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Protein ¢, is a unique protein which is present in the sperm of the sea cucumber, Holothuria tubulosa. 1t associates with histones, but
its physiological role is unknown. From its amino acid composition and sequence, protein ¢y can be considered as an Hl-related
protein. In this paper, we have studied its interaction with chicken erythrocyte chromatin particles of different complexity, from core
particles to polynucleosomes. Addition of protein gy, results in marked chromatin insolubilization. The higher the molecular weight of
the chromatin fragment, the lower is the ¢, /nucleosome molar ratio at which precipitation occurs, so that complete insolubilization
of polynucleosomes is achieved at a ¢, /nucleosome molar ratio which is identical to that found in mature H. tubulosa spermatozoa.
We have also found that the interaction of protein ¢, with chromatin is cooperative. These findings contribute to clarification of the
peculiar physico-chemical properties shown by H. tubulosa sperm chromatin and the role played by the ¢, protein.

1. Introduction

The chromatin of the spermatozoa from the sea
cucumber, Holothuria tubulosa, has a peculiar
composition, in which the normal complement of
histones i1s accompanied by a small amount (about
4%) of a strongly basic low molecular weight
protein, which we have called ¢, [1]. Previous
experiments from our laboratory [2-5] have shown
that H. rubulosa sperm chromatin is rather re-
markable. On the one hand, purified nuclei swell
only slightly at low ionic strength, and when they
are subjected to micrococcal nuclease digestion
only about 50% of the total DNA can be solubi-
lized. All the ¢, protein remains associated with
the insoluble fraction. Furthermore, during micro-
coccal nuclease digestion protein ¢, appears to
displace histones from core particles, giving rise to
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anomalous nucleosomal particles which contain
exclusively ¢, and histone H1.

In order to establish whether protein ¢, is
responsible for this unusual physico-chemical be-
haviour, we have studied in detail the in vitro
interaction of protein ¢, with different chromatin
particles of increasing complexity. Protein ¢, is 78
amino acids long and contains 17.0% lysine, 25.9%
arginine and 29.5% alanine [6]. In spite of its high
arginine content, this protein is related to histone
H1, since its sequence is very similar to the C-
terminal region of histone H1 [6], as long as
arginine is considered equivalent to lysine. More-
over, antisera induced against protein ¢, cross-re-
act with histone H1 [7]. Therefore, protein ¢,
appears to be equivalent to an H1 histone which
lacks the central globular region. In this paper, we
have found that addition of protein ¢, to chro-
matin particles of increasing size, ranging from
core particles to polynucleosomes, results in their
msolubilization. We have observed that the higher
the molecular weight of the particle, the lower is
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the molar ratio necessary for its insolubilization.
Insolubilization of polynucleosomes occurs at a
¢,/ nucleosome molar ratio which is very close to
that found in mature H. tubulosa spermatozoa,
suggesting that this protein is actually responsible

for the high insolubility shown by H. rmbulosa

sperm chromatin. We have also found that the
interaction of protein ¢, with chromatin 1s cooper-
ative,

2. Materials and methods
2.1. Preparation of nuclei and chromatin

Chicken erythrocyte nuclei were prepared
according to ref. 8. Chromatin fragments of van-
ous lengths were obtained by micrococcal nuclease
digestion, followed by fractionation through
sucrose gradients as described previously [9,10].
To obtain short oligemers (up to octanucleo-
somes), purified nuclei were digested at an en-
zyme/DNA ratio of 50 Bochringer U/mg DNA
for 15 min. Polynucleosomes were obtained after
digestion with 15 enzyme U/mg DNA for 1.5
min. The DNA and protein contents of the sam-
ples used in these experiments were analyzed by
gel electrophoresis (not shown).

2.2. Protein ¢, purification

Protein ¢, was obtained from H. tubulosa
spermatozoa by differential acid extraction and
purified to homogeneity by chromatography as
described elsewhere [6]. | '

2.3. Protein ¢,-chromatin interaction

Purified protein ¢, was dissolved in 10 mM
Tris-HCl, 1 mM EDTA (pH 7.5) (buffer A) to a
concentration of 2 mg/ml. The actual concentra-
tion was determined by turbidometry [11].

Chromatin in buffer A was diluted to 1 ml

(Aqgo = 0.3) with the same buffer and the sait

concentration adjusted by the addition of 4 M
NaCl. Protein ¢, was then added at different
$,/nucleosome molar ratios. Following a 10 min
incubation at room temperature, complexes were

centrifuged in an Eppendorf microfuge for 10
min. The percentage of soluble chromatin was
determined from the A,y of the supernatants.
Proteins contained in supernatants and pellets were
analyzed by SDS gel electrophoresis {12]. Prior to
electrophoretic analysis, proteins contained in su-
pernatants were precipitated with 18% trichloro-
acetic acid.

3. Results
3.1. Solubility of chromatin fragments

The solubility of the chromatin fragments used
in our experiments is shown in fig. 1. Chromatin
core particles are soluble throughout the entire
range of ionic strengths examined. The presence
of lysine-rich histones H1 and H5 confers marked
msolubility to chromatin. The maximum of in-
solubility is centered around 0.15 M Na(l for
oligonucleosomal particles. In particular, the frac-
tion containing from penta- to octanucleosomes
(0 = 5.75) is completely insoluble at 0.15 M NaCl.
In contrast, polynucleosomal particles containing
on average more than 50 nucleosomes are less
insoluble than shorter oligonucleosomes and, ad-
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Fig. 1. Solubility of different chromatin fragments as a func-

tion of Na(Cl concentration. (®) Core particles, (O) mono-

nucleocsomes, (a) dinucleosomes, (A) oligonucleosomes (D =

3.75), (@) oligonucleosomes (¥ = 5.75), (O) polynucleosomes
(@ > 50). &, average number of nucleocsomes.
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ditionally, the maximum of insolubility occurs at
higher salt concentrations, around 0.20 M NaCl
This higher solubility is likely to be related with
the organization of polynucleosomes mto higher-
order structures [9,13].

3.2. Addition of protein ¢, to chromatin results in its
insolubilization

The addition of increasing amounts of purified
protein ¢, to different chromatin particles results
in their insolubilization. Fig. 2 shows the effect of
adding increasing amounts of protein ¢, on the
solubility of different chromatin particles at three
different Na(Cl concentrations, namely, 0, 0.05 and
0.15 M. In all cases, marked insolubilization is
detected but the actual ¢,/nucleosome molar ratio
at which precipitation occurs depends on both the
ionic strength and complexity of the chromatin
particle. Table 1 summarizes the results shown in
fig. 2. In general, we have observed that for any
chromatin fragment, the higher the salt concentra-
tion the lower is the molar ratio required for its
insolubilization. Likewise, large oligonucleosomes
are precipitated more easily than shorter frag-
ments. For instance, at 0.05 M NaCl, complete
precipitation of mononucleosomes occurs at a
molar ratio of approx. 2.8 ¢, molecules per
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nucleosome while oligonucleosomal samples con-
taining 5.75 nucleosomes on average precipitate at
a molar ratio of about 1.2 ¢, molecules per
nucleosome. However, a much larger excess of
protein ¢, is required to precipitate chromatin
core particles which lack lysine-rich histones H1
and HS as well as internucleosomal DNA. About
6 ¢, molecules are necessary to achieve complete
precipitation at 0.05 M NaCl

On the other hand, polynucleosomal particles
showed quite different behaviour. They are in
general more soluble than shorter oligonucleo-
somal particles (fig. 1). Similarly, their complexes
with protein ¢, are also more soluble. At 0.05 M
NaCl, complete msolubilization is achieved at a
molar ratio of 3.5 ¢, molecules per nucleosome. It
is worth noting that the molar ratio required to
insolubilize polynucleosomes at 0.15 M NaCl cor-
relates with the amount of protein ¢, present in
mature spermatozoa. Since the amount required to
insolubilize polynucleosomes at 0 M Na(l is simi-
lar to that required to precipitate shorter
oligonucleosomes, it is likely that the higher solu-
bility of the ¢,-polynucleosome complexes de-
tected at 0.05 and 0.15 M NaCl might be related
to the organization of polynucleosomes into thick
30-nm chromatin fibers which are known to occur
at these NaCl concentrations [9,13].
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Fig. 2. Insolubilization of different chromatin fragments as a function of added protein ¢, at three NaCl concentrations. (@) Core
particles, (=) mononucleosomcs, (a) dinucleosomes, (2) oligonucleosomes (7 = 3.75), (W) oligonucleosomes (7 = 5.75), (O) poly-
nucleosomes (& > 50). &, average number of nucleosomes.



54 C. Olivares et al. / Protein ¢y-chromatin interaction

Table 1

¢, /nucleosome molar ratio at which 50% precipitation occurs
for different chromatin particles at three NaCl concentrations

NaCl concentration

| oM 005 M 015 M
Cores 6.7 3.2 2.3
Mononucleosomes 4.0 1.4 1.1
Dinucleosomes - - 0.6
Oligonucleosomes

(6=375" 3.7 1.0 04
Oligonucleosomes

(0 =5.75) 32 0.6 0
Polynucleosomes

(v > 50) 3.7 1.7 0.25

2 p, average number of nucleosomes.

3.3. Interaction of protein ¢, with chromatin is
cooperative

We have found that a given amount of ¢, in
the presence of more than its molecular equivalent
of chromatin particles will bind extensively to
some of these particles and only partially or not at
all to the rest, indicating that the interaction of
protein ¢, with chromatin is cooperative. At NaCl
concentrations of 0.15 or 0.05 M any ¢-contain-
ing particle precipitates. Fig. 3 shows the SDS gel
electrophoretic patterns of the supernatants and
pellets obtained after addition of increasing
amounts of protein ¢, to different chromatin par-
ticles at 0.15 M NaCl. Protein ¢, is always found
in the precipitates (fig. 3, right-hand panels) so
that it is never detected in the supernatants (fig. 3,
left-hand panels). Similar results were obtained
when the interaction was carried out at 0.05 M
NaCl. From fig. 3 it appears that soluble mono-
nucleosomal particles are deficient in lysine-rich
histones H1 and HS. However, since the corre-
sponding mononucleosomal pellets are not en-
riched in these proteins, we conclude that the
apparent depletion of H1 and HS5 in soluble
mononucleosomes is mostly due to losses occur-
ring during preparation of the samples prior to
electrophoresis, as has been observed by others
[15]. As shown in fig. 4, the ¢,/nucleosome molar
ratio of the pellets is constant and independent of
the input molar ratio until complete precipitation
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Fig. 3, SDS gel electrophoresis of proteins contained in the

supernatants and pellets obtained after addition of increasing

amounts of protein ¢, to different chromatin partjcles when

the interaction was carried out at 0.15 M NaCl, Values indicate

the ¢, /nucleosome molar ratio at which the interaction took
place. o
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of chromatin occurs, indicating that protein ¢,
does not distribute itself evenly among all accessi-
ble particles but rather interacts in a cooperative
fashion with chromatin. At an input ¢,/ nucleo-
some molar ratio of unity and assuming a random
non-cooperative interaction, each mononucleo-
some should have received one ¢, molecule. In
contrast, at this input molar ratio we observed
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Fig. 4. ¢, /nucleosome molar ratios (M, ) of the precipitates as
a function of the input molar ratio for different chromatin
fragments. ¢, average number of nucleosomes.

that half of the mononucleosomal particles con-
tained two ¢; molecules while the remaining 50%
contained none.

When the interaction is carried out at 0 M
NaCl the behaviour is quite different, since under
these salt conditions protein ¢, is found either in
the supernatants, at low molar ratios, or in the
pellets, at higher molar ratios (fig. 5). That, at low
input molar ratios, protein ¢, actually interacts
with chromatin under these salt conditions is dem-
onstrated by the fact that, following incubation
with protein ¢, at an input molar ratio of 0.6, this
protein is found associated with mononucleo-
somes purified by sucrose gradient centrifugation.
In order to establish whether the interaction is
also cooperative at this ionic strength the follow-
ing experiment was performed. Either core par-
ticles or mononucleosomes, were incubated at 0 M
NaCl with protein ¢, at different molar ratios.
Following incubation for:10 min, the salt con-
centration was raised to 0.15 M NaCl and the
percentage of soluble particles determined. We
obtained a similar value for' the percentage of
soluble particles as if the interaction had been
performed directly at 0.15 M NaCl, suggesting
that the interaction had also been cooperative at 0
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Fig. 5. SDS gel electrophoresis of proteins contained in the

supernatants and pellets obtained after addition of increasing

amounts of protein ¢, to different chromatin particles when

the interaction was carried out at 0 M NaCl. Values indicate

the ¢,/nucleosome molar ratio at which interaction took
place.

M NaCl. These results might also be interpreted
as being the consequence of redistribution of pro-
tein ¢, at 0.15 M NaCl. However, when purified
H. rubulosa sperm nuclei were incubated at 0.15 M
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Fig. 6. The total number of protein ¢, molecules required to
precipitate 50% of the chromatin particles is represented as a
function of the average number of nucleosomes in each par-
ticle. The interaction was carried out at: (@) 0.15 M, (®) 0.05
M and (a) 0 M NaCl. M>®%®, molar ratio at which 50%
precipitation occurs. ¥, average number of nucleosomes.

NaCl in the presence of long chicken erythrocyte
polynucleosomal fragments, no redistribution of
protein ¢, was detected [14).

The results given in table 1 indicate that the
molar ratio at which 50% precipitation occurs
decreases as the size of the chromatin particle
increases. In fact, as shown in fig. 6, at 0.15 or
0.05 M NaC(l, a similar total number of ¢, mole-
cules are required to precipitate oligonucleosomal
particles of an average size ranging from 1 to 5.75
nucleosomes, suggesting that insolubilization of a
single nucleosome with about 2 molecules of ¢, is
“sufficient to precipitate oligonucleosomes contain-
ing up to 5.75 nucleosomes on average. At 0 M
NaCl, the total number of protein ¢, molecules
required for precipitation increases with the size of
the chromatin particle (fig. 6), again reflecting the
higher solubility of ¢0-chromatm complexes at
this salt concentration.

4. Discussion

As discussed in section 1, protein ¢, can be
considered as an Hl-related protein which is
smaller — lacking the central globular part — and
richer in arginine than somatic Hl. However, in

contrast to what is found with other histone H1
variants, chromatin containing protein ¢, appears
to be highly insoluble, since no ¢,-containing par-
ticles can be solubilized by micrococcal nuclease
digestion of purified nuclei or chromatin [2,3]. In
addition, protein ¢, appears to be capable of
displacing core histones from nucleosomes, giving
rise to anomalous nucleosomal particles [3].

In order to establish whether protein ¢, is
actually responsible for this very peculiar be-
haviour, we have studied the in vitro interaction of
protein ¢, with chicken erythrocyte chromatin.
We have found that the addition of protein ¢,
actually results in marked chromatin insolubiliza-
tion. It is known that in general, addition of
histones to nucleosomal particles induces their
precipitation [16). Precipitation induced by core
histones occurs when the amount added exceeds
the in vivo core histone complement of native
chromatin several fold. On the other hand, his-
tones H1 and H5 induce chromatin precipitation
at molar ratios which are close to the in vivo
situation. In agreement with its similarity to his-
tone H1, the insolubilization effect detected here
for protein ¢, occurs at physiological ionic strength
and within a range of ¢,/nucleosome molar ratios
which is similar to that shown by mature H.
tubulosa spermatozoa.

We have also determined some of the features
of the interaction of protein ¢, with chromatin:

(1) The interaction appears to be cooperative at
any salt concentration within the range 0-0.15 M
NaClL

(i) The lower the ionic strength thé higher is
the solubility of the ¢,-chromatin complex. As
shown in table 1 and fig. 6, when the interaction is
carried out at either 0.15 or .05 M Na(Cl], insolu-
bilization is achieved with a much lower quantity
of ¢, than that at 0 M NaCl. At 0.15 or 0.05 M
NaCl, it appears that the amount of ¢, required

. to precipitate an oligonucleosome is almost con-

stant and does not depend on its size, in contrast
with what is found at 0 M NaCl.

(iii) At physiological ionic strength, about 2
molecules of ¢, are required to insolubilize a
mononucleosome, whereas an excess of about 5
molecules of ¢, is required to precipitate chro-
matin core particles lacking lysine-rich histones
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and internucleosomal DNA.

(iv) Complexes formed with large polynucleo-
somal fragments are insoluble at a molar ratio of
0.5 molecules of ¢, per nucleosome at 0.15 M
NaCl, which is very similar to the in vivo ¢, molar
ratio of mature H. tubulosa spermatozoa.
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