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A B S T R A C T  

N u c l e a r  s t r u c t u r e s  s i m i l a r  to  t h o s e  o f  t h e  n u c l e a r  p o r e  c o m p l e x  w e r e  f o u n d  o n  

c h r o m o s o m e s .  T h i s  f i n d i n g  i n d i c a t e s  t h a t  p a r t  o f  t h e  p o r e  c o m p l e x  is r e t a i n e d  b y  

t h e  c h r o m o s o m e s  t h r o u g h  mi to s i s  in t h e  a b s e n c e  o f  t he  n u c l e a r  m e m b r a n e .  T h e  

f o r m a t i o n  o f  a p p r o x i m a t e l y  t h e  s a m e  n u m b e r  o f  p o r e  c o m p l e x e s  in t h e  p r e s e n c e  

a n d  a b s e n c e  of  p r o t e i n  s y n t h e s i s  d u r i n g  t h e  f i rs t  4 h a f t e r  m i to s i s  p r o v e s  t h e  

r e a s s e m b l y  r a t h e r  t h a n  n e w  s y n t h e s i s  o f  t h e  p o r e  c o m p l e x .  T h e  s t r u c t u r e  o f  p o r e  

c o m p l e x e s  r e c o n s t r u c t e d  in t h e  a b s e n c e  of  p r o t e i n  s y n t h e s i s  c a n n o t  b e  d is t in -  

g u i s h e d  f r o m  t h e  s t r u c t u r e  o f  t h o s e  of  c o n t r o l  cells .  

The  nuclear  pore  complex has been shown to be a 
ra ther  dynamic structure that  can be rapidly 
formed and el iminated in the intact nuclear  enve- 
lope (4, 21, 27). Very fast el imination and recon- 
struction of pore  complexes also occur during mi- 
tosis. No structural  information is available on the 
fate of the e l iminated complex structure in pro- 
phase,  nor  of its reconstruct ion during te lophase,  
though the presence of remnants  of pore  com- 
plexes has been shown in wholemount  electron 
microscopy of chromosomes  in some cell types (5, 
6). In this communica t ion ,  an a t tempt  will be 
made  to demons t ra te  that  part  of the pore com- 
plex structure may remain  with the ch romosome  
and is used in the format ion of a new pore at 
te lophase.  

M A T E R I A L S  A N D  M E T H O D S  

Human melanoma cells (LeCa) were grown as previ- 
ously described (19, 23). They were fixed for 1 h at room 
temperature 48 h after plating in 3-cm Falcon plastic 
petri dishes (Becton, Dickinson & Co., Rutherford, N. 
J.). The fixative contained 3% glutaraldehyde, 1 mM 
magnesium chloride in 0.1 M phosphate buffer (pH 7.4). 
Postfixation was carried out in 1% osmium tetroxide in 
the same buffer for 1 h, followed by 0.5% uranyl acetate 
in water for 1 h. The cells were then flat-embedded in 

Epon. Appropriate stages of mitosis were preselected 
with a phase contrast microscope, sectioned, and double- 
stained with uranyl acetate and lead citrate. The sections 
were observed and photographed with a Hitachi HU- 
l i E  electron microscope at 75 kV. Freeze-etching of 
mouse L cells (clone 1D) was performed essentially as 
described previously (21). Nuclear size determination 
and calculation was made as described in detail else- 
where (20). Briefly, the nuclei of the ceils growing as 
monolayers were measured by phase contrast micro- 
scopy. The height was determined from cross sections by 
electron microscopy, and the nuclear surface was deter- 
mined by using a formula that describes the nuclei as a 
fiat elliptical body with rounded margins. 

Mitotic cells of mouse L cells were selectively re- 
moved from Blake bottles (Blake Industries, Inc., 
Springfield, N. J.) by gently shaking after 2 h of vinblas- 
tine treatment (0.05 /xg/ml). A hard shake before the 
addition of new medium with vinblastine removed debris 
and many of the still rounded doublets. Those doublets 
not removed during the hard shake appeared as binu- 
cleated cells if shaken off during the soft shake and 
observed 4 h after the removal of the drug. To half of the 
selectively detached ceils cycloheximide was added, and 
vinblastine washed out in the presence of cycloheximide. 
About 20% of the cells were micronucleated after the 
short vinblastine treatment (13). They were not used for 
the nuclear size determinations presented in Results. An 
estimate of the combined nuclear surface of these multi- 
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nucleated cells indicates that it is somewhat larger than 
the surface of the single nuclei, but no definite size 
difference between the two samples (control and cyclo- 
heximide-treated) could be found within the limits of 
measuring these very small nuclei. 

For the structural comparison of nuclear pore com- 
plexes of mouse L cells, 4 h after mitosis 20 large nuclear 
surfaces were photographed at low magnification, and 
selected areas at high magnification. After printing, the 
control and experimental groups were mixed and then 
analyzed. The following structures were evaluated: the 
number of central granules and the density of the tra- 
verse fibrils. 

The effect of the protein inhibitor cycloheximide 
(Sigma Chemical Co., St. Louis, Mo.) was tested 3.5 h 
after mitosis. Aliquots of the cells were incubated with 
10 /zCi of leucine (New England Nuclear, Boston, 
Mass., sp act 60 Ci/mmol) for 30 min. In preliminary 
experiments, it was found that 25 /zg/ml cycloheximide 
reduced protein synthesis in exponentially growing cells 
about 95%. The cells were washed three times in Hanks' 
balanced salt solution and then precipitated with TCA 
and collected on glass fiber f'dters. 

RESULTS 

The structure of the nuclear pore complex was 
analyzed in serial sections before components of it 
were looked for on chromosomes. Fig. l a-d 
shows a series of micrographs illustrating the dif- 
ferent appearances of the pore complex, depend- 
ing on the plane of section. Pore complex 1 shows 
the projection of the traverse fibrils (16, 18) and a 
small central granule (Fig. 1 a). In the next micro- 
graph (Fig. I b), radiating fibers and a central ring 
are apparent. In Fig. 1 c, the central ring can still 
be seen (indicating a short tubule), though it is 
slightly larger; there is a larger ring structure visi- 
ble in Fig. I b which is larger than the pore perim- 
eter. Fibrous material radiates laterally also in Fig. 
1 d where the central ring can be recognized, again 
somewhat larger than in the previous micrograph. 
Similar structures can be seen in other pore com- 
plexes, though the sequence may be different. In 
pore complex 4, a 50-nm central ring is attached 
to the traverse fibrils which converge at the cyto- 
plasmic side (Fig. 1 b). The central ring is also at 
the cytoplasmic side in pore complex 9 (Fig. I a) 
and pore complex 6 (arrowhead), and is very 
obvious in pore complex 11 in Fig. I b. It will be 
attempted to identify the arrangements of the non- 
membranous parts of the pore complex (1, 2, 3, 
4, 7, 8, and 9) seen mainly in Fig. l c - d  at the 
chromosomes. 

The images presented in Fig. 1 show that tra- 
verse fibrils pass through the pore proper and 
extend into the nuclear and cytoplasmic side at an 

angle which makes them appear as short rods 
(pore complex 5, Fig. I d; pore complex 6, Fig. 
lc) .  The appearance of a ring structure larger 
than the pore membrane diameter does not come 
solely from tilted traverse fibrils, but also from 
some other material which seems to connect them. 
This material also appears as short cylinders with- 
out traverse fibrils attached (pore 9, Fig. 1 d). 
According to the results obtained with preferential 
staining techniques, this material does not consist 
of chromatin (12); however, this material appar- 
ently connects with chromatin (14, 16, 17, 18). 

During prophase, the chromosomes condense 
on the nuclear envelope, and pore complexes 
seem to be present less frequently on most areas of 
chromosome attachments to the membrane. In 
prometaphase, the nuclear eveiope breaks at sev- 
eral points, but pore complexes can still be seen 
nearly intact at the areas where chromosomes and 
remnants of the nuclear envelope are closely at- 
tached. Areas where the nuclear envelope was 
removed from the chromosomes were analyzed 
for remnants of the nonmembranous pore com- 
plex structures. When found, these consisted 
mostly of the equivalent of the larger ring struc- 
ture which was described as being in intimate 
connection with the traverse fibrils (Fig. 2, struc- 
ture 1 ). Traverse fibrils are difficult to see in their 
projection since, if they are present at all, their 
recognition depends on the plane of the section. 
The membranous pores seem to expand before 
losing their recognizable identity. A rather com- 
pact and dense structure (Fig. 2, arrow pointing 
up) has been seen several times in the face-on 
views of chromosomes. It consists of a central 
density, radiating fibers, and a ring about 40 nm in 
diameter. Other ring and radiating fibrous struc- 
tures suggestive of pore complex remnants are 
presented in Figs. 2-9. No complete pore com- 
plexes were seen during the brief anaphase. Four 
anaphase cells were analyzed. The rather dense 
annular component of the chromosome in Fig. 5 is 
particularly similar to structures seen in whole- 
mount preparations (5, 6, 7). 

At early telophase, the first short membrane 
pieces are flatly apposed to the chromatin at var- 
ious areas. In cross section, fine fibrils seem to 
emanate from the chromatin attached to the mem- 
brane pore (Fig. 8). In slightly more oblique sec- 
tions (Fig. 9), one can discern some more lighter 
staining material with a central unstained spot at 
what does not yet seem to be a completed pore 
complex. 

Some structures could be correlated with the 
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FIGURE l a - d  Consecutive sections of the nuclear envelope. Pore complexes are numbered and ex- 
plained in the text. • 40,000. 
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Fmut~ 2 Tangential section of a chromosome in late prometaphase with different structures all resem- 
bling the pore complex arrangements, except for a compact structure apparently embedded in the 
peripheral part of the chromatin (arrow pointing up). x 75,000. 

underlying chromatin or membrane only by the 
use of serial sections. In Fig. 10a, there is a ring 
structure of the type described in Fig. 1 which 
seems to be only partly surrounded by mem- 
branes. It is situated over one of the smaller dense 
ring structures in the chromatin (Fig. 10b) de- 
scribed in Fig. 2. Since this arrangement has been 
observed several times, it does not seem coinci- 
dental. 

If parts of the pore complexes are preserved 
through mitosis on the chromosomes, then they 
may be assembled during the time of nuclear enve- 
lope reformation without additional protein syn- 
thesis. From our results with HeLa cells, we knew 
that the total pore number doubles from a G r  
phase plateau until the end of the cell cycle. Ex- 
pressed differently, the daughter cells at G1 have 
the same combined pore number as the cell before 
division (21). The hypothesis then that pore com- 
plexes are reassembled but not resynthesized was 
tested by comparing the total pore number of 
mouse L cells 4 h after removal of the mitotic 
block in an aliquot treated with 25 p.g/ml cyclo- 
heximide with the pore number of untreated cells. 
Mouse L cells were chosen since HeLa cells used 
in early synchronization experiments (21, 24) re- 
acted rather strangely to even very low concentra- 
tions of colcemid or vinblastine. The G2 phase was 
prolonged 2 or 3 h (few mitotic figures accumulate 
during this time) and many cells did not go 

through the cell cycle after colcemid treatment be- 
cause they did not enter S-phase (as tested autora- 
diographically). A large number of the cells be- 
came necrotic - 1 0 - 1 2  h after the treatment with 
mitotic inhibitors. Since we wanted to add the 
protein synthesis inhibitor at the time of complete 
absence of the nuclear envelope, mouse L cells 
were used. The only disadvantage recognized was 
the presence of a sizeable number of micronu- 
cleated cells (21%). Binucleated cells were not 
used for nuclear size determination since they 
probably reflect an incomplete cell division. The 
estimated nuclear surface from three determina- 
tions was 290 p,m 2 for the cycloheximide-treated 
sample and 302/~m 2 for the control if the average 
length and width of three synchronizations are 
used (Table I). The pore frequency for the cyclo- 
heximide-treated cells was less (7.38 --- 0.6 pores/ 
/zm 2) than the control (8.49 --- 1.5 pores/p, m2). 
There is a remarkably low standard deviation for 
the cycloheximide-treated sample. The difference 
is statistically significant (P = 0.01); the total pore 
number is slightly less than the control (Gx control 
2,564 pores/nucleus, G1 cycloheximide-treated 
2,140 pores/nucleus, or 16.5% less than control). 

This clearly demonstrated that essentially all 
pores present in the nuclear envelope at G~ can be 
reconstructed from proteins synthesized in the 
previous cell cycle or from preserved structures at 
the chromosomes. Protein synthesis was inhibited 
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TABLE I 

Quantitative Determination o f  the Nuclear Pore Number 4 h after Mitosis 

Control Cycloheximide-treated cells 

Exp Length -+ SD Width - SD Height • SD:~ Length -+ SD Width - SD Height - SD 

1 13.1 - 2.3 8.7 • 1.8 3.9 - 0.8 14.2 - 2.2 8.5 - 1.5 
2 1 5 . 1 -  2.2 8.9 - 1.7 1 4 . 0 -  2.0 8.2 - 1.7 
3 1 4 . 4 -  2.0 8.3 - 1.5 15.6 • 2.2 7.7 • 1.7 

Mean 14.2 8.6 3.9 14.6 8.1 
Nuclear surface 302 290 
Pores//zm 2. 8.49 -+ 1.5 7.38 -+ 0.61 
Pores/nucleus 2,564 2,140 

3.7 - 0.5 

3.7 

* The pores/v,m 2 were determined in the first experiment. 
~: The height was determined only in one experiment. 

96% by using 25 p,g/ml cycloheximide.  The test 
for the incorporat ion of [aH]leucine was per- 
formed for 30 min from 3.5 h after  mitosis by 
adding 10 /zCi  leucine to aliquots of the cyclohexi- 
mide- t rea ted  and the control  groups.  

The  structure of pore complexes was compared  
in the control  vs. cycloheximide-t reated cells in 
order  to de te rmine  whe ther  all s tructural  e lements  
are reconstructed.  Mostly face-on views of large 
nuclear  m e m b r a n e  areas were used for est imating 
the n u m b e r  of central  granules and  the size of the 
traverse fibrils. All  nuclear  pore  complex struc- 
tures were present  in the cycloheximide- t reated 
cells. In an a t tempt  to quant i ta te ,  no significant 
difference was found measur ing the d iameters  of 
the t raverse fibrils but  the central  granules were 
seen less often ( P  = 0.1).  The central  granule 
f requency was de te rmined  for each envelope  frag- 
ment  and  the means  compared .  A comparison of 

central  granules is afflicted with a n u m b e r  of varia- 
bles which become obvious if different persons 
evaluate the same micrographs.  One  variable is 
the size and  density differences within a popula-  
t ion of central  granules.  The o ther  variable is the 
location since it has been  shown in serial sections 
that  a central  granule can be located at different 
levels of the pore complex (18).  O t h e r  structural  
a r rangements  such as the ring at the nuclear  side, 
the so-called radiat ing fibrils could also be seen in 
the cycloheximide-treated cells, but  any smaller  
differences be tween  the two samples may go unde-  
tected.  

D I S C U S S I O N  

There  are two pore complex systems in some 
c e l l s - t h e  nuclear  and the annula te  lamellae pore  
complex - which have a similar ul t rastructure.  The 
basic difference seems to be tha t  one is formed 

FIGURES 3-6 Metaphase chromosomes exhibiting structural arrangements of the pore complex. 
x 100,000. 

FmURE 7 Early telophase attachment of membranes at the chromosomes. The pore complex is not 
complete but the ring structure with laterally radiating fibers seems to be attached to the membrane. 
x 100,000. 

FmuRE 8 Double membrane sheet attached to teiophase chromosomes. The pore complex seems 
incomplete but fibers are attached to the rim of the membranous pore. x 100,000. 

FIGURE 9 Incomplete pore complex at telophase. The membrane pore in this slightly oblique section is 
situated at a circular arrangement of some material that stains lighter than chromatin. • 100,000. 

FIGURE 10a and b Two consecutive sections of a telophase chromosome near the kinetochore. Fig. 10a 
shows a larger ring structure partially surrounded by membranes, with some tenuous fibrils apparently 
touching it. At the same position in the next section, there is a densely staining structure like the one 
indicated by an arrow in Fig. 2. The cross-sectioned mitotubules can be used for orientation (arrows). 
x 75,000. 
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without the physical proximity of chromatin, 
which suggests that pore complex formation is not 
necessarily dependent on induction by chromatin. 

The nonmembranous pore complex structures 
are thought to be part of the fibrous lamina or the 
nuclear matrix, since they stay intact after DNA 
digestion and Triton treatment (1,2,  6, 8, 26, 28). 
It is not known what happens to the fibrous lamina 
during mitosis. In most cells, it is so tenuous that it 
can be observed only after treatment of isolated 
nuclei (for instance in WI38 nuclei; reference 18). 
It is, therefore, not conspicuous even if it is pres- 
ent at the surface of the chromosomes. Under the 
assumption that the organized structures of the 
pore complex will be more easily identified, chro- 
mosomes were analyzed for parts of the pore com- 
plex at their periphery which has lately been 
shown to consist of an RNA-containing coat by 
the preferential EDTA staining technique and 
digestion with RNAse (25). 

Observations on the pore complex in intact nu- 
clear envelopes preceded the analysis of micro- 
graphs with chromosomes in different stages of 
mitosis. The images of pore complexes corre- 
sponded best to those previously published by 
Abelson and Smith (3), who also used tissue cul- 
ture cells, which have the advantage of extremely 
fast fixation. In their studies, the annular parts of 
the pore complex are wider on both sides of the 
nuclear envelope, resulting in an hourglass shape 
for this structure. Also, no annular granules were 
found at the nucleoplasmic side of the pore com- 
plex, but rather a ring connecting the traverse 
fibrils. 

Preservation of the annular substructure at the 
nuclear side in some continuity with the con- 
densed chromatin during the mitotic cycle seems 
probable from the images obtained. The danger of 
interpreting a randomly occurring ring arrange- 
ment for part of the remnants of the annular 
subunits is obvious, but few, if any, such arrange- 
ments were found in the cytoplasm. Also, there 
was a conspicuous accumulation of these images at 
the edges of chromosomes sectioned tangentially. 
However, owing to the variability of appearance 
of the larger ring structure in properly aligned 
nuclear envelope sections, i.e, face-on, it was es- 
sential to use serial sections to identify annular 
structures as being connected to chromosomes. 
These findings suggest a preservation of part of 
the pore complex, a preservation which may be 
instrumental in the rapid reformation of pores 
after mitosis (21), but it should not be used as 

evidence that parts of all pore complexes are pre- 
served at the chromosome. 

During the reformation of the nuclear envelope, 
double-membrane sheets attach to the chromatin. 
No preferential attachment to the presumptive 
annular structures could be observed. Rather, the 
opposite seems to be the case. In incomplete pore 
complexes in cross-section, some lightly staining 
fibrous material is attached to the rim of the mem- 
brane pore. There is some evidence that the mem- 
brane pore can be developed either according to 
the scheme proposed earlier (22), i.e., by induc- 
tion and fusion of the inner with the outer mem- 
brane, or by the wrapping of membranes around 
an annular structure (Figs. 7 and 10). This would 
also require a fusion and fission event. Under- 
neath a few presumptive annular structures at the 
level of the condensed chromatin, a peculiar 
densely staining arrangement of fibers was found. 
Since this has been seen several times, perhaps 
certain sites exist on the chromatin where annular 
structures are retained or assembled. 

The structural comparison of pore complexes 
reassembled in the absence of protein synthesis 
showed no obvious structural deviation from con- 
trol cells. The apparently smaller number of cen- 
tral granules may be due to a lesser density in the 
cycloheximide-treated cells. Under the assump- 
tion that it represents the structural expression of 
material in transport, it would not necessarily have 
to be regarded as a pore structure per se. Under 
such an assumption, it may represent a slightly 
diminished transport in or out of the nucleus. 

From this investigation, it cannot be judged 
whether or not all pore complexes remain with the 
chromosomes and are to be reassembled after 
mitosis. The structural integrity of the pore com- 
plexes in the absence of a membrane can be as- 
sumed not only from their presence in Triton- 
treated nuclear membranes (6, 8, 26, 28) but also 
from their presence in mosquito oocytes as mem- 
brane-flee sheets (10, 11). Whether single intact 
pore complexes or subunits can exist free in the 
cytoplasm can not be determined at present by 
ultrastructural means. 

Essential to the explanation of annulate lamel- 
lae pore complex formation which proceeds at the 
same time (15) is the assumption that some annu- 
lar structures or their subunits can be released 
from the chromatin in mitosis, or from the nuclear 
envelope during pore elimination (see also refer- 
ence 9), or that they are newly synthesized and 
can be assembled without the presence of chroma- 
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t in- inducing sites. The  ability of the two daughte r  
cells to form approximate ly  the same total  pore  
n u m b e r  4 h after  mitosis (see also reference  24) 
with or without  any protein synthesis proves that  
pore complexes up to a certain n u m b e r  are re- 
assembled af ter  mitosis and not  resynthesized.  
The  increased pore f requency in the control  cells 
may be an expression of the cont inuous  increase 
in f requency during the cell cycle as de t e rmined  in 
HeLa  cells (21).  The  preservat ion of parts  of the 
pore complexes at the ch romosomes  may aid in 
the fast format ion of pores during the reconstruc-  
tion of the nuclear  envelope.  
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