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Transmembrane proteins are not required for early stages of nuclear

envelope assembly
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All identified membrane fusion proteins are transmembrane pro-
teins. In the present study, we explored the post-mitotic re-
assembly of the NE (nuclear envelope). The proteins that drive
membrane rearrangements in NE assembly remain unknown.
To determine whether transmembrane proteins are prerequisite
components of this fusion machinery, we have focused on nu-
clear reconstitution in a cell-free system. Mixing of soluble inter-
phase cytosolic extract and MV (membrane vesicles) from
amphibian eggs with chromatin results in the formation of func-
tional nuclei. We replaced MV and cytosol with protein-free
phosphatidylcholine LS (liposomes) that were pre-incubated with
interphase cytosol. While later stages of NE assembly yielding

functional nucleus did not proceed without integral proteins
of MV, LS-associated cytosolic proteins were sufficient to re-
constitute membrane targeting to the chromatin and GTP-
dependent lipid mixing. Binding involved LS-associated A-type
lamin, and fusion involved Ran GTPase. Thus in contrast with
post-fusion stages, fusion initiation in NE assembly, like mem-
brane remodelling in budding and fission, does not require trans-
membrane proteins.

Key words: liposome, membrane—chromatin binding, membrane
fusion, nuclear envelope assembly, Ran GTPase.

INTRODUCTION

The NE (nuclear envelope) of metazoa consists of an outer mem-
brane which is continuous with the endoplasmic reticulum and
an inner membrane which is supported by the lamina, a network
of intermediate filaments [1]. Reformation of the NE around the
segregated chromosomes at the end of mitosis involves many
steps, all of which have been studied in the amphibian cell-free
system [2,3]. The MV (membrane vesicles) bind to decondensed
chromatin and undergo a GTP-dependent fusion [4]. This fusion
reaction and the later steps of NE formation, including insertion of
nuclear pore complexes and further chromatin swelling, involve
Ran GTPase [5]. The later steps of NE formation involve insertion
of nuclear pore complexes and further chromatin swelling.

Protein fusogens that initiate membrane fusion at the early stage
of tightly controlled NE assembly are yet to be identified [1,6,7].
Proteins that merge membranes during enveloped virus entry
[8—10], SNARE (soluble N-ethylmaleimide-sensitive fusion pro-
tein attachment protein receptor)-dependent intracellular fusion
[11-13], and proteins that are thought to drive cell fusion in
development [14], are anchored in the membranes by one or more
TMDs (transmembrane domains). Both for viral and for SNARE-
dependent fusion, the length and the sequence of the TMD of
the fusion proteins are of importance for their fusogenic activity
[15,16]. Moreover, diverse fusion reactions appear to involve
interactions between the TMDs of the proteins involved and
between TMD and other domains of the same fusion protein [17—
19]. As all known protein fusogens are transmembrane proteins,
we asked the question ‘are transmembrane proteins required for
fusion at the early stages of NE assembly’?

EXPERIMENTAL
Lipids, antibodies and recombinant proteins

All lipids were purchased from Avanti Polar Lipids. The mono-
clonal anti-histone PAN antibody (MAB3422) and the
monoclonal anti-lamin A/C antibody (MAB3211) were obtained
from Chemicon. The polyclonal Ran antibody (ab4781) was
purchased from Abcam. Anti-Gp210 and anti-ribophorin were a
gift from D. Forbes (Division of Biological Sciences, University of
California at San Diego, CA, U.S.A.). Recombinant Cdk1/cyclin
B was obtained from Upstate.

In vitro nuclear assembly

Xenopus MV, soluble cytosolic extract and sperm chromatin were
prepared as in [3]. Nuclei were assembled as previously described
[20] and were detected as round structures approximately 20 um
in diameter with a smooth rim, readily distinguishable from the
rough surface of chromatin with bound but unfused vesicles.
The assembled nuclei excluded 70 kDa dextran and actively
imported a substrate containing a nuclear localization signal.

Liposome preparation

Large unilamellar vesicles were formed by extrusion through
100 nm filters. Lipid compositions were 100% DOPC [dio-
leoylPC (phosphatidylcholine)], 97 mol % DOPC and 3 mol %
rhodamine-DOPE (PE is phosphatidylethanolamine) or
98.5mol% DOPC with 0.6 mol% rhodamine-DOPE and
0.85mol% NBD-DOPE (7-nitrobenz-2-oxa-1,3-diazole-dio-
leoylPE). In some experiments, we also formed LS
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(liposomes) from a 1-palmitoyl, 2-oleoyl-PC/1,2-dioleoyl phos-
phatidylserine/NBD-PE/thodamine-PE mixture in an 82:15:1.5:
1.5 molar ratio.

Preparation of Cyt-LS (liposomes with bound cytosolic proteins)

LS (10 ul of a 1 mg/ml suspension) were incubated with 40 ul
of cytosol (20-30 mg/ml of total protein) for 1h at 4°C. To
isolate LS with bound cytosolic proteins from the remaining
unbound cytosolic proteins, we mixed the sample with 250 pul
of 75% sucrose in MWB [membrane wash buffer; 250 mM
sucrose, 50 mM KCl, 2.5 mM MgCl,, 50 mM Hepes (pH 8.0),
1 mM dithiothreitol, 0.5 mM ATP, aprotonin at 1pg/ml and
leupeptin at 14g/ml] and overlaid it with 150 1 of 40 % sucrose
in MWB and 300 il of 25 % sucrose in MWB. After an 18 h
centrifugation at 41000 rev./min (SW55Ti, Beckman) at 4°C,
Cyt-LS were collected as the 150 ul fraction at the top of the
gradient. We measured the distribution of lipids and proteins in
five 150 pul fractions from the top to the bottom of the grad-
ient using rhodamine fluorescence and the Bradford assay res-
pectively. Generally, Cyt-LS, prepared as described above, bind
to chromatin and fuse on its surface in a manner that mimics MV
binding and fusion. We did not perform extensive optimization of
the Cyt-LS preparation and functional activity of Cyt-LS varied
between preparations.

Chromatin-binding assay

We incubated 10 pul of LS for 1 h at room temperature (22-23 °C)
with 1 ul of decondensed sperm chromatin that was prepared
in a 30 min incubation with 10 ul of heat-inactivated cytosol.
Chromatin associated with LS was pelleted with protein G—
agarose beads coated with anti-histone PAN antibodies. As an
alternative method, biotinylated chromatin was also pulled down
with streptavidin-coated magnetic beads. After two washes with
MWB, we measured fluorescence of chromatin-associated LS on
a spectrofluorimeter.

Fusion assays

Cyt-LS fusion was observed under a fluorescent microscope using
the FRET (fluorescence resonance energy transfer) assay. In this
assay, 10 ul of Cyt-LS labelled with thodamine- and NBD-tagged
PE and 10 ul of unlabelled Cyt-LS were mixed in the presence of
decondensed chromatin. The samples were incubated for 1 h at
room temperature before analysis under the microscope. FRET,
detected as rhodamine emission at approx. 585 nm resulting from
NBD excitation at approx. 470 nm, decreases when the average
spatial separation of the probes increases upon fusion of labelled
and unlabelled membranes. We also monitored Cyt-LS fusion,
using the lipid-dequenching assay. In this assay, 10 ul of Cyt-LS
labelled with rhodamine-tagged PE and 10 ul of unlabelled Cyt-
LS were preincubated with decondensed chromatin (1 wl) and
1 mM GTP for 15 min at 4 °C prior to being resuspended in MWB
prewarmed to room temperature. The increase in the fluorescent
signal at Aepission = 590 nM (Aexciaion = 350 nm) resulting from lipid
mixing was continuously recorded with a spectrofluorimeter. In
some experiments, we added 1 mM GTP[S] (guanosine-5'-[y-
thio]triphosphate) to the preincubation mix. The level of lipid
mixing at the end of the recording (¢t =30 min) was taken as the
final extent.

FRAP (fluorescence recovery after photobleaching) experiments

An LSM510 Zeiss confocal microscope with a 100x objective
was used at 22°C for FRAP experiments. A circular area of the
membrane (2-6 um in diameter) of the reformed nucleus was
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bleached and monitored for fluorescence recovery for 5-20s.
Images were analysed with ImageJ software. For the time course
of fluorescence recovery, the fluorescence of the bleached area
immediately before and after bleaching was considered to be 1
and O respectively. Data were fitted by the following equation:

Y = full —exp(—k1)]

where [, represents the mobile fraction of the fluorophores in the
bleached region and k is proportional to the diffusion coefficient.
The diffusion coefficient was estimated with the equation D =
0.32kr?, where r is the radius of the photobleached area.

Biochemistry methods

Depletions of Ran and type-A lamin were performed with the
corresponding antibodies immobilized on protein G-agarose
beads. After several washes with PBS, the antibody—bead com-
plexes were incubated with 50 ul of extract overnight at 4°C.
After depletion, extracts were incubated with LS for binding
and fusion analysis. Mock-treated extracts were incubated with
protein G—agarose beads alone.

RESULTS

Transmembrane proteins are not required for targeting membranes
to the chromatin surface

To explore the involvement of cytosolic proteins in MV binding
to the surface of the chromatin and in fusion itself, we replaced
MV with LS that were formed from DOPC with 3 mol % of
rhodamine-tagged PE as a fluorescent probe. Like MV, LS bound
to condensed chromatin in the absence of cytosol (Figures 1A and
1B). In contrast with MV, LS bound to decondensed chromatin
only after a 30 min incubation in cytosol (Figures 1C—1F). This
finding suggested that protein-free LS acquire the ability to bind
to decondensed chromatin from the cytosol.

To simplify the experimental system, we removed cytosolic
factors that would not associate with our LS. We incubated LS
with cytosol and then isolated LS with bound cytosolic proteins
from the remaining unbound cytosolic proteins by flotation
through a sucrose density gradient. Like protein-free LS, Cyt-LS
were recovered at the top of the gradient, as evidenced by the
distribution of lipid fluorescence (Figure 2A). While most of
the proteins were recovered at the bottom of the gradient (Fig-
ures 2A and 2B, lane 2), silver staining allowed us to detect a small
amount of protein at the top of the gradient that was recruited by
LS (Figure 2B, lane 1). No proteins were observed at the top
of the gradient in the experiments in which we applied cytosol
that was not pre-incubated with LS (Figure 2B, lane 3). The
cytosol used in the present study was separated from most of
the membranes by ultracentrifugation. The lack of any remaining
MYV in our Cyt-LS preparation was further verified by the finding
that the Cyt-LS fraction contained neither gp210, an integral pro-
tein component of nuclear pores, nor ribophorin, an integral
protein of the rough endoplasmic reticulum membrane (Fig-
ure 2C), in amounts detectable by Western blotting.

To quantify binding between LS and chromatin, we measured
the fluorescence of the LS co-precipitated with chromatin. Cyt-
LS bound to chromatin that was decondensed by the addition of
heat-inactivated cytosol (Figure 2D, bar 2). Binding was strongly
inhibited for trypsin-treated Cyt-LS (Figure 2D, bar 4); for LS that
were pretreated with heat-inactivated cytosol (Figure 2D, bar 3);
and when top fractions of separately floated protein-free LS and
cytosol were applied to decondensed chromatin (Figure 2D, bar 1).
These findings indicate that cytosolic proteins on LS mediated the
interactions between Cyt-LS and chromatin. Moreover, Cyt-LS
binding to chromatin was inhibited when interphase cytosol used
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Figure 1
in B, D and F) at the surface of sperm chromatin (fluorescence of the DNA
probe Hoechst 33342 in A, C and E)

Cytosol-dependent binding of LS (fluorescence of the lipid probe

After binding of LS to condensed chromatin (A and B), cytosol was applied, and binding was
monitored 5 min (G and D) and 30 min (E and F) later. Scale bar =10 zem.

to prepare Cyt-LS was pretreated with a recombinant form of stab-
ilized cyclin B to initiate mitotic events (Figure 2E). To find out
whether Cyt-LS bound to the decondensed chromatin by bio-
logically relevant mechanisms, we explored the involvement of
lamins, proteins that are implicated in MV targeting to chromatin
in vitro [21]. We identified the lamin A/C among the proteins
associated with Cyt-LS (Figure 2F, inset lane 1). Moreover, chro-
matin binding was inhibited for the Cyt-LS prepared with lamin-
immunodepleted cytosol (Figure 2F, inset lane 2). Thus lamins
appear to be involved in Cyt-LS binding to decondensed
chromatin.

In brief, binding between Cyt-LS and decondensed chromatin
involves LS-associated proteins present in interphase cytosol,
including lamins. This indicates that transmembrane proteins are
not required for targeting membranes to the chromatin surface.

Liposome-associated cytosolic proteins mediate GTP- and
chromatin-dependent lipid mixing between LS

The binding of Cyt-LS to decondensed chromatin allowed us to
study the fusion stage of NE assembly. Decondensed chromatin

incubated with unlabelled Cyt-LS and Cyt-LS labelled with
rhodamine- and NBD-tagged lipids acquired yellow colouration
due to an efficient FRET between the fluorescent probes in the
labelled Cyt-LS (Figure 3A, panel 1). GTP application changed
the colour of the chromatin structures from yellow to green
(Figure 3A, panel 2). This change reflected the loss of FRET
upon lipid mixing between labelled and unlabelled Cyt-LS and
the resulting dilution of the fluorescent probes. Note that lipid
mixing between two labelled Cyt-LS does not dilute fluorescent
probes. Thus decondensed chromatin incubated with labelled Cyt-
LS in the absence of unlabelled Cyt-LS did not develop green
colouration after application of 1 mM GTP (Figure 3A, panel 3).
No yellow-to-green change in the colouration of the chromatin
caused by GTP-dependent fusion between labelled and unlabelled
Cyt-LS was observed in the presence of 1 mM GTP-yS (results
not shown).

GTP- and chromatin-dependent fusion between Cyt-LS was
also observed with a 96-well plate assay and Cyt-LS labelled
with a self-quenching concentration of rhodamine-tagged PE. In
this case, the dilution of the fluorescent lipid upon lipid mixing
between labelled and unlabelled Cyt-LS was detected as an
increase in fluorescence in the presence of both decondensed chro-
matin and 2 mM GTP (Figure 3B). No lipid mixing was observed
when decondensed chromatin was replaced with condensed
chromatin (Figure 3B) or in the presence of 1 mM GTP[S] (Fig-
ure 3C; compare 2 with 3). Similarly, lipid mixing was not
observed when the Cyt-LS pretreated with interphase cytosol were
replaced with Cyt-LS pretreated with heat-inactivated cytosol or
with interphase cytosol converted to a mitotic state by addition
of cyclin B (Figure 3D). This result is consistent with an earlier
study in which membranes do not support NE assembly in mitotic
extract [22].

The dependence of lipid mixing on GTP and its inhibition by
GTP[S] pointed to a functional importance of GTP hydrolysis
in this reaction. We tested whether Cyt-LS fusion involved the
small GTPase Ran, which plays an important role in NE assembly
[5,23]. Indeed, Ran was found on Cyt-LS, as indicated on the im-
munoblot by the 28 kDa band (Figure 3E, inset lane 1). To explore
the functional role of Ran, we immunodepleted the protein from
the cytosol and verified that Cyt-LS pretreated with Ran-depleted
cytosol no longer carried the Ran protein (Figure 3E, inset lane 2).
Lipid mixing was strongly inhibited in the absence of Ran (Fig-
ure 3E, bars 1 and 2), confirming the direct involvement of Ran or a
Ran-binding protein in Cyt-LS fusion on decondensed chromatin.

In brief, lipid mixing between Cyt-LS bound to decondensed
chromatin reconstitutes many properties of the biologically
relevant fusion of MV in NE assembly, including dependencies on
the cell cycle, the presence of decondensed chromatin and Ran-
dependent GTP-hydrolysis. However, since cytosol-dependent
leakage of the aqueous dye encapsulated into liposomes hindered
the application of the content mixing assays (results not shown),
it remains possible that cytosolic proteins associated with Cyt-
LS merged only contacting monolayers of the fusing membranes,
and thus that they hemifuse rather than fuse the membranes. In
viral and SNARE-dependent fusion, effective transition from
hemifusion to complete fusion depends on the transmembrane
domain of the fusion protein [16,24,25], and the number of
available fusion proteins [16,26], and might require additional
proteins [27]. Alternatively, lipid mixing in our system represents
complete but leaky fusion.

The LS used in these experiments were formed from a lipid
(PC) that, in contrast with fusogenic lipids such as PE, favours
a bilayer structure and does not promote non-specific fusion
[28]. Another fusogenic lipid, diacylglycerol, a product of PLC
(phospholipase C) activity, has been implicated in NE assembly

© 2006 Biochemical Society



396 C. Ramos and others

A

top bottom
fraction fraction
60
= 80 g
£ 60 a0 <
- 40 D
B 55 20 §
- a
0
1 2 3.4 5
Fractions
C =)
= >
& I
gp210 ‘.
9
L A
AR &
ribophorin )
E
16 -
=X 12
(=2]
£ 8-
=
o -
0' T 1
Cyt-LS Mito Cyt-LS

170kDa—
100kDa—|
70kDa—

50kDa—
35kDa— -

O

16
£ 12
[=)]
[
5 8
£
@ 4

0

| 2 3 4

Lamin A/C

16
12
8
4
0
1 2

Binding (%)

Figure 2 LS-associated cytosolic proteins mediate binding between LS and chromatin

(A) Distribution of proteins (CJ) and LS lipids (@) along the centrifugation gradient after LS incubation with cytosol. (B) The amount of protein and number of protein bands detected by silver
staining at the top of the gradient (Cyt-LS, lane 1) were much lower than those for the bottom fraction of the gradient (lane 2). No protein was detected in the top fraction in the absence of LS (lane 3).
(C) Neither Cyt-LS nor cytosol contains proteins associated with MV. Antibodies against gp210 and ribophorin each recognized a single protein band (at approx. 210 and 72 kDa respectively), in
MV but not in cytosol, heat-inactivated cytosol (Cyty) or in Cyt-LS. (D) Binding to decondensed chromatin of the mixture of protein-free LS and cytosol separately floated through sucrose gradient
(1, n=10), of Cyt-LS (2, n=10), of Cyt-LS that were prepared with heat-inactivated cytosol (3, n=3) and of trypsin-treated Cyt-LS (4, n=6) is quantified as the percentage of LS fluorescence
associated with the chromatin pellet. Binding observed for protein-free LS in the absence of cytosol is subtracted in each experiment. Means 4 S.D. are shown. Values of bars 1, 3 and 4 are
statistically different from bar 2 as verified by paired two-tailed ¢ test. (E) Cyt-LS binding to decondensed chromatin was assayed for LS prepared with either interphase or mitotic cytosol. Results of
two independent experiments are shown as black and grey bars. (F) Cyt-LS binding was measured in the presence (1) or in the absence (2) of type-A lamin. Means + S.D. are shown (n=3). The
degree of depletion was analysed by Western blotting on LS pretreated with mock-depleted cytosol (inset, lane 1) and LS pretreated with type-A lamin-depleted cytosol (inset, lane 2).

in sea urchin egg preparation [29]. However, since lipid mixing
between Cyt-LS proceeds only at the surface of decondensed
chromatin, it is unlikely that this lipid mixing is based on the
PLC-generated change in the lipid composition of the LS. In
addition, there are no known eukaryotic PLC that hydrolyse PC
[29]. Lipid mixing between Cyt-LS did not appear to be limited
to any particular lipid composition and was also observed with
very similar efficiency (results not shown) for LS from the PC and
phosphatidylserine mixture often used in experiments on SNARE-
mediated proteoliposome fusion [30]. While some compositions
supported lipid mixing between Cyt-LS, LPC (lysoPC) inhibited
this fusion reaction (Figure 3F, 1 and 2). LPC is known to inhibit
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diverse biological fusion reactions, including viral and intracellu-
lar fusion, by inhibiting bending of the monolayers of the fusing
membranes into hemifusion intermediates [31]. As for viral fusion
and exocytosis, LPC inhibition of lipid mixing between Cyt-LS
was reversible: LPC removal by dilution of the samples in LPC-
free buffer restored the fusion competency (Figure 3F, bar 3).

Assembly of functional nuclei by fusion between MV and liposomes

The early stages of nucleus assembly, including docking and
fusion of MV at the chromatin surface, are followed by the
assembly of nuclear pore complexes, additional fusion events,
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Figure 3 Chromatin-, GTP- and cell cycle-dependent lipid mixing between Cyt-LS

(A) Lipid mixing between NBD and rhodamine-labelled and unlabelled Cyt-LS at the surface of the decondensed chromatin was observed by fluorescence microscopy as a decrease in FRET in the
presence of GTP (2) but not in its absence (1). Each image is a superposition of images excited with a 470-nm laser and detected with NBD (green) and rhodamine (red) filters. Changes in
the chromatin colouration from yellow to green reflects the loss of FRET. No change in FRET was observed in the control experiment, in which all Cyt-LS were labelled (3). (B) Lipid mixing between
Cyt-LS was assayed by spectrofluorimetry as rhodamine dequenching in the presence of GTP (O), decondensed chromatin (+), and both decondensed chromatin and GTP (@). A shows a control
experiment with both decondensed chromatin and GTP, in which Cyt-LS were replaced with protein free-LS. (C) Final extents of lipid mixing between Cyt-LS in the presence of GTP and decondensed
chromatin were measured with (3) and without (2) GTP[S]. (1) Final extent of lipid mixing between protein-free LS in the presence of GTP and decondensed chromatin. Means + S.D. are shown
(n=13). (D) Final extents of lipid mixing in the presence of GTP and decondensed chromatin for Cyt-LS prepared either with interphase or mitotic cytosol. Means + S.D. are shown (n=3).
(E) Final extents of lipid mixing in the presence of GTP and decondensed chromatin for Cyt-LS prepared either with mock-treated cytosol (1) or with cytosol immunodepleted from Ran GTPase
(2). The presence of Ran on the Cyt-LS was verified by Western blotting of the Cyt-LS prepared either with mock-depleted cytosol or with Ran-depleted cytosol (inset, lanes 1 and 2 respectively).
Means + S.D. are shown (n=3). (F) Final extents of lipid mixing in the presence of GTP and decondensed chromatin between Cyt-LS were assayed in the absence (1) or presence (2) of 10 nM
lauroyl LPC. Dilution of the sample in LPC-free MWB reversed LPC inhibition (3). Means + S.D. are shown (n = 5). The value of bar 2 is statistically different from the values of both bar 1 and 3 as
verified by a paired two-tailed ¢ test.
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Figure 4 LS fuse with MV during NE formation

(A) Nuclear reconstitution reactions were performed in the presence of rhodamine-tagged LS. Formation of fluorescently labelled nuclear membranes was assessed at 2 h. The integrity of the NE was
verified by exclusion of fluorescein isothiocyanate-70-kDa dextran. Scale bar =10 m. (B) FRAP experiments indicate that a patch of a nuclear membrane approx. 6 em in diameter recovers within
several seconds (D = 2.3 x 10~8 cm?/s). Images at the bottom of the graph were taken before (1), immediately after (2), and 830 ms after (3) the bleach. The solid line shows a single exponential fit

of the experimental data. Scale bar =5 pm.

and further chromatin swelling. While neither Cyt-LS nor LS in
the presence of cytosol formed nuclei on their own (results not
shown), they were able to join MV in the assembly of a functional
nucleus. We first incubated rhodamine-tagged LS and cytosol with
chromatin and then added MV. This yielded fluorescent nuclei
morphologically indistinguishable from those observed in the
absence of LS (Figure 4A). To find out whether the development
of this NE from LS and MV involves fusion of the LS at the sur-
face of the chromatin, we examined the lateral mobility of the
lipid molecules at the fluorescent rim of these nuclei (Figure 4B,
panel 1). Very rapid and complete recovery of FRAP of an approx.
2—-6 pum-diameter patch at the surface of the chromatin (Figure 4B,
panels 2 and 3) indicated that lipids freely diffuse over distances
much exceeding approx. 100 nm diameter of our LS [32]. Thus
lipids were distributed in the unified bilayers at the chromatin
surface rather than limited in their diffusion, as expected for the
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bound LS or, in the case of LS hemifusion, in which only
the outer monolayers of the adjacent LS would merge and the
inner monolayers would remain distinct.

DISCUSSION

In the present study we reconstituted early stages of NE
assembly in an experimental system based on protein-free LS.
Several in vitro studies have implicated transmembrane proteins in
MYV binding to chromatin [33—35] and naked DNA [36]. However,
our findings that cytosolic proteins mediate LS binding to the de-
condensed chromatin and that lamin-immunodepletion of the
cytosol blocks this binding emphasize the role of soluble proteins.
These soluble proteins could contribute to the initial binding
of membranes to chromatin and be the basis for more specific
interactions between transmembrane proteins and chromatin [36].
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Soluble lamins might interact with membranes either directly,
possibly via a 15-carbon isoprene lipid [37], or indirectly, via
membrane-associated proteins. The reports on the role of lamins
in NE assembly and, in particular, on the effects of their bio-
chemical depletion have been somewhat contradictory [38,39].
This inconsistency between different studies suggests that MV
might carry some amount of membrane-associated lamins [40].
Ran, a protein that like lamins was found on the Cyt-LS, has been
also implicated in the binding of membranes to the chromatin
surface [41]. However, since the LS that were pretreated with
mitotic cytosol still carried Ran (results not shown) but did not
bind to the decondensed chromatin, it appears that Ran on its own
is insufficient for binding.

The mechanisms by which Ran GTPase controls fusion be-
tween MV and fusion between Cyt-LS at the surface of the
decondensed chromatin remain to be understood. One may hypo-
thesize that GTP hydrolysis by Ran, directly or indirectly bound
to Cyt-LS, activates membrane-associated cytosolic proteins that
mediate fusion. To date the only identified target of Ran in NE
assembly is the importin §1 protein which, when added in excess,
blocks NE membrane fusion. The blockage is released by addition
of RanQ69L, a non-hydrolysable form of Ran [20]. Our finding
that early stages of NE assembly can be reconstituted in the
absence of transmembrane proteins agrees with recent reports that
demonstrate that vertebrate transmembrane nucleoporins (gp210,
POM121 and Ndcl) act at later stages of NE formation [7,42].
Our results are also consistent with a recent demonstration that
soluble Nup155 protein and/or proteins associated with it play
an important role in MV fusion in NE assembly [43]. While
chromatin-targeting and early fusion stages proceeded without
transmembrane proteins, LS did not form a full-size nucleus.
The involvement of transmembrane proteins at the later stages
of NE assembly might reflect the existence of a checkpoint that
coordinates fusion steps with the formation of nuclear pores and
their dilation [42,44].

In conclusion, in the present study we reconstituted early stages
of post-mitotic reassembly of NE with cytosolic proteins and lipo-
somal membranes lacking transmembrane proteins. Our results
show the importance of cytosolic regulation of membrane target-
ing to the chromatin. Like MV, which lose their chromatin-
targeting activity when membrane-associated soluble proteins are
removed in a high salt buffer [45], liposomes in their binding
to chromatin require the association of soluble proteins. Our
results suggest that, in contrast with transmembrane proteins
involved in viral and intracellular SNARE-dependent fusion [9—
12], proteins that mediate membrane fusion in NE assembly
lack transmembrane domains. While unexpected, the finding that
membrane anchoring via transmembrane domains is not a pre-
requisite for fusion proteins is in line with the known ability of
peripheral membrane proteins to drive membrane remodelling
in budding and fission [46]. As MV fusion in ER assembly
[47] and in early stages of NE assembly [4], initiation of Cyt-
LS fusion required only proteins that are tightly associated with
membranes. The simplicity of the developed experimental system
and the limited number of proteins which are tightly associated
with Cyt-LS and which thus serve as components of the minimal
binding and fusion machinery provide a promising approach to the
identification of the key fusion proteins that control post-mitotic
recompartmentalization of divided cells.
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