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Abstract. Bidirectional transport of molecules between Introduction
nucleus and cytoplasm through the nuclear pore com-
plexes (NPCs) spanning the nuclear envelope plays @he genetic material of a eukaryotic cell is enclosed by
fundamental role in cell function and metabolism. the nuclear envelope, a semipermeable barrier separating
Nuclear import of macromolecules is a two-step processhe nucleus from the cytoplasm. The passage of mol-
involving initial recognition of targeting signals, docking ecules between both cell compartments occurs through
to the pore and energy-driven translocation. ATP deplefuclear pore complexes (NPCs), supramolecular protein
tion inhibits the translocation step. The mechanism ofstructures embedded in the nuclear envelope. A single
translocation itself and the conformational changes of thdNPC has a molecular mass of about 124 MD and has
NPC components that occur during macromoleculabeen described as a tripartite assembly consisting of a
transport, are still unclear. The present study investi-spoke complex, sandwiched between a cytoplasmic and &
gates the effect of ATP on nuclear pore conformation innuclear ring (for reviewsee[31]). Despite considerable
isolated nuclear envelopes froenopus laevigocytes progress towards a better understanding of the three-
using the atomic force microscope. All experimentsdimensional architecture of the NPC in recent years, the
were conducted in a saline solution mimicking the cyto-function of some specific pore components remains con-
sol using unfixed nuclear envelopes. ATP (Mynwas  troversial. The NPC can appear plugged with a centrally
added during the scanning procedure and the resultahocated granule. This structure is thought to be an intrin-
conformational changes of the NPCs were directly moni-sic protein structure of the NPC, the so-called central
tored. Images of the same nuclear pores recorded befoteansporter, an important part of the molecular transport
and during ATP exposure revealed dramatic conformamachinery [2, 8]. On the other hand, it cannot be ruled
tional changes of NPCs subsequent to the addition obut that the granule is a mobile macromolecule on its
ATP. The height of the pores protruding from the cyto- transport route through the nuclear pore.
plasmic surface of the nuclear envelope visibly increased  The NPCs accommodate both passive diffusion and
while the diameter of the pore opening decreased. Thactive transport. The pioneering work of Loewenstein
observed changes occurred within minutes and wer@nd Kanno published 35 years ago [18] presented the
transient. The slow-hydrolyzing ATP analogue, A¥P- first electrophysiological evidence for a barrier function
S, in equimolar concentrations did not exert any effectsof the nuclear envelope. Recent electrophysiological
The ATP-induced shape change could represent data strongly indicate that the nuclear pores (or associ-
nuclear pore “contraction.” ated structures) determine the permeability of this barrier
and thus can be envisioned as highly regulated transport
channels. The electrical activity of those channels is
Key words: Nuclear pore complexes — ATP — Atomic thought to range from a virtually closed state (i.e., a few
force microscopy — Nuclear pore conformation pS) to a wide open stage (i.e., more than 1000 pS) [6, 19,
20, 28]. Under certain conditions that are not fully un-
derstood, inorganic ions and small organic molecules can
diffuse freely through a 10-nm aqueous channel within
- the NPC. The transport of large molecules, like proteins
Correspondence tad. Oberleithner with a molecular weight larger than 40 kD and the RNA
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transcripts, is an energy dependent and highly selectiveere removed. Oocytes were dissected from ovary clusters and stored
process [7, 27, 29] In functlonlng as a “gate_keeper” n Rlngel’ solution (|n ml): 87 NaCI, 3 KCI, 1 ng, 15 Caq, 10 )
for the nucleus. the NPC therefore offers means for thé—iepes, 5.5 Glucose, pH 7.8) before use. After placing the oocytes in

requlation of crucial cellular functions such as gene e _nuclear isolation medium (NIM; 90 KCI, 10 NaCl, 2 Mg£l0.06
gulat LCl ular fjunct u 9 X“caCl, 1.1 EGTA (buffers free C& to 10°® m), 10 HEPES, pH 7.32)

pression and subsequent protein synthesis. the nuclei were manually isolated by piercing the oocyte with two
The active import of macromolecules into the pincers. Individual intact nuclei were picked up with a pasteur pipette

nucleus can be experimentally divided into two steps:and transferred to a glass coverslip placed under a stereomicroscope

signal-dependent docking to fibrils extending from the Then the chromatin was carefully removed using sharp needles and the

cytoplasmic ring of the pore, followed by an energy- nuglear envelope was sprea_d on glass, with the.nucle_opl'asmic side

driven translocation through the pore [25]. Both trans_fa(_:lng downwards. The specimen were washed with dglonlzed water,

. . . ried shortly and rehydrated in NIM before the scanning procedure.

port step_s require distinct CytOSO"C and nuclear tranqur he drying step was necessary to improve the adhesion of the nuclear

factors discovered over the last few years [21]. The ini-enyelope to the specimen support.

tial signal recognition and docking to the cytoplasmic

rim of the NPC is mediated by importia and 3, two

proteins forming an essential cytosolic receptor complexYSE OF THEATOMIC FORCEMICROSCOPE

The, importin complex Im(_araCtS with the nuclear local- For our experiments we used a BioScope™ (NanoScope lll, Digital

ization sequence of the import protein and docks th@nstruments, Santa Barbara, CA) mounted on an inverted optical mi-

import substrate to the pore [13, 23]. The translocatiorcroscope (Axiovert 135, Zeiss, Jena, Germany). We used standard V-

step is ATP-dependent but part of the energy requireshaped 20q.m long silizium nitride cantilevers with spring constants

ment seems to be also due to GTP hydrolysis by Ran, af 0.06 N/m and pyramidal tips with an estimated tip diameter of 10

small GTPase, and to the protein ppli:}I‘GTFZ), which nm. The cantilevers were obtained from Digital Instruments. The im-

is another essential factor for the second phase of nucle&Pes were recorded with 256 or 512 lines per screen, at constant force
P %leight mode) with a scan rate of 1.5 Hz. The forces applied during the

import (for reV|eW,see[12, 27])' ATP_ addltl(_)n WaS ref scanning procedure were minimized by, in a first step, retracting the
ported to enhance and ATP depletion to inhibit activearm-tip until it lost contact with the sample surface and, in a second
nuclear import of macromolecules [24, 33]. These find-step, by reengaging the tip at a setpoint (i.e., force value) minimally
ings are strongly supported by electrophysiologicalabove the liftoff value. Applying this approach, we usually could ob-
experiments showing that ATP increases the electricaliin scanning forces below 1 nN. o
conductance of the nuclear envelope [20]. The exact rﬁlfﬁﬁﬂgo?rfsceﬂfnrefogleff1023 m&%&% "(10’:”1\’('))' nﬁﬂer
mechanisms underlylng transport of ihorganic |on_s ananIgATPZ—y—S if applicable) stock solution was added2 into 900of
macromOIecu_leS thrOUgh _the nuclear pore remain ung,y scanning fluid giving a final concentration of 1NmATP in the
clear. Potential conformational changes of the nucleagcanning solution. Thus, the use of magnesium salts prevented a
pore involved in the translocation procedure have beemhange of free Mg in NIM induced by the addition of ATP (or
addressed in several experiments [1, 8, 32] but need furATP-y-S) that chelates Mg at equimolar concentration. Images of a
ther elucidation. 16 wm? area of the preparation were usually recorded over a control

The three-dimensional structure of the NPC hasperiod of at least 15 min followed by a period of up to 90 min after ATP
addition.

been extensively investigated by electron mlcrOS,COpy [1, The heights and diameter of individual NPCs before and after the

2, 10, 15, 30]. In the last few years, the atomic force,qgition of ATP were measured in cross-sections of the images using

microscope (AFM) has also become a useful tool forthe Bioscope™ analysis software. The “pore diameter” measurement

imaging the nuclear envelope and the surface of nucleawas taken from the highest, oppositely located points of the cytoplas-

pores [8, 11, 28, 34]_ The resolution achieved with themic ring in the cross section of the respective NPC. Since our experi-

AFM in a complex biological preparation is usually ments were pen.‘o.rmed in a paired fashioq,_ the measured heights and

lower than that obtained with the electron microscope Jiameters of individual NPCs after the addition of WnATP could be
.. . -._directly compared to their respective values before ATP addition (con-

However, a decisive advantage of the AFM is its ability trol).

to scan unfixed material under physiological conditions

(for review,se€[16]). This new feature made it possible

to examine conformational changes of native NPCs inSTATISTICS

re-Sponse to ATP, the major substrate for nUCIeOCytOplasgzesults are given as mean valuesem. Significance of differences

mic tran§port. In the present stUdy we show a Shapwas evaluated applying the paired Studetast if applicable. Signifi-

change in the NPC structure induced by ATP in realcantly different isP < 0.05 or less.

time, imaged under physiological conditions.
Materials and Methods Results
PREPARATION OF THE NUCLEAR ENVELOPE The advantages of high resolution combined with the

Xenopus laevisvere anesthetized in 0.1% ethyl m-aminobenzoate ability to image unfixed preparations in fluid make the
methane sulphonate (Serva, Heidelberg, Germany) and their ovarielAFM a useful tool for investigating conformational
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face area of 16um® was imaged before (control) and
during ATP application. Figure 3 shows four images
(depicting the same area—dm?— of the preparation)
obtained over a time period of 90 min. The insets in this
figure show the change in the profile of an individual
NPC (marked with arrow) over time. The images show
a transient shape change of the NPCs in response to ATP
The control image (Fig. & was recorded 15 min after
the start of the scanning procedure. Over this period of
time the surface structures remained constant. During
scanning (throughout the entire experiment) the scanning
force was frequently tested and adjusted (if necessary) to
the minimal value. The heights of the cytoplasmic rings
of the NPCs in the control image range from 11 nmto 16
nm, measured from the base (nuclear envelope bilayer)
to the top (NPC). The diameters of the NPCs vary be-
tween 70 nm and 117 nm. Pore openings (cytoplasmic
mouths of the central channels) are visible in NP&lsd
seeprofiles). The overall shape of the NPCs changes
Fig. 1(a-9. AFM images showing the cytoplasmic face of native dramatically in response to ATP. During exposure to the
nuclear envelopes froidenopus laevisocyte nuclei scanned inain)( ~ nucleotide the NPCs grow in height and shrink in diam-
64 wm? area showing the high density of nuclear pore complexes in thegter. Figure B shows the same area of the nuclear en-
p_reparation.lﬁ) 4 um? area showing diﬁerent nuclear pore cqnfigura- velope 2 min after the addition of INmATP. Pore mea-
.tg)rirls'ofog]rigzresezfspﬁ?r lﬂuggsfqm?:rﬁztrraelfﬁlﬁsr W:r”eectg; M%urements in this image reveal a mean increase in NPC
Jplex}:as vI\C/)ith visiglz subuni?s fgogrming the cytoglasmic ring)pand ©) height of 5.0 nm, while the diameter shrinks by 13.3 nm.
are zoomed images frona)( The observed increase in NPC height is even more pro-
nounced 10 minutes after the addition of ATP (Fig).3

changes of NPCs maintained in physiological conditions NPCS increase in height by 8.1 nm while mean diameters

Figure 1 shows AFM images of the cytoplasmic face ofdecrease by 17.2 nm compared tp the correspor_lding con:
a native nuclear envelope frodenopus laeviocyte, trol values. The observed effect is clearly transient. Af-
scanned in air. The density of NPCs iXanopuocyte ter_ prolonged exposure to ATP nucle_ar pores relax and
nuclear envelope is about 40 nuclear poresypef (Fig.  neights and widths of the NPCs again approach the re-
1a). As evident from Fig. b, most NPCs are packed quctlve conFroI values 90 min after the start of the ex-
with particles, and some appear plugged (i.e., a Cemrépgrlment, helghts and dlametgrs of NPCs are found not
granule is visible). Distinct subunits of the cytoplasmic Significantly different from their corresponding control
ring of the NPC are visible in Fig.cl revealing the Values (i = 10, P > 0.05). Figure 4 andb show the
eightfold symmetry of the nuclear pore complex. individual heights above the nuclear envelope (measured
Plugged and unplugged nuclear pores are depicted in Figrom the lipid bilayer to the NPC top) and the diameters
2. Such NPC configurations can be found in one and th&@f 10 nuclear pores at different time intervals after the
same preparation. The “plug” at the cytoplasmic face addition of ATP. The corresponding mean values
of the NPC is most likely a protein attached to the NPC(+sewm) are depicted in Fig.etandd.
surface. Table 1 presents a summary of the ATP experiments
In comparison to the dry preparation presented inon all nuclear envelopes examined. Obviously, not all
Figs. 1 and 2, the lateral resolution of NPCs imaged inpreparations responded to (hydrolyzable) ATP. As pre-
fluid is decreased (compare both Figs. 1 and 2 with Figsented in the lower part of Table 1 (nuclear envelopes
3). However, AFM-experiments under physiological VIII-X), in about 30% of the nuclear envelopes exam-
conditions in fluid allow the direct monitoring of ined virtually no response was observed after the addi-
changes in NPC conformation (i.e., real time recordings}ion of ATP. A possible explanation could be an “over-
in response to various physiological stimuli. stretching” of the nuclear envelope during the prepara-
Since NPC-mediated transport is known to be ATP-tion process, leading to significant leaks in the calcium
dependent we tested for any changes in the conformatiostores of the cisternae. Calcium-filled stores, however,
of native NPCs after the addition of IMnATP to the are known to be a prerequisite for normal nuclear pore
bath solution mimicking the electrolyte composition of function (for details seeDiscussion).
the cytosol. Figure 3 shows a representative experiment.  To test whether ATP binding or ATP hydrolysis was
Over the entire period of the experiment a nuclear surfesponsible for the dramatic changes in pore conforma-
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UNPLUGGED

"
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Fig. 2. Nuclear pore complexes in an air-dried
nuclear envelope fronXenopus laevisThe upper
left part of the figure shows two nuclear pores
without visible central granules—"unplugged”
pores. The nuclear pores in the lower right part of
the figure appear “plugged” with central granules.

[ L | Fig. 3. (a—d). Individual patch of native nuclear
' 4 :L_‘.:’p"l r_ru . 0 500 nn pore complexes scanned in cytosolic electrolyte
) solution before (control) and during exposure to 1
T T d mm ATP. (@) Control image obtained in the
¢ 10mm ALl ‘ ‘ o . absence of ATP.k) 2 min after exposure to ATP

4 ! + the nuclear pores grow in height and shrink in

diameter. ¢) 10 min after the addition of ATP

nuclear pore “contraction” is most prominentd)(
90 min after ATP exposure nuclear pores approach
again control values (transient response to ATP).
The insets in the figure show the change in profile
of a single nuclear pore complex (marked in the
respective AFM images and in the profiles by an
arrow) over time.

. 500 ."|m_. ] b - | 0 500 nm J

tion, in another series of experiments we applied a slowThe same experimental protocol was used as describec
hydrolyzing ATP analogue to the isolated nuclear enve-above for the ATP experiments. In none of the experi-
lope preparation. Figure 5 shows two images obtaineanents nuclear pores exhibited any significant changes in
from the same local spot of the isolated nuclear envelopéeight or diameter. The mean height and diameter val-
before (control) and 10 min after the addition of ATP- ues presented in Table 2 were measured in images re:
v-S. As apparent from this figure, NPCs remain virtu- corded before (control) and 10 min after the addition of
ally unchanged. The central channels of the nucleaATP-y-S.

pores (unusually well visible in this particular prepara-

tion) remain relaxed (i.e., cytoplasmic orifices are open).

Figure 6 shows a representative paired experiment, ifiscussion

which 10 NPCs were analyzed for changes in height and

diameter. A summary of the ATR-S experiments, per- Applying the AFM on nuclear envelopes in fluid, we
formed on 10 nuclear envelopes is shown in Table 2were able to visualize the response of native nuclear
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Table 1. Shape of nuclear pore complexes (NPCs) before (control) and 10 min after additionofAT

Nuclear NPC height NPC diameter
envelope

Control ATP A height Control ATP A diameter

(nm) (nm) (%) (nm) (nm) (%)
| 12.9+0.62 22.0+1.70 68.9+ 9.44 91.8+4.90 74.3+4.82 -19.2+2.80
Il 14.1+0.51 22.3+1.29 58.1+ 7.75 95.4+4.90 77.5+4.89 -18.9+2.72
1] 13.2+0.63 224+1.71 68.6+ 8.97 94.3+4.85 76.4+4.87 -19.1+2.85
\Y 14.3+0.60 233+1.71 64.9+ 9.03 95.1+4.89 77.2+4.89 -19.0+2.73
\Y 11.6 £ 0.60 20.5+1.68 77.5+11.01 92.4+4.90 74.4 £4.89 -19.6 +2.82
\ 14.0£0.63 23.1+1.63 64.1+ 831 95.0+4.89 77.1+4.388 -19.0+2.72
Vil 12.7 +0.63 21.9+1.70 71.3+ 9.40 93.7+4.89 75.8+4.89 -19.2+2.77
VII* 11.6 £0.64 11.5+0.71 -1.2+ 1.50 92.9+5.04 93.6+5.14 0.8+1.03
IX* 12.6 £0.66 12.7 £0.57 09+ 178 94.5+4.50 95.3+4.00 1.1+0.94
X* 11.9+0.61 12.1+£0.80 16+ 3.38 94.1+£5.00 94.4 +4.80 0.5+0.78

In each nuclear envelope (I-X) height and diameter of 10 nuclear pores were evatuatediQ( + sem). “NPC height” indicates the height of

the ringlike structure protruding from the cytoplasmic face of the nuclear envelope. It was measured from the lipid bilayer to the NPC top. “N
diameter” was taken from the highest oppositely located points of the cytoplasmic ring in the cross-section of the respective NPC. The asteris
indicates nuclear envelopes that did not respond to ATP. They are listed as numbers VIII-X. NPC height and NPC diameter changes
statistically significant® < 0.01) in envelope |I-VII and not significant in VIII-X.

pores to ATP under physiological conditions. The re-height and decrease in diameter. To exclude possible
sults of our paired experiments demonstrate a dramatiartefacts caused by prolonged scanning and/or addition
but transient change in NPC conformation following the of fluid during the experiment we analyzed preparations
addition of ATP. The nuclear pores increase strongly inscanned over 90 min adding the same amount of NIM
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) pore complex [4]. Other experimental findings also sup-
Control : port the hypothesis of contractile elements playing a role
in nucleocytoplasmic transport. Indeed, it has been re-
ported that in addition to the myosin heavy chain, actin
was also associated with the nuclear pore [3]. Further-
more, Schindler and Jiang [33] showed that the transport
of certain dextrans through the NPCs was found en-
hanced by 250% after the addition of 3unATP. The
use of antibodies against actin or myosin inhibited the
stimulating effect of ATP on the nucleocytoplasmic
transport through NPCs.
The transient change in NPC shape monitored with
40 nm 300 nm AFM after the addition of ATP supports the transport
— model proposed by Berrios and Fisher [4]. The recorded
shape change of the NPC, comparable to a contraction,
: """ observed on the cytoplasmic side of the nuclear envelope
nuclear envelope ofenopus laevisocyte before (control) and 10 min L . .
after the addition of 1 m ATP-y-S. NPCs in this particular preparation could represent the beglnnlng of the proposed pe”StamC

have wide-open orifices protruding from the cytoplasmic face of theWave activated through ATP hydrolysis by circularly ar-
nuclear envelope. ranged myosin heads or another (yet unknown) ATPase.
The present experiments applying the slow-hydrolyzing
ATP analogue, ATR-S, to the nuclear envelope prepa-
without ATP. Our control experiments showed that ad_ration clearly suggesF that hydrolysis (and .not binding) of
ATP is necessary to induce the conformational change of

dition of the mentioned volume did not introduce any the NPC. H wudi | < but d i
artefacts (e.g., thermal shift). The NPCs in those prepa- e - Mowever, our studies only s:;ppor u aono
rove the model that nuclear pores “contract” in re-

rations remained unchanged. To avoid any damage t
I ! . g Vol y g ponse to ATP.

the preparation scanning forces were constantly kept at h . £ calcium i is of ial i
minimal values. Furthermore, artefacts related to in- e concentration of caicium ions Is of crucial im-

creased scanning forces would result rather in an appaPRertance in actin-myosin interaction [36]. Recently the
ent decrease but not in an increase of the nuclear por@!€ of calcium in regulating nucleocytoplasmic transport
height as observed in this study. has_ bee_n elucidated. There_ls increasing ey|dence for the
The observed ATP-induced NPC change may play Active involvement _of_ calcium stored in intracellular
role as one of several important steps occurring duringOmpartments mediating transport through the NPC.
nucleocytoplasmic transport of macromolecules through’he space between the two membranes of the nucleal
the nuclear pore. The nature of a putative ATPase re€nvelope, the perinuclear cisternae, is continuous with
sponsible for the observed conformational change is unthe lumen of the endoplasmic reticulum, serving as a
known. In 1986, Berrios and Fisher [4] discovered amajor intracellular calcium store [9, 26]. Greber and
myosin heavy chainlike ATPase associated with theGerace [14] reported that the depletion of calcium of the
nuclear envelope in higher eukaryotic cells. Using im-endoplasmic reticulum and the nuclear envelope using
munofluorescence and immunoelectron microscopy théonophores and calcium pump blockers, inhibited passive
same authors showed some years later that heavy chagfiffusion and active signal-mediated transport into the
like polypeptide, a nonmuscle isoform of myosin, is as-nucleus. Stehno-Bittel et al. [35] showed further evi-
sociated with the nuclear pore complex [5]. It has beerdence for the calcium dependence of nuclear transport
previously proposed that a contractile apparatus may b&hen they inhibited the diffusion of intermediate-sized
involved in the nucleocytoplasmic transport of macro-molecules into the nucleus, applying inositol 1,4,5-
molecules through the NPC [17, 33]. A model was de-triphosphate (Ins(1,4,5)Pto release calcium from the
veloped proposing that the nuclear pore contains eighstores or using calcium chelators to inactivate free cal-
myosin molecules arranged in an octagonal array wittcium inside the nuclear stores. Thus, intracellular cal-
their heads facing the cytoplasm and their tails pointingcium store is most likely a prerequisite for normal func-
toward the nucleus. These molecules are in contact wittion of nuclear pores. The mechanism by which a
another eight myosin molecules arranged in opposite dinuclear pore “measures” free calcium inside the nuclear
rection, with their heads facing the nucleoplasm. Ac-envelope is yet unknown. However, a good candidate
cording to this model the bidirectional transport of mac-for a cisternal “calcium sensor” that could transfer the
romolecules through the pore would be accomplished bynessage (hamely whether the calcium store is full or
a peristaltic wave of contractions generated by ATP hy-empty) to the nuclear pore could be a previously identi-
drolysis in the myosin heads at the margins of the nucleafied nuclear pore protein, gp210 [14]. This pore protein

Fig. 5. AFM images obtained from the same patch of the isolated
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Table 2. Shape of nuclear pore complexes (NPCs) before (control) and 10 min after additionnofAT Ryy-S

Nuclear NPC height NPC diameter
envelope
Control ATP-y-S A height Control ATP-y-S A diameter
(nm) (nm) (%) (nm) (nm) (%)
| 18.4+1.99 17.7+2.26 -55+3.48 100.4 +3.99 104.0+5.54 3.6+3381
Il 11.4+0.55 11.2+0.61 -1.4+2.03 97.0+3.96 99.1+3.42 25+144
1] 11.2 +£0.50 10.9+0.46 -1.8+3.24 97.5+4.83 99.4 +3.96 25+215
\Y 15.2+0.73 14.8+0.88 -2.5+3.48 82.4+7.90 81.2 +£6.50 0.6+4.21
\Y 13.8+1.03 14.0+0.85 2.0+2.35 90.1 £5.02 91.1+5.02 1.2+1.37
\ 12.3+0.64 12.2+0.29 1.3+4.41 96.3+5.96 97.7 +5.67 1.6+1.33
Vil 12.1+0.58 11.8+0.48 -2.1+3.30 95.5+6.61 96.5+5.73 1.7+1.27
VI 11.7 £0.55 11.6 £0.57 -0.2+3.76 94.9+4.20 96.8 +3.28 26+197
IX 11.1+£0.55 10.9 £0.55 -1.6+3.32 98.4+3.84 98.4+4.27 -0.2+1.00
X 11.1+0.48 11.1+0.45 0.7+1.77 98.7 +2.02 99.2+1.62 0.6+1.11

In each nuclear envelope (I-X) height and diameter of 10 nuclear pores were evatuatediQ; + sem). “NPC height” indicates the height of

the ringlike structure protruding from the cytoplasmic face of the nuclear envelope. It was measured from the lipid bilayer of the nuclear enve
to the NPC top. “NPC diameter” was taken from the highest oppositely located points of the cytoplasmic ring in the cross-section of the respec
NPC. NPC height and NPC diameter changes were statistically not significant in all nuclear envelopes.

contains multiple calcium binding domains, which arethat the exposure to 1mGTP (in the absence of Ran)
predicted to reside within the perinuclear space. does not trigger a visible change in nuclear pore shape.
A filled cisternal calcium store could shift the Upon addition of GTP the heights and diameters of
nuclear pore into a transport mode that allows interactioNPCs remain virtually unchanged (unpublished data
of contractile elements within the NPC. Low levels of from our laboratory). This was not surprising, consider-
calcium inside the store, on the other hand, could reducéng the absence of Ran. Nevertheless, it indicated an ap-
actin/myosin interaction leading to a change in the con{parent lack of intrinsic GTPase activity within the nuclear
figuration of the NPC. Indeed, Perez-Terzic et al. [32] pore complex (assuming that such a putative GTPase
recently presented evidence for the existence of at leastctivity was associated with a NPC shape change).
two distinct conformational states of the nuclear pore  Taken together, the nucleocytoplasmic translocation
complex dependent upon cisternal calcium. process presumably involves several conformational
Recently, the role of GTP in nucleocytoplasmic changes of the NPC that occur in a specific (not yet
transport has been intensively investigated [22]. The hydefined) time sequence. This indicates that the NPC
drolysis of GTP by Ran, a small nucleoplasmic and cy-structure is more dynamic than previously assumed.
tosolic GTPase belonging to tmas superfamily of pro-

teins, was shown to prowde at least a part of the energ)é\le thank Drs. Michele Mazzanti (University of Milano, Italy) and

required for the import of proteins. However, the in- jose.0mar Bustamante (University of Sao Paulo, Brazil) for helpful
volvement of other GTPases cannot be excluded. ExXdiscussions on nuclear pore structure and function during the course of
periments performed recently in our laboratory indicatethe experiments. We gratefully acknowledge the continuous support
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