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Precise Spatial Positioning of Chromosomes 
During Prometaphase: Evidence for 

Chromosomal Order 
Robert Nagele,*uheresa Freeman," Lydia McMorrow, 

Hsin-yi Lee 

The relative locations of several chromosomes within wheel-shaped prometaphase chro- 
mosome rosettes of human fibroblasts and HeLa cells were determined with fluorescence 
hybridization. Homologs were consistently positioned on opposite sides of the rosette, 
which suggests that chromosomes are separated into two haploid sets, each derived from 
one parent. The relative locations of chromosomes on the rosette were mapped by dual 
hybridizations. The data suggest that the chromosome orders within the two haploid sets 
are antiparallel. This chromosome arrangement in human cells appears to be both in- 
dependent of cell type- and species-specific and may influence chromosome topology 
throughout the cell cycle. 

Studies with fluorescence In situ hybridiza- 
tion (FISH) have increased our understand- 
ing of the structural and functional organi- 
zation of the cell nucleus ( 1 ,  2). At  inter- 
phase, individual chromosomes occupy 
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compact, discrete territorjes. The specific 
structure and location of these chromosome 
territories may be specific for both cell type 
and stage of the cell cycle (3). For example, 
in cells of the human and mouse central 
nervous system, specific chromosomal do- 
mains are organized in a reproducible man- 
ner (4). In human fibroblasts, chromosome 
8 centromeric regions are distributed non- 
randomly, and the distribution changes dur- 
ing the cell cycle, such that the chromo- 
somes are situated peripherally with arms 
extending toward the nuclear interior at G ,  
but are more centrally located with arms 

SCIENCE VOL. 270 15 DECEMBER 1995 1831 



extending toward the nuclear periphery at 
G, (5, 6). Chromosome 1 centromeric 
DNA is restricted to the nuclear periphery 
in hemato~oietic cells (7). The centromere . . 
and telomere distribution patterns in inter- 
phase nuclei appear to be dependent on 
both cell type and stage of the cell cycle, 
and may be influenced by the state of cell 
differentiation (2. 6. &lo).  . ,  . 

We have now investigated the possibil- 
ity that there is an underlying spatial or- 
ganization of chromosome territories in all 
somatic cells of a given species. We have 

taken advantage of the fact that all human 
chromosomes at prometaphase are aggre- 
gated briefly into a single, wheel-shaped 
ring known as the chromosome rosette 
(Fig. 1, A to D). If cells possess an inher- 
ent s~a t i a l  order of chromosomes. the sDe- 
cific arrangement of chromosomes on the 
rosette should consistently reflect this pre- 
cise order. To explore this possibility, we 
examined the relative spatial arrangement 
of chromosome homologs in prometaphase 
rosettes of two types of normal human 
diploid fibroblasts (HDFs), derived from 

Fig. 1. Mapping of the relative spatial locations of chromosomes 7,  8, 16, and X in the chromosome 
rosettes of HDFs and HeLa cells with FlSH and digoxigenin-labeled chromosome-specific DNA probes 
(72). In FlSH images, the digoxigenin-labeled probe appears yellow against a reddish-orange background 
counterstaining with propidium iodide. (A and 8) The location of centromeric subdomains in prometa- 
phase HeLa cells and HDFs, respectively, revealed by hybridization with a DNA probe for all human 
centromeres (14). Centromeres are closely juxtaposed at the hub of the chromosome rosette and appear 
as a single fluorescent ring. (C and D) Phase-contrast images of horizontal, wheel-shaped rosettes of 
prometaphase chromosomes of HeLa cells and HDFs, respectively, showing a radial chromosome 
arrangement around a central region that is largely devoid of chromatin. (E and F) Localization of 
chromosome 16 in the same cells as in (C) and (D), showing the two homologs positioned on opposite 
sides of the prometaphase rosette. (G to J) Phase-contrast and FlSH images of HeLa cells (G and I) and 
HDFs (H and J) during cytokinesis, showing that chromosome 16 homologs remain on opposite sides of 
the chromosome rosette throughout mitosis. (K to S) FlSH images showing the locations of the homologs 
of chromosome X (K, L, and M) (with an alpha-satellite probe) and chromosomes 7 (N, 0, and P) and 8 
(Q, R, and S) (with whole-chromosome painting probes) on opposite sides of the prometaphase chro- 
mosome rosette of HDFs. Magnification, x1130 (A to S). (T) Schematic model depicting the proposed 
precise spatial arrangement of chromosomes in human cells and the means by which chromosome order 
may be transmitted from one cell generation to the next. 

skin and lungs, and HeLa cells (I I )  with 
FISH (1 2) and chromosome-specific DNA 
probes [alpha-satellite and whole chromo- 
some painting probes (I3)] (Fig. 1 ) .  The 
nuclei of these cells are well suited for this 
type of analysis because they are flattened 
against the substratum during much of the 
cell cvcle. such that the intranuclear ar- , . 
rangement of chromosome domains ap- 
pears nearly two-dimensional. This two- 
dimensional geometry of HDFs and HeLa 
cells enables direct microscopic examina- 
tion of the full com~lement of radiallv 
arranged chromosomes and allows most 
fluorescence signals that emanate from - 
flat nuclei to be observed and recorded 
photographically from a single focal plane, 
greatly facilitating analysis and interpreta- 
tion of signal distribution patterns. At the 
hub of the rosette. chromosomes are 
aligned with one another at the level of 
their centromeric subdomains, such that, 
in FISH preparations with a DNA probe 
for all human centromeres (I4), closely 
juxtaposed centromeres often appear as a 
single fluorescent ring (Fig. 1, A and B). 
Most chromosomes within the rosette are 
oriented such that their arms project out- 
ward from the region of the centromere - 
ring, leaving the hub of the rosette virtu- 
ally devoid of chromatin and generating a 
wreath-like appearance (Fig. 1, A to D and 
T). Chromosome rosettes form rapidly, ex- 
ist only briefly, and are oriented horizon- 
tally (that is, parallel to the culture sub- 
stratum). HDFs display well-formed, hori- 
zontal rosettes at prometaphase for only 5 
to 10 min of their total cell cycle time of 
30 hours. Thus, only 0.28 to 0.56% of 
total cells are expected to display fully 
formed prometaphase rosettes at any given 
time. 

To determine whether chromosomes in 
human cells are in a consistent spatial order 

Table 1. Quantitation of the relative positions of 
chromosome homologs in prometaphase chro- 
mosome rosettes of HDFs (75). The angular sep- 
aration of homologs on each circular rosette was 
measured in degrees. Each rosette encompassed 
360°, and the exact center of the rosette was 
used as a reference point. Data were pooled from 
two types of fibroblasts, Detroit 551 and CCD- 
34Lu, derived from human skin and lungs, re- 
spectively. Data for chromosomes 1 and 9 were 
obtained from chromosome rosettes of nocoda- 
zole-treated HDFs. Values are means t SD. 

Chromo- 
some 

Angular 
separation 
(degrees) 
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within the prometaphase chromosome ro- 
sette, we mapped the relative spatial loca- 
tions of several selected sets of chromosome 
homologs with FISH and chromosome-spe- 
cific DNA probes (13) (Fig. 1, E to S). 
Selection criteria for cells studied included 
a well-formed. circular chromosome rosette 
free from structural distortion, a radial chro- 
mosome array, and the presence of the ex- 
pected number of fluorescence signals (one 
for each homolog). Although these criteria 
were relatively stringent, we aimed to min- 
imize the possibility that spatial interrela- 
tions among chromosomes within the ro- 
sette might be misinterpreted or remain 
undetected because of artifactual variations 
in the position of chromosome homologs. 
Thus, only -20% of prometaphase chromo- 
some rosettes were included in this study. 

Figure 1 (E and F and K to S) shows 
representative well-formed, circular rosettes 
of prometaphase chromosomes subjected to 
FISH with whole chromosome painting 
probes for chromosomes 7,8,  and 16 and an 
alpha-satellite probe for chromosome X in 
HDFs, and with a painting probe for chro- 
mosome 16 in HeLa cells. Chromosome 
homologs were invariably positioned on op- 
posite sides of the rosette. To quantitate the 
relative spatial positions of chromosome 
homologs on rosettes, we measured their 

Chromosome 7 
Chromosome 8 
Chromosome 16 
Chromosome X 1 

Angle (degrees) 

Fig. 2. Relative positions of chromosome ho- 
mologs on the prometaphase chromosome ro- 
settes of HDFs. The distribution of measured an- 
gular separations of homologs of chromosomes 
7, 8, 16, and X on the circular chromosome ro- 
settes of HDFs, with each wheel-like rosette en- 
compassing 360" and the center of the rosette 
taken as the reference point (75), is shown. Ho- 
mologs were never found within 90" of each other 
on the rosette, suggesting that one homolog is 
restricted to each half of the rosette. 

angular separation, with each wheel-like 
rosette encompassing 360" and with the 
exact center of the rosette as the reference 
point (1 5). The mean angular separation of 
homologs was similar (range, 144O to 166") 
for chromosomes 1, 7, 8, 9, 16, and X 
(Table 1). The distribution of measured 
angular separation of homologs (range 144" 
to 153") for chromosomes 7,8, 16, and X is 
shown in Fig. 2. Homologs were never sit- 
uated within 90" of each other on the ro- 
sette. whereas a random distribution would 
predict homologs to be positioned within 
90" of each other in 50% of rosettes. Thus, 
chromosome homologs are prevented from 
being in close proximity to one another and 
are positioned with one homolog in each 
half of the rosette. This spatial relation 
among chromosome homologs remained 
constant even with variations in the diam- 
eter of the rosette (16. 17). Furthermore. . ,  , 
analysis of the relative spatial positioning of 
chromosomes 1 and 9 in rosettes of nocoda- 
zole-treated HDFs ( I  1 ) yielded mean angu- 
lar separations of 166" and 150°, respective- 
lv (Table 1). consistent with results for , . , . 
chromosomes 7, 8, 16, and X in untreated 
cells. Nocodazole was used to arrest cells in 
prometaphase, thereby increasing the frac- 
tion of cells displaying well-formed promet- 
aphase chromosome rosettes (18). Appar- 
ently, nocodazole has no effect on the for- 
mation of the chromosome rosettes or on 
the spatial distribution of chromosomes 
within it. However, because cells are arrest- 
ed in prometaphase for a prolonged period, 
chromosome compaction appears to con- 
tinue during this interval and results in a 
progressive decrease in the diameter of ro- 
settes (16). 

The observation that cells exhibit con- 
sistent distribution patterns of chromosome 

homologs situated on opposite sides of the 
chromosome rosette essentially eliminates 
the possibility that the patterns are an arti- 
fact or occurred by chance. In addition, 
examination of cells at telouhase and dur- 
ing cytokinesis revealed that chromosomes 
remain arranged in a compact rosette con- 
figuration, and that the spatial positioning 
of homologs on opposite sides of the rosette 
is preserved throughout the remainder of 
mitosis (Fig. 1, G to J and T). Thus, a 
consistent spatial arrangement of chromo- 
some homologs exists on the prometaphase 
rosettes of human HDFs and HeLa cells 
(Fig. IT) and may indicate that all 46 chro- 
mosomes are arranged similarly in human 
cells (19). Because rosettes from both hu- ~, 

man skin and lung fibroblasts and HeLa 
cells exhibit similar chromosome distribu- 
tion patterns, the spatial arrangement of 
chromosome homologs on opposite sides of 
prometaphase rosettes appears to be both 
independent of cell type and species specif- 
ic. In addition, our data suggest that chro- 
mosomes on the rosette are separated into 
two distinct groups of 23 different ho- 
mologs, with each "haploid chromosome 
set" presumably derived from one parent. 
Although the exact order of all chromo- 
somes within the rosette and each haploid 
chromosome set remains to be determined, 
the positioning of chromosome homologs 
on opposite sides of the rosette suggests an 
antiparallel order. An antiparallel chromo- 
some arrangement would require nonho- 
mologous chromosomes to maintain a con- 
stant spatial relation with respect to each 
other within each half of the rosette. 

To test for antiparallel chromosome or- 
der, we performed dual hybridizations with 
prometaphase chromosome rosettes of HDFs 
and the following combinations of chromo- 

Fig. 3. Mapping of the relative spatial order of 
chromosomes 7, 8, 16, and X on prometaphase 
chromosome rosettes of HDFs by FISH with com- 
binations of digoxigenin-labeled DNA probes (20). 
(A to E) Fluorescence signals from chromosome 
homologs are superimposed over phase-contrast 
images of the same cell. The relative distributions 
of chromosomes 7 and 8 (A), 8 and 16 (B). 8 and 
X (C), 7 and 16 (D), and 7 and X (E) further confirm 
the positioning of homologs on opposite sides of 
the rosette and show the spatial relation of the 
different chromosomes within each half of the ro- 
sette. Magnification, x 1130 (A to E). (F) Diagram 
summarizing chromosome distribution patterns 
on the prometaphase chromosome rosette ob- 
tained from dual hybridizations of >30 rosettes. 
The relative spatial order of chromosomes 7, 8, 
16, and X on each half of the rosette is consistent 
with an antiparallel chromosome arrangement. Chromosomes 16 and X were closely associated on both 
sides of the rosette, whereas the positions of chromosomes 7 and 8, relative to X and 16, were more 
variable. Although this variability may be due to subtle differences in the geometry of chromosome 
rosettes as well as to local changes in the degree of chromosome compaction, the possibility cannot be 
excluded that the antiparallel order is only generalized and therefore may not be identical (that is, a mirror 
image) on each half of the rosette for all chromosomes. 
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some-specific alpha-satellite probes and 
whole chromosome painting probes (13): 
chromosomes 7 and 8, 8 and 16, 8 and X, 7 
and 16, and 7 and X (Fig. 3) (20). Our goal 
was to determine the relative swatial order of 
these four chromosomes within each half of 
the rosette by analysis of superimposed FISH 
images. Results obtained from images of >30 
HDF prometaphase rosettes revealed the rel- 
ative order of chromosomes 7. 8. 16. and X. , ,  , 

and the results are consistent with an anti- 
parallel arrangement of chromosomes on the 
rosette for each set of individual homologs 
(21). We propose that this chromosome ar- 
rangement orieinates from fusion of mater- " u 

nal and paternal haploid chromosome sets at 
the time of fertilization and that a precise 
spatial order of chromosomes may be a com- 
mon feature in eukaryotic cells. 

The mechanism bv which a consistent 
spatial order of chromosomes is achieved 
and maintained within the rosette is un- 
known. One possibility is that chromo- 
somes are attached permanently to one 
another in a precise order at the level of 
their centromeric domains. Although cen- 
tromeric interconnections have not yet 
been observed, the tendencv for centro- 
meres to line up into a "string of pearls" 
arrangement during G2 (9,  10, 22) and to 
form a ring at the hub of the prometaphase 
rosette (Fig. 1, A and B) provides indirect 
support for their existence (23). Perma- 
nent associations among adjacent chromo- 
somes would be expected to influence 
chromosome topology in the interphase 
nucleus, and adjacent interconnected 
chromosomes would remain in relativelv 
close proximity throughout the cell cycle, 
thereby linking the spatial positioning of 
chromosomes in the vrometa~hase rosette 
with that in interphase nuclei. Chromo- 
somes 16 and X are closely juxtaposed on 
the prometaphase chromosome rosette 
(Fig. 3F), and examination of interphase 
HDF nuclei has revealed that homologs of 
chromosome 16 are indeed positioned ad- 
jacent to those of chromosome X in most 
nuclei (24). Centromeric interconnec- . , 

tions would also eliminate randomness of 
chromosome coneression movements to- " 

ward the forming metaphase plate, ensure 
that all chromosomes are incorporated 
into the chromosome rosette bv the end of 
prometaphase, and help to maintain the 
remarkable success rate of mitosis (indi- 
vidual chromosomes that may not have 
attached to spindle microtubules might 
still be segregated properly because of their 
link to neighboring chromosomes). 

A consistent, cell type-independent 
chromosome arrangement in human cells " 
may also have direct relevance to the mech- 
anisms of chromosomal translocation. 
Thus, the high frequencies of translocations 
among certain chromosomes may be related 

to the fact that they are adjacent to one 
another on the chromosome rosette. which 
may prove to have a significant effect on 
the etiology of certain cancers that are 
thought to arise, at least in part, through 
genetic errors that accompany chromosome 
translocations. Lastlv, the existence of a , , 
precise chromosome order in normal hu- 
man cells may provide insight into the 
mechanisms of aneuploidy and stable trans- 
mission of the aneuploid condition from 
one cell generation to another. For exam- " 

pie, it is conceivable that aneuploidy is 
mediated in part by stable incorporation of 
extra chromosomes or small groups of inter- 
connected chromosomes into the chrorno- 
some rosette. Our observation that chromo- 
somes are assembled into a single, well- 
formed rosette in two types of aneuploid 
human cells-HeLa cells and K562 ervth- 
roleukemia cells (25)-supports this possi- 
bility. In addition, the similar spatial ar- 
rangement of chromosome 16 in both nor- 
mal cells (HDFs) and aneuploid cells 
(HeLa) suggests that some chromosomes 
maintain their normal spatial order in an- 
euploid cells. 
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washed gently in Hanks' balanced salt solution 
(HBSS), fixed with 4% paraformaldehyde In phos- 
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streptomycin (0.1 mglml). Mltotic cells were ob- 
tained by selective detachment, washed in HBSS, 
resuspended in 4% paraformaldehyde in PBS, and 
immediately attached to microscope slides with a 
Cytospin (Shandon Southern Instruments) at 500g 
for 5 min. Fixation of cells was then continued for an 
additional 15 min. 

12 FlSH was performed wlth cells on glass cover slips 
essentially as described (2) w~ th  d~goxigen~n-la- 
beled probes. Detection was performed with fluo- 
resceln ~sothiocyanate-conjugated sheep antibod- 
les to d~goxigenin (200 kglml) (Boehringer Mann- 
helm) for 20 min at 37°C. Cover slips were mounted 
in Vectash~eld antifade mountlng solution (Vector) 
containing propidium iodide (200 nglml) as a coun- 
terstaln. Controls for FlSH included hybridization 
without labeled probe or omiss~on of the detection 
reagent that binds to the probe. Slides were stored 
at 4°C untll use. Specimens were examined with a 
Nlkon Optiphot microscope equlpped wlth eplfluo- 
rescence optlcs, a SIT-66 video camera, and a 
Dage 100 digltal image processor. For most pho- 
tographs, a x 6 0  objective wlth a numerical aper- 
ture of 1.40 was used ~n combination with a x4.0 
photo eye piece for a total magniflcatlon of X240 at 
the camera. Fluorescence images were recorded 
on elther Kodak T-Max 400 negative film or Fuji- 
chrome 400 color fllm. 

13. Whole chromosome painting probes (Coatasome 7, 
Coatasome 8, and Coatasome 16; Oncor) and al- 
pha-satellite probes speclfic for chromosomes X, l, 
and 9 (Oncor) were prepared for hybridization ac- 
cording to the recommendat~ons of the manufactur- 
er and used as described (12). 

14. The DNA probe for all human centromeres (Oncor) 
comprises a selection of sequences that targets the 
centromerlc subdomalns of all human chromosomes. 

15. Measurement of the angular separation between 
homologs was preferable to that of actual distanc- 
es because rosettes vary In diameter, presumably 
reflecting indiv~dual differences In the,.ouerall de- 
gree of chromosome compaction durlng promet- 
aphase. Measurements of the angular separation 
of chromosome homologs on each circular rosette 
satisfying the selection criteria were performed di- 
rectly on projected photographic negative images. 
The center of the rosette was used as a reference 
point, and the angle between homologs was mea- 
sured. Wlth thls method, a maximal spatial separa- 
tlon of homologs would be 1 80°, where homologs 
would be posltloned exactly on opposite sides of 
the rosette. For specimens treated with whole 
chromosome painting probes and for which fluo- 
rescence signals were relatively large and diffuse, 
the line drawn from the central reference polnt of 
the rosette and passing through the exact center of 
the fluorescent chromosome terrltory was taken to 
represent the positlon of that chromosome ho- 
molog. Fluorescence signals from chromosome- 
specific alpha satellites were small and punctate 
and were considered to represent the position of 
the chromosome homolog. Measurements of chro- 
mosome position on prometaphase chromosome 
rosettes were generally more accurate in cells hy- 
bridized with chromosome-specific alpha-satellite 
probes because fluorescence signals were more 
intense, highly localized and positioned at the hub 
of the rosette. In cells hybridized with whole chro- 
mosome palntlng probes, chromosome arms 
sometimes radlated at an acute angle from the 
centromeric region at the hub of the rosette (Fig. 
lQ), resulting In some var~ability in the apparent 
locat~on of the chromosome. 

16. Despite having an overall circular shape, chromo- 
some rosettes at prometaphase exhibit variations in 
diameter that are thought to reflect ind~v~dual varia- 
tlon In the degree of chromatin compaction w~thin 
chromosomes. The diameter of prometaphase ro- 
settes was 14.4 i 2.1 k m  (mean i SD; n = 58) in 
HDFs and 12.4 i 1 .O k m  (n = 20) In HeLa cells The 
d~ameter of prometaphase rosettes in nocodazole- 
treated HDFs [12.4 ? 1.8 k m  (n = 40)] was slightly 
smaller than that in untreated HDFs. 
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17. Examination of rosettes subjected to FlSH with whole 
chromosome painting probes revealed that individual 
chromosome domains are too wide for the structure 
of the rosette to be in the form of a monolayer. Mea- 
surements of the territorial widths of chromosomes 7 
and 16 allow for only 16 to 20 chromosomes to com- 
plete the full circle of the rosette as a monolayer, 
suggesting that the arrangement of chromosomes 
within rosettes is either muitilayered or pseudo-multi- 
layered (staggered). In either instance, the packing 
strategy is likely to introduce variability in the mea- 
sured spatial separation of chromosomes. Analysis of 
the three-dimensional arrangement of chromosomes 
and their centromeric subdomains at the hub of the 
rosette by confocal or serial;section electron micros- 
copy should clarify this issue. 
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401 (1992). 

19. In rosettes not included ~n this study because they 
did not satisfy the selection criteria, homologs were 
virtually always positioned on opposite sides of the 
rosette. Detectable deviations from this precise spa- 
tial positioning were often clearly associated with 
local structural distortions of the rosette, and in many 
of these instances, visual compensation for obvious 
structural distortions resulted in the typlcal homolog 
distribution pattern. 

20. Dual hybridizations with combinations of chromo- 
some-specific alpha-satellite probes and whole- 
chromosome painting probes were performed on 
prometaphase chromosome rosettes of HDFs to 
determine the relative spatial order of chromo- 
somes 7, 8, 16, and X. Hybridization conditions 
were optimized to facilitate detection of signals em- 
anating from both probes. The spatial order of 
chromosome homologs was determined by super- 
position of multiple FlSH images representing each 
dual hybridization over the corresponding phase- 
contrast image w!th the use of COREL graphics 
software. , 

21. Despite the antiparallel order, the spatial positioning 
of chromosome homologs was not perfectly sym- 
metrical; comparison of the distribution of chromo- 
some homologs on both sldes of the rosette re- 
vealed variations in the spatial relations of chromo- 
somes within each half of the rosette (Fig. 3F). 

22. T. Freeman and R. Nagele, unpublished observations. 
23. We used FlSH and centromere-specific DNA probes 

to investigate spatial and temporal dynamics of cen- 
tromere topology during the cell cycle in nuclei of 
HDFs. Before mitosis, centromeric subdomains be- 
gan to aggregate into discrete centromere chains, 
each composed of several juxtaposed centromeres. 
Centromere chains appeared to merge into a single 
centromere ring that forms the hub of the promet- 
aphase chromosome rosette. These coordinated 
movements of adjacent centromeric domains pro- 
vide further indirect evidence that chromosomes 
may be attached to one another at the level of their 
centromeres (22). 

24. HDFs were grown to high density confluence to 
arrest cells in the G, phase of the cell cycle in an 
effort to minimize cell cycle-dependent variations 
in chromosome topology. The cell cycle profiles of 
cultures and individual nuclei were obtained with a 
CAS 200 Cell Analysis System, which performs a 
Feulgen-based DNA quantitation. Cells were pro- 
cessed for FlSH as described (12) with digoxigenin- 
labeled DNA probes for chromosomes 7, 8, 16, 
and X (13). Chromosomes 7, 8, and 16 were im- 
mediately adjacent to chromosome X in 46% (n = 
181), 49% (n = 11 9), and 64% (n = 181) of total 
nuclei, respectively (22). These results support a 
relation between the spatial positioning of speclfic 
chromosomes in the prometaphase rosette and 
that in the interphase nucleus. 

25. HeLa and K562 erythroleukemia cells are both an- 
euploid, with the number of chromosomes ranging 
from 65 to 71 in >90% of cells. All chromosomes in 
these aneuploid cells appeared to be incorporated 
into a slngle chromosome rosette at prometaphase. 

26. We thank K:M. Lee and R. Carsiafor helpful discus- 
sions, and N. Barlow from Micron Optics for help 
with microscopy. 
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Diffusion Across the Nuclear Envelope Inhibited 
by Depletion of the Nuclear Ca2+ Store 

Lisa Stehno-Bittel," Carmen Perez-Terzic, David E. Clapham? 

Intact, isolated nuclei and a nuclear membrane (ghost) preparation were used to study 
regulation of the movement of small molecules across the Xenopus laevis oocyte 
nuclear membrane. In contrast to models of the nuclear pore complex, which assume 
passive bidirectional diffusion of molecules less than 70 kilodaltons, diffusion of in- 
termediate-sized molecules was regulated by the nuclear envelope calcium stores. 
After depletion of nuclear store calcium by inositol 1,4,5-trisphosphate or calcium 
chelators, fluorescent molecules conjugated to 10-kilodalton dextran were unable to 
enter the nucleus. Dye exclusion after calcium store depletion was not dependent on 
the nuclear matrix because it occurred in nuclear ghosts lacking nucleoplasm. Smaller 
molecules and ions (500-dalton Lucifer yellow and manganese) diffused freely into the 
core of the nuclear ghosts and intact nuclei even after calcium store depletion. Thus, 
depletion of the nuclear calcium store blocks diffusion of intermediate-sized molecules. 

Eukaryotic cell nuclei are separated from 
the cytoplasm by a set of concentric lipid 
bilavers that form the nuclear envelo~e.  
The outer nuclear membrane and lumen 
of the envelope are continuous with en- 
doplasmic reticulum ( I  ). The transport of 
macromolecdes and diffusion of smaller 
lnolecules and ions occurs through the 

u 

nuclear pore complex ( 2 ) ,  which traverses 
both nuclear membranes (3). Macromole- 
cules greater than 70 kD require adenosine 
triphosphate (ATP) (4) and a nuclear lo- 
calization sequence (NLS) (2,  5) to be 
transported. Smaller molecules containing 
an NLS also require ATP for their trans- 
port, but it is thought that there are no 
regulatory mechanisms for ions and mole- 
cules less than 40 to 70 kD that lack an 
NLS (6). 

Inositol 1,4,5-trisphosphate (InsP,) re- 
leases Ca2+ froin the nuclear envelope 
(7-9). Nuclear InsP3 channels have many 
of the same characteristics as endoplasmic 
reticular InsP, channels (7,  8). Release of 
intracellular Ca2+ blocks transport of in- 
termediate-sized molecules 110 kD) across 
the nuclear pore in situ ( i  1). ~ h w e v e r ,  
Ca2+ release initiates a cascade of events, 
and thus it is difficult to identifv the com- 
ponents responsible for blocking transport 
across the nuclear envelope in intact cells. 
To directly assess this question, we devel- 
oped methods to release Ca2+ from the 
nuclear store and simultaneouslv measure 
transport across the nuclear envelope in 
intact nuclei devoid of nucleoplasm. 

Both the nucleoplasm and the lumen of 
the nuclear envelope (nuclear cisterna) 
have the potentla1 to regulate Ca2+ inde- 
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pendently (1 2). Membrane-permeant forms 
of Caz+-sensitive dyes load the cisterna 
preferentially, whereas membrane-imper- 
meant dyes monitor the concentration of 
Ca2+ ([Ca2+]) within the nucleoplasm 
110). To avoid uncertainties when usine ~, - 
small mammalian nuclei (2- to 3-pm di- 
ameter), we used oocyte nuclei (-500-pm 
diameter) to visualize the colocalization of 
the CaZ+ store and the nuclear envelope. 
Nuclei exposed to the membrane-imper- 
meant form of fluo-3 fluoresced through- 
out the nucleoplasm but not in the region 
of the nuclear envelope (Fig. 1A). Mem- 
brane-permeant fluo-3 (fluo-3 AM) filled 
the nuclear cisterna as revealed by a thin 
fluorescent ring (Fig. 1B). The nuclear 
double membrane itself was defined by 
the membrane-snecific dve rhodamine B 
(n = 6). No fluorescence was detected 
in the central region of the nucleoulasm " 

after exposure of the nucleus to fluo-3 
AM, as determined by three-dimensional 
reconstruction of the entire nucleus (n = 

3).  
MnZ+ quenches Ca2+-sensitive dye flu- 

orescence ( 1  0) and can be used to monitor 
the flow of ions from the bath into the 
nuclear cisterna and nucleoplasm. Mn2+ 
(10 pM to 1 mM) rapidly quenched nu- 
cleoplasmic fluorescence in nuclei loaded 
with the membrane-impermeant form of 
indo-l (n = 15) (Fig. IC) .  In contrast to 
the rauid eauilibration of Mn2+ into the 
nucleoplasm, fluorescence from the nucle- 
ar cisterna loaded with indo-l AM was not 
altered by the addition of Mn2+ even after 
30-min exposure to 10 pM Mn2+ (n = 5) 
(Fie. ID). To monitor Mn2+ flux into the . "  , 

nuclear cisterna, we loaded nuclei with 
both the membrane-permeant and imper- 
meant forms of indo-1 (n = 3).  After the 
addition of Mn2+, fluorescence from the 
center of the nucleus rapidly dissipated, 
leaving only the ring structure bounded by 
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