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Abstract We report here a new structure, named ‘strings-of-
pearls’, which are seen to form in Xenopus egg extracts after
incubation, as 200 nm membrane vesicles attach to 10 nm
filaments. These membrane vesicles fuse together along the
filaments to form annulate lamellae (AL) or attach to
demembranated sperm chromatin to initiate assembly of a
nuclear envelope. Immunoassay with anti-keratin antibodies
AE3 showed that the filaments were mainly composed of a 56
kDa keratin-like protein. Addition of AE3 to the extracts
resulted in inhibition of AL formation and defective assembly of
NE. These results suggest a function of keratins in the assembly
of nuclear envelopes during Xenopus development.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Since 1983 [1,2] it has been known that egg extracts from
amphibia such as Xenopus laevis are a wonderful cell-free
system to explore mechanisms of nuclear envelope (NE) as-
sembly, which in eukaryotic cells occurs normally at the end
of mitosis. By adding exogenous DNA or chromatin such as
demembranated Xenopus sperm to the extracts, nuclei sur-
rounded by an NE are formed, which are indistinguishable
from those assembled in vivo. Annulate lamellae (AL), stacks
of folded NE studded with nuclear pore complexes (NPC) on
the other hand can form spontaneously in the extracts alone,
or after addition of DNA or chromatin [3,4]. By ultracentri-
fugation the egg extracts can be fractionated into soluble cy-
tosol and a membraneous vesicle fraction. Both fractions are
required for the assembly of NE or AL [5]. Many previous
studies have described round, smooth membrane vesicles with
diameter of about 200 nm as precursors of both NE and AL
[6-11]. How these vesicles get involved in the process of NE
assembly however remains unclear. In this report, we present
evidence that the 200 nm membrane vesicles participate in
cell-free NE and AL formation by attaching themselves to a

*Corresponding author. Fax: +86 (10) 6275-1850.
E-mail: swzb@sunrise.pku.edu.cn

Abbreviations: NE, nuclear envelope; AL, annulate lamellae; IF,
intermediate filament; NPC, nuclear pore complex; CPD, critical point
drying; TEM, transmission electron microscope; SEM, scanning
electron microscope

This work was supported by the National Natural Science Foundation
of China and the Graduate School Research Committee of the
University of Wisconsin, Madison, WI, USA.

keratin-like 10 nm filament network which assembles in Xeno-
pus egg extracts.

Intermediate filaments (IFs) are 8-10 nm protein fibers,
which form part of the cytoskeleton in the cytoplasm of eu-
karyotic cells. Usually they compose a fibrous network sur-
rounding the nuclei and radiating towards the cell surface.
Particularly, IFs are resistant to nonionic detergents such as
Triton X-100 and high salt solutions. IFs are thought to play
important roles in maintaining cellular integrity and the me-
chanical properties of cytoplasm, though their functions
should not be restricted simply to this aspect. Recent research
suggests involvement of IFs in signal transduction and nuclear
transport, as well as in nuclear envelope assembly [11-13].

The most diverse family of IFs are the keratins. While they
occur primarily in epithelial cells and have been shown to be
essential for the mechanical stability to those cells, keratins
are usually the only IFs expressed in many vertebrate oocytes
[14]. In Xenopus oocytes, keratin filaments consist of one type
II keratin which is the homologue of human keratin K8 and
two type I keratins which are homologues of K18 and K19,
respectively. During oocyte maturation, keratin filaments dis-
assemble into soluble oligomers accompanied by hyperphos-
phorylation of the type II keratin [14]. Upon activation of the
eggs, the keratins gradually reorganize into a filament net-
work. Xenopus egg extracts are derived from eggs activated
spontaneously during centrifugation or by calcium ionophore
A23187 and are arrested at interphase by cycloheximide in-
hibition of protein synthesis [5]. No attention has been paid to
the dynamics and function of keratins in this cell-free system.
We report here that type II keratins assemble into 10 nm
filament networks which appear to link 200 nm membrane
vesicles together and play an important role in NE formation
in vitro.

2. Materials and methods

Xenopus egg extracts were prepared and fractionated according to
Hartl et al. [15] with some modifications. Briefly, a mature Xenopus
laevis female was induced to lay eggs by two injections of HCG
(Human Chorionic Gonadotrophin) the night before use. The eggs
were dejellied with 2% Cysteine (pH 7.8) and activated in 0.2 pg/ml
calcium ionophore A23187. After washing in a lysis buffer (250 mM
sucrose, 50 mM KCI, 3 mM MgCl,, 10 mM HEPES, pH 7.5, 1 mM
DTT, 100 ug/ml cycloheximide), they were fractured and sedimented
into layers by centrifugation at 10000 X g for 15 min at 4°C. The
middle layer was collected and used freshly as ‘crude extract’ or fur-
ther fractionated at 200000 X g into soluble cytosol and membrane
vesicles which could be frozen in liquid nitrogen and stored at
—70°C separately for later use.

Demembranated Xenopus sperm chromatin was prepared following
Newmeyer and Wilson [5] with some modifications. Sperm obtained
from a mature Xenopus male was resuspended in SB (sperm buffer:
200 mM sucrose, 15 mM NaCl, 80 mM KCl, 7 mM MgCly, 5 mM
EDTA, 15 mM PIPES-NaOH, pH 7.4, 0.5 mM spermidine, 0.2 mM
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spermine) and pelleted repeatedly to wash off residual blood cells.
They were then were demembranated in 0.05% lysolycithin for 5—
10 min at room temperature. Demembranated sperm were pelleted
and resuspended in SB at a concentration of 4 X 107/ml, frozen and
stored like the egg extracts.

To carry out nuclear envelope assembly (or AL assembly), crude
extracts were mixed with (or without) demembranated sperm (1000
sperm/ul extracts), and an ATP regenerating system (2 mM ATP,
20 mM phosphocreatine, 100 pg/ml creatine phosphokinase), and
then incubated at 22-24°C. The crude extracts could be substituted
by a mixture of cytosol and membrane vesicle fractions (v/v=10:1)
which would give identical results concerning NE and AL assembly.
To test the effect of anti-keratin antibodies on NE and AL assembly,
cytosol and membrane vesicle fractions were mixed with AE3 (an anti-
type II keratin monoclonal antibody (mAb), a gift from Prof. T.T.
Sun of New York University) at a final concentration in excess of
keratins and incubated for 1 h at 22-24°C. Demembranated sperm
and the ATP regenerating system were then added and the mixture
was further incubated. The process of sperm nuclear assembly was
observed routinely by fluorescence microscopy after staining the DNA
with DAPIL.

To prepare whole mounts of specimen for imaging by scanning
electron microscopy (SEM), coverslips were made sticky with 3-ami-
nopropyltriethoxysilane (Aldrich) as described by Ris and Malecki
[16]. The specimens were dropped on the coverslips and left to attach
for a few minutes. The coverslips were then immersed into 1% gluta-
raldehyde, rinsed with the lysis buffer, postfixed in 1% osmium tetra-
oxide (OsO,), dehydrated in a series of ethanol and critical point dried
(CPD) [17]. After CPD, the coverslips were coated with a thin layer of
Pt by argon ion sputter coating and observed with a high resolution
field-emission SEM (HR-FESEM) at 1.5 kV, the Hitachi S-900 at the
Madison Integrated Microscopy Resource (IMR). To observe NE
assembly around demembranated sperm, we generally attached the
sperm to the sticky coverslips first and then put them in the mixture
of extracts and the ATP regenerating system.

Immunogold labeling was carried out according to Jiao et al. [18]
with modifications. The specimens attached to sticky grids were
treated with 1% Triton X-100-CSK (300 mM sucrose, 100 mM
KCl, 3 mM MgCl,, 100 mM PIPES, pH 6.8, | mM EGTA, 1 mM
PMSF), then prefixed in 2% paraformaldehyde-2.5% glutaraldehyde
for 10 min, rinsed in CSK, incubated in 3% BSA for 30 min and then
with the primary antibodies (AE3, or AEl: an anti-type I keratin
mAb, also a gift from Prof. T.T. Sun) for 1 h. The preparation was
then treated with the secondary antibodies, conjugated to 10 nm gold.
After that they were postfixed with 0.25% glutaraldehyde and 1%
0s0, respectively, dehydrated in ethanol and CPD, and observed
by TEM (JEM-1010). For immunofluorescence staining, sticky cover-
slips were used instead of the grids.

Epon 812 embedment and ultrathin sectioning for TEM were per-
formed following conventional procedures after glutaraldehyde and
050, fixation. The sections were stained with uranyl acetate and
lead citrate and then observed with the JEM-1010.

For electrophoresis and Western blots, 10% SDS-PAGE gel was
used to analyze the proteins in the extracts after treatments. The
proteins were transferred onto nitrocellulose paper and characterized
with antibodies (AE3, AE1, 14h7: an anti-vimentin mAb, a gift from
Prof. M.W. Klymkowsky, University of Colorado, USA; X223: a gift
from Prof. G. Krohne, University of Wiirzburg, Germany) according
to conventional methods.

3. Results

3.1. Formation of ‘strings-of-pearls’ in Xenopus egg extracts
When cytosol and membrane vesicle fractions were mixed
with demembranated sperm and incubated in the presence of
an ATP regenerating system, a new complex structure was
observed by HR-FESEM, which is involved in the assembly
of NE and AL (Fig. 1). It consists of small vesicles attached to
a fine filament network. The vesicles are all of similar size,
about 200 nm in diameter, attached along a 10 nm thick fiber.
We therefore called this new structure ‘strings-of-pearls’ (Fig.
la, b). In fact, we had reported in a previous publication
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Fig. 1. Electron micrographs obtained with the Hitachi S-900 HR-
FESEM showing ‘strings-of-pearls’ assembled in Xenopus egg ex-
tracts. a: ‘Strings-of-pearls’ observed at low magnification. Bar=
3 um. b: ‘Strings-of-pearls’ observed at higher magnification.
Bar=0.5 um. c: Early stage of NE assembly on demembranated
sperm. Demembranated sperm were attached to sticky glass, then
incubated with cytosol and membrane fraction for 2 h. ‘Strings-of-
pearls’ are seen to attach to the sperm chromatin. The 200 nm
vesicles then fuse to form the inner membrane for the new NE.
Bar=1 pum. d: Late stage of NE assembly on demembranated
sperm. A continuous NE has been formed and NPCs are being in-
serted. Large ER vesicles with attached ribosomes attach to the nu-
clear surface and get incorporated into the enlarging NE. Bar=
300 nm.

similar structures which formed in the process of NE assembly
induced by bacteriophage Lambda DNA in crude extracts and
observed in whole mount preparations by TEM [19]. Before
incubation, we observed free vesicles of various sizes and only
few irregular filaments, indicating that the ‘strings-of-pearls’
were assembled de novo after mixing cytosol and membrane
fraction. If the cytosol or membrane fraction was incubated
alone, no 10 nm filaments or structures resembling ‘strings-of-
pearls’ could be found, suggesting that the formation of these
new structures requires the participation of both fractions.
The vesicles in ‘strings-of-pearls’ may gradually fuse together
into small membrane fragments. Normal looking NPCs ap-
peared in these fragments at the same time, resulting in the
formation of AL. The ‘strings-of-pearls’ could also attach to
the surface of chromatin leading to the assembly of a nuclear
envelope with NPCs (Fig. 1c, d). These observations indicated
that ‘strings-of-pearls’ may play a role in the assembly of NE
and AL in the Xenopus egg extract system.
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Fig. 2. Protein components revealed by SDS-PAGE and Western
blot in the extracts. a: Electrophoretic results from fractionated ex-
tracts. M: Markers. Triton: Triton extraction of the mixture of cy-
tosol and membrane fractions after incubation for 2 h. There were
two major proteins (asterisks) in the Triton insoluble fraction, corre-
sponding to the components of 10 nm filaments in ‘strings-of-
pearls’. Control: Cytosol and membrane fractions were incubated
separately for 2 h and then mixed together for Triton extraction.
No residual proteins were left after the extraction. Total: Total pro-
teins of crude extracts. Mem: Protein components of membrane
fraction. Cyt: Protein components of cytosol fraction. b: Residual
proteins after Triton extraction of crude extracts incubated for 2 h.
c: Western blots probed with anti-keratin antibodies (AE3, AEl) of
Triton insoluble proteins. HeLa: HeLa cell cytoskeletons used as
positive control, probe with AE3+ AEIl. Control: Negative control,
no primary antibodies were used. Total: Crude extracts probed with
AE3+AEIl.

3.2. Characterization of the 10 nm filaments

The diameter of the ‘strings-of-pearls’ fibers suggested that
they might be some kind of IF. To characterize the nature of
these filaments, we applied various antibodies to different
kinds of IF proteins both for biochemical and ultrastructural
analyses. A special feature of IFs is their resistance to non-
ionic detergents. Cytosol and membrane fractions were mixed
with an ATP regenerating system and incubated for 2 h al-
lowing the ‘strings-of-pearls’ to assemble and then treated
with 1% Triton X-100 for 5 min. Whole mount observation
with TEM showed a 10 nm filament network remaining while
the vesicles had been dissolved (see Fig. 3b, ¢). SDS-PAGE
electrophoresis showed there were two major protein compo-
nents in the Triton insoluble fraction with molecular weights
of about 56 kDa and 43 kDa respectively (Fig. 2a). Using
crude extracts instead of cytosol and membrane fractions
gave similar results (Fig. 2b). Similar results were also ob-
tained in repeated experiments (Fig. 2a, b). If the cytosol or
membrane fraction was incubated alone for 2 h, and then
mixed and Triton extracted, no proteins could be found in
the Triton insoluble fraction (Fig. 2a). This was consistent
with our EM observation that no filaments were assembled
when cytosol or membrane fractions were incubated alone.
Western blot analysis on Triton insoluble proteins using var-
ious antibodies showed that only anti-keratin antibodies
(AE3 and AEIl) gave positive results. No positive signal
could be detected when anti-vimentin antibody (14h7) or
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anti-lamin antibodies (X223) were applied. Moreover, the
56 kDa protein cross-reacted with AE3 (specific for type II
keratins) strongly while it showed only very weak reaction
with AE1 (specific for type I keratins in mammalian cells)
(Fig. 2¢). In contrast, the 43 kDa protein gave no detectable
signal to any of the antibodies tested. It is worthy being men-
tioned that no positive signal was shown in total proteins of
the extracts without Triton extraction. It might be that the
concentration of keratins in the whole extracts was too low to
be detected.

All above results suggest that the 56 kDa protein, which is
one of the major components of the 10 nm filaments, is a type
II (basic) keratin, and that the filaments are keratin-like IFs.
Immunofluorescence staining and immunogold labeling give
further support to it. Fig. 3 shows the AE3 positive filament
network formed in mixed extracts of cytosol and membrane
vesicles, while no positive structure was observed with AE1 or
in negative controls when neither AE3 nor AEl were used
(not shown). Immunogold labeling with 10 nm colloidal
gold showed gold particles specifically bound to the filaments
(Fig. 3c), which is in sharp contrast to the negative control
where there is no labeling at all (Fig. 3b). To summarize, the
10 nm filament in ‘strings-of-pearls’ is a kind of keratin-like
IF with the 56 kDa Triton insoluble protein as a basic
component. The 43 kDa protein may either be the acidic
keratin counterpart of the 56 kDa protein or an IF associated
protein.

3.3. Effects of AE3 on 10 nm filament network formation and
cell-free AL and NE assembly

According to the above results, the keratin-like 10 nm fila-
ments act as an organizer for 200 nm vesicles. Since these
vesicles are important for NE and AL assembly, we may ex-
pect that if we prevent assembly of keratin-like proteins, then
AL and NE assembly should be inhibited. To test this hypoth-
esis, we introduced AE3 antibodies, which should bind the
56 kDa proteins of the 10 nm filaments, into the extracts.
We found that 56 kDa proteins disappeared from the Triton
insoluble fraction, and no ‘strings-of-pearls’ or 10 nm fila-
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Fig. 3. a: Immunofluorescence staining with AE3 showing positive
filament network formed in the extracts after incubation. Bar=
10 um. b: TEM micrograph of whole mount showing 10 nm fila-
ment network assembled in the extracts, immunogold labeling with-
out addition of primary antibody (AE3), used as a negative control
for c¢. Bar=200 nm. c: Immunogold labeling with AE3 of 10 nm
filaments from ‘strings-of-pearls’ after Triton extraction, showing
that 10 nm gold particles bind specifically to the filaments. Bar=
200 nm.
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Fig. 4. Effects of AE3 on NE assembly in vitro. a: TEM micro-
graph of ultrathin section showing defective NE assembly around
demembranated sperm chromatin when egg extracts were treated
with AE3. The chromatin decondensed to a limited extent, no dou-
ble nuclear envelope was formed though some small vesicles are
visible around chromatin. Bar=1 um. b: Ultrathin section of a typ-
ical sperm nucleus assembled from condensed sperm chromatin in
cell-free extracts. Note the typical parallel double nuclear envelope
with NPCs and well-decondensed chromatin inside. Bar=2 um.
c: DAPI staining of demembrananted sperm incubated in AE3 ex-
tracts. Bar=10 pum. d: DAPI staining of a mature sperm nucleus in
normal extracts. Bar=10 um.

ments were observed. Furthermore, we examined NE assem-
bly on demembranated sperm and AL assembly in AE3 ex-
tracts in which there were no 10 nm filaments to bind the 200
nm vesicles. Normally, After DAPI staining, the demembra-
nated sperm first appeared as long, thin curved lines (stage 1).
With increasing incubation time, they swelled and decon-
densed (stage 2) and became small round dots (stage 3, Fig.
4¢). Then the sperm chromatin continued to swell and decon-
dense (stage 4, Fig. 4d). During this process they acquire an
NE [1,2]. In contrast, in AE3 extracts, demembranated sperm
could swell and round up (Fig. 4c), but they could not devel-
op into mature nuclei. Observed in ultrathin sections by TEM,
a typical sperm nucleus in AE3 extracts showed only limited
chromatin decondensation (Fig. 4a) in sharp contrast to the
full decondensation of sperm chromatin in control extracts
(Fig. 4b). No typical intact NE formed around the limited
decondensed chromatin in AE3 extracts, though small vesicles
are seen along the chromatin surface (Fig. 4a). In normal
extracts, a typical double membraned NE encircles the decon-
densed chromatinan (Fig. 4b). Correspondingly, no AL could
be found in AE3 extracts, while large numbers of AL are
present in normal incubations where NEs are formed (not
shown). All the above results are consistent with our conclu-
sion that inhibition of 10 nm filament assembly prevents the
assembly of AL and NE.

In summary, we conclude that: (1) ‘Strings-of-pearls’
assemble in Xenopus egg extracts as 200 nm vesicles attach
to newly assembled 10 nm filaments. (2) The 10 nm fila-
ments are composed of keratin-like IF proteins. (3) Ten nm
filament formation and cell-free AL and NE assembly are
inhibited by addition of anti-keratin antibody AE3 to the
extracts. Therefor, the ‘strings-of-pearls’ may play an impor-
tant role in the assembly of AL and NE in Xenopus egg ex-
tracts.
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4. Discussion

We report here a new structure, named ‘strings-of-pearls’,
which appears during AL and NE assembly in Xenopus cell-
free egg extracts. It consists of 200 nm vesicles bound to a
keratin-like IF. We also provide evidence that this structure is
involved in AL and NE assembly. These ‘strings-of-pearls’
were imaged as whole mounts by HR-FESEM and by
TEM. They develop in crude extracts and in combinations
of cytosol and membrane fractions. Similar structures are
found in egg extracts incubated alone or with the addition
of either demembranated sperm or purified protein-free
Lambda DNA.

In Xenopus egg extracts, AL are always found to form
simultaneously and competitively with NE adjacent to or
even continuous with the NE [3.4], suggesting they share com-
mon membrane precursors. Here we extend the similarity be-
tween AL and NE in that they also share a common way in
their assembly process.

The source of membrane precursors for NE has long been
an attractive topic in the research of nuclear reassembly at the
end of mitosis. The NE formation can be divided into two
steps: binding followed fusion of membrane vesicle precursor
at the surface of chromatin. Many attempts have been made
in understanding the signals and mechanisms involved in sort-
ing of membrane vesicles to the chromatin, though many
questions still remain to be elucidated [6,7]. Different vesicle
populations with the size ranging from 40-500 nm or even
larger have been reported by different research groups [2,6—
11]. However, a common agreement has led to the recognition
of a kind of 200 nm membrane vesicles which may have cer-
tain relations with lamins. In Xenopus egg extracts, these
vesicles appear to bind lamin Ly, a B-type lamin in Xenopus
[9], while in cultured CHO cells, they are shown to be asso-
ciated with lamin B [10]. These vesicles bind to the surface of
chromatin and fuse to form the inner nuclear membrane. An
interesting question is how do they reach the chromatin, by
random assortment or a specific targeting process? Our data
are in favor of the latter: these vesicles are delivered to the
chromatin attached to specific 10 nm filaments. A similar
result has been previously reported in CHO cells that lamin
B-containing vesicles are docked on vimentin filaments during
prometaphase and released from the filaments to assemble
around chromosomes at the end of mitosis [11]. Yet we do
not know at present whether the 200 nm membrane vesicles
attached to the 10 nm filaments in our experiments contain
any lamins. At least part of them should be devoid of lamins
for no lamins have been detected in AL. Unlike CHO cells,
Xenopus eggs are rich in keratins and little, if any, vimentin
could be found.

IFs have long been believed to function in providing me-
chanical stability to cells. Early researches showed that they
can be disrupted in muscle cells, fibroblasts and epithelial cells
in culture without detectable effects on cell behavior [14]. In
recent years, however, [Fs were shown to participate also in
other cellular activities such as signal transduction and nu-
clear transport [12,13]. However, controversial results were
presented regarding the importance of IFs in embryonic de-
velopment. Emerson reported that inhibition of cytokeratin
assembly by antibody injection into 2-cell mouse embryos
had no effect on blastocyst formation [20]. In contrast, knock
out of the type II keratin K8 gene in mice resulted in a severe
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embryonic lethal phenotype [12]. The latter would agree with
our finding that keratins play an important role in NE assem-
bly. In Xenopus, Klymkowsky et al. found that anti-keratin
antibodies AEl and AE3 induced abnormal gastrulation in-
jected into fertilized eggs, which could be explained by our
results. Unfortunately, they provide no data whether the em-
bryonic nuclei were also abnormal [21].

The keratin system in Xenopus eggs is composed of one type
IT keratin and two type I keratins. So far we have only iden-
tified one 56 kDa protein which is most likely a type 11 ker-
atin. Since keratin filaments are usually heteropolymers of
type I and type II keratins, there remains one type I keratin
to be identified in the 10 nm filaments of ‘strings-of-pearls’.
The 43 kDa unknown protein coexisting with the 56 kDa
protein in the Triton insoluble fraction may be a possible
candidate.

Our results about the formation of ‘strings-of-pearls’ and
their possible role in AL and NE assembly provide an oppor-
tunity to reconsider the function of keratin IFs. Probably the
most interesting question concerns the signals for membrane
vesicles to recognize the 10 nm filaments or factors that me-
diate the interaction between the vesicles and the filaments.
We are also further investigating the effects of keratins on AL
and NE assembly after immunodepletion by antibodies, and
shall isolate and sequence the 56 kDa protein to analyze its
molecular structure related to its function.
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