more efficient in chromatin than in DNA 
complexes. Our measurements confirm that observa- 
tion_ 

We have analyzed our data quantitatively by cqm- 
paring them with simulations of energy migration 
based on the one hand on the Fiirster’s theory of 
energy transfers and on the other hand on a model 
of the complex similar to the model first proposed 
by Lerman. Let us discuss both aspects of the com- 
putation. 

The formula (6) giving the transfer rate has been 
established by Fiirster in 1948 1353 _ The validity of 
the Fiirster’s theory has been then questioned [48, 
491 in the case of transfers between like molecules. 
In 1965, doing a complete reexamination of this theo- 
ry, Fbrster 1473 concluded that his formula was valid 
even in this case. 

The Fijrster’s formula has been used by Paoletti 

and Le Pecq [46] in their study of the steady-state 
polarization of the ethidium-DNA complexes. From 
the comparison between their computer simulation 
and the experimental variation of polarization with 
the ligand fixation ratio, they determined that DNA 
was wound by 6 = +14”. This result disagreed with 
the determination of 6 obtained by other methods 
(see ref. [SO] for a review)_ The computation of 
Paoletti and Le Pecq have been remade by Pigram 
et al. [60] who concluded that steady-state polariza- 
tion was not accurate enough to yield the value of 6 _ 

Nevertheless, Le Bret et al. [S l] have attributed 
this discrepancy to the failure of Fiirster’s theory for 
like molecules_ The main experimental argument 
against this theory presented by these authors was 
based on anisotropy decay measurements of diacrid- 
ine molecules dissolved in glycerol. These molecules 
contained two identical aromatic chromophores link- 
ed by a chain of covalent bonds. The rate of energy 
transfers between the two chromophores of a mole- 
cule was determined by fitting an exponential func- 
tion with the measured decay. A critical distance of 
transfer was deduced from the obtained decay time, 
and found smaller than the critical distance predict- 
ed by the Fiirster’s theory_ The way of interpreting 
these experiments calls for the following comments: 

The exponential anisotropy decay due to homolog- 
ous transfers is theoretically justified if all molecules 
have the same rigid conformation 1353. The formula 
might be extended to the case in which the two chro- 
mophores are at fixed distance identical for all mole- 
cules, and are free to rotate in all directions with a 
much higher rate than the transfer rate (dynamic 
limit) [52] _ None of these conditions are fulfilled 
in the experiments of Le Bret et al. since, according 
to the chemical structure on the one hand and the 
NMR measurements 1531 on the o’rher hand the mole- 
cules are flexible, and since the viscous solvent used 
did not allow fast rotation of the chromophores. In 
addition, one may wonder whether a part of the de- 
cay anisotropy due to fast energy transfers is not 
missed in the experiments analysis, since according 
to fig_ 8 of the work of Le Bret et al., the anisotropy 
starts decaying from 0.15, a very small value com- 
pared to the fundamental anisotropy of this type of 
aromatic molecules. The initial decay was apparent- 
ly too fast to be analyzed with the experiment reso- 
lution, all the more as the authors do not seem to 
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have deconvoluted their data. 
In conclusion, the experimental argument of Le 

Bret et al. did not bring about a valid proof against 
the Fiirster’s theory relative to energy transfer be- 
tween like molecules. The model of the ethidium- 
DNA complex used in this work was first proposed 
by Lehrman [59] _ This model has been recently 
questioned_ It has been proposed that the ethidium 
molecules were not perpendicular to the DNA longi- 
tudinal axis and that the lengthening of the distance 
between the adjacent base pairs was only 2.7 A [54] _ 
The two features however disagree with the crystal- 
lographic studies of dinucleotide ethidium com- 
plexes [55]_ 

It has been also assumed in our present model 
that the positions of two ethidium molecules inter- 
calated in the same DNA molecule, are related to 
each other by a helical displacement. In a preceding 
work [27] this model was compared to another one 
in which the ethidium molecules in their sites had 
two positions differing from one another by a rota- 
tion of 180° around the small molecular axis. In this 
case the fitted value of S depended strongly on the 
assumed value of the angle made by the transition 
moment direction and the long axis of the ethidium 
molecule_ Several different values of this angle have 
been proposed in the literature (33O [56], 45O [57], 
65” [58 ] ,78” [64]). Therefore as earlier discussed, 
the value of this angle must be ascertained before S 
is exactly determined by our method [27]_ The val- 
ue S = -18” must be considered as the value which 
best fits our model to the experimental data. 

According to recent studies [61-631 of the ter- 
tiary structure of circular DNA, the present accept- 
ed value of S is -26”. As described above, we used 
this value in some of our calculations and obtained 
the same results as with S = -Igo_ 

Let us recall that our computations, although 
based on simplified assumptions, account quantitative- 
ly for the following ethidium-nucleic acid complex 
properties: 

1) The anisotropy decays of ethidium-poly(rA- 
rU) complexes can be fitted to a simulation in which 
specific features of the double helix of type A are 
introduced, whereas this is not possible with the B 
structure which fits the ethidium DNA anisotropy 
decays [25]. 

2) In agreement with the binding isotherms, all 

the ethidium sites have the same affinity, except the 
two adjacent sites of an occupied one which are ex- 
cluded [25,27] _ 

3) The variation of the anisotropy decay with the 
binding ratio is correctly described [23,24] _ 

In the present work the nucleosomal DNA frac- 
tion which binds ethidium with high affinity, was 
determined by the ratio of the local (r’) and the over- 
all (r) binding ratios_ 

Under our experimental conditions, r was equal 
to the ratio of the dye to nucleotide concentration, 
whereas r’ was the equivalent value obtained by fit- 
ting the experimental anisotropy decay of ethidium- 
chromatin complex to decays simulated for ethidium- 
DNA complex and taking into account the “bound- 
ary effects”_ 

That means that the binding DNA segment of 
chromatin was limited by boundary nucleotides 
which play the role of reflective mirrors for the mi- 
gration process. 

It appears then, that the main condition of validi- 
ty of our approach is that the high affinity complex 
has the same structure as the ethidium-DNA com- 
plex_ Even this assumption is not arbitrary, since as 
recalled above, the model must include some impor- 
tant characteristics of the actual structure in order 
to fit the experiments_ Furthermore one currently 
admits that the structure of the chromatin-DNA ap- 
pears similar to the B structure [45] _ 

In the range of small r values the local binding ra- 
tio P’ was found to be proportional to r (with propor- 
tionality coefficient l/o), which confirms that only 
the high affinity complex existed under these condi- 
tions. At higher r values, new binding sites appeared, 
which explained the curvature of the curve represent- 
ing 9 as a function of r. 

From the values of cy, one obtains the number of 
nucleotide base pairs N contained in a binding DNA 
segment, if one knows the number 4 of these seg- 
ments per nucleosome. On the other hand, N has a 
lower limit of 10; for this value, the residual charac- 
terizing the fit of the computed anisotropy decay to 
the experimental data begins to increase. Then the 
only CJ and N values which agree with experiments 
are 4 = 1 and N = 28. The fraction of the nucleosomal 
DNA which constitutes the high aftimity is then equal 
to 14%. This agrees fairly well with the binding re- 
sults in which the high affinity sites were found to 
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represent 13% of sheared chromatin [ 19 J and 12.5% 
of chromatin prepared by enzymatic digestion 120 J _ 

Our method confirms these studies and in addi- 
tion it shows that these high affinity sites are situated 
on the same continuous segment of nucleosomal 
DNA. 

Finally there arises the questions of the DNA seg- 
ment location in the nucleosome. It seems most 
probable that this segment forms a part of the linker 
since the core DNA, which is tightly wrapped around 
the histones, could hardly contain a segment 28 base 
pairs long freely accessible to ethidium bromide. This 
segment represents about half of the linker DNA_ 

The results obtained in this work will be used in 
a following paper where we studied the influence of 
histone HI on the binding of ethidium to chromatin. 
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