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Nuclear Ghosts: A Nonmembranous Structural 

Component of Mammalian Cell Nuclei 

Abstract. Electron micrographs of positively stained preparations of nonmem- 
branous ghosts preparedfrom HeLa cell nuclei have revealed the presence of an ar- 
ray consisting of rodlike and annular structures interconnected by strands sensitive 
to deoxyribonuclease. This array is believed to be responsible for the spherical 
shape of nuclei that are free of membrane. In addition, a configurational change in 
this array may be associated with the cyclic dissolution and reformation of the nucle- 
ar envelope that accompanies mitosis in mammalian cells. 

Interphase nuclei of mammalian cells 
retain their characteristic spherical 
shape despite treatment with detergents, 
which remove detectable membrane and 
most or all of the membrane lipid (1-4). 
This observation leads to the conclusion 
that neither inner nor outer nuclear mem- 
brane is responsible for the spherical 
shape of interphase nuclei. Candidates 
for the structural component that deter- 
mines nuclear shape have been isolated 
and variously called the pore complex- 
lamina (2), the nuclear protein matrix (3), 
and the (nonmembranous) nuclear ghost 
(4). Although some of the steps used in 
the isolation of these three structures are 
similar (for example, high concentrations 
of cations), the procedure used to isolate 
nuclear ghosts (4) does not include a de- 
oxyribonuclease treatment, whereas this 
enzyme was used in the isolation of the 
pore complex lamina (2) and the nuclear 
protein matrix (3). Nevertheless, we 
have shown by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis that 
the three structures mentioned above, 
when isolated from HeLa cells in our lab- 
oratory, have in common at least three 
major protein bands, which have ap- 
proximate molecular weights of 67,000, 
60,000, and 56,000 (5). From this obser- 
vation, we have concluded that these 
three nuclear structures are derived, at 
least in part, from the same component 
of the original nucleus (5). 

The nuclear ghosts, isolated from inter- 
phase HeLa cells as described (4), ap- 
pear as flat disks when viewed by scan- 
ning electron microscopy (5). When 
viewed by transmission electron micros- 
copy, each ghost appears to consist of an 
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array of annular and rodlike structures 
interconnected by thin strands (Figs. 1 
and 2). The intricate nature of this array 
is apparent in an intact HeLa cell nuclear 
ghost (Fig. 1). We have not yet been able 
to determine whether this array is de- 
rived solely from material at the nuclear 
periphery, such as might underlie or par- 
tially constitute the inner nuclear mem- 
brane, or whether it also extends through 
the nucleus (6), as has been suggested for 
the nuclear protein matrix (3). The diam- 
eter of the isolated membrane-free ghost 
is about 30 ,um, which is about four times 
that of an isolated HeLa cell nucleus (5). 
This increase in diameter may result 

from the relaxation of the nuclear sur- 
face (and possibly internal components 
as well) brought about by the loss of 
large amounts of both membrane and 
nonmembranous nuclear material (DNA, 
RNA, protein, and lipid) during the 
isolation procedure (4). Although the 
basis of this proposed relaxation is un- 
known, the virtual absence of histones in 
the isolated ghosts (5) suggests that the 
expanded structure may result from un- 
packaged DNA (7). 

More detailed information regarding 
the component parts of this nuclear 
ghost and their arrangement has been ob- 
tained from chemical studies (4, 5) and 
from ultrastructural studies (8). The nu- 
clear ghosts consist of 72 percent pro- 
tein, 14 percent DNA, 10 percent phos- 
pholipid, and 4 percent RNA (4). The pro- 
tein consists of six major bands: the 
three mentioned above, plus proteins 
with molecular weights of 57,500, 
51,000, and 46,000 (5). The ultrastructur- 
al features of the isolated ghosts as 
viewed by transmission electron micros- 
copy (Fig. 2) are similar to structures ob- 
served in preparations that control for the 
possibility of artifacts induced by the iso- 
lation procedure (8). The annular struc- 
tures (arrows, Fig. 2) have outside and in- 
side diameters of 90 and 43 nm, respec- 
tively. In addition, the annular structures 
are present at a minimum density of 
about 3.4 per square micrometer, when 
corrected for the difference in the surface 
area between isolated ghosts and intact 
nuclei (9). Since these dimensions are 
very similar to those of HeLa cell nucle- 
ar pores (4), and since the density of an- 
nuli is similar to that of pores on HeLa 

Fig. 1. Intact HeLa 
cell nuclear ghost as 
viewed by transmis- 
sion electron micros- 
copy. Ghosts were at- 
tached in whole 
mount fashion to a 
poly-DL-lysine layer 
on electron micro- 
scope grids coated 
with Formvar and car- 
bon. The mounted 
ghosts were stained 
with 1 percent uranyl 
acetate and air-dried. 
Scale bar, 4 gum. 
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Fig. 2 (left). A transmission electron micrograph of nonmembranous .,,' 
HeLa cell nuclear ghosts (methods as described in Fig. 1). Arrows in- .... - - . . 

.. 

dicate annuli, which have an outside diameter of about 900 nm. Single- ^ - 
.. 

.A 
barred arrows indicate rodlike structures that are approximately 260 . 
nm in length and 50 nm in diameter. Double-barred arrows indicate the 
thin strands that are sensitive to deoxyribonuclease (see Fig. 3). Scale . ...... :......... / ... . 
bar, 500 nm. Fig. 3 (right). A transmission electron micrograph 

' 
. 

of nonmembranous HeLa cell nuclear ghosts treated with deoxyribo- 
nuclease I. Ghosts, previously attached with polylysine to electron . . .....f. a. 
microscope grids coated with carbon and Formvar, were treated for 10 minutes with 10 ,Ag of deoxyribonuclease I (Worthington Biochemical Corp.) 
per milliliter. The deoxyribonuclease was removed and the ghosts positively stained with 1 percent uranyl acetate as described in Fig. 1. Scale 
bar, 500 nm. 

cell nuclei [7 to 13 per square micrometer 
(9)], the annular structures might be 
thought of as nuclear pores. However, 
our failure to observe the eightfold sym- 
metry characteristic of nuclear pores (4, 
10, 11) prevents us from making a firm 
identification. 

In addition to the annular structures, 
the array contains rodlike structures 
(single-barred arrows, Fig. 2) that are 
about 260 nm long and 50 nm in diame- 
ter. To our knowledge, similar structures 
in nuclei have not been reported pre- 
viously. The nonrandom arrangement of 
these rodlike structures (8) in the nucle- 
ar array appears to indicate the existence 
of a heretofore unrecognized structure in 
the nucleus (12). The thin strands 
(double-barred arrows, Fig. 2) that inter- 
connect the annular and rodlike struc- 
tures are believed to contain DNA, since 
deoxyribonuclease treatment of mounted 
ghost results in the disappearance of 
these strands (Fig. 3). Treatment of 
ghosts results in the disappearance of 
ately prior to attachment to the grid re- 
sults in the loss of the organized arrange- 
ment of the rodlike structures (8). It is 
not known if the DNA in the array is 
distinct from the bulk DNA (95 per- 
cent of the total) that is removed from nu- 

400 

clei during the preparation of nuclear 
ghosts (4) or if the DNA extends through 
the rodlike structures. However, the im- 
portance of DNA to the integrity of 
ghosts is emphasized by the fact that 
ghosts disintegrate and cannot be iso- 
lated if preparations are treated with 
deoxyribonuclease prior to the final puri- 
fication on sucrose gradients (5). 

Since the morphological integrity of 
nuclei is dependent on nonmembranous 
structures (1-4) such as the nuclear 
ghost described here, we suggest that 
the cyclic dissolution and reformation of 
the nuclear envelope that occurs during 
mitosis in higher eukaryotes [for re- 
views, see (10-11)] is associated with 
changes in the in vivo form of the nuclear 
ghost (13). The association of nuclear 
pores and membrane with mitotic 
chromosomes has been reported [for re- 
views, see (11)]. In addition, attachment 
of DNA to the interphase nuclear enve- 
lope has been observed (14). These ob- 
servations suggest that at least three 
components associated with nuclear en- 
velopes (nuclear pores, membrane, and 
DNA) can also be associated with the mi- 
totic apparatus. The fact that DNA is an 
integral part of the isolated interphase nu- 
clear ghost and that condensation of 

DNA occurs at mitosis suggests that 
chromosomal condensation may be re- 
sponsible for the apparent dissolution of 
the nuclear envelope at mitosis. As mi- 
tosis is completed and chromosomes are 
decondensed, the interphase nuclear 
ghost would reform and the dispersed nu- 
clear membranes would reassemble on 
this framework. The specific trigger (15) 
that might stimulate such a reversible 
change is unknown. Histones have been 
found to be modified very early in mi- 
tosis (16), and such modifications are be- 
lieved to affect the interactions between 
histones and DNA [for review, see (17)]. 
Whatever the signal for chromosomal 
condensation, the DNA that maintains 
the integrity of the ghosts is likely to be 
incorporated into compact chromosomes 
during mitosis. This packaging would re- 
sult in a dramatic distortion of a nuclear 
framework represented by the ghosts. 
This distortion, caused by incorporation 
of the framework DNA and associated 
structures into compact chromosomes, 
may be the cause of the nuclear envelope 
dissolution that occurs during mitosis in 
cells from higher eukaryotes. 
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The HeLa S3 cells were grown in log 
phase in suspension culture in Eagle's (4) 
minimum essential medium (MEM) with 
Earle's salts (Grand Island Biological). 
Additions to this medium gave a final 
concentration of 7 percent fetal calf se- 
rum, 2 mM L-glutamine, and 50 units of a 
mixture of penicillin and streptomycin 
per milliliter. The cultural conditions of 
pH, osmolarity, and temperature for 
HeLa cells are 7.3, 283 milliosmols, and 
37?C, respectively; and for tobacco 
protoplasts are 5.7, 500 milliosmols, 
and 27?C, respectively. 

Preparatory to fusion, the HeLa cells 
were centrifuged (1000 rev/min) and 
were then resuspended in MEM to give a 
concentration of about 107 cells per mil- 
liliter. A comparable volume of GGLL 
protoplasts suspended in M3 solution 
was used. Five or six drops of PEG solu- 
tion were cautiously added to 1 ml of the 
mixed cell culture in order to encourage 
fusion. The composition of the solution 
(pH 5.5) was: PEG 6000, 0.09M; glucose, 
0.25M; CaCl2 . 2H20, 10.5 mM; and 
KH2PO4 * H20, 0.7 mM. 

Adherence of membranes began imme- 
diately, HeLa with HeLa, GGLL with 
GGLL, and HeLa with GGLL to form 
associations of two or more cells. In- 
cubation in the PEG solution was contin- 
ued for 40 to 50 minutes. The preparation 
was then eluted, first with two washings 
in the high p H-high Ca2+ W3 solution of 
Kao et al. (2) and subsequently with at 
least five washings in culture medium 
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Interkingdom Fusion Between Human (HeLa) Cells and 

Tobacco Hybrid (GGLL) Protoplasts 

Abstract. The fusion of human HeLa cells with tobacco protoplasts has been ac- 
complished with the use of polyethylene glycol. The sequence from heterocellular ad- 
herence to heterokaryon formation has been followed with light microscopy and con- 

firmed by autoradiographs of heterokaryons containing unlabeled tobacco nuclei 
and tritium-labeled HeLa nuclei. The HeLa nucleus retained its integrity in the to- 
bacco cytoplasm up to 6 days after fusion. 
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