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of Cdi3 is only 18-24% identical to the other classes of cyclins
identified in humans (Table 1) or to the other Drosophila
cyclins (types A, B, C, E, and J; see below). These facts indicate
that Cdi3 is a D-type cyclin and that this class of cyclins has
been independently conserved through evolution. Comparison
of Cdi3 with 11 vertebrate D cyclins allowed us to derive a
consensus sequence for D cyclins. The consensus sequence
(Fig. 2 Lower) consists of 65 residues, of which 24 are unique
to D cyclins. These residues may be necessary for the specific
function of D cyclins (for example, interaction with specific
Cdks). A recently isolated Arabidopsis cyclin with similarity to
human cyclin D1 lacks 22 of the 24 cyclin D-specific residues
and is only 24% identical with Cdi3, significantly less similar
than Arabidopsis and Drosophila A cyclins (31% identity) or B
cyclins (32% identity).

Cdi5 (Fig. 3) also has strong similarity to cyclins but defines
a protein of a new sequence type. From residue 74 to 223, Cdi5
contains 16 matches to the 20 residues conserved in most
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FIG. 2. (Upper) Cdi3 predicted protein. Conceptual translation of
Cdi3 cDNA (GenBank accession number U41808). The ATG encod-
ing methionine-38 (boldface M) is within a consensus translational
start signal (32); the ATG encoding methionine-2 is not within a

consensus translational start signal. Brackets from amino acid 98 to
407 indicate the region with similarity to human cyclin D2 (Fig. 2
Lower). Of 20 residues that are conserved in most cyclins, 20 are also
conserved in Cdi3 (circled residues). Of the amino-terminal 92 amino
acids, 43 are proline, glutamic acid, aspartic acid, or serine; such PEST
regions may be involved in rapid turnover of proteins (33) and are

common to many cyclins. The carboxyl-terminal 45 amino acids that
lie beyond the cyclin D homology region are rich in glutamines (10)
and alanines (7). The first amino acid encoded by the Cdi3AN cDNA
corresponds to proline-89. (Lower) Amino acids 98-407 of the pre-
dicted Cdi3 protein are aligned with the entire human cyclin D2
protein. Residues identical in the two proteins are shaded. Below the
alignment are shown consensus residues (D Con) found in Cdi3 and
all 11 previously identified D-type cyclins, including 9 from mammals
(D1, D2, and D3 from human, rat, and mouse), 1 from chicken, and
1 from Xenopus. Underlined residues are unique to the D-type cyclins;
they are found in <7 of 53 other cyclins inspected and are not common
to any other class, including types A, B, C, and E.
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FIG. 3. Cdi5 predicted protein. Conceptual translation of the Cdi5
cDNA (GenBank accession number U41809). The ATG-encoding
methionine-6 (boldface M) is within a translational start signal (32).
Of 20 residues that are conserved in most cyclins (see Fig. 2 Upper),
16 are also conserved in Cdi5 (circled residues).

cyclins (Fig. 3). While Cdi5 is most similar to certain A cyclins
and B cyclins (Table 1), it does not fit the consensus for the A
or B class; Cdi5 lacks 50 of the 86 residues common to known
A cyclins, and 16 of the 35 residues common to known B cyclins
(Fig. 3). Cdi5 also lacks a consensus destruction box (38) found
in A and B cyclins. These facts suggests that Cdi5 defines a new
cyclin class, cyclin J.

Drosophila cyclin D (Cdi3) and cyclin J (Cdi5) are func-
tional; both complemented a yeast strain that lacked Clnl-3 G1
cyclin activity required for growth (Table 2). An independently
isolated amino-terminal truncation of Cdi3 (Cdi3AN; Fig.
2Upper) also complemented the yeast cyclin mutant (Table 2),
indicating that the first 88 amino acids encoded by the Cdi3
cDNA, which share no similarity with cyclins, are dispensable
for cyclin function. Cdi7 (cyclin E) also complemented the
yeast cyclin mutants, as previously observed (16), whereas the
other Cdis failed to complement. The fact that cyclin D and
cyclin J can function as cyclins in yeast is consistent with the
fact that they can interact with the S. cerevisiae Cdk, Cdc28, in
two-hybrid assays (22).

Northern analysis showed that cyclin J expression is strictly
maternal; its mRNA is present in the newly laid egg and in
adult females but is undetectable in the embryo after zygotic
transcription begins (Fig. 4). This expression pattern suggests
that cyclin J may be involved in the early nuclear division cycles
that lack G1 and G2 phases. Alternatively, cyclin J may function
in the ovary during oogenesis, itsmRNA being deposited in the
egg along with the nurse cell cytoplasm in the final stages of
oogenesis. By contrast, a 2.3-kb cyclin D message is present
throughout early embryonic development but is less abundant
after 12 hr and is nearly absent in larvae (Fig. 4). An additional
lower abundance cyclin D message of about 2.1 kb is present
only in females and early embryos (asterisk in Fig. 4). Because
few cells are dividing in embryos older than 12 hr and in larvae,
these results indicate that, like Dmcdc2 and Dmcdc2c message
(27, 28), cyclin D mRNA is most abundant at times of rapid and
widespread division. Despite its general absence from larval
tissue, cyclin D mRNA is abundant in imaginal discs from third

Table 2. Cdi3 and Cdi5 complement cln- yeast
Cdi2
Cdi3 (cyclin D) +
Cdi3AN (cyclin D truncation) +
Cdi4
Cdi5 (cyclin J) +
Cdi7 (cyclin E) +
Cdill
Cdil2
Vector only

Cdis were expressed from the GALl promoter with a 9-amino acid
hemagglutinin epitope tag (20) at their amino termini. +, Comple-
mentation of cln- yeast (growth of strain 3c-lAX on galactose but not

glucose after loss of the CLN3 plasmid); -, no complementation
(absence of cln3 segregants).
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FIG. 4. Expression of Cdi RNAs during development. A Northern
blot containing poly(A)+ RNA from staged embryos (lane 1, 0-1.5 hr;
lane 2, 1.5-3 hr; lane 3, 3-6 hr; lane 4, 6-9 hr; lane 5, 9-12 hr; lane
6, 12-24 hr), larvae (lane 7, L1 + L2; lane 8, L3), mixed discs (lane 9),
and virgin adults (lane 10, males; lane 11, females) was probed with
32P-labeled Cdi3 (cyclin D) and Cdi5 (cyclin J) cDNAs and with a PCR
product corresponding to codons 3-195 of Drosophila ras64B. The
asterisk shows lower abundance cyclin D message at -2.1 kb.

instar larvae (Fig. 4), suggesting that it might function in disc
development. To explore this possibility, we examined the
spatial pattern of cyclin D expression during development of
the eye imaginal disc.
The eye disc provides a system to study how developmental

signals control cell divisions (39, 40). During the third larval
instar, a wave of differentiation (the leading edge of which is
marked by the morphogenetic furrow) moves anteriorly across
the eye disc; cells within and posterior to the furrow organize
into clusters and differentiate (41). Anterior to the furrow,
cells divide asynchronously, but at the anterior edge of the
furrow, all cells arrest in the G1 phase of the cell cycle (40).
Those cells destined to divide enter S phase in synchrony just
posterior to the furrow, while the remaining clustered post-
mitotic cells begin to differentiate. This precise cell cycle

a _S

regulation is essential to proper eye development; loss of
function mutations in rux, a gene essential for the G1 arrest,
result in severe defects in eye morphology (40).

Cyclin D message is expressed uniformly in a band of the G1
cells just anterior to the furrow (Fig. 5). Double-labeling with
cyclin D and BrdUrd showed that cyclin D expression com-
mences well before cells enter S phase behind the morphoge-
netic furrow (Fig. 5 a and b). This pattern of expression is
similar to the cell cycle regulator "string," although string
expression precedes that of cyclin D (40) (B.J.T. and S.L.Z.,
unpublished observations). Significantly, the band of cyclin D
expression is separated from the synchronous band of S-phase
cells by a gap, demonstrating that cyclin D expression precedes
reentry into the cell cycle posterior to the furrow. In contrast,
cyclin E is expressed posterior to the band of cyclin D
expression, in a region partially overlapping the synchronous
band of S-phase cells (Fig. 5c; ref 42). This pattern suggests
that cyclin E expression at the posterior edge of the furrow
drives cells into S phase, similar to its function in embryonic
neurogenesis (16, 17), and that cyclin D functions earlier than
cyclin E.

DISCUSSION
In mammals, D-type cyclins are necessary for progression from
G1 to S phase, are expressed during G1 in response to growth
factor stimulation, and are down-regulated upon serum star-
vation (reviewed in refs. 4 and 18). Moreover, D cyclins are
often mutated or aberrantly expressed in proliferative disor-
ders, and directed overexpression in tissue culture cells leads
to a reduced requirement for growth factors (4, 18). These facts
suggest that the D cyclins may mediate the response to
extracellular signals that start and stop progression from G1
into S. Similarly, our results suggest that cyclin D may mediate
the proliferative signals important for Drosophila develop-
ment. Consistent with this possibility, cyclin D expression is
high during early embryogenesis when cell and nuclear divi-
sions are rapid and widespread. In this view, the lack of a G1
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FIG. 5. Cyclin D expression precedes cyclin E expression in the morphogenetic furrow (MF). Third-instar eye imaginal discs were labeled for
mRNA expression (blue) and S-phase cells by incorporation of 5-bromo-2-deoxyuridine (BrdUrd; brown). Anterior is to the right and the MF is
indicated by an arrowhead. (a) Cyclin D is expressed uniformly in a band of cells anterior to the MF. (b) High-magnification view of a disc stained
for cyclin D mRNA and BrdUrd. The patterned band of S-phase cells behind the MF is separated from the band of cyclin D mRNA expression
by an unstained gap. (c) High-magnification view of a disc stained for cyclin E mRNA and BrdUrd. Cyclin E expression begins just prior to entry
of cells into S phase behind the MF. (d) Schematic representation of the high-magnification views shown in b and c. S-phase cells are in brown,
differentiating photoreceptor cell precursors are in pale yellow, and the band of cyclin D mRNA expression is in blue. Cyclin D is expressed to
high levels in all cells in a band anterior to the MF (arrowhead). This pattern of expression is very similar to that of the cell cycle regulator string,
although string expression precedes that of cyclin D (40) (B.J.T. and S.L.Z., unpublished observations). Cells in this region and in the unstained
region immediately posterior are in G1 phase. Pattern formation initiates in this G1 domain as photoreceptor cell precursors assemble into groups.
Behind the MF, cells between the developing preclusters enter S phase synchronously.
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phase during early embryonic cell divisions may be due to
constitutive expression of cyclin D or to constitutive prolifer-
ation signals that activate it. In the eye disc, cyclin D is
expressed in the Gl-arrested cells in the morphogenetic fur-
row, and expression precedes that of cyclin E and entry into S
phase. This timing of cyclin D and cyclin E expression parallels
that seen in mammalian cells and is consistent with a model in
which entry into the cell cycle involves activation of Cdk-cyclin
D complexes, followed by activation of Cdk-cyclin E com-
plexes to drive cells into S phase. Interestingly, the stripe of
cyclin D expression in G1-arrested cells includes both cells
about to enter S-phase and cells about to leave the cell cycle
and differentiate (Fig. 5 a and b). These results suggest that in
cells not destined to enter S phase, cyclin D may not be active
because of the absence of a Cdk partner or because of negative
regulation by other developmental signals.
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