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Zygotic expression of the three rows (thr) gene of Drosophila melanogaster is required for
normal cell proliferation during embryogenesis. Mitotic defects in thr mutant embryos
begin during mitosis 15, and all subsequent divisions are disrupted. Chromosome dis-
junction and consequently cytokinesis fail during these defective mitoses, although the
initial mitotic processes (chromosome condensation, spindle assembly, metaphase plate
formation, and cyclin degradation) are not affected. Despite the failure of chromosome
disjunction and cytokinesis, later mitotic events (chromosome decondensation) and sub-
sequent cell cycle progression continue. The thr gene has been isolated and shown to
encode a 1209 amino acid protein that shares no extended sequence similarity with known
proteins. thr mRNA is present as maternal mRNA that degrades at the time of cellularization.
At this and all subsequent times during embryogenesis, zygotic expression correlates with
mitotic proliferation. These observations, together with the observation that the zygotic
phenotype of thr mutant embryos is influenced by the maternal genotype, suggest that the
embryonic phenotype results from exhaustion of the maternal thr contribution and does
not reflect a developmentally restricted requirement for thr function. Our results indicate
that the novel thr product is required specifically for chromosome disjunction during all

mitoses.

INTRODUCTION

Abundant stores of cellular components are stockpiled
in the mature eggs of Drosophila melanogaster. After fer-
tilization, these maternally derived products drive the
cleavage cycles independently of zygotic gene expres-
sion (Gutzeit, 1980; Edgar et al., 1986). The maternal
contribution of most components required for prolif-
eration appears to be sufficient for all of the embryonic
cycles. Mutations in genes encoding such components
therefore will not affect embryonic development. The
absence of zygotic expression also will not affect larval
development in these cases, because larval growth does
not involve proliferation but is dependent on endo-rep-
lication and cell size increase only. However, pupal de-
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velopment is expected to be dependent on zygotic
expression of these genes, because the imaginal cells
proliferate during the larval stages. Accordingly, defects
in genes required specifically for mitotic cell cycle pro-
gression are expected to result in late larval lethality
(Shearn et al.,, 1971; Szabad and Bryant, 1982; Gatti
and Baker, 1989).

Defects in embryonic proliferation with consequent
embryonic lethality, on the other hand, will result from
mutations in genes encoding essential cell cycle func-
tions if the maternal contribution is insufficient to pro-
vide for the entire set of embryonic cell cycles. This may
be expected in the case of regulatory proteins, because
the products of genes encoding regulatory functions are
often unstable. The genetic analysis of two important
cell cycle regulators (string and cyclin A) is consistent
with this notion. Mutations in the string gene, which
encodes a Drosophila homologue of the Schizosacchar-
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omyces pombe cdc25 gene, result in arrest of embryonic
proliferation in the G2-phase before mitosis 14, the first
embryonic division dependent on zygotic gene expres-
sion (Edgar and O’Farrell, 1989). The intricate tran-
scriptional regulation of zygotic string expression con-
trols the spatial and temporal program of the
postblastoderm divisions (mitoses 14-16) in the embryo
(Edgar and O’Farrell, 1990). Mutations in the gene en-
coding cyclin A, an unstable protein because of periodic
mitotic degradation, result in an arrest of epidermal
proliferation before mitosis 16 (Lehner and O’Farrell,
1989). To identify additional potential cell cycle regu-
lators, we have analyzed mitotic proliferation in em-
bryos homozygous for mutations that result in embry-
onic lethality. An extensive collection of such embryonic
lethal mutations has been generated (Jiirgens et al., 1984;
Niisslein-Volhard et al., 1984; Wieschaus et al., 1984).
In this report we describe the mutant phenotype and
molecular characterization of three rows (thr), a gene
whose zygotic expression is required for the embryonic
mitoses.

MATERIALS AND METHODS

Drosophila Strains

thr'™, thr™®, and thr'"" (Niisslein-Volhard et al., 1984) were provided
by C. Niisslein-Volhard. The dysgenic P-element allele, thr®, was
provided by P. Gergen, Stonybrook, NY. The deficiency Df(2R)Pcl11B,
Df(2R)XM82, and Df(2R)PcIW5 were provided by I. Duncan (Wash-
ington University, St. Louis, MO), G. Jiirgens (University of Munich,
Germany), and J. Kennison (NIH, Bethesda, MD), respectively. The
rescue crosses described used the following stocks: w; ry*® P[ry*A2-
3)(99B), w; TM6b/TM3, w; CyO/Sco, w; cn thr'™® bw/SMéa. Canton-S
stocks were used for wild-type egg lays. For Southern analysis (see
below) all thr mutants were crossed to the isochromosomal stocks cn
bw sp or b pr cn wx bw (provided by R. Tearle, University of Adelaide,
Australia).

Immunofluorescence Experiments

Embryos were collected and aged on apple juice agar plates at 25°C.
For double labeling with affinity-purified rabbit anti-cyclin A anti-
bodies and with mouse anti-cyclin B antisera, embryos were fixed
and stained as described previously (Lehner and O’Farrell, 1990).
Before labeling with anti 8-tubulin antibodies (Amersham, Arlington
Heights, IL), embryos were fixed as described by Karr and Alberts
(1986). DNA was labeled with Hoechst 33258 (1 pg/ul) (Somerville,
NJ). Pulse labeling with bromodeoxyuridine (BrdU), followed by im-
munolabeling with a monoclonal anti-BrdU antibody (Becton-Dick-
inson, Lincoln Park, NJ) was done as described by Edgar and O’Farrell
(1990). Immunofluorescent labeling was analyzed with a Zeiss Ax-
iophot (Thornwood, NY) microscope equipped for epifluorescence.
Technical pan film (Kodak, Rochester, NY) was used for photography.

Molecular Characterization of Deficiencies and
Chromosome Walking

Proximal (A1C1) and distal (AN /N + 8) genomic clones from a region
at 54F encompassing grainyhead were provided by S. Bray (Cambridge,
U.K.). Terminal fragments from these were used to extend this walk.
Clones were isolated from a Canton-S cosmid library (Tamkun, per-
sonal communication). The screening, isolation, and molecular analysis
of these cosmid clones and all other molecular methods described
were carried out using standard techniques described in Sambrook et
al. (1989).
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Southern blots of genomic DNA from adult flies were probed with
DNA fragments from isolated cosmid clones. Fly DNA was prepared
according to Jowett (1986), electrophoresed on 1.2% agarose gels,
transferred to reinforced nitrocellulose (Schleicher and Schuell, Keene,
NH), and hybridized with **P-labeled DNA fragments. Probes were
prepared using a random primer labeling kit (Bresatec, Adelaide, Aus-
tralia).

Genetic Transformation

The 11.0-kilobase (kb) Not I fragment shown in Figure 6 was subcloned
into the w* transformation vector pCaSpeR4 (Pirotta, personal com-
munication). DNA was purified using QIAGEN-tip 100 columns
(QIAGEN, Chatsworth, CA) and injected into embryos derived from
aw; ry®® P[ry* A2-3)(99B) X w; TM6b/TM3 mating. Transformant lines
carrying the 11.0-kb Not I fragment were crossed to thr mutant lines
to generate individuals carrying the transformed fragment in a cn
thr** bw /cn thr'® bw background. Survival of such individuals indicated
that the thr lethality was rescued by the presence of the 11.0-kb Not
I fragment.

Isolation of cDNAs, Sequencing, and Sequence
Analysis

Several cDNA clones were isolated from 0—4 h and 4-8 h embryonic
cDNA libraries (Brown and Kafatos, 1988) using Sal I fragments de-
rived from the genomic cosmid as probes. Fragments from one clone,
UJAS8, and from the 4.0-kb EcoRI genomic fragment were subcloned
into pBluescript (Stratagene, La Jolla, CA) and used for sequence
analysis. Double-stranded plasmid DNA was sequenced by the di-
deoxy method (Sanger et al., 1977) using Sequenase (United States
Biochemical, Cleveland, OH). The entire UJA8 cDNA insert was se-
quenced on both strands. Genomic sequence overlapping the 5' end
of UJAS8 (1.2 kb) was also determined in both directions. 3' sequence
analysis of a further nine distinct cDNA clones established the exis-
tence of alternative polyadenylation sites (see RESULTS).

Sequence comparisons were carried out using the computer pro-
grams of Staden (1980). Searches of GenBank and EMBL databases
used the FASTA (Pearson and Lipman, 1988) and BLAST (Altschul
et al., 1990) programs.

RNA Isolation and Analysis

RNA was extracted from staged embryos according to Chirgwin et
al. (1979). Total RNA was fractionated on 0.66 M formaldehyde, 1.2%
agarose gels (Davies et al., 1986). RNA was immobilized by blotting
onto nitrocellulose and hybridized with an antisense RNA probe syn-
thesised by T7 RNA polymerase transcription of a 421-bp HindIII
fragment (nucleotides —326-96, Figure 7) subcloned into a pBluescript-
derived vector. Filters were washed at high stringency (0.1 X SSC,
65°C) and exposed to autoradiographic film.

Whole-mount in situ Hybridization

Whole-mount in situ hybridizations were performed with staged
Canton-S and Df(2L)PC4 embryos according to the protocol of Tautz
and Pfeifle (1989) using digoxigenin probes (Boehringer Mannheim,
Indianapolis, IN) prepared by random priming with 10 times the nor-
mal concentration of oligonucleotides (Oh and Edgar, unpublished
modifications of Feinberg and Vogelstein, 1983). The UJA8 cDNA
clone was labeled as a thr-specific probe.

RESULTS

three rows Mutations Cause a Failure of
Chromosome Disjunction and Cytokinesis During
Mitosis-15

Antibodies against cyclin A or cyclin B are powerful
tools for the analysis of mitotic divisions in Drosophila
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embryos. Cyclin A and cyclin B accumulate during in-
terphase and are rapidly degraded during mitosis. Cells
that are about to enter mitosis are intensely labeled,
whereas cells that have just completed a mitotic division
are not labeled by anti-cyclin antibodies (Lehner and
O’Farrell, 1989, 1990).

Drosophila three rows Gene

An example of an immunofluorescent anti-cyclin A
antibody labeling of a wild-type embryo is shown in
Figure 1A. This embryo was fixed at the stage during
which the cells of the dorsolateral epidermis are in the
process of mitosis 15. The region of the dorsolateral
epidermis outlined with the white box in Figure 1A is

Figure 1. Mitotic defect in thr mutant embryos. Embryos were collected and aged to the stage during which the cells of the dorsolateral
epidermis progress through mitosis 15. Progression through mitosis 15 was analyzed after double labeling with anti-cyclin A antibodies (A
and B), anti-cyclin B antibodies (C and D), and with the DNA stain Hoechst 33258 (E and F). The region outlined in A and B is shown at
higher magnification in C and E and D and F, respectively. In wild-type embryos (A, C, and E), anaphase figures (arrowheads) were readily
detected in regions where anti-cyclin B labeling was very weak already (see star in C and E). In thr mutant embryos (B, D, and F), anaphase
figures were never observed. Anaphase figures were also absent from cells with the weak anti-cyclin B labeling characteristic of anaphase (see
star in D and F). During telophase, instead of the pairs of daughter nuclei that are present in wild-type (see for example arrows in E), a single

nucleus was observed in thr mutants (see for example arrow in F).
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Figure2. M-phase 15 in thr mutant embryos. Embryos were collected and aged to the stage during which the cells of the dorsolateral epidermis
progress through mitosis 15. Progression through this division was analyzed by double labeling with anti-g-tubulin antibodies (A and C) and
the DNA stain Hoechst 33258 (B and D). Corresponding regions from the dorsolateral epidermis are shown. Arrows indicate anaphase and
telophase figures that were readily detected in wild-type embryos (A and B) but not in thr mutant embryos (C and D).

shown at higher magnification after double labeling
with anti-cyclin B antibodies (Figure 1C) and a DNA
stain (Figure 1E). A great number of mitotic figures, in-
cluding anaphase and telophase figures (see arrowheads
and arrows, respectively, in Figure 1E), can readily be
observed in areas where anti-cyclin B labelling is absent
or weak.

An embryo that is homozygous for the thr mutant
allele thr'® is shown in Figure 1, B, D, and F. Anti-cyclin
A antibody labeling (Figure 1B) revealed that the embryo
is at approximately the same developmental stage as
the wild-type embryo described above (Figure 1, A, C,
and E). A close comparison, however, indicates that the
mutant embryo is slightly more advanced in develop-
ment than the wild-type embryo. The areas in the dor-
solateral epidermis that are no longer labeled with anti-
cyclin antibodies (Figure 1, C, and D) are somewhat
larger in the mutant embryo than in the wild-type em-
bryo. More cells are expected, therefore, to have com-
pleted mitosis 15. However, the DNA labeling dem-
onstrates that the completion of mitosis 15 is abnormal
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in mutant thr embryos. In contrast to wild-type, ana-
phase figures were not found in mutant embryos
(Figure 1F). Anaphase cells in wild-type embryos can
be identified after double labeling with anti-cyclin
antibodies. They are not labeled with anti-cyclin A
antibodies but are still very weakly labeled with anti-
cyclin B antibodies (see star in Figure 1, C and E).
However, in mutant embryos, regions that displayed
the characteristic absence of anti-cyclin A and weak
anti-cyclin B labeling of anaphase cells contained no
anaphase figures (see star in Figure 1, D and F). In
addition, normal telophase figures were also absent
in mutant embryos. Instead of the characteristic pairs
of daughter nuclei with decondensing chromatin,
which were observed in wild-type embryos (see ar-
rows in Figure 1E), chromatin decondensation was
observed only in single nuclei in mutants (see arrow
in Figure 1F) and not in pairs. The results of these
double labeling experiments with anti-cyclin anti-
bodies and a DNA stain indicate that chromosome
separation is defective in thr mutant embryos.

Molecular Biology of the Cell



Labeling with anti-tubulin antibodies provides an al-
ternative way to visualise mitotic cells in the Drosophila
embryo. Figure 2 presents regions from the dorsolateral
epidermis from wild-type and thr mutant embryos fixed
at the stage of mitosis 15 and double labeled with anti-
B-tubulin antibodies and a DNA stain. The results of
these labelings fully confirm the finding that chromo-
some disjunction is defective in thr mutant embryos.
Although anaphase and telophase figures were readily
observed in wild-type embryos (Figure 2, A and B, ar-
rows), thr mutant embryos appeared devoid of normal
anaphase and telophase figures (Figure 2, C and D).

The analysis of subsequent development in thr mutant
embryos indicated that thr function is specifically re-
quired for chromosome disjunction, because other pro-
cesses were not affected and continued normally. After
mitosis 15, cells returned to a normal interphase organ-
isation despite the fact that chromosome separation and
consequently cytokinesis had not occurred during M-
phase 15. Pulse-labeling with BrdU, which is incorpo-
rated into DNA during S phase, and visualization with
a monoclonal anti-BrdU antibody (Edgar and O’Farrell,
1990) indicated that entry into the next S phase (S phase
16) occurred normally in thr mutant embryos (Fig-
ure 3).

Cell cycle progression continued in thr mutant em-
bryos after S phase 16. M-phase 16 occurred at the cor-

Figure 3. S-phase 16 in thr mutant embryos.
Wild-type (A) and thr mutant embryos (B) were
pulse-labeled with BrdU during the stage of S
phase 16. Subsequently, embryos were fixed
and stained with a monoclonal antibody
against BrdU. S phase 16 occurs in thr mutant
embryos despite the failure of chromosome
disjunction and cytokinesis during the previous
mitosis. These mitotic defects result in the
characteristic reduction of cell density (insets)
allowing the identification of mutant embryos.
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rect developmental stage in thr mutant embryos (Figure
4), but double labelling with anti-8-tubulin antibodies
and a DNA stain failed to reveal normal anaphase and
telophase figures (Figure 4, C and D). Figures 3 and 4
also show that the cycle 16 thr mutant nuclei are fewer
in number and larger in size than wild-type cycle 16
nuclei because of the failure of disjunction at mitosis
15. After mitosis 16, cell cycle progression continued in
the peripheral nervous system (PNS) and CNS follow-
ing the normal developmental program of embryonic
proliferation. In these tissues, the increase in cell size
resulting from the polyploidisation during the progres-
sion through multiple cell cycles lacking chromosome
separation and cytokinesis was even more apparent than
that observed after M-phase 16 (Stratmann and Lehner,
unpublished observations). Despite these abnormalities,
major developmental events such as germband retrac-
tion, a complex morphogenetic movement after M-
phase 16, proceeded normally in thr mutant embryos
(D’Andrea, Stratmann, Lehner, John, and Saint, un-
published observations). Cell death occurred at very late
stages with a higher frequency in mutant compared to
wild-type embryos presumably as a consequence of the
polyploidisation and cell size increase. The same ob-
servation has been made previously in another mutant
in which a defect in cytokinesis leads to polyploidisation
and cell size increase (Hime and Saint, 1992).
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Figure4. M-phase 16 in thr mutant embryos. Embryos were collected and aged to the stage during which the cells of the dorsolateral epidermis
progress through mitosis 16. Progression through this division was analyzed by double labeling with anti-8-tubulin antibodies (A and C) and
the DNA stain Hoechst 33258 (B and D). Corresponding regions from the dorsolateral epidermis are shown. Arrows indicate anaphase and
telophase figures that were readily detected in wild-type embryos (A and B) but not in thr mutant embryos (C and D).

Failure of Chromosome Disjunction in three rows
Mutants Does Not Result from Absence of Mitotic
Spindles

All the previous observations indicate that thr function
is specifically required for chromosome separation. Fig-
ures 2 and 4 also indicate that mitotic spindles are still
assembled in thr mutant embryos. The careful compar-
ison of mitotic cells from wild-type (Figure 5, A-E) and
thr mutant embryos (Figure 5, F-L) during M-phase 15
at high magnification suggests that the mitotic spindle
in thr mutant embryos is fully functional at least until
metaphase. Metaphase spindles were indistinguishable
in wild-type (Figure 5A) and thr mutant embryos (Figure
5F). Moreover, the alignment of condensed chromo-
somes in the metaphase plate appeared completely
normal (compare Figure 5, A and F). The mitotic spindle
in thr mutant embryos, therefore, is not defective in
promoting the congression of the mitotic chromosomes
into the metaphase plate. Later in mitosis, the spindle
elongation of anaphase B was clearly visible in wild-
type embryos (Figure 5, C and D). However, only ru-
dimentary signs of spindle elongation were detected in

1166

thr mutant embryos (Figure 5, G-I). These extended
spindles in mutants were always much more irregular
than the wild-type counterparts and were not accom-
panied by separation of chromosomes (Figure 5, G-T).
Only in rare cases was separation of chromosomes ob-
served to a limited extent (Figure 5, K’ and L").

The rudimentary spindle elongation that was ob-
served in thr mutant embryos during mitosis 15 was no
longer observed during mitosis 16 (Figure 5M), sug-
gesting that some residual, maternally contributed thr
function might still have been present during mitosis
15, allowing the rudimentary spindle extension. Another
interesting difference between mitoses 15 and 16 was
noticed. During mitosis 16, but not mitosis 15, multi-
polar metaphase spindles were often observed (arrow
in Figure 5M). This result suggests that the centriole
cycle is not affected in thr mutants, because the cen-
trioles appear to be duplicated despite the failure of
chromosome disjunction and cytokinesis during mitosis
15. The resulting four centrioles appear to nucleate bi-
polar spindles in most cells, but occasionally tripolar or
tetrapolar spindles were nucleated.

Molecular Biology of the Cell



Figure 5. Mitotic spindles in thr mutant embryos. Wild-type embryos
(A-E) or thr mutant embryos (F-M) were fixed during mitosis 15 (A-
K) or mitosis 16 (M) and double labeled with anti-g tubulin antibodies
(A-M) and with the DNA stain Hoechst 33258 (A'-M’). Epidermal
cells during the completion of mitosis are shown. (A and F) Metaphase,
(B and G) early anaphase, (C and H) anaphase, (D and I) late anaphase,
and (E, J-L) telophase. Chromosome disjunction does not occur in
thr mutants except in rare cases where some chromatin separation is
apparent (K and L). Cells with multipolar spindles (arrow in M) are
present in thr mutant embryos during mitosis 16.
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The results described above were also obtained in
embryos that were homozygous for the allele thr' or
for Df(2R)XM82, which deletes the thr locus (Stratmann
and Lehner, unpublished observations). Therefore, this
phenotype reflects complete loss of thr function, and
the alleles thr'® and thr'" are likely to be amorphic.

Mapping and Cloning of the three rows Gene

The thr mutation was previously mapped genetically to
position 2-86 (Niisslein-Volhard et al., 1984). Genetic
and cytological mapping located thr to the interval 54F—
55A between the proximal breakpoints of Df(2R)Pcl11B
and Df(2R)PcIW5 (Tearle, personal communication;
Saint, unpublished data). This placed thr between the
grainyhead (grh) locus (Bray and Kafatos, 1991) and the
protein phosphatase Y gene (Dombradi et al., 1989)
(D’Andrea and Saint, unpublished observations).

The region containing thr was isolated in a chromo-
some walk that was initiated from the 3’ end of the grh
gene. Cosmid 3.3a was isolated with DNA probes from
grh (Figure 6). Comparison of the signal intensity when
terminal restriction fragments of this cosmid were used
to probe genomic DNA isolated from flies heterozygous
for Df(2R)Pcl11B or from flies carrying an isochromo-
somal 2nd chromosome demonstrated that the proximal
breakpoint of Df(2R)Pcl11B lay within this cosmid (Figure
6) (D’Andrea, John, and Saint, unpublished observa-
tions). In addition, Southern analysis with the terminal
6.5-kb Sal I fragment of this cosmid revealed the pres-
ence of a complex polymorphism in the thr®" allele, an
allele derived from a hybrid dysgenic cross (Lindsley
and Zimm, 1992; Gergen, personal communication).
The restriction mapping data of the thr® mutant chro-
mosome is cOnsistent with two insertion events, one of
an apparently intact P-element and a second of un-
known type (Figure 6). To characterize the nature of
these poleorphisms in more detail, EcoRI fragments
from thr® /cn bw sp genomic DNA were cloned into a
Agtl0 vector. An Xba I-Sal I fragment spanning the
polymorphic fragments was used to probe for recom-
binants containing these fragments. A 0.6-kb internal
Sal I fragment was identified as a fragment covering the
site of the P element insertion and was subcloned for
sequence analysis. This defined the insertion site of the
P element (Figures 6 and 7). The eight nucleotides ad-
jacent to the insertion site show five matches with the
consensus derived for P element integration sites by
O’Hare and Rubin (1983). The exact nature of the sec-
ond lesion in the adjacent EcoRI fragment was not de-
termined, although Southern hybridization results are
consistent with a non-P-element insertion generating
the novel EcoRI fragment of 3.7 kb. Genetic analysis
revealed that the thr® allele was not revertable in the
presence of P transposase. We have not determined
whether this nonreversion was because of a defect in
the P-element insertion or because of an effect of the
second insertion on expression of the thr gene.
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Figure6. Restriction map of the grh-thr region. The region deleted in chromosomal deficiency Df(2R)Pcl 11B is marked by dashes. Two insertion
polymorphisms in the thr®" allele relative to the iso-1 isochromosomal line from which the cosmid library was derived (Tamkun, personal
communication), one of which was shown to be P element derived, are shown. The position and orientation of the grh and thr genes are
indicated, as well as two cDNA clones UJB6 and UJ4c from transcription units flanking thr. The longest thr cDNA clones UJA8 and UJE6 are
represented. The region spanned by three cosmid clones is shown, as well as that of an 11-kb fragment, derived from cosmid 3.3A, which was

found to be capable of rescuing the thr mutant phenotype.

DNA probes from this region were used to isolate
cDNA clones from early embryonic libraries (Brown and
Kafatos, 1988). Southern blotting and restriction enzyme
cleavage mapping allowed the transcribed regions to be
positioned accurately on the molecular map of this re-
gion (Figure 6). Three transcription units were identified
(Figure 6). One transcription unit, defined by cDNA
clone UJA8, was shown to span the P-element insertion
site in thr®". DNA sequence analysis of the mutant allele
revealed that the UJA8 coding region was interrupted
by insertion of the P element (Figure 6).

An 11-kb genomic DNA fragment, which covered
this transcript but excluded parts of the neighbouring
transcripts (Figure 6), was introduced into the Drosophila
germline by P element-mediated transformation. Two
independent transformants, crossed into a homozygous
thr mutant background, rescued the thr mutant phe-
notype (D’Andrea, John, and Saint, unpublished ob-
servations), confirming that this transcription unit cor-
responds to the thr gene.

Structure of the thr Gene and Its Product

Despite repeated attempts at screening cDNA libraries
for full length cDNA clones, no clone that contained
the entire protein coding region was isolated. Conse-
quently, the 5" sequence of thr was obtained from ge-
nomic fragments derived from cosmid clones (Figure 7).
The assembled cDNA and genomic sequences (Figure
7) revealed a large open reading frame (ORF) encoding
a predicted 1209 amino acid polypeptide. The ORF thus
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defined was shown to be contiguous within the mnRNA
by RNase protection analysis (John and Saint, unpub-
lished observations).

Comparison of the genomic and cDNA sequences in
the region of overlap revealed the existence of an intron
of 58 base pairs (bp) between positions 779 and 780 of
the ORF (Figure 7). This intron contains consensus splice
sequences (Shapiro and Senapathy, 1987) at the junc-
tions with the ORF. Although restriction mapping of
cDNA and genomic DNA fragments failed to detect
any other introns, the existence of other similarly sized
introns cannot be excluded. Six nucleotide substitution
polymorphisms were found between the cDNA clone
UJA8 and genomic DNA-derived sequences. Three of
these would result in changes in the amino acid se-
quence of the encoded product, two of the changes
being conservative (Figure 7). These polymorphisms
may be the product of error prone replication by reverse
transcriptase in construction of the ¢cDNA library.
However, the sequence of an additional seven inde-
pendent cDNA clones with different 5 termini, derived
from the same cDNA library, revealed only a single
nucleotide difference (nucleotide 2328, Figure 7) in a
2.4-kb region of overlap with the longest clone, UJAS.
These data and the silent or conservative nature of five
of the six changes make it more likely that the poly-
morphisms observed between the cDNA and genomic
DNA sequences reflect true sequence differences be-
tween the different strains used to generate the cDNA
and genomic libraries.

Molecular Biology of the Cell
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AKTMNMEKCLGPTSVETILITILIKLVRQLTYVADG QVTTC CZPTET GQHMS SV 412
005 dcenomc
TTCGT 1T TCTTTAAGGCCAGC TCCCATTGCCCCGATTC
I.I.PLLEPLQKLlPLVADQI)IISSLLRRLFXASS"CCI)SMQ

Eco
1108 can?mm AAGC'!AG‘PTATTTWCM

A C S YL ASI TNPARLRSQYVC I.. YY HNLGKIKTGT E 386

1215 AGATCAAAAGGTGTGTCTACGAGTGGCACGAGTCCACGCCACTACCTTITCCCTC WNWWWAMTACCGATTTWCTTACTACAC
I KXRCVYEVYHESTPLPTFPLT QK K QL D F F A 422

1325 TAI'I'NMAGWC‘I‘TC‘I‘ACCCCTC TA‘I’GGAATCACT‘I‘AUW! TGGTACTCT ATGCG, TCGATTTC
YLRSPST H R CRTSDYHLVLLARQMEPBRKTDTDS S I S 45

1435 GAAGAAATGCATAGAGGTTCATGATAAGCTAAGGCAACAACGTTCGC TCAGTCGAATGGATAACTTGTGC TACTAC TGG
K X C 1 EVHDEKLRQQRSTLSRMDNLTCLGHNA SYGLTLLTDATLE 488

1845 AGOCTCMAMACCMAG‘I‘T‘I‘CCACCMOGAGATM ATGT ATACAA

Q S TKE TENMTFTETETLTLTLSKN Il. ¥y QM N l Q REQR l. 532
1655 GTCAA TYGAWAT‘I'GAT‘IGA
V N T S 1 DWEA 569

1765 TACTGCCAATGCACTTTCAAGTA TCGTTTTA
DAIA'I‘ANALSSIGYQSIEDDAILLLLIHGRLLlnkl‘l‘dm

Figure 7. Nucleotide sequence and derived

amino acid sequence of thr. The nucleotide se- 87 S oo oc T A AT T L AN TE kML TG R TPMTTORMTTAAR BMTTT B L™ a2
quencae Of the Drost')phlla thr .gene hasaloqg ORF 1985 TGGCCTCAATTGAAAAATGGCAAATTCT AACTACGGTAATGCTCTCTTTTTGTCACC TCGAATGCTATACTCAT“
encoding a theoretical protein of 1209 amino ac- TEQULUKNGCKFFKRGQTTVMNLCFGCHTLASYYARMWE 679
ids. The derived amino acid sequence is shown 0, AT TG TTC TATTOEA TG TGO AACAAC TTCCGAAGAGT TTCC TGACAGACAACGAAAAGTGATATTGTATTGC TTACACTOCAMACCETOCOCTITECATTIGOST
in one letter code below the nucleotide sequence. et LR Recxs tribe

The 5’ termini of the two longest cDNA clones 2205 atcaccasaceaaccearccaaTToeacae Tc TGGACATTCTTC TTTTICCANTCTATCCAGTITAGATERCGGC
UJASandUJE6al‘eShOWnTheextentofnu- QQRKPTNCRLPTPLRQLDILLDNVRSFCNL 752

. T{UIA9
1 1 - A T ACCGAA. ICATTTGGTACT!

cleotide sequence derived from subcloned frag- 2us fcmcgwm: wm;- GTCAGGGAAACCACCEAGTCCTCTCCCANGACATTAAGOCAMGACTGTCCTTCTCCACATTECACTACATTTGETACTCER

ments of cosmid 3.3a are arrowed. A 58-bp intron
. : 'TCG. G'I"I‘GAGACTC TCCACC TT
l'eveal ed by sequ en Clng Of gen omic fra gments 2425 ATCTGGCITOGC'I‘TTMGAGCCATAgACG'I‘ATTCCT‘I‘GCATOGTTATCGACCMHWAMTOEAA;GTP‘C%ACQAGCCC&AA AA( A HA 426

and SIx nucleotlde SUbShtutlon polymorphlsms 2838 GWAOGTATAMACAGCTGM‘I'CCAACGAGTAGWCGGAMAGGMGAT‘I‘AMJGANTMMﬂAmmOGCTAGTMTATCCATCWMTTGGTGGAG

relative to the cDNA sequence are indicated. Dif- qQ PEKE A HL T QL 862
Ut eI e i e T B i R A
shown above the ¢ sequence. Amino aci

e Eco Rl e AMCAGCGAACANTTGEAGE
substitutions that result are shown below the =zss GROGCCACCGANTCTTCCAS CEAGE TOEANTGCT TGTACTTTGTAMCOSOCTOTC TACKTGCACTTCTCCETTTCTOEAGAGARACAGCGAACANTTIEAGE o

UJA8 amino acid sequence. A further nucleotide
substitution polymorphism and conseqUENt 55 AT ICTATEGAGACOCATACTCCATCEAGGAMMMACCTECGUTGAGTIGERCTTTCATECEYTOT UEATRCCEMGMGE TETATQTERCATETTEOCT

amino acid sequence difference detected in cDNA reacoccecialiam Conomie rAGCTAAAGACGGC

. . . . ATTAA
clone UJA9 is indicated. Nucleotide sequence 27 QoA oA T A T A oA T o TR R TRk ATTRATECRAPA NIRRT R 100w

. . H

derived from the dysgenic al,l,ele thr® ex.t e,?ds 3085 TCAGTTAGAACTCAA TCCTTCCACCTGCTTTCGTATTCAATCACTCACCCGAAGATAAGAAACGAACCGCAACAGGAT
from the arrowhead marked ‘“BH Genomic” to T TR R T M T R A LV N S P ED KK R T A TGS 108
the position indicated as ““P ele” where the cDNA ;4 OO T TCAGCAG TCAA A TACCECGTC TAAAG TTAMACACICOOCCAMANCECACCTECATICAGM TTTACGAGGAGE TOGMTACGACCACCMIGTECTACCAGT |,
sequence is interrupted by a consensus P element
right arm (O'Hare and Rubin, 1983). The nu. s egmpocpogrpsepegoueipepmio g g g gy T R BB BT T s
cleotide at which poly A tails commence in ! Hinai11
clones UJA8 and UJES is arrowed in the 3 un- s ojsienpepepoguinuieoepiaugccpogionseplBgompugrpmuea e ogumiqugass o
translated sequence. Putative polyadenylation
. . . . . ACA. A AGCGAAC AA
signals are underlined. A region of amino acid 3 A A T R R G "V E T P K T AT LSS KRTHRRGVLE e
Sequence WIth Slm‘1anty to P,a rt Of the product 3838 GCACAGGCTCCCGAA, u.\nuu.lu‘ﬂAGATAGTAC‘\'C‘I‘CCTTAGTTCGTATTTAT‘I‘C'I‘TATCGAAMTG‘I‘CTTWATTT
of the nuc2 gene of S. pombe is boxed. Four po- AQAPETESISTRTREHERE.:
tential PEST sequence with PESTFIND scores g4 yunu AAAGAGCTTT IR A AT AT TG T T T T TTATCTTOTG0CAGGGACAGTAGTGACGTTCTACAGATGTCCTTGET
(Rogers et al., 1986) of 9.4, 14.9, 2.7, and 2.5 lie

: cc A r r
between residues 395-409, 1076-1099, 1142 %% coa ! o A')‘:‘“ TICCCGTTGCTAT
1163, and 1188-1204 respectively. 3965 GGATAACATATTAACTTATTATCTATAATCTTTATGCATITTTAAAGT TGCGAAAAAATAAATAAMATGAAACAAAT 4041
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Sequence analysis also indicated the existence of al-
ternate polyadenylation sites in thr transcripts. Of 10
distinct cDNA clones obtained from a 4- to 8-h library,
eight (including UJE6, Figure 7) had a 111 bp 3’ un-
translated region, whereas UJA8 (Figure 7) and one
other independent clone had a 356 bp 3’ untranslated
region. Consensus polyadenylation signals (Proudfoot,
1991) were found 51 and 21 bp, respectively, upstream
of the poly A tails (Figure 7).

The only large ORF derived from the sequence anal-
ysis encodes a highly basic (basic/acidic 182/124) ser-
ine-rich (9.8%) protein of predicted molecular weight
137 849 Da. A hydropathy profile (Kyte and Doolittle,
1982) suggested that thr encodes a protein with no ex-
tended stretches of hydrophobic residues (John and
Saint, unpublished observations). Given the highly basic
nature of the encoded product, particularly at the C-
terminal end, the occurrence of three potential nuclear
targeting sequences (Figure 7) of the bipartite type
(Dingwall and Laskey, 1991) is not surprising. The pu-
tative thr-encoded protein also contains four regions 3
at the C-terminal end (see legend to Figure 7) that give
high scores with the algorithm for identifying PEST se-
quences (Rogers et al., 1986). PEST sequences are se-
quences rich in proline, glutamic acid, aspartic acid, ser-
ine, and threonine, flanked by basic amino acids that
are present in many unstable proteins.

Comparisons with sequence databases using the pro-
gram FASTA (Pearson and Lipman, 1988) revealed no
extended sequence similarity to any known protein. By
contrast, the program BLAST (Altschul et al., 1990),
which optimizes matches between short motifs, indi-
cated that a sequence at residues 535-559 of the en-
coded product exhibited 44% identity (smallest Poisson
probability 0.015) with residues 220-244 of the product
of the nuc2 gene of Schizosaccharomyces pombe (Figure
8). nuc2 encodes a 665-amino acid residue protein with
an essential role in mitosis (Hirano et al., 1988). The
possible significance of this similarity is discussed below.

Developmental Expression of the thr Gene

Hybridization of a thr cDNA probe to a developmental
Northern blot of total RNA detected high levels of thr
transcripts in embryos <4 h postfertilization (Figure 9).
Two species of transcript of size 4.4 and 4.7 kb were
observed. The basis of the difference between the two
transcripts has not been elucidated, although the alter-
native 3' polyadenylation sites contribute, at least in part,

S. pombe nuc2 220 snssnsnr@xurnn ASE|LP G S|E| 244
D. melanogaster thr 535 RSER[I SAF®ONFIFDRMD|IOEP|LISAN 559
Figure 8. A region of amino acid sequence similarity between the
thr-encoded product and the S. pombe nuc2 product. Identical residues
are boxed and conservative substitutions using the following grouping:

ALV, LMK R DE;S, T;N, Q; Y, F are circled. The derived nuc2
sequence is from Hirano et al. (1988).
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Figure9. Detection of thr transcripts during Drosophila development.
Northern blot of poly(A)*RNA isolated from staged embryos probed
with a 421 nucleotide antisense RNA probe. Two hybridizing bands
corresponding to 4.4- and 4.7-kb transcripts were apparent on the
original autoradiogram but are obscured in the long exposure shown
here to illustrate the levels of thr mRNA during embryogenesis.

to this difference. Beyond 4 h, transcript levels were
reduced but remained detectable throughout embryo-
genesis. RNase protection experiments also detected thr
transcripts in third instar larvae, adult males and females
and Drosophila Schneider line 2 cultured cells (John and
Saint, unpublished observations), consistent with an
association between thr expression and cell proliferation
in all tissues. Adult female transcripts presumably in-
clude maternal thr transcripts generated during oogen-
esis (see below).

To characterize the spatial and temporal distribution
of thr mRNA during embryonic development, digoxi-
genin-labeled cDNA, derived from clone UJA8, was
hybridized in situ to fixed embryos (Figure 10).
Throughout the syncytial cleavage divisions before cel-
lularization, embryos exhibited high levels of thr tran-
scripts (Figure 10A) (John and Saint, unpublished ob-
servations). In these syncytial embryos, the thr
transcripts appeared to be concentrated around the nu-
clei. A similar distribution has been observed for tran-
scripts of cyclin B (Lehner and O’Farrell, 1990) and has
been shown to be dependent on microtubule integrity
(Raff et al., 1990) and sequences in the 3' nontranslated
region (Dalby and Glover, 1992). After cellularization,
levels of thr transcripts were seen to remain high and
evenly distributed, except for a higher concentration in
the region of the pole cells (Figure 10B). During germ
band extension, transcript levels were high except in
the amnioserosa (Figure 10C) but declined during cycles
15 and 16 (Figure 10D) to be undetectable in most tissues
before germ band retraction. Significantly, there was no
indication of any stage-specific regulation of thr tran-
script levels during cycle 15. At the germ band extended
stage and the early stages of retraction, thr expression
was clearly observed in cells of the central and periph-
eral nervous systems (Figure 10, E and F). After germ
band retraction, thr transcripts were confined to a subset
of cells within the ventral nerve cord and in the prolif-
erative centres of the brain lobes (Figure 10, G and H).
These are the only proliferating tissues at this stage of
development. Expression was not detected in cells un-
dergoing endo-replication cycles, cycles of DNA repli-
cation that proceed in the absence of mitosis to generate
polytene chromosomes (Smith and Orr-Weaver, 1991).

To follow the fate of the maternal contribution during
embryonic development, embryos derived from parents

Molecular Biology of the Cell



Figure 10. Expression of the
Drosophila thr gene during em-
bryonic development in wild-
type and thr-deficient embryos.
Whole mount embryos were
hybridized with the UJAS8
cDNA labeled by incorporation
of digoxigenin-11-dUTP. Hy-
bridization was detected using
an alkaline phosphatase cou-
pled secondary antibody de-
tection system. All embryos are
oriented with anterior to the left
and ventral side down unless
otherwise indicated. (A) Cleav-
age stage embryo exhibiting
perinuclear distribution of
transcript. (B) An embryo at
cellular blastoderm with rela-
tively uniform message distri-
bution. (C) Germ band ex-
tended embryo with uniform
staining in all but the amniose-
rosa. (D) Germ band extended
embryo with reduced staining
in all but cells of the CNS. (E)
Embryo in early stage of germ
band retraction showing
expression in cells of the CNS
and PNS. (F) Ventral view of
an almost complete germ band
retracted embryo showing
transcripts in segmentally reit-
erated cells of the CNS and
PNS. (G) Fully germ band re-
tracted embryo with staining in
ventral nerve cord and brain
lobe (CNS). (H) Dorsal view of
fully germ band retracted em-
bryo with transcripts confined
to cells in the proliferating
margins of the brain lobes. (I-
K) Progeny of Df(2R)PC4/CyO
parents. Df(2R)PC4 removes thr
in its entirety. One-quarter of
the embryos at cellularization
and later stages were lacking thr
transcripts. (I) An embryo dur-
ing cellularization showing lack
of transcripts in all cells except
pole (presumptive germ) cells.
(J) Cellular blastoderm at higher
magnification showing punc-
tate staining in pole cells. (K)
Early germ band extended em-
bryo with transcripts restricted
to the pole cells.

heterozygous for the deficiency Df(2L)PC4, which re-
moves thr, were examined by in situ hybridization.
During the syncytial divisions, all embryos exhibited
uniformly high levels of transcript, as observed in the
progeny of wild-type parents (results not shown). Dur-
ing cellularization and early germ band extension, a
majority of the embryos again resembled wild-type. At
these stages and later in development, however, ap-
proximately one-quarter of the progeny exhibited dra-
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matically lower levels of thr transcripts in all cells except
the pole cells (Figure 10, I-K). These embryos presum-
ably correspond to the homozygous deficiency embryos.
Double staining with the DNA stain Hoechst 33258
showed that the unstained fully germ band extended
embryos exhibited the mitotic defect characteristic of
homozygous thr embryos, as expected (John and Saint,
unpublished observations). We conclude that maternal
thr mRNA is rapidly degraded at the time of cellulari-
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zation and that thr transcripts observed late in cycle 14
and in subsequent cycles are the product of zygotic
transcription. The transition from maternal transcripts
to zygotic transcripts during cycle 14 is not marked by
a stage in which thr transcripts are absent.

At higher magnification, the distribution of thr mRNA
in embryonic cells was observed to be punctate and
perinuclear (Figure 10]) (John and Saint, unpublished
observations). Such a subcellular distribution appears
identical to that observed in pole cells for cyclin BmRNA
(Lehner and O’Farrell, 1990), which resides in cyto-
plasmic granules. The irregular, granular distribution of
thr mRNA within germ cells is also observed in somatic
tissues (see staining in cells of PNS, Figure 10E) and is
in marked contrast to the uniform cytoplasmic staining
we have observed for many other types of transcripts.

The Maternal thr Genotype Influences the Zygotic
Mutant Phenotype

As described above, phenotypic abnormalities in em-
bryos homozygous for strong thr alleles were observed
first at mitosis 15. On the basis of the patterns of thr
expression, this delayed onset of phenotypic manifes-
tations in homozygous thr embryos is likely to be be-
cause of the presence of maternally derived thr product
during mitoses 1-14. The phenotypic analysis of em-
bryos carrying a temperature-sensitive allele, thr'"”, pro-
vides further strong support for this explanation. At
29°C, an essentially amorphic phenotype was observed
in embryos homozygous for this allele. In contrast, at
18°C all divisions up to and including mitosis 16 oc-
curred normally. However, the divisions that occur late
during embryogenesis in the CNS were clearly affected
in homozygous mutants. Moreover embryonic lethality
still occurred. The allele thr'", therefore, although tem-
perature-sensitive, does not provide wild-type function
at 18°C.

The phenotypic analysis of embryos transheterozy-
gous for the temperature-sensitive allele thr'"" and the
strong allele thr'” revealed a maternal effect. The onset
of phenotypic manifestations at 18°C in such transhet-
erozygous thr'"V /thr'® embryos was early (during mitosis
16), if the strong thr'® allele was derived from the
mother, and late (during the late divisions in the CNS),
if the weak thr'™ allele was derived from the mother
(Stratmann and Lehner, unpublished observations). As
the only differences between these two types of progeny
were the maternal versus paternal differences in ge-
notype, the difference in phenotype can only be ac-
counted for by a maternal effect of the thr gene. Thus
decreased maternal contribution provided by the
mothers that are heterozygous for the strong allele must
have exhausted earlier than the maternal contribution
provided by the mothers with the weak allele.

DISCUSSION

The thr gene of Drosophila was identified in a screen
for zygotic embryonic lethal mutations that result in
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cuticular pattern defects (Niisslein-Volhard et al., 1984).
The thr mutant phenotype is shown here to result from
disruption of the embryonic cell cycles. Specifically,
chromosome disjunction and, consequently, cytokinesis
are affected in the mutant embryonic mitoses. In em-
bryos homozygous for the strongest thr alleles, these
mitotic defects first appear during the 15th mitosis after
fertilization. During this mitosis, however, cyclin deg-
radation and DNA decondensation occurs. In addition,
a cycle 16 S phase and an abnormal cycle 16 mitosis
are observed. Thus cell cycle events appear not to be
affected, leading to the conclusion that the primary
consequence of a loss of thr function is a failure of chro-
mosome disjunction. This phenotype also shows that
cell cycle progression in Drosophila can proceed inde-
pendently of chromosome disjunction. thr transcripts
are observed in all dividing cells during embryogenesis,
suggesting that thr plays an essential role in chromo-
some disjunction in all somatic mitoses. We are yet to
explore the possible role of thr in germline mitoses and
in meiosis.

Manifestation of the zygotic thr mutant phenotype
as early as cycle 15 is very unusual for a Drosophila cell
cycle gene. Of the large number of genes that are re-
quired to complete a cell cycle, zygotic expression of
only the string, pebble, cyclin A, and fizzy genes is known
to be required before completion of the first 16 cycles,
the cycles that generate nearly all but the neural and
imaginal tissues of the larva. The genetic and molecular
evidence reported here argues strongly that this early
requirement for zygotic expression results from the in-
stability of the maternal thr contribution. The maternal
thr mRNA appears to be destabilized upon cessation of
the cleavage divisions. An apparently constant pool of
maternal thr mRNA was found in all cleavage stage
embryos. In embryos homozygous for a thr deficiency,
this pool was observed to rapidly decrease after ces-
sation of the cleavage divisions, so that at the time of
cellularization, thr mRNA levels were reduced to un-
detectable levels in all cells except pole (germ) cells. In
normal embryos, however, the levels of thr mRNA were
maintained at a much higher level during these stages,
showing that zygotic transcription was supplementing
the rapidly degrading maternal mRNA. The disappear-
ance of maternal thr transcripts at this time is consistent
with the temporal onset of the mutant phenotype. In
embryos homozygous for amorphic alleles, sufficient
thr product is presumably translated from the maternal
thr mRNA before its degradation for a normal 14th mi-
tosis to occur and perhaps for a rudimentary mitosis
15. Such a persistence of the maternal thr protein is also
suggested by the observation that the maternal thr ge-
notype affects the time at which the mutant phenotype
becomes evident. The dependence of the zygotic phe-
notype on the maternal genotype, the absence of any
stage-specific regulation of thr transcripts during cycles
14 and 15, and the expression of thr in all proliferating
embryonic cells argues against the possibility that the

Molecular Biology of the Cell



thr embryonic phenotype results from a developmen-
tally restricted requirement for thr function. Rather, our
results are consistent with the idea that thr function is
provided maternally and that in homozygous mutant
embryos the maternal contribution becomes insufficient
before mitosis 15, at which stage the mutant phenotype
manifests itself because of a failure to produce functional
zygotic thr products.

The apparent stability of the maternal thr mRNA
during the cleavage divisions, compared with the in-
stability during cellularization suggests that, upon com-
pletion of the cleavage divisions, RNA degradative
pathways, which are specific for certain transcripts, are
activated. The change in stability is dramatically evident
for maternal string transcripts (Edgar and O’Farrell,
1989) and for maternal Drosophila cyclin E transcripts
(Richardson et al., 1993). The basis for the decreased
stability of these maternal transcripts after the cleavage
divisions is yet to be determined for any of these genes.

The reason for the failure of chromosome disjunction
in thr mutants has not been determined. It appears not
to result from failure to form the mitotic spindle. An-
tibodies against 8-tubulin revealed the presence of nor-
mal mitotic spindles in thr mutants. The thr sequence
does not suggest a biochemical role for the thr product.
thr transcripts have an ORF that encodes a 1209-amino
acid protein with no extended sequence similarity with
any known protein. thr is thus unlikely to be directly
responsible for chromosome movement, having no ho-
mology to any known motor protein. The only potential
clue to the function of the thr protein provided by the
sequence is a very small but apparently significant sim-
ilarity to sequences found in the nuc2 protein of S. pombe.
nuc2 encodes a protein that is localized to the nuclear
scaffold (Hirano et al., 1988) and, like thr, is required
for chromosome disjunction. The region of similarity
may correspond to a functional domain because it lies
within a small region of the nuc2 protein defined in
vitro as a DNA binding domain (Hirano et al., 1990). It
should be noted, however, that thr appears not to be a
true homologue of the nuc2 gene. The protein encoded
by nuc2 exhibits another domain that consists of repeats
of the Tetratricopeptide snap helix (Sikorski et al., 1990),
a motif that is not present in the thr product. Conversely,
bimA, the putative nuc2 homologue of Aspergillus ni-
dulans (O’Donnell et al., 1991) encodes a product that
lacks sequences resembling the region of similarity be-
tween thr and nuc2. Finally, in contrast to thr, nuc2 mu-
tants do not initiate a further round of replication after
their failure to separate sister chromatids but appear to
undergo a true cell cycle arrest in a metaphase-like stage
(Hirano et al., 1988). Thus the significance, if any, of
this limited but apparently significant homology remains
to be demonstrated.

Several other possible roles for the thr product remain.
It could form part of the kinetochore or be involved in
the generation of proper kinetochore structure required
for the normal attachment or activity of motor proteins.
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Alternatively, it could be involved in an intracellular
signaling mechanism that triggers separation of the
chromosomes during mitosis. Finally, it could be re-
quired for the physical detachment of the sister chro-
matids that allows them to be separated. In this regard,
topoisomerase has been implicated in the detachment
of sister chromatids. Topoisomerase inhibitors can
phenocopy the thr mutant phenotype, but only if low
doses are used (Buchenau et al., 1993). This study
showed, however, that high doses of topoisomerase in-
hibitors affect chromosome condensation, a process that
is not affected in thr mutants. It seems unlikely, there-
fore, that the inhibitors target a function that directly
involves the thr protein.

The early embryonic phenotype observed in thr mu-
tants may be informative with regard to thr function.
Previous work suggested that the maternal contribution
of essential mitotic cell cycle function is sufficient for
all embryogenesis (Shearn et al.,, 1971; Szabad and
Bryant, 1982; Gatti and Baker, 1989). Mutations in genes
providing such essential mitotic functions are therefore
not associated with embryonic lethality but result in
lethality much later at the larval/pupal boundary. The
early thr phenotype that results from a higher level of
instability of the maternal thr contribution, suggests that
thr may play a regulatory rather than a structural role
during mitosis. This would be consistent with the fact
that the only other characterized cell cycle genes that
have been shown to exhibit embryonic lethality, string
and cyclin A (Edgar and O’Farrell, 1989; Lehner and
O'Farrell, 1989), are known cell cycle regulatory genes.
A test of this suggestion awaits a detailed biochemical
characterization of the novel thr product and of its es-
sential role in chromosome disjunction during mitosis.

ACKNOWLEDGMENTS

The first four authors contributed equally to the work presented in
this paper. We are indebted to Sarah Bray for providing us with A
clones from the 54F region and John Tamkun for providing a Dro-
sophila cosmid library. We particularly thank David Glover and Myles
Axton for freely communicating information and sharing cosmid clones
before publication and Rick Tearle for assistance with genetic analysis.
Special thanks to Peter Wigley for help with the 55A walk, Kathy
Soltis and Paul Moretti for dechorionating, and Brandt Clifford for
technical assistance. This project was supported by a grant from the
Australian National Health and Medical Research Council. R.DA.
was supported by an Australian Research Council QEII Fellowship.
U.PJ. is supported by a Commonwealth Postgraduate Research
Award. The nucleotide sequence data reported in this paper have
been assigned GenBank accession number U03276.

REFERENCES

Altschul, S.F., Gish, W., Miller, W., Myers, EW., and Lipman, D.J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.

Bray, S.J., and Kafatos, F.C. (1991). Developmental function of Elf-
1: an essential transcription factor during embryogenesis in Drosophila.
Genes & Dev. 5, 1672-1683.

Brown, N.H., and Kafatos, F.C. (1988). Functional cDNA libraries
from Drosophila embryos. J. Mol. Biol. 203, 425-437.

1173



R.J. D’Andrea et al.

Buchenau, P., Saumweber, H., and Arndtjovin, D.J. (1993). Conse-
quences of topoisomerase inhibitors in early embryogenesis of Dro-
sophila revealed by in vivo confocal laser scanning microscopy. J. Cell
Sci. 104, 1175-1185.

Chirgwin, ].M., Przybyla, A.E., MacDonald, RJ., and Rutter, W.].
(1979). Isolation of biologically active ribonucleic acid from sources
enriched in ribonuclease. Biochemistry 18, 5294-5299.

Dalby, B., and Glover, D.M. (1992). 3' non-translated sequences in
Drosophila cyclin B transcripts direct posterior pole accumulation late
in oogenesis and peri-nuclear association in syncytial embryos. De-
velopment 115, 989-997.

Davies, L.G., Dibner, M.B., and Battey, ].F. (1986). Basic Methods in
Molecular Biology, New York: Elsevier.

Dingwall, C., and Laskey, R.A. (1991). Nuclear targetting sequences-
a consensus? Trends Biochem. Sci. 16, 478-481.

Dombradi, V., Axton, .M., Glover, D.M., and Cohen, P.T. (1989).
Molecular cloning and chromosomal localization of a novel Drosophila
protein phosphatase. FEBS Lett. 247, 391-395.

Edgar, B.A., Kiehle, C.P., and Schubiger, G. (1986). Cell cycle control
by the nucleocytoplasmic ratio in early Drosophila development. Cell
44, 365-372.

Edgar, B.A., and O’Farrell, P.H. (1989). Genetic control of cell division
patterns in the Drosophila embryo. Cell 57, 177-187.

Edgar, B.A., and O’Farrell, P.H. (1990). The three postblastoderm cell
cycles of Drosophila embryogenesis are regulated in G2 by string. Cell
62, 469-480.

Feinberg, A.P., and Vogelstein, B. (1983). A technique for radiolabelling
DNA restriction endonuclease fragments to high specific activity. Anal.
Biochem. 132, 6-13.

Gatti, M., and Baker, B.S. (1989). Genes encoding essential cell-cycle
functions in Drosophila melanogaster. Genes & Dev. 3, 438-453.

Gutzeit, H.O. (1980). Expression of the zygotic genome in blastoderm
stage embryos of Drosophila: analysis of a specific protein. Roux’s
Arch. Dev. Biol. 188, 153-156.

Hime, G., and Saint, R. (1992). Zygotic expression of the pebble locus
is required for cytokinesis during the post-blastoderm mitoses of Dro-
sophila. Development 114, 165-171.

Hirano, T., Hiraoka, Y., and Yanagida, M. (1988). A temperature-
sensitive mutation of the Schizosaccharomyces pombe gene nuc2+ that
encodes a nuclear scaffold-like protein blocks spindle elongation in
mitotic anaphase. ]. Cell Biol. 106, 1171-1183.

Hirano, T., Kinoshita, N., Morikawa, K., and Yanagida, M. (1990).
Snap helix with knob and hole: essential repeats in S. pombe nuclear
protein nuc2+. Cell 60, 319-328.

Jowett, T. (1986). Preparation of nucleic acids. In: Drosophila: A Prac-
tical Approach, ed. D.B. Roberts, Oxford, UK: IRL Press, 275-286.

Jurgens, G., Wieschaus, E., Niisslein-Volhard, C., and Kluding, H.
(1984). Mutations affecting the pattern of the larval cuticle in Drosophila
melanogaster. 11. Zygotic loci on the third chromosome. Roux’s Arch.
Dev. Biol. 193, 283-295.

Karr, T.L., and Alberts, B.M. (1986). Organization of the cytoskeleton
in early Drosophila embryos. J. Cell Biol. 102, 1494-1509.

Kyte, J., and Doolittle, R.F. (1982). A simple method for displaying
the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.

Lehner, C.F.,, and O'Farrell, P.H. (1989). Expression and function of
Drosophila cyclin A during embryonic cell cycle progression. Cell 56,
957-968.

1174

Lehner, C.F., and O’Farrell, P.H. (1990). The roles of Drosophila cyclins
A and B in mitotic control. Cell 61, 535-547.

Lindsley, D.L., and Zimm, G.G. (1992). The Genome of Drosophila
melanogaster. San Diego, CA: Academic Press.

Niisslein-Volhard, C.E., Wieschaus, E., and Kluding, H. (1984). Mu-
tations affecting the pattern of the larval cuticle in Drosophila mela-
nogaster. I: Zygotic loci on the second chromosome. Roux’s Arch. Dev.
Biol. 193, 267-282.

O’Donnell, K.L., Osmani, A.H., Osmani, S.O., and Morris, N.R. (1991).
bimA encodes a member of the tetratricopeptide repeat family of pro-
teins and is required for the completion of mitosis in Aspergillus ni-
dulans. J. Cell Sci. 99, 711-719.

O’Hare, K., and Rubin, G.M. (1983). Structures of P transposable
elements and their sites of insertion and excision in the Drosophila
melanogaster genome. Cell 34, 25-35.

Pearson, W.R., and Lipman, D.]. (1988). Improved tools for biological
sequence comparison. Proc. Natl. Acad. Sci. USA 85, 2444-2448.

Proudfoot, N. (1991). Poly(A) signals. Cell 64, 671-674.

Raff, ].W., Whitfield, W.G.F., and Glover, D.M. (1990). Two distinct
mechanisms localise cyclin B transcripts in syncytial Drosophila em-
bryos. Development 110, 1249-1261.

Richardson, H.E., O’Keefe, L.V., Reed, S.I., and Saint, R.B. (1993). A
Drosophila G1-specific cyclin E homolog exhibits different modes of
expression during embryogenesis. Development (in press).

Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino acid sequences
common to rapidly degraded proteins: the PEST hypothesis. Science
234, 364-368.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cloning:
A Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press.

Sanger, F., Nicklen, S., and Coulsen, A.R. (1977). DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-
5467.

Shapiro, M.B., and Senapathy, P. (1987). RNA splice junctions of
different classes of eukaryotes: sequence statistics and functional im-
plications in gene expression. Nucleic Acids Res. 15, 7155-7174.

Shearn, A, Rice, T., Garen, A., and Gehring, W. (1971). Imaginal disc
abnormalities in lethal mutants of Drosophila. Proc. Natl. Acad. Sci.
USA 68, 2594-2598.

Sikorski, R.S., Boguski, M.S., Goebl, M., and Hieter, P. (1990). A
repeating amino acid motif in CDC23 defines a family of proteins and
a new relationship among genes required for mitosis and RNA syn-
thesis. Cell 60, 307-317.

Smith, A.V., and Orr-Weaver, T.L. (1991). The regulation of the cell
cycle during Drosophila embryogenesis: the transition to polyteny.
Development 112, 997-1008.

Staden, R. (1980). Automation of the computer handling of gel reading
data produced by the shotgun method of DNA sequencing. Nucleic
Acids Res. 8, 3673-3694.

Szabad, ]., and Bryant, P.J. (1982). The mode of action of ““discless’
mutations in Drosophila melanogaster. Dev. Biol. 125, 145-157.

Tautz, D., and Pfeifle, C. (1989). A non-radioactive in situ hybridisation
method for the localisation of specific RNAs in the Drosophila embryo
reveals translational control of the segmentation gene hunchback.
Chromosoma 948, 81-85.

Wieschaus, E., Niisslein-Volhard, C., and Jiirgens, G. (1984). Mutations
affecting the pattern of the larval cuticle in Drosophila melanogaster.
III. Zygotic loci on the X-chromosome and fourth chromosome. Roux’s
Arch. Dev. Biol. 193, 296-307.

Molecular Biology of the Cell



