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Abstract The inner nuclear membrane harbors a unique

set of membrane proteins, many of which interact with

nuclear intermediate filaments and chromatin components

and thus play an important role in nuclear organization and

gene expression regulation. These membrane proteins have

to be constantly transported into the nucleus from their

sites of synthesis in the ER to match the growth of the

nuclear membrane during interphase. Many mechanisms

have evolved to enable translocation of these proteins to

the nucleus. The full range of mechanisms goes from rare

autophagy events to regulated translocation using the

nuclear pore complexes. Though mechanisms involving

nuclear pores are predominant, within this group an enormous

mechanistic range is observed from free diffusion through the

peripheral channels to many distinct mechanisms involving

different nucleoporins and other components of the soluble

protein transport machinery in the central channels. This

review aims to provide a comprehensive insight into this

mechanistic diversity.
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Abbreviations

NE Nuclear envelope

INM Inner nuclear membrane

ONM Outer nuclear membrane

FG Phenylalanine-glycine

NPC Nuclear pore complex

NET Nuclear envelope transmembrane protein

LBR Lamin B receptor

NLS Nuclear localization signal

Nup Nucleoporin

FRAP Fluorescence recovery after photobleaching

Introduction

Since the nuclear envelope (NE) first appeared roughly 3

billion years ago, the cell has had to deal with the problem

of getting proteins into the nucleus. This problem was

solved for soluble proteins through evolution of the nuclear

pore complexes (NPCs), greater than 60 MDa structures

containing roughly 30 distinct proteins in multiple copies

to create a channel for regulated transport of macromole-

cules in and out of the nucleus (reviewed in [1]).

Considerable work on transport of soluble cargos through

the NPC has revealed a wide range of transport receptors

that interact with different cargos via nuclear localization

signals (NLSs) on the cargos. Though there are many dif-

ferent transport receptors, they all appear to function

through a common mechanism. In contrast, the mechanism

underlying translocation of transmembrane proteins has

only recently come under scrutiny, but there appears to be a

much wider range of translocation mechanisms for mem-

brane proteins than there is for soluble transport.

The physical barrier of the NE is far stronger and more

complex than that of the plasma membrane. While the

plasma membrane is a single membrane, the NE is a

membrane system with outer and inner nuclear membranes

(ONM and INM) separated by a lumen rather like the moat
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of a castle. The ONM is continuous with the ER [2] and

forms the outer cover of the nucleus facing the cytoplasm

(Fig. 1). The ONM covers the nucleus completely, except

for areas where the NPCs are inserted [2]. At these sites the

ONM bends with both convex and concave curvature to

form a unique channel structure at what is sometimes

called the pore membrane. The pore membrane flows into

the inner line of defense for the NE, the INM. Both INM

and ONM contain partially unique sets of membrane pro-

teins called NETs for nuclear envelope transmembrane

proteins (NETs). Most NETs accumulate particularly in the

INM and many interact with the lamin intermediate fila-

ment polymer, which lines the INM and gives structure to

the NE (reviewed in [3, 4]). The 3 billion years of evolu-

tionary pressures since the first eukaryotes were formed by

the appearance of the NE has given this structure ample

time to evolve many complex and redundant mechanisms

for transport of these NETs.

The NE breaks down during mitosis in higher eukary-

otes: so NETs could gain access at this time. However, the

density of NETs remains relatively constant during inter-

phase while the nucleus and correspondingly the NE grows

three to fourfold during this time to accommodate tran-

scription and replication. Thus NETs clearly need a

mechanism to enter the nucleus during interphase. NETs,

like all proteins, are synthesized in the ER and as trans-

membrane proteins most should be co-translationally

inserted into the ER membrane. Some tail-anchored NETs

may be post-translationally inserted, but this needs to be

directly tested on a case-by-case basis, as many aspects of

NET targeting and topology are not well understood. As

the ONM is continuous with the ER the NETs embedded in

the ER membranes should in theory be able to freely dif-

fuse in the membrane until they reach the ONM. At this

point they still have to cross the NE barrier to reach the

INM. Considering the hermetic nature of the NE, which

covers the nucleus completely except where NPCs are

inserted, there are only four theoretically possible routes

for a NET to access the INM: (1) regulated vesicle fusion

through the two membranes (Fig. 2a), (2) membrane rup-

tures such as in autophagy (Fig. 2b), (3) insertion via a

Fig. 1 The organization of the NE. The NE is a double-membrane

system. The ONM is continuous with the ER and fuses with the INM

where the NPCs are inserted. Underlying the INM is the lamin

intermediate filament polymer (green). NE transmembrane proteins

(NETs; red) of the INM interact with both lamins and chromatin

(blue) that is proximal to the NE

Fig. 2 Theoretically possible routes for a NET to access the INM.

a NETs could be transported from the ONM to the INM by membrane

vesicles deriving from the ONM, which would fuse with the INM.

b NETs could reach the INM by membrane ruptures. When the NE is

ruptured, the ruptured piece could be re-integrated in an inverted

fashion (the INM piece could be incorporated into the ONM and the

ONM piece into the INM) to repair the NE. In this case, a NET

residing in the ONM piece would thus be integrated into the INM.

c NETs could be transported from the ONM into the INM by channels

residing in both the ONM and the INM of the NE similar to inner and

outer membrane channels in mitochondria. d NETs could use the

NPC sites to translocate from the ONM into the INM
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chaperone-translocon mechanism similar to that in mito-

chondria (Fig. 2c), or (4) translocation via the NPCs

(Fig. 2d).

For the first, translocation by vesicle fusion events has

been extensively studied in the plasma membrane, the ER

and the Golgi apparatus. These events are energy-, tem-

perature- and calcium-dependent (reviewed in [5–7]).

Fusion events in these membrane compartments have been

also linked to specific proteins that promote vesicle fusion

such as SNAREs and NSF. Two important proteins

responsible for vesicle fusion events are p97 and p47 [8, 9],

which were shown to be important for NE assembly and

growth in one system. This system assembles vesicles from

Xenopus oocyte extracts onto demembraned sperm chro-

matin [10]. This forms a fully functional NE around the

chromatin that can also grow when chromatin is decon-

densed and induced to replicate [11]. In this system

depletion of p97 blocked NE assembly and depletion of

p47 blocked nuclear growth [12], suggesting that vesicle

fusion events could also play a role in NET access during

interphase. However, unlike the in vitro Xenopus system,

the ER is not vesiculated in intact interphase cells. Thus it

is generally thought that interphase NE growth in intact

cells is more likely to be due to ER membrane streaming

into the adjacent NE and correspondingly it would be less

likely for NET translocation to occur by this mechanism.

Indeed, studies where vesicle fusion was blocked in cul-

tured cells [13] and even intact organisms [14] did not yield

any notable NET translocation defects in the time frame

analyzed. Nonetheless, recent large-scale proteomic anal-

yses of the NE [15–17] have identified many proteins

involved both in membrane synthesis and in vesicle fusion

at the NE. The former suggests that the nuclear membrane

may grow by synthesizing its own lipids rather than from

ER lipids flowing into the INM and the latter indicates that

vesicle fusion mechanisms at least stand in reserve to

function for NE membrane growth and NET translocation.

The second theoretically possible route would likely

involve autophagy (reviewed in [18]), which may have

been commonly used in early eukaryotes as it is the most

ancient system in terms of the proteins involved. Nuclear

autophagy is a normal process activated by DNA damage

[19] and appears to now be principally a mechanism for

cleaning nuclei of damaged material or extra chromosomes

resulting from inaccurate mitoses. Mutants defective in

nuclear autophagy show gene amplification, increased

DNA damage, chromosome instability, and aneuploidy

[20, 21]. A recent study on NE ruptures due to an

autophagy-like mechanism revealed that in standard tissue

culture cells transient NE breaks are readily repaired [22].

A wide range of proteins is exchanged in both directions

between the nucleus and the cytoplasm/ER when these

breaks occur. These ruptures occur at greater frequency

when cells carry lamin mutations [22] and when the NE is

attacked during virus infection [23–25]. While this is

clearly not a continuous active transport mechanism, the

full machinery for both rupture and repair is active at the

NE and capable of functioning when defects occur in the

main translocation pathways.

The third route would involve passage through the

membrane in the absence of membrane fusion or rupturing

events. Such a mechanism is well characterized in mito-

chondria where proteins of the inner mitochondrial

membrane are unfolded and kept from aggregating by

chaperone proteins that then facilitate their threading

through small channels in the outer membrane. The pro-

teins are then refolded and properly integrated at the inner

mitochondrial membrane (reviewed in [26]). This route is

not very likely at the NE because only a small subset of

mitochondrial channel related proteins were found in NE

proteomics datasets and they appear to be of low abun-

dance, consistent with their being contaminants [15–17].

The fourth theoretical route for NET transport into the

INM is to go through the NPCs as these are the only places

in the NE where gaps occur in the covering membrane.

Note though that there is no actual gap in the lipid bilayers

here because the ONM and INM bend with both convex

and concave curvature at these sites to fuse forming the

pore membrane, thus keeping the lumen of the NE com-

pletely sealed. Careful NPC reconstruction by cryoelectron

microscopy indicates that there are peripheral channels of

*10 nm between the core NPC structure and the pore

membrane (Fig. 3) [27, 28]. Though three core NPC pro-

teins are inserted in the membrane, these are spaced so that

the peripheral channels could accommodate a protein dif-

fusing in the membrane with a globular nucleoplasmic

mass of \60 kDa [29–31]. This contrasts with transloca-

tion through the *39-nm-diameter central channel of the

Fig. 3 Two distinct channels in the NPC. Each NPC has one central

channel with a diameter of *39 nm. In addition, each NPC harbors

two peripheral channels, which reside between the pore membrane

and the structural components of the NPC
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NPC that can accommodate even assembled ribosomes and

virus particles [32, 33]. Thus for membrane proteins, two

paths can be envisioned: to be extracted from the mem-

brane and go through the central channel of the NPC or to

diffuse in the membrane in the peripheral channels around

the NPC. Within these two paths there appears to be sev-

eral distinct mechanisms functioning, including one that

seems to combine the two; thus the rest of this review will

focus on the range of translocation mechanisms through or

around the NPCs.

Licensing or free diffusion—how do NETs get

to the translocation site after synthesis?

Before the actual translocation step, some NETs might

need to be licensed for recognition by the NPC machinery.

After synthesis and membrane insertion in the ER, NETs

should be able to freely diffuse in the lipid bilayer

throughout the ER and so eventually find themselves in the

ONM (Fig. 4b), which appears to be continuous with the

ER with no obstructions [2]. Indeed free diffusion in the

membrane not just between the ER and the ONM but also

through to the INM was proposed nearly 20 years ago to be

the main mechanism for nuclear translocation of NETs [34,

35]. Once in the ONM, based on average NPC density in a

cell [36, 37] NETs should encounter an NPC within less

than 1 s [38]. However, it is possible that some mechanism

exists to direct NETs inwards, towards the ONM as

opposed to the Golgi or at least for NETs to be recognized

and retained at the NPCs in order to increase the proba-

bility of a translocation event. Such mechanisms could

involve signals in the NET sequence, a special post-

translational modification, or partner proteins that bind co-

translationally.

A recent study that directly compared the diffusion

characteristics of a large set of NETs under identical con-

ditions found that in the ER two diffusional mobilities

could be observed: one with a FRAP t1/2 at *6 s and the

other *10 s [38]. The faster set thus likely moves freely

within the ER without any constraints while the slow set

may be clustered with other proteins, perhaps in raft-like

assemblies to slow the diffusion. Indeed, recent work

suggests that some NETs have two populations with one

functioning in the nucleus and the other functioning in the

ER/ONM. For example, emerin binds lamins and tran-

scriptional regulators in the nucleus and interacts with the

centrosome outside the nucleus [39]. Another reason for

the slower diffusion could be association with proteins that

have roles in targeting such as transport receptors to license

the NETs for INM translocation. This association raises an

important concern for interpretation of data from studies

analyzing the targeting of proteins to the INM and may

apply for some of the studies described in this review: there

is a possibility that association signals such as NLSs at the

amino-terminus of a tail-anchored transmembrane protein

might have sufficient time to bind to transport receptors

prior to the membrane insertion and compete with the

insertion machinery. In this case, the proteins may not be

inserted into the membrane until after they have been

translocated into the nucleus. This would also require

having machinery for membrane insertion in the INM,

which has not been determined yet: some such proteins

were identified in NE proteomic datasets [15–17], but they

could be in either the INM or the ONM. If in the ONM

their function would not be distinct from that in the ER as

the ONM is continuous with the ER and is studded with

ribosomes.

Some NETs undergo licensing steps that navigate them

to the NE (Fig. 4a). Several studies focusing on early

stages of membrane insertion of nascent NETs found that

NETs interact with ER components responsible for inte-

gration of nascent membrane proteins into the ER

membrane [40]. Moreover, sorting motifs were found in

NETs suggesting that NETs could be distinguished from

membrane proteins destined for other cellular compart-

ments. The sorting motifs would also direct the NET

trafficking from the ER towards the translocation sites at

the NE as additionally supported by the finding that a

membrane-associated importin isoform, importin-a-16

(KPNA-4-16), interacted with NETs during and beyond

their co-translational insertion into the ER membrane [40,

41]. SUN proteins also have such sorting motifs [42].

Though the evidence is strong for such licensing, thus far it

has only been observed for a few NETs: LBR, nurim,

Heh2, and Unc84A [42–44].

Fig. 4 Transport of NETs from the sites of synthesis to the sites of

translocation. After synthesis in the ER NETs need to reach the ONM

to further translocate into the INM. a The NET can reach the site of

translocation by a licensing step where it is actively delivered to the

site of translocation. b Another way to reach the site of translocation

would be by simple and undirected diffusion
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Like active sorting towards the destined compartment,

other signals could prevent NETs from being retained in non-

NE membrane compartments. In support of this, a recent study

found a Golgi retrieval signal on the NET SUN2, which when

mutated caused an accumulation of SUN2 in the Golgi [45].

Different mechanisms promote the ONM to INM

translocation step

Nuclear envelope transmembrane proteins must be trans-

ported constantly to the INM because the NE surface grows

three to fourfold during interphase while its protein density

remains largely the same [46, 47]. The 10-nm peripheral

channels of the NPC [27, 28] should enable transport of

proteins in interphase while embedded in the membrane,

provided their nucleoplasmic mass is less than 60 kDa. That

a mechanism must exist for translocation of INM proteins

was supported by observations that viral membrane proteins

can diffuse freely between the ER/Golgi and the INM [48]

and that INM proteins could move between nuclei in fused

heterokaryons when protein synthesis was blocked [49].

The lateral diffusion–retention hypothesis

These observations were the basis of the ‘‘lateral diffusion–

retention hypothesis’’. The lateral diffusion part of this

hypothesis postulated that both NETs and ER proteins

diffuse laterally in the membrane without obstruction. In

this way, they could move between the ER/ONM and INM

at equilibrium without being extracted from the membrane

using the peripheral (also termed lateral) NPC channels

(Fig. 5a). However, for the retention part of the hypothesis

NETs would accumulate in the INM because of their

ability to bind nuclear components such as lamins and

chromatin. This hypothesis was tested by increasing the

size of the nucleoplasmic domain of a reporter using

sequences known to bind to lamins [34, 35].

To test the retention part of the hypothesis a study used

the lamin B receptor (LBR), which binds lamin B through

its nucleoplasmic domain [50, 51]. This region of LBR was

fused to the transmembrane span of chicken hepatic leptin,

which is a membrane protein that normally resides in the

ER and the plasma membrane but not in the INM [52].

Fusing the LBR lamin-binding fragment enabled the

hepatic lectin to accumulate in the INM, arguing that

retention in the INM is the dominant factor in its targeting

[34]. For this to be the case, the protein must sample both

the ER/ONM and the INM until it finds a binding/retention

site. Two further studies obtained similar results using

lamin-binding regions of the NETs LAP2b [53] and MAN1

[54], respectively. The retention part of the hypothesis was

additionally supported by the fact that FRAP on NETs in

the NE never reached prebleach fluorescence levels [38,

54–60]. Thus some of the NET pools must be highly

immobile, presumably due to interactions with chromatin

and/or lamins. The opposite experiment also supported this

retention postulate: when the nucleoplasmic retention

partner (lamin A) of the NET emerin was absent, emerin

became more mobile [58].

Fig. 5 NETs translocate from the ONM into the INM by four distinct

mechanisms. a NETs translocate by simple lateral diffusion using the

peripheral channels of the NPC. b NETs require ATP prior to

translocation. The ATP could be needed for a potential disassociation

of other proteins from the NET in the ER, for example chaperones,

which would release the NET prior to its translocation into the INM.

c In order to translocate, NETs utilize classical NPC-mediated nuclear

import machinery components such as the GTPase Ran and several

transport receptors. This process requires nucleoporins such as the

peripheral channel FG nucleoporin Nup35 (in yeast Nup53). d Trans-

location of NETs is facilitated by the presence of FGs in the NET

sequence. This mechanism additionally requires the FG nucleoporin

Nup35
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To test the peripheral channel diffusion part of the

hypothesis, the LBR nucleoplasmic region was multiplied in

tandem. This region is roughly 22 kDa and so is well below

the predicted 60-kDa diffusion limit. Two copies of this

region are also below the predicted diffusion limit, and

accordingly this construct also translocated to the INM.

However, three copies is above the diffusion limit and this

construct did not accumulate in the INM [35]. Later studies

confirmed this observation and further demonstrated that

approaching the 60-kDa limit reduced INM accumulation

without blocking it completely [13, 54]. In further support of

the 60-kDa size exclusion limit, hundreds of transmembrane

proteins from NE proteomic datasets exhibit a significant

difference between the nucleoplasmic/cytoplasmic mass

(which would in theory migrate in the peripheral channels)

and the lumenal mass (which should not be affected by the

size of the peripheral channels). In contrast, there is no such

difference between these two masses for other transmem-

brane proteins encoded by the human genome (Fig. 6a).

ATP- and temperature-dependence for NET

translocation

The unrestrained lateral diffusion–retention hypothesis

went unchallenged until 10 years later a study suggested

that NET translocation involves a more complex mecha-

nism that requires energy [13]. This study took advantage

of the fact that FRB and FKBP bind at high affinity in the

presence of the drug rapamycin [61, 62] to develop a

reporter assay in which nuclear retention could be rapidly

induced. For this a NET transmembrane region was fused

to GFP and FRB while a soluble fragment containing the

NET lamin-binding region was fused to FKBP. Thus the

change in dynamics from the steady state of the trans-

membrane protein could be observed live upon linking the

membrane-spanning segment to the nuclear retention

fragment. At steady state, the reporter was mostly distrib-

uted throughout the ER with a weak nuclear rim whereas

upon addition of rapamycin a much stronger nuclear rim

signal was observed [13]. The INM accumulation of the

reporter construct was inhibited by decreasing temperature,

but not by inhibiting vesicle fusion. Thus the temperature

dependence likely indicated an energy-dependent step, and

accordingly INM accumulation was inhibited when cells

were depleted of ATP.

This energy requirement is not general, however,

because only two of six endogenous NETs tested for

energy dependence in a later study yielded defects in INM

accumulation upon ATP depletion [38]. Moreover, these

two NETs also had reduced mobility in the ER upon ATP

depletion, suggesting that energy could be needed for a

licensing step such as those described earlier [40, 41, 43,

44] or possibly for chaperone-mediated disassociation of

NET dimers (e.g., SUN proteins self-interact [63]) in order

Fig. 6 Bioinformatic analysis on a large set of NETs supports the use

of the peripheral channels and the use of FGs in translocation. Human

proteins that had at least one annotated transmembrane domain in

Ensembl 64 were examined. To ensure no bias was given to genes with

multiple transcripts, only the largest protein per gene was analyzed.

This set of proteins was divided into two subsets: those that were

detected or had an ortholog detected in NEs isolated from liver [16],

blood [15], and muscle tissue [17] (NETs) and those that were not

detected in NEs. a Median nucleoplasmic mass of NETs is much

smaller than the diffusion limit of the peripheral channels and also

much smaller than their lumenal mass. TMHMM 2.0c was run on the

dataset to determine lumenal (Lum) and nucleoplasmic (Nuc) regions of

NETs and lumenal (Lum) and cytoplasmic (Cyt) regions of membrane

proteins not residing in the NE. The number of amino acids in each

region was recorded for each protein and represented by a Tukey’s

boxplot. NETs exhibit a large difference between the median

nucleoplasmic mass and the lumenal mass. In contrast, very little

difference is observed between the cytoplasmic and the lumenal mass

for other transmembrane proteins encoded by the human genome.

b FGs are enriched in NETs. The number of FG amino acid pairings

was counted in each protein and classified into one of the three groups

shown (0, 1–4, or[4 FGs). Analysis of FG content in NETs identified

by proteomics reveals an enrichment of FGs compared to all other

membrane proteins encoded by the human genome
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for the total mass to be small enough to pass through the

size-limited peripheral channels (Fig. 5b).

A classical NPC-mediated mechanism for NET

translocation

The finding that a transport receptor isoform was involved in

targeting of NETs to the INM together with the finding that

an NPC protein is involved in this process suggested that the

NPC actively facilitates membrane protein translocation into

the nucleus using components of the soluble nuclear trans-

port machinery (Fig. 5c). This was further tested for several

transport factors and nucleoporins using yeast as a model

system. Two NLS-containing NETs that normally reside in

the INM, Heh1 and Heh2, failed to localize to the INM when

the import receptors importin-a and importin-b were

depleted. This suggested that transport receptors, similar to

the nuclear import of soluble proteins, could also be

responsible for NET targeting to the INM via binding to the

NLSs on the cargos [64]. Supporting this idea the NET

translocation was NLS-dependent, with their NET failing to

localize to the INM when the NLS was mutated or deleted.

Other transport factors in addition to transport receptors are

also involved in NET translocation. The NLS-containing NET

LBR, for example, binds Ran [65] and importins [43], both of

which are components of the classical NPC-mediated import

pathway for soluble proteins, and LBR translocation was

inhibited when Ran function was impaired [38]. Additionally,

another NLS-containing NET, SUN2, was found to bind im-

portins [45]. The fact that both LBR and SUN2 contained

NLSs led to the speculation that NLSs could be the main

characteristic for a requirement to use the classical NPC-

mediated pathway [66]. However, fusion of a classical NLS to

several mammalian NETs failed to confer the dependence on

Ran characteristic of this classical transport pathway [38].

Clearly, the function of NLSs in transport of transmembrane

proteins is more complex than originally indicated. This is

further supported by findings that mutation of the NLS in full-

length SUN2 did not significantly alter the NE accumulation,

but when combined with other mutations the NLS mutation

greatly reduced NE accumulation [45]. Correspondingly,

another study found that an NLS could confer INM targeting

to a transmembrane protein when combined with an

unstructured region [67]. These findings together indicate that

an NLS is insufficient in itself to target the NET for translo-

cation through this pathway using classical soluble transport

components and emphasizes the need to check each NET

individually regardless of the prediction of an NLS.

Phenylalanine-glycine (FG)-facilitated translocation

Though details of the mechanism remain highly conten-

tious [68, 69] it is widely accepted that the nuclear import

of soluble proteins occurs via interactions of phenylala-

nine-glycine (FG) motifs on both transport receptors and

nucleoporins [70]. Presumably, the FGs of nucleoporins

interact somehow to create a hydrophobic environment in

the central channel and coating cargos with transport

receptors that present FGs on the outer surface of the

cargo-receptor complex enables the cargos to negotiate this

hydrophobic environment.

Though most amino acid pairings will occur many times

in an average protein, the FG pairing is rather unusual:

*3% of all proteins encoded in the human genome carry

five or more FG pairings. FGs on transport receptors occur

on the surface, but without any special context. In contrast,

the FGs on nucleoporins tend to favor a context with par-

ticular amino acids preceding them such as FxFG or

GLFG. They also tend to be in unstructured domains with

prolines and glycines between them. Though most FG-

containing nucleoporins reside in the central channel of the

NPC, the most accurate model to date for the positioning of

NPC proteins places some also in the peripheral channels

[71]. This would suggest that NETs might also translocate

with bound receptors through the peripheral channels

whilst remaining embedded in the membrane; however, the

size of most transport receptors even without cargo is

greater than the exclusion limit of the peripheral channels.

A bioinformatic comparison of hundreds of NETs identi-

fied by proteomics revealed a strong enrichment of FGs

compared to the rest of the transmembrane proteins enco-

ded in the genome (Fig. 6b; [38, 72]).

This suggested the possibility that NETs containing FGs

translocate through the peripheral channels functioning as

their own transport receptors. To test this, FGs were added

to the nucleoplasmic region of NETs. This increased their

rate of translocation to the INM (Fig. 5d; [38]). For this

pathway to function there must also be a contribution of

peripheral channel FG nucleoporins and indeed Nup35 (in

yeast Nup53) is indicated to occur in the peripheral chan-

nels [71]. Knockdown of Nup35 blocked the increase in the

rate of translocation for the NETs with the added FGs but

did not affect the rate of translocation for the same NET

lacking the added FGs. Thus FGs on NETs appear to

provide a novel mechanism for transmembrane protein

translocation to the INM.

Do all mechanisms exist in parallel, and if so, which

pathways are dominant?

Most of the studies mentioned above tested just one or two

NETs and focused experiments on the specific mechanism

they were studying. Moreover, in some cases different

organisms and cell lines were used. Thus it was possible,

for example, that the mechanism using soluble transport

Inner nuclear membrane protein targeting 2211
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receptors also used ATP and so forth. One recent study

addressed this question by directly comparing a large set of

NETs using identical experimental parameters and testing

the entire set for multiple mechanisms.

This study made it clear that all the mechanisms

mentioned above exist in cells and function independently

from one another with different groups of NETs favoring

one or another mechanism [38]. Out of six NETs tested in

this study, only one used a Ran-dependent mechanism and

two used an ATP-dependent mechanism, while the rest

appeared to translocate by unrestrained lateral diffusion in

the membrane. Although the only way to certainly

determine the relative use of each mechanism is to

directly test many more NETs, some hints can be obtained

by analysis of the sequence characteristics of the many

hundreds of NETs identified thus far by proteomic anal-

yses of NEs [15–17, 73]. Over 50 of these NETs have

been confirmed to accumulate in the INM [15–17, 50, 59,

74–80] and, as only a few of those tested have so far been

found only in the ONM [81], trends in the larger datasets

likely reflect the properties of NETs that translocate to the

INM.

First, mechanisms involving recognition of NLSs on

NETs are likely to function for only a small set of NETs.

Though some NETs have strongly predicted NLSs [66],

their function in translocation has only been tested for

Heh2 and LBR where an effect was shown [38, 64] and

for SUN2 where the NLS had no effect [45]. That only

some of the strongly predicted NLSs on NETs are

functional suggests that many NLS predictions for NETs

will prove false. This should not be surprising because

most predicted NLSs are stretches of basic residues that

could instead be involved in binding DNA. In support of

this, many NETs are known to interact with chromatin/

DNA and the larger set of NETs identified by proteo-

mics had a tendency for high isoelectric points [3, 38,

82]. Moreover, within this larger proteomic set of NETs

there were only 21% that had an NLS prediction score

above 0 including pat4 and pat7 basic NLSs and

bipartite NLSs using the NLS prediction algorithm

PSORTII [38, 83].

The finding that so many NETs in the larger datasets had

FGs argues for this to be a more prevalent mechanism [38,

72]; however, it is important to remember that this was

only tested in the positive direction. It still needs to be

tested whether the loss of FGs on those NETs that have

them yields a deficit in translocation. It is also important to

note that while the unrestrained and unaided lateral diffu-

sion mechanism was the most abundant based on the

testing in the direct comparison study [38], it is possible

that additional as yet undiscovered mechanisms exist that

will reduce the fraction currently ascribed to the unre-

strained lateral diffusion mechanism.

Involvement of NPC proteins in NET translocation

All of the mechanisms described in detail above have one

thing in common: they all require either structural or

functional aspects of the NPC for NET translocation. It is

therefore not surprising that several of the studies found

that specific nucleoporins were required for this process

(Table 1; Fig. 7). Though the positional information for

nucleoporin organization within the NPC has not yet

reached atomic resolution (though getting there), it is rea-

sonably certain with respect to whether a nucleoporin

would face the central or peripheral channels [71]. Some

nucleoporin positions were consistent with involvement of

Table 1 Nucleoporins involved in NET targeting

Yeast Reference Mammalian Reference

Pom152 [86] Pom121 Not tested

Nup170 [64] Nup155 [85]

Nup188 [86] Nup188 [88]

Nup53 Not tested Nup35 [38]

– – gp210 [13]

Nup2 [64] Nup50 Not tested

Fig. 7 Nucleoporins involved in NET translocation. Many NPC

proteins have been implicated in the translocation of NETs from the

ONM into the INM. The schematic displays the core NPC compo-

nents with nucleoporins implied in NET translocation in both yeast

and mammalian cells highlighted in red
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the peripheral channels but others were consistent with the

central channels playing a role.

The use of the peripheral channels is strongly sup-

ported by the finding that depletion of Nup35 inhibited

both LBR translocation and the FG-facilitated mode of

translocation using artificially added FGs to NETs [38].

According to the yeast nucleoporin organization Nup53

(the Nup35 yeast homolog) should be central to the

cytoplasmic–nucleoplasmic axis, but extending into the

peripheral channels [71]. Though the overall position of

nucleoporins has not been worked out as well for the

mammalian NPC, Nup35 was found to bind lamin [84],

which would place it more at the nucleoplasmic face but

still at the peripheral channels. Nup155 was also found to

be important for NET translocation. Depletion of Nup155

in mammalian cells inhibited the INM targeting of several

NETs including LBR, LEM2, and LAP2b [85]. This

effect seemed to be specific for transmembrane proteins

because depletion of Nup155 did not affect targeting of

lamin B, which is not a transmembrane protein. Nup155 is

the mammalian homolog of yeast Nup170, which in the

yeast nucleoporin positioning study was in the peripheral

channel of the NPC [71].

In contrast, Nup188 should be in the central channel

according to the nucleoporin positioning study [71] and it

was necessary for translocation of the yeast NET Doa10

[86]. However, its depletion had the opposite effect on two

other NETs. In Xenopus oocyte extracts depletion of

Nup188 actually enhanced the translocation of NETs [87].

Subsequent depletion of Nup188 in intact mammalian cells

also facilitated NET INM targeting [88]. One possible

caveat to these studies is that Nup188 is part of a complex

with yeast Nup170 (the mammalian Nup155) and as such it

may reduce the overall volume of the NPC, thus allowing

NETs to translocate with less steric hindrance. Nup188 had

no effect on translocation of the NETs Heh1 and Heh2

[64].

The involvement of the transmembrane nucleoporins

provides the most compelling argument for use of the

peripheral channels, but these studies also intriguingly

support use of the central channels for NET translocation.

Antibodies to gp210 inhibited translocation of a reporter

transmembrane cargo [13] and with most of its mass in the

NE lumen this could only involve the peripheral channels.

Similarly, the transmembrane nucleoporin Pom152 was

required for translocation of the NET Doa10 [86]. How-

ever, the yeast NETs Heh1 and Heh2 were also tested for

involvement of Pom152, finding no effect [64]. Although it

is possible that other nucleoporins were unwittingly co-

depleted in these studies, several determined that transport

of other cargos was unaffected by the nucleoporin deple-

tion. Thus, the global functional architecture of the NPC

could not have been significantly disrupted.

Do NETs translocate through the peripheral or central

channels?

The majority of experimental data pointed strongly towards

utilization of peripheral but not the central channels of the

NPC for NET INM translocation (Fig. 8a). At the same

time the involvement of both peripheral and central nu-

cleoporins in itself argues for translocation mechanisms

using either channel. However, one recent study strongly

supports a mechanism that could use both peripheral and

central channels simultaneously ([67], Fig. 8b). As dis-

cussed previously, the 10-nm peripheral channels can

theoretically only accommodate a globular protein of not

more than 60 kDa. The binding of transport receptors to

NETs, however, would propel the nucleoplasmic mass of

the import cargo complex for most NETs to far more than

100 kDa, making translocation trough the peripheral NPC

channels physically impossible at a first glance. However,

recent efforts to generate crystal structures for many nu-

cleoporins suggest that these are highly unstructured

proteins (reviewed in [89]) that might in theory be able to

change conformation transiently to accommodate a cargo

that was relatively unstructured in a region that might stick

through the NPC into the central channels. Moreover,

FRAP studies on nucleoporins indicated that some were

highly mobile, including the transmembrane nucleoporin

gp210 [90]. As this would have been thought to be one of

the most stable nucleoporins as a membrane anchor, this

would suggest the possibility that at least some parts of the

NPC are very dynamic.

Support for the idea that NETs with unstructured

nucleoplasmic domains might essentially slice through the

NPC while interacting with transport receptors that would

interact with central channel nucleoporins came from a

study that added a long flexible linker to a reporter con-

struct [67]. Both the reporter and a central channel

Fig. 8 Are NETs translocating through the peripheral or central NPC

channels? a The vast majority of experimental data today suggests

that NETs translocate through the peripheral NPC channels. b Recent

studies suggest that NET translocation could also occur through the

central channel of the NPC in such way that the NET is retained in the

membrane on one end while the other part of the NET is stretching

through the NPC where it is bound to transport receptors

Inner nuclear membrane protein targeting 2213

123



nucleoporin were fused to the components of the FRB–

FKBP system so that they should interact upon addition of

rapamycin only if the NET reporter construct had access to

the central channel. This is what was observed. Thus, yet

another distinct mechanism is supported for NETs that

would have the characteristic of a highly unstructured

domain that would provide a thin segment to slice through

the meta-stable NPC.

Perspectives

We are clearly only at the beginning of working out the

details of NET translocation to the INM, but one com-

pelling observation stands out. Translocation of soluble

proteins through the central channels utilizes similar

principles while giving specificity through a complexity

of transport receptors to bind a wide range of cargos,

whereas for membrane protein translocation there is

great complexity and diversity even among the core

mechanistic principles. Mechanisms clearly exist for

directed vesicle fusion, autophagy, use of the peripheral

channels and use of the central channels. It also appears

that a mechanism may exist for use of both peripheral

and central channels simultaneously. Some NPC-medi-

ated mechanisms require particular nucleoporins and

others require particular transport receptors, yet others

appear to serve as their own transport receptors, and the

remainder appears to translocate by unrestrained diffu-

sion with no NPC requirement other than to shape the

pore membrane.

The NPCs seem to have evolved from the same pre-

cursors as the COP vesicles involved in ER trafficking,

using a combination of a-sollenoid and b-propeller

structures to bend membranes [91]. It is reasonable to

speculate that the original pores may have been just small

channels formed by progenitor proteins carrying these

structural domains. In this case, the FG-mediated mech-

anism may have first arisen with membrane bound

transport receptors that subsequently evolved into soluble

transport receptors. Though there is no evidence for it yet,

future studies might reveal that some of the FG-contain-

ing NETs (still) serve as transport receptors to give

directionality for trafficking of small soluble cargos.

Similarly, they might function as a backup mechanism to

get information to the nucleus if the central channels were

to become blocked.
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