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Abstract

Work in the nuclear transport field has led torerédibly detailed description of protein
translocation through the central channel of thdear pore complex, yet the mechanism by
which nuclear envelope transmembrane proteins rit@cimner nuclear membrane after
synthesis in the endoplasmic reticulum is stillyxdebated. Three different translocation
models have gained experimental support: (1) sitapdeal diffusion through the nuclear
envelope membrane system, (2) translocation bygheekision events and (3) a variation on
classical transport mediated by the nuclear pongptex. Although these models appear to be
mutually exclusive, here we argue that they propablfunction for different inner nuclear

membrane proteins according to their unique chariatics.



I ntroduction
The defining characteristic of eukaryotes is thespnce of the nuclear envelope (NE), a
double membane system that separates nuclear toplagmic activities. The two NE
membranes are respectively called the outer (ONM)ianer (INM) nuclear membranes and
they connect where they curve around the nuclea gamplexes (NPCs) at what is
sometimes called the pore membrane (PoM)(review¢] 2]). Thus the NE provides an
impenetrable diffusion barrier except where the BP<60 MDa protein complexes, regulate
bi-directional transport of molecules in and outle# nucleus. Cryo-electron microscopy of
NPCs indicates that the central channel can accalatagroteins up to 39 nm in diameter,
but also indicates that there are peripheral cHareween the NPC core and the membrane
that could accommodate proteins of up to 10 nmameter [3,4]. A 10 nm diameter
unobstructed channel is consistent with the medsdiffusion limits for soluble dextrans [5].
The focus of study on nuclear-cytoplasmic transpasgtbeen on soluble proteins (reviewed
in [6,7]), but transmembrane (TM) proteins musbalscess the INM as several have been
shown to bind lamins that form an intermediatenfidat polymer under the INM and
chromatin (reviewed in [8,9]). Many of these pratgimoreover, have been linked to human
disease (reviewed in [10-12]).

While several lower eukaryotes divide by NE fissibigher eukaryotes mostly
disassemble and reassemble the NE during mitosecht cell division. Though INM
proteins in these organisms could access the mubeapartment during NE assembly, new
INM proteins must also be able to gain access dunterphase because the nuclear surface
area roughly doubles as chromatin is replicatedhimitiensity of proteins in the NE does not
diminish during this growth [13-15]. In particuléhe spacing between NPCs does not change
throughout interphase because new NPCs are ingettethe membrane at a rate
corresponding to NE growth [14,16]. Thus, TM progemust be continuously transported to
the INM after their synthesis in the endoplasmirdum (ER) throughout interphase. As the

ONM is continuous with the ER [15,17], TM proteiten diffuse freely in the membrane



between these two compartments. However, the adgiple pathways for a newly
synthesized TM protein to reach the INM during iptease are by vesicle fusion through both
membranes or to enter at the NPCs either goingndrthe outer face or through the central

channel.

The Lateral Diffusion-Retention Hypothesis

The observation of a ~10 nm channel on the outer ¢ the NPC [3] together with the
ability of an INM protein to move between nucleifused cells [18] led to the development
of the lateral diffusion-retention hypothesis. Thisposed that both ER and INM proteins
normally rapidly diffuse in the membrane betweenBER and the INM at equilibrium, but
INM proteins can bind to peripheral chromatin anias leading to their retention and
accumulation in the nucleus. This mechanism wapatgd by the observation that an ER
resident protein could accumulate in the INM whsriTM segment was fused to lamin
binding sequences from an INM protein [19] (FiglijeSubsequent experiments reaffirmed
these observations using lamin-binding sequences diifferent INM proteins [20,21]

(Figure 1). The retention part of the model washfeir supported by observations using
fluorescence recovery after photobleaching (FRAR) over 60% of pre-bleach fluorescence
was not recovered for the INM protein lamin B-reoceLBR), consistent with its being
mostly immobile in the INM [22]. More compellinglit, was recently shown that the mobility
of INM protein emerin was much faster in cells dged for its intermediate filament binding
partner lamin A [23].

The 10 nm channel observed between the outeofadbe NPC and the PoM should
be able to accommodate a protein of up to betw8eand 60 kDa based on average stokes
radius calculations for globular proteins. Thisamsistent with the measured diffusion limit
[5] and should thus set an upper limit for the poplasmic mass of a TM protein that can be
transported to the INM. Increasing the mass oféperter fusion used in the original lateral
diffusion study from 22.5 kDa to 70 kDa, above dfiféusion limit, blocked its accumulation

in the INM [24]. Two later studies found that aoeer with a 55 kDa nucleoplasmic mass



could freely access the INM while a reporter withiBakDa nucleoplasmic mass was slowed
but could still accumulate in the INM [21,25] (Frgul). This is consistent with earlier
observations that soluble protein diffusion actbesNPC slows greatly as the diameter/mass

of the protein approaches the measured diffusiuit [b].

Vesicle Fusion in the NE

For many years the lateral diffusion-retention Hiesis went unchallenged. However, with
the exception of the correlation between the sfzbeperipheral channels and the measured
diffusion limit, the results supporting lateralfdgion are equally consistent with a
translocation mechanism involving vesicle fusioeskle fusion has been extensively
studied in the ER, the Golgi aparatus and the mas@mbrane. Fusion events are energy and
temperature dependent and require calcium (revienwfb-28]). Within the cell most
membranes are supported by protein meshworkssjgegtrins, clathrin, lamins) and also use
specific proteins (e.g. SNAREs, NSF) to mediatéofugvents. Principal among the proteins
regulating vesicle fusion are the p97 and p47 prst29,30]. To test if these proteins are
required for NE reassembly at the end of mitosisy were depleted from vesiculated
Xenopus oocyte extracts that were then mixed with dememdatesperm chromatin.
Undepleted extracts reformed NEs, while those degltor p97 did not [31]. The nuclei
formed in this assay system can recapitulate mhagacteristics of interphase including

DNA replication and NE growth [32]. Depletion of pavas further found to block the growth
phase [31].

Although a mechanism clearly exists for vesicledn, the dependency on this
mechanism observed in these studies may be aacanif the in vitro experimental system.
The ER is not vesiculated in intact interphasescéllit has a tubular structure; therefore
interphase nuclear membrane growth is more likelyerive from membrane channeled from
the ER where it connects to the NE. Indeed, RNArfetence-mediated reduction of p97 and
p47 orthologs irC. elegans yielded no NE deficits [33]. Furthermore, a vesiftision

mechanism would be costly to the cell because itldvcequire continuous remodeling of



INM protein connections to the lamin polymer andochatin. Thus it is likely that vesicle
fusion functions only during the NE reassembly stejptact cells. Recent work indicates
that in addition to p97 this step requires cert?C proteins including the integral NPC

protein gp210 and the GTPase Ran [34-37].

Gated L ateral Diffusion

This challenge to the lateral diffusion-retentigqpathesis did not go unnoticed and a new
inducible live reporter assay system was quicklettgped that allowed for testing of some
of the requirements for translocation to the INMerela TM segment lacking any nuclear
retention sequences was fused to the FKBP-rapamyriiing domain (FRB) and also to
GFP for live visualization. This reporter diffusatequilibrium between the ER and the INM.
Cells were co-transfected with a second solublefugrotein that contained both lamin
binding sequences of the INM protein LAP23 andRK&06 binding protein (FKBP). Upon
treatment of the cells with the drug rapamycinERB bound to FKBP and so the TM
reporter construct gained a lamin-binding domaid @apidly accumulated in the INM [25].
Vesicle fusion requires energy, calcium, p97 argkissitive to temperature whereas lateral
diffusion within the membranes of the ER and Golgnpartments has no such requirements
[27]. Addition of calcium chelators or inhibitor$ @97 to the system had no effect on
accumulation of the reporter in the INM [25]. Thibe process here does not require vesicle
fusion.

Nonetheless, the process was shown to be morelicated than simple free
diffusion as temperature reduction and ATP-deptesignificantly inhibited accumulation of
the reporter in the INM while having no effect &s finobility within the ER [25]. Strikingly,
accumulation in the INM was also inhibited by injen of cells with antibodies to the
integral NPC protein gp210 [25]. Together theseltesuggested a modification of the
lateral-diffusion hypothesis wherein gp210 acta gatekeeper and requires a toll of energy

for a conformational change that would allow TMtpins to pass.



Classical NPC-Mediated Transport

More recent work argues that ER to INM translogatb TM proteins is mediated by
components of the classical nuclear import pathwagnsport receptors such as importin
alpha bind to nuclear localization signals (NLSstm@nsport cargos. The receptors then
interact with phenylalanine-glycine (FG)-repeatscore NPC proteins in the central channel
of the NPC to negotiate translocation of their cargcross the NPC. The Ran-GTPase forms
a gradient with Ran-GDP in the cytoplasm and Ram@Gilthe nucleus, so Ran-GTP binds to
the receptor-cargo complex when it reaches theena@nd facilitates release of the cargo
from the receptor. Depletion of importin alpha @ydking cycling of the Ran-GTPase
strongly inhibited correct targeting of the yedéil proteins Heh1 and Heh2, both of which
have NLSs [38]. In an independent study, a tramagioe signal for an insect TM protein
targeted to the INM was found to bind to an isof@importin alpha [39]. Further analysis
of the small set of characterized INM proteins eded that roughly 2/3 also had predicted
NLSs [40].

The requirement for mediators of classical NP@dpart pathways for TM proteins
would appear to indicate that the INM-destined oangtilize the central channel of the NPC;
however, there is no reason that importin alphaRaud could not similarly negotiate the
peripheral channels with TM protein cargos. Thotighbulk of the mass of FG-repeat NPC
proteins resides in the central channel, recentamgments in the resolution of NPC
structural organization indicate that some of tHéSerepeat proteins are positioned on the
outer ring facing the membrane [41,42]. Thus tlizda would appear to further refine the
model such that TM proteins are synthesized irEfReand then diffuse freely between the
ER and the ONM where they are recognized by tramspoeptors and Ran due to encoded
NLSs and these facilitate their translocation tigiothe peripheral channels of the NPC while
still in the membrane in an energy and temperadependent process.

It did not take long for this new model to be ¢thadjed as the same year another
study found that a third yeast INM protein, Doad@s unaffected by the same yeast NPC

disruption strain that blocked translocation of BI¢#3]. Each of the earlier studies used



different reporters and assay systems that cowld agplained in part their different results.
However, in this case the yeast strains and agsagnss were identical indicating that there

are differing requirements for INM transport of D@and Heh2.

Which modél is correct?

The contradictions in the data published so faicaieés that the targeting of INM proteins is
much more complex than first assumed. Either atbfene unclear mechanism exists that can
somehow account for all these data or multipledi@ation mechanisms exist and each
individual INM protein has a unique set of chardstees that direct it to a preferred
mechanism. The existence of multiple translocati@thanisms should further enable
essential proteins to access the nucleus wheratloeeld mechanism is overburdened or
inhibited. Along the same lines, unique combinaiohtranslocation signals on individual
INM proteins could contribute to differential regtibn of their transport at distinct stages of
the cell cycle or under distinct physiological citiwhs of the cell (Figure 2). Another factor
that may contribute to how a particular INM proteino be translocated is its nucleoplasmic
mass. As translocation was slowed as nucleoplasrags approached the diffusion limit, the
requirement for energy in transport might only belérger proteins (Figure 2).

To learn how varied the modes of transport actuat it will be necessary to
systematically sample a large number of native Iphgteins instead of the varied artificial
constructs that account for most experiments te.d&¢cent work in our laboratory has
directly compared sixteen different INM proteins fianslocation from the ER to the INM
finding that they have a wide range of translocatates and different subgroups are sensitive
to energy depletion or Ran depletion (N. ZulegerADKelly, and E. C. Schirmer, in
preparation). Thus it appears that there is coreldie variation in the details of translocation

mechanisms.
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Figure Legends

Figure 1.

Cytoplasm

NPC

Nucleoplasm

Nucleoplasm

(22.5kDa)
(45kDa)
(67.5kDa)
(55kDa)
(108kDa)

(11kDa)
(11kDa)
1 (58kDa)

LAP2B-TM (6kDa)

FRB (11kDa)

GFP (27kDa)

Pyruvate kinase (47kDa)

Chicken hepatic lectin+1st TM (12kDa)

N-terminal LBR (22.5kDa)
N-terminal MAN1 + 1st TM (57kDA) m—

truncated chicken muscle pyruvate kinase (53kDA)

Lateral diffusion and the diffusion limit. After sthesis in the ER proteins can freely diffuse
to the outer nuclear membrane (ONM), but to acttesener nuclear membrane (INM) they
must pass through the peripheral channels of thieaupore complex (NPC). To study
translocation from the ONM to the INM, several $tsdused different reporter fusion
proteins. The component segments are listed amdabeembled structure shown. Each had
the different cyto/nucleoplasmic masses listed.sEhthat had nucleoplasmic masses above
70 kDa did not accumulate in the INM and the regroprotein with a nucleoplasmic mass of
58 kDa translocated very slowly. Presumably thiseisause the lateral channels are too small

to accommodate proteins above a certain size limit.



Figure 2.
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Multiple translocation mechanisms may operate Ifti Iproteins depending on their
individual characteristics. (A) A protein with a almucleoplasmic mass may freely diffuse
between the ONM and INM. (B) A protein with a langecleoplasmic mass may require
energy (ATP hydrolysis) for an undefined gatinggtetranslocate through the peripheral
channel. (C) A protein with a nuclear localizatgignal (NLS) may require assistance from

transport receptors (Importin) to pass throughpsgpheral channel.



References

10

Hetzer, M.W., Walther, T.C., and Mattaj, |.W. (&) Pushing the envelope:
structure, function, and dynamics of the nucleaippery. Annu Rev Cell Dev Biol
21, 347-380

Prunuske, A.J., and Uliman, K.S. (2006) The rarcenvelope: form and
reformation. Curr Opin Cell Bidl8, 108-116

Hinshaw, J.E., Carragher, B.O., and Milligan, R#992) Architecture and design of
the nuclear pore complex. Céf, 1133-1141

Reichelt, R., Holzenburg, A., Buhle, E.L., Jatnlk, M., Engel, A., and Aebi, U.
(1990) Correlation between structure and massiligiton of the nuclear pore
complex and of distinct pore complex componenell Biol 110, 883-894

Paine, P.L., Moore, L.C., and Horowitz, S.B. BPRuclear envelope permeability.
Nature254, 109-114

Suntharalingam, M., and Wente, S.R. (2003) Pgé¢hirough the pore: nuclear pore
complex structure, assembly, and function. Dev ell75-789

Lange, A., Mills, R.E., Lange, C.J., Stewart, Mevine, S.E., and Corbett, A.H.
(2007) Classical nuclear localization signals: miéfn, function, and interaction with
importin alpha. J Biol Cher#82, 5101-5105

Mattout-Drubezki, A., and Gruenbaum, Y. (2003nBmic interactions of nuclear
lamina proteins with chromatin and transcriptiomalichinery. Cell Mol Life Sc60,
2053-2063

Schirmer, E.C., and Gerace, L. (2005) The nucteambrane proteome: extending
the envelope. Trends Biochem 86j 551-558

Capell, B.C., and Collins, F.S. (2006) Humanitexpathies: nuclei gone genetically

awry. Nat Rev Genét, 940-952



11

12

13

14

15

16

17

18

19

20

21

Mattout, A., Dechat, T., Adam, S.A., GoldmarmDRand Gruenbaum, Y. (2006)
Nuclear lamins, diseases and aging. Curr OpinEBlell 18, 335-341

Worman, H.J., and Bonne, G. (2007) "Laminopathia wide spectrum of human
diseases. Exp Cell R843, 2121-2133

Steen, H.B., and Lindmo, T. (1978) Cellular andlear volume during the cell cycle
of NHIK 3025 cells. Cell Tissue Kindil, 69-81

Maul, G.G., Maul, H.M., Scogna, J.E., Liebermigi\V., Stein, G.S., Hsu, B.Y., and
Borun, T.W. (1972) Time sequence of nuclear porm#&tion in phytohemagglutinin-
stimulated lymphocytes and in HelLa cells duringabk cycle. J Cell Biob5, 433-
447

Fry, D.J. (1976) The nuclear envelope in manmanatells. In Mammalian Cell
Membranes (Jameson, G. A., and Robinson, D. M), pg497-265, Butterworth,
Woburn, Mass

D'Angelo, M.A., Anderson, D.J., Richard, E., atetzer, M.W. (2006) Nuclear pores
form de novo from both sides of the nuclear envel@cienc&12, 440-443

Callan, H.G., and Tomlin, S.G. (1950) Experinaéstudies on amphibian oocyte
nuclei. . Investigation of the structure of theclmar membrane by means of the
electron microscope. Proc R Soc Lond B Biol 8%, 367-378

Powell, L., and Burke, B. (1990) Internucleacleange of an inner nuclear
membrane protein (p55) in heterokaryons: in vivioence for the interaction of p55
with the nuclear lamina. J Cell Bittl1, 2225-2234

Soullam, B., and Worman, H.J. (1993) The amarminal domain of the lamin B
receptor is a nuclear envelope targeting sign@eliBiol 120, 1093-1100

Furukawa, K., Fritze, C.E., and Gerace, L. (399& major nuclear envelope
targeting domain of LAP2 coincides with its laminding region but is distinct from
its chromatin interaction domain. J Biol Cheif8, 4213-4219

Wu, W., Lin, F., and Worman, H.J. (2002) Intladar trafficking of MAN1, an

integral protein of the nuclear envelope inner memeé. J Cell Scl115, 1361-1371



22

23

24

25

26

27

28

29

30

31

Ellenberg, J., Siggia, E.D., Moreira, J.E., 8mi.L., Presley, J.F., Worman, H.J.,
and Lippincott-Schwartz, J. (1997) Nuclear membrdyreamics and reassembly in
living cells: targeting of an inner nuclear memlagmotein in interphase and mitosis.
J Cell Biol138, 1193-1206

Ostlund, C., Sullivan, T., Stewart, C.L., andridan, H.J. (2006) Dependence of
diffusional mobility of integral inner nuclear menalne proteins on A-type lamins.
Biochemistry45, 1374-1382

Soullam, B., and Worman, H.J. (1995) Signalssinettural features involved in
integral membrane protein targeting to the innalear membrane. J Cell Bi&BO,
15-27

Ohba, T., Schirmer, E.C., Nishimoto, T., anda@er L. (2004) Energy- and
temperature-dependent transport of integral prst@he inner nuclear membrane
via the nuclear pore. J Cell Bitb7, 1051-1062

Rothman, J.E. (1994) Mechanisms of intracellpfatein transport. Natui@/2, 55-

63

Lippincott-Schwartz, J., Roberts, T.H., and Efitserg, K. (2000) Secretory protein
trafficking and organelle dynamics in living celfsanu Rev Cell Dev Bioll6, 557-
589

Blumenthal, R., Clague, M.J., Durell, S.R., &pé&nd, R.M. (2003) Membrane
fusion. Chem Ret03, 53-69

Sollner, T., Whiteheart, S.W., Brunner, M., Brdgnt-Bromage, H., Geromanos, S.,
Tempst, P., and Rothman, J.E. (1993) SNAP receptyigcated in vesicle targeting
and fusion. Natur862, 318-324

Sudhof, T.C. (1995) The synaptic vesicle cyaleascade of protein-protein
interactions. Natur875, 645-653

Hetzer, M., Meyer, H.H., Walther, T.C., Bilbaoi@s, D., Warren, G., and Mattaj,
I.W. (2001) Distinct AAA-ATPase p97 complexes fupatin discrete steps of

nuclear assembly. Nat Cell Big] 1086-1091



32

33

34

35

36

37

38

39

40

41

Newport, J. (1987) Nuclear reconstitution imaiitstages of assembly around protein-
free DNA. Cell48, 205-217

Poteryaev, D., Squirrell, J.M., Campbell, J.White, J.G., and Spang, A. (2005)
Involvement of the actin cytoskeleton and homotypambrane fusion in ER
dynamics in Caenorhabditis elegans. Mol Biol Gé|12139-2153

Salpingidou, G., Rzepecki, R., Kiseleva, E.,my8., Lane, B., Fusiek, K.,
Golebiewska, A., Drummond, S., Allen, T.D., EllisA., Smythe, C., Goldberg,
M.W., and Hutchison, C.J. (2008) NEP-A and NEP-Bhlmmntribute to nuclear pore
formation in Xenopus eggs and oocytes. J Celll3tj 706-716

Mansfeld, J., Guttinger, S., Hawryluk-Gara, I..Rante, N., Mall, M., Galy, V.,
Haselmann, U., Muhlhausser, P., Wozniak, R.W., datiw., Kutay, U., and
Antonin, W. (2006) The conserved transmembraneempdrin NDC1 is required for
nuclear pore complex assembly in vertebrate dditd.Cell 22, 93-103

Drummond, S.P., and Wilson, K.L. (2002) Intezfeze with the cytoplasmic tail of
gp210 disrupts "close apposition” of nuclear membésaand blocks nuclear pore
dilation. J Cell Biol158, 53-62

Ryan, K.J., McCaffery, J.M., and Wente, S.RO@0rhe Ran GTPase cycle is
required for yeast nuclear pore complex assemtBellBiol 160, 1041-1053

King, M.C., Lusk, C.P., and Blobel, G. (2006)r¥@pherin-mediated import of
integral inner nuclear membrane proteins. Na#d& 1003-1007

Saksena, S., Summers, M.D., Burks, J.K., Joh@sé&n, and Braunagel, S.C. (2006)
Importin-alpha-16 is a translocon-associated pndteiolved in sorting membrane
proteins to the nuclear envelope. Nat Struct Mol B8, 500-508

Lusk, C.P., Blobel, G., and King, M.C. (2007pHkh\vay to the inner nuclear
membrane: rules for the road. Nat Rev Mol Cell Bio414-420

Alber, F., Dokudovskaya, S., Veenhoff, L.M., BhaW., Kipper, J., Devos, D.,
Suprapto, A., Karni-Schmidt, O., Williams, R., Ch#&8.T., Sali, A., and Rout, M.P.

(2007) The molecular architecture of the nucleae mmmplex. Naturd50, 695-701



42

43

Devos, D., Dokudovskaya, S., Williams, R., Alder Eswar, N., Chait, B.T., Rout,
M.P., and Sali, A. (2006) Simple fold compositiardanodular architecture of the
nuclear pore complex. Proc Natl Acad Sci U 308, 2172-2177

Deng, M., and Hochstrasser, M. (2006) Spatiaifjulated ubiquitin ligation by an

ER/nuclear membrane ligase. Natda, 827-831



