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shown as a pocket that encloses the porphyrin macrocycle on 
all sides except one. Since iron binding occurs via vicinal 
sulfhydryls prior to porphyrin binding, it should be possible 
for both substrates to freely associate. The observation that 
the size of substituents at  the 2- and 4-positions is limiting 
supports a binding area enclosed or restricted at that end, and 
the lack of inhibition by N-substituted porphyrins with alkyl 
groups larger than two carbons suggests that a region sur- 
rounding the top and bottom of the porphyrin ring exists. The 
tryptophan residue(s) is (are) present in the pocket, exposed 
to surrounding water, but poorly accessible to the bulk solvent 
phase and is (are) in proximity to the MIANS. The presence 
of a porphyrin binding pocket rather than a more open, hy- 
drophilic site is compatible with the physical properties of 
protoporphyrin, which is poorly soluble in aqueous solution 
and readily partitions into hydrophobic solvents. The prop- 
erties described above for ferrochelatase are also similar to 
those detailed for heme binding pockets in hemoproteins. It 
is interesting to speculate about the similarities between fer- 
rochelatase and hemoproteins since all bind tetrapyrroles and 
may share common structural features. Complete evaluation 
of this, however, must await further structural studies including 
the amino acid sequence of ferrochelatase. 
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ABSTRACT: Internal motion of the DNA in chicken erythrocyte chromatin fibers was studied by measurement 
of the fluorescence anisotropy decay of ethidium intercalated in the linker region. A comparison of the 
decay curves of the dye in chicken erythrocyte chromatin with those of calf thymus chromatin [Ashikawa, 
I., Kinosita, K., Jr., Ikegami, A., Nishimura, Y., Tsuboi, M., Watanabe, K., Iso, K., & Nakano, T.  (1983) 
Biochemistry 22, 601 8-60261 revealed greater suppression of nucleosome movement in chicken erythrocyte 
chromatin. Furthermore, the transition of this chromatin to the compact (solenoidal) structure occurred 
a t  lower solvent concentrations of Na' or Mg2+ than those for calf thymus chromatin. These results 
demonstrated increased stability of the higher order structure (the solenoid) of chicken erythrocyte chromatin, 
which may be related to the reduction of nuclear activity in the chicken erythrocyte cell. In addition to 
intact chicken erythrocyte chromatin, we studied the structural transitions of H1 -depleted and H 1 ,HS-depleted 
chromatins. The result indicated that histone H5 of this chromatin stabilizes the higher order structure 
in the presence of magnesium (or divalent) cation and did not induce the transition in the solution containing 
only sodium cation. 

Internal  motion of DNA in solution has been investigated 
recently by NMR (Early & Kearns, 1976; Hogan & Jar- 
detzky, 1979, 1980; Bolton & James, 1980; Opella et al., 

1981), fluorescence depolarization (Wahl et al., 1970; Thomas 
et al., 1980; Millar et al., 1980, 1982), ESR (Robinson et al., 
1980), and triplet anisotropy decays (Hogan et al., 1982, 
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1983). From among these techniques, fluorescence depolar- 
ization studies of intercalated ethidium have revealed DNA 
motions in the nanosecond regime, of which the main com- 
ponent was considered to be torsional motion of the DNA rod 
(Barkley & Zimm, 1979; Allison & Schurr, 1979). Recently, 
this technique has been applied to studies of the internal motion 
of the DNA rod complexed with proteins, such as DNA in 
chromatin (Genest et al., 1982; Wang et al., 1982; Ashikawa 
et al., 1983a,b) and DNAs in bacteriophage heads (Ashikawa 
et al., 1984). In these studies, anisotropy decay measurement 
of intercalated ethidium was verified to be a sensitive t w l  for 
the investigation of the mode or strength of the DNA-protein 
or DNA-DNA interaction. 

During erythropoiesis in nucleated erythrocytes, pronounced 
structural and functional changes occur in the chromatin. The 
appearance of the tissue-spxific histone H5 (Weintraub, 1978) 
is accompanied by a reduction in nuclear activity. In the 
mature erythrocyte, transcription is barely detectable (Zentgraf 
et al., 1975) and H1 has been replaced by, or supplemented 
with, substantial amounts of HS, which has a higher arginine 
content than H1 (Briand et al., 1980). It might be expected 
that such a profound modification would be reflected in the 
physical properties of the chromatin compared with that from 
the more active nuclei of rat liver or calf thymus. 

We have previously examined the DNA motion in calf 
thymus chromatin (Ashikawa et al., 1983b) and showed that 
the salt-induced structural transition of chromatin from the 
extended form to the solenoidal one was reflected in the an- 
isotropy decays of ethidium intercalated in the linker DNA. 
Here, we investigate the rigidity of chromatin structure in its 
extended and condensed form, and we study the Na+- or 
Mg'+-induced structural transition of chicken erythrocyte 
chromatins (intact, HI  depleted, and HI,H5 depleted) by 
using depolarization measurements. Using our results, we 
discuss the stabilization of the higher order structure of chicken 
erythrocyte chromatin compared with that of chromatin from 
other tissue. We also discuss how HI  and H5 contribute to 
the stabilization of the higher order structure of chromatin 
fibers as well as their roles in the transition from the extended 
to the solenoidal forms. 

MATERIALS AND METHODS 
Preparation of Chicken Erythrocyte Chromatins and DNA. 

Chicken erythrocyte nuclei and chromatin were prepared by 
the method of Olins et al. (1976) with the following modifi- 
cation: the isolated nuclei were washed with IO mM tris- 
(hydroxymethy1)aminomethane (Tris), 10 mM NaCI, 3 mM 
MgCI,, and 1 mM phenylmethanesulfonyl fluoride (PMSF), 
pH 7.5, several times. For the preparation of long chromatin, 
the nuclei (Aza = 50 OD units) were digested with micro- 
coccal nuclease (40 units/mL) at 37 O C .  After the nuclease 
was removed from the nuclei, the nuclei were disrupted in 1 
mM Tris/l mM ethylenediaminetetraacetic acid (EDTA) at 
pH 7.5. The outpoured chromatin was washed with 0.15 M 
NaCI, 1 mM Tris, and 1 mM EDTA, pH 7.5 and then was 
applied to a Sepharose 6 8  column. Only fractions eluted near 
the void volume were taken as the desired sample. Removal 
of histone H1 was performed by ultracentrifugation of this 
chromatin in 0.55 M NaCI, IO mM Tris, 0.2 mM EDTA, and 
0.5 mM PMSF, pH 7.5 (35000 rpm, 16 h), over a cushion of 
several milliliters of 30% sucrose, 0.55 M NaCl IO mM Tris, 
and 0.2 mM EDTA, pH 7.5. In this ultracentrifugation, the 
sample concentration was adjusted to be higher than 3.0 mg 
of DNA/mL, since under this concentration histone H5 began 
to separate from the long chromatin. After ultracentrifugation, 
the pelleted chromatin was dispersed in 5 mM Tris/0.2 mM 
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FIGURE 1: Scdium dcdecyl sulfate/polyacrylamide gel electrophoresis 
patterns of the histone from the samples: (a) intact chromatin; (b) 
H1,HS-depleted chromatin; (c) HI-depleted chromatin. 

EDTA, pH 7.5, dialyzed against this buffer, applied to the 
Sepharose 6B column. Removal of histone HI  and H5 was 
performed by two ultracentrifugations of the chromatin in 0.65 
M NaCI, 10 mM Tris, and 0.2 mM EDTA, pH 7.5 (35000 
rpm, 16 h). In this case also, the sample was loaded over the 
cusion of 30% sucrose, 0.65 N NaCI, 10 mM Tris, and 0.2 
mM EDTA, pH 7.5. After each ultracentrifugation, the 
chromatin pellet was solubilized in 5 mM Tris/0.2 mM 
EDTA, pH 7.5, and was dialyzed against this buffer. We used 
chromatography to remove short chromatin; we applied 
HI,HS-depleted chromatin to the Sepharose 6B column and 
t w k  the fractions eluted near the void volume. To prevent 
nucleosome rearrangements in H1-depleted and in HI,HS- 
depleted chromatin, we always treated the samples at 2-4 "C. 
In order to check whether or not the nucleosome rearrange- 
ment occurred in H1,HS-depleted chromatin, we digested our 
sample with microfoccal nuclease and observed the nuclease 
cutting pattern of the extracted DNA of the digested sample 
via polyacrylamide gel electrophoresis. The digestion of the 
sample produced the discrete DNA fragments characteristic 
of native chromatin, indicating that extensive nucleosome 
rearrangement does not occur in our sample. 

In order to check the integrity of the histone proteins in these 
samples, electrophoresis in sodium dodecyl sulfate/poly- 
acrylamide gel of the histones was carried out on 18% slab 
gels, as described by Laemmli (1970). Electrophoresis patterns 
are shown in Figure 1. Lengths of DNAs in these chromatin 
samples were determined by measuring sedimentation coef- 
ficients of the isolated DNAs. The obtained sedimentation 
coefficients were 14-20 S i n  5 mM Tris, 100 mM NaCI, and 
1 mM EDTA, pH 7.5 a t  20 "C, and the molecular weights 
were thought to range between 3.3 X lo6 and 6.5 X lo6. 

Long DNA was isolated from chicken erythrocyte nuclei 
by method of Kay et al. (1952). The sedimentation coefficient 
of this DNA was 19.8 S in 5 mM Tris, 100 mM NaCI, and 
1 mM EDTA, pH 7.5 at 20 OC, and the molecular weight was 
thought to be about 6.5 X lo6. 

Measurement of Fluorescence. Measurements of the time 
courses of the fluorescence anisotropy and those of the 
steady-state fluorescence anisotropy were performed with a 
single photon counting apparatus. Details of the system and 
measurement conditions have already been described (Kinosita 
et al., 1981; Ashikawa et al., 1983b). 

Buffer conditions of the chromatin samples were 1 mM 
Tris/0.2 M EDTA, pH 7.5, and the concentration of Na+ or 
Mgz+ in the samples was adjusted by adding NaCl or MgCI, 
solutions of appropriate concentrations. Anisotropy decay of 
cell nuclei suspension was measured in 10 mM Tris, IO mM 
NaCI, and 3 mM MgCI2, pH 7.5. Concentrations of the 
samples were within 0.1-0.3 mg of DNA/mL. Ethidium 
bromide was added so that P / D  ([phosphate]/[dye]) ranged 
between 1500 and 3000. At these low concentrations of the 
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added dye, energy transfer between the intercalated dyes was 
found to be negligible (Ashikawa et al., 1983b). In the case 
of cell nuclei suspension, measurements of several different 
concentrations of the samples were made in order to check 
whether the scattering from the sample influenced the an- 
isotropy decay curve or not; the result showed that the scat- 
tering did not affect the decay curve in the concentration range 
of the sample mentioned above. In fluorescence measurements, 
the sample cuvette (1 cm X 1 cm) was always kept at 20 OC. 
We measured the anisotropy decay of the samples within a 
few days after the isolation. 

Analysis of Fluorescence Data. Characterization of the 
internal motion of DNA free in solution and in chromatin was 
made following the analysis described earlier (Ashikawa et 
al., 1983b). The major part of the anisotropy decay of the 
intercalated ethidium has been considered to arise from the 
torsional motion of the DNA (Barkley & Zimm, 1979; Allison 
& Schurr, 1979). For DNA in solubilized chromatin and in 
cell nuclei, the observed anisotropy decay, R(t),  is represented 
as follows: 

r ( t )  = ri(t)rw(t) = rob, e x ~ [ - ( t / ~ l ) ” ~ I  -t 4 exp( - t /d  
(1) 

Tn this expression, parameters a2 (= 1 - a,)  and cp, are related 
to the length (L)  between the fixed ends, the torsional rigidity 
( C )  of the DNA rod, and the friction ( p )  per unit length of 
the DNA ( p  = 47rb2r]) ( b  is the radius of the DNA). 

The least-squares analysis gave experimental parameters 
for the internal motion, a2 and Q. These two parameters allow 
the estimation of L / C  and Lp. The values of L, C,  and p (or 
the effective viscosity r ] )  themselves, however, can be fixed 
unless further assumptions are made. This is an inherent 
property of our model; a ri ( t )  vs. t curve is given by only two 
parameters. 

The affinity of the dye to DNA was reduced when the DNA 
was in a cell nucleus, and only 70% of the added dyes could 
be intercalated in the DNA. We therefore subtracted the 
fluorescence component of the free dye from the observed 
fluorescence decay curve prior to the least-squares analysis 
as described earlier (Ashikawa et al., 1984). 

RESULTS AND DISCUSSION 
Dynamics of DNA in Chicken Erythrocyte Chromatin. The 

structure of chromatin has been reported to be sensitive ac- 
cording to the ionic constituents of the solvent and the presence 
of small amounts of Ca2+ or Mg2+ (Thoma et al., 1979; 
McGhee et al., 1980). At moderate ionic strength (50-200 
mM NaCl) or in the presence of Ca2+ or Mg2+, chromatin 
assumes a compact “solenoid structure” (Finch & Klug, 1976), 
while at very low ionic strength and in the absence of divalent 
cations it assumes an extended form. We showed, in the 
previous paper (Ashikawa et al., 1983b), that these structural 
transitions of chromatin were reflected in the anisotropy decays 
of intercalated ethidium. In this subsection, we describe the 
results of the anisotropy decay measurements of the dye in 
intact chicken erythrocyte chromatin. We compare the sta- 
bility of the higher order structure of this chromatin with that 
of calf thymus chromatin. 

Figure 2 shows the anisotropy decay curves of ethidium in 
chicken erythrocyte chromatin. These decay curves should 
reflect the motion of the linker DNA, because in chromatin 
the ethidium dye has been known to be intercalated exclusively 
in the linker DNA if the added dye concentration is relatively 
low (Paoletti et al., 1977; Erard et al., 1979; Genest et al., 
1981a,b). With higher dye concentrations, we observed ex- 
tensive energy transfer among the intercalated dyes. We 
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FIGURE 2: Fluorescence anisotropy decay curves of intercalated 
ethidium in intact chicken erythrocyte chromatin. Buffer conditions 
were 1 mM Tris 0.2 mM EDTA, pH 7.5 (solid line), and 50 mM 
NaCI, 1 mM Tris, and 0.2 mM EDTA, pH 7.5 (dotted line). The 
temperature in the cuvette was 20 OC. P / D  = 1500-3000. The 
anisotropy values after 30 nm are averaged over 10 channels; 1 ns 
equals 2.32 channels. Chain lines are the least-squares fits with eq 
1 to the observed decays. 

concluded that the ethidium dye was actually intercalated in 
the narrow region in the chromatin DNA, probably the linker 
region. The anisotropy decay of chromatin in 50 mM NaCl 
was suppressed more than in 1 mM Tris. This suppression 
is thought to result from the restriction of the internal motion 
of the linker DNA and decreased nucleosome mobility in the 
condensed form of the chromatin. In the absence of 50 mM 
NaC1, the motion of the intercalated dye must occur easily, 
since the chromatin assumes the extended form in which the 
linker DNA is extended and there is no c o r m r e  interaction. 
In the presence of 50 mM NaCl the linker DNA is thought 
to be bent and core-core interaction emerges, both of which 
suppress the anisotropy decay of the intercalated dye. This 
observed difference in the decay profiles was the same as the 
difference observed in calf thymus chromatin. However, in 
chicken erythrocyte chromatin each of these anisotropy decays 
(in 1 mM Tris and in 50 mM NaCl) was suppressed more than 
that in calf thymus chromatin. These differences suggest that 
chicken erythrocyte chromatin is in a more rigid conformation 
than calf thymus chromatin. 

By fitting eq 1 to the observed decay curves in Figure 2, we 
decomposed the decay curves into the one corresponding to 
the internal motion, ri(t) ,  and that resulting from the move- 
ment of nucleosomes in chromatin, r,(?). This procedure 
allows independent quantitative estimation of the rigidity of 
the linker DNA and the stability of the chromatin higher order 
structure. Chain lines in Figure 2 are the resultant least- 
squares fitting curves to the observed decays. The calculated 
parameters [az (= 1 - a,) ,  cpl, and cp2] are tabulated in Table 
I. 

From the a2 value, we could calculate the movable angle 
(the standard deviations of the torsional fluctuation) of the 
DNA only in the linker region (Ahikawa et al., 1983b). A 
seen in the AT values of chicken erythrocyte chromatin and 
calf thymus chromatin (Table 11), the internal motion of the 
linker DNA of chicken erythrocyte chromatin was only slightly 
more restricted than that in calf thymus chromatin; the dif- 
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Table I: Parameters [b1, b2, u2 (=1 - q)] Calculated by Fitting Eq 
1 to the Measured Anisotropy Decay Curves of the Samples 

CE" chromatin in 1 mM Tris 10.53 1100 0.775 
CE chromatin in 50 mM NaCl 12.16 2500 0.824 
CE chromatin in 0.47 mM MgCI, 7.34 2500 0.842 
CE H1-depleted chromatin in 1 7.38 705 0.748 

CE H1-depleted chromatin in 50 8.49 800 0.764 

CE H1-depleted chromatin in 0.77 9.56 2500 0.785 

CE H1,HS-depleted chromatin in 8.01 550 0.708 

CE H1,HS-depleted chromatin in 9.83 600 0.660 

CE H1,HS-depleted chromatin in 9.60 600 0.731 

CE nuclei 5.84 2500 0.804 
CT chromatin in 1 mM Trisb 12.00 450 0.721 
CT chromatin in 50 mM NaClb 5.85 1100 0.815 

spectively. bAshikawa et al. (198313). 

ference in the mobility of the linker DNA in these two kinds 
of chromatin was thus relatively small. From cpz, we can obtain 
information about stability of the higher order structure. If 
chromatin is in a rigid solenoidal form and core-core inter- 
action is strong, the calculated cpz value will be larger than that 
for flexible chromatin fiber. As seen in Table I, the calculated 
'p2 values of chicken erythrocyte chromatin in both its extended 
(in 1 mM Tris) and condensed (in 50 mM NaCl) forms were 
larger than those , respectively, of calf thymus chromatin 
(Ashikawa et al., 1983b). This shows that H1 and H5 in 
chicken erythrocyte chromatin suppress the motion of the 
chromatin fiber mainly by making a more stable higher order 
structure than H1 in calf thymus chromatin. In the presence 
of 0.47 mM MgC12, the anisotropy decay of chicken eryth- 
rocyte chromatin was more suppressed than that in 50 mM 
NaCl (Table I). 

Dynamics of DNA in HI-Depleted and in HI ,HS-Depleted 
Chromatin. It has been thought that histones H1 and H5 have 
roles for maintenance of the chromatin higher order structure. 
In the absence of these proteins, chromatin cannot assume the 
solenoidal structure (Thoma et al., 1979). Furthermore, these 
histones are thought to stabilize core DNA in chromatin 
(Fulmer & Fasman, 1979; Cowman & Fasman, 1980; 
Watanabe & Iso, 1980). 

Among these two histones, we are interested in the role of 
H5 for maintenance of the solenoid structure, because this 
additional histone has been thought to be responsible for the 
transcriptional inactivity of the mature erythrocyte. Kumar 
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FIGURE 3: Fluorescence anisotropy decay curves of intercalated 
ethidium in H1-depleted chicken erythrocyte chromatin. Buffer 
conditions were 1 m M  Tris 0.2 mM EDTA, pH 7.5 (solid line), 50 
m M  NaCl, 1 mM Tris, and 0.2 m M  EDTA, pH 7.5 (dashed line), 
and 0.77 mM MgC12, 1 mM Tris, and 0.2 mM EDTA., pH 7.5 (dotted 
line), at  20 O C .  P / D  = 1500-3000. Chain lines are the least-squares 
fits with eq 1 to the observed decays of the samples in 1 mM Tris 
and in 0.77 mM MgC12. 

& Walker (1980) investigated the dissociation of histone H1 
and H5 from chicken erythrocyte chromatin at various salt 
concentrations. They concluded that H5 has a greater affinity 
for chromatin DNA than does H I .  This may be due to the 
higher proportion of arginine residues in this histone, although 
tne total number of basic residues in H1 and H5 is roughly 
the same. Thomas & Rees (1983) reported preferential af- 
finity of H5 for chromatin that assumes the higher order 
structure. Recently, Thoma et al. (1983) showed greater 
affinity of the globular domain of H5 than that of H1 to 
chromatin DNA and suggested that the globular domain of 
H1 served as a temporary seal and that of H5 as a permanent 
seal of the nucleosome. Besides these reports, however, there 
is little information about how this additional histone con- 
tributes to the maintenance of the chromatin higher order 
structure 

In order to clarify the role of H1 and H5 in stabilization 
of the higher order structure of chromatin fiber, we examined 
the movement of the linker DNA of H1-depleted chromatin, 
in which histone H5 remained. Figure 3 shows the anisotropy 
decay curves of intercalated ethidium in H 1 -depleted chro- 

Table 11: Estimated Torsional Angles of Linker DNAs and Obtained Relationships among the Length (L), the Torsional Rigidity (C), and the 
Effective Viscosity (q) of Movable DNAs in Chicken Erythrocyte Chromatins 

movable angle, by (deg) L / C  (erg-') Lq (cm.P) 
CE" chromatin in 1 mM Tris 14.5 8.8 x 1012 (1.3 x 1 0 ~  1.1 x 10-7 (1.0 x 10-7) 
CE chromatin in 50 mM NaCl 
CE chromatin in 0.47 mM MgC12 
CE H1-depleted chromatin in 1 mM Tris 
CE H1-depleted chromatin in 50 mM NaCl 
CE H1-depleted chromatin in 0.77 mM MgCI, 
CE H1,HS-depleted chromatin in 1 m M  Tris 
CE H1 ,H5-depleted chromatin in 50 mM NaCl 
CE H1,HS-depleted chromatin in 2 mM MgC1, 
CE nuclei 
CT chromatin in 1 mM Tris' 
CT chromatin in 50 mM NaCI' 

10.8 
9.6 

16.6 
15.3 
13.7 
20.0 
24.5 
18.0 
12.2 
16.9 
11.6 

6.6 X 10l2 (9.9 X lo'*) 
5.9 x 10'2 (8.8 x 10'2) 
1.0 x 1013 (1.5 x 1013) 
9.4 x 1012 (1.4 x 10'3) 
8.4 x 1012 (1.2 x 1013) 
1.2 x 1013 (1.8 x 1013) 
1.5 x 1013 (2.2 x 10'3) 
1.1 x 1013 (1.6 x 1013) 
7.5 x 10'2 (1.1 x 1013) 
1.0 x 1013 (1.5 x 1013) 
7.1 x 10'2 (1.1 x 1 0 9  

1.7 x 10-7 (1.5 x 10-7j 
1.1 x 1012 (1.0 x 10-7) 

1.0 x 10-7 (9.8 x 10-8) 

6.8 X loT8 (6.4 X 
9.2 X 10" (7.9 X 

6.2 X (6.0 X 
6.4 X (6.4 X 
8.2 X (7.8 X 
7.1 X (6.6 X 

7.5 X (7.1 X 
9.5 x io-* (1.0 x 10-7) 

"CE and CT represent chicken erythrocyte and calf thymus, respectively. bValues in parentheses were calculated with the assumption of random 
distribution of the dye in the linker DNAs. 'Ashikawa et al. (1983b). 
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FIGURE 4: Fluorescence anisotropy decay curves of intercalated 
ethidium in H1 ,H5-depleted chicken erythrocyte chromatin. Buffer 
conditions were 1 mM Tris/O.2 mM EDTA, pH 7.5 (solid line), and 
50 mM NaCI, 1 mM Tris, and 0.2 mM EDTA, pH 7.5 (dotted line), 
at 20 OC. P / D  = 1500-3000. Chain lines are the least-squares fits 
with eq 1 to the observed decays of the samples in 1 mM Tris and 
in 50 mM NaCI. 

matin. In 1 mM Tris, the anisotropy decayed more extensively 
than that of intact chromatin (Figure 2). This enhanced decay 
can be attributed to the absence of H1 in this chromatin. From 
the results of the least-squares fittings, we see that both the 
nucleosome movements and the internal motions of the linker 
region were enhanced. 

The most important conclusion obtained from the anisotropy 
measurements of H1 -depleted chromatin was that this sample 
was induced into the solenoidal form only by Mg2+ but not 
by Na+. The anisotropy decay curve of H1-depleted chromatin 
in 50 mM NaCl was only slightly suppressed as compared with 
that in 1 mM Tris, while the decay in 0.77 mM Mg2+ was 
largely suppressed. The cpz value in Table I shows that in 0.77 
mM Mg2+ nucleosome movement was suppressed to almost 
the same extent as that of intact chromatin. Therefore, it was 
concluded that histone H5 and histone H1 play a different role 
in maintenance of the condensed form of chromatin; histone 
H5 stabilized the solenoidal form only in the presence of Mg2+. 
Since we could not obtain a chromatin sample in which only 
histone H1 remained, we cannot discriminate, at  present, 
whether Occurrence of the salt-induced transition to the com- 
pact form requires only histone H1 or both H1 and H5. 

Figure 4 shows the anisotropy decay curves of ethidium in 
H1 ,H5-depleted chromatin. From these decay curves, we 
recognize that even in the presence of 50 mM NaCl or several 
hundred micromolar Mg2+ there is no suppression of the an- 
isotropy decay of the sample as compared with that in 1 mM 
Tris (Table I). 

Dynamics of DNA in Chromatin in Nuclei. In cell nuclei, 
the dye is probably exclusively intercalated in chromatin DNA 
and not in RNA, because the measured lifetime of ethidium 
in cell nuclei (=22.6 ns) is much closer to its lifetime in DNA 
than in RNA ( ~ 2 7  ns). Furthermore, the lifetime of the dye 
in disrupted nuclei in 1 mM Tris ( ~ 2 3 . 8  ns) was found to be 
identical with that in isolated chromatin in the same buffer. 
As it was found that an intercalating probe was bound in the 
linker region in chromatin in cell nuclei (Cech & Karrer, 
1980), the ethidium dye is also thought to be intercalated in 
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FIGURE 5: Fluorescence anisotropy decay curve of intercalated 
ethidium in chicken erythrocyte nuclei. Buffer condition was 10 mM 
Tris, 10 mM NaCI, and 3 mM MgCI,, pH 7.5. at 20 OC. P / D  = 
2000. Sample concentration was 0.3 mg of DNA/mL. Chain line 
is the least-squares fit with eq 1 to the observed decay. 

the linker region in cell nuclei. 
Figure 5 shows the anisotropy decay curve of ethidium in 

the linker region of chromatin in chicken erythrocyte cell 
nuclei. Here, the anisotropy decay is found to be largely 
suppressed, almost to the same extent as in solubilized intact 
chromatin in its solenoidal form. This result demonstrates that 
in cell nuclei the first higher order structure of chromatin is 
similar to that found in intact chromatin of its solenoidal form. 
In other words, the solubilization of chromatin from cell nuclei 
with nuclease digestion does not seem to change the factors 
that maintain the compact structure of chromatin in cell nuclei. 

Analysis of the Internal Motion of the Linker Region, ri(t). 
We discuss, in the subsection, the torsional motion of the linker 
DNA in three different preparations of chromatins (intact, 
H1 depleted, and H1,H5 depleted) in a somewhat more 
quantitative manner. The procedure of the analysis was de- 
scribed under Materials and Methods. 

We do not know the actual binding site of ethidium in the 
linker DNA in chromatin. Let us first assume that the dye 
molecule is bound in the midpoint of the DNA in the linker 
region (Ashikawa et al., 1983b). 

The calculated values of L / C  and Lq (on this assumption) 
are tabulated in Table 11. If one wants to estimate each of 
these values (L ,  C, and 7) independently, one must estimate 
one of these three values by taking the structure of chromatin 
and the flexibility of the DNA into account. 

If we assumed that the torsional rigidities of the linker 
DNAs of the extended forms of the three preparations of 
chromatins (intact, H1 depleted, and H1,H5 depleted) in 1 
mM Tris are equal to that of free DNA in the same buffer 
(1.8 X ergcm),' we can calculate the movable length 
of the DNA and the effective viscosiy around it. The calcu- 
lated lengths of the movable DNA are 45 base pairs (bp) for 
the case of intact chromatin, 53 bp for H1-depleted chromatin, 

This value was calculated with the assumption that the hydrody- 
namic radius of the DNA rod was 1.35 nm and that the angle of the 
transition moments of the dye to the axis of the DNA (E) was 90'. If 
we assumed E = 70°, the torsional rigidity would be reduced by about 
10%. 
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FIGURE 6:  Steady-state fluorescence anisotropy values of intercalated 
ethidium in intact chicken erythrocyte chromatin (triangles), in 
H1-depleted chromatin (closed circles), in H1,HSdepleted chromatin 
(half-closed circles), and in chicken erythrocyte DNA (open circles) 
at various concentrations of NaC1. Squares are the steady-state 
anisotropy values of ethidium in intact calf thymus chromatin, which 
are redrawn from our previous work (Ashikawa et al., 1983b). Buffer 
conditions were 1 mM Tris/0.2 mM EDTA, pH 7.5, and the con- 
centrations of the samples were 0.1-0.2 mg of DNA/mL. P / D  = 
2000-3000; the temperature was held at 20 OC. 

and 65 bp for H1 ,HS-depleted chromatin. An increase in the 
movable length by about 10 bp has been observed in each step 
on going from the intact chromatin to H1 ,HS-depleted chro- 
matin. The calculated effective viscosity around the linker 
DNAs were 0.066 P for intact chromatin, 0.039 P for H1- 
depleted chromatin, and 0.028 P for H1,HS-depleted chro- 
matin. Here, a decrease in the effective viscosity has been 
found on the sequential dissociation of histone H1 and H5. 

Let us now examine the consequences of assuming uniform 
distribution of the dye in the linker DNA. The resulting 
calculated L / C  and L t  are shown in parentheses in Table 11. 
The L / C  values for the uniform binding are about 1.5 times 
as large as that of the midpoint binding, and the 157 values 
for the uniform binding are reduced by factor of about 0.9. 

Transition of Chromatins from Extended to Condensed 
Forms. As mentioned in the previous subsections, the overall 
structural change of chromatin is reflected in the extent of the 
mobility of the linker DNA. Using this probe, we examined 
how the structural transitions of three different preparations 
of chicken erythrocyte chromatins (intact, H1 depleted, H1,H5 
depleted) take place with increasing ionic strength in the 
solvents. Bates et al. (1981) investigated the sedimentation 
velocity changes of chicken erythrocyte chromatin caused by 
the increase in ionic strength of the solvent. They compared 
the transition of the chromatin conformation of chicken 
erythrocyte chromatin with that of rat liver chromatin (Butler 
& Thomas, 1980) and concluded that they are similar as far 
as the changes in the sedimentation coefficients are concerned. 

In Figure 6, triangles represent the steady-state anisotropy 
values of ethidium intercalated in the linker DNA in intact 
chromatin at  various NaCl concentrations. Similarly, closed 
circles are the anisotropy values of H1-depleted chromatin, 
half-closed circles are those of H1,HS-depleted chromatin, and 
open circles are those of isolated DNA from chicken eryth- 
rocyte. For comparison, the anisotropy values of calf thymus 
chromatin obtained in our previous work (Ashikawa et al., 
1983b) are also plotted (square). Motions of the linker DNA 
of intact chromatin are increasingly suppressed as the con- 
centration of Na+ increases. This transition reflects the 
structural change of chromatin to the condensed form. The 
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FIGURE 7: Steady-state fluorescence anisotropy values of intercalated 
ethidium in intact chicken erythrocyte chromatin (triangles), HI - 
depleted chromatin (closed circles), H1 ,HS-depleted chromatin 
(half-closed circles), and isolated chicken DNA (open circles) at various 
molar concentrations of MgC12. Squares are the steady-state an- 
isotropy values of the dye in intact calf thymus chromatin, which are 
redrawn from our previous work (Ashikawa et al., 1983b). Buffer 
conditions, the sample concentrations, and P / D  values were the same 
as those of Figure 6 .  

midpoint of the transition is at 12.6 mM NaCl, while for calf 
thymus chromatin, the midpoint of the transition is at 23.6 
mM. The transition of chicken erythrocyte chromatin occurs 
at  much lower ionic strength than that of calf thymus chro- 
matin: the condensed form of the former was stabilized more 
readily by Na+ than that of the latter. This difference in the 
stabilization of the condensed form must be caused by a 
stronger condensation ability of chicken erythrocyte H1 (since 
histone H5 alone cannot induce the transition by Na') or of 
a cooperation of histone H1 and H5. 

Figure 7 shows the steady-state anisotropy values of intact 
chicken erythrocyte chromatin (triangle), H 1-depleted chro- 
matin (closed circles), H1 ,HSdepleted chromatin (half-closed 
circles), isolated chicken erythrocyte DNA (open circles), and 
calf thymus chromatin (squares) (Ashikawa et al., 1983b) at 
various MgClz concentrations. With Mg2+ also, the transition 
of intact chicken erythrocyte chromatin to the solenoidal form 
occurs at lower concentration of Mg2+ than that of calf thymus 
chromatin. 

For H1-depleted chromatin, the effects of Na+ and Mg2+ 
are different (see closed circles in Figure 7) .  With Mg2+, an 
anisotropy increase in H1 -depleted chromatin takes place at 
nearly the same concentration as that of anisotropy increase 
of the intact chromatin, while with Na' such an increase does 
not take place (see closed circles in Figure 6). 

For H1,HS-depleted chromatin as well as for free chicken 
DNA, the anisotropy values decrease as the concentration of 
Na+ or Mg2+ increased. This should be caused by the decrease 
in the rigidity of DNA in higher ionic strength solvents. 

As was shown in our previous paper (Ashikawa et al., 
1983b), the fluorescence lifetime of the intercalated ethidium 
depends upon the conformational state of DNA. The tran- 
sition of chromatin observed by the steady-state anisotropy 
change was reflected also in lifetime changes of intercalated 
ethidium (Figures 6 and 7),  and the midpoints of the lifetime 
changes coincided with those of the anisotropy changes. 

CONCLUSIONS 
We showed, in this paper, a higher stability of the condensed 

form of chicken erythrocyte chromatin than the corresponding 
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form of calf thymus chromatin. This increased stability of 
the higher order structure of the chromatin may be one of the 
molecular mechanisms of gene inactivation in chicken eryth- 
rocyte nuclei. We propose that anisotropy measurement of 
intercalated dyes can be applied to investigate the change in 
the stability of the chromatin higher order structure accom- 
panying cell proliferation, aging, and cell transformation. 
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