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Endoplasmic reticulum and nuclear 
envelope rearrangements after mito-

sis are often studied in the reconstitution 
system based on Xenopus egg extract. 
In our recent work we partially replaced 
the membrane vesicles in the reconsti-
tution mix with protein-free liposomes 
to explore the relative contributions of 
cytosolic and transmembrane proteins. 
Here we discuss our finding that cyto-
solic proteins mediate fusion between 
membranes lacking functional trans-
membrane proteins and the role of mem-
brane fusion in endoplasmic reticulum 
and nuclear envelope reorganization. 
Cytosol-dependent liposome fusion has 
allowed us to restore, without adding 
transmembrane nucleoporins, function-
ality of nuclear pores, their spatial dis-
tribution and chromatin decondensation 
in nuclei formed at insufficient amounts 
of membrane material and character-
ized by only partial decondensation of 
chromatin and lack of nuclear transport. 
Both the mechanisms and the biological 
implications of the discovered coupling 
between spatial distribution of nuclear 
pores, chromatin decondensation and 
nuclear transport are discussed.

Introduction

Cell division is associated with changes in 
the morphology and function of intracel-
lular membrane structures, including the 
endocytic system, the Golgi apparatus and 
the endoplasmic reticulum (ER). In species 
with an open mitosis, the nuclear envelope 
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(NE) breaks up early in mitosis and then 
starts to reassemble in anaphase. NE reas-
sembly involves formation of a double 
membrane around segregated chromo-
somes, insertion of multiprotein nuclear 
pore complexes (NPCs) responsible for 
selective nucleocytoplasmic transport, fol-
lowed by further NE expansion and chro-
matin decondensation. Reassembly of the 
ER/NE system has been reconstituted in 
vitro using fractionated Xenopus leavis egg 
extract and sperm chromatin and requires 
both transmembrane and cytosolic pro-
teins.1,2 Our work on further simplifying 
this experimental system by using lipo-
somes has, surprisingly, demonstrated 
that cytosolic proteins are sufficient to 
mediate fusion between membranes lack-
ing functional transmembrane proteins 
and revealed an unexpected dependence 
of nuclear transport on NE expansion.3 In 
this short review we discuss how cytosol-
dependent fusion may fit into the current 
models of ER and NE reorganization; 
and, more generally, what is the place of 
membrane fusion in this reorganization 
and whether proteins lacking transmem-
brane domains can merge membranes. 
We also discuss the biological relevance 
of interplay between the growth of NE 
membrane area, NPC distribution and 
chromatin decondensation.

Membrane Fusion in ER Dynamics

It has long been thought that disassem-
bly of NE proceeds by its fragmentation 
into vesicles and at the end of mitosis 
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that membrane vesicles, rendered fusion-
incompetent by trypsin or NEM treat-
ments, and liposomes fuse in the presence 
of the interphase cytosol, as established 
using a lipid mixing assay. Liposomes, 
incubated in cytosol and purified on a 
sucrose gradient, carry tightly-attached 
cytosolic proteins and fuse with each 
other. Importantly, liposomes formed 
from phosphatidylcholine that were used 
in these experiments do not support spon-
taneous fusion.19 Like fusion between 
native membrane vesicles, cytosol-medi-
ated fusion of membranes lacking func-
tional transmembrane proteins depends 
on GTP-hydrolysis and the cell cycle stage 
of the cytosol preparation.

Not surprisingly, fusion between lipo-
somes yields neither the ER network nor 
functional nuclei. However, in the pres-
ence of native membrane vesicles, lipo-
somes and fusion-incompetent membrane 
vesicles do participate in the ER and NE 
assembly and partially replace the native 
vesicles.3 Lowering the concentration 
of native membrane vesicles decreases 
the size of assembled nuclei.20 We found 
that these small nuclei, while completely 
enclosed by envelope, have only partially 
decondensed chromatin and support nei-
ther nuclear transport nor DNA replica-
tion. Addition of liposomes transforms 
these undeveloped nuclei into nuclei 
with rescued nuclear transport, DNA 
replication, chromatin decondensation 
and partially recovered size. We demon-
strated using different approaches that the 
rescue of nuclei formation involves cyto-
sol-dependent fusion of liposomes with 
native membrane vesicles and that up to 
two thirds of membrane material in those 
nuclei originated from liposomes.

Fusion of liposomes with native mem-
brane vesicles (and between liposomes) 
was not supported by mitotic cytosol,3 
suggesting that cytosol-mediated fusion is 
cell cycle regulated. It also depends on the 
presence of GTP and ATP and is inhibited 
by an excess of αSNAP, the NSF-adapter 
that blocks SNAREs indicating the pos-
sible involvement of SNARE proteins. 
SNARE machinery has been also impli-
cated in ER and NE reassembly in ref. 21, 
where antibodies against NSF, NSF deple-
tion and an excess of exogenous αSNAP 
were found to inhibit fusion between 

indispensable for maintaining ER integ-
rity.12 Although the structure of mitotic 
ER is still under debate,13,14 it is clear that 
ER/NE membranes undergo significant 
morphological changes during the cell 
cycle. A recent study14 shows that during 
mitosis, ER/NE membranes are organized 
into extended cisternae with only a small 
fraction of tubules. The cell cycle-specific 
transition from cisternae-like structures to 
the branched tubular network of the inter-
phase ER involves formation of polygonal 
ER rings. Topologically, this transforma-
tion is similar to increasing the number 
of holes in a pretzel and cannot be car-
ried out without breaking and fusing the 
membranes. Indeed, imaging of living  
C. elegans embryos has suggested a mas-
sive fusion between ER membranes dur-
ing this transition.15 While the specific 
role of fusion between ER membranes in 
maintenance and rearrangement of the ER 
network throughout the cell cycle remains 
to be clarified, recent studies have pro-
vided important insights into the mecha-
nisms of these fusion processes.

Transmembrane and Cytosolic 
Factors Involved in ER Fusion

Homotypic fusion of ER membranes 
during in vitro formation of the ER net-
work and its maintenance in a living cell 
requires transmembrane protein dynamin-
like GTPase atlastins.11,12 Fusion between 
ER vesicles and between proteoliposomes 
with reconstituted atlastin involves GTP-
hydrolysis and formation of trans-oligo-
meric complexes by atlastin present in 
both fusing membranes. This organiza-
tion of fusion machinery (with the same 
protein fusogens on both membranes) 
reminds the homotypic fusion machin-
ery suggested for mitochondrial fusion16 
and for cell fusion during development of  
C. elegans.17 In contrast, in viral fusion  
protein fusogens are present only in one of 
the membranes and in SNARE-dependent 
intracellular fusion opposing membranes 
carry different protein fusogens.

While transmembrane proteins atlas-
tins can drive ER fusion on their own, 
we have recently reported that Xenopus 
egg interphase cytosol contains additional 
fusogenic protein factors involved in the 
ER/NE reconstitution.3,18 We have shown 

these vesicles fuse on the surface of segre-
gated chromosomes. This model has been 
mainly supported by data from an in vitro 
reconstitution system based on fraction-
ated Xenopus leavis egg extract. In this in 
vitro system, ER fragments fuse with each 
other in the presence of interphase cyto-
sol and sperm chromatin to form both an 
ER-like network and round-shaped nuclei 
pierced with NPCs and capable of active 
nuclear transport, DNA replication and 
NE breakdown.2 However, studies in liv-
ing cells suggest that at the onset of mito-
sis, the NE retracts into the ER, which 
remains continuous throughout mitosis 
(reviewed in ref. 4). NE reassembly at 
the end of mitosis proceeds through the 
merging of the tubular ER network on the 
chromatin surface. The tips of ER tubules 
bind to the chromatin, and then flatten 
and expand at the chromatin surface to 
yield a sealed nuclear membrane. This 
process, in contrast to fusion between 
membrane vesicles in ER reconstitution, 
is not sensitive to the non-hydrolysable 
nucleotide triphosphate analogues ATPγS 
and GTPγS, suggesting that NE assembly 
relies only on intrinsic dynamics and the 
integrity of the ER network rather than 
vesicle fusion.4,5 This reasoning is based 
on the assumption that ATP- and GTP- 
hydrolysis are involved in the actual fusion 
event. This is not a trivial assumption, 
since GTP- and ATP-hydrolysis depen-
dent stages may follow rather than precede 
membrane rearrangements,6 as in the case 
of SNARE-dependent fusion, where ATP 
hydrolysis “recharges” SNARE machinery 
after fusion.7

The ER is a very dynamic membrane 
structure that undergoes significant rear-
rangements during interphase, such as the 
branching of the ER tubules, the sliding 
of the ER junctions along the tubules, 
the closure of polygonal rings of the ER 
network and the fusion of the tubules to 
reform ER rings.8 Presumably, these spe-
cific membrane rearrangements are regu-
lated and linked to ER functional activity. 
ER structure is largely maintained by pro-
teins of the DP1/Yop1p and reticulon fam-
ilies, which shape the ER membrane into 
tubules9,10 and by atlastin GTPases, which 
implement fusion between tubules.11,12 
Loss of atlastin function causes ER frag-
mentation, indicating that fusion is 
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approach, by lowering the initial concen-
trations of membrane vesicles in Xenopus 
nucleus reconstitution mix. Resulting 
undeveloped nuclei were characterized 
by membrane enclosure of only partially 
decondensed chromatin, smaller size and 
absence of nuclear transport. Surprisingly, 
these nuclei have the same average surface 
density of NPCs as control ones, as mea-
sured with Ab414 antibody. This antibody 
reacts with a number of “late” nucleopo-
rins36 and, thus, is commonly used to 
identify assembled NPCs. Since even 
condensed chromatin domains are read-
ily accessible to large macromolecules,37 
it is unlikely that partial decondensation 
of chromatin within undeveloped nuclei 
restricts macromolecule entry into the 
nuclei by steric hindrance. This raises 
the question of why NPCs in undevel-
oped nuclei are already recognizable by 
the Ab414 antibody but yet functionally-
incompetent. In spite of similar aver-
age density of NPCs, their distribution 
along NE in control and undeveloped 
nuclei was strikingly different: even for  
control nuclei and clustered for undevel-
oped ones.

As mentioned above, fusion of lipo-
somes into undeveloped nuclei in the 
presence of cytosol yields larger nuclei 
with fully decondensed chromatin and 
active nuclear transport. This transfor-
mation correlates with the restoration 
of the even distribution of NPCs and a 
modest increase in their number. How 
can the amount of membrane material 

process that, similarly to fusion, involves 
the local breaking of continuity in mem-
branes followed by their reassembly in a 
new way.

Based on these considerations, we con-
clude that transmembrane domain is not 
a prerequisite for the potential fusogen. 
Therefore, peripheral membrane proteins 
shuttling in a regulated manner between 
cytosol and intracellular membranes can 
serve as fusogens. It is natural to suggest 
that diversity of fusion reactions in ER/
NE reassembly requires more than one 
type of fusion machinery including atlas-
tins, SNAREs and yet unidentified cyto-
solic proteins. An unexpected tolerance 
of nucleus assembly to concentrations of 
NE- and ER-specific transmembrane pro-
teins3 emphasizes relatively promiscuous 
character of the cytosol-dependent fusion. 
One may suggest that utilization of trans-
membrane vs. cytosolic fusion proteins 
may depend on relative importance of 
specificity vs. breadth for a particular kind 
of fusion reaction.

Interplay between NE Expansion, 
NPC Formation and Chromatin 

Decondensation

Our work has revealed an unexpected 
link between lateral distribution of NPCs, 
nuclear transport and chromatin decon-
densation at early stages of NE assembly.3 
We restricted NE growth and chromatin 
decondensation by removing yet-unbound 
membrane vesicles, or in an alternative 

membrane vesicles in the Xenopus extract 
reconstitution system. Most SNAREs are 
transmembrane proteins but some of the 
SNAREs lack transmembrane domains 
and shuttle between cytosolic and mem-
brane-bound forms.22,23 Taken together, 
our data suggest that interphase cytosol 
contains fusogenic proteins that can be 
tightly associated with membranes but do 
not have transmembrane domains and can 
replace impaired or, in the case of lipo-
somes, missing fusogenic proteins with 
intact copies of the same proteins.

Can Proteins Lacking  
Transmembrane Domain  

Mediate Fusion?

The best characterized viral, intracellular 
and developmental fusogens are trans-
membrane proteins. Moreover, for some 
of these proteins deletion or modifica-
tions of their transmembrane domain is 
shown to inhibit fusion (reviewed in ref. 
24). However, there are also reports sug-
gesting that a transmembrane domain is 
not a pre-requisite for a protein fusogen. 
For some proteins clearly involved in 
fusion (e.g., influenza hemagglutinin and 
synaptotagmin), large polypeptide frag-
ments lacking transmembrane domains 
have been reported to initiate fusion.25,26 
Moreover, nuclear membrane fusion in 
yeasts27,28 and fusion in autophagy29 have 
been proposed to be mediated by periph-
eral proteins. Another peripheral protein, 
annexin, has been implicated in the fusion 
stage of membrane repair30 partitions 
between the cytosol and nuclear envelope 
and this redistribution can be cell cycle 
dependent.31,32

Accumulating evidence indicates that 
fusion proteins drive lipid rearrange-
ments by generating the membrane elastic 
stresses that are released by fusion.33,34 For 
instance, proteins may bring two bilayers 
into immediate contact by buckling one 
or both of them (Fig. 1). The protein-
depleted spherical tops of the bulges have 
very high curvature and, as a result, are 
primed for fusion. Clearly, peripheral 
proteins are quite capable of bending 
membranes.35 Indeed, peripheral proteins 
such as dynamin, BAR domain proteins 
and small G-proteins do generate elastic 
stresses that drive membrane fission; a 

Figure 1. Mechanism by which peripheral proteins might mediate fusion. (A) Opposing lipid bilay-
ers of biological membranes before fusion. Lipid molecules are depicted as rings (polar groups) 
with two tails (acyl chains). (B) Fusion proteins (brown-colored shapes with red-colored amphi-
philic regions) encircle future fusion site. Shallow insertion of amphiphilic protein regions spreads 
polar heads of the surrounding lipids. Buckling of the membrane(s) brings membrane bilayers 
into immediate contact and generates bending stresses at the bulge top(s). (B’) Cross  
section view from the top. (C) Elastic stresses are released by membrane fusion.
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Concluding Remarks

To place our recent findings that cytosolic 
proteins lacking transmembrane domains 
fuse membranes and that cytosol-medi-
ated fusion can be involved in ER and 
NE reassembly3,18 into the context of ER 
and NE dynamics in living cells, a num-
ber of outstanding questions have to be 
addressed. To start with, the identity of 
the cytosolic protein fusogens present in 
Xenopus egg extract remains to be estab-
lished. What is the molecular mechanism 
of fusion mediated by these fusogens? 
How is the job of fusing intracellular 
membranes in ER maintenance and in 
post-mitotic rearrangements of ER and 
NE distributed between transmembrane 
and cytosolic fusogens?

Regardless of the mechanism of 
cytosol-dependent fusion and its role in 
vivo, this fusion allowed us to reveal the 
existence of a feedback that couples NE 
growth and chromatin decondensation 
with the spatial distribution of NPCs and 
nuclear transport. It is tempting to suggest 
that NPC clustering observed in some 
pathological conditions41 leads to local 
inhibition of nuclear transport and dis-
ruption of local chromatin organization 
and gene regulation.
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available for nucleus assembly affect 
NPC distribution? At early stages of 
NE assembly, sites of NPC formation 
are marked by binding of ELYS protein 
to AT-rich regions of chromatin.38,39 We 
suggest that a shortage of membrane 
area in undeveloped nuclei mechanically 
restricts chromatin decondensation and 
uneven distribution of NPC seeding sites 
at the surface of partially decondensed 
chromatin results in uneven distribution 
of NPC (Fig. 2).

Since the external diameter of a nuclear 
pore in the Xenopus egg nucleus is ~ 0.12– 
0.15 μm and there are ~50 NPCs/μm2,40 
the density of NPCs at the surface of 
Xenopus egg nuclei is very high and 60 to 
80% of the total surface area of NE is under 
NPCs. It is likely that clustered NPCs in 
undeveloped nuclei, which are placed even 
closer than pores evenly distributed in con-
trol nuclei,- become dysfunctional. Fusion 
of liposomes provides additional mem-
brane area and stimulates further chroma-
tin remodeling and spreading. This leads 
to an increase in the distances between 
clustered NPCs, thus restoring NPC dis-
tribution and functionality. These events 
are followed by full DNA decondensation, 
assembly of additional NPCs and nuclear 
growth. We suppose that in the case of 
unrestricted membrane availability, NPCs 
assembly goes along with an increase in 
the NE area per pore and chromatin de- 
condensation, yielding an even pore 
distribution.

Figure 2. Proposed mechanism of nuclear transport rescue by cytosol-dependent liposome 
fusion. (A) Shortage of membrane material mechanically restricts chromatin decondensation 
leading to formation of small undeveloped nuclei enclosed by double membrane NE. Uneven 
distribution of fully assembled NPCs following uneven distribution of NPC anchoring sites at 
lamina and chromatin results in functional incompetence of closely spaced pores. (B) Addition 
of membrane material by cytosol-dependent fusion of liposomes allows additional chromatin 
decondensation, increases the distances between NPC anchors, and thus, the pores and restores 
active nuclear transport. (C) Further NE growth is accompanied by full chromatin decondensation 
and restoration of an even NPC distribution. Functional and non-functional NPCs are shown in 
green and red, respectively. Degree of chromatin decondensed is depicted by color saturation 
with less saturated blue color representing more decondensed chromatin.
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