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Nessun Dorma, a novel centralspindlin partner, is
required for cytokinesis in Drosophila spermatocytes
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ytokinesis, the final step of cell division, usually
ends with the abscission of the two daughter cells.
In some tissues, however, daughter cells never
completely separate and remain interconnected by inter-
cellular bridges or ring canals. In this paper, we report the
identification and analysis of a novel ring canal compo-
nent, Nessun Dorma (Nesd), isolated as an evolutionarily
conserved partner of the centralspindlin complex, a key
regulator of cytokinesis. Nesd contains a pectin lyase-like

Introduction

In a typical symmetric division of an animal cell, a cleavage
furrow forms at the equator after chromosome segregation and
ingresses to bisect the mother cell. At the same time, an array
of antiparallel and interdigitating microtubules, known as the
central spindle (CS), is assembled between the segregating chro-
mosomes. Cleavage furrow ingression is usually driven by the
assembly and contraction of actomyosin subcortical filaments
that form a contractile ring (CR) at the cleavage site. The CR
interacts with the plasma membrane, leading to its invagination
during furrowing. After CR constriction, the CS forms a compact
structure within the intercellular bridge known as the midbody,
which contains at its center a phase-dense structure, the midbody
ring or Flemming body. This structure is composed of CR and
CS proteins and serves as a platform for the delivery of mem-
brane vesicles and the recruitment of mitotic regulators during
the final abscission of the two daughter cells (Otegui et al., 2005;
Eggert et al., 2006).
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domain found in proteins that bind to polysaccharides,
and we present evidence that it has high affinity for
B-galactosides in vitro. Moreover, nesd is an essential gene
in Drosophila melanogaster, in which it is required for com-
pletion of cytokinesis during male meiosis and possibly
in female germline cells. Our findings indicate that Nesd
is a novel carbohydrate-binding protein that functions to-
gether with centralspindlin in late cytokinesis, thus high-
lighting the importance of glycosylation in this process.

The CS and its associated proteins control many processes
during cytokinesis, including cleavage plane positioning, CR
constriction, and cell abscission (D’ Avino et al., 2005; Prekeris
and Gould, 2008). Among these CS-associated proteins, a promi-
nent role is played by the evolutionarily conserved central-
spindlin complex, which is composed of a plus end—directed
kinesin 6 protein, dubbed MKLP1 in mammals and Pavarotti
kinesin-like protein (Pav-KLP) in Drosophila melanogaster, and a
Rho family GTPase-activating protein (GAP), known as RacGAP1
in mammals and RacGAP50C/Tum in flies (Adams et al., 1998;
Hirose et al., 2001; Mishima et al., 2002; Somers and Saint, 2003).
This complex regulates several processes during cytokinesis
by interacting with different proteins. Upon binding a Rho gua-
nine exchange factor, known as Pebble in flies and ECT2 in
mammals, it can activate the small GTPase RhoA and thus pro-
mote assembly and contraction of the actomyosin filaments of
the CR (Somers and Saint, 2003; Yiice et al., 2005). Moreover,
interaction of its RacGAP component with the actomyosin-
binding protein Anillin serves to establish a direct link between
the CR and the CS during furrow ingression (D’ Avino et al., 2008;
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Gregory et al., 2008). Finally, recent studies indicate that central-
spindlin could also mediate the targeting of recycling endo-
somes to the midbody and participate in abscission through
its association with the Rabl1-interacting protein FIP3 and
Cep55 (Zhao et al., 2006; Simon et al., 2008).

Although many cytokinesis mechanisms are common to
different cell types, abscission can be optional and depends on
the tissue and developmental context. In Drosophila and other
organisms, stable intercellular bridges, also called ring canals,
are often established after incomplete cytokinesis and maintain
a connection between cells in some tissues (Spradling, 1993;
Hime et al., 1996; Robinson and Cooley, 1996). The occurrence
of ring canals is well documented in male and female germline
cells especially in Drosophila, in which they allow synchronous
divisions and differentiation of the cells from the same cyst.
These cells undergo typical cytokinesis but do not complete ab-
scission; the CR does not fully close and is instead modified in
a stable ring canal. Thus, during oogenesis and spermatogenesis,
gametes develop as syncytial cells. After asymmetric division
of a germline stem cell, a founder cell called gonial cell in males
or cystoblast in females undergoes four rounds of mitotic divi-
sions to produce a cyst of 16 germ cells. Cytokinesis is in-
complete during these divisions, and 15 ring canals separate 16
primary spermatocytes in males or 15 nurse cells and the oocyte
in females. In males, two additional rounds of ring canal forma-
tion occur during the two meiotic divisions to form cysts of 64
haploid spermatids interconnected by 63 ring canals (Fuller,
1993; Spradling, 1993).

In this article, we report the identification and analysis of
a novel ring canal component, dubbed Nessun Dorma (Nesd),
which was identified as a new partner of the centralspindlin
complex in Drosophila cultured cells. Nesd can interact with
both centralspindlin components in vivo and in vitro and accu-
mulate at the midbody ring in late cytokinesis, where it colocal-
izes with Pav-KLP and RacGAP50C. We further show that Nesd
structure, localization, and interaction with centralspindlin
have been conserved in human cells. Nesd contains a putative
carbohydrate-binding motif and displays high affinity for
[B-galactosides in vitro. Finally, we show that Nesd accumulates
at ring canals in Drosophila and is required for completion of
cytokinesis and ring canal formation during male meiosis and
in female germ cells.

Results

Nesd interacts with centralspindlin in vivo
and in vitro

To unravel new potential functions of the centralspindlin com-
plex during cytokinesis, we attempted to identify its partners in
Drosophila cultured S2 cells using an affinity purification meth-
odology we recently established (D’ Avino et al., 2009). Both
components of the complex, Pav-KLP and RacGAP50C, were
tagged with two IgG-binding domains of protein A (PrA) and
stably expressed in Drosophila cells. The tagged baits were then
affinity purified along with their interacting proteins, and all the
components were identified by mass spectrometry (MS). As ex-
pected, each centralspindlin component was able to pull down its
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respective partner (i.e., Pav-KLP pulled down RacGAP50C and
vice versa; Fig. 1 A). Interestingly, we also isolated with a very
high score in both purifications a novel, uncharacterized protein
annotated as CG10722 in the Drosophila database. We dubbed
this novel centralspindlin interactor “Nessun Dorma” after
Pavarotti’s most famous aria from the opera Turandot (Fig. 1 A).
A reciprocal pull-down assay using PrA-tagged Nesd was used
to confirm this interaction in cultured cells (Fig. 1 B). To investi-
gate whether Nesd interacted directly with centralspindlin com-
ponents in vitro, we tested the ability of arecombinant GST-tagged
Nesd to pull down Pav-KLP and RacGAP50C fragments trans-
lated and labeled in vitro with [**S]methionine. Both centralspin-
dlin components were found to interact in vitro with GST::Nesd,
and this interaction did not require the GAP domain of Rac-
GAPS50C or the motor domain of Pav-KLP (Fig. 1 C). Consistent
with this, recombinant GST-tagged full-length RacGAP50C and
Pav-KLP proteins were also able to pull down in vitro translated
and radiolabeled Nesd in a reciprocal experiment (Fig. S1 A).
To narrow down the regions in both centralspindlin components
able to interact with Nesd, we tested the ability of several
RacGAPS50C and Pav-KLP fragments to bind to GST::Nesd in
vitro. Our pull-down results indicated that Nesd was able to bind
directly to the RacGAP50C 36 49 region and to the central stalk
domain of Pav-KLP (Pavyg_gs5). The RacGAP50C 34 249 frag-
ment was not known to harbor binding sites for any of the other
RacGAP50C interactors (Anillin, Pebble, and Pav-KLP; Somers
and Saint, 2003; D’ Avino et al., 2008; Gregory et al., 2008),
whereas the stalk domain of the human Pav-KLP counterpart
MKLP1 is important for its interaction with MgcRacGAP and
Cep55 (Zhao et al., 2006; Pavicic-Kaltenbrunner et al., 2007).

Nesd localizes to the midbody and interacts
with centralspindlin via its conserved
N-terminal region
We raised a polyclonal antibody to investigate Nesd subcellular
localization. Western blot analysis of S2 cell extracts revealed a
specific band of the expected size (~65 kD), which was drasti-
cally reduced after nesd RNAI treatment (Fig. 2 A). Nesd was
detected by immunofluorescence at the midbody and inter-
cellular bridge in late cytokinesis in S2 cells, even after dis-
assembly of the CS microtubules (Fig. 2 B). The signal at the
midbody was specific because it disappeared after nesd RNAi
treatment (Fig. S1 B). Nesd colocalized with both Pav-KLP and
RacGAPS0C but only in late telophase (Figs. 2 C and S1 C).
Nesd tagged with the GFP displayed an almost identical local-
ization pattern, although a faint signal could also be detected on
CS microtubules in early telophase (Fig. 2 D). We never observed
such localization in early telophase using our Nesd antibody,
and, thus, we cannot exclude that this distribution could be the
result of overexpressing the GFP-tagged protein. However, it is
also possible that our antibody might not be able to detect low
levels of Nesd protein during the early stages of furrowing.
Nesd sequence analysis identified two potential domains:
a highly conserved region in the N-terminal half of the protein,
which we dubbed Nesd homology domain (NHD; Nesds 51»), and
a pectin lyase—like domain (PLD; Nesds34 574) in the C-terminal
half (Fig. 2 F). This latter motif, characterized by a series of
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Figure 1.

Nesd interacts with both centralspindlin components in vivo and in vitro. (A) Colloidal Coomassie blue-stained gels of purifications from

Drosophila S2 cells expressing RacGAP50C::PrA or Pav-KLP::PrA. The positions of some proteins identified by MS are indicated on the right. (B) Silver-stained
gel of Nesd::PrA purification. Bands corresponding to Pav-KLP and RacGAP50C are indicated. The table shows the relative MS score and number of pep-
tides of the top five MS hits. The bait Nesd is indicated in red. The numbers on the left indicate the sizes in kilodaltons of the molecular mass markers.
(C) GST::Nesd purified from bacteria was incubated with either RacGAP50C, 371 or Pav-KLP41_gg7, translated, and radiolabeled in vitro and then pulled down
using glutathione beads. The colloidal Coomassie blue (CCB) staining of the protein loading is shown at the bottom. On the right is a schematic summary of
the positive (+) and negative (=) results of the GST pull-down assays using different RacGAP50C and Pav-KLP fragments. C1, phorbol ester/diacylglycerol
binding; Pbl, Pebble; Ani, Anillin; Kinesin, kinesin catalytic domain; CC, coiled coil; RacGAP, RacGAP50C.

parallel 3 strands, was originally described in enzymes secreted
by bacterial plant pathogens to digest the sugars present on the
plant cell wall and then found in a variety of proteins that display
affinity for carbohydrates (Mayans et al., 1997). In an initial
attempt to characterize the functions of these two domains, we
tested the ability of different Nesd fragments to localize to the
midbody and interact with centralspindlin (Fig. 2, E-G). All frag-
ments containing NHD localized to the midbody and interacted
with PrA-tagged RacGAP50C in S2 cells, whereas the PLD
motif showed diffuse cytoplasmic localization and was not nec-
essary for binding to RacGAP50C (Fig. 2, E-G). Similar results
were obtained using the other centralspindlin component
Pav-KLP (Fig. S2 A). These observations suggest that Nesd
binds to the centralspindlin complex via its conserved NHD
motif and that this interaction is necessary for Nesd localization
to the midbody. We could not test, however, whether central-
spindlin was directly required for Nesd localization to the mid-
body in S2 cultured cells or fly tissues because inactivation of
either component of the complex by RNAi or mutation prevents

furrowing (Adams et al., 1998; Somma et al., 2002; Goshima
and Vale, 2003; Somers and Saint, 2003). In contrast, we found
that RNAi depletion of Nesd did not cause any obvious cyto-
kinesis or cell division defects. Moreover, both centralspindlin
subunits and the CR component Anillin accumulated properly
in nesd RNAI cells (Fig. S2 B and not depicted), indicating that
Nesd is not essential for cytokinesis in S2 cells.

Nesd displays binding affinity for
B-galactosides in vitro

The presence of a PLD domain suggested that Nesd could bind
to poly- or oligosaccharides (Mayans et al., 1997). To assess
Nesd affinity for specific glycans, we screened an array of >300
different glycans in collaboration with the Consortium for
Functional Glycomics (CFG) using a recombinant His-tagged
Nesd protein. Two separate experiments indicated that Nesd
had high binding affinity in vitro for [3-galactosides (a full list of
data is available at the CFG website; Fig. 3), including galac-
tose 31-3 N-acetylgalactosamine (GalB1-3GalNAc), the major

Nesd functions in Drosophila spermatocyte cytokinesis ¢ NMontembault et al.
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Figure 2. The Nesd N-terminal domain is required for midbody localization and interaction with centralspindlin. (A) Western blot analysis of Nesd protein
levels in Drosophila S2 cells treated for 72 h with either GFP (control) or nesd dsRNA. The arrow marks the band corresponding to the Nesd protein,
whereas the asterisk marks a nonspecific band used as a loading control. (B) Drosophila S2 cells were fixed and stained to detect Nesd, tubulin (Tub), and DNA.
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Figure 3. A glycan array screen revealed Nesd affinity for B-galactosides. Histagged Nesd was expressed in a baculovirus system and used to screen
an array of 320 glycans (version 3.0) spotted in six replicates. Nesd binding was detected first using an anti-His rabbit antibody and then an anti-rabbit
IgG Alexa Fluor 488. The experiment was replicated twice with very similar results, and complete sets of data are available at the CFG website. The graph
here shows the results of one of these experiments in which each glycan was plotted against its mean relative fluorescence intensity. The top high affinity
ligands are indicated on the chart, and B-galactose residues are highlighted in red. The error bars indicate standard deviations.

O-glycan identified in a survey of the Drosophila glycome its mouse homologue (also known as mPAL) was found to
(North et al., 2006). This evidence suggests that Nesd could interact in a yeast two-hybrid system with the SH2 domain

interact with O-glycosylated proteins in vivo. of the Shc adaptor protein (Schmandt et al., 1999). Despite the
significant conservation, we never identified the Drosophila Shc
Nesd properties are conserved in homologue in our numerous Nesd affinity purifications, and,
human cells therefore, it is unclear whether this interaction occurs in flies.
A Position-Specific Iterated Basic Local Alignment Search To test whether Nesd properties had been conserved in

Tool (PSI-BLAST) search found Nesd orthologues in insects, humans, we first analyzed the localization of GFP-tagged SHCBP1
marine invertebrates, and vertebrates, including all sequenced in both HeLLa and U20S cells. SHCBP1::GFP displayed a weak
mammalian species, but not in Caenorhabditis elegans and localization to the spindle midzone in some early telophase
yeasts (Fig. 4, A and B; and not depicted). This analysis allowed cells but was always found to concentrate at the midbody in late
us to build the protein evolutionary tree, which fits the known cytokinesis (Fig. 5 A), where it colocalized with both human
species tree (Fig. 4 B). The Nesd general structure with an NHD centralspindlin components RacGAP1 and MKLP1 (Fig. 5 B
domain in the N terminus and a PLD domain in the C terminus and not depicted). Immunoprecipitation experiments showed that
is well conserved in many of these orthologues, and, as men- SHCBP1::GFP could also pull down both RacGAP1 and MKLP1,
tioned before, the highest homology was always found in the confirming that this interaction is conserved in humans (Fig. 5 C).
NHD region. The closest human orthologue, which shows a However, RNAi depletion of SHCBPI1 in either HeLa or U20S
27% identity with the NHD region of Drosophila Nesd (23% cells showed no increase in multinucleate cells (Fig. S3), which
over the entire length of the protein; Fig. 4 A), was a protein was similar to the results obtained in Drosophila cultured cells.
dubbed Shc SH2 domain-binding protein 1 (SHCBP1) because Finally, because MKLP1 depletion in human cells does not

(C) Drosophila S2 cells were fixed and stained to detect Nesd, Pav-KLP (Pav), and DNA (blue in the merged image). The punctate staining in the red
channel of the early telophase cell is not specific because it is not eliminated affer nesd RNA (Fig. ST B). Bars, 5 pm. (B and C) Insets show magpnifications
of the midbody. (D) Drosophila S2 cells stably expressing Nesd::GFP were fixed and stained to detect GFP, tubulin, and DNA. The arrowhead marks Nesd
localization to the midbody ring, whereas the arrow indicates a midbody remnant. (E) Drosophila cells stably expressing two Nesd fragments (1-292
and 293-602) tagged with GFP were fixed and stained to detect GFP, tubulin, and DNA. (B, D, and E) Bars, 10 pm. (F) Schematic representation of the
midbody localization and interaction with RacGAP50C of several Nesd fragments. The positions of the NHD and PLD are indicated. Nesd fragments were
tagged at either the N or C terminus with GFP, and their localizations were then analyzed in S2 cells. C-terminal myctagged Nesd fragments were used
to test the interaction with RacGAP50C. (G) Drosophila S2 cells stably expressing RacGAP::PrA were transfected with the indicated myctagged Nesd
fragments, and protein extracts were analyzed by Western blotting using an anti-myc (a-myc) antibody (input). The same extracts were then subject to PrA
pull-down assay, and the presence of myctagged fragments in the pull-down was detected by Western blotting. The numbers on the left indicate the sizes
in kilodaltons of the molecular mass markers.
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Figure 4. Nesd is an evolutionarily conserved protein. (A) At the top is a schematic alignment of Drosophila Nesd and its human counterpart SHCBP1.
The Nesd homology domain (NHD) and pectin lyase-like domain (PLD) are indicated. The percentages of identities (id: 27%) and positives (similarity, sim:
54%) found in the NHD regions of the two orthologues are also indicated. An alignment of the NHD found in Drosophila, human, mouse, and frog is shown
at the bottom using the Blosumé2 coloring scheme (matches are highlighted in dark blue, and positive alignment scores are highlighted in light blue).
The domain shows high conservation throughout the four species, as depicted by the conservation histogram below the alignment (yellow and brown bars);
numerical indices and gradual shading reflect the conservation of physicochemical properties in the alignment, with identities scoring highest and indicated
by asterisks. (B) Unrooted phylogenetic tree of the Nesd orthologues in 10 species spanning vertebrates, insects, and echinoderms. The tree, which shows
the evolutionary relations between the proteins, is consistent with the corresponding species tree.

always prevent furrowing (Matuliene and Kuriyama, 2002), we
tested whether centralspindlin was required for SHCBP1 local-
ization to the midbody. About 55% of the MKLP1-depleted cells
(n = 100) that completed furrow ingression did not show any
accumulation of SHCBP1 at the cleavage site (Fig. 5 D). In the
remaining 45%, SHCBP1::GFP staining was very weak and dif-
fuse along CS microtubules (Fig. 5 D). These results suggest that
MKLP1 is necessary for proper localization of SHCBP1 during
cytokinesis, although this could be an indirect effect because
midbody formation is impaired after MKLP1 depletion (Matuliene
and Kuriyama, 2002). In conclusion, our data indicate that Nesd
structure, localization, and interaction with centralspindlin are
conserved in humans.

JCB « VOLUME 181 « NUMBER 7 « 2010

nesd is essential for viability and
cytokinesis during male meiosis

The lack of cytokinesis failure after nesd RNAI in fly and human
cultured cells prompted us to investigate whether nesd was
instead essential in the fly. We found that flies containing a trans-
posable P-element insertion 53 nt upstream of the ATG start-
ing codon (hereafter dubbed nesd’) were homozygous viable,
but males were semisterile (see following paragraph). Flies
harboring nesd’ over a deficiency that completely uncovers the
nesd genomic region, Df{2L)ED1305, were semilethal (Fig. 6 A),
indicating that nesd’ is a hypomorphic allele. This lethality could
be rescued by precise excision of the P element and by expres-
sion of a nesd::GFP transgene expressed under a ubiquitous
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Figure 5. The human Nesd counterpart localizes to the cleavage site and interacts with centralspindlin. (A) Hela cells were transiently transfected with
a construct expressing SHCBP1::GFP and, after 48 h, fixed and stained to detect GFP, tubulin (tub), and DNA (blue in the merged image). (B) Hela cells
were fransiently transfected with a construct expressing SHCBP1::GFP and, after 48 h, fixed and stained to detect GFP, RacGAP1, and DNA (blue in the
merged image). (C) Extracts from Hela cells transiently expressing either GFP or SHCBP1::GFP were immunoprecipitated using GFP antibodies (GFP IP).
The Western blot on the left (INPUT) shows the level of expression of the GFP proteins. The presence of the two centralspindlin components MKLP1 and Rac-
GAP1 in the SHCBP1::GFP pull-downs was confirmed by Western blotting. The position of IgG bands is indicated. The numbers on the left indicate the sizes
in kilodaltons of the molecular mass markers. (D) Hela cells transiently expressing SHCBP1::GFP were transfected with either control scramble or MKLP1
siRNAs for 48 h and then fixed and stained to detect GFP, tubulin, and DNA (blue in the merged image). The percentage of cells without any accumulation
of SHCBP1 at the cleavage site (55%) or very weak and diffuse SHCBP1::GFP staining along CS microtubules (45%) is indicated. Bars, 10 pm.
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Figure 6. Nesd is required for viability and spermatocyte cytokinesis. (A) Analysis of the lethality of nesd’ mutants. Homozygous nesd' females were
crossed to either D{2LJED1305/CyO (Df/CyQ) or Df{2L)ED1305/CyO;nesd::GFP (Df/CyO;nesd::GFP) males, and the resulting progeny is indicated in
the left and right pie charts, respectively. The male and female progenies are indicated in light/dark blue and light/dark pink, respectively. At least 400
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promoter (Fig. 6 A and not depicted), confirming that the
P-element insertion present in nesd’ flies was directly respon-
sible for the mortality.

To gain insights into potential functions of nesd during
cell division, we decided to analyze cytokinesis during the two
male meiotic divisions because previous studies indicated that
several genes that are required for cytokinesis during male
meiosis are not always essential for mitosis (Giansanti et al.,
2001, 2004). Western blot analysis indicated that Nesd is
expressed in testes and is virtually undetectable in nesd'/
Df(2L)ED1305 hemizygous pharate adults, providing a mo-
lecular confirmation that this mutant is a severe hypomorph
(Fig. 6 B). The final products of the two male meiotic divi-
sions are round, so-called “onion-stage,” spermatids contain-
ing a single phase-lucent nucleus paired with a single, similarly
sized phase-dense mitochondrial derivative, the Nebenkern
(Fig. 6 C). Control onion-stage spermatids contained a 1:1
ratio of haploid nuclei/Nebenkerns of similar size (Fig. 6, C and D).
In contrast, nesd’ homozygous and nesd'/Df(2L)ED1305
hemizygous mutant flies exhibit multinucleate spermatids in
21.2 and 32.5% of the cells, respectively (Fig. 6 D). These
spermatids contained either two of four haploid nuclei accom-
panied by an enlarged Nebenkern (Fig. 6 C). This is a clear
indication of cytokinesis failure during one or both meiotic
divisions. Consistent with this cytokinesis failure, ~50% of
nesd’ homozygous males and 80% of nesd'/Df(2L)ED1305
hemizygous males were sterile. Finally, both precise excision
of the P element present in nesd’ flies and expression of a
nesd::GFP transgene could rescue the cytokinesis defects of
nesd mutants (Fig. 6 D and not depicted), confirming that this
phenotype was the direct result of a lesion in the nesd gene.
However, a nesd transgene containing the GFP tag at the
N terminus was unable to rescue both the lethality and the
cytokinesis defects of nesd’ mutants, even though it localized
like its C-tagged counterpart. Six out of eight GFP::nesd lines
showed a modest, but significant, increase of multinucleate
onion-stage spermatids (>5%; unpublished data). These re-
sults suggest that the addition of the GFP tag to the Nesd
N terminus might interfere with its functions and probably
generates a dominant-negative mutant. Finally, three different
transgenic strains carrying the NHD alone (Nesd; 5,) tagged
with GFP at either the N or C terminus could not rescue the
lethality and cytokinesis defects of nesd mutants, even though
the transgenes were expressed at significant levels (Fig. S4 A).
These findings indicate that the PLD is necessary for Nesd
function. In conclusion, our results demonstrate that nesd is an
essential gene in the fly and is also required for cytokinesis
during male meiosis.

nesd is required for completion of
cytokinesis during male meiosis

To characterize in detail the cytokinesis defects in nesd mutants,
we observed live spermatocytes undergoing the first meiotic
division by multidimensional differential interference contrast
(DIC) and fluorescence time-lapse microscopy (Inoue et al., 2004).
To visualize the cell cortex and the assembly and constriction of
the actomyosin ring, we used the myosin regulatory light chain
encoded by the spaghetti squash (sqh) gene tagged with GFP
(Royou et al., 2004). In this way, we could directly observe
chromosome dynamics in the DIC images and furrow ingres-
sion by GFP fluorescence. In both control and nesd’ mutant sper-
matocytes, CR assembly and constriction started 5 min after the
chromosomes reached the poles (Fig. 7 A and Videos 1 and 2).
The rate of furrow ingression was similar in control and nesd
mutants (Fig. 7 B), but whereas CR constriction was symmetric
in the majority of control cells (83.6%, n = 45), the CR con-
stricted asymmetrically in 46.5% (n = 63) of nesd’ spermato-
cytes (Fig. 7 A, 20, 25, and 30 min). Subsequently, the cleavage
furrow collapsed (Fig. 7 A, 35 min), a phenotype never observed
in wild-type controls. Sgh::GFP initially accumulated at the cleav-
age furrow in nesd spermatocytes (Fig. 7 A, 20 and 25 min), but
the signal became very weak at late stages, and the CR failed to
form a robust circular structure (Fig. 7 A, 30, 35, and 45 min).
At the same time, membrane invagination collapsed, and
isolated CR remnants could be observed in the cytoplasm
(Fig. 7 A, arrowheads).

Sqgh::GFP marked the cell cortex underlying the plasma
membrane but not the membrane itself. Therefore, to confirm
our results, we directly visualized membrane invagination in
live spermatocytes using the pleckstrin homology (PH) do-
main of PLCS tagged with GFP (Wong et al., 2005). These ex-
periments confirmed that cytokinesis failed in 49% (n = 56) of
nesd spermatocytes, and plasma membrane invagination was
asymmetric and incomplete in 27% of these cells compared
with the normal symmetric invagination observed in the vast
majority (90%, n = 39) of controls (Fig. 7 C). Together, these
results indicate that, unlike its centralspindlin partner, Nesd is
not essential for furrow ingression but rather for CR stability
and the attachment of the furrowing membrane to the acto-
myosin ring in late telophase.

Ring canal formation is compromised in
nesd female and male germline cells

Our time-lapse analyses indicated that cytokinesis in nesd sper-
matocytes failed after furrow ingression but before the formation of
ring canals. To analyze ring canal formation in nesd mutants,
we first attempted to follow the dynamics of GFP-tagged

animals per each cross were counted. (B) Western blot analysis of Nesd protein levels in testes dissected from wild+type, nesd’/Df{2LJED1305 (nesd' /DA,
and Df{2L)ED1305/+ (Df/+) adult males. The arrow indicates the band correspondent to Nesd protein, whereas the asterisk marks a nonspecific band
used as a loading control. (C) Phase-contrast micrographs of onion-stage spermatids dissected from Df{2L)JED1305/+ (control), nesd’/Df2L)ED1305,
and nesd' /Df2L)ED1305;nesd::GFP (nesd’/Df;nesd::GFP) males. Multiple white nuclei associated with a large dark Nebenkern were observed in
nesd' /Df(2L)ED 1305 hemizygous mutants (arrowheads). Bars, 50 pm. (D) Quantification of the number of multinucleate spermatids observed in testes
dissected from flies of the genotypes described in C and also from nesd homo- (nesd’) and hemizygous (nesd’/Df(2L)ED1305) mutants carrying either a
GFP::PavKLP transgene (GFP::Pav] or the pav??® allele. More than 700 onion-stage spermatids per genotype were counted in three separate experiments;

the error bars indicate standard deviations.
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sqh::GFP

nesd’; sqh::GFP

Figure 7.

-+ sqh::GFP
-= nesd’; sqh::GFP

% furrow diameter

nesd mutant spermatocytes show late cytokinesis failure. (A) Selected frames from time-lapse sequences of live spermatocytes expressing an

sqh::GFP transgene in either a wildtype (sqh::GFP) or nesd’ (nesd';sqh::GFP) mutant background. DIC images are shown at the top, and the relative
fluorescence images are shown at the bottom. The arrowheads indicate the CR after furrow collapse. Time relative to the end of anaphase (when chromo-
somes reached the poles) is indicated at the top. (B) Furrow ingression dynamics during cytokinesis in wild-type (sqh::GFP) and nesd' (nesd’;sqh::GFP)
spermatocytes plofted over time. Furrow diameters were measured from eight wild-type and 10 nesd mutants (including the cells shown in Fig. 7 A). The
error bars indicate standard deviations. (C) Images of live spermatocytes expressing a PLCS-PH::GFP transgene in either a wildtype (PLCS-PH::GFP) or nesd'
(nesd’;PLC8-PH::GFP) mutant background. DIC images are shown on the right, and relative fluorescence images are shown on the left. The arrowheads

indicate the invaginating membranes. Bars, 10 pm.

Pav-KLP, a key ring canal component, in live nesd spermato-
cytes. However, we found that overexpression of the GFP::Pav-
KLP transgene fully rescued the cytokinesis defects and sterility,
but not the lethality, of nesd mutants (Fig. 6 D and not depicted).
Consistent with this result, normal cytokinesis figures were
observed in nesd'/Df:GFP::pav spermatocytes (Fig. S4 B).
In addition, nesd'/Df hemizygous mutants carrying a single copy
of the pav®?? allele (Adams et al., 1998) showed a twofold
increase of multinucleate spermatids (Fig. 6 D). These genetic
interactions reflect the strong binding affinity of these two pro-
teins and indicate that extra Pav-KLP can compensate for the
reduction of Nesd during spermatocyte cytokinesis, whereas a
reduction of Pav-KLP enhances the cytokinesis defects of nesd
mutants. Moreover, it also suggests that Nesd must have some
additional functions besides its role in spermatocyte cytokinesis,
which are independent of its interaction with Pav-KLP, because
GFP::Pav could not rescue nesd lethality.

As an alternative approach to live imaging of GFP::Pav-
KLP, we immunostained nesd mutant spermatocytes for Pav-
KLP and another ring canal component, Anillin. In both
cases, we found that both proteins localized normally in early
telophase in these mutants (Fig. S4 C and not depicted) but
failed to assemble into a ring-shaped structure in late cytokinesis

JCB « VOLUME 181 « NUMBER 7 « 2010

(Fig. 8, A and B, arrowheads). Interestingly, normal ring canals
were found to interconnect the gonial cells formed during the
four mitotic divisions that preceded meiosis I (Fig. 8 B, arrows;
and not depicted), indicating that ring canals failed to assemble
only during late cytokinesis in male meiosis. Moreover, micro-
tubule staining confirmed that CR constriction occurred asym-
metrically in nesd mutant spermatocytes because the CS was
displaced to the side of the cell (Fig. 8 A).

These results prompted us to examine in detail the forma-
tion of ring canals during oogenesis in nesd mutants, even though
sterility was not observed in nesd adult females. Actin staining
revealed that a significant number (38%, n = 39) of nesd egg
chambers at stage 9 or 10 contained remnants of ring canals asso-
ciated with binucleate nurse cells (Fig. 8 C, arrows). These de-
fects were never observed in control animals or nesd egg chambers
from an earlier developmental stage, suggesting that nesd is also
required to stabilize ring canals at late stages during oogenesis.

We tried to examine the localization of Nesd in both male
and female germ cells. Unfortunately, our antibody was unable
to detect Nesd in fixed preparations of testes or ovaries, even
though a clear signal was observed in Western blot experiments
(Fig. 6 B and not depicted). To overcome this problem, we ana-
lyzed the localization of a Nesd::GFP transgene expressed under
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Figure 8. The formation of ring canals is compromised in nesd male and female germline cells. (A) Testes dissected from either wild-type or nesd’ homo-
zygous male pupae were fixed and stained to detect Pav-KLP, tubulin (tub), and DNA (blue in the merged image). The arrowhead indicates a remnant of a
ring canal in the nesd' spermatocyte. (B) Testes dissected from either wild-type or nesd' homozygous male pupae were fixed and stained to detect Anillin,
tubulin, and DNA. The arrowhead indicates an abnormal CR in the nesd’ spermatocyte. The ring canals marked by the arrows were probably generated
during the four spermatogonial mitoses as judged by their position in the cyst. (C) Stage 10 egg chambers from wild-type and nesd’ ovaries stained for
F-actin and DNA. The arrows mark an aberrant ring canal in a binucleate nurse cell. Magnifications are shown in the insets. (D) Testes expressing a nesd::GFP
transgene were fixed and stained to detect GFP, Pav-KLP, and DNA. (A, B, and D) Bars, 10 pm. (E) Stage 9 egg chamber dissected from flies expressing a
nesd::GFP transgene and fixed and stained to defect GFP, F-actin, and DNA. (D and E) The arrows indicate ring canals. (C and E) Bars, 50 pm.

a ubiquitous promoter in male and female germ cells. Nesd::GFP
clearly accumulated at ring canals in testes and ovaries at all
stages, where it colocalized with Pav-KLP and F-actin, respec-
tively (Figs. 8, D and E; and S5 A; and not depicted). Time-lapse
analysis in primary spermatocytes also confirmed that Nesd::GFP
accumulated at ring canals after CR constriction (Video 3),
although a faint signal could also be observed in fixed prepara-
tions earlier during cytokinesis (not depicted), which was consis-
tent with our findings in cultured cells (Fig. 2 D). A weak Nesd::
GFP signal could also be observed at the fusome, a branched
cytoplasmic structure that connects all mitotic cells in a germ
cell syncytium, in testes but not in ovaries (Fig. S5, A and B).
Although ring canals in male and female germline cells are
functionally equivalent, they have slightly different compositions.
In addition to centralspindlin and Anillin, female ring canals con-
tain actin and the cytoskeletal proteins hu-li tai shao (Hts)
and Kelch, which are deposited to form an inner rim after the four

mitotic divisions of the cystoblast (Yue and Spradling, 1992; Xue
and Cooley, 1993; Tilney et al., 1996). Costaining with Hts in
stage 4 egg chambers indicated that Nesd::GFP localized to the
outer rim of female ring canals (Fig. S5 C) like its partner Pav-
KLP (Minestrini et al., 2002). Consistent with this, Nesd could be
detected at ring canals early during oogenesis, in region 1 of the
germarium where the first four mitotic divisions of the cystoblast
occur (Fig. S5 B). We conclude that Nesd is a novel component
of ring canals in both female and male germline cells.

Discussion

Nesd is a novel centralspindlin partner
required for spermatocyte cytokinesis
Our results identified Nesd as a new, evolutionarily conserved
partner of the centralspindlin complex. Unlike the other central-
spindlin-interacting proteins identified so far, Nesd can directly
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bind to both Pav-KLP and RacGAP50C. This interaction re-
quires a highly conserved region in the Nesd N terminus, which
also mediates its localization to the midbody ring during cyto-
kinesis in cultured cells. This suggests that centralspindlin is
necessary for Nesd recruitment to the midbody, and in support
of this hypothesis, the human orthologue SHCBP1 fails to prop-
erly localize in MKLP1-depleted cells.

Nesd is necessary for cytokinesis in spermatocytes and
possibly female germ cells, but not in cultured cells, during sper-
matogonial divisions and in somatic cells, such as neuroblasts
(unpublished data). This is not surprising because a previous
study has identified several genes that are required for cyto-
kinesis in Drosophila male meiosis but are dispensable for mitosis
(Giansanti et al., 2004). However, it is important to point out
that Nesd does not have a meiosis-specific function because it is
also required for ring canal formation during the mitoses that
lead to the development of female germline cysts. Thus, we pro-
pose that Nesd might be essential for cytokinesis only in spe-
cific cell types, such as large spermatocytes and nurse cells.

Our time-lapse analyses indicated that furrows ingressed
almost completely, although asymmetrically, in nesd spermato-
cytes, but CRs became unstable in late cytokinesis, and furrows
subsequently collapsed. Thus, Nesd is not essential for furrow
ingression but is required for stabilization of the actomyosin
ring in late cytokinesis and to maintain the association of the
plasma membrane with the CR. Consistent with these pheno-
types, Nesd does not strongly accumulate at the CS midzone in
early telophase like centralspindlin, but it is instead recruited to
the midbody ring or ring canals in late telophase. This localiza-
tion pattern and the presence of abnormal ring canals in both
nesd mutant spermatocytes and egg chambers suggest that Nesd
might be required for the stability of the CR in late cytokinesis
and its conversion into a ring canal. That Nesd could function as
a scaffold protein required for CR stability and ring canal for-
mation might also explain the genetic interaction between nesd
and pav. If Nesd does indeed function to stabilize central-
spindlin during cytokinesis, its absence could be compensated
by the presence of additional Pav-KLP, and reduced levels of this
kinesin would exacerbate nesd cytokinesis defects.

Nesd::GFP also localized weakly to fusomes in male, but
not female, germline cysts. Fusomes are cytoplasmic organelles
necessary for the development of male and female germ cell
cysts; they break down and disappear after cyst formation in the
ovary but persist throughout sperm development (de Cuevas
et al., 1997). We never observed a defect in the development of
male or female germline cysts, and Nesd::GFP does not accu-
mulate at the fusome in spermatocytes. Therefore, Nesd local-
ization to the fusome does not seem to reflect a specific function
in the development and/or synchronization of germ cell cysts.
However, our nesd’ allele is not null, and, therefore, it is also
possible that the low levels of Nesd present in our mutant or the
maternal contribution of this protein might be sufficient for the
development of male germ cells.

Nesd shows strong affinity for both centralspindlin com-
ponents in vivo and in vitro, but it colocalizes with central-
spindlin only in late cytokinesis. Thus, we surmise that either some
posttranslational modifications (e.g., phosphorylation and/or
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glycosylation) or the interaction with other factors prevents
Nesd association with centralspindlin in early telophase. Inter-
estingly, it has been recently proposed that the interaction of
MKLP1 with 14-3-3 proteins is transiently inhibited during fur-
row ingression by Aurora B phosphorylation to allow a stable
association of this kinesin with the CS midzone (Douglas et al.,
2010). This phosphorylation would then be reversed at the end
of cytokinesis when Aurora B is inactivated, allowing MKLP1
and 14-3-3 to associate during midbody formation. A similar
mechanism could also regulate the interaction between central-
spindlin and Nesd, as 14-3-3 proteins were also identified in
our Nesd::PrA affinity purifications (Fig. 1 B). Thus, Nesd may
interact with centralspindlin when it is associated with 14-3-3.
Consistent with this hypothesis, 14-3-3 proteins localize to ovarian
ring canals (Benton et al., 2002).

It is not known whether the Nesd mammalian orthologues
SHCBP1 or mPAL accumulate at intercellular bridges. However,
this is a possibility given that SHCBP1 localizes to the midbody
and interacts with centralspindlin in human cells. Moreover,
both centralspindlin components were identified in a proteomic
survey of proteins enriched at the intercellular bridges of male
mice, and MKLP1 was also found to interact with the testis-
expressed gene 14 protein (TEX14; Greenbaum et al., 2007), a
mouse intercellular bridge component necessary for the estab-
lishment of ring canals in male and female germ cells.

Nesd highlights the importance of
glycosylation in late cytokinesis

Nesd contains a PLD, and our in vitro binding assay experi-
ments suggest that it could bind to O-glycosylated proteins
in vivo. Unfortunately, no established technique is currently
available to analyze the interaction of proteins with glycans
in vivo, and, thus, we were unable to confirm that Nesd interacts
with carbohydrates in cultured cells or spermatocytes. A role
for glycosylation during cytokinesis has been documented in
C. elegans, Drosophila, and mammalian cells (Slawson et al.,
2005; Wang et al., 2005; Zhang and Ten Hagen, 2010), and a re-
cent study indicated that cross talk between glycosylation and
phosphorylation could regulate cytokinesis in human cells (Wang
et al., 2010). Our findings suggest that glycosylated proteins
could also be important for late cytokinesis in the Drosophila
germline. Consistent with our results, an enrichment of glyco-
sylated proteins at Drosophila ring canals was proposed >40 yr
ago (Koch and King, 1969), and a mucinlike glycoprotein,
mucin D, was found to be one of the first components recruited
to ring canals in ovaries and in male pre- and postmeiotic cysts
(Kramerova and Kramerov, 1999). Coincidently, the O-linked
carbohydrate component of mucin D consists mainly of Gal31-
3GalNAc disaccharides (Kramerov et al., 1996), which was one
of the top hits identified in our glycan screen. Thus, Nesd could
provide a link between glycosylated proteins and centralspin-
dlin during the initial assembly of ring canals in both male and
female germ cells. Unfortunately, the primary amino acid se-
quence of mucin D is not known, and, therefore, we cannot
establish whether it was identified in our Nesd::PrA purifica-
tions. It is important to point out, however, that Nesd does not
have a transmembrane domain or a secretion signal sequence,
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suggesting that most likely it cannot cross the plasma mem-
brane and, therefore, should not be able to interact with glyco-
proteins and proteoglycans located on the external surface of
the cell. However, there is increasing evidence that glycosylated
proteins can be found in the cytoplasm (Hart et al., 2007; Wang
et al., 2010), and it will be interesting in the future to character-
ize the glycosylation profiles of ring canal components to assess
whether these oligosaccharides can interact with Nesd.

Materials and methods

Cell culture, DNA transfection, and RNAi treatments

The Dmel strain of S2 cells (Invitrogen) was grown in serum-free medium
supplemented with antibiotics. Double-stranded RNA (dsRNA) production
and RNA treatments were performed as described previously (D’Avino
et al., 2006). Generation of blasticidin-resistant stable cell lines was per-
formed as previously described (D’Avino et al., 2009), with the only excep-
tion that transfection reagent (FUGENE HD; Roche) was used according to
the manufacturer’s instructions. Human Hela and U20S cells were main-
tained in DME (Invitrogen) supplemented with 10% FCS and antibiotics.
siRNAs were designed and purchased from the MWG Operon (Eurofins).
DNA and siRNA transfections were performed as described previously
(Montembault et al., 2007).

Molecular biology

Gateway technology (Invitrogen) was used in all cloning procedures as
previously described (D’Avino et al., 2006). The destination vectors used
for the expression in Drosophila cultured cells were previously described
(D'Avino et al., 2006, 2008, 2009). The pDEST15 vector (Invitrogen) was
used for bacterial expression of GSTtagged proteins. To express GFP+agged
Nesd protein in flies, we used destination vectors for Drosophila germline
transformation containing N- or C-terminal GFP tags and a ubiquitin pro-
moter provided by R. Basto (Institute Curie, Centre National de la Recherche
Scientifique, Paris, France; Basto et al., 2008). pDEST53 and pDEST47
(Invitrogen) were used to express GFP-tagged proteins in human cells.

Affinity purification and in vivo pull-down assays

PrA purifications were performed essentially as described previously
(D'Avino et al., 2008, 2009). Approximately 107 cells were harvested by
centrifugation and frozen in liquid nitrogen. The cell pellet was then resus-
pended in 5 ml of extraction buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl,
2 mM MgCly, 1 mM EGTA, 0.1% NP-40, 1 mM DTT, and protease inhibi-
tors [Complete; Roche]) and homogenized using a high-performance dis-
perser (Power Gen 125; Thermo Fisher Scientific). Homogenates were agitated
at 4°C for 30 min and clarified by centrifugation at 8,000 rpm in an $S34
rotor (Beckman Coulter). 200 pl Dynabeads (Invitrogen) conjugated to rab-
bit IgG (MP Biomedicals) was added to the supernatants and incubated for
4 h under continuous agitation at 4°C. Beads were then washed five times
for 10 min in 10 ml of extraction buffer. Proteins were then eluted from beads
with 0.5 M NH,OH and 0.5 mM EDTA, lyophilized, and resuspended in
Laemmli SDS-PAGE sample buffer (Sigma-Aldrich). Proteins were separated on
4-20 or 8-16% SDS-PAGE gels, and specific bands were excised and ana-
lyzed by liquid chromatography-MS/MS. The MS/MS fragmentation data
achieved were used to search the National Center for Biotechnology Informa-
tion and Flybase databases using the Mascot search engine. Probability-based
Mascot scores were used to evaluate identifications. Only matches with
P < 0.05 for random occurrence were considered significant.

For pulldown assays using Drosophila cell extracts, 5 x 107 cells were
collected and processed as described in the previous paragraph. Eluates were
then fractioned on an 8-16% SDS-PAGE gel, fransferred onto a polyvinylidene
difluoride membrane, and probed with the antibodies indicated in Figs. 2 (A
and G), 5C, and 6 B.

Immunoprecipitations of human cell extracts were performed essentially
as previously described (Petretti et al., 2006). Hela cells were transfected with
pCMV-SHCBP1::GFP for 48 h and then resuspended in lysis buffer (1 mM
EGTA, T mM NaVOy, 50 mM B-glycerophosphate, 1 mM NaF, 10% glycerol,
1 mM DTT, 150 mM KCI, 50 mM Hepes, pH 7.5, 0.5% NP-40, T mM
B-mercaptoethanol, T mM EDTA, 1 mM MgCl,, and protease inhibitors). Cell
extracts were cenfrifuged at 10,000 g for 10 min at 4°C, and supernatants
were incubated for 1 h at 4°C with 50 pl protein G Dynabeads (Dynal) coated
with anti-GFP antibodies (Roche). Beads were washed three times with lysis
buffer and resuspended in 50 pl Laemmli SDS-PAGE sample buffer. Proteins

were fractioned on a 10% SDS-PAGE gel, transferred onto a polyvinylidene di-
fluoride membrane, and probed with GFP, MKLP1, and RacGAP1 antibodies.

In vitro binding assay

DNA fragments coding for Nesd, RacGAP50C, or Pav-KLP were gener-
ated by PCR and cloned into pDEST15 (Invitrogen) to express N-ferminal
GST+agged polypeptides in Escherichia coli. The GSTHagged products were
then purified using glutathione-Sepharose 4B according to the manufacturer’s
instruction (GE Healthcare). [**S]Methionine-labeled Nesd, RacGAP50C,
or PavKLP fragments were prepared from corresponding PCR products
amplified using primers harboring a T7 promoter and then transcribed
and translated in vitro using the TnT T7 Quick-Coupled Transcription/
Translation System (Promega) in the presence of [**S]methionine. Generally,
25 pl glutathione-Sepharose beads containing purified GST proteins was
mixed with 5 pl [**S]methionine-labeled polypeptides and 300 pl NET-N*
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,
and a cocktail of protease inhibitors) and incubated in ice for 30 min with
periodic agitation. The mixture was then washed five times by adding 500 pl
NET-N* buffer followed by centrifugation at 500 g for 1 min. Beads were
resuspended in 25 pl Laemmli SDS-PAGE sample buffer, and, typically, one
fifth of the mixture (10 pl) was loaded on 8-16% Tris-glycine gel. Proteins
were then transferred onto a nitrocellulose membrane using the dry blotting
system (iBlot; Invitrogen) and exposed to x-ray films at —80°C.

Fly stocks and genetics

Flies were raised on standard maize meal medium at 25°C. The nesd' dllele
corresponds to y'w?”<?*;,P{EPgy2}CG 10722708338 and was obtained from
Bloomington. The deficiency Df{2L)ED1305 was obtained form J. Roote
(University of Cambridge, Cambridge, England, UK) and is described in
Flybase. The PLCS-PH::GFP and Sqh::GFP fly stocks were provided by J. Brill
(University of Toronto, Toronto, Canada; Wong et al., 2005) and R. Karess
(Institut Jacques Monod, Centre National de la Recherche Scientifique, Paris,
France; Royou et al., 2004), respectively. The GFP::Pav-KLP stock and the
pavB?% allele were previously described (Adams et al., 1998; Minestrini
etal., 2002). Pelement excision was performed using standard procedures.
Transgenic flies were generated by BestGene, Inc.

Identification of Nesd orthologues, sequence alignment, and family tree
Nesd orthologues were identified using the PSIBLAST program (Altschul et al.,
1997) from the National Center for Biotechnology Information blastp suite.
After five iterations, 10 out of the 100 sequences with the best E values were
selected based on matching description and evolutionary distance of the
corresponding species. These were aligned with MUSCLE (Edgar, 2004),
trimmed down to the four sequences displayed, and visualized with Jalview.
The tree was derived from the 10-species alignment thanks to PhyML (Guindon
and Gascuel, 2003) using the LG model.

Ovaries and testes immunostaining

Ovaries were dissected in PBS, fixed with 4% formaldehyde in PBS for
20 min, and then rinsed three times with PBT (PBS with 0.5% Triton X-100).
After blocking for 1 h in PBT containing 3% BSA, ovaries were incubated
overnight on a rotating wheel at 4°C with primary antibodies diluted in
PBT containing 1% BSA. Ovaries were then rinsed three times with PBT
and incubated with secondary antibodies and/or phalloidin rhodamine
for 3 h on a rotating wheel at room temperature. Ovarioles were then
separated and spread under a coverslip with a drop of Vectashield with
DAPI (Vector Laboratories).

Testes were dissected from early pupae in PBS as previously de-
scribed (Pisano et al., 1993) and fixed using either ice-cold methanol for
10 min or ice-cold ethanol for 10 min followed by 10-min incubation in 4%
formaldehyde to preserve GFP fluorescence. Incubations with primary anti-
bodies were performed overnight at 4°C in a humid chamber. Prepara-
tions were then incubated with secondary antibodies and/or phalloidin
rhodamine at room temperature for 2-3 h. Samples were washed with PBS
and mounted in Vectashield with DAPI.

Antibodies

Antibodies were raised in guinea pigs against a fulllength Histagged Nesd
protein expressed and purified using a baculovirus system. Serum produc-
tion was performed by Harlan. Other antibodies used in this study were
mouse monoclonal antitubulin (clone DM1A; Sigma-Aldrich), rabbit anti-
Pav-KLP (Minestrini et al., 2002), rabbit anti-RacGAP50C (D’Avino et al.,
2006), rabbit anti-Anillin (Field and Alberts, 1995), monoclonal mouse
anti-myc (clone 9E10; Santa Cruz Biotechnology, Inc.), mouse monoclonal
anti-GFP (Roche), goat anti-RacGAP1 (Abcam), rabbit anti-MKLP1 (clone
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N-19; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-Hts (clone
RC; Developmental Studies Hybridoma Bank), mouse monoclonal anti-
spectrin (clone 3A9; Developmental Studies Hybridoma Bank), Peroxidase-
ChromPure anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.),
and rhodamine phalloidin (Invitrogen). Peroxidase- and Alexa Fluor-
conjugated secondary antibodies were purchased from Jackson Immuno-
Research Laboratories, Inc.

Microscopy

Fixed Hela and Dmel cells were visualized on a fluorescence microscope
(Axiovert 200; Carl Zeiss, Inc.) with a 100x NA 1.4 objective and ac-
quired using a camera (Coolsnap HQ; Photometrics) and Metamorph soft-
ware (MDS Analytical Technologies). Fixed testes and ovaries were
visualized on a confocal microscope (LSM510 Meta; Carl Zeiss, Inc.) with
two different objectives: 100x NA 1.4 and 40x NA 1.3. Time-lapse imag-
ing analyses of primary spermatocytes were performed using a 100x NA
1.4 objective on a fluorescence microscope ouffitted with excitation, emis-
sion, and neutral density filter wheels (Prior Scientific) and a z-axis focus
drive (PIFOC; Physik Instruments). Samples were maintained at a constant
temperature of 25°C throughout filming. Images were acquired using a
Coolsnap HQ camera and Metamorph software. All images were ana-
lyzed using Image) (National Institutes of Health) and processed in Photo-
shop (Adobe).

Glycan array screen

Baculovirusexpressed Histagged full-length Nesd was diluted to 200 pg/ml
in TSM buffer (20 mM Tris-Hcl, pH 7.4, 150 mM NaCl, 2 mM CaCl,, and
2 mM MgCly) with the additions of 1% BSA, 0.05% Tween 20, and 2 mM
B-mercaptoethanol. 70 pl was applied to the printed surface of the array,
coverslipped, and incubated at room temperature in a humidified chamber
for 1 h. The coverslip was then removed, and the slide was rinsed four
times each in TSM buffer + 0.05% Tween 20. Secondary incubation was
performed with rabbit anti-His antibody (sc803; Santa Cruz Biotechnol-
ogy, Inc.) at 5 pg/ml in TSM buffer for 1 h in a humidified chamber. Bind-
ing was detected by incubating the slide for 1 h in a humidified chamber
in the dark with Alexa Fluor 488 anti-rabbit IgG diluted in TSM buffer. The
coverslip was then removed, and the slide was rinsed four times in TSM
and then in water. The slide was then spun dry and scanned for analysis
(full details are also described at the CFG website).

Online supplemental material

Fig. ST shows in vitro pull-down of Nesd by GST-tagged RacGAP50C and
Pav-KLP, specificity of Nesd antibody, and colocalization of Nesd and Rac-
GAP50C at the midbody in cultured cells. Fig. S2 shows interaction of
PrA::Pav-KLP with myctagged Nesd fragments in cultured cells and normal
localization of RacGAP50C and PavKLP in nesd RNAi cells. Fig. S3 shows
that SHCBP1 RNAi does not impair cytokinesis in Hela cells. Fig. S4 illus-
trates the levels of expression of various Nesd::GFP transgenes, cytokinesis
in nesd’/Df,GFP::pav animals, and Pav-KLP localization during anaphase
in primary spermatocytes. Fig. S5 shows Nesd::GFP localization to ring
canals and fusomes in primary spermatocytes and egg chambers. Video 1
shows cytokinesis in a wild-type spermatocyte expressing a Sqh::GFP trans-
gene. Video 2 shows cytokinesis in a nesd mutant spermatocyte expressing
a Sgh::GFP transgene. Video 3 illustrates Nesd::GFP dynamics during
spermatocyte cytokinesis. Online supplemental material is available at

http://www.jcb.org/cgi/content/full/jcb.201007060/DC1.
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