
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. 

18. M. Jordan, D. Thrower, L. Wilson, J. Cell Sci. 102, 
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 cornpensatlon 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 T. Freeman and R. Nagele, unpublished observations. 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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the nuclear envelope. In the presence of 
Mnz+, the addition of 1 pM InsP, resulted 
in a rapid and complete quench of the 
fluorescent ring of the nuclear cisterna 
(Fig. ID). Thus, activation of InsP, recep- 
tors on the nuclear membrane allowed 
Mn2+ to enter the lumen of the envelope 
and quench the compartmentalized dye, 
providing evidence that isolated nuclei are 
surrounded by an InsP,-sensitive Ca2+ 
store. 

Because Mn2+ is a trace element, it may 
not reflect the movement of common cat- 
ions across the envelope. We measured 
[Ca2+] in the nucleoplasm using indo-1 
while changing [Ca2+] in isotonic or hyper- 
osmotic external solutions. Increasing the 
external solution osmolarity with mannitol 
(290 to 690 mosM) had no measurable 
effects on [Ca2+] in the nucleoplasm or 
cistema (n = 23). Increasing bath [Ca2+] 
from 200 to 500 nM resulted in a rapid 
increase in nucleoplasmic [Caz+] without a 
measurable time delay (n = 15). The nu- 
cleoplasmic [CaZ+] followed the extranu- 
clear [CaZ+] linearly up to 1500 nM. Higher 
[Ca2+] resulted in the loss of integrity of the 
nuclear envelope and saturation of the dye. 
In contrast, fluorescence in the nuclear cis- 
terna did not follow changes in external 
[Ca2+] within the range of 10 nM to 2 pM 
Ca2+ (n = 15). These results suggest that 
divalent cations (Mn2+ and Ca2+) crossed 
the nuclear envelope and entered the nu- 
cleoplasm without significant diffusional 
barriers. 

Fluorescent-bound dextrans of 70 to 
500 kD (calcium green) did not diffuse 
into the Xenopus oocyte nucleoplasm (nu- 
clearlbath fluorescence = 0.38 -+ 0.02, n 
= 46) ( 1  3).  However, calcium green con- 
jugated to 10-kD dextran passed into in- 
tact, isolated nuclei when added to the 
bath (nuclearlbath fluorescence = 0.72 2 
0.03, n = 55). To determine whether the 
nuclear CaZi' store regulated transmem- 
brane diffusiof;, we exposed intact nuclei 
to InsP, (1 pM) for 2 to 5 min to deplete 
the nuclear CaZ+ store and then added the 
10-kD form of calcium green to the bath. 
The dye was excluded from the nucleo- 
plasm in the presence of InsP, (Fig. 2A) (n 
= 12). The InsP, effect resulted from re- 
lease of CaZ+ from the nuclear store be- 
cause related (control) inositol polyphos- 
phates [Ins(1,3,4)P3 (1 kM, n = 4) and 
Ins(1,3,4,5)P4 (1 pM, n = 5)] that did not 
release Ca2+ at the concentrations we 
used (8) failed to block diffusion of the 
10-kD dextran calcium green into the nu- 
cleoplasm (Fig. 2B). Depletion of the 
Ca2+ score within the nuclear cisterna by 
Ca2+ chelators blocked subsequent dye 
entry into the nucleoplasm [ lo  mM bis(2- 
aminophenoxy) ethane-N,N,N',N1-tet- 
racetic acid (BAPTA-AM); n = 121 (Fig. 

2B). In all experiments, nuclei excluded 
calcium green bound to 500-kD dextran, 
indicating that the nuclear envelopes were 
intact. Thus, depletion of the nuclear 
CaZ+ store by exposure to either InsP, or 
BAPTA-AM resulted in block of diffusion 
of intermediate-sized molecules across the 
nuclear envelope, eliminating the possi- 
bility that local increases in external 
[Caz+] caused the block. 

When nuclei were incubated in low 
[Ca2+] (10 nM) for 10 min to deplete the 
CaZ+ store, all nuclei excluded the 10-kD 
calcium green dye from the nucleoplasm 
(Fig. 2B) (n = 7). Addition of ATP (1 
mM) in the medium containing 10 nM 
Ca2+ did not reverse the effect (Fig. 2B) 
(n = 7). However, when nuclear cisternal 
CaZ+ stores were repleted by the addition 

of 2 pM Ca2+ plus 1 mM ATP, perme- 
ability to 10-kD calcium green dye was 
restored (Fig. 2B). Because transport of 
larger molecules (>70 kD) across the nu- 
cleus is an ATP-dependent process (14) ,  
ATP may have actively transported the 
dye into the nucleus. However, the addi- 
tion of ATP without CaZ+ did not initiate 
dye movement from the bath into the 
nuclei (Fig. 2B). Furthermore, energy-de- 
pendent transport of large molecules 
across the nuclear envelope requires an 
NLS on the transported molecule (2, 14- 
16); NLSs were not present on the sub- 
stances tested in this study. We conclude 
that CaZ+ and ATP were necessary to 
replenish the Ca2+ supply in the nuclear 
store but not for transport of the 10-kD 
molecules themselves. 

Fig. 1. Differential loading of Nucboplrunk Ca 
nuclear compartments. (A) 
Nuclei incubated in rnern- 
brane-impermeant fluo-3 
fluoresced throughout the 
core of the nucleus. (B) Nu- 
clei incubated in mernbrane- 
permeant fluo-3 AM fluo- 
resced in a ring consistent 
with the location of the nu- 
clear envelope. Scale bar, 
50 pm; green, high fluores- 
cence levels. (C) Mn2+ (10 

I - 
m;;m pM) immediately quenched 200 

the fluorescence from the 
nucleoplasm. (D) Fluores- 150 
cence of the nuclear cister- -Ins 9 
na was much less sensitive 100 
to Mn2+ (U), but a slow rate. 
of fluorescence decline was 50 
observed. Exposure to 1 pM 
InsP, caused rapid loss of 0 
fluorescence from the cis- p 3-(,,,,,,1 ' * . terna (0). 

Fia. 2. Exclusion of 10- 
k 6  molecules after de- 
pletion of the nuclear 
Ca2+ store. (A) In the ab- -InSP, 
sence of InsP, (- InsP,), 
10-kD fluorescent dyes 
(calcium green dextran) 
diffused easily into the 
nucleoplasm (images 
taken after 5-min dye ex- +In~p, 
posure). However, after 
Ca2+ store depletion 
(+lnsP,), there was no 
entry of the 10-kD dext- 
ran into the nucleus. 
Scale bar, 200 pm. (B) 
Exclusion of dye from the nuclei was dependent on depletion of Ca2+.frorn the nuclear store. Agents that 
depleted the nuclear Ca2+ store [lns(1,4,5)P3, n = 12; BAPTA-AM, n = 12; and incubation in 10 nM 
Ca2+, n = 61 also blocked dye diffusion across the nuclear envelope. However, agents that failed to 
release Ca2+ from the nuclear envelope also failed to block dye diffusion [lns(1,3,4)P3 or lns(1 ,3,4,5)P4, 
1 pM each). After depletion of the nuclear Ca2+ store by incubation in 10 nM Ca2+ and block of dye influx, 
ATP was added to the bath. There was no increase in the amount of dye in the nucleus (10 nM Ca2+ + 
low Ca2+/ATP, n = 7). The block of dye diffusion into the nucleus was reversed by the addition of 1 mM 
ATP + 2 pM Ca2+ (ATP + Ca2+). 
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Because dyes used in these experiments 
were Ca2+-sensitive, we were concerned 
that measurement of fluorescence within 
the nucleus may have resulted from low 
nucleoplasmic [Ca2+] rather than exclu- 
sion of dye. However, depletion of the 
nuclear Ca2+ store also blocked entry of 
the 10-kD dextran form of the Ca2+-in- 
sensitive dye Lucifer yellow into the nu- 
cleoplasm (nuclearlbath fluorescence = 
0.22 2 0.03, n = 9). In contrast, when the 
cisternal Ca2+ store was replenished, the 
nuclearlbath fluorescence increased to 
0.78 t 0.06. These studies confirmed that 
the nuclear Ca2+ store regulates the 

Fig. 3. Separation of nucleoplasmic fluores- 
cence from the intact nuclear envelope in nucle- 
ar ghosts. (A) Time-elapsed, transmitted light 
images of a nuclear ghost formed by pricking 
the nuclear surface. The nucleoplasm was ex- 
pelled from the nucleus (middle) and the nuclear 
membrane resealed (right). Arrow indicates the 
position of the extruded nucleoplasm. (8) Load- 
ing intact nuclei with the membrane-impermeant 
form of fluo-3 resulted in fluorescepce from the 
core of the nucleus. During nuclear ghost forma- 
tion, the nucleoplasm and accompanying fluo- 
rescence signal exited the nucleus. (C) The ex- 
truded nucleoplasm (same nucleus) fluoresced 
for several minutes. (D) The remaining nuclear 
envelope (ghost) had no fluorescence. (E) Sub- 
sequent incubation of the same nuclear ghost 
with fluo-3 AM revealed the ring-like structure 
of the nuclear envelope. (F) An intact nucleus 
loaded with the chromatin-binding stain, DAPI. 
(G) DAPI-stained nucleoplasm was extruded 
from the same nucleus. (H) The nuclear ghost 
from the same nucleus retained little fluores- 
cence signal. 

movement of intermediate-sized mole- 
cules (10 kD) across the nuclear envelope. 

Previous studies suggested that the nucle- 
ar pore complex does not regulate movement 
of molecules <70 kD across the nuclear 
envelope. Gradients of indicator dyes were 
thought to be artificially created by dye se- 
questration or exclusion by the nuclear ma- 
trix. To determine whether the exclusion of 
10-kD calcium green and Lucifer yellow by 
Ca2+ store depletion was a property of the 
nuclear envelope or the nucleoplasm, we 
manually separated the two, creating an in- 
tact, functional nuclear envelope (nuclear 
ghost) (1 7) (Fig. 3A). The ghost membranes 
resealed, leaving an intact nuclear envelope 
as shown by exclusion of the 500-kD dextran 
form of calcium green (nuclearlbath fluores- 
cence = 0.07 2 0.1, n = 7). If the ghost 
membranes had remained punctured where 
the nucleoplasm had exited, the 500-kD dye 
would have readily entered the core of the 
ghost. Large molecular weight dye exclusion 
from the core suggested that the nuclear 
envelope resealed after expulsion of the nu- 
cleoplasm. 

Separation of the nucleoplasm and the 
nuclear envelope was tested by loading 

Time (mln) 

Fig. 4. Ca2+ store of nuclear ghosts regulates 
diffusion of 10-kD molecules across the nuclear 
envelope. (A) Mn2+ (10 kM) quenched the 
indo-1 fluorescence from the nuclear ghost cis- 
terna in the presence of lns(1 ,4,5)P3 (n = 5). In 
contrast, application of lns(1 ,3,4)P3 or 
lns(1,3,4,5)P4 did not result in Mn2+ entry into 
the cisterna (1 JLM, n = 10 each). (8) Calcium 
green dextran (10 kD) entered the nuclear 
ghosts in the absence of InsP, (-InsP,), but was 
blocked in the presence of InsP, (+lnsP,; nucle- 
ar Ca2+ store depleted). (C) The Ca2+-depleted 
nuclei permitted Mnw entry. 

nuclei with the membrane-impermeant 
forms of fluo-3 (Fig. 3B) or indo-1. Fluo- 
rescence associated with the nucleoplasm 
was extruded from the nucleus during for- 
mation of the nuclear ghost (n = 36). The 
extruded nucleoplasm fluoresced for >5 
min, suggesting that the dye was restricted 
to the nuclear matrix (Fig. 3C), whereas 
no fluorescence was detected in the isolat- 
ed nuclear envelope (Fig. 3D). However, 
subsequent incubation of the nuclear en- 
velope with the membrane-permeant form 
of either fluo-3 or indo-1 resulted in fluo- 
rescence emission in the region of the 
nuclear envelope (Fig. 3E). The ring of 
fluorescence from the ghost nuclear cister- 
na was not affected by MnZ+ in the bath 
(n = 7), indicating that the inner and 
outer nuclear membranes had resealed and 
that cations in the bath did not have 
access to the dye trapped within the ghost 
cisterna. 

Fluorescence from Caz+ -sensitive dyes 
in the nucleoplasm during ghost formation 
may not reflect the amount of endogenous 
nuclear components, such as chromatin, 
that accompanied the extruded nucleo- 
plasm. To  determine the percentage of 
nucleotides that remained within the nucle- 
ar ghosts, we loaded intact nuclei with ei- 
ther of two DNA-selective stains [Hoechst 
or 4',6 diamidine-2-phenylindole (DAPI)] 
and measured fluorescence during ghost 
formation (Fig. 3F). Nearly all the fluores- 
cence measured with the DNA stains ac- 
companied the nucleoplasm (Fig. 3G) as 
compared with the nuclear ghost (Fig. 3H) 
(n = 6). 

To determine whether the Ca2+ store 
within nuclear ghosts was functional and 
sensitive to InsP3, we again used MnZ+- 
induced quench of Ca2+-sensitive dyes. 
The addition of 1 FM Ins(1,4,5)P3 to ghosts 
loaded with indo-1 AM in the presence of 
Mn2+ immediately quenched the signal (n 
= 5) (Fig. 4A), indicating that the Imp3 
channels had opened and ailowed Mn2+ to 
enter the nuclear envelope a.1 observed in 
the intact nuclei (Fig. ID). Again, neither 
Im(1,3,4)P3 nor Ins(1,3,4,5)P4; at the con- 
centrations used, initiated Mn2+ entry into 
the nuclear envelope (n = 10 each) (Fig. 
4A). Thus, the inner and outer membrane 
of nuclear ghosts resealed after ghost forma- 
tion, and the resulting preparation behaved 
in a manner similar to that described for 
intact, isolated nuclei (8). 

CaZ+ stores of nuclear ghosts also regu- 
lated 10-kD molecular diffusion. The 10-kD 
dye passed quickly into the core of the ghost 
when the nuclear cistema was Caz+-filled 
by incubation in ATP and Ca2+ (average 
nuclearlbath fluorescence = 0.63 + 0.06, n 
= 7) (Fig. 4B). When InsP3 depleted this 
store, calcium green was again excluded 
from the nuclear ghost (10 min of incuba- 
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tion in the dye; nuclearlbath fluorescence 
= 0.35 2 0.09, n = 5). The addition of 
InsP, to extruded nucleoplasm did not 
change the calcium green fluorescence (n = 
3), indicating that the lack of fluorescence 
from the nucleus after InsP, application was 
not caused by a direct interaction between 
components of the nucleoplasm and InsP3. 
These results eliminate the possibility that 
the nuclear matrix was necessary for dye 
exclusion and suggest that the envelope 
itself regulates transit of intermediate-sized 
(10 kD) molecules. 

Although intermediate-sized molecules 
of -10 kD were excluded by the nuclear 
envelope when the nuclear cisterna Ca2+ 
store was emptied, smaller molecules were 
not. Intact nuclei were Ca2+-depleted by 
incubation in 10 nM Ca2+ solution with 1 
pM InsP, for 3 min. Nuclei were exposed 
to a low molecular weight form of Lucifer 
yellow (500 daltons). Within 2 min after 
the addition of Lucifer yellow, nuclei had 
roughly the same fluorescence intensity as 
the bath (nuclearlbath = 0.84 2 0.04, n 
= 8). To determine whether ions were 
excluded from nuclei, we loaded intact 
nuclei with the salt form of indo-1 and the 
nuclear Ca2+ store depleted with InsP,. 
After depletion of stores, 100 p.M Mn2+ 
was added to the bath and the fluores- 
cence within the nucleoplasm was moni- 
tored. All fluorescence in the nucleoplasm 
was quenched with the addition of Mn2+, 
without regard to the amount of Ca2+ 
within the store. In fact, the rate of 
quench and final fluorescence values were 
not statistically different in conditions of 
Ca2+-filled (Fig. 1C) or Ca2+-depleted 
nuclear stores (n = 8) (Fig. 4C). Lower 
[Mn2+] (<1  pM) had similar effects (n  = 

4). Taken together, the results suggest that 
the nuclear Ca2+ store regulates the 
movement of molecules of -10 kD, but 
not smaller molecules or ions. 

Our results demonstrate that the nucle- 
ar Ca2+ store regulates size-specific entry 
of molecules into the Xenopus oocyte nu- 
cleus, including intermediate-sized mole- 
cules (10 kD) lacking an NLS that were 
previously thought to pass freely through 
the nuclear pore complex. We demon- 
strated that ( i)  movement of 10-kD mol- 
ecules across the nuclear envelope de- 
pended on Ca2+ within the nuclear cister- 
na; (ii) depletion of this store was suffi- 
cient to halt diffusion across the envelope 
and did not require the nuclear matrix; 
and (iii) molecules and ions <500 daltons 
crossed the nuclear envelope regardless of 
the state of the nuclear Ca2+ store. The 
mechanism by which store depletion 
is sensed by the nuclear pore is unknown, 
but the nuclear pore protein, gp210, con- 
tains multiple Ca2+-binding domains pre- 
dicted to reside within the nuclear cis- 

ternae (1 1). Such a molecule might sense permeant fluorescent dyes was accomplished by 

depletion of the nuclear cisternal [Ca2+] incubating the isolated nucleus in mock intracelu- 
ar  solution containing the 100 FM AM form of dye 

and initiate conformational changes that for 15 to 30 min. AII fluorescent moecules were 
block intermediate-sized molecule diffu- purchased from Molecular Probes (Eugene, OR). 

sion into the nucleus. Nuclei were imaged on a Bio-Rad confocal micro- 
scor?e as described 181 or on a Zeiss LSM-410 
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of a pinhole aperture in the detection path. Images 
were taken every 2 to 5 s, depending on the pro- 
tocol, wlth a gray scale value for fluorescence in- 
tensity from 1 to 255, Images were processed on a 
Silicon Graphics Iris computer with ANALYZE soft- 
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A Nucleic Acid Triple Helix Formed by a 
Peptide Nucleic Acid-DNA Complex 

Laurie Betts, John A. Josey,* James M. Veal, Steven R. Jordan 

The crystal structure of a nucleic acid triplex reveals a helix, designated P-form, that differs 
from previously reported nucleic acid structures. The triplex consists of one polypurine 
DNA strand complexed to a polypyrimidine hairpin peptide nucleic acid (PNA) and was 
successfully designed to promote Watson-Crick and Hoogsteen base pairing. The P-form 
helix is underwound, with a base tilt similar to B-form DNA. The bases are displaced from 
the helix axis even more than in A-form DNA. Hydrogen bonds between the DNA back- 
bone and the Hoogsteen PNA backbone explain the observation that polypyrimidine PNA 
sequences form highly stable 2 : l  PNA-DNA complexes. This structure expands the 
number of known stable helical forms that nucleic acids can adopt. 

Oligonucleotides and modified derivatives, phosphoribose backbone is PNA, originally 
such as phosphorothioates, are being exam- developed to be an antigene triplexing 
ined as antisense therapeutic agents. An agent (1). PNA is uncharged and stable 
ideal antisense agent would be nuclease- toward nucleases, and the achiral PNA 
resistant and uncharged to aid cellular pen- backbone (Fig. 1A) can be synthesized by 
etratlon. A dramatic dev~ation from the am~de-based chemistry. 

The first reDort on PNA demonstrated 

Glaxo Wellcome, 5 Moore Drive, Research Triangle Park, that a T1O polymer bound its 'Om- 
NC 27709, USA. plementary Ale DNA sequence with a 

*Present address: Amgen Boulder, 3200 Walnut Street, markedly increased T,, (temperature at 
Boulder, CO 80301, USA. which 50% of double-stranded DNA is 
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