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Diffusion-Enhanced Resonance Energy Transfer Shows that 
Linker-DNA Accessibility Decreases During Salt-Induced 
Chromatin Condensation 
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Accessibility of linker-DNA chromatin during salt-induced condensation of chicken erythrocytes 
chromatin was studied by diffusion-enhanced resonance energy transfer. A terbium complex was 
covalently bound to linker-DNA and fluorescein molecules bound to latex particles with diameters 
ranging from 14 to 2470 nm were used as acceptor. The accessibility of linker-DNA to molecules 
with a diameter superior to 14 nm diminished during condensation, but for an acceptor diameter 
of 14 nm or less, no accessibility variation was observed. It can be concluded that (1) linker-DNA 
is located inside the fiber when chromatin is in the condensed state, (2) chromatin condensation 
can prevent the approach to DNA due to steric hindrance, (3) salt-induced chromatin condensation 
is a gradual process, and (4) condensed chromatin models containing a central cavity are more 
likely. 
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I N T R O D U C T I O N  

One of  the many mechanisms that control the reg- 
ulation o f  genes expression in nuclei is the degree o f  
chromatin condensation. The heterochromatin, the re- 
gion of  chromatin that is in a condensed state in inter- 
phase cells, is believed to be composed essentially o f  
unexpressed genes. Indeed, the translocation of  an active 
gene near a heterochromatic domain can result in its re- 
pression, an effect which is called position-effect varie- 
gation. Reuter et al. (~ showed that in Drosophila a zinc 
finger protein is a controlling agent for the formation of  
heterochromatin and thus modulates the variegation ef- 
fect. In vitro Hansen and Wolffe (2) showed that the com- 
paction o f  arrays o f  nucleosomes induced by Mg 2+ 
inhibits the transcription of Xenopus 5S RNA genes. Ka- 
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makaka and Thomas (3) showed that, in chicken erythro- 
cytes, the once active [3-globin gene is partially depleted 
o f  H1 and H5 histones relative to inactivated genes. The 
H1 and H5 histones, which are known to stabilize the 
condensed structures of  chromatin, (4) are responsible for 
eukaryotic gene repression, possibly through the for- 
mation o f  condensed chromatin structures35) These ob- 
servations led to the conclusion that chromatin conden- 
sation has a major role in repressing genes transcription, 
possibly by preventing transcription proteins from ap- 
proaching the DNA by steric hindrances. It thus appears 
interesting to determine quantitatively the accessibility 
o f  DNA in chromatin toward molecules o f  different sizes 
at various degrees o f  chromatin condensation. 

Resonance energy transfer measurements have long 
been used in the field o f  biomolecular structure and dy- 
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Fig. 1. Psoralen-terbium complex (Pso Tb). The different constituents 
of the molecule are outlined: PAS, paraamino salicylic acid; DTPA, 
diethylenetetraminepentacetic acid. 

namics to measure distances (for review, see Ref. 6). In 
this work, we chose a terbium complex covalently at- 
tached to linker-DNA of chicken erythrocytes chromatin 
as fluorescent donor molecule. The aecelator particles are 
polystyrene Fluospheres labeled with fluorescein and 
having diameters ranging from 14 to 2.47 gin. We ob- 
served the variation of the F6rster energy transfer rate 
constant during chromatin condensation induced by an 
increase in the sodium chloride concentration and related 
the constant to the distance of closest approach between 
the fluorescent terbium donor and the fluorescein accep- 
tor, i.e., to the accessibility of linker-DNA for the Fluos- 
pheres. 

EXPERIMENTAL 

Terbium Complex Tb(EDTA)- 

Tb(EDTA)- complex was prepared by the addition 
of an excess of EDTA to TbC13"6H20 in aqueous solu- 
tion. The complex was purified by ion-exchange chro- 
matography on an AG1X8 column with elution by an 
ammonium acetate gradient (0.01 to 4 M, pH 6.8). The 
identification of the complex in the collected fractions 
was carried out by fluorescence measurements. The col- 
lected solution was then freeze-dried and kept at 4~ 

Terbium Complex Psoralene-Terbium 

The 4"- { 9"-[((4-carboxy-3-hydroxyphenyl)-aceta- 
mido)- 3"',6", 9"- (triacetyl)-3", 6", 9"-triazanonamido]-2", 
6"-diazanonyl}-4,5',8-trymethyl psoralen-terbium com- 
plex (Pso-Tb; Fig. 1) was synthesized by a modified 
Oser reaction [7,8] and is the fluorescent donor mole- 

cule. It is composed of a psoralen moiety linked to a 
terbium complex (PAS-DTPA-Tb) via a diazanonyl 
linker. All reactions were carried out in the dark, as psor- 
alen is photosensitive. The product was purified by chro- 
matography on a Bio-Rad AG50WX8 column with elu- 
tion by 1 mM NH4C1 and was detected by measurement 
of the absorbance at 210 nm. The collected solution was 
freeze-dried. Pso-Tb is a white powder and was kept in 
the dark. Characterization of the product was made by 
FT-IR spectroscopy, mass spectrometry, and fluores- 
cence spectroscopy (not shown). 

Chromatin Preparation 

Chicken erythrocyte chromatin was prepared from 
chicken blood as described previously. (9) The chromatin 
can be stored in sodium cacodylate buffer, pH 6.5, at 
4~ for 10 days. 

Covalent Fixation of Psoralen-Terbium Complex to 
DNA and Chromatin 

A Pso-Tb solution was mixed with a DNA or chro- 
matin solution so that the ratio [DNA or chroma- 
tin]/[Pso-Tb] is 100 (polymer concentration is expressed 
in mole of nucleotides per litre). The solution was equil- 
ibrated for 1 h at 0~ in the dark. The photocovalent 
reaction was initiated by irradiation of the solution with 
a near-UV light at a 366-nm wavelength at 0~ The 
366-nm radiation was isolated from an Hamamatsu xe- 
non lamp (Model L-2569) by a blue filter which 
removed the lamp emission above 455 nm and below 
340 nm. The solution was dialyzed three times against 
1 mM sodium cacodylate buffer at pH 6.5 in order to 
remove non-covalently bound molecules. 

Fluospheres 

The Fluospheres were purchased from Molecular 
Probes Inc. (Eugene, OR). They are constituted of a non- 
porous polystyrene spherical core and a slightly porous 
surface constituted of grafted polymer containing nega- 
tively charged carboxylic acid groups, thus reducing the 
hydrophobic character of the latex spheres and prevent- 
ing them from histone protein adsorption. The high level 
of fluorescein labeling of the spheres gives rise to a high 
energy transfer from terbium. The diameters of the 
spheres were 14, 93,282, 977, and 2470 nm. The Fluos- 
pheres can be used in buffers containing up to 1 M uni- 
valent salt without precipitation and their visible 
absorption maximum is located at 490 nm. The Fluos- 
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pheres were dissolved in sodium cacodylate buffer, pH 
6.5, and the solution was sonicated before use in order 
to disrupt aggregates. 

Lifetime Measurements 

Fluorescence lifetimes were measured with an Ed- 
inburgh (Scotland) photocounting instrument, Model 
199S, equipped with a microsecond xenon flashlamp, 
Model 199XF. Excitation and emission wavelengths 
were set at 460 and 490 nm, respectively. The lifetimes 
were calculated from the fluorescence decay curves by 
the least-squares method using software provided by the 
IBH Company (Glasgow, Scotland). 

Principle of the Accessibility Measurements 

F6rster showed that a fluorescent donor molecule 
can transfer its energy to an acceptor molecule via a 
dipole-dipole interactionY ~ The resonance energy trans- 
fer occurs with a static transfer rate constant k 2 (M -~ s -]) 
given by 

k 2 ~ 8 . 7 1 " 1 0 2 3 J K 2 n - 4 d P o ' r o l r  -6  ( l )  

where n is the refraction index of the solution, d# 0 and 
% are, respectiveIy, the quantum yield and the lifetime 
(s) of the donor in the absence of acceptor, K is a factor 
depending on the relative orientation of the donor and 
acceptor transition moments, and r is the distance (~.) 
between donor and acceptor. When the donor and ac- 
ceptor are free to rotate, the orientation factor is equal 
to 2/3. The overlap integral J(M -] cm 3) is defined as 

f F(h).e(h).X4.dX 
J = (2) 

f F(X).dh 
where F(X) is the fluorescence intensity of the donor at 
wavelength X and a(h) is the extinction coefficient (M -I 
cm -~) of the acceptor at the same wavelength. 

Equation (1) can be rewritten as 

k~ % (3) 

where R o (A), the critical F6rster distance, is equal to 

Ro = 9.79"103 (JK2(I)0Jv/-4) 1/6 (4) 

When the donor fluorescence lifetime is sufficiently 
long, the acceptor has enough time to diffuse toward the 
donor before donor deexcitation by fluorescence and so 
the energy transfer is enhanced. In the case of very rapid 

diffusion, the energy transfer will reach its maximum 
value: the system is in the fast diffusion limit of diffu- 
sion enhanced resonance energy transfer (FDL-DERET) 
and the fluorescence lifetime -r of the donor is related to 
the acceptor concentration [A] by (1~ 

1 1 
- + k~[A] (5 )  

T T o 

where k~ is the dynamic transfer rate constant. 
In order to study the accessibility of linker-DNA in 

chicken erythrocytes chromatin toward molecules of dif- 
ferent sizes, we have used a fluorescent donor (Pso-Tb) 
bound to the linker-DNA and an acceptor bound to 
spherical particles of variable size. A measurement of 
the F6rster transfer rate constant kd, under the FDL- 
DERET conditions, will give an estimation of  the vari- 
ation of linker-DNA accessibility as salt-induced chro- 
matin condensation occurs. 

If the donor is bound at the center of a cylinder of 
radius R d and the acceptor at the center of a sphere of 
radius Ra, then the dynamic transfer rate constant (in 
FDL-DERET) must be computed by integrating the 
static transfer rate constant k2 over all orientations and 
distances between donor and acceptor, (H) leading to 

10 27 NA "rr2R6 
k~ - (6) 

4%d 3 

where d (A) is the distance of closest approach between 
the donor and the acceptor (d = R a + R~) and NA is 
Avogadro's number. 

The distance of closest approach is related to the 
accessibility of the donor toward the acceptor. The 
smaller the accessibility, the greater is the distance of 
closest approach and the smaller is the transfer rate con- 
stant. A measurement of the donor lifetime at different 
acceptor concentrations will allow the determination of 
transfer rate constant and thus gives an estimation of the 
accessibility of the donor. 

It can be shown (see Appendix) that when the ac- 
ceptor is not at the center of the sphere but uniformly 
distributed over the sphere (as in the Fluospheres), Eqs. 
(3) to (6) are still valid. If  donors and acceptors are 
charged, the expression of the static transfer rate con- 
stant must be modified to take into account the repulsion 
or attraction between the two molecules. Equation (1) 
must be multiplied by an exponential factor e (-"(r)/kn, 
where to(r) is the potential of the mean force between 
the two charges, k is the Boltzmann constant, and T is 
the absolute temperature.(12) 
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Fig. 2. Total fluorescence spectrum of the psoralen-terbium complex. Horizontal axis represents the excitation and emission wavelengths. Vertical 
axis is the fluorescence intensity. 

RESULTS 

The psoralen moiety of the Pso-Tb donor complex 
(Fig. 1) intercalates between the bases pairs of DNA and 
can photoeovalently cross-link DNA at thymine sites by 
irradiation at 366 nm/3) It appeared necessary to bind 
covalently the probe to the DNA in order to prevent its 
expulsion from its intercalation site when the chromatin 
condensation is induced by Salt addition. The psoralen 
shows a preference for fixation at 5'-TA sequences rel- 
ative to 5'-AT sequences, o4) Cross-linking of psoralen to 
DNA does not appreciably perturb the DNA structure. It 
lengthens the DNA only by about the equivalent of 1 bp 
per bound adduct. (~6~ The circular dichroism spectra of 
DNA and psoralen-DNA photoadduct are very similar 
(data not shown); we can thus be confident that the struc- 
ture of the DNA is not greatly affected by the fixation of 
the probe. It shows a preference for certain domains of 
chromatin: when the ratio [chromatin]/[Pso-Tb] is greater 
than 100, the psoralen is bound almost exclusively to 
linker-DNAY 5~ At so low an intercalator concentration it 
was shown (~6) that 90% of the DNA in chromatin is pro- 
tected from psoralen binding and thus the chromatin re- 
tains its higher-order structure and no perturbation of its 
condensation by the psoralen is to be feared. 

The diameters of the acceptor Fluospheres simulate 
a large range of protein sizes. The spheres are negatively 
charged, so that they do not adsorb on DNA and remain 
free to diffuse in the solution. The advantages of using 
synthetic polymers relative to proteins probes are (1) the 
better control of the diameter and size dispersion of the 
probe, (2) the absence of positive charges that could lead 
to DNA binding, (3) the absence of any sequence spec- 
ificity, and (4) the stability toward ionic strength varia- 
tions. 

Spectral Properties of Pso-Tb 

The extinction coefficient of Pso-Tb is 290 M- 
cm -1 at 280 run. The fluorescence emission spectra of 
free Pso-Tb for various excitation wavelengths are 
shown in Fig. 2. In this spectrum, one horizontal axis 
represents the excitation wavelength, the other horizontal 
axis represents the emission wavelength, and the vertical 
axis is the fluorescence emission intensity. A slice in the 
graph parallel to the emission axis represents a classical 
fluorescence excitation spectrum and a slice parallel to 
the excitation axis represents a classical emission spec- 
trum. The group of peaks above 500 nm (emission) are 
the second-order scattering peaks. For clarity, the first- 
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Fig. 3. Top: Time resolved emission of fluorescence spectra (TREF) 
of Pso-Tb in the absence and in the presence of fluorescein. Irr~v 
represents the integrated fluorescence from 0.88 ms after the lamp 
flash up to infinite time. (A) TREF excitation spectntm of  Pso-Tb 
(emission, 490 nm). (B) TREF emission spectrum of  Pso- Tb (exci- 
tation, 460 nm): (C) TREF emission spectrum of  Pso--Tb with 10 _5 M 
fluorescein (excitation, 460 nm). (D) TREF emission spectrum of Pso 
Tb with 5.10 -5 M fluorescein (excitation, 460 nm). Bottom: Fluores- 
cence lifetimes of Pso-Tb as a function of  the excitation wavelength 
(emission, 490 nm). 

order scattering peaks have been removed. By compar- 
ison with the fluorescence spectrum of psoralen (Pso), 
paraamino salicylic acid (PAS), and Tb 3+, it can be con- 
cluded that the fluorescence spectrum of Pso-Tb is the 
result of the superposition of the fluorescence of each of 
its separate components. The fluorescence originates 
from the psoralen part for excitation between 250 and 
300 nm and from PAS between 320 and 400 nm. As the 
fluorescence of Tb 3. is superimposed on the fluorescence 
of  each of  the organic components, it is not possible to 
clearly identify the characteristic emission peaks of ter- 
bium (emission at 490, 545, and 580 nm). In order to 

select the appropriate excitation--emission wavelengths 
for lifetime measurements, it would be useful to isolate 
the fluorescence emission due to terbium out of the rest 
of the spectrum. This is possible thanks to the time- 
resolved emission of  fluorescence (TREF). The integra- 
tion of the fluorescence intensity from t = 0.88 ms after 
the lamp flash to t = ~ measures the fluorescence in- 
tensity contribution of the long-lifetime components. In 
this way, the short-lifetime components due to the or- 
ganic parts of the molecule have been eliminated IvRE~ 
can be defined as 

f F(t)dt 
fTREF - -  0.88ms 

f F(t)dt 
0 

(7) 

where F(t) is the fluorescence intensity at time t after 
the excitation pulse. Figure 3 shows the TREF excitation 
and emission spectra of Pso-Tb. It appears clearly that 
the I,~F of  Pso--Tb is maximum for excitation wave- 
lengths below 300 nm but displays a well-defined peak 
at 460 nm. It can be concluded that the part of the flu- 
orescence spectra (Fig. 2) for excitation from 300 to 450 
nm is due mainly to short-lifetime components (PAS, in 
fact). Furthermore, the TREF emission spectrum for ex- 
citation at 460 nm clearly shows the characteristic flu- 
orescence peaks of terbium (490, 545, and 580 nm). 
Therefore, the best excitation wavelength is 460 rim; be- 
cause Tb 3§ has a maximum fluorescence intensity, short- 
lifetime components of the organic part are minimal and 
DNA no longer absorbs light at this wavelength. The 
best emission wavelength is 490 nm, where the contri- 
bution of the fluorescein fluorescence is weak. Indeed, 
fluorescein fluorescence will also show a long-lifetime 
component equal to terbium lifetime due to energy trans- 
fer from terbium (see below), which was used, for ex- 
ample, by Selvin et al. ~ to observe energy transfer 
between a terbium complex and an acceptor, both co- 
valently bound to DNA. 

The fluorescence lifetime of  the terbium in this 
complex is 1.88 ms. It can be seen in Fig. 3 that for 
excitation at wavelengths under 300 nm, the terbium flu- 
orescence lifetime decreases to about 0.7 ms, indicating 
the existence of a secondary deexcitation process for the 
terbium, possibly through a nonradiative energy transfer 
process to the psoralen moiety (this excitation region 
corresponds to the wavelength range where psoralen ab- 
sorbs). The presence of  a second lifetime below 300 nm 
can result from the presence of an other terbium complex 
which would not have the psoralen moiety, due to an 
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incomplete reaction during the synthesis. As this impu- 
rity cannot be covalently bound to DNA, it will be re- 
moved during the dialysis step and will thus not interfere 
with the energy transfer measurements. For excitation at 
460 run, only one lifetime is observed, so that no inter- 
fering deexcitation process occurs for this excitation 
wavelength. There is also an energy transfer from PAS 
to terbium. Indeed, if the PAS moiety is omitted during 
the synthesis of the complex, the fluorescence intensity 
of the terbium complex is greatly reduced. The PAS acts 
as a sensitizer of terbium fluorescence in Pso-Tb com- 
plex. 

The quantum yield is defined as dp = T/%, where ,r 
is the terbium lifetime in the complex and T 0 is the in- 
trinsic lifetime of terbium, in the absence of any non- 
radiative energy transfer. Stein et al. ~18~ showed that the 
To of terbium is 4.75 ms. The quantum yield of Pso-Tb 
is thus 39%. The overlap integral (J) with fluorescein is 
1.53.10 -13 cm3/(mol/L). The Ro value for the transfer 
from terbium to fluorescein obtained from Eq. (4) is 47 
A.. 

Evidence for the Existence of an Energy Transfer 
Between Tb 3§ and Fluorescein 

Preliminary experiments were necessary in order to 
prove the existence of an energy transfer between the 
Pso-Tb complex and fluorescein. One way to do this is 
to observe a decrease in the intensity of fluorescence 
emission of  the donor and an increase in the intensity of 
fluorescence emission of the acceptor when the acceptor 
concentration increases. This is possible only in the case 
where there exists an excitation wavelength where only 
the donor molecules absorb. Furthermore, the emission 
spectra of the donor and of the acceptor should be .well 
separated. Unfortunately, in the case Pso-Tb --> fluores- 
cein, the fluorescein has a very wide absorption spec- 
trum that totally overlaps the terbium absorption spec- 
trum and the fluorescence emission spectra of both 
compounds occur in the same spectral region. So, a clas- 
sical fluorescence emission spectrum cannot distinguish 
between the emission of directly excited fluorescein and 
fluorescein excited by energy transfer. Nevertheless, it is 
possible to distinguish these two contributions thanks to 
the time-resolved emission of fluorescence (TREF). 
Morrisson ~19~ showed that, in the case of energy transfer, 
the time-resolved fluorescence of the acceptor can be 
decomposed in a sum of two decreasing exponential 
terms: the first term, due to direct excitation, has a life- 
time equal to the fluorescence lifetime of the acceptor in 
the absence of the donor, and the second term, due to 
the excitation through energy transfer, has a lifetime 

equal to the lifetime of the donor molecule. Using the 
TREF technique, the contribution to fluorescence of di- 
rectly excited fluorescein can be eliminated. Figure 3 
shows the TREF emission spectra of Pso-Tb in the pres- 
ence of increasing fluorescein concentrations. The Tb 3§ 
emission peaks at 490, 545, and 580 nm decrease, in- 
dicating that the excited terbium is transferring part of 
its energy to another molecule. Eventually, as the fluo- 
rescein concentration reaches 5 �9 10 -5 mol/L, the Tb 3§ 
peaks totally disappear and the emission spectrum be- 
comes entirely due to fluorescein fluorescence. This 
long-lifetime emission spectrum of the ftuorescein 
proves that the acceptor is excited by a long-lifetime 
donor. It can be concluded without any doubt that there 
is an energy transfer between the Pso-Tb complex and 
the fluorescein. 

Energy Transfer TbEDTA --~ Fluospheres and 
Pso-Tb -~ Fluospheres 

It was necessary to check that the energy transfer 
between terbium complexes and the Fluospheres hap- 
pened in the fast diffusion limit of DERET. Indeed, the 
spheres are large, so that diffusion can be relatively 
slow. From a theoretical point of view, the FDL-DERET 
conditions are satisfied if D%/d  2 > 1. D is the transla- 
tional diffusion coefficient, which, for a sphere, is equal 
to D = kT /6w~a  (~1 is the solvent viscosity and a the 
sphere radius). ~2~ The mean distance d (*) between do- 
nor and acceptor can be estimated to be 

3 103~ 
d 3 = - -  

4w [Acceptor] 103NA 

The ratio D%/d  2 has been computed in Table I for the 
different Fluospheres. All Fluospheres seem to meet 
FDL-DERET conditions, except the 2470-A Fluosphere. 
In practice, a plot of the reciprocal of terbium lifetime 
versus acceptor concentration must be linear in the FDL- 
DERET conditions [Eq. (5)] and the slope is equal to 
the dynamic transfer rate constant/Ca. The rate constants 
for transfer between Fluospheres and Tb(EDTA)- and 
Pso-Tb have been determined. Figure 4 shows the de- 
pendence of the reciprocal of the terbium lifetime as a 
function of acceptor concentration. Transfer rate constants 
determined experimentally together with the linear cor- 
relation coefficient are collected in Table I. In all cases, 
the dependence is linear, except for the largest Fluos- 
phere, which displays a poor correlation coefficient (es- 
pecially with DNA and chromatin). The Fluospheres up 
to 977 A can thus be used in FDL-DERET conditions for 
energy transfer with terbium complexes. The 2470-,~ 
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Table I. FDL-DERET Condition, Number of Fluorescein Molecules on a Fluosphere, Total Electrical Charge of the Acceptor, and Transfer Rate 
Constants for Different Acceptor/Donor Couples and Correlation Coefficient for the Linear Regression of the Reciprocal of the Lifetime Versus 

the Fluorescein Concentration ~ 

Acceptor Fluorescent donor 

Acceptor 
type 

Number of 
fluorescein Total 
molecules charge 

on the of the 
sphere acceptor 

D % / d  2 (N~) (gC) 

Pso Tb/Decondensed 
Tb(EDTA) Pso-Tb Pso-Tb/DNA Chromatin 

Linear Linear Linear Linear 
k d correlation k d correlation k d correlation k d correlation 

(t06 M -~ s -~) coefficient (106 34 I s -~) coefficient (i06 M -~ s 1) coefficient (106 M -~ s ~) coefficient 

Fluorescein 1.6"10 13 22 • 2 0.996 69 -+ 11 0.965 31 _+ 13 0.863 28 + 2 0.997 
Fluosphere 

d=14 nm 131.5 18 4.1.I0 -12 5.6 _+ 0.4 0.992 21 • 7 0.903 1.2 • 0.1 0.993 12 • 1 0.988 
d=93 nm 19.8 1.0.104 1.4.10 -~~ 3.5 • 0.3 0.977 10 + 2 0.925 1.5 • 0.1 0.994 14 • 4 0.935 
d=282 nm 6.5 2.9.106 3.0.10 .9 2.6 • 0.1 0.995 10 • 2 0.928 1.0 • 0.1 0.987 5 • 2 0.833 
d=977 nm 1.9 1.5-108 4.8"10 ~ 1.1 • 0.1 0.984 4.4 • 0.8 0.985 0.5 • 0.3 0.997 2.1 -+ 0.3 0.955 
d=2470nm 0.7 2.5"109 1.78"10 7 1.0 • 0.1 0.973 6.8 • 1 0.919 1.8 • 1.5 0.5647 2.48 • 0.01 0.798 

aPso-Tb concentration, 10 6 M; DNA and cbromatin concentration, 10 4 M. Buffer: 10 3 M sodium cacodylate, pH 6.5. Excitation wavelength, 
460 nm; emission wavelength, 490 nm. 

Fluosphere diffuses too slowly to be in FDL-DERET con- 

dition, as theoretically predicted. 

It can be seen from Table I that the transfer rate 

constant diminishes when the diameter of the acceptor 
particle increases, meaning that the larger the acceptor, 

the larger is the distance of closest approach [Eq. (6)]. 

Larger spheres have more difficulties in approaching the 
fluorescent donor. 

In all cases, the rate constant for the transfer from 

Tb(EDTA) is smaller than the corresponding constant 

for the transfer from Pso-Tb because of the difference 

of electrical charge on the complexes. The Tb(EDTA)-  
carries one negative charge. On the other hand, the Pso-  

Tb complex has a diazanonyl linker that contains two 

amino groups, which are both protonated at pH 6.5. 

These positive charges will screen the negative charge 
of the DTPA moiety (Fig. 1). The electrostatic repulsion 

between the Pso-Tb complex and the negatively charged 

Fluospheres will be reduced and thus the Pso-Tb com- 

plex will approach the Fluospheres more easily, resulting 
in an increase in the transfer rate constant. 

Energy Transfer Pso-Tb/DNA --~ Fluospheres 

Before probing chromatin with Pso-Tb, we wanted 
to check the effect on the transfer rate constant of an 
increase in salt concentration in the presence of both 
DNA and Fluospheres. The effect of salt on the system 
Pso-Tb/chromatin analyzed below should reflect changes 
in the transfer rate due to a modification of accessibility 

of the linker-DNA and not secondary effects, such as 

Fluosphere precipitation, charge neutralization, etc. 

The transfer rate constants for the transfer from 

Pso-Tb/DNA to Fluospheres at a low salt concentration 
(1 mM sodium cacodylate) are collected in Table I. In 

all cases, the transfer rate constant is much smaller than 

from Pso-Tb free in solution to the corresponding 

sphere. Thus, the binding of Pso-Tb to DNA reduces its 

accessibility. This can be easily understood: the presence 

of the DNA helix causes a steric hindrance to the ap- 

proach of the acceptor. Furthermore, DNA is negatively 

charged and produces a repulsion toward the negatively 
charged acceptor. 

Figures 5B to D show no significant variation of 

the transfer rate constant with an increase in sodium 

chloride concentration for transfer between free Pso-Tb 
and Fluospheres or Pso-Tb/DNA and fluorescein or 

Fluospheres. A statistical test based on the "nul l  hy- 

pothesis ''(21~ was used in order to check that the slope 

of the regression line was not significantly different from 
zero, indicating that there is no correlation between the 

energy transfer rate constant and the NaC1 concentration. 

No precipitation of the Fluospheres was observed. Thus, 
the charge neutralization of the Fluospheres induced by 

the cations is not sufficient to increase the DNA acces- 

sibility or to allow sphere aggregation. We can thus be 
confident that no side effect can result during the in- 

crease in ionic strength in the case of the measurements 
described below. The increase in rate constant in the 
case of transfer from free Pso-Tb to fluorescein (Fig. 
5A) results from a variation of the fluorescein absorption 
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Fig. 4. Reciprocal of the fluorescence lifetime of Pso-Tb as a function 
of the fluorescein concentration (excitation, 460 nm; emission, 490 
nm). Fluorescent donors: triangles, Pso-Tb, squares, Pso-Tb/DNA; 
circles, Pso-Tb/chromatin. Acceptors: (A) fluorescein; (B-F) Fluos- 
pheres with respective diameters of 14, 93, 282, 977, and 2470 nm. 

spectrum as [NaC1] is increased, leading to a variation 
of  the overlap integral, as already shown by Labarbe e t  
a L (22) 

Energy Transfer Pso-Tb/Chromat in  --> Fluospheres 

The transfer rate constants from Pso-Tb complex 
covalently bound to linker-DNA in chicken erythrocyte 
chromatin to the Fluospheres at a low salt concentration 
(chromatin is in extended form) are given in Table I. 
The transfer rate constants are smaller than for the cor- 
responding transfers from free Pso-Tb (except for the 
93-nm Fluosphere). Thus, the fluorescent donor is more 
accessible when free in solution than when it is bound 
to chromatin. On the other hand, they are generally 
larger than for transfer from Pso-Tb bound to DNA. 
How can Pso-Tb bound to chromatin be more accessible 
than when it is bound to DNA? The presence o f  histone 
proteins should reduce the accessibility due to steric hin- 
drances. As the histones are positively charged, <23) they 
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Fig. 5. Evolution of the dynamic transfer constant k d as a function of 
the sodium chloride concentration. (A) Transfer from Pso-Tb to flu- 
orescein. (B) Transfer from Pso-Tb to 14 nm (squares), 93 nm (up 
triangles), 282 nm (down triangles), 977 nm (diamonds), and 2470 nm 
(hexagons) Fluospheres. (C) Transfer from Pso--Tb/DNA to fluores- 
cein. (D) Transfer from Pso-Tb/DNA to Fluospheres (same symbols 
as in B). 

partially neutralize the negative charges o f  DNA, reduc- 
ing the electrostatic repulsion of  Fluosphere, which 
yields an increase in rate constant. It is interesting to 
note that the sensitivity o f  the FLD-DERET rate constant 
to electrostatic interactions, which has been used for ex- 
ample by Wensel e t  al. (12) to study the electrostatic prop- 
erties o f  proteins, could give interesting information 
about the electrostatic field around the D N A  or chro- 
matin. The electrostatic interaction between D N A  poly- 
electrolytes has indeed been at the center o f  an intense 
debate these last years. (24,25) 

Chromatin condensation was induced by the addi- 
tion of  microvolumes of  sodium chloride to a solution 
containing Pso-Tb/chromatin and Fluospheres. Wi- 
dom (24) showed by electron microscopy and X-ray scat- 
tering that a sodium concentration above 50 mM will 
induce chromatin folding. The measure of  the variation 
of  terbium lifetime as a function of  salt concentration 
allowed us to determine the variation of  transfer rate 
constant during chromatin condensation (Fig. 6). Free 
fluorescein and the 14-nm Fluospheres showed no var- 
iation of  transfer rate constant with salt concentration 
(Figs. 6A and B). Indeed, by applying the "null hy- 
pothesis" statistical test, only the decreases observed 
with the spheres larger than 93 nm are significant; in the 
case of  fluorescein and the 14-nm Fluosphere, the slope 
of  the regression line is not significantly different from 
zero, meaning that linker-DNA is still accessible to mol- 
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trations were increased, respectively, over 50 mM or 200 
gM, chromatin took a more condensed structure called 
the 30-nm fiber.( TM Various models of chromatin fibers 
have been proposed. Finch and Klug (25) described the 30- 
nm fiber as a solenoid containing six nucleosomes per 
turn and a pitch of 110 A. The exact orientation of the 
nucleosomes and the position of linker-DNA and its as- 
sociated H1 histone, are not exactly known. Several 
models have been proposed. McGhee e t  al. ~27~ proposed 
that the linker was coiled around a helix the axis of 
which passes through the center of the nucleosomes, im- 
plying that the center of the 30-nm fiber is hollow. In 
the model proposed by Butler e t  al. ,  (28~ linker-DNA 
makes a reverse loop between two successive nucleo- 
somes in the center of the fiber. The cross-linker model 
proposed by Williams e t  al. (29,3~ possesses nonsequential 
nucleosomes connected by transversal linkers passing 
through the center of the fiber. Woodcock e t  al.O~) pro- 
posed a two-start helical model where a zigzag fiber is 
compacted into a solenoid. 

The chromatin appears now to have a loose three- 
dimensional structure, even at low salt concentrations. 
Scanning force microscopy of chromatin at a low salt 
concentration revealed that its structure is a loose array 
of nucleosomes with a diameter of about 34 nm.< 32~ 
When the salt concentration is increased, the chromatin 
gradually compacts nearly without any change in its di- 
ameter. Over 80 mM sodium, it adopts a compact irreg- 
ularly segmented structure, much less regular than what 
was initially proposed in previous models/32) 

ecules up to a diameter of 14 nm even in the condensed 
smmtures of chromatin. With the Fluospheres of diam- 
eter 93, 282, 977, and 2470 rim, the general trend is a 
decrease, which is significantly larger than the experi- 
mental error, of the transfer rate constant as the sodium 
concentration increases. Thus, for molecules with a di- 
ameter superior to 14 nm, the accessibility of  linker- 
DNA is reduced in the condensed structures of 
chromatin: acceptor can no longer approach the linker 
in the 30-nm fiber. 

DISCUSSION 

It is generally accepted that below 50 mM NaC1, 
chromatin is in an unfolded state. In early electron mi- 
croscopy experiments, chromatin appeared to adopt an 
open zigzag structure 100 A wide at low ionic 
strength. (a5,26) When the sodium or magnesium concen- 

Variation of Linker-DNA Accessibility During 
Chromatin Condensation 

Equation (6) allows us to compute the distance of 
closest approach (d) between DNA in the chromatin cyl- 
inder and the Fluosphere. From this equation, it is evi- 
dent that a reduction of DNA accessibility (i.e., an 
increases in the distance of closest approach) will result 
in a decrease in the dynamic transfer constant/ca. 

When the diameter of the Fluosphere probe is in- 
ferior to 14 nm, the accessibility is independent of so- 
dium ion concentration, indicating no variation of 
linker-DNA accessibility for small molecules during 
condensation (Fig. 6). When the diameter of the probe 
is superior to 93 run, a decrease in DNA accessibility is 
observed during chromatin condensation (Fig. 6). The 
decrease in accessibility can be due only to steric hin- 
drance preventing the approach of the Fluosphere toward 
the linker-DNA as a result of  the condensation process, 
and not to secondary effects, as no variation of acces- 
sibility is observed for naked DNA (Fig. 5). It should 
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be noted that an increase in salt concentration increases 
the screening of the negative charges of the DNA and 
Fluospheres, which increases the accessibility. As the 
observed effect is, on the contrary, a decrease in acces- 
sibility with increasing salt concentration, the effect of 
charge screening does not conflict, from a qualitative 
point of view, with the conclusion that the decrease in 
rate constant is due to chromatin condensation. How- 
ever, it limits the quantitative aspects of the experiment, 
as it results in an underestimation of the minimal ap- 
proach distance between donor and acceptor. 

We conclude that the critical diameter for protein 
exclusion from compact chromatin structures must be 
between 14 and 93 nm. The critical diameter may be 
compared with the size of the RNA polymerase protein. 
Eukaryotic RNA polymerases consist of different subun- 
its, the largest units typically having molecular weights 
of 200,000 and 140,000 daltons. There are 10 more units 
with a molecular weight ranging from 10,000 to 90,000 
daltons. (33~ The total RNA polymerase weighs approxi- 
mately 500,000 daltons. The diameter of the polymerase 
can be estimated to be superior to 15 urn. The polymer- 
ase is thus sufficiently large to be kept away from the 
DNA in the condensed chromatin. It can be speculated 
that the exclusion could be partially responsible for the 
long-term repression of the genes in the condensed chro- 
matin structures. 

It is considered that chromatin condenses at 50 mM 
NaC1. However, our accessibility measurements show that 
the chromatin accessibility already decreases at 20 mM 
NaC1 (Fig. 6). The accessibility decreases up to 150 mM 
NaC1. Thus, condensation is not an all-or-none process 
where a two-state equilibrium abruptly switches from the 
decondensed to the condensed state at a particular sodium 
concentration. The condensation must rather be consid- 
ered as a gradual reorganization of the chromatin structure 
from an open to a more compact structure. 

The location of the linker in the chromatin fiber has 
been the subject of intense debate during these last years. 
The observed decrease in linker accessibility indicates 
that the linker cannot be situated on the outside of the 
condensed fiber; otherwise, condensation would not lead 
to an increase in the distance of closest approach be- 
tween Fluospheres and linker-DNA. Linker-DNA must 
be located somewhere inside the condensed structure. As 
histone H1 is bound to the linker-DNA, (34) this also 
means that H1 must be located inside the fiber, in agree- 
ment with previous fluorescence measurements made 
with labeled H5 histones, (35~ neutron scattering measure- 
ments, (36) and micrococcal nuclease digestion. (32,37~ 

When the diameter of the probe is less than 14 nm, 
linker-DNA is equally accessible in condensed as in de- 

condensed chromatin. Furthermore, the distance of clos- 
est approach of the 14-rim fiber is quite small, even 
smaller than the diameter of the chromatin fiber. Since 
the linker must be situated in the interior of the chro- 
matin fiber, this means that there must be a way for 
small molecules to diffuse inside the chromatin fiber. 
This observation favors models of chromatin fiber in 
which there is a central cavity in the solenoid where 
small molecules are free to diffuse. 

In conclusion, 
(i) linker-DNA is situated inside the condensed 

chromatin fiber, 
(ii) condensed chromatin prevents molecules with 

a diameter larger than 14 nm from approach- 
ing linker-DNA, 

(iii) chromatin condensation is a gradual process, 
and 

(iiii) models of chromatin fiber containing a central 
cavity seem to be the more likely. 

APPENDIX 

The Static Rate Constant for Transfer Between a 
Donor Molecule and a Sphere Uniformly Labeled 
with Acceptors 

Equation (1) gives the expression of the static trans- 
fer rate constant between a donor molecule and an ac- 
ceptor molecule. It is necessary to modify this expres- 
sion for the case of a transfer between a donor (Pso-Tb) 
and a sphere uniformly labeled with acceptor molecules 
(Fluosphere). The probability that a transfer to the whole 
sphere occurs is equal to the sum of the probability of 
a transfer to each of the elementary volume elements d V  

of the sphere. The static transfer rate constant will be 
equal to (Fig. 7) 

1 f 1 k2spher e = 8 . 7 o 1 0 2 3  drK2(I)0  n - 4 -  9(r)~dV 
70 VOLUME 

a 

= 8.7"1023 J K 2 ~ o n - 4 1 / r  ' 2 "  dr' 
TO 0 

I , i  

dO (8) 
2~rsin(0) 

p(r) r ~  
0 

where J is the overlap integral between the emission 
spectrum of the donor and the absorption spectrum of 
the acceptor molecule, 9(r) is the density (molecule/A 3) 
of acceptor at point r on the sphere, a is the radius of 
the sphere (A), and dV = dx.dy.dz is the volume element. 



Linker-DNA Accessibility in Folded Chromatin Studied by DERET 117 

R 

dO 

dr '  

t 

Fig. 7. Representation of  the transfer from an acceptor molecule (P) to a sphere of  radius a, uniformly labeled with acceptors. 

The other parameters are shown in Fig. 7. The density 
of fluorescein molecules on the sphere is supposed to be 
constant. 

It should be noted that the refractive index is not 
constant everywhere along the line joining the donor and 
the acceptor. Indeed, inside the sphere the refractive in- 
dex is n = 1.6 for polystyrene, and outside n = 1.33 
for water. Nevertheless, for simplicity, as the difference 
between the two indexes is small, we assume that the 
refractive index is 1.33 in the whole space, even inside 
the sphere. 

As the overlap integral J corresponds to transfer to 
one  acceptor molecule, all the constants in front of  the 
integral can be collected in a term R6/%, where R06 is the 
critical F6rster distance for the transfer to one  acceptor 
molecule. 

Referring to Fig. 7 and using trigonometric rela- 
tions, it is evident that 

r 2 = r '2 q- R 2 - 2r'Rcos(0) (9) 

where R is the distance between the donor and the center 
of the sphere. 

The transfer rate constant has to be computed for a 
constant donor-center of  sphere distance, so that R is a 
constant. For any given value of r' (i.e., r' is constant), 
differentiation of Eq. (9) will give 

sin(0)d0 & 

r r 'R 

The boundaries of  integration are found in Eq. (9). If  0 
varies from 0 to w, r will vary from R - r' to R + r'. 

Equation (8) then becomes 

a R + /  

k2Spher e R 6  2v  r ' d r '  r 5 
TO 0 R-r' 

_ R ~ 4  1 
. . . .  ~ -pa  3 

To 3 [(R + a) (R - a)] 3 

The number NF of acceptor molecules bound on a sphere 
is equal to 

4 

The equation can be further simplified by the following 
approximation: 

(R - a ) ( R  + a )  ~ e 2 

The static rate constant can now be written as 

Ro ~ N~ 
k2spher e TO R 6 ( 1 0 )  

So the transfer between a donor molecule and a sphere 
uniformly loaded with NF acceptor molecules can be ap- 
proximated as happening between a donor and a sphere 
with all NF acceptor molecules located at the center of  
the sphere. 

The Dynamic Transfer Rate Constant for a 
Transfer Between a Donor  Molecule and a Sphere 
Uniformly Labeled with Acceptor 

The dynamic transfer rate constant is computed by 
integration of Eq. (10) for all positions and orientations 
of  the donor and acceptor. In the case of  a transfer be- 
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tween a donor located at the center of a cylinder (DNA) 
of radius Rd and an acceptor located at the center of a 
sphere (Fluosphere) of radius Re, the dynamic transfer 
rate constant can be computed by a simple modification 
of the Wensel formula [ 11 ]: 

1 0-27"NA'ri'2 Ro 6 
k.Sphero - 4% d3 NF = ~dNF 

where N A is Avogadro's number and d (A) the distance 
of closest approach (d = R e + Ra). It must be noted that 
kd is equal to the dynamic transfer rate constant for a 
transfer to one acceptor molecule located at the center 
of the same sphere. The advantage of uniformly labeled 
sphere is to increase the rate constant by a factor equal 
to the number of acceptor molecules loaded on the 
sphere, allowing the use of a lower sphere concentration 
and thus reducing the amount of light scattered by the 
spheres, making experimental observations easier. 

The evolution of the fluorescence lifetime of the 
donor with sphere concentration will be given, in the 
FDL-DERET limit, by Eq. (5): 

1 1 
- -  + kdsphere[Sphere ] 

T 'r o 

1 
= _ + k d N F [ S p h e r e  ] 

% 

1 
= - -  + k~[Acceptor] 

To 

Since each Fluosphere is labeled with NF acceptor mol- 
ecules, when using the fluorescein-labeled Fluospheres, 
in order to compare the dynamic transfer rate constant 
of spheres of different diameters (and consequently a 
different number of fluorescein molecules bound to 
them), it is important to compare the/ca constants (rather 
than the kdSpher e constant) for which the effect of N F has 
been eliminated. Consequently, the dynamic rate con- 
stant will be determined by linear regression on 1/T ver- 
sus [Fluorescein] (where [Fluorescein] = NF [Sphere] is 
the total fluorescein concentration in solution). 
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