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Dynamic Structures of intact Chicken Erythrocyte Chromatins as Studied
by 'H-3'P Cross-Polarization NMR
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ABSTRACT The dynamic properties of DNA in intact chicken erythrocyte cells, nuclei, nondigested chromatins, digested
soluble chromatins, H1, H5-depleted soluble chromatins and nucieosome cores were investigated by means of single-pulse and
'H-"P cross-polarization NMR. The temperature dependence of the phosphorus chemical shift anisotropy was identical for the
former three in the presence of 3 mM MgCl,, suggesting that the local higher order structure is identical for these chromatins.
The intrinsic phosphorus chemical shift anisotropy of the nucleosome cores was —159 ppm. The chemical shift anisotropy of
DNA in the chromatins can be further averaged by the motion of the linker DNA. The spin-attice relaxation time in the rotating
frame of the proton spins (T, ) of the nondigested chromatins was measured at various locking fields. The result was analyzed
on the assumption of the isotropic motion to get a rough value of the correlation time of the motion efficient for the relaxation,
which was eventually ascribed to the segmental motion of the linker DNA with restricted amplitude. The 30 nm filament structure
induced by NaCl was shown to be dynamically different from that induced by MgCL,. Side-by-side compaction of 30-nm filaments
was suggested to be induced in the MgCL, concentration range higher than 0.3 mM. Biological significance of the dynamic
structure was discussed in connection with the results obtained.

INTRODUCTION

Eukaryotic chromosomes are known to have an organized
and compact structure. The phenomena of decondensation
and condensation of chromatins are very important in tran-
scription and replication. Extensive studies have been carried
out to elucidate the condensation of chromatins (van Holde,
1989). Most basic folding of DNA occurs in the nucleosome
cores, where the DNA is wrapped around an octamer of the
core histone proteins (H2A, H2B, H3, and H4) (Richmond
etal., 1984). Nucleosome cores and linker DNA comprise the
so-called 10-nm filament in the presence of the fifth histone,
H1 (or HS). Crystal structure of the globular domain of HS
histone was established, and a model for the binding with the
nucleosomal DNA was proposed (Ramakrishnan et al,
1993). An electron microscopic study of nuclease-digested
chromatins (soluble chromatins) showed that they undergo
further compaction, from 10- to 30-nm filaments, depending
on the salt concentration (Finch and Klug, 1976). For the
30-nm filament, there are three major types of models,
namely, solenoid models (Finch and Klug, 1976; McGhee
et al., 1983; Butler, 1984), twisted-ribbon models (Worcel
et al.,, 1981; Woodcock et al., 1984), and cross-linker models
(Staynov, 1983; Makarov et al., 1985; Williams et al., 1986;
Bordas et al., 1986; Williams and Langmore, 1991). Al-
though the solenoid models are now widely accepted, con-
troversy regarding the higher order structures remains (van
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Holde, 1989). Recently, biological roles of the chromatins
have been elucidated in terms of molecular structure. For
example, histones H1 and H5 have turned out to be repressors
of transcription (Hayes and Wolffe, 1992). Actually, the
structures of the globular domain of HS are very similar to
those of catabolite-activating protein (CAP) (Ramakrishnan
et al., 1993).

To get more direct evidence for the biological significance
of the higher order structures, it is desirable to investigate
them in vivo or in a system close to it. A few works on in
vivo systems have been carried out to substantiate the results
on digested (soluble) chromatins. Low angle x-ray diffrac-
tion of intact chicken erythrocytes or sea urchin sperm gave
broad 40-nm reflections, which were ascribed to side-by-side
packing of chromatin fibers (Langmore and Paulson, 1983;
Widom et al., 1985). The fluorescence anisotropy decay
showed that the rigidity of the linker DNA in the chicken
erythrocyte nuclei is similar to that in the 30-nm filaments
of digested (soluble) chromatins (Ashikawa et al., 1985). We
have shown the presence of the 30-nm filament structure in
intact chicken erythrocytes by means of 'H->'P cross-
polarization NMR (Nishimoto et al., 1987). A polarized pho-
tobleaching study has been carried out on the intact nuclei of
mudpuppy and sea urchin, which provided information on
the dynamics of these higher order structures (Selvin et al.,
1990). Because the nucleosome itself can be turned to a tran-
scription site by biological modifications (van Holde, 1993),
elucidation of the dynamic structures of intact chromatins
will shed light on the mechanism of the transcriptional and
replicational activities in the nuclei as discussed by Hansen
and Ausio (1992). To approach this goal, we here extend our
previous work and report the detailed dynamic properties of
chicken erythrocyte chromatins in intact systems.
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MATERIALS AND METHODS

Erythrocytes were obtained from chicken blood diluted with an approxi-
mately equal volume of SSC buffer (150 mM NaCl, 15 mM sodium citrate),
followed by centrifugation at 4000 X g for 15 min. Erythrocyte nuclei,
chromatins, and nucleosome cores were prepared according to Ashikawa
et al. (1985). Nondigested chromatins were obtained as follows. Nuclear
envelopes were ruptured by gently suspending chicken erythrocyte nuclei
in a large volume of TE buffer (1 mM Tris, 0.2 mM EDTA, pH7.4). Then
1 M NaCl was added dropwise and gently to a final concentration of
100 mM. The aggregated chromatins were pelleted by centrifugation at
4,000 X g for 15 min. To obtain digested soluble chromatins, the nuclei
(Ao = 50 in 1 N NaOH) were incubated for 5 min at 37°C in the presence
of 40 units/ml micrococcal nuclease, 1 mM CaCl, and 1 mM phenylmeth-
anesuifonyl fluoride (PMSF). The reaction was terminated by adding EDTA
(final, 5 mM) and putting the reaction mixture in ice. The digested nuclei
were suspended in 1 mM Tris, 1 mM EDTA, pH7.4, and then the mixture
was centrifuged at 10,000 X g for 20 min. The supernatant fraction was used
as the digested (soluble) chromatins. Removal of histones H1 and HS was
performed by ultracentrifugation of the digested chromatins in 0.65 M NaCl,
10 mM Tris, 0.2 mM EDTA, 0.5 mM PMSF, pH 7.5 (100,000 X g, 15 h)
over a cushion of several milliliters of 30% sucrose containing 0.65 M NaCl,
10 mM Tris, pH 7.5. The chromatin fraction was subjected to the same
ultracentrifugation again. The fraction obtained is referred to as the H1,H5-
depleted chromatins. To prevent nucleosome rearrangement in the H1,H5-
depleted chromatin, the sample was always kept at 2-4°C. To determine
whether nucleosome rearrangement had occurred in the H1,H5-depleted
chromatins, the sample was digested with micrococcal nuclease, and the
nuclease cutting pattern of the extracted DNA in the digested sample was
checked by polyacrylamide gel electrophoresis. Nucleosome cores were
obtained as follows. The buffer of the H1,H5-depleted chromatin solution
was replaced by 20 mM ammonium acetate, 5 mM Tris, pH 7.8 through
dialysis. Then the solution was diluted to A,,, = 50. The chromatin was
digested with micrococcal nuclease (100 units/ml) in the presence of 1 mM
Ca(l, and 0.25 mM PMSF at 37°C for about 6 min. After stopping the
reaction, the reaction mixture was applied on a sucrose gradient (5-20%),
followed by ultracentrifugation at 121,700 X g for 24 h. Then the nucleo-
some core fraction was collected. The length of the DNA was confirmed to
be about 145 base pairs by polyacrylamide gel electrophoresis. The proteins
i all samples were checked by SDS-polyacrylamide gel electrophoresis as
described by Laemmli (1970).

Sample preparations for NMR measurements were obtained as follows.
In the case of nuclei and nondigested chromatins, the pellet was dialyzed
against STM buffer (10 mM NaCl, 10 mM Tris, 3.0 mM MgCl,, pH 7.4)
containing 30% sucrose or TE buffer containing 30% sucrose and the in-
dicated salt. A sample in dialysis tubing was immersed in the same buffer
solution in a 10 mm¢ NMR tube and used for NMR measurements. The
digested chromatins, H1,H5-depleted chromatins, and nucleosome cores
were ultracentrifuged at 60,000 rpm (Beckman, type 65 rotor) for 17 h in
the presence of several milliliters of a 5% sucrose cushion containing the
same buffer. The pellet was used for the NMR measurements. >'P NMR
spectra were obtained at 40.3 MHz with a JEOL FX-100 NMR spectrometer
equipped with a solid-statce NMR system. The field was locked on external
deuterium oxide. A probe head specially designed for high-power and vari-
able temperature measurements was used, in which the sample tube was held
vertically. A 45° pulse (typically 34 us) and a 3.0- or 3.6 s relaxation delay
was used for the single-pulse measurements. The same relaxation delay was
used for the cross-polarization sequence. The cross-polarization pulse se-
quence used was reported previously (Akutsu, 1986). For the T, measure-
mcms,adelaytimewasinsenedbetweentheWptﬂscofprotonsandtbe
start of the thermal contact (Stejskal et al., 1981; Akutsu, 1986). The proton
spins were irradiated during data acquisition. The decoupling power was
40-50 kHz except for experiments on the field dependence of T,,. Tem-
perature calibration for the thermal contact and proton-decoupling was car-
ried out. The number of data points used for a spectral width of 50,000 Hz
was 4096. Phosphoric acid (85%) was used as an external standard. An
exponential window function with a 100 Hz broadening factor was used.
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RESULTS

Phosphorus NMR spectra of chicken erythrocyte
cells, nuclei, and nondigested chromatins

A phosphorus NMR spectrum of chicken erythrocyte nuclei
in STM buffer at 4°C was obtained by single pulse and is
presented at the bottom of Fig. 1. Because 91.2% of the
phosphorus in a nucleus is located in DNA (Zentgraf et al.,
1971), this spectrum represents the DNA in the nuclei. This
is a typical asymmetric powder pattern, which is character-
istic for phosphorus under restricted motions. When the
sample was incubated at 90°C for 25 min, it gave a symmetric
pattern as shown on the top of Fig. 1. This shows that heat
denaturation of proteins in the nuclei (Cavazza et al., 1991)
induces a drastic change in the motion of DNA. The chemical
shift anisotropy (Ao = 0y, — 035; 0,,, 0y, and o;; are the
principal components of the residual chemical shift tensor)
of the asymmetric powder pattern of DNA in the nuclei is
plotted as a function of temperature in Fig. 2. We have re-
ported that the nuclei in intact chicken erythrocyte cells and
the nondigested chromatins in STM buffer gave similar pow-
der patterns (Nishimoto et al., 1987). By use of the 'H-*'P
cross-polarization method, the spectrum of the DNA in intact
chicken erythrocyte cells could be selectively obtained. The
'P-NMR spectrum of the DNA in the intact erythrocytes was
measured at a variety of temperatures in this work. The

0, =053

100ppm

FIGURE 1 *P-NMR spectra of chicken erythrocyte nuclei measured
by single pulse. (Bottom) Intact nuclei at 4°C; (top) nuclei at 40°C afier
incubation at 90°C for 25 min. The phosphorus chemical shift anisotropy
(0, — 03, is indicated in the bottom spectrum.
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FIGURE 2 Temperature dependence of the phosphorus chemical shift
anisotropies of the chromatins up to 40°C. (A) Intact chicken erythrocyte
cells; (O) intact nuclei in STM buffer; (@) nondigested chromatins in STM
buffer; () nondigested chromatins in TE buffer. STM buffer; 10 mM NaCl,
10 mM Tris, 3 mM MgCl,, pH7.4. TE buffer; 1 mM Tris, 02 mM EDTA,
pH 74.

chemical shift anisotropies are presented in Fig. 2 along with
those of the nuclei and nondigested chromatins. Although the
values for intact cells at temperatures higher than 20°C are
a little smaller than others, most of them fall on the same
curve. This shows that the higher order structure of the non-
digested chromatins in STM buffer is essentially the same
as that of the chromatins in the nuclei and intact cells.
This powder pattern was ascribed to the 30-nm filament
(Nishimoto et al., 1987). The chemical shift anisotropy
changed inbetween 5 and 20°C, suggesting that a transition
in the motional state took place in this temperature range.

The powder patterns of the nondigested chromatins in the
STM and TE buffers are presented in Fig. 3, A and B, re-
spectively. As can be seen in Fig. 3 B, the chemical shift
anisotropy was further averaged in TE buffer. The chemical
shift anisotropy is presented in Fig. 2 at a variety of tem-
peratures. To confirm that the residual chemical shift anisot-
ropy of the nondigested chromatins in TE buffer is caused by
the interaction between DNA and histone proteins, the chro-
matins were dialyzed against 3.0 M NaCl and then the spectra
were measured in the presence of 3.0 M NaCl. Most histone
proteins become detached from the DNA in the presence of
3.0 M NaCl (van Holde, 1989). As shown in Fig. 3 C, a
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FIGURE 3 *P-NMR spectra of nondigested chromatins obtained by
single pulse at 4°C in the presence of 3.0 mM MgCl, (A), 0 mM MgQl, (B),
or 3.0 M Na(l (C) in TE buffer. (D) Spectrum of nucleosome cores in TE

buffer obtained by cross-polarization.

symmetric signal was obtained at 4°C. This clearly shows
that when the specific interactions between the histone pro-
teins and DNA are destroyed, the motion of DNA is dras-
tically enhanced and the DNA does not give an asymmetric
powder pattern anymore.

The ratio of the cross-polarization and single-pulse inten-
sities was examined at 4°C as a measure of the cross-
polarization efficiency. It was plotted as a function of the
magnesium chloride or sodium chloride concentration in
Fig. 4. Cross-polarization and single-pulse spectra were ob-
tained for the same sample and at the same time. The in-
tensity of a cross-polarization spectrum is quite sensitive to
the sample conditions. Because we used a vertical coil and
a vertical sample tube, the sample conditions could be kept
stable for a long time. In the presence of MgCl,, the intensity
ratio increased from 1.2 to 1.9 in the range of 0.1 to 1.0 mM
MgCl,. However, the change in chemical shift anisotropy
took place in the range of 0.1-0.3 mM MgCl, (Nishimoto
et al., 1987). This concentration range is in good agreement
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FIGURE 4 Integrated intensity ratio of the cross-polarization and single-
pulse powder patterns of the nondigested chromatins as a function of the ion
concentration in TE buffer at 4°C. (Top) MgCl,; (bottom) NaCl.

with that for the formation of the 30-nm filament determined
by means of many physicochemical methods, but different
from the concentration range just mentioned above (0.1-1.0
mM MgCl,). The wider concentration range for the change
in the cross-polarization efficiency suggests that another con-
densation process follows the formation of the 30-nm fila-
ment. In the case of NaCl, the intensity ratio changed from
1.2 to 1.7 in the range of 10-50 mM NaCl as shown in the
bottom of Fig. 4. This concentration range well corresponds
to that for the chemical shift anisotropy change reported ear-
lier (Nishimoto et al., 1987). In contrast to the case of MgCl,,
no further condensation took place. When NaCl concentra-
tion was increased to 0.6 M, a symmetric signal appeared
instead of the asymmetric powder pattern, and the intensity
ratio mentioned above decreased to 0.95, suggesting a loss
of the higher order structure. Most of histones H1 and H5 get
detached from the DNA at 0.6 M NaCl (van Holde, 1989).
Thus, the flexibility of the linker DNA induced by the de-
tachment of histones H1 and HS can change the powder pat-
tern and the cross-polarization efficiency drastically.
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Spin-lattice relaxation time in the rotating frame,
and cross-relaxation time of nuclei and
chromatins

Cross-polarization efficiency is a function of the cross-
relaxation time between phosphorus and protons (75), and
the spin-lattice relaxation time in the proton rotating frame
(T,,) (Mehring, 1983). The major pathway of the cross-
polarization should be the dipole-dipole interactions between
the phosphorus and sugar protons of DNA, because the cross-
polarization was also observed for the naked DNA in A phage
(Odahara et al., 1994). Therefore, both Ty, and T, should be
governed by the motion of DNA at a first approximation. The
cross-relaxation times of the nuclei and nondigested chro-
matins at 4°C were obtained by curve-fitting to the contact
time dependence of the cross-polarization spectral intensity.
They were 0.34 + 0.02 ms irrespective of the presence of
Mg”*. In contrast, the spin-lattice relaxation time in the ro-
tating frame of proton spins (7;,) was sensitive to the pres-
ence of Mg”*. T,, was determined by means of the cross-
polarization pulse sequence designed for determination of 7,
(Akutsu, 1986). T, , of the nuclei and nondigested chromatins
in STM buffer at 4°C were measured at a variety of magnetic
ficlds in the rotating frame (w,), and the results are summa-
rized in Table 1. The value of /T, is plotted as a function
of w? in Fig. 5 for the nuclei. This field dependence shows
that the correlation time of the motion efficient for the re-
laxation is not in the extremely fast motional regime. The
motion of DNA in the chromatins is expected to be aniso-

TABLE 1 Spin-attice relaxation times in the rotating frame
of proton spins (7, ) of chicken erythrocyte nuclei and
nondigested chromatins at a variety of locking fields at 4°C

@, X 1073 T,
Sample (rad/s) (ms)

Nuclei in STM buffer 2.66 43
30% sucrose 2.66 42
262 43

224 3.6

2.18 3.7

207 34

1.94 3.6

1.59 3.0

0.99 24

Nuclei in STM buffer 253 44
0% sucrose 238 4.7
224 45

2.18 49

Nondigested chromatin in STM buffer 320 45
30% sucrose 3.14 44
27 4.1

238 3.7

234 38

191 31

1.87 3.6

1.40 27

0.92 20

Nondigested chromatin in TE buffer 249 14
30% sucrose 238 15

STM buffer: 10 mM NaCl, 10 mM Tris, 3 mM MgQl,, pH 7.4; TE buffer:
1 mM Tris, 0.2 mM EDTA, pH 7.4.
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FIGURE 5 Inverse spin-lattice relaxation times in < 400
the rotating frame of proton spins of chicken erythrocyte g
nuclei as a function of the locking field (w,). Measure- N
ments were carried out for the nuclei in STM buffer with o
30% sucrose at 4°C. The solid line is the best-fit curve = 300
to Eq. 1.
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tropic. But it would be useful to evaluate a rough correlation
time by assuming isotropic motions. When the motion of the
DNA is assumed to be isotropic, the relaxation time can be
described as a function of the correlation time of the motion
as follows (Mehring, 1983):

1 1.5 1
T, 2|1+ 40l 3\1+ o7

2 1
T3\Tv a0/

where w, is the static magnetic field (in rad/s) in the labo-
ratory system and M, is the second moment. The correlation
time was obtained by least-squares fitting of this equation to
the observed data_ It was (1.9 = 0.2) X 10 %and (2.1 * 0.2)
X 107 s for the nuclei and nondigested chromatins, respec-
tively. Practically, the correlation time of the DNA motion
is identical for the nuclei and nondigested chromatins, as in
the case of phosphorus chemical shift anisotropy. In the ab-
sence of Mg?™, T,,was 1.5 ms at w, = 5.7 rad/s, whereas it
was 3.7 ms in the presence of MgZ* (in STM buffer). Sucrose
was found to affect 7, , although it did not affect the chemical
shift anisotropy. The value of T, in the absence of sucrose
was greater (4.7 ms at @, = 5.7 rad/s for the nuclei in STM
buffer) than that in the presence of 30% sucrose. As shown
in Table 1, the relaxation time did not show the field de-
pendence in the absence of sucrose, suggesting that the mo-
tional correlation time is in the fast motional regime.

0))

Phosphorus NMR spectra of digested
chromatins, H1,H5-depleted chromatins
and nucleosome cores

Because extensive physicochemical studies have been car-
ried out on the digested (or soluble) chromatins and nucleo-
some cores, we examined these systems as well. In these

2 4 6 8 10 x10"?

w12/ (radss)2

cases, we worked on pellets, as mentioned under Materials
and Methods. Phosphorus NMR spectra of the soluble chro-
matins in TE buffer and {TE + 3 mM MgCl,] buffer, and
H1,H5-depleted chromatins in [TE + 3 mM MgCl,] buffer
at 4°C showed partially averaged asymmetric powder pattern
similar to Fig. 4 A. Their phosphorus chemical shift anisotro-
pies and T, are summarized in Table 2. The chemical shift
anisotropies of the digested chromatins in the presence and
absence of 3 mM MgCl, were more or less similar, sug-
gesting that the motion of the nucleosomes was suppressed
by the high density of the digested chromatins in the pellet.
The chemical shift anisotropy of the digested chromatins in
the presence of 3 mM MgCl, was identical with those of the
nuclei and nondigested chromatins in STM buffer. In con-
trast to the chemical shift anisotropy, their spin-lattice re-
laxation times in the proton rotating frame were different
from each other. The chemical shift anisotropy of the H1,H5-
depleted chromatins was smaller in absolute value than those
of the digested chromatins with and without MgCl,, sug-
gesting that even in the pellet, they cannot be so closely
packed as the digested chromatins. Although the qualitative
order of the chemical shift anisotropy for the digested and
H1,H5-depleted chromatins was the same as that for the

TABLE 2 Phosphorus chemical shift anisotropies and
spin-lattice relaxation times in the rotating frame of the
digested chromatins and nucleosome cores at 4°C

Chemical
shift
anisotropy T,
Sample (ppm) (ms)
Soluble chromatin (0 mM MgCl,) —152 2.6 (2.49)*
Soluble chromatin (3 mM MgQl,) -156 52 (2.75)*
H1,HS5-depleted chromatin (3 mM MgCl) —145
Nucleosome core (0 mM MgCl) —159

* The value in the parentheses is the locking field in rad/s.
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counterparts of the nondigested chromatins, the quantitative
difference was much more significant for the latters.

A phosphorus NMR spectrum of the nucleosome cores
obtained by the cross-polarization method at 4°C also
showed a partially averaged asymmetric powder pattern as
shown in Fig. 3 D. The chemical shift anisotropy was —159
ppm. This absolute value is a little larger than those of the
nondigested chromatins in the presence of 3 mM MgCl, and
the soluble chromatin pellet at 4°C. This suggests that the
upper limit of the chemical shift anisotropy of the chromatins
is determined by that of the nucleosome cores. The chemical
shift anisotropy is further averaged by the motion of the
nucleosome core itself, which would be caused by the flex-
ibility of the linker DNA. The value of —159 ppm can be
regarded as the intrinsic chemical shift anisotropy of the
nucleosomes.

DISCUSSION

The dynamic properties of the higher order structure of the
chromatins have been investigated in this work using intact
cells, nuclet, nondigested chromatins, and digested chrom-
atins. The nondigested chromatins allowed us to perform in
vitro investigation of the higher order structure with an intact
system under the same conditions as the soluble (digested)
chromatins were investigated. Thus, we can compare the re-
sults directly with the accumulated data for the soluble (di-
gested) chromatins. Because the observed NMR parameters
(the spectral pattern, chemical shift anisotropy, temperature
dependence of the chemical shift anisotropy and the spin-
lattice relaxation times in the rotating frame) are identical for
the nondigested chromatins and nuclei, the higher order
structure observed for the nondigested chromatins would be
identical with that in the nuclei as far as the local structure
is concerned. Therefore, this chemical shift anisotropy
(—156 ppm at 4°C) should represent the basic higher order
structure characterized in the digested (soluble) chromatins.

The chemical shift anisotropy of the nucleosome cores was
found to be —159 ppm. This shows that the nucleosomal
DNA still interacts strongly with the histone octamer even
though histones H1 and H5 are removed. It has been reported
that the interaction is retained in the presence of salt up to
1 M (Bashkin et al., 1993). The chemical shift anisotropy of
the nucleosome cores is close to that of T4 phage (Akutsu
et al., 1980), in which naked DNA rods are closely packed
(Eamshaw and Casjens, 1980). Because the anisotropy of dry
DNA is —220 ppm (Odahara et al., 1994), the nucleosomal
DNA is still flexible to a certain extent despite the strong
DNA-histone octamer interactions. This would be the in-
herent nature of B-form DNA. Because large scale motions
in the rotation and bending would be suppressed to a great
extent in the nucleosome cores, rapid local fluctuations of
restricted amplitude must average the chemical shift tensor.
Structural fluctuation between B, and B, conformations was
suggested for the origin of the structural flexibility of DNA
in solution (Nikonowicz and Gorenstein, 1990). This might
partly contribute to the rapid local fluctuation. In the nuclei
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and nondigested chromatins, further averaging of the chemi-
cal shift tensor takes place through the fluctuation of the
nucleosomes, which is induced by the motion of the linker
DNA. The effect of the linker DNA motion was dramatically
shown on the addition of 0.6 M NaCl which removes histones
H1 and HS from the linker DNA. In this sense, histones H1
and HS are key proteins in regulating dynamic structure of
the chromatins.

Because the chromatins are composed of nucleosome
cores and linker DNA. A 3'P-NMR spectrum should be con-
tributed from two major parts. The spectra of the chromatins
in the presence of Mg?*, however, have not shown a clear
indication for overlapping of two components. This suggests
that the histones H1 and H5 suppress the motional amplitude
of nucleosome cores and linker DNA in a similar way
through formation of a tight complex of the two parts in the
30-nm filament. The chemical shift of the nondigested chro-
matins in TE buffer (in the absence of Mg?*) is more av-
eraged, and their spectrum is not a typical one-component
powder pattern, suggesting that the linker DNA in the 10-nm
filament is more flexible than that in the 30-nm filament. This
flexibility could play an important role in the initiation of
transcription because it would allow other molecules to
access histones.

Judging from the correlation time, the motions efficient for
the spin-lattice relaxation in the rotating frame of proton
spins of the nuclei and nondigested chromatins must be seg-
mental fluctuations of DNA (Fujiwara and Shindo, 1985).
Because segmental motions in the nucleosome cores are al-
most completely suppressed, the most efficient relaxation
site for 7, should be localized in the linker DNA region. The
single exponential property of the observed relaxation shows
that the proton spins in the nucleosome cores and linkers have
the same relaxation time through spin diffusion. On the basis
of this model, Tlp of different samples can be elucidated
reasonably. The increase in T, of the nondigested chrom-
atins with the introduction of Mg”* in the presence of 30%
sucrose can be attributed to the suppression of the motions
of the linker DNA on the formation of the 30-nm filament,
with the motional correlation time being in the slow motional
regime. Although the chemical shift anisotropies of the di-
gested chromatins in the presence and absence of Mg?* were
very close to each other, T, were quite different for these two
samples. This apparent inconsistency can be explained as
follows. Although the motional amplitudes of the nucleo-
some core and linker DNA are suppressed to a more or less
similar extent by the close packing in the pellet for the 30-
and 10-nm filaments, the rate of the motion of their linker
DNA still reflects the difference in their ordered structures.

It was suggested that Na* and Mg?* would play different
roles in the organization of a higher order structure. Because
the phosphorus chemical shift anisotropy was different for
the 30-nm filaments induced by Na* and Mg>* (—150 and
—156 ppm at 4°C, respectively), the rigidity must be dif-
ferent in these two types of 30-nm filaments (Nishimoto
et al., 1987). After the formation of the 30-nm filament, a



810 Biophysical Journal

further increase in the cross-polarization efficiency was ob-
served on increasing the Mg”* concentration from 0.3 to 1.0
mM in this work. Cross-polarization efficiency is a function
of the cross-relaxation time (7yy) and T, (Mehring, 1983).
Because the cross-relaxation time was constant at all Mg>*
concentrations examined, the increase in the cross-
polarization efficiency can be attributed to an increase in T .
Because the correlation time of the motion was shown to be
in the slow motional regime, further suppression of motions
of the linker DNA in this Mg>* concentration range is sug-
gested. The suppression of the linker DNA motions must be
the consequence of a further compaction of the chromatins.
This compaction can be ascribed to the side-by-side packing
of the 30-nm filaments, because electron microscopy and
x-ray studies have shown that when MgZ* is removed, the
30-nm filament remains intact, but the chromatin is dispersed
(Thoma et al., 1979; Langmore and Paulson, 1983). A po-
larized photo-bleaching investigation on mudpuppy nuclei
showed that although an aggregated structure of chromatins
is formed in the presence of 3mM MgCl, with the physi-
ological monovalent salt concentration (~90 mM), it is lost
in the absence of magnesium ion (Selvin et al., 1990). The
aggregated structure was also explained as side-by-side com-
paction of 30-nm filament. Our results showed that such
compaction suppresses the rate of the linker DNA motions
but does not affect the amplitude of the fluctuation of the
nucleosomes significantly. The latter is natural, because the
chemical shift anisotropy of the 30-nm filament is already
close to the intrinsic value for the nucleosomes. If the linker
DNA is localized in the center of the 30-nm filament, as
suggested by Butler (1984), T, would not be affected by the
compaction. Thus, the linker DNA region should be located
in the vicinity of the surface of the 30-nm filaments. The
conclusion is consistent with the observations as to the nucle-
ase sensitivity of the linker DNA and protease sensitivity of
the H1 histone (van Holde, 1989).

In conclusion, our results have shown that histones H1 and
HS are the key proteins for the regulation of the dynamic
structure of the chromatins. The regulation is controlled
through interactions with other molecules such as Na* and
Mg?*. If the linker DNA regions together with histones H1
and HS5 are located on the surface of the 30-nm filament, it
would be much easier to change the biologically inactive
higher order structure to more active structure through the
specific interaction of some messenger molecules with the
histones H1 and/or H5. Higher sensitivity of the histones H1
and H5 to the salt concentration than the core histones also
suggests their active roles in regulation of the functions of the
nucleosomes. Temperature change of the higher order struc-
ture of the chromatins observed in Fig. 2 implies that the
chromatins are ready for the change even in the most rigid
and stable structure.
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