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Interpretation of the X-ray scattering profiles of chromatin
at various NaCl concentrations by a simple chain model
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Abstract

In order to interpret the change in the X-ray scattering profiles from rat thymus chromatin, extensive model
calculation was carried out. Chromatin is modelled as a string of subunits (nucleosomes) in which disorder is
introduced into the positions of adjacent subunits. Disposition parameters characterizing the arrangement of
subunits were estimated for various states of chromatin, so that the main feature of the scattering profiles is
described. The result indicated that the structure of chromatin changes, as the NaCl concentration increases,
from the extended “beads-on-a string” structure to the condensed helical structure. The latter has an outer
diameter of about 26 nm with 3—-4 nucleosomes per turn. In the intermediate state, it has a loose helical
structure. The estimation of disorder suggested that the arrangement of subunits is appreciably disordered
even in the condensed helical filament at 50 mM NaCl. Our model for chromatin condensation seems to

support models of the “crossed linker” type.
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1. Introduction

Chromatin, consisting of repeating units called
nucleosomes, undergoes a structure change from
the “10 nm” filament to the “30 nm” filament
with increasing NaCl concentration of the solu-
tion [1-4]. It is important to investigate the nucle-
osome arrangement in a chromatin filament in
various structural states, in order to understand
the condensation mechanism of chromatin. The
scattering profiles of chromatin in the uncon-

Correspondence to: Dr. S. Fujiwara, Department of Biophysi-
cal Engineering, Faculty of Engineering Science, Osaka Uni-
versity, Toyonaka, Osaka 560 (Japan).

densed and the condensed states were analyzed
by Bordas et al. [5] in terms of radius, pitch, and
number of subunits per turn of regular helix. An
irregular nature of the structure is often sug-
gested [2,5-7]. Since interactions between adja-
cent nucleosomes seem to be the driving force of
the structure change [8], the irregularity should
be described by disorder introduced into the rela-
tionship between adjacent nucleosomes. Such a
type of disorder is called a distortion of the
second kind [9]. An alternative approach to em-
phasize the irregular nature is to describe the
chromatin structure as a worm-like chain, as was
done in Ref. [6]. The latter approach, however, is
not admitted because the scattering maximum at
about 0.045 nm ™! cannot be reproduced [10].
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In this paper, we consider a chain consisting of
identical subunits, which correspond to nucleo-
somes, as a model for chromatin. We attempt to
simulate the change observed in the X-ray scat-
tering profiles of rat thymus chromatin, presented
in a preceding paper [4]. The arrangement of
subunits in the chain is characterized by parame-
ters describing the relative positions of adjacent
subunits. We introduce the disorder in consider-
ing models which, as a result, lead to structures
with distortions of the second kind. The models
were investigated such that the radius of gyration
of the cross-section (R,), which is estimated from
the calculated profiles, and the position and the
height of the peak in the calculated profiles agree
with those of the experimental profiles. From the
result of the model calculation, we simulate the
changes of the nucleosome arrangement in the
chromatin filament upon addition of NaCl.

2. Methods
2.1 The description of the model

A chromatin filament is modelled as a chain
consisting of N identical subunits. The parame-
ters are r,, the distance between adjacent sub-
units, 8,, the bond angle formed between three
successive subunits, and ¢,, the dihedral angle
between the planes defined by three successive
subunits. To introduce (as a first approximation)
isotropic distribution of adjacent subunits, a
Gaussian function with a zero mean and a stan-
dard devition of A is used. The model is illus-
trated in Fig. 1.

2.2 Calculation of scattering profiles

In the scattering profiles of chromatin, a peak
is observed in the region of 0.03 < S < 0.1 nm™!
[4] (S =2 sin /A, where 26 denotes the scatter-
ing angle and A the wavelength of X-ray). The
peak is attributable to interference of nucleo-
somes in the filament [11]. The region in which
the peak is observed is such a small-angle region
that the nucleosomes can be assumed to be nearly
spherically symmetric. Under this assumption,
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Fig. 1. The schematic picture of the model. Circles represent
subunits, and A denotes the standard deviation of a Gaussian
function. Parameters are defined in the text.

scattering intensity of the filament can be written
by using Debye’s formula [12] as

sin 27 Sr,,

I($)=I(){N+2L ¥ ———— (1)

278,
>k sk

where I(S) is the scattering intensity of the sub-
unit, and r;, denotes the distance between jth
and kth subunits. 7(S) is approximated by an
exponential form [13] as

1,(8) = 1(0) exp(— $7’R}S?) (2)

where I(0) denotes the extrapolated intensity at
§=0, and R, is the radius of gyration of the
subunit, which is estimated to be 4.3 nm
(Yamamoto et al., in preparation). Since adjacent
subunits suffer from a disorder to have an
isotropic Gaussian distribution, a distribution
function should be incorporated into the equa-
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tion. Equation (1) is consequently modified as
follows.

I(S)=I(S){N+2) ) exp(—47?
i>k

) sy SN 2T ST
XIS 3)
where 7 denotes the average distance between
jth and kth subunit, determined from the values
of r,, 8,, ¢,. (for the derivation of eq. 3, see the
Appendix).

By using eq. (3), we calculated the scattering
intensity profiles of the model. The calculations
were carried out by a PDP11 /34 minicomputer
(Digital Equipment Corp.). The profiles were cal-
culated for various sets of parameters. Out of a
number of models, selection has been made ac-
cording to the following criteria: the R -value of
the model to be within the range of the experi-
mental value, the peak position of the calculated
profile in accordance with that of the experimen-
tal profile, and the peak height.

3. Resuits and discussion
3.1 Calculation of the intensity profiles

The peak position of the profile is, as ex-
pected, sensitive to 7,-values [11]. Thus, the r,-
value is firstly determined. Since thickness of the
filament is rather dependent on 6, and ¢,, a
search has been carried out to give a good value
of R_. Introduction of the disorder induces
smearing of the calculated profiles, i.e., minima
in the profiles are suppressed, and maxima at
high angle, which are not observed in the experi-
mental profiles, disappear. The standard devia-
tion A is determined so that the minima are
suppressed to a level comparable to the experi-
mental profiles and that maxima at high angle
disappear. The estimated values of the parame-
ters are summarized in Table 1. The experimen-
tal and the calculated profiles of the model at
various NaCl concentrations are shown in Fig. 2.
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Table 1
The estimated parameters of the model *
[NaCl] r, 0, (degrees) ¢, (degrees) A (nm)
(mM) (nm)

0 24 150 150-210 ® 6.0

5 20 130 170-190 ® 5.0

10 17 80 130-140, 210-230 >¢ 4.5
25 13 80 55,305 ¢ 4.0
50 12 80 35,325°¢ 35
# The parameters, r,, 8, ¢,, A, are changed by 0.5 nm, 5°, 5°,

0.5 nm steps, respectively, and the scattering intensity pro-
file is calculated for each set of the parameter values by
using eq. (3). Out of many sets, the presented values are
selected according to the criteria as described in the text.

 Within this range, the calculated intensity profiles satisfy
the criteria.

¢ These two regions are related by ¢, and 360°-¢,, indicating
a left-handed and a right-handed helix, respectively.

In Fig. 2, the calculated profiles are scaled so
that the R-value(=X|Iy ~1., |/Zl,), calcu-
lated in the region from the trough at around
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Fig. 2. The calculated and the experimental scattering inten-
sity profiles, S vs. In{(SI(S)), at various NaCl concentrations.
Solid lines denote the calculated intensity profiles and open
circles represent the experimental profiles. The experimental
profiles are reproduction of the data presented in Fig. 3 in the
preceding paper. The experimental profiles above § mM
NaCl are displaced vertically by an arbitrary amount for
clarity. The calculated profiles are scaled so that the intensity
in the higher angles than the trough at about 0.03 nm™!
agrees with that of the experimental profiles (see text).
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0.03 nm~"! to 0.01 nm™1, is minimal. It therefore
follows that intensity in the smallest-angle region
of the experimental profiles is higher than that of
the calculated profiles. This difference can be
attributed in part to the aggregation effect of
chromatin, because the experimental profiles
were recorded at a chromatin concentration of
1.5 mg DNA/ml, at which aggregation of chro-
matin may occur [4]. The other reason comes
from the component, excluded in the model. Nu-
cleosomes in the chromatin filament are con-
nected by the linker regions, consisting of linker-
DNA of about 50 base pair (bp) length and the
tail regions of histone protein H1. These linker
regions also contribute to the scattering intensity.
The scattering mass of the linker region is esti-
mated to be about 20% of that of the whole
nucleosome (including the linker region i.e., con-
sisting of 196 bp DNA, two each of histones
H2A, H2B, H3, H4, and a histone H1) by a
similar method to that used by Koch et al. [10].
Since our model neglects the linker regions, the
scattering mass of our model is lower than that of
actual chromatin. This results in a reduction in
intensity in the smallest-angle region. Taking
these arguments into account, the main feature of
the change in the intensity profiles with increas-
ing NaCl concentration is reproduced in the cal-
culated profiles.

Comparison of the calculated R_ and mass per
unit length (M) values with the observed values
are shown in Table 2. Since the R_-value is one
of the criteria to determine the parameters, the
calculated and the observed values are identical.
On the other hand, the M -values, estimated from
the cross-sectional Guinier plots of the calculated
profiles, are substantially lower than the observed
values. This discrepancy seems to be due to over-
estimation of the observed values, as was men-
tioned in a preceding paper of our group [4). Our
calculated values seem to be within reasonable
agreement with values observed by other investi-
gators. For example, the M -value at low ionic
strength is estimated to be 0.7 nucleosomes per
10 nm by Koch et al. [10], and 0.9 by Gerchman
and Ramakrishnan [14]. Considering that the
condensation had already proceeded to some ex-
tent under the conditions used by these re-
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Table 2

Comparison of the calculated and the observed ® values of
the radius of gyration of the cross-section (R_) and the mass
per unit length (M_) ® at various NaCl concentrations

[NaCll(mM) R (nm) R (nm) M M2

0 3.39-3.50 ¢ 3.44+0.13 04 1.58+0.02
5 6.87-691° 6.7410.17 06 2.59+0.05
10 7.50-7.68 ¢ 759+0.17 0.9 3.28+0.06
25 8.64 8.57+0.08 1.8 5.2310.06
50 8.78 8821+0.04 28 7.66+0.07

2 The values estimated in a previous paper of our group [4].

b Expressed as the number of nucleosomes per 10 nm.

¢ The models with the ranges of the parameter values in
Table 1 give the R_-values within this range.

searchers [4), and that they used chicken erythro-
cyte chromatin, which is suggested to be more
“tight” than that from rat [15], the M_value
under the low ionic condition of the present work
should be lower than their values. The M _-values
in the condensed state arc estimated to be around
six nucleosomes per 10 nm [16,17]. Considering
that the condensation is not completed at 50 mM
NaCl, the calculated value at 50 m M NaCl seems
to be also within a reasonable range.

3.2 Changes of the nucleosome arrangement in
chromatin filament

We discuss the changes of the nucleosome
arrangement in the filament, based on the param-
eter values given in Table 1. At low NaCl concen-
trations, r, has a large value compared with the
maximum dimension of a nucleosome, 11 nm [18),
which indicates the filament is rather extended.
The ranges of the ¢, -value suggest that the fila-
ment has a flexible nature. The condensation
along the filament axis occurs through decreases
in both r, and 6,. Above 10 mM NaCl, ¢, has
the value other than 180° suggesting that the
helical nature is introduced into the filament.
Two regions, ¢, and 360° — ¢,, are obtained be-
cause the X-ray scattering data cannot distinguish
handedness of a helix. The values of the helical
parameters above 10 mM NaCl, estimated from
the values of r,, 8,, ¢,, are summarized in Table
3. From Table 3 it is suggested that above 10 mM
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Table 3

The helical parameters estimated from the parameters of the
model given in Table 1

[NaCll(mM) Diameter * Pitch®  Subunits/turn
10° 13.6 24.7 24
25 14.6 153 33
50 15.0 10.1 35

® Expressed in nm.

® The average values of the estimated helical parameters
from the ranges of the parameter values in Table 1 are
presented.

NaCl the condensation of chromatin proceeds
mainly through a reduction in pitch of the helix,
rather than through an increase in number of
nucleosomes per turn. The helical diameter of
15.0 nm at 50 mM NaCl indicates the outer
diameter of the filament is about 26 nm.

Above results have considered only regular
filament structures. However, within the NaCl
concentration range considered here, A has val-
ues which are 25-30% of the r,-values. Computer
simulation was carried out to show the chain
conformations at various NaCl concentrations.
The position of each subunit in the chain is
defined by generating random values having
Gaussian distribution with zero mean and stan-
dard deviation A. Typical examples of the chain
conformation consisting of 70 subunits are illus-
trated in Fig. 3. In the absence of NaCl, a rather
extended and flexible filamentous structure is
seen. This “beads-on-a-string” like structure is
consistent with the structure at low ionic strength
suggested by Greulich et al. [6] or Koch et al. [11].
With increasing NaCl concentration, the conden-
sation along the filament axis and appearance of
local helical structure can be seen, while the
flexible feature of the filament remains. The pic-
tures in Fig. 3 are reminiscent of the flexible
zig-zag structures often observed by electron mi-
croscopy, e.g. reported in Refs. [2,19,20].

Several models have been proposed for the
structure of the “30 nm” filament (for a review of
models, see e.g. Ref. [16]). Among these models,
the solenoid model [1,2] and the models of the
“crossed linker” type [5,21-23] seem most
favoured [16]. The essential difference between
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these models is whether successive nucleosomes
are in contact (the solenoid model) or not (the
crossed linker model). We cannot directly com-
pare our results with these models because our
model at 50 mM NaCl might not reach the most
condensed state. However, taking account of our
results that condensation occurs mainly through a
reduction in pitch of the helix, nucleosomes would
be intercalated between successive nucleosomes
in the next turn as condensation proceeds. Such a

e
/
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e

Fig. 3. Typical examples of the chain conformations generated
by a computer simulation for the model of chromatin at (a) 0
mM, (b) 5mM, (c) 10 mM, (d) 25 mM, and (¢) 50 m M NaCl,
respectively. Two examples of the conformations are illus-
trated at various NaCl concentrations. The center point of
each subunit is defined by generating random values having a
Gaussian distribution with zero mean and standard deviation
A, the value estimated in Table 1. Projections to the xz-plane
are illustrated of generated three-dimensional structures in
which each center point of the subunit is linked by a straight
line.
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picture supports the models of the crossed linker
type, though we cannot judge the parameter val-
ues themselves.

The existing models for the “30 nm” filament
emphasize the regularity of the structure. It
should be noted that the helical parameters can
be defined only for a localized average structure.
The filament as a whole has an irregular nature.
The irregularity may derive from structural flexi-
bility such that the local structure may vary easily
according to slight changes of the environment
around the chromatin filament, such as ion bind-
ing and modification of histone proteins. Such a
structural flexibility may be associated with the
mechanism of transcription and replication of
DNA and might account for the state that no
consensus on the structural details of the “30
nm” filament is obtained.
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Appendix

Madification of Debye’s formulae to include the
distortion effect

Electron density of a chain which is composed
of N identical subunits having isotropic electron
density, can be expressed as

N
p(r) =) L o(r =) (A1)

where pfr) is the isotropic clectron density of
the subunit, r denotes the radial component of
the vector r, * the convolution operation, r; the
position of jth subunit, and & the Dirac delta
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function [9]. Then the scattering intensity of the
chain is given by

1(5) = 1(5) X G(S) (A2)

where I1(S) is the scattering intensity of the sub-
unit, S is the radial component of the vector §,
and G(S§) is the interference function defined as

G(§)=Y ‘%exp(Z‘n‘iS (1= 1)) (A3)

7

where i = V—1. G(8) is modified to include the
disorder in the relative positions of adjacent sub-
units. The position of jth subunit relative to kth
subunit is given by

J
r=n= L ryo
I=k+1

where r;;_, denotes the position of /th subunit
relative to (! — 1)th subunit and we assume j > k
here. Since each relative position, r;;_;, fluctu-
ates around the average position, this vector is
described, by denoting the average relative posi-
tion and the fluctuation as rj,_; and Ar;,_,
respectively, as r;,_, =r},_; + Ar,;_,. Then

j
U Y
rp—ry=rpt Z Aryy

i (A4)
I=k+1

where r; denotes the average position of jth
subunit relative to that of kth subunit. Ar;,_, is
assumed to have an isotropic Gaussian distribu-
tion with zero mean and standard deviation A for
all [. Substitution of eq. (A.4) into eq. (A.3) and
averaging over G(S§) for the distribution of
Ar,,_,, yields

G(S) =Y, Lexp(2miS - rf)
ik

Xexp(—4m?|j—k|A%S?) (AS)
The spherical average of eq. (A.5) gives
G(8) =Y Yexp(—4m?|j—k|A%S?)
ik
sin 27 Sr},
it (A.6)

2w S
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Simple calculation yields the spherical average of
I(S) given by

I(S)=I(S){N+2} Y exp(-4n’

j>k

o a
in 21rSrjk

S
X (j—k)A2s?) Py (A7)
7

This equation gives the scattering intensity of a
chain having distortions of the second kind.

On the other hand, if a chain has distortions of
the first kind, which are distortions in which long
range order is retained, the scattering intensity
can be expressed, by assuming that each subunit
may deviate from the ideal position according to
a Gaussian with zero mean and standard devia-
tion A, as follows [9].

1(S) =I(S){N+2 Y ¥ exp(~-4w?A%S?)
j>k
sin 2w Srj,

A8
2mSrj, (A8)
The exponential factor in the second.term of the
above equation corresponds to the temperature
factor in crystallographic terms. Note the differ-
ence between egs. (A.7) and (A.8).
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