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(N-SMase) is probably an ubiquitous enzyme. It has
Ceramide acts as a second messenger and modulates been found in the nervous system (14), in the human

many cellular functions. This molecule can be pro- kidney (15), in rat liver (16), and also in vitro in cul-
duced by enzymatic digestion of sphingomyelin, a tured cells like murine glioblastoma and human skin
phospholipid which has been shown to be in high con- fibroblasts (17) and proximal renal tubular cells (15).centration in a chromatin phospholipidic fraction. In The enzyme was isolated from human urine (18) andorder to clarify whether chromatin sphingomyelin has

partially purified from human brain extract (19). In thea role in this signal transduction pathway, it is neces-
rat liver the enzyme appears to be associated mainlysary to define the sphingomyelin cycle. Neutral sphin-
with the plasma membrane, probably on the externalgomyelinase represents the first step of the cycle. In
surface (16). Recently, the presence of N-SMase hasthis paper we demonstrate that sphingomyelinase ac-
been also shown in hepatic nuclei (20). The latter en-tivity can be detected also in the chromatin of rat he-
zyme has the same pH optimum as that described forpatocyte nuclei and it increases in relation to the en-
plasma membranes and its activity increases duringtrance in S phase of hepatocyte after hepatectomy. The
cell duplication in regenerating rat liver (20). No evi-enzyme can be distinguished from that present in the
dence has been produced so far for a possible localisa-nuclear envelope on the basis of optimum pH and Km.

The role of the spingomyelin pathway in relation to tion of N-SMase inside the nucleus. The aim of this
liver regeneration is discussed. q 1997 Academic Press work is to establish i) if N-SMase is present in chroma-

tin and its activity changes in relation to hepatocyte
proliferation; ii) if it can be distinguished from the pre-
viously described N-SMase, particularly from that of
the nuclear membrane.Histochemical and biochemical techniques have

shown that a small fraction of phospholipids (PLs)1 is
associated with the chromatin in hepatocytes and plant MATERIALS AND METHODS
cells (1, 2). This fraction, which represents 10% of the
total PLs of isolated hepatocyte nuclei, is particularly Materials. The radioactive SM (choline-methyl 14C, 54.5 Ci/mol)
rich in sphingomyelin (SM, 35% of that present in the and Atomlight were obtained from NEN (Boston, Massachusetts,
entire nucleus, 3). The metabolites of sphingomyelin USA); SM was purchased from Sigma Chemical Co. (St. Louis, Mis-

souri, USA).are considered to play an important role in many physi-
ological functions (4,5). In fact, stimulating factors, Animals. Thirty-day-old Sprague Dawley rats of either sex were
such as 1-25 OH vitamin D3 (6,7), interferon g (8), used. They were kept in a normal light-dark period and had free

access to pelleted food and water prior to killing. The same animalsTNFa (9, 10) or Interleukin-1 (11), can induce hydroly-
were subjected to partial hepatectomy between 8 and 10 a.m. andsis of SM, with formation of ceramide. The latter is
killed at different times post-operation.hydrolysed to free sphingosine, which can act as a sec-

Hepatocyte nuclear preparation and chromatin isolation. The he-ond messenger by inhibiting protein kinase C (12) lo-
patic nuclei were isolated according to the procedure of Bresnickcalised in liver nuclei (13). Neutral sphingomyelinase
et al. (21), which yields 95-98% of isolated hepatocyte nuclei. After
washing (22), swelling of the nuclei and chromatin extraction were
performed according to the method of Shaw and Huang (23) modified1 To whom correspondence should be addressed at the Istituto di by Viola-Magni et al. (1).

Patologia Generale, Policlinico Monteluce, 06100 Perugia, Italy. Fax:
075-5722194. E-mail: ISPATGEN@UNIPG.IT. Liver nuclear preparation and nuclear membrane isolation. The

nuclei and the nuclear membranes were isolated according to theAbbreviations used: PL, phospholipid; SM, sphingomyelin, N-
SMase, neutral sphingomyelinase; PMSF, phenylmethylsulfonyl procedure of Widnell & Tata (24) and Kay & Johnston (25) respec-

tively.fluoride.
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TABLE I (1, 32). In the isolated chromatin the activity of N-
SMase can be detected. The radioactive phosphoryl-Comparison of DNA, RNA, and Phospholipid Content

of Nuclear Membrane and Chromatin choline, derived by SM hydrolysis, is 886 pmol./90*/
mg protein. After hepatectomy the enzyme activity

Nuclear membranes Chromatin begins to increase slowly during the first 12hr (2.36
nmol /90*/mg protein), then there is sharp increaseDNA 87.79 / 31.25 387.94 / 20.64
at 18hr (until 5.39 nmol/90*/mg protein), followed by(7.05 / 2.58) (25.56 / 1.4)
a decrease at 24 hr (Fig.1). If the behaviour of SMaseRNA 49.18 / 20.99 92.00 / 21.10

(3.85 / 1.69) (6.17 / 1.32) is compared with the DNA synthesis evaluated by
PL 123.63 / 13.32 5.77 / 0.90 measuring the incorporation of 3H-thymidine, we ob-

(9.99 / 0.96) (0.39 / 0.07) serve that the peak of N-SMase corresponds to the
beginning of hepatocyte S phase (Fig.1). At the sameValues are expressed as mg/mg protein and indicate means { S.D.

of 3 experiments for Nuclear Membranes and 4 experiments for Chro- time a decrease in SM in the chromatin PL fraction
matin. In parenthesis, the same values are expressed as per cent of is observed. In order to ascertain if N-SMase, de-
total Nuclear Membranes and Chromatin contents. tected in chromatin, could be ascribed to nuclear

membrane contaminations, some physical chemical
parameters were analysed. The N-SMase is present

Lipid extraction. Lipids were extracted from nuclear membrane both in the nuclear membrane and the chromatin, but
(6.2 mg/ml) and chromatin (2.5 mg/ml) with 20 volumes of chloro- at different concentrations. The activity measured at
form/methanol (2:1 vol/vol). The organic phase was washed with 0.2 different pHs reaches a maximum at pH 7.6 in thevolumes of 0.5% NaCl according to Folch et al. (26).

nuclear membranes, whereas in chromatin the maxi-
Biochemical determinations. Protein, DNA and RNA contents mum activity is found at pH 8.4 (Fig.2). The chroma-were determined according to Lowry et al. (27), Burton (28) and

tin N-SMase activity detected at pH 7.2 increases 3Schneider (29) respectively. Since the RNA values were not corrected
times at pH 7.6, 5 times at pH 8.0 and shows a peakfor the presence of DNA, the amount of RNA is overestimated by

about 1.4 fold when the DNA concentration is 5 times that of the at pH 8.4, followed by a decrease to values lower than
RNA, as it is in chromatin (29). The total amount of PLs was deter- those found at pH 7.6. The activity behaviour is thus
mined by measuring inorganic phosphorus (30). completely different from that found in the nuclear

Assay of neutral sphingomyelinase. In the reactions 1.6 nmol of membranes, thus supporting the hypothesis that the
14C SM was diluted by adding 78.4 nmol cold SM to a final specific enzyme present in the chromatin is not derived fromactivity 1.08 Ci/mol. Nuclear membranes. The reaction mixture con-

contamination from nuclear membrane. Also, the ac-tained 0.1 M Tris/HCl pH 7.6, 0.8 mM 14CSM, 6 mM MgCl2, 0.1%
tivity with respect to the incubation time is different,Triton X-100 and nuclear suspension equivalent to 150 mg protein

to a final volume of 0.1 ml. Incubation was performed at 377C for 10, being linear with time in the nuclear membrane frac-
30, 60, 90 min. The reaction was stopped by adding 1.5 ml chloroform/ tion, but increasing sharply after 60 min. of incuba-
methanol (2:1), 0.2 ml of 0.5% NaCl was added to the tubes and tion in chromatin fraction (Fig.3). It can be assumedmixed with vortex. The tubes were centrifuged at 2000 x g for 10

that the first 30 min. are necessary for a better solu-min and the upper phase was removed and diluted in counting vials
bilization of chromatin, thus permitting the enzymewith 3 ml Atomlight (NEN). Chromatin. Reaction mixtures contained

0.1 M Tris/HCl pH 8.4, 0.04 mM 14C SM, 6 mM MgCl2, 0.1% Triton to react. The Km values show a greater substrate
X-100 and chromatin suspension equivalent to 500 mg protein to a affinity to the chromatin enzyme as compared to that
final volume of 2 ml. Incubation was performed at 377C for 10, 30, found in nuclear membranes. The Km is 2.4 1 1005M60, 90 min. The reaction was stopped by adding 25 ml chloroform/
methanol (2:1), 2 ml of 0.5% NaCl was added to the tubes and mixed
with vortex. The tubes were centrifuged at 2000 x g for 10 min,
the upper phases were removed, measured and 1 ml was diluted in
counting vials with 10 ml Atomlight.

RESULTS AND DISCUSSION

Hepatocyte nuclei contain DNA, RNA and PLs in
decreasing concentrations with respect to proteins
(Table 1). The nuclear preparation is free of micro-
somal contamination as shown by enzyme measure-
ment (1) and electrophoretic analysis of RNA (31).
The nuclear membranes are characterised by a
strong increase (about 7 times) in PL, whereas the

FIG. 1. Chromatin neutral sphingomyelinase activity during he-DNA is reduced to almost 1/3. On the contrary, chro-
patic regeneration. Behaviour of 3H-thymidine incorporation and thematin contains more DNA and RNA and only a small chromatin neutral sphingomyelinase activity at different intervals

amount of PL (Table 1). The composition here de- after hepatectomy. The data of 3H thymidine incorporation are from
Viola Magni et al. (39).scribed is similar to that reported in previous works
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Km was not measured and the pH optimum was
around 7.0, but intermediate values were not deter-
mined (20). The nuclear hepatocyte enzyme was lo-
calized on the nuclear membrane by immuno-cyto-
chemistry (20). All the enzymes described in the liver
possess probably the same antigenic characteristic,
as shown by the fact that an antibody prepared
against N-SMase, extracted from human urine (20),
can react with the rat enzyme thus suggesting a simi-
lar genomic structure. Therefore, the N-SMase gene
appears well preserved also in different species. It
is possible that the enzyme is formed by different
subunits, which could explain the differences in Km.
The activity behaviour of chromatin N-SMase during
hepatic regeneration is also different with respect to
that of the nuclear membranes, in which there is no
evidence of increase at the beginning of S-phase (data
not shown). According to the results obtained so far,
ceramides, which are the product of enzymatic hydro-
lysis of SM, have a role in various forms of growth
suppression and cell death (35). The increased con-
centration of ceramides observed in cell treated with

FIG. 2. pH dependence of nuclear membranes (a) and chromatin
(b) sphingomyelinase activity. Nuclear membranes were incubated
with 0.1 M Tris-HCl, 6 mM MgCl2, 0.1% Triton X-100 and 0.8 mM
14C sphingomyelin at 377C for 10 min. Chromatin was incubated at
377C for 90 min. in the same solutions except that 0.04 mM 14C
sphingomyelin was used. The mixture, without nuclear membranes
or chromatin, was used as blanck.

for the chromatin N-SMase (Fig.4b), and 3.91 1004 M
for nuclear membrane N-SMase (Fig.4a), with Vmax
1.39 nmol mg01 prot. 90 min.01 and 9.12 nmol mg01

prot. 10 min.01 respectively. In liver, N-SMase is lo-
calised in the plasma membrane and in the micro-
somes (33). These N-SMase are Mg//-dependent,
though a form of Mg//-independent N-SMase has
been found in the cytosol (34). Recently, this latter
enzyme was found also in hepatocyte nuclei, particu-
larly in the nuclear membranes (20). The Mg//-de-
pendent enzyme localized in the cytoplasm has a pH
optimum of 7.2, which is similar to that of the micro-
somes and plasma membranes. However the Km is
different : 6.2 1 1005 M for microsomes and 1.2 1
1004 M for plasma membranes (33). On the basis of
these Km values, it appears that the nuclear mem-
brane enzyme is more similar to that of the plasma

FIG. 3. Neutral sphingomyelinase activity at different incuba-membrane, whereas the chromatin enzyme is similar tion times. The activity was measured as described under fig.1 but
to that of microsomes. As regards the hepatocyte nu- at different incubation times. The incubations were carried at pH

7.6 and pH 8.4 for nuclear membrane (a) and chromatin (b).clei, no particular characteristics were reported, the
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FIG. 4. Effect of sphingomyelin concentration on nuclear membrane sphingomyelinase activity. Incubations were carried at 377C, pH
7.6 for nuclear membrane (a), pH 8.4 for chromatin (b). The results represent the average of two experiments. In the Lineweaver-Burke
plots the data are represented as 1/S (mM) and 1/V (nmol mg01 1 10 min and nmol mg01 1 90 min for nuclear membrane and chromatin
respectively).

TNF, dexametasone or deprived of serum is accompa- block in G0/G1 but, on the contrary, to the beginning
of S phase. The different role, together with the phys-nied by apoptosis or cell cycle arrest or both. The cells

do not incorporate thymidine, are arrested in G0/G1 ico-chemical differences previously described, sup-
ports the hypothesis of the presence of a chromatinphase and there is an early dephosphorilation of the

retinoblastoma gene product which seems to have an specific enzyme form.
essential role in the ceramide induced cell cycle block
(36, 37). The chromatin N-SMase does not appear ACKNOWLEDGMENTSinvolved in the same effect on the cell cycle. In fact,
it increases in relation to the transit of cells from G1
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is enhanced. When the cells are in S phase and the in the hepatectomy experiments, Mr. R. Lazzarini for the technical

assistance, and Professor F. Magni for the revision of manuscript.incorporation of thymidine increases further as hap-
pens 24 hr after hepatectomy, the NSMase decreases.
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