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Abstract. Changes in the structure of chicken erythro- 
cyte chromatin fibres at low ionic strength resulting 
from enzymatic digestion, thermal denaturation and 
binding of Netropsin and Distamycin were monitored 
by synchrotron X-ray solution scattering. Digestion 
with micrococcal nuclease confirms the previous as- 
signment of the 0.05 nm-1 band to an interference 
between nucleosomes with an average distance of 
23 nm. The results of thermal denaturation indicate 
that above 40 °C there is a progressive increase of the 
internucleosomal distance and that above 60 °C the 
characteristic structure of the chromatin fibre is de- 
stroyed. Binding of Netropsin and Distamycin also 
results in an increase of the internucleosomal distance 
which can be estimated to correspond to about 
0.2 nm/mol. 
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Introduction 

During interphase most chromatin is folded into fibres 
with about 6 nucleosomes/11 nm length and a diame- 
ter around 30 nm. Although there is substantial agree- 
ment among the simplest models of chromatin con- 
cerning the arrangement of the nucleosomes, their 
connectivity, determined by the path of the linker 
DNA, is still undefined. This results in two types of 
models: the solenoid (Finch and Klug 1976) where the 
linker connects adjacent nucleosomes, and the 
crossed-linker model (Bordas et al. 1986b) where the 
linker connects non adjacent nucleosomes across the 
central part of the fibre. A number of other, more 
complex, models have also been described (see refer- 
ences in Koch et al. 1987). 

* To whom offprint requests should be sent 

The unfolded structure of chromatin, found at low 
ionic strength in vitro may, however, be more relevant 
to cellular processes, as it appears that transcription is 
associated with local unfolding of the 30 nm filament 
(for a review see Yaniv and Cereghini 1986). 

X-ray solution scattering experiments are per- 
formed at chromatin concentrations, typically around 
A26 o = 70  (3.5 mg DNA/ml), which are several orders 
of magnitude higher than those used in light scattering 
A26 o = 0.8 (Ausio et al. 1984) or electric dichroism, 
A26o = 0.2 (Sen and Crothers 1986a). Since the DNA 
concentration in the nucleus can be calculated from 
generally accepted values of the nuclear volume and 
DNA content (Lewin 1980) to be of the order of 
1 0 -  20 mg/ml, X-ray studies should provide a link 
between the extremes of infinite dilution and of the 
conditions in vivo. In previous studies (Perez-Grau 
et al. 1984; Bordas et al. 1986a, b; Koch et al. 1987) it 
was found that the X-ray solution scattering pattern of 
long chromatin fragments from chicken erythrocytes 
or rat liver at low ionic strength displays a broad max- 
imum around s = 0.05 nm- 1. In the present paper, we 
show unequivocally by digestion experiments with 
micrococcal nuclease that this band is due to the aver- 
age internucleosomal spacing in long chromatin frag- 
ments. We then use this band as a marker to monitor 
structural modifications in the chromatin fibre upon 
changes of temperature and binding of Netropsin and 
Distamycin (for a review see Zimmer and Wahnert 
1986). 

Materials and methods 

Preparation of chromatin fragments 

The preparation of solutions of chromatin fragments 
containing on average 70 to 90 nucleosomes in TE 
buffer (5 mM Tris - HC1, 1 mM Naz EDTA, 0.5 mM 
PMSF, pH 7.5) followed the procedures described ear- 
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lier (Bordas et al. 1986a). Chromatin concentrations 
were measured spectrophotometrically, a concentra- 
tion of 1 mg chromatin/ml (0.52 mg DNA/ml) corre- 
sponding to A260 = 10.4. Unless otherwise stated final 
chromatin concentrations used for the X-ray solution 
scattering experiments were in the range 2 . 5 -  3 mg 
DNA/ml. 

Digestion with micrococcal nuclease 

A chromatin solution (3 mg DNA/ml) in Tris buffer 
was made 0.5mM in Ca ++ and digested with 15 
Boehringer units/mg DNA of Micrococcal Nuclease 
(Sigma) for 0, 1, 2, 4, 8, 16, 32, 64 min at 37 °C. The 
reaction was stopped by making the solutions 2 mM 
in EDTA and cooling on ice. In control experiments, 
chromatin solutions with 0.5 mM CaCI2 were left at 
37 °C, without enzyme, and processed identically to 
the digested samples. The DNA size distribution was 
determined as described earlier (Koch et al. 1987) from 
1% agarose gels. 

Thermal denaturation of chicken erythrocyte chromatin 

The thermal denaturation of CE chromatin fragments 
was followed by X-ray scattering with a time resolu- 
tion of 60 s. The chromatin solution (3.5 mg DNA/ml) 
was placed in a thermostated cell connected to a water 
bath whose temperature was increased at a rate of 
about 2 °C/min from 20 °C to 90 °C. 

Optical absorption measurements were performed 
at two different ionic conditions: in TE buffer and in 
the same buffer adjusted to 80 mM NaC1. The samples 
were diluted to a concentration of 0.070 mg DNA/ml. 
The changes in absorbance were monitored using a 
spectrophotometer (ZEISS DMR10). The rate of heat- 
ing of the thermostated cuvette was identical to that 
during the X-ray experiments. 

The possible degradation of histones during ther- 
mal denaturation of chromatin fragments was also in- 
vestigated. A chromatin fragment sample (3.5mg 
DNA/ml) in TE buffer was heated in a water bath to 
70 °C at an approximate rate of 2 °C/rain. An aliquot 
was taken at intervals of 5 °C and an acidic extraction 
of histones was performed as described previously 
(Bordas et al. 1986 a). No degradation of the histones 
was detected. 

Binding of distamycin and netropsin 

Distamycin A (Sigma) was dissolved in TE buffer and 
appropriate amounts of this 11 mM stock solution 
were added to chromatin solutions to obtain 

Distamycin/100 base pair ratios in the range 0 - 20. 
The concentration of chromatin varied from 2.4 to 
3.4 mg DNA/ml in different experiments. In the exper- 
iments with NaC1, Distamycin was added from the 
stock solution to chromatin solutions in 20 mM or 
40 mM NaC1. 

Netropsin sulphate was kindly provided by Prof. 
F. Arcamone (Farmitalia Carlo Erba). A stock solu- 
tion of 10 mM Netropsin in TE buffer was prepared 
and added to chromatin solutions (3.3 mg DNA/ml) in 
appropriate amounts to obtain Netropsin/100 base 
pair ratios in the range 0 - 10. 

X-ray solution scattering 

All experiments were performed on the double focus- 
ing monochromator mirror camera X33 (Koch and 
Bordas 1983) in HASYLAB on the storage ring 
DORIS of the Deutsches Elektronen Synchrotron 
(DESY) in Hamburg using a wavelength of 0.15 nm. 
Details of the data acquisition and evaluation systems 
have been given elsewhere (Boulin et al. 1982; Boulin 
et al. 1986). Exposure times were 3 min for all static 
experiments. Thermal denaturation and radiation 
damage were followed with a time resolution of 1 min. 
In order to minimize systematic errors due to small 
changes in the background at very low angles, care 
was taken to make all measurements belonging to one 
series as much as possible during the same injection of 
the storage ring. For better visualisation the experi- 
mental data are presented as plots of log (s I (s)) vs. s, 
with s = 2 sin 0/2, where 2 0 is the scattering angle and 
2 the wavelength. 

Results 

Micrococcal nuclease digestion 

As illustrated in Fig. 1 A digestion with micrococcal 
nuclease results in a progressive decrease of the inter- 
ference band at 0.05 nm- 1. Under the conditions used, 
a significant decrease of the apparent radius of gyra- 
tion of the cross-section and mass per unit length oc- 
cur after about 8 min and the interference band 
vanishes after 32 min digestion. After 64 min digestion 
the scattering pattern at low angles shows the presence 
of aggregated material probably due to digestion of 
the nucleosome cores and subsequent release of 
histones. This becomes even more evident at longer 
digestion times (not shown). The slope of the outer 
part of the cross-section plot remains constant at 
3.2 + 0.2 nm. The scattering pattern of the control 
samples processed in the same manner as in the diges- 
tion experiment but in absence of enzyme, were identi- 
cal to that of the original undigested sample. 
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Fig. 1. A, X-ray scattering patterns of chicken 
erythrocyte chromatin (3 mg DNA/ml) after 
various times of digestion with micrococcal 
nuclease. B, bottom: Experimental interference 
function obtained from the ratio of the scatter- 
ing patterns before and after 32 min digestion. 
Top: Theoretical interference function for a 
fixed internucleosomal spacing of 23 nm i.e. 
sin (46 ~ s)/(46 ~ s). C, Decrease in the number 
of internucleosomal links with digestion time 
assuming first order kinetics. Data are taken at 
the first minimum of the interference function 

Kinetic information on the structural changes in- 
volved can be obtained as follows. At low ionic 
strength chromatin fragments are extended. Neglect- 
ing the contribution of the linker DNA to the scatter- 
ing (Koch et al. 1987) they can be described at 10w 
resolution as an irregular string of nucleosomes with 
an average internucleosomal distance d. Neglecting 
the effect of the relative orientation of the nucleo- 
somes, the scattering of such a polydisperse system at 
any time t during enzymatic digestion can be written 
as: 

K 
I (s, t) =- f 2  2 k Nk (t) 

k = l  

+ 2 f  2sin(2rcsd)  ~, (k - 1)Nk(t) (1) 
2 ~ s d  k=2 

K k- t  s in(2rcsmd) 
+ 2 f  2 2 Z ( k - m )  Nk(t) 

k=3 m=2 2n S md 

where f is the transform of a mononucleosome, k the 
degree of polymerisation, which can take values be- 
tween 1 and K, and Nk (t) is the number of k-mers in 

solution. Thus, Z k Nk (t) is the total (constant) num- 
k = l  K 

ber of nucleosomes in solution and ~ (k - 1) Nk (t) is 
k = 2  

the total (decreasing) number of links between nucleo- 
somes. The last term in Eq. (1) involving longer range 
interactions can be neglected in a first approximation 
at least in the range 0.03 n m - l <  s < 0 .06nm -1 
where the nearest neighbour contributions dominate. 
The second term which determines the amplitude of 
the interference maxima is a direct measure of the 
number of internucleosomal links in solution. The in- 
terference function can be extracted in a straightfor- 
ward manner from the ratio of the scattering pattern at 
time t and that of mononucleosomes (IM(S)). As an 

approximation, the scattering pattern obtained after 
32min can be used for this purpose (i.e. IM(S ) = 
I (S, t = 32)). Scattering patterns corresponding to lon- 
ger digestion times are not usable because of the pres- 
ence of aggregated material. The pattern at t = 32 rain 
arises essentially from mono- to pentanucleosomes, as 
shown by the size distributions obtained by DNA gel 

. electrophoresis illustrated in Fig. 2. The distributions 
at the various times are plotted on a linear scale rather 
than on the logarithmic scale of the electrophoresis 
gels. The use of the pattern of short oligonucleosomes 
is also justified because it is known from electric di- 
chroism (Marion et al. 1981) that these do not present 
a superstructure• An alternative approach would have 
been to use the pattern of a pure mononucleosome 
preparation. This would have had the advantage of 
suppressing any remaining internucleosomal correla- 
tions, but the disadvantage of not keeping the scatter- 
ing mass constant by eliminating the free DNA seg- 
ments and histones. 

The interference function obtained in this manner 
is illustrated in Fig. 1 B. Since the first minimum of 
sin 2 rc x/2 rcx occurs at x = 0.7 and the first maximum 
at x = 1.4 one can directly estimate the average inter- 
nucleosomal distance to be 23 nm for this preparation. 
The value of 

I (s, t) I 

I 
lS thus proport ional  to the number of internucleo- 
somal links. Assuming that micrococcal nuclease cuts 
randomly and that the reaction follows first order ki- 
netics, the standard expressions for polymer degrada- 
tion (Jungers et al. 1958) can be applied, at least in the 
early stages of digestion. The decrease of the inter- 
ference amplitude can thus be described by the follow- 
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Fig. 2. DNA size distribution after 
different digestion times (1% aga- 
rose gel). Digestion was carried out 
in identical conditions as for the 
scattering experiments• The den- 
sitometer traces are displayed on a 
linear scale to present the size distri- 
bution, rather than on the logarith- 
mic size scale of the electrophoresis 
gel. The markers are ECO RI plus 
Hind III restriction fragments of 
phage 2 DNA 

ing expression 

ln(l(s,t) ) ( I ( s , o ) )  
IM(s-~--I = l n \ l l M ( s )  1 - k t .  

As shown in Fig. 1 C this interpretation is in good 
agreement with the experimental data taken in the 
vicinity of the first minimum of the interference func- 
tion. 

Thermal denaturation of chromatin fragments 
The evolution of the scattering curve from solutions of 
chicken erythrocyte chromatin fragments during ther- 
mal denaturation is shown in Fig. 3 A. The distribu- 
tion of internucleosomal distances broadens and the 
average internucleosomal distance increases, resulting 
in a progressive shift of the 0.05 n m -  1 band to smaller 
angles and a decrease of its intensity at higher temper- 
atures. Similar observations were made on rat liver 
chromatin fragments• 

The complexity of the denaturation phenomenon 
at low ionic strength is best illustrated by the correla- 
tion plot in Fig. 3 B in which the integrated intensity 
in the trough (region I: 2.75 • 10 -2 < s < 3.30 • 1 0  - 2  

nm-1)  is plotted against that near the maximum of 
the 0.05 nm -~ band (region II: 4.65 • 10 -z  < s < 5.20 
• 10 -Znm -1) for the different temperatures. Each 
change of slope in the correlation plot indicates the 
onset of a new transition. In the straight parts, the state 
of the solution can be described as a linear combina- 
tion of the initial and final states defined by the ends of 
the linear segment (Moody et al. 1980). Transitions 
occurring simultaneously cannot be distinguished by 
this method and yield a continuous straight correla- 
tion plot. 

Thus, point A corresponds to the onset of the shift 
of the 0.05 n m -  1 band to smaller s-values which oc- 
curs around 40 °C. Extrapolation of the scattering pat- 
terns to s = 0 indicates the progressive decrease of the 
mass per unit length and of the radius of gyration of 
the cross-section up to about 60°C. Around 62°C 
(point B) irreversible denaturation sets in, leading to a 
large increase in scattered intensity at low s-values. 
The corresponding correlation plot for chromatin in a 
buffer containing 2 m M  MgClz, in the temperature 
range 20 to 60 °C, yields a straight line indicating a 
simple transition or superimposed transitions. 

Optical thermal denaturation profiles were ob- 
tained from dilute samples (A26 o = 1.4) by monitoring 
the changes in absorbance at 260 nm as illustrated 
in Fig. 4. Whereas the absorbanee curves of chicken 
erythrocyte chromatin-EDTA display a small shoul- 
der near 75 °C, those of rat liver chromatin-EDTA are 
monophasic with Tm = 80°C as also observed by 
Marion et al. (1985). 

Radiation damage 

During the thermal denaturation experiments the 
chromatin samples were exposed to the intense X-ray 
beam for periods of about 30 min. To verify that the 
observed effects were not due to radiation damage, 
chromatin solutions (3 mg DNA/ml) were irradiated 
at different temperatures between 15 and 40 °C for 
periods of up to 90 rain corresponding to an estimated 
dose of 2 M rad (Boulin et al. 1982). Changes of about  
5% of the 0.05 nm -1 band, such as those occurring 
before point A in Fig. 3 B, were observed but these non 
systematic effects most probably only reflect changes 
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Fig. 3. A Evolution of the solution scattering 
pattern of chicken erythrocyte chromatin 
(3.5 nag DNA/ml) in TE buffer as a function of 
temperature. B Correlation plot of the intensi- 
ties in region I and II in A. Point A corresponds 
to a temperature of about 42 °C and the onset 
of the shift of the 0.05 rim-1 band to lower 
s-values. Point B corresponds to the onset of 
irreversible denaturation at about 62 °C 

of the X-ray beam during the first 20 rain of the exper- 
iment. 

Binding of distamycin and netropsin 

Figure 5 A illustrates the broadening and shift of the 
0.05 n m -  1 band to lower s-values at increasing Dista- 
mycin concentrations in TE buffer. Similar behaviour  
is observed with Netropsin.  The internucleosomal dis- 
tance estimated from the position of the minima and 

maxima of the interference function, as explained 
above for the digestion experiments, increases by 
about  12% at 10 Dst/100 bp and by about  20% at 
20 Dst/100 bp. There is a corresponding decrease of 
the radius of gyration of the cross-section and of the 
mass per unit length as shown in Fig. 5 B, which also 
illustrates that the effects depend on the state of con- 
densation of the chromatin fibres. At 20 m M  NaC1 the 
mass per unit length increases slightly with Distamy- 
cin concentration. Distamycin at concentration levels 
of 5 or 10 Dst/100 bp does not prevent condensation 
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by NaCI. Up to about 5 Dst/100 bp ~ increases 
linearly with NaC1 concentration, with a slope similar 
to that observed in the absence of Distamycin (Koch 
et al. 1987). At higher Distamycin concentration a less 
compact structure appears to be formed at a given salt 
concentration as shown in Fig. 5 C. 

Discussion 

The results of the digestion experiment provide un- 
equivocal evidence that the 0.05 nm-1 band is due to 
internucleosomal interference. They provide a further 
argument in favour of the existence of a three dimen- 
sional zig-zag (Thoma et al. 1979) or loose helix-like 
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Fig. 4. Changes in absorbance for solutions (0.070 mg DNA/ml) 
of chicken erythrocyte (left) and rat liver (right) chromatin 

structure (Bordas et al. 1986b) or irregular chain of 
nucleosomes with a narrow distribution of inter- 
nucleosomal distances (Koch et al. 1987) in solution at 
low ionic strength. A jointed filament model as pro- 
posed by Greulich et al. (1987) following the approach 
of Kirste and Oberthuer (1982) for synthetic polymers, 
can give satisfactory agreement with the experimental 
data provided the average length of the segments is 
fixed at 2 0 -  23 nm. The model is then equivalent 
to that of the irregular chain (Koch et al. 1987). 
The results of the digestion experiments also allow 
us to refute the suggestion (Widom 1986) that the 
0.05 nm- ~ band may arise from intermolecular corre- 
lations of entangled 10 nm nucleosome filaments. The 
latter would be expected to give rise to a maximum at 
0.1 nm-1 rather than at 0.05 nm-1. Absence of the 
0.05 nm -~ band, as in the early observations of 
Sperling and Tardieu (1976), can be taken as an indica- 
tion for a distribution of short fragments, with less 
than 10 - 15 nucleosomes, in the sample. The slope of 
the cross-section plots is then mainly determined by 
the transform of the nucleosomes (Koch et al. 1987) 
and yields values of the cross-section radius of gyra- 
tion in the range 2.8 - 3.8 nm. These findings justify 
the use of the 0.05 nm- 1 band as a marker to monitor 
structural changes affecting the internucleosomal dis- 
tance distribution in chromatin. 

A first example is provided by the interaction of 
chromatin with Netropsin and Distamycin. Our ob- 
servations are in agreement with the electron micros- 
copy results of Lang et al. (1979) indicating a progres- 
sive extension of the fibres. The broadening of the 
interference band at 0.05 nm- 1 reflects that of the dis- 
tribution of internucleosomal distances. At high con- 
centrations (> 20 tool/100 bp) denaturation occurs. 

The effect of Distamycin and Netropsin on the 
structure of DNA depends on ionic strength. A con- 
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Fig. 5. A Scattering pattern of chicken erythrocyte 
chromatin in TE buffer in the presence of increas- 
ing amounts of Distamycin (Dst). B Changes of 
I (0)71 at increasing Netropsin (Nt) and Dista- 
mycin concentrations in TE buffer and in the 
presence of 20 mM NaC1. C Change in 
with NaC1 concentration at a fixed concentration 
ratio of 10 Dst/100 bp. The dashed line corre- 
sponds to the effect of NaC1 in the absence of 
Distamycin 
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tour length increase of about 10% at 10 Dst/100 bp 
was obtained by electric dichroism studies of 
Distamycin-DNA interaction at 2.5 mM Na + (Hogan 
et al. 1979). Viscosity measurements on DNA at 
0.15 M Na + show, in contrast, that at the concentra- 
tion ratios used in our case, Netropsin increases vis- 
cosity (Reinert 1972), except for DNA with a low 
A + Tcontent (Zimmer et al. 1971) whereas Distamy- 
cin decreases it. It was concluded that the effects are 
mainly due to a decrease in persistence length in the 
case of Distamycin and to the opposite effect for Net- 
ropsin (Reinert 1972, 1981) rather than to changes in 
the contour length. 

Although it should be taken into account that ef- 
fects observed on DNA may not be directly transpos- 
able to chromatin, where other structural constraints, 
such as those due to the nucleosomes, play a role, 
similar differences appear to exist for chromatin. In- 
creasing concentrations of both Distamycin and Net- 
ropsin in the range from 0 to 10 mol/100 bp in TE 
buffer, lead to a decrease of the mass per unit length 
of chromatin. This effect is expected to lead to an in- 
crease in viscosity. At 20 mM NaC1, however, Dista- 
mycin appears to increase the mass per unit length 
very slightly probably due to neutralization of charges 
leading to further condensation. This should result in 
a decrease in viscosity. 

Measurements of the internucleosomal distance do 
not distinguish between changes in contour length and 
persistence length. The experimental value of the inter- 
nucleosomal distance (23 nm) suggests, however, that 
the linker is stiff in TE buffer. Assuming that the ob- 
served effects are mainly due to an increase in contour 
length of the linker, one can obtain an upper limit for 
the elongation per Distamycin molecule. If there is no 
preferential binding to linker DNA, the elongation can 
be estimated to be around 0.2 nm per Distamycin mol- 
ecule, in satisfactory agreement with the results of Rei- 
nert (1972) for Netropsin (0.15 nm) but considerably 
less than the exceptionally large value reported by 
Hogan et al. (1979) for Distamycin and calf thymus 
DNA (1.3 nm). The increase in internucleosomal dis- 
tance is also consistent with the results of Sen and 
Crothers (1986b) who found by electric dichroism 
that, in the absence of salt, Distamycin does not com- 
pact nor aggregate chromatin, but that there must be 
increased torsional or bending stiffness of the drug 
bound DNA. At increasing Mg ++ concentrations 
they find that Distamycin does not prevent initial ag- 
gregation but is an obstacle for further folding at high 
Distamycin/bp ratios. This should result as shown in 
Fig. 5 C in a lower mass/unit length than in the ab- 
sence of Distamyein at a given salt concentration. 

Thermal denaturation of chicken erythrocyte ch- 
romatin is associated with three transitions as deter- 
mined by the change in hyperchromicity (Fulmer and 

Fasman 1979; Ausio et al. 1986). The first (I), revers- 
ible, salt concentration dependent transition with on- 
set between 40 ° and 50 °C and midpoint in the range 
55 - 65 °C is usually associated with melting of the 
linker. The second transition (II) with onset at 60 °C 
and midpoint around 70 °C, is associated with melting 
of the DNA region between the linker and core DNA. 
Melting of the core DNA corresponds to the third 
transition (III) with midpoint at 80 °C. The latter two 
transitions are also observed in the melting profiles of 
nucleosome cores at low ionic strength (McGhee and 
Felsenfeld 1980; Walker and Wolffe 1984). We observe 
the onset of transition I at about 40 °C. The shift of the 
0.05 nm- 1 band to lower s-values up to 60 °C provides 
a direct structural observation of the increase in inter- 
nucleosomal spacing due to the melting of parts of the 
linker DNA. Transitions I! and III, which result in the 
collapse of the loose helix-like structure and irrevers- 
ible denaturation of the chromatin fibres, are not sepa- 
rated in our observations. 

The superposition of transitions I and II (II + I I I  
in this case), at higher ionic strength (Fulmer and Fas- 
man 1979) is confirmed by the correlation plot for 
partly condensed chromatin which yields a straight 
line (not shown). 

In the case of rat liver chromatin, the optical ther- 
mal denaturation profile appear to be monophasic, as 
also observed by Marion et al. (1985), and the transi- 
tions are less distinctly separated in X-ray scattering. 
Thus, it seems that the observed differences have to be 
attributed to genuine differences in properties of chro- 
matin from these two sources, rather than to prepara- 
tive artefacts. 

The two examples above show that the 0.05 nm- 1 
band is useful for monitoring changes in the state of 
chromatin fibers at low ionic strength, induced by ex- 
ternal factors. This can be done in dilute solutions as 
well as in gels (Bordas et al. 1986 a). The position and 
intensity of this band should also be sensitive to intrin- 
sic structural variations. Thus, one would expect it to 
shift to lower s-values and to increase in intensity for 
chromatin with very long linker or on the contrary to 
shift to larger s-values and be less intense in chromatin 
with very short linker. 
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