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The structural properties of Hl-depleted oligonucleosomes are investigated by the use of quasielastic laser light scattering, 
thermal denaturation and circular dichroism and compared to those of Hl-containing oligomers. To obtain information on the 
role of histone Hl in compaction of nucleosomes, translational diffusion coefficients (D) are determined for mono-to 
octanucleosomes over a range of ionic strength. The linear dependences of D on the number of nucleosomes show that the 
conformation of stripped oligomers is very extended and does not change drastically with increasing the ionic strength while 

the rigidness of the chain decreases due to the folding of linker DNA. The results prove that the salt-induced condensation is 
much smaller for Hl-depleted than for Hl-containing oligomers and that histone Hl is necessary for the formation of a 

supercoiled structure of oligonucleosomes, already present at low ionic strength. 

1. Introduction 

A better knowledge of the relative spatial 
arrangement of the linker DNA with respect to 
adjacent nucleosomes should provide useful infor- 
mation for understanding the structural organiza- 
tion of chromatin (for recent reviews, see refs. 1 
and 2). The nucleosome filament that constitutes 
the first level of packing of DNA in chromatin is 
further folded into a fiber of 25-30 nm in diame- 
ter in nuclei and in isolated chromosomes [3-71. 
This fiber has been interpreted either as helically 
organized repeating nucleosomal units [8] or, alter- 
natively, as repeating clusters of nucleosomes or 
‘superbeads’ [9]. It is now widely accepted that 
histone Hl is required for condensation of poly- 
nucleosomes into the 30 nm fiber [8-121. Histone 
Hl thus interacts with chromatin on all the levels 
of DNA packing since the stabilization of the two 

turns of nucleosomal DNA [11,13] as well as the 
precipitation of chromatin and the condensation 
of chromatin in nuclei [14-161 are dependent on 
Hl. 

One way to contribute to the resolution of 
problems of spatial arrangement of nucleosomes 
and final folding of chromatin as well as the role 
of Hl is to study physical properties of oligonuc- 
leosomes. Several authors have already attempted 
to investigate the conformation of nucleosomal 
chains by hydrodynamic methods such as sedi- 
mentation, neutron and light scattering or electric 
dichroism and birefringence. However, in many 
studies the preparations used were heterogeneous 
in molecular weight. We have eliminated this prob- 
lem by studying lower-order oligomers containing 
up to eight nucleosomes and which can be ob- 
tained as purified homogeneous samples [17-241. 

In previous papers, we reported transient elec- 
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tric birefringence [17-19,22-241 and quasielastic 
light scattering [20,21] studies of rat liver chro- 
matin oligomers with their full complement of 
bistone Hl. The results showed a change in con- 
formation with the hexamer and that has been 
confirmed by sedimentation data [25-271. By com- 
paring the conformation of Hl-containing 
oligonucleosomes with that of oligomers stripped 
of Hl, we can investigate the role of Hl in packag- 
ing nucleosomes in the chains. We have shown 
that the transition in electro-optical behavior at six 
nucleosomes disappears when Hl is removed from 
oligonucleosomes by treatment with an ion-ex- 
change resin [28] and the negative electric birefrin- 
gence becomes proportional to the nucleosomal 
chain length [19,24]. The observed alterations are 
explained by an unfolding of the Hl-depleted 
oligomers with the appearance of extended ‘bead 
and bridge’ structures. We have supplemented 
these data with quasielastic light scattering mea- 
surements which are particularly suitable to reveal 
overall differences in the size and shape of chro- 
matin particles [29-361. 

In the present study, we examined the involve- 
ment of histone Hl in the folding of low-order 
oligonucleosomes by carrying out in parallel dy- 
namic light scattering, circular dichroism and ther- 
mal denaturation studies. 

2. Materials and methods 

2.1. Isolation of nuclei and chromatin 

Nuclei were isolated from rat liver as described 
by Hewish and Burgoyne [37] and washed re- 
peatedly in 0.34 M sucrose in buffer A (15 mM 
Tris-HCl, pH 7.4, 60 mM KCl, 15 mM NaCl, 0.15 
mM spermine, 0.5 mM spermidine, 15 mM /?- 
mercaptoethanol) until they were free of cyto- 
plasmic debris as judged by phase-contrast mi- 
croscopy. Nuclei were diluted to a concentration 
of 2 x 10' nuclei/ml and incubated for 10 min at 
37°C in the presence of 1 mM CaCl,. Chromatin 
was solubilized by digestion with micrococcal 
nuclease (Worthington, 200 U/ml) for 2 min 30 S. 
The reaction was terminated by adding EDTA to 
a final concentration of 5 mM and chilling on ice. 
Nuclei. were then lysed in 0.2 mM EDTA, _pH 7.0, 

0.2 mM PhMeSO,F. After centrifugation the chro- 
matin was recovered in the supernatant and 60-80 
A,,, units were layered on an isokinetic sucrose 
gradient (5-28.2%; 1 mM phosphate buffer, pH 
7.4, 1 mM EDTA) according to Finch et al. [38]. 
After 19 h centrifugation at 26000 ‘pm in a Beck- 
man SW 27 rotor, nucleosome oligomers compris- 
ing up to eight consecutive nucleosomes can be 
separated and analyzed using a Gilford density 
gradient scanner [21,24]. Fractions corresponding 
to each peak were pooled and dialysed overnight 
against 1 mM phosphate buffer, pH 7.4, 0.2 mM 
EDTA. 

2.2. Preparation of HI -depleted oligonucleosomes 

Histone Hl was selectively removed from 
oligonucleosomes by treatment with the ion-ex- 
change resin AG 5OW-X2. Equal amounts of na- 
tive oligonucleosomes in 1 mM phosphate buffer, 
pH 7.4, 0.2 mM EDTA and buffer solution con- 
taining 900 mM NaCl were mixed under gentle 
stirring. 0.2 ml of sedimented resin/ml ( 5 10 A,,, 
units chromatin) was then added to the solutions 
of chromatin. The resin was preparated by the 
procedure of Bolund and Johns [28] and equi- 
librated with 1 mM sodium phosphate buffer, pH 
7.4, 0.2 mM EDTA and the appropriate NaCl 
concentration. 

After gently stirring for 1 h at 4”C, the samples 
were centrifuged at 800 X g for 5 min. The super- 
natants containing Hl-depleted oligomers were 
then dialyzed overnight at 4’C against 1 mM 
phosphate buffer, pH 7.4, and 0.2 mM EDTA for 
physical measurements. 

2.3. Characterization of oligonucleosomes 

2.3.1. DNA extraction and electrophoresis 

DNA was prepared by removal of proteins via 
overnight digestion with 0.1 mg proteinase K/ml 
(Merck) in 1 M NaCl, 1% SDS, 3 mM EDTA at 
37°C followed by two extractions with an equal 
volume of phenol-chloroform-isoamyl alcohol 
(25:24:1) and three extractions with chloroform- 
isoamyl alcohol (24: 1). DNA in the aqueous phase 
was then precipitated with 2 ~01s. of absolute 
ethanol at - 20°C collected by centrifugation and 
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dissolved in gel buffer (36 mM Tris-HCl, pH 7.7, 
30 mM NaH,PO,, 1 mM EDTA, 0.2% SDS). 

The DNA from oligonucleosomes was analyzed 
on tube gels with a 2.4-8.58 linear polyacrylamide 
gradient. Polyacrylamide solutions were according 
to Loening [39]. Bromphenol blue was used as a 
mobility marker and the calibration of the gels was 
made with HaeIII restriction fragments of +X 174 
DNA. At the end of the electrophoresis, the gels 
were removed from the tubes, rinsed with distilled 
water and their absorbance at 260 nm was re- 
corded using a 250 Gilford spectrophotometer with 
gel scanning accessory. 

2.3.2. Protein analysis 
Histones were extracted twice with 0.25 N HCl 

(final concentration) under fast vortex mixing and 
recovered by sedimentation of precipitated DNA. 
The supernatant was extensively dialyzed against 
distilled water and lyophilized. Histones were then 
dissolved in 0.9 N acetic acid and 15% sucrose and 
analyzed on acid-urea 15% acrylamide gels as de- 
scribed by Panyim and Chalkley [40]. Gels were 
stained with 0.1% Coomassie blue in 40% methanol 
and 10% acetic acid, destained in 10% methanol 
and 7% acetic acid and scanned at 550 nm. 

2.4. Spectroscopic analysis 

Absorption spectra were recorded on Gilford 
250 spectrophotometer. Circular dichroism (CD) 
measurements were made at room temperature 
with a Roussel-Jouan, Mark III dichrograph 
(Jobin-Yvon). Concentrations of DNA nucleotide 
residues in whole and Hl-depleted oligonucleo- 
somes were determined by the absorption at 260 
nm using an extinction coefficient of 6600 cm-’ 
(mol nucleotide)-‘. Samples used were about 1.5 
x 10e4 M nucleotide residue in 1 mM phosphate 
buffer, pH 7.4, 0.2 mM EDTA. The results are 
presented in terms of molar ellipticity, 181, in de- 
gree cm2 dmol-‘. CD spectra were recorded in the 
range 250-320 nm in cylindrical cuvettes with 1 
cm optical path length. 

2.5. Thermal denaturation measurements 

Chromatin samples were thermally denatured 
in 1.0 mM phosphate buffer, pH 7.4, 0.2 mM 

EDTA at A,,, (25’C) = 0.8-1.0. Samples were 
placed in quartz cuvettes with 1 cm path length, 
carefully degassed and sealed with a Teflon 
stopper. 

Denaturation profiles were recorded in a 250 
Gilford spectrophotometer connected to a 2527 
Gilford thermoprogrammer. Normally, a starting 
temperature of 25°C and a heating rate of 
O.S”C/min were used and a final temperature in 
the cuvette of about 95°C was achieved. The cor- 
rection for thermal expansion was automatically 
made with a Gilford model 2535 reference com- 
pensator. 

The percent hyperchromicity at temperature T 
is defined as 

0) 

where A&, is the absorbance at wavelength 260 
nm and temperature T (“C) and AszC is the 
absorbance at 260 nm and 25°C (the base temper- 
ature). 

The transition midpoint, r,,,, is defined as the 
temperature of maximum dh/dt for each thermal 
transition. 

2.6. Quasielastic polarized light scattering experi- 
ments 

The experimental setup has already been de- 
scribed elsewhere [41]. The measurements are car- 
ried out in an optical thermostatted cell (19OC) 
after ultracentrifugation of the solution samples 
and the scattered light intensity is analyzed at 90” 
scattering angle. The exciting source is a vertically 
polarized argon ion laser (X = 5145 A). The 
polarized light scattered by the molecules inter- 
feres with an intense reference beam (heterodyne 
technique), and the measured spectrum is directly 
related to the first-order electric field correlation 
function g”‘(t). For a solution containing n mac- 
romolecules of different shapes and sizes, g(‘)(t) is 
given by 

n 
g(‘)(t) = C a,e-‘/‘d (4 

i=l 

where 7i is the relaxation time related to the 
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translational diffusion coefficient Di of species i 

by 

ri = 1/q2D, 

q is the scattering vector defined as 

(3) 

q = (4nn/h0) sin( +/2) (4) 

where n is the solution refractive index, X, the 
laser wavelength in vacua and + the scattering 
angle. It should be pointed out that eq. 2 is only 
valid if the length of all the molecules remains 
smaller than h/10. 

The friotion factor was then obtained from the 
Einstein relationship 

f, = kT/Di (5) 

where k is Boltzmann’s constant and T the ab- 
solute temperature. 

To obtain the maximum information over a 
large time range, the photocurrent autocorrelation 
function was recorded for four different sampling 
times. 

The corresponding correlation functions are 
matched and fitted to three theoretical curves rep- 
resenting a unimodal, Gaussian unimodal and bi- 
modal distribution by means of a ‘conjugated’ 
gradient algorithm. According to a least-squares 
criterion, the bimodal distribution always fits sig- 
nificantly better, and all the values reported here 
have been obtained in that way. 

3. Results and discussion 

3.1. Preparation and characterization of chromatin 
oligomers 

Chromatin oligomers are obtained by sedimen- 
tation of nuclease digested chromatin through iso- 
kinetic sucrose gradients as described previously 
[17]. Fig. 1 shows 2.4-8.5% polyacrylamide gel 
gradient electrophoresis of DNA extracted from 
collected fractions. The nucleosomal repeat length, 
as calculated from these gels with Hue111 restric- 
tion fragments of +X 174 DNA, is found to be the 
same in all oligomers, 194 + 4 base-pairs (table 1). 
Electrophoretic profiles and electron microscopic 

observations (data not shown) show the high de- 
gree of purity of samples. This confirms the elec- 
tric birefringence results showing perfect mono- 
exponential decays for Hl-containing oligomers 
[17,24]. 

The removal of histone Hl, as judged by acid- 
urea/polyacrylamide gel electrophoresis, was com- 
plete at 450 mM NaCl, 1 mM sodium phosphate 
buffer, pH 7.4, in the presence of the ion-exchange 
resin (fig. 2). No measurable loss of the four core 
histones is observed and the absence of additional 
bands shows that no proteolytic degradation oc- 
curred during the preparation procedure. 

3.2. Circular dichroism and thermal denaturation 
experiments 

The effect of removal of HZ is studied by CD 
and thermal denaturation profiles. Using these 
techniques, intact and Hl-stripped oligomers are 
examined and compared in 1 mM phosphate 
buffer, pH 7.4, 0.2 mM EDTA (tables 1 and 2). 

Above 250 nm, the CD spectrum is a sensitive 
probe of DNA conformational change, since it is 
entirely due to the DNA component. The spectra 
of native oligomers exhibit a positive peak at 282 
nm with a shoulder at 274 nm and a negative peak 
at 296 nm (fig. 3). The results presented in terms 
of molar ellipticity 101 (1t91282 = 1930 f 300 degree 
cm2 dmol-‘; 1812,4/1~12s2 = 0.72 * 0.02) are in 
good agreement with previous reports [42-441. Re- 
moval of Hl caused marked changes in the CD 
spectra: the molar ellipticity values are sharply 
increased with a higher 1812,4/181282 ratio, the 
negative peak around 296 nm disappears and the 
crossover (zero ellipticity) point shifts from 268 to 
262 nm. 

The absorbance melting profile of DNA indi- 
cates its degree of stabilization by proteins. Pro- 
files of native oligomers were found to be mainly 
monophasic, showing a very high cooperativity 
with t, = 79.5 + 0.3”C and hyperchromicity h = 
40.5 f 0.5%. A typical thermal denaturation of 
Hl-depleted oligomers plotted as the relative hy- 
perchromicity vs temperature is shown in fig. 4. 
This represents a biphasic melting profile. The 
first transition had t,, = 52°C while the main 
transition, with t,, = 75”C, represents approx. 45% 
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Fig. 1. DNA gel-electrophoresis profiles of oligonucleosomes. The reference number of each oligomer sample is indicated on each 
profile. The reference peaks of the 8X 174 DNA digested by Hue111 (a) correspond to fragments of 1342, 1078, 872, 606, 310, 278, 

234 and 194 base-pairs (b). Peak 9 corresponds to bromophenol blue. 

Table 1 

DNA lengths, transition temperatures and hyperchromicities of oligonucleosomes 

DNA lengths were determined from oligonucleosome DNA electrophoretic mobility on 2.4-8.5% polyacrylamide tube gels. The 

calibration of the gels was made with Hue111 restriction fragments of +X 174 DNA. Thermal denaturation was performed in 1 mM 
sodium phosphate buffer, pH 7.4,0.2 mM EDTA. T,, T,t, Tti are the temperatures of maximum dh/dT for each transition, h7 the 
total hyperchromicity and h, the hyperchromicity found in the first transition for Hl-depleted oligomers. 

Chromatin DNA length Native oligomers Hl-depleted oligomers 

subunit (base-pairs) 

Monomer 194 19 

hr 
6) 

40.7 

T 
CG, 

T 
(G, 

“l/h, 

52 75 0.58 
Dimer 

Trimer 
Tetramer 
Pentamer 
Hexamer 
Heptamer 
Octamer 

Mean value 
Deviation 

380 19.5 40 52 75.5 0.54 
590 79.5 41.5 52 75 0.54 
780 19 41 51.5 74 0.56 
990 80 41.8 52 75 0.54 

1155 79.5 40.6 53 76 0.56 
1380 80 41.1 52 74.5 0.53 
1510 19 41 52.5 75.5 0.51 

194 79.5 41 52.1 75 0.55 
2.-3% f0.5 f0.8 f0.8 *1.0 f0.04 
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Hn Hl 
-T 

Fig. 2. Densitometric scans of histones extracted from 
oligonucleosomes after the removal of Hl. The reference num- 
ber of each oligomer sample is indicated on each profile. a and 
b show the profiles of histones extracted from native mono- 
nucleosomes (a) and octanucleosomes (b). 

of the total hyperchromicity change. Although the 
linker becomes more sensitive to thermal de- 
naturation, it is still stabilized by proteins since it 
melts at 4°C higher than pure DNA in the same 
buffer (fig. 4). On the other hand, the loss of Hl 
causes a decrease in the main transition of 4S”C. 

In several studies, results different from ours 

Fig. 3. Circular dichroism spectra of mononucleosomes (a) and 
octanucleosomes (b). (- - - - - -) Native oligomers. ( - .- *) 
Hl-depleted oligomers and ( -) DNA extracted. Solvent: 

1 mM sodium phosphate buffer, 0.2 mM EDTA, pH 7.4. 

T PC) 
m 

T (OC) 

Fig. 4. Thermal denaturation profiles of mononucleosomes (a) 
and octanucleosomes (b). (1) Native oligomers, (2) DNA ex- 
tracted and (3) Hl-depleted oligomers. Solvent: 1 mM sodium 
phosphate buffer, 0.2 mM EDTA, pH 7.4. 

have been reported, native samples having higher 
ellipticity 181zs3 values ( = 4000 degree cm2 
dmol-‘) and exhibiting neither negative peaks 
around 295 nm in CD spectra nor monophasic 
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Chromatin 

subunit 

Monomer 
Dimer 
Ttimer 

Tetramer 
Pentamer 

Hexamer 
Heptamer 
Octatner 

Table 2 

Circular dichroism parameters of rat liver oligonucleosomes 

Circular dichroism spectra were recorded in 1 mM sodium phosphate buffer, pH 7.4, 0.2 mM EDTA. Molar ellipticities were 
calculated on the basis of DNA nucleotide concentration. The values of the crossover (zero ellipticity) points X0 are to the nearest 1.0 

nm. 

Native ohgomers 

PI282 

(degree cm2 dmol-‘) 

1950 
2050 

2080 
1940 
2100 
1780 

2030 
1850 

1~1275/1~1282 x0 

(nm) 

0.72 267 
0.74 268 

0.69 269 
0.72 268 
0.70 268 
0.71 269 

0.74 267 
0.72 268 

Hl-depleted oligomers 

14 282 

(degree cm2 dmol-‘) 

3400 
3520 

3780 
3670 
3775 
3725 

3700 
3630 

1~1275/1~1282 L3 

(nm) 

0.86 263 
0.88 262 

0.87 261 
0.88 262 
0.87 262 
0.87 262 

0.88 261 
0.90 260 

Mean value 1970 0.72 268 3650 0.88 262 

Deviation *200 * 0.02 *1 * 250 k 0.02 +2 

denaturation profiles [45-491. 
The CD spectra observed by Fasman et al. do 

actually correspond to sheared damaged [42] or 
protein-depleted chromatin and, in view of this 
fact, the molar ellipticity of 4000 and multiphasic 
profiles are consistent with our results. The data 
reported by these authors may result from unfold- 
ing of oligomeric structures mainly due to the 
method of preparation used (gel filtration). Recall 
that only a small length of residual linker increases 
the ellipticities greatly, especially at low ionic 
strength [50]. 

Fasman et al. [47,48] have, however, suggested 
that the low ellipticity values found for oligonuc- 
leosomes or chromatin (= 2000 degree cm’ 
dmol-‘) were due to additional tertiary folding of 
the linker region. The linker DNA in low-elliptic- 
ity chromatin would thus be probably condensed 
in a similar manner to that of core DNA. This 
proposition was based on data showing CD spec- 
tra of chromatin similar to those for core particles 
which contain little linker DNA and assuming that 
the higher-order folding of chromatin contributes 
to the CD spectrum in a significant way. It ap- 
pears that several lines of evidence speak against 
such an explanation for the low ellipticity values 
of oligonucleosomes and chromatin. Firstly, de- 
tailed CD studies [50,51] show that the core par- 

ticle has an ellipticity maximum of ]8]2s2 = 1300 
degree cm* dmol-’ at low ionic strength. A maxi- 
mum of 2000 degree cm* dmol-’ is only found 
when core particle is destabilized in 0.6 M NaCl 
[Sl]. Secondly, the results presented here clearly 
confirm that at room temperature the superstruc- 
ture of cluomatin does not contribute to the CD 
signal [42], since the ]012s2 values for oligonucleo- 
somes are the same as that obtained for native 
chromatin under similar ionic conditions [52-541. 
Thirdly, it is well-established that oligo- and 
polynucleosomes exhibit extended structures at the 
low ionic strength we use (1 mM sodium phos- 
phate). The linker region can then be further con- 
densed when the fibers gradually fold up into the 
solenoid of pitch 11 nm [8]. A folding of linkers, 
already existing at low salt concentration, seems 
therefore to be unrealistic. 

3.2. Quasielastic light-scattering measurements 

Quasielastic light scattering experiments were 
performed on Hl-depleted oligomers in 1 mM 
sodium phosphate buffer, pH 7.4, 0.2 mM EDTA 
with increasing ionic strength (NaCl). To avoid 
problems due to interference from aggregation and 
dust particles, buffers and chromatin samples were 
centrifuged for 1 h at 200000 x g before the mea- 



60 C. Marion et d/Effect of histone HI on oligonucleosome compaction 

surements. Solution concentrations were taken in 
the range 0.3-3 A,,, after preliminary experiments 
which have shown the independence of relaxation 
times from concentration in this range. The experi- 
mental angle of scattering is 90”. No angular 
dependence in the evaluation of D was observed 
for nucleosome [33,36] or short chains of chro- 
matin [56]. 

Actually, taking into account the precision of 
our experiments, g(“( t) can be approximated by a 
sum of only two exponential terms: the nucleo- 
some oligomer (subscript 1) and high-order ag- 
gregates which are impossible to eliminate com- 
pletely (subscript 2). 

g”‘(t) = c(,e-V? + (1 - c,)e-‘I” (6) 

The relaxation time T,, from which the transla- 
tional diffusion coefficient D is calculated, con- 
tributes about 55-80% to the relaxation mecha- 
nism. This shows that Hl-depleted samples are far 
less monodisperse than the native ones which ex- 
hibited contributions of about 70-95% [20,21]. For 
Hl-depleted oligomers the measurements were re- 
peated on three different preparations at an inter- 
val of several months. Although the standard devi- 
ations of fast relaxation times (about 8-12% 
judged from the spacing of data) are larger than 
those observed for native oligomers [21], we are 

confident in the overall effect reported here. 
For oligomers in solutions with salt concentra- 

tion varying between 0 and 80 mM NaCl, the 
relaxation times are summarized in table 3. The 
dependencies of translational coefficients on the 
number of nucleosomes in the chain (n) are pre- 
sented in fig. 5a. The double-logarithmic plots of 

D = k,nb (7) 

are linear and we can estimate the effect of in- 
creasing ionic strength from the values of b. 

For ohgomers without HI at low ionic strength 
(1 mM phosphate buffer, pH 7.4, 0.2 mM EDTA) 
the experimental data are described by the relation 

D = 1.95 x 10-7n-o.65 03) 

When 80 mM NaCl is added, the experimental 
data are plotted on a straight line with a slightly 
lower slope (fig. 5b) and are described by the 
equation 

D = 2.32 x 10-7np0.60 (9) 

3.3. Conformation of HI -depleted oiigonucleosomes 
at low ionic strength 

The value of the exponent b in the expression 
for the dependence on D of n may characterize 

Table 3 

Quasielastic light scattering measurements on Hl-depleted oligonucleosomes 

Quasielastic light scattering experiments were performed in 0.2 mM EDTA, 1 mM phosphate buffer, pH 7.4, on solutions with A, 
in the range 0.3-3. The relaxation times r for the autocorrelation functions were obtained by using a bimodal distribution fitting 
(aa = 1 - at). The measurements have been repeated on three different preparations at intervals of several months with standard 

deviation of fast relaxation times f 8-12%. 

Chromatin Ionic strength 
subunit Without NaCl 20 mM NaCi 80 mM NaCl 

al al 
ES, 

=1 
3s) 

72 

(ms) 

Monomer 0.58 95 1.31 0.75 87 1.10 0.80 72 1.19 
Dimer 0.67 168 1.00 0.77 144 1.40 0.75 130 1.44 
Trimer 0.72 195 2.17 _ _ _ 0.76 162 0.71 
Tetramer 0.73 237 2.02 0.69 217 3.26 0.72 235 2.83 

Pentamer 0.65 259 1.54 0.65 218 1.62 0.64 216 1.95 
Hexamer 0.59 257 1.25 0.60 255 2.65 0.62 250 2.44 
Heptamer 0.50 279 1.46 0.73 266 1.51 0.81 286 2.51 

Ootamer 0.57 370 2.25 0.73 295 2.62 0.75 278 1.95 
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Fig. 5. Dependence of translational diffusion coefficient on the 
number of nucleosomes with 80 mM (b) and without (a) NaCl 
in 0.2 mM EDTA, 1 mM sodium phosphate buffer, pH 7.4. 

the degree of compaction and permeability of the 
polymer chain [57]. b varies from -0.35 for solid 
spheres to -0.80 for very long rods with axial 
ratios higher than 100. b is related to the exponent 
of the molecular weight power dependence of the 
sedimentation coefficient, i.e. 

s=kn” 

by the relation 

(a-b)=1 

(10) 

(11) 

At low salt concentration, Hl-containing 
oligonucleosomes present a change in the power- 
law relationship: D a nb between hexamer and 
heptamer [21] which is not observed here with 
Hl-stripped oligonucleosomes. This discontinuity, 
also observed in sedimentation measurements 
[25-271, is consistent with the formation of a unit 
of higher-order structure and suggests that a well- 
defined organization exists in low salt conditions. 
Static [58] and dynamic [30-321 light scattering, 
neutron scattering [59], electric birefringence 
[17,18,24,55] and recently synchrotron radiation 
X-ray scattering [60] also provide evidence that 

this superstructure reflects the same solenoidal or 
helical form observed at higher ionic strength for 
the condensed ‘30 nm fiber’ with approximately 
the same outer diameter but with a greater pitch. 

The value of b which we observed for Hl-de- 
pleted oligonucleosomes (b = -0.65) is in good 
agreement with sedimentation data obtained in 
similar ionic conditions: a = 0.36 [61], 0.41 [62] 
and 0.43 [23] and indicates a relatively high un- 
folding of the nucleosomal chain without dis- 
continuity in behavior. We recall that we have 
found a value of b = -0.51 for native oligomers 
[21]. Our transient electric birefringence results 
confirm the absence of any transition after the 
removal of Hl [19,24]: the steady-state birefrin- 
gence as well as the orientational relaxation time 
regularly increase with the number of nucleosomes 
in the chain. On the other hand, both the analysis 
of rise and decay areas and bipolar pulse experi- 
ments show that Hl-stripped oligomers orient 
themselves in an electric field by an induced dipole 
mechanism. All these results indicate that 
oligonucleosomes are highly extended because of 
the unwinding of DNA tails and internucleosomal 
segments. Each segment behaves like free DNA 
and the faces of the nucleosome discs a,re more or 
less parallel to the filament axis [24]. 

On the other hand, the transition in the struc- 
ture of oligonucleosomes produced by the removal 
of Hl has been observed by electron microscopy. 
Oligomers appear as ‘beads-on-a-string’ with the 
nucleosomes separated from each other by dis- 
tances of about 150-200 A (data not shown). 
However, our experimental conditions for the re- 
moval of Hl are mild enough and do not induce 
any marked histone redistribution with sliding of 
nucleosomes and/or linearization with opening 
out of nucleosomes [ll]. The higher ellipticity val- 
ues and the biphasic nature of the melting curve of 
Hl-depleted oligomers confirm that the DNA is 
not uniformly stabilized in this chromatin and are 
in agreement with the presence of free-DNA-like 
regions. The molar ellipticity 161 at 282 nm is 3650 
degree cm2 dmol-’ instead of 1970 for Hl-con- 
mining oligomers at low ionic strength (table 2). 
This can be explained by the contribution of about 
52 base-pairs of naked DNA (by assuming a molar 
ellipticity value of 8300 for DNA). 
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Such a result is consistent with the De la Torre 
and Bloomfield modelisation which has been pre- 
viously applied to interpret our experimental re- 
sults in the presence of Hl [20,21]. The lollipop 
model [63] was used to explain the shape of the 
monomer and the dimensions are reasonably well 
in accordance with electron micrographs. The 
radius u, of the spherical head and the radius a, of 
the hydrated DNA tail were taken as SS and 12.5 
A, respectively. Keeping o,/o~ constant, the length 
L of the tail was calculated from the values of 
translational diffusion coefficients D. The decrease 
in D f#om 3.02 X lo-‘cm2 s-’ [21] to 2.16 X lo-’ 
cm2 s-i with the removal of histone Hl is con- 
sistent with an increase in the tail length of about 
230 A, corresponding to an average of 68 base- 
pairs. Such an unwinding of internucleosomal seg- 
ments explains the highly extended structure ob- 
served for oligonucleosomes, as shown by the value 
of b (- 0.69, very close to that obtained for long 
rods. 

3.4. Effect of histone HI on the compaction of 
oligonucleosomes 

To determine the function of Hl in the salt-in- 
duced conforma tional changes shown previously 
[21], the translational diffusion coefficient is mea- 
sured as a function of ionic strength after the 
removal of Hl. 

At ionic strength 80 mM NaCl, our results 
giving a value of -0.60 for b are at variance with 
those obtained by Osipova et al. [62]. They found 
a = 0.55 indicating a much greater compaction 
effect than that which we observe. This dis- 
crepancy appears to be likely due to the very high 
salt concentration used (150 mM NaCl). 

The small decrease of b (from -0.65 to -0.60) 
observed here means that the conformation of 
oligonucleosomes does not change drastically with 
increasing ionic strength while the rigidness of the 
chain decreases, due to the folding of linker DNA. 
Indeed, when the ionic strength is increased from 
0 to 80 mM, the translational coefficient of the 
monomer increases from 2.16 X lop7 cm2 s-l to 
2.54 x 10e7 cm’ s-r. By using the lollipop model, 
this corresponds to a decrease of the DNA tail 
length of about 125-130 A. Note that the value of 

D observed for the Hl-depleted monomer at high 
ionic strength is smaller than that determined in 
the presence of Hl at low ionic strength (3.02 x 

10P7cm2 s-l). 

The effect of the removal of Hl on the compac- 
tion of an oligonucleosomal chain can be esti- 
mated by comparison of the present results with 
those previously reported for Hl-containing 
oligomers [21]. We recall that the experimental 
dependencies of D on n were 

D = 3.12 x 10-7n-o.51 (12) 

at low ionic strength (1 mM phosphate buffer, pH 
7.4, 0.2 mM EDTA) and 

D = 3.12 X 10-7n-0.42 (13) 

in the presence of 80 mM NaCl. We have to keep 
in mind that the values of the exponent b were in 
good accordance with the mean values of the 
exponent a determined from sedimentation ex- 
periments. a was found to be 0.52 [17,23,25,27, 
30,61,62,64,65] at low ionic strength and 0.60 [2S, 
26,621 at high ionic strength. 

We see that there is a clear difference in the 
hydrodynamic behavior of oligonucleosomes con- 
taining Hl and depleted of Hl. In the presence of 
Hl, the results suggest a helical arrangement of 
nucleosomes even at low salt concentration and 
the fact that by increasing the ionic strength, b 
decreases from -0.51 to -0.42 indicates the for- 
mation of supercoiled structures [21]. We analyzed 
the curves of the friction factor f (eq. 5) vs n (fig. 
6). At low ionic strength, data are consistent with 
a helical structure of 28 nm diameter, 22 nm pitch 
and 6 nucleosomes, described as lollipops, per 
turn. As the ionic strength increases, the data can 
be explained by a decrease in pitch (from 22 to 11 
nm) which then agrees with the solenoidal model 
[8] and a slight decrease in the helical radius. 
When computations are performed on the Hl-de- 
pleted oligomeric data, none of the helical models 
are sufficiently extended to fit the data. 

Moreover, we show here that Hl-depleted 
oligomers also condense upon increase of ionic 
strength but that they do not lead to the character- 
istic structure exhibited by native oligomers, since 
b remains equal to -0.60 at 80 mM NaCl. On 
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a 4 6 8 2 4 6 8 

n- 

Fig. 6. Dependence of frictional coefficient f, on the number 
of nucleosomes in the chain of oligonucleosomes. Salt condi- 
tions: (a) 1 mM sodium phosphate buffer, 0.2 mM EDTA, pH 

7.4; (b) 1 mM sodium phosphate buffer, 0.2 mM EDTA, 80 
mM NaCl, pH 7.4. (0) Hl-containing oligonucleosomes, (0) 
Hl-depleted oligonucleosomes. 

increasing the ionic strength, the translational 
coefficient also decreases but its rate of decrease is 
much smaller for Hl-depleted oligomers than for 
Hl-containing oligomers. In the case of stripped 
oligomers, the condensation may simply arise from 
the polyelectrolytic behavior of DNA internucleo- 
somal segments. 

In conclusion, these results clearly prove that 
histone Hl is necessary for the formation of a 
supercoiled structure of oligonucleosomes. We re- 
call that hydrodynamic measurements have pro- 
vided evidence that a well-defined superstructure 
of chromatin may exist in low salt conditions 
[15,17,18,24,30-32,58,60]. The ionic strength-in- 
duced condensation of chromatin is thus ‘accor- 
dion-like’ [24,32] making possible the fast reversi- 
ble loosening of superstructure occurring during 
the cell cycle. Presently, it is not known how Hl 
brings about the condensation of extended struc- 
tures into compact fibers. We can only suggest 
various possibilities, as the ionic strength increases 
[24,66]: neighboring Hl may interact with each 
other or Hl may interact with the DNA of more 

than one nucleosome or linker region. One can 
also imagine that Hl may modify the conforma- 
tion of the spacer, constraining the nucleosomal 
chains into a more compact particle. 

One also has to keep in mind that a 
condensation very similar to the salt-induced fold- 
ing of native chromatin has been observed in 
reconstitution experiments [12,54]. We have indeed 
recently shown that Hl-depleted chromatin reas- 
sociated with various Hl subfractions produces 
fibers more compact than the native ones although 
some features of native chromatin (CD spectra, 
thermal denaturation profiles, electron micro- 
graphs and nuclease digestion barriers) are cor- 
rectly restored [54]. 
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