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The central dogma of molecular biology — DNA makes RNA makes proteins — is a flow of information that in eukaryotes 
encounters a physical barrier: the nuclear envelope, which encapsulates, organizes and protects the genome. Nuclear-
pore complexes, embedded in the nuclear envelope, regulate the passage of molecules to and from the nucleus, including 
the poorly understood process of the export of RNAs from the nucleus. Recent imaging approaches focusing on single 
molecules have provided unexpected insight into this crucial step in the information flow. This review addresses the latest 
studies of RNA export and presents some models for how this complex process may work.

Since its first description in electron micrographs1, our 
understanding of the nuclear-pore complex (NPC), arguably 
the largest nanomachine in the cell, has increased steadily. We 

are now at the point where we have a comprehensive overview of 
the NPC components and their contribution to its structure, as well 
as initial insights into the mechanism of NPC assembly and a sound 
understanding of the principal functions of the NPC2. The 100-nm 
diameter NPC has a core structure consisting of a hollow cylinder 
embedded in the nuclear envelope, which displays an eight-fold 
symmetry of about 30 different proteins termed nucleoporins (Nups). 
The NPC acts as the gateway between the nucleus and the cytoplasm; 
only those macromolecules carrying specific import and export signals 
are permitted to pass through the central channel of the NPC, although 
water and metabolites can pass through freely3,4. The NPC consists of 
several major domains (Fig. 1): the selective central channel, or central 
transporter region; the core scaffold that supports the central channel; 
the transmembrane regions; the nuclear basket; and the cytoplasmic 
filaments5. The central channel is filled and surrounded with a distinct 
class of Nup that has numerous large domains rich in phenylalanine 
and glycine repeats, termed FG Nups. It is this central channel and the 
FG Nups that seem sufficient to mediate selective receptor-mediated 
transport6,7. The nuclear basket consists of eight filaments that reach 
into the nucleoplasm, attached to each other by a ring at the end. 
Electron microscopy tomographs have shown that filaments extend 
from this basket into the nucleus8,9. The cytoplasmic filaments are less 
ordered, forming highly mobile molecular rods projecting into the 
cytoplasm. The reach of NPCs can extend about 100 nm into the nucleus 
and cytoplasm10,11.

The transport of molecules through the NPC is restricted by size; 
below a mass of approximately 60 kDa, macromolecules can passively 
diffuse across the NPC (albeit slowly, as the molecule approaches the 
60 kDa cut-off 12). The exact cut-off size remains unclear, although 
several studies have addressed this issue using various sized molecular 
probes13–15. Moreover, even small macromolecules (that is, below this 
cut-off) also frequently contain a nuclear localization signal that allows 
usage of the receptor-mediated transport pathways16. Hence, to be 
shipped as cargoes across the NPC, transport signals seem mandatory 
for almost all macromolecules: nuclear localization sequences (NLSs) 
for import into the nucleus and nuclear export sequences (NESs) for 
export. These signals are recognized by transport factors, each with 
specific signal preferences. Many transport receptors belong to the 

karyopherin (importin and exportin) families, characterized by a shared 
α-superhelical structure. Karyopherins can bind to the NLSs or NESs 
of their cognate cargoes, to the FG Nups and to the GTPase Ran17. For 
NLS-containing proteins, an import cycle starts with the formation of 
the cargo–karyopherin complex in the cytoplasm, which seems to be 
the rate-limiting step in vivo18,19, and then proceeds with translocation 
through the NPC and, finally, disassembly of the complex on the 
nuclear side by the binding of Ran-GTP to the karyopherin3,4,17. This 
process is driven by a Ran-GTP gradient across the nuclear envelope; 
Ran cofactors localized to the nucleoplasm and cytoplasm and a Ran-
specific nuclear transport factor (NTF2) maintain a high concentration 
of nuclear Ran-GTP and of cytoplasmic Ran-GDP3,16. Protein export has 
been shown to be governed by very similar principles to the well-studied 
import machinery. An NES on a cargo is recognized by a cognate 
karyopherin–Ran-GTP dimer in the nucleus and, after translocation 
across the NPC, the NES-cargo–karyopherin–Ran-GTP complex 
is disassembled on the cytoplasmic side, through activation of Ran 
GTPase activity by cytoplasmic RanGAP, achieving directionality20,21. 
As we discuss below, not all transport factors require Ran, nor belong 
to the karyopherin family; however, notably, all transport receptors can 
interact directly with FG Nups22.

An open question is how transport selectivity is achieved by 
the available components of the NPC. It is clear that FG Nups are 
essential in toto, not surprisingly given that they are the docking 
sites of the complex for transport factors. Deletions of individual FG 
repeat domains in yeast are not overtly harmful; however, various 
combinations of these deletions are, and there is a critical mass of 
deletions above which the NPC cannot function6. Numerous lines of 
evidence show that the FG repeat domains are natively unfolded23,24, and 
they form a tangle of filaments needed to establish the transport barrier 
in the central channel of the NPC. Reagents that disrupt this tangle also 
disrupt transport25–27. 

Models of nucleocytoplasmic transport
Although current models explaining the molecular mechanism of 
selective nuclear transport differ in their details, they agree that the 
FG repeat domains in the central channel of the NPC form a dense 
and dynamic network of filaments that blocks translocation of inert 
molecules, and that this barrier is overcome with the help of transport 
receptors18,25,28–31 (Fig. 2). A common idea in these various models 
is that the FG repeat domains conspire to produce an unfavourable 

2 1  J U L Y  2 0 1 1  |  V O L  4 7 5  |  N A T U R E  |  3 3 3

REVIEW
doi:10.1038/nature10318

© 2011 Macmillan Publishers Limited. All rights reserved



environment for diffusion of inert molecules through the NPC’s central 
channel. This barrier is overcome for cargoes with cognate transport 
receptors that bind to the FG repeats, thus counteracting the exclusion. 
In a sense, the NPC can be considered an enzyme for transport, in which 
only the correct substrates (such as transport factors and their cargoes) 
can bind to the active site and so pass across the nuclear envelope28,29. 
The directionality of transport is intimately linked to the release of cargo 
from the transport complex being allowed only on the correct side of 
the NPC24–29,31–34.

Transport and single-molecule microscopy 
An understanding of the precise steps that are involved in crossing 
the NPC is still missing. However, emerging single-molecule imaging 
approaches are showing the real-time dynamics of nuclear transport, 
and are illuminating its mechanism. Examples of these technologies 
are 4-Pi microscopy35,36, single point edge excitation subdiffraction 
microscopy37, fluorescence correlation spectroscopy (FCS)21,38, single-
molecule tracking10,19,39,40 and super-registration microscopy11 (Box 1). 
The application of such approaches to determine the distribution of Nups 
and transport-factor-binding sites supports the notion that the NPC 
functionally extends far into both compartments (the nucleoplasm and 
cytoplasm) on either side of itself 8,11,19. This agrees well with data using 
colloidal-gold-labelled transport cargoes and electron microscopy, which 
showed the cargoes docking to filaments extending dozens of nanometres 
from the NPC41–43. Dwell times of transport factors at the NPC have been 
found to range from 5 to 20 ms (Table 1). Variations in the transport 
factor, cargo and Ran-GTP concentration have a profound effect on 
the translocation times of proteins. The dwell time of the karyopherin 
importin-β1 could be reduced to 1 ms after increased concentrations of 
unlabelled importin-β1 in the cytoplasmic buffer44. In living cells, dwell 
times were found to be in the range of 5 to 7 ms19. Nucleocytoplasmic 
transport of proteins has been shown by confocal microscopy to be as 
high as ~1,000 molecules per NPC per second39,45. A dwell time of 5 ms 
translates into 200 parallel transport events per NPC per second, such 
that as many as 100 copies of importin-β1 occupy each NPC at any one 
time46. Notably, the presence of cargo also has an effect on dwell times by 
shortening the translocation process10,44, suggesting that the NPC needs 
to be viewed as a crowded environment. The central channel of the NPC 
is presumably filled with disordered FG repeat domains, unloaded and 
cargo-loaded transport receptors, and non-specific proteins competing 
to enter the NPC10,33,34,44 . Molecular crowding can have two effects on 
NPC function47,48: transport times and binding-site availability might 
change based on the occupation of the central channel with transport 
factors, cargo and non-specific competitors; and, it might affect the 
folding or shape of the disordered FG repeat domains33,34,47,48. This 

crowding should lead to competition for space and binding sites; in this 
way, transport factors with or without their cargoes, binding to the FG 
repeats, would tend to exclude other proteins that cannot bind in the 
same way to the NPC. This effect and the constant presence of transport 
factors in the NPC noted earlier would increase the selectivity of the 
NPC while maintaining its high flux rate33,34. In living cells, this high 
transport rate is represented by several transport factors carrying many 
importing and exporting cargoes, including ribonucleoproteins (RNPs). 
Thus, it seems that it is not the rate of passage across the NPC that limits 
the speed at which a cell can deliver its cargo from one side of the nuclear 
envelope to the other; instead, it has been shown that the formation of 
cargo–receptor complexes is limiting for import10,18,19,39. This point will 
be particularly important for considering how RNPs are delivered across 
the nuclear envelope. 

Notably, the ability to observe single-molecule translocations at the 
NPC allows the direct measurement of transport efficiencies. As would 
be expected for a diffusion-based process, only half of the attempts made 
by NLS cargo to pass from the cytoplasm all the way to the nucleus 
are successful39. Modifications of the importin-β1 concentration, the 
Ran-GTP gradient and the cargo size have been shown to shift this 
balance44,49. Using fluorescence resonance energy transfer between 
import receptors and cargo, the directionality and the release of the 
complex have also been visualized50. Transport complexes move by 
diffusion inside the NPC and thus change their direction stochastically. 
Hence, cargo release is necessary to impose directionality. Recent FCS 
data indicated that, unless the cargo is removed from the soluble pool 
by interaction with immobile structures, the NPC is a bidirectional 
exchange catalyst, which, according to Le Chatelier’s principle, will 
ultimately establish a steady-state balance of cargo enriched on one side 
of the nuclear envelope over the other19,38,50. This is in agreement with 
the observation that transport directionality can be inverted based on 
the direction of the Ran-GTP gradient11,20,21,49. The spatial location of 
cargo–receptor dissociation remains unclear50. The distribution of Ran 
and an importin-β1 truncation with reduced binding affinity for Ran 
did not indicate a clear location for the release of the receptor–cargo 
complex19,36. For import factors and cargoes, most data indicate that 
the binding-site distribution along the nuclear–cytoplasmic axis of the 
central channel is symmetrical, with peaks only a few nanometres off 
centre compared with the POM121 marker signal (Table 1), although 
an exception is found for the export of messenger RNA11 (see below). 
Tracing single molecules in three dimensions also showed a non-
uniform spatial distribution of importin-β1 across the orthogonal axis 
of the NPC, with higher probability densities found towards the walls 
of the central channel37,51. These and other data suggest that different 
transport pathways may follow different routes across the NPC31,52,53.
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Figure 1 | Nuclear-pore complex basic structure and function. A schematic 
representation of the NPC. Major structural elements are indicated. The 
cytoplasmic and nuclear extensions of the vertebrate NPC’s periphery are 
indicated on the cytoplasmic surface as Nup214 and Nup358, which carry 

factors that aid the egress of cargo such as ribonucleoproteins (RNPs) from the 
NPC, and on the nuclear surface as TPR (translocated promoter region), the 
nuclear-basket filament protein that carries factors aiding late RNP processing 
steps and the first stages of RNP export. See text for more details. 
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Principles and players of messenger RNP export
Our picture of nuclear transport is still mainly based on import studies, 
owing to the difficulty of introducing labelled export substrates into the 
nucleus. Import cargoes are mostly proteins that have been synthesized 
in the cytoplasm and are needed in the nucleus. There are also proteins 
that, once they reach the nucleoplasm, are exported out again by 
karyopherins such as XPO1 (also known as CRM1). Arguably, however, 
most export cargoes are RNAs, usually as complexes made of RNA and 
proteins. The ribosomal subunits and messenger RNPs (mRNPs) are the 
most abundant of these export cargoes. At around 60 kDa, the average 
size of protein cargoes is much smaller than mRNP cargoes, which can 
be as large as 100 MDa54. Such extremely large cargoes present a set of 
unique problems for the nuclear transport machinery (Fig. 3). First, 
the diameter of these cargoes can considerably exceed the diameter of 
the NPC central channel. Thus, to pass across the NPC, the quaternary 
structure of very large RNPs must be remodelled. Second, these cargoes 
consist of heterogeneous mixes of up to hundreds of molecules of 
proteins, representing dozens of protein species, packaged around an 
individual RNA molecule, rather than a single cargo macromolecule. The 
assembly of the exporting mRNP particle is clearly a complex process. 
Moreover, the transport machinery must distinguish between immature 
or incorrectly packaged mRNPs and those that are ready for export55. 
This task is further complicated by the fact that different mRNAs must be 
packaged into particles with different sizes and compositions. Third, as 
nucleic acids are in essence extremely long threads, they can potentially 
experience supercoiling problems, known as tangling. 

An explanation of how such cargoes are transported may require 
additions to the current transport models described above. For example, 

using electron microscopy to visualize cargo, complexes of up to 39 nm 
have been shown to cross the NPC; this includes large gold particles 
that cannot be deformed to squeeze through the central channel. If the 
gold particles cannot be deformed, then the NPC itself must change 
shape to accommodate transport of the particles56. Another intriguing 
possibility is that certain NPCs are more specialized for handling the 
requirements of RNP export. Using immunogold labelling, NTF2 and 
poly(A)+ mRNAs have been shown to use different sets of NPCs in each 
nucleus of HL-60 cells57. This discrimination may be cell-type specific, 
as NTF2 has been shown to label NPCs uniformly in HeLa cell nuclei58. 
In yeast, NPCs adjacent to the perinuclear nucleolus lack the proteins 
myosin-like protein 1 (Mlp1) and Mlp2, which are important for mRNP 
processing, hinting that mRNP export may avoid these NPCs59. 

One model of choice for RNP export has been that of Balbiani ring 
mRNA, found in the bloodworm larvae of the midge Chironomus. This 
RNA is huge, up to 40 kilobases (kb), and is packaged into an mRNP 
particle some 50 nm in diameter, far too large to fit through the NPC 
unaltered54,60. However, classic electron microscopy studies showed 
that the mRNP unravelled at the nucleoplasmic face of the NPC, and 
then threaded through as a thin strand while crossing the NPC. These 
studies, plus immuno-electron microscopy data of the proteins present 
in the Balbiani ring mRNP at each stage of export, have led to a picture 
of considerable structural and compositional rearrangement of the 
transcript during export54,61,62. Balbiani ring mRNA seems to be exported 
at the 5ʹ end first, making it necessary to postulate a step in transport 
that orients the mRNA correctly, before it is threaded through the NPC. 
Live cell data on the mobility and inner nuclear pathways of this giant 
RNA complex exist, but the export dynamics of this complex remain 
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Figure 2 | Modes of transport. Various models for how the FG Nups mediate 
the selective barrier function of the NPC are shown. The detailed distribution 
of FG repeat domains is not illustrated here. a, FG Nups polymerize into a 
gel through which transport receptors pass by binding to the FG Nups and 
dissolving the crosslinks25. b, The FG repeat filaments diffuse around their 
tether, and other molecules are excluded from this region. Transport factors 
pass through by binding to the FG Nups28,29. The FG Nups might also act as 
a molecular brush that collapses once transport receptors have bound other 
molecules24. c, FG Nups collapse after binding by transport factors to form a 

layer along the walls of the channel. This layer is impenetrable to inert molecules 
but permeable to transport factors52. Inert macromolecules are able to pass 
through the central channel only. d, FG Nups form two categories of disordered 
filaments: collapsed coils, which are gel-like; and extended coils, which are 
brush-like31. Transport factors can pass through both configurations, but 
macromolecules are excluded. An argument can also be made (not shown) that 
the central channel in vivo will always be permeated with transport receptors, 
loaded or unloaded with cargo, resulting in a highly crowded environment. This 
could have a profound influence on the physical state of the FG Nups33,34. 
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unknown60. The ability of conventional electron microscopy to capture so 
many examples of its transport suggests the rate of passage of the Balbiani 
ring RNP is relatively slow across the NPC60. By contrast, average-sized 
mRNAs of a few kilobases (such as β-actin) are exported so fast that such 
major quaternary structural unfolding seems unlikely, although some 
remodelling must occur (see below)11. Even larger mRNAs such as the 
dystrophin transcript (~10 kb) may require unfolding and export on 
timescales of only a second40, providing some perspective on the extreme 
that the Balbiani ring mRNA probably represents. 

Protein import into the nucleus has been shown to be GTP 
dependent, with directionality imposed by the Ran-GTP gradient 
leading to dissociation of the transport complex in the nucleus16. 
Although Ran is involved in upstream events leading to export (such 
as the import of mRNA-processing and mRNA-maturation proteins), 
it does not seem to provide the direct driving gradient for RNA export, 
which seems to be ATP dependent63–68. How export directionality is 
ensured is also unclear69. It is likely that the host of accessory proteins 
tethered to the nuclear and cytoplasmic filaments of the NPC (Fig. 1) 
have important roles in exchanging proteins from the mRNPs as they 
pass through the NPC, particularly stripping away nuclear transport 
factors as the mRNP exits the cytoplasmic side of the NPC, and so 
ensuring that transport is unidirectional. RNP export starts at the 
nuclear basket, where the TREX2 (3ʹ repair exonuclease 2), TRAMP 
(Trf4-Air2-Mtr4p polyadenylation) and exosome complexes, involved 
in proofreading and final assembly of the RNP before its export, are 
found hovering70 (Fig. 1). After processing at the basket, the RNP must 

then enter the realm of the FG Nups. A key player in this stage is TAP 
(also known as NXF1), which forms a dimer with p15 (also known as 
NXT1) — these are homologues of the yeast Mex67–Mtr2 heterodimer 
— although p15 has been shown to be dispensable for export71. These 
proteins form the major transport receptors for mRNPs, as they bind 
both the mRNP particles and FG repeats72–74. After passing through 
the central channel, the RNP must then encounter the filaments 
on the cytoplasmic face of the NPC. Here, Nup214, Nup358 and 
Dbp5, a DEAD-box helicase, have also been shown to be essential 
for mRNA export75–77. Dbp5 functions in an ATP-dependent manner 
and has been proposed to supply the motor activity that would 
provide mechanical force to reshape the mRNP, although this motor 
function has not yet been conclusively shown78–80. A ratchet model 
has also been proposed for RNA export, in which the Dbp5-mediated 
removal of TAP–p15 leads to transport directionality69. Although 
remodelling events could be used to prevent mRNA from diffusing 
back through the central channel into the nucleus69, the exact point 
of first interaction between Dbp5 and mRNA is also unclear81–84. 
Specific binding sites for Dbp5 have been identified in Nup214. 
Because this is a cytoplasmic filament Nup, it places Dbp5 in an ideal 
position to receive mRNPs as they begin to exit the NPC, and the 
remodelling function of Nup214 would thus prevent the mRNPs from 
re-entering. This model was recently supported by crystal structures 
of the yeast Dbp5–Gle1–Nup159 (Nup214 in mammals) complex 
that support Dbp5 binding to RNA. Separation of the carboxy- and 
amino-terminal RecA-like domains of Dbp5 is triggered by Gle1 in 

Fluorescence microscopy has been the standard technology in the field 
to establish bulk kinetic rates of nuclear transport. In the past five or so 
years, developments in optical technology have provided the means 
to use fluorescence microscopy to resolve details in the spatial and 
kinetic functions of the NPC. This box provides a brief overview of these 
applications.

Single-molecule tracking (SMT) 
In this imaging approach, the diffracted signal of a single molecule can 
be used to determine the position of the molecule with high precision. In 
combination with ultrasensitive detection and imaging frame rates of a few 
milliseconds, individual cargoes and receptor molecules can be followed, 
and their interaction time with the NPC determined10,11,38. The limitations 
of SMT are that only one species of molecule can be resolved in any 
spectral channel, and mapping between spectrally resolved channels is 
still diffraction limited.

Super-registration microscopy
Super registration uses a cellular fiduciary marker to allow measurement of 
molecular interactions at the nanometre length and millisecond timescale11.

Single point edge excitation subdiffraction (SPEED) microscopy
In the SPEED method, a highly focused confined excitation beam 
(similar to confocal microscopy) is combined with ultrasensitive wide-field 
detection37. The resultant data have high signal-to-noise ratios and can 
be interpreted in three dimensions using data modelling. This approach 
has been used to track single molecules inside the NPC with virtual three-
dimensional subdiffraction resolution.

Highly inclined and laminated optical sheet microscopy (HILO)
In this approach, an analogy to total internal reflection fluorescence (TIRF) 
microscopy is used to tilt the excitation beam relative to the optical axis 

of the microscope46. Although TIRF is restricted to surface-bound signals 
within a distance of a few hundred nanometres of the cover glass, HILO 
can achieve adjustable penetration depth of the sample and provide 
improved signal-to-noise ratios in the images, allowing SMT and super-
registration imaging in the nucleus.

Fluorescence correlation spectroscopy (FCS)
The fluctuation of fluorescence in a fixed confocal excitation spot is 
analysed to measure diffusive dynamics of the observed molecules21,35,36. 
This has the advantage of being able to resolve fast dynamics, and it 
has been applied to study the equilibrium conditions of NPC transit at the 
single-molecule level.

4-Pi microscopy
This approach is an extension of confocal microscopy in which two 
objectives are placed on opposite sides of the sample, doubling 
the effective numerical aperture of the detection system35,36. After 
deconvolution of the images, this scanning technology provides excellent 
resolution along the optical axis of the microscope. The method has 
been extended to FCS and was used to study the interaction of transport 
receptors with NPCs. The method also yields good registration between 
several spectrally resolved images.

Super-resolution microscopy
None of the various super-resolution methods — such as structured 
illumination microscopy, photo-activation localization microscopy, 
stochastic optical reconstruction microscopy and stimulated emission 
depletion imaging — has yet been applied to NPC functional imaging. 
Ultimately, the further development of these technologies, and technical 
advances in optics, detectors and also in the design of fluorescent 
reporters, will result in high-resolution kinetic data of NPC function beyond 
the current state of the art.

BOX 1

Microscopy used for nucleocytoplasmic transport
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an ATP-dependent manner. After RNA release, Dbp5 is bound by 
Nup159, resulting in a further separation of the RecA-like domains64. 
Inositol hexakisphosphate binding to Gle1 has been shown to be 
specific and essential for this process, and a single Dbp5 seems to 
be able to allow multiple cycles of mRNP remodelling85,86. DEAD-
box helicases are involved in several nuclear processes that lead to 
the formation of export-competent mRNPs68,75,87,88. Taken together, it 
seems likely that a certain size limit exists above which rearranging of 
the mRNP before or during export is mandatory. It also seems safe to 
speculate that, based on the extensive heterogeneity of mRNAs, this 
size limit is not sharply defined. 

The complete protein content of mRNPs is unknown, so the range of 
composition differences between different mRNPs is still uncharacterized. 
Which proteins of the mRNP are involved in mediating transport across 
the NPC and how many of them are exchanged at the NPC remain central 
questions in the field. Another key issue is whether a common export 
mechanism exists for all mRNPs or whether there are transcript-specific 
differences. In addition, mRNA complexes also have pivotal roles in the 
life cycle of the cell and are therefore controlled by many processing and 
checkpoint steps, which are now suspected of being NPC coupled70. 
Molecular crowding47,89, discussed before in the context of the molecular 
environment within the central channel of the NPC (Fig. 2), also has a 
profound effect on nuclear structure and so could influence the passage 
of nascent mRNPs to the NPC48. For example, it remains unclear whether 
access to NPCs is sometimes hindered by chromatin, although current 
super-resolution microscopy data do not suggest this11,40,90.

The dynamics of mRNP export
An insight into the effects that large cargoes may have on transport 
dynamics is based on imaging quantum dots as they are imported 
through the NPC from the cytoplasm to the nucleoplasm of living 
cells49. Not surprisingly, transport times were found to be long compared 
with single protein import measurements. Translocation times of 2 s 
to several minutes, with a median at 34 s, were measured, which are 
far longer than those found for the export of similarly sized β-actin 
mRNPs11,49 (see also below). This can be explained in part by the fact 
that quantum dots are rigid substrates and, compared with mRNA 
complexes, lack the ability to reconfigure during transport. It may also 
point to the idea that the specific machineries recruited to the mRNP are 
crucial for ensuring its speedy, as well as specific, transit across the NPC. 

Recently, a rather more detailed picture comprising docking, 
translocation and release for mRNA export across the NPC has 
been presented11. Pivotal for the measurement of nanometre-scale 
distances between mRNA and NPC was super-registration of the two 
spectrally resolved signals (Fig. 4). By using the NPCs themselves 
to generate the registration signal, it was possible to super-register 
the co-localization of single-molecule signals with ~10 nm precision 
along the nuclear envelope in the living cell11. This detailed picture 
of mRNA export complements that described previously40, in which 
a model RNA was transiently expressed and its movement traced in 
the nucleoplasm and during translocation using single-molecule 
tracking. The translocation time was estimated to be 1 s, based on the 
data acquisition rate of 1-s time intervals. On the basis of statistical 

Table 1 | The dynamic range of NPC-mediated transport

Substrate Dwell time (ms) Peak centre (nm) Distribution Condition Reference

NTF2 5.8 ± 0.2 −30 Symmetrical Permeabilized cells 10

NTF2–cargo 5.2 ± 0.2 ND ND Permeabilized cells 10

Transportin 7.2 ± 0.3 −2 Symmetrical Permeabilized cells 10

Transportin–cargo 5.6 ± 0.2 ND ND Permeabilized cells 10

Importin-α–cargo (depleted of CAS and 
GTP)

28 ± 1 ND ND Permeabilized cells 50

2×GFP–NLS 10 ± 1 ND ND Permeabilized cells, glycerol 39

2×GFP–NLS (depleted of Ran and GTP) 45 ± 5 ND ND Permeabilized cells, glycerol 39

2×GFP–NLS (15 mM importin-β) 1.0 ± 0.1 ND ND Permeabilized cells, glycerol 44

2×GFP–NLS 7.8 ± 0.4 ND ND Living cells, microinjection 44

2×GFP–NLS (competition with dextran) 1.8 ± 0.1 ND ND Living cells, microinjection 44

Importin-α–cargo 7.6 ± 0.5 ND ND Permeabilized cells 50

Importin-α–cargo (depleted of Ran-GTP) 31 ± 6 ND ND Permeabilized cells 50

Ran 10.5 ± 0.8 to 24.8 ± 1.6 −9 ± 82 to −37 ± 82 Symmetrical Permeabilized cells 36

eGFP 0.4 ± 0.1 to 0.9 ± 0.2 ND ND Permeabilized cells 36

BSA 6.2 ± 0.3 −13 ± 1 Symmetrical Living cells, microinjection 19

Importin-α 7.5 ± 0.8 −6 ± 2 Symmetrical Living cells, microinjection 19

Importin-β 6.6 ± 0.2* −10 ± 2 Symmetrical Living cells, microinjection 19

Importin-β (ΔN44) 11.8 ± 0.6* −8 ± 1 Symmetrical Living cells, microinjection 19

Transportin 4.6 ± 0.1* 5 ± 2 Symmetrical Living cells, microinjection 19

Importin-β 5 ± 2.2 ND ND Living cells, microinjection 37

Quantum dots 2 s to 15 min, median 34 s −5† Symmetrical Permeabilized cells 49

Dys mRNA 500 ND ND Living cells, MS2 system 40

β-Actin mRNA 180 ± 10 −97 ± 17 to 71 ± 22 Bimodal Living cells, MS2 system 11

The dwell times for different factors used to probe NPC transport are given. Errors are indicated as published. Where available, the centre of the binding-site distribution along the transport axis is reported, 
and the shape of that distribution indicated. The peak centre was measured relative to a POM121–fluorescent-marker fusion protein (either POM121–GFP or POM–tandemTomato). Symmetrical refers to 
shapes that have one peak and roughly similar decays on both sides. Bimodal refers to β-actin mRNA, for which several binding sites have been found. Condition refers to the preparation of cells and buffer 
conditions, as discussed in the text. BSA, bovine serum albumin; CAS, recycling cofactor for importin-α; Dys, dystrophin; eGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; ND, not 
determined; 2×GFP–NLS is an artificial transport cargo molecule, made from a fusion of two GFP molecules that have an NLS. The MS2 system is a method of visualizing mRNA using a cassette of stem–
loops that binds tightly to the MS2 coat protein fused to GFP11.
*A second component of ~5 to 15% with a significantly longer dwell time was found. 
†No POM121 used; peak positions found ~20 nm into the central channel.
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analysis of single-molecule tracking data, a diffusion coefficient of 
~0.2–0.6 µm2 s−1 was calculated, and the translocation velocity given 
as 0.65 μm s−1. Complex kinetics were inaccessible owing to limitations 
in the image-acquisition rate, and details of the export step were not 
observed with this time resolution, but rather acquired through 
model-based data analysis. Importantly, despite the different sizes of 
the mRNAs and the very different data-acquisition timescales (3.3-kb 
β-actin mRNA imaged with 50 Hz, and 4.8-kb mRNA imaged with 

2 Hz), both studies support the rapid transport of mRNAs. 
Perhaps the most surprising result to emerge11 was that a medium-

sized endogenous mRNP of about 3 MDa spends most of its transport 
time of ~200 ms equally between docking and release at the nuclear 
basket and cytoplasmic filaments, whereas translocation through the 
central channel itself occurs in a remarkably rapid manner within a time 
interval of less than 20 ms (Fig. 4). This would correspond to a diffusion 
coefficient along the central channel of roughly 0.06 μm2 s−1 (free 
diffusion over a 50-nm distance within 10 ms), or a velocity of 5 μm s−1 
(linear movement across the central channel). This compares favourably 
with transport times for protein cargoes that have been found to range 
from 1 to 15 ms (corresponding to a diffusion coefficient in the channel 
of 0.13 μm2 s−1, assuming a 5-ms dwell time that is attributed only to 
the central channel), and with the free diffusion rate of such a 3 MDa 
cargo10,11,39,44,60. Thus, it seems that the export of RNAs is not limited by 
getting through the central channel of the NPC, but rather by the time 
taken in preparation for this transport, and conversely its termination 
from it. This is analogous to protein import, in which the transport step 
is minor compared with the assembly of the transport-factor–cargo 
complex18. Given the apparent complexity of the assembling, NPC 
targeting and disassembling of mRNP cargoes (each consisting of up 
to hundreds of individual molecules), this makes sense. In the quantum 
dot study49, these docking and release steps were not observed49. This 
could be explained by a much slower translocation step that ‘hid’ 
more complex fast kinetics at the rim of the NPC, but also seems to 
suggest that transport of mRNPs includes steps to hold the mRNP at 
the docking and release sites. The rapid transition through the central 
channel must be taken into account when considering which of the 
transport models is correct. To achieve these times, a model is needed 
that allows the barrier forces in the central channel and FG Nup region 
to be overcome within a very short time. It is also clear from these data 
that mRNP export was not limited in rate by the translocation step, but 
rather was dependent on the interaction between the cargo and the 
peripheral elements (at both the nuclear and the cytoplasmic interfaces). 
This is an important notion as deletion experiments in yeast have shown 
that most asymmetrical or peripheral Nups are either redundant or 
unnecessary to achieve selectivity, although the factors associated with 
some of these proteins (such as Gle1) are important6,85. However, it has 
been shown in yeast that certain types of FG Nup, and not just those 
associated with the nuclear basket or cytoplasmic filaments, are crucial 
for efficient mRNP export6,91. This indicates that, as with karyopherin-
mediated protein transport, particular kinds of FG Nup cooperate to 
form specific pathways across the NPC that are favoured by specific 
types of transport-factor–cargo complex22. 

Export of ribosomes and other RNAs 
Our understanding of the mechanisms and dynamics of the export of 
other RNAs remains sketchy. Other RNAs include those much smaller 
than typical mRNAs: for example, transfer RNA, microRNA (miRNA) 
and small nuclear RNA, but also large RNA-containing particles such 
as viral RNA, ribosomal RNAs and ribosomal subunits55,92. Results 
indicate that the export of small RNAs is similar to the export of proteins 
and even involves the same or similar karyopherin transport factors55. 
Both tRNAs and miRNAs seem to carry sequences (or structural 
elements) analogous to NESs that are recognized by their cognate export 
karyopherins, whereas mature small nuclear RNP complexes have an 
NES-containing protein recognized by the export karyopherin CRM1 
(ref. 55). Ribosomal subunit export is another topic of great interest92. 
Like mRNP export, the export of both the 40S and the 60S ribosomal 
subunits must be rapid. Although little is known about the export of 
the 40S subunit, it has been established that the 60S subunit can use 
many different pathways for export91. This has been interpreted as a 
mechanism to make this a robust process, less sensitive to the cellular 
stress response or inhibition. However, the overall regulation, transport 
mechanisms and detailed dynamics of ribosomal export are much less 
well understood than for mRNP export. One limit here will be devising 

Figure 3 | Transport of cargoes. The challenges faced by the NPC in 
transporting cargoes of different sizes are shown. Small cargoes are easily 
accounted for by all existing models (see Fig. 2), but large cargoes raise issues for 
the functionality of the NPC. a, Small cargoes are usually single proteins. They 
attach to karyopherins, which carry the cargo through the NPC by interacting 
with the FG Nups. No large-scale displacement of the FG Nups is necessary, 
and the cargo–karyopherin complexes can be transported bidirectionally. b, 
Large cargoes and RNPs are usually multiprotein complexes that contain several 
transport factors. Large cargoes displace the FG Nups and sterically hinder other 
transport. c, An mRNP is exported as a ‘string of beads’, in which each ‘bead’ 
behaves as a large cargo. Multiple accessory factors aid in the processing of the 
mRNP at both the nuclear basket and the cytoplasmic filaments.
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a consistent labelling strategy for ribosomal subunits that allows 
specificity of label targeting to a subclass of 40S or 60S subunits, and 
stays on the subunits during transport.

Outlook
Recent work provides insight into how cells transport RNPs across the 
NPC. Although it seems that the constraints of the narrow channel 
should make export slow, this is not the case. Instead, the cell has 
specialized structures on the periphery of the NPC that prepare RNPs 
for a rapid step through its central channel, and for the repackaging 
of the RNPs for release into the cytoplasm. The relevance of this 
mechanism probably extends beyond RNPs, because large complexes of 
proteins may also need to be temporarily restructured for rapid passage. 

Much work over the past few decades has been directed at the 
structure and composition of the NPCs, but with new microscopic 
approaches it is now possible to overlay this with a kinetic picture, one 
that is essential to understand the mechanisms involved in transport. 
Ensemble measurements have not yet been able to describe sufficiently 
the individual steps of molecular mobility and interaction, spatial–
temporal resolution, kinetic parameters and geographical mapping. 
The ability to study the dynamics of transport processes opens up key 
questions, such as the role of the peripheral structures of the NPC in 
transport, because selectivity seems to be mainly achieved in the central 
channel. Regulatory functions93, links to diseases94,95 and the ageing of 
NPCs96 have been established for the NPC under in vivo conditions and 
are mediated by either specific Nups or transport receptors. However, 
the spatial overlay of these processes within the NPC remains unclear. 
A picture of distinct transport pathways for specific cargo along the 
central channel of the NPC is emerging37,51, ultimately leading to the 
question of whether all NPCs are equal. In single-molecule transport 
studies only small subsets of NPCs in each experiment show activity11,19. 
β-Actin mRNA was also shown to frequently scan NPCs without 
engaging in transport. This raises questions addressing NPC activity, 
such as whether the scanning could be due to certain NPCs (or a specific 
subpopulation) being inaccessible for mRNA transport, or β-actin 
mRNA transport specifically. This could result from NPCs being too 
busy to transport alternative RNA cargoes, or these NPCs could be 

resting stages, rendering NPCs temporarily inactive. Alternatively, 
NPCs might be specialized for particular kinds of transport (see above). 
Another intriguing possibility is that NPCs could reject the passage of 
mRNPs during a quality-control surveillance step. In yeast, Nup60 has 
been implicated in a quality-control step for specific mRNAs localized 
to the bud tip97. It has been suggested that the quality control of complex 
cargoes — for example, nonsense-mediated decay of premature-
termination-codon-containing mRNAs — could occur at the NPC98, 
although it is unclear whether the process is completed at the NPC or 
whether the NPC simply initiates it.

Study of the NPC has implications for infectious diseases, as it 
may be possible to inhibit viruses such as HIV by tampering with 
cellular transport pathways99. Moreover, although it is by far the most 
extensively used, the NPC may not be the only method of crossing the 
nuclear envelope: some viruses, for example, seem to bypass the NPC 
entirely and bud directly from the nucleoplasm to the cytoplasm100.

A key question in the field is how selectivity in the central channel 
works and copes with a large variety of cargo sizes, including 
huge mRNP complexes. The surrounding cellular milieu, and the 
simultaneous docking to the NPC of multiple transport factors and 
their large and small cargoes, means that the NPC and its vicinity are 
very crowded places. Because of this, competition between transport 
factors, cargoes and non-specific vicinal proteins for space and binding 
sites must strongly modulate the behaviour of the NPC and RNP export. 
It will be difficult to completely reproduce all these effects in vitro, so the 
new imaging techniques that have literally shed light on mRNP export 
will be necessary to understand ultimately how it works. ■
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