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Abstract. Synchroton radiation X-ray scattering 
experiments have been performed on chicken ery- 
throcyte chromatin fibres over a wide range of ionic 
conditions and on various states of the fibres (i.e. 
"native" in solution, in gels and in whole nuclei; 
chromatin depleted of the H1 (H5) histones and 
chromatin with bound ethidium bromide). 

A correlation between the results obtained with 
the various chromatin preparations provides evi- 
dence for a model according to which at low ionic 
strength the chromatin fibre already possesses a 
helical superstructure, with a diameter comparable 
to that of condensed chromatin, held together by the 
HI(H5) histone. The most significant structural 
modification undergone upon an increase of the 
ionic strength is a reduction of the helix pitch, this 
leads to condensation in a manner similar to the 
folding of an accordion. The details of this process 
depend on whether monovalent or divalent cations 
are used to raise the ionic strength, the latter pro- 
ducing a much higher degree of condensation. Mea- 
surements of the relative increase of the mass per 
unit length indicate that the most condensed state is 
a helical structure with a pitch around 3.0-4.0 nm. 

In this paper we give a detailed presentation of 
the experimental evidence obtained from static and 
time-resolved scattering experiments, which led to 
this model. 

Key words: Synchroton radiation, chromatin super- 
structure, chromatin condensation 

1. Introduction 

Many X-ray diffraction studies have shown that 
solutions or gels of chromatin are characterized by 
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exhibiting broad diffraction rings at spacings of 
around 11, 5.5, 3.7, 2.7 and 2.1 nm (e.g. Wilkins 
et al. 1959; Luzatti and Nicolaieff 1959). These dif- 
fraction bands are also seen in a variety of isolated 
nuclei and living cells under physiological salt con- 
ditions (Langmore and Schutt 1980; Notbohm and 
Harbers 1981; Langmore and Paulson 1983; Paulson 
and Langmore 1983). X-ray and neutron scattering 
profiles from dilute solutions of mononucleosomes 
only exhibit a shoulder at 6 nm and diffraction 
rings at 3.7, 2.7 and 2.1nm, whereas the 11 and 
5.5 nm rings are not observed (Hjelm et al. 1977; 
Richards et al. 1977; Damaschun et al. 1980). On the 
basis of these findings it has been concluded that 
while the 3.7, 2.7 and 2.1 nm rings originate from 
the internal structure of the nucleosome, the 11 and 
5.5 nm rings must be due to higher order packing 
of the nucleosomes in the chromatin fibres (Finch 
and Klug 1976). 

The structural modification induced by an in- 
crease of ionic strength, and leading to the con- 
densation of chromatin, has been characterized by a 
variety of techniques: electron microscopy (Thoma 
et al. 1979), neutron diffraction (Suau et al. 1979), 
analytical centrifugation (Butler and Thomas 1980; 
Thomas and Butler 1980; Bates et al. 1981; Fulmer 
and Bloomfield 1982) and light scattering measure- 
ments (Campbell et al. 1978; gulmer and Bloomfield 
1982). All these investigations indicated that further 
coiling or folding of the chromatin fibre takes place 
with increasing salt and/or divalent cation concen- 
tration. 

Electric birefringence studies (Marion 1984), 
static (Campbell et al. 1978) and dynamic light scat- 
tering experiments (Shaw and Schmitz 1979; Marion 
et al. 1981) on oligonucleosomes suggest a model of 
open helices for uncondensed chromatin. 

There is an incompatibility between these con- 
clusions and earlier X-ray and neutron small angle 
scattering data (Sperling and Tardieu 1976; Suau 
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et al. 1979) which suggested that the structure of un- 
condensed chromatin in solution was consistent with 
a nucleofilament model in which the nucleosome 
subunits are densely packed in a linear array re- 
sembling a rod with near 10nm diameter and 
without internal contrast. 

In synchrotron radiation X-ray scattering experi- 
ments it is possible to achieve better angular resolu- 
tion with higher statistical accuracy than in conven- 
tional cameras. Possibly because of this reason, 
recent experiments on solutions and gels of chicken 
erythrocyte chromatin provided evidence for the 
existence, even at very low ionic strength, of a pre- 
formed helical superstructure, thus reconciling the 
conflicting observations. This structure appears to 
be maintained by the H1 (H5) histones. The results 
also suggested a model which allows rapid con- 
densation of the nucleofilaments at higher ionic 
strength by a reduction of the pitch of the uncon- 
densed chromatin helix (Perez-Grau et al. 1984). 

We present here further experimental evidence 
for this model. The results reported include: (A) 
Characterization of the X-ray scattering patterns 
from condensed and uncondensed chromatin fibres 
in solutions, gels and whole nuclei. (B) A study of 
the effects of progressively increasing ionic strength 
with monovalent or divalent cations. (C) A study of 
the effects of ethidium bromide on the solution scat- 
tering patterns of uncondensed chromatin. (D) A 
study of the effects due to the removal of the histone 
H1 (H5). (E) A study of the condensation kinetics in 
solutions and gels by time-resolved X-ray scattering. 

2. Materials and methods 

A. Preparation of chicken erythrocyte nuclei 
and chromatin fragments 

Chicken erythrocyte nuclei were prepared as de- 
scribed by Olins et al. (1976). Samples of the final 
nuclear pellet in a buffer containing 10 mM NaC1, 
3 mM MgC12, 10 mM Tris/HC1, 0.2 mM PMSF, 
pH 7.5 were used for X-ray scattering measurements 
directly or after adjustment of the ionic conditions 
to either: 150 mM NaC1, 10 mM Tris, 1 mM EDTA, 
0.2 mM PMSF, pH 7.5 or 5 mM Tris, 1 mM EDTA, 
0.2 mM PMSF, pH 7.5 b y  resuspension of the nuclei 
in 50 volumes of the required buffer and collection 
of the resulting condensed or lysed nuclei by cen- 
trifugation at 2,000 g for 10 min. Chromatin frag- 
ments were prepared by nuclease digestion or 
purified nuclei according to Noll et al. (1975). Nuclei 
were adjusted to 100A260 units/ml in 150 mM NaC1, 
10 mM Tris, 0.5 mM CaC12 and digested at 37°C 
for 1 min with 75 units/ml of micrococcal nuclease 

(Sigma). The reaction was stopped by addition of 
EDTA to 2 mM and chilling on ice. The resulting 
nuclear pellet was lysed in 50 mM NaC1, 10 mM 
Tris, 1 mM EDTA and the insoluble material sepa- 
rated by centrifugation at 10,000 9 for 15 min. From 
30% to 50% of the initial amount of DNA was 
recovered as soluble chromatin fragments in the 
supernatant. After extensive dialysis against 5 mM 
Tris, l m M  EDTA, 0.2raM PMSF, pH7.5 this 
material was diluted in dialysis buffer and used as 
the starting sample for the X-ray scattering mea- 
surements. 

B. Preparation of H1 (H5) depleted chromatin 
fi"agments 

Chromatin fragments were depleted of H5 histone 
by the method of Bolund and Johns (1973). Chro- 
matin was dissolved in a buffer containing 0.65 mM 
NaC1, 10 mM Tris, 1 mM EDTA, 0.2 mM PMSF to 
give a final concentration of 1 mg DNA/ml (20 A260 
units/ml). BioRad AG 50W-X2, cation exchange 
resin, previously equilibrated with the buffer was 
added to the chromatin solutions at a ratio of 4 : 1 
(v/v) and the mixture stirred for 1 h at 4 °C. The 
mixture was centrifuged at 3,000 9 for 10 min and 
the supernatant extensively dialyzed against 5 mM 
Tris, 1 mM EDTA, 0.2 mM PMSF, pH 7.5. The 
removal of H5 was systematically checked before 
starting any set of measurements by polyacrylamide 
gel electrophoresis (PAGE). Results are illustrated 
in Fig. 1. For the X-ray scattering measurements, 
this solution of H5 depleted chromatin was concen- 
trated to 3 -5  mg DNA/ml by forced dialysis 
against the same low ionic strength dialysis buffer 
using a Sartorius membrane device. 

C. Preparation of chromatin gels 

Chromatin gels were prepared by concentrating 
chromatin solutions by forced dialysis using Sar- 
torius membranes. The solution of chromatin was 
adjusted to the required ionic conditions and con- 
centrated against a similar buffer until a homo- 
geneous gel formed at the bottom of the dialysis 
tips. The process was carried out at 4 °C, and took 
from 6 to 8 h. All the solutions contained 0.2 mM 
PMSF as a protease inhibitor. 

D. Analysis of the DNA content 
of the chromatin fi'agments 

The size distribution of the chromatin fragments 
was determined by analysis of their DNA in agarose 
gels. DNA was extracted as described by Zamenhoff 
(1957) after digestion of the chromatin samples with 
0.5 mg/ml proteinase K (Boehringer) in 0 .2mM 
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Fig. 1. Left panel: SDS-polyacrylamide gel of the histone complement of chromatin (A), chicken erythrocyte nuclei (B) and 
lysine-rich histone depleted chromatin (C). See Materials and methods for conditions. Right panel: DNA length distribution of 
two different preparations (A and B) determined by electrophoresis on a 0.8% agarose gel. The marker consisted of a mixture of 
lambda DNA, lambda Hind Ill digest and lambda Eco RI Hind III double digest. The lengths are given in kbases 

NaC1, 10 m M  EDTA, pH 8, 1% SDS. Electrophoresis 
was carried out in horizontal 0.8% agarose slab gels 
calibrated with a mixture of lambda-DNA, lambda 
Hind III digest and lambda Eco RI Hind III double 
digest, run in Tris/acetate buffer (Loening 1967). 
The fragment sizes were taken from Southern (1980). 
Typical results are illustrated in Fig. 1. Gels made 
before and after X-ray data collection were identi- 
cal. 

E. Analysis of the histone content 
of chromatin fragments 

The protein content of samples used for X-ray scat- 
tering measurements was systematically checked by 
analysis in SDS/18% polyacrylamide gel electro- 
phoresis according to Laemmli (1970). Typical 
results are illustrated in Fig. 1. 

F. Measurement and processing 
of the scattering patterns 

The scattering patterns were collected on the X-13 
and X-33 cameras at the EMBL Outstation on the 
storage ring DORIS of  the Deutsches Elektronen 
Synchrotron (DESY) at Hamburg (Hendrix et al. 
1979; Koch and Bordas 1983) using the data acquisi- 
tion systems described by Bordas etal.  (1980); 
Boulin etal.  (1982). The wavelength was 0.15 nm. 

The data were analyzed using a standard program 
package (Koch and Bendall 1981). The general 
procedures for data reduction (e.g. parasitic back- 
ground removal, scattering vector calibration, detec- 
tor response correction, etc . . . .  ) were those described 
in Bordas et al. (1983). The data are presented in the 
usual log I (S) * S versus S (S = 2 sin 0 /2 ,  where 2 0  
is the scattering angle and 2 the wavelength) plot for 
rod-like particles in solution and also in some cases, 
for easier visualization of  the features, as plots of  
l o g I ( S )  * S 2 versus S. 

The radii of  gyration of the cross-section were 
obtained from the slope of  the very low angle part  of  
the scattering curves in plots of l o g I ( S ) * S  versus 
S 2, while the relative changes of mass per unit 
length were derived from the extrapolation of these 
curves to the origin (Kratky and Porod 1953; Luzatti 
1960; Fedorov and Aleshin 1966). 

Static X-ray scattering measurements were done 
on solutions of chromatin fragments at 3 to 7 mg 
DNA/ml.  Screening measurements done at lower 
concentrations indicate that up to 7 mg DNA/ml  the 
scattering pattern corresponds to a genuine solution 
pattern, and that interference effects are not detect- 
able below 10 mg DNA/ml .  Aliquots of the stock 
solution of chromatin fragments in 5 m M  Tris, 
1 m M  EDTA, 0.2 m M  PMSF, pH 7.5, were adjusted 
to the experimental ionic conditions of each mea- 
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surement by addition of 1 M NaC1, 0.1 M MgC12 or 
25 mM ethidium bromide. 

For time-resolved measurements, equal volumes 
of a chromatin solution at 10 mg DNA/ml and the 
appropriate double strength condensation buffer 
were mixed and data acquisition started simultane- 
ously. The condensation buffers consisted of 5 mM 
Tris HCI, pH 7.5 adjusted to 200 mM NaC1, 6 mM 
MgC12, or 0.5 M EDTA. Buffer-buffer and chroma- 
tin-buffer dilution shots were performed to obtain 
background and reference spectra for the chromatin 
condensation experiments. A modified version of 
the X-ray stopped flow device described in Renner 
et al. (1983) was used for these experiments. The 
performance of the device prevented a time resolu- 
tion better than 50 ms. 

G. Nomenclature 

In the description of experimental conditions the 
very low ionic strength preparations will be referred 
to throughout the text as chromatin-EDTA, while 
chromatin-NaC1 (5 mM Tris, 50-150 mM NaC1, 
1 mM EDTA, pH 7.5) and chromatin-MgC12 (5 mM 
Tris, 2-8  mM MgClz, 1 mM EDTA, pH 7.5) refer 
to high ionic strength conditions induced by salt or 
by Mg ++ cations respectively. Since the solutions 
contain 1 mM EDTA all divalent cation concentra- 
tions required to obtain a given effect are systemati- 
cally higher than in most other studies, e.g. Boro- 
chov et al. (1984) or Ausio et al. (1984). 

3. Results 

A. Characterization of  the X-ray scattering patterns 
from the condensed and uncondensed states 
of  "native" chromatin fibres in solution, 
whole nuclei and gels 

A. 1. Solutions. Typical X-ray scattering patterns from 
chromatin solutions are shown in Fig. 2. These pat- 
terns were obtained for solutions of chromatin at a 
concentration of 6.2 mg DNA/ml. 

For concentrations below 30raM NaC1/1 mM 
EDTA or 1 mM MgCI2/1 mM EDTA, scattering 
patterns similar to those presented in Fig. 2 a and d 
were always obtained. They can be regarded as 
representative of our preparations of uncondensed 
chromatin in dilute solutions (< 7mg DNA/ml). 
They display a featureless decay of the scattered 
intensity for S < 0.025 nm -~ (the radius of gyration 
of the cross-section region) and a strong band near 
0.05 nm -l which is a very characteristic marker for 
the degree of condensation of the fibres (throughout 
the text this band is referred to as the 0.05 nm -1 
band although its position and intensity vary slightly 

between preparations). Other characteristic features 
of chromatin-EDTA are the shoulder at 0.145 nm -1, 
the high angle bands at 0.27, 0.365 and 0.47nm -1 
and the trough at 0.22 nm -~. The patterns displayed 
in Fig. 2b and c and Fig. 2e and f are characteristic 
of condensed chromatin in dilute solutions (i.e. for 
cation concentrations greater than 75 mM NaC1/ 
1 mMEDTA or 2 mMMgC12/1 mM EDTA). 

The traces in Fig. 2b and 2e correspond to 
typical patterns obtained at high, but not maximal, 
ionic strength. The traces shown in the figure were 
obtained by addition of divalent cations (5 mM 
Mg++). 

Similar patterns were obtained when the ionic 
strength was raised with NaC1 (75-100 mM). Rela- 
tive to the low ionic strength patterns, they exhibit a 
sharper decay in the intensities for S < 0.035 nm -1. 
The prominent 0.05 nm -~ band has disappeared and 
a band appears at ca. 0.075 nm -1. Simultaneously, 
a weak band near 0.045 nm -1 and a prominent one 
near 0.16 nm -1 have begun to develop. Beyond the 
trough at 0.22 nm -~, the intensity has undergone an 
overall increase, roughly centered near 0.35 nm -1. 
Superimposed on this background the 0.27, 0.365 
and 0.47 nm -~ bands can also be detected. The exact 
position and relative intensity of the bands at 
S < 0.2 nm -~ depend critically on the ionic condi- 
tions. 

Figure 2c and f display the type of trace ob- 
tained when the ionic strength was raised to precipi- 
tation conditions by increasing the concentration of 
divalent cations. For the particular example shown 
in the figures the concentration of Mg ÷÷ was 8 mM. 
At this cation concentration the chromatin tended to 
precipitate slowly. Due to the speed of data acquisi- 
tion characteristic of synchrotron radiation tech- 
niques (ca. 60 s) the patterns could be recorded 
before precipitation. The 0.04nm -1 band has dis- 
appeared and the 0.075 and 0.016 nm -~ bands have 
shifted to about 0.09 and 0.17nm -~ and become 
much more prominent. 

Although to a first approximation the patterns 
shown in Fig. 2 display the general trends associated 
with condensation of the chromatin fibres irrespec- 
tive of the use of salt or Mg +÷, there are significant 
differences between both cases, these will be dis- 
cussed in Sect. D. 

Also, although these trends were generally ob- 
served in all our experiments, the appearance and 
detailed behaviour of the various features were not 
only a function of the ionic strength but also of the 
chromatin concentration. For instance, near identical 
patterns are obtained at 6 . 2 m g D N A / m l - 5 m M  
MgC12 and at 3.5 mg DNA/ml - 3 mM MgC12, in- 
dicating that, from the point of view of condensation 
and eventual precipitation, the relevant factor is the 
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Fig. 2. X-ray scattering patterns of 
a 6.2 mg DNA/ml  chromatin solu- 
tion. a and d Typical pattern of 
chromatin-EDTA solutions, b and 
e Typical pattern obtained at high, 
but not maximal ionic strength, by 
addition of divalent cations (5 mM 
Mg++). Similar patterns are ob- 
tained when the ionic strength is 
raised with NaC1 (75-100 mM). 
e and f Patterns obtained upon 
further increase of the ionic 
strength (8 mM Mg ++) 

cation concentration relative to the chromatin con- 
centration rather then the absolute concentration of 
cations. For  instance, we found that at chromatin 
concentrations of 3.5 mg DNA/ml  precipitation was 
noticeable with 3.5 m M  MgC12 in the solution, while 
for 6.2 mg DNA/ml  chromatin solutions the onset of 
precipitation did not occur for less than 8 m M  
MgC12. The same applied for aggregation as judged 
by the linearity of Porod plots. 

As a result our data is not strictly comparable 
with light scattering studies (e.g. Ausio et al. 1984), 

where the chromatin concentrations used are of the 
order of hundred times lower and the fragments 
much shorter. 

It is useful to consider two regions in the scat- 
tering pattern. Since the maximal dimensions of the 
core particle are 11 x 11 x 5.7 nm 3 the most promi- 
nent features in the very low angle region 
(S < 0.09 nm -I) must be associated solely with the 
distribution of the nucleosomes in the fibre, while 
features in the rest of  the patterns may be associated 
with the internal structure of the nucleosomes. To a 
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first approximation the nucleosome structure does 
not change upon condensation, consequently, the 
changes in the scattering pattern must be associated 
with their redistribution when the fibre condenses. 

Thus, the 0.05 nm -1 band can only arise from 
internal contrast in the superstructure of uncon- 
densed chromatin. This is verified by its disappear- 
ance during condensation. The progressive increase 
of the maxima at 0.09 and 0 .16-0.17nm -1 must be 
due to the redistribution of the nucleosomes as con- 
densation proceeds. These bands correspond to 
spacings of 11.0 and 5.8-6.2 nm respectively, these 
spacings are close to the dimensions of the nucleo- 
somes and it is logical to interpret their origin as 
due to the packing of the nucleosomes when the 
fibre condenses. The fact that no other prominent 
bands develop argues strongly in favour of a closely 
packed structure leaving no prominent gaps. 

A.2. Characterization of the X-ray scattering patterns 
from whole nuclei of chicken erythrocyte at high and 
at very low ionic strength. In the following experi- 
ments, the relationship between the isolated fibres 
in solution and in conditions more related to an 
"in vivo" situation was addressed. Figure 3 a and b 
show the scattering patterns from pellets of whole 
nuclei as l o g I ( S ) x S  and l o g I ( S ) x S  2 versus S 
respectively. The upper traces in both panels cor- 
respond to the patterns obtained at low ionic strength 
(nuclei-EDTA), while the lower traces were ob- 
tained in 100 mMNaC1 (nuclei-NaC1). 

The main features of the low ionic strength pat- 
terns are: A broad and strong band at 0.06 nm -~ 
which is absent in the high salt pattern, a prominent 
band at 0.156 nm -1, a trough at 0.22 nm -t and bands 
at 0.275 nm -~ and 0.36 nm -~. 

In high salt conditions one observes a weak band 
at 0.05 nm -~, a band at 0.083 nm -~, a prominent 
band at 0.15 nm -~, a trough at 0.22 nm -1, a promi- 
nent band at 0.275 nm -1 and a weak band near  
0.36 nm -1. At very low angles (ca. 0.023 nm -1) both 
states exhibit the presence of a band not detected i n  
the solution scattering patterns. 

The pattern in physiological salt conditions 
(100mM NaC1) is identical to those obtained in 
similar buffers by Langmore and Schutt (1980); 
Langmore and Paulson (1983). 

Comparison between Figs. 2 and 3 reveals that 
in the region of S-values larger than 0.03 nm -1 one 
can identify common features with the patterns from 
chromatin fibres in solution whenever the measure- 
ments are carried out in near equivalent ionic 
conditions. The only bands observed in nuclei 
patterns which are clearly absent in the chroma- 
tin solution patterns are those at very low angles 
(S <_ 0.023 nm-~). However, subtraction of the low 
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Fig. 3. X-ray scattering patterns from pellets of chicken ery- 
throcyte nuclei 

from the high ionic strength patterns from nuclei 
yields a nearly identical result (not shown) to the 
same operation performed on patterns from chro- 
matin fibres in solution, showing that the changes 
induced by condensation of the fibre are very 
similar in both cases. The intensities in the bands at 
0.023 nm -1 are nearly identical in high or in low salt 
conditions and the only difference is in the back- 
ground on which the bands are superimposed. We 
refer here, of course, to the sample scattered back- 
ground, rather than to the parasitic background 
which was removed in the data reduction proce- 
dures. Upon increasing the ionic strength, both in 
nuclei and in solutions, there is an increase in 
intensity for S values smaller than 0.03 nm -1, a 
pronounced intensity reduction in a region centered 
around 0.05 nm -~, the appearance of the band at 
0.086nm -~ and a strengthening of the pattern 
around the region of the broad band near 0.16 nm -1. 

The band at 0.023 nm -1 was not detected when 
the condensation of chromatin is induced by divalent 
cations (MgC12). An example of this result is shown 
in Fig. 4. The figure shows the very low angle part 
of the scattering patterns, notice that nuclei-EDTA 
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(Fig. 4a) and nuclei-NaC1 (Fig. 4b) display a well 
defined band near S = 0.023 nm -l, while nuclei-Mg 
preparations (Fig. 4 c) do not. Both nuclei-NaC1 and 
nuclei-Mg preparations show the characteristic scat- 
tering band near 0.08 nm -~ associated with the 
condensed state of the chromatin fibres (compare 
with Fig. 2). For nuclei-NaC1 the centroid of the 
band is at slightly lower S-values (around 0.08 nm -~ 
in this particular case) than for nuclei-Mg ++ (around 
0.08 nm-~). 

If the band at ca. 0.023 nm -~ arises, as suggested 
by Langmore and Schutt (1980) and further verified 
by the results that follow, from interparticle inter- 
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Fig. 5. Scattering patterns of solutions of long chromatin- 
EDTA fragments at different concentrations 

ference effects due to the packing of chromatin 
fibres in the nuclei then these results would indicate 
that with divalent cations the chromatin fibres must 
be further apart. 

A.3. Characterization of the X-ray scattering patterns 
from concentrated solutions of chromatin in very low 
and in high ionic strength buffers. The aim of these 
experiments was to increase the concentration of 
chromatin in the solution and bring the mean inter- 
fibre distance to a range comparable to the one in 
whole nuclei. 

Figure 5 shows scattering patterns obtained from 
solutions of long chromatin fragments at different 
concentrations. The prominent band centered around 
0.05 nm -1 is present at 3 mg DNA/ml  (Fig. 5a), 
12 mg DNA/ml  (Fig. 5b) and 16 mg DNA/ml  
(Fig. 5 c). The relative intensity and position of this 
band are about the same in all three cases. However, 
with increasing concentration a band develops at 
very low angles, indicating the appearance of an 
interfibre interference effect. This interference band 
could not be made to move beyond 0.033 nm -1 even 
for the most concentrated ohromatin-EDTA prepa- 
rations (see Perez-Grau et al. 1984 for more results 
of this kind). 

The similarity of these patterns with that shown 
in Fig. 3 a indicates a similar degree of packing of 
the chromatin-EDTA fibres in the nuclei. 

These results indicate that, at increasing concen- 
trations, the effects of a tighter packing of the chro- 
matin fibres become detectable i.e. the very low 
angle band is due to an interfibre interference, 
whereas the 0.05 nm -1 band is a feature character- 
istic of the native structure of the uncondensed 
chromatin fibre. 

Even for the most concentrated gels, however, 
the interference band never moves to S-values 
higher than 0.033 nm -1 (see Fig. 14 and Perez-Grau 
et al. 1984) indicating that to a first approximation 
the uncondensed nucleofilament has an outer diam- 
eter of around 30 nm. 

The results of similar experiments performed by 
concentrating solutions of chromatin-NaC1 and 
chromatin-MgC12, are illustrated in Fig. 6 (starting 
concentrations of 100 m M  salt and 3 m M  MgCI2 re- 
spectively). The appearance of the very low angle 
band can be induced for chromatin-EDTA (Fig. 6 a) 
and chromatin-NaC1 (Fig. 6b) preparations. This 
was not possible with chromatin-Mg ++ preparations 
(Fig. 6c), although the band at ca. 0.08 nm -~, in- 
dicative of the condensed state of the chromatin 
fibre, can be detected and is in fact slightly better 
defined than in Fig. 6b. Even for extreme concen- 
trations the interference band could not be observed 
(Fig. 6 d). In this situation the 0.08 nm -1 band is not 
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Fig. 6. Scattering patterns from concentrated solutions of 
chromatin-EDTA (a), chromatin-NaC1 (b) and chromatin- 
Mg ++ (c and d) 

very prominent, possibly as a result of the disrup- 
tion of the fibres due to the extended concentration 
procedure. 

These observations correlate very well with those 
on whole nuclei, indicating a similar degree of 
packing of the chromatin fibres. 

B. Characterization of the X-ray scattering patterns of 
non-native chromatin: X-ray scattering patterns from 
solutions and gels of chromatin fibres depleted of the 
lysine rich histones and chromatin¢'bres treated with 
ethidium bromide 

The aim of these, experiments was to study the 
behaviour of the features in the scattering patterns 
from chromatin when the fibres are disrupted in a 
controlled manner. 

B. 1. X-ray scattering from solutions and gels of chro- 
matin depleted of the lysine rich histones (H5). 
Figures 7 a and b provide a comparison of the solu- 
tion scattering patterns of chromatin-EDTA with 
those obtained under identical ionic conditions for 
chromatin depleted of the H1 (H5) histones whereas 
Fig. 7c and d give the equivalent comparison for 
gels of the same preparations. The PAGE analysis of 
the protein content of the preparations shown in 
Fig. 1 indicates that the removal of the H1 (H5) 
histones is complete. 

Figure 7 a and b provide a comparison between 
"native" chromatin-EDTA patterns and those ob- 
tained after removal of the H1 (H5) histones. The 
most prominent effects are the reduction of the 
slope of the scattered intensities at very low angles 

(S < 0.03 nm -1) and the shift of the 0.05 nm -1 band 
to ca. 0.04 nm -1 with an associated reduction of its 
relative intensity by about 2/3. 

It can be deduced from the slope at very low 
angle that the radius of gyration of the cross-section 
has been reduced from ca. 10 nm for the native fibre 
to around 5.7 nm after depletion of the H1 (H5) 
histones. Figure 7c and d provide an equivalent 
comparison for gels. Notice that in the case of chro- 
matin depleted of H1 (H5) the interference band at 
low angle can be made to shift to around 0.06 nm 
(Fig. 7 d), perhaps superimposing on the character- 
istic 0.05nm band of "native" chromatin-EDTA 
preparations. 

These results provide evidence that the H1 (H5) 
histones are responsible for keeping the low ionic 
strength chromatin fibres in a kind of extended 
helical structure and that upon their removal the 
fibre extends, simultaneously reducing its mean 
diameter and increasing its pitch. The appearance of 
the chromatin fibre depleted of H1 (H5) histones 
probably resembles the "zig-zag" structure often 
observed in electron micrographs. 

B.2. X-ray scattering from solutions of chromatin 
treated with ethidium bromide. It is well known that 
DNA has a considerable affinity for basic dyes like 
ethidium bromide, a planar molecule which inter- 
calates between successive base pairs, causing a 
local unwinding and lengthening of the DNA double 
helix (Lerman 1961; Fuller and Waring 1964). The 
DNA unwinding angle per ethidium molecule bound 
is about 26 ° (Wang 1974). Ethidium binding to 
DNA in low salt does not displace the histones 
(Benyajati and Worcel 1976). Hence, progressive 
binding of Ethidium Bromide should unwind and 
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Fig. 7. Changes induced in the scattering patterns of solutions 
(a and b) and gels (c and d) of chromatin-EDTA preparations 
upon removal of the lysine rich histories 
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lengthen the DNA, starting with the linker and pro- 
gressively disrupting the whole fibre. 

Figure 8 illustrates the effects of increasing con- 
centrations of ethidium bromide in the chromatin- 
EDTA (3.5 mg DNA/ml) X-ray scattering patterns: 
(0raM: Fig. 8a; 0.1 raM: Fig. 8b; 0.2 mM: Fig. 8c; 
0.5raM: Fig. Sd; 0.7raM: Fig. 8e and 1.0raM: 
Fig. 8 f). 

The 0.05 nm -~ band progressively moves towards 
lower values of the scattering vector, while its 
prominence simultaneously decreases. The slope at 
low angles reaches a minimum at about 0.7raM 
ethidium bromide (Fig. 8 d). At 0.05 mM ethidium 
bromide the 0.05 nm -~ band has shifted to about 
0.035 nm -~ and its onset is at 0.025 nm -1. At 0.7 mM 
ethidium bromide this band is still visible above the 
background although with a much more reduced 
intensity. These trends are comparable, although 
more pronounced, to those observed upon removal 
of the H1 (H5) histone and they indicate that an 
increase of the helical pitch is concomitant with the 
reduction of the mean diameter (i.e. shift of the 
0.05 nm -~ band to lower angles and reduction of the 
slope in the central scatter) as the fibre is progres- 
sively extended. 

C. Development of the small angle scattering patterns 
of "native" chromatin fibres as a function 
of ionic strength 

Figure 9 provides an example of the behaviour of 
the low angle region in the scattering patterns of 
chromatin solutions at various concentrations of 
MgClz. The results belong to the same series as the 
patterns displayed in Fig. 2 (6.2 mg DNA/ml con- 
centration of "native" chromatin fibres). When other 
concentrations of chromatin were tried, it was found 
that the concentration of cations had to adjusted to 
the correct ratio in order to obtain identical pat- 
terns. 

The patterns correspond to: Chromatin-EDTA 
(Fig. 9a) and chromatin-EDTA with increasing 
amounts of MgC12 (1, 1.5, 2, 2.5, 3, 4, 5, 6, 7 and 
8 mM MgCl2 shown in Fig. 9 b to k respectively). 

Upon increase of the ionic strength the 0.05 nm -l 
band shifts to higher angles and simultaneously de- 
creases in intensity. The central scatter (S < 0.03 nm), 
rises nearly continuously with increasing amounts of 
MgC12. There is the fleeting appearance of a weak 
band at 0.045 nm -~ at around 5 mM Mg ++ concen- 
tration (Fig. 9 h), which disappears at even higher 
ionic strength. The 0.09 nm -I band is only clearly 
established at the maximum cation concentration. 

These observations suggest that the helical pitch 
responsible for the band at 0.05 nm -~ disappears 
before the chromatin fibre is fully condensed. At 
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Fig. 8. Changes in the very low angle scattering patterns from 
chromatin-EDTA fibres induced by increasing amounts of 
bound ethidium bromide 
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Fig. 9. Development of the solution scattering patterns of 
"native" chromatin-EDTA fragments upon increasing the 
ionic strength by means of divalent cations 

relatively low ionic strength this band begins to shift 
to higher angles and there is an intermediate state of 
condensation (e.g. Fig. 9f) in which this band is 
centered around 0.065 nm -1. Simultaneously the 
radii of gyration of the cross-section and the mass 
per unit length have increased but not yet reached 
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their maximum value as discussed in Sect. D and 
illustrated in Figs. 10 and 11. 

The observations are consistent with a model in 
which the pitch of the uncondensed structure pro- 
gressively diminishes as the fibre is on its way to 
maximal compaction. 

When condensation is induced by addition of 
NaC1 the scattering patterns display qualitatively 
similar trends but as discussed in the following 
section there are quantitative differences. 

D. Model independent structural parameters 
from X-ray solution scattering of chromatin: 
Radii of gyration of the cross section 
and relative changes of mass per unit length 

D.1. Condensation of chromatin fibres by means of 
divalent (MgCI2) and monovalent (NaC1) cations. 
The different effects induced by addition of MgCI2 
and NaC1 are illustrated in Figs. 10 and 11. The 

,io 

Fig. 10. Relative changes in the mass per 
unit length (a) and changes in the radii of 
gyration of the cross-section for chromatin- 
EDTA fibres (3.5 mg DNA/ml) with in- 
creasing concentrations of Mg cations 

data shown were derived from measurements in the 
very low angle part of the scattering patterns from 
"native" chromatin solutions at 3.5 mg DNA/ml 
concentration. 

Figures 10a and 11 a correspond to the mea- 
sured changes in the relative mass per unit length on 
addition of MgC12 and NaC1 respectively, while 
Figs. 10b and l l b  display the accompanying 
changes in the radii of gyration of the cross-section. 
For both types of cations the radii of gyration of the 
cross-section markedly drop at low ionic strengths. 
The values are considerably smaller at about 30 mM 
NaC1 or 1.5 mM MgC12 than in the uncondensed 
state. At higher ionic strengths the radii of gyration 
increase and exceed the starting value for chroma- 
tin-EDTA (Figs. 10b and l l b  respectively). The 
main difference is that while for MgC12 the mass per 
unit length and the radius of gyration increase until 
precipitation takes place, for NaC1 induced con- 
densation they show a saturation effect. 
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Fig. 11. Relative changes in the mass per unit 
length (a) and changes in the radii of gyration of 
the cross-section for chromatin-EDTA fibres 
(3.5 mg DNA/ml) with increasing concentrations of 
NaC1 

These results are consistent with the sedimenta- 
tion measurements of Butler and Thomas (1980); 
Thomas and Butler (1980) which indicated a jump 
in the measured sedimentation coefficient at about 
40-45 mM NaC1. The interpretation put forward 
by these authors was that the uncondensed chroma- 
tin fibre undergoes a stabilization, leading to a 
faster sedimentation rate. 

Our observations also indicate that the radius of 
gyration of the cross-section significantly decreases 
at around this ionic strength, while the mass per unit 
length has begun to increase. These data suggest 
that full compaction of the fibre is only reached at 
ionic strengths just before precipitation, which in 
this particular concentration of chromatin was 
noticeable at ca. 3.5 mM Mg ÷+ or 150 mM salt re- 
spectively. The points in Figs. 10 and 11 identified 
with a question mark are suspect because of this 
reason. 

The ratio between the maximum mass per unit 
length obtained before noticeable precipitation took 
place and the starting value, was around 8 and 4 
times for condensation induced by divalent (Mg ÷+) 
and monovalent (Na +) cations respectively. The dif- 
ferent effects of MgC12 or NaC1 in the induced con- 

densation is also reflected in the values reached by 
the radii of gyration of the cross-section, which were 
considerably higher for divalent (Mg ÷÷) than for 
monovalent (Na ÷) cations. The maximum values 
reliably measured were 13.5 and 11.9 nm for Mg ÷÷ 
and Na ÷ cations, respectively. These values corre- 
spond to equivalent solid cylinders with outer diam- 
eters of about 38.0 and 33.0 nm respectively. They 
should be compared with the equivalent diameter of 
chromatin-EDTA (28 nm). 

Thus, for this concentration of chromatin, the 
final diameter of the condensed chromatin fibre is 
larger and the fibre more compacted at 3 mM 
MgC12 than at, say, 100 mM NaC1. In the latter case 
the diameter is closer to that of the uncondensed 
chromatin-EDTA state, although its mass per unit 
length is larger. These results corroborate the inter- 
pretation of the observations on whole nuclei and 
gels, according to which the larger mean diameter of 
the fibres in MgC12 should result in an interference 
peak occurring for S-values outside the range of 
observation. 

Thus, MgC12 induces a higher degree of compac- 
tion of the chromatin fibre than NaC1. This is also 
supported by the fact that the 0.09 nm -1 band ap- 
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pears to be better defined in MgC12 than in NaC1. 
Electron micrographs of chromatin in MgCI2 also 
indicate that these fibres appear as more compact 
objects than in NaC1 (Azorin et al. 1982). 

Jermanowski and Staron (1981) have argued that 
closer packing of the nucleosomes in mitosis must 
be connected with a loss of bound water as new 
hydrophobic interactions in chromatin are generated 
by neutralization of the excess negative charges on 
the DNA. In this respect it is perhaps significant 
that the measured maximum state of condensation 
takes place at concentrations of divalent cations 
close or identical to those needed to induce precipi- 
tation. Also highly raised levels of divalent cations 
have been detected in condensed chromosomes in a 
variety of dinoflagellates (Sigee 1982 and references 
therein). The various observations argue in favour 
of the need of divalent cations for complete con- 
densation of the chromatin fibres as well as for a 
specifity in their action. 

Measurements of the radius of gyration of the 
cross-section of chromatin fibres depleted of the 
HI(H5) histones yield a value of 5.7 nm, also 
indicating that the fibres have lost their three- 
dimensional organization. 

D.2. Effects of ethidium bromide on the radii of gyra- 
tion of the cross-section and on the mass per unit 
length of chromatin fibres. Figure 12a and b show 
the results from measurements of the radii of 
gyration of the cross-section and changes of mass 
per unit length on chromatin-EDTA fibres treated 
with ethidium bromide. The concentration of chro- 
matin was 3.5 mg DNA/ml. 

For increasing amounts of bound ethidium 
bromide up to 0.5 mM concentrations, one finds that 
both the radii of gyration of the cross-section and 
the relative mass per unit length decrease, respec- 
tively reaching a minimum value of 3.6 nm and 
0.38,0.4 at 0.5 mMethidium bromide. 

At higher concentrations of ethidium bromide 
the trend apparently reverses but the remnants of 
the 0.05 nm -I band may be superimposed on the 
small angle region (Fig. 8) thus precluding a mean- 
ingful determination of the radius of gyration of the 
cross-section and of the relative changes of mass per 
unit length. 

These results are consistent with a model in 
which in helical uncondensed chromatin fibre un- 
winds, lengthens and acquires a "string of beads" 
configuration. Both, the decrease of mass per unit 
length and the radii of gyration of the cross-section 
are consistent with this behaviour. The reversal of 
the behaviour observed above 0.5 mM ethidium 
bromide concentration could also mean that the 
chromatin fibre may wind up with the opposite hand. 
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Fig. 12. Changes in the relative values of the mass per unit 
length (a) and of the radii of gyration of the cross-section (b) 
for chromatin-EDTA (3.5 mg DNA/ml) with increasing con- 
centrations of ethidium bromide 

Together with the results shown in Fig. 10, these 
data indicate that fully condensed chromatin must 
have a mass per unit length in excess of twenty 
times than that of its most extended configuration. 

E. Condensation kinetics of chromatin in solution 
and in concentrated gels 

Time-resolved X-ray scattering measurements on 
chromatin solutions indicate that the condensation 
of native chromatin fibres is a very fast process. 

X-ray stopped flow experiments on chromatin 
solutions showed that chromatin submitted to an 
ionic jump condenses with a time constant of less 
than 50 ms (data not shown). 

Condensation kinetics of chromatin gels were 
also studied. Since the use of the X-ray stopped flow 
device was precluded by the high viscosity of the 
preparation the buffer was diffused into the gels by 
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Even in very  c o m p a c t e d  gels the  condensa t i on  
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Results of a condensation achieved by diffusing 
a buffer containing excess EDTA (500 raM) into a 
chromatin gel are illustrated by Figs. 13 and 14. 

Figure 13 a shows a correlation plot of the inte- 
grated scattered intensities for S-values smaller than 
0.025 nm -~ versus the scattered intensities at about 
0.05 nm-L In this type of plot any departure from a 
straight line indicates the onset of a different struc- 
tural modification of the object in solution (see 
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Fig. 13a and b. Correlation plot of the integrat- 
ed intensities scattered for values of 0.015 < S 
< 0.03 nm -1 (vertical axis) and at 0.045 < S 
<_ 0.07 nm -~ (horizontal axis) and their cor- 
responding time dependence (a and b respec- 
tively) for chromatin-EDTA gels undergoing 
condensation. The arrow in (a) indicates the 
time direction 
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Bordas et al. 1983). Starting from the initial state (I) 
various departures from linearity (A, B, C, D, E) 
point to a series of intermediate states. 

Figure 13 b shows the development of these scat- 
tered intensities as a function of time. The very low 
angle region is characterized by a small decrease in 
intensity (I to A) followed by a fast rise (A-B-C) 
which precedes a second slower decrease in intensity 
(C-D-E).  The time course in the second region 
shows a continuous drop, very pronounced between 
A and B and much gentler between B and E. The 
data shown in Fig. 13 allow us to postulate the 
existence of various different processes occurring at 
times A, B, C, D, and E. 

The individual scattering patterns are shown in 
Fig. 14. From their analysis and comparison, one 
can propose the following sequence of events: When 
the buffer is dropped one first observes a dilution 
effect (I to A). The starting scattering pattern shows 
the familiar band at about 0.05 nm -1 (which is in 
itself an indication of the integrity of the fibres) and 
an interference band at 0.03 nm -1. The position of 
this band is in itself an indication of the high degree 
of compaction of the chromatin fibres in the gel 
(33 nm mean distance between the fibres). The dilu- 
tion effect between times I and A is reflected by a 
general decrease in the scattered intensity in the 
otherwise congruent scattering patterns. Between 
times A and C the interference band moves behind 
the beam stop because as the fibres condense their 
volume becomes smaller and the interfibre distance 
can become larger. At the intermediate time B one 
can still observe the remnants of the interference 
band now centered at about 0.02 nm -1 (i.e. 50 nm 
mean distance between fibres). The change in slope 
in the correlation plot at B occurs because after this 
point one is no longer sensitive to the influence of 
the interparticle interference on the scattering pat- 
tern. Notice that at time B the scattering pattern is 
comparable to that obtained in whole nuclei. At C 
the condensation process is nearly complete re- 
sulting in the appearance of the characteristic scat- 
tering pattern. From C to E the effects might indi- 
cate a redistribution in the condensation state of the 
fibres. 

These results clearly show that even in very con- 
centrated gels the condensation process is also fast 
(half time of ca. 5 s). In fact, most of the lag time in 
the condensation, if not all, is accounted for by the 
dilution and diffusion of the condensing agent. 

4. Discussion 

The value of 10.0 nm for the radius of gyration of 
uncondensed chromatin (Sect. D), the presence of 

the interference band at 0.023 nm -J in nuclei at low 
ionic strength (Sect. A.2) and the behaviour of this 
interference band, which even at the highest concen- 
tration of chromatin cannot be forced to appear at 
spacings of less than 30.0 nm (Sect. A.3), provide 
three independent sources of evidence indicating 
that uncondensed chromatin has a much larger 
diameter than could be expected from an extended 
"string of beads" model. The maximum value for 
the radius of gyration of the cross-section that can 
be expected from an extended nucleofilament 
model, given the dimensions of the nucleosomes, is 
around 3.6 nm. This value is much smaller than that 
provided by these three different types of experi- 
ments. These findings suggests that the uncondensed 
chromatin fibre, whether in solution or in the more 
native nuclei environment, already has a higher level 
of folding which confers to it a three dimensional 
organization. 

Moreover, this three dimensional organization 
has to account for the persistent presence of the 
0.05 nm -1 band in solutions (Sect. A. 1), nuclei (Sect. 
A.2) and gels (Sect. A.3 and E). 

From these observations alone, a picture 
emerges in which uncondensed chromatin already 
has a preformed helical superstructure in which the 
0.05 nm -1 band is probably due to the contrast 
arising from the helical pitch. This band is highly 
assymmetric in shape, i.e. it has a sharp leading 
edge with its onset at ca. 0.03 nm -1, goes to a maxi- 
mum at 0.05 nm -1 and it decays more smoothly at 
higher angles (see Fig. 2 or, shown more clearly, 
Fig. 9a). This is the shape expected from a near 
meridional maximum in a disoriented fibre diffrac- 
tion diagram. In this situation, the pitch of the helix 
coincides with the onset of the band (at ca. 0.03 nm -1) 
rather than with its maximum, which corresponds to 
the distance between neighbouring nucleosomes in 
the superstructure. 

Further support for this model is provided by 
the results obtained on the disrupted fibres. The 
results described in Sect. B.1 show that this struc- 
tural scaffolding is maintained by the HI(H5) 
histones. The observation that upon removal of 
these histones the 0.05 nm -1 band is displaced to 
lower values of S (i.e. the pitch becomes larges) and 
that the radius of gyration of the cross-section goes 
down to 5.4 nm (Sect. D) and that the interference 
maximum in the gels can shift to higher values of S 
(Sect. B. 1), are all supportive of the existence of this 
superstructure in uncondensed chromatin. These 
results are in very good agreement with the electron 
microscopy of Thoma and Koller (1977) who ob- 
served a much more extended fibre after removal of 
the H1 (H5) histones. Although the outer diameter 
of "native" uncondensed chromatin is similar to that 
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found in the condensed state induced by salt, its 
structure is more extended and the nucleosomes are 
more exposed to the solvent. Upon removal of 
H1 (H5) histones the fibre would have an appear- 
ance closer to the string-of-beads model or perhaps 
more like the "zig-zag" structure seen in electron 
microscopy (Thoma and Koller 1977). In fact, the 
radius of gyration of the cross-section for chromatin 
fibres depleted of the H1 (H5) histones is more com- 
patible with the latter possibility than with the 
former. The H1 (H5) histones confer to this string- 
of-beads the structural organization of a "helical 
string of beads" and the 0.05 nm -1 band, character- 
istic of uncondensed "native" chromatin arises 
mainly from the helical pitch typical of this state. 
This picture of uncondensed chromatin is further 
supported by the results described in Sect. B.2. 
When ethidium bromide is bound to the fibres and 
the linker DNA progressively unwinds extending the 
open superhelix of the uncondensed chromatin, its 
pitch giving rise to the 0.05 nm -~ increases in a 
manner similar to the effect of H1 (H5) removal. In 
the latter case, however, the results indicate that the 
fibre does not become fully extended, while with 
ethidium bromide the lengthening process leads to a 
situation that one could describe as a "straight string 
of beads" as opposed to a "zig-zag string of beads". 

This interpretation is reinforced by the results 
shown in Sect. D.2, which show that upon binding 
ethidium bromide, the decrease of the mass per unit 
length and of the radius of gyration of the cross- 
section is consistent with a progressive unwinding 
and lengthening of the superstructure in the uncon- 
densed fibre. The results show that the mass per 
unit length at 0.5 mM ethidium bromide is about 
2.5-2.6 smaller than in "native" uncondensed chro- 
matin, while the radius of gyration of the cross-sec- 
tion has a value of 3.6 nm, which closely corre- 
sponds to that expected from a fully extended 
nucleofilament. These results suggest that the 
"native" uncondensed chromatin fibre has at least 
2.5-2.6 nucleosomes per turn of a helical structure 
with a pitch of around 33.0 nm (i.e. the onset of the 
0.05 nm -1 band) and an outer diameter of around 
30.0 nm. 

This picture of the uncondensed state of chroma- 
tin is quite different from that previously derived 
from electron microscopy, X-ray and neutron scat- 
tering experiments (Olins and Olins 1974; Sperling 
and Tardieu 1976; Suau etal. 1979), bu t agrees 
quite well with some suggestions recently put for- 
ward (Thoma and Koller 1981; Campbell et al. 1978; 
Shaw and Schmitz 1979; Marion et al. 1981). 

Upon increase in the ionic strength this already 
preformed helical string of beads undergoes a com- 
paction comparable to the folding of an accordion, 

where the outer diameter does not change signifi- 
cantly when compared to the change of length. The 
results shown in Sect. C are supportive of this 
mechanism, they illustrate how upon condensation 
the 0.05 nm -~ band progressively moves to higher 
values of S while the fibres settle into a new helical 
configuration. This is the behaviour expected from 
this kind of mechanism. The observed reduction in 
intensity is also expected, because as the nucleo- 
somes make contact the electron density contrast is 
bound to decrease. 

The transition from uncondensed to condensed 
chromatin goes through a series of intermediate 
states and divalent cations appear to be much more 
effective condensing agents than salt (Sect. D). The 
data also indicates that maximal condensation coin- 
cides with precipitation (i.e. fully condensed chro- 
matin is not soluble). This is demonstrated not only 
by the results described in section D but also by the 
fact that the diffraction bands characteristic of the 
condensed state (i.e. the 0.09, 0.16-0.17nm -~ 
bands) are much better defined in conditions close 
to or equal to those needed to induce precipitation 
(see Sect. A. 1 and Fig. 2). 

Finally this mechanism of condensation is sup- 
ported by the measurements described in section E, 
which prove that even in very concentrated gels con- 
densation is a fast process. With an extended struc- 
ture like the "string of beads" model, it would be 
very difficult to envisage that such a process could 
happen without tangling whereas with the proposed 
preformed structure the possibilities of tangling are 
minimized. Conceivably, the situation in the cell 
nucleus might not be too different from that in con- 
centrated gels. The process of condensation in the 
chromosomes could be controlled by rapid changes 
of the helical pitch of the superhelical structure. 
Furthermore, the accordion-like structure would, of 
course, not need to stretch along its full length: 
Stretching may occur in selected areas if, for in- 
stance, a site recognizing enzyme induces local un- 
folding of the chromatin. 

The results in Sect. E also indicate that indepen- 
dently of the condensing agent any sufficiently large 
change in the balance of charges might achieve at 
least partial condensation as suggested by the fact 
that the effect of an excess EDTA is comparable to 
that of salt but that it is possible that only certain 
cations might be capable of inducing complete 
condensation. The absence of an interference maxi- 
mum in Mg-nuclei (Sect. A.2), Mg-chromatin gels 
(Sect. A.3) and the higher values of the radius of 
gyration of the cross-section and increase of mass 
per unit length for Mg induced condensation (Sect. 
D.1) indicate that Mg is capable of inducing a 
higher level of condensation than salt. 
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On  the basis  o f  the  m e a s u r e m e n t s  o f  the  changes  
o f  mass  pe r  uni t  length  one can  conc lude  tha t  for  the  
s t ruc ture  to fold in an  acco rd ion  l ike  fashion,  the  
he l ica l  p i t ch  o f  the  supe r s t ruc tu re  has to decrease  
f rom a r o u n d  30.0 n m  (onset  o f  the  0.05 n m  -1 b a n d )  
d o w n  to 8 or  9 t imes  less, i.e. in the  r eg ion  o f  3.0 to 
4.0 nm. S imu l t aneous ly  the  nuc l eosomes  mus t  t ight ly  
pack  leaving  no p r o m i n e n t  e lec t ron  dens i ty  grooves  
in the  f ibres  as j u d g e d  b y  the  d e v e l o p m e n t  o f  only  
the  0.09 and 0.16 n m  -~ b a n d s  which  are  due  to the  
close pack ing  o f  the  nuc leosomes .  
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