
Current Biology 16, 1748–1756, September 5, 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2006.06.067

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Report
MEL-28, a Novel Nuclear-Envelope and
Kinetochore Protein Essential for Zygotic
Nuclear-Envelope Assembly in C. elegans
Vincent Galy,1,2,5 Peter Askjaer,1,3,5 Cerstin Franz,1
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Summary

The nuclear envelope (NE) of eukaryotic cells sepa-
rates nucleoplasm from cytoplasm, mediates nucleo-

cytoplasmic transport, and contributes to the control
of gene expression [1, 2]. The NE consists of three

major components: the nuclear membranes, the nu-
clear pore complexes (NPCs), and the nuclear lamina.

The list of identified NE proteins has increased consid-
erably during recent years but is most likely not com-

plete. In most eukaryotes, the NE breaks down and
is then reassembled during mitosis. The assembly

of NPCs and the association and fusion of nuclear
membranes around decondensing chromosomes are

tightly coordinated processes [3]. Here, we report the
identification and characterization of MEL-28, a large

protein essential for the assembly of a functional NE
in C. elegans embryos. RNAi depletion or genetic mu-

tation of mel-28 severely impairs nuclear morphology
and leads to abnormal distribution of both integral

NE proteins and NPCs. The structural defects of the
NE were associated with functional defects and lack

of nuclear exclusion of soluble proteins. MEL-28 local-
izes to NPCs during interphase, to kinetochores in

early to middle mitosis then is widely distributed on
chromatin late in mitosis. We show that MEL-28 is an

early-assembling, stable NE component required for
all aspects of NE assembly.

*Correspondence: mattaj@embl.de
5 These authors contributed equally to this work.
Results and Discussion

Identification of MEL-28, a Conserved Protein

Required for Normal Nuclear Morphology
To identify novel proteins required for nuclear-envelope
(NE) reformation after mitosis in early C. elegans em-
bryos, we analyzed genes that were found to influence
nuclear morphology in large-scale RNAi screens [4–6].
Of the seven uncharacterized candidates targeted,
C38D4.3 was particularly interesting because of the
strong and reproducible nuclear defects visible by dif-
ferential interference contrast microscopy (see below).
This phenotype was similar to the phenotype described
previously for the maternal-effect embryonic-lethal
mutation mel-28, which maps to a 1.66 Mb deficiency
(sDf121 [7]) including C38D4.3 among 281 other pre-
dicted or known genes on chromosome III. We PCR
amplified and sequenced the C38D4.3 gene from mel-
28(t1684) and mel-28(t1578) mutants and found base
substitutions that introduce a premature termination
codon in each case (see Figure S1A in the Supplemen-
tal Data available online). Immunofluorescence micros-
copy with antibodies against amino acids 990–1237 of
C38D4.3 detected no gene product in mel-28(t1684,
t1587, t1579, or t1589) embryos (data not shown).
Finally, expression of affinity-tagged C38D4.3 restored
the hatching rate of mel-28(t1579) embryos from 0% to
42%, confirming the mutation in C38D4.3 as the sole
cause of the mel-28 mutant phenotype (data not shown).
We will refer to C38D4.3 as mel-28.

mel-28 encodes a large protein that has a predicted
molecular weight of 201 kDa and that does not possess
extensive sequence similarity to known proteins. Do-
main analysis revealed the presence of a very short cen-
tral domain with a high probability to form a coiled-coil
structure and one or possibly two C-terminal putative
AT-rich DNA binding domains (AT-hook domains, Fig-
ure S1A). Sequence-homology searches led to the iden-
tification of potential orthologs in another nematode
(C. briggsae) and in vertebrates (H. sapiens and X. laevis)
(Figure S1B). The sequence conservation outside the
nematode phylum was low, and we analyzed the
genes identified both in C. briggsae and in X. laevis.
The C. briggsae genome contains two genes that are
both similar to C. elegans mel-28. Injection of dsRNA
designed to target both genes resulted in a nuclear-
appearance-defect phenotype strikingly similar to that
observed in C. elegans mel-28(t1684) embryos (Fig-
ure S2; compare with Figure 1). Moreover, the protein
we identified in Xenopus shows similar subcellular local-
ization to C. elegans MEL-28 (our unpublished data). We
thus conclude that MEL-28 is a conserved protein.

mel-28(t1684) is recessive, and homozygous mel-
28(t1684) hermaphrodites develop into adults produc-
ing only dead embryos [7], which we refer to as mel-
28(t1684) embryos. The strong nuclear-morphological
defects previously observed by time-lapse DIC micros-
copy analysis [7] were fully penetrant (data not shown;
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Figure 1. Inhibition of mel-28 Leads to Structural and Functional NE Defects

(A) Still images of YFP-Lamin (left) and DIC (right) from confocal time-lapse microscopy recordings of embryos from heterozygous (left column) or

homozygous (right column) mel-28(t1684) nematodes expressing YFP-Lamin. Note a strong reduction of YFP-Lamin nuclear accumulation in

mutant embryos (arrowheads).

(B) Still images of GFP (left) and DIC (right) from confocal time-lapse microscopy recordings of embryos from heterozygous (left column) or ho-

mozygous (right column) mel-28(t1684) nematodes expressing GFP-b-tubulin. There is a lack of exclusion of soluble GFP-b-tubulin from the nu-

clear space in the mutant embryo (compare arrowheads).

(C) Total protein extracts from control RNAi (left lane), mel-28(RNAi) (middle lane), or Nup107(RNAi) (right lane) embryos were analyzed by West-

ern blotting with polyclonal antibodies against MEL-28 (upper panel), Nup107 (middle panel), or Nup96 (lower panel). mel-28(RNAi) efficiently and

specifically depleted MEL-28 protein.

(D) Z-projection from 4D confocal time-lapse microscopy recordings of GFP-LEM-2 expressing embryos from worms treated with control (left) or

mel-28 (right) RNAi-feeding bacteria. GFP-LEM-2 accumulated around centrosomes (arrows) in mel-28(RNAi) embryos, whereas pronuclei were

hardly visible (t = 2240 s). GFP-LEM-2 in mel-28(RNAi) embryos reassociated poorly with chromatin (arrowheads) after mitosis, and nuclear

growth was not observed (440–700 s). Scale bars represent 10 mm. Time is indicated relative to first anaphase onset.
see Figures 1A and 1B). These results suggest that ma-
ternal MEL-28 is essential in the embryo and that either
MEL-28 is dispensable for larval development or mater-
nal MEL-28 is sufficient to allow development to adult-
hood. However, we cannot rule out that mel-28(t1684)
might be a hypomorphic allele that supports larval but
not embryonic development. Because RNAi treatment
with dsRNA corresponding to mel-28 specifically re-
duced the amount of MEL-28 in embryo extract to less
than 5% (Figure 1C), affected mitotic progression of all
the young embryos observed, and caused 100% (60,
n = 1325) embryonic lethality, we conclude that maternal
MEL-28 is essential for embryo development.

MEL-28 Is Required for NE Formation and Function
Pronuclear- and nuclear- morphology defects observed
with DIC microscopy can be caused by defects in
various processes, including chromatin segregation,
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nucleo-cytoplasmic transport, and NE reformation. In
order to discriminate between these different options,
we characterized the effects of the mel-28(t1684) allele
and MEL-28 depletion by RNAi on NE structure and
function.

We crossed mel-28(t1684) with a strain expressing
yellow fluorescent protein fused to C. elegans lamin
(YFP-LMN-1 [8]) and monitored its distribution in early
embryos. Whereas YFP-LMN-1 displayed strong NE
staining in embryos from heterozygous worms, in mel-
28(t1684) embryos, very little YFP-LMN-1 was present
around the chromatin of pronuclei or in interphase after
the first mitotic division (Figure 1A).

The defect in nuclear lamin localization prompted us
to test the functionality of the NE in mel-28 mutants. A
functional NE forms a physical barrier excluding large
soluble cytoplasmic proteins such as GFP-b-tubulin.
Wild-type embryos (data not shown) and embryos from
heterozygotes excluded soluble GFP-b-tubulin frompro-
nuclei of one-cell embryos (Figure 1B, 2280 s on the left;
see also Movie S1) as well as from nuclei of two-cell
embryos (Figure 1B, 680 s on the left). In mel-28(t1684)
embryos, neither pronuclear nor nuclear exclusion was
detected (Figure 1B, 2280 s and 680 s on the right), re-
vealing a lack of a functional NE around chromatin. Taken
together, these results suggested that mel-28(t1684)
mutation affects the formation or the maintenance of
a functional NE rather than nucleo-cytoplasmic trans-
port. This conclusion is supported by the observation
that RNAi depletion of several nucleoporins involved
in nucleo-cytoplasmic transport affects nuclear growth
and size without preventing nuclear formation [8].

Next, we tested the effect of MEL-28 depletion on the
distribution of the integral NE protein GFP-LEM-2 [8–10].
After control RNAi treatment, GFP-LEM-2 was evenly
distributed in pronuclear NEs, redistributed to the endo-
plasmic reticulum (ER) during mitosis, and recruited
around chromosomes 60–100 s after anaphase entry
(Figure 1D, left column). In mel-28(RNAi) one-cell em-
bryos, no clear nuclear rim staining was visible despite
the acquisition of several confocal sections at each
time point. Small and misshapen pronuclei were some-
time seen, and GFP signal concentrated around the
centrosomes prior to mitosis. Later during mitosis,
more GFP-LEM-2 accumulated at centrosomes than in
control RNAi-treated embryos, but mitosis proceeded
normally in terms of centrosome ‘‘rocking’’ and cytoki-
nesis. At mitotic exit, GFP-LEM-2 signal on the chroma-
tin surface increased to a lesser degree than in the con-
trol RNAi embryos (Figure 1D, 100 s in the right column)
and at best formed a discontinuous, small, and mis-
shapen NE-like structure. A very similar phenotype was
observed for another inner-nuclear-membrane protein,
Emerin (Figure S3).

The NE defect did not reflect a general defect in endo-
membrane organization because no significant differ-
ence in the ER localization of GFP-SP12 ([11]) was
observed between control and mel-28(RNAi)-treated
embryos except in the region of the nuclear envelope
(Figure S4).

In order to directly test the effect of MEL-28 depletion
on chromatin segregation, we performed RNAi deple-
tion in worms expressing GFP-b-tubulin and GFP-
histone H2B. We observed severe defects in the shape
and organization of the chromatin masses at the pronu-
clear stage in mel-28(RNAi) embryos, and the physical
association of the centrosomes with chromatin was
often lost (Figure S5A). Severe chromatin-segregation
defects leading to abnormal chromatin distribution
were reproducibly observed. A phenocopy of the segre-
gation defect was obtained by RNAi depletion of Ce-
CENP-A, a component of the kinetochore encoded by
hcp-3 [12]. Despite the strong segregation defects ob-
served in hcp-3(RNAi) embryos, nuclear growth was
not affected, and normal nuclear accumulation of lamin
as well as nuclear exclusion of GFP-b-tubulin were ob-
served, indicative of a functional NE (Figure S5B). This
demonstrates that defects in chromosome segregation
do not per se affect NE formation. In conclusion, these
data demonstrate that MEL-28 is required for the forma-
tion of a functional NE.

MEL-28 Is a Nuclear-Envelope Protein Associated

with Kinetochores during Mitosis
In order to better understand how MEL-28 regulates NE
assembly, we analyzed its localization and dynamics
during cell division. MEL-28 was expressed in embryos
as well as in all larval stages and in adults (data not
shown). Immunolocalization of MEL-28 in several tis-
sues revealed a nuclear-rim localization typical for NE
or NPC proteins (Figure 2A; see also Figure S6). Interest-
ingly, MEL-28 was localized to chromatin during mitosis
(Figures 2A and 3A). The immunolocalization of endoge-
nous MEL-28 was similar to the localization of GFP-
tagged C38D4.3 (i.e., MEL28) reported by Gunsalus
et al. [13]. The localization of MEL-28 within the NE
was then analyzed by immuno-gold TEM. As expected,
the highest density of gold particles was observed at the
NE, but particles were also observed in the nucleoplasm
and the cytoplasm (Table S1). Particles found in the cy-
toplasm most likely reflect a cross reactivity of the MEL-
28 antibody because a similar density of gold particles
was observed in the cytoplasm of mel-28(t1684) em-
bryos. No gold particles were observed in the nuclei or
at the nuclear periphery of mutant embryos (data not
shown). Importantly, of the particles associated with
the NE in the wild-types, 95.0% (152/160) were found
at NPCs (Figure 2B; see also Table S1). No accumulation
at the outer nuclear membrane was detected. MEL-28
enrichment at NPCs was also detected in gonad nuclei
(data not shown). We conclude that MEL-28 is a nu-
clear-envelope protein enriched at NPCs.

Interestingly, immunofluorescence analysis revealed
that MEL-28 began to localize to the condensing chro-
mosomes before complete disappearance of mAb414
staining from the nuclear rim at prophase and began
to appear as two lines parallel to the metaphase plate
(Figures 2A and 2C). During late anaphase, MEL-28 sig-
nal colocalized with the decondensing chromosomes,
and the mAb414 signal reaccumulated to the reforming
NE during telophase (Figures 2A and 2C). We compared
the localization of MEL-28 with that of HIM-10, an outer-
kinetochore component [14]. Immunolocalization of
MEL-28 in embryos expressing GFP-HIM-10 revealed an
overlapping localization of both proteins parallel to the
metaphase plate within the mitotic spindle (Figure 2D).
This prompted us to test whether the kinetochore
localization of MEL-28 required spindle microtubules.
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Figure 2. MEL-28 Is an NE Protein during Interphase and Associates with Chromosomes in Mitosis

(A) Immunolocalization of MEL-28 (green), mAb414-reactive nucleoporins (red), and chromatin with Hoechst (blue) showed a dynamic behavior,

including NE accumulation (interphase) and kinetochore localization (metaphase) for MEL-28. The scale bar represents 5 mm.

(B) Immuno-gold localization of MEL-28 in embryos from heterozygous (upper two rows) or homozygous (lower row) mel-28(t1684) nematodes

revealed an enrichment at NPCs. NE membranes (yellow) and gold particles (red) are highlighted (right column). The scale bar represents 100 nm.

(C) Immunolocalization of MEL-28 (green) in embryos expressing GFP-histone H2B (red) indicated that MEL-28 was mostly associated with the

chromosome surfaces facing the spindle poles through metaphase and anaphase (three right columns). The scale bar represents 5 mm.

(D) Colocalization of MEL-28 (red) with the kinetochore component GFP-HIM-10 (green). Microtubules are light blue, and DNA is stained with

Hoechst (dark blue). The scale bar represents 10 mm.

(E) Immunolocalization of MEL-28 (green), microtubules (red), and chromatin (blue) revealed a stable and microtubule-independent kinetochore

localization of MEL-28 during metaphase both before (0 s) and after treatment on ice for 30 or 60 s prior to fixation. The scale bar represents 5 mm.
Only a few kinetochore microtubules remained visible
after 30 s on ice, and after 60 s, microtubules were not
detectable (Figure 2E). At both time points, MEL-28
staining remained clearly visible along the condensed
and aligned chromosomes. From these results, we
conclude that MEL-28 localizes to kinetochores during
mitosis. The potential kinetochore function of MEL-28
was not addressed further, but the chromosome-segre-
gation defects described above suggest that it may
indeed be important in this context. The dual localization
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at the NE and kinetochore is reminiscent of several
known NE components, including the Nup107-160 NPC
sub-complex [15–17] and RanBP2 (Nup358) [15]. More-
over, RanBP2 (Nup358) was shown to be required for
chromosome segregation in C. elegans embryos and
mammalians cells [15, 18]. Interestingly, MEL-28 locali-
zation changes rapidly at late anaphase and telophase.
MEL-28 initially spreads over the entire chromatin sur-
face then rapidly relocalizes to the NE. This distribution
would be consistent with MEL-28’s playing a role in
the interactions that occur between chromatin and the
assembling NE and NPCs late in mitosis.

MEL-28 Is an Early-Assembling and Stable
Nuclear-Envelope Protein

To investigate the dynamics of MEL-28 in living embryos,
we compared GFP-MEL-28 with known NE proteins
fused to G/YFP by using confocal time-lapse micros-
copy. Like endogenous MEL-28, which was localized
by immunostaining, GFP-MEL-28 was mostly concen-
trated at the nuclear periphery but was also detected
in the nucleoplasm and associated with condensing
chromosomes when cells entered mitosis (Figure 3A;
see also Movie S2). This pattern was indistinguishable
from that of YFP-Nup107, which also localizes to kineto-
chores and is recruited very early during NE assembly
(Figure 3A [16, 17, 19]). Consistent with previous reports,
GFP-Nup155 associated with the NE approximately 60 s
after anaphase onset (Figure 3A) when the integral NE
protein LEM-2 began to concentrate around chromo-
somes (Figure 3A). Thus, MEL-28 is present on chroma-
tin before NE reassembly and earlier than most other NE
components, consistent with an important function for
MEL-28 during NE assembly.

The observation that MEL-28 localizes at the nuclear
periphery and is required for the assembly of a functional
NE suggested that MEL-28 could be an architectural
component of the NE. In order to test this hypothesis,
we estimated the turnover of GFP-MEL-28 at the NE by
measuring fluorescence recovery after photobleaching
(FRAP). One third of the nuclear volume of fully grown
nuclei of four-cell-stage embryos was bleached with
high-intensity laser irradiation, and the recovery of fluo-
rescence was monitored (Figure 3B). Only approximately
20% recovery of NE-associated GFP-MEL-28 was ob-
served between the bleaching and the next NE break-
down (Figure 3B, top and bottom). The recovery rate
was significantly lower than for GFP-Nup155 (w60%,
Figure 3B) but similar to that of lamin and Nup107 (Fig-
ure 3B, bottom), which have both been shown to be
very stable NE components in vertebrates [20, 21]. In
contrast to the low turnover of GFP-MEL-28 at the NE,
the nucleoplasmic pool was highly mobile (Figures 3B
and 3C). To analyze this in detail, we compared the dy-
namics of NE-associated and nucleoplasmic pools of
GFP-MEL-28 by measuring fluorescence loss in photo-
bleaching (FLIP). Consistent with the FRAP data, after
approximately 23 s, the nucleoplasmic fluorescence in-
tensity was reduced by half, whereas the NE signal was
only reduced by approximately 15% (Figure 3C). This
suggested a high turnover of the nucleoplasmic pool
and a stable association of GFP-MEL-28 at the NE. These
results suggest that MEL-28 is a stable as well as an
early-assembling component of the C. elegans NE.
MEL-28 Inactivation Induces Strong Nuclear-
Membrane Defects and Reduces NPC Density

For the evaluation of the ultrastructural NE defects
caused by MEL-28 depletion, embryos were processed
for transmission electron microscopy (TEM). Nuclei in
embryos from mel-28(t1684) heterozygous animals
were surrounded by continuous NEs containing a similar
density of NPCs to wild-type animals (Figure 4A, top;
data not shown). In contrast, mel-28(t1684) embryos
were characterized by abnormal nuclei that were not
enclosed by NEs. Much of the chromatin surface was
devoid of nuclear membranes, whereas other regions
were associated with patches of membrane lacking
NPCs (Figure 4A, middle and bottom). DIC microscopy
of mel-28(t1684) embryos after the four-cell stage sug-
gested that a small number of seemingly normal nuclei
might be present (data not shown); however, the TEM
analysis demonstrated that these nuclei have several
defects including a dramatically reduced density of
NPCs and areas of chromatin not covered by nuclear
membranes. In conclusion, MEL-28 is required for nu-
merous aspects of NE assembly including NPC forma-
tion and enclosure of chromatin by nuclear membranes.

The decreased number of NPCs visible by TEM (Fig-
ure 4A), as well as the abnormal mAb414 staining of
mel-28(t1684) embryos (data not shown), indicated
that MEL-28 is required for postmitotic NPC assembly.
To analyze in greater detail at which step MEL-28 is re-
quired, we investigated the localization of individual
NPC components in mel-28(RNAi) embryos. Consistent
with Western-blot analysis (Figure 1C), RNAi against
MEL-28 significantly reduced the amount of MEL-28
protein detected in young embryos and affected the dis-
tribution of NPC components recognized by mAb414
(Figure 4B). mAb414 recognizes at least three known
C. elegans nucleoporins: Nup358, Nup96, and Nup98
[8]. Nup96 is part of the Nup107-160 NPC subcomplex,
whose association with chromatin is required early
in NPC assembly in vertebrates [19, 22]. We tested
whether MEL-28 is needed for the recruitment of Nup96
and Nup107, two components of this complex (Fig-
ure 4C). Although both proteins were localized at the
nuclear periphery of control RNAi-treated embryos, the
chromatin-associated signal was strongly reduced in
the absence of MEL-28, suggesting that MEL-28 is re-
quired for early steps of NPC assembly. Western-blot
analysis showed that MEL-28 RNAi depletion did not af-
fect the total amount of Nup96 and Nup107 (Figure 1C).

In conclusion, the analysis by TEM confirmed both
that NE assembly was incomplete in the absence of
MEL-28 and that NPC density was dramatically reduced.
These data suggest that MEL-28 has a critical role in NE
assembly, and its presence on chromatin immediately
prior to assembly is suggestive of an early role, perhaps
in membrane or nucleoporin association with chromatin.
This hypothesis is consistent with an early block of
in vitro nuclear-envelope assembly observed upon im-
munodepletion of Xenopus MEL-28 (C.F. et al., unpub-
lished data). The enrichment of gold particles at the
NPC in immuno-gold TEM localization of MEL-28 sug-
gests that it is associated with NPCs, although it has
not previously been identified as a component of bio-
chemically isolated metazoan NPCs [23]. Our attempts
to test for a physical interaction between C. elegans
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Figure 3. MEL-28 Is an Early-Recruited and Stable NE Protein

(A) Confocal still images from time-lapse recordings of NE proteins during the first mitotic division. All recordings were synchronized relative to

anaphase onset. Arrowheads show the time of recruitment of Nup155, LEM-2, and Lamin, whereas MEL-28 and Nup107 were visible on chro-

matin throughout mitosis. The scale bar represents 10 mm.

(B) Confocal still images from FRAP experiments with nuclei of four-cell stage embryos expressing GFP-MEL-28 (top row) or GFP-Nup155 (bot-

tom row). Fluorescence intensity was measured in six randomly chosen spots along the NE (three in the bleached region and three in the

nonbleached region). Average values of the ratio of the intensity in bleached regions compared to the intensity in nonbleached regions for

GFP-MEL-28 (triangles, n = 8), GFP-Nup155 (circles, n = 13), YFP-Lamin (squares, n = 4), and YFP-Nup107 (diamonds, n = 5) were measured

in several nuclei.

(C) FLIP analysis of GFP-MEL-28. Fluorescent intensity was measured inside the nucleus and at the NE during continuous bleaching of approx-

imately 30% of the nuclear volume (n = 6) and calculated relative to the intensity at time 0. All values were corrected for photobleaching occurring

outside the main bleaching area.
MEL-28 and nucleoporins, including members of the
early-assembling Nup107-160 complex, by coimmuno-
precipitation were unsuccessful, possibly because of
the very low solubility of MEL-28 in total worm protein
extracts (data not shown). Ongoing yeast 2-hybrid anal-
ysis with C. elegans MEL-28 as bait has also so far failed
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Figure 4. MEL-28 Depletion Affects Nuclear-Membrane Structure and NPC Assembly

(A) Gravid hermaphrodites were fixed by high-pressure freezing and sectioned so that embryos could be analyzed in utero by transmission elec-

tron microscopy (TEM). Embryos from heterozygous mel-28(t1684) hermaphrodites contained nuclei enclosed by continuous NEs with a high

density of NPCs (top, white arrowheads), and embryos from homozygous mel-28(t1684) hermaphrodites showed defects in NE formation rang-

ing from patchy association of chromatin with nuclear membranes in one- to four-cell embryos (bottom, the open arrowhead indicates appar-

ently nonfused nuclear membranes, and arrows indicate chromatin not covered by membranes) to nuclei in older embryos with incomplete NEs

containing only a few NPCs (middle, the white arrowhead points toward a single NPC and, the arrow indicates chromatin not covered by mem-

branes). Scale bars represent 500 nm.

(B) Immunolocalization of MEL-28 (red in merge) and mAb414-reactive nucleoporins (green in merge) combined with Hoechst (blue in merge)

staining of chromatin in two-cell embryos treated with control (left) or mel-28 (right) dsRNA revealed an efficient depletion of MEL-28 and an ab-

normal nucleoporin distribution. The scale bar represents 10 mm.

(C) RNAi against MEL-28 (right) caused a strong decrease inNup96 (top) and Nup107 (bottom) chromatin association ascompared with that in control

embryos (left). Merged images show localization of mAb414-reactive nucleoporins (green) and chromatin (blue). The scale bar represents 10 mm.
to identify MEL-28 interaction partners (J. Reboul, per-
sonal communication). This makes it difficult to assign
a precise functional role to MEL-28 at this point, but it
is hoped that further analysis of C. elegans MEL-28
and its homologs in other species will allow for a more
detailed understanding of its function.
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Experimental Procedures

Nematode Strains

Wild-type C. elegans Bristol strain N2, DP38 (unc-119(ed3)) [24],

and GE2633 (mel-28(t1684)) [7] were obtained from the Caenorhab-

ditis Genetic Center. Other strains used were XA3501 (gfp::tbb-2;

gfp::his-11), XA3504 (gfp::emr-1) [18], XA3502 (yfp::lmn-1), XA3507

(gfp::lem-2) [8], XA3546 (gfp::npp-8), and XA3506 (yfp::npp-5) [16].

mel-28(t1579), mel-28(t1589), and mel-28(t1578) [7] were kindly pro-

vided by Ralph Schnabel. mel-28(t1684) was crossed with XA3502

and WH204 (gfp::tbb-2) [25] to obtain, respectively, XA3535 and

XA3531. A strain expressing GFP-SP12 was kindly provided by

Anne Spang and John White [11]. Strains XA3556 (gfp::mel-28),

XA3537 (mel-28::TAP), XA3552 (mel-28(t1579);mel-28::TAP), and

XA3545 (gfp::him-10) were generated in this study.

Plasmid Constructions and Transgenesis

A GFP-MEL-28 expression plasmid pPAG28 was constructed by

replacing his-11 downstream of gfp in pJH4.52 [25] with a genomic

sequence encoding MEL-28. Transgenic worms were generated

by transformation of DP38 with a 1:1 mixture of pPAG28 and

pDP#MM051 vectors [24]. A mel-28-specific RNAi construct was

cloned into pPD129.36 L4440 and transformed into E. coli strain

HT115(DE3) [26]. In RNAi experiments, empty pPD129.36 vector

was the negative control. For MEL-28 antibody production, amino

acids 990–1237 of MEL-28 were expressed in E. coli, purified, and

injected into rabbits (see Supplemental Experimental Procedures).

RNAi

For RNA interference, worms were fed with bacteria that express

double-stranded RNA (dsRNA) [18]. For imaging, L4 larvae from

GFP strains were incubated on RNAi plates at 20�C for 32-40 hr.

For Western blots, approximately 3000 synchronized N2 L4 larvae

were incubated for 35 hr at 20�C. Adult worms were collected and

bleached to release RNAi-treated embryos. The embryos were

washed three times in M9 buffer, lysed directly in boiling SDS PAGE

loading buffer, and vortexed for 3 min together with 0.1–0.3 mm

diameter glass beads.

Live Imaging

Embryos were analyzed by time-lapse fluorescent microscopy on

a Perkin Elmer Spinning Disc Confocal Ultraspin RS and by dual

DIC and fluorescent microscopy on a Leica confocal microscope

TCS SP2 with HCX PL APO 633/1.4 objective. Images were col-

lected at 7–20 s intervals. Laser intensities were adjusted so as not

to affect development.

Immunofluorescence

Embryos were fixed and prepared for staining [18] with the following

antibodies diluted in PBS with 0.1% Tween-20: anti-MEL-28 rabbit

polyclonal serum (BUD3) (1:500); monoclonal antibody (mAb) 414

against nucleoporins (Jackson Immunoresearch Laboratories,

West Grove, PA, 1:400); Cy5-conjugated donkey anti-rat secondary

antibody (Jackson Immunoresearch Laboratories, 1:500); and goat

anti-mouse Alexa Fluor 488 and 546 (Molecular Probes, Eugene,

OR, 1:1000). For DNA staining, Hoechst 33258 (Hoechst, Germany)

was used at 1 mg/ml. Confocal images were obtained with a Leica

TCS SP2. Wide-field fluorescent images were obtained on a Leica

DMRXA coupled to a Hamamatsu ORCAII-ER CCD camera con-

trolled by Openlab software (Improvision).

Transmission Electron Microscopy

mel-28(t1684) heterozygous or homozygous hermaphrodites were

transferred to planchettes, cryoimmobilized immediately with a Le-

ica EMPact high-pressure freezer (Leica, Vienna, Austria), and pro-

cessed [16].

Sections for immunolabeling were incubated at room temperature

on drops of 5% bovine serum albumin (BSA) in PBS for 20 min and

then incubated for 2 hr with affinity-purified MEL28 antibody diluted

1:20 in PBS. After three 30 min washes with drops of 0.25% Tween-

20 in PBS, sections were incubated for 1 hr with goat anti-rabbit IgG

coupled to 10 nm diameter colloidal gold particles (British BioCell

International, Cariff, UK) diluted 1:50 in PBS. This was followed by

three washes with drops of PBS for 5 min, two washes with distilled
water, and air-drying. Omitting the primary polyclonal antibody con-

trolled for nonspecific labeling. Control samples did not show any

labeling. Sections were stained with 2% uranyl acetate in methanol

and lead citrate and observed in a JEM-1010 electron microscope

(Jeol, Japan).

Supplemental Data

Supplemental Data include Experimental Procedures, six figures,

one table, and two movies and can be found with this article online

at http://www.current-biology.com/cgi/content/full/16/17/1748/

DC1/.

Acknowledgments
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