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Conformational States of the Nuclear
Pore Complex Induced by Depletion
of Nuclear Ca2%™* Stores

Carmen Perez-Terzic, Jason Pyle, Marisa Jaconi,
Lisa Stehno-Bittel,* David E. Claphamt

The nuclear pore complex (NPC) is essential for the transit of molecules between the
cytoplasm and nucleoplasm of a cell and until recently was thought to allow intermediate-
sized molecules (relative molecular mass of ~10,000) to diffuse freely across the nuclear
envelope. However, the depletion of calcium from the nuclear envelope of Xenopus laevis
oocytes was shown to regulate the passage of intermediate-sized molecules. Two
distinct conformational states of the NPC were observed by field emission scanning
electron microscopy and atomic force microscopy. A central plug occluded the NPC
channel after nuclear calcium stores had been depleted and free diffusion of interme-
diate-sized molecules had been blocked. Thus, the NPC conformation appears to gate
molecular movement across the nuclear envelope.

The NPC spans the nuclear envelope and
mediates the selective exchange of proteins,
mRNA, and ions between the cytoplasm
and the nucleus (1). The NPC is a tripartite
cylindrical structure surrounded by an oc-
tagonal spoked ring complex (2-4). Con-
formational changes within the NPC and
its transporter (which we call the central
plug) are thought to regulate movement
across the nuclear envelope (3-5). Deple-
tion of the nuclear calcium (Ca?*) stores
inhibits diffusion through the NPC of mol-
ecules with a relative molecular mass (M,)
of ~10,000 that lack nuclear localization
sequences (6-8). To directly assess whether
depletion of Ca?* from nuclear stores trig-
gers a change in the structure of NPC, we
used field emission scanning electron mi-
croscopy (FESEM) and atomic force mi-
croscopy (AFM) to image the NPC central
pore. We found that depletion of nuclear
cisternal Ca?*, as measured by laser scan-
ning confocal microscopy (7), blocked
transport of intermediate-sized molecules
and that this block was associated with the
appearance of an NPC central plug.
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Nuclear envelopes isolated from X. laevis
oocytes were imaged by FESEM (9). In
nuclei isolated in Ca?"-containing solu-
tions (~200 nM), the majority of NPCs
displayed typical eightfold symmetry (2—4),
but most lacked the central plug (Fig. 1A).
The absence of the central plug in NPCs
has been attributed to specimen preparation
(3, 4, 10, 11). After we first treated nuclei
with the physiologically important second
messenger, inositol  1,4,5-trisphosphate
[Ins(1,4,5)P5; 1 pM for 10 min] to open
Ca’* channels in the nuclear envelope and
to deplete Ca?* from nuclear stores (12,
13), we found that the majority of NPCs
contained the central plug (Fig. 1B). NPCs
from nuclei incubated in Ca?*-containing
solution had occupancy of their central
pores of 6.9 * 0.5% (mean * SD; n = 14
nuclei, 826 NPCs) compared with 91.9 =
1.2% (n = 10 nuclei; 630 NPCs) for NPCs
of nuclei treated with Ins(1,4,5)P; in the
same solution. Treatment of nuclei with
other inositol phosphates, which have a low
affinity for the InsP; receptor and did not
release Ca?* from the nuclear store at 1 pM
concentrations (12, 14), failed to induce
the appearance of the central plug in NPCs
of isolated nuclear envelopes. In nuclei
treated with inositol 1,3,4-trisphosphate
[ns(1,3,4)P5; 1 uM; n = 8 nuclei; 488
NPCs] or inositol 1,3,4,5-tetrakisphosphate
[1 pM Ins(1,3,4,5)P,; n = 9 nuclei, 684
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NPCs], the average percentage of NPC oc-
cupancy by the plug was 9.1 = 1.1% and
7.3 *+ 0.8%, respectively. Conversely, after
nuclei were incubated in low-Ca?* medium
(10 nM for 20 min) to deplete nuclear Ca*
stores, 86.6 * 3.5% (n = 5 nuclei, 320
NPCs) of NPCs contained the central plug.
Depletion of Ca** stores by incubation in

the membrane-permeant form of the Ca’*
chelator 10 mM BAPTA-AM [bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetrace-
tic acid; n = 4 nuclei, 352 NPCs] was also
associated with the appearance of the cen-
tral plug in 89.5 * 4.7% of the total num-
ber of NPCs observed. To test the revers-
ibility of the process, we incubated nuclei in

the presence of Ins(1,4,5)P; (1 pM for 10
min) to deplete the nuclear Ca?* stores.
The same nuclei were then incubated in a
solution containing adenosine triphosphate
(ATP; 1 mM) and Ca?* (2 uM for 10 min),
conditions that replenish the nuclear Ca**

store (7, 13). Under these conditions, only
4.8 + 0.7% (n = 5 nuclei, 470 NPCs) of

Fig. 1. FESEM images of nuclear envelopes
from Xenopus oocytes. (A) Representative area of a nu-
clear envelope preincubated in 100 nM Ca?*-containing
solution. Individual NPCs displayed eightfold symmetry
around an apparently empty central pore. (Inset) Three
NPCs presented at a higher magnification. Bars, 100 nm.
(B) Representative area of a fixed nuclear envelope iso-
lated from a nucleus incubated for 10 min in 1 pM
Ins(1,4,5)P,. Individual NPCs displayed eightfold symme-
try around a filled central pore. (Inset) Three NPCs pre-
sented at a higher magnification all contain the central
plug. Radial arms appear faintly at the periphery of the
central plug. Bars, 100 nm. (C) Percent occupancy of the
NPC channel correlates with nuclear Ca®* store deple-
tion. The central plug was presentin 6.9 + 5% (n = 14) of
control NPCs (nuclei incubated in Ca?*-containing solu-
tion) but increased after treatment of nuclei with agents
that depleted the nuclear Ca?* stores [Ins(1,4,5)P,, n =
10 nuclei; BAPTA-AM, n = 4 nuclei; and EGTA-Ca?*
solutions (10 nM), n = 5 nuclei]. Compounds that did not
release Ca2* from nuclear stores at 1 wM concentrations

A

the NPCs contained the central plug. Thus,
depletion of nuclear CaZ* stores by any one
of several methods that block free diffusion
of ~10,000 M, molecules (6, 7) also result-
ed in NPC pore occlusion by the central
plug (Fig. 1C).

We used AFM to obtain surface images
of a fixed nuclear envelope isolated in
Ca’*-containing solution (15). At this res-
olution, the eightfold symmetry of individ-
ual NPCs was apparent. The central plug
was ~10 nm below the cytoplasmic ring of
the NPC (89 * 2% of NPCs; n = 5 nuclei,
45 NPCs) (Fig. 2A). In nuclei first incubat-
ed in 1 pM Ins(1,4,5)P;, AFM revealed a
plug level with the outer rim of the NPC in
36 of 38 NPCs imaged (95 *= 2%; n = 5
nuclei). The material occluding the pore
constitutes the central plug, which has been
vertically displaced toward the cytoplasmic

surface of the NPC after depletion of the

[Ins(1,3,4)P5, (n = 8 nuclei) and Ins(1,3,45P,, n =9 = [ -
nuclei)] did not increase the occupancy of the NPC cen- % i ﬂUdFM Ca.“ store (Fig. 2C). The AFM
tral pore. After depletion of the nuclear Ca?* store by & 80 profile of individual NPCs from nuclear
incubation in 1 wM InsP, the store was replenished with 5 6o} envelopes in Ca’*-containing solution
1 mM ATP + 2 uM Ca?*. These replenished prepara- > shows a depression (the central pore) cir-
tions again exhibited few nuclear p'Ug—COntaining NPCs, % 40r Cumscribed by two raised areas (the sides Of
whiqh demonstrated_ that the blocking process was re- ‘g‘ 20+ the NPC) (Fig. 2B). In nuclei treated with
versible (n = 5 nucle. o - : Ins(1,4,5)P;, the central pore was filled
oo\*O Jﬁ 15 1«?\(2 " vg‘vxéq (Fig. 2D). The apparent depth of the cen-
MRS % ¥ tral depression averaged 11.6 * 0.8 nm
Ll o & (n = 8 profiles) in nuclei incubated in
A C
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Fig. 2. Atomic force topographic images from fixed Xenopus oocyte
nuclear envelopes. (A) Three-dimensional images of NPCs from nuclei
incubated in Ca2*-containing solutions. The octagonal structures of
the individual NPCs have a clearly defined central pore. The plug is posi-
tioned ~10 nm below the cytoplasmic ring of the central pore. Outer NPC
diameter is 156 nm. (B) NPC height profile obtained from a nucleus incu-
bated in Ca?*-containing (200 nM) solution. Note the central depression
~10 nm below the cytoplasmic surface of the NPC. Measurements were
not limited by the z axis resolution of the instrument because, depending
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on the conditions and tips, the z range is up to 1 wm. Arrows indicating
positions in the graph correspond to positions indicated by arrows on the
structure in the inset. (C) Three-dimensional images of NPCs from nuclei
treated with Ins(1,4,5)P,4 (1 pM). Individual NPCs are occluded. Outer NPC
diameter is 163 nm. (D) NPC height profile obtained from a nucleus incu-
bated for 10 min in Ins(1,4,5)P, (1 wM). The diminished central depression
is now only ~2 nm below the cytoplasmic surface of the NPC. Arrows in
the graph correspond to positions indicated by arrows on the structure in
the inset.
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Ca’*-containing solutions and 2.1 = 0.2
nm (n = 10 profiles) in NPCs from nuclei
incubated in Ins(1,4,5)P;. Thus, results ob-
tained by AFM support the conclusions
made on the basis of FESEM and transmis-
sion electron microscopy (TEM) measure-
ments despite different sample preparation
procedures and dissimilar physical methods
“used to probe the sample.

The external diameter of the cytosolic
ring measured by AFM was 149.1 = 5.1 nm
(n = 11) for nuclear envelopes isolated in
Ca’*-containing solutions. The diameter
changed only slightly after treatment with 1
puM Ins(1,4;5)P; (162.5 = 4.3 nm; n = 11).
However, the inner diameter of the NPC
channel measured 67.9 * 2.3 nm (n = 12)
for nuclear envelopes isolated in Ca?*-con-
taining solutions but decreased to 34.2 =
1.8 nm (n = 12) after treatment with 1 uM
Ins(1,4,5)P;. This conformational change is
consistent with Akey’s model of the NPC
in which the pore structure closes in, much
like a camera iris (3). We speculate that
depletion of the nuclear Ca?™ store resulted
in the transporter plug being moved into its
blocking position in the now narrowed pore,
occluding most of the NPC channel, a pro-
cess analogous to the movement of a caged
ball valve. We hypothesize that this confor-
mational switch blocks the entry or exit by
passive diffusion of all but small molecules
(ions and molecules <500 M,) (7).

This study of the nucleus has been lim-
ited to freely diffusing molecules; we have
not determined whether the central (trans-
porter) plug can admit larger molecules con-
taining nuclear localization sequences into
the cell after Ca?* store depletion. Deple-
tion of Ca?* stores in living (intact) cells
also inhibits signal-mediated transport into
the nucleus (6). Several mechanisms could
trigger a specific conformational change of
the NPC when the Ca?* store is depleted.
For example, the integral NPC transmem-

brane glycoprotein gp210 contains an EF-
hand (helix-loop-helix) Ca?*-binding do-

main in the nuclear cisterna (8) and is a
logical candidate for such a mechanism. The

. NPC is thus likely to be a dynamic structure

sensitive to nuclear cisternal Ca?" concen-
tration that controls free diffusion of inter-
mediate-sized molecules across the nuclear
membranes. The major challenge will be to
deteimine the purpose and context of this
gating mechanism.
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