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Abstract Nuclear pore complexes (NPCs) are large
supramolecular assemblies that perforate the double-
membraned nuclear envelope and serve as the sole
gateways of molecular exchange between the cytoplasm
and the nucleus in interphase cells. Combining novel
specimen preparation regimes with innovative use of high-
resolution scanning electron microscopy, Hans Ris pro-
duced in the late eighties stereo images of the NPC with
unparalleled clarity and structural detail, thereby setting
new standards in the field. Since that time, efforts
undertaken to resolve the molecular structure and archi-
tecture, and the numerous interactions that occur between
NPC proteins (nucleoporins), soluble transport receptors,
and the small GTPase Ran, have led to a deeper un-
derstanding of the functional role of NPCs in nucleocyto-
plasmic transport. In spite of these breakthroughs, getting
to the bottom of the actual cargo translocation mechanism
through the NPC remains elusive and controversial. Here,
we review recent insights into NPC function by correlating
structural findings with biochemical data. By introducing
new experimental and computational results, we reexamine
how NPCs can discriminate between receptor-mediated
and passive cargo to promote vectorial translocation in a
highly regulated manner. Moreover, we comment on the
importance and potential benefits of identifying and
experimenting with individual key components implicated
in the translocation mechanism. We conclude by dwelling
on questions that we feel are pertinent to a more rational
understanding of the physical aspects governing NPC
mechanics. Last but not least, we substantiate these
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uncertainties by boldly suggesting a new direction in
NPC research as a means to verify such novel concepts, for
example, a de novo designed ‘minimalist’ NPC.

Introduction

It was in November 1989, during the 29th Annual Meeting
of the American Society for Cell Biology in Houston, that
Hans Ris presented a poster with absolutely startling stereo
electron micrographs of nuclear envelopes (NEs) isolated
from newt and frog oocytes (Ris 1989). More specifically,
as documented by Fig. la, these electron micrographs
revealed the cytoplasmic and nuclear peripheries of the
NPC surface topography with a hitherto unparalleled
clarity and detail. This was achieved by manually dis-
secting an isolated oocyte nucleus into low salt buffer, from
where it was transferred onto a glass coverslip, extracted
with Triton X-100, opened with fine glass needles, fixed,
dehydrated with ethanol, critical point dried, and ion-beam
sputtered with a thin layer of Pt. The sample was then
imaged by high-resolution field emission in-lens scanning
electron microscopy (FEISEM) at low voltage. Accord-
ingly, the cytoplasmic face of the NE (Fig. 1a, lower right)
is closely packed with NPCs exhibiting an ‘annulus’ with
eight ‘cylindrical particles’ protruding and a ‘central par-
ticle’ residing in most pores. In contrast, the nuclear face of
the NE (Fig. la, upper half) unveils distinct ‘fishtraps,’
which sit atop the NPCs. For the first time, these pictures
documented a pronounced asymmetry of the cytoplasmic
and NPC periphery.

To prepare cross-sections of NEs for low voltage
FEISEM imaging, Ris and his coworkers cut correspond-
ing 200- to 300-nm-thick Epon sections of chemically
fixed or cryo-immobilized oocyte nuclei and extracted the
plastic with an epoxy removal crown ether complex. After
washing, the sections were mounted on a carbon layer,
dehydrated with ethanol, and critical point dried. Metal
coating of these preparations was generally not required for
low voltage FEISEM. Figure 1b reveals a sterco pair of a
prepared and imaged oocyte NE cross-section. A side view
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Fig. 1 Stereo electron micro- a
graphs of nuclear envelopes
(NEs) isolated from a newt and
b frog oocytes. a The cytoplas-
mic surface of the NE is de-
picted at the lower right, closely
packed with NPCs consisting of
a pronounced annulus ‘deco-
rated’ with eight ‘cylindrical
particles’. A ‘central particle’ is
depicted in most NPCs as well.
In the upper half, we look down
onto the intranuclear surface of
the NE. Accordingly, distinct
‘fishtraps’ representing the in-
tranuclear peripheral segments,
i.e., the ‘nuclear baskets’ of the
NPCs between the fishtraps, are
scattered remnants of the nucle-
ar lamina fibers, disrupted, dur-
ing swelling of the NEs in low
salt buffer. b Cross-section b
(~250 nm thick) through an
isolated NE from a Xenopus
laevis oocyte. A side view of a
fishtrap (marked by an arrow) is
depicted, with the tip of the
arrow pointing to a small ring at
the top of the fishtrap. A cable-
like structure is attached to the
ring projecting radially into the
nucleus. Scale bars in a and b,
200 nm. Reprinted from Ris and
Malecki, J Struct Biol 111:148—
157 (1993) with permission
from Elsevier

of a fishtrap (more commonly known nowadays as the
nuclear basket) is depicted by the white arrow, with the tip
of the arrow pointing to a distinct 50-nm ring at the top of
the fishtrap, from where a cable-like assembly projects into
the nuclear space. Evidently, these novel nuclear supra-
molecular assemblies form part of a branched, hollow cable
system connecting NPCs with the nuclear interior (Ris and
Malecki 1993). These stereo images, which represent some
of the most spectacular and informative electron micro-
graphs found in literature to this day, have started a new
chapter in the history of NPC structure. In fact, these
remarkable ultrastructural data have challenged many
researchers in the field—including ourselves—to replicate,
scrutinize, and elaborate on these novel views of NPC
architecture (Aebi et al. 1990; Akey 1990; Jarnik and Aebi
1991; Goldberg et al. 1997; Kiseleva et al. 1998; Stoffler et
al. 2003; Beck et al. 2004). Last but not least, Ris'
morphological data also had a profound impact on the
molecular dissection of NPC structure (Pante and Aebi
1993; Pante et al. 1994; Fahrenkrog et al. 1998; Rout et al.
2000; Fahrenkrog et al. 2002; Paulillo et al. 2005).

Imaging the nuclear pore complex

It has been demonstrated that NPCs can undergo massive
structural changes induced by cellular signals such as
calcium or nucleotides (Jarnik and Aebi 1991; Stoffler et al.
1999b, 2003; Fahrenkrog and Aebi 2003), suggesting that
the NPC as a whole is extremely sensitive to environmental
conditions and can exhibit significant structural plasticity,
which in turn may be crucial for efficient cargo translo-
cation through its central pore. Hence, a mechanistic
understanding of nucleocytoplasmic transport at the level
of the response of individual NPCs requires that these
distinct functional states be visualized, characterized, and
identified.

During the past decade, NPCs have been imaged with a
variety of imaging modalities. Because a given method
either provides only partial insight or is subject to
preparative and/or experimental artifacts due to the size
and complexity of the specimen under investigation,
structure determination is best achieved with a hybrid
approach where experimental data are gathered by different



data acquisition methods and under a variety of preparation
conditions. Figure 2 depicts NPCs imaged by various
microscopy techniques. Accordingly, side views of NPCs
can best be obtained from cross-sections of embedded
NPCs, depicting cytoplasmic filaments and nuclear baskets
(Fig. 2a). With this method, the height of the nuclear
baskets was determined to be ~120 nm for Xenopus NPCs
and ~100 nm for yeast NPCs (Fahrenkrog et al. 1998). This
method is also useful for mapping nucleoporins within
the 3-D architecture of the NPC using antinucleoporin
antibodies in combination with colloidal-gold particles (cf.
Pante et al. 1994; Fahrenkrog et al. 1998, 2002; Rout et al.
2000). Cryo-electron microscopy (EM) images of NPCs
embedded in a thick layer of amorphous ice clearly depict
the eightfold rotational symmetry of the NPC (Fig. 2b),
and the distal ring of the nuclear basket centered above
the central channel of the NPC (Fig. 2b, inset). Metal-
shadowing after quick-freeze/freeze-drying (or critical
point drying) for EM allows for an improved 3-D impres-
sion of the NPC (Fig. 2¢,d), particularly when using stereo
images. Atomic force microscopy, also known as scanning
force microscopy (SFM), allows for the direct visualization
of the surface topography of one and the same specimen in
its physiological buffer environment in various stages of
activity, thus enabling to directly correlate structural and
functional responses of biological matter at a submolecular
resolution (Stolz et al. 2000). Figure 2e,f depicts the
cytoplasmic and the nuclear faces, respectively, of native
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NPCs kept ‘alive’ in near-physiological buffer (Stoffler et
al. 1999b). As the highly flexible cytoplasmic filaments
and the filamentous architecture of the fragile nuclear
baskets cannot be resolved by SFM, the cytoplasmic face
of the NPC appears doughnut-like (Fig. 2e), whereas its
nuclear face exhibits a dome-like morphology (Fig. 2f).
More specifically, the cytoplasmic face of the native NPCs
yields doughnut-like rings protruding by ~35 nm from the
NE surface (Fig. 2¢) revealing indications of the eightfold
rotational symmetry of individual NPCs. In contrast, the
nuclear baskets (Fig. 2f) of the native NPCs appear as
~75-nm high dome-like structures, which are susceptible to
mechanical damage, by the scanning tip.

3-D reconstructions of the nuclear pore complex:
a brief history

The 3-D architecture of the NPC has been unveiled by
extensive EM studies including 3-D reconstructions of
amphibian NEs, according to which the vertebrate NPC
exhibits a tripartite architecture with an eightfold rotational
symmetry, a maximum diameter of ~120 nm in the plane of
the NE, an overall dimension of ~180 nm perpendicular to
the plane of the NE, and a total mass of ~125 MDa
(Reichelt et al. 1990; Jarnik and Aebi 1991; Hinshaw et al.
1992; Akey and Radermacher 1993; Goldberg et al. 1997;

Fig. 2 Imaging the nuclear pore complex (NPC) by various
microscopy techniques. a Thin-section of embedded nuclear enve-
lope (NE) imaged by transmission electron microscopy (TEM). The
cytoplasmic filaments and the nuclear basket are readily visible. b Energy-
filtered electron microscopy (EFTEM) image of NE embedded in
thick (200-300 nm) amorphous ice. The inset clearly depicts the
eightfold rotational symmetry of the NPC and the distal ring of the
nuclear basket centered above the central channel of the NPC.
Metal-shadowed, quick-frozen/frozen-dehydrated TEM images of the
¢ cytoplasmic and d the nuclear face of the NE. This imaging
technique allows for a more 3-D impression of the individual NPCs.

Individual nuclear baskets on the nuclear face are easily discriminated.
e, f Corresponding scanning force microscopy (SFM) images of the
NE kept ‘alive’ in a near-physiological buffer environment reveal a
distinct morphology for e the cytoplasmic and f the nuclear face.
Scale bars in panels a—f, 100 nm a—f, 100 nm. a, ¢ and d reproduced
with permission from Nature Reviews Molecular Cell Biology 4:757—
766 copyright (2003) Macmillan Magazines Ltd. b reprinted from
Stoffler et al. J Mol Biol 328:119-130 (2003) with permission from
Elsevier. e and f reprinted from Stoffler et al. Curr Opin Cell Biol
11:391-401 (1999) with permission from Elsevier
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Fig. 3 a Current consensus model of the three-dimensional
architecture of the nuclear pore complex. The main structural
components include the central framework (yellow), the cytoplasmic
ring moiety (blue) and attached cytoplasmic filaments (blue), and
the nuclear ring moiety (orange) and the distal ring (orange) of the
nuclear basket. The cytoplasmic filaments and the struts of the
nuclear basket were modeled into the architecture with software
developed at The Scripps Research Institute (Sanner et al. 2005),
based on thin-section images of embedded NPCs. b Cross-sections

Stoffler et al. 1999a, 2003; Fahrenkrog and Aebi 2002;
Beck et al. 2004).

As depicted in Fig. 3a, the ~55-MDa central framework
of the NPC, i.e., the NPC moiety residing in the double-
membrane of the NE, consists of eight spokes, sandwiched
between a ~32 MDa cytoplasmic ring moiety and a
~21 MDa nuclear ring moiety (Reichelt et al. 1990). From
the cytoplasmic ring, eight ~50-nm long, kinky filaments
emanate, whereas the nuclear ring is capped with a cage-
like structure termed ‘fishtrap’ (Ris 1989) or nuclear
‘basket’, which is assembled from eight tenuous, ~75-nm
long filaments joined distally by a massive 30- to 60-nm
diameter distal ring. The ring-like central framework
harbors a large central pore, which serves as the main
gateway in signal-dependent, receptor-mediated bidirec-
tional nucleocytoplasmic transport. The central pore often
appears plugged with a ‘particle’ of variable size and
appearance, termed central ‘plug’ or ‘transporter’ (Akey
1990; Reichelt et al. 1990; Jarnik and Aebi 1991; Akey and
Radermacher 1993; Kiseleva et al. 1998). The functional
role of the plug remains to be established, although it is
possible for this polymorphic structure to consist of a
combination of dynamically interacting phenylalanine—
glycine (FG)-domains and cargo being caught in transit,
rather than representing a stationary component of the NPC
(Jarnik and Aebi 1991; Stoffler et al. 1999b, 2003).

The 3-D reconstruction of detergent-released (dform),
negatively stained Xenopus NPCs further revealed that the
central framework of the NPC exhibits a high degree of 822
symmetry, i.e., eightfold symmetric relative to its central
axis, and twofold symmetric relative to its central plane
(Hinshaw et al. 1992). The 822 symmetrized 3-D map
exhibits eight distinct peripheral channels with an average

through the central framework calculated from the 3-D map (middle
panel). Left panel: the central framework (CF) is averaged over
slices 4-10, its cytoplasmic ring moiety (CR) over slices 11-13 and
its nuclear ring moiety (NR) over slices 1-3. Right panel: cross-
sections through 3-D reconstruction in 6-nm steps. See text for
details. a reproduced with permission from Nature Reviews Molec-
ular Cell Biology 4:757-766 copyright (2003) Macmillan Maga-
zines Ltd. b reprinted from Stoffler et al. ] Mol Biol 328:119-130
(2003) with permission from Elsevier

diameter of ~9 nm, which were suggested to represent sites
for passive diffusion of ions and small molecules (Hinshaw
et al. 1992). A 3-D reconstruction of dform Xenopus NPCs
imaged in amorphous ice (Akey and Radermacher 1993)
unveiled similar basic features for the domain architecture
of the central framework. It further yielded a massive,
hollow transporter being seated in the central pore and
exhibiting a tripartite morphology. The transporter was
believed to span the width of the central channel. Due to its
high variability among distinct NPCs, this central trans-
porter/plug was omitted in the Hinshaw et al. (1992)
reconstruction. Similar to the 3-D reconstruction in neg-
ative stain, eight peripheral channels could be mapped,
although the radial position of these putative diffusion
channels was distinct from that of Hinshaw et al. (1992).

Compared to the dform NPCs, the 3-D reconstruction of
membrane-associated (mform) Xenopus NPCs in amor-
phous ice revealed significant differences in the relative
location, orientation, and interactions of the radial spokes
comprising the central framework (Akey and Radermacher
1993). Contrary to the dform NPCs, the central plug was
omitted in the 3-D reconstruction of these mform NPCs.
The observed structural differences between the dform and
mform 3-D reconstructions might have been caused by
detergent extraction (dform), osmotic shock within the
lumen of the NE, and/or mechanical distortions during
specimen preparation. Mechanical distortions and surface
tension might also have led to a collapse of the cytoplasmic
filaments and the nuclear baskets during specimen prep-
aration so that these peripheral structural components were
not visible in the dform and mform 3-D maps.

It is noteworthy that the overall 3-D architecture of the
NPC appears to be conserved from yeast to higher



eukaryotes, although the linear dimensions might vary
among different species (Fahrenkrog et al. 1998; Yang et al.
1998; Cohen et al. 2002; Stoffler et al. 2003). Accordingly,
a 3-D map of the yeast dform NPC from frozen-hydrated
specimens (Yang et al. 1998) provided a direct comparison
with the vertebrate dform NPC (Akey and Radermacher
1993). The 3-D reconstruction of the yeast NPC revealed a
rather flat ~822 symmetric NPC without, however,
exhibiting a distinct cytoplasmic or nuclear ring moiety.
Similar to the vertebrate dform, the yeast 3-D reconstruc-
tion revealed eight peripheral channels within the central
framework. Consistent with its smaller linear dimensions,
the mass of the yeast NPC was determined to be ~60 MDa
(Rout and Blobel 1993; Yang et al. 1998). The yeast NPC is
therefore significantly more compact than the vertebrate
NPC when the overall dimensions of the yeast and
vertebrate 3-D reconstructions are compared, because
based on its volume its mass would amount to only
~30 MDa. The existence of cytoplasmic filaments and a
nuclear basket has also been documented for the yeast NPC
(Fahrenkrog et al. 1998), which again, could not be
depicted in the 3-D reconstruction (Yang et al. 1998).

The current consensus model of the nuclear
pore complex

The most recent vertebrate NPC 3-D reconstruction was
achieved by employing energy-filtering transmission elec-
tron microscopy (EFTEM) and tomographic 3-D recon-
struction of fully native (i.e., no detergent treatment, no
chemical fixation, and no heavy metal staining) Xenopus
oocyte NEs embedded in thick (i.e., 200-300 nm) amor-
phous ice (Stoffler et al. 2003). The novel structural
insights thereby gained were incorporated into a reformed
model (Fig. 3a) that makes a first attempt to also include
possible mechanistic aspects of nucleocytoplasmic trans-
port at the single nuclear pore level. As documented in
Fig. 3b, the 3-D map of the averaged NPC exhibits a strong
eightfold rotational symmetry of the central framework
with a rather tenuous plug residing in the central pore. The
central framework is perforated by eight peripheral holes
(Fig. 3a,b) with a ~10 nm diameter. Radially attached to the
central framework are eight distinct ‘handles’ that might
actually reside in the lumen of the double-membraned NE,
thereby anchoring the NPC within the NE.

Located above the nuclear entry of the central pore is a
distinct massive ring-like structure (Fig. 3a,b), evidently
representing the distal ring of the NPC's nuclear basket.
The distal ring revealed eight ‘bumps’, most likely
representing the attachment sites of the struts forming the
nuclear basket. In support of this, previous experiments
with critical point dried amphibian NEs investigated by
FEISEM revealed hollow cables of 50 nm in diameter
consisting of eight 6-nm thick filaments that emanated
from the distal rings of the nuclear baskets and reached
deeply into the nucleus (Ris and Malecki 1993; Ris 1997).
Similarly, NPC-attached, p270/Tpr-containing intranuclear
filaments forming bundles, which projected as much as
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350 nm into the nuclear interior, were identified after
Xenopus oocytes were chemically fixed and centrifuged
(Cordes et al. 1997). The molecular composition and
functional significance of these hollow cables or intranu-
clear bundles, however, remain to be established. It is
interesting that this latest vertebrate tomographic 3-D
reconstruction indicates that eight ‘stumps’ emanate from
the distal ring toward the nuclear interior (Fig. 3a), most
likely being the anchoring sites of the intranuclear
filaments. In fact, the intranuclear filaments were cut off
right above the distal ring during the reconstruction process
(Stoffler et al. 2003).

On the cytoplasmic face, rudiments of the eight
cytoplasmic filaments decorating the cytoplasmic ring
moiety were resolved (Fig. 3b). Due to the high flexibility
of the cytoplasmic filaments, it was not possible to capture
them in a unique spatial conformation, so that only their
anchoring sites could be enhanced (Stoffler et al. 2003).

Although not enforced in the tomographic 3-D recon-
struction, the central framework of the NPC appears to
consist of two similar halves that have been assembled
back-to-back (Fig. 3b, left and middle panel). After closer
inspection the nuclear ring moiety of the central framework
looks slightly more massive compared to the cytoplasmic
ring moiety (Fig. 3b). Cross-sections through the central
framework in 6-nm steps confirmed this impression
(Fig. 3b, right panel). Slice 1 cuts the nuclear ring moiety
close to its nuclear surface, whereas slice 12 yields a cross-
section of the cytoplasmic ring moiety close to its
cytoplasmic surface. Slice 7 represents the midplane of
the central framework. The 13 cross-sections also depict
the pronounced vorticity of the central framework. The
nuclear half (Fig. 3b, slices 1-6) exhibits an anticlockwise
vorticity, which turns via slice 7, as it has no net vorticity,
into a clockwise vorticity of the cytoplasmic half (Fig. 3b,
slices 8—13), just as described by Akey and Radermacher
(1993) for their dform NPC.

More recently, these structural features were confirmed
and elaborated further by investigating transport-active,
intact nuclei from Dictyostelium discoideum by means of
cryoelectron tomography (Beck et al. 2004). The most
variable structural moiety of the NPC is a rather tenuous
central plug (discussed below), partially obstructing the
central pore and being mobile. Its mobile character was
previously documented by SFM (Stoffler et al. 1999b,
2003; Bustamante et al. 2000).

Nuclear pore complex dynamics revealed by scanning
force microscopy

As outlined above, understanding the structural details
implicated in signal-dependent, receptor-mediated trans-
port of cargos in and out of the nucleus through the NPC
has started to unfold, mostly by means of electron
microscopy. However, given the limitations of the tech-
nique, it is unlikely that this method will be the tool of
choice to dissect the more dynamic features of macro or
supramolecular machines and to directly correlate struc-
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tural with functional states in situ. Scanning force micros-
copy, on the other hand, has evolved to the point where it is
now possible to record surface topographies of native
biological material in its physiological buffer environment
at near-molecular detail and to directly correlate structural
changes with distinct functional states (reviewed in Stolz et
al. 2000).

During the past several years, many laboratories have
succeeded in visualizing NPCs by SFM (Pante and Aebi
1993; Braunstein and Spudich 1994; Goldie et al. 1994;
Oberleithner et al. 1994, 1996; Folprecht et al. 1996; Perez-
Terzic et al. 1996; Rakowska et al. 1998; Jaggi et al.
2003a,b). However, none of these examinations were
conducted on fully native NPCs. In all cases, the material
was chemically fixed, exposed to detergents, or dehydrated
and rehydrated at some stage during its preparation for
SFM. Hence, it remains unclear whether the responses of
NPCs to effector molecules depicted in some of these

studies did indeed represent bona fide structural changes or
distinct functional responses to adding effectors or ligands,
or whether they were merely due to specimen preparation
effects (for example, differential extraction of labile or
weakly bound NPC constituents or deformations caused by
surface tension). To overcome these limitations, a new
isolation/preparation protocol for Xenopus oocyte NEs was
required to avoid exposure to detergents, chemical fixation,
or dehydration/rehydration steps. Therefore, SFM imaging
conditions were established allowing repeated scanning of
these native NE samples in a buffered environment so that
one and the same NPC could be watched in response to
chemical effectors (Stoffler et al. 1999b; Wang and
Clapham 1999). Specifically, time-lapse SFM was em-
ployed to monitor structural changes occurring at the
cytoplasmic or the nuclear periphery of the NPC, upon
adding or removing micromolar amounts of calcium to or
from the surrounding buffer medium (Stoffler et al. 1999b).

Fig. 4 Imaging native nuclear pore complexes (NPCs) kept func-
tional in near-physiological buffer by scanning force microscopy
(SFM). Panels a and b reveal reversible calcium-mediated structural
changes of the nuclear baskets (i.e. the distal rings) by time-lapse
SFM of the same individual NPCs. a In absence of calcium, the distal
rings are ‘closed’. b Adding 100 uM calcium to the buffer medium
opens the distal rings. This process is reversible (for example, by
adding 1 mM EGTA which selectively chelates calcium). Calcium
only affects the opening of the distal ring of the nuclear basket, not its
overall height, as shown in the averaged radial height profiles in a and
b. The 3-D models in a and b depict the tentative interpretation of the
opening and closing of the distal ring upon changing the calcium
concentration. In this model, the distal ring might act as an iris-like
diaphragm. For better comparison in ¢ and d, the same individual
NPCs were marked with blue arrowheads. The effect of calcium on
the entire NPC as examined by energy-filtered transmission electron
microscopy (EFTEM) of completely unfixed/unstained NEs em-

bedded in thick (200-300 nm) amorphous ice by so-called zero-loss
imaging. Single-particle averages, both displayed as grey-level/
+contours representations and radial mass density profiles of 100
NPCs each in the ¢ absence and d presence of calcium reveal sig-
nificant structural rearrangements within the entire NPC. e, f Watching
temperature-dependent plugging or unplugging of individual NPCs
by time-lapse SFM. The same specimen area, adsorbed with its
nuclear face, was imaged by SFM in contact mode at a 25°C and after
cooling the system down to b 4°C. In panels e and f, previously
unplugged individual NPCs become plugged upon lowering the
temperature. Four corresponding NPCs are marked by blue arrow-
heads for better comparison. Insets represent magnifications of two
NPCs marked by blue arrowheads. All scale bars, 100 nm. a—d
reprinted from Stoffler et al. J] Mol Biol 287:741-752 (1999) with
permission from Elsevier. e and f reprinted from Stoffler et al. J Mol
Biol 328:119-130 (2003) with permission from Elsevier



Such SFM experiments of the nuclear face of completely
unfixed NEs revealed the repeated opening and closing of
the nuclear baskets of the NPCs at their distal end in
response to removing or adding (Fig. 4a,b) calcium. More
specifically, the observed structural changes were such that
20 to 30 nm-diameter openings at the distal end of the
baskets occurred upon addition of micromolar amounts of
calcium without, however, affecting the overall height of
the baskets (Stoffler et al. 1999b). This reversible structural
change of the nuclear baskets may be interpreted in terms
of their distal ring acting as an ‘iris-like’ diaphragm, as was
previously suggested (Pante and Aebi 1996a), which is
closed in the absence of calcium (Fig. 4a) and opens upon
the addition of calcium (Fig. 4b). This observation also
highlights the model by Akey (1990) who described the
conformational changes of the NPC transporter mechanism
as consisting of an iris-like mechanism based on analysis of
cryoelectron microscopy images.

As the SFM is a surface sensor, it allows recording the
surface topography of a given sample rather than its
internal structure. As the structural change monitored on
the nuclear surface of the NPC in response to adding or
removing calcium clearly occurs at its highest elevation
above the nuclear membrane surface (see the radial height
profiles in Fig. 4a,b), it has to involve the distal ring of the
nuclear basket. Obviously, it cannot be ruled out that
changes may also occur in the interior of the NPC; how-
ever, these changes cannot be monitored by SFM as they
are inaccessible to the scanning tip.

To explore the possibility of internal conformational
changes of the NPC in response to calcium, EFTEM images
of completely unfixed/unstained spread NEs embedded in
a thick layer (i.e., 400 nm) of amorphous ice were recorded.
As documented in Fig. 4c,d, single-particle averages of 100
NPC projection images of each sample incubated with and
without calcium before freezing revealed significant struc-
tural rearrangements within the entire NPC. Whereas a
detailed understanding of the structural changes occurring
in response to adding or removing micromolar amounts
of calcium to the NPC has to await tomographic recon-
structions, the EFTEM-based projection data displayed in
Fig. 4 are clearly consistent with our interpretation of the
corresponding SFM data, for example, involving the
nuclear basket's distal ring opening and closing like an
iris diaphragm.

The central plug—a controversial element
of the nuclear pore complex

As outlined above, 3-D reconstructions of the above-
mentioned dform Xenopus NPCs and of yeast NPCs
yielded a massive, elongated ‘transporter’ particle residing
in the central pore (Akey and Radermacher 1993; Yang et
al. 1998). Based on TEM and FEISEM data of Chironomus
NPCs, this transporter appeared to be composed of two
coaxial tubes and two globular assemblies that are
symmetrically positioned about the NPC's midplane. This
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transporter was thought to undergo distinct and reversible
conformational changes (Kiseleva et al. 1998). In contrast,
depending on isolation, sample handling, and specimen
preparation, earlier EM data have documented the abun-
dance and the overall size and shape of the central plug to
being highly variable (Pante and Aebi 1996a). The latest
tomographic 3-D reconstruction of native vertebrate NPCs
embedded in thick amorphous ice yielded a rather tenuous
solid particle residing in the central pore whose mass
amounted to about 40% of that of the distal ring (see
Fig. 3b). Subaverages computed from this data set revealed
this particle to be highly variable in terms of its overall size
and shape, indicating that it might predominantly represent
cargo caught in transit rather than a bona fide NPC
component, i.e., a transporter (see below). Recently, similar
observations were made in transport-active, intact nuclei of
D. discoideum by cryoelectron tomography, which further
supports the notion that the central plug essentially
represents cargo caught in transit (Beck et al. 2004).

Time-lapse SFM experiments suggest that there exists a
direct correlation between the transport state of the NPCs
and the abundance of material obstructing the central pore
(Stoffler et al. 2003). Accordingly, nucleocytoplasmic
transport can be arrested at 4°C (Pante and Aebi 1996b;
Pante et al. 1997). Native NEs as described above were first
imaged in an optimal transport state (i.e., at 25°C). Here,
the central pores appeared mostly unplugged (Fig. 4e). In a
transport-inhibited state (i.e., at 4°C), the central pores
appeared obstructed by cargo arrested in transit (Fig. 4f).
Under these low force scanning conditions, it is highly
unlikely that, for example, the central mass could be
displaced from the central pore by the scanning tip without
visibly compromising the cytoplasmic ring moiety. As to
the nature of the central plug depicted in 2-D projection
images of the NPC (see Fig. 2b), it represents for the larger
part the distal ring of the nuclear basket located above the
central pore, and as a more variable contribution, it is cargo
in transit through the central pore.

Nucleocytoplasmic transport across the nuclear pore
complex: the key ingredients

Deeper insight into the translocation mechanism can be
obtained by correlating structural studies with biochemical
findings. Nucleocytoplasmic transport proceeds when
receptors of the karyopherin family (e.g., importins)
recognize specific sequences found on cargo molecules
in the form of nuclear import signals (NLSs) or nuclear
export signals (Fried and Kutay 2003; Mosammaparast and
Pemberton 2004). Transport receptors, in turn, are able to
chaperone the cargo—receptor complex through the NPC
via interactions between hydrophobic residues exposed on
the receptor surface and the phenylalanine ring of FG-rich
nucleoporins (Bayliss et al. 2000, 2002; Fribourg et al.
2001; Grant et al. 2003). In the case of nuclear import, the
subsequent binding of RanGTP to the import receptor (i.e.,
importin-3) then induces the dissociation of the import
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receptor from the FG-nucleoporin and releases the
respective NLS-cargo into the nucleus (Rexach and Blobel
1995).

Importantly, FG-nucleoporins are mostly large proteins,
which exhibit low overall hydrophobicity with their FG-
repeat domains being natively unfolded (Denning et al.
2002, 2003). Natively unfolded proteins are known to
exhibit multiple binding domains and are thus capable of
simultaneous interactions with a large variety of binding
partners (Dunker et al. 2001). Such characteristic behavior
is manifested in FG-nucleoporins, which may be vital to
achieve the fast transport rates observed with nucleocyto-
plasmic transport (Ribbeck and Gorlich 2001). More
specifically, this includes: (1) exhibiting a high degree of
flexibility and mobility (Fahrenkrog et al. 2002; Paulillo et
al. 2005), (2) being able to interact simultaneously with
several binding partners (Allen et al. 2001), and (3) pro-
moting fast molecular association and dissociation rates
(Gilchrist et al. 2002). In addition, immuno-EM studies of
yeast NPCs reveal that FG-nucleoporins are predominantly
located at the two facial peripheries of the NPC (Rout et al.
2000). Specifically, the majority of FG-nucleoporins are
symmetric (i.e., located on the cytoplasmic and nuclear
face of a NPC), while smaller numbers are found to be
asymmetric (i.e., located exclusively on one side) (Rout et
al. 2000). These natively unfolded FG-nucleoporins are
postulated to pose a substantial barrier to nonreceptor cargo
while providing for a high FG-density interaction zone for
receptor-mediated cargo (see discussion below).

Nupl153 is a well-studied FG-nucleoporin, which is
known to be critical for both nuclear import and nuclear
export (Shah et al. 1998; Ullman et al. 1999; for review see
Ball and Ullman 2005). Immuno-EM studies of the ver-
tebrate Nup 153 have clearly demonstrated a high degree of
mobility and structural flexibility of its FG-repeat domain
(Fahrenkrog et al. 2002). Nup153 is a constituent of the
nuclear basket of the NPC (Pante et al. 1994), where its
N-terminal domain is anchored to the nuclear ring (Walther
et al. 2001; Fahrenkrog et al. 2002), while its central zinc-
finger domain resides at the distal ring (Fahrenkrog et al.
2002). In contrast, the ~700-residue long C-terminal do-
main of Nup153 harbors ~40 FG-repeats and appears to be
flexible within the NPC, as it can be detected at any place
within the nuclear basket and may even reach through the
central pore and appear at its cytoplasmic periphery
(Fahrenkrog et al. 2002).

The FG-rich C-terminal domain of Nup153 exhibits a
relatively high binding affinity for importin (3 (Ben-Efraim
and Gerace 2001) and acts as a terminal docking site for
nuclear import cargoes (Shah et al. 1998). It is hypothe-
sized that the long, mobile FG-rich C-terminal domain of
Nup153 that is tethered to the distal ring via Nup153's Zn-
finger domain, is able to bind cargo located anywhere
within its reach, even close to the cytoplasmic side of the
central pore. Therefore, these highly mobile FG-repeat
domains may increase the efficiency of cargo translocation
through the NPC (Paulillo et al. 2005).

Perspective: how to ‘get to the hottom’ of the nuclear pore
complex

In spite of the progress made in understanding NPC
structure and its implications for nucleocytoplasmic trans-
port, several aspects of how individual NPCs facilitate
cargo translocation remain unresolved. Such uncertainties
stem from the complex nature of NPCs and from limi-
tations associated with the current experimental approaches
used to probe the NPC mechanism at the nanomolecular
level. One of the controversies surrounding the field
involves the origin of the ‘paradoxical’ selective gating
mechanism/permeability barrier, which remains largely
unknown. Based on strong indications that the barrier is
formed by the FG-repeat domains, several attempts have
been made to model and make sense of the plausible
translocation mechanisms (Rout et al. 2000; Ben-Efraim
and Gerace 2001; Macara 2001; Ribbeck and Gorlich
2002). The Brownian affinity gate model (Rout et al. 2000,
2003) proposes that the entropic behavior of peripheral FG-
repeat nucleoporins acts as a substantial barrier to inert
cargo. A higher probability of translocation is anticipated
for receptor-mediated cargo due to interactions between the
FG-repeats and the transport receptor, which facilitates
entry into the pore where translocation then proceeds by
Brownian motion. The affinity gradient model (Ben-
Efraim and Gerace 2001) suggests that transport complexes
‘step’ through NPCs lined by FG-nucleoporins exhibiting
increasing binding affinities with the cargo complexes. The
‘oily spaghetti’ model (Macara 2001) postulates that the
NPC is filled with noninteracting FG-nucleoporins pushed
aside by cargo complexes but otherwise obstruct the
passage of passive cargo. Lastly, the selective phase model
(Ribbeck and Gorlich 2002) predicts that FG-nucleoporins
located within the central pore attract each other through
hydrophobic inter-FG-repeat interactions resulting in the
formation of a hydrophobic gel or meshwork. The selective
phase then acts as a sieve that hinders the passage of
passive cargo, while at the same time promotes the trans-
location of cargo complexes, which are able to dissolve
through it.

To add to the complexity, findings based on Saccharo-
myces cerevisiae mutants, with asymmetric FG-repeats
either swapped or deleted, show that the asymmetry of FG-
nucleoporins is dispensable for bulk transport to proceed
(Zeitler and Weis 2004). On a similar note, protein import
through NPCs remains unaffected after removal of the
cytoplasmic filaments (Walther et al. 2002). It is even more
puzzling that a reduction in permeability is not observed in
FG-repeat reduced minimal yeast NPCs (Strawn et al.
2004). To recapitulate, such ambiguities fall beyond the
overall structural aspects of an NPC and instead pertain to
local molecular effects, which occur in the near-field of an
NPC, such as:

1. What constitutes the underlying selective gating mech-
anism/permeability barrier in NPCs?
2. What is the dynamic nature of the FG-repeat domains?



3. How do FG-repeats interact with transport receptors so
as to promote cargo translocation rather than hinder it?

4. Does transport occur in a bidirectional manner? If so,
how does the bidirectional import and export of
receptor-bound cargoes occur simultaneously through
an NPC with respect to spatial limitations and con-
finement effects within the central pore?

5. How do these effects promote the observed fast overall
transport rates?

6. How do environmental conditions and effects, such as
macromolecular crowding (Zimmerman and Minton
1993), affect the behavior of FG-nucleoporins and
nucleocytoplasmic transport?

It is clear that the elucidation of complex nanoscale
effects, such as those described above, necessitate the need
to probe and understand the behavior of individual
components of the NPC. Besides the work of Rexach and
coworkers (Denning et al. 2003), little effort has been made
into studying the molecular aspects of individual FG-
nucleoporins, which is surprising given the fundamental
importance of such molecules. To illustrate this point, we
have used SFM to image the C-terminal FG-repeat domain
of Nup153 as shown in Fig. 5. Although in this case the
protein is physically adsorbed to the surface of mica, it is
rather straightforward to see that it is indeed lacking
structure and resembles an unfolded chain. From this
image, we find that the molecule is ~200 nm long and has a
cross-sectional width of 0.4 nm. These values correlate
closely to the expected theoretical estimates of its length
and diameter (e.g., size of a single aa) and verify that it is
natively unfolded.

Fig. 5 Tapping mode SFM image (taken in air) of an individual
molecule of the FG-rich C-terminal domain of human Nupl53
adsorbed onto mica and dried. The molecule is ~180-nm long, has a
cross-sectional diameter of 0.4 nm and strongly resembles an
unfolded polypeptide chain. Scale Bar, 30 nm
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Given the amount of conjecture of what may constitute
the underlying mechanism of the selective gate-barrier,
one needs to consider conducting experiments to explore
the physical behavior of such FG-repeat domains at the
relevant length and time scales. In our laboratory, we have
designed an experimental platform to enable such experi-
ments to be carried out. For example, SFM force measure-
ments indicate that the collective behavior of clusters of the
C-terminal FG-repeat domain of Nup153 surface-tethered
to isolated Au nanodots (diameter ~100 nm) exert a long-
ranged repulsive force characteristic of a brush-like mo-
lecular conformation (R.Y.H. Lim et al., submitted for
publication). Such behavior was originally postulated by
Rout et al. (2000) and is consistent with the fact that FG-
domains are natively unfolded and flexible. Taking into
consideration that the distribution of FG-nucleoporins lies
predominantly on the periphery of either face of an NPC
(Rout et al. 2000), our results indicate that the brush-like
behavior of FG-repeat domains can manifest as a signif-
icant entropic barrier over an NPC, which exerts a long-
ranged repulsive force that scales with the size of an
approaching particle (i.e., small molecules such as ions and
water diffuse more easily through). In this event, while
oncoming passive cargo in the NPC near field will be
repelled by this barrier, receptor-mediated NLS-cargo will
instead end up being ‘trapped’ because of binding
interactions, which occur between the transport receptor
and various FG-sites. Our findings also indicate that a
small number (~10) of FG-nucleoporins is enough to
maintain the entropic barrier in native NPCs. It is
worthwhile noting that this could explain why a reduction
in NPC permeability was not detected in FG-repeat
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Fig. 6 Schematic illustration of a de novo designed ‘minimalist’
NPC. The design consists of identifying key components of the NPC
(e.g., FG-nucleoporins, transport receptors, RanGTP/GDP) and
integrating them into an artificial setup. Ideally, the core of such a
setup would comprise of a membrane perforated with nanometer-
sized holes. FG-nucleoporins would then be covalently tethered to
the surface surrounding each hole. The rest of the setup consists of a
two-chamber system, which separates either side of the porous
membrane, mimicking the cytoplasmic side and nuclear side of a
nucleus. Inlets and outlets would carry experimentally controlled
amounts of transport receptors, cargo, and Ran to each respective
side. Various detection schemes can then be adapted to monitor the
transport of cargo through the de novo NPC
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reduced minimal yeast NPCs (Strawn et al. 2004). Re-
markably, the brush-like behavior of C-terminal Nupl53
FG-repeat clusters can be induced to undergo a reversible
collapse by the addition/removal of a less polar solvent
(i.e., 1,2-hexanediol) to the buffer (R.Y.H. Lim et al.,
submitted for publication). Importantly, these results
mirror the reversible collapse of the permeability barrier,
as observed by Ribbeck and Gorlich (2002), and validates
the hypothesis that FG-nucleoporins form the major
constituents of such a barrier in native NPCs. With respect
to inter-FG interactions, certainly more experimentation is
required, but we postulate that they are most likely highly
dynamic at much shorter time scales (as opposed to being
a quasistatic meshwork; cf. Ribbeck and Gorlich 2002),
which may serve to enhance the overall effectiveness of
such a barrier.

We advise with caution that none of these findings are
adequate to provide for a complete picture of how translo-
cation proceeds for trapped receptor-mediated cargo. Al-
though the directionality of transport would be driven
predominantly by the RanGTP gradient across the two sides
of the NPC to create a continuous bidirectional cascade of
cargo (Izaurralde et al. 1997; Richards et al. 1997), we concur
that after being captured, the process by which cargo
complexes negotiate the high density FG-barrier and are
funneled into the central pore through weak and transient,
rather than strong interactions, is as yet unknown. Never-
theless, the application of single molecule optical approaches
by Peters and coworkers to study the kinetics of molecular
transport through NPCs may provide further insight into such
effects (Keminer and Peters 1999; Radtke et al. 2001; Kiskin
et al. 2003; Hoppener et al. 2005; Kubitscheck et al. 2005).

Besides experimental work, perhaps another meaningful
approach to dissect such complex effects involves the use
of computational techniques (Bickel and Bruinsma 2002;
Kustanovich and Rabin 2004) and molecular dynamics
(MD) simulations (Isgro and Schulten 2005). In the NPC
field, a recent MD simulation by Isgro and Schulten (2005)
was able to replicate the binding sites of FG-repeats to
importin-f3. The predictive capabilities of such work is
convincingly shown by being able to predict an additional
binding site that has only been recently discovered
experimentally (Liu and Stewart 2005) after completion
of the MD work. Besides further predicting additional
binding sites on importin-3 not yet observed experimen-
tally, the MD simulation is able to show that without any
importin-3 present, short FG-repeat segments have a
tendency to interact with each other within the time scale
of the simulation, i.e., ~50 ns (Isgro and Schulten 2005).

This discussion underscores the following: (1) the key
components guiding nucleocytoplasmic transport need to
be individually understood, (2) the NPC is dynamic and
requires experimental/computational procedures to study
phenomenon at the relevant length/time scales, and (3) the
need to move beyond classical biology and to adopt more
interdisciplinary concepts and approaches. For example,
identifying and integrating the key components (e.g., FG-
nucleoporins, the Ran-GTP cycle, transport receptors, etc.)

into an experimental platform with the purpose of
functioning as a de novo designed ‘minimalist’” NPC
(Fig. 6) may circumvent the difficulties associated with
studying individual native NPCs. Ideally, it is plausible to
mimic the nucleocytoplasmic transport phenomenon and
allow for a wide range of experimental detection schemes.
As we persevere to get to the bottom of the nuclear pore
complex, perhaps such a ‘minimalist’ approach can bring
new understanding to nucleocytoplasmic transport by
correlating such experiments with biochemical findings.
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