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We have identified a Drosophila homolog of the DNA replication initiation inhibitor Geminin (Dm geminin)
and show that it has all of the properties of Xenopus and human Geminin. During Drosophila development,
Dm Geminin is present in cycling cells; protein accumulates during S phase and is degraded at the metaphase

to anaphase transition. Overexpression of Dm geminin in embryos inhibits DNA replication, but cells enter
mitosis arresting in metaphase, as in dup (cdt1) mutants, and undergo apoptosis. Overexpression of Dm
Geminin also induces ectopic neural differentiation. Dm geminin mutant embryos exhibit anaphase defects at
cycle 16 and increased numbers of S phase cells later in embryogenesis. In a partially female-sterile Dm
geminin mutant, excessive DNA amplification in the ovarian follicle cells is observed. Our data suggest roles
for Dm Geminin in limiting DNA replication, in anaphase and in neural differentiation.
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Strict regulation of DNA replication is essential for ac-
curate propagation of the genetic material, as aberrant
chromosome replication results in ploidy or mitotic de-
fects, which can lead to tumorogenesis or cell death (for
review, see Blow and Prokhorova 1999). Therefore, DNA
replication must be restricted to once per cell cycle. To
explain how DNA replication is limited to once per cell
cycle, replication licencing factor (RLF) was proposed
(Blow and Laskey 1988). RLF allows DNA to become
replication-competent after mitosis, but once initiation
occurs, RLF is inactivated until the next cell cycle. Bio-
chemical purification of RLF revealed that it is com-
posed of the Mcm complex (RLF-M) and RLF-B (Cdtl)
(Thommes et al. 1997; Tada et al. 2001). Cdtl together
with Cdc6 promotes loading of the Mcm complex onto
the Orc complex at replication origins in M/G, phase to
form the pre-replication complex (pre-RC) and is inacti-
vated after replication origin firing in S phase (Maiorano
et al. 2000; Nishitani et al. 2000; Whittaker et al. 2000;
Tada et al. 2001).

DNA replication initiation is best described in Saccha-
romyces cerevisiae, which has well-defined DNA repli-
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cation origins (for reviews, see Ekholm and Reed 2000;
Ritzi and Knippers 2000; Lei and Tye 2001). Entry into S
phase is driven by the regulated activity of G, cyclin/
Cdk protein kinases and Cdc7/Dbf4 (Ddk) protein ki-
nases by triggering recruitment of Cdc45 to the pre-RC,
which allows the binding of DNA polymerase a-primase.
Conversely, phosphorylation of Cdc6 and Mcms by Cdks
or Ddk results in their release from the origins and clear-
ance from the nucleus. Re-replication is prevented in S
phase by disassembly of the pre-RC and in G,/M phase
by mitotic Cyclin B/Cdk activity, maintaining Mcms in
a hyper-phosphorylated state and inhibiting new synthe-
sis of Cdc6. At the completion of mitosis, inactivation of
mitotic cyclin-associated Cdk activity marks the end of
inhibitory signals that block new pre-RC formation and
sets the cell into a pre-replicative state.

In more complex eukaryotes, replication initiation is
similar to yeast, however, there are a number of differ-
ences in the regulatory mechanisms as well as additional
tiers of regulation. In contrast to yeast pre-RC, bound
Cdc6 and Mcms are not degraded nor exported from the
nucleus after the initiation of DNA replication. An im-
portant regulation to prevent re-replication in both yeast
and metazoans is high Cdk activity, although low Cdk
activity by itself is not sufficient to allow the re-initia-
tion of DNA replication in G, in the Xenopus cell free
system (Mahbubani et al. 1997; Sun et al. 2000). This
additional regulation to prevent re-replication is pro-
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vided by Geminin (McGarry and Kirschner 1998; Wohl-
schegel et al. 2000; Tada et al. 2001). Geminin was origi-
nally identified in Xenopus as a protein that undergoes
ubiquitin-dependent degradation in mitosis and as an in-
hibitor of DNA replication initiation in vitro that func-
tioned by preventing loading of Mcms onto chromatin
(McGarry and Kirschner 1998). Recently two studies
have revealed that Geminin prevents Mcm loading by
binding to and inhibiting Cdtl activity (Wohlschegel et
al. 2000; Tada et al. 2001). Consistent with Geminin
functioning to inhibit Cdtl and prevent re-replication,
Geminin is high in G, cells but is degraded in mitosis
thereby allowing Cdtl function and re-assembly of the
pre-RC in G,. Geminin is present in mammals but has
not been identified in budding or fission yeast or Cae-
norhabditis elegans. Therefore, Geminin appears to be
restricted to more complex eukaryotes where it acts as
an additional layer of regulation to prevent re-replica-
tion. Geminin also appears to have a role in inducing
neural differentiation (Kroll et al. 1998). Many questions,
however, remain unanswered concerning the in vivo role
of Geminin.

Drosophila is an ideal model organism in which to
study the regulation of DNA replication because the cell
division patterns have been well characterized during de-
velopment (for reviews, see Edgar and Lehner 1996;
Edgar and Orr-Weaver 2001). The first 14 S phases of
embryogenesis occur in a syncitium (without cell mem-
branes) and consist of very rapid S-M cycles driven by
maternally-supplied cell cycle proteins. At G, of cycle
14, cellularization occurs and the next three divisions
are regulated in G, by zygotic expression of the mitotic
inducer Cdc25 (String). Most cells arrest in G, of cycle 17
attributable to down-regulation of Cyclin E with the no-
table exception of nervous system cells that undergo sev-
eral more divisions and the gut cells that undergo en-
doreplication. In larval stages, gut tissues, including the
salivary glands, continue to undergo endoreplication,
whereas imaginal discs undergo G;/G, regulated cell
cycles. During oogenesis, endoreplication of the nurse
cells and follicle cells that surround the egg chamber also
occurs.

In this study we characterize the in vivo function of a
Drosophila geminin-related gene in the cell cycle and
neural differentiation during development by analyzing
Dm geminin mutants, the effects of overexpression, and
the cell cycle distribution of the protein. These studies
provide evidence that during Drosophila development,
geminin has roles in limiting DNA replication, in ana-
phase and in neural differentiation.

Results

Identification of a Drosophila Geminin homolog

From analysis of the Berkeley Drosophila Genome Proj-
ect (BDGP) database (Rubin et al. 2000), we identified a
sequence (CG3183) at 42B3 on chromosome 2R that
shows weak, but significant, similarity to Geminin from
Xenopus (X1 Geminin) and Human (Hs Geminin) (Fig. 1).
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By DNA sequencing of cDNA clones, we determined the
largest cDNA to be 891 bp, encoding a 192-amino-acid
protein (GenBank accession no. AF407275). Analysis of
the gene structure revealed that it was an intronless
gene. Three P element alleles 1(2)k09107, 1(2)k14019,
and 1(2)k03202 were found to be inserted within or 5’ to
the transcription unit (Fig. 1A).

The Drosophila Geminin-related sequence showed
only limited identity overall with X1 and Hs Geminin,
although when specific functional regions were com-
pared, the level of identity was much greater (Fig. 1B).
Geminin can be divided into two functional domains—
the DNA replication inhibition domain containing a
coiled-coil motif at the carboxyl terminus and a neural-
ization domain at the amino terminus (Kroll et al. 1998;
McGarry and Kirschner 1998; Fig. 1B). The Drosophila
Geminin-related sequence showed weak sequence con-
servation with Xl and Hs Geminin in the neuralization
domain but higher levels of homology were observed
with the DNA replication inhibition domain and with
the coiled-coil motif (Fig. 1B). The Drosophila Geminin-
related sequence has a potential destruction box for ubig-
uitin-mediated degradation in mitosis (RXALGVIXN) at
its amino terminus, which shares a 5/9 match with the
X1 Geminin H sequence shown to mediate degradation
of the protein (McGarry and Kirschner 1998). Therefore,
although the overall sequence similarity of the Dro-
sophila Geminin-related protein is considerably lower
than that observed between X1 and Hs Geminin, the ba-
sic arrangement of the protein is conserved.

The Drosophila Geminin homolog inhibits DNA
replication by preventing binding of Mcms
to chromatin

To confirm that the Drosophila Geminin-related protein
was in fact the Drosophila homolog of Geminin, its ef-
fect on DNA replication was determined using a cell-free
replication extract from unfertilized Xenopus eggs. In
this system, the template for replication is Xenopus
sperm head DNA and the reaction is started by calcium
addition that mimics fertilization. Addition of bacteri-
ally produced Drosophila Geminin-related protein com-
pletely inhibited the incorporation of [a-*2P]dCTP into
DNA at concentrations of 1-4 pg/mL (50-150 nM) (Fig.
2A). The same concentration of X1 Geminin was re-
quired to inhibit replication in the extract.

To determine whether Drosophila Geminin-related
protein would inhibit binding of Mcms onto the pre-RC,
chromatin was pelleted from the replication assays and
the amount of Mcm complex bound to the chromatin
was determined by immunoblotting (Fig. 2B, bottom).
Drosophila Geminin-related protein inhibited Mcm
binding at concentrations >2 nug/mL, which also inhib-
ited DNA replication (Fig. 2B, top). The protein had no
effect on the binding of Cdc6 or Orc complex to chroma-
tin (data not shown). We conclude that the Drosophila
Geminin-related protein, like X1 Geminin, inhibits DNA
replication by preventing Mcm binding to chromatin.
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Figure 1. Drosophila Geminin and comparison with Xenopus and human Geminin. (A) Drosophila (Dm) geminin gene structure
showing location of P-element alleles relative to the transcriptional unit. (B) Sequence comparison with Xenopus (X1) and human (Hs)
Geminin. The sequences were aligned using the GCG Gap program. Identical amino acids are marked with a vertical line and
conservative changes are indicated (*). Differences between X1 H and L forms are indicated. The putative destruction box is in boldface
type. The neuralization domain is underlined and the DNA replication inhibition domain is indicated by the broken underline. The
double line above the sequence alignment shows the coiled-coil region. The degree of identity and similarity (in parentheses) between
X1 Geminin L, Hs and Dm Geminin sequences is indicated for each domain.
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Figure 2. Drosophila Geminin inhibits DNA replication in Xenopus extracts by preventing Mcm loading and interacts with Dro-
sophila Cdt1(Dup) in vivo. (A) Drosophila (Dm) Geminin inhibits DNA replication in Xenopus extracts. Purified X1 Geminin (¢),
GST-Dm Geminin (O), His-6 Dm Geminin (A), or GST () were added at the concentrations shown to a Xenopus DNA replication in
vitro assay system. Replication assays were carried out as described previously (McGarry and Kirschner 1998). (B) Dm Geminin
inhibits Mcm loading. The indicated amounts of Dm Geminin were added to the Xenopus in vitro assay system and DNA replication
measured (top) or the chromatin binding of xMcm3 determined (bottom). Concentrations of Dm Geminin that inhibit DNA replica-
tion (top) strongly inhibited xMcm3 chromatin binding. The GST control added at a concentration of 8 pg/mL had no effect on DNA
replication or xMcm3 binding. In the control tracks (no sperm DNA or no calcium), DNA replication and xMcm3 binding were not
observed. (C) Anti-Dm Geminin Western analysis. Dm Geminin bands are indicated (arrowheads). The faint band above 30 kD is a
background band caused by the secondary antibody (data not shown). No Dm Geminin antibody reacting bands were detected
elsewhere on the gel (data not shown). (WT) Wild type; (Hs-Gem) heat shocked hsp70-GAL4 UAS-Dm geminin embryos; (mutant 1)
1(2)k14019/CyO; and (mutant 2) I(2)k03202/CyO. (+) Heat shocked. Equal amounts of protein were loaded per track. (D) Dm Dup(Cdt1)
and Dm Geminin form a complex in Drosophila embryos. Dup or Dm Geminin were immunoprecipitated from embryonic extracts
and the precipitate analyzed by immunoblotting with the Dup antibody (left) or Dm Geminin antibody (right). (Left) Dup bands
(arrows); Dm Geminin bands (arrowheads); and IgG heavy chain (*) are indicated. Controls, (S) Supernatant; (PI) preimmune sera.

Drosophila Geminin forms a complex with Cdt1(Dup)
in vivo

Recent studies have shown that Geminin acts to inhibit
DNA replication by binding to and preventing Cdt1 from
loading Mcms onto the pre-RC complex (Wohlschegel et
al. 2000; Tada et al. 2001). We therefore investigated
whether Drosophila Geminin-related protein could form
a complex with Drosophila Cdtl homolog Doubleparked
(Dup) in vivo. Western analysis of Drosophila embryonic
extracts using antisera to the Drosophila Geminin-re-
lated protein specifically detected two bands at 25 kD
and 30 kD (slightly larger than the predicted size of [D2
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kD), the abundance of which were increased in extracts
after heat shock-induced expression of the Drosophila
Geminin-related protein and decreased in extracts made
from embryos from I(2)k14019 or 1(2)k03202 mutant
flies, where one-half of the wild-type level is expected
(Fig. 2C). We conclude from these data that both bands
are the Drosophila Geminin-related protein.
Immunoprecipitation-Western analysis of embryonic
extracts using antibodies to the Drosophila Geminin-
related protein and to Dup (obtained from Dr. T. Orr-
Weaver; Whittaker et al. 2000) revealed that these
proteins form a complex in vivo (Fig. 2D). When the
Geminin-related antibody was used in the immunopre-



cipitation, Dup (which gives three bands >75 kD; J. Clay-
comb and T. Orr-Weaver, pers. comm.) was coprecipi-
tated (Fig. 2D, left panel). In the converse experiment,
immunoprecipitation with the Dup antibody coprecipi-
tated the 30-kD Geminin-related protein but not the 25-
kD band (Fig. 2D, right panel). We conclude that the
30-kD Drosophila Geminin-related protein forms a com-
plex with Dup in vivo. Therefore, the Drosophila Gemi-
nin-related protein behaves similarly to X1 and Hs Gemi-
nin by two different criteria—the inhibition of DNA rep-
lication by preventing the loading of Mcms and complex
formation with Cdtl(Dup). Given these data, we will
henceforth refer to the Drosophila melanogaster Gemi-
nin-related protein as Dm Geminin.

Distribution of Dm Geminin throughout
Drosophila development

To explore the distribution of Dm Geminin during Dro-
sophila development, we stained embryos and larval tis-

The role of Drosophila Geminin during development

sue with the anti-Dm Geminin antibody (Fig. 3). To
demonstrate that the antibody specifically recognized
Dm Geminin in vivo, we examined embryos ectopically
expressing Dm geminin under control of the engrailed
(en) driver. En is expressed in stripes and Dm Geminin
protein was dramatically elevated in stripes coincident
with the En pattern (Fig. 3A-C). In contrast, homozygous
Dm geminin mutant embryos showed considerably re-
duced staining with anti-Dm Geminin antibody com-
pared with wild type (Fig. 3D,E). Taken together, these
results demonstrate that the anti-Dm Geminin antibody
is specific for Dm Geminin in vivo.

Staining of Drosophila embryos with the anti-Dm
Geminin antibody and with propidium iodide to stain
DNA showed that Dm Geminin is located to the nucleus
(Fig. 3E). Therefore, like X1 Geminin (McGarry and Kir-
schner 1998), Dm Geminin is a nuclear localized protein.
Throughout embryogenesis, Dm Geminin protein ex-
pression is correlated with mitotically dividing or en-
doreplicating cells (Fig. 3E-H). Early in embryogenesis

Figure 3. Dm Geminin protein is present in mitotic and endoreplicating cells during development. (A) en-GAL4 UAS-Gem stage-11
embryo stained with the anti-En antibody and propidium iodide PI (both in red) showing the En stripes. (B) en-GAL4 UAS-Gem
embryo shown in A stained with the anti-Dm Geminin antibody (in green throughout). (C) Merge of A and B showing high Dm
Geminin protein levels in the En stripes (appears yellow). (D) A stage-11 Dm geminin mutant 1(2)03202/Df stained with anti-Dm
Geminin showing low levels of Dm Geminin protein compared with F. (E) Merge of syncitial stage embryo stained with anti-Dm
Geminin and PI (in red throughout) showing the nuclear localization of Dm Geminin. (F-H) Merges of Dm Geminin and PI in embryos.
(F) A stage-11 embryo showing epidermal expression. (G) A stage-13 embryo showing Dm Geminin in PNS, CNS, and hindgut (HG)
cells. (H) A stage-14 embryo showing Dm Geminin in the CNS, pole cells (PC arrow), and the gut. (BL) Brain lobe; (HG) hindgut; (MG)
midgut. Embryos are oriented with anterior to the Ieft and ventral side down in this and all other figures. (I) A larval eye disc labeled
with BrdU (purple) showing domains of S-phase cells. (/) Merge of Dm Geminin and PH3 (red) in a larval eye disc. (I,]) The morpho-
genetic furrow, where cells are arrested in G, is indicated (*). Eye discs are orientated anterior to the right in this and subsequent
Figures. (K—M) Ovaries stained with anti-Dm Geminin and PIL (K) Merge of Dm Geminin and PI in egg chambers at stages 7 (left) and
8 (right) showing Dm Geminin in the nurse cell nuclei (in the interior) and follicle cell nuclei (at the perimeter). (L) Merge of Dm
Geminin and PI in an egg chamber at stage 10B showing general nuclear localization of Dm Geminin in the follicle cells. (NC) Nurse
cells; (FC) follicle cells. (M) Merge of Dm Geminin and PI in an egg chamber at stage 12. Ovaries are oriented anterior to the left in
this and subsequent figures.
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during the rapid syncitial divisions, Dm Geminin is pre-
sent at high levels irrespective of cell cycle stage (Fig. 3E;
data not shown). In the G, regulated cycles 14-16, Dm
Geminin is present in a dynamic pattern similar to the
domains of mitosis that occur at this stage (Fig. 3F). At
the stage where cells of the peripheral nervous system
(PNS) and central nervous system (CNS) divide, Dm
Geminin was absent from the G,-arrested cells of the
epidermis but present in the dividing neural cells (Fig.
3G). Later in development, Dm Geminin was absent in
the PNS cells, which had stopped dividing, but present in
the dividing CNS cells (Fig. 3H). Dm Geminin persisted
in the pole (germ) cells (Fig. 3H) that are arrested in G, at
this stage (Su et al. 1998b). In addition, Dm Geminin was
detected in the endoreplicating tissues of the gut (Fig.
3H).

In the eye imaginal disc, cell proliferation occurs in a
spatial arrangement (for review, see Wolff and Ready
1991). Dm Geminin is present in the region of asynchro-
nous dividing cells in the anterior region and in a band
posterior to the morphogenetic furrow (MF), where the
synchronous S phases occur, but not in the G,-arrested
cells within the MF (Fig. 3, cf. ] with I). Dm Geminin
showed only partial overlap with cells staining with the
mitotic marker anti-phospho histone H3 (PH3) that
stains DNA in all stages of mitosis (Su et al. 1998a). In
the posterior part of the eye imaginal disc where many
cells are differentiating, Dm Geminin is present in a sub-
set of cells that may represent the undifferentiated G,-
arrested cells that are present in this region. These re-
sults show that Dm Geminin is present in proliferating
cells and is at high levels in S-G, phase cells, at low
levels or absent in some mitotic cells, and absent from
G, cells.

Dm Geminin was also expressed during adult ovary
development where endoreplication occurs in the nurse
cells within the egg chamber and in the surrounding fol-

Figure 4. Dm Geminin accumulates in
S/G, and is degraded at anaphase. Stage-11
embryos with BrdU and Dm Geminin (A-
D) or phosphohistone H3 (PH3) and Dm
Geminin (E-H) or Cyclin B and Dm Gemi-
nin (I-L). (A) BrdU (red) and Dm Geminin
(green throughout) merge. (B-D) High
power of A showing that most BrdU-label-
ing cells also stain with Dm Geminin. (B)
Dm Geminin. (C) BrdU. (D) Merge. (Ar-
rows) Weak BrdU-labeled small nuclei
likely to be in early S phase with no Dm
Geminin. (*) Non-BrdU-labeled large in-
terphase nuclei containing the highest lev-
els of Dm Geminin. (E) PH3 (red) and Dm
Geminin merge. (F~-H) High power of E. (F)
Dm Geminin. (G) PH3. (H) Merge showing
Dm Geminin is abundant in prophase (p),
still present in metaphase (m), and absent
from anaphase cells (a). (I) Cyclin B (red)

licle cells (for review, see Edgar and Orr-Weaver 2001).
The follicle cells undergo genomic endoreplication until
stage 10A and switch to DNA replication amplification
of specific foci including the chorion genes at stage 10B
(Calvi et al. 1998). Early in oogenesis Dm Geminin is
present in the nuclei of the endoreplicating nurse cells,
but at later stages Dm Geminin is present in the nuclei
and cytoplasm (Fig. 3K-M). The redistribution of Dm
Geminin to the cytoplasm correlates with nurse-cell
apoptosis before dumping of the nurse cell cytoplasm
into the oocyte. Dm Geminin is present in the nuclei of
the follicle cells throughout oogenesis and was not spe-
cifically localized to the amplification foci at stage 10B,
as occurs with replication proteins Dup and Orc2 (Fig.
3K-M; Whittaker et al. 2000). In stage-12 egg chambers,
when amplification becomes limited to the anterior fol-
licle cells, Dm Geminin protein was observed in the nu-
clei of all follicle cells (Fig. 3M) and remained in all fol-
licle cells until the end of oogenesis (data not shown).
Therefore, Dm Geminin is present in mitotic and en-
doreplicating cells at different stages of development,
consistent with a role in all replicative cycles through-
out development.

Dm Geminin is degraded at the metaphase—anaphase
transition

The dynamic pattern of Dm Geminin expression during
embryogenesis is similar to that of Cyclin A or B, which
accumulate during late S-G, and are degraded during
mitosis (Lehner and O’Farrell 1990). To explore the cell
cycle distribution of Dm Geminin further, we examined
anti-Dm Geminin staining relative to cell cycle markers
of S phase (BrdU-labeling), mitosis (anti-PH3 antibody
staining; Su et al. 1998a), and late S phase until the met-
aphase to anaphase transition (anti-Cyclin B staining;
Lehner and O’Farrell 1990). Dm Geminin and BrdU-la-

and Dm Geminin merge. (/-L) High power of I. (/) Dm Geminin. (K) Cyclin B. (L) Merge. Note the smaller interphase cells (S phase)

have low levels of Dm Geminin but no Cyclin B (arrows).
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beled cells showed partial overlap (Fig. 4A-D). Small,
weakly BrdU-labeled cells (early S phase) did not contain
Dm Geminin; strong BrdU-labeled cells showed higher
levels of Dm Geminin; and large non-BrdU-labeled cells
(G,/M] showed the highest levels of Dm Geminin (Fig.
4D), consistent with Dm Geminin accumulating during
S-G, phase. Co-localization of Dm Geminin with PH3
showed that as cells enter metaphase and DNA is
stained strongly with anti-PH3, Dm Geminin is still pre-
sent but reduced in level (Fig. 4E-H). In anaphase, when
anti-PH3-stained chromosomes separate, Dm Geminin
is undetectable (Fig. 4F-H). Dm Geminin protein distri-
bution during the cell cycle was remarkably similar to
Cyclin B although Dm Geminin was nuclear-localized
and Cyclin B was cytoplasmic (Fig. 4I-L). Some small
interphase cells (likely to be in early S phase) were ob-
served to contain Dm Geminin but not Cyclin B, sug-
gesting that Dm Geminin begins to accumulate before
Cyclin B (Fig. 4L). Taken together, these data show that
Dm Geminin, like X]1 Geminin and Dm Cyclin B, accu-
mulates during S phase and is degraded at the metaphase
to anaphase transition.

Overexpression of Dm Geminin in Drosophila embryos
inhibits DNA replication and leads to cell death

To determine whether overexpression of Dm Geminin
acts to inhibit DNA replication in vivo, we generated
transgenic flies that contain Dm Geminin under control
of the S. cerevisiae UAS(GAL4) promoter. Ectopic over-
expression of Dm Geminin during embryogenesis by
heat shock induction of hsp70-GAL4 UAS-Dm geminin
flies resulted in a general decrease in BrdU-labeling cells
in mitotic and endoreplicating tissues (data not shown).
To demonstrate this effect more clearly, we used the
en—-GAL4 driver to overexpress Dm Geminin in a striped
pattern during embryogenesis (Fig. 3A-C). Ectopic over-
expression of Dm Geminin resulted in a dramatic de-
crease in S-phase cells within the En stripe relative to
surrounding cells (Fig. 5, cf. B and F with A and E). Prop-
idium iodide staining of En-Dm Geminin-expressing
cells revealed more condensed nuclei within the En
stripes (Fig. 5, cf. D and H with C and G), suggesting that
cells were attempting to enter mitosis. Staining with
anti-PH3 to detect mitotic cells showed that many cells
(4x as many as normal) in the En-Dm Geminin stripe
were in mitosis (Fig. 5, cf. K and L with I and J). A similar
phenotype is observed in Dup mutants despite the fact
that they fail to replicate their DNA (Whittaker et al.
2000) and occurs presumably because the DNA replica-
tion checkpoint can only be triggered after the loading of
DNA polymerase a onto the pre-RC (Michael et al.
2000). To determine the fate of these cells, we carried out
TUNEL to detect apoptotic cells. Wild-type embryos at
stage 11 normally show very little TUNEL staining,
whereas the En-Dm Geminin stage-11 embryos showed
numerous TUNEL-positive cells associated with the En
stripes (Fig. 5, cf. N with M). These data show that ec-
topic overexpression of Dm Geminin results in inhibi-
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tion in DNA replication, increased numbers of meta-
phase cells, and increased apoptosis.

Ectopic overexpression of Dm Geminin using the eye-
less(ey)-GAL4 driver, which is expressed during the
early proliferative phase of the eye-antennal imaginal
disc, also resulted in a dramatic decrease in S phases and
in the size of third instar larvae eye discs and the size of
the adult eye (Fig. 5, cf. Q and R with O and S). Overex-
pression of Dm Geminin using the GMR-GAL4 driver,
which is expressed posterior to the MF in the eye imagi-
nal discs of third instar larvae, led to a 40%-50% de-
crease in S-phase cells within this region, but to severely
rough adult eyes (Fig. 5, cf. P and T with O and S). Taken
together, these data show that ectopic overexpression of
Dm Geminin leads to an inhibition of S phases in both
mitotic and endoreplicative cycles and at different devel-
opmental stages.

Dm Geminin genetically interacts with Dm Cdt1(Dup)

The GMR-Dm geminin rough eye phenotype represents
a good phenotype in which to examine genetic interac-
tions. This phenotype was responsive to the dose of Dm
Geminin because two copies of UAS-Dm geminin re-
sulted in a less severe phenotype compared with three
copies of the transgene (Fig. 5, cf. U with T). In addition,
reducing the dose of endogenous Dm Geminin by half
using the strong P alleles resulted in a less severe phe-
notype (data not shown). To determine whether Dm
geminin genetically interacted with dup(cdtl), we re-
duced the dosage of dup by half using a null allele (dup®?;
Whittaker et al. 2000) in a GMR-GAL4 UAS-Dm gemi-
nin (two copies) background. Halving the dosage of dup
enhanced the GMR-Dm geminin eye phenotype, leading
to a smaller, rougher eye (Fig. 5, cf. V with U). Moreover,
the dup®’ mutant embryonic cycle 16 S-phase defect was
suppressed by a Dm geminin mutant (A. Herr and H.
Richardson, unpubl.). Therefore, consistent with the bio-
chemical interaction observed between Dm Geminin
and Dup (Fig. 2D), Dm geminin genetically interacts
with dup.

Dm geminin mutants exhibit mitotic defects
in cycle-16 embryos

Of the three P element alleles that are inserted within or
5’ of the Dm geminin transcriptional unit, 1(2)09107 is a
partially female sterile allele, whereas 1(2)k14019 and
1{2)k03202 are embryonic/larval lethal (data not shown).
The P element allele 1(2)k14019 mutant phenotype has
been described previously by Roch et al. (1998) and
shown to be third instar larval lethal with reduced imagi-
nal discs. When crossed to a deficiency of the region
(Df(2R)ST1), 40% of 1(2)k14019/Df and 1(2)k03202/Df
embryos died before hatching and the rest died during
larval development. In agreement with the data of Roch
et al. (1998), occasional 1(2)k14019/Df trans-heterozy-
gous third instar larvae were observed but no third instar
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Figure 5. Over-expression of Dm Geminin during Dro-
sophila development reduces DNA replication. (A) A
stage-11 wild-type embryo with BrdU (red) and anti-En
(green in A-L). (B) A stage-11 en-GAL4 UAS-Dm gemi-
nin embryo with BrdU (red) and anti-En showing de-
creased BrdU labeling in the En stripes. (C) A wild-type
stage-11 embryo stained with anti-En and PI (red). (D) A
stage-11 en-GAL4 UAS-Dm geminin embryo stained
with anti-En and PI (red). (E) High magnification of A.
(F) High magnification of B. Arrows indicate En stripes.
(G) High magnification of C. (H) High magnification of
D. (I,]) High magnification of stage-11 wild-type embryo
with anti-En and anti-PH3 (red). (K,L) High magnifica-
tion of stage-11 en-GAL4 UAS-Dm geminin embryos
with anti-En and anti-PH3 showing more PH3 in En
stripes. (I-L) Anaphase (a); prophase cells (p); and met-
aphase cells (m) within the En stripe are indicated. An
average of 14.1+4.1 (SE) mitotic cells were present in
the En stripe in the en-GAL4 UAS-Dm geminin em-
bryo compared with an average of 3.5 = 1.2 (SE) in an
equivalent sized interstripe region (n = 13). Wild-type
embryos contained a similar density of mitotic cells in
En stripes compared with interstripe regions. (M) High
magnification of TUNEL (blue) and En (red) in a wild-
type stage-11 embryo. (N) High magnification of
TUNEL (blue) and En (red) in an en-GAL4 UAS-Dm
geminin stage-11 embryo showing more TUNEL-posi-
tive cells. (O-Q) BrdU labeling of eye imaginal discs
from wild type (O), GMR-GAL4 UAS-Dm geminin (3
copies) (P), and ey-GAL4 UAS-Dm geminin (2 copies)
(Q). In P and Q the brackets indicate the regions where
Dm geminin is ectopically expressed. Wild-type eye
discs contained an average of 119+14 (SE) (n = 3) com-
pared with 63+6 (n = 4) S-phase cells for GMR-GAL4
UAS-Dm geminin eye discs within an equivalent re-
gion of the post-MF S-phase band. The MF is indicated
(*). (R-V) Scanning electron micrograph (SEM) of adult
eyes from (R) ey-GAL4 UAS-Dm geminin (2 copies), (S)
wild type, (T) GMR-GAL4 UAS-Dm geminin (3 copies),
(U) GMR-GAL4 UAS-Dm geminin (2 copies), (V)
GMR-GAL4 UAS-Dm geminin (2 copies)/dup®!. Note
in V that the eye is smaller and more disorganized than
in U. Adult eyes are oriented anterior to the right.

1(2)k03202/Df larvae were detected, suggesting that
1(2)k03202 is a stronger allele than 1(2)k14019.

Because 1(2)k03202 was the strongest allele, we fo-
cused on examining 1(2)k03202/Df(2R)ST1 trans-hetero-
zygous embryos for cell cycle defects (Fig. 6). During
early embryogenesis, the overall S-phase patterns of the
mutant appeared normal and cells exited from S phase at
the appropriate developmental time (data not shown). To
examine mitoses during cycle 14-16, we stained mutant
embryos using anti-PH3 to detect mitotic chromosomes
and anti-Actin to visualize cell outlines. Interestingly,
1(2)k03202/Df(2R)ST1 mutant embryos at stage 11 un-
dergoing cycle 16 exhibited an increased number of mi-
totic cells, suggesting that cells were either entering mi-
tosis prematurely or being delayed in mitosis (Fig. 6, cf.
B with A). Many of these mitotic cells ((B0%) showed
anaphase defects (Fig. 6, cf. D-F with C). These included
anaphase chromosome bridges (Fig. 6D,F) and chromo-
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somes apparently severed by the cytokinetic contractile
apparatus (“cut” chromosomes; Fig. 6E).

Anaphase defects can be caused by a defect in the ana-
phase promoting complex (APC) mediated proteolysis of
chromosome cohesion proteins, which hold sister chro-
matid centromeres together (for review, see Biggins and
Murray 1998). Because it was clear that the centromeric
regions were separating, whereas the chromosome arms
were not in Dm geminin mutant cells, chromosome co-
hesion defects were considered unlikely. Chromosome
segregation defects can also arise because of a defective
mitotic spindle (e.g., Inoue et al. 2000). In Dm geminin
mutant embryos, however, cells with lagging anaphase
chromosomes contained an apparently normal mitotic
spindle as visualized using an anti-Tubulin antibody
(Fig. 6, cf. H with G). The anaphase defects may also arise
because or a failure to degrade Cyclin B (for review, see
King et al. 1996). In Dm geminin mutant embryos, how-



ever, the overall pattern of Cyclin B appeared normal and
in cells exhibiting anaphase defects Cyclin B had already
been degraded (Fig. 6, cf. J,L, and M with I and K). There-
fore the chromosome segregation defects of the Dm
geminin mutant are not attributable to the inability to
degrade Cyclin B, to defects in centric chromosome co-
hesion, or to any visible abnormalities of the mitotic
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spindle. Possible reasons to explain this phenotype are
discussed below.

Dm geminin mutants exhibit over-replication defects
late in embryogenesis and in oogenesis

Because Dm Geminin is maternally supplied and Dm
Geminin is very low but not completely absent in cycle
16 Dm geminin mutants, we examined older Dm gemi-
nin mutant embryos for over-replication defects. In
stage-16 wild-type embryos, endoreplication occurs in
the midgut and the dorsal cells (Fig. 6N). In the Dm
geminin mutant, endoreplication occurred in more cells
in the midgut and dorsal cell domains and continued in
the hindgut and Malpighian tubules domains where it
should have ceased (Fig. 60). This phenotype is consis-
tent with over-replication occurring in these cells. Fur-
thermore, greater numbers of S-phase cells were ob-
served in the CNS than normal (Fig. 6, cf. Q with P).
Many cells appeared to label more intensely with BrdU
and some were increased in size compared with wild
type.

We next examined DNA replication in the follicle
cells during oogenesis in females trans-heterozygous for
the weak, partially female sterile Dm geminin mutant
and a strong P allele (I(2)k09107/1(2)k14019). In stage-

Figure 6. Dm geminin mutants exhibit mitotic defects and
late over-replication defects. (A—F) Stage-11 embryos with anti-
Actin (red) and anti-PH3 (green). (A) Wild type. (B) 1(2)03202/Df.
(C) High-power wild type. (D-F) High-power 1(2)03202/Df show-
ing the mitotic defects: chromosome bridges (arrows in D, F); cut
chromosomes (arrow in E). (G,H) High power of stage-11 em-
bryos with anti-Tubulin (red) and PI (green). (G) Wild type. (H)
1(2)03202/Df embryo showing a normal, appearing mitotic
spindle but anaphase defects (arrow). (I,]) Stage-11 embryos with
anti-Cyclin B (red). (I) Wild type. (]) I(2)03202/Df. (K) High power
of I with Cyclin B (red) and PI (green) showing that Cyclin B is
absent in anaphase (arrows) and telophase cells. (L,M) High
power of 1(2)03202/Df stage-11 embryos with Cyclin B (red) and
PI (green) showing anaphase defects in the absence of Cyclin B
(arrows). (N) Stage-16 wild-type embryo with BrdU showing S
phase in the CNS, the midgut (MG), and some dorsal cells (DC).
(O) Stage-16 1(2)03202/Df embryo with BrdU showing increased
S-phase cells in the midgut (MG), dorsal cells (DC), hindgut
(HG), and Malpighian tubule (MT) endoreplicating domains. (P)
High magnification of the brain lobe and CNS from N. (Q) High
magnification of the brain lobe and CNS from O showing more
S-phase cells with more intense BrdU labeling and increased
size (e.g., *). Dm geminin mutant embryos in this and other
figures were picked by the absence of LacZ staining used to
mark the balancer chromosome (see Materials and Methods). (R)
Stage-12 wild-type ovarian follicle cells with BrdU showing cho-
rion gene amplification foci. (S) Stage-12 1(2)k09102/1(2)k14019
ovarian follicle cells with BrdU. (T) High magnification of R. (U)
High magnification of S. The boxes in T and U indicate single
follicle cell nuclei. Note that whereas only anterior follicle cells
label at only one focus in wild type (R,T) there are four labeling
foci in all follicle cells in the mutant (S,U). (V) Stage-14 wild-
type ovarian follicle cells with BrdU. (W) Stage-14 1(2)03202/Df
ovary with BrdU. Note the continuation of DNA amplification
in many follicle cells in the mutant (W) compared with wild
type (V).
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10B ovaries, the follicle cells of the Dm geminin mutant
had switched from general genomic endoreplication to
the amplification cycles as normal (data not shown). In
most stage-12 wild-type ovaries, DNA amplification
was only observed in the anterior region in one focus
per cell (Fig. 6R,T), whereas 100% (n = 20) of Dm gemi-
nin mutant stage-12 ovaries showed strong BrdU label-
ing of four amplification foci in all follicle cells (Fig.
6S,U). By stage 14, all follicle cells of wild-type ovaries
had ceased amplification (n = 22), whereas many follicle
cells from 50% of Dm geminin mutant ovaries (n = 55)
were still continuing amplification (Fig. 6, cf. W with V).
Therefore, reduced Dm Geminin function in the Dm
geminin mutant leads to continued DNA amplification
in follicle cells, suggesting that Dm Geminin has an im-
portant role in mediating cessation of these replicative
cycles.

A role for Dm Geminin in neurogenesis

X1 geminin was also identified in a screen for genes that
induced neural tissue when overexpressed (Kroll et al.
1998). To determine whether Dm Geminin also induced
neural differentiation, we overexpressed Dm geminin in
embryos using En-GAL4 UAS-Dm geminin and exam-
ined these for neural defects by staining with the axonal
antibody 22.C10. Ectopic overexpression of Dm Geminin
in the En stripes (Fig. 7B,D) resulted in the formation of
ectopic neuronal cells (Fig. 7, cf. C and D with A and B).
These ectopic neural cells appeared more epidermal than
the normal PNS neurons consistent with the expression
of the En driven-Dm Geminin in the epidermal cells.
Although some disruption in the normal PNS pattern
was observed, the ectopic neurons are unlikely to be
caused by inappropriate migration of normal neurons be-
cause En is not expressed in the PNS and these ectopic
neurons were epidermal. Not every Dm Geminin over-
expressing cell was induced to form a neuron, perhaps
because of cell death, which we have shown to occur in
some cells when Dm geminin is ectopically overex-
pressed using the En driver (Fig. 5N). These data, how-
ever, shows that overexpression of Dm Geminin is ca-
pable of inducing full neural differentiation in at least
some cells. Therefore, like X1 Geminin, ectopic overex-
pression of Dm Geminin is capable of inducing neural
differentiation.

Neural differentiation was then examined in
1(2)k03202/Df(2R)ST1 mutant embryos by staining with
the 22C10 antibody. Although many Dm geminin mu-
tant embryos showed a mostly normal 22C10 staining
pattern, a small percentage had a striking reduction in
22C10 staining of the dorsal-most peripheral neurons
(Fig. 7, cf. G and H with E and F). The variability of this
phenotype may be a consequence of maternal Dm Gemi-
nin depletion. Further analysis is required to determine
whether these neural defects may be a secondary conse-
quence of the cell cycle defects observed earlier in devel-
opment or to a specific function for Dm Geminin in
neural differentiation.
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Figure 7. Dm Geminin overexpression and Dm geminin mu-
tants affect neurogenesis. (A-D) Stage-14 embryos with 22C10
(red) and anti-En (green). (A) Wild type with 22C10. (B) High
magnification of A with 22C10 and En (arrows). (C) En-GAL4
UAS-Dm geminin with 22C10. (D) High magnification of C
with 22C10 and En. Note (in C,D) ectopic neural cells (*) are
present within the En stripe (arrows in D). (E-H) Stage 14/15
embryos with 22C10 (red) and anti-Dm Geminin (green). (E)
Wild type with Dm Geminin and 22C10. (F) High magnification
of E with 22C10. (G) 1(2)03202/Df with Dm Geminin and
22C10. (H) High magnification of G with 22C10. Note (in G,H)
the decrease in 22C10 staining in the dorsal region (brackets) in
the Dm geminin mutant. Dm geminin mutants were detected
by reduced Dm Geminin levels and the absence of LacZ (data
not shown).

Discussion

In this paper we describe a Drosophila homolog of Xeno-
pus (X1) and human (Hs) Geminin, which has an impor-
tant role in the block to re-replication by inhibiting
Cdtl-mediated binding of Mcms to the pre-replication
complex. Drosophila Geminin (Dm Geminin) exhibits
all the functional characteristics described for X1 and Hs
Geminin: (1) Inhibits DNA replication in a Xenopus in
vitro assay by blocking Mcms loading onto chromatin
and also when overexpressed in flies; (2) binds to
Cdtl(Doubleparked, Dup) in vivo and genetically inter-
acts with dup; (3) accumulates in S/G, and is degraded at
the metaphase to anaphase transition; and (4) when over-
expressed, induces neural differentiation. In addition,
the expression of Dm Geminin during development and
the phenotype of Dm geminin mutants are consistent
with Dm Geminin being a functional homolog of X1 and
Hs Geminin.



Dm Geminin expression during development

Dm Geminin protein and mRNA (data not shown) ex-
pression is correlated with mitotically proliferating and
endoreplicating cells. Dm Geminin is absent in G, /early
S-phase cells, increases during S/G, and is degraded at
the metaphase to anaphase transition in mitosis, similar
to Cyclin B. The similar cell cycle profile observed for
Dm Geminin and Cyclin B suggests that these proteins
may be degraded by the same mechanism. The destruc-
tion box motifs of Dm and X1 Geminin, however, show
variations compared with the canonical destruction mo-
tifs of X1 or Dm Cyclin B (for review, see King et al.
1996). Furthermore, whereas Dm Cyclin B is degraded by
ubiquitin-mediated proteolysis in Xenopus oocyte mi-
totic extracts (Glotzer et al. 1991), Dm Geminin is not
(data not shown), suggesting that Dm Geminin and Cy-
clin B may be degraded by different mechanisms in Dro-
sophila. Also, because X1 Geminin is degraded in Xeno-
pus oocyte mitotic extracts (McGarry and Kirschner
1998) and Dm Geminin is not, there may be species-
specific differences in the Geminin degradation path-
way.

Dm Geminin as a neural differentiation factor

Ectopic expression of Dm Geminin in the embryo can
induce some cells to ectopically differentiate as neural
cells. The reason that not all cells expressing Dm Gemi-
nin differentiate into neural cells as occurs with Xl
Geminin (Kroll et al. 1998) may be attributable to induc-
tion of apoptosis or to the requirement of other neural-
izing factors. Ectopic neural differentiation may explain
the severity of the eye phenotype observed when Dm
Geminin is ectopically overexpressed using the GMR
driver, which cannot simply be explained by an S-phase
inhibitory effect. GMR-driven Dm Geminin resulted in
only a 40%-50% decrease in S-phase cells in the eye
imaginal disc, whereas the eye phenotype was more se-
vere than that observed when post-MF S phases were
almost completely ablated by GMR-human p21 (de
Nooij and Hariharan 1995). GMR-driven expression of
the apoptosis inhibitor p35 partially rescues the eye phe-
notype by increasing the size of the eyes, but they are
still disorganized (A. Herr and H. Richardson, unpubl.),
suggesting that apoptosis contributes to the rough eye
phenotype but that other mechanisms, perhaps ectopic
neural differentiation, may also be involved. Further
analysis is required to determine whether Dm Geminin
has a physiological role in neurogenesis during develop-
ment. If Geminin is involved in neurogenesis, however,
it must function at an early stage in neural differentia-
tion as Geminin expression in Xenopus and Drosophila
is specific to cells that are actively cycling (Kroll et al.
1998; Saka and Smith 2001; this study).

The role of Dm Geminin in preventing re-replication

Evidence of over-replication was observed in Dm gemi-
nin mutants in (1) endoreplicating tissues in stage 16
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embryos; (2) the CNS in stage 16 embryos; and (3) DNA
amplification cycles of ovarian follicle cells. These data
are consistent with excessive DNA replication occurring
in Dm geminin mutants. Together with the inhibition of
DNA replication by Geminin overexpression, these data
show that Dm Geminin has a role in limiting DNA rep-
lication. Because Dm Geminin is absent before S-phase
initiation in the mitotic cycles, the presence of Dm
Geminin may be sufficient to limit DNA replication.
Dm Geminin is present throughout the endoreplication
and amplification cycles, suggesting that other factors
are required to activate Dm Geminin to limit DNA rep-
lication in these cycles.

Our inability to observe excessive DNA replication
early in embryogenesis is most likely attributable to the
maternal supply of Dm Geminin. In Xenopus, however,
in vitro DNA replication assays, antibody ablation of
>99% of endogenous X1 Geminin resulted in no apparent
re-replication as measured by BrdU labeling and density
gradient analysis (McGarry and Kirschner 1998). Further-
more, the terminal phenotype of Geminin depletion
from Xenopus eggs causes abnormalities at the blastula
stage that is different to the Drosophila geminin mutant
phenotype (T.J. McGarry, in prep.). The failure to observe
excessive replication in Geminin-ablated Xenopus em-
bryos may indicate that DNA replication licensing is
regulated differently depending on developmental times
or in different organisms.

Functional analysis of X1 Geminin has separated the
neuralizing and DNA replication inhibition domains,
suggesting that Geminin is dual functional (Kroll et al.
1998; McGarry and Kirschner 1998). Dual functional
proteins that can act as negative cell cycle regulators and
differentiation inducers are not unique because Cdk in-
hibitors of the p21 family and the Rb family also func-
tion in this manner (for review, see Zhu and Skoultchi
2001). Interestingly, the Cdk inhibitors human p21%#*
and Xenopus p27%/? also have separable cell cycle inhi-
bition and differentiation functional domains (Ohnuma
et al. 1999). We are presently investigating whether the
neuralization and DNA replication inhibition functions
of Dm Geminin are also functionally separable.

Geminin and anaphase defects

The anaphase defects observed in cycle 16 Dm geminin
mutant embryos may indicate that Dm Geminin also
has a role in anaphase. Given the evidence for Geminin
in the block to re-replication in other organisms and our
observation of over-replication defects later in develop-
ment, however, the most likely reason for the anaphase
defects in the Dm geminin mutant cycle 16 embryos is
caused by prior S-phase defects. Although our BrdU-la-
beling studies did not reveal over-replication defects be-
fore mitosis of cycle 16, a low amount of re-replication
would be difficult to detect. Over-replication defects that
fail to elicit the DNA replication or damage checkpoints
(for review, see Clarke and Gimenez-Abian 2000), allow-
ing entry into mitosis, would result in drastic conse-
quences. If chromosomes were partially over-replicated
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and the over-replicated portion included the centromere,
then chromosome bridges would be expected to occur
during anaphase. Therefore, the anaphase defects we ob-
served may be a manifestation of over-replication in Dm
geminin mutants. If this is the case, then Geminin has
an important role in ensuring that DNA re-replication
does not occur before chromosome segregation.

The anaphase defects of Dm geminin mutant embryos
are similar to those observed in mutants of Drosophila
lodestar, topl, and barren, which are involved in de-
catenization and unwinding of replicated DNA
(Girdham and Glover 1991; Bhat et al. 1996; Zhang et al.
2000). Whether the defects observed in Dm geminin mu-
tants are related to chromosome decatenization and
whether lodestar, topl, and barren also show over-repli-
cation defects, requires further investigation.

In summary, this study describes the first analysis of
the role of Drosophila geminin during development. Dm
geminin mutants show over-replication defects, ana-
phase defects, and neural differentiation defects. To-
gether with our analysis of the ectopic expression of Dm
Geminin, our data suggest that Geminin has functions
in preventing re-replication, in anaphase and in neural
differentiation.

Materials and methods

Mutant analysis, generation of transgenic flies, and genetic
interactions

The Dm geminin P-element alleles 1(2)k03202, 1(2)k14019, and
1(2)k09107 were obtained from BDGP. 1(2)k03203 was listed in
the BDGP database as having a second P element on the X
chromosome. By genetic crosses, the mutant X chromosome
was replaced with a wild-type X chromosome. The lethality of
1(2)k03202 is attributable to the P insertion in Dm geminin, as
after P-element excision using A2-3 transposase, the lethality
was reverted. For the analysis of mutant embryos, the Dm gemi-
nin mutants’ second chromosome was balanced over a CyO
wingless—lacZ chromosome, enabling homozygous embryos to
be distinguished by LacZ antibody staining.

The Dm geminin cDNA sequence was determined by se-
quencing the cDNA clones GM06555, LD07974, and LD04903.
The location of the 1(2)k03202 P-element insertion was deter-
mined by inverse PCR of Sspl digested and re-ligated genomic
DNA from 1(2)k03202/CyO flies using the following primers:
Pry4, 5'-CAATCATATCGCTGTCTCACTCA-3’ and Pryl, 5'-
GGAATGCATGTCCGTGGGGTTTGAAT-3'.

To generate the UAS-Dm geminin construct, full-length Dm
geminin ¢cDNA (LD07974) was subcloned into pUAST and
transgenic flies were generated as described previously (Rich-
ardson et al. 1995). A UAS-Dm geminin transgene on the third
chromosome was used for all experiments. Flies containing
three copies of UAS-Dm geminin and one copy of GMR-GAL4
(GMR-GAL4 UAS-Dm geminin/CyO; UAS-Dm geminin/
UAS-Dm geminin) were generated by creating recombinants of
GMR-GAL4 and UAS-Dm geminin on the second chromo-
some, followed by crossing in the UAS-Dm geminin transgene
on the third chromosome. All fly stocks were obtained from the
Bloomington Stock Centre except the dup®! mutant, which was
provided by T. Orr-Weaver (Whittaker et al. 2000).
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Generation of Dm Geminin antisera, coimmunoprecipitation,
and immunoblotting

To express Dm Geminin in bacteria, the coding region of Dm
geminin was PCR-amplified from the cDNA clone and cloned
into pGEX-2T using Pfu polymerase and the following PCR
primers: forward primer 5-GCGGATCCATGTCTTCGAGC
GCTGCCAGGGTC-3’, reverse primer 5'-GCGGATCCCTAG
GCGTTGACCTTGTCCTCGTC-3’ (BamHI sites used for clon-
ing are underlined). Bacterially expressed Dm Geminin protein
was purified on a SDS-polyacrylamide gel and used to inoculate
rats. After three boosts, the serum was harvested and used crude
or after purification on a protein G sepharose column.

For Western analysis, hsp70-GAL4 UAS-Dm geminin em-
bryos from a 4-h lay aged for 16 h at 18°C were heat shocked for
1 h and recovered for 1 h before collection. A similar time col-
lect of wild-type embryos were either heat shocked as for the
hsp70-GAL4 UAS-Dm geminin or aged for a further 2 h before
collection. Embryos from heterozygous Dm Geminin adults
were also from a 4-h lay aged for 16 h at 18°C (to decrease the
levels of the maternally supplied product). Protein was quanti-
tated using the BCA protein assay kit (Pierce).

For Immunoprecipitation extracts from a 0- to 16-h embryo
collect from w'??8, embryos were homogenized in HoB buffer
(25 mM HEPES at pH 7.4, 150 mM NaCl, 5 mM NaF, | mM
EDTA, 1 mM DTT, 0.1 mM Na,VO,, 0.1% Triton X-100, and
one complete Mini-EDTA free Protease Inhibitor cocktail tablet
[Boehringer Mannheim]). Dm Geminin (30 uL of 1:500) or Dm
Dup antibodies (30 uL of 1:1000) bound to protein A Sepharose
CL-4B beads were incubated with embryonic extracts, precipi-
tated by centrifugation, and resuspended in protein sample
buffer before loading on a 12% SDS-polyacrylamide gel. West-
ern analysis was carried out using the Dm Geminin or Dup
antibodies followed by horse radish peroxidase (HRP)-conju-
gated anti-rat or anti-guineapig antibodies, respectively. HRP
was detected using the ECL-Plus kit (Amersham Pharmacia).

Antibody staining, BrdU labeling, and microscopy

BrdU labeling and antibody staining of Drosophila tissues or
embryos were carried out as described previously unless other-
wise indicated (Richardson et al. 1995; Secombe et al. 1998). For
anti-Tubulin antibody staining, embryos were fixed in 5 ptM
Taxol (to stabilize the microtubules) and 50 mM EGTA for 1 h
in 8% paraformaldehyde. For ovaries, virgin adult females were
collected and aged in the presence of males for 36-48 h at 25°C
before dissection.

Rat anti-Dm Geminin antibody was detected using an anti-
rat-biotin-conjugated secondary antibody followed by streptavi-
din-Alexa 488 (Molecular Probes). Mouse monoclonal 22C10
(Developmental studies hybridoma bank) was detected using
anti-mouse-rhodamine. To detect En, the anti-En monoclonal
antisera (Developmental studies hybridoma bank), anti-mouse
rhodamine (raised in sheep), and anti-sheep rhodamine were
used. For double BrdU labeling and antibody staining, the anti-
body staining was carried out first on BrdU-labeled samples and
detected by biotinylated secondary antibodies followed by
streptavidin-Alexa 488 (Molecular Probes). Embryos were re-
fixed in 8% paraformaldehyde/PBT before acid hydrolysis and
detection of BrdU with the anti-BrdU monoclonal antibody
(Becton Dickenson) followed by anti-mouse biotin and strepta-
vidin-lissamine rhodamine. TUNEL staining was carried out
using the Roche AP in situ cell death detection kit as described
previously (Quinn et al. 2000). In the TUNEL-stained embryos,
En was detected using the anti-En antibody as described above
but detection was via streptavidin-alkaline phosphatase (AP)



using the fast-red (Roche) substrate. All secondary antibodies
were from Jackson Immunochemicals unless otherwise indi-
cated. Other antibodies were mouse monoclonal anti-Tubulin
(Developmental studies hybridoma bank), rabbit anti-phospho-
histone H3 (Santa Cruz), and rabbit anti-LacZ (Rockland). All
fluorescent-labeled samples were analyzed by confocal micros-
copy (Biorad MRC1000), whereas HRP or AP colormetrically
detected samples were analyzed on the Zeiss Axiophot Photo-
phot using Nomarski optics.

Scanning electron micrographs of adult eyes were carried out
as described previously on a Field Emission Scanning Electron
Microscope (Secombe et al. 1998).

DNA replication and chromatin-binding assays

To purify Dm Geminin for DNA replication and chromatin-
binding assays, Dm geminin was expressed in bacteria in the
pET28a vector. Dm geminin from pGEX-2T was amplified by
PCR and ligated into pET28a using the following primers: for-
ward 5'-GCGCGCCATATGTCTTCGAGCGCTGCC-3’; and
reverse 5'-GCGCGCCTCGAGCTAGGCGTTGACCTTGTCC
TC-3' (Ndel and Xhol sites are underlined). His-tagged Dm
Geminin was expressed and purified on nickel-agarose beads
using standard techniques (QIAGEN). The Dm Geminin protein
was dialyzed against 10 mM HEPES (pH 7.7), 200 mM NacCl
before use.

DNA replication assays and chromatin-binding assays were
performed from CSF-arrested Xenopus extracts as described pre-
viously (McGarry and Kirschner 1998). For chromatin-binding
assays, replication assays were diluted into a buffer containing
a non-ionic detergent and the chromatin was pelleted through a
sucrose cushion.
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