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Summary. The cell nucleus is surrounded by a double
membrane system, the nuclear envelope (NE), with the
outer nuclear membrane being continuous with the
endoplasmic reticulum. Nuclear pore complexes (NPCs)
fuse the inner and outer nuclear membranes, forming
aqueous channels that allow free diffusion of small
molecules but that also mediate the energy-dependent
transport of large macromolecules. The NPC represents
the largest known molecular complex and is composed
of about 30 different proteins, termed nucleoporins
(Nups). Here, we review recent studies that provide
novel insight into the structural and functional
organization of nucleocytoplasmic transport. In addition,
prospects towards a high resolution model of the nuclear
pore are discussed.
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Introduction

The transport of macromolecules across the nuclear
envelope is mediated by the nuclear pore complex
(NPC). Over the last two decades, substantial structural
and biochemical study has revealed the overall
organization of this channel. Consisting of three rings,
the NPC scaffold exhibits an eight-fold rotational
symmetry and forms the main channel through which
bidirectional transport occurs (Fig. 1A). The spoke ring
complex, which forms the central channel, is flanked by
the cytoplasmic and nuclear rings, on the corresponding
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sides of the nuclear envelope. Eight flexible filaments,
thought to interact with transmitting cargo, are attached
to the cytoplasmic ring (Franke et al., 1981; Pante and
Aebi, 1996; Goldberg et al., 2000; Kutay and Guttinger,
2005; Cole and Scarcelli, 2006). An additional eight
filaments emanating from the nuclear ring are joined to
the distal ring forming the nuclear basket (Fig. 1A,B)
(Ris, 1991; Goldberg and Allen, 1996). Within the center
of the central channel resides an electron dense sub-
structure, termed the central plug (Fig. 1C,D). The
components comprising the different structural elements,
the nucleoporins, are synthesized as soluble proteins
before being incorporated into the complex. The entire
NPC is believed to be anchored to the NE via three
membrane proteins, i.e. Pom121, gp210 and NDC1, in
vertebrates.

Three-dimensional reconstructions of NPCs

The first three-dimensional (3D) reconstruction of
the NPC appeared in the early 1980°s (Unwin and
Milligan, 1982), when negatively-stained Xenopus NPCs
were investigated by single particle analysis using
transition electron microscopy (TEM). The subsequent
development of cryo-electron microscopy (Adrian et al.,
1984) facilitated reconstructions of Xenopus (Akey and
Radermacher, 1993; Stoffler et al., 2003) and yeast
nuclear pores (Yang et al., 1998). The structure of the
Dictyostelium NPC (Beck et al., 2004) was determined
following further conceptual advances, namely the
application of cryo-electron tomography (cryo-ET) to
intact nuclei and enabled better structural preservation
than previously attained. Together with the development
of a novel algorithm for structure determination (Forster
et al., 2005), the first 3D reconstruction of the NPC from
a frozen-hydrated specimen was obtained without the
introduction of an artificial elongation along the
nucleocytoplasmic axis. The appearance of such an
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elongation, a consequence of non-isotropic sampling in
angular space, had plagued earlier efforts (Grunewald et
al., 2003). A cataloguing of human and yeast
nucleoporins against the Dictyostelium genome suggests
the NPC in all three species to present a similar protein
composition (Fig. 2A), although the homologies of the
Dictyostelium Nup sequences to their human orthologues
are usually higher than to their yeast counterparts.
Moreover, GFP-fusion proteins of Dictyostelium Nups
localize to the nuclear envelope, demonstrating the
reliability of the sequence alignment-based homology
assignments (Fig. 2B).

The scaffold structure of the Dictyostelium nuclear
pore spans 50 nm across the nuclear envelope, with an
outer diameter of 125 nm. A limiting factor for the
resolution obtainable is the structural heterogeneity of
the NPC in terms of composition and dynamic
movements. Indeed, plasticity of the nuclear pore was
reported (Akey, 1995), while the mean residence times
of nucleoporins was found to vary from seconds to hours
(Rabut et al., 2004). Furthermore, nine- and ten-fold

rotationally symmetric NPCs have been identified
(Hinshaw and Milligan, 2003), arguing for the existence
of flexible interfaces between the asymmetric units of
the complex. A 3D quantification of the deviation of the
asymmetric units (i.e. protomers) from their ideal
positions indicated that 20% of the protomers shifted
more than 5 nm from their ideal position within the
spoke ring plane (Beck et al., 2007), thereby forcing the
overall arrangement of the NPC to assume a slightly
elliptical shape. Taking these deviations into account, the
resolution of the scaffold structure, in the context of the
inner and outer nuclear membranes, was improved to 5.8
nm. At such resolution, it becomes obvious that the
spoke ring complex is attached to the fused nuclear
membranes, while the cytoplasmic and nuclear rings
present larger outer diameters, situated at both sides of
the membrane curvature (Fig. 1).

Since the three NPC rings are spatially separated,
different pore membrane proteins (POMs) might serve to
anchor the rings at differential positions. It was
demonstrated that yeast POM34, genetically linked to

Fig. 1. Three-dimensionally
rendered images of the
Dictyostelium NPC. Elements
of the scaffold structure
consisting of the cytoplasmic
(CR), spoke (SR) and nuclear
rings (NR) as well as the
lumenal connector (LC), are
shown in shades of blue. The
outer (ONM) and inner nuclear
membrane (INM) are shown in
grey. A. Cut-open view along
the nucleocytoplasmic axis.
The basket, consisting of
nuclear filaments (NR) and the
distal ring (DR), is shown in
transparent blue (scale bar: 60
nm). The central plug has
been omitted for clarity.
B. The entire structure is
shown in the same orientation
as in (A); the nuclear basket
was rendered in bright blue.
The cytoplasmic and nuclear
faces of the Dictyostelium
NPC are shown in (C) and (D),
respectively. The central plug
(CP) is shown in bluish grey,
while the nuclear basket has
been omitted in (D) for clarity.
The structural modules and
their dimensions are similar to
those in the vertebrate NPC.
As compared to the spoke
ring, the cytoplasmic and
nuclear rings have larger outer
diameters and are connected
through the rod-shaped

lumenal connector. While the spoke ring is continuous with the fused membranes, the cytoplasmic and nuclear rings are in contact with the INM and

ONM, respectively, thereby forming a ‘sandwich’-like structure.
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Fig. 2. The Dictyostelium
nuclear pore complex (NPC).
A. Phylogenetic tree showing
nucleoporins (Nups) identified
in the Dictyostelium genome
sequence (DictyBase
identification numbers are
shown, nomenclature
according to human
orthologues). In almost all
cases, the human orthologues
are more closely related to the
Dictyostelium sequences than
are the yeast orthologs
(except for yNup159 and
yNup1, marked red). In
addition, the sequence
conservation between human
and Dictyostelium orthologs is
usually higher than between
different Dictyostelium Nups,
suggesting functional
conservation through evolution
(homologous pairs are marked
blue). B. GFP-fusion proteins
of the identified Dictyostelium
Nups localize to the nuclear
envelope.
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different NPC subcomplexes, contains a lumenal loop
domain and two domains facing the cytoplasmic side of
the nuclear envelope (Miao et al., 2005). Therefore,
POM34 might not only connect distinct sub-structures,
but may also form a bridge into the lumenal space.
While the electron density of the lumenal NPC
component of vertebrates was described as ring-shaped
(Akey, 1995), the Dictyostelium NPC, by contrast, has
one rod-shaped lumenal element per asymmetric unit,
connecting the cytoplasmic and nuclear rings (Fig. 1).
This connector spans the entire lumenal space and thus
defines the distance between the cytoplasmic and
nuclear rings or between the inner nuclear membrane
(INM) and the outer nuclear membrane (ONM),
respectively. Therefore, the lumenal connectors may
represent the critical element for fixing membrane
curvature. The LINC-complex, formed by the SUN
proteins and Nesprin, couples the INM to the ONM
(Crisp et al., 2006). Recent study has shown that SUN2
is associated with nuclear pores (Liu et al., 2007). As
such, one could speculate that this protein might also be
part of the lumenal connector element. Interestingly, the
scaffold nucleoporin, Nup133, contains an amphiphatic
o-helix for sensing membrane curvature (Drin et al.,
2007). Hence, Nup133 is likely to contribute to
membrane anchorage, in addition to the three
transmembrane nucleoporins.

Peripheral channels with a diameter of about 5 nm
are formed at the interface of the fused membranes and
the spoke ring complex at each asymmetric unit of the
Dictyostelium NPC. These channels have also been
described for Xenopus nuclear pores and their role in the
facilitated diffusion of small molecules has been
discussed (Stoffler et al., 2003). Nevertheless, King and
co-workers demonstrated that the transport of inner
nuclear membrane proteins propagates along the pore
membrane domain (King et al., 2006). Consequently, the
lumenal connector, together with the cytoplasmic and
nuclear rings, might bring the INM and ONM into close
proximity, while the spoke ring would fuse the
membranes forming peripheral channels to enable the
transport of INM proteins to their final destinations.

Nucleoporins and modularity

The nuclear pore is composed of 30 different
nucleoporins, most consisting of several distinct
domains and present in 8-32 copies within an individual
NPC. Although low resolution models of the NPC have
been offered, information at the atomic resolution level
is crucial to ultimately understanding the structural
organization of the nuclear pore. While the basic NPC
building blocks share a similar set of folding motifs (Fig.
3, lower section), a few specialized domains exhibit
more unique folds (Fig. 3, upper section). The structure
of the auto-proteolytic domain of Nup98, a nucleoporin
involved in RNA export and encoded by two
alternatively spliced mRNA transcripts, has been
revealed by X-ray crystallography (Hodel et al., 2002).

The C-terminal domain of Nup98 presented a novel
protein fold and, therefore, represents a new class of
autocatalytic proteases (Fig. 3). Since the associated
peptide tail of Nup96 was co-crystallized with Nup98,
this structure serves as a model for Nup98-Nup96
interaction. The C-terminal domain of the yeast Nup98
orthologue, Nup116p, has the same fold and exists in
multiple conformations, as revealed by nuclear magnetic
resonance (NMR) (Robinson et al., 2005). The freedom
of conformational changes experienced by Nup116p was
tremendously reduced upon binding to the N-terminal
peptide of Nupl45p, its C-terminal auto-proteolytic
partner (comparable to the human Nup98-Nup96
interaction). The different conformations of Nupl16p
allow the protein to shuttle between multiple binding
partners within the NPC. This may provide an important
hint to the dynamics transpiring at the secondary and
tertiary structure levels, events presumably underlying
those deviations that occur within the overall assembly.

Nup358 is a multi-domain protein that fulfils several
functions. The crystal structure of the SUMO-E3-ligase
domain of Nup358 in complex with Ubc9, SUMO and
RanGAP offered new insight into the SUMOylation
mechanism employed by this protein (Reverter and
Lima, 2005). The structure of the Ran-binding domain 2
of Nup358 was investigated by NMR and shown to
contain a B-barrel fold with an additional B-strand not
observed by X-ray crystallography (Geyer et al., 2005).
This finding is, furthermore, in agreement with the
crystal structures of the Ran-binding domain 1 of
Nup358 in complex with Ran (Vetter et al., 1999) and
Ran-binding protein 1 (RanBP1) in complex with Ran
and RanGAP (Seewald et al., 2002). In general, Ran-
binding motifs exhibit a pleckstring-homology domain
fold contacting the acidic C-terminus of Ran through a
patch of basic residues (Fig. 3).

Until recently, the structure of the basic building
blocks of nuclear pores remained elusive. Due to the low
degree of sequence conservation between nucleoporins,
prediction of their folds presents a serious challenge.
Two independent studies, however, have revealed the
first structures of nucleoporin folds (Berke et al., 2004;
Weirich et al., 2004). These are apparently common to
other components of the NPC and, therefore, depict
basic elements. Weirich and co-workers have shown that
the N-terminal domain of Nup159, the yeast homologue
of hNup214, folds into an asymmetrically arranged,
seven-bladed B-propeller (Weirich et al., 2004). Proteins
of the B-propeller family fulfil diverse cellular functions,
with many serving as hub proteins, interacting with
multiple partners (Fulop and Jones, 1999). Nupl159, in
particular, recruits the DEAD box helicase, DBPS, to the
cytoplasmic face of the NPC during nuclear export.
Another study demonstrated that the N-terminal domain
of hNup214 folds into a B-propeller (Napetschnig et al.,
2007). Also addressing nucleoporin folds, Berke and co-
workers found that the C-terminal domain of Nupl33
similarly resembles a seven-bladed B-propeller (Fig. 3)
with differential surface properties that would enable this
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nucleoporin to participate in multiple interactions (Berke
et al., 2004). This study predicts that B-propeller folds
correspond to important basic structural elements found
in one third of all nucleoporins. The authors suggest,
moreover, that repetition at the tertiary structure level
conceptually simplifies the assembly and disassembly of
NPCs. Meanwhile, computational analysis based on
sequence alignment and fold assignment suggests that
the major part of 83% of the yeast NPC consists of B-
propellers, a-solenoids or FG-repeats (Devos et al.,
2006), the latter being natively unfolded (Denning et al.,
2003). Devos and co-workers grouped nucleoporins into
three general classes, based on their structure: (i) POMs
share cadherin folds and transmembrane helices, (ii) the
scaffold group that contains o-solenoids, B-propellers or
both and (iii) the FG-group, presenting FG-repeat
domains and coiled-coil motifs. Consequently, the
scaffold structure of the NPC consists of highly
abundant and evolutionary ancient alpha-only and beta-
only domain folds. Since the particular arrangement of
an N-terminal -propeller followed by an -solenoid is

Nup358-E3Ligase-
-Ubc9-RanGAP1

Nup160 J Nup43
Nup107 \Nup133/Nyup37
Nup96 Sehl

Nup75

'\ o-helical domains

2 a%
N b o \
Nic96 (Nup93) &5~

Y

Nup98-autoproteolytic
domain-Nup96 ~

B-propellers

found only in nucleoporins, clathrin/adaptin complexes
and coatomer protein complexes I and II, a common
origin for the Nup107-160 subcomplex and vesicle coat
proteins has been suggested (Devos et al., 2004).
Although controversial (Antonin and Mattaj, 2005), the
idea of an early membrane-curving module leading to
the formation of the internal membrane systems in
modern eukaryotes is certainly appealing. Interestingly,
Drin and co-workers have identified a general
amphiphatic a-helical motif for sensing membrane
curvature, also found in the Golgi-associated protein,
ArfGAP-1, as well as in Nup133 (Drin et al., 2007), a
member of the Nupl107-subcomplex (see below).
Recently, the structure of the scaffold nucleoporin,
Nic96, the yeast orthologue of Nup93, was solved by X-
ray crystallography (Fig. 3). Although Nic96 is
elongated and mostly -helical, it does not share the
hallmark features of solenoid proteins, i.e. a regular
repeat pattern that forms a spiral-shaped superhelix
(Jeudy and Schwartz, 2007), and, therefore, stands in
contrast to earlier structural predictions (Devos et al.,

Fig. 3. Set graph of
nucleoporins according to fold.
The three circles depict the
major structural motifs: O(-
helical domains (green), B-
propellers (blue) and FG-
repeat domains (red). Coiled-
coils (CC, black), Ran-binding
domains (RBD, pink),
transmembrane motifs (TM,
cyan) and zinc fingers
(asterisk) are also depicted.
Scaffold motifs are shown in
the lower section of the figure,
45 ~ which functionally-devoted

L motifs are presented in the
upper section. Nucleoporins
presumably share similar folds
within known subcomplexes
(in bold letters): Nup107-
Nup160 (bottom, blue),
Nup205-188 (middle left,
green), Nup214 (middle right,
pink) and Nup62 subcomplex
(center, orange). The crystal
structures shown are the
Nup358-Ran-binding-domain
in complex with Ran, the
Nup358-E3-Ligase-domain in
complex with SUMO, Ubc9
and RanGAP, the Nup98 auto-
proteolytic domain in complex
with a Nup96 peptide, the N-
terminal domain of Nup133,
the alpha-helical region of
Nup58 associated with its
splice variant Nup45, and
Nic96, the yeast orthologue of

specialized domains

scaffold domains

Nup93 (Vetter et al., 1999; Hodel et al., 2002; Berke et al., 2004; Reverter and Lima, 2005; Jeudy and Schwartz, 2007; Melcak et al., 2007).
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2006).

Finally, nucleoporins within known subcomplexes,
such as the Nup107-160, the Nup205, the Nup214-88
and the Nup62 subcomplexes, share similar folding
motifs (Fig. 3) and presumably form the individual NPC
substructures. The position of many nucleoporins was
roughly mapped onto the overall assembly and most
showed symmetrical localization, relative to the NE
(Rout et al., 2000). However, most of the studies relying
on immunocytochemistry were performed using gold-
labeled secondary antibodies, a tool that imparts a
precision of ~16 nm (Baschong and Wrigley, 1990). This
strategy is sufficient to characterize elongated structures
but when applied to scaffold nucleoporins, may
introduce an artificial symmetry around the center of the
spoke ring complex, since the gold clusters would
localize along a circular perimeter around the epitope.
Nevertheless, while some subcomplexes contain more

scaffold motifs and presumably localize to the core
structure, others contain more functionally devoted folds
that would presumably localize to the NPC periphery
(Devos et al., 2006).

The Nupl107-160 subcomplex (Fig. 3, blue) consists
exclusively of scaffold motifs, namely a-only domains
and B-propellers. Moreover, its components show long
mean residence times at the NPC (Rabut et al., 2004).
Biochemically, the Nup107-160 subcomplex is the best-
characterized subcomplex of the NPC (Boehmer et al.,
2003; Harel et al., 2003; Walther et al., 2003). The yeast
homologue, i.e. the Nup84p subcomplex, can be
reconstituted into an elongated structure of ~40 nm in
vitro (Lutzmann et al., 2002). Since the Nup107-160
subcomplex was shown to be a key component of the
NPC, one can speculate that it is part of the spoke ring
complex. Except for Nup160, all components of the
Nup107-160 subcomplex are present at a relative

Fig. 4. Signal recognition by
nucleocytoplasmic transport
receptors. Stereo-view of 2 in
complex with (A) M9 NLS (Lee
et al., 2006) or (B) the NLS of
the heterogeneous nuclear
ribonucleoprotein M
(Cansizoglu et al., 2007).
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abundance of at least 2 per asymmetric unit (Cronshaw
et al., 2002). The electron density of the spoke ring
consists of two half rings, separated by a region of lower
electron optical density (Beck et al., 2007).
Consequently, the major building block of the spoke ring
might contain two copies of the Nupl07-160
subcomplex per asymmetric unit. The components of the
cytoplasmic and nuclear rings are, however, difficult to
predict at this time.

The Nup205 subcomplex (Fig. 3, green) consists
mainly of scaffold motifs as well as a few additional
domains. In terms of mean residence times, Nup205
subcomplex members have been partially classified into
the scaffold and adaptor groups (Rabut et al., 2004).
Members of the Nup214-88 subcomplex (Fig. 3, purple)
contain only few scaffold domains, although various
interaction motifs, such as FG-repeats, Ran-binding
domains, zinc fingers and others, are present. The Nup62
subcomplex (Fig. 3, orange) is mainly composed of
dynamic motifs such as coiled-coils and FG-repeats. One
subcomplex member, Nup58, forms tetramers together
with its splice variant, Nup45, comprising two anti-
parallel o-helical hairpin dimers (Melcak et al., 2007).
Melcak and co-workers have suggested that this module
can adjust the diameter of the central transport channel
by circumferential sliding. Interestingly, changes in NPC
diameter have been detected by cryo-EM (Beck et al.,
2007) and in several studies utilizing atomic force
microscopy (see Lim and Fahrenkrog, 2006, for review).

Nuclear import pathways and importin structure

In contrast to the mostly stationary nucleoporins, an
additional set of soluble proteins contributes to nuclear
transport. Although small ions and molecules can
traverse the NPC by simple diffusion, most cargo carries
specific nuclear localization signals (NLSs) or nuclear
export signals (NESs), recognized by a set of transport
receptors that facilitate cargo passage through the NPC.
Such receptors, referred to as importins and exportins (or
karyopherins), chaperone cargo during transport through
the NPC by means of hydrophobic interactions with
phenylalanine-and glycine-rich nucleoporin domains
(FG repeats) lining the main channel. While import
complexes are disassembled on the nuclear face of the
NPC upon binding of RanGTP to importins, export
complexes are usually escorted by RanGTP and
disassembled at Ran-binding domains at the cytoplasmic
side of the NPC, upon stimulation by RanGAP.

Different nuclear import pathways rely on diverse
transport receptors (Gorlich and Kutay, 1999;
Fahrenkrog and Aebi, 2003; Stewart, 2007), thus
allowing specific substrate recognition. Here, we focus
on recent advances in the structure of importins; for
review of export complexes, see (Kutay and Guttinger,
2005; Cole and Scarcelli, 2006). The classical NLS that
directs a broad range of cargoes (Conti et al., 1998). The
NLS comes in two flavors: A short basic sequence,
exemplified by that found in the SV40 large T-antigen,

and a bipartite basic sequence, as found in
nucleoplasmin. However, other proteins imorted into the
nucleus may directly bind variants of importin 3 (Conti
and Izaurralde, 2001; Chook and Blobel, 2001).
Following passage through the central channel, the
imported cargo is released into the nucleus upon binding
of RanGTP, which its high affinity for importin
(Chook and Blobel, 2001; Lee et al., 2005).

In contrast to the relatively conserved classical NLS,
other NLS sequences present considerable diversity.
Accordingly, three importin 31 variants recognizing such
NLSs display significant sequence variability and
structurally, present different substrate binding sites. The
import of many RNA processing proteins involves direct
binding of importin B2 to the M9 NLS, a 38 amino acid
transport signal found in hnRNP A1 (Fig. 4A, Pollard et
al., 1996; Bonifaci et al., 1997). Indeed, several of these
non-classical NLSs have been characterized by
biochemical and structural approaches (Lee et al., 2006;
Cansizoglu et al., 2007). Such NLSs contain a C-
terminal R/H/Kx(2-5)PY motif, where x(2-5) represents
a 2-5 amino acid stretch of any sequence, while the N-
terminal residue is either hydrophobic or basic in nature
(Fig. 4B). These 20-30 residue long sequences are
structurally disordered. The non-classical NLS is
oriented in an anti-parallel extended conformation,
perpendicular to the o-heical HEAT repeats of importin
B2 (Cansizoglu et al., 2007). The diversity of nuclear
localization signals thus emphasizes the complexity of
nuclear import and the variability of signals involved in
nuclear transport. Nonetheless, while NLSs that bind
importin Bs vary in sequence, many share similar
conformations when complexed with their import
receptor, exemplifying how transport receptors might
have evolved and how the specificity of various
transport pathways is achieved.

Outlook

The NPC include eight asymmetric units that form
ring structures and depict the highest level in modularity
hierarchy. Each asymmetric wunit consist of
subcomplexes that may be present in more than one
copy. Different nucleoporins, however, contain domains
with common folds, thereby reducing the complexity of
the structure. The modularity concept (Berke et al.,
2004; Schwartz, 2005) is the key to understanding how
such a huge, yet intricate structure as the nuclear pore
has evolved and might simplify future structural
investigations aimed towards obtaining an atomic
resolution model. While cryo-electron tomography
represents an excellent tool for the structural analysis of
functional systems, the resolution of the overall
assembly is not likely to exceed 2-3 nm in the near
future, due to technical limitations. The localization of
specific proteins within the NPC will, therefore, require
further development of gold-labelling methodology, such
as the direct conjugation of gold nanoparticles to Nups
in combination with 3D-EM approaches. Consequently,
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single particle cryo-EM of defined subcomplexes might
well serve to close the resolution gap to X-ray and NMR
investigations. Atomic resolution structures could then
be fitted into 3D maps of subcomplexes that would then
be assigned into the overall structure.
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