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ABSTRACT

Rat liver nuclei deprived of chromatin and nucleoplasm show a spongelike
network which preserves its connection with nucleoli, the inner membrane of the
nuclear envelope, and nuclear pore complexes. It contains all of the HnRNA,
provided the endogenous proteolytic activity is inhibited by a proteolytic inhibitor
such as phenylmethyl sulfonyl chloride (PMSC) or the fluoride form (PMSF). In
the absence of these proteolytic inhibitors, HnRNA is dissociated from the
spongelike network and sediments in a sucrose gradient as polydispersed ribonu-
cleoprotein complexes. Furthermore, purified HnRNA as well as rRNA do not
bind to the spongelike network when added to these nuclei. These observations
demonstrate that the association of HnRNA to the nuclear skeleton is not an
artifact. RNase treatment of the spongelike network digests the majority of the
rapidly labeled RNA but does not alter the morphological aspect nor the
architecture of this network. EDTA and heparin treatments affect neither the
attachment of HnRNA nor the structural organization of this network. Electron
microscope studies of the network reveal a characteristic flexuous configuration.
Its relationship with diffused and condensed chromatin is discussed.

nuclear have found that similar treatment removes lipids
from the nuclear envelope and that such mem-
brane-denudated nuclei retain both their shape

and pore complexes. They reported that these

ribonucleoprotein
heterogencous RNA

From our studies on rat liver and ascites tumor
nuclei, evidence has been obtained that ribonu-
cleoprotein (RNP) complexes containing rapidly
labeled RNA (HnRNA and presumably mRNA)
are part of an RNP-network which in turn appears
to be tightly bound to the nuclear envelope (11).
Dissolution of this envelope by nonionic detergent
doe not release labeled RNA (11). Aaronson
and Blobel (1) and Scheer and co-workers (32)

nuclear pore complexes are attached to intranu-
clear structures, particularly to a distinct periph-
eral layer of ill-defined nuclear material which they
have interpreted as equivalent to the fibrous lam-
ina described in a variety of cell types (14, 30,
33, 35). Berezney and Coffey have shown that a
residual nuclear structure which preserves the
nuclear shape remains after rat liver nuclei are
treated with high salt and digested with ribonucle-
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ase and deoxyribonuclease (3). A similar nuclear
skeleton or matrix has been obtained from HeLa
cells (21, 31), Chinese hamster cells (22), chicken
erythrocytes (24), and Tetrahymena (37).

Nuclear disruption by a drastic mechanical pro-
cedure, such as sonication (34) or high pressure
in a French pressure cell (11, 12), causes fragmen-
tation of the RNP-network into a series of poly-
dispersed RNP complexes of different size. It
then became obvious that RNP complexes con-
taining rapidly labeled RNA, nuclear skeleton,
and the fibrous lamina with the pore complexes
must be components of a unique nuclear structure.

In this report we wish to present biochemical
and ultrastructral studies of a rat liver nuclear
structure which is devoid of chromatin but is
interconnected with nucleoli, nuclear pore com-
plexes, and the inner membrane of the nuclear
envelope, and contains all the rapidly labeled
RNA. These studies strongly suggest that protein-
protein and RNA-protein interactions are respon-
sible for maintaining the RNP complexes that
contain rapidly labeled RNA associated with the
nuclear skeleton. This structure, located in the
interchromatinic spaces, has a characteristic flex-
uous configuration.

MATERIALS AND METHODS

Isolation of Labeled Rat Liver Nuclei

Female rats (175-200 g) were labeled by intraperito-
neal injection of 250 uCi of [S-*H] orotic acid (sp act,
15-30 Ci/mmol; Amersham/Searle Corp., Arlington
Heights, IIl.). After a period of 30 min, or in some
experiments 5 min, the animals were sacrificed and the
rat liver nuclei were isolated as reported earlier (11).

Isolation of a Nuclear Structure
Containing Rapidly Labeled RNA

The extraction of chromatin with high salt buffer and
DNase was a modification of the method of Faiferman
and Pogo (11). Isolated nuclei were washed three times
in 40 vol of a buffer solution containing 25 mM Tris-
HCI, pH 7.5 (23°C), 2.5 mM MgCl,, 0.25 M sucrose
(TMS) with phenylmethy! sulfonyl chloride (PMSC), or
the fluoride form, at a concentration of 0.5 mM. The
PMSC was stored at —20°C in EtOH at a concentration
of 0.1 M and dissolved in the buffer just before use.
The final nuclear pellet was resuspended in 10 or 2.5
vol of a low salt buffer solution, which contained 0.1 M
NaCl, 5 mM MgCl,, 25 mM Tris-HCl, pH 7.6 (23°C),
and 0.5 mM PMSC. To aliquots of 1 ml, 1 ml of a
buffer containing 0.9 M NaCl, 5 mM MgCl,, 25 mM
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Tris HCl, pH 7.6 (23°C), and 0.5 mM PMSC was
added, giving a final ratio of packed nuclei to extraction
buffer of either 1:20 or 1:5; the final concentration of
this high salt buffer (HSB) was 0.5 N NaCl. This was
gently stirred with a glass rod to homogenize the viscous
nuclear suspension. The suspension was incubated with
300 pg of DNase at 37°C and mixed with a Pasteur
pipette until the suspension was no longer viscous. For
the suspension at 1:20 it took about 30 s of incubation
time, and for the suspension at 1:5 it took almost 2
min. The nuclei were counted in a hemacytometer
before addition of HSB and after incubation to quanti-
tate the number of nuclei which survived this treatment.
A brief centrifugation (7 min at 1,000 g) of the digest
resulted in a small, compact pellet at the bottom and a
very loose, fluffy layer on top. The latter was gently
resuspended with the supernate and centrifuged to equi-
librium in a 30-68% sucrose gradient, which had a
72.5% sucrose to serve as a cushion (1 ml for 14-ml
gradients, SW40-41 rotor, or 5 ml for 38-ml gradients,
SW27 rotor). The gradients contained HSB buffer solu-
tin (0.5 M NaCl, 5 mM MgCl,, and 25 mM Tris-HCl,
pH 7.6, 23°C). The gradients were fractionated in an
ISCO gradient fractionator (ISCO(Instrumentation Spe-
cialties Co.), Lincoln, Nebr.) with a UV absorption
recorder, 254 um, 1-cm path length. To each fraction,
5 ml of 10% cold trichloroacetic acid was added and the
acid-insoluble material was collected on a glass fiber
filter (Whatman GF/B, Whatman, Inc., Clifton, N. J.),
washed several times with 10% cold trichloroacetic acid,
and radioactivities were determined by counting in Tri-
ton X-100-toluene solution (1:2, vol/vol) in a scintilla-
tion counter.

Ribonuclease Treatment of the
Nuclear Structure Containing
Rapidly Labeled RNA

The fraction of the sucrose gradient containing rapidly
labeled RNA was collected. To 1.5 ml of this fraction,
3.5 ml of a buffer solution containing 25 mM Tris-HCIl,
pH 7.6, 23°C, 5 mM MgCl;, and 0.5 mM PMSC was
added and mixed. To this suspension, RNase was added
as explained in the respective figures. This was incubated
at 37°C for 5 min. Controls were incubated without
RNase. The suspension was made 0.5 M NaCl and
centrifuged in a 30-68% sucrose gradient as explained
in the respective figures. The gradients were fractioned
as previously explained.

Sodium Deoxycholate, EDTA, and
Heparin Treatment

These treatments were similar to the RNase treat-
ment, except that HSB buffer solution was used for
dilution. (For EDTA treatment, HSB buffer solution
contained no MgCl;.) The samples were incubated at
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0°C for at least 20 min before centrifugation in the 30-
68% sucrose gradient.

Chemical Analysis

DNA was estimated by the diphenylamine reaction
(6). RNA was determined by the method of Fleck and
Munro (16), and protein was determined by the Lowry
et al. procedure (26). Phospholipid phosphorus was
estimated after extraction of the phospholipid according
to Folch (17), and phosphate was determined by the
method of Bartlett (2).

Determination of the Amount of UV
Absorption Material after Sucrose
Gradient Fractionation

A paper tracing procedure was used to measure the
amount of UV absorption material sedimenting in differ-
ent fractions of the sucrose gradient. Absorbance pro-
files were drawn on crystalline II guideline paper (Keuf-
fel & Esser Co., Morristown, N. J.), cut as indicated in
the respective figures, and weighed on a Mettler balance
(Mettler Instrument Corp., Princeton, N. J.).

Extraction of Rapidly Labeled RNA
Species from Ascites Tumor Cells

Ascites tumor cells adapted to grow in vitro were
maintained at a density of 5-8 x 10° cells/ml in Joklik
medium (Spinner). For labeling, the cells were concen-
trated at a density of 2.0 X 10%/ml in Eagle’s minimum
essential medium supplemented with 10% dialyzed fetal
calf serum and maintained in this medium for 1 h. Then
50 uCi of [5,6-*HJuridine (sp act, 46 Ci/mmol) was
added to 20 ml of the cell suspension, and 7 min later
the suspension was rapidly poured into 6 vol of semi-
frozen, crushed 0.9% NaCl solution and was collected
by centrifugation at 800 g for 7 min, washed once with
the same solution, and then resuspended in 1 ml of a
buffer containing 10 mM Tris-HCl, pH 7.9 (23°C), 1.5
mM MgCl,, and 0.3 M sucrose. The cell suspension was
frozen at —20°C and thawed before phenol extraction.
To the thawed cell suspension, 0.1 vol of Xx10 NET
buffer (1.0 M NaCl, 0.1 M EDTA, and 0.1 M Tris-
HCl, pH 7.4, 23°C) was added. Three times the volume
of x1 NET buffer was added, and the final suspension
was made 0.2% with sodium dodecyl sulfate. An equal
volume of freshly distilled phenol-cresol, containing
0.08% hydroxyquinoline, was added and vigorously
stirred at 23°C for 20 min. The aqueous and phenol
phases were separated by centrifugation; the aqueous
phase was made 0.5 M with LiCl and reextracted with
the phenol-cresol-hydroxyquinoline mixture. The aqueous
phase was separated by centrifugation and the extracted
RNA was precipitated with 2.5 vol of alcohol. After
two washings with ethanol, the precipitated RNA was
dissolved in double-distilled water. No DNA is extracted
under these conditions.
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Electron Microscopy

Suspensions of HSB-DNase-PMSC-treated nuclei, be-
fore centrifugation in the sucrose gradient, and nuclei
sedimenting in the sucrose gradient were fixed with 4
vol of a fixative solution containing 4% glutaraldehyde,
2.5% formaldehyde, and 0.1 M Na cacodylate buffer,
pH 7.2, at 4°C for 20 min. They were then centrifuged
at 2,000 g for 30 min and the pellet was postfixed with
1% osmium tetroxide buffered with 0.1 M Na cacodyl-
ate, pH 7.2 at 4°C for 1 h. The specimens were
dehydrated with acetone and embedded in Epon 812
mixture. Thin sections were double-stained with uranyl
acetate and lead citrate solutions. Electron micrographs
were made with a Philips 201 electron microscope at an
original magnification ranging from X 3,000 to x70,000.

RESULTS

Isolation of a Nuclear Structure
Containing Rapidly Labeled RNA

The method of isolating the nuclear structure
that contains HnRNA and presumably mRNA
species is based on three observations: (a) that rat
liver chromatin can be unfolded and extracted at
0.5 M Nacl in the presence of 5 mM MgCl, and
at pH 8.1,! a condition less likely to extract those
elements of the nuclei associated with rapidly
labeled RNA; (b) that this HSB-DNase treat-
ment, although it digests the unfolded DNA and
disintegrates the nucleosome (11), neither frag-
ments the nuclei nor extracts all internal structures
from the nuclei in the presence of a proteolytic
inhibitor such as PMSC or PMSF; and (c¢) that
equilibrium centrifugation in a 30-68% sucrose
gradient separates the nuclear elements containing
rapidly labeled RNA from the majority (mainly
chromatin) of the UV-absorbing material of the
nuclei.

The experiments shown in Fig. 1 demonstrated
that when the treated nuclei are fractionated by
this sucrose gradient the rapidly labeled RNA is
located in three main fractions: one sedimenting
on top of the gradient with the major UV-absorb-
ing material, a second, which is polydisperse,
sedimenting in the middle with two minor UV-
absorbing materials (peaks I and II), and the third
sedimenting near the bottom at a density of 1.25
g/ml which coincides with a prominent and well-
defined UV-absorbing material (peak III). The
nuclear material sedimenting in peak III can be
seen as a turbid, well-defined layer, sometimes a

! The pH of 25 mM Tris-HCl at 4°C.
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FiGure 1

Sucrose gradient centrifugation of nuclei treated by the HSB-DNase method in the presence

of the proteolytic inhibitor PMSC. Rats were injected with [*H]orotic acid, and nuclei were isolated and
treated as explained in Materials and Methods. Chromatin extraction was performed in the presence of
0.5 mM PMSC at a ratio of 20 vol of buffer to 1 vol of packed nuclei. The 1,000 g supernate was layered
on a 30-68% sucrose gradient containing 1 m! of 72.5% sucrose as a cushion. In (a) labeling was carried
out for 30 min and in (b) for 5 min. 0.8 ml of each supernate was layered and centrifuged in the Spinco
SW 41 rotor at 36,000 rpm for 18 h. In (c) the labeling was carried out for 30 min, and 0.2 ml of the
supernate was layered and centrifuged in the Spinco SW41 rotor at 18,000 rpm for 18 h. The gradients
were fractionated and radioactivities determined as explained in Materials and Methods. The direction of

sedimentation is from left to right.

bilayer. This pattern of UV and radioactive pro-
files does not change when the time of labeling is
decreased to 5 min or when the centrifugal force
is reduced to one-fourth (Fig. 15 and c). The
perfect coincidence between UV-absorbing mate-
rial and rapidly labeled RNA when conditions of
centrifugation and labeling are changed indicates
that (a) the rapidly labeled RNA is attached to
structures of different sedimentation rates, the
one which is in peak III being the most rapidly
sedimenting material, and that (b) the fractiona-
tion does not differentiate between structures con-
taining nascent RNA and rapidly labeled RNA.

The most interesting feature of this fractiona-
tion is the labeling of the prominent peak III
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which does not change its position when it sedi-
ments at high or low centrifugal force. It is con-
cluded that both labeled RNA and the UV-ab-
sorbing material are in the same nuclear structure.
The experiments described in Fig. 1 rule out the
possibility that the radioactive profile could be
caused by very dense structures sedimenting at
this position, whereas the UV profile is caused by
structures that have reached equilibrium at this
position. In general, the amount of radioactive
RNA and UV-absorbing material recovered in
peak III correlates with nuclear survival. Hema-
cytometer counting before and after treatment
indicates that 50-80% of the nuclei survive the
chromatin extraction, a fractional value which is
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similar to the amount of radioactivity recovered in
peak III. Nuclear survival is probably a function
of the condition of the isolated nuclei, the amount
of mechanical injury they sustain during extraction
and, most importantly, the efficiency of the pro-
teolytic inhibitor. The latter is clearly demon-
strated in the experiments described in Fig. 2.

In the absence of the inhibitor the radioactive
profile is very heterodisperse. There is a dramatic
reduction of the prominent peak III and a shift to
the top of the gradient of the UV-absorbing
material (Fig. 2). 0.1 mM PMSC gave a pattern
similar to that without inhibitor, and 1.0 mM
PMSC (data not shown) gave a pattern similar to
that of 0.5 mM PMSC (Fig. 1a). The fluoride
form of the inhibitor gave similar results, but the
chloride form gave consistently higher yields. Ex-
periments in which the proteolytic inhibitor benz-
amidine was used showed no improvement over
experiments without any inhibitor, whereas in
experiments in which the inhibitor p-toluene sul-
fonyl lysine chloromethyl ketone (TLCK) was
used, the radioactive profiles resembled those
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FiGURe 2 Sucrose gradient centrifugation of nuclei
treated by the HSB-DNase method in the absence of
the proteolytic inhibitor PMSC. Rats were injected with
[*H]orotic acid and nuclei were isolated and treated as
explained in Materials and Methods but without PMSC.
Chromatin extraction was performed without PMSC at
a ratio of 5 vol of buffer to 1 vol of packed nuclei. 0.8
ml of the 1,000 g supernate was layered on a 30-68%
sucrose gradient containing 1 ml of 72.5% sucrose as a
cushion and centrifuged at 36,000 rpm for 18 h. The
direction of sedimentation is from left to right.
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obtained with PMSC, but generally the profiles
were more heterodisperse (data not shown).

The majority of DNA sediments on top of the
sucrose gradient, hence the radioactive RNA
found in this fraction would be nascent RNA still
attached to the chromatin and different from the
labeled RNA which sediments in the middle or at
the bottom of the gradient (in peak III). One
should then expect that, after a 5-min pulse of
labeling, most of the radioactive RNA should
sediment in the first 20 fractions. However, after
a 5-min pulse, only 39% of the total radioactivity
sediments in these first 20 fractions, and, after a
30-min pulse, about 20-30% of the total radioac-
tivity sediments in this region of the gradient (Fig.
1b, and c). The insignificant difference between
5- and 30-min pulses indicates that most of the
radioactivity at the top of the gradient is derived
from those nuclei that do not survive chromatin
extraction. The increase in radioactivity in the first
20 fractions, the apparent shift to the top of the
gradient of the UV-absorbing material from peak
III, and the increase in polydisperse radioactive
material when the chromatin is extracted in the
absence of the proteolytic inhibitor strongly sup-
port this assumption (Fig. 2).

Addition of Radioactive RNA to Treated
Nuclei and to the Nuclear Structure
that Sediments in Peak III

The possibility that rapidly labeled RNA in vivo
is not bound to nuclear structures that sediment in
peak III but becomes associated with them after
the nuclei are treated with the high salt buffer and
DNase is explored in the experiment shown in
Fig. 3. As can be seen, low and high molecular
weight RNAs? do not sediment in the same posi-
tion as the nuclear structures, when added either
to treated nuclei or to purified nuclear structures
sedimenting in peak III. The sedimentation be-
havior of the labeled RNA did change, instead of
sedimenting in a heterogeneous radioactive profile
as in Fig. 3a (see inset), it sedimented to the
bottom of the centrifuge tube when mixed with
treated nuclei (Fig. 3b) or the nuclear structures
sedimenting in peak III (Fig. 3¢). This change is

? High molecular weight RNAs are HnRNA and 458
rRNA precursor. In the standard 15-30% sucrose gra-
dient they sediment more rapidly than in the 30-68%
sucrose gradient containing the high salt buffer (see Fig.
3a, insert).
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FIGURE 3 Sucrose gradient analysis of radioactive RNA added to the treated nuclei and to nuclei
sedimented in peak III. (a) 200 ug of labeled RNA (2.1 x 10° cpm) was dissolved in HSB containing
PMSC, layered onto the type of sucrose gradient described in Fig. 1, and centrifuged in the Spinco SW40
rotor at 18,000 rpm for 18 h. Inset is the same labeled RNA but layered on a 5-40% sucrose gradient
containing 0.1 M NaCl, 0.05 M Na acetate, pH 5.1, and centrifuged at 26,000 rpm for 16 h. (b) 0.4 ml
of nuclei, treated by the HSB-DNase-PMSC method as described in Fig. 1, was mixed with 0.1 ml of
HSB containing PMSC, and 200 ug of labeled RNA (2.1 X 10° cpm). The mixture was layered onto a
similar gradient and centrifuged as in (a). (¢) The nuclear structure sedimenting in peak III (see Fig. 1)
was isolated from the sucrose gradient, and 1.5 ml of this fraction was diluted with 3.5 ml of HSB
containing PMSC, and to this 200 ug of labeled RNA (2.1 x 10° cpm) was added, and the mixture was
layered on the type of sucrose gradient described in Fig. 1 and centrifuged in a Spinco SW27 rotor at
18,000 rpm for 18 h. The gradients were fractionated as explained in Materials and Methods, and
radioactivity of each fraction was determined by counting directly in Scintisol (Isolab, Inc., Akron,
Ohio). Radioactivities in pellets were: (@) 0.04 X 10° cpm; (b) 0.9 x 10° cpm; (c) 1.7 X 10° cpm.
Recoveries of radioactivities from all gradients were ~80%. The direction of sedimentation is from left
to right.

probably due to the interaction of nuclear protein  ment explained in Fig. 3 demonstrates that the
with the labeled RNA, causing either aggregation  association between endogenous rapidly labeled
of this labeled RNA or producing a protein coat RNA and the nuclear structure is not an artifact.
that increases its sedimentation rate. The experi- It also proves that this RNA is not entrapped by
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any nuclear structure which would cause it to be
pushed along the gradient by the sedimenting
structures.

Electron Microscope Studies of
the Treated Nuclei

Electron microscope observations have re-
vealed a characteristic spongelike skeletal network
structure in all nuclei studied. Such a network
was found throughout the whole nucleus and
appears to have a close association with nucleoli,
inner membrane of the nuclear envelope, and
nuclear pore complexes (Figs. 4-6, and 8). How-
ever, some differences do exist in nuclei before
and after sedimentation through the sucrose gra-
dient. Thus, before this centrifugation some nuclei
contain a diffuse material which we believe to be
the unfolded and digested chromatin. There is a
large variation in the amount of this chromatinic
material, and there are nuclei which only contain
large, empty spaces enclosed by the spongelike
network (Fig. 4a).

It is suggested that a leaking out of chromatin
has left these large spaces empty. Some nuclear
ghosts or empty nuclear envelopes are also ob-
served. Well-defined nucleoli and a largely well-
preserved nuclear envelope with characteristic nu-
clear pore complexes are clearly seen in the ma-
jority of nuclei. The outer nuclear membrane
seems to bleb, detach, and in some instances
disappear.

After sucrose gradient centrifugation, the ma-
terial which sediments in peak III is primarily
composed of a nuclear structure devoid of diffuse
chromatin (Fig. 4b). Nuclei with large empty
spaces, a spongelike network, nucleoli, and nu-
clear envelope predominate in this fraction. The
most distinguishing morphological feature of the
nuclei sedimenting in this peak is the presence of
a spongelike network and absence of the diffuse
chromatinic material. We infer that they are “ach-
romatinic nuclei.” The small amount of material
sedimenting in peaks I and II shows structures
with similar morphology; although these nuclei
contain less amounts of the network, many are
without nucleoli and there are many empty nu-
clear envelopes or ghosts (not shown).

The detailed study of the spongelike network
before and after centrifugation in the sucrose
gradient (nuclei sedimenting in peak III) reveals
components of different electron densities (Fig.

5a and b). The less electron-dense structure is
interspersed by clusters of heavier electron-dense
structures. The less electron-dense structure is
less visible after sedimentation throughout the
sucrose gradient. Centrifugation most probably
removes a large proportion of this structure (Fig.
5, compare a and b).

At high magnification, the more electron-dense
material is a structure of flexuous or zigzag config-
uration. An interesting feature is the raggedness
of its borderline. A similar rough borderline is
also seen adjacent to the nucleolus and inner
membrane of the nuclear envelope. Connections
between the nuclear pore complexes and nucleo-
lus are seen (Fig. 6a and b).

Chemical Composition

The distribution of phospholipids, proteins,
RNA, and DNA in treated nuclei before and
after purification (peak III) is shown in Table 1.
The achromatinic nuclei preparation (peak IlI) is
rich in RNA and proteins (which probably ac-
counts for its higher density) and is clearly differ-
ent in chemical composition from the nuclear
ghosts and/or nuclear membranes isolated by var-
ious laboratories (3, 24, 31, 38). In the same
table, the recovery of all these components from
the treated nuclei is shown. As monitored by
chemical analysis, the nuclei deprived of chroma-
tin retain 65% of the phospholipids, 31% RNA,
19% proteins, and 0.48% DNA. If one assumes
that all the achromatinic nuclei contain mem-
branes, then the percentage of total phospholipids
found in peak III is a reflection of the percent of
total nuclei which survive the treatment and puri-
fication throughout the sucrose gradient.®> One can
then calculate the percentage of the components
that are part of these achromatinic nuclei. From
these calculations, about half of the nuclear RNA
and about one-third of the total nuclear proteins
are part of these nuclei. Furthermore, because in
nuclei isolated by our method, half of the total
proteins are histones, and because in the achro-
matinic nuclei all histones are released (11), one
can assume that ~60% of the nonhistone proteins
are recovered in these nuclei. The remainder of
the nonhistone proteins of the nuclei may be
either soluble proteins, some proteins released by
the treatment, or both.

3 Recoveries monitored by counting, phospholipids, and
radioactive RNA determination agree very well.
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FiGure 4 Rat liver nuclei treated by the HSB-DNase-PMSC method. (a) shows nuclei before
sedimentation through the sucrose gradient. Unfolded chromatin and digested chromatin (C) are seen in
a diffused form in a nucleus. (b) shows nuclei sedimenting in peak III of Fig. 1. A spongelike network

and its connection with the nuclei, particularly with the nuclear pore complexes (arrows), are observed.
% 9,000.



Figure 5 Higher magnification of a typical nucleus as seen in Fig. 4 a and b. (a) portion of a nucleus
before sedimentation in the sucrose gradient. The spongelike network appears to consist of less electron-
dense structures interspersed by clusters of heavier electron-dense structures. (b) portion of a typical
nucleus sedimenting in peak IIT of Fig. 1. The heavier electron-dense structure is what primarily remains
after sucrose gradient centrifugation. The general pattern of close association between the spongelike
network and nuclear pore complexes (arrows) is indicated. X 45,000.
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Ficure 6 Fine structure of the spongelike network in nuclei sedimenting in peak III of Fig. 1. A
flexuous or zigzag arrangement appears to be the general pattern of the heavier electron-dense structure.
(a) a projection in a large empty space (L) is shown. This zigzag configuration is also seen in small
empty spaces (S). These spaces, within and around the electron-dense network frames, could be the
spaces left over by chromatin or some other nuclear components. (b) a direct connection with nuclear

pore complexes (P) is often seen. X 210,000.
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Effect of Different Treatment on the
Rapidly Labeled RNA Associated with
Achromatinic Nuclei (Nuclei
Sedimenting in Peak III)

Treatment of achromatinic nuclei with different
concentrations of RNase removes the rapidly la-
beled RNA (Fig. 7). Only at high concentrations
(5 ng/ml) does the density of these nuclei decrease
(Fig. 7d). Because limiting RNase digestion pro-
duces neither a polydisperse radioactive profile

nor a shift of radioactivity to the top of the
gradient, it is evident that the RNA has been
digested in situ to very small molecules which
become trichloroacetic soluble (see Fig. 7¢ and
d). A decrease in UV absorbance in peak III, with
an increase of this UV absorbance on top of the
gradient when digestion has been carried out at
high enzyme concentrations, indicates that com-
ponents which are associated with RNA have
been removed, and digestion also disintegrates
some of the components of the achromatinic
nuclei. Nevertheless, the radioactive RNA ap-
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FRACTION NO.

Ficure 7 Effect of RNase treatment on the nuclear structure that sediments as peak III. The nuclear
structure was isolated from sucrose gradients similar to the one explained in Fig. 1, except that the
gradients were centrifuged in the Spinco SW27 rotor at 24,000 rpm for 18 h. Fractions of the gradient
containing the nuclear structures were collected, pooled, and treated with different concentrations of
pancreatic RNase as described in Material and Methods. (a) control rerun; (b) control incubation, the
same as in (@) except that after dilution the isolated nuclear structures were incubated at 30°C for 5 min;
(c) the same as (b) except that pancreatic RNase at a concentration of 0.5 ug/ml was added and the
nuclear structures were incubated as before; (d) same as (c¢) except that RNase was at a concentration of
5.0 ug/ml. The sucrose gradients were centrifuged in the Spinco SW27 rotor at 24,000 rpm for 19 h, and
radioactivity was determined as explained in Materials and Methods. The direction of sedimentation is

from left to right.
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pears to be the component most sensitive to
enzyme digestion. This can be seen in Fig. 7d
where a prominent UV-absorbing peak coincides
with very little labeled RNA. The recovery of
radioactivity in the digested achromatinic nuclei
decreases as follows: 75% for those nondigested
and incubated, 34% for those digested with 0.5
ug/ml of RNase, and 12% for those digested with
5.0 ug/ml of RNase. However, the amount of
UV-absorbing material recovered in peak III is
75% in nuclei nondigested but incubated, 67% in
those digested with 0.5 ug/ml of RNase, and 41%
in those digested with 5.0 ug/ml of RNase. This
experiment indicates (a) that there is some diges-
tion of rapidly labeled RNA by endogenous ribo-
nucleases, and (b) that the radioactive RNA is
highly sensitive to either endogenous or exoge-
nous RNase digestion.

Heparin treatment at a concentration of 0.4 ug/
ml, which has been claimed to remove nuclear
RNA (4), has little, if any, effect on both UV
absorbance and radioactive patterns (not shown).
However, sodium deoxycholate at very low con-
centrations (0.05%) removes radioactive RNA
(trichloroacetic-soluble) from the achromatinic nu-
clei which, devoid of the nuclear envelope, sedi-
ment to the bottom of the tube (not shown). In
the pellet, the amount of radioactive RNA ren-
dered trichloroacetic insoluble decreases with in-
creasing concentration of sodium deoxycholate.
Thus, 37, 17, and 9% of the radioactivity are
recovered in this pellet when achromatinic nuclei
are treated with 0.05, 0.2, and 0.5% sodium
deoxycholate, respectively (not shown). This ef-
fect is similar to that observed in RNP complexes
isolated by compression and decompression in a
French pressure cell (12).

Treatment of achromatinic nuclei with 5 mM
and 10 mM EDTA gave UV absorbance and
radioactive profiles identical with those of the
control. It is obvious that divalent cations are not
important for the interaction of rapidly labeled
RNA nor for the assembly of the different com-
ponents of these nuclei.

Finally, in Fig. 82 and b is shown the ultrastruc-
ture of those achromatinic nuclei which are devoid
of rapidly labeled RNA and which sediment as a
prominent UV absorption peak as shown in Fig.
7d. No morphologically identifiable gross differ-
ence between the treated and untreated achroma-
tinic nuclei can be seen, nor do the nucleoli show
any sign of disintegration after this RNase diges-
tion.

MiLLer, HuanG, aND Poco HNRNA in Rat Liver Nuclei Complexes

DISCUSSION

The study reported in this paper demonstrates
that RNP complexes which contain rapidly labeled
RNA are naturally attached to the nuclear skele-
ton. It also shows that this association cannot be
generated as a result of adventitious RNA-protein
interactions. This possibility is very unlikely, for
radioactive RNA added before or after purifica-
tion does not bind to achromatinic nuclei (Fig. 3).
The fact that inhibition of proteases is essential
to prevent release of RNP complexes indicates
that the so-called nuclear informosomes are pro-
duced to a large extent by proteolytic activity. A
number of studies on chromatin-associated pro-
teases capable of degrading histones have been
reported (8, 10, 18). A general belief which has
emerged from these studies is that the proteases
found associated with chromatin are of nuclear
origin. However, two recent studies have indi-
cated that these nuclear proteases are of cytoplas-
mic origin, for rat liver chromatin can be isolated
in the absence of the above proteolytic activity,
provided the chromatin is isolated from purified
nuclei rather than from tissue (9, 20). Because we
extracted chromatin from nuclei purified through
a high concentration of sucrose (a method which
has been claimed to remove proteases of cytoplas-
mic origin [9, 20]), we believe that the proteolytic
activities which remove the RNP complexes are of
nuclear origin. The nature and specificity of these
proteolytic activities remain to be established.
Nuclear proteolysis releases RNP complexes
from the nuclear skeleton and converts achroma-
tinic nucleic into nuclear ghosts or empty nuclear
envelopes. Our interpretation of these phenom-
ena is that protein-protein interactions are an
important force which maintains the RNP com-
plexes attached to the nuclear skeleton. Further-
more, digestion of certain proteins associated with
the RNP complexes makes the RNA susceptible to
nucleolytic attack, and hence RNA-protein inter-
action is the other force which maintains the RNP
complexes bound to the nuclear skeleton. The
experiments of limited RNase digestion support
this assumption. This treatment not only solubi-
lizes radioactive RNA, but reduces the density of
achromatinic nuclei and converts many of them
into nuclear skeletons. There is, however, a pref-
erential solubilization of radioactive RNA over
the conversion of achromatinic nuclei to nuclear
ghosts. It follows that: (a) rapidly labeled RNA is
readily susceptible to nucleolytic attack, and (b)
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FiGure 8 RNase-digested nuclei sedimenting in peak III of Fig. 7¢. A similar spongelike network and
its close association with nuclear pore complexes (P) are observed in spite of the removal of labeled
RNA. (@), X 9,000; (b), X 90,000.



RNA species less accessible to nucleolysis are also
components of the RNP complexes. In the follow-
ing paper, we report on the presence of stable
smwRNA species as components of the achroma-
tinic nuclei (28).

Because EDTA treatment neither affects the
RNA complex nor converts achromatinic nuclei
into nuclear ghosts, the attachment of the RNP
complexes to the nuclear skeleton is not mediated
by divalent cations. The high susceptibility of
achromatinic nuclei and RNP complex to sodium
deoxycholate may be due to detergent activation
of endogenous proteolytic and nucleolytic activi-
ties, or the detergent may dissociate proteins from
the RNP complexes. The latter suggests that pro-
teins are bound to RNA by hydrophobic interac-
tion (12).

No major alteration in the ultrastructure of
RNase-treated achromatinic nuclei is observed.
However, a certain amount of RNase-digested
achromatinic nuclei sediments as lighter structures
on top of the sucrose gradient. To obtain a nuclear
skeleton or a nuclear envelope devoid of RNA,
drastic RNase digestion and higher ionic strength
are necessary (3, 21, 22, 31, 37, 38). In general,
this structure also reveals a spongelike network,
and its chemical analysis indicates a very low RNA
content (3, 24, 31, 37, 38). As we have previously
demonstrated, drastic RNase digestion is insuffi-
cient in eliminating all the elements of the net-
work, whereas pronase digestion completely de-
stroys the network (11). Although at the morpho-
logical level it is impossible to discern which
elements of the RNP network are protein and
which are RNP complexes, it is reasonable to
assume that RNP complexes are associated with
the nuclear skeleton of which protein may be its
major component. This skeleton has connections
with the nucleolus and the proteinaceous layer
adjacent to the inner membrane of the nuclear
envelope, i.e., the fibrous lamina (1, 14, 30, 32,
35). The ultrastructure of this network reveals a
characteristic flexuous configuration, and at the
present time, it is not clear whether this arrange-
ment is due to a corrugated protein shell or to a
helical protein fibril.

It is a well-known fact that DNA is not evenly
distributed in rat liver nuclei nor in many other
differentiated cells. There are regions of the nuclei
around the nucleolus (perinucleolar chromatin)
and adjacent to the nuclear envelope where DNA
is highly concentrated, i.e., the compact chroma-
tin (5). In other regions of the nuclei the chroma-
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tin is diffuse; it is here where uptake of radioactive
RNA precursor is much more pronounced (7, 13,
19, 23, 25). A remarkable feature of the achro-
matinic nuclei is that the pattern distribution of
the spongelike network is the reciprocal pattern of
DNA distribution in intact nuclei. The concentra-
tion of the network diminished in those regions,
around the nucleolus and adjacent to the inner
membrane of the nuclear envelope, where con-
densed chromatin exist.

Is there any evidence that this structure actually
exists in this configuration in the intact nuclei?
The best evidence comes from the work of Bern-
hard and his colleagues (29) who have shown the
presence of an interchromatin fibrogranular ma-
terial when thin sections of tissue are treated with
EDTA, a procedure which bleaches the chroma-
tin. Furthermore, it has been recently reported
that after a short labeling with radioactive RNA
precursor, the radioactivity is predominantly as-
sociated with this fibrogranular material (13). It
would seem reasonable to equate this fibrogranu-
lar material with the structure that we visualize in
the achromatinic nuclei. Allowing for the possibil-
ity of shrinkage and distortion in the specimens
when prepared for the electron microscope, the
structure in its native state should then follow the
contours of the chromatin cables. However, to
support this assumption, morphological evidence
of this nature is not enough. Another important
aspect of the structural organization of the nucleus
has to be taken into consideration, the natural
connection of RNP complexes with chromatin.
When chromatin of Drosophila melanogaster em-
bryos is spread, McKnight and Miller (27) ob-
served that one end of nonnucleolar RNP fibrils is
bound to chromatin. It then follows that attach-
ment of RNP complexes to either chromatin or
nuclear skeleton depends upon which of these two
nuclear structures is preserved. Thus, when chro-
matin is digested, the RNP complexes remain
bound to the nuclear skeleton. On the other hand,
when the nuclear skeleton is dissolved by deter-
gents, the RNP complexes remain attached to the
chromatin cables (27). Because RNP complexes
are not free in the nucleoplasm (11), it then
follows that chromatin and the spongelike net-
work of the nuclear skeleton must be close to one
another. In other words, the structure that we
observed in rat liver achromatinic nuclei would
follow the contours of the chromatin cables.

The new knowledge that emerges from recent
studies of chromatin fibrils indicates a pattern of
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DNA folding in a nucleohistone arrangement (nu-
cleosomes) with two orders of coiling: the one
around the nucleosome provides a coil of 100 A
diameter, a super-helix DNA-histone fibril, and
the other a super-super helix or solenoid produc-
ing a 200-300 A diameter chromatin cable (15).
The super-super helix is stabilized by H1-H1 his-
tone interactions (36). It is not fortuitous that
spaces of 220 A average (190-250 A of 300
measured) are observed inside and along the
heavier electron-dense structure. These spaces
may correspond in intact nuclei to longitudinal or
cross sections of a 200-300 A diameter chroma-
tinic cable (Fig. 6a and b).

In any case, this material appears to be thin in
condensed chromatin (high solenoid concentra-
tion) and very thick in diffused chromatin (low
solenoid concentration). RNP complexes contain-
ing HnRNA are then attached to the spongelike
network, and it is not clear, at this time, whether
these complexes exist as folded or compact struc-
tures, or as fibrils stretched along the surface of
the protein network. Whatever the configuration
of the RNP complexes, it is evident that they do
not contribute either to the morphological aspect
or to the architecture of the nuclear skeleton.
Moreover, rapidly labeled RNA, the majority of
which is HnRNA, must be on the surface of a core
structure formed by protein-protein interactions.
We visualize two orders of structural organization.
One is the nuclear skeleton or protein matrix, the
other are RNP complexes containing rapidly la-
beled RNA.
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