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ABSTRACT:
chaperone. DNA forms a nucleosome structure with histones in eucaryotic somatic cells. Nucleoplasmin promotes the

Nucleoplasmin, isolated from the Xenopus laevis egg, was the first protein defined as a molecular

assembly of the nucleosome structure. We have now determined the effect of nucleoplasmin on the structure of the
nuclease digested-nucleohistone (d-NH). The d-NH was prepared from nucleohistone by treatment with micrococcal
nuclease. The DNA of the d-NH showed 200 bp ladder bands on an agarose gel electrophoresis. The Circular dichroism
spectra of nucleohistone demonstrated an a-helical structure with spectra minima at 208 and 222 nm, while that of the
d-NH showed a minimum peak at 228 nm. The turbidity of d-NH was found to be higher than that of nucleohistone,
suggesting that d-NH was aggregated. The aggregation was inhibited by an addition of NaCl. Furthermore, guanidine
HCl reduced the d-NH aggregation, while urea did not affect the aggregation. These results suggest that hydrogen bonds
and/or ionic charges were mainly involved in the aggregation. When nucleoplasmin was added to a solution of d-NH,
the mixtures possessed an a-helical conformation. Poly-L-glutamic acid was also found to inhibit the aggregation and to
promote the formation of a-helical structures, however, this was not as effective as of nucleoplasmin. The conformational
thermal stability of the nucleoplasmin/d-NH mixture was higher than that of d-NH alone. These results indicate that
nucleoplasmin inhibits aggregation of d-NH and increases the @-helical structure of the core histones. Nucleoplasmin
seems to play a critical role in the nucleosome assembly as a molecular chaperone by inhibiting the aggregation of histone

and DNA. These data define the molecular mechanisms of the nucleosome assembly by nucleoplasmin.
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DNA is highly compacted into a chromatin structure
in the eukaryotic chromosome. Chromatin consists of
numerous nucleosomes in which DNA coils around the
histone cores approximately every 200 bp.! In the nu-
cleosome, histone forms an octamer that consists of two
units of histones H2A, H2B, H3, and H4.!™* Histones
are positively charged proteins which are thought to
bind with DNA via their ionic interactions.”~’ Addi-
tionally, a hydrophobic interaction and hydrogen bond-
ing were also suggested to be responsible for the DNA-
histone binding.® Histone molecules contain many pos-
itively charged amino acids in their N- and C-terminal
regions, and there are many hydrophobic amino acids
in their central region. This characteristic amino acid
sequence of histones is thought to be important for sta-
bilization of the a-helical structure and for assembly of
the core histone complex.

Nucleoplasmin, the first protein defined as a molec-
ular chaperone, was isolated from Xenopus laevis eggs.
It was found to promote nucleosome assembly by bind-
ing with histones H2A-H2B and transferring them to
DNA.>!! Nucleoplasmin is an acidic and phosphory-
lated protein, which forms a stable pentamer.'%!! Re-

cently, nucleoplasmin was found to promote sperm de-
condensation.'>”!> Nucleoplasmin was also found to
bind protamine, a sperm-specific basic nuclear protein,
which could displace histones H2A and H2B.!2714. 16,17
We have previously demonstrated the interactions of
nucleoplasmin with protamine, histone, and nucle-
ohistone.'® 1° Nucleoplasmin contains an acidic do-
main consisting of approximately 20 glutamic acid
residues.? 2! Poly-L-glutamic acid (PE)! promotes nu-
cleosome assembly in vitro.!! Tt is presumed that the
acidic domain in the nucleoplasmin plays a critical role
in the promotion of nucleosome assembly. However,
the mechanisms of the nucleoplasmin-mediated nucle-
osome assembly are not well understood. In this re-
port, we demonstrate the effect of nucleoplasmin on
the structure of the nuclease digested-nucleohistone
(d-NH), which involves mono-, di-, tri-, and oligo-
nucleosomes. This d-NH is self-aggregated. We char-
acterized the aggregation using circular dichroism (CD)
spectroscopy and a UV spectrometer under various
conditions. Using the d-NH, we evaluated the effect
of the nucleoplasmin on nucleosome aggregation and
on the a-helical structure of the core histones.

"To whom correspondence should be addressed (Phone: +81-11-706-2256, Fax: +81-11-706-2256, E-mail: nishin@ees.hokudai.ac.jp).
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EXPERIMENTAL

Purification of Nucleoplasmin

Nucleoplasmin was purified from Xenopus laevis
eggs as previously described.!® '%22 Briefly, chrionic
gonadotoropin (Teikoku-zouki Pharmaceutical Co.,
Tokyo, Japan) was injected in frogs (500 units/frog),
then after 13 h, the mature eggs were obtained. The
collected eggs were dejellied by a 2% cysteine solu-
tion (pH 8.2) and washed with 10 mM Tris-HCI buffer
(pH 7.4) in the presence of 100 mM KCI and 2 mM
MgCl,. The eggs were homogenized and centrifuged
(10 min, 10000 X g), and the supernate was further cen-
trifuged (60 min, 150000 X g). The crude protein was
purified by ion exchange and gel filtration column chro-
matographies using DEAE-Sepharose CL-6B (Pharma-
cia LKB., Uppsala, Sweden) and Superdex 200 (Phar-
macia LKB.), respectively. The purity was confirmed
by SDS-PAGE, and the sperm nucleus decondensation
activity was examined as previously reported.'®

Preparation of Digested-Nucleohistone (d-NH)

Calf thymus nucleohistone (Sigma Chemical Co., St.
Louis, USA) was dissolved in 10 mM Tris-HCI (pH
7.4) at a 0.5uM histone concentration (abs. 0.6 at
280 nm and abs. 1.0 at 260nm). Micrococcal nucle-
ase (MNase, 4 uL of 100 units mL, Sigma Chemical
Co.) was added to 400 uL of the nucleohistone solution
and incubated at 20°C. All experiments were carried
out using the solution within 10 min after the enzyme
digestion.

Agarose Gel Electrophoresis Analysis

Nucleohistone was digested with MNase as de-
scribed above. Aliquots (400 uL) were taken at various
time intervals (0, 20, 60, and 180 min) and the nucle-
ase activity was terminated by the addition of 10 mM
EDTA. All samples were treated with trypsin (Wako
Pure Chemical Industried, Ltd., Osaka, Japan) at a final
trypsin concentration of 1 mg mL~! at 37°C for 20 h.
The DNA was then extracted with phenol-chloroform
(400 uL) and precipitated with ethanol (400 uL). The
extraction and precipitation procedures were repeated
three times. The extracted DNA was analyzed by 2%
agarose gel electrophoresis. The DNA was detected on
agarose gels by staining with ethidium bromide under
UV illumination.
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Circular Dichroism (CD) Analysis

All sample solutions were prepared at a final histone
concentration of 0.5 uM in 10 mM Tris-HCI (pH 7.4).
The CD spectra were recorded at various wavelengths
on a Jasco Model J-720 CD spectropolarimeter (Japan
Spectroscopic Co., Tokyo, Japan) with a 1 mm path
length at 20°C.

Turbidity Measurements

All sample solutions were prepared as described
above. The turbidities were determined by UV scat-
tering from 350 to 250 nm at various temperatures on
a CARY 5E UV-Vis-NIR spectrophotometer (Varian
Australia Pty., Ltd., Australia). The turbidities of the
protein-DNA complexes were determined from the ab-
sorbance at 320 nm, which is a non-absorption wave-
length for nucleohistone®?

Thermal Stabilities of d-NH

The d-NH solution at the final histone concentration
of 0.5 uM in 10 mM Tris-HCI (pH 7.4) was prepared as
described above with a 20 min MNase treatment. The
CD spectra from 250 to 200nm and UV spectra from
350 to 250 nm were measured at different tempera-
tures. The temperature was gradually elevated from 20
to 80°C in 5°C steps.

pH Effect on Conformation of d-NH

The d-NH solution in 10 mM Tris-HCI (pH 7.4) was
adjusted to pH 2—-10 using HCl with a final histone con-
centration of 0.5uM. The CD spectra were recorded
from 250 to 200 nm at 20°C as described above. The
turbidities of the d-NH solutions (pH 2—-10) were also
determined by UV scattering from 350 to 250 nm as de-
scribed above.

Salt Effect on Conformation of d-NH

The d-NH solution (200 pL, histone concentration =
1 uM) was diluted with 200 uL of the same buffer con-
taining 04 M NaCl. The CD spectra were recorded
from 250 to 200 nm at 20°C as described above. The
turbidities of the d-NH solutions in the presence of var-
ious concentrations of NaCl were measured from 350
to 250 nm as described above. The CD spectra of the
d-NH in PBS were also measured at different temper-
atures. The temperature was gradually elevated as de-
scribed above.

Guanidine Hydrochloride and Urea Denaturation of d-
NH

The d-NH solution (final conc. of histone = 4.0 uM)
in 10 mM Tris-HCl (pH 7.4) was diluted with the
same buffer containing various concentrations of ei-
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Figure 1. Agarose gel electrophoresis (a), CD spectra (b), and turbidities (c) of nuclease digested-nucleohistone (d-NH). (a) Nucleohi-
stone (0.5 uM) was treated with micrococcal nuclease (MNase) (0.5 units mL~") at 20°C for 20, 60, and 180 min. DNA was extracted and
analyzed by 2% agarose gel electrophoresis. (b) Nucleohistone (histone octamer = 0.5 uM) was treated with MNase (0.5 units mL™!) at
20°C. Aliquots were collected at 20, 60, and 180 min and the CD spectra were recorded from 300 to 200 nm in 10 mM Tris-HCI (pH 7.4)
at 20°C. (c) Nucleohistone (histone octamer = 0.5 uM) was treated with MNase (0.5 units mL™") at 20°C. Aliquots were collected at 20, 60,
and 180 min and the turbidities were determined by UV scattering from 350 to 250 nm.

ther guanidine hydrochloride or urea. The CD spec-
tra of the d-NH were measured from 240 to 220 nm
at 20°C as described above. The turbidities of the d-
NH in the presence of various concentrations of either
guanidine hydrochloride or urea were also determined
as described above.

Mixing Experiments

Nucleoplasmin (My: 22000, nucleoplasmin pen-
tamer: nucleohistone = 1:1), poly-L-glutamic acid (PE,
My,; > 8000, concentration adjusted to all the acidic
amino acid residues of the nucleoplasmin) and poly-
L-lysine (PK, M; > 8000, concentration adjusted to
the all basic amino acid residues of the nucleoplasmin)
were added to the d-NH (final histone concentration =
0.5 uM). Bovine serum albumin (BSA) (0.5 uM) was
also added to the d-NH solution as a control. After the
mixtures were incubated at 20°C for 5 h, The CD spec-
tra were measured from 250 to 200 nm at 20°C. Tur-
bidities of the nucleoplasmin/d-NH and PE/d-NH mix-
tures were also determined as described above.

Time Course Analysis

The nucleoplasmin/d-NH and PE/d-NH solutions,
which were used above, were mixed at 20°C. The CD
spectra of the mixtures were recorded from 250 to
200 nm at various time points (1-5 h). The turbidity of
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the mixtures at various time points (0—120 min) were
determined by UV time scattering at 320 nm.

Determination of Thermal Stabilities

Sample solutions (at histone concentration of
0.5 uM) were prepared as described above. The CD
spectra from 250 to 200 nm were measured at different
temperatures. The temperature was gradually elevated
from 20 to 80°C in 5°C steps. The thermal melting
curves of the mixtures were determined from the mean
residue ellipticities of the peak minima at 222 nm (nu-
cleohistone, nucleoplasmin/d-NH, and PE/d-NH) and
228 nm (d-NH).

RESULTS
Preparation  and  Conformation of  Digested-
nucleohistone (d-NH)

Nucleohistone was treated with micrococcal nucle-
ase (MNase) and aliquots at various intervals (20,
60, and 180 min) were obtained. When the DNA of
the digested-nucleohistone (d-NH) was analyzed by
agarose gel electrophoresis, the MNase treated samples
showed 200 bp ladder bands (Figure 1a). These results
indicated that the linker DNA of the nucleohistone was
degradated by the MNase treatments, and mono-, di-,
tri-, and oligo-nucleosomes were produced. The con-
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Figure 2. CD spectra (a) and turbidities (b) of the d-NH at different temperatures. The d-NH solution (histone octamer = 0.5 uM) with a
20 min MNase treatment was used. (a-I) The CD spectra were recorded from 200 to 250 nm in 10 mM Tris-HCI (pH 7.4) solution at 20—-80°C.
(a-1I) Fractional change in d-NH (228 nm) at different temperatures was plotted. The CD spectra of nucleohistone were also measured at
different temperatures at 20-80°C (data not shown), and the fractional change at 222 nm was plotted. (b-I) The turbidities were determined
by UV scattering from 350 nm to 250 nm in 10 mM Tris-HCI (pH 7.4) from 20-80°C. (b-II) The absorbance at 320 nm, which indicates

turbidity of the solutions, was plotted at different temperatures.

formations of the nucleohistone and d-NH were eval-
uated by circular dichroism (CD) spectroscopy (Fig-
ure 1b). CD spectrum of nucleohistone showed peak
minima at 208 and 222 nm, suggesting that the core
histones possessed an a-helical structure (Figure 1b).
CD spectra of the d-NH samples showed peak min-
imum at approx. 228nm (Figure 1b). CD spectra
of both samples showed a peak maximum at around
275 nm, suggesting that the d-NH samples contained
double stranded DNA. Next, the absorbance of the sam-
ple solutions was measured from 350 to 250 nm to an-
alyze the turbidities (Figure 1c). The turbidities (re-
flected by the absorbance at 320nm) of the MNase-
treated samples (20—-180 min) were comparable, and
were higher than that of nucleohistone. These results
indicated that the core histones, which possessed an -
helical conformation in the nucleosome, were aggre-
gated by the nuclease digestion. All the d-NH samples,
which were treated with the nuclease for 20, 60, and
180 min, showed similar DNA degradation and aggre-
gation. A 20 min nuclease digested-nucleohistone sam-
ple was used for all the additional experiments.
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Thermal Stability of d-NH

Thermal transitions of conformation and turbidity of
the d-NH were determined by monitoring the changes
in the CD spectra (Figure 2a) and UV scattering (Fig-
ure 2b) at various temperatures. The CD spectra
changed with temperature and an isosbestic point at
207 nm was defined (Figure 2a). The CD ellipticity
signal at 228 nm increased when the temperature was
gradually increased (Figure 2a). These results indicated
that the histones in d-NH formed a specific structure,
which was different from that of the core histone in the
nucleosome. The d-NH turbidity decreased when the
temperature was gradually increased (Figure 2b). The
UV absorbance at 320nm completely disappeared at
35°C (Figure 2b). Thus, the aggregation of d-NH was
eliminated at temperatures higher than 35°C. In addi-
tion, the thermal transitions of the d-NH conformation
and turbidity were not reversible. These results sug-
gested that the low a-helix of d-NH in the CD spectra
was caused not by the high turbidity but by the confor-
mational change in the histones.

187



A.TIHARA et al.

6]

o

'
(¢}
1

[©]1x 103 (deg cm2 dmol-1)
3

-15 -

-20 T T T T
200 210 220 230 240 250

Wavelength (nm)

i

ABS (320 nm)

0 ® T

10 0 05 10 15 20
Concentration NaCl (M)

-10 A

[©]1x 103 (deg cm2 dmol1)

-20 1

-30
200 210 220 230 240 250

Wavelength (nm)

Figure 3. pH (a) and salt (b) effects on the conformation of d-NH. The d-NH solution (histone octamer = 0.5 uM) with a 20 min MNase
treatment was used. (a-I) The CD spectra of the d-NH were recorded from 250 to 200 nm in 10 mM Tris-HCI solutions under different pH
conditions at 20°C. (a-II) The turbidities were determined by UV scattering from 350 to 250 nm in 10 mM Tris-HCI solutions under different
pH conditions. Absorbance at 320 nm (= turbidity) were plotted under different pH conditions. (b-I) The CD spectra of the d-NH solutions
were recorded from 250 to 200 nm at 20°C in 10 mM Tris-HCl (pH 7.4) containing various concentrations of NaCl or in PBS. (b-1I) The
turbidities were determined by UV scattering from 350 to 250 nm in 10 mM Tris-HCI (pH 7.4) containing various concentrations of NaCl or

in PBS. The absorbance at 320 nm (= turbidity) was plotted at various concentrations of NaCl.

pH Dependence on Conformation of d-NH

The pH effects on the conformation of d-NH us-
ing CD spectroscopy (Figure 3a-I) and on the turbid-
ity (Figure 3a-II) were examined at 20°C. When the
CD spectra were examined under basic conditions, the
negative ellipticity at 228 nm was slightly increased.
At low pH, however, the negative ellipticity was sig-
nificantly decreased, and d-NH showed a random coil
structure at pH 2.0 (Figure 3a-I). The turbidity of d-
NH increased under acidic conditions and slightly de-
creased at higher pH (Figure 3a-II). In addition, the
pH effects on the conformation of d-NH were not re-
versible. These results suggested that intra- and/or in-
termolecular ionic interactions were involved in the ag-
gregation. Other interactions, such as hydrophobic and
hydrogen bond interactions, could also be involved in
the aggregation.

Salt Effects on Conformation of d-NH

The CD spectra and turbidities of d-NH were de-
termined in the presence of various concentrations of
NaCl (Figure 3b-1, II). When the NaCl concentrations
increased (0—1 M), the a-helical content of the d-NH
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was increased (Figure 3b-I). Additional NaCl (1-2 M)
did not further increase the a-helical content of d-NH
(Figure 3b-I). The d-NH in the presence of 1 M NaCl
showed a similar CD spectrum to that of nucleohistone.
The turbidity of d-NH decreased as the NaCl concen-
tration increased. The turbidity was almost eliminated
when the NaCl concentration was 0.5 M (Figure 3b-II).
The increased a-helical structure in the presence of a
high salt concentration can be explained by several pos-
sible mechanisms.>* 23 Salts can bind to charged amino
acid residues and inhibit non-specific ionic interactions
involved in the d-NH aggregation. The d-NH may in-
crease in @-helicity due to the blocking of non-specific
ionic interactions by the high salt. These results sug-
gested that ionic interactions were mainly involved in
the conformation of d-NH. In the presence of 1 M NaCl,
d-NH was found to be more stable than that in the ab-
sence of NaCl (data not shown). Highly concentrated
salts inhibited the d-NH aggregation and stabilized the
a-helical conformation. In PBS (0.15 M NacCl), the CD
spectrum of d-NH was intermediate between that of d-
NHin 0.1 M and 0.3 M NaCl. This result suggested that
the d-NH aggregates and its histones do not possess an

Polym. J., Vol. 34, No. 3, 2002
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The CD spectra of d-NH were recorded from 240 to 220 nm in 10 mM Tris-HCI (pH 7.4) containing various concentrations of urea. (¢) The

turbidities of the d-NH solutions were determined by UV scattering from 350 to 250 nm in 10 mM Tris-HCI (pH 7.4) containing various

concentrations of guanidine hydrochloride or urea. The absorbance at 320 nm (= turbidity) was plotted at various concentrations of guanidine

hydrochloride or urea.

a-helical structure under physiological ionic strength
conditions.

Urea and Guanidine Hydrochloride Denaturation

The conformational stability of d-NH was deter-
mined by monitoring the changes in the CD spectra
(228 nm) at various concentrations of urea and guani-
dine hydrochloride (Figure 4). As shown in Figure 4a,
the a-helicity of d-NH increased at low guanidine hy-
drochloride concentrations (0-0.5M). The CD signal
intensity of d-NH decreased when the guanidine hy-
drochloride concentration was increased from 0.5 to
7M. When the guanidine hydrochloride concentration
exceeded 3 M, the d-NH possessed a random coil struc-
ture. The CD spectra of d-NH were not significantly af-
fected when the urea concentration was increased from
0-7 M (Figure 4b).

The turbidity of d-NH in the presence of various con-
centrations of either guanidine hydrochloride or urea
was determined by UV scattering (Figure 4c). The tur-
bidity of d-NH decreased as the concentration of guani-

Polym. J., Vol. 34, No. 3, 2002

dine hydrochloride increased and it disappeared at ap-
proximately 0.5 M. When urea was added to the solu-
tion, the turbidity did not change. These results sug-
gested that the aggregation of d-NH mainly occurred
due to ionic interactions and/or hydrogen bonds, but not
hydrophobic interactions.

Effects of Nucleoplasmin, PE, and PK on the Confor-
mation and Aggregation of d-NH

We examined the effects of nucleoplasmin, poly-L-
glutamic acid (PE), and poly-L-lysine (PK) on the con-
formation of d-NH using CD spectroscopy (Figure 5a)
(Table I). When nucleoplasmin was added to the solu-
tion of d-NH, the mixture showed a CD spectrum with
peak minima at 208 and 222 nm (Figure 5a) and the a-
helicity also increased (59% helix) (Table I). When PE
was added to the d-NH solution, the a-helicity was in-
creased. The a-helicity of PE/d-NH (50%) was lower
than that of nucleoplasmin/d-NH (59%). However,
when PK was added to the d-NH solution, the struc-
ture of d-NH was lost. The addition of bovine serum
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Figure 5. Effect of nucleoplasmin and PE on the conformation (a) and aggregation (b) of the d-NH. (a) The CD spectra of
nucleoplasmin/d-NH, PE/d-NH, and PK/d-NH mixtures were recorded from 250 to 200 nm at 20°C in 10mM Tris-HCI (pH 7.4). (nu-
cleohistone: nucleoplasmin = 1:1, nucleohistone: PE = 1:1. nucleohistone: PK = 1:1) — and --- indicate the spectra of nucleohistone and
BSA/d-NH for control, respectively. (b) The turbidities of nucleoplasmin/d-NH, and PE/d-NH were determined by UV scattering from 350
to 250 nm at 20°C in 10 mM Tris-HCI (pH 7.4). Absorbance at 320 nm (= turbidity) of nucleohistone, d-NH, nucleoplasmin/d-NH mixture,

and PE/d-NH mixture were 0.000, 0.137, 0.002, and 0.007, respectively.

Table 1. Conformation and thermal stability of nucleohistone,
d-NH, nucleoplasmin/d-NH, and PE/d-NH mixtures
Samples® fHP T (PC)*
Nucleohistone 60 76
d-NH 35 31
d-NH(in PBS) 44 35
Nucleoplasmin/d-NH 59 47
PE/d-NH 50 52

2 Each sample was prepared and their conformation and ther-
mal stabilities were determined as described in Materials and
Methods. All samples (histone octamer = 0.5 uM) were in 10
mM Tris-HCI (pH 7.4), except for d-NH in PBS. ® The a-helical
content (fH) of each sample was calculated according to the as-

9

sumption® of a 100% a-helix and X number of amino acids

in histones for each samples. The mean residue ellipticity [#] at
222 nm is [0y = —36300(1-2.57/X). ¢ Ty, value was obtained
from the thermal transitional curve of each sample (Figure 7).

albumin (BSA) did not affect the conformation of d-
NH. These results indicate that nucleoplasmin and PE
interacted with d-NH and increased the a-helicity of the
nucleosome core histones. Furthermore, the turbidities
of nucleoplasmin/d-NH and PE/d-NH were lower than
that of d-NH (Figure 5b), while the addition of PK and
BSA did not affect the turbidity of d-NH.
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Next, we examined the time courses of the aggrega-
tion and turbidity of mixtures of d-NH and either nucle-
oplasmin or PE (Figure 6a, 6b). The nucleoplasmin/d-
NH mixture reached the peak maxima at 208 and
222 nm within 1 h (Figure 6a), while the turbidity al-
most disappeared within 10 min (Figure 6b). The PE/d-
NH mixture took more than 1 h to reach the peak max-
ima (Figure 6a), and the decrease in the turbidity was
smaller than that of the nucleoplasmin/d-NH mixture
(Figure 6b). Nucleoplasmin was found to interact with
d-NH and inhibit the aggregation more effectively com-
pared to that of PE.

Thermal Stability of Nucleohistone, d-NH, Nucleoplas-
min/d-NH, and PE/d-NH

The thermal stabilities of nucleohistone, d-NH, d-
NH (in PBS), nucleoplasmin/d-NH, and PE/d-NH were
determined by monitoring changes in the CD spectra
at various temperatures. The denaturation temperature
(Ty) of d-NH was 31°C (at 228 nm), while that of nu-
cleohistone was 76°C (at 222 nm) (Figure 7). The struc-
tures of nucleoplasmin/d-NH and PE/d-NH were found
to be more stable than that of d-NH. The T, value of the
nucleoplasmin/d-NH mixture was 47°C (at 222 nm),
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Figure 6. CD spectral and turbidity change of nucleoplasmin/d-NH and PE/d-NH mixtures at various times. (a) The CD spectra of
nucleoplasmin/d-NH (I) and PE/d-NH (II) mixtures were recorded from 250 to 200nm at 20°C in 10 mM Tris-HCl (pH 7.4) at various
mixing times (1-5 h). (b) Turbidities at various times (0—40 min) of the mixtures were determined by a UV time scattering at 320 nm.

and that of the PE/d-NH mixture was 52°C (at 222 nm)
(Figure 7). These results suggested that nucleoplasmin
and PE stabilized the conformation of d-NH.

DISCUSSION

Various models for the organization of nucleosomes
in the super structure of chromatin have been stud-
ied.2°28 However, it is not clear how the nucleo-
some chains are folded or coiled in the chromosome.
Recently, a nucleosome structure was studied and
our understanding of the chromatin structure has in-
creased.?’ 32 The acidic proteins N1/N2 and nucleo-
plasmin were found to play a critical role in the nu-
cleosome assembly.’3 There are many limitations in
the study of mechanisms involving the nucleosome as-
sembly from DNA and histones by nucleoplasmin in
vivo, since many other factors, such as N1/N2 and high-
mobility group proteins (HMG), are involved in the
process. When DNA and histones are mixed under
physiological ionic strength conditions, they aggregate
and form a disordered structure by non-specific ionic
interactions. However, DNA in the presence of histones
and nucleoplasmin was found to coil around the his-
tones and form a nucleosome structure in vitro. We also
showed nucleoplasmin bound to protamine and affected
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Figure 7. Thermal transitional curves of nucleohistone, d-NH,
nucleoplasmin/d-NH, and PE/d-NH mixtures. The plots, respec-
tively, represent the fractional change from previous structures to
a random coil conformation as measured by CD spectroscopy at
222 nm (nucleohistone, nucleoplasmin/d-NH, and PE/d-NH) and
228 nm (d-NH). O, nucleohistone at 222 nm; m, d-NH at 228 nm;
{3 nucleoplasmin/d-NH at 222 nm; O, PE/d-NH at 222 nm.

the sperm decondensation.!® 1° Our present study is fo-
cused on evaluating the effect of nucleoplasmin on a
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nucleosome structure. In this study, we used a nuclease
digested-nucleohistone (d-NH) as a model complex of
DNA and histone. The d-NH showed a low a-helicity
and aggregated. The results of CD spectra and turbidity
measurements of d-NH at different temperatures sug-
gest that the decrease in the a-helicity of histones is
not due to the high turbidity but rather due to confor-
mational changes brought on by the aggregation (Fig-
ure 2). The structure of histone in d-NH is obviously
different from that of nucleohistone. The thermal sta-
bility of d-NH (7}, = 31°C) was significantly lower than
that of nucleohistone (7}, = 76°C) (Figure 2a-II). The
a-helical conformation of histone is likely important
for the stability of the nucleosome structure. The CD
studies of d-NH at various pH conditions and salt con-
centrations suggest that an electrostatic anion binding
to histones seems to be one of the important factors
for the aggregation of d-NH. The results of urea and
guanidine HCI denaturation of d-NH also indicate that
ionic interactions and/or hydrogen bonds could criti-
cally contribute to the stabilization of the d-NH struc-
ture. These results suggest that d-NH has unique prop-
erties and is a suitable model complex to demonstrate
the effect of nucleoplasmin on the nucleosome assem-
bly process.

Nucleoplasmin was found to increase the a-helicity
of the histones in d-NH and to stabilize their structures
(Figures 5 and 6). PE also increased the a-helicity of
the histone but the activity became weaker than that
of nucleoplasmin. BSA did not affect the conforma-
tion of d-NH, and PK decreased the a-helicity. The
time course CD analysis and turbidity measurements
of mixtures of nucleoplasmin/d-NH and PE/d-NH in-
dicated that nucleoplasmin most significantly affected
the nucleosome structure. Nucleoplasmin has a char-
acteristic amino acid sequence that contains many glu-
tamic acid residues, which form a polyglutamic acid
tract.2%2! These results suggest that the polyglutamic
acid tract of nucleoplasmin is important for the func-
tion of nucleoplasmin. The thermal stability of mix-
tures, nucleoplasmin/d-NH (7y, = 47°C) and PE/d-NH
(T, = 52°C), suggested that PE stabilized the structure
of d-NH more effectively than nucleoplasmin. This
contradiction could be explained in two ways: 1) the
structure of nucleoplasmin is lost at a higher tempera-
ture and the binding to d-NH decreased, since nucleo-
plasmin functions as a highly ordered protein structure,
and 2) The volume of PE added to the d-NH solution
was adjusted to the same acidic amino acid residues as
that of nucleoplasmin. In the nucleoplasmin molecule,
less than 20 acidic residues form the polyglutamic acid
tract, which may interact with histones, and the other 25
acidic residues (Glu; 15, Asp; 10) in the protein may
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be involved in protein folding. PE can interact with
the basic amino acids of histones. Thus, PE stabilized
the @-helical conformation more effectively than nucle-
oplasmin at high temperatures.

Based on the experimental data, we suggest the role
of nucleoplasmin in the nucleosome structure. DNA
and histone easily aggregate by non-specific ionic in-
teractions and/or hydrogen bond interactions, and the
a-helical structure is lost by this aggregation. Nucleo-
plasmin promotes the nucleosome assembly by inhibit-
ing the aggregation. Although the @-helix of the H3
and H4 histones is not necessary for nucleosome as-
sembly,’? the conformation of the histones including
the a-helix seems to be important for the interaction
with DNA in the nucleosome.3% 3! The a-helical struc-
ture of the core histones seems to be critical for the
assembly of highly regulated and super ordered nucle-
osome structures. Nucleoplasmin not only promotes
the nucleosome assembly by transferring histones to
DNA in the initial step, but also inhibits non-specific
interactions between the histones and DNA. Nucleo-
plasmin may effectively promote nucleosome assem-
bly as a molecular chaperone by inhibiting aggrega-
tion and protecting the a-helical structures of the his-
tone core. There are many factors involved in nucleo-
some assembly.>*~37 Nucleoplasmin promotes nucleo-
some assembly, but other factors regulate this process
in vivo. Many of the other factors are ATP-dependent
chaperones. Generally, ATP-dependent chaperones are
more effective and specific than nucleoplasmin which is
not an ATP-dependent chaperone. Nucleoplasmin was
found to support the activity of the transcriptional fac-
tors.3® Nucleoplasmin is an abundant protein in nuclei
that seems to play an important role in supporting the
activity of the other factors by inhibiting the aggrega-
tion of the DNA and histones, and by maintaining the
a-helical conformation of the histones. These findings
define the novel activities of the nucleoplasmin in pro-
moting nucleosome assembly.
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