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Traversing the NPC along the pore membrane

Targeting of membrane proteins to the INM
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he inner nuclear membrane (INM)

accommodates a specific set of inte-
gral membrane proteins many of which
interact with chromatin and/or in meta-
zoan cells with the lamina network. The
localization of these proteins character-
izes this membrane area of the nuclear
envelope (NE) despite the fact that the
INM forms a membrane continuum with
the outer nuclear membrane (ONM) and
the remaining endoplasmic reticulum
(ER). In fact, the INM can be regarded
as a highly specialized membrane subdo-
main of the ER. How the specific protein
composition of the INM is established
and maintained and whether this is
achieved via a single unifying mecha-
nism is by and large unclear. Recent
experiments shed light on some aspects
of the process.

Two Principle Modes
for INM Targeting

Two fundamentally different mecha-
nisms of INM protein targeting can be
envisioned; the first functioning in all
eukaryotic cells during interphase, and
another that is additionally employed in
cells undergoing open mitosis. During
this process, characterized by NE break-
down, the membranes of the NE are
reabsorbed into and distributed through-
out the mitotic ER, which serves as a
reservoir for INM proteins'? (Fig. 1A).
In telophase, the NE structure reforms
around the decondensing chromatin.
But how are INM components sorted out
from the mitotic ER? The emerging pic-
ture is that the membranes giving rise to
the INM segregate initially by binding to
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chromatin (Fig. 1B). In vitro experiments
have shown that certain protein-chroma-
tin interactions can target membranes to
chromatin.® Interestingly, most nucleo-
plasmic domains of INM proteins posses
an overall basic amino acid composition
which might render them competent for
DNA binding.* Indeed, live cell imag-
ing of GFP-tagged INM proteins such
as lamin B receptor (LBR), MANI,
LAP2beta, as well as the transmembrane
nucleoporins NDC1 and POMI121 sug-
gest that the binding of these proteins
to chromatin feeds membranes from the
mitotic ER into the emerging NE.> This
chromatin binding could not only be
important for the establishment of the
first membrane contacts to chromatin,
but also crucial for the re-localization
and enrichment of integral nuclear mem-
brane proteins, that probably freely dif-
fuse in the membrane plane of the ER, on
chromatin and/or the nuclear lamina by a
capturing mechanism.

With the end of mitosis and the rees-
tablishment of the NE, the problem of
INM targeting demands an alternative
solution. During interphase, the ER and
the ONM are continuous and the ONM
is connected to the INM at the pore mem-
brane, the membrane area facing nuclear
pore complexes (NPCs). Integral mem-
brane proteins could in principle still
laterally diffuse within the plane of this
membrane continuum and reach the INM
from the ER, the site of integral membrane
protein synthesis (Fig. 1C). Based on early
work on the localization of the INM pro-
tein LAPI, it was long assumed that the
capture of the proteins at the INM is
the main mechanism of their targeting.
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Figure 1. Model for the targeting of transmembrane proteins to the INM at the end of mitosis (A and B) and in interphase (C and D). (A) During mitosis
INM proteins (violet) are dispersed throughout the ER and their basic domains are shielded by nuclear import receptors (red). (B) At the end of mitosis,
binding of RanGTP to the transport receptors releases them from INM proteins in the vicinity of chromatin. This probably together with dephosphory-
lation (not shown) allows INM proteins to interact with chromatin and segregates them from bulk ER proteins (brown). (C) In interphase, integral INM
proteins are synthesized at the rough ER, translocate in the plane of the ER and ONM membrane to the NPC (1). After passage through the NPC (2), INM
proteins reach their site of destination (3). (D) The nucleoplasmic domains of integral INM proteins could pass the NPC either via the peripheral chan-
nels in proximity to the pore membrane or via the central channel, possibly by the action of transport receptors (red).

Indeed, LAPI localization requires the
expression of its binding partner lamin A.°
Enrichment of other INM proteins has
also been found to be supported by chro-
matin and/or lamina interactions.”” Thus,
this capture mechanism appears to be
important for enriching INM protein at
their site of action. But is diffusion in the
ER membrane system sufficient to explain
how transmembrane proteins initially
reach the INM? And, is free diffusion
across the pore membrane with the neces-
sity of passing nucleoplasmic domains of
INM proteins through the NPC a realistic
scenario? Such skepticism was nourished
by a study which demonstrated that proper
targeting of an INM reporter in HeLa
cells is energy-dependent.! This finding
provided the first persuasive evidence that
diffusion was probably not the only mech-
anism for targeting proteins to the INM
and opened way to further investigations.
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As the passage through the pore mem-
brane and the NPC might restrict free
diffusion of integral membrane pro-
teins, the NPC is likely the bottleneck
for INM proteins on their way to the
nucleus-similarly as for soluble proteins.

What are the Targeting Signals?

Transport of soluble proteins through the
NPC has been intensively studied and in
most cases is signal-dependent. Among
the best investigated nuclear targeting
signals are the mono- and bipartite clas-
sical nuclear localization signals (NLSs)
(reviewed in ref. 11). Despite a wealth
of information, it is still not straightfor-
ward to predict an NLS from the primary
amino acid sequence of a protein as basic
sequence patches are present in many
proteins without rendering them nuclear.
The best possible evidence to prove NLS
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function is still to redirect an otherwise
non-nuclear protein to the nucleus by fus-
ing it with the putative NLS.

Ithasbeen suggested thatbasicstretches
found in the nucleoplasmic domains of
many INM proteins serve as NLSs for
receptor-mediated translocation through
the NPC."> However, the prevalence of
these sequences within INM proteins
could also be an adaption to their chro-
matin binding function. Complicating
the issue, chromatin-binding motifs could
in principle support both the capture of
INM proteins by chromatin-binding and
nuclear import. It is therefore difficult to
distinguish the function of a putative NLS
in nuclear uptake of an INM protein from
a role in retention by chromatin binding,.

Presently, only a few INM protein
targeting sequences are characterized
in detail, the classical example being
LBR. Here, both the nucleoplasmic
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amino-terminal domain'® and the first
transmembrane region with some flank-
ing amino acids' have shown to be suf-
ficient for INM rtargeting. Although
both elements can act independently of
each other, it is still an open question as
to whether both are necessary in context
of the full-length protein. Interestingly,
the amino-terminal domain of LBR is
targeted to the nucleus as a truncated
soluble domain® and it contains basic
sequence patches which resemble NLSs.
However, a chimeric protein consisting of
an isolated classical NLS derived from a
soluble nucleoplasmic protein fused to a
membrane-bound reporter was unable to
localize to the INM." This could indicate
that an isolated NLS is unable to target a
protein to the INM or that the distance
of the NLS to the transmembrane domain
is critical to NLS functionality. Also the
nucleoplasmic domains of other INM pro-
teins localize to the nucleoplasm as trun-
cated soluble fragments, suggesting that
they also contain NLSs that might trigger
receptor-mediated transport.'®'® However,
this should not be taken as final proof and
the importance of these putative NLSs for
INM targeting still remains to be clarified.

In a recent study, we have found that
targeting of human SUN2 protein to
the INM relies on multiple sequence ele-
ments.”” One such element is indeed a
classical NLS, which is able to bind the
transport receptors importin alpha and
beta in vitro. The second is a basic argi-
nine cluster that does not function as an
NLS but rather serves to recruit COPI
components and to retrieve SUN2 from
the Golgi to the ER in case it escapes along
the secretory pathway. Potential COPI
binding motifs can be identified in a
number of INM proteins and such motifs
might emerge as a general feature that
promote INM localization. The third ele-
ment is the SUN domain which is located
within the luminal space between ONM
and INM and which mediates interac-
tion with KASH (Klarsicht, ANC-1 and
Syne/Nesprin  homology) proteins in
the ONM.?® All three elements together
determine proper localization of SUN2 to
the INM. It remains to be seen whether
other INM proteins require a combination
of different targeting signals for efficient
localization.
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SUN2 is not the only vertebrate NE
protein that employs a classical NLS to
promote its targeting. Also POM121, a
transmembrane NPC protein, contains
classical NLSs that bind importin alpha
and beta and are required for proper
NPC localization.?"??> Given that at least
some membrane proteins employ NLSs
as targeting sequences, the question of
how these are recognized within the cell
becomes important. Nuclear transport
receptors functioning in the import of
soluble cargos to the nucleus seem to be
prime candidates. The best evidence
for an involvement of transport recep-
tors in INM targeting comes from work
in Saccharomyces cerevisiae. Here, it was
shown that two INM proteins, Hehl and
Heh2 that are related to vertebrate MAN1
and LEM2, bind the yeast homologues
of importin alpha via a basic sequence
motif.” INM rtargeting of these proteins
is indeed dependent on importin alpha
and beta as well as on the GTPase Ran.
Although presently it cannot be excluded
that the requirement of importins and
Ran is indirect (e.g., ensuring nuclear
localization of Hehl/Heh2 interacting
proteins), this data suggests that pas-
sage of membrane proteins to the INM
could be mediated by mechanisms simi-
lar to the transport of soluble cargo to the
nucleoplasm.

In metazoans, the presence of basic,
importin-binding patches in the nucleo-
plasmic domains of INM proteins could
also arise from the necessity to shield these
domains from undesired interactions dur-
ing mitosis. At the onset of mitosis, inter-
actions of INM proteins with chromatin
and the lamina are broken, likely driven
by various phosphorylations on INM
proteins, nuclear lamins and chromatin.
Chaperoning nuclear transport receptors
may then bind and burrow the released
basic regions of INM proteins while
they reside in the mitotic ER (Fig. 1A).
Although the idea is currently purely spec-
ulative, in telophase, RanGTP could help
to unmask the chromatin binding sites
of these proteins by dissociating bound
transport receptors in the vicinity of chro-
matin. This unshielding along with other
changes like dephosphorylation could
render these proteins competent for chro-
matin re-binding (Fig. 1B), similar to
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what has been proposed for nucleoporin
binding.*

The Road to the Inner Nuclear
Membrane

If indeed the picture emerges that trans-
port receptors are required for INM tar-
geting of at least some proteins during
interphase, it remains to be seen where in
the process they are involved. The process
can be dissected into three steps (Fig. 1C);
first, newly synthesized INM proteins
inserted into the rough ER need to reach
and perhaps bind the cytoplasmic site of
the NPC. Whether this initial journey
is by free diffusion in the plane of the
ER and ONM or whether there exists a
directed transport mechanism is currently
unclear. It is hard to imagine how import
receptors could help transport along the
ER and ONM, but they might be impor-
tant for establishing initial contacts to the
cytoplasmic site of the NPC.

The second step is the crossing of the
NE. This includes the passage of the
transmembrane region(s) of a future INM
protein through the plane of the pore
membrane. The nucleoplasmic domain
needs to pass through the NPC, whereas
the luminal domain moves along in the
perinuclear space of the NE (Fig. 1D).
Soluble cargos traverse the NPC bound
to transport receptors presumably within
a hydrophobic meshwork of FG repeat
containing NPC proteins® localized in
the central channel of the pore. To use
this central passageway, the nucleoplasmic
domains of INM proteins would need to
considerably extend from the membrane
surface into the central channel. However,
unlike soluble nuclear transport cargo, the
nucleoplasmic domains of INM proteins
possess a size limitation of ~60 kDa,'*"
suggesting that each type of cargo might
take a distinct route for NPC passage.
Hence, INM proteins could take a dif-
ferent route leading through the periph-
eral, 9 nm wide channels of the NPC.%%
Although these channels might be wide
enough to allow passage of the nucleoplas-
mic domains of INM proteins, it is diffi-
cult to envision these domains passing in a
rather voluminous complex with transport

receptors like importin alpha (and prob-
ably beta).
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Figure 2. Depletion of Nup188 promotes targeting of a reporter protein to the INM in human
cells. HeLa cells were transfected with either a control siRNA or two different siRNAs to Nup188
(9 nM siRNA, 2 x 48 hrs). After 72 hrs, cells were transiently transfected with 2GFP-SUN2(1-260)
(Turgay et al. 2010). Cells were either fixed in 1% PFA and analyzed by confocal microscopy or cell
extracts were analyzed by immunoblotting using an antibody against Nup188. Loading control:
Ponceau S staining of nitrocellulose membrane used for antibody detection of Nup188.

An unexpected solution to this prob-
lem might arise from the suggestion that
smaller importin alpha variants are uti-
lized for targeting of INM proteins. A
sequence motif distinct from NLSs and
close to the transmembrane domain of
a baculovirus-derived INM protein was
found to interact with importin alpha-16
contemporaneously with its insertion into
the rough ER in SF9 cells.”” Shorter impor-
tin alpha isoforms have more recently been
detected in human cells and S. cerevisiae,
but at lower abundance than the canonical
importin alpha.?®? Whether these impor-
tin alpha isoforms are indeed required for
the passage through the NPC is still an
open question. Of note, the binding site
in yeast Heh2 for the proposed shorter
importin alpha isoform is distinct from
the basic sequence required for full-length
importin alpha binding. Thus, the ques-
tion of whether importin alpha (and
probably beta) binding is necessary for
and even possible during NPC passage of
INM proteins persists.

The third step is the release of the
INM protein from the NPC and prob-
ably an inidial free diffusion in the plane
of the INM. But how is directionality
of transport ensured? If importins were
indeed utilized for the translocation pro-
cess, the dissociation of the imported pro-
tein from transport receptors by RanGTP
would contribute to directionality. For
the shorter importin alpha isoforms it is
presently unclear what would control their
dissociation from INM proteins before or

90

after translocation through the pore. In
any case, whether NPC translocation is
assisted or not, the interaction with chro-
matin, lamins or other binding partners
of INM bproteins is surely important for
retaining INM proteins in the nuclear
compartment and currently the best expla-
nation for their enrichment in the nucleus.

Traversing the NPC

Despite the fact that there is no high reso-
lution structure of the NPC, significant
progress has been made in assigning the
localization and function of individual
proteins within this huge macromolecu-
lar assembly. From a wealth of studies it
has become apparent that NPC proteins
might be categorized into components,
which are localized close to the pore mem-
brane and are important for the overall
structure of the NPC, and nucleoporins,
which contain large unstructured regions
mostly consisting of FG repeats, and are
localized in the center and periphery of
the NPC. These FG-containing nucleo-
porins are important for both setting the
diffusion limit of the NPC and the selec-
tive transport of soluble cargos into the
nucleus.

Consistent with the concept that pas-
sage of the nucleoplasmic domains of
INM proteins is not mediated by the
central channel, only nucleoporins local-
ized in proximity to the pore membrane
have been implicated in INM targeting
so far (with the exception of yeast Nup2p

Nucleus

which is localized to the nucleoplasmic
site of the NPC). In human cells, RNAi
against Nupl55 affects INM targeting of
LAP2, LEM2 and LBR.*® Similarly, in
S. cerevisiae, deletion of Nupl70, which is
homologous to metazoan Nupl55, causes
aberrant INM targeting of Heh1/Heh2.%
Further, depletion of yeast Nupl88 or the
integral membrane nucleoporin Pom152
reduces INM targeting of the ubiquitin
ligase Doal0.!

We have recently shown that in vitro
assembled Xenopus nuclei lacking Nup188
show an increased passage of integral
membrane proteins through the NPC.*
Consistently, depletion of human Nup188
by RNAi in Hela cells promotes INM
targeting of a 2GFP-SUN2(1-260) fusion
protein, which is otherwise inefficiently
targeted to the INM due to the size of its
nucleoplasmic domain that is larger than
60 kDa (Fig. 2 and reviewed in ref. 19).
Interestingly, depletion of Nupl88 in in
vitro assembled nuclei does not affect the
kinetics of nuclear import of soluble car-
gos. Moreover, NPCs lacking Nup188 are
still functional in excluding large, soluble
dextran molecules. Also the Nup62 com-
plex, which most likely forms a significant
part of the hydrophobic meshwork within
the central pore, is still present in NPCs
lacking Nupl88. Together, these data
show that the central channel of the NPC
is not affected by depletion of Nupl88.
The different effects of Nup188 depletion
on NPC passage of soluble and transmem-
brane proteins suggest that these cargos
do indeed possess different molecular
requirements within the NPC. Hence, it
appears likely that membrane-bound and
soluble cargos follow different pathways
through the NPC and probably pass the
pore by employing different mechanisms.

With the exception of yeast Nup2, all
nucleoporins implicated so far in the pas-
sage of INM proteins through the NPC
do not contain FG-repeats. Probably,
the parts of the NPC facing the pore
membrane contain, if at all, only few
FG-repeats, since the structural nucleo-
porins localized in this region are mostly
devoid of these. As the proposed function
of transport receptors during NPC pas-
sage is to interact with the hydrophobic
FG-repeat meshwork, the passage of INM
proteins through the peripheral channels
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of the NPC is likely independent of trans-

port factors.
Outlook

Currently, we are far from understand-
ing how NPC passage of INM proteins
is accomplished. The ongoing work in
the field aiming to elucidate the struc-
tural organization of the NPC will be of
utmost importance in order to reconcile
biochemical data with topological con-
straints within the pore. It will also be
challenging to understand whether there
are dynamic rearrangements within the
pore that accompany INM protein pas-
sage. At present, it is unclear whether
all INM proteins follow the same path
through the NPC, i.e., whether there exist
differences between membrane proteins
that solely rely on a diffusion-retention
mechanism for INM targeting and those
INM proteins carrying transport receptor
binding sites. At least in cells undergoing
open mitosis, these NLSs might not pri-
marily promote NPC passage, but could
also serve as binding sites for chaperoning
transport receptors in the mitotic cyto-
sol and as a means to control RanGTD-
dependent chromatin binding during
mitotic exit. A more systematic analysis
of different INM proteins with respect
to their targeting signals and nucleopo-
rin requirements in yeast and vertebrate
cells will be needed to shed light on the
pathway(s) of NPC passage.
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